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The responses of isoprene emission rate to temperature are characterized by complex time-dependent behaviors that are
currently not entirely understood. To gain insight into the temperature dependencies of isoprene emission, we studied steady-
state and transient responses of isoprene emission from hybrid aspen (Populus tremula X Populus tremuloides) leaves using a
fast-response gas-exchange system coupled to a proton-transfer reaction mass spectrometer. A method based on postillumi-
nation isoprene release after rapid temperature transients was developed to determine the rate constant of isoprene synthase
(IspS), the pool size of its substrate dimethylallyldiphosphate (DMADP), and to separate the component processes of the
temperature dependence of isoprene emission. Temperature transients indicated that over the temperature range 25°C to 45°C,
IspS was thermally stable and operated in the linear range of its substrate DMADP concentration. The in vivo rate constant of
IspS obeyed the Arrhenius law, with an activation energy of 42.8 k] mol . In contrast, steady-state isoprene emission had a
significantly lower temperature optimum than IspS and higher activation energy. The reversible temperature-dependent
decrease in the rate of isoprene emission between 35°C and 44°C was caused by decreases in DMADP concentration, possibly
reflecting reduced pools of energetic metabolites generated in photosynthesis, particularly of ATP. Strong control of isoprene
temperature responses by the DMADP pool implies that transient temperature responses under fluctuating conditions in the
field are driven by initial DMADP pool size as well as temperature-dependent modifications in DMADP pool size during
temperature transients. These results have important implications for the development of process-based models of isoprene

emission.

Simulation of isoprene emissions from vegetation
under fluctuating environmental conditions in the
field requires an understanding of how the emissions
depend on incident light, ambient and intercellular
CO, concentrations, and temperature (Guenther et al.,
1993, 2006; Wilkinson et al., 2009; Niinemets et al.,
2010a, 2010b). So far, the mechanisms responsible for
the temperature dependence of isoprene emission are
not fully understood, and empirical temperature rela-
tionships between isoprene emission and temperature,
often considered invariable, are used for modeling the
emissions (Guenther et al., 1993, 2006; Niinemets et al.,
2010b). However, the temperature responses of iso-
prene emission do significantly vary among and
within species and depending on experimental proto-
cols (e.g. fast versus slow emission response curves;
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Niinemets et al., 2010b), suggesting that more ad-
vanced insight into the temperature dependencies of
isoprene emissions are needed to improve the model
estimates for ozone formation predictions (Chameides
et al., 1988; Fehsenfeld et al., 1992; Paulson et al., 1992).
In addition, a mechanistic understanding of the tem-
perature responses of isoprene emissions is needed to
evaluate the thermoprotective role of isoprene for the
plant photosynthetic machinery (Singsaas et al., 1999;
Singsaas and Sharkey, 2000).

Isoprene emission rate at temperatures below 20°C
is very low, 5- to 20-fold less than under optimum
conditions (Sharkey and Loreto, 1993; Wiberley et al.,
2005). At higher temperatures in the steady state, the
rate is exponentially increased to the maximum value
around 40°C to 42°C (Sanadze and Kalandadze, 1966;
Loreto and Sharkey, 1990; Monson et al., 1992; Sharkey
and Loreto, 1993; Sharkey et al., 1996; Singsaas and
Sharkey, 1998, 2000). Above the maximum, the emis-
sion rate decreases to zero at temperatures between
45°C and 50°C (Zimmer et al., 2000). However, under
transient conditions, maximum isoprene emissions
may be observed even at temperatures as high as 45°C
to 50°C (Singsaas et al., 1999; Singsaas and Sharkey,
2000). Both the steady-state and transient emission
optima are 10°C to 20°C higher than the optima for
photosynthesis (Loreto and Sharkey, 1990; Monson
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et al., 1992; Guenther et al., 1993; Sharkey and Loreto,
1993; Harley et al., 1997; Singsaas and Sharkey, 2000)
and 5°C to 10°C higher than the temperature optimum
for photosynthetic electron transport (Niinemets et al.,
1999b). This leads to enhanced losses of carbon at
supraoptimal temperatures for photosynthesis, ap-
proaching 8% to 12% (Sharkey and Loreto, 1993; Sharkey
et al., 1996) or even 20% (Harley et al., 1996) of recently
formed photosynthates.

The strong temperature dependence of isoprene
emission suggests that an enzymatic reaction is the
rate-limiting process. In emitting species, isoprene syn-
thase (IspS) catalyzes the final step of the formation
of isoprene from dimethylallyldiphosphate (DMADP;
Silver and Fall, 1991, Monson et al., 1992, Kuzma and
Fall, 1993; Schnitzler et al., 1996; Wildermuth and Fall,
1996; Lehning et al., 1999). Temperature dependence of
isoprene emission from leaves was observed to be
similar to the temperature dependence of the activity
of IspS (Monson et al., 1992). However, the temperature
optimum for in vitro IspS was as high as 44.8°C in this
study for Populus tremuloides (Monson et al., 1992) and
even as high as 48°C for Quercus robur (Lehning et al.,
1999), that is, significantly higher than the optimum
temperature for isoprene emissions normally observed
in vivo (Sanadze and Kalandadze, 1966; Loreto and
Sharkey, 1990; Monson et al., 1992; Sharkey and Loreto,
1993; Sharkey et al., 1996; Singsaas and Sharkey, 1998,
2000). Furthermore, the total IspS activity recovered in
vitro has been inadequate to explain the in vivo iso-
prene emission rates in Populus trichocarpa (Wiberley
et al., 2008), indicating the necessity to elaborate the in
vitro techniques of enzyme isolation and assay.

Another difficulty in directly using the in vitro IspS
data to predict the emissions in vivo is that the in vitro
enzyme activity measurements are usually made with
saturating substrate DMADP concentrations, but the
actual chloroplastic DMADP levels responsible for
isoprene emission are far below those saturating the
enzyme (Briiggemann and Schnitzler, 2002; Loreto
et al., 2004; Schnitzler et al., 2005; Rasulov et al.,
2009a). This leaves open the possibility that the vari-
ation in DMADP concentration may be another im-
portant rate-controlling factor of isoprene emission in
leaves (Schnitzler et al., 2005; Rasulov et al., 2009b). In
fact, some data have indicated significant increases
in the 2-C-methyl-D-erythritol 4-phosphate (MEP)
pathway activity and DMADP concentration when
the rate of isoprene emission increased at elevated
temperature (Wolfertz et al., 2003; Magel et al., 2006).

