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DEFINITIONS OF ABBREVIATIONS AND SYMBOLS

ABBREVIATION DEFINITION

ATP

BVOCs
DMADP
DXP

DXP pathway
DXR

GA3P

IDP

ISPS

MDA

MVA

MVA pathway
NO

NOx

NPQ

‘OH

PAN

PEP

Pyr

ROS

RuBP

SOA

VOCs
Ambient (380)
Ambient (780)
Elevated (380)
Elevated (780)

Adenosine triphosphate
Biogenic volatile organic compounds
Dimethylallyl diphosphate
1-deoxy-D-xylulose-phosphate
1-deoxy-D-xylulose-phosphate pathway
1-deoxy-d-xylulose 5-phosphate reductoisomerase
Glyceraldehyde-3-phosphate
Isopentenyl diphosphate
Isoprene synthase
Malonyldialdehyde
Mevalonic acid
Mevalonic acid pathway
Nitric oxide
Oxides of nitrogen
Non-photochemical quenching
Hydroxyl radicals
peroxyacetyl nitrate
Phosphoenolpyruvate
Pyruvate
Reactive oxygen species
Ribulose-1,5-bisphosphate
Secondary organic aerosol
Volatile organic compounds
[CO, ] 380 pmol mol”
[CO, ] 780 pmol mol™!
]
]

Grown under ambient measured at

Grown under ambient measured at )

C
C

Grown under elevated measured at [CO, ] 380 pmol mol"
Grown under elevated measured at [CO, ] 780 pmol mol

2

SYMBOL DEFINITION UNITS

A Light-saturated net assimilation rate pmol m? s

C, ’ Leaf carbon content per leaf area gm?

C, Intercellular CO, concentration pmol mol”

Cin Intercellular CO, concentration for pmol mol”
maximum isoprene emission rate

C, Leaf carbon content per dry mass %

I .. Isoprene emission rate at C; nmol m?s™



I Light-saturated isoprene emission rate nmol m?s™
J Maximum photosynthetic electron transport pmol m? s
max
rate

; 2

M, Leaf dry mass per unit area g m
-1

M. Whole canopy leaf dry mass g plant
N, Leaf nitrogen content per leaf area gm?
N, Leaf nitrogen content per dry mass %
R\ Carbon to nitrogen ratio of foliage
V.o Maximum carboxylation rate of Rubisco pmol m? s
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1. INTRODUCTION

Isoprene (2-methyl-1, 3-butadiene) is the most abundant and dominant
biogenic volatile organic compound emitted from a wide range of plant
species (Monson ez al., 2012, Sharkey ez al., 2008). Isoprene accounts
for 40% of total global biogenic volatile organic compounds (BVOCs)
emissions with the total amount emitted of 440-660 Tg carbon year
' (Guenther ez al., 2006). As a dominant and highly reactive BVOC,
isoprene reacts rapidly with hydroxyl radicals (*OH), nitrogen oxides
(NO,) and ozone in atmosphere after release from vegetation; this
strongly impacts tropospheric ozone production, aerosol formation and
partly controls the methane lifetime (Kanakidou ez a/., 2005, Pacifico
et al., 2009). Thereby, isoprene emissions potentially influence large-
scale Earth system processes (Fehsenfeld ez al., 1992; Claeys ez al., 2004;
Hallquist ez al., 2009), thus it is essential to investigate the influence
of environmental factors on isoprene emissions from plants to predict
global climate change and provide useful guidelines on environmental
management policies for future.

It has been previously demonstrated that isoprene plays an important
role in protecting plants from biotic and abiotic stresses. In particular,
isoprene emission can enhance thermotolerance by direct stabilization
of membranes and perhaps by reducing heat-induced damage of
photosynthetic apparatus under light as evidenced by maintenance of
lower non-photochemical quenching (NPQ) at given light level (Behnke
etal., 2010, Sharkey ez al., 2001a). In fact, isoprene seems to be involved
in maintenance of the macro-organization of the pigment-protein
complexes in membranes during thermal stress (Velikova ez al., 2011).
Isoprene also can quench reactive oxygen species (ROS) caused by stress
(Affek ez al., 2002, Brilli ez al., 2007, Briiggemann ez al., 2002, Loreto ez
al., 2001b), and it has been speculated that isoprene exerts its protective
action at the membrane level by quenching stress-produced ROS, and
thereby maintaining biomembrane stability (Affek ez al., 2002, Vickers
et al., 2009). However, despite the great progress in resolving the role of
isoprene in plants, the isoprene protection mechanism is still unclear.

Isoprene is formed in chloroplasts by isoprene synthase (ISPS) from its

direct precursor dimethylallyl diphosphate (DMADP). Chloroplastic
DMADP is primarily synthesized through 1-deoxy-D-xylulose-
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phosphate (DXP) pathway (Affek ez al, 2003, Lichtenthaler, 1999,
Schwender ez al., 2001). Isoprene formation is tightly bound to leaf
photosynthetic carbon metabolism, which provides glyceraldehyde-
3-phosphate (GA3P) and ultimately also pyruvate for DMADP
formation (Affek ez al., 2003, Delwiche ez al., 1993, Trowbridge et /.,
2012), although the origin of the latter metabolite in chloroplasts is less
clear. Labelling experiments have found that multiple carbon sources
contribute to isoprene formation when photosynthesis is limited by
environmental stress (Brilli ez a/., 2007, Funk ez al., 2004, Trowbridge ez
al., 2012). However, as yet, the physiological mechanisms of regulation
of isoprene synthesis are still not be fully resolved.

Isoprene emission is highly variable and is affected over short term by
changes in light and temperature, and over long term by preceding
weather factors and by plant growth stage and ontogeny (Kuhn ez 4/,
2004; Loreto et al., 1993, Trowbridge et al., 2012). Development of
isoprene emission capacity is related to maturation of leaf photosynthetic
competence as young leaves are incapable of isoprene emission due to
lack of ISPS activity (Kuhn ez a/., 2004, Kuzma ez al., 1993). In addition,
the ISPS gene displays diurnal and seasonal variation in expression
(Mayrhofer er al., 2005), but the regulation of isoprene synthesis
in leaves undergoing senescence is poorly understood. In addition,
under moderate stress, isoprene emissions are usually enhanced, even
if photosynthesis is significantly suppressed (Vickers ez al, 2009,
Niinemets et al, 2010d, Loreto et al, 2010). Yet, severe stress can
significantly impair isoprene emission possibly reflecting limiting carbon
availability for isoprene synthesis (Vickers ez a/., 2009, Niinemets ez a/.,
2010d, Loreto ez al., 2010). The extent to which stressed and old leaves
can maintain isoprene emission despite reduced carbon availability has
not yet been fully resolved.

The rise of atmospheric [CO,] is one of the most important global-scale
issues. It has been predicted that rising [CO,] results in global warming
with more severe drought and higher temperatures in summer (Norby ez
al., 2004, Walther ez al., 2002). On the other hand, current atmospheric
[CO,] is far below the [CO,]-saturation point of photosynthesis. Thus,
an increase in atmospheric [CO,] per se is expected to increase the rates
of photosynthesis and plant growth (Ainsworth ez a/., 2005, Long ez 4l.,
2004, Luo ez al., 2006). Greater carbon availability under higher [CO,]
in turn may increase plant stress tolerance (Niinemets, 2010b).
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Atmospheric [CO ] rise is also potentially an important factor influencing
global isoprene emissions, especially given the possible interactions of
[CO,] increase with other key environmental drivers (Tuba et 4/., 2007,
Calfapietra ez al., 2010). Effects of growth [CO,] on isoprene emissions
have been investigated in different plant species, but the results have
been controversial, making it difficult to extrapolate to future conditions.
Most past studies conducted with different species have found that
elevated [CO,] results in a significant inhibition of isoprene emissions
(Darbah et al., 2010, Monson et al., 1989, Monson et al., 2007, Possell
et al., 2011, Rosenstiel ez al., 2003, Scholefield ez al., 2004, Sharkey
et al., 1991). In contrast, several other studies have shown no or
moderate impact of growth [CO,] (Loreto et al., 2007, Calfapietra et al.,
2008, Sharkey ez al., 1991). These controversial outcomes may reflect
differences in plant growth conditions, differences in the experiment
duration and interspecific variability in elevated [CO,] effects (Sharkey
et al., 1991, Taub ez al., 2008, Tognetti ez al., 1998). Furthermore, few
studies have investigated the combined effects of elevated [CO,] on
leaf-level isoprene emission and canopy development (e.g., Possell and
Hewitt, 2009). Yet, this is critical because elevated [CO,] may increase
canopy leaf area, thereby possibly offsetting the leaf-level inhibition.
Also, possible modifications in leaf-age dependent changes in isoprene
emission by elevated [CO,] or by [CO,] induced global warming and
changes in stress resistance may alter whole canopy integrated isoprene
emission rate.

The main purpose of this thesis was to study the effects of elevated
atmosphere CO, concentration and plant ontogenetic stage on isoprene
emissions from aspen [European aspen (Populus tremula) and hybrid aspen
(P tremula x P tremuloides)] in order to improve the understanding of
how acclimation to elevated [CO,] on alters isoprene emissions through
plant development at leaf and canopy scales. We hypothesized that: (1)
Elevated [CO,] stimulates leaf area growth and leads to increased canopy
isoprene emission rates; (2) Elevated [CO,] alters leaf-level isoprene
emission rates by both modifying instantaneous [CO,] response and due
to long-term acclimation to [CO,]; (3) Acclimation to elevated [CO,]
changes isoprene emission responses to other environmental drivers such
as light; (4) Elevated [CO,] acclimated plants have greater heat stress
resistance, despite possibly lower leaf-level isoprene emission rates at
their growth [CO,] environment; (5) Leaf capacity to adjust to changes
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in temperature environment decreases with increasing leaf age. The
hypotheses (1-4) were examined in 2-year-old hybrid aspen (2 tremula x
P tremuloides) plants. Isoprene emission was studied at canopy and leaf
scales from the start of canopy development to maturation under different
ambient [CO,]; Leaf chemical and structural traits, photosynthetic and
isoprene emission characters, DMADP pool size and ISPS activity and
heat stress responses were studied to assess the acclimation effects to
growth [CO_]. The hypothesis (5) was investigated in adult European
aspen (P tremula) trees from leaf maturation to senescence by studying

modifications in leaf chemistry, isoprene emission and photosynthetic
rates, and DMADP pool size.
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2. REVIEW OF LITERATURE

2.1. Vegetation source of isoprene

Volatile organic compounds (VOCs), usually defined as carbon-based
non-methane chemicals with high volatility at normal temperature and
pressure, are emitted into the atmosphere by anthropogenic and natural
sources (Guenther ez /., 1995). Globally, it is estimated that around
1300 Tg VOC:s is released into the atmosphere yearly; the majority are
biogenic volatile organic compounds (BVOC:s), predominantly coming
from terrestrial ecosystems such as forests, grass-, shrub- and croplands
(Goldstein et al., 2007, Guenther et al, 1995, Guenther et al., 2006,
Kiendler-Scharr et al., 2009).

Isoprene (2-methyl-1, 3-butadiene) was first discovered as a cell
metabolite from plants by Sanadze in 1950s (Sanadze, 2004) and was
independently discovered by Rasmussen in 1970s by gas chromatography
with mass spectroscopy (Sharkey ez al., 2001b). Isoprene is among the
most abundant and predominant BVOCs emitted from vegetation by
wide range of plant species, e.g. angiosperms, gymnosperms, ferns and
mosses (Monson ez al., 2012, Sharkey ez al., 2001b). Its share may reach
up to 40% of total global BVOCs emission with rates of 440-660 Tg
C year” (Guenther ez al., 2006). Many broadleaf trees are high isoprene
emitters, such as poplars, oaks, and eucalypts; it is estimated that
worldwide around half of isoprene is emitted from tropical broadleaf
trees and the remainder is released from temperate trees and shrubs
(Guenther ez al., 20006).

2.2. Isoprene in atmospheric photochemistry

Isoprene plays a major role in troposphere oxidation chemistry because of
its largest source and high reactivity for reactions with hydroxyl radicals
(‘OH), ozone, and NO_ (Guenther ez al, 2006, Paulot ez al., 2009).
Isoprene reaction with *OH coincides with peaks in *OH production
during the day time; and these reactions of VOCs with ‘OH constitute
the dominant pathway for removal of many pollutants and greenhouse
gases (Kwan ez al., 2012, Taraborrelli ez a/., 2009). By reacting with *OH,
isoprene is converted into peroxy radicals. These peroxy radicals can

15



be further oxidized by *OH or other oxidative radicals under clean air
conditions, or oxidized by nitric oxide (NO) under polluted conditions
(Paulot ez al., 2009). Thus, by removing *OH from the atmosphere,
reactive VOCs lead to the increased lifetime of CH . (Lelieveld ez al.,
2008).

Isoprene can be directly oxidised by O, and NO,. Under little polluted
or clean conditions (low NOx) isoprene is oxidized by O, thus the O,
concentration decreases. Under NOx polluted conditions, isoprene
oxidation at high NO concentrations produces NO, which increases O,
level as the result of photolysis of NO, leading to formation of mono-
oxygen that rapidly reacts with O, to form O, (Pacifico ez al, 2009,
Taraborrelli ez al., 2009). Thus, isoprene affects the rates of tropospheric
ozone production and destruction.

The oxidation of isoprene by atmospheric radicals forms enormous
amounts of peroxides (~100 Tg C yr') and isoprene nitrates, like PAN
(peroxyacetyl nitrate, RC(O)OONO ), organic nitrates (RONO,); these
can be incorporated into aerosols (SOA, <3%) or can be deposited,
being thus, significant in atmospheric carbon and nitrogen budgets
(Henze et al., 2006, Kroll ¢z al., 2006, Paulot ¢# al., 2009). In return, the
formation of atmospheric particles will impact radiation balance of earth
by scattering or absorbing light and participating in cloud formation
as cloud condensation nuclei (Kulmala ez 4/, 2004). Thus, isoprene
emissions have far-reaching impact on air quality, global tropospheric
chemistry and climate change, implying that it is essential to investigate
the impacts of environmental factors on isoprene emissions to predict
global climate change and propose environmental management policies
for future.

2.3. Isoprene biosynthesis in plants

In high plants, DMADP and its isomer, isopentenyl diphosphate
(IDP), are basic five-carbon atom precursors for all isoprenoids. Two
independent metabolic pathways are responsible for the biosynthesis of
these larger isoprenoids, plastidic DXP pathway and cytosolic mevalonic
acid (MVA) pathway (Bick ez al., 2003, Lichtenthaler ez al., 1997). In
plastidic pathway, DMADP/IDP biosynthesis which starts from pyruvate
and glyceraldehyde-3-phosphate (GA3P) is responsible for the formation
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of isoprene, monoterpenes, diterpenes, carotenoids and plastoquinone.
MVA-dependent isoprenoid biosynthesis pathway starts from 3 acetyl-
CoA and is located in the cytosol. This pathway is mainly responsible for
formation of sesquiterpenes, triterpenes, sterols and ubiquinones (Bick
et al., 2003, Lichtenthaler, 1999). There is a certain crosstalk between
cytosolic and plastidial pathways of isoprenoid biosynthesis in leaves at
the level of IDP that can be transported between plastids and cytosol
(Bick et al., 2003, Schnitzler et al., 2004).

It is well established that isoprene as a natural hemiterpene is
predominantly biosynthesized in chloroplasts from its immediate
precursor dimethylallyl diphosphate (DMADP) catalyzed by isoprene
synthase (ISPS) (Lichtenthaler ez al., 1997, Schwender er al., 2001).
Thus, DMADP availability and isoprene synthase activity are key
factors determining the isoprene emission rate (Calfapietra ez al., 2008,
Rasulov ez al., 2009b, Rasulov ez al, 2010, Schnitzler ez al, 2004).
Isoprene emission depends on light and temperature and is affected by
environmental and leaf external factors. >CO, labelling experiments
have revealed that in unstressed plants, most of the carbon in emitted
isoprene was derived from recently assimilated photosynthates (Karl ez
al., 2002, Trowbridge ez al., 2012).

However, the contribution of newly fixed carbon flow to isoprene
production significantly decreased under heat or water stress, and
isoprene emission was sustained when photosynthesis was almost
completely inhibited under most severe phase of stress (Brilli ez al,
2007, Funk et al., 2004). Stored carbon can be mobilized to maintain
isoprene formation under stressed conditions, such as chloroplastic
starch breakdown, xylem-transported carbohydrates, and cytoplasmic
pyruvate/phosphoenolpyruvate equivalent (Funk ez al., 2004, Laule ez
al., 2003, Trowbridge ez al., 2012). Labelling experiments have confirmed
contribution of multiple carbon sources to isoprene formation when
photosynthesis is limited by stress. This evidence implies that there is a
dynamic exchange of carbon between different intermediates of isoprene
biosynthesis, and an increasing importance of these alternative carbon
pools to maintain isoprene formation under conditions of limited
photosynthesis (Bick ez al., 2003, Schnitzler ez al., 2004).

Recent studies have found that the isoprene synthase gene encoding
ISPS displays diurnal and seasonal variations in expression (Loivamiki ez
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al., 2007, Mayrhofer et al., 2005). In young or developing leaves, both
MVA and DXP pathway are mainly involved in formation of higher
molecular mass terpenoids and pigments, including carotenoids, phytol,
plastoquinone and ubiquinone, which are primarily incorporated
in chloroplast and mitochondrial membranes (Lichtenthaler, 2007,
Wiberley ez al., 2009). In grey poplar leaves, ISPS activity can not be
detected until the foliage is close to physiological maturity (Mayrhofer
et al, 2005). In mature leaves, ISPS activity is strongly dependent on leaf
age and is also correlated with day-to-day variations in temperature and
light (Loivamiki ez al., 2007, Wiberley ez al., 2009). The study from
Cinege ez al. (2009) reported that the environmental responsiveness of
isoprene formation over days to weeks is linked to light and temperature,
which directly modulates the isoprene synthase promoter activity. In a
tropical tree Hymenaea, isoprene emission rate declined in the leaves of
recently matured to senescent leaves (Kuhn ez /., 2004), indicating the
determination of isoprene emission by ontogenetic and environmental
factors. Great progress has been made in understanding isoprene
biosynthesis and regulation of ISPS, however, physiological regulation
mechanisms of isoprene synthesis, shared between ISPS activity and
DMADP pool size, are still not fully resolved.

2.4. Biological roles of isoprene emission

Isoprene emission is a substantial cost to the plant in terms of both
carbon and energy. However, previous experiments have confirmed that
plants obtain substantial physiological benefits by isoprene emission in
particularly when subjected to abiotic stresses, like high temperature
and reactive oxidant stress (Niinemets ez al., 2010c, Sharkey ez al.,
2008). The role of isoprene in protecting against thermal stress has been
relatively well studied. The first evidence for thermotolerance was found
based on a photosystem II chlorophyll fluorescence assay (Sharkey ez
al., 1996). The subsequent studies via either fumigating non-isoprene
emitting plants with isoprene or by feeding DXP pathway inhibitor
fosmidomycin to the isoprene emitting species, revealed that both
endogenous or exogenous isoprene can improve plants thermal tolerance
and relieve the suppression of photosynthesis in heat-stressed leaves
(Loreto ez al., 2001b, Singsaas ez al., 1997). Transgenic Arabidopsis plants
overexpressing Populus alba 1SPS, were observed to have significantly
improved heat tolerance and decreased leaf surface temperature (Sasaki
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et al., 2007). Behnke ez al. (2007) further reported reduced efficiency of
photochemistry and increased non-photochemical quenching (NPQ) in
grey poplar leaves where ISPS gene was silenced, indicating greater need
for NPQ-dependent dissipation of excess energy.

The function of isoprene emission in antioxidative defence has also
been observed. The ozone fumigation experiments in reed (Phragmites
australis) plants showed that isoprene prevents ozone-driven destruction
of the photosynthetic apparatus by quenching the amount of H O,
and reducing malonyldialdehyde (MDA) concentration and lipid
peroxidation in cellular membranes (Loreto ez al., 2001a, Velikova ez al.,
2004). It has been reported that isoprene fumigation of non-emitting
young leaves decreased the photosynthesis depression caused by singlet
oxygen produced by the photosensitizer Rose Bengal (Affek ez al., 2002).
The protective functions of isoprene were observed also in other stress
experiments. For instance, isoprene emission reduced the limitation of
drought and salinity on photosynthesis (Brilli ez /., 2007, Briiggemann
et al., 2002). These results indicated that isoprene may reduce oxidant-

induced oxidative damage and inhibit accumulation of toxic ROS caused
by stress (Vickers ez al., 2009).

Furthermore, it has been reported that isoprene emitted from transgenic
Arabidopsis expressing isoprene synthase from grey poplar interferes
with the attraction of bodyguards by herbaceous plants (Loivamiki ez
al., 2008). Investigations with transgenic isoprene-emitting tobacco
found that isoprene emissions influenced herbivore feeding decisions
in Manduca sexta caterpillars (Laothawornkitkul ez 4/, 2008). These
two lines of evidence suggest that isoprene might be a repellent for
specialized insects. It has further been reported that isoprene significantly
accelerated the onset of flowering when crop plants were exposed to
exogenic isoprene with 50-150 ppbv (Terry ez al., 1995), suggesting that
isoprene may be involved in developmental interactions.

All abiotic stresses result in production of reactive oxygen species (ROS)
(Vickers et al., 2009), and once their level is over a certain threshold,
the excess of ROS will be largely accumulating, resulting in injury or
damage, like changes in specific lipid—protein interactions and dynamic
properties of the lipid bilayers (Vickers ez al., 2009, Yoshioka ez al.,
2008). This leads to impaired electron transport via PSI and PSII and
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photophosphorylation (Hald ez /., 2008), and membrane leakage and
damage of photosynthetic systems (Mahajan ez al., 2005, Wang ez al.,
2008b). Recently finding from Velikova ezal. (2011) showed thatisoprene
maintained macro-organization of the pigment-protein complexes in the
membranes, and also stabilized light-induced transmembrane electric
field and recombination of the PSII donor and acceptor side charges.
Despite the major progress, the protection mechanism of isoprene is still
unclear. The evidence suggests that isoprene protects plants by multiple
mechanisms, mainly at the level of membranes owing to its high lipid

solubility and high reactivity with ROS.

2.5. Isoprene emissions responses to environmental drivers light,
temperature, and soil resources

Isoprene emission is affected by growth environmental conditions and
plants’ ontogenetic stage. It has been observed that isoprene emission
capacity starts to develop just before full leaf photosynthetic competence;
after reaching a maximum emission rate, isoprene emission capacity
starts to decline accompanied with foliage senescence (Kuzma ez 4/,
1993, Monson et al., 1994, Kuhn et al., 2004). Such seasonal variations
of isoprene emission are combined with changes in DMADP pool size,
1-deoxy-d-xylulose 5-phosphate reductoisomerase (DXR) and ISPS gene
expression and corresponding proteins amounts and enzymes activities
(Loivamaki ez al., 2007, Mayrhofer ez al., 2005, Willmer ez al., 2009).
Thus, the regulation of isoprene biosynthesis occurs on multiple levels
and is associated with modulation of environmental factors and foliage
ontogeny (Cinege ez al., 2009, Monson ez al., 1994, Sasaki et al., 2005).

Under non-stressed or moderate stress conditions, isoprene emission
is tightly connected to photosynthesis. The emission falls to negligible
rates almost immediately after the cessation of illumination, associated
with the stopped supply of energy and carbon substrate from recently
fixed CO, (Loreto ez al., 1993, Trowbridge ez al., 2012). The hyperbolic
dependence of isoprene emissions on light is qualitatively similar
to the light dependency of photosynthesis, and especially to that of
photosynthetic electron transport (Harley ez al, 1996, Monson et
al., 1989, Niinemets ez al., 1999). Under strong light intensity above
photosynthetic saturation point, isoprene emission is still stimulated
(Monson ez al., 1989, Sharkey er al., 1993), suggesting that isoprene
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emission becomes partly uncoupled from the photosynthesis under
extreme light conditions.

Temperature is another important factor strongly affecting the rate
of isoprene emission (Singsaas ez al, 1999). Isoprene emission rate
exponentially increase with temperature until to an optimum temperature
at approximately 45 °C, and subsequently rapidly decreases with further
temperature increase (Harley ez al., 1996, Li et al., 2011, Rasulov ez al.,
2010). The responses of isoprene emissions to temperature are currently
not entirely understood. The study from Rasulov ez /. (2010) reported
that the temperature-dependent decrease at around 45 °C was caused
by decreases in DMADDP concentration and ISPS activity, and proposed
that the reduction of DMADDP pool size was caused by decreased energy
supply (ATP) generated in photosynthesis. In natural field conditions,
the situation is further complicated by interaction of high temperature
spells with drought.

However, isoprene emission rate is less sensitive than photosynthesis
to water stress. Studies indicate that under moderate drought, isoprene
emission is unaffected or only slight decreases, though photosynthesis
obviously is strongly decreased (Brilli ez 4/, 2007, Fang ez al., 1996,
Loreto et al., 1993). It was observed that when soil water limitation
caused photosynthesis to decline even to zero after several days of
drought, isoprene emissions still maintained at appreciably high values
(Brilli ez al., 2007, Briiggemann ez al., 2002, Centritto ez al., 2011).
Analogously, it has been reported that salt stress affects isoprene emission
slightly though it reduces the photosynthesis severely (Loreto ez a/., 2000,
Teuber ez al., 2008). Yet, newly fixed carbon incorporation into isoprene
was lower when photosynthesis was depressed by drought (Brilli ez 4,
2007). These results indicate that multiple alternative carbon sources
can contribute to isoprene emission when photosynthesis is constrained
by stress (Brilli ez al., 2007, Funk ez al., 2004, Trowbridge ez al., 2012).
However, under severe stress, isoprene emission is strongly reduced and
this is associated with reduction of ISPS protein concentration and
activity (Fortunati ez al., 2008).

Soil nutrition supply can also affect isoprene emission (Litvak ez al.,

1996, Loreto ez al., 2000, Teuber ez al., 2008). Previous studies found
positive correlations between isoprene emission rate and leaf nitrogen
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concentration (Litvak ez al., 1996, Teuber ez al., 2008), suggesting that
increased soil nitrogen supply may lead to higher isoprene emission

capacity.

2.6. Isoprene emission responses to elevated [CO,]

Since the preindustrial revolution, atmospheric [CO,] has been increased
from 280 pmol mol” to a current approximately 390 pmol mol” and
predicted to continue to rise to as much as 500 —1000 pmol mol" by
the year 2100 (de Graaff er al., 2006, Long ez al., 2004, Luo et al.,
2000). It was predicted that rising of [CO,] will result an increase of
the mean temperature of the Earth by a few degrees (Long ez al., 2004,
Norby ez al., 2004). Thus, warming will affect plants’ growth stage and
it may enhance global evaporation and bring about drought and high
temperature stresses in summer (Walther ez a/., 2002).

With the continuous rising of atmospheric [CO,], the effects of
elevated [CO,] on isoprene emission becomes particularly important.
The effects of CO, concentration on isoprene emission rate have been
reported since 1960s by Sanadze, showing that isoprene emission rate
from the leaves of poplar trees decreased as atmospheric [CO,] increased
(Sharkey ez al., 2001b, Wilkinson ez /., 2009). In past decades, effects
of elevated [CO,] on isoprene emission have been studied from different
plant species and under different experimental conditions. However,
there exist controversial results among the studies. Most investigations
reported that elevated growth [CO,] decreased isoprene emission rate,
e.g. Populus tremuloides (Darbah et al., 2010, Sharkey et al, 1991, P
deltoides (Rosenstiel ez al., 2003), Phragmites australis (Scholefield ez al.,
2004), Liquidambar styraciflua (Monson et al., 2007, Wilkinson et al.,
2009), Acacia nigrescens (Possell et al., 2011), and Platanus orientalis
(Velikova ez al., 2009). Other studies demonstrated that elevated [CO,]
did not significantly affect the isoprene emission rate (Calfapietra ez 4/,
2008, Centritto et al., 2004, Loreto et al., 2007). Furthermore, in some
investigations, long-term elevated [CO,] treatment increased foliage
isoprene emission capacity (Sharkey ez al., 1991, Tognetti ez al., 1998).

The instantaneous response of isoprene to CO, concentration is
characterized by an asymmetric curve with an optimum at low
intercellular CO, concentration (C) close to the CO, compensation
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point of photosynthesis, below which isoprene emission decreases
rapidly and above which isoprene emissions decreases relatively slowly
(Rasulov er al, 2009a). A double carboxylation scheme has been
proposed such that ribulose-1,5-bisphosphate (RuBP) carboxylase and
phosphoenolpyruvate (PEP) carboxylase control CO, carboxylation
in chloroplast (GA3P production) and cytosol (pyruvate production),
thereby affecting the substrate supply to the DXP pathway (Sanadze,
2010, Monson et al., 2009). On the other hand, it was believed that
inorganic phosphate become bound to sugar phosphates when CO,
concentration is rising, thereby curbing ATP synthesis (feedback
inhibition) and leading to reduction of isoprene formation due to limited
energy status (Loreto ez al., 1993, Rasulov ez al., 2009b). Yet, the exact
mechanism of isoprene emission response to instantaneous CO, is still
not known well, although different hypotheses are in agreement that the

reduction of isoprene emission under higher CO, concentration is due
to reduced DMADP pool size.

Currently, the atmospheric [CO,] is far below the CO, saturation point
of photosynthesis. Thus the effects of elevated [CO,] on plants are
multifaceted, including enhancement carbon uptake and net primary
production, which alter canopy structure and leaf anatomical traits,
and modulate the adaptation processes associated with environmental
stress (Ainsworth ez al., 2003, Calfapietra ez al., 2010, Taub ez al., 2000,
Wang ez al., 2010). Almost in all the investigations, elevated [CO,] has
increased the photosynthesis rate when measured at elevated [CO,]
(Ainsworth ez al., 2005, Leakey ez al., 2009). On the other hand, many
studies have found that long-term exposure to elevated CO, led to a
reduction of photosynthetic capacity via the decrease of maximum
carboxylation rate of Rubisco (V) and maximum electron transport
rate (/ ), reflecting reduced RuBP regeneration rate (Ainsworth
et al., 2007, Chen et al., 2005, Zhang et al., 2009). However, other
experimental evidence indicated that there was no down-regulation of
photosynthetic capacity and the plants grown long-term (several months
to years) under elevated [CO,] treatment had higher or unaffected /
and V_ (Ainsworth er al., 2003, Calfapietra ez al., 2005, Liberloo ez
al., 2007). In particular, legume species show greater enhancement of
photosynthesis and growth, and less down regulation by elevated CO,
compared those un- legumes plants (Rogers ez a/., 2009), suggesting that
soil N nutrition may importantly affect the responses to growth [CO_] as
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enhanced N supply may abolish the down-regulation in photosynthetic
capacity caused by elevated [CO,].

On the other hand, previous investigations have observed that plants
grown under elevated [CO,] had greater heat stress tolerance of
photosynthesis and had higher water use efficiency, measured either
under greenhouse or field conditions (Ainsworth e 4l., 2005, Centritto
et al., 1999, Lin et al., 2002, Sanz-Saez et al., 2010). Leaves formed
at elevated [CO,], maintained higher PSII efhiciency (F/F ) and lower
photorespiration to higher temperatures than ambient-[CO_]-grown
leaves (Huang ez al., 2007, Taub ez al., 2000). Thus, long-term elevated
[CO,] treatment alters plants’ physiological characteristics and sensitivity
to other environmental factors. The key question explored in this Thesis
was whether plants will alter their isoprene emission characteristics
associated with altered physiological potentials after long-term elevated
[CO,] acclimation?

2.7. Modelling isoprene emission responses to rising atmospheric

[CO,]

As isoprene emissions are likely affected by future rise of atmospheric
[CO,], and also be influenced by possible more frequent drought
and thermal stresses during the growing season, it is important to
quantitatively simulate isoprene emission responses to global change
drivers. Many models that predict isoprene emission from plants
are based on empirical or semi-mechanistic algorithms (Guenther ez
al., 1993; Niinemets et al., 1999; Guenther et al., 2006; Heald ez al,
2009). These models usually utilize leaf-scale measurements and rely on
meteorological input parameters as driving factors (Arneth ez al., 2008a,
Pacifico et al., 2009). Thus, elevated CO, will stimulate greater vegetation
productivity, including enhanced leaf area and mass; furthermore,
rising atmospheric [CO,] combined with warming can result in longer
growth period (Long ez al., 2004, Luo ez al., 2006). Therefore, it has
been predicted that elevated atmospheric [CO,] will lead to enhanced
isoprene emissions globally in future (Arneth ez 4/, 2008b, Guenther ez
al., 1995, Wiedinmyer ez al., 2006). However, the models using empirical
parameterization based on measurements of instantaneous responses to
elevated [CO,] (Wilkinson ez al., 2009) suggested that the emissions
may decrease in future higher [CO,] atmospheres at global scale (Arneth
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et al., 2007, Heald ez al., 2009, Monson et al., 2007, Young et al.,
2009). These large differences in estimates of potential future changes
in isoprene emission lie in uncertainties and complexities of elevated
[CO,] multifunctional effects, including instantaneous and long-term
acclimation and even combinations with other environmental factors
(Pacifico et al., 2009). These uncertainties lead to different predictions
in modelling future climate (Young ez al., 2009). Therefore, it is essential
to study the effects of elevated atmosphere [CO,] and plant ontogenetic
stage on isoprene emissions, in order to improving the understanding of
acclimation effects of elevated [CO,] and natural temperature variations
on isoprene emission through plant development.
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3. AIMS OF THE STUDY

The overall objective of this thesis is to study the influence of
environmental factors on isoprene emission from strong isoprene emitter
aspen [European aspen (Populus tremula) and hybrid aspen (2 tremula
x P tremuloides)] in order to gain insight into possible modifications
in isoprene emission due to climate change. In particular, focusing
on the effects of elevated atmospheric [CO,] and natural variation in
temperature. Though the stimulation of leaf area growth may largely
compensate for possible [CO,]-inhibition reported at leaf scale,
combined effects of elevated [CO,] on dynamic canopy development,
net assimilation and isoprene emission rates have rarely been studied.

Given the large and poorly understood study-to-study variations in
elevated [CO,| responses of isoprene emission, we studied the dynamics
of canopy leaf area development and net assimilation and isoprene
emission rates at canopy and leaf scales in hybrid aspen from bud-burst
to full canopy development. The plants were grown at [CO, ] of 380 wmol
mol ! (ambient) and 780 umol mol" (elevated) to test the hypothesis that
elevated [CO,| stimulates leaf area growth, thereby potentially leading to
increased canopy isoprene emission rates. To further examine whether
leaf-level isoprene emissions are reduced in plants grown under elevated
[CO,], and if so, why, foliar isoprene emission and photosynthesis
characteristics, DMADP pool size and ISPS activity were studied in
hybrid aspen after long-term growth under elevated [CO,].

Long-term elevated [CO,] effects on plant physiology are multifaceted,
but currently there are few studies on acclimation of isoprene emission
capacity associated with plant abiotic stress tolerance. Responses of
isoprene emission and net assimilation rates and membrane leakage to
heat stress were investigated in hybrid aspen grown under ambient and
elevated [CO,], to test the hypotheses that elevated [CO,] acclimated
plants have a greater resistance to extreme temperatures, and that this
response is associated with enhancement of isoprene emissions under
heat stress despite possible downregulation under lower temperatures.

Isoprene emission capacity is modulated by leaf age and strongly affected

by variations in long-term temperature. In future climates, growing
season for deciduous species is potentially longer, implying also greater
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leaf longevity for plants with deterministic leaf growth as, for example,
is the case in mature trees of aspen. There are few studies on isoprene
emission changes during leaf aging and the way leaves of different age
acclimate to temporal changes in environmental drivers such as day-to-
day and week-to-week differences in average temperature. Especially
limited is the information for the period of leaf senescence. We examined
the changes in temperature adaptation kinetics in dependence on leaf
age in mature trees of European aspen, and tested the hypothesis that the
capacity for acclimation of isoprene synthesis potentials decreases with
increasing leaf age.

The specific aims of this thesis were:

(1) To test the hypothesis that elevated [CO,] stimulation of leaf
area growth leads to increased canopy isoprene emission rates. To
examine the effects of elevated growth [CO,] on plant ontogenetic
process, canopy leaf area development, and canopy photosynthetic
and isoprene emission dynamics in hybrid aspen (Paper I);

(2) To separate the short- and long-term controls of elevated [CO,] on
isoprene emission, and test the hypothesis that growth under elevated
[CO,] alters both the short-term (instantaneous) and long-term
(acclimation) CO, responses of isoprene emission (Papers II-I1I);

(3) Toseparate the controls on isoprene emission by its substrate DMADP
and isoprene synthase activity in plants grown under different [CO ]
concentrations, and test the hypothesis that possible modifications
in DMADP pool size alter isoprene emission responses to other
environmental drivers such as light, thereby altering the light use
efficiency for isoprene biosynthesis (Paper II);

(4) To gain insight into the possible mechanisms of heat protection
by isoprene, and regulation of isoprene emission during thermal
stress. In particular, testing the hypothesis that plants acclimated to
elevated [CO,] have a greater hear stress resistance due to greater
heat-induced isoprene emission (Paper III);

(5) To examine the effects of long-term variations in environmental
temperature and foliage aging on the capacity of isoprene emission

throughout leaf aging (Paper IV).
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4. MATERIALS AND METHODS

4.1. Plant material (Papers I-IV)

Saplings of hybrid aspen (Populus tremuloides Michx. x P tremula L.) were
selected to examine the effects of elevated [CO,] on isoprene emissions
(Paper I, II and III). Hybrid aspen is a cross between European aspen
(Populus tremula L.) and North-American trembling aspen (Populus
tremuloides Michx.) (Haikio ez 4., 2009). Many clones have been selected
based on faster growth compared to native aspen (Yu ez al., 2003). The
clones H55 and H200 are widely used in Estonian and Finnish forestry
as fast growing forestry species, and their growth has also been shown to
be little sensitive to ozone (Haikio ez /., 2009, Oksanen et /., 2001). In
this study, two-year old ca. 20 cm tall plants of clones H55 and H200
were used in different investigations. Before the start of the experiment,
saplings were kept in a cold room at -2 °C in dormant state, then potted
in 3 L plastic pots filled with sand and peat mixture (1:1) and installed
in the open gas-exchange/plant growth system for different [CO,]
treatments.

For the Paper IV, native European aspen (Populus tremula) trees growing
in the vicinity of Tartu were used. The trees were naturally-regenerated
and 8-10 years old and 8-12 m tall at the time of the experiment. Isoprene
emission measurements from summer to autumn till foliage senescence
were conducted in individual leaves.

4.2. The open gas-exchange system for plant growth and isoprene
and photosynthesis measurements (Papers I-III)

The open whole-plant gas-exchange system was used to grow the plants
under different [CO,] conditions (Papers I, II and III), and study whole
plant photosynthesis and isoprene emission through plant development
under different environmental conditions (Paper I). The open gas-
exchange system consisted of four individual glass chambers of 12.5
L volume (diameter 20 cm, height 40 cm) and was specially designed
for plant growth and long-term continuous monitoring of plants gas-
exchange activities. The principle of the flow system has been previously
described by Copolovici and Niinemets (2010) and is for the full system
described in detail in Papers I-111.
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Chambers 1 and 3 were kept at 2 CO, concentration (average * SD) of
380 + 10 umol mol” (denoted as ambient), while chambers 2 and 4 were
treated with an elevated CO, concentration of 780 * 10 umol mol"
(denoted as elevated). The air temperature of chambers was maintained
at 28-30/23 °C for day/night, and air humidity at 60 %. Each individual
chamber was lit by four 50 W halogen lamps providing a light intensity
of 800 umol m? s on the top of the chambers for a photopetiod length
of 12 hours (for detailed description see Papers I-111).

The gas stream for each chamber was divided between a reference flow
corresponding to the air before entering the chamber, and a sample flow,
corresponding to the gas leaving the plant chamber. LI-7000 CO,/H,O
analyser (Li-Cor Inc., Lincoln, NE, USA.) and a fast isoprene sensor
(FIS, Hills-Scientific, Boulder, CO, USA) were combined to measure
online photosynthesis characteristics and isoprene emission during
plants’ canopy development in the chambers (for detailed description
see Papers I-1I)

4.3. Online monitoring of dynamics of plants growth and gas-
exchange from canopy to leaf level (Paper I)

Based on the online measurements by LI-7000 CO,/H,O analyzer and
FIS, instantaneous whole plant net assimilation and isoprene emission
rates were determined for individual chambers. After integration of
the instantaneous rates, daily integrated canopy net assimilation (CO,,
A day) and isoprene emission ([C, day) rates were obtained. In addition,
net assimilation (4) and isoprene emission rates (/) per unit leaf area
(downscaled rates, see section 4.4 for consideration of self-shading) were
calculated by dividing the whole plant rates by the leaf area on the given
day.

