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Transcript levels of mRNA from 1-deoxy-D-xylulose 5-phosphate reductoisomerase (PcDXR), isoprene synthase (PcISPS), and
phytoene synthase (PcPSY) showed strong seasonal variations in leaves of Grey poplar (Populus 3 canescens [Aiton] Sm.). These
changes were dependent on the developmental stage and were strongly correlated to temperature and light. The expression rates
of the genes PcDXR and PcISPS were found to be significantly correlated to each other, whereas the expression of the PcPSY gene
showed a different seasonal pattern. Protein concentration and enzyme activity of PcISPS showed distinct seasonal patterns
peaking in late summer, whereas highest transcription levels of PcISPS were observed in early summer. Moreover, correlation
between PcISPS protein concentration and enzyme activity changed, in particular in autumn, when PcISPS protein levels
remained high while enzyme activity declined, indicating posttranslational modifications of the enzyme. The positive correlation
between dimethylallyl diphosphate levels and PcISPS protein content was found to be consistent with the demonstrated
synchronized regulation of PcDXR and PcISPS, suggesting that metabolic flux through the 1-deoxy-D-xylulose 5-phosphate
pathway and isoprene emission capacity are closely intercoordinated. Transcript levels ofPcISPS showed strong diurnal variation
with maximal values before midday in contrast toPcDXR, whose gene expression exhibited no clear intraday changes. During the
course of a day, in vitro PcISPS activities did not change, whereas leaf dimethylallyl diphosphate levels and isoprene emission
showed strong diurnal variations depending on actual temperature and light profiles on the respective day. These results illustrate
that the regulation of isoprene biosynthesis in Grey poplar leaves seems to happen on transcriptional, posttranslational, and
metabolic levels and is highly variable with respect to seasonal and diurnal changes in relation to temperature and light.

Isoprene (2-methyl-1,3-butadiene) is a volatile or-
ganic compound naturally emitted by many tree spe-
cies and has a significant influence on atmospheric
chemistry (Thompson, 1992; Biesenthal et al., 1997;
Derwent et al., 1998). Different hypotheses are dis-
cussed to explain the functional role of isoprene emis-
sion for the plant itself, either to prevent leaf metabolic
processes from thermal (Sharkey and Singsaas, 1995;
Singsaas et al., 1997; for overview, see Sharkey and
Yeh, 2001) and oxidative stress (Loreto and Velikova,
2001; Loreto et al., 2001) or to serve as an overflow
mechanism for excess of carbon intermediates or pho-
tosynthetic energy (Logan et al., 2000; Rosenstiel et al.,
2004).

Isoprene emission is controlled at least at two
different levels. Intraday variations of isoprene emis-

sions can be explained on the one hand by the syn-
thesis of isoprene synthase (ISPS) substrate, mainly
originating from recently fixed CO2. On the other
hand, they are caused by the temperature dependence
of ISPS activity (Eisenreich et al., 2001; Brüggemann
and Schnitzler, 2002a), reflecting the temperature re-
sponse of isoprene emission (Monson et al., 1992). The
correlation with photosynthetic photon flux densities
(PPFDs) is consistent with the light saturation response
of photosynthetic processes (Sharkey and Loreto,
1993). Other environmental factors have minor influ-
ence on short-term variations of leaf isoprene emission
(Guenther et al., 1993).

So far, the unraveling of the control of isoprene for-
mation has been mainly focused on biochemical and
physiological investigations. They show that long-term,
seasonal variations in isoprene emission capacity
(Monson et al., 1994, 1995) can be explained by varia-
tions in the amount of active ISPS (Kuzma and Fall,
1993; Schnitzler et al., 1997; Lehning et al., 2001). This
basal emission capacity depends on physiological
adaptations, e.g. leaf expansion and developmental
stage, or leaf position within the canopy (sun or shade;
Sharkey et al., 1996). It seems to be triggered by tem-
perature (Monson et al., 1994), nutrition (Rosenstiel
et al., 2004), atmospheric CO2 (Rosenstiel et al., 2003;
Scholefield et al., 2004), or genetic disposition (Isebrands
et al., 1999; Lehning et al., 2001).

1 This work was supported by national (joint research project
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The identification of the regulatory steps of the
1-deoxy-D-xylulose 5-phosphate (DOXP) pathway is of
major importance in the study of isoprene biosynthe-
sis. Currently, not much is known about the regulation
of genes involved in isoprene biosynthesis. Very re-
cently, Wiberley et al. (2005) found that transcription of
ISPS and translation of this gene began at the same
time in developing leaves of kudzu (Pueraria montana
[Willd.] Maesen and S. Almeida) as isoprene emission
starts to increase. Furthermore, the same study showed
that high temperature stimulated not only gene ex-
pression of ISPS and isoprene emission but also accel-
erated the development of photosynthetic competence
of the leaves.

In plastids, isopentenyl diphosphate and dimethyl-
allyl diphosphate (DMADP) are formed via the DOXP
pathway. The first step is catalyzed by 1-deoxy-
D-xylulose 5-phosphate synthase (DXS), which is en-
coded by the DXS gene. The following conversion of
DOXP to methyl erythritol 5-phosphate is catalyzed by
1-deoxy-D-xylulose 5-phosphate reductoisomerase
(DXR), the product of the DXR gene. DOXP is a pre-
cursor not only for isoprenoids but also for thiamine
diphosphate and pyridoxal phosphate (Julliard and
Douce, 1991; Julliard, 1992). The reaction catalyzed by
DXR is actually the first specific step of the DOXP
pathway. Therefore, DXR could play an important role
in the control of plastidic isoprenoid biosynthesis.