Finally, IspS activity may change temporarily due to
slow transcriptional and posttranscriptional processes
(Mayrhofer et al., 2005; Sasaki et al., 2005; Wiberley
et al., 2005) via the modulation of the promoter (Cinege
etal., 2009) or via faster allosterically controlled enzyme
activation processes (Singsaas and Sharkey, 1998). For
example, regulation of expression of IspS and MEP
pathway enzyme genes in P. trichocarpa can be initiated
within minutes to hours in response to a temperature

signal.
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This evidence collectively indicates that several
processes can play a role in determining the shape of
the temperature dependence of isoprene emission. The
possible processes from fastest to slowest response
time are as follows: (1) the direct effect of temperature
on the kinetic rate constant of IspS at a constant
amount of the active enzyme and a constant substrate
concentration; (2) the concentration of the substrate
DMADP may change due to the readjustments of the
balance between the intermediates of the MEP path-
way; (3) the amount of the active IspS enzyme mole-
cules may vary due to the temperature-dependent
efficiency of an allosteric activator, if such an activator
exists; and (4) the total amount of the enzyme protein
may vary due to the temperature-dependent balance
of protein synthesis and degradation. In this work, we
have made use of the fast response time of processes 1,
2, and 3 to gain insight into their role in the regulation
of the temperature-dependent isoprene emission from
leaves. All experiments were conducted with hybrid
aspen (Populus tremula X Populus tremuloides) that is a
strong isoprene emitter (Rasulov et al., 2009a, 2009b).

RESULTS

Photosynthetic Temperature Dependencies in
Steady State

In the steady-state experiments conducted at an
ambient CO, concentration of 380 wumol molfl, the
optimum temperature for net CO, uptake (Eq. 3) was
25.9°C (Fig. 1A). Low optimum temperature for net
assimilation was partly associated with increasing
respiration and photorespiration with increasing tem-
perature (Fig. 1A), as the optimum temperatures for
photosynthetic electron transport, whether deter-
mined from chlorophyll fluorescence (Eq. 1) or from
gas exchange (Eq. 2), were larger, 30.9°C to 31.5°C (Fig.
1B). Both the estimates of photosynthetic electron
transport from fluorescence (/i Eq. 1) and gas ex-
change (J; Eq. 2) were strongly correlated throughout
the temperature response.

During the measurements, stomata tended to close
at higher temperatures despite keeping water vapor
pressure constant (Fig. 1C). However, since the CO,
exchange rate decreased, the intercellular CO, concen-
tration changed little over the temperature range 25°C
to 35°C and actually increased at higher temperatures,
indicating that leaf photosynthetic activity decreased
more than stomatal conductance at these high tem-
peratures.

Interaction of Steady-State Isoprene Temperature
Responses with CO, Concentration

Isoprene emission rate had a maximum at 39°C (Fig.
2) that is significantly higher than that either for the net
assimilation rate (Fig. 1A) or for the photosynthetic
electron transport rate (Fig. 1B). Given the changes in
intercellular CO, concentrations with temperature
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Figure 1. Steady-state temperature dependencies of net CO, assimila-
tion and dark respiration rates (A), photosynthetic electron transport
rate from chlorophyll fluorescence (Eq. 1) and from gas exchange (Eq.
2; B), and stomatal conductance to water vapor and intercellular CO,
concentration (C) in hybrid aspen leaves at ambient CO, concentration
of 380 wmol mol™" and oxygen concentration of 210 mmol mol™".
Data for the net assimilation rate (A) and photosynthetic electron
transport (B) were fitted by Equation 3, and the optimum temperatures
(Top) were calculated by Equation 4. Error bars show sp of five replicate
experiments.

(Fig. 1C), the question is whether the temperature
dependence of isoprene emission may be partly driven
by CO, effects. We observed an inhibition of isoprene
emissions by high CO, at lower temperatures (Fig. 3).
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For example, at 22°C, isoprene emission rate decreased
by about 50% when CO, concentration was increased
from 390 to 800 umol mol '. However, the inhibitory
effect of CO, gradually decreased with increasing tem-
perature, and at 40°C there was no statistically signif-
icant effect of CO, on isoprene emission (Fig. 3). Given
the temperature responses of isoprene emission (Fig. 2),
intercellular CO, concentration (Fig. 1C), and the tem-
perature sensitivity of CO, inhibition of isoprene emis-
sion (Fig. 3), we conclude that the modifications in
intercellular CO, concentration (Fig. 1C) did not dom-
inate the temperature response of isoprene emission.

Temperature Dependencies of Isoprene Emission and the
DMADP Pool in the Steady State

Postillumination measurements were carried out at
different temperatures in the steady state, and the
DMADP pool sizes corresponding to the given tem-
perature were obtained (Fig. 2). Characteristically, the
DMADP pool size had a maximum value at 35°C (Fig.
2), that is, at somewhat higher temperature than the
rate of photosynthetic electron transport (Fig. 1B) and
lower than for isoprene emission rate. The activation
energy for isoprene emission in steady-state condi-
tions was 72.1 k] mol ' and that for DMADP pool size
was 56.6 k] mol !, indicating greater enhancement of
isoprene emissions with increasing temperature than
can be predicted from changes in DAMDP pool size
alone. Thus, these data suggest that up to 35°C, the
enhancement of isoprene emissions is associated with
both the increase of the substrate pool size and the
acceleration of the IspS reaction. At temperatures
beyond 35°C, the steady-state DMADP pool size de-
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Figure 2. Comparison of the temperature dependencies of steady-state
isoprene emission rate and the corresponding DMADP pool size.
DMADP pool size was measured as the integral of postillumination
isoprene emission after light was turned off in the steady state (see
“Materials and Methods”). Error bars correspond to sp of four to 10
replicate experiments. Data were fitted by Equation 3, and the optimum
temperatures (T,,,,) were calculated by Equation 4.
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Figure 3. Comparisons of steady-state isoprene emission temperature
dependencies at current ambient CO, concentration of 390 umol
mol ™" and at high CO, concentration of 800 wmol mol~". Error bars
give sp of five replicate experiments. The isoprene emission rate is
significantly larger under ambient than under high CO, at 22°C and
30°C, but no significant CO, effect is observed at 35°C and 40°C (P >
0.05, ANOVA).

