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| Introduction

Volatile terpenoids represent more than 2% of
the more than 20,000 different terpene molecules
known to date (Knudsen and Gershenzon, 2006).
Because of the physicochemical requirements for
volatility, this group of natural products is restricted
to low-molecular weight compounds (<300 Da)
with low boiling points and high vapor pressure at
ambient temperatures. All terpenoids are derived
from the fusion of C, basic isoprene blocks and
classified according to the number of C, units in
their basic skeleton. The volatile fraction of terpe-
noids is represented by a simple five-carbon com-
pound isoprene (C,) as well as by monoterpenes
(C,,), comprising the most abundant volatile con-
stituents, followed by sesquiterpenes (C, ), irregu-
lar terpenes (C—C,.), and some diterpenes (C, )
(Knudsen and Gershenzon, 2006). These volatiles
are produced in a wide range of plant species and
released from flowers, fruits, and vegetative tissues
into the atmosphere and from roots into the soil.

Abbreviations: aa— amino acid; ALA — alamethicin; CaMV —
cauliflower mosaic virus; CCD — carotenoid cleavage dioxyge-
nase; CDP — ME, 4-diphosphocytidyl-2-C-methyl-D-erythritol;
CDP-ME2P - 4-diphosphocytidyl-2-C-methyl-D-erythritol
2-phosphate; CMK — 4-diphosphocytidyl-2-C-methyl-D-eryth-
ritol kinase; CMS — 4-diphosphocytidyl-2-C-methyl-D-eryth-
ritol synthase; DMAPP — dimethylallyl diphesphate; DOX
— 1-deoxy-D-xylulose; DXP — 1-deoxy-D-xylulose 5-phos-
phate; DXR — 1-deoxy-D-xylulose 5-phosphate reductoisomer-
ase; DXS — 1-deoxy-D-xylulose 5-phosphate synthase; FaNES
— Fragaria ananassa nerolidol synthase; FPP — farnesyl diphos-
phate; FTC — Forest tent caterpillar; EST — expressed sequence
tag; GA-3P — glyceraldehyde-3-phosphate; GGPP — geranyl
geranyl diphosphate; GGPPS — geranyl geranyl diphosphate
synthase; GPP — geranyl diphosphate; GPPS — geranyl diphos-
phate synthase; GPPS—SSU geranyl diphosphate synthase small
subunit; HDR — 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphos-
phate reductase; HDS — 1-hydroxy-2-methyl-2-(E)-butenyl
4-diphosphate synthase; HMBPP — 1-hydroxy-2-methyl-2-
(E)-butenyl 4-diphosphate; HMG-CoA — 3-hydroxy-3-meth-
ylglutaryl-CoA; HMGR — 3-hydroxy-3-methylglutaryl-CoA
reductase; IDI — isopentenyl diphosphate isomerase; IPP
— isopentenyl diphosphate; ISPS — isoprene synthase; MCS
— 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase;
ME-2,4cPP — 2-C-methyl-D-erythritol 2,4-cyclodiphosphate;
MEP — 2-C-methyl-D-erythritol 4-phosphate; MeJA — methyl
jasmonate; MVA — mevalonic acid; MVL — mevalolactone;
RACE - rapid amplification of cDNA ends; RT-PCR — reverse
transcriptase-polymerase chain reaction; TLC — thin layer chro-
matography; TPS — terpene synthase;

Rebeiz_Ch10.indd 140

Dinesh A. Nagegowda et al.

The primary functions of volatile terpenoids are to
defend plants against herbivores and pathogens or
to provide a reproductive advantage by attracting
pollinators and seed dispersers (Gershenzon and
Dudareva, 2007; Dudareva et al., 2006). Within
a species the blend of emitted terpenoids differ
quantitatively and qualitatively with some com-
pounds in common (reviewed in Dudareva et al.,
2006). Moreover, in some species the release of
volatile terpenoids from flowers and undamaged
and herbivore-attacked leaves displays a rhythmic
pattern throughout the photoperiod (Dudareva
et al., 20006).

In plants two distinet biochemical pathways
localized in different subcellular compartments
are responsible for the biosynthesis of the uni-
versal five carbon building blocks, isopentenyl
diphosphate (IPP) and“its isomer dimethylallyl
diphosphate (DMAPP) (Chappell, 1995; Lich-
tenthaler et al., 1997b; Lange et al., 2000) (Fig. 1).
In the cytosol, IPP is synthesized from three mol-
ecules of acetyl-CoA by the classical mevalonic
acid (MVA) pathway (Qureshi and Porter, 1981;
Newman and Chappell, 1999), while in plastids,
it is derived from pyruvate and glyceraldehyde-
3-phosphate via the methyl-erythritol-phosphate
(MEP) pathway (Lichtenthaler et al., 1997a, b;
Eisenreich et al., 1998; Lichtenthaler, 1999;
Rohmer, 1999). The cytosolic MVA pathvx%;nd
the plastidic MEP pathway are reviewed in
ter 10 of this book (Lichtenthaler, 2008).