4.4. Modelling the dynamics of canopy leaf area, net assimilation
and isoprene emission rates (Paper I)

The Chapman-Richards function (Bertalanfty, 1957; Liu e a/., 2003;
Pienaar et al., 1973) is a widely used growth model. This model is based
on the assumption that both, the plant physiological state and the
environment affect its growth pattern. In this analysis, it was assumed
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that canopy leaf area development, and net assimilation and isoprene
emission rates follow the Chapman-Richards function:

y(@) =y, +A(l-e)", (Eq. 1)

where y(7) is the state of the measured variable at time ¢, y, is the size
of the growing component or rate of the process at time # = 0, 1 is the
maximum increase of the growing resource, 7 is the relative growth rate,
and ¢ determines the curve shape. Furthermore, based on Eq. 1, growth
or physiological process parameters at the point of inflexion (z, y) and
corresponding fastest growth or physiological process rate of R were
calculated.

At the leaf level, we assumed that the Chapman-Richards function is
still valid. Considering the self-shading during the canopy development,
we introduced the Lambert-Beer law into Chapman-Richards function,
expressed as:

2(1) =z, + (_ m(%j Al-e )] . (Eq. 2)

0

The parameter Q, reflects the quantum flux density at half-height of the
chamber when the plant was installed, Q(2) is the transmitted light at
time ¢, and z, denotes the offset of the changing trait. Q, was fixed at 400
pmol m? s?, and Q(#) was altered linearly in time as the canopy foliage
area was increasing. The values of given physiological processes at the
point of inflexion (#, y,) and corresponding fastest changes of the process
rates, R, were calculated as for the canopy processes.

4.5. Non-destructive canopy leaf area estimation during canopy
development (Paper I)

Leaf area growth during the experiment was assessed by combining a
non-destructive method using digital photography and destructive
harvesting at the end of the experiment. The plants in the chambers
were photographed daily at a fixed time from exactly the same position.
Using GIMP (The GNU Image Manipulation Program, Version 2.6,
www.gimp.org) program, and the silhouette leaf area was calculated
from each photograph. Additional 28 plants with different canopy
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size were selected to track the canopy leaf area development during the
experiment. Based on these data, we got a linear relationship between the
scanned real leaf area and the silhouette of the canopy leaf area estimated
from each photograph. Using this regression line, true plant canopy leaf
area was estimated from silhouette leaf area for any date from the start
of the experiment.

4.6. Study of acclimation of leaf-level photosynthetic and isoprene
emission characteristics to growth [CO,] (Paper II)

After 30-40 days growth in the open growth/gas-exchange system, the
plants were temporarily moved out to measure the photosynthetic and
isoprene emission response curves to CO, and light and assess the effects
of acclimation to growth [CO,] on these key environmental response
curves. A Walz GFS-3000 gas exchange fluorescence system equipped
with a LED-Array/PAM-Fluorometer 3055-FL (Walz GmbH, Effeltrich,
Germany) and FIS were used for these measurements. The measurements
were conducted at leaf temperature of 30 °C and relative humidity of
60%, corresponding to growth conditions. Data labelled as Ambient
(380) and Elevated (380) correspond to measurements in plants grown
under ambient and elevated [CO,], but both measured at the same leaf
chamber [CO,] of 380 pmol mol™, while, Ambient (780) and Elevated
(780) correspond to plants grown under ambient and elevated [CO ],
but both measured at same leaf chamber [CO,] of 780 pmol mol™.

Light response curves of photosynthesis were fitted by a non-rectangular
hyperbola (Ogren et al. 1993), and light-saturated net assimilation rate
(A ), curvature (K), and the initial quantum yield ((DJ) were obtained.
Isoprene emission vs. light response curves were fitted by the light
response function of modified Guenther ez 4/. isoprene emission model
(Guenther ez a4l., 1993, Niinemets, 2010a), and the light-saturated
isoprene emission rate (7 ), isoprene emission rate at Q = 1000 pmol
m? st (7
Q
obtained.

1000) and the quantum yield («,) of isoprene emission were

The CO, response curves of photosynthesis and isoprene emission were
measured under growth light intensity of 500 pmol m? s'. Farquhar ez
al. (1980) photosynthesis model was used to fit net assimilation rate (4)
vs. intercellular CO, (C) response curves by a non-linear least squares
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ficting procedure. Modified Weibull type response function (Yang ez 4/,
1978 with modifications outlined in Paper II) was used to fit /' vs. C
responses. ‘The maximum carboxylase activity of Rubisco (V__ ), the
capacity for photosynthetic electron transport (/ ), maximum isoprene
emission rate (/) and corresponding intercellular CO, concentration
(C.,..) were estimated.

In addition, we employed the method of rapid light-dark transients of
Rasulov ez al. (2009a, 2010) to determine in vivo DMADP pool size and
isoprene synthase rate constant. The method is based on integration of
isoprene emission rate following rapid darkening of the leaves (Rasulov
et al. 2009a, Rasulov ez /., 2010).

4.7. Isoprene emission responses to heat stress resistance in plants

grown under different [CO,] (Paper III)

Elevated [CO,] affects foliage photosynthesis and isoprene emission
characteristics and therefore might alter plant response to stress and
potential competition in future climates. Walz GFS-3000 combined with
FIS was used to compare the heat stress sensitivity of photosynthesis and
isoprene emission rates for plants grown under different [CO,]. Leaf net
assimilation rate, isoprene emission rate, and carbon lost due to isoprene
emission were measured. Leaf temperature was changed in the order of
30 °C » 35 °C » 40 °C » 45 °C » 50 °C, with an hold time of 8 min at
each individual temperature. The measurements were conducted both at
chamber CO, concentrations of 380 pmol m™ s and 780 pmol m™ s™.

4.8. Changes in isoprene emission and photosynthesis rates during
autumn senescence (Paper IV)

The twigs of mature European aspen (Populus tremula) trees (see
section 4.1) were cut under water and transported immediately to the
laboratory for photosynthesis, isoprene emission, DMADP pool size,
and methanol emission measurements. The measurements were carried
out in every three days between Aug. (fully active dark green leaves) to
Oct. (yellowed leaves close to abscission, intensive leaf fall in the canopy)
to investigate seasonal temperature change on foliage photosynthesis and
isoprene and methanol emission during senescence (Niinemets ez 4/,
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2010e). An infra-red dual-channel gas analyzer (CIRAS II, PP Systems,
UK) was used for photosynthesis measurements, while isoprene and
methanol emissions were measured with a Proton Transfer Reaction-
Mass Spectrometer (PTR-MS) (Ionicon GmbH, Innsbruck, Austria)
using the temperature-controlled gas-exchange system as described in
Copolovici and Niinemets (2010).

Total leaf pool size of the immediate isoprene precursor, dimethylallyl
diphosphate (DMADP), was determined using the acid hydrolysis
technique of Fisher ez al. (2001) with the modifications of Rasulov ez al.
(2009a).

4.9. Leaf anatomical, morphological and chemical analyses (Papers
I-1IV)

In this thesis, for all the investigations, after foliage physiological
measurements were completed, leaf area, fresh and dry mass, and foliage
nitrogen and carbon contents were measured. A Vario MAX CNS
analyser (Elementar Analysensysteme GmbH, Hanau, Germany) was
used to determine foliage C and N contents.

In addition, fully mature leaves were sampled for anatomical analyses.
The samples were dehydrated in ethanol series and embedded in Epoxy
embedding medium. Semi-thin cross-sections for light microscopy
and ultra-thin cross- and paradermal sections for transmission electron
microscopy (TEM) were used to take digital images (Tosens ez 4/., 2012).
Leaf thickness, mesophyll thickness, chloroplast numbers and starch
grain size were determined.

33



5. RESULTS

5.1. Effects of elevated [CO,] on the dynamics of canopy
development and gas-exchange from canopy to leaf level (Paper I)

During the process of canopy leaf development, plants grown under
elevated [CO,] had higher leaf area compared with those grown under
ambient [CO,] (Fig. 1). Elevated [CO,] resulted in higher maximum
canopy leaf area (L,) of 942 cm?, which exceeded that in ambient [CO_]-
grown plants (660 cm?) by 43% (Table 1, Fig. 1). For plants grown
under elevated [CO,], the relative growth rate was 0.18 day™, which
was increased by 38% than that of 0.13 day” in plants grown under
ambient [CO,] (Table. 1). Furthermore, in plants grown under elevated
[CO,)], the fastest growth rate occurred at 12th day with 67 cm? day™.
This is two days earlier and twice higher than that in plants grown under
ambient [CO,] (Table 1).

Figure 1. Growth of the plant canopy
leaf area under ambient (grey circles)

1400 -

and elevated (white circles) [CO,] over & 1900 |
5 weeks. Data are shown as circles 7

. . o 1000 4
with error bars denoting the standard & 800 -
deviations (mean + SD). The solid line ‘g 600 4
denote ambient and the dashed line i; 400 |
elevated [CO,] modelled canopy leaf & 200 4 ©  Ambient
area as fitted by non-linear least square § 0. © FElevated
regressions (Eq. 1) to the daily integrated 0 10 20 30
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from Paper I) Time of growth in chamber (day)

Table 1. Canopy leaf area development parameters (means + SE) according to the
Chapman-Richards model (Eq. 1) (Modified from Paper I).

Yo L, r c t, L R,
2 2 day! day cm? cm? day!
Ambient 52+8 660+54 0.13+0.011 6.5+1.3  14x1 220+19  33.6£3.2

Elevated 716 942+59* 0.18+0.021* 8.2+0.8* 12:1 323:20* 67+9*

cm cm

The parameters are defined as: the offset (y,), the maximum canopy leaf area (L,), the
relative growth rate (7) and the empirical parameter (c). The time (#) and leaf area (L)
and corresponding maximum growth rate (R) at the inflexion point of the fitted curve
are also shown. 7 = 10 for all parameters, and * denotes a significant difference between
the mean values at P < 0.05 (paired #tests).
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Figure 2. Dynamics of measured and modelled canopy scale daily net assimilation rate
and daily isoprene emission rate (A and B), and leaf-scale net assimilation flux and
isoprene emission flux (C and D). The lines denote non-linear least square regressions
Eq. 1 for A and B, Eq. 2 for Cand D (all 7> 0.98, P<0.0001). The solid lines denote
ambient and the dashed lines for elevated [CO,] treatments. Symbols and line styles are
according to Fig. 3 (Modified from Paper I).

On the canopy scale, both integrated daily net assimilation and isoprene
emission rates followed the dynamics of leaf area growth, and the
Chapman-Richards function (Eq. 1) provided excellent fit to the time-
courses of both processes (Fig. 2A, B, 7>0.98, P<0.0001 in both cases).
Canopy net assimilation rate increased faster and reached at an almost
double maximum value (A, cano y) of 32 mmol day! under elevated than
under ambient [CO,] (16 mmolP day; Fig. 2A, Table 2). Elevated [CO,]
resulted in approximately three times higher maximum slope (R) of the
canopy net assimilation than that in plants grown under ambient [CO]
(Table 2). Plants grown under elevated [CO,] reached the plateau value
(90% of maximum) of maximum canopy net assimilation rate at day 22,
while for ambient [CO,] plants this was observed at day 33 (Fig. 2A).
Elevated growth [CO,] led to a maximum canopy isoprene emission flux
([max)canopy) of 38 pmol day™', which is 1.4 times higher than the maximum
value of canopy isoprene emission rate of 27 pmol day! under ambient
[CO,] (Fig. 2B, Table 2). The relative growth rates of isoprene emission
were not much different for both treatments, but elevated [CO,] grown
plants had significantly higher maximum slope (R) of the canopy
isoprene emission rate and the inflexion point of fastest emission change
rate was reached by one day earlier (14th day) (Fig. 2B, Table 2).
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Table 2. Mean (+ SE) parameters of canopy-scale daily net assimilation and isoprene
emission rates during canopy development fitted by Eq. 1, (Modified from Paper I).

Net Amax,canopy r ti Ai Ri
assimilation (mmol day’)  (day”) ¢ (day) (mmol day') (mmol day?)
Ambient 16.0+0.9 0.17+0.017 9.7#2.6 12+1 5.36+0.37 1.07+0.07
Elevated 32.0£0.9° 0.25+0.035" 31+9" 12+1 11.33+0.43" 3.07+0.43

Isoprene 1 r t I R

max,canop:;

emission (mmol da;f‘) (day™) ¢ (da;y) (mmollday“) (mmoliday‘z)
Ambient 27.2¢1.8 0.238+0.012 39+8 15z1 9.8+0.7 2.45+0.26
Elevated 37.6+2.2° 0.220+0.014 23.2+4.5" 14+1 13.4+0.8" 3.11+0.23"

is the maximum canopy daily assimilation rate and, / is the maximum

max,canopy max,canopy

canopy daily isoprene emission rate. Parameters (y,, 7, ¢) have the same meaning as in
Table 1. Parameters for the time (#) and process rates (4 or /) and R have the same
meaning as in Table 1. 7 = 10 for all parameters, and * denotes a significant difference
between the mean values at P < 0.05 (paired #tests).

In the leaf scale, the trends of the developmental dynamics of leaf net
assimilation rate and isoprene emission rate were changed to asymmetric
curves with maxima in both [CO,] treatments (Fig. 2 C and D). Both
processes were well fitted by Eq. 2 (#>0.98, P<0.0001). The decreases in
the fluxes beyond the maxima were assumed to be caused by increasing
self-shading within the growing canopy. At the leaf level, elevated growth
[CO,] resulted in a maximum net assimilation flux of 8.7 pmol m? s
that occurred at 18th day. This rate was 1.4 times higher than that in
ambient [CO,] growth plants (6.1 pmol m™ s') on the same day (Fig.
2C). The maximum isoprene emission rate was observed on day 25 for
plants grown under elevated, and on day 23 for ambient [CO,] grown
plants. At leaf level, plants grown under elevated [CO,] released 1.3 fold
less isoprene than the plants grown under ambient [CO,] (Fig. 2D).

For both canopy and leaf scales, the model curve parameters for all
processes considered strongly depended on plant growth [CO,]. These
results demonstrate that canopy scale dynamics importantly complement
the leaf scale processes.

5.2. Elevated growth [CO,] impacted leaf traits (Papers I-III)

Elevated growth [CO,] significantly impacted leaf structure, resulting
in greater leaf thickness, mesophyll thickness, chloroplast number per
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cell area, starch grains inside the chloroplasts and foliar dry to fresh
mass ratio (D), compared with those ambient [CO,] grown plants (Fig.
3; Fig. 4). These data indicate that elevated growth [CO,] led to more
developed photosynthetic tissue.

Figure 3. Representative leaf
cross-sections of hybrid aspen
leaves stained with Toluidine
blue and viewed at 40x
magnification (A and B) and leaf
palisade mesophyll cell images

with  representative  starch
grain inside the chloroplasts
viewed with TEM at 2100x
magnification  (C and D).
Leaves developed under the
ambient [CO,] of 380 mmol
mol' (A and C) and elevated
[CO.] of 780 mmol mol' (B

2
and D). sum - ampient Elevated

Elevated growth [CO,] significantly enhanced whole canopy leaf dry
mass (M), leaf dry mass per unit area (M,), leaf carbon content per
leaf area (C,), ratio of C:N (R ), though the degree of stimulated was
different between the two clones (Table 3). Carbon content per dry mass
(C,,) was not affected by growth [CO,], but nitrogen content per dry
mass (/V,) was significantly lower for plants grown under elevated [CO]
(Table 3). In plants of clone H200, nitrogen content per leaf area (V,)
was significantly enhanced, while for the clone H55 there was only a
slight decrease (Table 3). These data suggested that elevated growth [CO ]
enhanced carbon and nitrogen uptake, but the degree of enhancement
was higher for carbon than for nitrogen, and differed between the clones.
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Table 3. Effects of plant growth CO, (ambient (380 umol mol™) vs. elevated (780 umol
mol™)) on average * SE values of leaf morphological and chemical characteristics.

(Modified from Papers I- II).

Trait Clone Treatment r
Ambient  Elevated

Canopy leaf dry mass (M, g plant”) H55 1.64£0.21 2.64+0.14 0.003
H200 1.72+0.22  2.98+0.22 <0.001

Leaf dry mass per unit area (M,, g m?) H55 28.5+1.9  35.0¢1.5 0.03
H200 28.8+0.6 38.6+0.8 <0.001

Leaf carbon content per dry mass (C;, %) H55" 43.29+0.33 43.53+0.29 0.6
H200 37.4+0.6 39.2+¢1.2  0.07

Leaf carbon content per leaf area (C,, g m?)

H55
H200

12.420.8 15.95+1.1 0.02
10.76+0.30 14.9120.36 <0.001

Leaf nitrogen content per dry mass (IV,,, %) H55" 2.34+0.24  1.66+0.13 0.03
H200 4.21+0.08 3.36+0.05 <0.001
%;/af ;1::2§en content per leaf area HS5  0.7£0.07 0.6410.036 0.5
a H200 1.211+0.019 1.29+0.03 0.04
Carbon to nitrogen ration in foliage (R.,) H55" 19.0£1.7 26.2+2.22 0.03
H200 8.88+0.13 11.51+0.25 <0.001

n = 8 for clone H200 and 7 = 10 for clone H55. Means (+ SE) between treatments were
compared by ANOVA (followed by Tukey’s test). The differences among the clones
were tested by univariate statistical analysis, * represent significant differences between

the clones at P < 0.05.

Figure 4. Effects of growth CO,
concentration on hybrid aspen leaf dry
to fresh mass ratio (%) (A), percentage
chloroplast area covered by starch granules
(%) (B) and chloroplast number per 100
mm? cell area (nchl) (C). Data are mean
+ SE of four independent samples (trees).
Means were compared by one way ANOVA
(followed by Tukey’s test) and * of bar top
are significantly different at P < 0.05.
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5.3. Modification of instantaneous [CO,] response of
photosynthesis and isoprene emission rates, DMADP pool size and
isoprene synthase rate constant by growth [CO,] (Paper II)

After 30-40 days of plants growth, instantaneous [CO,] responses of
foliage physiological traits were measured. At growth light intensity of
500 pmol m™ 5! and temperature of 30 °C, and measurement [CO,] of
380 pmol mol™, net assimilation rate for plants grown under elevated
[CO,] did not differ from that in plants grown under ambient [CO_].
However, when measured at [CO,] of 780 pmol mol™, net assimilation
rate in plants grown under elevated [CO,] was significantly higher than
thatin plants grown under ambient [CO_] (Fig. 5A). These data suggested
that elevated [CO,] grown plants had higher potential photosynthetic
capacity at higher ambient [CO_] conditions.
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Figure 5. Effects of growth and measurement CO, environments on net assimilation
rate (A), isoprene emission rate (B), DMADP pool size (C), and the rate constant
of the IspS reaction (D) in hybrid aspen leaves. All measurements were conducted
under growth leaf temperature of 30 °C, and growth light intensity of 500 mmol m™
s'. A(380) and E(380) denote measurements at CO, concentration of 380 mmol
mol” for plants grown under ambient and elevated [CO,], and A(780) and E(780)
denote measurements at CO, concentration of 780 mmol mol™ for plants grown under
ambient and elevated [CO,]. Data are averages (+ SE) of 8-10 replicate leaves. Averages
with different letters are significantly different at P < 0.05 (ANOVA followed by Tukey’s
test and paired samples #-tests for differences among CO, measurement concentrations
within treatments) (Reproduced from Paper II).
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For isoprene emission, elevated growth [CO,] only slightly decreased
isoprene emission rates either at measurement [CO,] of 380 pmol mol™
or 780 pmol mol™" (Fig. 5B). Either measured at [CO,] of 380 pmol mol™!
or 780 pmol mol™!, DMADP pool in elevated [CO,] grown plants was
significantly lower than that in ambient [CO,] grown plants (Fig. 5C).
In addition, isoprene emission rate and DMADP pool size were both
influenced by measurement [CO,] (Fig. 5C). Isoprene synthase rate
constant (K) that characterizes the isoprene synthase (ISPS) activity, did
not depend on measurement [CO,], but growth under elevated [CO,]
resulted in greater ISPS activity (Fig. 5D).

5.4. Growth under elevated [CO,] altered parameters of
photosynthetic and isoprene emission response curves to light and

CO, (Paper II)
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Figure 6. Simulated net assimilation (A, B) and isoprene emission rate (C, D) responses
to intercellular CO, concentration (A, C) and to quantum flux density (B, D) in hybrid
aspen plants grown under ambient and elevated CO, concentrations based on the
mean fitted parameters (Tables 4 and 5). In the simulations, leaf temperature was set
to growth leaf temperature of 30 °C, and the CO, responses were simulated at growth
light intensity of 500 mmol m? s, and the light responses at CO, concentrations of
380 mmol mol” and 780 mmol mol” (Reproduced from Paper II).
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Growth under elevated [CO,] altered the parameters of photosynthesis
and isoprene emission rate vs. light intensity and CO, response curves
(Fig. 6, Table 4, Table 5). Modelled response curves of intercellular CO,
(C) vs. photosynthesis rate demonstrated that elevated growth [CO,]
resulted in higher maximum carboxylase activity of Rubisco (V)
and the capacity for photosynthetic electron transport (/ ) (Fig. 6A),
suggesting greater biochemical photosynthesis potentials in plants grown
under elevated [CO,]. Thus, no downregulation of photosynthetic
characteristics was observed (Table 4A, Fig. 6A).

Table 4. Average + SE characteristics of net assimilation (4) and isoprene emission (/)
vs. intercellular CO, concentration (C) response curves: parameters are form Farquhar
et al. (1980) photosynthesis model and modified Weibull model to fit 7 vs. C, responses
(e.g. Yang et al. 1978 with modifications outlined in Paper II).

Characteristic Treatment P

Ambient  Elevated

A: Photosynthetic characteristics

Maximum carboxylase activity of Rubisco
(V. ., mmol m?s?)

39.3+2.0  44.8+1.6  0.03
Capacity for photosynthetic electron transport
(/. ,mmol m?s™)

J../V.... (mmol electrons (mmol CO,)™) 1.80+0.06 1.96+0.07 0.08

max cmax

70.1+2.7 876 0.02

Mitochondrial respiration rate (R,, pmol m? s™) 0.65+0.09 0.52+0.07 0.2

B: Isoprene emission characteristics

.Intercellular. C,Oz concentration for max_ilmum 154.543.3 9615 <0.001
isoprene emission rate (C pmol mol™)

Isoprene emission rate at C, (]nm,d, nmol m?s!)  21.9+2.0 28.1+3.4 0.02
Isoprene emiss?r}l rate at C = 300 mmol mol” 174511 14.0:1.0 0.002
(1500 MOl M5

Isoprene emission rate at C = 500 mmol mol 13.2+0.9 10.0+0.8 0.009

(Z.. ,nmol m?2s7)
Ci300

The measurements were conducted at an incident quantum flux density of 500 pmol

m™ s'. Data are averages + SE of 8-10 replicates at each treatment. Means were

compared by ANOVA.

Light response curve parameters (model based on Thornley (1976)
and Ogren et al. (1993) indicated that elevated [CO,] grown plants
had significantly higher initial quantum yield for CO, (®) and initial
quantum yield for photosynthetic electron transport (@), than
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those in ambient [CO,] grown plants, either measured at [CO,] 380
or 780 mmol mol™. Light-saturated net assimilation rate (4_ ) in
elevated [CO,] grown plants was slightly increased (Fig. 6B, Table 5A).
Furthermore, plants grown under ambient [CO,] had a greater curvature
(K) of light response at both measurement CO, concentrations (Table
5A). Further more, q)J and K mainly depended on growth [CO ], while
A__, ® and dark respiration rate (R,) were influenced by both growth
and measurement [CO,]. These data indicated interactive effects of
growth and measurements [CO,] on photosynthetic light response.

The response curve of isoprene emission rate (/) vs. C response is an
asymmetric curve with a peak value. The shape of this response was
importantly affected by plant growth CO, concentration (Fig. 6C).
Analysis of isoprene emission rate (/) vs. C response curves (model
modification from Guenther et 4/, 1993, Niinemets et al, 2010a)
demonstrated that plants grown under elevated [CO,] had higher
maximum isoprene emission rate (/, ) and correspondingly lower

G (Table 4B, Fig. 6C).

The light-saturated isoprene emission rate ([ ) was significantly
higher in elevated [CO,] grown plants under both measurement CO,
concentrations of 380 and 780 mmol mol™* (Table 5B, Fig. 6D). The
“true” quantum yield of isoprene emission, e, did not statistically differ
among the treatments at both measurement CO, concentrations, but
higher measurements [CO,] (780mmol mol™) obviously decreased o
and the ratio of o, / CD] (Table 5B) for both [CO,] treatments, indicating
that the higher measurement [CO,] reduced the efficiency for the use of
photosynthetic electron transport in isoprene emission.
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5.5. Elevated growth [CO,] results in higher stress resistance
coupled with higher isoprene emission rate (Paper III)

Long-term elevated [CO,] treatments altered foliage photosynthetic and
isoprene emission responses to instantaneous variations in [COz] and
light, suggesting that acclimation to elevated [CO,] may be associated
with modified responses to extreme light and [CO,] conditions. Studies
with extreme temperatures further indicated that growth [CO,] alters
heat stress resistance. With temperature increase from 30 °C to 50 °C,
net assimilation rate was completely inhibited, while isoprene emission
rate increased among treatments (Fig. 7A, B, C, D), confirming the
previous investigations that isoprene emission rate can be uncoupled
from photosynthesis under stress conditions, and that stress conditions
can lead to higher carbon losses due to isoprene emission (Fig. 7E, F).
However, plants grown under elevated [CO,] maintained a greater
net assimilation rate at the same high temperature than those grown
under ambient [CO,], particular under measurements [CO,] of 780
mmol mol™ and strong light intensity of 2000 mmol m™s™'. With
temperature enhancement, both the reduction of net assimilation and
increase of isoprene emission rates tended to be higher, but plants grown
under elevated [CO,] and measured under [CO,] of 780 mmol mol™,
had the lowest reduction of net assimilation rate accompanied with
the highest increase of isoprene emission rate at given temperature,
particularly if measured under strong light intensity of 2000 mmol m™
s”' (Fig. 8).

A linear relationship between the reduction in net assimilation rate and
the increase in isoprene emission rate was observed (Fig. 9). Co-variation
analyses (ANCOVA) indicated presence of significant interactions
among the measurement and growth [CO,]. Under moderate light,
the slope varied as Ambient (380) > Elevated (380) > Ambient (780)
> Elevated (780), while under high light the slope ranked as Ambient
(380) > Ambient (780) > Elevated (380)> Elevated (780) (Fig. 9). These
data indicate that under both high light and heat stress, the suppression
of photosynthesis was less in elevated [CO,] grown plants, especially
under higher measurement [CO,] of 780 mmol mol™.

An interesting finding was that the inhibition of isoprene emissions by
high measurement [CO,] disappeared under heat stress, and isoprene
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emission rate was mainly related to plants growth [CO,] (Fig. 7C, D).
This may reflect differences in the regulation of isoprene formation
under stress, especially by substrate supply. We propose a hypothesis on
isoprene regulation during stress in the sections of 6.6.

I Ambient (380) 1 Elevated (380)

I Ambient (780) [ Elevated (780)

Light intensity=500 umol m?s™

Light intensity=2000 umol m?s™
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Figure 7. Responses of net assimilation rate (A, B), isoprene emission rate (C, D)
and carbon lost as isoprene (E,F) to heat stress in hybrid aspen leaves under different
growth (ambient [CO,] of 380 mmol mol™” and elevated [CO,] of 780 mmol mol™)
and measurement CO, conditions (380 vs. 780 mmol mol™). Averages with different
letters are significantly different at P < 0.05 (ANOVA followed by Tukey’s test and
paired samples #-tests for differences among CO, measurement concentrations within

treatments) (Modified from Paper III).
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Figure 8. The dependencies of the relative decrease in net assimilation rate (A, B) and
the relative increase in isoprene emission rate (C, D) on leaf temperature in hybrid
aspen. The relative decrease in net assimilation rate was calculated as (4,-A,)/A,.
The relative increase in isoprene emission rate was calculated as (7, -1)/I, . A, and A
represent the net assimilation rate at the temperature of 30 °C and at given temperature
T°C (T = 35, 40, 45, 50 °C ), I, and [, represent the isoprene emission rate at the
temperature of 30 °C and 7' °C (7 = 35, 40, 45, 50 °C ). Data are averages (+ SE) of
8-10 replicate leaves (Modified from Paper III).
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P < 0.01); black dashed line: Elevated (380) (* = 0.53 and P < 0.01); solid grey line:
Ambient (780) (+* = 0.79 and P < 0. 01); dashed grey line: Elevated (780) (+* = 0.84 and
P < 0.001). For light intensity of 2000 mmol m™? s, black solid line: Ambient (380)
(7 = 0.74 and P < 0. 01); black dashed line: for Elevated (380) (> = 0.35 and P = 0.
1); solid grey line: Ambient (780) (* = 0.59 and P < 0.01); dashed grey line: Elevated
(780) (#* = 0.45 and P = 0.05) (Paper III).

5.6. Control of isoprene emission shared between environment
temperature and foliage senescence during autumn (Paper IV)

Photosynthetic rate, isoprene emission and DMADP pool decreased
rapidly with reduction of growth environment temperature and foliage
senescence, though a certain recovery was observed during episodes of
temperature increase (Fig. 10). Leaf nitrogen content decreased slowly
during the initial phase of leaf senescence, and was rapidly reduced
during later phases (Fig. 10). The correlation analysis indicated that
changes in foliage nitrogen content were closely related to reductions
in net photosynthetic capacity and isoprene emission rate (Fig. 11).
This study demonstrated that the capacity for isoprene emission can
adjust to environmental conditions in senescing leaves as well, but the
responsiveness is low compared with mid-season and is also affected by
frost stress episodes in senescing leaves (Fig. 12).
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Figure 10. Time-dependent
variations in daily minimum,
maximum and average air
temperature at Tartu (A),
and in net assimilation rate
(B), isoprene emission rate
and DMADP pool size (C),
and leaf nitrogen content per
area (D), from late summer
to leaf fall in European aspen
(Populus  tremula)  trees.
Data in B-D are averages
+ SE of three independent

samples.  Foliage  gas-
exchange measurements
were conducted at an

ambient CO, concentration
0f 380 + 20 mmol mol”, leaf
temperature of 30 + 1 °C
and incident quantum flux
density of 600 + 100 mmol
m? s'. (Modified from
Paper IV).
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Figure 11. Dependencies of leaf isoprene
emission (A) and net assimilation (B)
rates on leaf nitrogen content in European
aspen (Populus tremula) trees from late
summer through leaf senescence. Data
were fitted by either non-linear regressions
in the form of y = ax" (all data pooled) or
by linear regressions (fitting without the
late-summer measurements). Data in A
were separately fitted using all data pooled
(dashed line) and with the late summer
estimate removed (solid line). Error bars

show +SE (Reproduced from Paper IV).

Figure 12. Correlations of isoprene
emission rate with average temperature
preceding the measurements in P
tremula. Data were fitted by non-
linear regressions in the form of y =
aLog(x)+b. Open circles and fitted
solid line were based on data pool
(from late summer to leaves falling
down); filled circles in and fitted
dotted line were for whole data but

Isoprene emission rate
(nmol m®s™

removed corresponding to  stress
period data; and fitted dashed line
was based on only the data after stress

(Reproduced from Paper IV).
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6. DISCUSSION

In this thesis, we investigated foliage structure and anatomy,
photosynthetic and isoprene emission characteristics, and DMADP pool
size and ISPS activity, to gain insight into plant acclimation to long-
term elevated [CO,]. We tested the hypothesis that the canopy isoprene
emission of hybrid aspen grown under elevated [CO,] is increased even
though an instantaneous effect of elevated [CO_] lowers isoprene emission
at the level of individual leaves. We found that long-term elevated [CO]
treatment enhanced isoprene emission capacity, photosynthesis capacity,
which are associated with changed foliar ontogenetic characteristics,
DMADP pool size and isoprene synthase activity. In addition, elevated
growth [CO,] enhanced leaf isoprene emission capacity and stress
resistance, implying that isoprene emission may be enhanced by these
potential factors in future elevated atmospheric [CO,]. We further
studied isoprene emission characteristics during the foliage senescence,
to test environmental temperature and endogenous, senescence-induced
self-regulation on isoprene and methanol emissions. Here I discuss in
detail the specific results of the Thesis.

6.1. Effects of elevated [CO,] on isoprene emission in different
scales (Paper I)

Many previous studies have predicted that the continuous rise in
atmospheric [CO,] affects global isoprene emissions and in turn can affect
climate change in future (Sanderson ez /., 2003, Wilkinson ez 4/., 2009,
Young ez al., 2009). Up to now, understanding elevated [CO,] effects on
plant isoprene emissions is far from conclusive because of uncertainties
in isoprene emission capacities in plant species, alteration of isoprene
emissions by [CO ], and changes in coverage of isoprene emitting species,
their biomass as well as due to scaling problems (Pacifico ez al., 2009).
Available empirical and semi-mechanistic models based on the light and
temperature responses analogous to photosynthesis describe isoprene
emissions under current ambient CO, concentrations relatively well for
non-stressed plants in leaf level (Arneth ez al., 2007, Guenther ez 4l.,
1993, Niinemets ez al., 2010c¢). These models have predicted that global
isoprene emissions will increase due to elevated [CO,] that stimulate
greater vegetation productivity, especially when combined with warming
that enhances temperature-dependent isoprene emissions (Arneth ez 4/,
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2008a, Guenther ez al., 1995, Wiedinmyer ez al., 2006). However, when
inhibition of isoprene emissions by elevated [CO,] at leaf level observed
in several studies (Pegoraro ez al., 2004, Rasulov ez al., 2009b, Rosenstiel
et al., 2003) was considered, it was projected that isoprene emissions will
be reduced in future climates (Arneth ez 4/, 2007, Heald ez al., 2009,
Monson ez al., 2007, Young et al., 2009).

In this thesis, we investigated dynamics in development of leaf area,
net assimilation and isoprene emission rates from the start of canopy
development to maturation under ambient and elevated growth [CO,].
Our data indicated that the effects of elevated [CO,] on isoprene
emission were differently expressed at different scales (Fig. 2B, D).
Elevated growth [CO,] enhanced canopy leaf area development rate,
net assimilation rate, and isoprene emission rate, although different
processes were affected to a different degree. Although elevated growth
[CO,] inhibited isoprene emission rate at leaf scale, in accordance
with previous studies (e.g. Monson ez al., 2007, Possell ez al., 2011,
Rosenstiel ez al., 2003), enhanced leaf area production compensated for
or exceeded the leaf-level isoprene emission inhibition such that canopy-
level isoprene emission was enhanced by elevated growth [CO,] under
unstressed conditions. With canopy growth, the light distribution inside
of canopy became an important factor affect isoprene emission rate in
leaf scale, but greater foliage area still dominated whole canopy isoprene
emissions. Thus, this study demonstrated that the canopy scale dynamics
importantly complements the leaf scale processes, and it is important to
consider growth processes in modelling canopy scale isoprene emissions.

6.2. Modulation photosynthetic capacity and isoprene emission by
growth [CO,] (Paper II)

Previous studies have indicated that the effects of elevated growth
[CO,] on plants growth are associated with many aspects of plant
physiology (Ainsworth ez al., 2005, Jablonski ez al., 2002, Leakey ez al.,
2009). Morphological up-regulation due to higher leaf thickness and
more structured mesophyll under elevated [CO,] has been observed
(e.g., Oksanen ez al., 2001, Sims et al., 1998, Miyazawa ez al., 2011).
However, elevated [CO,] can also result in biochemical down-regulation
of photosynthesis owing to enhanced carbon supply, especially when
nutrient supply is limited. Such imbalances are reflected in extensive

51



accumulation of starch and soluble carbohydrates, and in stronger N
limitation for construction of photosynthetic machinery, leading to
reduced foliage N content and decreased photosynthetic capacity due to
lower maximum carboxylation activity of Rubisco (V) and maximum
electron transport capacity (/) (Johnson, 2006, Long ez 4., 2004, Luo
etal., 1998, Nowak ez al., 2004). These contrasting aspects have received
surprisingly little attention in isoprene emission studies.

In this study (Paper I and II), elevated [CO,] grown plants had
significant lower N content per dry mass (Table 1), but N content
per leaf area even increased in hybrid aspen clone H200 and was not
affected by elevated [CO,] in the other clone H55 (Table 1). This
suggests that the uptake of carbon was somewhat in excess to nitrogen
availability, although N deficiency clearly was not severe, and there was
no biochemical downregulation of photosynthesis occurred. In fact, the
plants grown under elevated [CO,] had higher photosynthetic capacity
with higher V. ‘and / , and greater quantum yield of photosynthesis
(@) and photosynthetic electron transport (CDJ) (Table 4A). This evidence
supports previous findings that high supply of nutrients can reduce or
remove down-regulation to maintain higher photosynthetic machinery
and capacity, especially by morphological up-regulation (Ainsworth ez
al., 2005, Leakey ez al., 2009, Luo ez al., 1998).

Under the plant growth conditions of moderately high light of 500
pmol m? s and leaf temperature of 30 °C, growth [CO,] did not affect
significantly isoprene emission rate (Fig. 5B). However, plants grown
under elevated [CO,] had higher isoprene emission rate at optimum
CO, concentration (Table 4B, Fig. 6C) and at saturation light (Table
5B, Fig. 6D), indicating that elevated growth [CO,] enhanced isoprene
emission capacity. Compared with previous studies, the reduction of
isoprene emission under elevated growth [CO,] has been observed only
when elevated [CO,] also resulted in down-regulation in photosynthetic
capacity e.g. (Monson et al., 2007, Possell ez al., 2005, Wilkinson ez /.,
2009). On the contrary, the study of Possell et al. (2004) found that
fertilization reduced the depression of isoprene emissions under elevated
[CO,]. Thus, it is possible that limiting nutrients such as N for protein
synthesis, ultimately drive modifications in enzymatic capacities for both
photosynthesis and isoprene emission.
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Isoprene is formed in chloroplasts by isoprene synthase from its
immediate precursor DMADDP, and thus, the availability of DMADP
and ISPS activity are important intrinsic factors determining isoprene
emission rate. In this study, elevation of growth [CO,] resulted in
reduced DMADP pool size and higher ISPS activity. DMADP pool size
is influenced by instantaneously changes in [CO,], while ISPS activity
is believed not to be influenced by instantaneously changes in [CO,]
(Rasulov et al. 2009, 2010). Thus, the response of isoprene emissions
to instantaneous changes in [CO,] is mainly influenced by the pool
size of DMADP, while acclimation to growth [CO,] may involve both
changes in DMADP pool size and ISPS activity. So far, few studies
have analyzed the effects of changes in DMADP pool size and isoprene
synthase activity on isoprene emissions in plants grown under different
CO, concentrations. Calfapietra er a/ (2008) demonstrated reduced
DMADP content in elevated-[CO,]-grown P tremuloides, but similar
isoprene emission rate, suggesting enhancement of isoprene synthase
activity, concurring with our observations in hybrid aspen. In the studies
of Scholefield (2004) in Phragmites australis and Possell er al.(2011)
in Acacia nigrescens, both reported that reduced isoprene emission rate
was associated with reduced isoprene synthase activity in plants grown
under elevated [CO,]. However, the down-regulation of photosynthetic
capacity was also observed in these studies, possibly reflecting nutrient
limitations under elevated [CO].

Taken together, our data suggest that elevated growth [CO,] enhanced
photosynthetic capacity, but did not affect isoprene emission rate when
measured at the same conditions. Elevated growth [CO,] decreased
DMADP pool size and increased ISPS activity, explaining the constancy
of the isoprene emission rate. Thus, decreased DMADP pool size was
partly compensated by increased ISPS.

6.3. Growth [CO ], stress resistance and isoprene emission (Paper
110)

Heat stress reduced net assimilation rate and increased isoprene emission
rate, but the plants grown under elevated [CO,] had more resistant
photosynthesis with higher isoprene emission rate (Fig. 7, Fig. 8). This
indirectly supports the hypothesis of the protective role of isoprene under
heat stress (Sharkey ez al., 2008, Vickers er al., 2009). Furthermore,
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inhibition of isoprene emissions by instantaneous rise of [CO,] was lost
during the heat stress; isoprene emission was enhanced more strongly in
plants grown under elevated [CO,] (Fig. 7B, D), suggesting that isoprene
emission in heat-stressed leaves is dominated by the long-term acclimation
to growth [CO,] environment and is not altered by instantaneous [CO ]
elevation. Elevated [CO,] grown plants had greater starch grains inside
the chloroplasts and higher soluble carbohydrate contents (Fig. 4A, B).
These soluble carbohydrates together with mobilization of stored carbon
sources may provide enhanced carbon flow to isoprene formation when
photosynthesis is depressed by high temperature. This may explain why
elevated [CO,] grown plants with larger carbon reserves had greater
isoprene emission rate and stronger thermal tolerance.