creases, but the direct effect of temperature on the
enzyme activity is stronger than the reduction of
substrate availability. Thus, isoprene emission rate
continues to increase with temperature, although
with a slower rate. However, between 40°C and
45°C, both the DMADP pool size and isoprene emis-
sion rate decrease (Fig. 2). Whether this reduction in
the emission rate results from a decrease in the enzyme
activity at supraoptimal temperature or from a re-
duced DMADP pool size cannot be resolved from such
steady-state experiments. With the following dynamic
experiments, we tried to determine the true tempera-
ture response of the IspS reaction free of the simulta-
neous variations in the DMADP pool size.

Complex Temperature Response of Isoprene Emission

Transient Changes in Isoprene Emission Rate after
Temperature Changes

Experiments with rapid temperature responses
revealed reproducible multiphasic temperature re-
sponses of isoprene emission (Fig. 4). Changing the
temperature from 33°C to 25°C produced a two-phase
transient, where the fast initial decrease in the emis-
sion rate was followed by a slow phase lasting about
2 to 3 min. The reversal to 33°C exhibited a similar
transient character. However, transient responses at
high temperatures were more complex. As with lower
temperature, the initial fast increase was followed by a
slower increase. However, the increasing phase was
replaced by a time-dependent reduction of the emis-
sion rate a few minutes after reaching the maximum at
40°C and 44°C, while the emissions started to virtually
decline immediately after reaching the peak value at
50°C (Fig. 4). Already the temperature of 44°C was
close to the threshold for leaf damage; it took about 30
min to recover to the initial rate at 33°C (Fig. 4). The
highest applied temperature of 50°C was lethal during
prolonged exposures.

Temperature Dependencies of the Rate Constant of IspS
and Isoprene Emission at Constant DMADP

What is causing the multiphasic temperature re-
sponse of isoprene emissions in Figure 4? The isoprene
emission rate determined from the temperature/light
transients and at a constant DMADP pool size corre-
sponding to 33°C had an optimum temperature of
47.6°C (Fig. 5). In addition, the slope of the DMADP
versus isoprene emission rate relationship (Fig. 6), the
rate constant of IspS, increased from 0.013 =+ 0.002 s !
(average = sp) at 25°C to 0.039 = 0.003 s !at 50°C with
the apparent temperature optimum of 48.3°C (Fig. 5).
From these measurements, the activation energy (Eq.
5) obtained for the IspS was 42.8 kJ mol !, while the
activation energy was 47.0 k] mol " for isoprene emis-
sions at a constant DMADP pool.
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Figure 5. Comparison of the temperature dependencies of the isoprene
emission rate and the rate constant of the IspS at a constant DMADP
pool size based on the dynamic experiments. In these experiments, the
DMADP pool size corresponds to the steady-state isoprene emission
rate at 33°C (the experiments with simultaneous darkening and change
in leaf temperature; see “Materials and Methods”). The rate constant
was calculated as the slope of isoprene emission rate versus DMADP
pool size during the dark isoprene emission transients (see “Materials
and Methods”). Error bars denote sb of four to nine replicate experi-
ments at each temperature. Data fitting as in Figure 2.

Is There Evidence of Temperature-Dependent Variation
in the Activation State of IspS?

To study the possibility of enzyme activation in the
complicated transients (increase of emissions during
0-150 s after an increase of temperature from 33°C to
40°C to 45°C in Fig. 4), the kinetic constant of IspS was
first measured immediately after the temperature
change from 33°C to 44°C (Fig. 6A), and then the
experiment was repeated measuring the kinetic curve
120 s after the change (Fig. 6B), at the time when the
isoprene emission rate was the fastest (Fig. 4). These
experiments showed no change (P > 0.05) in the rate
constant of IspS (Fig. 6C), but the DMADP pool size
was approximately 20% larger when the emission rate
was faster. Analogous experiments with longer wait-
ing times indicated that the final slow rate of isoprene
emission established in the steady state at high tem-
peratures (Fig. 2) was accompanied by a drastic de-
crease in the DMADP pool size (data not shown).

Additional experiments were conducted by using
different initial DMADP pool sizes either due to dif-
ferent initial temperature (Fig. 7A) or different light
intensity (Fig. 7B). These experiments indicated that
the leaves with a higher initial DMADP pool (higher
initial temperature or higher light) had greater initial
isoprene emission rates after the transfer of the leaves
to higher temperature (Fig. 7). In these experiments, an
average (*sp) 92% * 37% increase in DMADP pool
size by manipulations of initial temperature or light
was associated with a 58% = 11% increase in initial
isoprene emission rate after the change in tempera-
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ture. However, further increase of the emissions
within the following 120 s was greater in leaves with
a lower initial DMADP pool, indicating that isoprene
emission was more strongly limited by DMADP pool
size in leaves with lower initial DMADP pool size.
These experiments collectively suggest that the acti-
vation state of IspS did not change during the inves-
tigated transients of about 10 min.

