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Inhibition of monoterpene biosynthesis accelerates oxidative stress
and leads to enhancement of antioxidant defenses in leaves

of rubber tree (Hevea brasiliensis)
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Abstract This paper mainly studies the possible antioxi-
dant of monoterpene and effects of its absence on other
antioxidant defense. The leaves of rubber tree (Hevea bra-
siliensis) were fed with fosmidomycin through transpiration
stream, in the dark, at room temperature for 2 h, and were
then exposed to bright illumination (1,500 pmol m—% s~ ")
and moderately high temperature (30°C) for 1 h. The results
showed that monoterpene biosynthesis in leaves was con-
siderably inhibited by fosmidomycin, and the elevated levels
of both hydrogen peroxide and malondialdehyde were
observed in the leaves fed with fosmidomycin (LFF).
Compared to the control leaves (CK), AF/F, in the LFF was
markedly lower during the first 20 min; however, there were
no significant differences in non-photochemical quenching
and photosynthetic pigments (chlorophylls and carotenoids).
In contrast, the activities of antioxidant enzymes (superoxide
dismutase, catalase, guaiacol peroxidase, ascorbate peroxi-
dase, and glutathione reductase) were enhanced in the LFF.
Meanwhile, the contents of antioxidant metabolites (ascor-
bate and glutathione) were also elevated in the LFF, when
compared with the CK. The results obtained here suggest
that monoterpene may be very effective molecule in
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protecting plants against oxidative stress, the absence of
monoterpene leads to the increased responses of the enzy-
matic and non-enzymatic antioxidant defenses to oxidative
stress, and the enhancement of the enzymatic and non-
enzymatic antioxidant defenses may, in part, compensate for
the loss of antioxidant conferred by monoterpene.

Keywords Monoterpene - Oxidative stress -
Antioxidant enzyme - Antioxidant metabolite

Abbreviations

H,0, Hydrogen peroxide

MDA Malondialdehyde

Chl Chlorophyll

Cars Carotenoids

SOD Superoxide dismutase (EC 1.15.1.1)
CAT Catalase (EC 1.11.1.6)

GR Glutathione reductase (EC 1.6.4.2)

POD Guaiacol peroxidase (EC 1.11.1.7)

APX Ascorbate peroxidase (EC 1.11.1.11)

AsA Reduced ascorbate

DHA Oxidized ascorbate

GSH Reduced glutathione

GSSG  Oxidized glutathione

NPQ Non-photochemical quenching

AF/F,  Actual photochemical efficiency
of photosystem II

TCA Trichloroacetic acid

TBA Thiobarbituric acid

Introduction

The terpenoids, or isoprenoids, are the largest and the most
diverse family of natural chemical products, ranging in
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structure from linear to polycyclic molecules, and in size
from five-carbon hemiterpenes to natural rubber that is
comprised of thousands of isoprene units (Mahmoud and
Croteau 2002). It has been considered that some isopre-
noids (including several carotenoids and tocopherols) play
an effective role in photoprotection, whereas others such as
isoprene and some monoterpene, which do not occur in
some plant species, represent a way for increasing plas-
ticity in photoprotection (Peniuelas and Munné-Bosch
2005). Penuelas and Llusia (2002) have reported that
the formation of monoterpene might depend on photore-
spiratory activity, and that under non-photorespiratory
conditions monoterpene seem to replace photorespiration
in providing protection against high temperature. Further-
more, it has been proved that monoterpene improved
thermotolerance at elevated temperatures (Loreto et al.
1998), and that monoterpene had a protecting role against
oxidative stress (Loreto et al. 2004). Therefore, two
hypotheses concerning the physiological functions of both
isoprene and monoterpenes have been proposed: (1) sta-
bilization and protection of plant membranes against high
temperatures (Sharkey and Singsaas 1995; Loreto et al.
1998; Singsaas 2000), and (2) antioxidation.

