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Isoprene emission from broadleaf trees is highly temperature dependent, accounts for much of the hydrocarbon emission from
plants, and has a profound effect on atmospheric chemistry. We studied the temperature response of postillumination isoprene
emission in oak (Quercus robur) and poplar (Populus deltoides) leaves in order to understand the regulation of isoprene emission.
Upon darkening a leaf, isoprene emission fell nearly to zero but then increased for several minutes before falling back to nearly
zero. Time of appearance of this burst of isoprene was highly temperature dependent, occurring sooner at higher temperatures.
We hypothesize that this burst represents an intermediate pool of metabolites, probably early metabolites in the methy-
lerythritol 4-phosphate pathway, accumulated upstream of dimethylallyl diphosphate (DMADP). The amount of this early
metabolite(s) averaged 2.9 times the amount of plastidic DMADP. DMADP increased with temperature up to 35�C before
starting to decrease; in contrast, the isoprene synthase rate constant increased up to 40�C, the highest temperature at which it
could be assessed. During a rapid temperature switch from 30�C to 40�C, isoprene emission increased transiently. It was found
that an increase in isoprene synthase activity is primarily responsible for this transient increase in emission levels, while
DMADP level stayed constant during the switch. One hour after switching to 40�C, the amount of DMADP fell but the rate
constant for isoprene synthase remained constant, indicating that the high temperature falloff in isoprene emission results from
a reduction in the supply of DMADP rather than from changes in isoprene synthase activity.

Isoprene emission from plants is one of the largest
hydrocarbon fluxes from the biosphere into the atmos-
phere (Guenther et al., 2006). This large flux has
profound effects on atmospheric chemistry. Reactions
of isoprene with hydroxyl radicals contribute to the
formation of tropospheric ozone and affect aerosol
formation (Went, 1960; Trainer et al., 1987; Chameides
et al., 1988; Fehsenfeld et al., 1992; Kiendler-Scharr
et al., 2009). At the same time, isoprene could poten-
tially affect current global climate change by lengthen-
ing the lifetime of greenhouse gases, such as methane.
Considering the large effects of isoprene emission on
atmospheric chemistry and thus on future climate
changes, it is important to study isoprene emission
patterns under different environmental conditions.
It has long been known that isoprene emission is

highly temperature dependent (Sanadze and Kalandaze,
1966; Tingey et al., 1979, 1987; Monson et al., 1992).
Isoprene emission increases up to 35�C to 40�C even
when carbon assimilation is declining. This uncou-
pling of emission from photosynthesis contributed
to the hypothesis that isoprene may protect plants

against heat stress (Sharkey and Singsaas, 1995;
Singsaas et al., 1997). The rate of isoprene emission
declines above its optimum, but the optimum temper-
ature is significantly affected by the protocol of iso-
prene emission measurement (Singsaas et al., 1999;
Singsaas, 2000). If measurements are made quickly, the
optimum is much higher than if the measurements are
made slowly. This occurs because isoprene emission
above 35�C is unstable, increasing when the temper-
ature is first raised but then falling back after 10 to 20
min at the higher temperature. A mechanistic under-
standing of the regulation of isoprene emission with
changes in temperature is important to accurately
model isoprene output in future environments where
global mean temperature is predicted to rise.

Whether isoprene emission is primarily controlled
by enzyme activity or substrate (dimethylallyl diphos-
phate [DMADP]) availability has been under debate.
While it was originally proposed that changes in iso-
prene synthase (IspS) activity account for changes in
emission levels (Fall and Wildermuth, 1998; Lehning
et al., 1999), recent evidence suggests that, instead,
variations in substrate levels may be responsible
(Schnitzler et al., 2005; Rasulov et al., 2009b). In vitro
Km values determined for IspS are in the millimolar
range; these unusually high values indicate that
changes in substrate levels could affect the reaction
rate (Wildermuth and Fall, 1996; Schnitzler et al., 2005).
A recently developed method using postillumination
isoprene emission to measure DMADP levels, in par-
ticular, contributed to the understanding of the regu-
lation of isoprene emission (Rasulov et al., 2009a). The
principle of this method is similar to the in vivo
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measurement of ribulose 1,5-bisphosphate (RuBP) by
postillumination CO2 assimilation (Laisk et al., 1984;
Ruuska et al., 1998). Assuming that the methylerythri-
tol 4-phosphate (MEP) pathway is rapidly shut off by
darkness while isoprene synthase remains active, total
isoprene released during darkness stoichiometrically
approximates plastidic DMADP levels. Using this
nonintrusivemethod, it has been reported that in poplar
(Populus spp.) trees, dependence of isoprene emission
on light, carbon dioxide, and oxygen is regulated by
changes in substrate levels, and temperature response
reflects mixed regulations on both enzyme activities
and substrate levels (Rasulov et al., 2009b, 2010).