DMAPP generated from the MEP pathway
in plastids is used for isoprene formation
(Schwender et al., 1997; Zeidler et al., 1997) via
isoprene synthases (Silver and Fall, 1995; Schnitzler
et al., 1996; Miller et al., 2001). It is also used by
methylbutenol synthase to produce the hemiter-
pene methylbutenol emitted by ponderosa pines
(Zeidler and Lichtenthaler, 2001). In both com-
partments, IPP and DMAPP undergo condensa-
tion catalyzed by short-chain prenyltransferases
to form precursors for mo ene and diter-
pene biosynthesis in plastid%sesquiterpenes
in the cytosol (Dudareva et al., 2004). Although
subcellular compartmentation of the MVA and
MEP pathways in plants allows both pathways
to operate independently and contribute to ses-
quiterpene, and to monoterpene and diterpene
formation, respectively, the biosynthesis of cer-
tain monoterpenes and sesquiterpenes in some
plant species occurs via the cooperation of both
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Fig. 1. MEP pathway and rhythmic emission of terpenoids
in plants. CCD, carotenoid cleavage dioxygenase; CMK/
IspE, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase;
CMS/IspD,  4-diphosphocytidyl-2-C-methyl-D-erythritol
synthase; CDP-ME, 4-diphosphocytidyl-2-C-methyl-D-
erythritol; CDP-ME2P, 4-diphosphocytidyl-2-C-methyl-D-
erythritol 2-phosphate; DMAPP, dimethylallyl diphosphate;
DXP, 1-deoxy-D-xylulose 5-phosphate; DXR, DXP reduc-
toisomerase; DXS, DXP synthase; FPP, farnesyl diphos-
phate; GA-3P, glyceraldehyde-3-phosphate; GGPP, geranyl
geranyl diphosphate; GGPPS, GGPP synthase; GPP, geranyl
diphosphate; GPPS, GPP synthase; HDS/IspG; 1-hydroxy-
2-methyl-2-(E)-butenyl 4-diphosphate synthase; HDR/IspH,
1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase;
HMBPP, 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate;
HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; HMGR,
3-hydroxy-3-methylglutaryl-CoA" reductase; IPP, isopen-
tenyl diphosphate; ISPS, isoprene synthase; MCS/IspF,
2-C-methyl-D-erythritol  2,4-cyclodiphosphate synthase;
ME-2,4cPP, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate;
MEP, 2-C-methyl-D-erythritol 4-phosphate; TPS, terpene
synthase. Names of the enzymes are boxed and the corre-
sponding genes in MEP pathway are italicized on the left.
Volatile compounds are indicated within the ovals.

pathways (Adam et al., 1999; Piel et al., 1998;
Dudareva et al., 2005). Although all the genes
and enzymes responsible for each step in these
pathways have been isolated and functionally
characterized, to date very little is known about
the complex regulatory mechanisms controlling
the flux through these pathways and their coop-
eration in the biosynthesis of volatile terpenoids
and their emission. In this chapter we discuss
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the contribution of the MEP pathway to the bio-
synthesis of terpene volatiles and the regulation
involved in their rhythmic emission.

Il The MEP Pathway and Rhythmic
Emission of Floral Volatiles

Terpenoids represent the largest class of floral
volatiles and include such well known and widely
distributed constituents of floral scents as the
monoterpenes, linalool, limonene, myrcene, oci-
mene, geraniol, and the sesquiterpenes, farnesene,
nerolidol, caryophyllene, and germacrene. Emis-
sion of these compounds from flowers of many
plant species occurs at similar levels over a daily
light/dark cycle (e.g. Clarkia breweri (Pichersky
et al., 1994)), while.in.some flowers their emis-
sion exhibits distinct diurnal or nocturnal patterns.
Nocturnal monoterpene emission was observed
in five Nicotiana species, N. rustica, N. alata, N.
forgetiana, N. bonariensis, and N. langsdorffii
(Raguso et al., 2003) in contrast to diurnal oscilla-
tions in emission of terpenoids from Rosa hybrida
L. cv Honesty (Helsper et al., 1998), Antirrhinum
majus (Dudareva et al., 2003), Petunia hybrida
(Simkin et al., 2004), and Arabidopsis thaliana

(Aharoni et al., 2003) (Table 1).

Moreover, within a single scent bouquet emis-
sion of various monoterpene compounds can
follow different profiles. In Hesperis matrona-
lis flowers, for example, 1,8-cineole is released
primarily during the day, (E)-B-ocimene mainly
near dusk whereas the levels of linalool emis-
sion remain constant over a daily light/dark cycle
(Nielsen et al., 1995).

The rhythmic release of floral volatiles can be
induced by illumination or darkness, or can be con-
trolled by a circadian clock. Nocturnal oscillations
in emission of volatiles were reported to be con-
trolled by a circadian clock in contrast to diurnal
rhythmicity in volatile emission which is controlled
by irradiation levels. However, a circadian nature
of diurnal rhythmicity in emission of terpenoids
was recently shown in rose and snapdragon
flowers (Helsper et al., 1998; Dudareva et al.,
2003). Moreover, snapdragon flowers which emit
three monoterpenes, myrcene, (E)--ocimene, and
linalool and a sesquiterpene, nerolidol, were used
as a model system to investigate the contribution of
both IPP biosynthetic pathways to the regulation of
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Table 1. Terpenoid compounds showing rhythmic emission in plants.
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Major terpenoid compound(s)

Constitutively emitted terpenoids
Myrcene and (£)-f-ocimene

Linalool and nerolidol

Myrcene, limonene, (£)-B-ocimene,
B-caryophyllene, thujopsene and o-humulene

B-Pinene

1,8 Cineole and (E)-B-ocimene
1 eole, limonene, myrcene, sabinene

B e

trans-p-ocimene, linalool and 1,8-cineole
a-Pinene, linalool and B-pinene + sabinene
Geraniol, citronellol, nerol, E-citral, Z-citral,

methylgeranylate
1,8-Cineol, a.-pinene an
Induced terpenoids

4,8,12-Trimethyltrideca-1,3,7,11-tetraene

(TMTT)