However, detailed information on transcriptional
regulation at different stages of plastidic isoprenoid
biosynthesis during leaf development and the grow-
ing season is still lacking. In particular, comprehensive
analysis of gene expression of ISPS related to protein
level, enzyme activity, concentration of DMADP, and
isoprene emission has not been investigated.

This study was therefore conducted in Grey poplar
(Populus3 canescens [Aiton] Sm.) leaves to examine
whether transcript levels of PcDXR and PcISPS follow
diurnal and seasonal changes. Another aim was to
determine if these changes are related to diurnal and
seasonal variations of PcISPS activity and the level of
its substrate DMADP. In addition, we investigated their
relationship to the diurnal variations of isoprene emis-
sion and seasonal variation of phytoene synthase gene
(PcPSY) expression (encoding a key enzyme in carot-
enoid biosynthesis [Von Lintig et al., 1997], a pathway
competing for DOXP products).

RESULTS

Isolation and Functional Analysis of PcDXR cDNA
from Grey Poplar

To isolate a full-length cDNA clone encoding DXR
from Grey poplar, initially a 309-bp segment was am-
plified by PCR using heterologous oligonucleotide
primers for conserved sequences of other known DXR
genes from plants. The resulting sequence of the PCR
product showed highest homology to DXR from Lyco-

persicon esculentum Mill. (EMBL AF331705: 82.03%
identity) on the nucleic acid level. Using this segment
as a probe for hybridization with a poplar cDNA
library, a cDNA clone was isolated harboring an open
reading frame (ORF) of 1,724 bp with high homology to
other known DXR genes, e.g. Arabidopsis (Arabidopsis
thaliana; EMBL AF148852: 86.23%), Catharanthus roseus
L. G. Don (EMBL AF250235: 86.23%), L. esculentum
(EMBL AF331705: 84.75%), and Zea mays (EMBL
AJ297566: 82.20%). The deduced amino acid sequence
consisted of 472 amino acids and a putative molecular
mass of about 51 kD. The EMBL accession number of
the complete cDNA is AJ574852.

The coding sequence, including the sequence for the
putative plastidic transit peptide at the 5#-end, was
amplified by PCR, introducing Gateway recombina-
tion sequences, and cloned into the expression vector
pDEST17 to transform Escherichia coli BL21-Star. The
heterologously expressed PcDXR enzyme was puri-
fied under native conditions. Protein extracts were
assayed indirectly for PcDXR activity by measuring
spectrophotometrically the oxidation of NADPH to
NADP. The apparent PcDXR activity of the heterolo-
gously expressed protein was 6.87 mkat kg21 protein.
Enzyme specificity was further tested by the addition
of fosmidomycin (1 mM), a competitive inhibitor of
DXR, to the enzyme assay. This application resulted in
an inhibition of approximately 85% of PcDXR activity,
confirming data on DXR from other species (e.g. the
cyanobacterium Synechococcus leopoliensis; Miller et al.,
2000).

Seasonal Variation of Transcript Levels of Plastidic
Isoprenoid Genes in Relation to ISPS Activity, Levels

of DMADP, and Levels of Photosynthetic Pigments

The present molecular biological and biochemical
data on poplar show a clear seasonal variation (Fig. 1)
of PcDXR and PcISPS transcript levels, PcISPS protein
amount, enzyme activity, and total leaf DMADP levels
dividing the growing season into four periods: spring-
time, early summer, late summer, and autumn.

During the first 4 weeks of the growing season, tran-
script levels of PcISPS and PcDXR were low. However,
levels increased very rapidly during the first strong
temperature increase at beginning of June, such that
values 8-fold higher were found (Fig. 1A). Over the
early summer period, transcript levels of both genes
remained high but fluctuated strongly, correlating with
temperature and light variations (Fig. 1, A and B). In
late summer and autumn, the daily mean air temper-
ature and transcript levels correlate most obviously
(Fig. 1A). The variation among individual trees was
smaller in these periods as compared to in early sum-
mer. Regression analysis (Table I) reveals that tran-
script levels of PcDXR and PcISPS are significantly
correlated to each other, indicating a synchronized
regulation of gene expression. Also, expression levels
of both genes showed a positive linear correlation (P#
0.002) to actual mean air temperature values on the
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respective sampling days (Table I). Moreover, PcISPS
gene expression correlated with light period means of
PPFD.

Transcript levels of PcPSY, encoding a key enzyme
in carotenoid biosynthesis (Von Lintig et al., 1997),
were one order of magnitude lower and different
concerning the seasonal trend when compared with
transcript levels of PcDXR and PcISPS (Fig. 1B). High
transcript levels were present during leaf develop-
ment, decreasing for 3 weeks and rising again with the

temperature increase at beginning of June. Over the
summer period, the gene expression pattern of PcPSY
was different than that of PcDXR and PcISPS. In
autumn, however, the values varied in a similar way
to PcDXR and PcISPS with respect to temperature. No
correlation of PcPSY transcript levels with seasonal
changes of light and temperature was detectable
(Table I).