In this study, the effects of temperature on postillu-
mination isoprene emission in oak (Quercus robur) and
poplar (Populus deltoides) leaves were investigated.
Following the initial decline in isoprene emission
rate upon darkening of the leaf, we observed a burst
of isoprene emission. The time of appearance of this
burst is highly temperature dependent, and its size
was markedly larger than the DMADP peak. Assum-
ing that this postillumination burst represents a sep-
arate pool of MEP pathway metabolites, we measured
isoprene emission and substrate levels under different
temperatures in an effort to understand the tempera-
ture regulation of MEP pathway metabolites and to
gain insight into the nature of the postillumination
burst. Isoprene emission and metabolite levels as
determined by postillumination isoprene emission
during a rapid temperature switch from 30�C to 40�C
were also measured, and the findings are discussed.

RESULTS

Characteristics of Postillumination Isoprene Emission

Postillumination isoprene emissions in oak leaves at
different temperatures were measured following the
procedures of Rasulov et al. (2009a). At a leaf temper-
ature of 30�C, isoprene emission initially dropped to
nearly zero after light was turned off (Fig. 1A). This
initial decline was exponential, consistent with one
homogenous pool being converted to isoprene (Fig.
1A, inset). The rate of isoprene emission rose again in
darkness and then slowly dropped and leveled off in
30 min. When integrated and corrected for system clear-
ing, this showed up as a second peak apart from the
classic DMADP peak on the postillumination emission
trace (Fig. 1B). It was hypothesized that this peak rep-
resents an intermediate pool of metabolites that accu-
mulated upstream of DMADP, possibly in the MEP
pathway. We refer to this pool as “early metabolites.”
This phenomenon was also observed in poplar.

The time of appearance of this burst was highly
temperature dependent in both oak and poplar (Fig. 2).
The peak appeared sooner at higher temperatures, and
at temperatures greater than 40�C, it appeared to merge
with the initial decline in isoprene emission. This peak
was observed even at the lowest temperature used,

25�C. At this temperature, the peak took more than 15
min before appearing and occurred over a much longer
time (more than 30 min) than at higher temperatures.

Temperature Response of Isoprene Emission, DMADP,
and Early Metabolites

Isoprene emission in oak leaves increased with
temperature until 35�C to 40�C, at which point it
started to decrease (Fig. 3A). Carbon assimilation de-
creased with temperature at temperatures above 30�C
and became negative at 50�C. The carbon cost of
isoprene emission as a percentage of net assimilation
increased exponentially with temperature, up to 20%
at 45�C (Fig. 3B, inset). This percentage rose to more
than 100% at 50�C, as net assimilation had become
negative at this temperature.

Figure 1. A typical postillumination isoprene emission trace in oak leaf
under standard conditions. A, Light was turned off at time 0. After
emission dropped to almost zero in approximately 5 min, isoprene
emission increased again and then fell slowly in 20 to 30 min. The
decline in the first part of the trace was exponential (inset). B, In the
chamber-clearing trace, preclearing isoprene levels were normalized to
predarkness emission levels in the emission trace. Subtracting the
clearing trace from the emission trace yielded the true postillumination
isoprene emission. This difference showed up as two distinct peaks at
temperatures less than 45�C. DMADP (first peak) and early metabolites
(second peak) were then separated and integrated in Origin (inset).
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Plastidic DMADP levels increased with temperature
between 25�C and 35�C before decreasing at 40�C (Fig.
3C). DMADP and early metabolite levels at tempera-
tures above 40�C could not be obtained, since we could
not separate the two peaks at higher temperatures
(Fig. 2A). DMADP levels at 35�C were approximately
30% more than at 25�C. The variations, however, were
not significant due to large SE values (P = 0.137, by one-
way repeated-measures ANOVA). The calculated rate
constant for isoprene synthase (isoprene emission rate
divided by the amount of DMADP) increased steadily
from 25�C to 40�C, with an Arrhenius activation en-
ergy of 50.4 kJ (Fig. 3D). The early metabolites showed
a similar temperature response curve as DMADP,

increasing with temperature between 25�C and 35�C
and decreasing at 40�C (Fig. 3E). Pools of early me-
tabolites were 1.7 to 3.6 times the size of DMADP
pools, and this ratio increased with temperature (Fig.
3E, inset). The early metabolite pool is on average
2.9 times the size of the DMADP pool. Variations in
early metabolites were statistically significant (P =
0.007). The “rate constant” for the process of early
metabolite depletion did not increase between 25�C
and 35�C but increased when temperature was raised
to 40�C (Fig. 3F).