On the other hand, it has been shown that leaves
producing isoprene and specific monoterpene (e.g. limo-
nene, o- and f-pinene) withstand higher temperatures in
the light than those in which isoprene or monoterpene
production is inhibited (Peniuelas and Llusia 2002;
Peniuelas et al. 2005; Sharkey and Singsaas 1995; Sharkey
and Yeh 2001). Moreover, isoprene biosynthesis can be
exclusively inhibited by fosmidoycin (Zeidler et al. 1998;
Loreto and Velikova 2001; Sharkey et al. 2001). If the
fosmidoycin-fed leaves were exposed to high light
(1,500 pmol m 2 s™') and moderately high temperature
(30°C), under such condition, the leaves would lead to
photo-oxidative injury, including secondary oxidative
stress. Oxidative stress arises from an imbalance in the
generation and metabolism of reactive oxygen species.
However, plants have evolved antioxidant mechanisms
(enzymatic and non-enzymatic), by which reactive oxygen
removes species from the cell (Noctor and Foyer 1998).
Catalase and peroxidase are the two major systems for the
enzymatic removal of H,O, in plants (Willekens et al.
1995).

Our test plant was rubber trees (Hevea brasiliensis),
which does not produce isoprene in detectable amount, but
produces considerable monoterpene (mainly o- and f-
Pinene and sabinene) in the leaves (Klinger et al. 2002).
The leaves of rubber tree were fed with fosmidoycin
through transpiration stream. We hypothesized that, like
isoprene, monoterpene biosynthesis would be considerably
inhibited by fosmidoycin, and that, without monoterpene,
the enzymatic and non-enzymatic antioxidative mechanism
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might be more efficient. Thus, the objectives of the present
study were to determine whether the inhibition of mono-
terpene biosynthesis induces the enhancement of the
activities of other enzymatic and non-enzymatic antioxi-
dants in leaves of rubber tree exposed to high illumination
and moderate temperature, and further confirm that
monoterpene may effectively confer antioxidant.

Materials and methods
Plant material and experimental treatment

The experimental plants were rubber trees, growing at the
edge of a 30-year-old rubber/tea-mixed plantation, and
therefore, receiving full light on the sampled branches. The
leaves of sampled branch were cut, maintained with the
petiole in water and fed with 30 uM fosmidomycin through
transpiration stream in the dark at room temperature for
2 h. The control leaves were cut and maintained with the
petiole in water but not fed with fosmidomycin. A fan was
used to facilitate the uptake of chemicals by increasing the
transpiration. After the feeding of chemicals, both the
fosmidomycin-fed leaves and control leaves were exposed
to the bright illumination (1,500 pmol m2s7!) and the
moderately high temperature (30°C) for 1 h. The actual
photochemical efficiency of photosystem II (AF/F, ) was
measured in every other 10 min. At the end of exposure,
the leaves were rapidly frozen in liquid nitrogen and later
analyzed for the contents of hydrogen peroxide (H,O,),
malondialdehyde (MDA), monoterpene, and antioxidant
metabolites as well as the activities of antioxidant enzyme.

Measurement of chlorophyll fluorescence

Chlorophyll a fluorescence was analyzed using a portable
fluorescence system (FMS-2.02, Hansatech, King’s Lynn,
UK). Non-photochemical quenching (NPQ) was calculated
according to Schreiber et al. (1994). NPQ was estimated
from the Stern-Volmer equation as: (F,—Fy')/Fy,', where
F,' and F,, are maximum yield of fluorescence in light-
acclimated or dark-adapted leaves, respectively. In this
case, F,, was measured after 20 min dark adaptation at
room temperature prior to the exposure of high light. The
actual quantum efficiency of Photosystem II (AF/F,,’) was
calculated as: (Fy/'—Fy)/F,/, where Fy is the steady-state
fluorescence yield.

Determinations of H,O, and photosynthetic pigments
The level of H,O, was determined according to the

methods described by Velikova et al. (2000). The contents
of chlorophyll (Chl) and carotenoids (Cars) were measured
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according to the methods described by Lichtenthaler and
Wellburn (1983).