Amounts of PcISPS protein and enzyme activity
(Fig. 1C) also showed a strong seasonal dependency,
which can again be divided into four periods. During
leaf development in May, only minimal amounts of
PcISPS but no PcISPS activity were detectable. This
observation coincides with the very low PcISPS tran-
script levels at that time point. Parallel to the strong
increase of PcISPS transcript copy numbers in June,
the amount of PcISPS protein increased constantly,
reaching values of approximately 10 ng ISPS mg
protein21. However, PcISPS activity became detectable
but remained constant at low values of approximately
0.5 nmol m22 s21. During late summer, the amount of
PcISPS protein and PcISPS activity increased strongly
within a few days. Following this increase, the level of
PcISPS protein remained constant until the last sam-
pling in October 2004. In contrast to this, PcISPS
activity decreased in autumn in parallel to the decline
of photosynthetic pigments (Fig. 1D). Determination
of the turnover number (kcat [s21]) of PcISPS confirms

Figure 1. Variations of isoprenoid gene expression, PcISPS, leaf
DMADP, and carotenoid contents during the growing season 2004. A,
Transcript levels of PcDXR and PcISPS; B, transcript level of PcPSY; C,
PcISPS protein amount and enzyme activity; D, DMADP and carot-
enoid contents in poplar leaves (n 5 3 6 SE). Daily means of air
temperature and light-period means of PPFD are depicted in A and
B, respectively (bold gray lines).

Table I. Statistical analysis of seasonal variations of gene expression
and biochemical parametersa

Seasonal Changes

Parameters R2 Pb Regression

Function

Mean air temperature versus:
PcISPS transcript level 0.698 0.000 Linear
PcDXR transcript level 0.493 0.002 Linear
PcPSY transcript level 0.200 0.072 Linear
PcISPS protein 0.109 0.197 Linear
PcISPS activity 0.192 0.163 Square

Daily mean PPFD versus:
PcISPS transcript level 0.525 0.001 Linear
PcDXR transcript level 0.178 0.091 Linear
PcPSY transcript level 0.001 0.915 Linear
PcISPS protein 0.112 0.189 Linear
PcISPS activity 0.217 0.059 Linear

DMADP versus:
PcISPS protein 0.903 0.000 Linear
PcISPS activity 0.576 0.001 Square

PcISPS transcript level versus:
PcDXR transcript level 0.697 0.000 Linear
PcPSY transcript level 0.096 0.185 Linear
PcISPS protein 0.125 0.322 Square
PcISPS activity 0.192 0.163 Square

PcISPS protein versus:
PcISPS activity 0.763 0.000 Square

aFor the regression analysis, the values obtained during leaf de-
velopment were omitted. bSignificant correlations between pa-
rameters are marked in bold.
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that protein content and enzyme activity of ISPS are
not strictly related to each other (Fig. 1C). In early
summer, the kcat was low (approximately 0.004 s21),
whereas in late summer, when protein and activity
levels reached their maximum, a mean kcat of 0.022 s21

was determined. In autumn, the kcat of ISPS dropped
again to approximately 0.007 s21 due to the decline of
PcISPS activity.

Midday levels of total leaf DMADP concentration
(Fig. 1D) correlate well with changes in PcISPS pro-
tein (Fig. 1C; see also Table I), with low DMADP con-
tents, and with PcISPS protein (activity) levels during
springtime. All values increased over summer, and
DMADP as well as PcISPS protein concentrations re-
mained high in autumn. Total leaf DMADP amount
was found to be highly variable (Figs. 3 and 4), cor-
relating with light and temperature during daytime,
even if the values represent the total amount of
DMADP of the leaves not distinguishing between cyto-
solic and plastidic pools. Hence, the present midday
levels of DMADP only represent snapshots depending
on the intrinsic climatic and physiological conditions
at the sampling date (see also Brüggemann and
Schnitzler, 2002b). It is therefore not possible to draw
a direct conclusion on isoprene emission rates from
midday DMADP contents and the PcISPS activities
from the respective date.

The importance of ISPS activity for the magnitude of
isoprene emission is shown in Figure 2. In the exper-
iment, mature poplar leaves had been acclimated in
leaf cuvettes to different leaf temperatures (15�C–
38�C) under saturating PPFD. The comparison of iso-
prene emission rate and ISPS activity adjusted to the
respective leaf temperature using the temperature
profile of poplar ISPS activity (Schnitzler et al., 2005)
demonstrates the clear dependence of isoprene emis-
sion on ISPS activity actually present in the individ-
ual leaf.

Daily Variation of Transcript Levels of PcDXR
and PcISPS in Relation to PcISPS Activity and
Isoprene Emission

On two consecutive days in August 2001 (Fig. 3) and
2002 (Fig. 4), diurnal changes in isoprene emission,
transcript levels of important genes in the DOXP path-
way, and PcISPS activity were acquired twice. Emis-
sion measurements were performed on two trees, while
leaf material for the molecular and biochemical charac-
terization was collected from four different comparable
trees. Five sampling points each day (predawn, morn-
ing, noon, afternoon, and night) were chosen for anal-
ysis (for experimental details, see Mayrhofer et al., 2004).

Isoprene emission showed a typical daily variation
with a light- and temperature-dependent increase in
the morning and a decline of the emission rate during
the night (Figs. 3B and 4B). A similar trend could be
observed for the leaf DMADP pool. Maximum daily
values were reached by noon with 74 to 93 pmol mg
dry weight21 in 2001 (Fig. 3B) and 115 to 212 pmol mg
dry weight21 in 2002 (Fig. 4B).

Transcript levels of PcISPS showed a remarkable
intraday variation with a clear maximum in the morn-
ing on all four investigated days, although the abso-
lute amounts varied from day to day (Figs. 3A and
4A). In 2001, relative transcript levels of PcISPS peaked
on August 7th at approximately 0.2 copies b-tubulin
(PcTUB)21, whereas during the second day maximum
values of approximately 0.6 copies PcTUB21 were
reached. The relative PcISPS transcript level in the
morning was therefore on average at least 6 times
higher than the corresponding predawn value. In 2002,
relative expression levels of PcISPS were 9 times higher
than in 2001 with a relative transcript level of approx-
imately 5.3 copies PcTUB21, within the peak of the sec-
ond day.

