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The plastidic 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway is one of the most important pathways in plants and
produces a large variety of essential isoprenoids. Its regulation, however, is still not well understood. Using the stable
isotope 13C-labeling technique, we analyzed the carbon fluxes through the MEP pathway and into the major plastidic
isoprenoid products in isoprene-emitting and transgenic isoprene-nonemitting (NE) gray poplar (Populus 3 canescens). We
assessed the dependence on temperature, light intensity, and atmospheric [CO2]. Isoprene biosynthesis was by far (99%) the
main carbon sink of MEP pathway intermediates in mature gray poplar leaves, and its production required severalfold higher
carbon fluxes compared with NE leaves with almost zero isoprene emission. To compensate for the much lower demand for
carbon, NE leaves drastically reduced the overall carbon flux within the MEP pathway. Feedback inhibition of 1-deoxy-D-
xylulose-5-phosphate synthase activity by accumulated plastidic dimethylallyl diphosphate almost completely explained this
reduction in carbon flux. Our data demonstrate that short-term biochemical feedback regulation of 1-deoxy-D-xylulose-5-
phosphate synthase activity by plastidic dimethylallyl diphosphate is an important regulatory mechanism of the MEP
pathway. Despite being relieved from the large carbon demand of isoprene biosynthesis, NE plants redirected only
approximately 0.5% of this saved carbon toward essential nonvolatile isoprenoids, i.e. b-carotene and lutein, most probably
to compensate for the absence of isoprene and its antioxidant properties.

Isoprenoids represent the largest and most diverse
group (over 50,000) of natural compounds and are
essential in all living organisms (Gershenzon and
Dudareva, 2007; Thulasiram et al., 2007). They are eco-
nomically important for humans asflavor and fragrance,
cosmetics, drugs, polymers for rubber, and precursors
for the chemical industry (Chang and Keasling, 2006).

The broad variety of isoprenoid products is formed
from two building blocks, dimethylallyl diphosphate
(DMADP) and isopentenyl diphosphate (IDP). In plants,
the plastidic 2-C-methyl-D-erythritol-4-phosphate (MEP)
pathway (Zeidler et al., 1997) produces physiologically
and ecologically important volatile organic compounds
(VOCs), the carotenoids (tetraterpenes; Giuliano et al.,
2008; Cazzonelli and Pogson, 2010), diterpenes, the
prenyl side-chains of chlorophylls (Chls) and plastoqui-
nones, isoprenylated proteins, the phytohormones gib-
berellins, and side-chain of cytokinins (for review, see
Dudareva et al., 2013; Moses et al., 2013). Industrially
important prokaryotes (e.g. Escherichia coli) also use
the MEP pathway for the biosynthesis of isoprenoids
(Vranová et al., 2012), and there is an increasing interest
in manipulating the MEP pathway of engineered mi-
crobes to increase production of economically relevant
isoprenoids (Chang and Keasling, 2006). To achieve
this, a mechanistic understanding of the regulation of
the MEP pathway is needed (Vranová et al., 2012).

Some plants, including poplars (Populus spp.), pro-
duce large amounts of the hemiterpene VOC isoprene.
Worldwide isoprene emissions from plants are estimated
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to be 600 teragrams per year and to account for one-third
of all hydrocarbons emitted to the atmosphere (Arneth
et al., 2008; Guenther, 2013). Isoprene has strong effects on
air chemistry and climate by participating in ozone for-
mation reactions (Fuentes et al., 2000), by prolonging the
lifespan of methane, a greenhouse gas (Poisson et al.,
2000; Archibald et al., 2011), and by taking part in the
formation of secondary organic aerosols (Kiendler-Scharr
et al., 2012).

Poplar leaves invest a significant amount of recently
fixed carbon in isoprene biosynthesis (Delwiche and
Sharkey, 1993; Schnitzler et al., 2010; Ghirardo et al.,
2011) to cope with abiotic stresses (Sharkey, 1995;
Velikova and Loreto, 2005; Behnke et al., 2007, 2010b,
2013; Vickers et al., 2009; Loreto and Schnitzler, 2010;
Sun et al., 2013b), although there are indications that
other protective mechanisms can partially compensate
the lack of isoprene emission in genetically transformed
poplars (Behnke et al., 2012; Way et al., 2013). It has
been suggested that in isoprene-emitting (IE) species,
most of the carbon that passes through the MEP path-
way is used for isoprene biosynthesis (Sharkey and
Yeh, 2001). However, a recent study using pulse-chase
labeling with 14C has shown continuous synthesis and
degradation of carotenes and Chl a in mature leaves of
Arabidopsis (Arabidopsis thaliana; Beisel et al., 2010),
and the amount of flux diverted to carotenoid and Chl
synthesis compared with isoprene biosynthesis in
poplar leaves is not known.

Isoprene emission is temperature, light, and CO2
dependent (Schnitzler et al., 2005; Rasulov et al., 2010;
Way et al., 2011; Monson et al., 2012; Li and Sharkey,
2013a). It has been demonstrated that isoprene bio-
synthesis depends on the activities of IDP isomerase
(EC 5.3.3.2), isoprene synthase (ISPS; EC 4.2.3.27), and
the amount of ISPS substrate, DMADP (Brüggemann
and Schnitzler, 2002a, 2002b; Schnitzler et al., 2005;
Rasulov et al., 2009b). In turn, DMADP concentration
has been hypothesized to act as a feedback regulator of
the MEP pathway by inhibiting 1-deoxy-D-xylulose-5-
phosphate synthase (DXS; EC 2.2.1.7), the first enzyme
of the MEP pathway (Banerjee et al., 2013). Under-
standing the controlling mechanism of isoprene bio-
synthesis is not only of fundamental relevance, but
also necessary for engineering the MEP pathway in
various organisms and for accurate simulation of iso-
prene emissions by plants in predicting atmospheric
reactivity (Niinemets and Monson, 2013).

There is ample evidence that silencing the ISPS in
poplar has a broad effect on the leaf metabolome
(Behnke et al., 2009, 2010a, 2013; Way et al., 2011;
Kaling et al., 2014). While some of those changes (e.g.
ascorbate and a-tocopherol) are compensatory mech-
anisms to cope with abiotic stresses, others (e.g. shi-
kimate pathway and phenolic compounds) might be
related to the alteration of the MEP pathway (Way
et al., 2013; Kaling et al., 2014). The perturbation of
these metabolic pathways can be attributed to the re-
moval of a major carbon sink of the MEP pathway and
the resulting change in the energy balance within the

plant cell (Niinemets et al., 1999; Ghirardo et al., 2011).
In this work, we analyzed the carbon fluxes through
the MEP pathway into the main plastidic isoprenoid
products.

We used the 13C-labeling technique as a tool to
measure the carbon fluxes through theMEP pathway at
different temperatures, light intensities, and CO2 con-
centrations in mature leaves of IE and transgenic,
isoprene-nonemitting (NE) gray poplar (Populus 3
canescens). Isoprene emissionwas drastically reduced in
the transgenic trees through knockdown of PcISPS gene
expression by RNA interference, resulting in plants
with only 1% to 5% of isoprene emission potential
compared with wild-type plants (Behnke et al., 2007).

We measured the appearance of 13C in the isoprenoid
precursors 2-C-methyl-D-erythritol-2,4-cyclodiphosphate
(MEcDP) and DMADP as well as isoprene and the ma-
jor downstream products of the MEP pathway, i.e. ca-
rotenoids andChls. To reliably detect de novo synthesis of
the pigments, which occur at very low rates (Beisel et al.,
2010), we used isotope ratio mass spectrometry (IRMS).

Here, (1) we quantify the effect of isoprene biosyn-
thesis on the MEP pathway in poplar, and (2) we show
that suppression of isoprene biosynthesis negatively af-
fects the carbon flux through the MEP pathway by ac-
cumulating plastidic DMADP, which feeds back to
inhibit PcDXS, leading to (3) a slight increase of carbon
flux toward production of greater chain-length isopre-
noids and (4) a strong decrease in the overall isoprenoid
carbon fluxes to compensate for the much lower MEP
pathway demand for carbon. This study strongly sup-
ports the hypothesis that an important regulatory
mechanism of the MEP pathway is the feedback regula-
tion of plastidic DMADP on DXS. The large carbon flux
through the MEP pathway of IE poplar plastids dem-
onstrates the potential of transgenically altered IE plant
species to produce economically valuable isoprenoids at
high rates in, for instance, industrial applications.