[ Light [ Dark |
Sample Reference Sample
45 Jevle > »
Light off, A
T 44 °C
354 7,=33°C -
254
DMADP pool
154 1120 nmol m*
5 4
U YWY T T i
[ Light [ Dark |
Sample Reference Sample
45 Jele < >
) Light off B
354 7.=33°C

DMADP pool
1360 nmol m™

s 2 -l
Isoprene emission rate (nmol m™ s™)

200 300 400
Time (s)
45
C
35
25
- Simult. change of 7" and

15 0 (k=0.0378s")

5 ., I'changed 120 s before

27 O (k=0.03855")

0 -

T T
0 500 1000 1500
DMADP pool size (nmol m™)

Figure 6. Sample responses of the kinetics of dark isoprene emission
following temperature changes (A and B) and corresponding isoprene
emission versus DMADP pool size relationships (C). In A, temperature
was increased from 33°C to 44°C and light (Q) was switched off
simultaneously, while in B, temperature was raised 120 s before
switching off the light. The shaded areas in A and B correspond to
the total DMADP pool size responsible for isoprene emission in light.
The dark decay kinetics was employed to obtain the paired values of the
isoprene emission rate and DMADP pool size (see “Materials and
Methods”). The slope of the linear regression fitted to isoprene emission
rate versus DMADP pool size relationship provides the first-order rate
constant of IspS reaction (k; s, Isoprene evolution versus DMADP
pool size relationships suggest that IspS activity did not change during
this 120-s delay period (similar k values).
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Figure 7. Representative illustrations of the effect of the initial DMADP
concentration on the rapid temperature response kinetics of isoprene
emission. Initial DMADP concentration was either changed by altering
the initial temperature in the steady state (A; 25°C versus 33°C) or by
changing the incident quantum flux density (B; 300 versus 600 wmol
m~2 s71), and the emission rates were determined at different times
during the temperature transients (for transient temperature responses
of emissions, see Fig. 4).

DISCUSSION

Steady-State Temperature Responses of Photosynthetic
Processes and Isoprene Emission

Both the temperature dependencies of isoprene emis-
sion and photosynthetic CO, uptake have a maximum,
followed by a range where increasing temperature is
accompanied by a decreasing rate of the process (Figs.
1 and 2). Such a temperature response is difficult to
explain thermodynamically, except when the biological
machinery of the process is being destroyed by the high
temperature. This evidently happens at temperatures
above 45°C to 50°C, where the response becomes irre-
versible (Hiive et al., 2010). However, there is a range of
temperatures between 40°C and 45°C for isoprene
emission and between 30°C and 45°C for photosyn-
thetic CO, uptake, where the inhibition of the process is
rapidly reversible when the leaves are returned to
lower temperature (Fig. 1A). The high-temperature
inhibition of net CO, uptake is partly explained by
increasing photorespiratory and mitochondrial CO,
evolution; however, photosynthetic electron transport
is inhibited at high temperature as well (Fig. 1B). In this
work, we specifically investigated the causes of the
reversible inhibition of isoprene emission; at tempera-

Plant Physiol. Vol. 154, 2010

Complex Temperature Response of Isoprene Emission

tures exceeding the heat stress tolerance limit, the
causes for inhibition may be similar for both processes.

Kinetic Approach for Understanding the Temperature
Responses of Isoprene Emission

As outlined in the introduction, the in vivo temper-
ature dependence of isoprene emission can result from
a variety of component processes with different time
kinetics. Out of these, changes in the total amount of
the IspS protein as the result of temperature-depen-
dent shifts in the rates of protein synthesis and deg-
radation typically have half-times on the order of
hours (Loivamadki et al., 2007, Wiberley et al., 2009)
and, therefore, are unlikely to play a role in the
dynamics discussed here. To separate between various
shorter term processes potentially affecting the tem-
perature responses of isoprene emissions, such as
changes in the IspS kinetics at constant substrate
concentration and enzyme activation state, modifica-
tions in the substrate concentration, and adjustments
in the enzyme activation state, a kinetic method was
developed based on transient temperature responses
of isoprene emission. Fast temperature changes were
achieved by alternating between the thermostats feed-
ing the water jacket of the leaf chamber. This way,
rapid exponential changes in leaf temperature with a
time constant of 3 s (6-10 s for full stabilization; Fig. 8)
were achieved. Such temperature jumps induced com-
plex transients of isoprene emission composed of an
almost immediate initial response, followed by further
monotonous or dual-phase adjustment with the char-
acteristic time constants of about 100 s and 300 to 400 s
(Fig. 4). Furthermore, the transient responses were
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5
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Figure 8. Demonstration of the inherent temperature response of the
measurement system during the rise (white squares) and decrease
(black squares) of temperature. The temperature of the leaf chamber
water jacket was controlled by two precision thermostats set at different
temperatures. At time 2 s, either the thermostat with higher (white
squares) or lower (black squares) temperature was switched to the leaf
chamber water jacket.
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combined with an analysis of postillumination iso-
prene transients to determine the DMADP pool sizes
(Figs. 6 and 9) and determine the rate constant of
isoprene emission (Figs. 6 and 10). After the temper-
ature was changed, light was turned off and the
postillumination decay of isoprene emission was mea-
sured at a new temperature, but with the substrate
pool accumulated at the preceding temperature. Pre-
viously, we have used this technique for investigation
of the kinetics of Rubisco at various temperatures (Oja
et al., 1988) and of IspS kinetics at a constant temper-
ature (Rasulov et al., 2009a). Here, this technique was
applied for the measurement of the kinetic rate con-
stant of IspS at different temperatures with a constant
substrate DMADP pool size (Figs. 5 and 10).

Temperature Dependence of IspS Activity in Vivo

Although the fastest component process is likely
determined by the kinetic response of enzyme chem-
istry (Singsaas and Sharkey, 1998), in previous tem-
perature experiments the IspS kinetics could not
be separated from changes in substrate concentration.
In our study, the analysis of the temperature transients
combined with DMADP pool size estimations showed
that, in vivo, IspS reaction is operating in the first-order
kinetic range, with the maximum (average * sp) rate
constant of 0.0401 = 0.003 s~ " predicted to occur at the
optimum temperature of 48.3°C (Figs. 5 and 10). Over
the temperature range 25°C to 44°C, the temperature
response of the rate constant of IspS exhibited a strictly
exponential increase, with the Arrhenius activation
energy of 42.8 k] mol™' (Fig. 5) indicating that the
IspS enzyme is thermodynamically stable and follows
the Arrhenius response at least to temperatures as high
as 45°C to 48°C. This is in accordance with in vitro
studies showing the optimum of IspS activity between
45°C and 50°C (Monson et al., 1992; Lehning et al.,
1999), although in some cases lower temperature op-
tima have been observed (Schnitzler et al., 2005).