Normalization of maximum (set to 1) and minimum
(set to 0) levels of each day (Fig. 5) revealed that PcISPS
transcript levels significantly peak in the morning and
decrease continuously.

The increase in the PcISPS transcript level was not
reflected directly in an increase of ISPS activity. In fact,
in vitro activity of PcISPS did not change dramatically
during the course of the day. During the first sampling
period in 2001, in vitro ISPS activities were slightly
enhanced at night (Figs. 3C and 4C).

In contrast to PcISPS expression, the relative tran-
scription rates of PcDXR of all 4 d investigated gave no
clear evidence for a higher/induced transcription dur-
ing light periods (Figs. 3A, 4A, and 5). In fact, PcDXR
expression rates were found to oscillate over the day, but
in three of the four days values increased to the max-
imum at the latest sampling point of the day (Fig. 5).

DISCUSSION

Several studies (Monson et al., 1994; Kempf et al.,
1996; Funk et al., 2005) have observed a strong seasonal
variation of isoprene emission rates, with increases in

Figure 2. Correlation between PcISPS activity and isoprene emission
rates in 24 leaves of 4-month-old poplar trees. Isoprene emission rates
were determined under stable conditions at different leaf temperatures.
PcISPS activities of the respective 24 leaves were determined under
constant conditions and related to the respective leaf temperature
during emission measurement.
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springtime that rapidly decline in autumn. Kuzma and
Fall (1993) and Lehning et al. (2001) correlated these
changes mainly to the seasonal development of ISPS
activity, adjusting the constitutive isoprene emission
capacity (Fall, 1999). This study on poplar, which
employed molecular biological and biochemical ex-
periments, also showed clear seasonal variation during
the growing season.

Gene expression rates of isoprenoid biosynthesis-
related genes in poplar leaves are highly variable over
the growing season, with temperature and light as the
most obvious factors controlling transcript levels in
fully developed leaves.

During leaf expansion, transcript levels of PcISPS
and PcDXR were low; however, levels increased very
rapidly after approximately 4 weeks at the beginning
of June. The delayed increase in transcript level of
poplar ISPS is consistent with recent data on kudzu
leaves, where it was found that ISPS gene expression
also increased after a certain lag phase (Wiberley et al.,
2005). Depending on temperature conditions (growth
at 20�C or 30�C), the lag phase of the onset of ISPS gene
expression and isoprene emission varied by about
2 weeks in kudzu leaves. It seems that the achievement
of full photosynthetic competence is a criterion for the

Figure 3. Diurnal changes of isoprene biosynthesis-related parameters
in leaves of 4-month-old poplar trees during two consecutive days in
August 2001. A, Transcript levels of PcDXR, PcISPS, and leaf temper-
ature (bold gray line); B, DMADP levels and isoprene emission rate; C,
PcISPS activity and PPFD (bold gray line; n 5 4 6 SE; gas exchange
measurements n5 26 range). Shaded regions symbolize dark periods.

Figure 4. Diurnal changes of isoprene biosynthesis-related parameters
in leaves of 4-month-old poplar trees during two consecutive days in
August 2002. A, Transcript levels of PcDXR, PcISPS, and leaf temper-
ature (bold gray line); B, DMADP levels and isoprene emission rate; C,
PcISPS activity and PPFD (bold gray line; n 5 4 6 SE; gas exchange
measurements n5 26 range). Shaded regions symbolize dark periods.
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onset of isoprene biosynthesis, even when leaf expan-
sion is not completely finished. This is consistent
with results found for the velvet bean (Mucuna sp.;
Grinspoon et al., 1991) that show isoprene emission
starts about 3 d after leaves become photosynthetically
competent. Since kudzu leaves grow faster under
higher temperature, Wiberley et al. (2005) concluded
that onset of isoprene biosynthesis is governed more by
plant growth conditions than by developmental stages.

This assumption is confirmed by the study of
Lehning et al. (2001). They found that ISPS activity in
oak (Quercus robur) leaves becomes measurable when
carotenoid contents reach a stable level. This study for
Grey poplar gives further approval by the finding that
transcript levels of PcDXR and PcISPS increased when
the leaf carotenoid content reached its maximum.
Transcript levels of PcPSY were different when com-
pared with PcDXR and PcISPS transcript levels. In
addition, the seasonal trend was different. The missing
correlation to transcript levels of PcDXR and PcISPS
indicates that later steps in the plastidic isoprenoid
biosynthesis, i.e. formation of accessory photosynthetic
pigments, might be regulated differently to isoprene
biosynthesis. This is particularly true for very young
leaves where gene expression rates of PcPSY were
relatively high in comparison to that of PcDXR and
PcISPS. This indicates that young and, thus, photo-
synthetically noncompetent poplar leaves have an
intensive plastidic carotenoid biosynthesis, without
metabolic branching to isoprene. Therefore, it can be
hypothesized that, during leaf ontogenesis, intermedi-
ates of the DOXP pathway are mostly channeled to
carotenoids, while in fully developed leaves isoprene
emission is an important sink for plastidic DMADP.
ISPS gene expression in poplar undergoes a strong

diurnal variation with maximum levels before mid-
day, when the temperature has not necessarily reached

its daily maximum. This observation confirms an ear-
lier study from Arimura et al. (2004) where northern-
blot analysis on poplar leaves indicated that PcISPS
transcript levels differ between day and night time.
Recently, Dudareva et al. (2005) demonstrated for
snapdragon flowers (Antirrhinum majus) that DXS
gene expression also followed a diurnal variation.
Similar to the present data, they also found no diurnal
changes of DXR gene expression rates. Moreover, they
showed that the DOXP pathway in snapdragon petals
operates in a circadian manner, which is reflected in
a rhythmic terpenoid emission under constant dark-
ness. Hence, it has to be tested whether ISPS gene
expression is also controlled by a circadian clock. Pro-
viding that there is no circadian rhythm, the diurnal
course of PcISPS transcript levels gives a strong in-
dication that PcISPS gene expression is light regulated,
as has already been shown for phytochrome genes
(Hauser et al., 1998) as well as for many other genes
related to light-dependent processes (e.g. nitrate re-
ductase; Hänsch et al., 2001).