6.4. Control on isoprene emission is shared between temperature
environment and foliage senescence during autumn (Paper IV)

Previous studies have revealed that isoprene emission depends on leaf
developmental stage and age (Centritto ez al., 2004, Ekberg ez al., 2009,
Kuzma ez al., 1993). During leaf senescence, the majority of soluble
and membrane proteins are degraded for N resorption and cellular and
subcellular structures, mitochondria and chloroplasts gradually collapse
(Beers ez al., 2001, Hopkins ez al., 2007, Keskitalo ez al., 2005). In this
study, the rapid reduction in isoprene emission rate was paralleled by
decreases in foliage N content and net assimilation rate from mid-August
to foliage fall. The reductions in net assimilation rate, isoprene emission
rate and DMADP pool were accompanied by decreases in foliage
nitrogen content, indicating that leaf physiological activities decreased
in parallel with N resorption (Fig. 10, 11). At the last senescence stage,
photosynthetic activity had been reduced to a greater degree than
isoprene emission (Fig. 11). This is in accordance with the hypothesis
that maintenance of isoprene emission helps to protect the plants against
the oxidative stress that can become particularly significant during
degradation of cellular components (Vickers ez a/., 2009).
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6.5. Modification of isoprene emissions and plant physiology by
instantaneous and growth [CO,] (Papers I-1II)

In this study, the response of isoprene to instantaneous CO, concentration
was characterized by an asymmetric curve with an optimum at low
[CO,], closed to the CO, compensation point of photosynthesis, below
which isoprene emission decreased rapidly and above which isoprene
emissions decreased relatively slowly (Fig. 6C), confirming previous
investigations (e.g., Rasulov ez a/. 2009a). A double carboxylation scheme
has been proposed, according to which RuBP carboxylase (Rubisco) in
chloroplasts and PEP carboxylase in cytosol control CO, carboxylation
in different compartments, thereby affect the substrate supply for DXP
pathway (Sanadze, 2010, Monson ez al., 2009). When C is close to
photosynthetic compensation point, photosynthesis is strongly limited.
Although photorespiration can partly substitute CO, as electron sink,
still RuBP carboxylation and oxygenation and photosynthetic electron
transport and photophosphorylation are not well coordinated. This can
result in temporal excess of ATD. Therefore, the highest isoprene emission
rate at C close CO, photosynthetic compensation point might rely on
this excess ATP that is consumed in DXP pathway. When C is above the
compensation point, more ATP can be used for CO, fixation, resulting
in the drop of ATP concentration and reduction of DMADP synthesis
through DXP pathway, consequently reducing the rate of isoprene
formation (Loreto et al., 1993, Rasulov et al., 2009b).

Light responses of photosynthesis indicated that elevated [CO,] grown
plants had significantly higher initial quantum yield for CO, (®) and
initial quantum yield for photosynthetic electron transport (®,), than
those in ambient [CO,] grown plants (Table 5). These results imply that
elevated [CO,] grown plants had higher light use efhiciency than those
grown under ambient [CO,]. However, the light responses of isoprene
emission indicated that elevated [CO,] grown plants had lower o.. and
the ratio of o/ CDJ. This result implied grown elevated [CO,] plant had
higher light efficiency for photosynthesis but reduced efficiency for use
of photosynthetic electron transport in isoprene emission. This result is
consistent with previous observation that leaves formed in elevated [CO ]
maintain higher PSII efficiency (#/F ) and lower photorespiration at
higher temperatures than ambient [CO,] grown leaves (Huang ez /.,
2007, Taub et al., 2000). Furthermore, this result is consistent with the
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observation of lower DMADP under moderately high light in elevated
[CO,] grown plants, reflecting overall lower rate of increase of DMADP
pool size with light level. However, elevated [CO,] grown plants had
higher maximum isoprene emission rate, [max’c, at saturating light (Fig.
6C). Thus, as DMADP pool size was increasing with increasing light
level, greater ISPS activity allowed elevated [CO,] grown plants to
achieve greater isoprene emission rates.

Thus, these data collectively indicated that long-term elevated [CO,]
treatment resulted in both the enhanced photosynthetic and isoprene
emission capacities, but also importantly altered the response curve
shapes. These results have important implications for modelling isoprene
emissions.

6.6. Regulation of isoprene emissions under heat stress (Papers II-
110)

Evidence from labelling experiments has confirmed that under non-
stressed conditions carbon skeletons for isoprene biosynthesis mainly
come from recent CO, assimilation (Affek ez 4/, 2002, Lichtenthaler,
1999, Trowbridge er al, 2012). However, under stress or when
photosynthesis is inhibited by reduced atmospheric CO,, stored or
older carbon sources become involved in isoprene biosynthesis (Brilli ez
al., 2007, Funk ez al., 2004, Trowbridge ez al., 2012). There are several
situations when isoprene emissions are uncoupled from photosynthesis.
One characteristic situation is when isoprene emission is inhibited by
instantaneous elevation of [CO,], while photosynthesis is enhanced
(Centritto ez al., 2004, Pegoraro et al., 2004, Rosenstiel ez al., 2003)
as was also observed in our study under leaf temperature of 30 °C and
moderate light intensity of 500 pmol m? s (Fig. 7A, B ). Differently from
such uncoupling, uncoupling during stresses such as heat and drought
and under limited CO, supply, is associated with major reduction in
photosynthesis, but increased isoprene emission (Brilli ez 2/., 2007, Funk
etal., 2004, Trowbridge ez al., 2012). These two different situations when
isoprene emissions are uncoupled from photosynthesis reflect differences
in regulation of photosynthesis and isoprene biosynthesis, and might
be associated with the role of isoprene in protection from stress. In
this study, a particularly interesting situation was when heat stress (or
heat stress and strong light) co-occurred with instantaneous increase in
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[CO,]. Under such conditions, the inhibition of isoprene emission by
elevated [CO,] disappeared, and isoprene emission rate was correlated
with growth environmental [CO,]. It is pertinent to ask what can be
responsible for such a pattern?

Previous study proposed that isoprene emission is mainly regulated
by its precursor DMADP pool size that depends on ATP supply and/
or transport of pyruvate precursors, PEP, from cytosol (Cinege ez /.,
2009, Rasulov ez al., 2009b, Vickers ez al., 2010, Lehning et al., 1999,
Trowbridge et al. 2012). Resent evidence has confirmed that isoprene
emission can protect the photosynthetic systems by multiple ways, such
as by removing ROS, and maintaining thylakoid membrane stability
(Behnke et al., 2010, Velikova et al., 2005, Velikova et al., 2011). Here,
based on the isoprene physiological function, we hypothesise the possible
regulation of flow of carbon sources to DMADP and isoprene formation
between chloroplasts and cytosol under stress.

First, isoprene is a protective gas, and its emission is advantageous in
protecting photosynthetic apparatus (Sharkey ez /., 2008). As lipophilic,
highly volatile and reactive small molecule, isoprene has the virtues of
fast solubilization in membranes, stabilizing lipid-lipid, lipid—protein,
or protein—protein interactions, and rapid reaction, thereby efliciently
scavenging reactive oxygen species (Velikova ez al., 2011, Vickers ez al.,
2009). Thus, its emission from plants is an evolutionary adaptation.
Studies based on phylogenetic relationships among clades of vegetation
have revealed that isoprene emission has appeared and been lost many
times independently during the evolution of plants, and the trait of
isoprene emission has been selected during evolutionary radiation
into different environments (Harley ez al., 1999, Monson et al., 2012,
Sharkey ez al., 2001b).

Second, under stress, DMADP flow to isoprene biosynthesis has priority
over flows to pigments and higher isoprenoids in DXP pathway. Isoprene
is the first product in DXP pathway catalyzed by isoprene synthase, other
isoprenoids like monoterpenoids, phytol, carotenoids and plastoquinone
are also formed by this way. It has also been reported that xanthophylls,
tocopherols (vitamin E) and carotenoids play an important role in
maintaining the integrity of the photosynthetic membranes under
oxidative stress (Loreto et al., 2010, Singsaas et al., 1997, Velikova ez
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al., 2011, Vickers er al., 2009). In fact, carotenoids and tocopherols
(vitamin E) involve large number of prenyl units. Thus, formation
other polyterpenes needs more energy, implying that isoprene could
be economically advantageous as a small and rapidly moving molecule
avoiding photosynthesis damage under stress. The study of Penuelas ez
al. (2005) demonstrates that 2-tocopherol and S-carotene consumption
increased after enhancement of isoprene emission rate during heat stress.
This seems indirectly support the suggestion that isoprene formation has
priority over synthesis of other isoprenoids under rapidly evolving stress.

Third, under stress when photosynthesis is suppressed, isoprene
biosynthesis will mobilize all available carbon sources, like old or
temporary stored photosynthates, and initiate or enhance other metabolic
pathway, like oxidative pentose phosphate pathway (PPP), which
collectively result in enhanced supply of DMADP. Plants grown under
elevated [CO,] had more developed mesophyll tissue with greater starch
grains and higher soluble sugar content. Thus, greater old or temporarily
stored photosynthates may be mobilized and enter into other metabolic
pathway, like oxidative pentose phosphate pathway, which produce
metabolites and NADPH for isoprene formation, when photosynthesis
is inhibited under stress. Such metabolic “support” of isoprene synthesis
under stress is clearly needed to allows isoprene to operate as a protective
compound under conditions when photosynthesis is impaired.

6.7. Implications of [CO,] elevation on modelling isoprene
emissions: instantaneous vs. acclimation responses (Papers I-11I)

With atmospheric CO, concentration continuously rising and global
warming, there are different opinions on how isoprene emissions change
in future conditions. These uncertainties are in particular associated with
uncertainties of how elevated [CO,] affects isoprene emissions. In this
study, our data demonstrated that the effects of elevated [CO,] on isoprene
emission were different at different functional scale and under different
measurements conditions. Under non-stressed conditions, elevated
growth [CO,] inhibited isoprene emission rate under leaf scale, while
canopy scale isoprene emission rate under elevated [CO,] significantly
exceeded that under current ambient [CO,]. The reason was that
elevated growth [CO,] stimulated greater canopy leaf area formation that
overcompensated the biochemical constraints on the isoprene synthesis
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pathway at leaf scale (Fig. 1 and Fig. 2). Thus, different investigation
scale is one of the uncertainties which influence the reliability of isoprene
emission estimations under future rising atmospheric CO,. To conduct
regional or global scale estimations of isoprene emissions, canopy scale
data may be useful because they are more robust than assessments for
individual leaves. In particular, because variations among individual
leaves might lead to large uncertainties.

Long-term elevated growth [CO,] modulated plant growth and
physiological processes in multiple levels, including canopy growth
rate (Fig. 2, Table 1), foliar traits (Fig. 3 and 4, Table 3), and basic
characteristics of isoprene emission rate and capacity (Fig. 5, Table 4,
5), stress responsiveness (Fig. 7). Plants benefited from elevated CO, by
increased thermotolerance, which was coupled with enhanced isoprene
emission capacity and rate under high temperature. Despite the plants
grown under elevated [CO,] had lower isoprene emission rate under
moderate temperature conditions, this resulted from reduced DMADP
supply. In fact, elevated [CO,] grown plants had greater ISPS activity,
which resulted in enhanced isoprene emission rate both under high light
as well as under heat stress. It is predicted that rising atmospheric [CO ]
will be accompanied with global warming and enhanced evaporation,
leading to more severe drought and higher temperatures in summer
(Walther ez al., 2002). Thus, at global scale, isoprene emission amounts
may be enhanced even more in future higher atmospheric [CO_] climates.
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7. CONCLUSIONS

This thesis provides information on modifications of isoprene emissions
in plants grown under different atmospheric [CO,] through bud burst to
canopy maturation and during foliage senescence in plants grown under
current ambient [CO,]. Dynamics of canopy growth and net assimilation
and isoprene emission rates in hybrid aspen grown under current ambient
and elevated [CO,] were studied. These studies revealed that the effects of
elevated [CO,] on isoprene emission were different between canopy and
leaf level. We obtained new information on how elevated growth [CO]
alters leaf traits and observed enhanced photosynthetic and isoprene
emission capacities, although enhancement of isoprene emission capacity
did not increase isoprene emission rate under moderate environmental
conditions at leaf scale. However, at canopy scale the emission was
strongly enhanced by elevated growth [CO,]. Furthermore, we found
that elevated growth [CO,] improved hybrid aspen thermotolerance
coupled with higher isoprene emission rate. We provided information
that isoprene emission characteristics in European aspen were associated
with environmental temperature and foliage endogenous, senescence-
induced self-regulation during the natural senescence. Based on isoprene
physiological functions and its emission responses to elevated [CO,] and
heat stress, we hypothesized that isoprene formation under stress when
isoprene emission is impaired from photosynthesis is possibly regulated
by the controls of the chloroplastic and cytosolic flows of carbon to
DMADP. According to the results of this thesis, I draw following general

conclusions:

* At the canopy scale, isoprene emission rate in elevated [CO,] grown
plants significantly exceeded that in plants developed under current
ambient [CO,]. The main reason was that elevated [CO,] stimulated
the growth of canopy leaf area, and this more than compensated for
isoprene emission inhibition at leaf level. Thus, different investigation
scale is one of the important uncertainties that influences the
reliability of estimations of isoprene emission responses to elevated
[CO,]. To conduct regional or global scale estimations of isoprene
emissions, canopy scale data may be useful because they have higher
robustness against variations among individual leaves that might lead
to large uncertainties.
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Growth [CO,] strongly impacted leaf traits. Elevated growth
[CO,] resulted in significantly greater leaf thickness, mesophyll
thickness, chloroplast number per cell area, starch grains inside the
chloroplasts and cytosol soluble sugar concentration. This indicates
that elevated [CO,] led to more developed photosynthetic tissue
and higher accumulation of photosynthates compared with those
traits in ambient [CO,] grown plants. Furthermore, elevated growth
[CO,] enhanced carbon and nitrogen uptake and increased foliage
C:N ratio. These modifications were somewhat different among the
clones, highlighting an important genetic source of variation in these
patterns.

Long-term growth [CO,] modulated basal isoprene emission rate
by altering DMADP supply and ISPS activity. Under the growth
conditions of light intensity of 500 pmol m™2 s!
of 30 °C, elevated growth [CO,] did not significantly alter isoprene
emission rate either measured at [CO,] of 380 pmol mol™ or
780 pmol mol™!, but it decreased DMADP pool size and increased
ISPS activity. This result implies that isoprene emission rate did
not change because the decreased DMADP pool size was partly

and temperature

compensated by increased ISPS activity under moderate temperature
and light conditions. Furthermore, when measurement [CO,] from
380 pumol mol™ changed into 780 pmol mol™, for both treatments,
photosynthesis rate increased, isoprene emission rate and DMADP
pool size decreased, while ISPS only depended on growth [CO,].
These data indicated that DMADP pool size acclimated to growth
[CO,] and also was affected by instantaneous measurement [CO]
under non-stress conditions.

Elevated growth [CO,] obviously enhanced hybrid aspen foliar
photosynthetic and isoprene emission capacity. Elevated growth
[CO,] resulted in significantly higher maximum carboxylase activity
of Rubisco (V) and capacity for photosynthetic electron transport
(/) light-saturated net assimilation rate (4_ ), initial quantum
yield for CO, (@) and initial quantum yield for photosynthetic
electron transport (CD]). Elevated [CO,] grown plants had significantly
higher maximum isoprene emission rate (/) with corresponding
lower intercellular CO, concentration for péak isoprene emission

rate (C ). Furthermore, elevated [CO,] resulted in higher light-

saturated isoprene emission rate (/__ Q), while the quantum efficiency
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was lower, especially at higher CO, measurement concentration,
indicating reduced efficiency for use of photosynthetic electron
transport in isoprene emission under moderate conditions.

Elevated growth CO, resulted in higher stress resistance in hybrid
aspen. During the heat stress, when temperature was increased from
30 °C to 50 °C, net assimilation rate was totally inhibited, while
isoprene emission rate increased under both treatments. However,
the plants grown under elevated [CO,] had a lower reduction in net
assimilation rate with greater enhancement of isoprene emissions,
in particular, under the measurement [CO,] of 780 pmol mol™
and strong light intensity of 2000 pmol m™ s™'. There was a linear
relationship between the reduction of net assimilation rate and the
increase of isoprene emission rate, but the slope of this relationship
was higher in ambient [CO,] grown plants than in plants grown
under elevated [CO,], either measured at [CO,] of 380 pmol mol™
or 780 pumol mol'. This evidence collectively indicates that plants
grown under elevated [CO,] had higher heat stress resistance.

Control on isoprene emission was shared between the environment
temperature and foliage senescence during autumn. Photosynthetic
rate, isoprene emission rate and DMADP pool size decreased rapidly
accompanied with reduction of environmental temperature and
foliage senescence. The decrease of photosynthetic rate and isoprene
emission rate were mainly associated with leaf nitrogen content, but
photosynthesis rate decreased faster than isoprene emission rate.
The results demonstrated that the capacity for isoprene emissions
can adjust to environmental conditions in senescing leaves as well,
but the responsiveness is low compared with mid-season and is also
affected by stress.

The inhibition of isoprene emission by elevated [CO,] disappeared
under heat stress and high light, and isoprene emission rate was
correlated with growth [CO,]. We hypothesized that under stress
when photosynthesis is reduced, (1) multiple carbon sources are
mobilized for isoprene biosynthesis; and (2) isoprene biosynthesis
has priority for DMADDP over the biosynthesis of other pigments and
higher isoprenoids in DXP pathway. Such or similar regulation is
needed if isoprene functions as a protective gas involved in protection
of photosystems. The plants grown under elevated [CO,] had greater
starch grains and higher soluble sugar concentration than plants
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grown under ambient [CO,], indirectly supporting the hypothesis
that large carbon reserves might be necessary for isoprene formation
under heat stress when photosynthesis is inhibited.

e Long-term elevated growth [CO,] modulates plant growth and
physiological process in multiple levels. Enhanced isoprene emission
capacity and stress resistance may contribute to higher emission rate
under stress, and such acclimation effects need to consideration in
modelling isoprene emissions under future conditions.

Overall, we found that elevated growth [CO,] affects isoprene emission at
multiple scales, and that the acclimation effects importantly alter abiotic
stress tolerance. We suggest that large-scale free air CO, enrichment
(FACE) studies are needed to monitor long-term changes in canopy
structure (leaf area index and biomass) to CO, enrichment and couple
this to isoprene emission measurements.

Our experiments were conduction under moderate growth conditions
and high nutrient supply. Given that nutrient supply influences the
balance between “morphological upregulation” and “downregulation
of photosynthesis”, we also recommend to include different nutrient
supply treatments in studies on elevated [CO,] effects on isoprene
emissions. Overall, we believe that these investigations will contribute to
process-based understanding of isoprene emission and development of
mechanistic models of isoprene emission.
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SUMMARY IN ESTONIAN

KESKKONNATEGURITE MOJU
HAAVA (Populus sp.) ISOPREENI EMISSIOONILE

Sissejubatus

Isopreen on iiks enam levinud biogeenne orgaaniline lenduvithend
(BVOC — biogenic volatile organic compound), mida eritavad paljud
taimeliigid. Isopreen moodustab 40% nimetatud tihendite globaalsest
kogusest, so 440-660 megatonni siisinikku aastas (Guenther ez al,
2006). Atmosfidris reageerib korge reaktiivsusega isopreen Kkiiresti
hiidroksiiiilradikaalidega (OH), limmastikoksiididega (NO,) ja osooniga
(Kanakidou ez al., 2005, Pacifico er al., 2009). See moéjutab tugevasti
osooni ja sekundaarse orgaanilise acrosooli (SOA) teket ja kontrollib
osaliselt ka kasvuhoonegaasi, metaani, eluiga troposfiiris. Seega on
isopreen globaalsete protsesside potentsiaalne méjutaja (1992; Claeys ez
al., 2004; Hallquist ez 4/., 2009).

Varasemad uuringud on vilja selgitanud, et isopreen tdidab tihtsat
bioloogilist rolli kaitstes taimi biootilise jaabiootilise stressi eest. On leitud,
et isopreen kaitseb taime fotosiinteesiaparaati mo6duka kuumastressi eest
taimele langevat liigset energiat hajutades. Vastuseks tugevale kiirgusele
ja kuumastressile aitab isopreen stabiliseerida biomembraani (Behnke
et al., 2010, Sharkey ez al., 2001). Isopreen toimib ka stressi tekitatud
ja herbivooride térjumiseks méeldud reaktiivse hapniku {ihendite
(reactive oxygen species) kahjutuks tegijana (Behnke ez al., 2010, Sharkey
et al., 2001). Vaatamata edusammudele on isopreeni kaitsemehhanismi
toimimine siiani tervikuna siiski veel ebaselge (Affek ez al., 2002, Vickers
et al., 2009).

Isopreen tekib kloroplastides vastava ensiitiimi, isopreeni siintaasi (ISPS)
kataliitisitud keemilise reaktsiooni kiigus, kus dimetiiiilalliiiildifosfaat
(DMADP) muudetakse isopreeniks ning difosfaadiks. DMADP
omakorda tekib 1-deoksii-d-ksiiluloos-5-fosfaadist (DOXP) (Affek ez al.,
2003, Lichtenthaler, 1999, Schwender ez al., 2001). Isopreeni teke on
tihedasti seotud fotosiinteesi kiigus toodetud siisiniku metabolismiga.
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Seega miirab isopreeni eritamist taimede poolt nii substraadi (DMADP)
olemasolu kui ka ISPS-i aktiivsus. Eelnevad uuringud on vilja selgitanud,
et gliitseeraldehiitid-3-fosfaadi (GA3P) algne substraat DOXP rajal
biostinteesitud DMADDP jaoks parineb stressivabades lehtedes vastseotud
CO,-st (Affek ez al., 2003, Delwiche ez al., 1993, Trowbridge et al.,
2012). Hiljutine eksperiment mirgistatud '*C-ga kinnitas, et stressi tottu
limiteeritud fotostinteesi kiigus kasutatakse isopreeni siinteesiks mitut
erinevat siisinikuallikat, milleks on tirklise lagundamine kloroplastides,
ksiileemis transporditavad siisivesikud ning tsiitoplasma piiruvaatide/
fosfoenoolpiiruvaatide ekvivalendid (Brilli ez 2/., 2007, Funk ez al., 2004,
Trowbridge et al., 2012).

Taimede isopreeni siinteesi moéjutavad nii keskkonna vétmetegurid,
valgus ja temperatuur, kui ka aastaaegade vaheldumisega seotud muutused
lehestikus (lehtede vananemine) (Kuhn ez 2/, 2004; Loreto et al., 1993,
Trowbridge ez al., 2012). Noored v6i arenevad taimelehed eritavad
isopreeni aeglaselt, sest nendes liheb DMADP peamiselt poliiterpeenide
ja pigmentide moodustamiseks, mida kasutatakse koikides organismi
membraanisiisteemides (Mayrhofer ez 4/, 2005). Samas on isopreeni
eritamine tdiskasvanud lehtedes kasvuaegse temperatuuri ja valguse
kiirguse muutumisel reguleeritud ISPSi aktiivsusega ja DOXP raja
kaudu moodustusnud DMADP-ga. Isopreeni eritamine hakkab langema
lehtede tdiskasvanuks saamisel ja kestab lehtede vananedes. Seda on
tiheldatud mitmete erinevate taimeliikide puhul. Vananemise kiigus
viheneb lehe fiisioloogiline aktiivsus, kuid on ebaselge, kas sellel etapil
isopreeni eritamise voime kohaneb keskkonnatingimuste peioodiliste
muutustega voi viheneb tihtlaselt (Vickers ez a/., 2009, Niinemets ez a/.,
2010b, Loreto et al., 2010).

CO, suurenenud sisalduse moju isopreeni eritamise kiirusele on
kirjeldatud alates 1960ndatest aastatest (Sharkey ez /., 2001, Wilkinson
et al., 2009). To6stusrevolutsiooni eelse ajaga vorreldes on CO, sisaldus
(edaspidi [CO,]) atmosfidris téusnud 280st miljondikosast (ppm)
kuni 385 miljondikosani tinapdeval ja ennustatavalt kasvab veelgi.
[CO,] kasv atmosfidris on oluline tegur, mis v6ib mojutada isopreeni
eritamist suures ulatuses (de Graaft ez al, 2006, Long et al., 2004,
Luo ez al., 2006). Eelnevad uuringud on vilja selgitanud, et lithi- ja
pikaajaline [CO,] muutus méjutab isopreeni eritamise kiirust erinevalt.
Lithiajaliselt suurenev [CO,] pirsib isopreeni eritamist, kuid mudelid,
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mille koostamisel on arvestatud tuleviku kérgemate atmosfiirse CO,
sisaldustega, ennustavad isopreeni eritamise vihenemist. Pikaajalise
[CO,] kasvu moju isopreeni eritamisele on uuritud erinevatel taimedel
mitmesugustes eksperimentaalsetes tingimustes. Enamike uuringute
tulemusel on suurenenud [CO,] puhul jilgitav isopreemi eritamise
kiiruse vihenemine. On ka uuringuid, mis niitavad, et suurenenud
[CO,] méju isopreeni eritamisele on kas moodukas voi isegi puudub,
voi on hoopis isopreeni eritamise voimet suurendav. Tdnapieval on
[CO,] atmostiiris kaugelt allpool fotosiinteesi kiillastuspiiri. Seega on
atmosfiiris CO, tousuga oodata fotosiinteesi intensiivistumist, siisiniku
sidumist ja taimede kasvu. On ka ennustatud, et [CO,] kasvuga kaasneb
poud ja suvised korged temperatuurid, mis voivad moéjutada taimede
kohastumist ja vastupidavust stressile. Seega on atmosfiiris [CO,]
tousu moju taimedele mitmesugune, mis muudab isopreeni eritamise
hindamise keerukaks.

Uuringu eesmdrk

Antud olukorras, kus uuringute tulemused atmosfdiri suurenenud
[CO,] mojust isopreeni eritamisele on vastuolulised ning tegelik olukord
ebaselge, on oluline siduda uuringud taimede ontogeneesi etappidega,
lehtede pindala kasvuga voras ja taimede fiisioloogilise kohastumisega.

Kiesoleva viitekirja peamine eesmirk oli uurida isopreeni eritamise
muutumist taime kasvamisel ning 6hu suurenenud [CO,] moju sellele
protsessile.

Tépsemalt olid t66 eesmirgid jirgmised.

1) Kontrollida hiipoteesi, kas CO, suurenenud sisaldus ergutab lehe
pindala kasvu, mille tottu vora lehtedest eritatav isopreeni hulk
kasvab; uurida suurenenud [CO,] méju taime ontogeeneesile,
lehtede suuruse muutust ning fotosiinteesi ja isopreeni eritamise
diinaamikat hiibriidhaava véras.

2) Eristada suurenenud [CO,] lithi- ja pikaajalist méju isopreeni
eritamisele.  Kontrollida hiipoteesi, kas CO, suurenenud
sisaldusega keskkonnas kasvamine méjutab taime vastuseid,
mida ta annab isopreeni eritamise teel keskkonnatingimuste
muutumisele nii liihiajaliselt (hetkeline vastus) kui ka pika aja
viltel (pikaajaline kohastumime).
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3) Eristada substraadiks oleva DMADP ja isopreeni siintaasi
aktiivsuse kontrollivat moju isopreeni eritamisele taimedes, mis
on kasvanud suurenenud [CO,] juures. Kontrollida hiipoteesi,
kas DMADP hulga voimalik varieerumine muudab isopreeni
eritamise kaudu taime reaktsioone (vastuseid) ka teistele
keskkonnateguritele nagu niiteks valgus, muutes selle kaudu
valguse kasutamise efektiivsust isopreeni biosiinteesil.

4) Saada iilevaade isopreeni voimalikust kaitsvast toimest
kuuma vastu ja isopreeni eritamise regulatsioonidest koérgete
temperatuuride korral. Eriti tihtis on kontrollida hiipoteesi, kas
ohu korgenenud [CO_]-ga kohastunud taimed on kuumastressile
vastupidavamad tinu kuumastressi enda péhjustatud suuremale
isopreeni eritamisele.

5) Uurida keskkonna temperatuuri pikaajaliste muutuste ja
lehestiku vananemisest tingitud muutuste moéju isopreeni
eritamise voimele lehe vananemise jooksul.

Metoodika
(1) Eksperiment suurendatud [CO,] méjust isopreeni eritamisele.

Ohu suurendatud [CO,] m&ju uuringud isopreeni eritamise diinaamikale
alates pungade vorsumisest kuni vora arenemiseni viidi ldbi avatud
gaasivahetussiisteemis. Eksperimenti valiti kahe-aastased hiibriidhaavad
(Populus tremuloides Michx. x P. tremula 1..), kloon H55 ja H200, mis
kasvasid normaalse videtamis- ja niiskusreziimiga kambrites. Avatud
gaasivahetussiisteem, mis koosnes neljast eraldiseisvast klaaskambrist,
konstrueeritispetsiaalselt taimede kasvatamiseks ningnende gaasivahetuse
aktiivsuse pikaajaliseks ja pidevaks jilgimiseks. Kaks tiielikult taime
tmbritsevat kambrit hoidsid CO, sisalduse 380 £ 10 wmol mol " juures
(keskmine T standardhilve), kahes kambris oli CO, sisaldus kérgem - 780
+ 10 umol mol™. Fotostinteesi ja isopreeni eritamise pidevaks jalgimiseks
kombineeriti avatud gaasivahetussiisteemiga analtsaator LI-7000 COZ/
H,O (Li-Cor Inc., Lincoln, NE, USA.) ja isopreeni kiirmodtmise sensor
(FIS, Hills-Scientific, Boulder, CO, USA). Kambrite temperatuuri hoiti
28-30/23°C juures vastavalt paeval ja 66sel ning niiskust 60% juures. Iga
kamber oli varustatud halogeenlambiga, mille valgusintensiivsus oli 800
umol' m™s ! fotopetioodi (paeva ehk nihtava valguse aeg) kestusega 12
tundi.
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(2) Eksperiment suurendatud [CO,] tingimustes pikaajaliselt
kasvanud (kohastunud) taimede isopreeni eritamise uurimiseks.

Pirast 5 nidalat, kui lehestik voras oli tiielikult vilja arenenud, voeti
taimed avatud gaasivahetusega kambritest vilja, et hinnata nende
kohanemist suurendatud [CO,]-ga ning selle m6ju isopreeni eritamise ja
fotostinteesi iseloomule, termilise stressi vastustele ning lehe anatoomia
muutust. Taimi analiiiisiti  neljas erinevate [CO,] tingimustega
eksperimendis: 1) timbritsevas ohus kasvanud taim timbritseva 6hu
tingimustes - ambient (380); 2) tUmbritsevas 6hus kasvanud taim
suurendatud [CO,] tingimustes - ambient (780); 3) suurendatud [CO,]
tingimustes kasvanud taim timbritseva 6hu tingimustes - elevated (380);
4) suurendatud [CO,] tingimustes kasvanud taim suurendatud [CO]
keskkonnas - elevated (780).

(3) Eksperiment uurimaks taime isopreeni eritamise voime
kohanemist vastavalt keskkonna muutustele siigisese lehtede
vananemise kiigus.

Isopreeni emissiooni muutuste soltuvust keskkonna temperatuuri
fluktuatsioonidest uuriti parasvootme heitlehise puu, hariliku haava
(Populus tremula) nditel. Mootmisi tehti lehtede vananemise jooksul
hilissuvest kuni intensiivse lehtede langemise ajani. Hariliku haava
(Populus tremula L.) vorsed 16igati vee all ja transporditi kohe laborisse,
kus moodeti fotosiinteesi iseloomu, isopreeni ja metanooli eritamist ning

DMADP hulka.

Tulemused ja arutelu

(1) Suurenenud [CO,] ohus méjutab isopreeni emissiooni
mitmel tasandil - lehe tasandist vora tasandini.

Hiibriidhaava vora arengu diinaamika, CO, netoassimilatsioon vora
lehestikus (canopy net assimilation rate) ja isopreeni eritamise kiirus (Zsoprene
emission rate) sobis histi kokku Chapman-Richerd’t funktsioonikoveraga,
mis kirjeldab pievade 16ikes toimuvaid protsesse. Suurenenud [CO,)]
tulemusel kasvas voras lehtede maksimaalne pindala kuni 942 cm?-ni, mis
tletas umbritsevas Shus kasvanud taime lehtede pindala (660 cm?) 43%.
Samuti kasvas CO, netoassimilatsioon voras ehk fotostinteesi intensiivsus
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kiiremini ja saavutas kahekordse vdirtuse (32 mmol pidevas) vorreldes
timbritsevas ohus kasvanud puudega (16 mmol pievas). Suurendatud
[CO,] keskkonnas ulatus maksimaalne eritamisvoog (ewission flux) vora
lehestikust 38 wmol-ini paevas, mis on 1,4 korda suurem, kui imbritsevas
ohus kasvanud taimedel (27 umol-i paevas).

Lehe tasandil s6ltus CO, netoassimilatsioon (leaf net assimilation rate
or net assimilatsion rate) ja isopreeni eritamise mair molema [CO,]-
ga tootluse korral lehe arengu diinaamikast viljendudes graafikul i{ihe
maksimumiga koverana. CO, suurem sisaldus 6hus viis oluliselt suurema
koguse CO2 assimilatsioonini ja suurema fotosiinteesi intensiivsuseni,
kuna samal ajal vihenes isopreeni eritamise kiirus vihenes oluliselt.

Nii vora kui ka lehe tasandil séltuvad mudeli parameetrid suurel méiral
CO, sisaldusest. Eksperimendi tulemus niitas, et vora tasandil toimuv
tiiendab oluliselt lehe tasandi protsesse ja isopreeni eritamine voib
suurenenud [CO,] juures tegelikult suureneda, kuna lehtede kogupindala

kasvab.

(2) Suurenenud [CO,]-ga ohus pikaajaline kasvamine muutis
lehe iseloomulikke tunnuseid.

Pirast 5 nidalat kasvamist avatud gaasivahetussiisteemis, oli suurenenud
[CO,] mojutanud oluliselt lehe anatoomilist struktuuri: paksem leht
ja mesofiill, suurem kloropastide arv raku pinna kohta ning suuremad
tarkliseterad kloroplastis viitasid suuremale fotosiineesiva koe hulgale
ning suurema hulga fotosiinteesi saaduste tekkimisele. Suurenenud
[CO,] ilmselt suurendas siisiniku ja limmastiku sidumist ning muutis
stisiniku ja limmasiku suhet (R..,), mis niitas, et pika aja jooksul antud
keskkonnas kasvanud taimed olid sellega kohastunud. Sellega kaasnes
lehtede iseloomulike tunnuste muutumine ja fotosiinteesiva koe areng.

(3) Suurenenud [CO,]-ga ohus pikka aega kasvanud taimedel
muutus DMADP hulk ja ISPS-i aktiivsus (fotosiinteesi ja

isopreeni siinteesi iseloom).

Pirast 5 niddalat suurenenud [CO,]-ga keskkonnas kasvamist uuriti
katsetaimedel lehe CO, netoassimilatsiooni, DMADP hulka ja ISPSi
aktiivsust. Mo6tmistingimused langesid kokku kasvukeskkonna keskmise
valguse intensiivsuse ja temperatuuri vdirtustega. Suurenenud [CO,]
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tingimustes kasvanud taimedel oli CO, netoassimilatsioon suurem kui
timbritseva 6hu tingimustes kasvanud taimedel ning isopreeni eritamise
kiirus langes vihesel miidral. CO, sisalduse t6us vihendas oluliselt
DMADP hulka, kuna ISPS aktiivsus suurenes. Tulemused niitavad,
et suurenenud [CO,] juures kasvamine pohjustab taime kloroplastides
kahe votmeteguri, DMADP hulga ja ISPSi aktiivsuse muutuse, mille

tottu voib muutuda ka isopreeni eritamise iseloom.

(4) Kasvamine suurenenud [CO,]-ga 6hus muutis fotosiinteesi ja
isopreeni emissiooni niitajaid s6ltuvalt valgusest ja CO,-st.

Fotostinteesi ja isopreeni eritamise iseloomulikke tunnuseid uwuriti
nende reaktsioonide soltuvuse kaudu valgusest ja CO, sisaldusest.
Mootmistingimused langesid kokku kasvukeskkonna tingimustega -
keskmise valguse intensiivsuse ja temperatuuri véirtustega. Suurenenud
[CO,]-ga 6hus kasvamise tulemusel oli katsetaimedel oluliselt suurem
ribuloos-1,5-bisfosfaadi karboksiilaasi oksiigenaasi (RuBisCO) aktiivsus
(chax), samuti kasvas fotostinteesi elektrontranspordi voime (/max),
CO, netoassimilatsioon (A__ ) valguskiillastuse tingimustes, algne CO,
kvantsaagis (®) ja algne fotosiinteesi elektrontranspordi kvantsaagis ((D]).

Isopreeni eritamise (/) ja rakkude vahelise CO, sisalduse (C) soltuvust
viljendavad koverad on asiimmeetrilised, eristuva tipuga ning suuresti
mojutatud [CO,]-st taimede kasvukeskkonnas. Suurenenud [CO,]-
ga keskkonnas kasvanud taimedel moddeti korgem isopreeni eritamise
kiirus (/) ja vastavalt madalam C  Isopreeni — valguse s6ltuvuse
graafikud niitavad, et suureneud [CO,] keskkonnas kasvamise tulemusel
suurenes isopreeni eritamine valguskiillastuse tingimustes (/). Kuigi
suurenenud [CO,] keskkonnas kasvanud taimedel moodeti isopreeni
eritamisel madalm kvantsaagis, mis nditab madalamat fotosiinteesi
elektrontranspordi efektiivsust.

Need uuringud niitasid, et pikaajaline suurenenud [CO,]-ga keskkonnas
kasvamine muudab lehestiku fusioloogilisi protsesse, samuti fotosiinteesi
kui ka isopreeni eritamise niitajaid. Suurenenud [CO_]-ga keskkonnas
kasvanud katsetaimedel kujunes vilja suurem fotosiinteesivoime,
isopreeni eritamise voime ja suurem valguse kasutamise efektiivsus.
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(5) Suurenenud [CO,]-ga 6hus pikaajaline kasvamine suurendab
taimede stressitaluvust.

Suurenenud [CO,]-ga 6hus kasvanud taimedel oli oluliselt madalam
tleminekufaasi (phase-transition) temperatuur puhul korgem kuumastressi
puhul. Need taimed siilitasid nii 25°C kui ka 50°C temperatuuri juures
madalama elektrilise mahtuvuse, kusjuures timbritseva 6hu tingimustes
kasvanud taimedel tousis nimetatud niitaja oluliselt. Kirjeldatud moju
viitab sellele, et suurenenud [CO,]-ga keskkonnas kasvanud taimedel
on suurem vastupidavus stressile tinu rakumembraani viiksemale

labilaskvusele.

Kui temperatuur tdusis 30°C-st kuni 50°C-ni, siis CO, netoassimilatsioon
(net assimilation rate) langes, kuid isopreeni eritamise kiirus tousis koigil
uuritud juhtudel (loetletud "Metoodika” alapeatiikis, punktis 2). Tulemus
peegeldab seda, et isopreeni eritamine muutub kuumastressi tingimustes
fotosiisnteesist soltumatuks. Kovariatsioonianaliiiis (ANCOVA) niitas,
et cksisteerib lineaarne seos CO, netoassimilatsiooni vihenemise ja
isopreeni eritamise kiiruse suurenemise vahel. Tulemused niitavad,
et suurenenud [CO,]-ga keskkonnas kasvanud taimedel on stressi
tingimustes vihenenud fotosiinteesiprotsessis korgem kaitsevoime.

Huvitav tulemus on see, et temperatuuri téusuga kaasnes lithiajaliselt
suurenenud [CO,] pirssiva m6ju kadumine isopreeni eritamisele ja
isopreeni eritamise kiirus s6ltus peamiselt [CO,] suurenemisest. See voib
peegeldada isopreeni tekke regulatsiooni stressi kdigus, mis on seotud
vana voi ladustatud siisiniku (tdrklis ja suhkrud) mobiliseerumisega.

(6) Keskkonna temperatuur jalehestiku vananemine péhjustavad
muutusi isopreeni eritamises.

Keskkonna temperatuuri kasvu aeglustumise ja lehestiku vananemisega
kaasnes fotosiinteesi intensiivsuse (photosynthetic rate), isopreeni
eritamise kiiruse ja DMADP hulga jirsk vihenemine. Kuigi, fotostinteesi
intensiivsuse ja isopreeni eritamise kiiruse vihenemine seostus peamiselt
lehe limmastiku sisalduse vihenemisega. Tulemus niitab, et ka vananevate
lehtede voime eritada isopreeni v6ib kohaneda keskkonnatingimustega,
kuid nende lehtede reaktsioon muutustele on nérk vorreldes vegetatsiooni
korgpunkti-aegsega, ja see on mojutatud ka stressist.
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Kokkuvote

Kiesolevaviitekirjaraamestehtuduuringud niitasid, etisopreenieritamine
on mojutatud taime ontogeneesist ja erinevatest keskkonnateguritest.
Suurenenud [CO,] méju hiibriidhaava isopreeni eritamisele oli vora ja
lehe tasandil erinev. Vora lehestikus oli see suurenenud [CO,]-ga 6hus
kasvanud taimedel suurem kui timbritsevas 6hus kasvanud taimedel. Selle
pohjuseks oli suurenenud [CO,] méjul lehestiku pindala suurenemine,
mis kompenseeris lehe tasandil toimunud isopreeni eritamise vihenemise.
Samuti muutusid hiibriidhaava lehele iseloomulikud tunnused, tousis
fotosiinteesi ja isopreeni eritamise voime. Koos isopreeni eritamise
kiiruse tousuga paranes hiibriidhaava termotolerants. Isopreeni eritamise
iseloomulikud jooned harilikul haaval seostusid looduslikul lehtede
kolletamisajal ~ (vananemisperioodil) keskkonna temperatuuriga ja
lehestiku vananemisest tingitud eneseregulatsiooniga.