Substrate Limitations as Responsible for the Reduction
of Isoprene Emissions below the Temperature Optimum
for IspS

The observed first-order IspS kinetics imply that a
decreasing DMADP pool size is a potential cause for the
reduction of the steady-state rates of isoprene emissions
at temperatures below the threshold for thermal dam-
age. Our results (Fig. 2) confirmed this hypothesis,
showing that the steady-state DMADP pool size reaches
the maximum at 35.3°C. The maximum of isoprene
emission is shifted toward higher temperature with an
optimum at 39.3°C (Fig. 2). Thus, the decrease in the
DMADP pool size is more than compensated by the
increasing rate constant of IspS (Fig. 5). On the other
hand, simultaneous increases of DMADP pool size
and IspS rate constant resulted in high activation
energy for isoprene emission of 72.1 k] mol™' over
the temperature range of 20°C to 35°C. Analogously
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Figure 9. Original PTR-MS recordings of the measurements of the
transient responses of isoprene emissions of hybrid aspen leaves after
switching off the light either under constant leaf temperature (A) or after
simultaneously changing leaf temperature and switching off the light (B
and C). The postillumination transients were used to determine the size
of the DMADP pool responsible for isoprene emission according to the
method of Rasulov et al. (2009a, 2009b). An ultrafast gas-exchange
system with a response time of approximately 3 s was used (Laisk et al.,
2002). The recording begins in a steady state at leaf temperature (T,) of
33°C (0-40 s), then the reference line of the mass spectrometer is
recorded between 40 and 100 s, followed again by the leaf sample. In
A, light was switched off at 106 s and dark evolution of isoprene was
followed until reaching the baseline. In B, the leaf chamber water
jacket was switched to the thermostat with T, = 44°C, and in C, it was
switched to T, = 25°C, at 100 s, and 6 s later, the leaf chamber was
switched from channel 1 to channel 2 and the light was turned off
simultaneously. The delay of 6 s was used to account for the slightly
slower response of temperature change (Fig. 8) than the response of the
gas-exchange part of the system. The integral of isoprene emission
provides the DMADP pool size responsible for isoprene emission
(Rasulov et al., 2009a, 2009b). As at higher temperatures, a slower
component of isoprene dark emission was also observed; the baseline
for integration in B was adjusted to consider this component (dashed
line), as explained in “Materials and Methods.” In these experiments,
ambient CO, concentration was 380 umol mol~' and O, concentra-
tion was 210 mmol mol~'. Average + so DMADP pool sizes and
isoprene emission rates corresponding to replicate experiments are
demonstrated in Figures 2 and 5.
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Figure 10. Determination of the rate constant of the IspS reaction based on the transients shown in Figure 9. The total DMADP
pool size is the integral from the time of darkening (t,) to reaching the baseline level (t). This DMADP pool size corresponds to the
isoprene emission rate at the time of darkening (top inset for the data from Fig. 9A). Integrating backward from time ¢; to arbitrary
time t provides a DMADP pool size that corresponds to the isoprene emission rate at this time t (bottom inset). Thus, for any
isoprene emission rate in the dark, we obtained the corresponding pool sizes. For a first-order reaction, a linear dependence is
expected between the pool size and the IspS reaction rate. Accordingly, the slope of this dependence provides the rate constant
of the IspS reaction. The black symbols correspond to the dark measurements at 33°C (Fig. 9A), while the white symbols
correspond to the measurements at 44°C (Fig. 9B). Average isoprene emission rates and rate constants derived from replicate

experiments are shown in Figure 5.

high activation energies of isoprene emission even up
to 100 kJ mol ! have been observed in other studies as
well (Harley et al., 1996; Hanson and Sharkey, 2001).

The importance of variations in the DMADP pool
size in temperature-dependent changes in isoprene
emissions above 30°C has been emphasized before
(Magel et al., 2006; Nogués et al., 2006). In fact, a
general negative relationship between isoprene emis-
sion and its substrate pool was suggested (Nogués
et al., 2006). However, as shown by Singsaas and
Sharkey (2000), Magel et al. (2006), and our study, such
a reciprocity is observed only over a narrow temper-
ature range above 35°C, where the exponential tem-
perature response of IspS kinetics overruns the effect
of the decreasing DMADP pool.

Dynamic Variation in DMADP Pool Size in
Temperature Transients

In the transient temperature experiments, after tem-
perature is rapidly increased to temperatures of 40°C
to 44°C, the DMADP pool first increases during about
200 s and then decreases during about 10 min (Fig. 4).
Given the thermal stability of IspS over this temper-
ature range, and the rapid reversibility of the transient
response, we conclude that the slow decrease in the
isoprene emission rate, in approximately 200 s after
the change of the temperature from 33°C to 40°C (Fig.
4), is caused by slowly decreasing pool of DMADP.
However, what is the cause for the initial increase of
the emissions in the transient lasting for about 200 s
(Figs. 4, 6, and 7)? Can this enhancement reflect an
increase of the activation state of the IspS enzyme on
the background of the decreasing DMADP pool? In
fact, the results in Figures 6 and 7 suggested that the
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pool size of DMADP was increasing during the initial
period of increasing isoprene emission, while the rate
constant of IspS did not change (Fig. 6). This result
does not support the suggested variation of IspS
activation state with temperature (Monson et al.,
1992; Singsaas and Sharkey, 1998).

To explain the initial enhancement of DMADP pool
size after the temperature increase, DMADP synthesis
immediately after the transient must increase even
faster than the rate of isoprene synthesis from DMADP.
Overall, such complex transient responses to increas-
ing temperature suggest that different reactions in
the MEP pathway of DMADP synthesis respond dif-
ferently to the increasing temperature. We hypothe-
size that the initial enhancement of DMADP synthesis
is related to enhancement of the terminal reactions
of the MEP pathway, that is, those beginning with
2-phospho-4-(cytidine 5-diphospho)-2-C-methyl-p-
erythritol (Fellermeier et al., 2001; Rohdich et al.,
2001). However, the reactions coupled with ener-
getic cofactors ATP and CTP soon slow down, prob-
ably because of the decreasing ATP level at elevated
temperatures. As soon as the pools of 2-phospho-4-
(cytidine 5-diphospho)-2-C-methyl-p-erythritol and
2-C-methyl-p-erythritol 2,4-cyclodiphosphate are ex-
hausted, the rate of the whole pathway slows down to
the rate determined by the availability of ATP and CTP.