Determination of MDA

The content of MDA was analyzed by the method
described by Hodges et al. (1999) with slight modification,
for taking into account, the possible influence of inter-
fering compounds in the assay for thiobarbituric acid
(TBA)-reactive substances. Leaf tissues were repeatedly
extracted with 4 ml of 5% (w/v) trichloroacetic acid
(TCA). The homogenate was centrifuged at 15,000x g for
15 min and an aliquot of appropriately diluted sample was
added to a test tube with an equal volume of either: (1)
—TBA solution containing 20% (w/v) TCA and 0.01%
butylated hydroxytoluene; or (2) +TBA solution contain-
ing the above solution plus 0.65% (w/v) TBA. Samples
were heated at 95°C for 25 min, then after cooling,
the absorbance was read at 440, 532 and 600 nm.
MDA equivalents were calculated as 10° x [(A — B)/
157,000], where A = [(Abss32itBA) — (AbSs00+TBA) —
(Abss3>_tea — Absgoo_tBa)l, and B = [(AbSss0i1TBA —
AbsgoorTea) X 0.0571].

Determinations of ascorbate and glutathione

The fresh leaf material was homogenized in an ice bath
with 4 ml of 5% (w/v) TCA. The homogenate was cen-
trifuged at 15,000x g for 15 min and the supernatant was
used for assays of contents of ascorbate and glutathione.
The content of reduced ascorbate (AsA) was analyzed
according to the methods described by Nakagawara and
Sagisaka (1984), which were based on the reduction of
ferric ion to ferrous ion with AsA in acid solution, followed
by formation of the red chelate between ferrous ion and
bathophenanthroline, which absorb at 534 nm. After the
reduction of oxidized ascorbate (DHA) to AsA by dithio-
threitol, the total AsA content was measured as described
above, DHA content was determined by subtraction of AsA
from the total AsA content. The contents of reduced and
oxidized forms of glutathione were measured by the
method described by Doulis et al. (1997) via the increase in
absorbance at 412 nm following addition of GR for
determination of reduced glutathione (GSH) or GR and
NADPH for determination of oxidized glutathione (GSSG)
to a solution containing extract and 5,5'-Dithiobis
(2-nitrobenzoic acid).

Analysis of antioxidant enzymes activity
The extracts for the determination of antioxidant enzyme

activities were prepared from 1.0 g of leaf materials
homogenized under ice-cold conditions in 4 ml of 0.2 M

phosphate buffer (pH 7.8), containing 0.1 mM EDTA,
0.5% (v/v) Triton X-100, 1% (w/v) polyvinylpyrrolidone
(PVP) and 10 mM dithiothreitol. The homogenate was
centrifuged at 15,000xg for 20 min and the supernatant
was used for the assays, and all the assay steps were carried
out at 0 &£ 4°C. The protein was measured according to
Lowry et al. (1951) using bovine serum albumin as a
standard.

Catalase (CAT, EC 1.11.1.6) activity was measured in the
presence of 10 mM H,0, by monitoring the decrease in
absorbance at 240 nm in 50 mM potassium phosphate buffer
(pH 7.2). The activity was expressed as Ad,4q min~! mg{1
protein.

Ascorbate peroxidase (APX, EC 1.11.1.11) activity was
measured in the presence of 0.5 mM ascorbate, 0.1 mM
EDTA, and 1.0 mM H,O, by monitoring the decrease in
absorbance at 290 nmin 50 mM potassium phosphate buffer
(pH 7.0). The activity was expressed as Ad,op min~' mg~"
protein.

Glutathione reductase (GR, EC 1.6.4.2) activity was
measured in the presence of 0.5 mM oxidized glutathione,
1 mM EDTA, and 0.15 mM NADPH by monitoring the
decrease in absorbance at 340 nm in 50 mM Tris-HCI buffer
(pH 7.5). The activity was expressed as Ads4 min~' mg™"
protein.