It has to be analyzed in future experiments to which
extent gene expression of PcISPS is triggered by pho-
toperiod and light intensity. In addition, the role of
temperature has to be elucidated in this process. Does
temperature influence the intraday variation, or does it
serve as an important trigger that determines the max-
imum level of transcript? The significant correlation
between daily mean temperatures and PcISPS tran-
script levels observed during the long-term study sup-
ports this hypothesis.

In addition to the seasonal variation of PcISPS
transcript level, a strong seasonal dependence of PcISPS
and enzyme activity, which divided the growing
season into four periods, could be demonstrated. In-
deed, transcript, protein, and enzyme activity levels
were not completely identical over the growing sea-
son. Therefore, no statistically significant correlation
between both parameters could be found, indicating
that besides transcriptional control other parameters
influence isoprene biosynthesis in poplar leaves.

Changes of ISPS activity over the growing season
have also been reported for different species by Kuzma
and Fall (1993) and Lehning et al. (2001), who corre-
lated these changes with isoprene emission. In this
work, no seasonal isoprene emission rates were de-
termined. Nevertheless, in additional experiments we
could clearly demonstrate that isoprene emission rates
of poplar leaves are correlated to PcISPS activity. A
similar positive correlation of ISPS activity and iso-
prene emission was demonstrated earlier for European
oaks (Lehning et al., 1999; Brüggemann and Schnitzler,
2001), velvet bean (Kuzma and Fall, 1993), and Phrag-
mites australis (Scholefield et al., 2004). Also, Wiberley
et al. (2005) recently found that increasing levels of
ISPS protein during leaf development in kudzu pos-
itively correlates to the increase of basal isoprene emis-
sion capacity. Therefore, we conclude that seasonal
changes in PcISPS activity are reflected in changes of
seasonal basal emission capacity.

Figure 5. Relative diurnal changes in transcript levels of PcDXR and
PcISPS obtained from four diurnal curves. Minimum and maximum
values of each individual day were set to 0 and 1 for normalization,
respectively (n 5 4 d 6 SE). Regression analysis was performed with
Sigmaplot 2000 for Windows (Version 6.10; SPSS). Shaded regions
symbolize dark periods.
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There did not appear to be a strict correlation be-
tween the enzyme activity and the PcISPS protein
levels in poplar leaves over the growing season. There-
fore, different apparent turnover numbers (kcat [s21]) of
PcISPS were determined. In contrast to Silver and Fall
(1995), who described a higher kcat of 1.7 s21 for the
purified ISPS from Populus tremuloides Michx., our
actual values are much lower. However, the present
apparent kcat values are in the same range as the num-
bers described for heterologously expressed ISPS
(0.088 s21) from kudzu (Sharkey et al., 2005) and other
terpene synthases. For example, for g-terpinene syn-
thase from Thymus vulgaris (Alonso and Croteau, 1991)
and for 4S-limonene synthase from Mentha spicata
(Alonso et al., 1992), kcat values of 0.01 s21 and 0.3 s21,
respectively, have been described (for overview, see
Kuhn et al., 2004).

The changes in the apparent kcat values indicate that
effects on the protein level influence PcISPS activity.
Consequently, a variable portion of active and inactive
PcISPS protein is building up in the leaves over the
vegetation period, in particular in autumn after the on-
set of senescence. At that time, ISPS protein levels re-
mained high while ISPS activity was declining.

In accordance with this assumption, Schnitzler et al.
(2005) recently localized ISPS in poplar chloroplasts,
attached to thylakoid membranes as well as in the
stroma, using a ISPS-specific polyclonal antibody. On
native isoelectric focusing gels, four to five bands were
immunologically detected. Therefore, it is likely that at
least two ISPS forms with different binding affinities to
membranes exist in poplar leaves. In future experi-
ments, attention should be drawn to the regulation of
ISPS activity versus protein content. Whether these dif-
ferent immunodetectable proteins reflect posttransla-
tionally modified active or inactive ISPS or whether
they are concerning, rather, ISPS proteins under deg-
radation should be further investigated.

There are two possibilities as to how the activation
of plastidic PcISPS could be achieved. Activation can
be driven by a light-dependent shift of stromal con-
ditions (pH, Mg21 concentration) to the optimal range
of PcISPS activity (for details about poplar PcISPS, see
Schnitzler et al., 2005). The other possibility is activa-
tion by posttranslational modifications, such as redox-
controlled protein phosphorylation or redox signaling
via the ferredoxin/thioredoxin system (Allen, 2002;
Schürmann, 2003). However, the present data on pop-
lar ISPS and previous studies on oaks (Lehning et al.,
1999; Brüggemann and Schnitzler, 2002a) showed that
ISPS activity undergoes no intraday variation. There-
fore, it is more likely that the light-dependent increase
in DMADP concentration demonstrated for poplar
and other species (Brüggemann and Schnitzler, 2002b;
Rosenstiel et al., 2003; Wolfertz et al., 2004) is the main
factor regulating short-term changes in isoprene bio-
synthesis.