RESULTS
13C-Labeling Pattern of MEcDP, DMADP, and Isoprene
upon 13CO2 Feeding

Upon illumination, 13CO2 was rapidly incorporated
into intermediates and products of the MEP pathway.
The isotopic 13C composition of the intermediate
MEcDP was similar to the isotopic composition of
emitted isoprene from illuminated IE and NE mature
leaves but differed from the isotopic composition of
total DMADP (Fig. 1, A–C). The isotopic 13C pattern of
the pathway product DMADP was different between
IE and NE leaves (P , 0.001, ANOVA), the latter
having a larger proportion of fully (C5) labeled DMADP
and a smaller fraction of unlabeled DMADP (Fig. 1B).
In similar experiments followed by 1 h of darkness, the
13C patterns of MEcDP and isoprene again correlated
with each other but not with the pattern of DMADP
(Fig. 1, A–C).
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Online measurements of isotopologue masses of
isoprene showed that under a 13CO2 atmosphere, NE
leaves incorporate a lower proportion of 13C into iso-
prene than IE leaves (Fig. 1, D and E; P , 0.001),
reaching a maximum 13C incorporation of approxi-
mately 40% after 40 min (Fig. 1E). By contrast, IE
leaves reached 80% 13C incorporation within 15 min.
Taken together, the 13C isotopic analysis of isoprene
and two of its intermediates was a clear indication of
differences in the MEP pathway of NE and IE leaves.

Cellular Distribution of DMADP in IE and NE Plants

We utilized the fast incorporation of freshly assimi-
lated 13CO2 into isoprene and the corresponding MEP
pathwaymetabolites tomeasure the cellular distribution
of DMADP within the plastidic and nonplastidic pools
(Ghirardo et al., 2010a). Silencing of PcISPS resulted in an
enormous accumulation of plastidic DMADP in NE
compared with that in IE leaves (P , 0.001; Fig. 2).
Under standard conditions (incident photosyntheti-

cally active quantum flux density [PPFD] of 1,000 mmol
m–2 s–1, leaf temperature of 30°C, CO2 concentration
of 380 mmol mol–1), NE leaves showed a much larger

plastidic DMADP pool (36.26 2.0 mmolm–2) compared
with illuminated IE leaves (1.42 6 0.22 mmol m–2)
and also a much larger relative partition into plastids,
94% 6 3% of the total DMADP content. In IE leaves,
15% 6 2% of the DMADP was partitioned in the plas-
tidic pool, which was significantly (P, 0.001) depleted
after 1 h of darkness, whereas nonplastidic DMADP
remained unaffected.

Temperature, Light, and CO2 Dependencies of MEcDP and
Plastidic DMADP Pools

The MEP pathway intermediate MEcDP was de-
pleted in NE compared with IE leaves, under different
environmental conditions (Fig. 3, A, C, and E). Among
the different environmental conditions, IE leaves
showed the strongest accumulation of MEcDP and
plastidic DMADP under 30°C leaf temperature, PPFD
of 1,000 mmol photons m–2 s–1 and ambient CO2 con-
centration of 380 mmol mol–1. The strongest significant
differences with lowest P value between IE and NE
lines were found in the MEcDP content at 35°C (P ,
0.001, ANOVA) and in the plastidic DMADP content
at a PPFD of 100 mmol m–2 s–1 (P , 0.001, ANOVA). In

Figure 1. Isotopic 13C composition of MEcDP (A), total (plastidic and nonplastidic) DMADP (B), and isoprene (C) after feeding
leaves for 45 min with 380 mmol mol–1 13CO2 in experiments under controlled environmental conditions with 1 h and 45 min of
illumination (PPFD = 1,000 mmol m–2 s–1) and in experiments with illumination followed by 1 h of darkness (PPFD = 0; kept
under 13CO2; leaf temperature = 30˚C). Dynamics of 13C incorporation into isoprene in IE (D) and NE (E) leaves and incor-
poration rate of 13C into isoprene in IE (black circle) and NE (white circle) leaves and associated isoprene emission rates
(F; black triangles, IE; white triangles, NE) under light condition. The isotopologue masses of MEcDP, DMADP, and isoprene
are shown using different colors, representing the incorporation of different numbers of 13C-labeled carbon atoms: purple,
13C0; dark blue, 13C1; light blue,

13C2; green,
13C3; yellow,

13C4; and orange, 13C5). Shown are means (6SE) of four biological
replicates.
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IE leaves, the MEcDP pool size correlated well with the
pool size of plastidic DMADP at all different envi-
ronmental conditions (Fig. 3). The only exception was
at the highest temperature (40°C), where the pool of
MEcDP sharply decreased relative to DMADP. By in-
creasing temperature from 25°C to 40°C, we observed
a rapid increase of both pools up to 30°C, followed by
a gradual decrease at temperatures higher than 30°C
(Fig. 3, A and B). Light dependency revealed a steep
increase of the MEcDP and plastidic DMADP pools
between 250 and 1,000 mmol m–2 s–1 PPFD (Fig. 3,
C and D). By contrast, the increase of CO2 concentra-
tion negatively affected the accumulation of MEcDP
and plastidic DMADP compounds (Fig. 3, E and F). In
NE leaves, increasing temperature negatively affected
the plastidic DMADP pool (P , 0.05), although dif-
ferent light intensities and CO2 concentrations did not
(Fig. 3B). Overall, the plastidic pool of DMADP was
always much larger in NE compared with IE, except at
40°C, where the temperature stress reduced the plas-
tidic pool of DMADP, and the pool sizes were not
statistically different between the leaves of NE and IE
poplar (P = 0.57, ANOVA). Therefore, suppression of
isoprene biosynthesis resulted in alteration of iso-
prenoid precursor pools, with higher content of plas-
tidic DMADP and lower content of MEcDP in NE
relative to IE plants.

Effects of in Vivo Plastidic DMADP Pools on in Vitro
PcDXS Activities

In vitro PcDXS activities, measured under saturated
substrate concentrations, differed significantly between

IE and NE (Fig. 4A; P , 0.01, ANOVA). Apparent
PcDXS activity in NE leaf extracts was approximately
55% lower than the PcDXS activity of IE leaves, indi-
cating that the much greater reduction in metabolic flux
(see section below) in NE plastids is not triggered
by a comparable reduction of apparent DXS activity.
This coincides to a certain extent with the analysis of
gene transcript levels. Neither the expression of MEP
pathway (PcDXS, 1-deoxy-D-xylulose-5-reductoisomerase
[PcDXR1], PcDXR2, diphosphocytidyl methylerythritol
kinase (PccMK), and 4-hydroxy-3-methylbut-2-en-1-yl di-
phosphate reductase (PcHDR)) nor mevalonate (MVA)
pathway (3-hydroxy-3-methylglutaryl CoA reductase
(PcHMGR) and MVA kinase (PcMEV) genes differed
significantly between IE and NE plants (Supplemental
Fig. S1).

Because enzymatic activity and transcript levels
suggested that posttranscriptional mechanisms may
influence in vivo PcDXS activity, we explored theFigure 2. Calculated plastidic and nonplastidic DMADP pools in illumi-

nated IE (black) and NE (white) leaves (acclimated at 1,000 mmol m–2 s–1 of
incident PPFD, 30˚C leaf temperature, and 380 mmol mol–1 of CO2) and in
experiments followed by 1 h of darkness (PPFD = 0). Means of n = 46 SE.
Significant differences at P, 0.01 are denoted by different letters (one-way
ANOVA with Tukey’s test). n.c., Not calculated due to nondetectable
isoprene emission.

Figure 3. Temperature (A and B), light (C and D), and CO2 (E and F)
dependencies of MEcDP (left) and plastidic DMADP (right) pools
compared between IE wild-type (black circles) and NE (white circles)
leaves of lines RA1 and RA22. Means of n = 4 to 8 6 SE; significance
was tested with one-way ANOVA (Tukey’s test); *P, 0.05; **P, 0.01.