(E)-B-ocimene, (E)-4,8- dimethyl
1,3,7-nonatriene (DMNT), (E)-B-farnesene

and (E,E)-o-farnesene

(E)-B-ocimene and DMNT

DMNT and TMTT

Linalool, 1,8-cineole, and (E)-f-farnesene,

terpinen-4-ol
(-)-Linalool
(—)-Germacrene D
Isoprene

Isoprene

Plant species Source Reference
Antirrhinum majus Flower Dudareva et al., 2003
Antirrhinum majus Flower Dudareva et al., 2003
Arabidopsis thaliana Flower Aharoni et al., 2003
Artemisia annua Leaf Lu etal., 2002
Hesperis matronalis Flower Nielsen et al., 1995
Nicotiana spp.* Flower Raguso et al., 2003
Petunia hybrida Leaf and flower Simkin et al., 2004
Pinus pinea Leaf Staudt et al., 1997
Pistacia lentiscus Leaf Hansen et al., 1997
Rosa hybrida Flower Helsper et al., 1998
Rosmarinus oficinalis Leaf Hansen et al., 1997
Capsicum annuum Leaf Kunert et al., 2002
Gossypium hirsutum Leaf Loughrin et al., 1994
Gossypium hirsutum Leaf Loughrin et al., 1997
Phaseolus lunatus Leaf Kunert et al., 2002
Picea abies Leaf Martin et al., 2003
Picea sitchensis Leaf Miller et al., 2005
Populus trichocarpa Leaf Arimura et al., 2004a
Elaeis guineensis Leaf Wilkinson et al., 2006
Eucalyptus spp Leaf
Ficus bengalensis Leaf
Ficusreligiosa Leaf Padhy and Varshney, 2005
Mangifera indica Leaf
Melia azedarach Leaf
Populus % canescens Leaf Loivamaiki et al., 2007
Populus deltoides Leaf Funk et al., 2003
Quercus alba Leaf Geron et al., 2000
Quercus rubra Leaf Funk et al., 2003
Syzygium jambolanum Leaf Padhy and Varshney, 2005
Ulex europaeus Leaf Cao et al., 1997

aNocturnal emission

rhythmic emission of terpenoids (Dudareva et al.,
2005). Treatment of cut snapdragon flowers with
pathway-specific inhibitors (fosmidomycin for the
MEP pathway and mevinolin for the MVA path-
way) revealed that fosmidomycin inhibits emission
of both monoterpenes and the sesquiterpene nero-
lidol, while mevinolin has virtually no effect on the
amount of emitted compounds. These results sug-
gested that the MVA pathway does not contribute to
nerolidol formation and that both monoterpene and
sesquiterpene biosynthesis in snapdragon flowers
relies on the plastidial supply of IPP precursors via
the MEP pathway. Consistent with these results,
exogenously supplied stable isotope-labeled
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1-deoxy-[5,5-"H, ]-D-xylulose ([*H,]-DOX), a specific
precursor of the MEP pathway, was incorporated
into both monoterpenes and nerolidol but the level
of labeling of these compounds was greater at night
than during the day. The oscillations in the level
of labeling of these compounds could be the result
of the rhythmic operation of the endogenous MEP
pathway with greater flux during the light period
thus reducing the incorporation of exogenous
substrate.

The biosynthesis of plastidial IPP precursors is
directly linked to photosynthesis. The two imme-
diate precursors of the MEP pathway, pyruvate and
glyceraldehyde 3-phosphate, are derived from the
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Calvin cycle, suggesting that the rhythmic changes
in the flux through this pathway could be induced
either by light or controlled by an endogenous
clock. The exposure of snapdragon flowers to con-
tinuous darkness for 3 days revealed a persistence
in the oscillations in emission and in the levels of
labeling of monoterpenes and nerolidol, indicating
that the flux through the MEP pathway follows a
diurnal rhythm which is controlled by a circadian
clock (Dudareva et al., 2005). Moreover, the elimi-
nation of the contribution of the MEP pathway to
nerolidol biosynthesis by the inhibitor fosmidomy-
cin in the presence of exogenous deuterium labeled
[2,2-’H,]-mevalolactone ([*H,]-MVL) resulted in
the elimination of rhythmicity in nerolidol emis-
sion and the level of its labeling. Thus, the diurnal
fluctuations in terpenoid emission in snapdragon
flowers are likely the result of rhythmicity in the
flux through the MEP pathway.

Headspace analysis of terpenoids released
from Arabidopsis flowers revealed that nearly all
monoterpenes (e.g., myrcene, limonene, and (E)-
B-ocimene) and uiterpenes (B-caryophyllene,
thujopsene, and mulene) also exhibit a clear
diurnal pattern in their emission (Aharoni et al.,
2003) (Table 1). Moreover, the overexpression
in Arabidopsis of a strawberry linalool/nerolidol
synthase (FaNESI) targeted to plastids under the
control of a constitutive 35S CaMV promoter
resulted in production of linalool, whose emission
followed diurnal oscillations as well: These results
suggest that the diurnal emission of compounds
synthesized by endogenous and introduced ter-
pene synthases may be determined by the avail-
ability of precursors, the biosynthesis of which
could occur rhythmically within the biosynthetic
pathways. Other factors like glycosidase or glyco-
syltransferase activities as well as the light acti-
vation of the 35S CaMV promoter (Schnurr and
Guerra, 2000) in the case of the introduced lina-
lool, can not be excluded (Aharoni et al., 2003).
Although the contribution of plastidial MEP and
cytosolic MVA pathways to the biosynthesis of
terpenoid precursors was not analyzed in Arabi-
dopsis, the existence of crosstalk between these
two pathways and the trafficking of isoprenoid
intermediates from the plastid to the cytosol has
been demonstrated in Arabiodopsis seedlings
(Laule et al., 2003).