Suurenenud [CO,] méju taimele on mitmetine ja kohastumisefeke v6ib
olla seotud suurema vastupanuvoimega stressile. Seetottu tuleb isopreeni
eritamise mudelite loomisel, mis ennustaksid tuleviku olukorda
atmosfadri suurenenud [CO,] tingimustes, arvestada taime kohastumist
ontogeneesi kiigus, tema stressitaluvust ning lehe ja lehestiku tasandil
toimuvate protsesside diinaamikat.

Viitekirjas esitatu pohjal saab soovitada, et vajalik oleks libi viia suures
ulatuses uuringud vaba 6hu CO,-ga rikastumise (free air enrichment —
FACE) seireks, et jilgida voras lehestiku tasandi tunnuseid (lehepinna
indeks, biomass), mille muutumisega taim reageerib CO, suurenenud
sisaldusele, ja m&ota isopreeni eritamist. T66s kirjeldatud eksperimendid
toimusid moddukalt muudetud tingimustes ja hea vietamise juures, mis
arvestas toitainete kittesaadavust nii lehestiku morfoloogilise aregu
valtel (“morphological upregulation™ kui ka fotostinteesi pidurdumisel
(“downreglation of photosunthesis”). Samuti soovitame edasistes uuringutes
kasutada suurendatud [CO,J-ga eksperimentides taimede vietamist
erinevate toitainete kogustega.
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Introduction

Summary

o Effects of elevated atmospheric [CO,] on plant isoprene emissions are controversial. Relying
on leaf-scale measurements, most models simulating isoprene emissions in future higher
[CO,] atmospheres suggest reduced emission fluxes. However, combined effects of elevated
[CO,] on leaf area growth, net assimilation and isoprene emission rates have rarely been stud-
ied on the canopy scale, but stimulation of leaf area growth may largely compensate for possi-
ble [CO,] inhibition reported at the leaf scale. This study tests the hypothesis that stimulated
leaf area growth leads to increased canopy isoprene emission rates.

¢ We studied the dynamics of canopy growth, and net assimilation and isoprene emission
rates in hybrid aspen (Populus tremula x Populus tremuloides) grown under 380 and
780 umol mol~" [CO,]. A theoretical framework based on the Chapman-Richards function to
model canopy growth and numerically compare the growth dynamics among ambient and
elevated atmospheric [CO,]-grown plants was developed.

e Plants grown under elevated [CO,] had higher C: N ratio, and greater total leaf area, and
canopy net assimilation and isoprene emission rates. During ontogeny, these key canopy
characteristics developed faster and stabilized earlier under elevated [CO,]. However, on a
leaf area basis, foliage physiological traits remained in a transient state over the whole experi-
ment.

® These results demonstrate that canopy-scale dynamics importantly complements the leaf-
scale processes, and that isoprene emissions may actually increase under higher [CO,] as a
result of enhanced leaf area production.

Vickers etal., 2009), and repelling herbivores (Loivamaki ez al.,
2008) have been reported.

The majority of biogenic volatile organic compounds (BVOCs)
are emitted from terrestrial sources such as forests, grasslands,
shrublands and croplands (Guenther ezal, 1995; Pefiuelas &
Staudt, 2010). Isoprene is among the most abundant BVOCs
emitted from vegetation (Sharkey & Yeh, 2001; Sharkey et .,
2008). Its share may reach up to 40% of total BVOC emissions,
with estimated yearly totals of 440-660 TgCyr~' (Guenther
etal., 2006). Previous studies have revealed that isoprene plays an
important physiological role in protecting plants from biotic and
abiotic stresses (Sharkey & Singsaas, 1995; Behnke ez al., 2007;
Loivamaiki etal, 2008; Vickers etal, 2009; Velikova etal.,
2011). In particular, dissipation of excess energy to protect the
photosynthetic apparatus (Sanadze, 2010), stabilizing thylakoid
membranes at high temperatures (Sharkey & Singsaas, 1995;
Singsaas & Sharkey, 1998, 2000; Owen & Pefuelas, 2005;
Behnke ez al., 2007; Velikova ezal., 2011), quenching of reactive
oxygen species (Affek & Yakir, 2002; Sharkey ezal, 2008;
788  New Phytologist (2013) 198: 788-800
www.newphytologist.com

93

Isoprene also plays a major role in tropospheric photochemis-
try and contributes to secondary organic aerosol formation,
thereby potentially influencing large-scale Earth system processes
(Fehsenfeld ezal, 1992; Claeys etal, 2004; Hallquist ezal.,
2009). As a very reactive volatile compound, it strongly affects
ozone and secondary organic aerosol formation in the tropo-
sphere (Williams ezal, 1997; Fuentes etal., 2000; Kroll etal.,
2005) and partly controls the lifetime of the glasshouse gas meth-
ane by its reaction with hydroxyl radicals (Kaplan et al., 2006).

Isoprene is formed in chloroplasts by isoprene synthase from its
immediate precursor dimethylallyldiphosphate (DMADDP) via the
1-deoxy-D-xylulose-5-phosphate (DOXP) pathway (Lichtenthaler
et al., 1997) and a major part of its carbon skeleton is derived from
recently assimilated photosynthates (Lichtenthaler, 1999; Affek &
Yakir, 2003; Trowbridge ez al., 2012). Thus, DMADP availability
and isoprene synthase activity are key factors determining the
isoprene emission rate (Calfapietra ezal, 2008; Rasulov etal.,

© 2013 The Authors
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2009, 20105 Li ez al., 2011), although the physiological regulation
mechanisms of isoprene synthesis have still not been fully resolved.
The instantaneous isoprene emission rate is strongly light- and
temperature-dependent and this response is similar for different
plant species. The instantaneous responses result from changes in
the supply of intermediates to isoprene synthesis (Loreto &
Sharkey, 1993; Schnitzler ez al., 2004; Magel et al., 2006; Rasulov
etal., 2009, 2010).

Over the long term, prevailing environmental conditions and
leaf ontogeny affect the development of isoprene synthesis capac-
ity (Kuzma & Fall, 1993; Sasaki ezal, 2005; Loivamaki ezal.,
2007; Cinege etal., 2009; Niinemets efal, 2010a; Sun et al.,
2012a). The isoprene emission capacity starts to develop just
before full leaf photosynthetic competence, a pattern observed in
velvet bean (Mucuna sp.; Kuzma & Fall, 1993; Harley ezal.,
1994) and aspen (Populus tremuloides; Monson etal., 1994).
After reaching a maximum isoprene emission rate, the isoprene
emission capacity starts to decline in senescing leaves (Kuhn
et al., 2004; Sun et al., 2012a). These modifications are associated
with changes in isoprene synthase gene expression and isoprene
synthase protein content (Mayrhofer ez al., 2005). Although iso-
prene synthase gene is ‘constitutively’ expressed, its promoter
region contains circadian-, heat-, and stress-dependent elements,
and the promoter activity depends on light and temperature over
days to weeks (Loivamaki ez al., 2007; Cinege et al., 2009).

A further important, and much less understood, driver that
affects short- and long-term isoprene emissions is ambient
[CO,]. Effects of growth [CO,] on isoprene emissions have been
studied in different plant species under various experimental con-
ditions with controversial outcomes. Elevated [CO,] had no or
only a moderate effect on the isoprene emission capacity in
Populus alba (Loreto & Velikova, 2001; Loreto ezal., 2007),
(Calfapietra  etal, 2008), and Populus x
euramericana (Centritto etal., 2004), while elevated [CO,]
resulted in enhanced isoprene emission capacity in Quercus rubra
(Sharkey ezal., 1991), Quercus pubescens (Tognetti et al., 1998),
Gingko  biloba (Li etal, 2009) and Populus tremula x
P. tremuloides (Sun etal, 2012b). In other studies, elevated
[CO,] led to a remarkable depression of isoprene emissions,
including P. deltoides (Rosenstiel et al., 2003), Acacia nigrescens
(Possell & Hewitt, 2011), Liquidambar styraciflua (Monson
et al., 2007; Wilkinson ez al., 2009), Populus tremuloides (Sharkey
etal, 1991; Darbah eral, 2010), Eucabyptus globulus,
P. tremuloides and  P. deltoides (Wilkinson etal, 2009),
Phragmites australis (Scholefield etal, 2004), and Platanus
orientalis (Velikova et al., 2009). However, most studies on the
inhibition of isoprene emission by elevated [CO,] were carried

P. tremuloides

out at the leaf level and described mostly the response to instanta-
neously elevated [CO,], thereby mixing up the instantaneous
CO, response and the long-term acclimation response (see Sun
etal., 2012b for a detailed discussion). In fact, the effects of ele-
vated [CO,] on plants are multifaceted, involving instantaneous
and acclimation metabolic responses at the leaf scale, and whole-
plant processes such as acceleration of plant and leaf growth rates,
leading to faster biomass accumulation, but also to alterations in
stand development dynamics (Gielen ezal, 2003; Rapparini

© 2013 The Authors
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etal., 2004; Arneth etal., 2007; Liberloo etal., 2007; Monson
etal., 2007; Niinemets, 2010b). For constructing predictive
models of isoprene emission under higher atmospheric [CO,], it
is essential to consider plant acclimation and ontogeny.

Atmospheric [CO,] has been rising since the industrial revolu-
tion (Long et al., 2004; Rapparini et al., 2004; IPCC, 2007) and
is predicted to continue to rise and to affect the global climate
(Fuentes ez al., 2000; Wiedinmyer et al., 2006). Yet, many mod-
els that predict isoprene emission from plants are based on empir-
ical or semi-mechanistic algorithms (Guenther ez al.,, 1993, 2006;
Niinemets ez al., 1999; Heald ez al., 2009). These models usually
utilize leaf-scale measurements and rely on meteorological input
parameters as driving factors. To account for the effects of ele-
vated [CO,], the models typically use an empirical parameteriza-
tion based on measurements of instantaneous enhancements of
[CO,] (Wilkinson ezal, 2009). In several studies, it has been
speculated that a possible increase in leaf area might cancel out
the declining effect of instantanecous [CO,] elevation on isoprene
emission (Rosenstiel ez al., 2003; Centritto et al., 2004; Sun et al.,
2012b). To our knowledge, this hypothesis has been tested with
dense poplar stands at midseason when stand leaf area was the
highest; in this study, leaf area increase at higher [CO,] moder-
ated the leaf-level [CO,] effect by 15-50%, but did not fully off-
set the effect of reduced isoprene emission at leaf scale (Rosenstiel
etal., 2003). However, at the canopy scale, the situation becomes
further complicated by enhanced shading by increasing leaf area
that might also reduce isoprene emission (see earlier). Thus, the
stand-scale effect can strongly depend on ontogenetic characteris-
tics. In rapidly developing more open stands, elevated [CO,]
effects on leaf area can be more important than in fully closed
stands exhibiting a steady-state leaf area index (LAI). Thus, for
fast-growing stands, it is important to monitor the stand-level
[CO,] response through the start of canopy development to
closure.

In this study, we investigated carbon assimilation and iso-
prene emission in hybrid aspen (P. tremuloides x P. tremula) on
canopy and leaf level from the start of canopy development to
maturation under different ambient [CO,]. Our main aim was
to test the hypothesis that the canopy isoprene emission of
hybrid aspen grown under elevated [CO,] is increased even
though an instantaneous effect of elevated [CO,] lowers
isoprene emission at the level of individual leaves. We have
previously demonstrated that growth under elevated [CO,] did
not affect isoprene emissions when gauged under the same
CO, concentration (either ambient or elevated) at moderate-
high light intensity (Sun ezal, 2012b). Here we further use a
modeling framework to quantitatively analyze the dynamics of
canopy development among plants grown under current ambi-

ent and elevated [CO,].

Materials and Methods

Plant material and growth system

Two-year-old saplings of hybrid aspen (Populus tremuloides
Michx. x Populus tremula L.) clone H55 were selected for the

New Phytologist (2013) 198: 788-800
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experiments (Oksanen et al., 2001). The clone is a cross between
a female P. tremula L. of Finnish origin and a male P. tremuloides
Michx. of Canadian origin (Haikio ez al, 2009). H55 is widely
used in Estonian and Finnish forestry as a fast-growing hybrid
with moderate tolerance to ozone. The selected plants were
¢. 0.2m tall and kept at —2°C in a dormant state before the
experiments. Dormancy was broken by placing the plants in a
growth room at 20°C 4 d before the start of the experiment. The
saplings with swelling buds were potted in plastic pots (diameter
0.2 m, height 0.2 m) filled with 1kg of sand and peat mixture
(1:1) and installed in the open gas-exchange system consisting of
four glass chambers of 12.51 volume (diameter 0.2 m, height
0.4 m). Bud opening and leaf development took place inside the
chambers. The plants were watered daily with tap water until the
soil reached field capacity. To ensure optimum nutritional sup-
ply, the pots where initially fertilized with a slow-release fertilizer,
and a liquid fertilizer was applied twice during the growth period
as described in Sun et al. (2012b).

The glass chambers were connected to a gas-exchange system,
allowing for continuous measurements of net assimilation,
transpiration and isoprene emission rates (see Sun etal, 2012b
for a detailed description of the system). Chambers 1 and 3
(Fig. 1) were kept at a CO, concentration (average = SD) of
380 & 10 pmol mol ™" (hereafter denoted as ambient), while
chambers 2 and 4 were treated with an elevated CO, concentra-
tion of 780 & 10 pmol mol™" (hereafter denoted as elevated).
Environmental conditions in the chambers were set for a 12 h
photoperiod as described by Sun ez 4. (2012b). Temperature was
maintained at 28-30: 23°C for day: night conditions, relative
humidity at 60%, and light intensity at 800 pmol m 257!
measured directly below the top boundary of the chambers. We
repeated the experiment five times with 20 plants in total, 10 for
ambient [CO,] and 10 for elevated [CO,] conditions.

Plant canopy leaf area estimation during the experiment

Leaf area growth during the experiment was assessed by a method
combining digital photography and destructive harvesting. The
plants in the chambers were photographed daily at a fixed time

o

Fig. 1 Photograph of the computer-controlled growth chamber and gas
exchange system used to control the ambient [CO,] during canopy
development.
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and from exactly the same position. The silhouette of the leaf area
on each photograph was determined using GIMP (The GNU
Image Manipulation Program, Version 2.6, www.gimp.org) by
removing the background, the stem and petioles. During the first
1-3d, the plant leaves were very small, and the ‘leaf area’ was
defined as the area of swelled or partly opened buds. Within
3040 d after the start of the experiment, the plants developed a
canopy that filled the whole chamber volume. At that point, the
experiment was stopped, the plants were removed, and all leaf
blades were harvested and subsequently scanned to assess the total
canopy leaf area at the end of each experimental run. In addition,
we used data from 28 additional plants for calibration of digital
photography. In these plants, we monitored the growth of all the
individual leaves at daily intervals by tracing the outline of the
leaves on paper and also taking digital photographs. The plants
with different amounts of leaf area were harvested between 1 and
30 d after the start of the experiment. Based on these data, we
developed a linear regression model relating the photographic
silhouette leaf area and the scanned leaf area (Fig. 2). Mathemati-
ca 8 (Mathematica; Wolfram Research Inc., Champaign, IL,
USA) was used to fit the data by a least-squares method. Estimat-
ing the projected leaf area from the silhouette leaf area may lead
to a bias if the foliage aggregation varies during the experiment
and/or among the treatments (Cescatti & Niinemets, 2004).
Such variations in the degree of aggregation are expected to lead
to curvilinearity or scatter in the regressions. However, in our
study, there was no evidence of curvilinearity, and the relation-
ships were strong when all data were pooled, suggesting that
possible variations in the degree of spatial aggregation did not
play a role in our study.

Online canopy net assimilation and isoprene emission
measurements

The gas stream for the four parallel open gas-exchange chambers
(see Fig. 1) was divided between the reference flow (the air enter-
ing the chamber) and the sample flow (the gas leaving the plant
chamber). The analyzer ports were switched between the refer-
ence and sample modes, sequentially sampling the different
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Fig. 2 Calibration of the hybrid aspen (Populus tremula x Populus
tremuloides) plant canopy leaf area by linear regression of
photographically estimated foliage silhouette area (x-axis) and the
scanned whole-plant true projected leaf area (y-axis) for plants of different
ages. The regression equation is y =0.0012x + 2.17. The dashed lines
denote the 95% confidence intervals for the mean.
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chambers. Reference and sample flow gas concentrations were
measured separately with an LI-7000 CO,/H,O analyzer
(Li-Cor Inc., Lincoln, NE, USA) and a fast isoprene sensor (FIS;
Hills-Scientific, Boulder, CO, USA). Each single chamber
measurement lasted for 120s (60s for reference and 60s for
chamber flow). Thus one measurement cycle over four chambers
lasted for 8 min. Isoprene concentration was recorded in 5 s inter-
vals and CO, assimilation in 30's intervals. The FIS operates on
the principle of chemiluminescence reaction between isoprene
and ozone (as described in Monson et al., 1991; Zimmer et al.,
2000; Pegoraro et al., 2005, 2006). The analyzer was calibrated
frequently with a gas standard containing 5.74 ppm isoprene in
N,, and operated as described previously (Rasulov ez al., 2009).

From the reference and sample CO, and isoprene concentra-
tions, instantaneous canopy net assimilation (Ac) and isoprene
emission (/) rates were obtained (Fig. 3a,b). By integrating the
instantaneous rates, daily integrated canopy net assimilation
(CO,, Acday) and isoprene emission (/¢ day) rates were calculated
(Fig. 3a,b). In addition, net assimilation (A4) and isoprene emis-
sion rates (/) per unit leaf area were calculated by dividing the
whole-plant rates by the leaf area estimates for the given day (see
the section, Modeling net assimilation and isoprene emission
rates on the leaf scale).

A dynamic model of canopy leaf area development, canopy
assimilation rate and isoprene emission rate

Plant growth models have been developed for many different
purposes. Generally, these models intend to describe the growth
state of the whole plant, its organs or physiological processes in
one life cycle (Yin et al., 2003). In classical plant growth analysis,
a simple exponential growth model is commonly used (Evans,
1972; Causton & Venus, 1981; Hunt, 1982). However, the
exponential model is only valid for the initial period of plant
growth. The growth rate gradually slows down as plants accumu-
late nonphotosynthetic tissue and leaf area, resulting in greater
respiration rate and higher self-shading (Evans, 1972; Causton &
Venus, 1981; Hunt, 1982). Analogously, the rate of physiological
processes levels off with increasing plant size (Coleman et al.,
1993; McConnaughay & Coleman, 1999). To simulate the
entire plant growth time series, several empirical growth
models have been suggested. The Chapman—Richards function
(Bertalanfty, 1957; Evans, 1972; Pienaar & Turnbull, 1973;

(a)
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Causton & Venus, 1981; Hunt, 1982; Liu & Li, 2003) is a
widely used growth model which is based on the assumption that
both the plants’ physiological state and the environment affect
the growth pattern. Assuming that positive assimilation or accu-
mulation and negative dissimilation or consumption processes
occur, the change of growth over time may be expressed as
(Bertalanffy, 1957; Pienaar & Turnbull, 1973):

% =ay” — By Eqn 1
where y denotes the size of the growing element (population,
individual, organ) or changing process rate, o represents a
positive and ff a negative metabolic factor. The parameter m
modulates the positive growth term and is usually related to envi-
ronmental influences. After integration and application of the
parameter transformations given by Eqns S2-S4 (in Supporting
Information Methods S1), we can rewrite Eqn 1 to:

y(t) =+ A1 =) Eqn 2
where y(#) denotes the state of the measured variable at time 4 y,
is the size of the growing component or rate of the process at time
+=0, A is the maximum increase of the growing resource, 7 is the
relative growth rate, and ¢ determines the curve shape. Even
though the growth model (Eqn 2) is very flexible and can be fit-
ted to different growth processes (Bertalanffy, 1957; Yin et al.,
2003), independent estimations of model parameters may not
always converge. The main reason for that behavior is evident in
Eqns S1-S4 (in Methods S1), as the parameters Z, r and ¢ all
depend on 7, and this interdependence may lead to collinearity.

We solved for the second-order derivative of Eqn 2 (see Meth-
ods S1) to estimate the time of fastest growth change at the inflec-
tion point of the curve and to determine the corresponding pair
of function and argument values (y; £) as well as the maximum
process rate (R). The model and parameters were used to fit the
time-dependent changes in canopy leaf area, canopy net assimila-
tion rate and canopy isoprene emission rate during the experi-
ment.

Eqn 2 was used to describe the plant canopy leaf area develop-
ment over time (see Fig. 4), time-dependent changes in daily

(b)
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stored in 5 s intervals and the daily integrated
values are calculated according to the
equations given in the figure.
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integrated canopy net assimilation rate (Acq.) and isoprene
emission rate (Icday), and key parameters describing the
dynamics of these canopy-level processes were derived using
Mathematica 8 by a least-squares method.

Modeling net assimilation and isoprene emission rates on
the leaf scale

Typically on a leaf scale, net assimilation and isoprene emission
rate are given as fluxes (exchange rates per unit leaf area). We used
the canopy-scale assimilation rate and isoprene emission rate
divided by the leaf area in a given day to obtain the leaf-level fluxes.
Canopy growth leads to shading of leaves within the canopy. Shad-
ing leads to changed environmental conditions in terms of light
availability within the canopy and thus needs to be accounted for.
Here, we have assumed that Eqn 2 remains valid and the loss of
light energy through the canopy is caused by shading. We
simulated the changes in light transmission arising as a result of
time-dependent changes in canopy density according to the
Lambert—Beer law (see Methods S1). Multiplication of Eqn S10
(in Methods S1) by Eqn 2 yields the leaf-level process rate as:

)=+ (~tog (G) 41— ) Eqn 3

0

We fixed the parameter Q) to 400 pmol quantam *s *,

which reflects the quantum flux density at half-height of the
chamber at the time of plant installation in the chamber. The
empirical parameter (Q(#) is the transmitted quantum flux density
at time zand z is the offset parameter (see Methods S1 for fur-
ther details).

1200
1000 A
800
600
400

200 A

Canopy leaf area (cm?)

Time of growth in chamber (d)

Fig. 4 Expansion of the hybrid aspen (Populus tremula x Populus
tremuloides) plant canopy leaf area under ambient [CO,] of

380 pmol mol~" (gray circles) and elevated [CO,] of 780 umol mol "
(white circles) over 35 d. The data are given as circles with error bars
denoting the standard deviations (means + SD). The solid line denotes the
ambient [CO,] and the dashed line the elevated [CO,] modeled canopy
leaf area as fitted by nonlinear least-squares regressions to Eqn 2
(*>0.98, P<0.0001).
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Leaf structural and chemical analyses

After the measurements were completed, the trees from each of
the two treatments were harvested for structural and chemical
analyses. Whole-canopy leaf area and fresh mass were estimated
immediately after harvesting and leaf dry mass after drying at
70°C for at least 48 h. Foliage nitrogen (Vy1) and carbon content
(Gw) per unit dry mass were measured with a Vario MAX CNS
analyzer (Elementar Analysen Systeme GmbH, Hanau,
Germany). Finally, leaf dry : fresh mass ratio (Dg), leaf dry mass
per unit area (My), leaf nitrogen () and carbon content (Cy)
per unit leaf area were calculated.

Data analysis

Average whole-plant leaf morphological and chemical data and
Eqn2 model parameters for canopy- and leaf-level traits were
compared among the treatments, elevated vs ambient, by paired
ttests with SPSS 17.0 (SPSS Inc., Chicago, IL, USA). Normality
of the variables was always tested by Kolmogorov—Smirnov test.
Altogether, 10 replicate estimates for every characteristic were
available for both treatments. All statistical relationships were
considered significant at 7<0.05.

Results

Effects of elevated CO, concentration on canopy leaf area
development and foliage traits

Elevated [CO,] significantly increased canopy leaf area (Fig. 4),
whole-canopy leaf dry mass (M) and dry mass per unit leaf area
(Mp; Table 1) as compared with these traits in plants grown
under ambient [CO,]. Carbon content per unit dry mass (Cy)
was not affected by the CO, concentration during leaf growth,
while carbon content per unit leaf area (C,) was increased signifi-
cantly. Nitrogen content per unit dry mass (/Vy) was somewhat
lower under elevated [CO,], and the C: N ratio was greater at
elevated [CO,] (Table 1).

In our experiments, the onset of photosynthesis was observed
within 2—4 d after plant installation in the growth chamber. The
Chapman—Richards function fitted the temporal variation of can-
opy leaf area growth with high degree of explained variance
(Eqn 2 and Fig. 4, /> 0.98, P<0.0001). The predicted asymp-
totic canopy leaf area was 43% greater under elevated [CO,]
(942 cm?) than under ambient [CO5] (660 cm?; Fig. 4, Table 2).
For plants grown under elevated [CO,], the relative leaf area
growth rate was increased by 38% and the time of fastest growth,
reached on the 12th day, was 2 d earlier than in the plants under
ambient [CO,] (Table 2).

Canopy net assimilation and isoprene emission rates

Continuous diel recordings (see Fig. 3 for representative diel vari-
ations in net assimilation and isoprene emission rates) were used
to calculate the daily net assimilation and isoprene emission rates.
On the canopy scale, both integrated daily net assimilation and
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Table 1 Effects of growth [CO,]
environment on mean (+ SE) leaf anatomical
and chemical traits in hybrid aspen (Populus
tremula x Populus tremuloides) leaves

Treatment

Trait Ambient (380 pmol mol~" Elevated (780 pmol mol~") P-value®

Whole-canopy leaf dry mass 1.64+£0.21 2.64+0.14* 0.003
(Mc, g per plant)

Dry mass per unit area 285+19 35.0£1.5% 0.03
(Ma, gm™)

Carbon content per unit dry 43.29+0.33 43.53+0.29 0.6
mass (Cy, %)

Carbon content per unit leaf 12.4+0.8 16.0+£1.1% 0.02
area (Ca, gm ™)

Nitrogen content per unit 2.34+0.24 1.66+0.13* 0.03
dry mass (Ny, %)

Nitrogen content per unit 0.70+0.070 0.64 +0.036 0.5
leaf area (Na, g m2)

Carbon to nitrogen 19.0+1.70 26.2+2.22*% 0.03

mass ratio

Ten independent samples (trees) were available for each treatment.
*Significant differences between the means at P<0.05.
‘FtMeans were compared by paired t-tests after testing for normality.

isoprene emission rates followed the dynamics of leaf area growth
(Fig. 5), and Eqn 2 provided excellent fits to the temporal time-
courses of both processes (Fig. 5, #>0.98, P<0.0001). During
the first 2—4 d, the plants respired until a sufficiently large leaf
area was developed and leaves matured. The onset of isoprene
emission was not substantially delayed as previously reported
(Kuzma & Fall, 1993; Wiberley etal., 2005) and started about
1 d later than whole-canopy photosynthesis became positive.

Transformation of the model parameters according to Eqns
S6-S8 (in Methods S1) allows for estimation of relevant physio-
logical characteristics of canopy maturation (Fig. 5, Table 3).
Canopy net assimilation rate increased faster, but not earlier,
under elevated [CO,], and reached a maximum value of
32mmold™!, almost double that under ambient [CO,]
(16 mmold™; Fig. 5a, Table 3). The maximum slope (R)) of the
canopy net assimilation was found on the 12th day for both treat-
ments (Table 3), but the plateau value (90% of maximum) was
reached at day 22 in the case of elevated [CO,] and day 33 in the
case of ambient [CO,]. On average, the plants under the elevated
[CO,] had 1.4 times higher relative daily growth rate than the
plants under ambient conditions.

The maximum canopy isoprene emission rate was 1.4-fold
higher for plants under elevated [CO,] (38 vs 27 mol dY

Fig. 5b, Table 3). The relative growth rates of isoprene emission
were not significantly different for both treatments but the time
of fastest growth differed by 1d: day 14 for elevated [CO,] and
day 15 for ambient [CO,].

Leaf-scale net assimilation and isoprene emission fluxes

The process rates expressed per unit leaf area highlighted two
important points. First, the isoprene emission flux was lower
under elevated [CO,] and, secondly, the shape of the develop-
mental dynamics was changed and the curves exhibited a maxi-
mum. The decreases in flux rates beyond the maxima (Fig. 6)
were assumed to be caused by increasing self-shading within the
growing canopy. Thus, the data were better described by Eqn 3,
which considered the increased shading during canopy expansion
(Table 4). The maxima of net assimilation flux were observed
at about day 18 in both treatments (Fig.6), but elevated
[CO,]-grown plants had around a 1.4-fold higher maximum
assimilation rate than ambient [CO,]-grown plants (8.7 vs
6.1molm™2s7; Fig. 6, Table 4).

Maximum isoprene emission flux was observed at day 25
under elevated [CO;], and at day 23 under ambient [CO,],
and the maximum flux was 1.3-fold lower under elevated [CO,]

Table 2 Hybrid aspen (Populus tremula x Populus tremuloides) canopy leaf area development parameters (means + SE) according to the Chapman—

Richards model (Eqn 2)

Yo (cm?) LA (cm?) rd" c t (d) L; (cm?) R;(cm?d~")
Ambient 52+8 660 + 54 0.13 +£0.011 65+1.3 14+1 220+19 33.6+3.2
Elevated 7146 942 + 59* 0.18+0.021* 82+0.8* 1241 323 4+20* 67 +9*
P-value 0.191 <0.0001 0.033 0.029 0.262 <0.0001 0.016

The parameters are defined as: the offset (yo), the maximal increase (LA), the relative growth rate (r) and the empirical parameter (c). The time (¢;) and leaf
area (L;) at the time of fastest growth as well as the maximal process rate (R;) have been calculated according to Eqns 56-58 (in Methods S1).

*Significant difference between the mean values at P <0.05.

‘Differences in the mean values (n =10 for all parameters) were compared between the treatments by paired t-tests after normality was confirmed.
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Fig. 5 Dynamics of measured and modeled hybrid aspen (Populus tremula x Populus tremuloides) canopy-scale physiological processes: daily net
assimilation rate (a) and daily isoprene emission rate (b). Data are given as means = SD. Gray circles, ambient[CO,] treatments; white circles, elevated
[CO,] treatments. The lines denote nonlinear least-squares regressions to Eqn 2 (> 0.98, P <0.0001), with the solid line representing ambient [CO,] and

the dashed line elevated [CO,].

Table 3 Temporal dynamics of hybrid aspen (Populus tremula x Populus tremuloides) whole-canopy assimilation and isoprene emissions. Mean (+ SE)
parameters of canopy-scale daily net assimilation and isoprene emission rates fitted by Eqn 2

Yo (mmold™") Amax,canopy (mmol d~") rd" c t; (d) A; (mmold~") R; (mmol d—2)
Net assimilation
Ambient —0.951 16.0+0.9 0.17+0.017 97426 12+1 5.36+0.37 1.07+0.07
Elevated 0.432 32.0+0.9% 0.25 +0.035* 3149* 12+1 11.33+0.43% 3.07 +0.43%
P-value® 0233 <0.00001 0.021 0.032 0.684 <0.00001 0.003
Yo (mmold™") Imax,canopy (mol d™") rd™) c £ (d) I; (umol d™") R; (umol d—%)
Isoprene emission
Ambient 0.000 272418 0.23840.012 39+8 1541 9.8+0.7 2.45+0.26
Elevated 0.000 37.6+2.2% 0.22040.014 23.2+4.5% 1441 13.4+0.8* 3.11+0.23*
P-value® 0.002 0.326 0.16 0.386 0.003 0.031

Amax,canopy denotes the maximal increase in daily assimilation rate, and /max,canopy denotes the isoprene emission rate; the other parameters (yo, r, c) have
the same meaning as in Table 2. Parameters for the time (¢;) and process value (A; or /) at the point of fastest growth and the maximal process rate R; were

calculated as means =+ SE according to Eqns S6-S8 (in Methods S1).
*Significant difference between the mean values at P<0.05.

TDifferences in the mean values (n = 10 for all parameters) were compared between the treatments by paired ¢-tests after normality was confirmed.

Leaf assimilation flux

Time of growth in chamber (d)

—2 -1
s

Leaf isoprene emission flux
(nmol m

Fig. 6 Time courses of net assimilation flux (a) and isoprene emission flux (b) in hybrid aspen (Populus tremula x Populus tremuloides) rescaled to leaf
scale for different [CO,] treatments (gray circles, ambient [CO,]; white circles, elevated [CO,]). Data are given as means + SD. The leaf-scale values were
obtained from canopy-scale estimates by dividing the daily integrated process rates by the daily leaf area and correcting for the within-canopy shading
(Eqn 3). The lines (solid, ambient [CO,]; dashed, elevated [CO,]) were calculated by nonlinear least-squares regressions to Eqn 3 (r*>0.98, P<0.0001).

than under ambient [CO,] (9.1 vs 12.7 nmol m™%s™}; Fig. 6). treatments. The maximum isoprene emission flux rates occur at
While the net assimilation fluxes were approximately of the same  different times, with the elevated [CO,]-grown plants being
shape regardless of the growth environment, the isoprene emis-  about 2-3 d delayed, which is remarkable, as the inflection point
sion fluxes showed distinct dynamic behaviors among the  # wasonly 1d ahead.
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Table 4 Temporal variation in hybrid aspen (Populus tremula x Populus tremuloides) leaf-scale net assimilation and isoprene emission fluxes according to

the modified Chapman-Richards model (Eqn 3)

Q) 20 Amax leaf A Ri
(umolm=25~") (umolm=2s~") (umolm=2s~") ris™h c t (d) (umolm=2s~") (umol m=2572)
Net assimilation
Ambient 4.44 +0.35 —0.10+£0.01 46+0.6 0.193+£0.019 56+2.0 9+1 257+0.13 0.86+0.12
Elevated 3.83+0.20 —0.27 £0.04* 6.1+0.4* 0.211+£0.013* 69+12 9+1 3.62+0.31* 1.23+0.19*
P-value' 0.143 0.013 0.006 0.049 0.085 0.814 0.005 0.002
Q(t) 2 Imax,leaf I; R;
(nmolm—2s") (nmolm—2s~") (nmolm—2s~") re" c t; (d) (nmolm—2s~") (nmolm—2572)
Isoprene emission
Ambient 3.99+0.22 0.000 105+ 0.4 0.158 +0.009 7.6+13 12+1 5.43+0.07 1.34+0.14
Elevated 2.56+0.36* 0.000 5.9+ 1.0% 0.141 £ 0.009 5.3+0.5*% 1M+1 3.14 £0.42* 0.69 £0.17*
P-value' 0.009 0.001 0.138 0.005 0.449 0.003 0.037

Q(t), the change in canopy light transmission; zo, an offset parameter; Amay ieat, the leaf scale maximum net assimilation flux; /max jeat, the maximum iso-
prene emission flux; parameters r and c are as defined in Table 2; the maximal process rate (R;) is calculated at the inflection point (t;, A; or ;) of the rising

part of the curve.
*Significant difference between the mean values at P<0.05.

TDifferences in the mean values (n =10 for all parameters) were compared between the treatments by paired ¢-tests after normality was confirmed.

Discussion

Effects of elevated [CO,] on leaf traits and canopy
development

Many previous studies that focused on plants grown under
elevated [CO;] have suggested that there is a link between ‘up-
regulation’ and ‘down-regulation’ of leaf traits and carbon uptake
(Luo ezal., 1998; Nowak ez al., 2004). In this study, the elevated
[CO,] treatment resulted in a higher maximum leaf area and leaf
dry mass on the canopy scale as well as a higher leaf dry mass per
unit area (Table 1), which is in line with previous findings on the
effects of elevated [CO,] (e.g. Sims eral, 1998a,b; Miyazawa
etal., 2011). According to the fitted parameters characterizing
canopy leaf area development, elevated [CO,] stimulated the leaf
area growth 1.4-fold. Together with doubled canopy-scale assim-
ilation rate (Fig. 5) and the reported increase in leaf starch con-
tent (Sun eral, 2012b), this suggests that elevated [CO,]
enhances the carbon supply for leaf construction, induces mor-
phological changes and alters metabolic processes. In our study,
plants grown under elevated [CO,] had significantly higher
foliage carbon content on a leaf area basis but not on a dry mass
basis. Foliage nitrogen content showed the opposite response,
with lower content on a dry mass basis but not on a leaf area
basis. This is in agreement with earlier findings that, for a given
nutrient supply, leaf N content per unit mass is reduced under
elevated [CO,] (Liu et al, 2005).

Despite lower N content per unit dry mass, leaf area growth
can still be enhanced under elevated [CO,]. Taylor etal.
(2008) observed a greater rate of canopy leaf area formation in
establishing canopy, resulting in overall higher canopy LAI for
the whole vegetation period. There is further evidence demon-
strating that plants grown under elevated CO, maintain greater
leaf area over time unless feedbacks as a result of soil nutrient
limitations start to constrain foliage growth (Gielen ezal.,
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2003; Norby eral, 2005; Luo etal, 2006; Liberloo etal.,
2007). Our study further suggests that elevated [CO,] is a key
factor during canopy leaf area development. In particular, the
maximum growth rate was doubled under elevated [CO,]

(Fig. 4, Table 2).

Increased daily net assimilation and isoprene emission rates
on canopy level

Effects of growth [CO,] on leaf-level net assimilation and iso-
prene emission rates have been reported in several studies (see the
Introduction and Centritto ezal, 2004; Possell eral, 2005;
Wilkinson etal, 2009; Possell & Hewitt, 2011; Sun etal,
2012b). It has often been speculated that the down-regulation of
isoprene emissions by elevated [CO,] might be balanced by
enhanced leaf area growth. The work of Possell ezal (2005,
2010), Possell & Hewitt (2011) and Centritto et al. (2004) sug-
gested that, on a canopy or whole-plant level, no significant
down—regulation in isoprene emission was seen, but in Rosenstiel
etal. (2003), canopy-level isoprene emissions were also reduced
under elevated [CO,]. In our study, the daily isoprene emission
rate was increased by a factor of 1.4 in plants grown under ele-
vated [CO,] as compared with plants grown in current ambient
[CO,]. Furthermore, the daily net assimilation rate was found to
be doubled. Given the general enhancement of photosynthetic
production and the overall moderate fraction of carbon going into
isoprene synthesis (Sharkey & Yeh, 2001), differences in the sup-
ply of precursors for the isoprene synthesis seem to be unlikely
across the studies. In fact, study-to-study differences in the degree
of enhancement of foliage area expansion growth seem to provide
an explanation for study-to-study differences in the patterns
observed. Although leaf area increase moderated the leaf-level
inhibition by elevated [CO,] at the canopy scale, a much lower
leaf area increase was observed in the study of Rosenstiel e al.
(2003) than in our study.
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The application of the growth model further emphasized that
both canopy-scale net assimilation and isoprene emission rates fol-
lowed leaf area developmental dynamics. This is in agreement
with suggestions that isoprene emission could be controlled by
the whole-plant carbon allocation pattern rather than by the
availability of photosynthetically fixed carbon (Funk ezal., 1999).
There is further evidence that part of the carbon emitted as
isoprene comes from ‘old’ stored carbon (Kreuzwieser et al., 2002;
Trowbridge ez al., 2012), and thus, not only growth and photo-
synthesis, but also growth and isoprene emission can be partly
regulated at the level of soluble carbon pools. In this context, it is
relevant that elevated [CO,] can shift the contributions of ‘old’
and recently fixed carbon to isoprene emission (Trowbridge ez 4l.,
2012).

Downscaling to leaf-level processes

If the data are normalized per unit leaf area, the canopy pro-
cesses can be scaled down to leaf level. As leaves are shaded by
each other in a canopy and emission capacities acclimate to
different environmental conditions inside the canopy, we
emphasize that the canopy-scale rates calculated per unit leaf
area are not directly comparable to single leaf measurements
(Niinemets et al., 2010a; Niinemets, 2012). Nevertheless, these
‘leaf scale’ estimates demonstrate the efficiency of unit leaf area
for net assimilation and isoprene emission as determined by
their prevailing environmental conditions in the canopy and
metabolic capacity.

While the net assimilation flux at the leaf level was still
enhanced by a factor of 1.4 under elevated [CO,], the opposite
was found for isoprene emission fluxes. Per unit leaf area, the
maximum isoprene emission fluxes, adjusted to a changed light
environment during leaf growth (Eqn 3), were ¢. 30% lower in
plants grown under elevated [CO,]. Given that total leaf area
increased by a factor of 1.4, and the canopy isoprene emission
rate was increased by the same factor, one might argue that there
should be no effect if scaled to unit leaf area. However, such an
argument is misleading, because of strongly nonlinear responses
of isoprene emissions to light, implying that the contribution of
upper canopy leaves is disproportionately larger than that of
lower canopy leaves (Cescatti & Niinemets, 2004; Niinemets
etal., 2011; Niinemets, 2012). Furthermore, this ‘canopy effect’
changed with the expansion of plant canopy, underpinning the
argument that canopy developmental state played an important
role in affecting the average ‘efficiency’ of isoprene synthesis.