40 Plant Physiol. Vol. 165, 2014

Ghirardo et al.

 www.plant.org on April 13, 2015 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2014 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/cgi/content/full/pp.114.236018/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.236018/DC1
http://www.plantphysiol.org/
http://www.plant.org


possibility that the plastidic concentration of DMADP
feedback inhibits the activity of DXS as postulated by
Banerjee et al. (2013). Analysis of apparent PcDXS ac-
tivity in vitro in the presence of in vivo concentrations
of plastidic DMADP measured in IE (0.42 mM) and NE
(5.7 mM) leaves adapted to standard conditions (30°C,
1,000 PPFD, 380 [CO2]) highlighted a concentration-
dependent reduction of PcDXS activity independent
of the emitter type (Fig. 4A). Incubation of enzyme
extracts with the low DMADP concentration of IE
plastids reduced PcDXS enzyme activities by 20% and
41% in NE and IE samples, respectively (Fig. 4A, in-
sert). In the presence of high DMADP concentration
found in NE plastids, in vitro PcDXS activities were
reduced by 70% and 80% in IE and NE enzyme ex-
tracts, respectively (insert of Fig. 4A). However, even
under the high plastidic DMADP concentration typical
for NE plastids, the inhibition of in vitro PcDXS ac-
tivity was not complete.
The dependency of DXS activity on DMADP concen-

tration could be described by a classical four-parameter
logistic curve (insert of Fig. 4A). The resulting Hill co-
efficients (H) were 0.72 for IE and 0.86 for NE, respec-
tively, i.e. comparable to 0.61 for the purified PtDXS
assayed at Km concentration of thiamin diphosphate
(ThDP; Banerjee et al., 2013). The concentrations of

DMADP at which relative PcDXS activity became
inhibited by half (50% inhibition of initial activity
[IC50]) were 693 mM for IE and 2,005 mM for NE, re-
spectively, in contrast to 163 mM for PtDXS. Interest-
ingly, the inhibition of apparent PcDXS activities was
less pronounced compared with the inhibition of het-
erologously expressed Populus trichocarpa PtDXS (insert
of Fig. 4A, triangles) reported by Banerjee et al. (2013).

In the absence of DMADP, the PcDXS activities in
NE were 55% of those from IE extracts, which fairly
well coincides with 51% of lower amount of DXS
protein content measured by immunoblot analysis
(Fig. 4, A–C). The relative PcDXS activities normalized
to DXS protein content were not found to be statisti-
cally different (P , 0.05, ANOVA) between the wild
type, empty vector (EV), and RA1 but higher in RA2
(Fig. 4D). Unlike that observed for DXS, the levels of
the next enzyme of the pathway, DXR, remained un-
changed in NE lines compared with wild-type and EV
plants (Supplemental Fig. S2).

To compare the in vivo activities of PcDXS in NE
leaves to enzymes from IE leaves, we calculated their
activities at the DMADP concentrations occurring in
the plastids. PcDXS activities were 6.3 6 0.4 mkat kg–1

protein in IE and 1.7 6 0.1 mkat kg–1 protein in NE
leaves, resulting in 27.2% of PcDXS activity in NE

Figure 4. A, In vitro PcDXS activity in the absence (light gray) or presence of low (dark gray) and high (black) DMADP con-
centrations. Low (0.42 mM) and high (5.7 mM) DMADP represent the in vivo plastidic DMADP concentrations found in IE leaves
of the wild type (WT) and EV control from the transformation and NE leaves from the transgenic lines RA1 and RA2, respectively
(from ninth leaves from the top, acclimated at 1,000 mmol m–2 s–1 of incident PPFD, 30˚C temperature, and 380 mmol mol–1 of
CO2). Representative image of immunoblot analyses of PcDXS protein (67.6 kD) content (B) and quantitative data of PcDXS
protein content (C) relative to wild-type plants. D, Relative PcDXS activities normalized per DXS protein content. Means of n =
4 to 5 6 SE are demonstrated. Significance differences (two-way ANOVA followed by Tukey’s test) at P , 0.05 are indicated
with different letters. Inset, Comparison of relative PcDXS activities between IE (wild type and EV; black circles) and NE (RA1
and RA2l; white circles) leaves compared with data obtained on purified DXS protein from P. trichocarpa (PtDXS; gray triangles)
and assayed at Km concentration of ThDP (data courtesy of Tom Sharkey and published in Banerjee et al., 2013). The black lines
represent the nonlinear curve fitting of experimental data averages in the absence and presence of low and high DMADP
concentrations by using Equation 1, where vmax was set to 100 and vmin to 0. Hill coefficients (H ) were 0.61 (PtDXS), 0.72 (IE),
and 0.86 (NE); IC50 values were 163 (PtDXS), 693 (IE), and 2,005 (NE) mM.
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compared with IE leaves. This is very similar to the
28.5% relative PcDXS activity calculated using the ki-
netics described by Banerjee et al. (2013).

Because IDP also inhibits DXS activity (Banerjee
et al., 2013), we aimed to calculate the hypothetical
inhibition of PcDXS by taking into account both
DMADP and IDP pools using PtDXS kinetics. To
achieve this, we compared first the effect of the larger
difference in pool sizes between IE and NE when IDP
is additionally considered. In NE, the apparent in vitro
PcDXS activity due to the sum of DMADP and IDP
was calculated to be 23.9% of IE. Similarly, the same
difference in pool size between the sum of DMADP
and IDP in IE and NE would hypothetically affect the
PtDXS activity of 24.9%, based on PtDXS data. Thus,
the calculation of hypothetical PcDXS activities based
on in vitro enzyme assays from gray poplar leaf pro-
tein extracts in the presence of DMADP, as well as
calculations based on the enzyme kinetics of heterol-
ogously expressed and purified PtDXS (Banerjee et al.,
2013), were highly consistent. We therefore finally cal-
culated the theoretical decrease of PcDXS activities
between NE and IE by applying PtDXS kinetics and in
vivo sum of DMADP and IDP contents and found that
NE has at least 13.7% of IE PcDXS activities.

Correlation among MEcDP, Plastidic DMADP, and
Isoprene Emission in Emitting Poplars

By plotting metabolite data from illuminated IE
plants growing under different temperature, light, and
CO2 conditions, the relationships between MEcDP pool
size and isoprene emission (r2 = 0.89), on the one
hand, and MEcDP pool size and plastidic DMADP
pool size (r2 = 0.85), on the other, were determined.
These relationships could be described accurately by
a two-parameter logistic equation showing that the
increase of the MEcDP pool at the low concentration
range was directly proportional to the increase of the
plastidic DMADP pool and isoprene emission rate,
and the relationship saturated at higher MEcDP con-
centrations (Fig. 5).

Down-Regulation of Carbon Flux through Plastidic
Isoprenoid Biosynthesis in NE Poplars

We next calculated the carbon flux through the MEP
pathway in IE and NE lines under varying tempera-
ture, light, and CO2 environments. Depending on the
environmental condition, the knockdown of PcISPS
reduced the carbon fluxes into isoprene biosynthesis
from 11 to 50 nmol carbon m–2 s–1 down to 0.2 to 2.3
nmol carbon m–2 s–1 (Fig. 6, A–C). In terms of per-
centage, NE plastids exhibited only 0.2% to 3.6% of the
isoprene carbon fluxes found in IE.

Generally, the isoprene carbon fluxes are dependent
on environmental conditions in a similar way as we ob-
served for plastidic DMADP and MEcDP pools (Fig. 3).

The carbon flux increases with temperature, with a
maximum rate at 35°C, followed by a decrease at higher
temperature. Increasing light intensities exponentially
increased isoprene carbon fluxes, whereas increasing
CO2 concentrations negatively affected these fluxes.

We then focused our attention on the fractions of
MEP pathway carbon flux directed toward the bio-
synthesis of photosynthetic pigments, which represents
the other important carbon sink downstream for the
products of this pathway. NE leaves showed a signif-
icant increase of carbon flux into the biosynthesis of
carotenoids and Chls, accompanied by an overall de-
crease of their absolute content in the leaves (Fig. 7).
The 13C analysis of pigments clearly proved that NE
leaves demanded more carbon from the MEP pathway
to sustain a much faster turnover of b-carotene. In-
terestingly, the carbon flux into the prenyl side-chain
of Chl a and b became significantly different between
IE and NE after an additional 1 h of darkness.