ATP as Ultimately Limiting the Formation of
DMADP Synthesis?

There are two basic hypotheses about the rate lim-
itation of the whole MEP pathway of isoprene synthe-
sis. The concept of regulation by the input of carbon
moieties (Rosenstiel et al.,, 2003) assumes the rate-
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limiting role of the availability of mainly phosphoerol-
pyruvate (and pyruvate) and glyceraldehyde-3-phos-
phate, the compounds condensing to form 1-deoxy-p-
xylulose 5-phosphate (Lichtenthaler, 1998). These same
substances are feeding carbon to the Krebs cycle of
mitochondprial respiration. The increasing rate of dark
respiration at elevated temperatures may outcompete
the MEP pathway for the input carbon, limiting the
rate of isoprene emission. However, such a competi-
tion is more efficient in rapidly respiring young leaves
but not in mature leaves showing fast rates of the MEP
pathway and reduced rates of respiration (Centritto
et al., 2005). Our results (Figs. 1 and 2) showed rather
parallel courses of respiration and isoprene emission
rates along different temperatures, in accord with
Loreto et al. (2007) and Fortunati et al. (2008) and not
consistent with the competition between these two
processes, at least in the range of temperatures below
45°C. The insensitivity of isoprene emissions to CO,
under higher temperature (Fig. 3; Affek, 2003) is also in
line with the conclusion that carbon input is not
limiting the rate of the MEP pathway. In several
studies under moderate temperatures of approxi-
mately 30°C, it has further been reported that the
photosynthetically generated carbon pools are suffi-
cient to support normal isoprene emission rates for
extended periods of time (Sharkey and Loreto, 1993;
Pegoraro et al., 2004) as soon as the CO, uptake rate
exceeds the CO, compensation point (Tingey et al.,
1981; Wolfertz et al., 2003; Rasulov et al., 2009b). In
fact, this condition does not change in high-tempera-
ture stress (Darbah et al., 2010).

Alternatively, variations in the DMADP pool size in
response to these environmental parameters have
been associated with variations in the levels of ener-
getic metabolites, in particular ATP, generated in pho-
tosynthesis (Rasulov et al., 2009b). As discussed above,
sustained time-dependent inhibition of DMADP pool
size after transfer to higher temperatures is consistent
with a reduction in the pool size of ATP- and CTP-
dependent intermediates. So far, there is not much
information about chloroplastic ATP levels being de-
pendent on temperature. However, indirect evidence
is consistent with temperature-dependent reductions in
chloroplastic ATP. The rate of photosynthetic electron
transport decreases at higher temperatures (Niinemets
et al., 1999b; Fig. 1B), suggesting the possibility that at
moderately high temperatures, the efficiency of the
photosynthetic machinery to generate energetic metab-
olites reversibly decreases. Moderate heat stress in-
creased the proton conductance of thylakoid membranes
in a time-dependent manner in Arabidopsis (Arabidopsis
thaliana) leaves (Zhang and Sharkey, 2009) and reduced
the pH component of the transthylakoid proton motive
force in tobacco (Nicotiana tabacum) leaves (Zhang et al.,
2009). Probably the most convincing evidence comes
from measurements in isolated chloroplasts and thyla-
koids, where the coupling of the photosynthetic electron
flow with proton transport and ATP synthesis was more
sensitive to moderately high temperature than the
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uncoupled electron transport to methyl viologen. The
coupling ratio, ATP/2e", decreased continuously with
temperature above 35°C, indicating temperature-
induced uncoupling and/or proton leak (Stidham
et al., 1982). In the latter study, the optimum of ATP
synthesis was found at 30°C to 33°C (Stidham et al.,
1982), being very close to the temperature optimum of
DMADP in our experiments (Fig. 2).

Although variation in the chloroplastic ATP levels is
a good candidate to explain the reversible reduction of
DMADP pool size under moderately high tempera-
tures, further efforts are needed to understand the
reasons suppressing ATP synthesis under these and
other stress conditions. Temperature-dependent mod-
ifications in the importance of the proton-uncoupled
cyclic electron flow around PSI can provide an expla-
nation for the reversible reduction of ATP levels (Laisk
et al., 2010). At elevated temperatures, the glycolytic
direction of the Calvin-Benson cycle may dominate
over the photosynthetic direction. As a result, the
pressure of NADPH and associated reduced ferre-
doxin may increase to the extent that electrons from
ferredoxin via the cyclic pathway to the donor side
saturate the transport capacity of PSI, partly outcom-
peting the linear electron flow.

CONCLUSION

These data suggest that the steady-state temperature
response of isoprene emission results from changes in
isoprene precursor, DMADDP, pool size, and from mod-
ifications in the rate constant of IspS. Due to inherently
different temperature responses of IspS and other MEP
pathway reactions supplying DMADP, the temperature
responses of isoprene emission are different under
transient and steady-state conditions. Constancy of
IspS under transient conditions implies that the initial
conditions that determine DMADP pool size can im-
portantly modify the emission responses to fluctuating
temperature conditions in the field. Depending on the
previous leaf temperature and light environment, the
leaf isoprene emission response to a heat pulse is
different (Fig. 7). These results collectively have impor-
tant implications for understanding the isoprene emis-
sion fluctuations in field environments and make it
possible to more effectively link the isoprene emission
models to kinetics of IspS. Overall, the MEP pathway
and isoprene emission in chloroplasts seem to be tightly
linked to photosynthesis via common energetic sub-
strates. However, additional work is clearly needed to
gain insight into the biochemical determinants of the
DMADP synthesis rate under different temperatures.

MATERIALS AND METHODS
Plants and Growth Conditions

One-year-old plants of hybrid aspen (Populus tremula X Populus tremuloides
clone 200; for the genotype, see Vahala et al., 2003) were grown in an AR-95
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HIL climatic chamber (Percival CLF Plant Climatics) in 4-L plastic pots filled
with a mixture of peat and sand (1:1) at optimized water and nutrient supply,
as described by Rasulov et al. (2009a, 2009b). Quantum flux density of 550
pmol m™2 5! was provided during a 14-h photoperiod, day/night temper-
atures were 26°C/20°C, and relative humidity was kept at 60% * 2%.
Preliminary experiments demonstrated that under such growth conditions,
isoprene emission starts 5 to 6 d after leaf emergence. Thus, only fully
developed leaves 20 to 30 d after bud burst were used in all experiments.