Guaiacol peroxidase (POD, EC 1.11.1.7) activity was
measured in the presence of 16 mM guaiacol and 10 mM
H,0, by monitoring the increase in absorbance at 470 nm
in 50 mM potassium phosphate buffer (pH 7.0). The
activity was expressed as Ady7o min~' mg~" protein.

Superoxide dismutase (SOD, EC 1.15.1.1) activity was
measured by the photochemical method as described by
Giannopolitis and Ries (1977), and one unit of SOD
activity was defined as the amount of enzyme, which
produced a 50% inhibition of nitroblue tetrazolium reduc-
tion at 560 nm.

Analysis of monoterpene

The leaf fresh material was submerged in liquid nitrogen
and then the sample was homogenized in ice-cold pentane
under liquid nitrogen. A non-terpenoid volatile internal
standard, dodecane was used to avoid interference of
terpenes. It was added to the pentane extraction procedure
before grinding in order to quantify the recovery. Detailed
assays of monoterpene concentration were conducted as
described by Llusia and Penuelas (2000).

Statistical analysis
Statistical analysis was performed with software SPSS

(Chicago, IL, USA) using Student’s ¢ test to evaluate dif-
ferences in assayed parameters.
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Results

Feeding the leaves with fosmidomycin drastically inhibited
the biosynthesis of monoterpene (Fig. 1). Compared to the
control leaves (CK), the concentrations of o-pinene, f-
pinene, sabinene and total monoterpene in the leaves fed
with fosmidomycin (LFF) were decreased by 87%
(P <0.05), 88% (P < 0.05), 83% (P < 0.05) and 88%
(P < 0.05), respectively. However, feeding the leaves with
fosmidomycin had no effects on photosynthetic pigments
(Fig. 2). In brief, there were no significant differences in
the contents of Chl and Cars between CK and LFF.

After the exposure to bright illumination and moderately
high temperature, AF/F,, in both LFF and CK were con-
tinuously decreased, but AF/F,,, of the LFF was lower than
that of the CK during the first 20 min, thereafter this dif-
ference was disappeared (Fig. 3a). Nevertheless, NPQ did
not exhibit a significant difference between LFF and CK.

The activities of antioxidant enzymes in the LFF were
enhanced when compared to the CK (Fig. 4a—e). The
activities of SOD, CAT, POD, APX, and GR were
increased by 66% (P < 0.05), 100% (P < 0.05), 80%
(P <0.05), 51% (P < 0.05) and 21% (P < 0.1), respec-
tively. There was no significant difference in the content of
GSH between LFF and CK (Fig. 5a), but GSSG and glu-
tathione pool (GSH + GSSG) were increased by 34%
(P <0.05) and 11% (P < 0.1) in the LFF (Fig. 5b, c).
Meanwhile, the ratio of GSH to glutathione pool was
decreased by 12% (P < 0.1) in the LFF (Fig. 5d). Corre-
spondingly, the contents of AsA, DHA, and ascorbate pool
(AsA + DHA) in the LFF were increased by 12%
(P <0.1), 134% (P < 0.05), and 63% (P < 0.05), respec-
tively (Fig. 6a—c). In contrast, the ratio of AsA to ascorbate

60

Monoterpene (mg m-2)

Fig. 1 Effects of fosmidomycin feedings on concentration of mono-
terpene. Mean (n = 6-8) £ SE are shown for controls (CK) and
leaves fed with fosmidomycin (LFF). Sabinene (shaded rectangle),
o-Pinene (open rectangle), [-Pinene (striped rectangle), Total
monoterpene (boxed rectangle). Significant differences (P < 0.05)
were confirmed by Student’s ¢ test
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Fig. 2 Effects of fosmidomycin feedings on contents of chlorophylls
(Chl, a) and carotenoids (Cars, b). Means (n = 5-7) £ SE are shown
for controls (CK) and leaves fed with fosmidomycin (LFF). Signif-
icant differences (P < 0.05) were confirmed by Student’s # test
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Fig. 3 Effects of fosmidomycin feedings on actual photochemical
efficiency (AF/Fy,, a) and non-photochemical quenching (NPQ, b) of
photosystem II. Mean (n = 5-7) £ SE are shown for controls (CK,
Open triangles) and leaves fed with fosmidomycin (LFF, Open
circles). Significant differences (P < 0.05) were confirmed by
Student’s ¢ test

pool was decreased by 34% (P < 0.05) in the LFF
(Fig. 6d).