The initial step of the MEP pathway includes
the condensation of pyruvate and glyceraldehyde
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3-phosphate with the formation of 1-deoxy-D-
xylulose-5-phosphate (DXP) in a reaction cata-
lyzed by the transketolase DXP synthase (DXS)
(Fig. 1). The produced DXP is then used in plants
as a precursor for IPP biosynthesis as well as for
the biosynthesis of the cofactors, thiamin pyro-
phosphate and pyridoxal phosphate (Julliard and
Douce, 1991; Himmeldirk et al., 1996). The first
step specific for IPP production is catalyzed by
DXP reductoisomerase (DXR) and involves the
conversion of DXP to methylerythritol phosphate
(Fig. 1). While DXS is thought to be an important
rate-controlling step of the MEP pathway (Lois
et al., 2000; Estévez et al., 2001), DXR may also
serve as a significant control point of the meta-
bolic flux through the pathway since it catalyzes
the first committed' step of the MEP pathway
towards terpenoid biosynthesis (Takahashi et al.,
1998; Mahmoud and Croteau, 2001; Carretero-
Paulet et al., 2006). The post-transcriptional
regulatio the MEP pathway is described in
chapter 1 is book (Boronat, 2008). Analysis of
DXS and DXR expression in snapdragon flowers
over.a daily light/dark cycle revealed that only
DXS transcripts show a rhythmic pattern which
peaks during the light period and strongly cor-
relates with the pattern of diurnal monoterpene
and nerolidol emissions (Dudareva et al., 2005)
(Table 2). These results suggest that transcrip-
tional regulation of DXS expression determines
the rhythmic profile of the flux through the MEP
pathway in snapdragon flowers. The lack of diurnal
oscillations in DXR transcript levels could be
due to a minor role of DXR in the regulation of
the MEP pathway in snapdragon flowers or post-
transcriptional regulation of DXR activity. Addi-
tionally, the generic DXR probe used in these
experiments could have recognized more than
one possible DXR isoform, and so masked the
correlation of expression of a specific DXR iso-
gene with monoterpene and sesquiterpene emis-
sion (Dudareva et al., 2005).

The fact that exogenously supplied [*H,]-DOX
did not affect the total amount of emitted terpenoids
and did not eliminate rhythmicity in their emission
provides evidence that some additional regulatory
mechanisms also take place downstream of DXS.
While the expression of other genes in the MEP
pathway downstream of DXR was not analyzed in
snapdragon flowers, expression analysis of gera-
nyl diphosphate synthase (GPPS), which catalyzes
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Table 2. MEP pathway and downstream genes showing rhythmic expression.

Gene

Plant species Reference

1-Deoxy-D-xylulose 5-phosphate synthase (DXS)
1-Deoxy-D-xylulose 5-phosphate reductoisomerase (DXR)

Antirrhinum majus ~ Dudareva et al., 2005
Populus trichocarpa  Arimura et al., 2004a

1-Deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) Artemisia annua Luetal., 2002
1-Deoxy-D-xylulose 5-phosphate reductoisomerase (DXR/IspC)

4-Diphosphocytidyl-2-C-methyl-D-erythritol synthase (CMS or IspD)

4-Diphosphocytidyl-2-C-methyl-D-erythritol kinase (CMK/IspE)

2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (MCS/IspF) Arabidopsis thaliana Hsieh and Goodman, 2005

1-Hydroxy-2-methyl-2-(E)-butenyl
4-Diphosphate synthase (HDS/IspG)

1-Hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase (HDR/IspH)

Isoprene synthase (ISPS)

Pinene synthase (QH6)

Myrcene and (E)-f-ocimene synthases
(—)-Germacrene D synthase

Carotenoid cleavage dioxygenase (PhCCD]I)

Populus x canescens Loivamiki et al., 2007
Artemisia annua Lu et al., 2002
Antirrhinum majus ~ Dudareva et al., 2003
Populus trichocarpa  Arimura et al., 2004a
Petunia hybrida Simkin et al., 2004

a single condensation of IPP and DMAPP to form
GPP (Fig. 1), the substrate for monoterpene bio-
synthesis, and the monoterpene synthases responsi-
ble for myrcene and (E)-B-ocimene formation was
performed in petal tissue during a daily light/dark
cycle. In snapdragon, only a small subunit (GPPS.
SSU) of a heterodimeric GPP synthase controls
the rate of GPP production (Tholl et al., 2004).
Levels of transcripts for GPPS.SSU and monot-
erpene synthases exhibited similar weak diurnal
oscillations which are retained under-continuous
dark, suggesting that their cyclic expression is
under circadian control (Dudareva et al., 2003;
Tholl et al., 2004). Although the expression of
DXS, GPPS.SSU and monoterpene synthases all
positively correlated with monoterpene emission,
the molecular mechanisms involved in the regu-
lation of the flux towards. terpenoids still remain
unknown.

In Arabidopsis, the high levels of DXS and
DXR gene expression were also found in the inflo-
rescences, which was consistent with the high
emission of terpenoids from this part of the plant
(Carretero-Paulet et al., 2002). The expression
of the DXR gene closely paralleled that of DXS,
but exhibited a slightly more restricted pattern.
Its expression begins later than DXS in emerging
inflorescences, suggesting that in contrast to snap-
dragon, DXR instead of DXS might be limiting for
the onset of isoprenoid biosynthesis in Arabidopsis
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flowers (Carretero-Paulet et al., 2002) (Table 2).
Consistent with diurnal emission of terpenoids,
the expression of both genes as well as the rest of
the MEP pathway genes was significantly induced
by light (Carretero-Paulet et al., 2002; Hsieh
and' Goodman, 2005). The only exception is the
1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate
reductase (HDR) which catalyzes the last step
of the MEP pathway and is expressed constitu-
tively regardless of light/dark conditions (Hsich
and Goodman, 2005). Although the expression of
the MEP pathway genes was not analyzed in the
inflorescences over a daily light/dark cycle, their
expression in 2-week-old Arabidopsis seedlings
exhibited diurnal oscillations and was significantly
suppressed during the transition from light to dark.
Moreover, DXS and DXR expression followed
two different diurnal profiles with DXS peaking
earlier in the light cycle (Hsieh and Goodman,
2005). Whether a circadian clock is involved in
the regulation of expression of the MEP pathway
genes as well as the flux through the MEP pathway in
Arabidopsis still remains to be determined.
Experiments with pathway-specific precursors
and inhibitors in snapdragon flowers revealed that
the endogenous M VA pathway does not contribute
to nerolidol formation and is blocked before
the formation of mevalonic acid. The fact that
[*H,]-MVL supplied to snapdragon flowers was
efficiently incorporated into nerolidol and led
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to an increase of its emission during both day
and night indicated that the later enzymes of the
MVA pathway were active. 3-Hydroxy-3-meth-
ylglutaryl-coenzyme A reductase (HMGR, EC
1.1.1.34), which catalyzes the NADPH-dependent
reduction of 3-hydroxy-3-methylglutaryl-coen-
zyme A (HMG-CoA) to mevalonic acid, is the
key regulatory enzyme of the MVA pathway and
has been extensively studied in some plant spe-
cies. Arabidopsis thaliana, for example, contains
two differentially expressed HMGR genes which
encode three isoforms (Lumbreras et al., 1995). In
contrast to Arabidopsis, three HMGR genes have
been identified in snapdragon. To isolate these
genes we used two different approaches, RT-PCR
in combination with 5’ and 3’ rapid amplifica-
tion of cDNA ends (RACE) and ¢cDNA library
screening. Since a search of 11,600 nonreduntant
expressed sequence tags (ESTs) from a normal-
ized snapdragon cDNA library constructed from
mRNAs isolated from different vegetative and
floral organs revealed no clones with homology to
the HMGRs, degenerate primers were designed in
the HMGR conserved domain and used in RT-PCR
experiments with total RNA isolated from upper
and lower lobes of snapdragon flowers. RT-PCR
resulted in a fragment of ~450 nucleotides which
showed homology to known HMGRs. 5" and 3’
RACE was used to recover the corresponding
full-length clone. The obtained full-length ecDNA
clone (designated as AmMHMGRI1) is2,195 nucle-
otides in size and encodes an open reading frame
of 1,758 nucleotides, corresponding to a protein
of 586 aa (Fig. 2). It has 174 and 263 nucleotides
in its 5" and 3’ untranslated regions, respectively.