Furthermore, treatment-dependent changes in this dynamic
behavior constitute an important result. In particular, earlier
onset of reduction of the maximum flux in ambient [CO,] leads
to a less prominent difference between both treatments (Fig. 6).
This difference might reflect earlier cessation of leaf growth and
maturation under ambient [CO,]. Thus, despite enhanced self-
shading, the plants under elevated [CO,] likely possessed a
greater foliage area fraction that was still developing; the isoprene
emission rate of these leaves was still increasing, while the emis-
sion capacity of all leaves in plants under ambient [CO,] had
already reached the maximum value.
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The differences in net assimilation and isoprene emission in
whole-canopy vs leaf-scale responses (enhancement of net assimi-
lation at both canopy and leaf scales and enhancement of iso-
prene emission at canopy and reduction at leaf scale) and
differences in temporal dynamics at the leaf scale emphasize the
important difference in the control of photosynthesis and iso-
prene emission by light and CO, concentration. Light sensitivity,
and thus responsiveness to within-canopy light gradients of net
assimilation, decreases with increasing [CO,] as a result of
improved quantum yield, while the light sensitivity of isoprene
emissions increases with increasing [CO,] (Sun et al., 2012b).
Thus, complex interactions among canopy expansion, self-
shading, leaf development and process dependence on light
and [CO,] collectively explain the differences in canopy- and
leaf-level net assimilation and isoprene emissions.

What can we learn from the canopy-scale dynamics for
large-scale isoprene emission modeling?

All recent approaches to model the impact of atmospheric [CO,]
on isoprene emissions are based on darta on single leaf measure-
ments expressed either per unit leaf area or per unit dry mass
(Possell et al., 2005; Wilkinson ez al., 2009; Possell & Hewitt,
2011). This is especially interesting as Possell ez al. (2005, 2010)
and also Pegoraro ez al. (2005, 2006) were measuring whole-can-
opy gas exchange, but their model extensions of the Guenther
etal. (1993, 1995) algorithm were based only on leaf area scaled
measurements. Furthermore, extensive within-canopy variation
in isoprene emission potentials (Harley ezal, 1996; Funk et al.,
2006; Niinemets et al., 2010b) as well as greater light sensitivity
of isoprene emission in plants grown under elevated [CO,] (Sun
etal., 2012b) have not been considered. Use of a single leaf-scale
emission estimate without considering modifications in canopy
leaf area and within-canopy variation patterns, and altered light
sensitivity, implies that single-leaf and whole-canopy growth
[CO;] responses will always be the same. As our results demon-
strate, a leaf-scale reduction in isoprene emission does not neces-
sarily correspond to canopy-scale reduction. The quality of the
upscaling procedure from leaf to canopy, including the inherent
within-canopy variation in emission capacity and light sensitivity,
and, over the long term, consideration of leaf area dynamics,
determines whether or not the canopy-scale modeled emissions
will match the measurements. Therefore, a very first task should
be to test whether the upscaled model estimations are in agree-
ment with the measured values on the canopy scale.

Using a classic growth model (Eqns 1, 2 and S1-S8), we have
shown that the developmental dynamic is an important factor to
consider in fast-growing canopies. The key processes (leaf area
growth, net assimilation, and isoprene emission rates) reached a
stable state within 2—3 wk at the canopy level. This allows us to
give robust estimates on the relative change of the process dynam-
ics for plants grown under different [CO,] treatments. As our
approach excluded severe stresses, these estimates may correspond
to an optimum situation and may need modification to account
for stress events under natural field conditions. Nevertheless, iso-
prene emission is much less sensitive to stress than net
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assimilation rate, and may even actually increase under mild
drought and ozone stress (Loreto & Schnitzler, 2010; Niinemets,
2010a). At any rate, we suggest the use of information available
on the canopy scale to constrain and verify model estimations
that scale up from the leaf to canopy.

Scaling down from canopy to leaf allows for further insight
into canopy-level modifications. Although one can simply calcu-
late the emission rate per unit leaf area as the rate of canopy emis-
sion divided by canopy leaf area, the resulting variable carries no
physiological meaning, because of within-canopy gradients in
light and strongly nonlinear responses of isoprene emission to
light. We note that in some early isoprene emission models, such
an approach for scaling has been used (Pierce & Waldruff, 1991;
Owen et al., 2003), but as a result of integration errors, it is dis-
couraged. To account for within-canopy changes, we included
light gradient in the growth model that result in more or less cor-
rect inversion of the canopy-level emissions (Eqn 3, Fig. 6).

It has been suggested that, on the canopy scale, leaf-to-leaf
differences are inherently integrated and, therefore, that scale
may be more appropriate to model large-scale emission estimates
as currently recommended by MEGAN (Guenther et 4l., 2006).
However, model parameters used in canopy-scale models also
must come from canopy-scale measurements rather than from
leaf-level estimates to avoid scaling errors (Niinemets ez al., 2010a
for a discussion).

Conclusions

Our results show that, in hybrid aspen, the canopy-scale isoprene
emission rate under elevated [CO,] significantly exceeded that
under ambient [CO,]. The main reason for this difference was
the stimulated growth of the canopy leaf area, which more than
compensated for biochemical down-regulation of the isoprene
synthesis pathway. We also showed that a portion of the inhibi-
tion of isoprene emission by elevated [CO,] may be caused by
the enhanced leaf area growth, if rescaled from canopy to leaf
scale, resulting from acclimation to enhanced shading and lower
within-canopy light intensities. However, greater responsiveness
of isoprene emissions to light under elevated [CO,], as demon-
strated in a previous study (Sun ez al.,, 2012b), likely compensated
for the reduced light intensity. Furthermore, different temporal
dynamics of leaf-level estimates suggested different age structure
of leaf populations among elevated and ambient [CO,]. Thus,
modeling canopy isoprene emissions without considering within-
canopy patterns in leaf age, acclimation capacity and responsive-
ness to light is very problematic. In particular, use of ‘average
emission factors’, one for elevated [CO,] and one for ambient
[CO,], for upscaling to the canopy is not to be recommended,
and might be very misleading.

Overall, we suggest that predictions of future isoprene emission
responses to elevated [CO,] should more explicitly consider can-
opy-scale processes. For regional- or global-scale estimations of
isoprene emissions, we recommend the use of canopy-scale data,
and encourage more experimental and modeling work to obtain
these data. We also suggest that large-scale free air CO, enrich-
ment (FACE) studies are needed to monitor long-term changes
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in canopy structure (LAI and biomass) in response to CO,
enrichment and couple this to isoprene emission measurements.
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Enhanced isoprene emission capacity and altered light
responsiveness in aspen grown under elevated
atmospheric CO, concentration
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Abstract

Controversial evidence of CO,-responsiveness of isoprene emission has been reported in the literature with the
response ranging from inhibition to enhancement, but the reasons for such differences are not understood. We stud-
ied isoprene emission characteristics of hybrid aspen (Populus tremula x P. tremuloides) grown under ambient
(380 pmol mol ') and elevated (780 pmol mol ™) [CO;] to test the hypothesis that growth [CO,] effects on isoprene
emission are driven by modifications in substrate pool size, reflecting altered light use efficiency for isoprene synthe-
sis. A novel in vivo method for estimation of the pool size of the immediate isoprene precursor, dimethylallyldiphos-
phate (DMADP) and the activity of isoprene synthase was used. Growth at elevated [CO,] resulted in greater leaf
thickness, more advanced development of mesophyll and moderately increased photosynthetic capacity due to mor-
phological “upregulation”, but isoprene emission rate under growth light and temperature was not significantly dif-
ferent among ambient- and elevated-[CO,]-grown plants independent of whether measured at 380 umol mol ! or
780 pmol mol 1 CO,. However, DMADP pool size was significantly less in elevated-[CO,]-grown plants, but this
was compensated by increased isoprene synthase activity. Analysis of CO, and light response curves of isoprene
emission demonstrated that the [CO,] for maximum isoprene emission was shifted to lower [CO,] in elevated-[CO,]-
grown plants. The light-saturated isoprene emission rate (Imax,q) Was greater, but the quantum efficiency at given
Imax,0 Was less in elevated-[CO,]-grown plants, especially at higher CO, measurement concentration, reflecting stron-
ger DMADP limitation at lower light and higher [CO,]. These results collectively demonstrate important shifts in
light and CO,-responsiveness of isoprene emission in elevated-[CO,J-acclimated plants that need consideration in
modeling isoprene emissions in future climates.

Keywords: emission modeling, isoprene emission, isoprenoid precursors, light response, physiological adaptation, quantum
yield, structural adaptation
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and future climates (Guenther ef al., 2006; Monson

Introduction et al., 2007; Grote & Niinemets, 2008).

Isoprene is a dominant volatile hydrocarbon emitted
from vegetation, especially by many tree species
(Fehsenfeld et al., 1992; Guenther et al., 2006; Sharkey
et al., 2008) with important protective functions in plant
heat and oxidative stress resistance (e.g. Sharkey &
Singsaas, 1995; Loreto et al., 2001b; Behnke et al., 2007).
As a highly reactive molecule, isoprene also plays a
major role in tropospheric chemistry and climate
change, in particular in ozone and secondary organic
aerosol formation (e.g. Fehsenfeld et al., 1992; Claeys
et al., 2004; Kroll et al., 2006). Given the importance of
isoprene, there is major interest in quantitative predic-
tion of plant isoprene emissions both under current
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Isoprene is formed in chloroplasts by isoprene syn-
thase from its immediate precursor dimethylallyldi-
phosphate (DMADP) (Sharkey et al., 2008). DMADP
synthesis according to 1-deoxy-D-xylulose-phosphate/
2-C-methylerythritol 5-phosphate (DOXP/MEP) starts
by condensation of pyruvate (Pyr) and the primary
photosynthetic product  glyceraldehyde-3-phosphate
(GAP) (Lichtenthaler, 1999). Thus, isoprene emission is
tightly bound to leaf photosynthetic carbon metabo-
lism (Loreto & Sharkey, 1993; Ghirardo ef al., 2011;
Trowbridge et al., 2012). In fact, hyperbolic dependence
of isoprene emissions on light and an Arrhenius-type
temperature response with an optimum are qualita-
tively similar to dependencies of photosynthesis, and
especially photosynthetic electron transport on these
environmental drivers (Monson & Fall, 1989; Loreto &
Sharkey, 1990; Harley et al., 1996; Niinemets et al.,
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1999). Available empirical and semi-mechanistic mod-
els based on the light and temperature responses analo-
gous to photosynthesis describe isoprene emissions
under current ambient CO, concentrations ([CO,])
relatively well for non-stressed plants (Guenther et al.,
1993; Zimmer et al., 2000; Arneth et al., 2007; Niinemets
et al., 2010; Monson et al., 2012).

Differently from current conditions, modeling iso-
prene emissions to future climates is associated with
major uncertainties. The instantaneous dependencies of
isoprene emissions and photosynthesis on instanta-
neous [CO,] are very different. Photosynthesis typically
increases monotonically with increasing [CO,] until sat-
uration, whereas the CO, dependence of isoprene emis-
sion is characterized by an asymmetric curve with an
optimum at low [CO,], below which isoprene emission
decreases rapidly and above which isoprene emissions
decrease relatively slowly (Loreto & Sharkey, 1990;
Rasulov et al., 2009b). The mechanisms of instanta-
neous CO,-responses of isoprene emission are currently
not fully understood, but it has been demonstrated
that changes in isoprene emissions are paralleled by
changes in DMADP pool size over the entire CO,
response curve, suggesting that the CO,-response of
isoprene emission reflects substrate-dependent limita-
tion (Rosenstiel et al., 2003; Rasulov et al., 2009b; Possell
& Hewitt, 2011). Several hypotheses have been offered
to explain CO,-dependent DMADP pool size variation,
including limitation of DMADP formation by leaf ATP
level (Rasulov et al., 2009b) and limitation by cytosolic
processes (Rosenstiel et al., 2003; Monson et al., 2009;
Wilkinson et al., 2009).

Assuming that Pyr needed for DMADP formation in
chloroplasts comes from cytosolic phosphoenolpyr-
uvate (PEP), and postulating that cytosolic PEP level is
driven by CO,-mediated increases in PEP carboxylase
activity, instantaneous CO, responses were recently
empirically modeled assuming a competition for PEP
by cytosolic processes and chloroplast isoprene synthe-
sis (Wilkinson et al., 2009; Possell & Hewitt, 2011). This
model has further been applied to explain future iso-
prene emissions under globally rising CO, concentra-
tions (Heald et al., 2009; Possell & Hewitt, 2011).

The key assumption in such an approach is that iso-
prene emission response to instantaneous increase in
[CO,] and to long-term [CO,] elevation can be
explained by the same mechanism, making it possible
to simply extrapolate from instantaneous [CO,]
responses of isoprene emissions to future emissions.
Yet, long-term [CO,] elevation can affect isoprene emis-
sions not only because of changes in DMADP pool size
but also due to changes in isoprene synthase activity,
ie., leading to adaptive changes. Currently, adaptive
changes driven by growth [CO,] are considered as a

key gap in understanding biochemistry of isoprene
formation (Sharkey, 2009), but identification of possible
adaptive changes in literature is difficult as isoprene
emission measurements have often only been carried
out under growth conditions, i.e., ambient-[CO,]-grown
plants measured under ambient [CO,] and elevated-
[CO,]-grown plants measured under elevated [CO,]
(Rosenstiel et al., 2003; Possell et al., 2004), confounding
instantaneous CO, effects and possible adaptive modi-
fications.

Furthermore, available data on modifications of
isoprene emission capacity by growth [CO,] when
measured under common CO, concentration are con-
trasting. Some studies demonstrate reduced emission
capacity in elevated-CO,-grown plants, including
Acacia nigrescens (Possell & Hewitt, 2011), Liquidambar
styraciflua (Monson et al., 2007, Wilkinson et al., 2009),
Populus tremuloides (Darbah et al., 2010 one clone),
(Sharkey et al., 1991), Eucalyptus globulus, P. tremuloides
and P. deltoides (Wilkinson et al., 2009), Phragmites
australis (Scholefield et al., 2004), and Platanus orien-
talis (Velikova et al., 2009). However, other studies
have either found no significant change, including
P. tremuloides (Darbah et al., 2010 another aspen clone),
(Calfapietra ef al., 2007, 2008), P. x canescens (Trow-
bridge et al., 2012), Populus alba (Loreto et al., 2001a,
2007; Brilli et al., 2007b), Quercus chapmanii (Buckley,
2001) and Quercus pubescens (Rapparini et al., 2004), or
even increased emissions in Gingko biloba (Li et al.,
2009), Q. pubescens (Tognetti et al., 1998) and Q. rubra
(Sharkey et al., 1991). This large study-to-study variabil-
ity is currently not understood, but suggests that accli-
mation of isoprene emission capacity to elevated [CO,]
depends both on changes in isoprene synthase activity
and alterations in DMADP pool size that may both
increase or decrease under elevated [CO,] or the inte-
grated response may be dominated by one of them. To
our knowledge, both these factors have been only ana-
lyzed simultaneously in the study of Possell & Hewitt
(2011), where reduced emission capacity was associated
with both decreased isoprene synthase activity and
DMADP pool size.

At any rate, these controversies among the studies
suggest that the influence of growth [CO,] on isoprene
emissions cannot be explained by the same mechanism
as instantaneous [CO,] responses. Another potential
shortcoming of current emission models including
CO,-control is that the CO, effects are considered
independent of other environmental drivers, light, and
temperature (Wilkinson et al., 2009; Possell & Hewitt,
2011). As both instantaneous (Rasulov et al., 2009b) and
growth [CO,] (Possell & Hewitt, 2011) can alter
DMADP pool size in addition to light and temperature-
driven modifications in DMADP pool size (Rosenstiel

© 2012 Blackwell Publishing Ltd, Global Change Biology, 18, 3423-3440
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et al., 2002; Rasulov et al., 2009b, 2010; Li et al., 2011),
[CO,] effects can potentially alter isoprene emission
responses to other environmental drivers too. Such
potential changes in light and temperature responsive-
ness of isoprene emissions in plants grown under
different [CO,] have not yet been studied to our
knowledge.

We have recently developed an in vivo method to
separate the controls on isoprene emission due to iso-
prene synthase activity and DMADP pool size (Rasulov
et al., 2009a,b, 2011). Here we employ this method to
gain insight into growth-[CO,]-dependent alterations in
the share of emission controls by DMADP pool size
and isoprene synthase activity. We test the hypotheses
(1) that growth [CO,] responsiveness of isoprene emis-
sion is determined by modifications in isoprene syn-
thase activity, and (2) that alteration in the share of
emission limitation by synthase activity and DMADP
pool size modifies the emission responsiveness to
instantaneous changes in key environmental drivers.
Strong interactive effect between growth [CO,] and
instantaneous [CO,] and light responses observed in
our study highlights a major gap in all available models
predicting future emissions.

Materials and methods

Plant material and growth system

Two-year-old saplings of hybrid aspen (Populus tremuloides
Michx. x P. tremula L.) clone H200 were selected for the experi-
ments (for the clone Rasulov et al., 2009b, 2010). The potted ca.
0.2 m tall plants were kept in a cold room at —2 °C in dormant
state, and for each experimental run, a plant lot for the experi-
ments was moved to 20 °C 4 days prior to the start of the
treatment to break the dormancy.

After dormancy was broken, saplings with swelling buds
were installed in a four-chamber open gas-exchange system
specially designed for plant growth and for long-term contin-
uous measurements of plant gas-exchange activities (Fig. 1).
The chambers of 12.5 L volume (diameter 0.2 m, height
0.4 m) were made of glass and accommodated an individual
sapling in each case. The chamber bottom was made of two
glass plates with openings for fan, temperature sensor, and
gas input and exhaust ports and for plant stem between the
two plates (Rasulov et al., 2009a for the system principle). All
tubing and connections were made of Teflon and stainless
steel. The seal was close to ideal between the glass chamber
and bottom plates, and modeling putty was only needed to
seal off the site of plant enclosure. The chambers operated
under slight overpressure of a few mbar to avoid uncon-
trolled leakage of air. Flow rate through each individual
chamber was controlled at 7.5 L min~' by calibrated capillar-
ies (Laisk & Oja, 1998 for details). This flow rate, and resulting
chamber response time are at the higher end of similar-sized
whole plant chambers (Niinemets, 2012 for a review of the

© 2012 Blackwell Publishing Ltd, Global Change Biology, 18, 3423-3440
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performance of different-sized whole plant chambers). CO,
could be added to the system through a capillary and the con-
centration in each individual chamber controlled by manostat-
ic mixers (Laisk & Oja, 1998). Whenever needed, CO,
concentration could also be reduced below the ambient by a
KOH scrubber (Fig. 1). For gas-exchange measurements, the
chamber ports were sequentially switched between reference
and measurement modes (Fig. 1). Each individual chamber
was lit by four 50 W halogen lamps providing between
500 pumol m ™2 s~ (start of the experiment) and 800 gmol m 2 s~
(end of the experiment) light at the top of the plants. In these
experiments, the photoperiod length was 12 h, and thus, the
daily integrated light level corresponds to ca. 60% of daily
seasonal average integrated quantum flux density in temper-
ate ecosystems (e.g. Niinemets, 2010).

The chamber air temperature was measured using thermis-
tors (NTC thermistor, model CCA-001, RTI Electronics, Inc.,
St. Anaheim, CA, USA) and day/night air temperatures were
maintained at 28-30/23 °C. Relative humidity air was kept at
60%. As upon placement into the chambers, the bud-burst had
not yet occurred, whole leaf development was completed
inside the chambers under the set [CO;] conditions. Chambers
1 and 3 (Fig. 1) were kept at ambient CO, concentration
(average + SD) of 380 + 10 umol mol ™!, whereas chambers 2
and 4 were treated with elevated CO, concentration of
780 + 10 yumol mol .

The plants were grown in 3 L plastic pots filled with sand
and peat mixture (1 : 1), and watered daily to field capacity
with tap water. To maintain optimum nutrient supply, every
fifth day, each plant was fertilized with NPK complex fertil-
izer solution (3.5 : 2.3 : 5.0 of N : P,Os : K;O with minor ele-
ments Fe, Mn, and Zn; Vito, Podriba, Latvia) diluted in
300 mL tap water such that each plant received 0.104 g N,
0.030 g P and 0.123 g K on each fertilization occasion. The
leaf-level measurements were started when plants were just
about to reach the top of the chamber, 30-40 days after the
start of the treatment. The experiment was replicated four
times, altogether with 16 plants in two treatment CO,
concentrations.

Leaf-level net assimilation and isoprene emission
measurements

We used a Walz GFS-3000 gas-exchange fluorescence system
equipped with a LED-Array/PAM-Fluorometer 3055-FL
(Walz GmbH, Effeltrich, Germany) together with the Fast
isoprene sensor (FIS, Hills-Scientific, Boulder, CO, USA) for
combined measurements of photosynthetic characteristics and
isoprene emission rates. The isoprene sensor was integrated in
the gas-exchange system through a bypass loop with three
way valves, and operated as detailed previously (Rasulov
et al, 2009a). The FIS analyzer was calibrated frequently
with standard gas containing 4.47 ppm isoprene in N, (Hills-
Scientific, Boulder, CO, USA).

For the measurements, the plant was taken out from the
chamber, the measurement leaf was enclosed in the gas-
exchange system, and baseline conditions of 500 gmol m 2 s~
light, leaf temperature of 30 °C, and relative humidity of 60%
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Fig. 1 Flow scheme and photograph of the computer-controlled four-chamber (Ch 1-Ch 4) open gas-exchange system for plant growth
and continuous measurements of whole plant gas-exchange and isoprene emission rate. The flow in the system was controlled by cali-
brated diaphragms D;-D;; for regulation of large flows and capillaries C;~Cs for fine-tuning. CO, concentration could be controlled by
a KOH scrubber for below-ambient concentrations, whereas for higher concentrations, CO, could be added by a capillary (Co) and the
CO, concentration in individual chamber was controlled by manostatic gas mixers M;-M, (Laisk & Oja, 1998 for details). Electronic
valves VM1-VM4 and VR1-VR4 were used to switch the chamber in and output ports sequentially between measurement and reference
modes. The chambers of 12.5 L were made of glass and illuminated individually by four 50 W halogen lamps. Chamber bottom was
made of two glass plates that had openings for fan, temperature sensor (T;-Ty), and gas input and output ports and for enclosure of the

plant between the plates. All tubing and fittings were made of polytetrafluoroethylene (Teflon) and stainless steel.

were established. The baseline chamber CO, concentration was
380 umol mol ™! for ambient-[CO,]-grown and 780 ymol mol ™!
for elevated-[CO,]-grown plants. The leaf was maintained at
these conditions until stomata fully opened and leaf net assimi-
lation and transpiration rates and isoprene emission rates
stabilized, typically 20-30 min after enclosure of the leaf in the
cuvette. After stabilization, net assimilation rate (A) and iso-
prene emission (I) rate under these conditions were recorded.
Thereafter, chamber [CO,] was raised to 780 umol mol ™!
(ambient-[CO,]-grown plants) or reduced to 380 pmol mol ™!
(elevated-[CO,]-grown plants), and the leaf was stabilized until
the steady-state gas-exchange rates were achieved, and net
assimilation and isoprene emission rates were recorded again
at the other chamber [CO,], and the leaf was returned to corre-
sponding baseline [CO,]. Under these conditions, the leaf was
stabilized until the initial gas-exchange rates were reached
again. Separate experiments demonstrated that the measure-
ment sequence (either higher [CO,] or lower [CO,] first) did

not alter the rates achieved in either of the treatments, but we
considered the start of the measurements at growth [CO,] more
appropriate.

In vivo measurements of the dimethylallyldiphosphate
(DMADP) pool size and the rate constant of isoprene
synthase (IspS)

We employed the method of rapid light-dark transients of
Rasulov et al. (2009a, 2010) for estimations of in vivo DMADP
pool size and isoprene synthase rate constant. Estimation of
DMADP pool size relies on the assumption that the initial pos-
tillumination burst of isoprene emission for 150-200 s after
switching off the light (Supporting Information, Fig. S1) pri-
marily originates from DMADP synthesized in light before the
darkening with a small contribution of isopentenyldiphos-
phate pool (Rasulov et al., 2010, 2011; Li et al., 2011). Thus,
DMADP pool size is equal to the integral of isoprene emission

© 2012 Blackwell Publishing Ltd, Global Change Biology, 18, 3423-3440
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rate after switching off the light (Rasulov et al., 2010, 2011;
Li et al., 2011).

As the isoprene synthase operates at increasingly lower
concentrations of DMADP after leaf darkening, paired values
of isoprene emission rate I(f) vs. remaining DMADP pool size
at time f can also be derived from the light/dark transients of
isoprene emission. These paired values of I(f) vs. DMADP
pool size over the entire darkening transient constitute the
kinetic response curve of isoprene synthase, and the initial
slope of this relationship provides the rate constant of
isoprene synthase (K, s 1) (Rasulov et al., 2010, 2011; Li et al.,
2011).

In this study, DMADP pool size and K were estimated after
the steady-state values of I3gy and I7g) had been recorded and
the leaf had been stabilized again at corresponding [CO,l.
After stabilization, the chamber was darkened, and postillu-
mination isoprene release was measured for 150-200 s until
the isoprene emission decayed to baseline level (Supporting
Information, Fig. Sla). Before integration to determine the
total DMADP pool size and the remaining pool size at given
time t, isoprene signal was corrected for the empty chamber
response as detailed in Rasulov et al. (2009a). Due to small
chamber size of the Walz leaf chamber, the chamber correction
was minor, less than 10% of total DMADP pool size (data not
shown, see Niinemets, 2012 for comparison of chambers with
different sizes and flow rates). The IspS rate constant (K) was
found as the slope of the linear relationship between paired
values of I(t) and remaining DMADP pool size at time t
passing the origin (Supporting Information, Fig. S1b).

Measurements of light and CO, response curves of net
assimilation and isoprene emission

The leaf for the response curve measurements was stabilized
under baseline conditions of photosynthetic quantum flux den-
sity of 500 pumol m 2s!, leaf temperature of 30 °C, cuvette
humidity of 60%, and CO, concentration of 380 umol mol " for
ambient-[CO,]-grown and 780 pmol mol ! for elevated-[CO,]-
grown plants. When the steady-state rates of net assimilation
and isoprene emission were achieved, the CO, response curve
was measured using the following sequence of chamber CO,
concentrations (C,, pmol mol™Y): 380-200—150—100—50—
20—0-380—-780—1000—1500—2000 for ambient-[CO,]-grown
plants, and 780—380—-200—-150-100—-50—-20—-0—-780—
1000-1500—2000 for elevated-[CO,]-grown plants. At every
C,, the values of A, I, and stomatal conductance (g;) were
recorded when the gas-exchange rates were stable, typically
5-10 min after the change of C,.

Light (Q) response curves for every leaf were measured both
at chamber CO, concentrations of 380 and 780 umol mol .
After the leaf had stabilized under the baseline conditions (for
light-response curves measured under C, of 780 yumol mol ™!,
this was also the baseline CO, concentration), Q (umol m™2 s~ )
was changed in the order: 500— 1500— 1000— 800— 400—
200— 120— 60— 30— 12— 0. At each light level, the estimates
were recorded after the steady-state values were observed, typi-
cally in ca. 10 min after change of the light level, except for the

measurement at the highest light level of 1500 gmol m 2 s~

© 2012 Blackwell Publishing Ltd, Global Change Biology, 18, 3423-3440
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At this Q, the values were recorded in 5-8 min after increase of
light to avoid development of photoinhibition. The net assimila-
tion rate (A), stomatal conductance, and intercellular CO, con-
centration (C;) were calculated according to von Caemmerer &
Farquhar (1981).

Fitting of CO, and light response curves of net
assimilation and isoprene emission rates

Farquhar et al. (1980) photosynthesis model was used to fit A
vs. C; response curves by a nonlinear least squares fitting pro-
cedure (Fig. 2a for sample fits), and the maximum carboxylase
activity of Rubisco (Vemax) and the capacity for photosynthetic
electron transport (Jmax) were derived. In the fitting, Rubisco
kinetic characteristics at the measurement temperature of
30 °C were derived using the temperature relationships in
Niinemets & Tenhunen (1997).

A non-rectangular hyperbola was used to fit the net assimi-
lation vs. photosynthetic quantum flux density (Q) responses
(Thornley, 1976; Ogren & Evans, 1993):

4 9Q+ A — /(90 + Avar)” 4 Ok

o —Ra (1)

where @ is the initial quantum yield for the incident light,
Anax is the light-saturated A, and Ry is the dark respiration
rate, and k is the curvature that characterizes how dA/dQ
changes with increasing light at intermediate and high Q
values, i.e., how rapidly A approaches An.x with increasing
Q (Fig. 2b for sample fits). The initial quantum yield for
photosynthetic electron transport (®;) was calculated from
the quantum yield of CO, fixation ® as (Kelloméki & Wang,
1997):
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where I'* is the hypothetical CO, compensation point in the
absence of mitochondrial respiration that depends on Rubisco
kinetic characteristics and oxygen concentration.

Recently, models based on certain key assumptions on
biochemistry of isoprene synthesis have been developed to
describe the CO, response of isoprene emission (Wilkinson
et al., 2009; Possell & Hewitt, 2011). These models have
provided satisfactory fits to declining isoprene emission
rates at higher ambient CO, concentrations (Wilkinson
et al., 2009; Possell & Hewitt, 2011). However, these models
did not consider that the response of I to C; is a curve
with a maximum (Loreto & Sharkey, 1990; Rasulov et al.,
2009b) and did not include a mechanism to describe
the reduction of I at lower ambient CO, concentrations
starting from ambient CO, concentration of ca. 150-
250 pmol mol~!. Furthermore, the CO,-dependence of iso-
prene emission is strongly asymmetric (Loreto & Sharkey,
1990; Rasulov et al., 2009b). Several empirical nonlinear
functions were tested to describe I vs. C; responses, and
the best fit (highest r) was obtained using a modified
Weibull type response function (e.g. Yang et al., 1978) with
four empirical parameters (Fig. 2c). Taking the first deriva-
tive of the function used and revealing C; from dI/dC; =0
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Fig. 2 Sample CO; (a, ¢) and light (b, d) responses of net assimilation (a, b) and isoprene emission rates (c, d) of representative leaves
from ambient- and elevated-[CO,]- grown plants of hybrid aspen. All measurements were conducted at the growth leaf temperature of
30 °C. The CO, response curves were measured under growth light of 500 umol m ™2 s, and the light response curves were measured
both at chamber CO, concentrations of 380 gmol mol ' and 780 pmol mol . The inset in (c) demonstrates the modified Weibull type
equation with four empirical parameters a,—a4 used to fit the asymmetric isoprene emission rate (I) vs. intercellular CO, (C;) responses
of isoprene emission. Estimation of the value of C; corresponding to maximum isoprene emission rate (C; max) is also demonstrated. For
maximum isoprene emission rate, Imax,ci, C; in the first equation was replaced by Ci max. The lines in (a) denote nonlinear least square
fits by Farquhar et al. (1980) photosynthesis model that assumes limitation of photosynthesis by Rubisco in low C; and by photosyn-
thetic electron transport in high C;. In (b), data were fitted by Eqn (1), in (c) by equations in the inset of panel (c), and in (d) by Eqn (4).

(Niinemets, 1996), Cimax, the C; value for maximum iso-
prene emission rate (Inaxc) was further calculated
(Fig. 2¢). In addition, Imayci and I at C; =300 gmol mol ™’
(Icizoo) and at C; = 500 gmol mol ™' (Igisg0) for individual
leaves measured were calculated from the parameterized
functions.

Isoprene emission vs. light response curves were fitted by
the light response function of Guenther et al. isoprene emis-
sion model (Guenther et al., 1993; Niinemets et al., 2010;
Monson et al., 2012) modified to include the light-saturated
isoprene emission rate, Inmax,q:

ImaxQ®Q 3)
Ve

where o is the apparent quantum yield of isoprene emis-
sion (Fig. 2d for sample fits, Monson et al., 2012). Note that
the true quantum yield, dI/dQ at Q =0 is equal to oy
Solving this equation for Q = 1000 ymol m 2 s™" provides
the standardized I (Iqipe0), the emission factor (Guenther
et al., 1993; Niinemets et al., 2010). The ratio, Imax.o/Ig1000
is the C;, parameter of the original Guenther et al. (1993)
model:
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asymptotic value Lyay o-
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Foliage anatomical measurements

Two representative fully mature leaves from mid-canopy
adjacent to leaves used for physiological measurements were
sampled for anatomical analyses at the end of the experiment.
1 x 1 mm pieces were cut between the main veins from the
middle part of the leaves, and the material was fixed by infil-
trating with 2% glutaric aldehyde in 0.2 M phosphate buffer
(pH 7.2) in a syringe under negative pressure. The fixed
samples were dehydrated in ethanol series and embedded
in Epoxy Embedding Medium (Sigma-Aldrich Chemie,
Steinheim, Germany) according to Bozzola & Russell (1992).
Semi-thin (0.2-0.5 um) cross-sections for light microscopy and
ultra-thin (70-90 nm) cross- and paradermal sections for
transmission electron microscopy (TEM) were cut with an OM
U2 Ultra Microtome (American Optical Corporation, Reichert
Products, Buffalo, New York, USA) using a 45° diamond knife
(Diatome, Hatfield, PA, USA). The semi-thin sections were
stained for 30 s with Toluidine Blue following the protocols of
Burns (1978) and Mercer (1963), and viewed using a Zeiss
Axioplan 2 light microscope (Carl Zeiss Microscopy, Jena,
Germany) at 400-1000x magnification. Digital images were
taken with a digital camera AxioCam HRc (Carl Zeiss Micros-
copy, Jena, Germany). Thicknesses of the leaf, palisade, and
spongy mesophyll, and upper and lower epidermis, and sur-
face area of mesophyll cells exposed to intercellular air space
per leaf area (S,,/S) were measured from the digital images
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using  UTHSCSA Image Tool for Windows Ver. 3.00
(UTHSCSA, Texas, USA).

The samples for TEM were further contrasted with 2%
uranyl acetate in 50% ethanol solution for 2 min and in 0.2%
lead citrate in 0.1 M sodium hydroxide solution for 2 min
(Bozzola & Russell, 1992). The samples were viewed and
photographed with a Philips Tecnai 10 TEM (FEI, Eindho-
ven, The Netherlands) using an accelerating voltage of
80 kV. 1000x magnification was used to measure surface
area of chloroplasts exposed to intercellular air space per
leaf area (S./S), and 2100-4200x magnification was used to
measure the number and area of chloroplasts and starch
grains. Calculations of S,,/S and S./S were conducted as in
Tosens et al. (2012). All anatomical characteristics were esti-
mated in 10-16 replicates per treatment.

Leaf structural and chemical analyses

After foliage physiological measurements were com-
pleted, four representative trees from each of the two
treatments were harvested for structural and chemical
analyses. The leaves were scanned with a resolution of
300 dpi, and leaf area was estimated from digital images
with UTHSCA Imagetool 2.00alpha (The University of
Texas Health Science Center, San Antonio, TX, USA).
Leaf fresh mass immediately after foliage scanning
and leaf dry mass after oven-drying at 65 °C for 48 h
were also determined, and leaf dry to fresh mass ratio
(Dp) and leaf dry mass per unit area (M,) were calcu-
lated. Foliage nitrogen (Ny) and carbon contents (Cy)
per dry mass were determined gas-chromatographically
using a Vario MAX CNS analyzer (Elementar Analysen-
systeme GmbH, Hanau, Germany). Leaf nitrogen (Na)
and carbon contents (C,) per unit leaf area were also
calculated.

Data analyses

Treatment effects were tested by anova followed by
Tukey’s test whenever pertinent. Measurements of
physiological traits under different CO, concentrations
(380 umol mol™! vs. 780 umol mol™!) within treatments
were compared using paired samples t-tests. Correlative
relationships between structural, chemical, and physiologi-
cal traits were tested using Pearson pairwise correlation
analyses and linear regressions. The correlative relation-
ships between treatments were compared using co-varia-
tion analyses (ancova). First, a separate slope aNcova with
the interaction term was used. When the interaction term
was not statistically significant, the data were re-fitted
according to a common slope aNcova model (Sokal &
Rohlf, 1995). For all physiological and anatomical traits, at
least 8-16 replicate measurements were available at each
treatment. Four replicates at each treatment were available
for whole plant structural and chemical traits. spss 17.0
(IBM SPSS Statistics) was used for all analyses, and all
statistical relationships were considered significant at
P < 0.05.
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Results

Effects of growth CO, environment on foliage structural
and chemical traits

Growth under elevated [CO,] resulted in greater leaf
dry to fresh mass ratio (D), dry mass per unit area
(M,), leaf thickness, mesophyll thickness, and meso-
phyll exposed (S,,,/S) and chloroplast exposed (S,,/S)
to total leaf area ratios, and greater number of chlorop-
lasts per cell area (11c1), and chloroplast area relative to
cell area, demonstrating overall more developed photo-
synthetic mesophyll under elevated [CO,] (Table 1).
The ratio of chloroplast to exposed mesophyll surface
was not affected by growth [CO,], indicating that the
chloroplasts were exposed to the same degree under
different treatments.

Carbon content per dry mass (Cy) was not affected
by growth [CO,], but nitrogen content per dry mass
(Nym) was somewhat lower and the amount of starch in
chloroplasts was larger under elevated [CO,] (Table 1).
Nevertheless, carbon and nitrogen contents per area,
the products of mass-based contents and M,, were both
greater at elevated [CO,] (Table 1).

Leaf photosynthetic characteristics under different growth
[CO,] treatments

Net assimilation rate measured at the growth light
intensity of 500 ymol m 2 s™! and growth leaf temper-
ature of 30 °C was similar among the treatments when
measured under the same ambient [CO,], either at
380 umol mol ' or at 780 umol mol' (Fig. 3a) with
the trend of greater net assimilation rates in elevated-
[CO;l-grown plants (P =0.06 for the difference
between the treatments at 380 ymol mol 1. The
enhancement of net assimilation rate by increasing
measurement CO, concentration from 380 to
780 umol mol~! was not statistically different (P = 0.2)
among the ambient-[CO,]-grown (on average + SE of
1.829 + 0.036 fold increase) and elevated-[CO,]-grown
plants (1.71 + 0.10 fold increase).