Furthermore, the LFF showed significantly higher
accumulations of H,O, and MDA compared to the CK
(Fig. 7). The contents of H,O, and MDA were increased
by 68% (P <0.05) and 32% (P < 0.05) in the LFF,
respectively.

Discussion

The considerable inhibition of monoterpene biosynthesis
by fosmidomycin in our experiment (Fig. 1) is in accor-
dance with the reported results that fosmidomycin caused
rapid and complete inhibition of monoterpene biosynthesis
(Loreto et al. 2004). Indeed, the effects of fosmidomycin
on other isoprenoids, such as carotenoids, which may be
involved in antioxidant protection directly or indirectly,
need to be extensively elucidated, due to the facts that the
biosynthesis of carotenoids is also inhibited by fosmido-
mycin (Laule et al. 2003). In our experiment, the effects of
fosmidomycin on the Chl and Cars were examined, and the
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Fig. 4 Effects of fosmidomycin feedings on activities of antioxidant
enzymes of superoxide dismutases (SOD, a), catalase (CAT, b),
guaiacol peroxidase (POD, c¢), ascorbate peroxidase (APX, d), and

glutathione reductase (GR, e). Mean (n = 5-7) £ SE are shown for
controls (CK) and leaves fed with fosmidomycin (LFF). Significant
differences (P < 0.05) were confirmed by Student’s ¢ test
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Fig. 5 Effects of fosmidomycin feedings on contents of reduced
glutathione (GSH, a), oxidized glutathione (GSSG, b), and glutathi-
one pool (GSH + GSSG) (c) as well as GSH/(GSH + GSSG) (d).
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Fig. 6 Effects of fosmidomycin feedings on contents of reduced
ascorbate (AsA, a), oxidized ascorbate (DHA, b), and ascorbate
pool (AsA + DHA) (c) as well as AsA/(AsA + HAD) (d). Mean

results, however, revealed that fosmidomycin had no sig-
nificant effects on the contents of Chl and Cars (Fig. 2).
Furthermore, NPQ, which depends on the de-epoxidation
status of xanthophylls, did not significantly change
between LFF and CK over the experimental period
(Fig. 3b). These results agree with the reported results that
both the de-epoxidation status of xanthophylls and the
contents of carotenoids remained similar for hours after the
inhibition of monoterpene by fosmidomycin (Loreto et al.
2004). It may be, thus speculated that fosmidomycin may
eventually inhibit de novo synthesis of carotenoids, but not
at the concentrations we used and not during experimental
period we conducted, which probably indicates a much
slower turnover of the more complex carotenoids with

(n = 5-7) &= SE are shown for controls (CK) and leaves fed with
fosmidomycin (LFF). Significant differences (P < 0.05) were con-
firmed by Student’s ¢ test

respect to monoterpene (Loreto et al. 2004; Laule et al.
2003). Therefore, we conclude that, in our experiment,
fosmidomycin exclusively inhibit the biosynthesis of
monoterpenes, and has no effects on the involvement of
carotenoids in protective action.