Transient and Steady-State Measurements of CO, and
Water Vapor Exchange

A fast two-channel gas-exchange system was used for the measurements
(Laisk et al.,, 2002). The attached leaf was enclosed in a clip-on-type leaf
chamber (8.04 cm? cross-section area and 0.3 cm height). The flow rate of the
system was maintained at 0.5 mmol s™! (Laisk and Oja, 1998). Given the
volume of the leaf chamber of only 2.4 cm®, and assuming first-order kinetics,
the leaf chamber half-time was 0.15 s (for calculation of chamber time
response, see Li-Cor, 2001; Weiss et al., 2009). Thus, the chamber effect on
the kinetic patterns studied can be considered negligible.

While the leaf chamber was connected to channel 1, the water vapor, CO,,
and isoprene analyzers recorded the reference lines at channel 2. As soon as
the chamber was connected to channel 2 (in less than 1 s), the analyzers
immediately recorded the corresponding gas-exchange rates with a minor,
1- to 2-s delay (Laisk et al., 2002). Thus, this setup is particularly advantageous
for fast measurements, avoiding the time delays resulting from analyzer
matching for two analyzer systems and delays due to stabilization of gas
flows in single analyzer systems with nonequivalent resistances of different
channels.

Synthetic air for both channels was mixed from pure nitrogen, oxygen, and
CO, with dynamic mixers. The CO, concentration was measured with an
infrared CO, analyzer (LI-6251; Li-Cor), while the water vapor pressure was
measured with a psychrometer integrated in the gas system (Laisk et al., 2002).
For the high-temperature measurements, the whole gas system, including
tubing and psychrometers, was thermostatted at 50°C.

To enhance the temperature exchange, the upper leaf surface was glued
with starch paste to the thermostatted glass window of the leaf chamber water
jacket. This did not block foliar gas exchange, because aspen has essentially no
stomata on the upper leaf side. Less than 2% of isoprene emission occurs
through the upper epidermis of aspen leaves (Fall and Monson, 1992). The
advantage of gluing the leaf on the window of the gas-exchange chamber is
that the leaf heat-exchange coefficient is increased by about ten times. Thus,
leaf temperature is stabilized practically independently of incident light
intensity and leaf evaporation rate. Leaf chamber temperature was controlled
at the desired temperature by two thermostats as described by Niinemets et al.
(1999a). The two-thermostat system with a four-way custom-made valve was
constructed to allow for rapid leaf temperature transients. One thermostat was
circulating the water through the leaf chamber water jacket, while in the
second thermostat the next temperature was established. By switching be-
tween the thermostats, fast step-wise changes in leaf temperature could be
induced. The rate of change of the leaf temperature obtained this way had a
half-time of approximately 3 s (i.e. the new temperature was established in
approximately 10 s; Fig. 8). Although the temperature change was slower than
the response time of the gas-exchange measurements by this system, such
temperature jumps still allowed us to distinguish between the partial rate-
limiting reactions of isoprene emission. The humidity of the inlet gas was
increased in parallel with the increasing leaf temperature such that it
remained constant during the measurements of the temperature response
curves.

Standard conditions used in these experiments were as follows: leaf
temperature of 33°C, saturating incident quantum flux density of 600 wmol
m 25" (Schott KL 1500 halogen light source), ambient CO, concentration of
380 wmol mol ™!, oxygen concentration of 210 mmol mol !, and inlet gas water
vapor pressure deficit of 1.7 kPa. After enclosure of the leaf in the chamber, the
standard environmental conditions were established and the leaf was main-
tained at these conditions until stomata opened and steady-state CO, and
isoprene emission rates were established, typically 15 to 20 min after leaf
enclosure. Thereafter, leaf temperatures were step-wise changed to record
either the steady-state values at each temperature and/or the transient
responses with constant and varying DMADP pool size (see below).

Foliage gas-exchange rates, stomatal conductance, and intercellular CO,
concentration were calculated using standard procedures (von Caemmerer
and Farquhar, 1981).
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Determination of the Rate of Photosynthetic
Electron Transport

Chlorophyll fluorescence was measured concurrently with foliage gas
exchange by a PAM 101 fluorimeter (H. Walz). Saturated pulses of white light
of 14,000 wmol m ™2 57! for 2 s provided by the second Schott KL 1500 light
source were given to measure the maximum fluorescence yield of light-
adapted samples (F,,"). The quantum yield of PSII electron transport in light
(Ppgy) was calculated as (F,," —F)/F,,', where F is the steady-state fluorescence
yield. The rate of photosynthetic electron transport from chlorophyll fluores-
cence (Jp) was further calculated as (Schreiber et al., 1994):

]F :fPsnOl‘br‘sn (1)

where fpg, is the fraction of light absorbed by PSII (taken as 0.5 in this study)
and «a is the leaf absorptance (taken as 0.89 in this study; Niinemets et al.,
1999a). In addition, the electron transport rate needed to explain the observed
gas-exchange rates (J;) was also calculated from the net assimilation rate (A),
dark respiration rate (Ry), and intercellular CO, concentration (C;) as (Brooks
and Farquhar, 1985):

~ (A+vRy)(4C +8I7)
Jo = T o-r 2)

where I'* (umol mol™) is the hypothetical CO, compensation point in the
absence of Ry and v is the proportion of dark respiration remaining during
light (taken as 0.5 in this study; Villar et al., 1995). Standard temperature
characteristics for Rubisco were used to determine I'* at different tempera-
tures (Niinemets and Tenhunen, 1997). Because in these calculations default
values for fpg, @, and v were used, and in Equation 2 it is further assumed that
the diffusion conductance for substomatal cavities (CO, concentration C;) to
chloroplasts (CO, concentration C) is large, both the estimates of electron
transport calculated by Equations 1 and 2 are apparent rates. Nevertheless,
previous studies demonstrate that estimations of photosynthetic electron
transport rate are relatively insensitive to these assumptions for species
having mesophytic leaves such as aspen (Laisk and Oja, 1998).