Total MEP pathway metabolites were calculated by
integrating the total area below the postillumination
emission curve. The size of this pool increased with
temperature up to 35�C before decreasing to very low
levels at 45�C and 50�C (Fig. 3G). The rate constant for
the process of total MEP pathwaymetabolite depletion
increased up to 45�C with an Arrhenius activation
energy of 33.6 kJ and decreased only slightly at 50�C
(Fig. 3H).

CO2 Response of Isoprene Emission, DMADP, and

Early Metabolites

To determine if the early metabolite pool was related
to Calvin-Benson cycle intermediates, isoprene emis-
sion was measured over a range of CO2 concentrations
in oak leaves. Metabolite levels at 200, 400, 800, and
1,200 mmol mol21 CO2 were then determined with
postillumination isoprene emission. Isoprene emission
stayed steady with increasing CO2 concentrations in
this range, and carbon assimilation increased with CO2
concentrations (Fig. 4, A and B). DMADP levels de-
creased slightly at high CO2 concentrations (P = 0.157;
Fig. 4C). Both early metabolites and total MEP path-
way metabolites stayed constant with increasing CO2
concentrations (Fig. 4, D and E). The time at which the
early metabolite peak appeared was not affected by
CO2 concentration (data not shown).

Changes in Isoprene Emission and Metabolites during a

Rapid Temperature Switch from 30�C to 40�C

When the temperature of an oak leaf was rapidly
raised from 30�C to 40�C, isoprene emission initially
increased but then fell 20 min after the switch and
eventually leveled off, often to preswitch levels (Fig.
5). Figure 6A shows emission levels before the tem-
perature switch, 20 min after the switch (when emis-
sion was at a maximum), and 1 h after the switch
(when emission level had dropped and leveled off).
Total MEP pathway metabolites as measured by post-
illumination isoprene emission followed the same
trend as emission rates and were highest at 20 min
after the switch (Fig. 6B). However, contributions from
DMADP and early metabolites to the total pool were
disparate (Fig. 6C). DMADP levels did not increase
upon the temperature increase. Early metabolites,
being a bigger pool by itself, increased significantly
and were primarily responsible for the increase in total

Figure 2. Time of appearance of the postillumination burst is temper-
ature dependent in both oak (A) and poplar (B). In both cases, the peak
in the postillumination isoprene emission trace appeared progressively
sooner at higher temperatures and merged with the initial decline
in isoprene emission at temperatures above 40�C. Light was turned off
at 50 s. Isoprene emissions at different temperatures were normalized
to predarkness levels. The postillumination period (darkness) in B
was intentionally shortened at higher temperatures. This was intended
to minimize thermodamage, since heat damage is exacerbated in
darkness.

Effect of Temperature on Postillumination Isoprene Emission
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MEP pathway metabolites. Both DMADP and the
early metabolite pool decreased when the high tem-
perature was maintained. Calculated rate constants for
isoprene synthase more than doubled during the tem-
perature switch and remained constant when high
temperature was maintained (Fig. 6D).

DISCUSSION

Characteristics and Source of Postillumination
Isoprene Emission

In addition to the postillumination isoprene emis-
sion that declined exponentially, we observed a later
burst of isoprene emission in darkness (Fig. 1A). This
peak could be measured at 25�C but became more
prominent as temperature increased (Fig. 2). It also
occurred earlier at higher temperature, and at 45�C it
fused with the initial postillumination isoprene emis-
sion that is believed to come from DMADP present
when the light is turned off.