For functional characterization of the protein
encoded by AmMHMGR1 cDNA, the coding region
was subcloned into the pET-28a expression vector
and expressed in Escherichia coli Rosetta cells.
The HMGR activity of the isopropylthio--galac-
toside-induced bacterial crude extracts and recom-
binant His-tag purified protein was determined by
measuring the '“C-mevalonate formation from the
14C labeled substrate 3-hydroxy-3-methylglutaryl-
CoA. Thin layer chromatography (TLC) separa-
tion of the reaction products showed a single band
with an R, value corresponding to that of meval-
onic acid, thus co ing the HMGR activity of
the enzyme (Fig. 3
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Since HMGRs are known to belong to a
multigene family (Bach et al., 1999), the AmH-
MGRI1 cDNA was used as a probe to screen a
snapdragon petal specific cDNA library to identify
other HMGR genes, if any. This screening
resulted in two truncated clones with sequence
homology to AmMHMGRI1. Full length cDNAs for
each clone were obtained by RACE amplification
and designated as AmMHMGR2 and AmHMGR3.
AmHMGR?2 and AmMHMGR3 ¢cDNAs were 2,080
and 2,071 nucleotide in size and encoded proteins
of 548 aa and 555 aa, respectively. Sequence
alignment and phylogenetic analysis of the AmH-
MGR deduced amino_acid sequences revealed
that AmMHMGR2 and AmHMGR3 are closely
related with 85% aa identity and both s about
70-72% identity with HMGRI1 (Figs. d 4).
All three AmMHMGRSs exhibited high aa sequence
identity to HMGRs from Andrographis panicu-
lata (73=-81%), A. thaliana 75%) and Hevea
brasiliensis (16—77%) (Figs. d 4).

To determine the contribution of these genes to
nerolidol biosynthesis and emission, their expres-
sion was analyzed by semi-quantitative RT-PCR
in different floral tissues of 5 day-old flowers, a
developmental stage with high levels of terpenoid
emission (Dudareva et al., 2003). The highest

level of ession of all three genes was found in
stamen . 5). AmMHMGRI mHMGR2
were also highly expressed in tubasand pistils of

snapdragon flowers, while low levels of exp
sion of all three genes were observed in ova
and upper and lower petal lobes, the tissues pri-
marily involved in the formation and emission
of terpenoid volatiles (Dudareva et al., 2003).

430

In green tissues, AMHMGR2 was expressed a 1
a low level in leaves, while low levels of both 2

AmHMGR1 and AmHMGR3 expression were
found in sepals (Fig. 5). Low levels of expres-
sion of all three AmMHMGRs in scent producing
parts of the flower (upper and lower petal lobes)
suggest that the MVA pathway contributes little
if any to nerolidol biosynthesis in snapdragon
flowers. This statement is also supported by our
earlier feeding experiments with [*H,]-MVL in
the presence of fosmidomycin (Dudareva et al.,
2005) where in the absence of the MEP pathway
[’H,]-MVL feeding led to almost complete
deuterium labeling of nerolidol.
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[AU3]

Fig. 2. Alignment of deduced AmMHMGR amino acid sequences to other plant HMGRs. Alignment of AmHMGR predicted
amino acid sequences with HMGRs from Andrographis paniculata (AAP14352), Arabidopsis thaliana HMGR1 (P14891)
and Hevea brasiliensis (AAQ63055). Alignment was performed using ClustalW and shaded using the BoxShade Version 3.21
software program (Human Genome Sequencing Center, Houston, TX). Residues shaded in black indicate conserved residues
(identical in at least four out of six sequences shown), and residues shaded in gray are similar in at least two of six sequences
shown. Dashes indicate gaps that have been inserted for optimal alignment. The positions of degenerate forward and reverse
primers used for obtaining ~450 bp of AmHMGR] are indicated by arrows.
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CrHMGR

SmHMGR NtHMGR1 CaHMGR

NtHMGR

OsHMGR

AtHMGR2

1g. 3. Analysis of HMGR activity of a recombinant E. coli
expressed AmMHMGRI1. Reactions were carried out using crude
cell extracts from pET28-Rosetta (control, lane 1), pET28-
HMGRI1-Rosetta (lane 2) and Ni-NTA purified fraction from
pET28-HMGR1-Rosetta cells (lane 3) in the presence of
14C-3-hydroxy-3-methylglutaryl-CoA. Product identification
was performed by thin layer chromatography. The R, value
of the product formed by AmMHMGRI1 corresponds to that of
mevalonate.