Farquhar ef al. (1980) model parameters, the maxi-
mum carboxylase activity of Rubisco (Vmax), and the
capacity for photosynthetic electron transport (Jmax) per
unit area, were both larger in elevated-[CO,]-grown
plants, demonstrating greater foliage biochemical
photosynthesis potentials (Table 2a, Fig. 4a). However,
the mass-based Vi pax (mean + SE = 1.37 + 0.11 umol
g’1 s~! for ambient- and 1.14 = 0.08 ymol g’1 s~! for
elevated-[CO,]-grown plants) and [max (2.62 = 0.24
umol g’1 s~! for ambient- and 2.12 + 0.13 gmol g’l st
for elevated-[CO,]-grown plants) were not significantly
different among the treatments (P > 0.08). Thus, the



3430 Z.SUN etal.

Table 1 Effects of plant growth CO, environment, ambient (380 ymol mol ™) vs. elevated (780 umol mol™') on average + SE
values of leaf morphological, chemical, and anatomical traits”

Treatment
Trait Ambient Elevated Pt
Dry to fresh mass ratio (DF, %) 23.1+1.0 27.10 = 0.34 0.009
Leaf dry mass per unit area (M, g m~2) 28.8 0.6 38.6 +0.8 <0.001
Leaf carbon content per dry mass (Cy, %) 374 + 0.6 392 +12 0.07
Leaf carbon content per leaf area (Ca, g m™2) 10.76 + 0.30 1491 + 0.36 <0.001
Nitrogen content per dry mass (Ny;, %) 4.21 + 0.08 3.36 + 0.05 <0.001
Nitrogen content per leaf area (N4, g m~?) 1.211 + 0.019 1.295 + 0.026 0.04
Leaf thickness (ym) 138.0 £3.1 160.1 £ 2.9 <0.001
Mesophyll thickness (um) 1132 3.0 137.0 = 2.8 <0.001
Chloroplast number per 100 um? cell area (1) 227 £ 0.11 294 +0.11 <0.001
Chloroplast area from cell area (%) 209 +23 284 +24 0.03
Percentage chloroplast area covered by starch granules (%) 35542 542 £45 <0.001
Surface area of chloroplasts exposed to intercellular 114 +£08 13.7 £ 0.8 0.04
air space per leaf area (S./S, m* m~?)
Surface area of mesophyll cells exposed to intercellular air 173+ 08 20.6 + 0.8 0.005
space per leaf area (S,,/S, m* m?)
Chloroplast to mesophyll exposed surface area ratio 0.650 =+ 0.020 0.661 + 0.020 0.8
(Se/Smy m* m™?)
*Data are mean + SE of four independent samples (trees).
§Means were compared using ANOVA.
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Fig. 3 Effects of growth and measurement CO, environments on net assimilation rate (a), isoprene emission rate (b), DMADP pool size
(c), and the rate constant of the IspS reaction (d) in hybrid aspen leaves. All measurements were conducted under growth leaf tempera-
ture of 30 °C, and growth light intensity of 500 umol m2s Capital letters denote growth CO, concentration, A for the ambient CO,
concentration of 380 ymol mol~' and E for elevated CO, concentration of 780 gmol mol~". The values in parentheses correspond to
measurement CO, concentration (umol mol ). Data are averages (= SE) of 8-10 replicate leaves. Averages with different letters are sig-
nificantly different at P < 0.05 (anova followed by Tukey’s test for treatment differences and paired samples t-tests for differences
among CO, measurement concentrations within treatments).
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Table 2 Average + SE characteristics of net assimilation (A) and isoprene emission rate (I) vs. intercellular CO, concentration (C;)
response curves: parameters of the Farquhar et al. (1980) photosynthesis model (a) and characteristics derived from empirical fits of
Ivs. C; (b, Fig. 2c)

Treatment
Characteristic Ambient Elevated P
(a): Photosynthetic characteristics
Maximum carboxylase activity of Rubisco (Vmax, #mol m2s) 393 £2.0 448 + 1.6 0.03
Capacity for photosynthetic electron transport (Jyax, mol m=2 s™') 70.1 £2.7 87 +£6 0.02
Jmax/ Vemax (umol electrons (umol CO,) ™) 1.80 + 0.06 1.96 + 0.07 0.08
Mitochondrial respiration rate (Rq, pmol m2s7") 0.65 = 0.09 0.52 + 0.07 0.2
(b): Isoprene emission characteristics
Intercellular CO, concentration for maximum isoprene emission 154533 96 +5 <0.001
rate (Fig. 2¢, Cj max, #mol mol 1)
Isoprene emission rate at Ci max (Imax,ci, nmol m2s) 21.9 £ 2.0 28.1 +3.4 0.02
Isoprene emission rate at C; = 300 umol mol ! (Icizgo, nmol m™2 5771 174 £ 1.1 14.0 £ 1.0 0.002
Isoprene emission rate at C; = 500 umol mol ™" (I¢izo, nmol m™2 s77) 13.2 £ 0.9 10.0 £ 0.8 0.009

The measurements were conducted at an incident quantum flux density of 500 ymol m~>

replicates at each treatment. Means were compared using ANOVA.

s'. Data are averages = SE of 8-10
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Fig. 4 Simulated net assimilation (a, b) and isoprene emission rate (c, d) responses to intercellular CO, concentration (a, ¢) and to quan-
tum flux density (b, d) in hybrid aspen plants grown under ambient (380 umol mol !, solid lines) and elevated (780 pmol mol !,
dashed lines) CO, concentrations based on the mean fitted parameters (Tables 2 and 3). In the simulations, leaf temperature was set to
growth leaf temperature of 30 °C, and the CO, responses were simulated at growth light intensity of 500 umol m 25!, and the light
responses at measurement CO, concentrations of 380 umol mol " (thick lines) and 780 umol mol " (thin lines).

enhancement of area-based photosynthetic potentials,
the products of mass-based potentials and leaf dry mass
per unit area, mainly reflected enhanced foliage struc-
tural development under high growth CO, (Table 1).
Important differences in the light response curve
parameters (Eqns (1) and (2)) were observed across the
treatments. In particular, elevated-[CO,]-grown plants
had significantly higher initial quantum yield for CO,
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at the measurement [CO,] of 380 ymol mol ™~ (Table 3a,
Fig. 4b), and greater quantum yield for photosynthetic
electron transport (Eqn (2)) at both measurement CO,
concentrations (Table 3a). However, ambient-[CO;]-
grown plants had greater curvature at both measure-
ment CO, concentrations (Table 3a), and the light-satu-
rated value of net assimilation rate (Ap,,,) was similar
among the [CO,] treatments, although with the trend of
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Table 3 Average + SE parameters of net assimilation (a) and isoprene emission (b) rate vs. light (Q) response curves in plants
grown under ambient and elevated [CO,] and measured at two different CO, concentrations

Treatment (measurement CO, concentration, pmol mol b

Characteristic Ambient (380) Ambient (780) Elevated (380) Elevated (780)
(a): Parameters of net assimilation (A) vs. light
response (Eqns (1) and (2))

Light-saturated A (Amay, pmol m 2 s7") 7.1 +0.9° 14.5 + 1.4 103 + 1.1%° 17.8 + 1.4

Initial quantum yield for CO, (®, mol mol ")
Initial quantum yield for photosynthetic electron
transport (®;, mol mol ™)

0.0441 + 0.0038"
0.272 + 0.019°

0.0560 + 0.0019°
0.341 + 0.012°

0.0547 + 0.0023"
0.271 + 0.011°

0.0633 + 0.0030°
0.316 + 0.015"

Dark respiration rate (Rqx, pmol m 25 0.63 + 0.17* 0.38 + 0.18* 0.84 + 0.17° 0.52 + 0.16™
Curvature (k) 0.67 + 0.05° 0.64 + 0.07° 0.49 + 0.05° 047 + 0.06°
(b): Parameters of isoprene emission (I) vs.
light response (Eqns (3) and (4))
Light-saturated I (I;axq nmol m 2 s~ 25.8 +2.0° 226+ 1.7 385 + 3.2° 35.8 +2.9°
Tat Q = 1000 (Ig1000, nmol m~2 s 23.8 + 2.3° 19.8 + 1.7° 30.0 + 2.6° 242 + 3.0%
Tmax0/Tot000 (C1) 1.101 = 0.021° 1.31 + 0.06" 1152 + 0.019°° 140 = 0.07°

Apparent quantum yield (2, m? s umol ")
True quantum yield (e, mmol mol ™)
Ratio o/ ®; (mmol mol 1)

0.00282 + 0.00021¢
0.063 + 0.005¢
0.259 + 0.029¢

0.00157 + 0.00014° 0.00109 =+ 0.00011*
0.050 + 0.005°  0.02922 + 0.0046"
0.149 + 0.019° 0.099 + 0.011*

0.00204 + 0.00026"
0.0372 + 0.0034°®
0.154 + 0.017°

Data are means + SE of 8-10 independent replicates. The means followed by different letters are significantly different at P < 0.05
(aNova followed by Tukey’s test for treatment differences and paired samples t-tests for differences among measurement CO,

concentrations within treatment).

higher rate at elevated-[CO,]-grown plants (Fig. 4b,
Table 3a, P = 0.06 for the comparison of A,a.x measure-
ments at 380 umol mol™" and P = 0.09 for the compari-
son at 780 umol mol ™).

CO, treatment effects on isoprene emission, DMADP
pool size and isoprene synthase rate constant under
growth conditions

Growth [CO,] did not significantly alter isoprene
emission rates at the growth light intensity of
500 ymol m 25! and growth leaf temperature of
30 °C either at measurement [CO,] of 380 gmol mol ™"
or 780 umol mol ™! (Fig. 3b). However, the inhibition of
isoprene release by increasing measurement [CO,] was
significantly greater (P =0.03) for elevated-[CO,]-
grown plants (on average + SE of 0.58 + 0.05 fold
reduction of isoprene release by increasing measure-
ment CO, concentration from 380 to 780 umol mol )
than that in ambient-[CO,]-grown plants (0.76 + 0.05
fold reduction) assessed under growth light and
temperature.

Chloroplastic DMADP pool was overall lower in
plants grown under elevated [CO,], and within the
treatments, the pool was lower under measurement
[CO,] of 780 pumol mol " relative to the measurements
under 380 zmol mol ' (Fig. 3c). Isoprene synthase rate
constant (K) that characterizes the isoprene synthase
(IspS) activity, did not depend on measurement [CO,],

but growth under elevated [CO,] resulted in greater
IspS activity (Fig. 3d).

Isoprene emission rate was positively correlated with
DMADP pool size for plants grown both under ele-
vated and ambient [CO,], but the slope of this relation-
ship was greater for plants grown under elevated [CO,]
(Fig. 5, P <0.001). In elevated-[CO,]-grown plants,
isoprene emission rate was positively correlated with K
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O Ambient (780)
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Fig. 5 Correlations of leaf isoprene emission rate with

DMADP pool size in hybrid aspen plants under different
growth CO, concentrations of 380 umol mol~! (ambient) and
780 pmol mol ™' (elevated) and measurement CO, conditions
(380 vs. 780 umol mol ). All measurements were conducted at
growth leaf temperature of 30 °C and growth quantum flux
density at 500 ymol m™? s~". Data were fitted separately for
different CO, growth environments by linear regressions.
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(=041, P<0.01 for measurements at [CO,] of
380 umol mol ! and 780 gmol mol ! pooled), but I did
not correlate with K for plants grown under ambient
[CO,] P = 0.11, P > 0.2). Nevertheless, for all data
pooled, I was correlated positively with both the
DMADP pool size and K (P < 0.01 for both variables).
According to multiple regression analyses, both
DMADP and K significantly affected I in ambient-
[COsl-grown (% = 0.77, P < 0.001) and elevated-[CO,]-
grown plants ? = 0.83, P < 0.001).

CO, response curves of isoprene emission in relation to
growth [CO,]

Analysis of isoprene emission rate (I) vs. intercellular
CO; (C)) response curves (Fig. 2c) demonstrated that the
maximum isoprene emission rate (Iyayci) was higher in
elevated-[CO,J]-grown plants (Table 2b, Fig. 4c). Further-
more, the shape of I vs. C; was importantly affected by
plant growth CO, concentration (Table 2b, Fig. 4c). In
particular, the C; corresponding t0 Imaxci (Cimax Fig. 20)
was significantly lower in elevated-[CO]-grown plants
(Fig. 2¢, 4c and Table 2b). Despite higher Iy c;, the shift
in Cimax implied that after reaching the same emission
value at ca. C; = 150 umol mol’l, the emission rate of
elevated-[CO,]-grown plants tended to be somewhat
lower at higher CO, concentrations (Fig. 4c, Table 2b
for comparisons of the emission rates predicted
according to the fitted empirical model (Fig. 2c) at
C; =300 umol mol ™" and 500 gmol mol ™).

The values of C;max Were negatively correlated with
the ratio of Iaxci to the emission rate measured at
chamber CO, concentration of 380 gmol mol™" (Inay.ci/
I350) and positively with the DMADP pool size (Fig. 6).
Although the correlation between Ci max and Imax,ci/Iaso
was not significant for ambient-[CO,]-grown plants
where the range of variation was small, the regression
was highly significant when data from both ambient
and elevated CO, were pooled #? =0.90, P < 0.001).

3433

Modification of light responses of isoprene emission by
growth [CO,]

Light-response curves further demonstrated important
differences in isoprene emission characteristics among
the treatments. The light-saturated isoprene emission
rate, Imax,o, Was greater under both measurement CO,
concentrations of 380 and 780 ymol mol™' in plants
grown under elevated [CO,] (Table 3b, Fig. 4d). As iso-
prene emission rates at the growth light intensity of
500 gmol m~2 s~! did not differ at given measurement
CO, concentration among ambient- and elevated-
[CO,l-grown plants (Fig. 3b), this suggests a cross-over
of emission light responses at greater light. Such cross-
over was observed typically at light intensities between
500 and 700 pmol m~2 s ! (Fig. 4d).

Similarly to foliage biochemical potentials, the treat-
ment differences in area-based I..o values were
importantly driven by treatment effects on leaf dry
mass per unit area (Table 1). Mass-based Ihaxo Values
were not statistically different among the treatments
under both measurement CO, concentrations (data not
shown, P > 0.2).

The “true” quantum yield of isoprene emission, or,
did not differ statistically among the treatments at both
measurement CO, concentrations (Table 3b). However,
the ratio of the quantum yields for isoprene emission
and photosynthetic electron transport, ar/®), was less
in elevated-[CO,]-grown plants under both measure-
ment CO, concentrations (Table 3b), indicating reduced
efficiency for use of photosynthetic electron transport
in isoprene emission.

Measurement CO, concentration did not alter Iax 0,
but ar and ar/®; were less under measurement [CO,]
of 780 ymol mol ! than under 380 gmol mol ! in both
treatments. Iiwaxo and or were positively correlated in
three out of the four treatment x measurement [CO,]
combinations (Fig. 7). Co-variation analyses (ANCOVA)
indicated no differences in the slope of this relation-
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Fig. 6 Dependencies of the intercellular CO, concentration (C;) for maximum isoprene emission rate (Imax,ci) on (a) the ratio of Imaxci
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cant regression for ambient-[CO,]-grown plants in (a)).

Data were fitted by linear regressions (P > 0.2 for the non-signifi-
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Fig. 7 Correlation between the light-saturated isoprene emis-
sion rate, I;max,o, and the true quantum yield for isoprene emis-
sion, or, in hybrid aspen plants grown either at CO,
concentration of 380 ymol mol~" or 780 umol mol ' and mea-
sured both at 380 umol mol~! (A380 for ambient-[CO,]-grown
and E380 for elevated-[CO,]-grown plants) and 780 umol mol~!
(A780 and E780). Data were fitted by linear regressions:
=075 P <0001 for A380; ¥=0.11, P>03 for A780;
=071, P <0.001 for E380 and r* =059, P < 0.01 for E780.
Symbols as in Fig. 5.

ship, but the intercept was significantly less for ambi-
ent-[CO,]-grown plants measured at 380 pmol mol ™!
than in the rest of the treatments (P < 0.01), and the
intercept was significantly less for elevated-[CO,]-
grown plants measured at 380 umol mol™' than at
780 umol mol ™! (P < 0.05), indicating lower Inaxo
achieved at given or for these treatment x measurement
[CO,] combinations (Fig. 7).

The Guenther ef al. (1993, 2006) model parameter, the
apparent quantum yield, o = a1/Imaxo, Was less in ele-
vated-[CO,]-grown plants in both treatments (Table 3b),
and the isoprene emission factor (Ig1900) Was greater in
elevated-[CO,]-grown plants measured at [CO,] of
380 umol mol~". The parameters o, and Igi000 decreased
and the parameter C;_ increased with increasing the mea-
surement [CO,] in both treatments (Table 3b), indicating
that light-saturation of isoprene emission occurred at
progressively higher light intensities (Fig. 4d).

Discussion

Structural, chemical, and photosynthetic adaptation to
growth CO, environment

In our study, growth under elevated [CO,] resulted in
greater leaf dry mass per unit area and leaf thickness
and overall more developed mesophyll with greater
exposed mesophyll cell wall and chloroplast surface
area (Table 1). Higher leaf thickness and more struc-
tured mesophyll under elevated [CO,] has been

observed in several other studies (e.g. Sims et al., 1998a,
b; Miyazawa et al., 2011), and has been interpreted
as enhanced supply of carbon for leaf construction,
so-called morphological “upregulation” (Luo et al.,
1997). However, elevated [CO,] often results in “exces-
sive”, unbalanced, carbon supply, reflected in extensive
accumulation of starch and soluble carbohydrates, and
in stronger N limitation for construction of photosyn-
thetic machinery, leading to reduced foliage N content
and decreased photosynthetic capacity, known as
“downregulation of photosynthesis” (Luo et al., 1997;
Curtis & Wang, 1998; Long et al., 2004; Nowak et al.,
2004; Johnson, 2006). Yet, the downregulation strongly
depends on nutrient availability, and under optimum
supply of nutrients, photosynthetic capacity may even
increase under elevated [CO,] “filling up” the meso-
phyll framework (Curtis, 1996; Luo et al., 1997; Curtis &
Wang, 1998). In our study, starch accumulation was lar-
ger under elevated [CO,], and this was associated with
decreased N content per dry mass (Table 1). However,
N content per area actually increased under elevated
[CO,] (Table 1) and this resulted in enhanced photo-
synthetic capacity (Table 2) and greater quantum yield
of photosynthesis and photosynthetic electron transport
for incident light (Table 3). Furthermore, foliage photo-
synthetic potentials, Jmax and Vemax per unit dry mass
were not affected by growth CO, concentration. Thus,
this evidence collectively indicates that no downregula-
tion of photosynthesis occurred in hybrid aspen plants
maintained under high nutrient supply in our study.

Effects of growth CO; on isoprene emission capacity

Under the plant growth conditions of moderately high
light of 500 umol m2s! and leaf temperature of
30 °C, growth [CO,] did not significantly affect
isoprene emission rate (Fig. 3b). Furthermore, at CO,
concentration yielding maximum isoprene emission
rate (Fig. 2¢c, Fig. 4c, Table 2b) and at light saturation
(Table 3b, Fig. 4d), isoprene emission rate was greater
in elevated-[CO,]-grown plants than in ambient-
[CO,l-grown plants, indicating enhanced capacity for
isoprene emission. This result is in contrast to several
previous observations showing reduced emission capac-
ity under elevated compared with ambient [CO,], but
the results of our study agree with a number of past
findings of either no significant change or even increased
emissions (see Introduction for pertinent references).
What is common with the studies exhibiting unal-
tered or enhanced isoprene emission capacity under
elevated growth [CO,]? In these studies, photosynthetic
capacity (light-saturated net assimilation rate standard-
ized to a common C;, or Farquhar et al. (1980) model
parameters Vimax and Jmay) was not affected by ele-
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vated [CO,] or was even “upregulated” in elevated-
[CO;l-grown plants (our study, Darbah et al., 2010;
Rapparini et al., 2004; Staudt ef al., 2001; Loreto et al.,
2001a; Calfapietra et al., 2007, 2008; Sharkey et al., 1991;
Brilli et al., 2007b). In contrast, in all studies reporting
reduced isoprene emissions under elevated [CO,], there
was also downregulation in photosynthetic capacity
(Darbah et al., 2010 one aspen clone); (Possell et al.,
2004; Scholefield et al., 2004; Monson et al., 2007; Possell
& Hewitt, 2009, 2011; Velikova et al., 2009; Wilkinson
et al., 2009). To our knowledge, the only exception is
the study of Sharkey et al. (1991) where the reduction in
isoprene emission capacity in elevated-[CO,]-grown
aspen was associated with constant photosynthetic
capacity.

The association of downregulations in photosynthetic
and isoprene emission potentials does not necessarily
imply a direct cause/effect linkage between the capaci-
ties for photosynthesis and isoprene emission. How-
ever, it may still suggest that similar controls operate
on both processes. Such a common control can be the
availability of key limiting nutrients such as N for pro-
tein synthesis that could ultimately drive modifications
in enzymatic capacities for both photosynthesis and iso-
prene emission, thereby providing an explanation for
the study-to-study variations in isoprene emissions
under elevated [CO,]. This suggestion is partly sup-
ported by the study of Possell et al. (2004) where fertil-
ization reduced depression of isoprene emissions
under elevated [CO,], although the fertilization in this
study was not enough to avoid downregulations of
photosynthesis and isoprene emission.

Analysis of growth CO, effects on immediate iso-
prene precursor, dimethylallyldiphosphate (DMADP),
and isoprene synthase activity allowed gaining insight
into modifications in partial limitations of isoprene
emissions. Although isoprene emission rates were not
different among [CO,] treatments at growth light inten-
sity (Fig. 3b), this constancy was associated with major
changes at cellular level. In particular, elevation of
growth [CO,] resulted in reduced DMADP pool size
(Fig. 30), but this was compensated by increases in iso-
prene synthase activity (Fig. 3d, Fig. 5). So far, few
studies have analyzed changes in DMADP pool size
vis-a-vis changes in isoprene synthase activity in plants
grown under different CO, concentrations. In the study
of Scholefield et al. (2004), reduced isoprene emission
of Phragmites australis at the bottom of the CO, vent
relative to the edge was associated with decreased
isoprene synthase activity. However, no change in
isoprene synthase activity at elevated [CO,] was found
in Populus tremuloides (Calfapietra et al., 2007). In
another study, Calfapietra et al. (2008) demonstrated
reduced DMADP content in elevated-[CO,]-grown P.
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tremuloides, but similar isoprene emission rate, suggest-
ing enhancement of isoprene synthase activity, concur-
ring with our observations in hybrid aspen. In Possell
& Hewitt (2011) reduced isoprene emission capacity in
Acacia nigrescens was associated with both decreased
DMADP pool size and isoprene synthase activity. In
common with all these observations is that when the
reduction in synthase activities has been observed,
there was also downregulation of photosynthetic capac-
ity, possibly reflecting nutrient limitations under ele-
vated [CO,]. Differently from synthase activities, the
reduction in substrate pool size in elevated-[CO,]-
grown plants seems to be a common phenomenon
independent of what happens with synthase activity or
photosynthetic metabolism under elevated [CO,].

Why is isoprene release limited more strongly by
DMADP pool size in elevated-[CO,]-grown plants?

Overall, the evidence in this study suggests that growth
under elevated [CO,] resulted in greater limitation of
isoprene emission by DMADP pool size than in plants
grown under ambient [CO,]. What can be responsible
for lower chloroplastic DMADP pool size in elevated-
[CO;l-grown plants? There is still a debate over the
origin of the intermediates for 1-deoxy-D-xylulose-phos-
phate/2-C-methylerythritol 5-phosphate (DOXP/MEP)
pathway (Schnitzler et al., 2004; Sharkey et al., 2008;
Monson et al., 2009). Although glyceraldehyde-3-phos-
phate (GAP) under non-stressed conditions is consid-
ered to come directly from photosynthesis, until
recently, chloroplasts were considered not to be capable
of pyruvate (Pyr) formation. Thus, a necessary transport
step of Pyr precursor, phosphoenolpyruvate (PEP), from
cytosol into chloroplasts by PEP transporter has been
postulated (Rosenstiel et al., 2003; Monson et al., 2009).
Cytosolic PEP availability was suggested to be con-
trolled by PEP carboxylase activity, that was supposedly
more active under high [CO,], limiting more strongly
PEP transport into chloroplasts, and thereby ultimately
chloroplastic DMADP pool size (Rosenstiel et al., 2003;
Monson et al., 2009; Wilkinson et al., 2009).

Labeling experiments do demonstrate that recently
assimilated '°C in isoprene can be traced back to both
GAP and Pyr (Karl et al., 2002; Trowbridge et al., 2012).
However, the key problem in quantitatively considering
the role of cytosolic PEP in reduced isoprene emissions
under elevated [CO,] is overall lack of information
on cytosolic PEP carboxylase kinetic characteristics in
isoprene-emitting species. Furthermore, the evidence of
growth CO; effects on PEP carboxylase activity is contro-
versial. To our knowledge, only Possell & Hewitt (2011)
have demonstrated enhanced PEP carboxylase activity
under higher growth [CO,] coupled to reduced isoprene
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emission. In contrast, despite the reduction in isoprene
emission rate under elevated [CO,], Velikova et al. (2009)
observed either no changes or reduced PEP carboxylase
activity in different-aged leaves. Furthermore, increased
PEP carboxylase activity, but constant isoprene emission
under elevated [CO,] has also been reported, with a
reverse correlation between PEP carboxylase activity
and isoprene emission rate observed only under ozone
stress across the CO, treatments (Loreto et al., 2007). In
the labeling experiments of Trowbridge et al. (2012) with
Populus x canescens, isoprene labeling kinetics were simi-
lar in both the plants grown under ambient and elevated
[CO,]. Only in plants under sub-ambient [CO,], with
heavily suppressed photosynthesis, there was evidence
of greater contribution of cytosolic pyruvate to isoprene
(Trowbridge et al., 2012). The role of PEP carboxylase
must also be reconsidered in light of evidence of wide-
spread occurrence of a plastidial pyruvate transporter in
plant kingdom, indicating that when needed, Pyr rather
than PEP might be transported into chloroplasts (Furum-
oto et al., 2011). Overall, the existing evidence collec-
tively does not yet provide conclusive insight into the
role of PEP carboxylase in regulation of isoprene
emission in elevated-[CO,]-grown plants.

On the other hand, presence of two key enzymes,
phosphoglyceromutase and enolase has been recently
detected in chloroplasts (Joyard et al., 2010; Bayer et al.,
2011), implying that chloroplasts are in principle capa-
ble of synthesizing pyruvate, and that an obligatory
cytosolic step of isoprene synthesis might not be neces-
sary. In fact, early experiments of Sanadze and col-
leagues with isolated chloroplasts have demonstrated
that cytosolic steps are not mandatory for high isoprene
emission rates (Sanadze & Dzhaiani, 1972; Mgalobilish-
vili ef al., 1978). Thus, modifications in DMADP pool
size may reflect alterations in chloroplastic processes.
In particular, we suggest that the reduction in DMADP
can result from the following: 1) overall low capacity of
DOXP/MEP enzymes upstream of isoprene synthase
such that the DMADP pool size is maintained low; 2)
low energy status of chloroplasts limiting DMADP
synthesis, and 3) competition of isoprene synthesis for
DMADP by other key metabolic pathways.

Regarding the hypothesis of overall lower capacity
of DOXP/MEP pathway in leaves developed under
elevated [CO,], enhanced isoprene emissions at
[CO,] optimum of isoprene emission (Fig. 2c, Fig. 4c,
Table 2b) and under light saturation and (Table 3b,
Fig. 4d) conclusively demonstrate that high DMADP
pools can be reached in chloroplasts in elevated-[CO,]-
grown plants, suggesting that the DMADP formation
capacity is not inherently low in elevated-[CO,]-grown
plants. As both the conditions of low [CO,] and high
light are associated with enhanced leaf ATP status

(Rasulov et al., 2009b, 2011), low ATP concentration
may limit DMADP synthesis. Reduced ATP level can
commonly occur in high [CO,] as a result of inorganic
phosphate sequestration into intermediates of Calvin
cycle, thereby inhibiting ATP synthesis, known as feed-
back-limited photosynthesis (Sharkey & Vanderveer,
1989; Socias et al., 1993). Such a possible limitation of
DMADP synthesis should not be strictly interpreted as
lack of ATP per se, as the overall requirement for ener-
getic and reductive equivalents for isoprene synthesis
is small compared with CO, assimilation, typically
1-2% of total electron flow (Niinemets et al., 1999;
Niinemets, 2004). Rather, reduction of DMADP synthe-
sis under conditions of reduced ATP synthesis should
reflect the low effective Michaelis-Menten constant for
ATP of the DOXP/MEP pathway (Rasulov et al., 2009b,
2011). However, the data in our study do not support
the hypothesis of low energy status as an explanation
of low DMADP pool size in elevated-[CO,l-grown
plants. In fact, the quantum yields for net assimilation
and photosynthetic electron transport were actually
higher in elevated-[CO,]-grown plants (Table 3a).
The ratio of quantum yields of isoprene emission to
photosynthetic electron transport was smaller in ele-
vated-[CO,]-grown plants, suggesting lower efficiency
of conversion of available electrons into isoprene.
Finally, competition for DMADP by other chloroplas-
tic metabolic pathways can provide an alternative expla-
nation for reduced DMADP pool size under elevated
[CO,]. Apart from isoprene, chloroplastic DMADP is
used for synthesis of a number of essential isoprenoids,
including carotenoids and the phytyl chain of chloro-
phylls, as well as for plastoquinone, and gibberellins (Pi-
chersky & Gershenzon, 2002; Laule et al, 2003;
Lichtenthaler, 2009). Given the overall greater photosyn-
thetic activity with no downregulation, greater demand
for “essential” isoprenoids for construction of photosyn-
thetic machinery and/or its turnover and/or for plant
growth in elevated-[CO,]-grown plants is plausible. On
the other hand, enhanced rate of isoprene emission due
to greater enzymatic capacity under stress such as heat
stress (Darbah et al., 2010) or under enhanced quantum
flux densities (Table 3b) potentially resulting in photoxi-
dative stress for prolonged exposures (Osmond et al.,
1999) may suggest that the enhanced isoprene synthase
activity is adaptive under elevated [CO,]. Also, mainte-
nance of high isoprene emission capacity will keep
DOXP/MEP pathway active for periods when “essen-
tial” isoprenoid demand is less, e.g. during stress,
thereby providing a means for more rapid onset of
“essential” isoprenoid synthesis when needed, e.g. after
stress during intensive repair and during intensive pho-
tosynthesis and growth (Owen & Pefiuelas, 2005; Pefiue-
las & Munné-Bosch, 2005). Thus, high emission capacity
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can be a means to support construction and maintenance
of the higher capacity photosynthetic machinery in ele-
vated-[CO,]-grown plants.

CO,-responsiveness of isoprene emission in relation to
growth [CO,]

So far, very few studies have investigated the full CO,
response curve of isoprene emission (Loreto & Sharkey,
1990; Rasulov et al., 2009b). Wilkinson et al. (2009)
reported truncated CO, response curves of isoprene
emission from C; of ca. 200-900 umol mol ! such that
the declining part of the emission response curve below
C; of 200 umol mol ' (e.g. Fig. 2¢) could not be exam-
ined. They fitted the CO, responses empirically using a
shape of the curve derived from a model that assumed
limited PEP transport into chloroplasts due to increased
PEP carboxylase activity at higher [CO,] (Wilkinson
et al.,, 2009). No change in the shape of the emission
response curve between the plants grown at 400 and
600 yumol mol~' was observed over the measurement
[CO,] range (Wilkinson et al., 2009). However, plants
grown at CO, concentrations of 800 and
1200 gmol mol ! were characterized by lower CO,-
responsiveness, implying higher emission rates at higher
measurement [CO,] compared with the rates measured
at C; =400 umol mol 1 (Wilkinson et al., 2009). This
contrasts with the results in our study, where the CO,-
responsiveness was actually greater in elevated-[CO,]-
grown plants (Fig. 2b, Fig. 4c, Table 2b).

However, in the study of Wilkinson et al. (2009), the
overall CO,-responsiveness was small, 20-25% for the
studied [CO,] range of 200-900 pmol mol ™!, and actu-
ally much less than the sigmoidal response predicted
by their model. Low CO,-responsiveness has also been
observed in the study of Li et al. (2011) in Quercus
robur. In our study, the CO,-responsivenss was much
bigger, twofold to threefold for the corresponding
range of C; of 200-900 umol mol™" (Fig. 4c). Analo-
gous strong CO,-sensitivity has been previously
reported for Quercus rubra (Loreto & Sharkey, 1990).
These study-to-study differences in the emission sensi-
tivity to instantaneous modifications in [CO,] are
currently not understood.

What can be responsible for the growth [CO,]-driven
changes in the optimum CO, concentration for maxi-
mum isoprene emission (Cimax) (Table 2b)? Previous
studies have conclusively demonstrated that the carbon
requirement for maximum isoprene emission is small
(Loreto & Sharkey, 1993; Rasulov et al., 2009b), and that
photosynthetic carbon sources can be replaced by chlo-
roplastic reserves such as starch or rely on carbon export
from cytosol under conditions inhibiting photosynthesis
(Karl et al., 2002; Wolfertz et al., 2003). Nevertheless,
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DMADP synthesis requires ATP and reductive equiva-
lents, and at lower [CO,], typically below the CO, com-
pensation point, photosynthetic electron transport rate,
and ATP synthesis become strongly inhibited due to lack
of electron acceptors (Miyake et al., 2005; Kiirats et al.,
2009), most likely explaining the reduction of isoprene
emission rate below C; max (Rasulov et al., 2009b). On the
other hand, elevated-[CO,]-grown plants typically are
characterized by higher capacity for starch synthesis and
starch accumulation (Ludewig et al., 1998; Heinekeet al.,
1999), mainly resulting from greater activity of ADP-glu-
cose pyrophosphorylase that is positively regulated by
3-PGA (Gibson et al., 2011). Activation of starch synthe-
sis as soon as 3-PGA pool builds up in leaves conducting
positive photosynthesis typically also results in suppres-
sion of chloroplastic phosphate level (Sharkey & Van-
derveer, 1989). Thus, greater activity of starch synthesis
in elevated-[CO,]-grown plants may explain faster
reduction of DMADP level with increasing [CO,l. This
together with overall greater isoprene synthase activity
(Fig. 3d), may explain the greater isoprene emission rate
at Ci max, and shifting optimum C; nax. This reasoning is
supported by positive correlations between C; .y and
DMADP pool size (Fig. 6b). Furthermore, close to uni-
form negative correlation between C; max and the ratio of
Imaxci to Isgo (Fig. 6a) suggests that the higher is the
capacity for isoprene emission relative to DMADP pool
size, the earlier isoprene emission rate starts to decrease
with increasing CO, concentration. Clearly, more active
supply of DOX/MEP pathway intermediates from cyto-
sol in elevated-[CO,]-grown plants can also play a role,
but so far such a possibility is not supported by available
evidence from labeling experiments (Trowbridge et al.,
2012).

From an ecological perspective, greater emission
capacity in plants grown under high [CO,] can imply
greater isoprene emissions under conditions suppress-
ing stomatal openness and reducing intercellular CO,
concentration. Such amplified emissions have occasion-
ally been observed in elevated-[CO,]-grown plants
under different stresses. In aspen, heat stress accompa-
nied by low vapor pressure deficits and stomatal clo-
sure almost cancelled out the negative effect of elevated
[CO,] on isoprene emissions (Darbah et al., 2010). In
Populus deltoides, soil drought resulted in complete
abolishment of high [CO;]-caused reductions in
isoprene emissions both at leaf (Pegoraro et al., 2004)
and ecosystem level (Pegoraro et al., 2005). Thus, hav-
ing higher emission capacity can allow for enhanced
emissions under stress when the need for antioxidative
defenses is greatest. Such rapid modifications in emis-
sion rate can be particularly relevant for recurrent
stresses such as reductions in intercellular CO, concen-
tration due to mid-day stomatal closure or short-term
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soil water limitations. In line with this hypothesis, a sig-
nificant negative correlation between isoprene emission
rate and intercellular CO, concentration has been
observed across poplar genotypes sampled during a
typical hot Mediterranean summer (Guidolotti et al.,
2011). However, we note that enhanced long-term
drought results in reduction in isoprene emission
capacity as well, strongly reducing plant isoprene emis-
sion rate (Brilli et al., 2007a; Fortunati et al., 2008). This
may mean that the ecological significance of enhanced
emission potential becomes less under severe drought.

Modification of light response curves of isoprene emission
by instantaneous and growth [CO,]

A key result of our study is that the quantum yield of
isoprene emission, or, depends on measurement [CO,],
being less at higher [CO,] (Table 3b, Fig. 4d). This
implies that light-saturation is reached at progressively
higher light intensities with increasing [CO,]. This
effect of CO, on light responsiveness of isoprene emis-
sion likely reflects the reduction of DMADP pool size
by increased [CO,] (Rasulov et al., 2009b) that can be
compensated by increased light level, speeding up
DMADP synthesis likely through increased chloroplas-
tic ATP concentration.

Differently from photosynthesis, where quantum
yield for absorbed light is independent of photosyn-
thetic capacity (Ehleringer & Bjorkman, 1977), we
observed that «r and the light-saturated isoprene emis-
sion rate, Imax,o, Were positively correlated (Fig. 7). Few
studies have investigated acclimation in o and Imaxo
simultaneously under different conditions. However,
upon acclimation to higher light in the canopy, analo-
gous increase of or with I .y occurred in Liquidambar
styraciflua (recalculated from Harley et al., 1996) and
in Quercus alba at higher temperatures (Harley et al.,
1997), indicating that ot cannot generally be considered
independent of Iax o

Previously, it has been suggested that the light
response curves of isoprene emission are entirely dri-
ven by changes in DMADP pool size (Rasulov et al.,
2009a,b). The strong coupling between DMADP pool
size and isoprene emission has been explained by high
in vivo Michaelis-Menten constant of isoprene synthase
such that the emission rate increases linearly with
DMADP under DMADP-limited conditions (Rasulov
et al., 2009a,b). However, the scaling of ar with Inao
suggests that isoprene synthase activity can impor-
tantly alter the rate of isoprene emission at given
DMADP pool size both under light-limited and light-
saturated conditions, and that the light response of iso-
prene emission, when analyzed across leaves of varying
isoprene synthase activity, is actually a mixed response

determined both by isoprene synthase activity and
DMADP pool size (Fig. 7).

This reasoning can also provide an explanation for
lower or at given Inay o in elevated-[CO,]-grown plants
(Fig. 7). As DMADP pool size is lower in elevated-
[CO,]-grown plants (Fig. 3c), this reduces the initial iso-
prene emission rate at given isoprene emission capacity
(Fig. 4d). However, initially lower DMADP pool size
and greater isoprene synthase activity (Fig. 3c, d) also
result in shifting the light-saturation point of isoprene
emission to higher quantum flux densities, implying
greater light responsiveness of isoprene emission at
intermediate and high quantum flux densities in
elevated-[CO,]-grown plants (Fig. 4d).

As our study demonstrated, under growth condi-
tions, a similar isoprene emission rate was achieved in
ambient- and in elevated-[CO,]-grown plants, but this
was achieved by different combinations of DMADP
pool size and isoprene synthase activity (Fig. 3). The
data further demonstrated that growth CO,-dependent
differences in synthase activity and DMADP pool size
result in major changes in responsiveness of isoprene
emissions to light. This evidence collectively has major
implications for modeling isoprene emissions to current
and future climates.
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Abstract

Isoprene emission is an important trait protecting plants from heat stress, but isoprene
emission is inhibited by instantaneous increase of [CO,], and it is currently unclear how
isoprene-emitting plants cope with future more frequent and severe heat episodes under high
[CO,]. Hybrid aspen (Populus tremula x P. tremuloides) saplings grown under ambient [CO;]
of 380 pmol mol™ and elevated [CO,] of 780 umol mol™ were used to test the hypothesis that
elevated [CO;]-acclimated plants have greater stress resistance by enhanced isoprene
emission rate, and to gain insight into the possible mechanism of regulation of isoprene
emissions during the thermal stress. Elevated-[CO,]-grown plants had higher cells membrane
phase-transition temperature. When leaf temperature was enhanced from 30 °C to 50 °C, net
assimilation rate decreased while isoprene emission rate increased for both growth [CO;]
treatments. However, plants grown under elevated [CO,] had a lower depression of net
assimilation rate coupled with higher isoprene emission rate, in particular when measured
under strong light. There was a linear relationship between the reduction of net assimilation
rate and increase of isoprene rate, but the slope was higher in plants grown under ambient
[CO;] than in plants grown under elevated [CO;]. The inhibition of isoprene emission by
increases in measurement [CO,] disappeared when temperature was enhanced, and isoprene
emission rate was mainly related to plant growth [CO,]. These data indicated greater heat
stress resistance in elevated-[CO;]-grown plants that may reflect enhanced isoprene formation
during stress. We suggest that greater isoprene emission is associated with higher “old”

carbon pools that can be mobilized for isoprene formation upon heat stress.

Keywords: CO, response, elevated [CO,], foliage traits, isoprene emission, heat stress,

regulation of isoprene formation, temperature response
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Introduction

Continuous rise of atmospheric CO, concentration is an important issue in global climate
change (Ainsworth et al., 2005, Luo, 2007). Atmospheric CO, concentrations have increased
from 280 pmol mol” in preindustrial times to the current level of approximately 395 pmol
mol " and [CO,] is predicted to continue to rise to as much as 700-1000 pmol mol™ by the
year 2100 (de Graaff et al., 2006, Luo, 2007). CO; elevation can enhance carbon uptake and
net primary production by speeding up photosynthesis (Ainsworth ez al., 2008, Devi et al.,
2008, Qian et al., 2010), but it can also alter plant leaf or fruit chemical composition such as
carbon and nitrogen content and their ratio (Kant et al., 2012, Tripp et al., 1991). Furthermore,
the rise of global atmospheric CO, concentration is associated with global warming; global
surface temperatures are expected to increased by 1.1-6.4 °C by the end of this century if the
consumption of fossil fuels stays at the present level (Luo, 2007). Thus, it is very likely that
plants in future environments exposed to elevated [CO,] also suffer from more severe heat
and drought stresses.

Isoprene is the most abundant reactive volatile hydrocarbon emitted from a wide range
of plant species (Fineschi et al., 2013, Sharkey et al., 2012, Monson et al., 2012b). As a
highly reactive volatile, isoprene significantly influences air quality by participating in
ozone-forming reactions, and can also influence climate by participating in secondary organic
aerosol formation(Claeys et al., 2004). Isoprene as a small liphophilic molecule further plays
important biological roles in protecting plants from abiotic stresses. Three hypotheses have
been postulated to explain how isoprene protects from abiotic stresses, including 1)
dissipation of excess energy to avoid photoinhibition (Niinemets er al., 1999b, Sanadze,
2004); 2) thermoprotection by stabilizing biomembranes at high temperatures (Owen ef al.,
2005, Sharkey et al., 2001b, Singsaas et al., 1997, Siwko et al., 2007); 3) quenching reactive
oxygen species formed under stress (Affek er al., 2002, Loreto et al., 2001, Vickers et al.,
2009).

Some evidence of all three biological functions of isoprene has been found in many
previous investigations using different methods and different plant species. It has been
reported that leaves in which isoprene biosynthesis has been inhibited by fosmidomycin,

were more sensitive to high temperature and ozone exposure, and developed stronger
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oxidative damage, compared to non-inhibited leaves (Loreto et al., 2001, Pefivelas ef al.,
2005, Sharkey et al., 2001b, Singsaas et al., 2000). Studies fumigating isoprene-non-emitting
plants with isoprene have found that leaves were less damaged under thermal and oxidative
stresses, and recovered more rapidly from heat stress than untreated controls (Loreto et al.,
2001, Sharkey et al., 2001b, Singsaas et al., 1997, Velikova et al., 2006). Photosynthesis was
inhibited by strong light intensity and this was accompanied with heavy membrane damage
and higher amount of reactive oxygen species (ROS) in isoprene-inhibited leaves compared
with non-inhibited leaves (Velikova ef al., 2005). In transgenic lines engineered to emit
isoprene, isoprene maintained the macro-organization of the pigment-protein complexes in
the membranes and stabilized the light-induced transmembrane electric field and
recombination of the PSII donor and acceptor side charges (Velikova et al., 2011), overall
improving foliage photosynthesis under heat (Behnke et al., 2007, Behnke ef al., 2013).