Increased H,O, and MDA levels and higher activities of
antioxidative enzymes in the LFF as compared to the CK
indicated that the inhibition of monoterpene biosynthesis in
the leaves of rubber tree provoked an oxidative stress,
which may be related to membrane damage, further con-
firming the powerful antioxidant role of monoterpene
(Loreto et al. 2004). Membrane denaturation because of the
attack of H,O, and other active oxygen species results in
the accumulation of end products of lipid peroxidation such

@ Springer
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Fig. 7 Effects of fosmidomycin feedings on contents of hydrogen
peroxide (H,O,, a) and malonyldiadehyde (MDA, b). Mean
(n = 5-7) &= SE are shown for controls (CK) and leaves fed with
fosmidomycin (LFF). Significant differences (P < 0.05) were con-
firmed by Student’s ¢ test

as MDA (Heath and Parker 1968). Higher levels of MDA
were observed in the LFF (Fig. 7b). This demonstrates that
lipid peroxidation is enhanced when monoterpene is absent
and indicates that monoterpene may effectively protect
membranes against denaturation. Therefore, the absence of
monoterpene should be responsible for the higher accu-
mulations of H,O, and MDA in the LFF.

When the monoterpene biosynthesis was inhibited by
fosmidomycin, the leaves became more susceptible to high
illumination and moderately high temperature. It is well
known that thylakoid membranes become leaky at mod-
erately high temperature (Pastenes and Horton 1996;
Bukhov et al. 1999). In our study, although no significant
difference in AF/F,,’ was observed between LFF and CK
with prolonged exposure to high illumination, AF/F,, in
the LFF was markedly lower during the first 20 min
exposure (Fig. 3a). Furthermore, the high levels of H,O,
and MDA were eventually accumulated in the LFF
(Fig. 7). Increased H,O, and MDA levels in the LFF
effectively confirm that monoterpene may confer antioxi-
dant action. It is consistent with the results reported by
Loreto et al. (2004) that monoterpenes conferred isoprene-
like antioxidant action. That is to say, the higher accu-
mulation of H;O, and MDA in the LFF may be primarily
attributed to the absence of monoterpenes’ antioxidant
action.

H,0, may act as a signal molecule to activate a variety
of molecular, biochemical and physiological responses
within cells and plants (Neill et al. 2002). The increased
levels of H,O, in the LFF as a result of monoterpene
inhibition can serve as a signal for activating other anti-
oxidant systems. Hence, the enhanced activities of
antioxidant enzymes of SOD, CAT, POD, APX, and GR in
LFF should be an indirect or direct response to the
increased levels of H,O,; so do the enhanced antioxidant
metabolites of ascorbate and glutathione. Tichy and Ver-
maas (1999) have found that a high activity of CAT and
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POD was not critical for normal growth but became critical
when H,O, was added at sublethal concentrations in the
growth medium. Moreover, several studies have also sug-
gested that H,O, regulates gene expression during defense
responses (Levine et al. 1994; Foyer et al. 1997; Etienne
et al. 2000). Therefore, the dual role of H,O, in plants is
well known. At the low level, it acts as a messenger mol-
ecule involved in acclamatory signaling, triggering
tolerance against various abiotic stresses, and at the high
level, it destroys cell membranes and induces programmed
cell death (Dat et al. 2000). The higher accumulation of
H,0,; in the LFF may enhance gene expression, in turn,
stimulating the activities of enzymatic and non-enzymatic
antioxidant defenses and consequently compensating for
the absence of monoterpenes’ antioxidant action in these
leaves. It is consistent with the reported results that exog-
enously fumigated isoprene suppressed the activities of the
non-enzymatic antioxidants a-tocopherol and ascorbic acid
in Quercus ilex leaves under high temperature (Penuelas
et al. 2005), and the inhibition of isoprene biosynthesis
enhanced the activities of CAT and POD in Phragmites
australis leaves exposed to high illumination (Velikova
and Loreto 2005). Overall, the absence of monoterpene
may lead to the increased responses of the other antioxidant
defenses to photo-oxidative stress.

In conclusion, the results in our study suggest that
endogenous monoterpene confer an antioxidant action and
is able to protect leaves against photo-oxidative stress.
Under high illumination, the inhibition of monoterpene
biosynthesis accelerates oxidative stress resulting in the
increased levels of H,O, and MDA, and consequently leads
to the enhancement of other antioxidant defense, which
may compensate for the absence of monoterpene
antioxidant.