We added up the carbon fluxes going into isoprene
and nonvolatile plastidic isoprenoids, assuming that
this gives an approximation of the total flux through
the MEP pathway in fully mature leaves (Fig. 8).
Compiling all data, we could provide evidence that the
overall carbon flux through the MEP pathway in NE
plastids was strongly reduced compared with the sit-
uation in IE plastids (from 26.4 6 4.7 to less than
1 nmol m–2 s–1 of carbon equivalent). The partial re-
direction of the carbon fluxes in NE leaves into non-
volatile isoprenoids from unused carbon for isoprene
biosynthesis was very marginal. Only approximately

Figure 5. Correlation of MEcDP with calculated plastidic DMADP
concentration (red circles) and isoprene emission rate (purple circles)
of IE leaves at different leaf temperature (25˚C, 30˚C, and 35˚C), in-
cident PPFD levels (100, 250, 500, and 1,000 mmol m–2 s–1), and CO2

concentration (380, 580, and 780 mmol mol–1). Curves show two-
parameter logistic fits (i.e. y = y0 + a ln x), and the respective coeffi-
cients of determination (r2) are reported next to each fit.
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0.5% of the surplus of carbon was diverted into ca-
rotenoid and xanthophyll biosynthesis.
In fully mature IE leaves (leaf number 9 from the

top) and under standard conditions (leaf tempera-
ture of 30°C, PPFD of 1,000 mmol m–2 s–1, [CO2] of
mmol mol–1), almost 99% of carbon directed through

the MEP pathway was used for isoprene biosynthesis,
and 1% was used for nonvolatile isoprenoid synthesis.
Silencing PcISPS resulted in a decrease of overall
plastidic carbon demand, although the relatively low
isoprene emission of NE leaves still needed a larger
fraction of carbon fluxes (54%) than for any other
plastidic nonvolatile isoprenoid.

In NE leaves, the plastidic DMADP pool was ap-
proximately 20-fold higher than in IE leaves. The
higher availability of the C5 intermediates DMADP
and IDP in NE leaves or the need to compensate the
lack of isoprene function led to an increased carbon
flux into nonvolatile isoprenoids in NE. However,
more relevant biochemically, the larger plastidic pool
of DMADP and IDP reduced the flux through the MEP
pathway due to feedback inhibition of PcDXS.

Figure 6. Dependencies of in vivo carbon fluxes through the MEP
pathway on temperature (A), light (B), and CO2 concentration (C) in
wild-type IE (black) and NE (white; lines RA22 and RA1) poplar leaves.
Note the differences in scale. Means of n = 4 (IE) to 8 (NE) 6 SE are
shown. The fluxes in IE were always significantly different from the
fluxes in NE at a level of P , 0.001 (one-way ANOVA, Tukey’s test).

Figure 7. A, Contents of carotenoids, xanthophylls, and Chls contents
in the light (L) and followed by 1 h of darkness (D) in wild-type IE
(black) and in NE (white; lines RA22 and RA1) poplar leaves (means of
n = 12 6 SE). B, Calculated carbon fluxes into main carotenoids,
xanthophylls, and Chls after 13CO2 labeling in the light and followed
by 1 h of darkness in wild-type IE (black) and in NE (white; lines RA22
and RA1) poplar leaves (means of n = 4 to 8 6 SE). Leaves were ac-
climated under standard steady-state conditions (incident PPFD of
1,000 mmol m–2 s–1, leaf temperature of 30˚C, and CO2 concentration
of 380 mmol mol–1). Significance between IE and NE was tested with
one-way ANOVA (Tukey’s test); *P , 0.05; **P , 0.01. b-Car,
b-Carotene; Nx, neoxanthin; Vx, violaxanthin; Ax, antheraxanthin;
Lut, lutein; Zx, zeaxanthin.
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DISCUSSION

MEcDP and Plastidic DMADP Pools Reflect Isoprene
Emission under Different Environmental Constraints

13C labeling is a classical approach for studying
metabolic fluxes (Rios-Estepa and Lange, 2007) and
often used to analyze the dynamics of isoprene (Karl
et al., 2002) and monoterpene (Loreto et al., 2000;
Ghirardo et al., 2010a) biosynthesis and to dissect the
origin of carbon in volatile isoprenoids (Kreuzwieser
et al., 2002; Ghirardo et al., 2011; Trowbridge et al.,
2012). Here, we applied 13CO2 labeling as a tool to
measure plastidic DMADP concentrations and to quan-
tify the de novo production of volatile and nonvolatile
isoprenoids in IE and NE poplar lines. Importantly, we
considered carbon sources other than atmospheric CO2
for plastidic isoprenoid biosynthesis (Kreuzwieser et al.,
2002; Schnitzler et al., 2004; Ghirardo et al., 2011;
Trowbridge et al., 2012) to determine the exact carbon
flux into nonvolatile isoprenoids by means of maximum
13C-labeling rate into the volatile isoprene, which is
continuously produced de novo in the light (Ghirardo
et al., 2010a). The concept is proven by obtaining similar
carbon fluxes into b-carotene when label was applied as
13C-labeled Glc (13Glc) instead of 13CO2 (Supplemental
Table S1).

Looking at the l3C-labeling patterns of the iso-
prenoid metabolites, MEcDP and isoprene were found
to be similarly labeled, confirming the close stoichio-
metric relationship between them. However, the la-
beling of DMADP was very different, because this
intermediate is present in the plastids, cytosol, and
mitochondria, and therefore, the rapid incorporation
of 13C into plastidic DMADP is diluted by unlabeled
DMADP occurring in other cellular compartments.

Nevertheless, the amounts of plastidic DMADP can be
determined as the postillumination isoprene emission
burst (Rasulov et al., 2009a, 2013; Weise et al., 2013) by
measuring the isotope ratios of isoprene and total
DMADP after short-term labeling with 13CO2 (Ghirardo
et al., 2010a) or by light-minus-dark measurements
(Weise et al., 2013). Assuming that there is negligible
exchange of DMADP between the plastid and cytosol
within 45 min (Loreto et al., 2004; Wolfertz et al.,
2004; Wu et al., 2006), the amount of 13C incorpora-
tion into isoprene reflects the 13C incorporated in
plastidic DMADP. Comparing the three methods,
absolute values of plastidic DMADP estimated by
light-minus-dark measurements are found 14% to
15% lower and by postillumination burst 20% higher
than the actual reported with the labeling method
(data not shown). Absolute amount of nonplastidic
DMADP might be found different if light-minus-dark
measurements are used (Weise et al., 2013).

Isoprene emission rates depend mainly on the
availability of photosynthetic intermediates, the light-
dependent delivery of energy, and redox equivalents
as well as the amount of ISPS (for review, see Sharkey
and Yeh, 2001; Sharkey et al., 2008); all these param-
eters are similarly affected by environmental con-
straints (Monson et al., 2012), with the exception of
CO2 concentrations (Rosenstiel et al., 2003; Sun et al.,
2012; Way et al., 2013). Changes in light intensity
and temperature rapidly affect the pools of MEcDP
and plastidic DMADP in IE leaves, which is also re-
flected in the changes of isoprene emission (Rodríguez-
Concepción, 2006; Rasulov et al., 2010; Mongélard
et al., 2011). Considering that the ratio of DMADP/
IDP is around 2 (Zhou et al., 2013), the concentrations
of MEcDP and overall DMADP measured in gray
poplar leaves were similar to concentrations mea-
sured in hybrid aspen (Populus tremula3 Populus alba)
under comparable environmental conditions using a
liquid chromatography-tandem mass spectrometry-
based analytical approach (Li and Sharkey, 2013b),
albeit the authors measured the total sum of both
DMADP and IDP pools.

High temperature led to decreased CO2 assimilation,
decreased MEcDP, and plastidic DMADP as well as
isoprene emission. Consistently, the MEcDP pool was
depleted faster than the DMADP pool when photosyn-
thesis was impaired at 40°C. At high CO2, which is
known to negatively affect isoprene emission (Rosenstiel
et al., 2003; Way et al., 2011, 2013), although not at high
temperatures (Li and Sharkey, 2013a; Sun et al., 2013a),
MEcDP and plastidic DMADP levels were also lower.
However, in contrast to the situation in IE poplars, we
observed only small changes in the pools of MEcDP and
plastidic DMADP in NE plants in response to changing
light, temperature, and CO2. Nevertheless, the weak
isoprene emission still present in NE lines responds
rapidly to transient heat and light flecks (Behnke et al.,
2013), which can be explained by the temperature
response of both PcISPS still present in marginal
amounts in these plants and by temperature-dependent,

Figure 8. Summary of the carbon fluxes through the MEP pathway into
the main products of the plastidic isoprenoid pathway in mature poplar
leaves of IE and NE lines under standard steady-state conditions (leaf
temperature 30˚C, incident PPFD of 1,000 mmol m–2 s–1, and CO2

concentration of 380 mmol mol–1). The demand of carbon from the
MEP pathway for each compound is reported as percentage of total
carbon flux. b-Car, b-Carotene.
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nonenzymatic chemical conversion of DMADP to
isoprene under physiological pH (Brüggemann and
Schnitzler, 2002b; Ghirardo et al., 2010a).