DMADP levels on the daily scale show that dark-
adapted leaves contained approximately 30% of the
maximum DMADP level of light-adapted leaves, as

was found by Fisher et al. (2001) and Brüggemann and
Schnitzler (2002b). Isoprene emission rates respond
very rapidly to changes in light intensity. Under con-
ditions of no light, isoprene emission in poplar leaves
dropped to zero in less than 20 min (Graus et al., 2004).
Equal to the isoprene emission development, leaf
DMADP levels of poplar declined to a new steady
state, which accounted for approximately 45% of the
DMADP concentration in the light (data not shown).
That observation indicates that the light-labile DMADP
pools rapidly reach values comparable to the day/
night ratio. However, the distribution of DMADP
between cytosolic and plastidic pools can vary be-
tween 30% (Rosenstiel et al., 2002; Brüggemann and
Schnitzler, 2002b) and 70% (Loreto et al., 2004). In ad-
dition, the rate of possible exchange of C5-precursors
(isopentenyl diphosphate and DMADP) between
the cytosol and the plastid is unknown. Therefore, it
must be assumed that the ratio between cytosolic and
plastidic DMADP varies over the growing season,
and, hence, the actual plastidic substrate pool for ISPS
activity at specific dates remains unknown.

The significant positive correlation between PcISPS
protein and leaf DMADP levels indicates that the
metabolic flux through the plastidic DOXP pathway
(Eisenreich et al., 2001) might be greater the higher the
PcISPS activity present in the leaves. The synchronized
regulation of PcDXR and PcISPS transcript accumula-
tion (Fig. 1A) also confirms this hypothesis of a sea-
sonal up-regulation of isoprene formation and of the
DOXP pathway, which seemed to be highly coordi-
nated and/or complex regulated. Indeed, it has been
shown that the Arabidopsis DXR gene is under the
control of both developmental and environmental
(particularly light) factors (Carretero-Paulet et al.,
2002). However, less is known about the regulative
flux limiting steps in the DOXP pathway.

With respect to this assumption, future studies will
have to ascertain how the different fluxes of metabolic
intermediates during certain stages of leaf ontogenesis
are regulated on a molecular and/or biochemical level
to sustain the individual demands of the different
branches of plastidic isoprenoid biosynthesis. Several
investigations support that DXS and DXR play an
important role in the control of plant isoprenoid bio-
synthesis. To date, the rate-limiting step is unknown,
although molecular engineering revealed that over-
expression of DXS (Estévez et al., 2001) or of DXR
(Mahmoud and Croteau, 2001) resulted in an en-
hanced accumulation of isoprenoid end products. A
positive correlation between DXS and DXR transcript
levels was also found in mycorrhizal roots from mono-
cots (Walter et al., 2000) and C. roseus cell suspension
cultures (Veau et al., 2000). However, analysis of DXR
during fruit ripening in L. esculentum indicated that
DXR plays a nonlimiting role in this system (Rodrı́guez-
Concepción et al., 2001). Hence, for a conclusive in-
terpretation of the regulating roles of DXS and/or DXR
on isoprene emission, both genes and proteins have to
be studied in parallel in future experiments.
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Although the present data manifest that gene
expression of PcDXR and PcISPS vary in relation to
day-to-day changes of temperature and light intensity,
further efforts are needed to clarify the linkage be-
tween gene expression of PcDXS, PcDXR, and PcISPS,
actual protein levels, and enzyme activities. In partic-
ular, laboratory studies under controlled conditions
are necessary to analyze the chronological interrela-
tion of gene expression, protein biosynthesis, post-
translational modifications of PcISPS protein, and
protein turnover to manifest isoprene emission rates.

MATERIALS AND METHODS

Plant Material and Experimental Design

Intraday experiments were performed in special greenhouses (solar

domes) with 4-month-old Grey poplar plants (Populus3 canescens [Aiton]

Sm.), cultivated by micropropagation (Leplé et al., 1992) at the University of

Freiburg, Germany. Growing conditions and climate parameters were as

described by Mayrhofer et al. (2004). The experiments in 2001 and 2002 were

performed on August 7th and 8th and 29th and 30th, respectively. At each

time point, four plants were completely harvested. For biochemical analysis,

seven fully developed mature leaves from the middle part of the twigs were

pooled, quick frozen in liquid nitrogen, and stored at 280�C.

Temperature experiments under controlled conditions were performed in

addition. Poplar leaves were adjusted to different leaf temperatures (15�C2

38�C) under saturating PPFD (400–700 mmol photons m22 s21) in leaf cuvettes.

After reaching a stable leaf temperature, gas exchange and isoprene emission

rates were measured for 45 to 60 min. Leaves from inside the cuvette were

then rapidly removed and shock frozen in liquid N2 for biochemical analysis.

The seasonal study was performed with 4-year-old poplar plants of the

same origin. In spring 2001, saplings were planted in 10-L pots containing

commercial garden soil and cultivated in the garden of the Institut für

Meteorologie und Klimaforschung, Atmosphärische Umweltforschung in

Garmisch-Partenkirchen, Germany. Plants were irrigated regularly, trimmed

each spring, and fertilized in May by applying 20 g Osmocote (Spiess). From

May to October 2004, mixed leaf samples were taken from three trees

simultaneously in intervals of 1 to 3 weeks. Sampling was performed exactly

at 12:30 PM CET by shock freezing four comparable mature leaves per tree in

liquid nitrogen. During the entire growing season, half-hour means of air

temperature (HP-100-A; Imko) and PPFD (quantum sensor Li-190SA; LI-COR)

were monitored.