Acknowledgments This research was funded by the National
Science Foundation of China (project no. 90302013).

References

Bukhov HG, Wiese C, Neimanis S, Heber U (1999) Heat sensitivity
of chloroplasts and leaves: leakage of protons from thylakoids
and reversible activation of cyclic electron transport. Photosynth
Res 59:81-83

Dat J, Vandenabeele S, Vranova E, Van Montagu M, Inzé D, Van
Breusegem F (2000) Dual action of the reactive oxygen species
during plant stress responses. Cell Mol Life Sci 57:779-795

Doulis A, Debian N, Kingston-Smith AH, Foyer CH (1997)
Characterization of chilling sensitivity in maize. 1. Differential
localization of antioxidants in maize leaves. Plant Physiol
114:1031-1037

Etienne P, Petitot AS, Houot V, Blein JP, Suty L (2000) Induction of
tcl 7, a gene encloding a f-subunit of proteasome, in tobacco
plants treated with elicitin, salicylic acid or hydrogen peroxide.
FEBS Lett 466:213-218



Acta Physiol Plant (2009) 31:95-101

101

Foyer CH, Lopez-Delgado H, Dat JF, Scott IM (1997) Hydrogen
peroxide and glutathione-associated mechanisms of acclamatory
stress tolerance and signals. Physiol Plant 100:241-254

Giannopolitis N, Ries SK (1977) Superoxide dismutase. I. Occurrence
in higher plants. Plant Physiol 59:309-314

Heath RL, Parker L (1968) Photoperoxidation in isolated chloroplasts.
I. Kinetics and stoichiometry of fatty acid peroxidation. Arch
Biochem Biophys 125:189-198

Hodges DM, Delong JM, Forney CF, Prange RK (1999) Improving
the thiobarbituric acid-reactive-substances assay for estimating
lipid peroxidation in plant tissues containing anthocyanin and
interfering compounds. Planta 207:604-611

Klinger LF, Li QJ, Guenther AB, Greenberg JP, Baker B, Bai JH
(2002) Assessment of volatile organic compound emissions from
ecosystems of China. J Geophys Res 107:4603-4624

Laule O, Fuerholz A, Chang HS, Zhu T, Wang X, Heifetz PB,
Gruissen W, Lange BM (2003) Crosstalk between cytosolic and
plastidial pathways of isoprenoid biosynthesis in Arabidopsis
thaliana. Proc Natl Acad Sci 100:6866—-6871

Levine A, Tenhaken R, Dixon R, Lamb C (1994) H,0O, from the
oxidative burst orchestrates the plant hypersensitive disease
resistance response. Cell 79:583-593

Lichtenthaler HK, Wellburn AR (1983) Determinations of total
carotenoids and chlorophyll and chlorophyll a and b of leaf
extracts in different solvents. Biochem Soc Trans 603:591-
592

Llusia J, Penuelas J (2000) Seasonal patterns of terpene content and
emission from seven Mediterranean woody species in field
conditions. Am J Bot 87:133-140

Loreto F, Forster A, Diirr M, Csiky O, Seufert G (1998) On the
monoterpene emission under heat stress and on the increased
thermotolerance of leaves of Quercus ilex L. fumigated with
selected monoterpenes. Plant Cell Environ 21:101-107

Loreto F, Pinelli P, Manes F, Kollist H (2004) Impact of zone on
monoterpene emissions and evidence for an isoprene-like
antioxidant action of monoterpenes emitted by Quercus iles
leaves. Tree Physiol 24:361-367

Loreto F, Velikova V (2001) Isoprene produced by leaves protects the
photosynthetic apparatus against ozone damage, quenches ozone
products, and reduces lipid peroxidation of cellular membranes.
Plant Physiol 127:1781-1787