The use of postillumination isoprene emission as a
measure of DMADP was first suggested by Rasulov
et al. (2009a). This method depends on darkness stop-
ping DMADP production at a point in metabolism

where DMADP is the only significant metabolite pool
between the block caused by darkness and isoprene.
Potential points at which DMADP production could
be stopped by imposing darkness are shown in Figure
7. These steps are most susceptible because energetic
cofactors produced from the electron transport chain
are quickly depleted in darkness (Sharkey et al., 1986;
Rasulov et al., 2009a). In this view, the observation of
a postillumination isoprene burst is interesting. This
phenomenon was first documented by Monson et al.
(1991), where it was suggested that isoprene emission
may be controlled by ATP levels. A “light-indepen-
dent isoprene emission process” was also observed
at higher temperatures by Rasulov et al. (2010). As-
suming that there is only one homogeneous DMADP
pool in the chloroplasts, this burst of isoprene in
darkness has to represent DMADP that is either trans-
ported into chloroplasts or synthesized de novo
from some unknown metabolite, “metabolite X.” The
possible sources are explored and discussed below.

(1) Cytosolic DMADP. DMADP can also be pro-
duced by the mevalonic acid pathway in the cytosol,
and this pool can be large. However, reports that
examined DMADP transport into chloroplasts showed
that this activity is very low (Bick and Lange, 2003).
Cross talk between the MEP pathway and the meva-

Figure 3. Temperature dependence of isoprene
emission rate (A), assimilation rate (B), DMADP
(C), IspS rate constant (D), early metabolites (E),
the rate constant for depletion of early metabo-
lites (F), total MEP pathway metabolites (G), and
the rate constant for depletion of total MEP path-
way metabolites (H) in oak leaf. The amounts of
early metabolites and total MEP pathway metab-
olites are in isoprene units. The carbon cost of
isoprene as a percentage of assimilation at a given
temperature was calculated assuming that the
synthesis of each isoprene requires six fixed
carbons (B, inset). The rate constant for depletion
of a certain metabolite was calculated by dividing
isoprene emission rate by the amount of the
metabolite. An Arrhenius plot of ln(k) versus
1/temperature (K) for isoprene synthase is shown
in D, inset. Early metabolites to DAMDP ratio are
shown in E, inset. DMADP and early metabolite
data for temperatures over 40�C could not be
obtained, since it was impossible to separate the
two peaks at higher temperatures. Each point
denotes the mean 6 SE (n = 4).
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lonic acid pathway is limited and unidirectional out of
chloroplasts (Bick and Lange, 2003; Laule et al., 2003;
Dudareva et al., 2005; Hampel et al., 2005). Rasulov
et al. (2009a) measured total leaf DMADP and found a
significant pool of DMADP in darkened leaves, which
they hypothesized to be cytosolic DMADP, and that
cytosolic DMADP cannot be used for isoprene pro-
duction. We agree.
(2) Plastidic isopentenyl diphosphate (IDP). This is

unlikely, since the plastidic DMADP pool is consider-
ably larger than the IDP pool in the presence of IDP
isomerase (IDI). IDI is needed in isoprene-emitting
plants to increase the DMADP pool for isoprene
production, since 5 times more IDP than DMADP is
produced in the last step of the MEP pathway (Adam

et al., 2002; Rohdich et al., 2002, 2003; Tritsch et al.,
2010). Different groups have reported equilibrium
DMADP:IDP ratios ranging from 3:1 to 13:1 in the
presence of IDI (Agranoff et al., 1960; Koyama et al.,
1983; Lützow and Beyer, 1988; Ramos-Valdivia et al.,
1997). The metabolite X in this study is much larger
than the pool size of DMADP, so it is unlikely to be IDP
(Fig. 3E, inset). Besides, assuming that IDI is active in
darkness, IDP should isomerize to DMADP and con-
vert to isoprene during the first phase of postillumi-
nation isoprene emission (first peak in Fig. 1B). It is
likely that the first phase of postillumination isoprene
emission represents both DMADP and IDP (DMADP
being the majority) and that metabolite X is further up-
stream in the metabolic pathway leading to isoprene.

(3) Metabolites upstream of the MEP pathway, for
example, sugar phosphates in the Calvin-Benson cy-
cle. Sugars and sugar phosphates, such as RuBP,
3-phosphoglycerate (3-PGA), and triose phosphates,
are large pools and ultimately the source of plastidic
DMADP. Nonetheless, the amount of metabolite X was
unchanged over a large range of CO2 concentrations
(Fig. 4D). Changes in CO2 would affect the amount of
3-PGA and RuBP present in leaves when the light is
turned off, although the effect is less on the amount of
glyceraldehyde 3-phosphate (GAP; Badger et al., 1984;
Loreto and Sharkey, 1993). However, GAP levels fall to
very low levels within 5 min of darkness (Sharkey
et al., 1986; Loreto and Sharkey, 1993). In addition, a
previous study showed that carbon isotope labeling
is unchanged during the postillumination period
(Kreuzwieser et al., 2002), supporting the view that
metabolite X and DMADP are located in the same

Figure 4. CO2 response of isoprene emission (A), assimilation rate (B),
DMADP (C), early metabolites (D), and total MEP pathway metabolites (E)
in oak leaf. The amounts of early metabolites and total MEP pathway
metabolites are in isoprene units. Each point denotes the mean6 SE (n = 3).