Allosteric Inhibition of DXS by Plastidic DMADP
Regulates the Carbon Flux through the MEP Pathway

Isoprene biosynthesis is the dominant carbon sink in
plastidic isoprenoid biosynthesis of mature poplar
leaves (Sharkey and Yeh, 2001; Rasulov et al., 2013).
Suppression of isoprene biosynthesis by RNA inter-
ference led to a drastic overall decrease of carbon flux
within the MEP pathway (Fig. 8). Our data indicate a
tight control within the plastidic isoprenoid biosyn-
thesis to adjust to the much lower demand for path-
way products. We demonstrate that this regulation
was almost entirely achieved in vivo in the NE lines by
the allosteric inhibition of PcDXS activity in the pres-
ence of the high concentrations of plastidic DMADP
when PcISPS activity was (almost) absent.
The putative role of DXS in controlling the metabolic

flux within the MEP pathway was previously sug-
gested (Lois et al., 2000), based on a strong correlation
between carotenoid accumulation and DXS transcript
levels. This was confirmed with transgenic plants
overexpressing DXS in Arabidopsis (Estévez et al.,
2001), Solanum lycopersicum (Enfissi et al., 2005), and
Lavandula latifolia (Muñoz-Bertomeu et al., 2006). In-
creased expression of DXS (Lange et al., 1998) and
other plastidic isoprenoid enzymes (DXR and phytoene
synthase) further supports the importance of the tran-
scriptional regulation in controlling the MEP pathway
flux (Mayrhofer et al., 2005), when the demand for
photosynthetic pigments increases due to plastid for-
mation and leaf growth. Contrary to these observa-
tions, we observed no difference in gene expression of
MEP pathway enzymes between IE and NE leaves,
although the carbon flux within the MEP pathway
differed drastically between them. Knockdown of
PcISPS affected neither transcript levels of MEP path-
way nor cytosolic MVA pathway genes (Supplemental
Fig. S1); the latter was tested because IDP and/or
DMADP can be slowly exported from the chloroplast
to the cytosol and therefore involved in the cross
talk of the two pathways (Bick and Lange, 2003;
Hemmerlin et al., 2003).
Our comprehensive analysis of gene expression in-

dicates that another regulatory mechanism must exist
and prompted us to investigate protein function, in
terms of enzyme activity. Previously, we showed that
PcDXS activity strongly depends on leaf development,
with higher activities in young leaves (Ghirardo et al.,
2010b), while correlating well with leaf isoprene
emission potential in fully mature leaves. From feeding
experiments with dideuterated 1-deoxy-D-xylulose,
bypassing the intrinsic 1-deoxy-D-xylulose 5-phos-
phate biosynthesis in leaves, Wolfertz et al., (2004)
proposed a strong in vivo feedback regulation of
DXS activity mediated by DMADP and/or other MEP

pathway intermediates. Based on this work, Banerjee
et al. (2013) demonstrated that DXS activity in vitro
is under allosteric control of DMADP and IDP com-
peting with ThDP for the same substrate binding
site. Because of these findings, we analyzed the in
vitro PcDXS activities in the absence and presence of
DMADP. Our results revealed a pronounced reduction
of PcDXS activities in the presence of in vivo levels of
DMADP. This observation explains to a large extent
the decreased carbon flux in the MEP pathway of NE
leaves by the inhibition of PcDXS activity in the pres-
ence of the very high amounts of plastidic DMADP
measured and is completely consistent with the feed-
back regulation proposed by Wolfertz et al. (2004) and
Banerjee et al. (2013). In contrast to the plastidic
DMADP pool, the MEcDP pool did not affect the
carbon fluxes of isoprenoid biosynthesis (Mongélard
et al., 2011). Thus, the central isoprenoid building
block of MEP pathway (DMADP) inhibited the PcDXS,
the enzyme that catalyzes the first step of this bio-
synthetic pathway, thus ensuring an adequate carbon
flux through the MEP pathway and preventing the
synthesis of excess intermediates and isoprenoid pre-
cursors. However, our flux and in vitro analyses in-
dicate that regulation based on DMADP supply cannot
completely explain the reduced isoprenoid carbon flux
in NE leaves (calculated reduction of carbon flux,
86.3%; measured reduction of carbon flux, 96.5%). This
points to additional regulatory mechanisms in the
MEP pathway.

Emerging evidence suggests that, in addition to the
control of gene expression and the enzyme activity,
translational, posttranslational, and posttranscriptional
regulations are important to modulate the MEP
pathway (Guevara-García et al., 2005; Rodríguez-
Concepción, 2006; Pulido et al., 2013). Our data
showed that the PcDXS protein content was de-
creased in NE, in a manner similar to the in vitro
PcDXS activities, which were approximately 51% and
55% of the levels in IE leaves, respectively. The dif-
ferences in protein content of PcDXS between the two
NE lines RA2 and RA1 coincide with their respective
enzyme activities previously seen (Ghirardo et al.,
2010b). Together, our data suggest: (1) a posttrans-
criptional control of PcDXS protein levels (but not of
PcDXR; Supplemental Fig. S2) and (2) that posttrans-
lational modification of PcDXS plays a minor role in the
regulation of PcDXS activities because the lower en-
zyme activities reflected the decreased protein content
in NE leaves. The similarities between transcript levels
of DXS in IE and NE plants, together with a reduction
of both DXS amounts and DXS activities in NE plants,
suggest that either differences in the efficiency of
translation or protein turnover during protein quality
control is involved (Pulido et al., 2013).

Our experiments were restricted to the main iso-
prenoid compounds (isoprene and photosynthetic
pigments) and did not take into account the produc-
tion and turnover of other putative minor metabolic
sinks branching off from the MEP pathway. Although
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likely biosynthesized at low rates in poplar leaves,
biosynthesis of gibberellins and abscisic acid (derived
from zeaxanthin); monoterpenes (no detectable emis-
sion in this case); iridoids (monoterpene glycosides);
tocopherols, plastoquinone, and, in general, preny-
lated compounds (proteins and other compounds;
Gerber et al., 2009); and export of IDP into the cytosol
(Bick and Lange, 2003; Laule et al., 2003) may signifi-
cantly contribute to the real carbon flux through the
MEP pathway.

In support of this assumption are recent metabolomic
data that revealed a relatively higher abundance of
iridoids in NE than in IE (Way et al., 2013), although
carbon fluxes and absolute abundance of these mono-
terpene glycosides have not been investigated in poplar
leaves so far. Cross talk between the MEP and MVA
pathways could also represent a sink for MEP pathway
products. Evidence for such cross talk comes from ex-
periments using inhibitors of the respective pathways
(Kasahara et al., 2002; Hemmerlin et al., 2003; Laule
et al., 2003). In snapdragon (Antirrhinummajus) flowers,
the cross talk seems to occur unidirectionally from the
plastids to the cytosol at the level of IDP (Dudareva
et al., 2005). Another sink is the diversion of MEcDP
from the pathway that acts as a retrograde signal,
influencing the expression of targeted stress-responsive
genes in Arabidopsis nuclei under stress (Xiao et al.,
2012). Transgenic Arabidopsis plants overexpressing
DXS were also shown to export MEcDP to compensate
for the increased flux into the MEP pathway (L.P.
Wright, J.M. Rohwer, A. Ghirardo, A. Hammerbacher,
M. Ortiz, B. Raguschke, J.-P. Schnitzler, J. Gershenzon,
and M.A. Phillips, unpublished data). However, in all
studies published so far, the exchange of intermediates
and products between the MVA and MEP pathways
and diversion of MEcDP appear to be slow processes.
Therefore, the transport of isoprenoid intermediates
across the plastid envelope seems to be very limited
within our 45 min of 13C labeling.

Absence of Isoprene Enforces Higher Turnover of
Essential Isoprenoids

The general down-regulation of carbon flux toward
the C5 intermediates DMADP and IDP in NE occurs
concurrently with increasing carbon fluxes toward the
C40 isoprenoids b-carotene and lutein. Considering the
amount of carbon needed for isoprene biosynthesis, NE
leaves redirected approximately 0.5% of this saved
carbon toward essential isoprenoids. This observation
coincides with an increased level of monoterpene gly-
cosides (iridoids; Way et al., 2013) in these genotypes.