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein
measurement with the folin phenol reagent. J Biol Chem
193:265-275

Mahmoud SS, Croteau BR (2002) Strategies for transgenic manip-
ulation of monoterpene biosynthesis in plants. Trends Plant Sci
7:366-373

Nakagawara S, Sagisaka S (1984) Increase in enzyme activities
related to ascorbate metabolism during cold acclimation in
poplar twigs. Plant Cell Physiol 25:899-906

Neill SJ, Desikan R, Clarke A, Hurst RD, Hancock JT (2002)
Hydrogen peroxide and nitric oxide as signaling molecules in
plants. J Exp Bot 53:1237-1247

Noctor G, Foyer CH (1998) Ascorbate and glutathione: keeping
active oxygen under control. Annu Rev Plant Physiol Plant Mol
Biol 49:249-279

Pastenes C, Horton P (1996) Effects of high temperature on
photosynthesis in beans. 1. Oxygen evolution and chlorophyll
fluorescence. Plant Physiol 112:1245-1251

Penuelas J, Llusia J (2002) Linking photorespiration, monoterpenes
and thermotolerance in Quercus. New Phytol 155:227-237

Penuelas J, Llusia J, Asensio D, Munné-Bosch S (2005) Linking
isoprene with plant monoterpene, antioxidants and monoterpene
emissions. Plant Cell Environ 28:278-286

Penuelas J, Munné-Bosch S (2005) Isoprenoids: an evolutionary pool
for photoprotection. Trends Plant Sci 10:166—-169

Schreiber U, Bilger W, Neubauer C (1994) Chlorophyll fluorescence
as a nonintrusive indictor for rapid assessment of in vivo
photosynthesis. In: Schulze DD, Caldwell MM (eds) Ecophys-
iology of photosynthesis. Springer, Berlin, pp 49-70

Sharkey TD, Singsaas EL (1995) Why plants emit isoprene? Nature
374:769

Sharkey TD, Yeh S (2001) Isoprene emission from plants. Annu Rev
Plant Physiol Plant Mol Biol 52:407-436

Sharkey TD, Chen X, Yeh S (2001) Isoprene increases thermotoler-
ance of fosmidomycin-fed leaves. Plant Physiol 125:2001-2006

Singsaas EL (2000) Terpenes and the thermotolerance of photosyn-
thesis. New Phytol 146:1-4

Tichy M, Vermaas V (1999) In vivo role of catalase-peroxidase in
Synechocystis sp. Strain PCC6803. J Bacteriol 181:1875-1882

Velikova V, Loreto F (2005) On the relationship between isoprene
emission and thermotolerance in Phragmites australis leaves
exposed to high temperatures and during the recovery from a
heat stress. Plant Cell Environ 28:318-327

Velikova V, Yordanov I, Edreva A (2000) Oxidative stress and some
antioxidant system in acid rain-treated bean plants. Protective
role of exogenous polymines. Plant Sci 151:59-66

Willekens H, Inze D, van Montagu M, van Camp W (1995) Catalases
in plants. Mol Breeding 1:207-222

Zeidler J, Schwender J, Miiller C, Wiesner J, Weidemeyer C, Back E,
Jomaa H, Lichtenthaler HK (1998) Inhibition of the non-
mevalonate 1-deoxy-d-xylulose-5-phosphate pathway of plant
isoprenoid biosynthesis by fosmidomycin. Z Naturforsch
53¢:980-986

@ Springer



	Inhibition of monoterpene biosynthesis accelerates oxidative stress and leads to enhancement of antioxidant defenses in leaves �of rubber tree (Hevea brasiliensis)
	Abstract
	Introduction
	Materials and methods
	Plant material and experimental treatment
	Measurement of chlorophyll fluorescence
	Determinations of H2O2 and photosynthetic pigments
	Determination of MDA
	Determinations of ascorbate and glutathione
	Analysis of antioxidant enzymes activity
	Analysis of monoterpene
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