Figure 5. Isoprene emission of an oak leaf during a rapid switch from
30�C to 40�C. Isoprene emission increased initially upon the switch but
then fell at approximately 20 min after the switch. Isoprene emission
then leveled off, often to preswitch levels, within 1 h after the switch.
Measurements in Figure 6 were made at the time points shown by the
arrows.
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pathway. It thus appears unlikely that this postillumi-
nation burst represents a metabolite in the Calvin-
Benson cycle upstream of the MEP pathway.

(4) MEP pathway metabolites (upstream of
DMADP). Metabolites in the MEP pathway upstream
of IDP and DMADP seem to be the most likely source.
While the regulation of the MEP pathway is still not
well understood, several enzymes such as deoxyxylu-
lose phosphate synthase, deoxyxylulose phosphate
reductoisomerase, hydroxymethylbutenyl diphosphate
synthase, and hydroxymethylbutenyl diphosphate
reductase (HDR) have all been proposed as highly

regulated steps that could potentially let intermediate
metabolites build up to significant levels (Sharkey
et al., 2008; Rivasseau et al., 2009). For instance, a re-
cent report suggested that a cyclic intermediate in the
MEP pathway, methylerythritol cyclodiphosphate, ac-
cumulates to measurable levels in spinach (Spinacia
oleracea) leaves (Rivasseau et al., 2009). Maybe early
metabolites upstream of DMADP, such as methylery-
thritol cyclodiphosphate, are converted to DMADP in
darkness. But some tricky questions remain to be
answered.Why should these early metabolites convert
to DMADP, if reducing power is depleted in darkness?
Why is the conversion of early metabolites to DMADP
delayed in darkness?

Figure 6. Isoprene emission rates (A), total MEP pathway metabolites
(B), DMADPand early metabolites (C), and IspS rate constant (D) during
a rapid switch from 30�C to 40�C in oak leaf. The amounts of total MEP
pathway metabolites and early metabolites are in isoprene units. The
rate constant for isoprene synthase was calculated by dividing emission
rate by DMADP level. Each point denotes the mean 6 SE (n = 3).

Figure 7. Proposed inhibition by darkness of steps leading to isoprene
production in the short term. Steps in the MEP pathway expected to be
most susceptible to depletion of reducing power upon darkening are
indicated here. 1,3-BPG, 1,3-Bisphosphoglycerate; DXR, deoxyxylu-
lose phosphate reductoisomerase; DXS, deoxyxylulose phosphate syn-
thase; ETC, electron transport chain; HDS, hydroxymethylbutenyl
diphosphate synthase; MEcDP, methylerythritol 2,4-cyclodiphosphate;
PEP, phosphoenolpyruvate. ATPs are omitted here for simplicity. Steps
between 3-PGA and GAP are reversible. Coupling of NADPH is only
shown in the forward reaction for simplicity.
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This phenomenon can be explained if the MEP
pathway is limited by energetic cofactors in the short
term and by carbon supply in the long term. When
light is turned off, electron transport stops essentially
immediately. This effectively shuts off the MEP path-
way, as the second and the last two steps of the MEP
pathway all require reducing power (Fig. 7). In addi-
tion, steps requiring ATP are also turned off within a
few seconds. HDR may be the most susceptible en-
zyme, as it accepts electrons directly from ferredoxin
in light (Seemann et al., 2005, 2006; Seemann and
Rohmer, 2007). If the ATP supply limits more than
reducing power during the first few seconds, then
postillumination isoprene emission will measure sev-
eral metabolites in addition to DMADP. Given that
ATP can be made from a stored proton motive force
across the thylakoid membranes after the light is
turned off, it seems much less likely that ATP supply
is more limiting than reduced ferredoxin supply in the
first moments of darkness.
The subsequent increase in isoprene emission could