Cuvette Measurements of Photosynthetic Gas Exchange

Photosynthetic gas exchange and rates of isoprene emission of leaves were

measured in real time with a leaf cuvette system on twigs of two plants si-

multaneously during each sampling period according to Mayrhofer et al.

(2004). The isoprene concentration at the outlet of the cuvette was analyzed

using a Fast Isoprene Sensor (Hills Scientific) according to Brüggemann and

Schnitzler (2002a).

Determination of PcISPS Activity and
Cellular Metabolites

ISPS activity was assayed as previously described by Lehning et al. (1999)

with minor changes. A poplar-adapted plant extraction buffer (100 mM Tris/

HCl, pH 8.0, 20 mM MgCl2, 100 mM CaCl2, 5% [v/v] glycerol, 0.1% [v/v]

Tween 80, 20 mM dithiothreitol) with 250 mg polyvinylpolypyrrolidone was

added prior to use and stirred for 15 min. Protein concentrations were deter-

mined using the Bradford assay with bovine serum albumin as a standard. In

situ PcISPS activities in the leaves were calculated by correcting the enzyme

activities at 30�C according to the actual measured leaf temperatures using the

temperature dependency profile of PcISPS (Bachl, 2005).

The procedure for the determination of DMADP and photosynthetic

pigments was as described by Brüggemann and Schnitzler (2002b) and

Lichtenthaler and Wellburn (1983), respectively.

Quantification of PcISPS Protein with an ELISA

Quantification of ISPS protein was performed according to Schnitzler et al.

(2005) using purified polyclonal anti-PcISPS-IgG generated against N-terminal

63 His-tagged PcISPS (Miller et al., 2001). Anti-PcISPS-IgG conjugated with

horseradish peroxidase (HRP; BioGenes) was used as a second antibody in the

ELISA.

The ELISA was set up according to the QIAexpress and Assay Handbook

(Qiagen). Ninety-six-well microtiter plates (Greiner) with high protein binding

capacity were precoated overnight at 4�C with anti-PcISPS-IgG diluted 1:500 in

phosphate-buffered saline (PBS; 50 mM NaPi, pH 7.2, 140 mM NaCl). Before the

next step and in between all following steps, the wells were washed four times

with 200 mL PBS-Tween (0.1% [v/v] in PBS) for 1 min each. In the second step,

residual protein binding sites were blocked with BSA (0.2% [w/v] in PBS) for

1 h. For binding of ISPS, protein samples with a total of 2.5 mg protein in 200 mL

PBS per well were incubated at room temperature for 1 h and carefully agitated

(Titramax 100; Heidolph Instruments). Thereafter, the plates were incubated for

1 h with the second anti-PcISPS-IgG antibody, which was conjugated with HRP.

After the final washing, each well was filled with 200 mL of a ready-to-use

staining solution containing the HRP substrate tetra-methylbenzidine. The plates

were incubated at room temperature for 45 min. After that time the staining

intensity was enhanced by the addition of 10 mL 2 N H2SO4. The resulting

yellow-colored complex was analyzed with a plate reader (Tecan Spectra Image;

SLT) at 450 nm. For calibration, purified 63 His-tagged PcISPS protein was used

in a range of 10 to 250 ng protein well21. Each sample and standard was

analyzed in triplicates.

Screening of cDNA Library for Full-Length PcDXR

To isolate the DXR gene from Grey poplar, a l-phage cDNA library (Miller

et al., 2001) with 3 3 105 colony forming units was used to transform Escherichia

coli XL1-Blue MRF# cells (Stratagene). In vitro excision of the identified phage

was performed by the use of E. coli SOLR and the helper phage ExAssist

(Stratagene).

Oligonucleotide primers (Roth) were designed for conserved homologous

regions of the deduced amino acid sequences of DXR genes from Oryza sativa

(EMBL AF367205), Zea mays (EMBL AJ297566), Arabidopsis (Arabidopsis

thaliana; EMBL AF148852), Lycopersicon esculentum (EMBL AF331705), and

Mentha piperita (EMBL AF116825). The forward oligonucleotide primer [5# gac

atc gtc gc(agct) ga(ag) aa(tc) cc(agct) g 3#] and the reverse oligonucleotide

primer [5# gct atg tcc ttc cc(agct) gc(tc) tc(agt) at(agct) gc 3#] were used in PCR

(PCR conditions: hot start at 95�C for 30 s; annealing, two cycles at 48�C for 30 s

followed by 40 cycles at 52�C; extension at 72�C for 30 s; and denaturation 30 s

at 95�C) to produce a 300-bp product. After cloning and sequencing, the

amplified product was used for screening of the cDNA library. The product

was labeled by the incorporation of digoxigenin-labeled nucleotides and used

for hybridization according to the DIG Nucleic Acid labeling and detection kit

(Roche Diagnostics).

Characterization of a Partial Sequence of the PcPSY Gene

PCR was performed with Grey poplar cDNA using degenerated oligonu-

cleotide primer [forward oligonucleotide primer, 5# (ac)(ag) a a(ag)(ag) gc(gt)

(ag) t(act) tgg gc(at) at 3#; reverse oligonucleotide primer, 5# tct c(acg)

g c(cgt)(at) (ct)(ag) t c(ag) a aga ac 3#] designed by the alignment of diverse

PSY gene sequences from the literature. Two clones of the 549-bp amplicon

were sequenced from both directions, resulting in a unique sequence (EMBL

AJ889824) with high homology to characterized PSY genes as the ones from

Daucus carota (EMBL AB032797), Citrus unshiu Marc. (EMBL AF220218), Tagetes

erecta (EMBL AF252015), and Citrus sinensis L. Osbeck (EMBL AY669084).