Isoprene Emission Rate and in Vivo DMADP Pool
Size Measurements

Isoprene emission was measured with a proton transfer reaction mass
spectrometer (PTR-MS; high-sensitivity version; Ionicon Analytik) with a
response time of approximately 0.1 s and with a detection limit of approx-
imately 10 pmol mol ™! (Lindinger et al., 1998; Hansel et al., 1999). The PTR-MS
was calibrated with a standard gas (5.74 pmol mol " isoprene in N,).

We used the recently developed in vivo method to estimate the DMADP
pool size responsible for isoprene emission (Rasulov et al., 2009a). The method
is based on integration of the amount of isoprene emitted during 150 to 200 s
after leaf darkening (Rasulov et al., 2009a). The method assumes that dark
release of isoprene emission is at the expense of DMADP formed during the
light period. This assumption rests on the observations of rapid dark decay of
ATP and NADPH needed for the synthesis of DMADP (Rasulov et al., 2009a;
i.e. that no new chloroplastic DMADP is formed in the darkness or the
contribution of dark-formed DMADP is small). Although leaf darkening also
results in reductions in chloroplastic stroma pH from approximately 8 to 7
(Wu and Berkowitz, 1992; Nishio and Whitmarsh, 1993), IspS has a broad pH
optimum between approximately 7 and 8.5 (Silver and Fall, 1991; Fall and
Wildermuth, 1998; Wildermuth and Fall, 1998; Schnitzler et al., 2005) or even
between 6.5 and 9 (Lehning et al., 1999). Thus, dark-light changes in pH are
not expected to exert a rapid control over IspS activity.

In the previous measurements conducted with a relatively slow experi-
mental setup, special effort was necessary to separate the gas-exchange
system and plant responses. In the current experiments, with an overall gas-
exchange system response time of approximately 3 s, the gas-exchange system
contributed only a minor degree to the total postillumination isoprene signal
(Fig. 9A); thus, the dark decay of isoprene emission was directly integrated.

At lower temperatures, isoprene emission approached zero at about 150 s
after darkening. At higher temperatures, we also observed that a light-
independent (B. Rasulov, U. Niinemets, and A. Laisk, unpublished data)
isoprene emission process was initiated. Therefore, at higher temperatures,
the baseline of the postillumination isoprene emission was adjusted to account
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for the contribution of the light-independent component from zero at the time
of darkening to the level of the longer term component at 150 to 200 s after
darkening. Nevertheless, comparisons of the temperature responses obtained
with the DMADP pools without this correction indicate that the contribution
of the slower component within 150 to 200 s after darkening was small (on the
order of 5%-10%), and the results were not qualitatively biased by the baseline
correction introduced.

Experiments with Constant in Vivo DMADP Pool Size

In addition to the estimation of steady-state DMADP pools corresponding
to each temperature (Fig. 9A), experiments with simultaneous changes of
temperature upon leaf darkening were conducted (Fig. 9, B and C) to obtain
temperature responses of leaf isoprene emission at a constant DMADP pool
size. The baseline temperature of 33°C was used in these experiments, and we
always waited at this temperature until the isoprene emissions reached a
steady state before switching off the light for postillumination transients. In
addition, in combined temperature and darkening transients, a delay of 6 s
between the swap of the thermostats of the leaf chamber water jacket and
switching off the light was applied to account for the somewhat slower
temperature response of the system (Fig. 8). The idea was to synchronize the
moment of darkening with the center of the leaf temperature change. We
anticipated that about a constant DMADP pool was accumulated at 33°C, but
its postillumination conversion to isoprene occurred at different temperatures.
The results (Fig. 9) confirmed this, as the integral of postillumination isoprene
release was very similar despite the fact that the postillumination process was
carried out at different temperatures.

Estimation of the Rate Constant of IspS

In postillumination isoprene emission measurements, the rate of isoprene
evolution decreases because the DMADP pool size is declining due to
DMADP conversion into isoprene. At any time step of the postillumination
curve, the isoprene reaction rate is recorded, while the pool of DMADP equals
the integral of the rate from that moment until the cessation of isoprene
emission. Such paired rates were estimated from the postillumination record-
ings and plotted against the DMADP pool still present at that moment. This
resulted in IspS reaction versus DMADP pool size relationships correspond-
ing to each temperature transient (Fig. 10). If the dark isoprene emission
followed a first-order reaction kinetics under strongly substrate-limited con-
ditions, as suggested by previous studies (Loreto et al., 2004; Rasulov et al.,
2009a, 2009b), the relationship of DMADP pool size versus emission rate was
linear. The primary condition for a first-order reaction is that the activation
state of the enzyme stays constant during the postillumination isoprene
release. In our study, all these responses were characterized by straight lines,
as is expected from the exponential decay of a first-order reaction. Thus, the
IspS reaction rate constant (s ') was calculated as the slope of the linear
regression of isoprene emission versus DMADP pool size.

Data Analyses

The temperature dependencies of photosynthesis and isoprene emission
characteristics were fitted by an Arrhenius-type response curve with a
maximum:

o ~AHa/RT

Yi

=1 ST SRRT ®3)
where y; is the dependent variable, ¢ is the scaling constant, AH, (J mol™) is the
activation energy, AH, (J mol™) is the deactivation energy, AS (J mol™ K™) is
the entropy term, T (K) is the leaf temperature, and R (8.314 ] mol™ K7) is the
gas constant. The optimum temperature of the given variable (T,,) was
determined as (Niinemets et al., 1999a):

AH,

“aseRm(% 1) @

Tnpt

As AH,, AH,, and AS are fitted simultaneously in Equation 3, they are not
necessarily independent for any given parameterization. To compare the
activation energies for different processes, we also fitted the initial exponential
part of the temperature response curve below the optimum by:
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In all cases, four to 10 replicate experiments were conducted, and average
+ sp values were calculated. Whenever necessary, the means were compared
by standard ANOVA, and the differences were considered significant at P <
0.05.

Received June 29, 2010; accepted September 12, 2010; published September 13,
2010.
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