occur when HDR switches to NADPH as a source of
reducing power during darkness (Zepeck et al., 2005;
Seemann et al., 2006). NADPH (or NADH; Adam et al.,
2002) produced elsewhere in the chloroplast could
supply the MEP pathway, leading to a rise in isoprene
emission, but this would take time. There is likely also
to be NADH in the plastid, although generally NADH-
NAD ratios are lower than NADPH-NADP ratios.
Because plastidic GAP dehydrogenase can use either
NADH or NADPH (McGowan and Gibbs, 1974), it is
not clear whether these redox pairs would be in dif-
ferent ratios. Thus, we cannot speculate on howNADH
may affect the results we observed. Another way that a
delay could be introduced comes from the redox
regulation of the reductive phase of the pentose phos-
phate pathway. The first two steps of this pathway
produce NADPH but are inhibited in the light by
regulatory dithiols. These enzymes could become acti-
vated over a period of minutes after darkening the leaf.
In the long term, carbon supply to the MEP pathway

may become the limiting factor causing emission to fall
eventually. The amount of GAP is rapidly reduced in
darkness (Sharkey et al., 1986; Loreto and Sharkey,
1993). When light is turned off, 3-PGA levels increase
initially, which could lead to an excess of pyruvate (Fig.
7), but then it falls quickly to low levels at 10 min into
darkness (Loreto and Sharkey, 1993). We suspect that
this is because low levels of NADPH and ATP during
the first few minutes of darkness drive the reactions
between 3-PGA and GAP in the reverse direction,
depleting GAP and pushing up 3-PGA levels. On a
longer time frame, redox-sensitive enzymes in the
Calvin-Benson cycle such as phosphoribulokinase and
GAP dehydrogenase are turned off, causing a drop in
PGA levels (Wara-Aswapati et al., 1980;Wedel and Soll,
1998; Scheibe et al., 2002). Thus, the first decline in
isoprene emission following darkness may result from
a lack of reduced ferredoxin, while the second decline
may result from a lack of carbon intermediates.

The amount of plastidic DMADP found in our study
(approximately 1 mmol m22 under standard condi-
tions) is in good agreement with previous reports
(Rasulov et al., 2009a, 2009b, 2010). The rate constant of
isoprene synthase derived from this number predicts
that the entire DMADP pool turns over in 39 s under
standard conditions. On the other hand, the early
metabolites constitute a much larger pool that turns
over in 146 s, or approximately 2.5 min, under the
same conditions.

Temperature and CO2 Response of DMADP and Early
Metabolites in Oak

Our results support the view that isoprene emission
under different temperature regimes is regulated both
by enzyme activity and substrate levels. DMADP
levels increase with temperature until 35�C, where it
starts to drop (Fig. 3C). This trendwas also observed in
aspen (Populus spp.; Rasulov et al., 2010). The rate
constant of isoprene synthase increased with temper-
ature at 25�C to 40�C, and the rate constant for deple-
tion of total MEP pathway metabolites increased up to
45�C (Fig. 3, D and H). Again, this is in agreement with
IspS activity measured in vitro and in vivo (Monson
et al., 1992; Lehning et al., 1999; Rasulov et al., 2009b).
The early metabolites showed a similar temperature
response to DMADP, increasing up to 35�C before it
dropped at 40�C. The changes in early metabolites,
however, were much sharper: early metabolites at
35�C more than doubled the amount at 25�C, whereas
DMADP increased by just 30% (Fig. 3, C and E). This is
reflected in the rate constant calculated for each of
these two metabolites: while IspS activity rose sharply
with temperature, the activities that converted early
metabolites to isoprene (via DMADP) remained rela-
tively unchanged from 25�C to 35�C before increasing
at higher temperatures (Fig. 3, D and F). This shows
that variation of early metabolites with temperature is
nonenzymatic but instead regulatory, implying a com-
plex regulatory role that early metabolites play in the
temperature response of isoprene emission.

Isoprene emission and substrate levels did not re-
spond to increased CO2 concentrations in this study
(Fig. 4). Reduced isoprene emissions at elevated CO2
concentrations are often reported in CO2 response
studies (Jones and Rasmussen, 1975; Monson and Fall,
1989; Loreto and Sharkey, 1990; Rosenstiel et al., 2003;
Scholefield et al., 2004; Possell et al., 2005; Calfapietra
et al., 2008; Rasulov et al., 2009b; Wilkinson et al.,
2009). However, in one study, the CO2 response of
isoprene emission in red oak (Quercus rubra) was
variable (Loreto and Sharkey, 1990). In another, iso-
prene emission from leaves of red oak was signifi-
cantly higher under high-CO2 growth conditions and
did not change with increasing experimental CO2
concentrations (Sharkey et al., 1991). Under field con-
ditions, an increase (in oak) and no change (in poplar)
in isoprene emission in trees grown under elevated
CO2 conditions have been reported (Calfapietra et al.,
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2007; Loreto et al., 2007). It was also reported that the
reduction in emission at high CO2 concentrations,
when observed, is temperature sensitive (Loreto and
Sharkey, 1990; Rasulov et al., 2010). Our results here
further demonstrate that the CO2 response of isoprene
emission between experiments can be different.