The relatively low amount of carbon reinvested into
essential nonvolatile isoprenoids may simply reflect
the low need for nonvolatile isoprenoids in fully ma-
ture leaves under unstressed conditions. Considering
the net CO2 assimilation rate as base, the fully mature
poplar leaf number 9 invested 0.01% of photosynthetic
carbon into pigment biosynthesis and 2.6% in isoprene

emission, similar to previously reported values of
0.02% and 2%, respectively (Sharkey and Yeh, 2001).
However, stress conditions could significantly change
the fluxes in mature leaves if rapid synthesis of es-
sential isoprenoids is needed for repairing the photo-
synthetic apparatus (Cazzonelli and Pogson, 2010).

The metabolic situation in young, developing poplar
leaves is different, and such leaves divert most of their
carbon flux into essential isoprenoid biosynthesis,
rather than into isoprene emission (Rasulov et al., 2013).
This coincides with the developmental activation of
MEP pathway genes and DXS activity already dis-
cussed above (Guevara-García et al., 2005; Loivamäki
et al., 2007; Ghirardo et al., 2010b). Here, redirection of
flux from isoprene might be expected to lead to much
more substantial investment in nonvolatile isoprenoids,
but isoprene formation rates are much lower in young
leaves, so there is much less flux to redirect.

The enhanced carbon flux toward essential isopren-
oids in NE leaves compared with IE leaves might
simply be a consequence of the increased availability of
plastidic DMADP because biosynthesis of carotenoids
and the phytol side-chain of Chl compete for the same
DMADP pool as isoprene (Rasulov et al., 2013). How-
ever, the higher carotenoid and Chl content as seen here
and in previous studies (Behnke et al., 2007; Way et al.,
2013) might be mediated by the higher turnover of es-
sential isoprenoids due to the absence of isoprene
emission. Because both isoprene (Loreto and Velikova,
2001; Peñuelas et al., 2005; Vickers et al., 2009; Loreto
and Schnitzler, 2010) and carotenoids (Cazzonelli and
Pogson, 2010) play crucial roles as antioxidant agents in
leaves, the absence of isoprene might be counter-
balanced by increases in the higher molecular weight
carotenoids (Behnke et al., 2007; Way et al., 2011, 2013;
Behnke et al., 2013). Evidence of these metabolic
changes is also revealed by the remodeling of the
plastid proteome (Velikova et al., 2014).

The fact that NE plants do not redirect all the carbon
saved from isoprene production to the formation of
photosynthetic pigments appears to benefit them in
other ways by making more fixed carbon and energy
available for general metabolic purposes. Recent studies
on gray poplar (Behnke et al., 2012) and tobacco
(Nicotiana tabacum; Ryan et al., 2014) demonstrate that
lower isoprene emission is accompanied by greater
biomass production.

CONCLUSION

Isoprene biosynthesis in mature poplar leaves is by
far the main carbon sink of MEP pathway intermedi-
ates, and its production requires several-fold higher
carbon fluxes than in NE plants. Thus, removal of the
capability to emit isoprene by RNA interference of
isoprene synthase drastically diminished the overall
carbon fluxes within the MEP pathway because only a
small portion of unused isoprene intermediates were
channeled downstream toward the biosynthesis of
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carotenoids and Chls. These may have helped com-
pensate for changes in plastid functionality and the
overall performance of the photosynthetic apparatus
in the absence of isoprene. Under these conditions, flux
regulation in the MEP pathway is mediated by feed-
back control of plastid DMADP levels on the in vivo
activity of DXS. With its high isoprene emission ca-
pacity and concurrent high metabolic fluxes through
the MEP pathway, poplar represents an ideal system
for studying the regulation of this central biosynthetic
pathway in plants.

MATERIALS AND METHODS

Plant Material and Experimental Set-Up

We investigated themetabolic carbon fluxes through theMEP pathway using
IEwild-type and EV as control plants (for the transgenicmanipulation) aswell as
transgenic NE plants (lines RA1 andRA22; for more details on the plant lines, see
Behnke et al., 2007) of 3-year-old gray poplar (Populus 3 canescens) trees. In the
transgenic lines, the isoprene synthase expression was silenced by an RNA in-
terference technique, resulting in plantswith very low isoprene emission capacity
(Behnke et al., 2007, 2010b, 2013). Cultivation and growth conditions were as
previously described (Behnke et al., 2007; Cinege et al., 2009).

Fully mature leaves, from the eighth or ninth node from the apical meristem
were detached, and the petiole were placed in a 2-mL vial filled with 10 mM

unlabeled Glc (12Glc) dissolved in autoclaved Long Ashton nutrient solution
(Ehlting et al., 2007). Each leaf was then enclosed in a gas exchange cuvette,
and VOC measurements were performed using the system described previ-
ously (Ghirardo et al., 2011). The cuvettes were flushed with humidified
(relative humidity of 60%), synthetic VOC-free air (380 mmol mol–1 CO2, 21.0%
[v/v] O2 in N2; BASI Schöberl) at a flow rate of 1 L min–1. We conducted
steady-state experiments under standard conditions, consisting of PPFD of
1,000 mmol m–2 s–1, leaf temperature of 30°C, and atmospheric CO2 concen-
tration of 380 mmol mol–1. Before applying the 13C label, leaves were always
acclimated for 1 h in the cuvettes to ensure that gas exchange of water and
CO2 and isoprene emissions had reached the steady-state conditions.

The 13C label was applied for 45 min either by replacing the unlabeled CO2
with 13CO2 (380 mmol mol–1; 99 atom % [w/w] 13C; Air Liquide) or by
changing the unlabeled Glc solution with an equimolar fully 13C-labeled 13Glc
solution (99 atom % [w/w] 13C; Cambridge Isotope Laboratories) without
exposing the leaves to the air. For each labeling experiment, we performed the
corresponding control experiment using unlabeled substrate.

We investigated the effect of photosynthesis on the pool of MEP pathway
metabolites by comparing leaves fed for 45min under light condition with leaves
labeled additionally for 1 h in darkness. At the end of the experiment, leaveswere
sampledbyflash freezingunder liquidN2 and stored at –80°C for further analysis.

In similar experiments, we used leaves from intact plants to investigate the
effect of different environmental conditions on the MEP pathway. For this
purpose, light (PPFD = 100, 250, 500, and 1,000 mmol m–2 s–1), temperature (25°C,
30°C, 35°C, and 40°C), or CO2 concentration (380, 580, and 780 mmol mol–1)
differed from the standard conditions.

For testing the PcDXS activities and measuring the gene expression, 20
additional plants (five plants of each line wild type, EV, RA1, and RA2) were
acclimated for 2 d into a phytotron chamber at the Research Unit Environ-
mental Simulation (Helmholtz Zentrum München) under the ambient climate
conditions of 26°C/18°C (day/night), relative humidity of 60%/80% (day/
night), PPFD of 500 mmol photons m–2 s–1 for a 16-h photoperiod, and CO2
concentration of 380 mmol mol–1. The ninth leaves from apices were sampled
at 12 AM (Central European Time) after changing the environmental conditions
to 30°C and 1,000 mmol m–2 s–1 for 1 h.

Quantification and Isotopic 13C Compositions of MEcDP,
DMADP, and Isoprene

Absolute quantification and isotopic composition analysis of isoprene and
its immediate precursor DMADP was performed using proton transfer reac-
tion mass spectrometry by measuring the protonated isotopologue masses as

described previously (Ghirardo et al., 2010a, 2011). We measured DMADP as
isoprene released after acid hydrolysis as described by Brüggemann and
Schnitzler (2002b). Plastidic DMADP was calculated from the amount of 13C
incorporated into the total DMADP pool and isoprene as described previously
(Ghirardo et al., 2010a). In brief, under steady-state conditions and short ex-
posure times of leaves to 13CO2, the isotopic pattern of isoprene reflects the
isotopic pattern of the plastidic DMADP. Thus, the proportion of plastidic and
nonplastidic DMADP pools can be derived from measuring the total DMADP
pool and the 13C-labeling patterns of total DMADP (plastidic and non-
plastidic) and naturally emitted isoprene.