Il The MEP Pathway and Rhythmic
Emission of Leaf Volatiles

Rhythmic release of terpenoids is not only limited
to flowers, but is also found in vegetative tissue.
An evergreen holm oak Quercus ilex widespread
in the Mediterranean forests emits 14 terpenes, out
of which a-pinene is the most abundant. (Loreto
et al., 1996; Staudt and Bertin, 1998). Emission
of these compounds is light-dependent and three
distinct classes were identified based on their
responses to light induction: a rapidly induced
class including a-pinene, a more slowly induced
class including cis-B-ocimene, and the most
slowly induced class with 3-methyl-3-buten-1-ol
as a representative (Loreto et al., 1996). Diurnal
oscillations in the emission of terpenoids with
peak emission during the day were also reported
in Norway spruce (Picea abies L.) (Martin et al.,
2003), Stone pine (Pinus pinea L.) (Staudt et al.,
1997), rosemary (Rosmarinus officinalis L.),
pistachio (Pistacia lentiscus L.) (Hansen et al.,
1997), and Chinese wormwood (4Artemisia annua)
(Lu et al., 2002) (Table 1). Although the involve-
ment of both the MVA and MEP pathways
in the regulation of diurnal terpenoid emission in
these species was not investigated, the expression
of DXR and B-pinene synthase was analyzed
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a» o @ < “C-HMG-CoA

%]4. Phylogenetic tree illustrating the relatedness of AmH-
MGR proteins to other plant HMGRs. The unrooted neighbor
joining tree was created using ClustalX and TreeView for vis-
ualization. AmMHMGR1, AmMHMGR?2 and AmMHMGR3, Antir-
rhinum majus: HMGR1 (EF666139), HMRG2 (EF666140)
and HMGR3 (EF666141); ApHMGR, Andrographis panicu-
lata HMGR (AAP14352); AtHMGR1 and AtHMGR?2, Ara-
bidopsis.thaliana HMGR1 (P14891) and HMGR?2 (P43256);
CaHMGR, Capsicum annuum HMGR (Q9XELS); CrtHMGR,
Catharanthus roseus HMGR (AAT52222); HbHMGR, Hevea
brasiliensis HMGR (AAQ63055); LeHMGR, Lycopersicon
esculentum HMGR (AAL16927); NtHMGR, NtHMGRI1
and NtHMGR?2, Nicotiana tabacum HMGR (AAL54879),
HMGRI1 (AAB87727) and HMGR2 (AALS54878); NsH-
MGR, Nicotiana sylvestris HMGR (Q01559); OsHMGR,
Oryza sativa HMGR (AAA21720); SmHMGR, Solanum
melongena HMGR (AAQ12265).

L ULLL T P S O SE

- 1M(GR
B s R B 111G
S S e e HMGR3

- - - - R

Fig. 5. Tissue specific AmHMGR mRNA expression in snap-
dragon flowers. Semiquantitative quantitative RT-PCR analy-
sis of AmHMGR in young leaves (L), upper (UL) and lower
(LL) petal lobes, tubes (T), pistils (P), stamens (S), ovaries (O),
and sepals (SE) of 5-day-old snapdragon flowers is shown.
One pg of total RNA from each tissue was used for cDNA
preparation and RT-PCR was performed for 25 cycles.

in A. annua during a daily light/dark cycle (Lu et al.,
2002). The levels of mRNA transcripts for both
genes peaked shortly after noon showing a diur-
nal rthythm in their expression. Moreover, diurnal
oscillations in the expression of B-pinene synthase
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were retained in plants exposed to constant light
or constant dark, suggesting the involvement of a
circadian clock in the regulation of its expression
(Lu et al., 2002) (Table 2).

IV The MEP Pathway and Rhythmic
Emission of Herbivore-Induced Plant
Volatiles

Terpenoids, monoterpenes, sesquiterpenes and
homoterpenes, are often released from plant veg-
etative tissues in response to damage and herbiv-
ore attack. These emitted volatiles can directly
repel (De Moraes et al., 2001; Kessler and Bald-
win, 2001) or intoxicate (Vancanneyt et al., 2001)
microbe and animals, or attract natural predators
of attacking herbivores, indirectly protecting the
signaling plant from further damage via tritrophic
interactions (Mercke et al., 2004; Arimura et al.,
2004b; Degen et al., 2004). The monoterpenes
linalool, (E)-B-ocimene and o-pinene, as well
as the sesquiterpenes germacrene D, caryophyl-
lene and a- and B-farnesene are the compounds
most often released from herbivore-damaged
tissues. In most cases, the release of herbivore-
induced terpenoids follows diurnal cycles with
a peak of emission during the day (Table 1).
Examples include emission from grape leaves
(Vitis labrusca L.) infested by Japanese. bee-
tles (Popillia japonica) (Loughrin et al., 1997),
cotton plants (Gossypium hirsutum) injured by
beet armyworms (Spodoptera exigua Hiibner)
(Loughrin et al., 1994), poplar-trees (Populus
trichocarpa x deltoides) infested with forest
tent caterpillars (FTC) (Malacosoma disstria)
(Arimura et al., 2004a), Sitka spruce (Picea sitch-
ensis) attacked by white pine weevils (Pissodes
strobi) (Miller et al., 2005), and lima beans (Pha-
seolus lunatus) infested with the Egyptian cotton
leafworms (Spodoptera littoralis) (Arimura et al.,
2005) (Table 1). Moreover, induced diurnal emis-
sion of mono-and sesquiterpenoids was found in
Sitka spruce and Norway spruce after exposure
of intact plants to methyl jasmonate (MeJA), an
elicitor simulating insect or pathogen attack, and
in lima bean treated with alamethicin (ALA), an
ion channel-forming fungal elicitor (Miller et al.,
2005; Martin et al., 2003; Kunert et al., 2002).
Similar to the situation with the constitutive
emission of volatile terpenoids from vegetative
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tissues, the contribution of the MVA and MEP
pathways to the regulation of rhythmic emission
of herbivore-induced volatiles was not investi-
gated. The only example includes hybrid poplar
where the expression of (—)-germacrene D syn-
thase and one DXR gene (PtdDXR1) was ana-
lyzed in local FTC-infested and systemic leaves
(Arimura et al., 2004a). While the FTC-induced
expression of (—)-germacrene D synthase exhib-
ited an obvious diurnal profile that peaked during
the light period and closely matched the actual
pattern of FTC-induced volatile release, FTC did
not affect the abundance of PtdDXR1 transcripts
which displayed only slight diurnal fluctuations
(Arimura et al., 2004a) (Table 2).