Metabolite Levels during a Rapid Switch from 30�C
to 40�C

It was observed in this laboratory some years ago
that upon a rapid increase in temperature, isoprene
emission in oak increased, but only transiently when
the high temperature was maintained (Singsaas et al.,
1999; Singsaas and Sharkey, 2000). We were able to
repeat this result (Fig. 5) and used postillumination
isoprene emission to measure changes in metabolite
levels in this experiment.

Our results show that a change in emission levels
during the fast temperature switch is attributable to an
increase in IspS activity rather than substrate level
(Fig. 6, C and D). DMADP levels at 30�C and 40�C
were similar. This is consistent with the temperature
response curve of DMADP (Fig. 3). Early metabolites
were high just after the temperature switch (Fig. 6, B
and C) but declined after 1 h. The early metabolites
may serve as a buffer allowing for short-term high
rates of isoprene emission. However, IspS appears to
be able to drain the early metabolite pool faster than it
can be refilled at 40�C, causing the control of the rate of
isoprene emission to shift from DMADP concentration
plus IspS kinetics to upstream reactions needed to
make the early metabolites. In the field, temperatures
of red oak leaves could rise up to 39�C and could vary
by more than 10�C on a sunny day (Singsaas et al.,
1999). The rapid temperature shift used in this exper-
iment in a sense mimics a real-world scenario where
leaf temperature rises rapidly in a sun fleck. It appears
that metabolic control can shift at these physiologically
relevant temperatures.

When high temperature is maintained for a period
of time, metabolite levels drop and enzyme activity is
maintained (Fig. 6, B–D). This could be explained by a
limitation on energetic cofactors. Rates of photosyn-
thetic electron transport decrease (Niinemets et al.,
1999) and thylakoid membrane conductance increases
at higher temperatures (Zhang et al., 2009; Zhang and
Sharkey, 2009), causing a drop in proton motive force.
This leads to a decrease in ATP synthesis. On the other
hand, ATP and NADPH usage increases as photores-
piration increases. This drawdown of energetic cofac-
tors could affect the MEP pathway, where three
NADPH and three ATP equivalents are needed for
the synthesis of one isoprene molecule.

CONCLUSION

In this study, we examined the effect of temperature
on the postillumination isoprene burst and discussed
possible sources of this phenomenon. Timing of this

burst is highly temperature dependent. This burst
likely represents a pool of metabolites that has accu-
mulated in the MEP pathway, but the identity of this
metabolite and the mechanism by which it is con-
verted to DMADP remain unclear. It will be helpful to
perform more studies to extend our understanding of
chloroplast energetic status during the postillumina-
tion period. Studies of the MEP pathway metabolome
will also go a long way toward solving this puzzle.

Our results also confirm the finding that the response
of isoprene emission to temperature is regulated both
by enzyme activity and substrate availability. Isoprene
emission andmetabolite levels did not respond to high
CO2 concentrations in this study. During a rapid tem-
perature switch from 30�C to 40�C, isoprene emission
increased initially due to an increase in enzyme activ-
ity and then decreased over time as substrate became
limiting.

MATERIALS AND METHODS

Plant Material

Leaves were harvested from oak (Quercus robur) trees on the Michigan

State University campus (42�43#N, 84�28#W) between April and September

2010. Whenever possible, leaves from the periphery (sun exposed) of the

canopy were harvested. Small twigs with desired leaves were cut from the

trees with razor blades or a pole pruner and immediately recut underwater

with a sharp razor blade. Leaves with a small portion of branch were then

transferred underwater to a floral tube and carried back to the laboratory to be

analyzed. We have found in the past that leaves harvested in this way were

physiologically active for at least 6 h. To maintain consistency, leaves used in

the same experiment were harvested from the same tree.