For MEcDP analyses, 5 mg of lyophilized plant material was extracted
twice with a 250-mL solution of 50% acetonitrile containing 10 mM ammonium
acetate by vortexing for 5 min, centrifuging for 5 min at 16,000g, and then
transferring 200 mL of each supernatant to a new tube (Eppendorf). The
combined extracts (400 mL in total) were dried under N2 at 40°C, and the
residue was dissolved in 100 mL of 10 mM ammonium acetate and transferred
to a new tube. After extracting the solution with 100 mL of chloroform and
phase separation through centrifugation at 16,000g for 5 min, the upper
aqueous phase was transferred to a new tube and diluted with the same
volume of acetonitrile. After centrifugation for 5 min at 16,000g, the super-
natant was transferred to an HPLC vial. The MEcDP and its 13C incorporation
were analyzed on an Agilent 1200 HPLC system connected to an API 3200
triple quadrupole mass spectrometer (MS). For separation, an Atlantis HILIC
column (3 mm, 150 3 2.1 mm; Waters) with a SecurityGuard HILIC guard
column (4 3 3 mm; Phenomenex) and a KrudKatcher high-pressure
precolumn filter (Phenomenex) were used. The solvents used were 10 mM

ammonium acetate in pure water (purity . 18 MV at 25°C) as solvent A and
acetonitrile:water (9:1, v/v) containing 10 mM ammonium acetate as solvent B.
Separation was achieved with a flow rate of 500 mL min–1 and a column
temperature of 40°C. The solvent gradient profile was: 10-min linear gradient
from 0% to 30% of solvent A, 5-min wash step at 40% with solvent A, 0.1 min
for returning to initial conditions, and 4.9 min for further equilibration. The
volume injected was 10 mL. The MS was used in negative ionization mode
with the following instrument settings: ion spray voltage, 4,500 eV; turbo gas
temperature, 700°C; nebulizer gas pressure, 483 kPa; heating gas pressure, 207
kPa; curtain gas pressure, 207 kPa; and collision gas pressure, 60 kPa. MEcDP
and its isotope distribution was monitored as analyte precursor ion → quan-
tifier ion: mass-to-charge ratio (m/z) 276.7 → 78.8, m/z 277.7 → 78.8, m/z
278.7 → 78.8, m/z 279.7 → 78.8, m/z 280.7→ 78.8, and m/z 281.7 → 78.8 for
MEcDP containing 0, 1, 2, 3, 4, or 5 13C, respectively. The quantifier ion used
was phosphate, which does not contain any carbon atoms and can thus be
monitored as the same mass for the different labeled molecules. The settings of
the instrument were: collision energy, –54 V; declustering potential, –40 V; cell
entrance potential, –30 V; cell exit potential, –0 V; and entrance potential, –8 V.
Both Q1 and Q2 quadrupoles were maintained at high mass resolution of
approximately 0.5 D. Analyst 1.5 software (Applied Biosystems) was used for
data acquisition and processing. The MEcDP content in the plant extracts were
quantified using external standard curves and normalized to additionally
added (3,4,5-13C)-MEcDP internal standard (ISTD; Illarionova et al., 2006).
Normalization to added labeled standards was accomplished by analyzing
each plant sample twice, once without any added ISTD and the second time
with the addition of MEcDP ISTD dissolved in 10 mL water. The ISTD solution
was added directly after adding the first extraction solvent to the dried plant
material. Labeled samples consisted of ions with m/z values ranging from m/z
276.7 up to m/z 281.7. The MEcDP ISTD, containing (3,4,5-13C)-MEcDP iso-
topic label, has m/z 279.7. The amounts of the other mass peaks of the sample
with added ISTD can be used to determine the amount of m/z 279.7 origi-
nating from the plant material, when compared to the values obtained for the
sample not containing any added ISTD. In this way, the signal originating
from the added ISTD and that from the plant material can be determined,
thereby using the added MEcDP as ISTD to quantify the absolute quantities of
MEcDP. In this way, any matrix effect during the extraction as well as any ion
suppression effects in the MS could be accounted for.

RNA Extraction, Reverse Transcription PCR, and
Real-Time PCR

Total RNA was extracted from 50 mg frozen leaf material using the Plant
RNeasy extraction kit (Qiagen) and following manufacturer’s instructions. The
RNA concentration was accurately quantified by spectrophotometer measure-
ments using aNanoDrop 1000 photometer, (PeqlabGmbH), and complementary
DNAs were synthesized by Omniscript RT Kit (Qiagen) using 1 mg RNA.
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The primers for the selected genes of the MEP pathway, i.e. 1-deoxy-D-
xylulose-5-phosphate synthase (PcDXS), 1-deoxy-D-xylulose-5-reductoisomerase
(PcDXR1, PcDXR2), diphosphocytidyl methylerythritol kinase (PcCMK), and
4-hydroxy-3-methylbut-2-en-1-yl diphosphate reductase (PcHDR), and of the
MVA pathway, i.e. 3-hydroxy-3-methylglutaryl coenzyme (PcHMGR) andMVA
kinase (PcMEV), were designed and tested for their specificity (for the primer
sequences, see Supplemental Table S2). The primers for the genes DXR1 and
CMK are as in Wiberley et al. (2009).

Real-time PCR was performed on a 7500 Fast Real-Time PCR system
(Applied Biosystems) using the SensiFAST SYBR Lo-ROX kit (Bioline). Five
biological replicates for each plant line (IE: lines wild type and EV; NE: lines
RA1 and RA2) were assayed, each with three technical replicates. The refer-
ence gene Actin2 was included in each plate.

PCR was carried out in a volume of 20 mL, with 23 SensiFAST SYBR Lo-
ROX 10 mL, 10 mM forward/reverse primers, and 1 mL and 5 mL comple-
mentary DNA templates, respectively. PCR conditions were as follows: 1 cycle
at 95°C for 2 min, 40 cycles at 95°C for 15 s, 60°C for 30 s, and a dissociation
stage including two cycles at 95°C for 15 s and 60°C for 1 min. Samples were
subjected to autocycle threshold for analysis, and dissociation curves were
verified for each gene.

Determination of in Vitro PcDXS Activity and
Immunoblot Analysis

The measurement of PcDXS enzyme activities from plant leaves were deter-
mined underVmax conditions to get a quantitative value for the amount of active
PcDXS enzyme in different plant lines. Fresh plant tissue was homogenized
under liquid nitrogen, and approximately 20 mg was extracted and assayed for
DXS activity as described (Pulido et al., 2013). Enzyme activity was then nor-
malized to protein content as determined by the Bradford assay. To measure the
possibility of feedback inhibition ofDXSbyDMADP, the PcDXS activitywas also
determined in the presence of DMADP (Sigma-Aldrich) at concentrations that
occur in vivo in IE (0.42 mM) and NE (5.7 mM) plants. After the enzyme reaction
was stopped, the 1-deoxy-D-xylulose 5-phosphate produced was measured on
the sameHPLC-MS systemused forMEcDP analysiswith the different set-up: an
XBridge Amide column (3.5 mm, 150 3 2.1 mm, Waters) with a HILIC guard
column containing the same sorbent (3.5 mm, 10 3 2.1 mm) was used. The sol-
vents used were 20 mM ammonium bicarbonate adjusted to pH 10.0 with am-
monium hydroxide (25% [v/v]) as solvent A and acetonitrile:water (80:20, v/v)
containing 20mM ammonium bicarbonate (pH 10.0) as solvent B. Separationwas
achievedwith a flow rate of 500mLmin–1 and a column temperature of 25°C. The
solvent gradient was as follows: 5-min linear gradient from 0% to 16% with
solvent A, 5-min isocratic separation, 5 min with 40% solvent A, a return to
0% solvent A over 0.1 min, and 4.9 min for further equilibration. The volume
injected was 1 mL. The MS was run in the same way as for MEcDP analysis with
the following modifications: analyte precursor ion → quantifier ion scan com-
binations, m/z 212.95→138.9 and m/z 215.95 → 140.9 (collision energy, –18 V;
declustering potential, –60 V; and cell exit potential, –15 V).

The protein content of PcDXS was quantified by immunoblot analysis as
described previously (Pulido et al., 2013). As control, PcDXR protein levels
were quantified in parallel.

Inhibitory Effect of Plastidic DMADP/IDP on PcDXS
Activities and Consequences for Isoprene Emission

The in vivo inhibitory effect of DMADP and IDP on DXS activity was
calculated following Banerjee et al. (2013) by using the four-parameter logistic
curve equation:

ð1Þ

where v was the percentage of DXS activity, vmin and vmax were set to 0 and 100,
respectively, and I was either plastidic DMADP or IDP concentrations (in mM).
H was 0.616 0.06 for DMADP and 0.69 6 0.03 for IDP. The concentration of the
inhibitors at which the PtDXS activity was reduced by one-half (IC50) was 163 6

21 mM for DMADP and 131 6 9 mM for IDP. IC50 and H values were kindly pro-
vided by Tom Sharkey from data published in Banerjee et al. (2013) andmeasured
at Km of ThDP on PtDXS cloned from Populus trichocarpa heterologously expressed

and purified from Escherichia coli. For comparison, we aimed to assess the hypo-
thetical PcDXS activities based on the enzyme kinetics of PtDXS. The inhibition of
PcDXS was simulated taking both DMADP and IDP pools as a sum, using the in
vivo occurring plastidic DMADP concentration of 0.42 mM for IE and 5.7 mM for
NE and assuming that the ratio of DMADP/IDP was 2.11 (Zhou et al., 2013).