In plants, isoprene is formed in plastids from its immediate precursor
dimethylallyldiphosphate (DMADP) by isoprene synthase (for reviews see Sharkey et al.,
2012, Li et al., 2013, Rosenkranz et al., 2013), and the control of isoprene synthesis under
different environmental conditions is shared between isoprene synthase and DMADP pool
size (Li et al., 2012, Li et al., 2013, Rasulov et al., 2009b, Rasulov et al., 2010, Sun et al.,
2012b, Monson, 2013). Isoprene emissions increase hyperbolically with increasing light
intensity and depend on temperature according to an asymmetric response curve with an
optimum (Monson et al., 2012a for a review). In addition, increases of CO, concentration
above the current ambient level inhibit isoprene emission (Possell ef al., 2011, Wilkinson et
al., 2009a, Monson et al., 2012a). Isoprene emission responses to environmental drivers have
been simulated assuming independent controls by different environmental drivers (for recent
reviews see Monson et al., 2012a, Grote et al., 2013), and thus, it has been suggested that
isoprene emissions will decline in the future due to increases in atmospheric [CO;]
concentration (e.g., Arneth et al., 2007, Heald et al., 2009, Wilkinson et al., 2009a). This
would imply reduced capacity of plants to cope with recurrent heat episodes by isoprene
emission in future conditions. So far, there is limited information of the CO,-sensitivity of
isoprene emissions under heat stress (Li et al., 2013 for a review), but we argue that direct
extrapolation based on additive dependencies is not warranted.

Furthermore, isoprene emissions can acclimate to growth [CO,] concentration, resulting
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in altered [CO,]-sensitivity of isoprene emission as well as in changes in the emission
capacity (Wilkinson et al., 2009, Sun et al., 2012b, Calfapietra et al., 2007, Calfapietra et al.,
2008, Calfapietra et al., 2013). In fact, there is little evidence of downregulation in isoprene
emission capacity under elevated [CO;], and the emission capacity may even increase in
elevated-[CO,]-acclimated plants (Sun ef al., 2012b, Sharkey ez al., 1991, Li et al., 2009).
Such an elevation of emission capacity may partly compensate for reduction of emissions due
to limited DMADP pool size under high ambient [CO;], especially under high light (Sun et
al., 2012b). However, the overall effect of [CO;] acclimation on isoprene emissions under
high temperatures will depend on temperature-dependent changes in [CO,]-sensitivity of
emissions.

Given the enhanced severity of heat stress in future climates, it is necessary to gain
detailed insight into plant possible responses and adaptation to altered environments. In this
study, we investigated how photosynthesis and isoprene emission rates in hybrid aspen
(Populus tremula x P. tremuloides) grown under different CO, concentrations respond to heat
stress. We hypothesized that plants grown under elevated CO; have greater heat tolerance of
photosynthetic apparatus and sustain greater isoprene emission rates especially under
supra-optimal temperatures. Plants grown under elevated CO, had higher photosynthesis and
isoprene emission rates under thermal stress and isoprene emissions in these plants responded
more sensitively to temperature. Furthermore, the inhibition of isoprene emission by
increasing [CO;] was abolished under thermal stress. These results provide important insight
into acclimation of photosynthesis and isoprene emission to growth CO,, and the role of
isoprene in thermotolerance. These results can also importantly contribute to development of

process-based models for future climates.

Material and methods

Plant material and growth system
For these experiments, two-year-old saplings of hybrid aspen (Populus tremuloides Michx. x
P. tremula L.) clone H200 were used (Rasulov et al., 2009a, Rasulov et al., 2011, Vahala et

al., 2003 for details of the genotype). Before the start of the experimental treatments, the
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saplings were kept in cold room at -2 °C in dormant state. Dormant plants were planted in 3 L
plastic pots filled with sand and peat mixture (1:1), and dormancy was broken by transferring
the plants to growth room at 20 °C for 4 d. Plants with enlarged buds were installed in the
open whole-plant gas-exchange/growth system for different [CO;] treatments. During plant
growth, nutrient and water supply was maintained at close to optimal level (Sun ef al., 2012a,
Sun et al., 2012b for details of plant growth).

The four-chamber whole-plant open gas-exchange/growth system design and operation
have been described in our earlier studies (Sun et al., 2012a, Sun et al., 2012b). Shortly, each
individual glass chamber had 12.5 L volume (diameter 0.2 m, height 0.4 m) to accommodate
the entire foliage of a sapling, and flow rate through the chamber was 7.5 L min™, resulting in
a relatively low chamber half-time of 70 s (Niinemets, 2012 for a comparison of whole-plant
gas-exchange systems). The chambers 1 and 3 were kept at the ambient CO, concentration
(average = SD) of 380 + 10 pmol mol™, and chambers 2 and 4 were treated with the elevated
CO, concentration of 780 + 10 pmol mol”. Chamber air temperature was maintained at
28-30/23 °C (day/night) and relative humidity at 60%. Photoperiod length was 12 h and the
light intensity on the top of the plants was 500 pmol m™ s™ at start of the experiment,
increasing to 800 pmol m? s™ by the end of the experiments when the plants had filled the
growth chamber (Sun et al., 2012a, Sun et al., 2012b).

After 30-40 days growth under given conditions, plants were randomly moved out and
isoprene emission measurements and temperature stress treatments were carried out in
individual attached fully mature leaves. The experiment was replicated four times, altogether

with 16 plants in two treatment CO, concentrations.

Measurements of temperature responses of photosynthesis and isoprene emission

A Walz GFS-3000 portable gas exchange/chlorophyll fluorescence system equipped with a
LED-array/PAM-fluorometer 3055-FL (Walz GmbH, Effeltrich, Germany) and linked with a
Fast Isoprene Sensor (FIS, Hills-Scientific, Boulder, CO, USA) was used for combined
measurements of photosynthetic characteristics and isoprene emission rates as described in
detail in Sun et al. (2012a). The measurements were started by clamping the leaf in the
cuvette and establishing the baseline conditions of leaf temperature of 30 °C, light intensity of

500 pmol m? s' and relative humidity of 60%, corresponding to the environmental
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conditions during plant growth. Temperature responses of photosynthesis and isoprene
emission were measured after steady-state conditions had been established in the baseline
conditions at both growth light intensity of 500 pmol m?s™ and strong light intensity of
2000 pmol m?s™, and at both CO;, concentrations of 380 p mol mol” and 780 p mol mol”
using separate leaves for each combination of light and [CO,]. We denote the growth [CO,]
treatments (380 vs. 780 umol mol') as Ambient and Elevated, and measurement CO,
concentrations (380 vs. 780 pmol mol™) as 380 and 780, yielding four combinations of
growth and measurement CO, concentrations: Ambient (380), Ambient (780), Elevated (380)
and Elevated (780).

During response curve measurements, leaf temperature was changed from the baseline
temperature of 30 °C to higher temperatures in steps of 5 °C up to 50 °C. The leaf was
maintained at every temperature for 8 min. that was sufficient for establishment of
steady-state conditions for measurements under 35-45 °C. Time-dependent reduction in
photosynthetic rate was observed at 50 °C and sometimes at 45 °C as reported in other studies
(Huve et al., 2011, Hiive et al., 2006), and standardizing the time of sampling allows for
comparison of all plants at a common heat dose.

Net assimilation, transpiration, and isoprene emission rates and steady-state
fluorescence yield, F, were recorded during the last 30 s measurement period at the given
temperature. Thereafter, a saturating pulse of white light was given to measure the maximum
light-adapted quantum yield of photosystem II (PSII), F,’. The effective quantum yield of
PSII (®psp) was determined as (Fi’-F)/Fi’.

Isoprene concentration in leaf intercellular air space (Ciso,i) was calculated as:

c -c + L (1)

iso,1 iso,a
s,iso

where Cisoa is the isoprene concentration in the leaf chamber, and gsis is the stomatal
conductance for isoprene. gsis, Was estimated as the product of stomatal conductance to water
vapor and the ratio of the binary diffusion coefficients for isoprene (Dis) and water vapor
(Do) (Niinemets et al., 2003). The temperature relationships of Dj, and Do were
developed based on the Chapman and Enskog theory of gas diffusion by intermolecular
collision as in Niinemets and Reichstein (2003). The ratio Dis/Duo was essentially

independent of temperature, and an average value of 0.339 was used.
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Estimation of relative changes in assimilation and isoprene emission
To compare the temperature treatment effects independent of differences in the capacities for
net assimilation and isoprene emission, we calculated the normalized change in net

assimilation rate, Ra, as:

Ay — A
R, = 30A T 2)

30

where A3 is the net assimilation rate at 30 °C and Ay that at given temperature 7. An increase
in R reflects a reduction in At compared with A3o. Relative change in the effective quantum
yield of PSII was calculated analogously. Relative change in isoprene emission rate due to

changes in temperature, R, was calculated as:

]T_]30
1

30

R = , 3)

where I3 is the isoprene emission rate at 30 °C and /1 the emission rate at given temperature
T. An increase in R; corresponds to an increase in It relative to /39. As net assimilation rate
generally decreased and isoprene emission rate increased beyond 30 °C, relative changes in
assimilation and isoprene emission were defined differently to have positive values for both

R4 and Ry across the whole temperature range.

Electrolyte leakage in response to heat stress

Leaf relative electrolyte leakage, a measure of membrane integrity, was assessed by changes
in electrical conductivity of distilled water after soaking the treated leaves (Bajji et al., 2002,
Scotti Campos et al., 2003, Kocheva et al., 2005). Detached leaves enclosed in plastic bags
were immersed in water at given temperature (25, 50 and 52 °C) for 5 min. Then, three freshly
cut discs (7 mm in diameter each) from the treated leaf were immediately soaked in 5 ml of
distilled water at 25 °C. Conductivity of the water was measured in 24 h after disc soaking
using a conductometer HandyLab LF1 (Schott GmbH, Germany). Thereafter, the same flasks
with leaf discs were heated in boiling water bath for 10 min. and let to cool for 1 h. The
solution conductivity was measured again at 25 °C, and the relative electrical conductivity of

the sample was expressed as the percentage of maximum conductivity observed after boiling.
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Foliage morphological and anatomical measurements
After gas exchange measurements, leaf samples were taken for structural and chemical
analyses. Leaf fresh mass and leaf area were determined immediately and dry mass after
drying the leaves in ventilated oven at 70 °C for 48 h. Key foliage structural, anatomical and
chemical traits, including leaf dry mass per unit area (My), nitrogen and carbon content, leaf
thickness, exposed mesophyll and chloroplast surface area, and number of chloroplasts for
leaves developed under the CO, treatments (10-16 replicates per treatment) have been
reported in Sun et al. (2012, 2013). Elevated-[CO,]-grown plants had ca. 15% thicker leaves
with ca. 35% greater M, and ca. 20% greater chloroplast exposed surface area per leaf area
(Sun et al., 2012b). In addition, the cross-sectional area of chloroplasts covered by starch
granules per chloroplast area (ac,s/ach) was ca. 50% greater under elevated [CO,] (Sun et al.,
2012b). Here we use these data to estimate the distribution of leaf water among different leaf
fractions.

First, the volume fraction of mesophyll without intercellular air space (fimes) Was

calculated as:

t

.fLmes = ";95 = Jias > (4)

where fmes is the mesophyll thickness and ¢ the leaf thickness and fi,s is the fraction of
intercellular air space. The volume fraction of chloroplasts (ficn) was calculated as the
product of fimes and the ratio of cross-sectional areas of chloroplasts to mesophyll cells

(@chi/ames). The fraction of water in leaf mesophyll, Fw mes, Was approximated by:

_ fl,mcs

F mes H (5)
" 1- .f\,cul

where f; . is the volume fraction of cuticle with outer thickened cell walls (Niinemets, 1999).
Equation 5 assumes that leaf water is uniformly distributed among epidermis and mesophyll
cells. The correction, ficu, was minor for hybrid aspen, but was included for the internal

consistency. Finally, the volume fraction of water in chloroplasts, Fw n, was calculated as:

a aC S
FW,chl = fW,mcs <l (1 - hl)] . (6)

mes ey

The second term in this equation, 1-ach/acni, accounts for the reduction of chloroplast water

due to presence of starch granules.
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Leaf sugar analysis

Soluble sugar content was measured with the phenol sulphuric acid method of Dubois et al.
(1956) as modified by Chow and Landhdusser (2004). The method is based on formation of
orange-red color as the result of condensation of furan derivatives produced under acidic
conditions with phenol (Dubois et al., 1956). The soluble sugars were extracted in distilled
water at 100 °C for 30 min, the extract was treated with the phenol/sulphuric acid reagent as
in Chow and Landhdusser (2004) and the absorbance was measured at 485 nm with a
Shimadzu UV2550PC spectrophotometer (Shimadzu, Kyoto, Japan). The standard curve was
developed for sucrose and finally the sugar content was expressed in Cg sugar units. Leaf

sugar concentration was calculated both per unit leaf dry mass and per unit leaf water.

Data analyses

The [CO,] treatment effects on leaf traits were compared by one-way ANOVA followed by
Tukey’s test. Within treatments, paired samples #-tests were used to compare the
physiological traits measured repeatedly under different measurement light and [CO,]
conditions.

Correlative relationships of Ra (Eq. 2) vs. Ry (Eq. 3) were analyzed by linear regressions,
and whenever pertinent by second order polynomial regressions. Co-variation analyses
(ANCOVA) were employed to compare these relationships among the [CO;] treatments and
at different measurement [CO;] and light intensities. Whenever necessary in R and Ry vs.
temperature responses, second order temperature term, 7 x 7, and its interaction with the
main effect(s) was included in the model to account for curvilinear effects. In the analysis, the
significance of interaction terms was tested first (separate slope model) and whenever the
interaction terms was non-significant, the model was refitted without the interaction term
(common slope model). SPSS 17.0 (IBM SPSS Statistics) was used for all analyses, and all

statistical relationships were considered significant at P < 0.05.

Results

Effects of growth [CO;/ on leaf structure and chemistry

As we have demonstrated previously in hybrid aspen (Populus tremula x P. tremuloides),
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elevated [CO;] resulted in thicker leaves with greater leaf dry mass per unit area and more
chloroplasts per unit leaf surface area, overall indicating more advanced mesophyll
development (Sun et al., 2012b, Sun et al., 2013). Here we analyze additional traits with
importance in leaf heat tolerance. Elevated growth [CO»] resulted in greater leaf fresh mass
per unit leaf area (A5) and mass of water per leaf area (Mwa), though there was no significant
treatment effect on mass of water per leaf volume (Mwy) (Table 1). The fractions of
mesophyll cells and intercellular airspace of total leaf volume did not differ among the
treatments, but the volume percentage of chloroplasts was higher in elevated-[CO;]-grown
leaves (Table 1). Although starch granules comprised a greater proportion of chloroplast
volume in leaves under elevated [CO,] treatment (Fig. 1), the overall fraction of leaf water in
chloroplasts (Eq. 6) was higher under elevated [CO,] (Table 1). Leaf soluble sugar contents

per dry mass (Sp) and per leaf water (Sw) were greater in leaves under elevated [CO;] (Table

1.

Dependence of photosynthesis and isoprene emission rate and intercellular isoprene
concentration on temperature: general patterns

Net assimilation rate (4) of hybrid aspen leaves was the highest at leaf temperatures between
30-35 °C (Fig. 2a, b), while isoprene emission rate (/) increased up to temperatures of 45-50
°C (Fig. 2c, d). Temperature responses were broadly similar under moderately high light
intensity of 500 umol m? s™ and strong light intensity of 2000 pmol m™ s™ (cf. Figs. 2a and
2b and Figs. 2¢ and 2d).

The temperature dependence of the concentration of isoprene in leaf intercellular air
space (Cis) mirrored the temperature response of isoprene emission (Fig. 3a, b), while the
fraction of carbon lost due to isoprene emission was the highest at 50 °C, reaching up to 15%
of photosynthesis rate, i.e. almost an order of magnitude increase compared to the carbon loss

at 30 °C (Fig. 3c, d).

Effects of growth [CO,] and measurement [CO;] and light intensity on net assimilation and
isoprene emission rates under different T
Measurement CO, generally increased the net assimilation rates (Fig. 2a, b), although the

increase was weaker for plants grown under ambient [CO;] than in plants grown under
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elevated [CO,], especially under moderately high light intensity of 500 umol m? s™ (cf. Figs.
2a and 2b). At light intensity of 500 pmol m? s™ and measurement [CO5] of 380 pmol mol”',
A was similar among plants grown at ambient and elevated [CO;] (Fig. 2a), but when
measured at [CO,] of 780 umol mol™, A of elevated-[CO,]-grown plants was higher than in
ambient-[CO,]-grown plants at given temperature (Fig. 2a). Furthermore, under the strong
light intensity of 2000 pmol m? s, 4 in elevated-[CO,]-grown plants was significantly
higher than that in ambient-[CO,]-grown plants at both measurement CO, concentrations of
380 pmol mol™ and 780 pmol mol” (Fig. 2b).

Higher measurement [CO;] inhibited isoprene emission rate in elevated-[CO,]-grown
plants at temperatures 30-35 °C under moderately high light (Fig. 2c¢) and at 30 °C under
strong light (Fig. 2d), but the [CO;]-inhibition was lost at higher temperatures (Fig. 2c, d). At
temperatures beyond 35 °C under moderately high light and beyond 30 °C under strong light,
isoprene emission rate in elevated-[CO,]-grown plants exceeded that in ambient-[CO,]-grown
plants (Fig. 2c, d).

The variations in Cis,j among the growth [CO,] treatments and measurement [CO,] and
light intensities reflected the differences in isoprene emission rate (cf. Fig. 2c, d and Fig. 3a,
b). Thus, Cis,i was greater at stronger light, did not depend on measurement [CO,], and was
greater in elevated-[CO;]-grown plants beyond 35 °C under the moderately high light
intensity of 500 pmol m? s and beyond 30 °C under the strong light intensity of 2000 pmol
m?s” (Fig. 3a, b).

The fraction of carbon lost as isoprene was always larger at the measurement [CO,] of
380 pumol mol™ than at 780 pmol mol™ (Fig. 3¢, d). Growth [CO,] effects on relative carbon
loss were minor with the only significant difference being the greater carbon loss at 30 °C
under moderately high light intensity and at measurement [CO;] of 380 pmol mol™ in

ambient-[CO;]-grown plants (Fig. 3c).

Relationships of decreased photosynthesis with increased isoprene emission rate through
the temperature response

The relative decrease of net assimilation rate with increasing temperature (Eq. 2, Ra) was
almost linearly related to temperature between temperatures 35-50 °C (Fig. 4a, b), while the

temperature response of the relative increase of isoprene emission rate (Eq. 3, R;) was
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curvilinear, saturating at temperatures 45-50 °C (Fig. 4c, d, the second order effect, T'x T, was
significant in all cases, P < 0.001).

According to the co-variation analyses, the interaction terms, 7 x (measurement [CO,])
and 7T x (growth [CO;]) were generally significant (P < 0.05, except for Fig. 4a), indicating a
smaller variation in R and Ry at lower temperatures. At higher temperatures of 40-50 °C, Ra
was significantly less at given temperature for elevated-[CO,]-grown plants measured at [CO»]
of 780 pmol mol™ (P < 0.02 for the response measured at light intensity of 500 pmol m? s™
for all temperature range and P < 0.001 at 2000 pmol m™ s™'; Fig. 4a, b). For the temperature
range 40-50 °C, Ry was the greatest for elevated-[CO,]-grown plants measured at [CO,] of
780 umol mol™ and the smallest for ambient -[CO,]-grown plants measured at [CO,] of 380
pmol mol™ (P < 0.001), while the two other combinations (elevated-grown measured at 380
pmol mol™ and ambient-grown measured at 780 wmol mol™) did not differ (P > 0.7, Fig. 4c,
d). Reductions in the effective quantum yield of PSII paralleled changes in R4, being smaller
in elevated-[CO;]-grown plants measured at [CO,] of 780 pumol mol™ than in the other
treatments (P < 0.001). The reductions in PSII quantum yield and in Ry were correlated
across the different measurement conditions and treatments (Fig. 5).

The reduction of net assimilation rate was positively correlated with the increase in
isoprene emission rate (Fig. 6a, b). For measurements under lower light intensity of 500 pmol
m? s”, the interaction of R; with treatment was not significant (P > 0.8). According to the
common slope ANCOVA, ambient-[CO,]-grown leaves measured at 380 pmol mol” had
greater R at given Ry than the other treatments, while elevated-CO,-grown leaves measured
at 780 pmol mol™ had lower Ry at given R; than the other treatments (Fig. 6a, P < 0.001 for
both comparisons including all the replicate measurements). At higher light of 2000 pmol m™
s, the interaction term was significant, indicating that the slope for elevated-[CO,]-grown
plants measured at 780 pmol mol” was less than for the other growth and measurement [CO,]

combinations (Fig. 6b, P < 0.001 for the analysis including all the replicate measurements).

Membrane leakiness in relation to growth [CO,] and temperature-dependent reduction in
net assimilation rate
Relative electrical conductivity, the measure of membrane leakiness, was not significantly

increased in elevated-[CO;]-grown plants after exposure of leaf discs to 50 °C (Fig. 7a). In
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contrast, in ambient-[CO,]-grown plants, exposure to 50 °C resulted in a significant increase
in membrane leakiness (Fig. 7a). Exposure to severe heat stress of 52 °C resulted in enhanced
membrane leakiness for both [CO;] treatments, but the leakiness was greater for
ambient-[ CO,]-grown plants (Fig. 7a).

Relative electrical conductivity at 50 °C was correlated with the reduction in net
assimilation rate (Fig. 7b) and PSII quantum yield (data not shown). However, the slope of
this relationship was shallower in ambient-[CO,]-grown plants (P < 0.001 for the interaction
term of electrical conductivity x (growth [CO,], Fig. 7b), indicating that in
ambient-[CO,]-grown plants, a given reduction in net assimilation rate observed immediately
at the end of the exposure period was associated with greater electrolyte leakage over the

following 24 hr soaking of leaf disks.

Discussion

Elevated [CO,/-driven modifications in leaf chemistry, structure and photosynthesis
Elevated growth [CO,] resulted in greater leaf fresh mass per unit leaf area (MF), mass of
water per leaf area (Mwa) and fraction of water in chloroplasts (Fw,cn) (Table 1). However,
the mass of leaf water per leaf volume was not significantly different among the treatments,
indicating that greater mass of water per leaf area resulted from thicker leaf mesophyll in
elevated-[CO,]-grown plants (Sun ef al., 2012b) as has been consistently observed (e.g., Sims
et al., 1998b, Sims et al, 1998a, Miyazawa et al., 2011), and suggested to reflect
morphological “upregulation” (Luo et al., 1997).

Elevated [CO,] also resulted in greater starch grain number and size inside the
chloroplasts (Fig. 1) and enhanced leaf sugar content per dry mass and concentration in leaf
water (Table 1) as has been demonstrated in numerous studies (Saxe et al., 1998, Makino et
al., 1999 for reviews). Typically, elevated [CO,] is associated with “downregulation of
photosynthesis™ defined as reduced photosynthesis observed at the same given ambient [COs]
(Nowak et al., 2004, Luo et al, 1997, Curtis et al., 1998, Johnson, 2006). This
down-regulation is mainly associated with reduced nitrogen content and may also reflect
feedback-inhibition of photosynthesis due to enhanced sugar concentrations (Myers ef al.,

1999, Jeannette et al., 2000, Nowak et al., 2004, Luo et al., 1997, Curtis et al., 1998, Johnson,
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2006). However, in our study at optimum nutrient supply, we actually observed enhanced
photosynthetic capacity in elevated-[CO,]-grown plants (Sun es al, 2012b, Fig. 2b),
indicating no downregulation or stronger feedback inhibition despite of higher sugar

concentrations.

Temperature responses of net assimilation and isoprene emission under different
environmental conditions

Isoprene is formed in chloroplasts by isoprene synthase from its immediate precursor
dimethylallyldiphosphate (DMADP, Li et al., 2013 for a recent review). The major source of
chloroplastic DMADP is the plastidic 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway
that starts with condensation of pyruvate (Pyr) and glyceraldehyde-3-phosphate (GAP)
(Lichtenthaler, 1999, Schwender et al., 1997).

As isoprene synthase and the main pathway for DMADP formation are in chloroplasts,
and chloroplastic DMADP formation strongly relies on recently fixed carbon, in particular,
on primary photosynthetic metabolite GAP, isoprene emission is strongly associated with
photosynthetic carbon metabolism in non-stressed conditions (Monson, 2013, Li ef al., 2013
for recent reviews).

However, there are important discrepancies among isoprene emission and
photosynthesis as demonstrated by our study and past observations, indicating significant
differences in the regulation of isoprene emission and net assimilation rate: 1) the optimum
temperature for isoprene emission is larger than that for net photosynthesis (Fig. 2 and e.g.,
Niinemets et al., 1999b, Harley ef al., 1996) and as the result, the fraction of carbon lost due
to isoprene emission increases at higher temperatures (Fig. 3¢, d); 2) isoprene emission more
strongly responds to light than net assimilation rate and is saturated at greater light intensity
(Fig. 2-3 and e.g., Niinemets et al., 1999b, Harley et al., 1996, Niinemets et al., 2010,
Monson et al., 2012a); 3) isoprene emission is inhibited by above-ambient [CO;]
concentrations, while photosynthesis increases (Fig. 2, Li et al, 2013, Monson, 2013 for
reviews). Apart from these general observations, our study demonstrates a number of
important novel aspects of environmental responses of isoprene emission under high
temperature and in plants developed in different [CO,]: 1) the CO»-sensitivity of isoprene

emission was lost at temperatures beyond 35-40 °C (Fig. 2c, d); 2) as the result of the loss of
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[CO,]-sensitivity of emissions, isoprene emission rates in elevated-[CO,]-grown plants
exceeded the emissions in ambient-[CO,]-grown plants at higher temperatures of 40-50 °C
not only at high but also at moderate light intensity (Fig. 2c, d; Fig. 4c, d);

These results of our study highlight a complex interplay between different
environmental drivers and growth [CO,] treatments on leaf isoprene emission. There is
evidence that both instantaneous light- and [CO;]-dependencies of isoprene emission are
primarily driven by light- and [CO;]-driven changes in DMADP pool size (Rasulov ef al.,
2009a, Rasulov et al., 2009b, Li et al., 2011, Li et al., 2012, Possell et al., 2011), while the
temperature dependence is a mixed response, driven both by temperature-dependent changes
in DMADP pool size and isoprene synthase activity (Rasulov et al., 2010, Rasulov et al.,
2011, Liet al, 2011, Li et al., 2012). As we have demonstrated in our previous study (Sun et
al., 2012b), elevated-[CO,]-grown plants had greater isoprene synthase activity, but lower
DMADP pool size (Sun et al., 2012b). In the following, we address the facets of the isoprene
emission response to these complex multifactorial environmental interactions and acclimation
responses based on the immediate effects of environmental conditions on the rate of DMADP
synthesis as well as growth-[CO,]-dependent changes in overall DMADP pool size and

isoprene synthase activity.

Carbon sources for isoprene formation under heat stress
It has been reported that in non-stressed plants, 84-88% of the carbon in released isoprene
was derived from recently assimilated photosynthates, while the contribution of recent
photosynthates to isoprene production decreased to 77 and 61% in heat and water-stressed
leaves, respectively (Funk et al., 2004). Similarly, it has been reported that in Populus alba,
isoprene emission rate was about 30% of the pre-stress value even during the most severe
phase of stress, when photosynthesis was totally inhibited (Brilli et al., 2007). This evidence
indicates that “old” stored carbon sources can be mobilized for isoprene formation under
stress conditions when photosynthesis rates decline.

Under thermal stress, photosynthesis is decreased and this is further coupled to large
amounts of ROS produced (Hiive ef al., 2011). Thus, large amounts of isoprene might be
needed for ROS quenching, and it is likely that isoprene formation will mobilize all available

carbon sources. We suppose that there are three ways of how to enhance carbon flow to
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isoprene formation under stress. First is the mobilization of old or temporary stored
photosynthates like starch. Glycolysis and in particular pentose phosphate (PPP) pathway in
stressed plants are the possible routes for the use of stored photosynthates (Eicks et al., 2002,
Fettke et al., 2011). Under stress, enhancement of cyclic or pseudocyclic electron transport
and reduction of the linear electron transport activity can result in imbalances of
photophosphorylation and NADPH synthesis. PPP pathway can generate sugar phosphates
(GAP) and large amounts of NADPH for the DOXP/MEP pathway, compensating for
shortage of carbon and reductive equivalents from photosynthesis under stress. In addition,
PEP and pyruvate can be produced by glycolysis and enter in the DOXP/MEP pathway
(Rasulov et al., 2011).

The second possible regulation point is isopentenyldiphosphate (IDP), the isomer of
DMADP, flow between chloroplasts and cytosol. In the cytosol, DMADP and IDP are formed
via mevalonic acid (MVA) pathway, and IDP may be transported between the cytosol and
plastid. Many experiments have confirmed that there is a crosstalk between chloroplasts and
cytosol (Laule et al., 2003, Lichtenthaler, 2007), but MVA pathway contribution in
non-stressed conditions is generally minor (Bick ef al., 2003, Laule et al., 2003). However,
the contribution might increase at higher temperatures, but so far, there is no experimental
confirmation of temperature-dependent increases of cytosolic IDP contribution to isoprene
synthesis.

The third regulation point is the change in the distribution of flows of DMADP into
isoprene formation and into formation of other polyterpenes synthesized in chloroplasts.
Under heat stress, protection of photosynthetic apparatus can be achieved via isoprene or
polyterpenes such as xanthophylls. Because the carbon cost of isoprene is much lower
compared with xanthophylls, allocating DMADP preferably to isoprene synthesis may
provide a greater protection during recurrent heat stress episodes. This could be achieved by
inhibiting geranyldiphosphate synthase or any other key prenyltransferase downstream of
DMADP. So far, the information of regulation of prenyltransferase activities is limited, but
clearly such a possible stress-dependent regulation deserves further experimental
investigations. In the study of Pefiuelas et al. (2005), a~tocopherol and S-carotene contents
decreased after enhancement of isoprene emission rate during heat stress. This indirectly

supports the suggestion that isoprene formation may have priority over synthesis of
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polyterpenoids during heat stress.

Effects of elevated [CO,] on photosynthesis under heat stress

In this study, elevated growth [CO,] increased membrane stability under heat stress in hybrid
aspen. Elevated-[CO,]-grown plants maintained low electrolyte leakage at heat stress as
severe as 50 °C, but this temperature resulted in major increases in membrane leakiness in
ambient-[CO,]-grown plants (Fig. 7a). Our data further indicated that elevated growth [CO,]
enhanced plant net assimilation rate, particularly at high measurement [CO,] and higher light
intensity. Previous studies have demonstrated that photosynthesis is particularly sensitive to
heat stress. Already moderate heat stress reduces net assimilation rate (Essemine et al., 2011,
Sharkey, 2005), mainly leading to inactivation of photosynthetic electron transport, in
particular PSII activity (Law et al., 1999, Toth et al., 2011). Exposure of plants to elevated
temperatures results in inactivation of Rubisco activase (Barta et al., 2010, Toth et al., 2011)
and the oxygen-evolving complex (OEC) of PSII, including the removal of extrinsic (surface)
proteins as well as release of calcium and manganese ions from their binding sites (Barta er
al., 2010, Luo et al., 2011). Heat stress also changes the structure of the thylakoid membranes
by changing specific lipid—protein interactions for transmembrane proteins and dynamic
properties of the lipid bilayer (Fristedt ez al., 2009, Pfeiffer et al., 2005, Yin et al., 2010,
Yoshioka et al., 2006). The thermal damage of photosynthetic apparatus leads to reduction of
linear electron transport from PSII to PSI and decreased rate of photophosphorylation (Hald
et al., 2008). Inactivated OEC further leads to accumulation of highly oxidizing radicals, like
singlet oxygen, hydroxyl radicals and H,O, (Larkindale et al., 2005, Suzuki et al., 2006),
which leads to a rapid inactivation and degradation of PSII reaction centers (Hald ez al., 2008,
Haldimann et al., 2004, Toth et al., 2011, Zhu et al., 2007). In this study, there was a strong
linear correlation between the reductions in PSII quantum yield and net assimilation rate (Fig.
5), in agreement with the results of the past studies.

In this study, we observed that elevated-[CO,]-grown plants had greater net
photosynthesis rate at given temperature than those grown under ambient [CO,] at both
measurement [CO,] of 380 pmol mol’ and 780 pmol mol’, indicating that
elevated-[CO,]-grown plants had higher thermal tolerance of photosynthesis. The higher

thermal tolerance of elevated-[CO,]-grown plants was more notable under high light,
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particular when measured at [CO,] of 780 wmol mol” (Fig. 4b; Fig. 6b). These results
confirm the previous observations of greater heat tolerance of photosynthesis in
elevated-[CO,]-grown plants (Ainsworth ef al., 2005, de Graaff et al., 2006, Sanz-Saez et al.,
2010, Taub et al., 2000). In the following, we ask how acclimation to elevated growth [CO;]

and instantaneous [CO;] increase can enhance heat tolerance of photosynthesis.

The possible mechanism of protection against heat damage of photosynthesis by growth
and measurement [CO;J

We suppose that there are several mechanisms contributing to greater heat tolerance of
photosynthesis under high [CO,]. First, elevated [CO,] increases intercellular [COz], resulting
in greater turnover of Rubisco at higher temperature and light, and greater consumption of
excitation energy by photosynthetic electron transport, reducing excitation pressure to PSII
(e.g., Niinemets et al., 1999a). Plants have developed a repair system of PSII by continuous
degradation and synthesis of the D1 protein in the PSII reaction centre, thereby preventing
PSII photoinhibition even under strong light intensity (Yoshioka ez al., 2006). However,
limited supply of CO, can reduce the rate of PSII repair (Tcherkez et al., 2006).

Elevated [CO,] also reduces photorespiration, thereby potentially decreasing the
production of reactive oxygen species (ROS), especially formation of singlet oxygen. ROS
inhibits the repair cycle of PSII by inhibiting protein synthesis in the chloroplast (Nishiyama
et al., 2006). This suggestion is in agreement with the finding that high intercellular [CO,]
stimulated photosynthetic electron transport and higher non-photochemical fluorescence
quenching (Taub et al., 2000).

The enhancement of thermal tolerance under elevated growth [CO,] has also been
associated with greater sugar concentrations that stabilize membranes under stress (Nagao et
al., 2005, Livingston D. et al., 2009). In our study, elevated growth [CO;] resulted in greater
leaf sugar content in leaf water (Table 1). However, the overall effect of sugars on heat
tolerance may depend on the subcellular distribution of sugars. Given the distribution of
water within the leaf, greater proportion of sugars was associated in chloroplasts under
elevated [CO;], and thus, sugar concentrations were likely elevated both in the cytosol and
chloroplasts in elevated-[CO;]-grown plants. Thus, higher sugar concentrations seemed to

contribute to the higher thermal tolerance by maintaining lower membrane leakage of hybrid
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aspen plants grown under elevated [CO>].

Do higher isoprene emission rates protect photosystem from injury by heat and strong
light?

These data indicated that under thermal stress, leaf isoprene production was uncoupled from
net assimilation rate, which is consistent with previous investigations indicating that isoprene
emission rate became unrelated from photosynthesis rate under stress (Calfapietra et al., 2008,
Velikova et al., 2005). In fact, isoprene emission was likely more dependent on stored carbon
and growth [CO,] concentration. As discussed above, heat stress leads to reduction of
photosynthesis as the result of multiple processes including Rubisco deactivation, thylakoid
membrane leakage, imbalanced electron transport between the two photosystems PSI and PS
IT and production of reactive oxygen species. In past decades, more and more experimental
evidence has accumulated showing that isoprene can reduce the damage of photosynthetic
apparatus under thermal and oxidative stress (Loreto et al, 2010, Vickers et al., 2009),
though plant costs for isoprene emission can be very high (Niinemets ez al., 1999c, Sharkey
et al., 2001a). The protective function of isoprene has been attributed to: (1) stabilization and
protection of membranes against high temperature (Sharkey et al., 2001a, Singsaas et al.,
1997, Velikova et al., 2011); (2) its antioxidant properties eliminating ROS produced by heat
stress, and (3) consumption of excess energy (Sanadze, 2004, Sanadze, 2010). As discussed
above, heat stress impacts photosynthesis in multiple ways, and isoprene as a highly reactive
and small volatile has great potential to protect simultaneously from several adverse effects of
heat stress.

Under heat stress, net assimilation rate was affected by both long-term growth [CO;]
and instantaneous measurement [CO,] (Fig. 2a, b), while isoprene emission rate was affected
mainly by its growth [CO;], and elevated-[CO,]-grown plants had significantly higher
isoprene emission rate (Fig. 2¢, d). Why did increased measurement [CO,] depress isoprene
emission rate under moderate temperature, while this inhibition disappeared under heat? In
our previous study, we found that under moderate temperature of 30 °C, the increase of
measurement [CO,] depressed isoprene emission rate due to decreased DMADP pool size.
However, increase in growth [CO,] decreased DMADP pool size and enhanced isoprene

synthase activity (Sun et al 2012). At given isoprene synthase activity, the emission rate is
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mainly regulated by its precursor DMADP pool size (Cinege ef al., 2009, Lehning ef al., 1999,
Rasulov et al., 2009a, Vickers et al., 2010). However, temperature also affects isoprene
synthase activity (Rasulov et al., 2010) that can partly compensate for reduced DMADP pool
size. Nevertheless, increases in temperature also should have enhanced DMADP synthesis,
especially in elevated-[CO,]-grown plants. As photosynthesis rate decreased, this increase
likely reflected mobilization of stored carbon pools, a process that essentially occurs in
[CO,]-independent manner. As demonstrated in Table 1 and Fig. 1, elevated growth [COs]
resulted in higher starch and soluble sugar content, possibly explaining greater enhancement

of isoprene emission under heat stress in elevated-[CO,]-grown plants.

Conclusions

The evidence of maintenance of enhanced isoprene emission capacity in
elevated-[CO,]-grown plants through moderately elevated temperature to temperatures
resulting in severe heat stress as well as loss of CO»-inhibition of isoprene emission at higher
temperatures (Fig. 2¢, d, Li et al., 2011, Li et al., 2013, Rasulov et al., 2010) has major
implications for predicting isoprene emissions in future climates. Apart from these key
findings, our study further highlights a number of important differences in overall emission
rates and among temperature responses under different growth [CO,] treatments and under
different measurement [CO;] and light intensities that collectively suggest that the effects of
environmental drivers interactively affect isoprene emission at the level of
dimethylallyldiphosphate (DMADP) pool size. Thus, future models should focus on
predicting integrated environmental controls on DMADP pool size rather than considering
each environmental driver independently of others.

The results of this study further demonstrate that heat resistance of hybrid aspen was
strongly enhanced by elevated growth-[CO,] and this was associated both with more stable
net assimilation rates as well as with particularly strong enhancement of isoprene emissions
under heat stress. Thus, contrary to past suggestions, our results indicate that isoprene may
protect leaf photosynthetic function under extreme heat waves more effectively under future
elevated [CO,] conditions. For understanding climate change effects on vegetation, it is
important to consider impacts of acclimation to growth [CO,] on foliage heat stress

resistance.
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Figure captions

Figure 1. Transmission electron microscopy (TEM) images of leaf palisade mesophyll cells
in hybrid aspen (Populus tremula x P. tremuloides) leaves developed under the ambient CO,
concentration of 380 wmol mol™ (a) and elevated CO, concentration of 780 pmol mol™ (b).
The cells were viewed at 2100 x magnification with a Philips Tecnai 10 TEM microscope

(FEI, Eindhoven, Netherlands) using an accelerating voltage of 80 kV.

Figure 2. Temperature response of net assimilation rate (a, b), and isoprene emission rate (c,
d) in hybrid aspen leaves under different growth and measurement CO, environments and at
different light intensities. Data in (a) and (c) correspond to measurements under a moderate
light intensity of 500 umol m?s”, and (b) and (d) to measurements under a strong light
intensity of 2000 umol m?s”. Ambient (380) and Elevated (380) denote plants grown under
the ambient [CO;] of 380 pmol mol ™ and elevated [CO,] of 780 pmol mol”, and both
measured at [CO;] of 380 pumol mol”. Ambient (780) and Elevated (780) label plants grown
under the ambient [CO4] of 380 umol mol” and elevated [CO,] of 780 pmol mol™, and both
measured at [CO,] of 780 umol mol™'. Data are averages (+ SE) of 8-10 replicate leaves. At
each individual temperature, different letters on the top of each bar indicate statistically

significant differences at given temperature (P < 0.05).

Figure 3. Temperature response of isoprene concentration in leaf intercellular air space (Cisoi)
(a, b) (Eq. 1) and the percentage of carbon lost as isoprene (c, d) in hybrid aspen leaves
grown under different growth CO, environments and measured under different growth and
light conditions. Data are averages (+ SE) of 8-10 replicate leaves. Data presentation and

statistics as in Fig. 2.

Figure 4. Relative reduction of net assimilation rate (Eq. 2) (a, b) and relative increase of
isoprene emission rate (Eq. 3) (c, d) with increasing temperature in hybrid aspen leaves
grown under different [CO,] of 380 pmol mol” (Ambient) and 780 pmol mol” (Elevated)
and measured under different [CO,] and light conditions. Measurement CO, concentration,

380 pmol mol™ or 780 pmol mol™ is shown in parentheses. Data are averages (+ SE) of 8-10
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replicate leaves.