DNA Sequencing

Cycle sequencing dideoxy chain termination reactions with Big Dye

Terminators (Applied Biosystems) were performed for both cDNA strands

of all DNA segments investigated, using universal forward and reverse

oligonucleotide primers (Invitrogen) or sequence-specific oligonucleotide

primers. The sequences were analyzed by using an ABI PRISM System 310

(Applied Biosystems).

Poplar Isoprene Synthase Gene Expression
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Heterologous Expression and Functional Analysis

of Full-Length PcDXR cDNA

Cloning of the full-length PcDXR cDNA into an expression vector was

performed using Gateway technology (Invitrogen). The PcDXR sequence

including start and stop codons was amplified from the isolated cDNA

clone by PCR using primers with attB sites (forward oligonucleotide primer,

5# g ggg aca agt ttg tac aaa aaa gca ggc ttg atg gca ctt aat att cta tct cca g 3#; re-

verse oligonucleotide primer, 5# gg gga cca ctt tgt aca aga aag ctg ggt tca agc

aaa aac agg act tgg 3#). The underlined nucleotides are gene specific; italicized

nucleotides have been integrated to get an ORF. PCR was performed with

1 unit Platinum Taq Polymerase High Fidelity (Invitrogen). PCR conditions

were as follows: hot start at 96�C for 3 min; annealing, four cycles at 55�C for

45 s followed by 19 cycles at 65�C; extension at 72�C for 2 min; and dena-

turation 45 s at 96�C. The amplicon was recombined into the vector DONR 221

(Invitrogen) by BP recombination reaction according to the Gateway protocol

and transformed into E. coli Top 10 (Invitrogen). After verification of the

sequence, the ORF segment was transferred into pDEST17 expression vector

with an N-terminal His-encoding region (Invitrogen) by a LR recombination

reaction according to the Gateway protocol and transformed into E. coli BL21-

Star (Invitrogen) for protein expression.

Purification of the His-tagged protein was performed according to the

QIAexpress Type IV protocol (Qiagen), except that E. coli cells were disrupted

by a French pressure cell press (SLM Instruments) at 140 MPa and 0�C to 4�C
as described by Miller et al. (2000).

After affinity chromatography on a Ni-NTA column according the man-

ufacturer’s instructions (Qiagen), 2.5 mL of eluate was desalted on a PD-10

column (Pharmacia) into 3.5 mL assay buffer (150 mM Tris/HCl, pH 7.0, with

5 mM MgCl2, 1 mM thiamine diphosphate, 5 mM b-mercaptoethanol, 10% [v/v]

glycerol) according to Miller et al. (2000). PcDXR enzyme assay was per-

formed according to Grolle et al. (2000) and Miller et al. (2000). Fosmidomycin

(1 mM final concentration) was used as specific inhibitor for DXR reaction.

RNA Isolation and cDNA Synthesis

Total RNA from fresh leaves was isolated with Tri-Reagent (Sigma) ac-

cording to the manufacturer’s protocol. From leaves stored for more than

1 year at 280�C, total RNA was prepared with Qiagen RNeasy minikit

(Qiagen) following the Qiagen standard protocol. The amount and purity of

isolated RNA were determined spectrophotometrically.

For first-strand cDNA synthesis, 3 mg of total RNA was reverse transcribed

using oligo(dT) primers and Superscript II reverse transcriptase (Invitrogen)

in a total volume of 20 mL according to the manufacturer’s protocol. cDNA

was stored at 220�C prior to analysis.

Quantitative Reverse Transcription-PCR

For quantitative PCR measurements of the transcription rates of PcISPS

(EMBL AJ294819), PcDXR, and PcPSY, the following oligonucleotide primer

sets were used: for PcISPS, forward 5# ttt gcc tac ttt gcc gtg gtt caa aac 3# and

reverse 5# tcc tca gaa atg cct ttt gta cgc atg 3#; for PcDXR, forward 5# gca tat gtc

ttt tcc agc ttc tat tgc 3# and reverse 5# gga ata gta ggt tgc gca ggc 3#; for PcPSY,

forward 5# atg cat cac ata tca cac cca aa 3# and reverse 5# ctc cta gca tct tct cca

aca tct c 3#. The resulting PCR segment lengths were 197 bp (PcISPS), 66 bp

(PcDXR), and 379 bp (PcPSY), respectively. SYBR Green was used as

a fluorescent marker for the increasing amount of double-stranded DNA.

The assays contained 12.5 mL 23 SYBR Green PCR Master Mix (Applied

Biosystems), 300 nM of each primer, and 5 mL of total cDNA (diluted 7-fold) in

a final volume of 25 mL. After a ‘‘hot start’’ (10 min, 95�C), 45 PCR cycles were

performed with a 15-s melting step at 95�C and a 1-min annealing/extension

step at 60�C on a GeneAmp 5700 sequence detection system (Applied

Biosystems). For internal normalization, transcription rates of poplar PcTUB

(EMBL AY353093) with forward primer 5# gat ttg tcc ctc gcg ctg t 3# and

reverse primer 5# tcg gta taa tga ccc ttg gcc 3# were determined and used.

Statistical Analysis

Statistical and correlation analysis was performed with SPSS for Windows

NT (release 8.0.0) and Sigmaplot 2000 for Windows (Version 6.10), both

programs from SPSS.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers AJ574852 and AJ889824.
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Brüggemann N, Schnitzler J-P (2002a) Comparison of isoprene emission,

intercellular isoprene concentration and photosynthetic performance in

water-limited oak (Quercus pubescens Willd. and Quercus robur L.)

saplings. Plant Biol 4: 456–463
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