Poplar trees (Populus deltoides) were propagated by stem cuttings in soil

(Baccto planting mix; Michigan Peat Co.) and grown in a 25�C/23�C, 14-h
photoperiod growth chamber. Photosynthetic photon flux density at leaf level

was set at 500 mmol m22 s21. Mature leaves from 2-month-old plants were

used in this study. Poplar leaves remained attached during the experiment.

Gas Exchange

During an experiment, leaves were enclosed in a custom-built aluminum

cuvette with a glass window. Air in the cuvette was mixed with three small

Micronel D241L fans (Micronel US). Synthetic air used for gas exchange was

mixed from cylinders of N2, O2, and 5% CO2 in air and humidified as

described by Tennessen et al. (1994). CO2 concentration was controlled to

400 mmol mol21 unless otherwise noted. Total flow rate through the chamber

was measured with a flow meter before the air entered the leaf chamber. CO2

levels in reference and sample air were measured with a LI-6262 CO2/water

analyzer (LI-COR Biosciences). Air coming out of the analyzer was then

connected to a fast isoprene sensor (Hills Scientific), and isoprene was

measured at 5-s intervals. The temperature of the leaf chamber was controlled

by two water baths linked to a six-way valve that allowed ultrafast switching

between different temperatures. Both leaf and air temperatures were moni-

tored with thermocouples; only leaf temperatures were used and reported.

Experiments were carried out under standard conditions (30�C,
1,000 mmol m22 s21 photosynthetic photon flux density at leaf level)

unless otherwise noted. Light was provided with an SL3500 white light-

emitting diode array (Photon Systems Instruments). Each leaf was accli-

matized for at least 45 min before starting the experiment. Assimilation

rate was calculated according to methods used by von Caemmerer and

Farquhar (1981).

Measurement of Postillumination Isoprene Emission

Postillumination isoprene emission and chamber clearing were measured

according to procedures described by Rasulov et al. (2009a). Light in the

chamber was turned off by quickly switching off the light-emitting diode and

Li et al.
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at the same time covering the chamber window with a thick stack of paper.

This procedure drops light level in the chamber to essentially zero (0.00 mmol

m22 s21 as measured by a quantum sensor in the same condition). In practice,

it was found that a first dark period in the experiment caused the postillumi-

nation burst to appear earlier than succeeding dark periods, while subsequent

darkenings caused consistent responses in following dark periods. This

problem was overcome by giving the leaf one dark period for which the

data were not used before the actual experiment began.

To generate the chamber-clearing trace, a small flow of external isoprene

source (Airgas Great Lakes) was first fed into the chamber until isoprene levels

in the chamber were steady. The isoprene source was then cut off at the

chamber while isoprene level was monitored at the fast isoprene sensor

(Fig. 1A).

The true postillumination isoprene emission was obtained by subtracting

chamber clearing from the observed emission. This usually generated two

distinct peaks: the first assumed to be DMADP and the second referred to as

early metabolites (Fig. 1B). Since we do not know the kinetics of reactions that

convert the early metabolites to isoprene, the two-peaked postillumination

trace cannot be precisely deconvoluted. A realistic estimate is obtained by

simply drawing a vertical line at the minimum between the two peaks and

separating the two peaks by this line (Fig. 1B, inset). This data analysis process

is automated using the Peak Analyzer module in Origin (Originlab).

Data Analysis

One-way ANOVA and t tests (P , 0.05) were used to detect significant

differences between groups. Mann-Whitney and Kruskal-Wallis tests were

used in cases where a normality test failed. Statistical tests were carried out in

SigmaPlot (Systat Software).

Received October 15, 2010; accepted December 19, 2010; published December

21, 2010.
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Niinemets Ü, Tenhunen JD, Harley PC, Steinbrecher R (1999) A model of

isoprene emission based on energetic requirements for isoprene syn-

thesis and leaf photosynthetic properties for Liquidambar and Quercus.

Plant Cell Environ 22: 1319–1335

Possell M, Hewitt CN, Beerling DJ (2005) The effects of glacial atmo-

spheric CO2 concentrations and climate on isoprene emissions by

vascular plants. Glob Change Biol 11: 60–69

Ramos-Valdivia AC, van der Heijden R, Verpoorte R (1997) Isopentenyl

diphosphate isomerase: a core enzyme in isoprenoid biosynthesis. A

review of its biochemistry and function. Nat Prod Rep 14: 591–603

Rasulov B, Copolovici L, Laisk A, Niinemets Ü (2009a) Postillumination
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