V'  The MEP Pathway and Rhythmic
Emission of Isoprene

Vegetative tissues of many plant species including
mosses, ferns, gymnosperms and angiosperms
release. a highly volatile five-carbon terpene
isoprene into the atmosphere (Kesselmeier and
Staudt, 1999; Sharkey and Yeh, 2001). Although
the biological function of isoprene is still unclear,
this hemiterpene may act to increase the toler-
ance of photosynthesis to high temperatures by
stabilizing the thylakoid membranes (Sharkey
et al., 2001; Pefiuelas et al., 2005; Velikova and
Loreto, 2005), protect plants against extensive
light (Pefiuelas and Munne-Bosch, 2005), serve
as an antioxidant by quenching reactive oxygen
species (Loreto and Velikova, 2001; Affek and
Yakir, 2002) or as an overflow valve for carbon
and energy excess (Rosenstiel et al., 2002; Magel
et al., 20006). Isoprene emission displays a clear
diurnal pattern as was found in many trees includ-
ing gorse Ulex europaeus (Cao et al., 1997), some
oak species Quercus alba, Q, rubra, Q. robur
(Geron et al., 2000; Funk et al., 2003; Briigge-
mann and Schnitzler, 2002a), eastern cottonwood
Populus deltoides (Funk et al., 2003), eucalyp-
tus Eucalyptus sp., banyan Ficus bengalenis,
peepul Ficus religiosa, mango Mangifera indica,
chinaberry Melia azedarach, jambolan Syzygium
jambolanum (Padhy and Varshney, 2005), poplar
Populus spp. (Mayrhofer et al., 2005), and oil
palm Elaeis guineensis (Wilkinson et al., 2006)
(Table 1). These diurnal oscillations in isoprene
emission can be induced by light or controlled by
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a circadian clock. Circadian control of isoprene
biosynthesis was shown in oil palm and grey
poplar (Wilkinson et al., 2006; Loivamaéki et al.,
2007) raising the issue of its widespread reach in
the plant kingdom.

Isoprene is synthesized from DMAPP in
chloroplasts in a reaction catalyzed by isoprene
synthase (ISPS) (Fig. 1) (Silver and Fall, 1995;
Schnitzler et al., 1996; Sharkey et al., 2005;
Sasaki et al., 2005) and shares the MEP pathway
with monoterpenes, diterpenes and carotenoids
as tetraterpenes. Within the plastid, isoprene syn-
thase competes with GPP synthase for DMAPP
utilization and has much higher K values for
DMAPP (in the millimolar range) (Wildermuth
and Fall, 1998) when compared with that of GPP
synthases (in the micromolar range) (Tholl et al.,
2001; 2004; Burke and Croteau, 2002). Rhyth-
mic emission of isoprene can be regulated by
the availability of DMAPP substrate and/or by
the activity of isoprene synthase. Although the
regulatory mechanisms controlling rhythmic iso-
prene emission are not completely understood,
analysis of PcISPS and PcDXR gene expres-
sion in shoot cultures of grey poplar over a daily
light/dark cycle revealed diurnal oscillations
which were retained in continuous light only for
PcISPS indicating that its expression is control-
led by a circadian clock while the PcDXR expres-
sion is light-dependent (Loivamaiki et'al., 2007)
(Table 2). However, light was found to be a trig-
ger of PS gene expression as well, since a
twofol rease in the PcISPS transcript levels
was observed under constant light conditions.
Consistent with the observed results circadian
regulatory elements and putative light elements
were found in the promoter region of PcISPS
gene (Wilkinson et al., 2006; Loivaméki et al.,
2007). Despite the circadian rhythm in PcISPS
expression, the levels of PcISPS protein and its
activity did not display diurnal fluctuations sug-
gesting that the availability of DMAPP might be
an important factor controlling circadian changes
in isoprene emission (Loivamiki et al., 2007).
Indeed, leaf DMAPP levels and isoprene emis-
sion were closely coordinated and showed similar
diurnal variations (Mayrhofer et al., 2005). Light-
dependent DMAPP production with highest levels
from predawn to midday was also found in all
isoprene and methylbutenol (a C, terpenoid simi-
lar to isoprene) emitting and nonemitting species
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(Briiggemann and Schnitzler, 2002a; Rosenstiel
et al., 2002; Magel et al., 2006). Although the
capacity to emit isoprene was clearly associated
with elevated DMAPP levels (Rosenstiel et al.,
2002), diurnal variations in cellular DMAPP
levels may be a general characteristic of plant
metabolism.

The last step in the MEP pathway is catalyzed
by the IspH protein which converts 1-hydroxy-
2-methyl-2-(E)-butenyl 4-diphospate into IPP
and DMAPP (Fig. 1) at a 5:1 ratio (Adam et al.,
2002). This IPP:DMAPP ratio within the cell is
adjusted by isopentenyl diphosphate isomerase
(IDI) which catalyzes the isomerization of IPP to
DMAPP and might play a regulatory role in deter-
mining DMAPP levels. Analysis of IDI activity
in oak leaves revealed that it is always higher
than ISPS activity and-that both activities can
fully account for the observed isoprene emission.
However, like ISPS, IDI activity does not display
diurnal oscillations and cannot be responsible for
diurnal variations in DMAPP levels and isoprene
emission (Briiggemann and Schnitzler, 2002b),
which can thus be attributed to circadian diurnal
changes in the flux through the MEP pathway.