Figure 5. Relationships of the decrease of net assimilation rate (Eq. 2) with the reduction in
the effective quantum yield of PSII over the temperature range of 30-50 °C (n = 8-10 for
individual data points). Temperature responses of the change in net assimilation rate are
demonstrated in Fig. 4a, c. The measurements conducted at light intensities of 500 pmol m™
s and 2000 pmol m? s™! were pooled. The decrease of PSII quantum yield was calculated as
(Y30-Y1)/ Y30, Where Y3 is the yield at 30 °C and Yt the PSII yield at any other measurement

temperature between 30-50 °C. Error bars denote + SE. Data were fitted by linear regressions.

Figure 6. Correlations of the decrease of net assimilation rate (Ra, Eq. 2) with increase of
isoprene emission rate (R;) during the heat stress in hybrid aspen leaves under different
growth (ambient of 380 umol mol™ and elevated of 780 pmol mol™) and measurement CO,
conditions (380 vs. 780 umol mol™"). The measurements were conducted under a moderate
light intensity of 500 pmol m™ s™ (a) and under a strong light intensity of 2000 pmol m? s™
(b). Average (+ SE) values for 8-10 replicate leaves are demonstrated. Linear trendlines are
shown to highlight the trends. Differences among the relationships were analyzed using

covariation analyses with all replicate measurements included (see the Results).

Figure 7. Average (+SE) relative leaf electrolyte leakage in response to heat stress (a), and
correlations of the decrease of net assimilation rate (see Fig. 4a, c¢) with leaf electrical
conductivity at 50 °C (b) in hybrid aspen leaves grown under ambient [CO,] of 380 pmol
mol” and elevated [CO,] of 780 pmol mol™. In (a), the data are averages of 8-10 replicate
leaves and averages with different letters are significantly different at P < 0.05 according to
one-way ANOVA. In (b), the data correspond to individual measurements, and the
measurements conducted at light intensities of 500 pmol m? s™ and 2000 pmol m™ s were

pooled. Data in (b) were fitted by linear regressions.
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Table 1. Foliage anatomical, morphological and chemical traits of hybrid aspen (Populus
tremula x P. tremuloides) trees grown under ambient (380 pmol mol™) and elevated (780

pmol mol‘l) atmospheric CO, concentrations

Trait Treatment P
Ambient Elevated

Leaf fresh mass per unit leaf area (g m™) (Mz) 153.5+3.7 180.9+4.7 <0.0001

Mass of water per leaf area (g m?) (Mia) 125+£5 142.4 £3.2 0.001

Mass of water per leaf volume (g cm™) (Myv) 0.713 £0.040 0.728 £0.017 0.76

Percentage of intercellular air space (%) (fis) 262+ 1.1 243 +1.1 0.21

Percentage of mesophyll cells of total leaf volume (without

air spaces) (%) (fimes, Eq. 6) 59.2£2.1 614+34 0.25
Percentage of chloroplasts (without air spaces) (%) (fcn) 11.4+£1.3 20+5 0.02
Percentage of leaf water in mesophyll (%) (Fw,mes, Eq. 7) 46.1+3.0 51.0+£24 0.25
Percentage of leaf water in chloroplasts (%) (Fw,cuw, Eq. 8) 7.72 £0.45 13.0+£1.1 0.004
Sugar content in leaf water (g g ") (Sw) 0.036 +0.007 0.053 £0.008 0.002
Sugar content per dry mass (g g") (Sp) 0.1293 £0.0035  0.1567+£0.0033  <0.0001

Data are means + SE of four independent samples (trees). Means were compared using ANOVA. Leaf
dry mass per unit area was 28.8 0.6 g m™ for plants grown under ambient and 38.6 + 0.8 g m™ for

plants grown under elevated [CO,] (P < 0.001) (Sun et al., 2012b).

159



Fig. 1
a Ambient b Elevated

Fig.2

EE Ambient (380) [ Elevated (380) I Ambient (780) [ Elevated (780)

Light intensity=500 ymol m? s* Light intensity=2000 ymol m? s™

= N
o o

=
N

Net assimilation rate
(umol m 2g 1)
o]

4 L
0
160
Q ¢ d
T b
c.~ 120¢ r b b b
Sy b b a ab
g o b b b a a2
EE 80 b a - a
o3 2 al]2 c 3
o g a ab b
g £ b alla
= 40t :
o abMa a ¢ ab
g C_bcopg ap
30 35 40 45 50 30 35 40 45 50
Temperature (°C) Temperature (°C)

160



25|
=

qa
w

Isoprene concentration in leaf
. . -1,
intercellular air space (hmol mol )

5000
4000
3000
2000
1000

=
[ee]

Carbon lost as isoprene (%)

Fig. 4

Reduction of net assimilation

Increase of isoprene emission

rate (Azy-Ap)/Asg

0.8

0.6

0.4

0.2

0.0

10

rate (Ip-Ig)/I;,

Light intensity=500 umol m? s*

Light intensity=2000 pmol m? s*

15+

=
N

| I Ambient (380)
[ Elevated (380)
| I Ambient (780)
[ Elevated (780)

Temperature (°C)

Temperature (°C)

—@— Ambient (380) —W— Ambient (780)
—O— Elevated (380) —2— Elevated (780)

Light intensity = 500 ymol m? s H Light intensity = 2000 umol m? s
allb
35 40 45 50 35 40 45 50
cld
35 40 45 50 35 40 45 50

Temperature (°C)

161

Temperature (°C)




Fig. 5

s
=
qa
s

Reduction of net assimilation rate

T
@

i

Electrical conductivity (%)

c
s 0.8
< ® Ambient (380)
9) < A Ambient (780)
b ;P A Elevated (780)
2 - 04r
cC ™
53 r=0.97
c @ 02} P<0.0001 ’=0.98
o . Fan
..3 = P<0.0001
S
O 0.0 r
D: T T T T
0.0 0.2 04 0.6
Reduction of PSllyield (P, ;,-Py1)/Py 3
® Ambient (380) O Elevated (380) ¥ Ambient (780) A Elevated (780)
Light intensity = 500 ymol m? s Light intensity = 2000 umol m? s™
0.8
a
06 HH Oy
< 0.4 &
P 4r
< z -
< 02¢ e
W
00} <
0 2 4 6 8 0 2 4 6 8
Increase of isoprene emission rate (I;-I,,)/L,,
7
L
100 a b [
_ c
a0 | c 7 =051 los %
8
I Ambient b E<
60 r [ Elevated A 106 @%
. =<
L b ® Ambient (380) D
40 O Elewted (380) 104 §
_ A Ambient (780) ~
208, a 2 ATZ08 A\ Eewied(780) | 0.2 %
25 50 52 0 20 40 60 g

Temperature (°C)

162

Electrical conductivity (%)









J Plant Res (2012) 125:263-274
DOI 10.1007/s10265-011-0429-7

REGULAR PAPER

Can the capacity for isoprene emission acclimate to environmental
modifications during autumn senescence in temperate deciduous

tree species Populus tremula?

Zhihong Sun - Lucian Copolovici - Ulo Niinemets

Received: 25 February 2011/ Accepted: 20 April 2011/ Published online: 17 May 2011

© The Botanical Society of Japan and Springer 2011

Abstract Changes in isoprene emission (®jsoprenc), and
foliage photosynthetic (A) rates, isoprene precursor
dimethylallyldiphosphate (DMADP), and nitrogen and
carbon contents were studied from late summer to intensive
leaf fall in Populus tremula to gain insight into the emis-
sion controls by temperature and endogenous, senescence-
induced, modifications. Methanol emissions, characterizing
degradation of cell wall pectins, were also measured. A
rapid reduction in ®jyoprene and A of 60-70% of the initial
value was observed in response to a rapid reduction of
ambient temperature by ca. 15°C (cold stress). Later phases
of senescence were associated with further reductions
in @jgoprene and A, with simultaneous major decrease in
nitrogen content. However, during episodes of temperature
increase, A and in particular, ®jsoprene partly recovered.
Variation in ®jgoprene during senescence was correlated
with average temperature of preceding days, with the
highest degree of explained variance observed with aver-
age temperature of 6 days. Throughout the study, methanol
emissions were small, but a large burst of methanol
emission was associated with leaf yellowing and abscis-
sion. Overall, these data demonstrate that the capacity for
isoprene emission can adjust to environmental conditions
in senescing leaves as well, but the responsiveness is low
compared with mid-season and is also affected by stress.
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Methanol emission - Nitrogen - Photosynthesis -
Seasonality - Temperature acclimation
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Introduction

Isoprene is a key emitted volatile plant isoprenoid that is
assumed to serve as an important lipid-soluble antioxidant
in leaves (Vickers et al. 2009), protecting against reactive
oxygen species (ROS) formed in response to a variety
stresses such as heat or ozone stress (Affek and Yakir 2002;
Loreto and Velikova 2001; Sharkey et al. 2008; Velikova
and Loreto 2005). Isoprene emission is regulated both by
immediate variations in key environmental drivers light
and temperature and by longer-term seasonal modifications
in isoprene emission capacity (Eg), i.e., the emission rate
standardized for immediate variations in light and tem-
perature (commonly measured at 1,000 pmol m ™2 s~!
incident light and at a leaf temperature of 30°C) (for
reviews see, Niinemets et al. 2010a, c). The rapid responses
of isoprene emission to light and temperature are thought to
result from changes in the supply of intermediates for
isoprene synthesis (Loreto and Sharkey 1993; Magel et al.
2006; Rasulov et al. 2010, 2011, 2009b; Schnitzler et al.
2004). The longer term changes, increases in the emission
in young leaves and decreases in old leaves, are thought to
reflect modifications in the expression of isoprene synthase
and the enzymes of the chloroplastic MEP (2-C-methyl-
p-erythritol 4-phosphate) pathway that is responsible for
isoprene synthesis (Mayrhofer et al. 2005; Sharkey and
Yeh 2001; Wiberley et al. 2008, 2009, 2005). So far,
ontogenetic modifications in Eg have been simulated using
empirical models where Eg depends on leaf age (Arneth
et al. 2008; Grote et al. 2010; Schnitzler et al. 1997).
Apart from ontogenetic modifications, Eg acclimates to
day-to-day variations in temperature environment, and
changes in isoprene emission in non-senescent leaves can
be predicted on the basis of past temperature environment,
typically on the basis of the temperature of a few preceding
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days (Geron et al. 2000; Guenther et al. 2006; Pétron et al.
2001; Sharkey et al. 1999; Wiberley et al. 2008). As
temperature also varies during the season, attempts have
been made to use the relationship of Eg on past temperature
to simulate seasonality in isoprene emission (Guenther
et al. 2006; Lehning et al. 2001). Typically, a constant
response function of Eg versus past average temperature is
used for the entire season (Guenther et al. 2006; Lehning
et al. 2001). Use of such a simplification rests on the
assumption that the responsiveness of Eg to past tempera-
ture is invariable throughout the season. However, the
validity of this assumption during autumn senescence has
not been tested.

Autumn senescence in temperate trees is a coordinated
break-down of cellular structures, and degradation of key
proteins, resulting in gradual reduction of foliage physio-
logical activities, in particular in decreases in photosyn-
thesis, and resorption of limiting mineral elements such as
N and P for the use in the next growing season (Andersson
et al. 2004; Keskitalo et al. 2005; Niinemets et al. 2004).
However, leaf senescence in temperate trees is a time-
consuming event, taking 3070 days from the first signs of
senescence until leaf abscission (Fracheboud et al. 2009;
Grassi et al. 2005; Herrick and Thomas 2003; Niinemets
et al. 2004; Niinemets and Tamm 2005; Reich et al. 1991).
During this period, environmental conditions fluctuate
between days and weeks, and the question is to which
extent foliage isoprene emission capacity can track the
changes in ambient temperature fluctuations at the back-
ground of overall dismantling of proteins, resorption of N
and reduction of photosynthetic potentials. Furthermore,
cold stress events that are frequent in autumn can lead
to rapid reductions in foliage photosynthetic function
(DeLucia 1987; DeLucia and Smith 1987; Falge et al.
1996; Rosenthal and Camm 1997), but the way Eg
dependence on past temperature is modified by such stress
events during senescence has not been studied. Depending
on the responsiveness of isoprene emission capacity to
ambient conditions, spells of warm weather during senes-
cence may either have strong or only marginal effects on
atmospheric chemistry.

Senescence also involves activation of several genes,
but these are commonly genes associated with proteolysis
and degradation of cellular structures (Andersson et al.
2004; Hopkins et al. 2007; Kontunen-Soppela et al. 2010).
On the other hand, activation of catabolic processes can
result in formation of highly reactive compounds, e.g.,
highly reactive intermediates of chlorophyll catabolism
(Matile et al. 1992). Given further the overall reduction in
photosynthetic activity, enhancing potentially the sensi-
tivity of foliage to photoinhibition (Adams et al. 1990;
Hoch et al. 2001; Merzlyak and Gitelson 1995), enhanced
accumulation of reactive oxygen species (ROS) typically
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occurs in senescing leaves (Prochdzkova and Wilhelmova
2007; Yoshida 2003; Zapata et al. 2005; Zentgraf and
Hemleben 2008), potentially jeopardizing coordinated
dismantling of cellular structures and retranslocation
of mineral nutrients. To cope with potentially higher oxi-
dative stress, synthesis of several antioxidants such as
flavonoids increases in senescing leaves (Feucht et al.
1997; Garcia-Plazaola et al. 2003; Hoch et al. 2001;
Keskitalo et al. 2005). In addition, flavonoid pigments
absorbing in visible spectral region of solar radiation,
anthocyanins, in particular, also can serve as light screens
reducing photooxidative damage (Garcia-Plazaola et al.
2003; Hoch et al. 2001). From the perspective of enhanced
oxidative stress during senescence, isoprene, capable of
detoxification of ROS can further amplify leaf antioxida-
tive capacity. If so, changes in Eg during leaf senescence
may not be entirely due to overall monotonous reduction of
leaf functional activity, but plants may actively change Eg
through leaf senescence in response to environmental
variations. While in mid-season, average temperature of
preceding days has been proven to be the best predictor of
Es (Geron et al. 2000; Guenther et al. 2006; Pétron et al.
2001; Sharkey et al. 1999; Wiberley et al. 2008), minimum
temperatures may constitute a stronger stress factor during
senescence. In fact, enhancement of isoprene synthase
activity by low night temperatures has been reported
(Ibrahim et al. 2010). On the other hand, as all chemical
reactions run faster at higher temperature, formation of
ROS can depend on temperature per se not necessarily on
minimum temperature.

We studied modifications in foliage photosynthetic
activity and isoprene emission rate from fully active non-
senescent leaves until intensive leaf fall in broad-leaved
deciduous isoprene-emitting species Populus tremula L.
to understand how the emission controls are shared
between temperature environment and senescence. The
signals of past average, minimum and maximum tem-
perature on Eg were tested. We hypothesized that the
control by past temperature on isoprene emission is
weakened in senescing leaves, and thus, foliage photo-
synthesis and isoprene emission rate decrease in a coor-
dinated manner through leaf senescence. We also
hypothesized that minimum temperatures exert a stronger
control on the emission than average temperatures. Foli-
age nitrogen content and pool size of immediate isoprene
precursor, dimethylallyldiphosphate (DMADP), was also
monitored to gain insight into the controls of emission
activity by precursor pool size and N availability for
protein synthesis. Methanol emissions that are elicited as
the result of activation of pectin methylesterases during
oxidative stress (Beauchamp et al. 2005; Cojocariu et al.
2006; Micheli 2001) were also studied throughout leaf
senescence.
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Materials and methods
Study site and foliage sampling

The study was conducted in 2008 in the vicinity of Tartu,
Estonia (58.39°N, 26.70°E, elevation 41 m). The site
supports naturally-regenerated 8—10 years old and 8§—12 m
tall Populus tremula trees. The samples of foliage for gas-
exchange measurements were taken from the non-exposed
side of the edge trees of P. tremula at a height of 2-3 m
receiving about 25% of above-canopy solar radiation.
Foliage sampling was carried out at 900 h in every
3-9 days between August 24 (fully active dark green
leaves) and October 13 (yellowed leaves close to abscis-
sion, intensive leaf fall in the canopy). According to pre-
vious measurements, foliage photosynthetic characteristics
and isoprene emission rates were stable and close to
maximum (90-95%) in late summer (mid August to early
September) (Niinemets et al. 2010b; 2004). The selected
twigs were cut under water and transported immediately to
the laboratory for gas-exchange measurements. At each
sampling event, three independent samples from neigh-
bouring trees were taken. Different branches were sampled
at different dates to minimize the impact of twig excision
on volatile emissions.

CO, and water vapour exchange, isoprene
and methanol emission measurements

Gas-exchange and trace gas measurements were conducted
by a custom-made dual-channel gas exchange system
(Copolovici and Niinemets 2010 for a detailed description).
The system has a thermostatted 1.2 L glass cuvette, the gas
flow rate through the system is maintained at 1.4 L min~",
and the air inside the chamber is vigorously mixed by a fan
installed in the chamber. In these experiments, the chamber
was thermostatted at 30°C (leaf temperature 30 £ 1°C).

After collection, the twigs were stabilized at 25°C for
2-3 h in dim light. Following the stabilization period,
the twig with 3-5 leaves was enclosed in the chamber,
light provided by four 65 W Osram Decostar dichroic
halogen lamps was switched on and kept at 600 £
100 pmol m~2 s~! incident to leaf surface. Foliage CO,
and water vapour exchange rates were monitored by an
infra-red dual-channel gas analyzer operated in differential
mode (CIRAS II, PP-systems, Amesbury, MA, USA), and
measurements were taken when stomata opened and
gas exchange rates reached a steady-state level, typi-
cally 30 min to 1 h after enclosure of the leaves in the
chamber.

The air for the measurements was drawn by a pump
from outside, passed though a 15 L buffer volume and an
ozone trap consisting of a 50 cm copper tube (i.d. 5 mm)

activated by concentrated hydrochloric acid. Ozone trap-
ping is based on the catalytic activity of Cu(II) compounds,
in particular, CuCl, formed in the reaction with HCI from
CuO deposited on the copper tube walls (Rakitskaya et al.
2006; Spasova et al. 2007). In our setup, ambient
ozone concentrations were reduced from the level of
25-50 nmol mol~' to ca. 1 nmol mol ™' by the trap. CO,
concentration in the chamber was 380 + 20 pmol mol ™"
in these experiments.

After steady-state CO, and H,O exchange rates were
achieved, methanol and isoprene concentrations were
measured by a Proton Transfer Reaction-Mass Spectrom-
eter (PTR-MS) (High sensitivity version, Ionicon GmbH,
Innsbruck, Austria, for detailed description see Hansel
et al. 1995; Lindinger et al. 1998a, b) as in Copolovici and
Niinemets (2010). Methanol was detected as protonated
parent ion at m/z of 33, and isoprene as m/z of 69.
A standard certified gas mixture (lot 3821, Ionimed Anal-
ytik, Innsbruck, Austria) was used to calibrate PTR-MS.
Incoming and outgoing isoprene and methanol concentra-
tions were measured switching the air flows of the two
channel gas exchange system between the reference and
sample lines (Copolovici and Niinemets 2010). Although
volatile products of the lipoxygenase pathway (LOX
products) can also provide important insight into the
physiological status of the leaves during senescence and
stress (e.g., Beauchamp et al. 2005), twig cutting may
importantly enhance their emission (Vuorinen et al. 2005),
and therefore, LOX products were not investigated in the
current study. In the case of isoprene and methanol, no
effect of twig cutting on the emission rates was observed in
the steady-state in control experiments with potted
P. tremula plants when the same protocol was followed for
cut and uncut twigs.

Foliage gas-exchange rates were calculated according to
von Caemmerer and Farquhar (1981) and trace gas
exchange rates according to Copolovici and Niinemets
(2010).

Foliage structural and chemical analyses

At the end of each measurement, leaves were scanned with
a resolution of 300 dpi, and the area was measured from
digital images with UTHSCA Imagetool 2.00alpha (The
University of Texas Health Science Center, San Antonio,
TX, USA). Leaf fresh mass was determined immediately
after leaf scanning and leaf dry mass was estimated after
oven-drying for 48 h at 70°C. From these measurements,
leaf dry to fresh mass ratio (Dg) and leaf dry mass per unit
area (M,) were calculated. Total nitrogen and carbon
contents of the samples were determined gas-chromato-
graphically by a Vario MAX CNS analyzer (Elementar
Analysensysteme GmbH, Hanau, Germany).
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Total leaf pool size of immediate isoprene precursor,
DMADP, was determined using the acid hydrolysis tech-
nique of Fisher et al. (2001) with the modifications of
Rasulov et al. (2009a). Differently from the original
method (Fisher et al. 2001), isoprene, released during the
acid hydrolysis was detected by PTR-MS (Rasulov et al.
2009a). Leaf dry to fresh mass ratio, and leaf dry mass per
unit area were used to convert the DMADP contents from
leaf fresh mass basis to leaf area basis.

Meteorological characteristics

Temperature measurements recorded by the weather sta-
tion of the Laboratory of Environmental Physics, Univer-
sity of Tartu (http://meteo.physic.ut.ee) located at 58.37°N,
26.73°E (elevation 76 m), 2.9 km from the study site were
employed to determine daily minimum, maximum and
mean air temperatures. To detect the effect of past tem-
perature signal on foliage functioning, we calculated
average minimum, maximum and mean temperatures for
varying number of days, O (day of sampling) to 10, pre-
ceding foliage sampling.

Data analyses

Linear and non-linear regression techniques in the form of
y = ax” and y = alog(x) + b were used to test for the
correlations among the structural, chemical and physio-
logical characteristics throughout leaf senescence, and with
current and past temperature environment. As there was a
rapid reduction of air temperatures from ca. 15-20°C to
7-8°C on September 11 with minimum temperatures as
low as 4-5°C, and these low temperatures stayed until
September 19 (Fig. 1), fitting of the data was conducted in
three different ways to test for the robustness of the fitting
with and without influential observations and the effect of
the stress period: (1) with all data pooled; (2) the data for
the stress period (September 11-19) removed; (3) both the
late summer measurements and the stress period data
removed. The means among different dates were separated
by ANOVA followed by Tukey test. We used Origin 8.1
(OriginLab, Northampton, MA, USA) for statistical anal-
yses, and considered all statistical tests significant at
P < 0.05.

Results

Variation in foliage chemistry and structure through
leaf senescence

Foliage N content per area (N,) decreased slowly from the
late summer to the end of September from a value of 2.01
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Fig. 1 Variation in daily minimum, maximum and average air
temperature at Tartu, Estonia (58.37°N, 26.73°E) during late summer
and autumn 2008 (derived from the data of the Laboratory of
Environmental Physics, Institute of Physics, University of Tartu,
http://meteo.physic.ut.ee/ for raw data). On September 11, average air
temperature decreased rapidly from ca. 15-20°C to 7-8°C, and
minimum temperatures stayed at 4-5°C until September 19 (chilling
stress period)

to 1.69 g m~2, i.e. only ca. 16% during this period, cor-
responding to a rate of decrease of 0.45% day ' (Fig. 2a).
After this slow rate of reduction, N, decreased rapidly
to values of ca. 1.3 g m~2 on October 6, i.e. a further
reduction of ca. 23%, corresponding to the rate of reduction
of 3.1% day~' (Fig.2a). Analogous changes were
observed in N content per dry mass (data not shown). Leaf
dry mass per unit area (M,), also decreased during leaf
senescence from a value of 88.8 = 0.5 gm 2 in late
summer to 76.8 = 0.4 g¢ m~? during leaf fall, correspond-
ing to the relative reduction of 14% during the whole
period of senescence. There was no clear age-dependent
variation in leaf dry to fresh mass ratio, and foliage carbon
content per dry mass. As the result of invariable carbon
content per mass, foliage C/N mass ratio increased from
20.4 in late summer to 31.0 in falling leaves, i.e., ca. 50%
increase.

Foliage photosynthetic activity during senescence

Differently from N,, leaf net assimilation rate
(A) decreased rapidly from 8.6 + 0.6 pmol m~2 s in late
summer to 3.60 £ 0.27 pmol m~2 s~' in early stages of
senescence (Fig. 2b) in response to the rapid reductions in
temperature in September 11 (Fig. 1). After this rapid
reduction of ca 60%, there was initially some recovery, and
thereafter, a continuous reduction of net assimilation rate
until leaf fall to values as low as 1.3 pumol m~2 s~', with
overall reduction from late summer to leaf fall of 85%

relative to the initial value (Fig. 2b).
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Fig. 2 Time-dependent variation in leaf nitrogen content per area
(a), net assimilation rate (b), and stomatal conductance to water
vapour and intercellular CO, concentration (¢) from late summer to
leaf fall in temperate deciduous tree Populus tremula. Data are
averages + SE of three independent samples. Intensive leaf yellow-
ing and leaf fall started in October 15 (Fig. 1 for temperature during
the study period). Foliage gas-exchange measurements were con-
ducted at ambient CO, concentration of 380 + 20 pmol mol ™', leaf
temperature of 30 £ 1°C and incident quantum flux density of
600 =+ 100 pmol m ™2 s~"

Analogous changes were observed in stomatal conduc-
tance (g), especially after the rapid temperature drop
(cf. Figs. 1, 2c). After the initial strong reduction, g
recovered between September 21 and October 1, and again
declined thereafter (Fig. 2c). The stress-dependent reduc-
tion in g between September 11 and 19, also led to reduced
concentration of CO, in intercellular air space between 100
and 150 pmol mol~! (C,, Fig. 2¢), indicating that the rapid
reduction of A after the cold stress was partly due to
reduced stomatal conductance (A = g(C, — C;), where C,
is the ambient CO, concentration). However with further
progression of leaf senescence, from September 21

onwards, C; increased to more than 300 pmol mol ™" at the
last phase of senescence, indicating that A decreased rela-
tively more than gg.

Isoprene and methanol emission rates, DMADP pool
size and the fraction of carbon going into isoprene
during leaf aging

Analogously with the rate of photosynthesis, isoprene emis-
sion rate decreased sharply during the cold stress episode
between September 11 and 19, by ca. 70% relative to the
initial value in late summer (Fig. 3a). However, after the cold
stress event, isoprene emission rate recovered by 50% by
September 26, relative to the observed minimum. Thereafter,
isoprene emission rate decreased again with minor recovery
in early October, with overall reduction of ca. 80% relative to
the late summer estimate (Fig. 3a). Changes in the total
leaf pool size of immediate isoprene precursor, DMADP,
followed the isoprene emission rate (Fig. 3a). However, the
transient recovery of DMADP after the cold stress occurred
with a time-shift of ca. 3-5 days compared with the recovery
in isoprene emission rates. The overall reduction of ca. 50%
during the study period was much less than in the case of
isoprene emission. The fraction of photosynthetic carbon lost
due to isoprene emission varied between 0.4 and 1%, being
higher right after the recovery from the cold stress and also at
the end of the study period (Fig. 3b).

Methanol emission occurred at a low level of
0.6-1.2 nmol m~2 s™! throughout the study period until
the last sampling event when the emission was amplified
by almost an order of magnitude (Fig. 3c).

Correlations between foliage chemistry
and physiological traits throughout senescence

As the result of simultaneous reduction of foliage physio-
logical activity and nitrogen content, both the net assimi-
lation (Fig. 4a) and isoprene emission rate (Fig. 4b) were
positively correlated with nitrogen content. The relation-
ships were stronger with all data pooled than without
the late-summer measurements (Fig. 4). As N content
decreased initially slowly (Fig. 2a), but both the rates of
net assimilation (Fig. 2b), and isoprene emission (Fig. 3a)
decreased rapidly after the cold stress event in September
11-19, the slopes of net assimilation and isoprene emission
rate versus nitrogen content were shallower without the late
summer, non-stressed estimates (Fig. 4).

Isoprene emission rate and net assimilation rate were
strongly correlated in all cases (Fig. 5a). In addition, iso-
prene emission rate was positively correlated with the
DMADP pool size (Fig. 5b). Isoprene emission rate and the
fraction of carbon going into isoprene emission were not
correlated (r2 = 0.03, P > 0.6).
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Fig. 3 Variation in the pool size of immediate isoprene precursor,
DMADP and leaf isoprene emission rate (®jsoprene, @), the percentage
of assimilated carbon lost as isoprene (f;, b), and leaf methanol
emission rate (®peimanol> €) in P. tremula from late summer to leaf fall.
Reported are averages = SE of three independent measurements.
Environmental characteristics in leaf chamber during isoprene and
methanol emission measurements as in Fig. 2. As six carbon atoms
are lost during formation of isoprene (e.g., Niinemets et al. 1999), the
percentage of carbon lost as isoprene is given as (6®jsoprenc/A)-100,
where A is the net assimilation rate

Effects of present and past temperatures on isoprene
and methanol emissions

Isoprene emission rate was positively correlated with
average air temperature, whereas the strength of this rela-
tionship depended on the data included and the number
of preceding days employed for average temperature
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regressions in the form of y = ax” (all data pooled) or by linear
regressions (fitting without the late-summer measurements). Data in
a were separately fitted using all data pooled (dashed line) and with
the late summer estimate removed (solid line). Error bars show +SE

calculation (Fig. 6). In the case of all data pooled, the
relationship was relatively weak (Fig. 6a), and the highest
explained variance was observed with average temperature
of 10 days preceding sampling (Fig. 6b). In contrast, sig-
nificantly larger degree of explained variance was observed
when the data corresponding to cold stress event between
September 11 and 19 were not included in the analysis
(Fig. 6a). In this case, the highest degree of explained
variance was observed with 6 days average temperature
(Fig. 6b). Analogously, when only the data after the stress
period were used, 6-days average temperature also pro-
vided the best explanatory power. In addition, in the latter
case, the maximum in the explanatory power was sharp
with average T for less than 3 days and more than 8 days
being statistically non-significant (Fig. 6b).
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The relationships with daily minimum and maximum
temperatures were similar to those with the average T, but
the maximum explained variance was always less, e.g., for
the dataset without the stress period, maximum * = 0.79
for daily minimum, and 2 = 0.90 for daily maximum T,
while the maximum > was 0.98 for the average temperature
(Fig. 6). In the case of methanol emissions, no statistically
significant correlations with temperature environment were
found (P > 0.06).

Discussion

Leaf nitrogen and carbon contents and physiological
activity through senescence

We observed classic reductions in foliage N content per
area and in leaf dry mass per unit area with altogether ca.
40% resorption of foliar N and 14% resorption of total leaf
dry mass, confirming other observations that N is prefera-
bly resorbed due to protein degradation, while most of the
structural carbon is lost by leaf abscission (e.g., Chapin and
Moilanen 1991; Killingbeck 1996; Niinemets and Tamm
2005). Biphasic kinetics in N resorption was observed
(Fig. 2a) in agreement with past studies indicating that leaf
N resorption proceeds with a relatively slow rate until
the final stages of leaf senescence (Grassi et al. 2005;
Niinemets and Tamm 2005).

Differently from N, foliage net assimilation rate under
standardized conditions of 30°C and incident quantum flux
density of 600 pmol m~2 57" (A) decreased rapidly in the
initial phase of senescence (Fig. 2b), reflecting the rapid
reductions in air temperature, the cold stress event (Fig. 1).
Such a rapid reduction of photosynthesis rate is in agree-
ment with previous studies indicating major decreases
in photosynthesis after chilling events (Day et al. 1989;
DeLucia 1986; DeLucia and Smith 1987; Falge et al. 1996;
Gray et al. 1996; Krol et al. 1995). These past studies have
demonstrated that both stomatal and non-stomatal factors,

DMADP content (umol m?)

in particular, photoinhibition can be responsible for the
reduction in photosynthesis during chilling stress. In our
study, the rapid reduction in A was paralleled by decreases
in stomatal conductance and intercellular CO, concentra-
tion (C;, Fig. 2c¢), suggesting that the reduction in A was at
least partly stomatal. At any rate, relatively high values of
leaf N content at that time period (cf. Fig. 2a, b), suggest
that the rapid reduction in A was not driven by decreases in
rate-limiting photosynthetic proteins. In contrast, with
further advancement of senescence, C; actually increased,
demonstrating that A was reduced more than g, reflecting
the rapid N resorption at final stages of senescence (Fig. 2).

Because a large proportion of total leaf N, 25-75%, is
invested in proteins and pigments responsible for photo-
synthesis, strong relationships between leaf N content
and foliage photosynthetic capacity are commonly found
(Evans 1989 for a review). The positive correlation between
N content and A is maintained through leaf senescence
(Niinemets et al. 2004; Reich et al. 1991), but the slope of
this relationship may change due to modifications in
the fractional N investment in photosynthetic machinery
(Niinemets and Tenhunen 1997), and as our study demon-
strates (Fig. 2), due to inhibition of photosynthesis by cold
stress. Although N content is often employed as a conve-
nient substitute of assimilation capacity, this change in the
responsiveness of photosynthesis to variations in N content
in senescent leaves (Fig. 4a) highlights the danger of pre-
dicting foliage photosynthesis from variations in N content
during senescence.

Isoprene and methanol emissions in senescing leaves
and their relationship to photosynthesis and leaf
chemistry

Similarly to photosynthesis, isoprene emission rate under
standardized temperature and light conditions decreased
rapidly in response to the cold stress event (Fig. 3a). In
fact, the reduction in isoprene emission in response to the
stress event was even larger than in photosynthesis as
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Fig. 6 Correlations of isoprene emission rate with average temper-
ature preceding the measurements (a) and the explained variance (72)
of isoprene emission versus average temperature relationships in
dependence on the number of preceding days used for calculation of
the average temperature (b) in P. fremula. Data fitting was conducted
with all data pooled (open circles in a and b, solid line in a), with the
data corresponding to stress period (three sampling occasions between
September 11-22, s. Fig. 1) removed (filled circles in a and b, dotted
line in a), and with only the data after stress (data corresponding to
the stress period and late summer measurements removed, dashed line
in a, open squares in b), Data were fitted by non-linear regressions in
the form of y = alog(x) + b. In a, the average temperature giving the
largest degree of explained variance (b) was used. For all data pooled,
this was the average for 10 days preceding the measurements, while
for the other two datasets this was the average temperature for the
preceding 6 days

suggested by reductions in the fraction of carbon going into
isoprene synthesis (Fig. 3b). Such cold stress effects on
isoprene emission have been postulated in some studies to
explain reductions in isoprene emissions following cold
nights (Geron et al. 2000), but have so far not been studied
extensively.
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After the cold stress, isoprene emissions increased again
and slowly decreased through leaf senescence (Fig. 3a) in
agreement with previous studies looking at leaf aging
effects on isoprene emissions (Harley et al. 1994;
Mayrhofer et al. 2005; Monson et al. 1994). The recovery
was associated with the increase in the pool size of
immediate isoprene precursor, DMADP (Fig. 3a) and also
with increases in the fraction of carbon going into isoprene
synthesis (Fig. 3b).

As with photosynthesis, there was a significant rela-
tionship of isoprene emission with foliar N content
(Fig. 4b), but the relationship had a relatively shallow
slope in senescing leaves, indicating that the kinetics of the
time-dependent reductions of isoprene emission was dif-
ferent from that of bulk leaf N. Isoprene emission rate was
also correlated with the net assimilation rate as reported in
a number of other studies (Harley et al. 1996; Litvak et al.
1996; Possell et al. 2004), and the relationship was similar
for all data pooled and without the late-summer measure-
ments (Fig. Sa). However, the relationship was scattered,
reflecting variation in the fraction of carbon going into
isoprene emission (Fig. 3b).

Isoprene is synthesized in chloroplasts from DMADP by
isoprene synthase enzyme, and ultimately the bulk of the
carbon used for isoprene synthesis comes directly from
photosynthesis (Lichtenthaler 1999; Logan et al. 2000;
Silver and Fall 1991). However, as the fraction of carbon
going into isoprene emission in emitting species is gene-
rally relatively small, 0.5-2% under non-stressed condi-
tions (e.g., Harley et al. 1994; Niinemets et al. 2010b),
photosynthetic rate does not exert a direct control over
isoprene emission (Monson and Fall 1989; Niinemets et al.
1999). Nevertheless, a control at the level of energetic
equivalents, in particular ATP, controlled by the rate of
photosynthetic electron transport, is plausible (Loreto and
Sharkey 1993; Niinemets et al. 1999; Rasulov et al. 2010;
2009b). During the senescence, the components of photo-
synthetic electron transport chain are degraded, inevitably
resulting in reduction of ATP level (Keskitalo et al. 2005),
and thus, in reduced energy supply for isoprene synthesis.
Furthermore, chloroplasts themselves are degraded
(Keskitalo et al. 2005), leading to reduction of sites with
functionally active isoprene synthase. In our study, the
variations in DMADP pool size occurred simultaneously
with isoprene emission (Fig. 3a) and the emissions were
strongly correlated with DMADP pool size (Fig. 5b). Such
variations in DMADP pool size may reflect the temporal
variations in ATP status of the leaves, in particular, the
reduction during the cold stress event. These data collec-
tively suggest that changes in isoprene emission rate in
senescent leaves were driven both by changes in isoprene
synthase content and availability of intermediates for
isoprene synthesis.
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Enhancement of the fraction of carbon going into iso-
prene emission at the end of the growing season (Fig. 3b)
indicates that at the final sampling, photosynthetic activity
had been reduced to a greater degree than isoprene emis-
sion. Preservation of isoprene emission longer into the
senescence is in accordance with the hypothesis that
maintenance of isoprene emission helps to protect the
plants against the oxidative stress that can become partic-
ularly significant during degradation of cellular compo-
nents (s. Introduction).

Methanol release as the result of activation of pectin
methylesterases is a common phenomenon during oxida-
tive stress (Micheli 2001). In our study, methanol emis-
sions occurred at low level of ca. 1 nmol m™2 s~ until the
last stages of leaf senescence (Fig. 3c), suggesting similar
degree of oxidative stress throughout the senescence. Large
burst of methanol emission at the final stage of leaf
senescence has to our knowledge not been reported before.
It may reflect the onset of degradation of cell walls after
elicitation of leaf abscission. Previously, important meth-
anol release has been observed from ripening fruits
(Frenkel et al. 1998; Wakabayashi et al. 2000).

Environmental controls over isoprene emission
during senescence

As past studies have demonstrated (s. Introduction), thermal
history exerts an important control on the capacity of iso-
prene emission, Es. According to previous studies, Es in
mid-season in fully-developed non-senescent leaves accli-
mates rapidly to preceding environmental conditions. In
Populus, isoprene emissions were already enhanced 3 h
after transfer to a higher temperature (Wiberley et al. 2008),
and important diurnal variations in Eg occur throughout the
day tracking the diurnal variations in temperature (Funk
et al. 2003; Loivamiki et al. 2007; Wiberley et al. 2009).
Analysing longer-term kinetics, Funk et al. (2003) obtained
the best explanatory power in Eg versus temperature rela-
tionships with the average temperature of 12 h preceding
the measurements. Similar rapid changes in Es have been
observed in other species. In Quercus alba, the preceding
average temperature of past 2 days was found to be the best
predictor of modifications in Eg in Sharkey et al. (1999),
while 6-18 h was the strongest predictor in Geron et al.
(2000). In Q. alba and Q. rubra, the acclimation occurred
within a day (Hanson and Sharkey 2001). Analogously, the
variation in monoterpene emission capacity was best
explained by average temperature of 2 days preceding the
measurements in the constitutive monoterpene emitter
Quercus ilex (Blanch et al. 2011).

These previous estimates are strongly driven by mid-
season data for fully mature non-senescent leaves. In our

study, we observed overall low level of explanatory
power for the temperature models when all data were
pooled (Fig. 6a), with the best explanatory power
achieved with average temperature of 10 days preceding
the measurements (Fig. 6b). This low explanatory power
for all data pooled was associated with the cold stress
event (Fig. 3a), during which the emissions decreased
sharply. When the data corresponding to this event were
left out, the explained variance increased significantly
and the average temperature of the 6 preceding days
explained the largest proportion of variance (Fig. 6).
Compared with previous studies conducted mainly with
non-senescent leaves where past temperatures of 648 h
determined the Eg value, our result demonstrates that the
responsiveness of Eg to past temperature is much less in
senescing leaves. This result indicates that although Eg
does respond to temperature fluctuations in senescing
leaves, senescence-driven degradation processes are pre-
dominant. Although we hypothesized that the minimum
temperature may be more strongly associated with Eg
than the average temperature, this hypothesis was not
supported by available data, and average temperature
was confirmed to be the best predictor of fluctuations in
Es.

So far, isoprenoid emission models assume a constant
responsiveness of Eg to past temperature (Grote et al. 2010;
Guenther et al. 2006; Lehning et al. 2001). Our study
demonstrates that for an important period in temperate
environments, the onset of senescence until the leaf fall, the
responsiveness of Eg to past temperature is much less than
previously estimated and used in the models. Furthermore,
a simple temperature relationship assumes that one single
process, variation in isoprene synthase activity, is respon-
sible for temperature-driven differences in Es. Yet, this
simple relationship failed to consider the cold stress effects
on isoprene emission that were likely driven by sustained
modifications in substrate pool size, likely due to reduced
level of energetic and reductive co-factors ATP and
NADPH in the stressed leaves. To more effectively
parameterize the isoprene emission models at the end of the
growing season, further work is clearly needed to gain
insight into regulation of isoprene emission under low
temperature stress.

Overall, this study demonstrates that the temperature-
responsiveness of isoprene emission capacity is responsive
to fluctuations in temperature also in senescing leaves, but
the responsiveness is reduced compared to mid-season. As
the period of leaf senescence in deciduous trees covers a
significant fraction of the year in temperate ecosystems,
this study calls for more advanced consideration of tem-
perature acclimation of isoprene emission capacity during
the season in the models.
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