Plastidic concentrations of DMADP were calculated using 23 chloroplasts
per palisade mesophyll cell and 12 chloroplasts per spongy mesophyll cell and
a chloroplast volume of 15 mm3 for both cell tissues (Ivanova et al., 2009).
Numbers of cells were counted from images of leaf cross sections taken with a
confocal scanning laser microscope (Zeiss LSM 510 upright confocal with LSM
IMAGE BROWSER software) over an area of 10,000 mm2. The mean of total
cell numbers in one palisade (53 6 2.5) and spongy (26 6 4) mesophyll layer
was multiplied by the numbers of palisade (two) and spongy (three) meso-
phyll layers observed in each leaf cross section (n = 4).

Photosynthetic Pigment Contents and Carbon
Flux Calculation

Pigments were extracted and quantified by HPLC as described previously
(Behnke et al., 2007). Qualitative pigment analysis of 13/12C was performed
combining thin-layer chromatography with IRMS, which allowed the detection
of very low changes in the 13C signature (13C/12C. 1.33 10–6, i.e. measurement
errors of 60.1% d13C, relative to Vienna Pee Dee Belemnite). First, 200 mL of the
pigment extract used forHPLCanalysiswas loaded into a carbon-free, silica glass
gel thin-layer chromatography plate (Merck) and developed for 1 h with
petroleum-benzin:isopropanol:water (100:12:0.2, v/v/v). After the run, four
spots were identified as Chl a, Chl b, b-carotene, and lutein (neoxanthin, viola-
xanthin, zeaxanthin, and antheraxanthin were neglected due to their very low
abundance) by comparing bands of purified pigments derived from flash chro-
matography (Behnke et al., 2007). These spots were scraped, collected, and freeze
dried. Then, 1 mg of the spot was transferred into a tin capsule (HEKAtech
GmbH) and flash combusted in an elemental analyzer (Flash EA 1112, Carlo Erba
Instruments) equipped with a gas chromatography column (Porapack QS 50/80
mesh, Waters) and coupled to an IRMS (DeltaPlusXP, Thermo Fisher Scientific).
The instrumentwas calibrated according toWerner andBrand (2001) andCoplen
et al. (2006) using three primary standards (IAEA C6, Suc; USGS40, L-Glu; and
USGS41, L-Glu) purchased directly from the International Atomic Energy
Agency, and routine calibration checks were conducted every 11 samples with
secondary standard urea (Sigma Aldrich) every 11 samples.

The 13C fluxes from the 13C-labeling source to the photosynthetic pigments
were calculated as follows:

ð2Þ

where 13Cs and
13Cc are the amounts of 13C at the end of experiment with la-

beled sample and unlabeled control, respectively; P is the amount of pigment
(in nmol), Dt is the labeling time (s), D is the dry weight of the sample (in mg),
and Cn is the number of C atoms that formed the isoprenoid part of the pig-
ment (20 carbon atoms for the prenyl side-chains of Chls and 40 for the ca-
rotenoids b-carotene and lutein). The incorporation of 13C into the pigments
was finally used to calculate the real carbon flux into the pigments. Because
some unlabeled carbon is also normally used in de novo biosynthesis of
plastidic isoprenoid during 13CO2 labeling (Ghirardo et al., 2011), the 13C data
only represent the apparent carbon flux. To calculate the real carbon flux into
pigment biosynthesis, the apparent carbon flux was multiplied by 100 and
divided by the percentage of labeled isoprene during steady state, thus taking
into account the unlabeled 12C that was unavoidably incorporated in the de
novo biosynthesis of the isoprenoid (Ghirardo et al., 2010a).

To be comparable with other emission data, the fluxes normalized with
respect to dry weight were related to unit leaf area by multiplying with leaf dry
mass per unit area (63.7 g dry weight m–2; n = 32).

Determination of Carbon Fluxes into Isoprene
Biosynthesis through the MEP Pathway

Fluxes of carbon into isoprene biosynthesis were determined in vivo by
measuring the incorporation rate of 13C into isoprene biosynthesis with proton
transfer reaction mass spectrometry after 13CO2 labeling.
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The incorporation rates of 13C into isoprene were normalized relative to
100%, and the experimental data points were fit with the three-parameter Hill
equation:

ð3Þ

where a, b, and c are the empirical parameters, representing the maximum
asymptote, the slope factor, and the inflection point of the curve, respectively.

Because the atmospheric CO2 is not the only carbon source of isoprene
biosynthesis (Kreuzwieser et al., 2002; Affek and Yakir, 2003; Schnitzler et al.,
2004; Brilli et al., 2007; Ghirardo et al., 2011; Trowbridge et al., 2012), we
corrected the fitted parameters for the conditions where the labeling rate (and,
hence, the parameter a) represents 100% 13C incorporation. In this case, the
parameters of Equation 2 were adjusted as follows: a1 = 1, b1 = b, and c1 = ac.
With these parameters, the derivative of the Equation 3 was:

ð4Þ

Equation 4 gives the slope at the inflection point of the incorporation rate of
13C into isoprene, with x1 being the value at the inflection point, so that x1 = c.
To obtain the carbon flux into isoprene biosynthesis, the solution of Equation 4
was multiplied by the isoprene emission rate (in nmol m–2). Fluxes are pre-
sented as total carbon by multiplying the number of carbon atoms of isoprene
(i.e. 5). All the measurements were performed under steady-state environ-
mental conditions with net assimilation and isoprene emission constant, i.e.
when the DMADP content did not change significantly.

Calculation of the Overall 13C Fluxes through the
MEP Pathway

The apparent overall carbon fluxes through the MEP pathway were esti-
mated by adding up all separately measured carbon fluxes to the nonvolatile
isoprenoids b-carotene, lutein, the prenyl side-chains of Chl a and b, and the
carbon fluxes into isoprene biosynthesis. As monoterpene emission was below
the detection limit, it was neglected. The carbon flux of each compound was
finally related to the overall carbon flux of the MEP pathway and expressed on
a percentage basis.

Statistical Analysis

The statistical significance of differences between IE and NE was tested
with one- and two-way ANOVAs and post hoc Tukey’s tests. The statistical
analysis and curve fitting were performed with Sigma-Plot 11.0 (Systat
Software).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Transcript levels of the genes on methylerythritol
4-phosphate (MEP)-pathway (PcDXS, PcDXR1, PcDXR2, PcCMK,
PcHDR) and mevalonate pathway (PcHMGR, PcMEV).

Supplemental Figure S2. Immunoblot analyses of PcDXR protein content.

Supplemental Table S1. Comparison of carbon fluxes into the biosynthesis
of b-carotene after 13CO2 or

13Glc feeding.

Supplemental Table S2. Primer sequences, annealing temperatures, and
the amplicon lengths in the real-time PCR analysis of mRNA transcript
levels.
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Figure S1.  

Transcripts levels of the genes on methylerythritol 4‐phosphate (MEP)‐pathway (PcDXS, PcDXR1, 

PcDXR2, PcCMK, PcHDR) and mevalonate pathway (PcHMGR, PcMEV) in isoprene‐emitting (IE: wild‐

type =  , empty vector =   ) and isoprene non‐emitting (NE: RA1 =   , RA2 =   ) leaves of Populus 

x canescens. Ninth leaves from the apex were subjected to 1000 mol m‐2 s‐1 of incident 

photosynthetically active quantum flux density (PPFD), 30°C of leaf temperature and 380 mol mol‐1 

of CO2 for 60 min before taking the samples. The expression is shown relative to the housekeeping 

gene Actin 2. Means values for five independent biological replicates ± SE are demonstrated. 

Significant differences between the IE and NE were tested by one‐way ANOVA at P < 0.05. n.s.= not 

significant. 

 



 

 

 

 

 

Figure S2.  

(A) Representative image of immunoblot analyses of PcDXR protein (51 kDa) content and (B) 

quantitative data of PcDXR protein content relative to WT plants. Means of n = 4 ± SE are 

demonstrated. Significance differences (two‐way ANOVA followed by Tukey`s test) at P < 0.05 are 

indicated with different letters. 

 