Feeding experiments with dideuterated deox-
yxylulose (DOX-d,) were performed to under-
stand the regulatory mechanisms controlling the
flux through the MEP pathway in Eucalyptus
globulus (Wolfertz et al., 2004). The exogenous
DOX-d, displaced the endogenous sources of car-
bon for isoprene biosynthesis but did not lead to
an increase in isoprene emission suggesting that
the DXS activity is negatively feedback modu-
lated by the intermediates of the MEP pathway
downstream from deoxyxylulose S5-phosphate
(Wolfertz et al., 2004).

DMAPP is the last precursor of isoprene and
can be formed not only from the plastidial MEP
pathway but also from extrachloroplastic courses
of carbon via the cytosolic MVA pathway. The
contribution of different sources of DMAPP to
isoprene emission was analyzed by comparing the
labeling patterns of DMAPP and emitted isoprene
in mature leaves of Populus nigra and Phragmites
australis exposed to PCO, (Loreto et al., 2004).
A rapid, high level of *C labeling of emitted iso-
prene (90% in 15 min) along with a partial DMAPP
labeling (28-36%) indicates that the labeled
DMAPP represents a chloroplastic DMAPP which
contributes to isoprene emission. Pretreatment of
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leaves with fosmidomycin resulted in residual
isoprene emission and a very low "*C labeling
of the DMAPP pool suggesting that the residual
isoprene is formed from the extra-chloroplastic
sources and that at the very least, the MEP and
MVA pathways are not cross-linked following
inhibition of the plastidial pathway (Loreto et al.,
2004; Nogués et al., 2006).

VI Conclusions

The crucial role of volatile terpenoids in the plant
life cycle highlights the importance of under-
standing their biosynthesis and regulation of
their formation and emission. Terpenoid emis-
sion from flowers and undamaged and herbivore
attacked leaves often exhibit rhythmic patterns.
However, reports concerning rhythmicity in ter-
penoids concentrate mainly on in planta chemi-
cal composition and emission profiles leaving
the regulatory mechanisms of rhythmic emission
still unknown. The recent discovery of the MEP
pathway revealed that [PP and DMAPP could
be synthesized not only in the cytosol but also
in plastids and the exchange of intermediates
between subcellular compartments could exist,
thus adding an additional level of complexity
to the investigation of the regulation of the flux
towards volatile terpenoids. Despite the discovery
of all the genes of the MEP pathway (see Fig. 1)
the contribution of these genes-to the regulation
of the rhythmic emission of terpenoids in plants
still remains to be determined. Further investiga-
tions of the MEP pathway enzymes and direct
measurements of their levels and activities will
provide new insights into the complex regulatory
network of isoprenoid biosynthesis in plants. The
determination of IPP and DMAPP pools in dif-
ferent cellular compartments in combination with
feeding experiments with pathway specific pre-
cursors and inhibitors will uncover the contribu-
tion of each of the IPP biosynthetic pathways to
the rhythmic emission of terpenoids. The integra-
tion of metabolic profiling with transcriptomic
and proteomic datasets will help to elucidate the
regulatory aspects of the isoprenoid network in
plants. At present it is not known at what level
the circadian clock controls terpenoid emission.
Thus, the discovery of principles underlying cir-
cadian clocks and potential connections between
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circadian oscillations in gene expression and
oscillations in metabolic activity are expected to
yield important new insights into the role of the
endogenous biological clock in the regulation of
rhythmic emission of terpenoids.

Acknowledgements

This work was supported by grants from the
National Science Foundation (Grant No. MCB-
0212802) (N.D., D.R.), the Fred Gloeckner Foun-
dation (N.D.) and the German Academic Exchange
Service (N.D.).

References

Adam P, Hecht S, Eisenreich W, Kaiser J, Grawert T, Arigoni
D, Bacher A and Rohdich F (2002) Biosynthesis of
terpenes: studies on 1-hydroxy-2-methyl-2-(E)-butenyl
4-diphosphate reductase. Proc Natl Acad Sci USA 99:
12108-12113

Adam KP, Thiel R and Zapp J (1999) Incorporation of 1-[1-
(13)C]Deoxy-D-xylulose in chamomile sesquiterpenes.
Arch Biochem Biophys 369: 127-132

Aftek HP and Yakir D (2002) Protection by isoprene against
singlet oxygen in leaves. Plant Physiol 129: 269-277

Aharoni A, Giri AP, Deuerlein S, Griepink F, de Kogel WJ,
Verstappen FWA, Verhoeven HA, Jongsma MA, Schwab W
and Bouwmeester HJ (2003) Terpenoid metabolism in
wild-type and transgenic Arabidopsis plants. Plant Cell
15: 28662884

Arimura G, Huber DPW and Bohlmann J (2004a) Forest tent
caterpillars (Malacosoma disstria) induce local and sys-
temic diurnal emissions of terpenoid volatiles in hybrid
poplar (Populus trichocarpa x deltoides): cDNA cloning,
functional characterization, and patterns of gene expres-
sion of (—)-germacrene D synthase, PtdTPS1. Plant J 37:
603-616

Arimura G, Kost C and Boland W (2005) Herbivore-
induced, indirect plant defences. Biochim Biophys Acta
1734: 91-111

Arimura G, Ozawa R, Kugimiya S, Takabayashi J and
Bohlmann J (2004b) Herbivore-induced defense response
in a model legume: Two-spotted spider mites, Tetranychus
urticae, induce emission of (E)-f-ocimene and transcript
accumulation of (E)-fB-ocimene synthase in Lotus japoni-
cus. Plant Physiol 135: 1976-1983

Bach TJ, Boronat A, Campos N, Ferrer A and Vollack KU
(1999) Mevalonate biosynthesis in plants. Crit Rev Bio-
chem Mol Bi 107-122

Boronat A (200 e methylerythritol 4-phosphate path-
way: regulatory role in plastid isoprenoid biosynthesis. .

2/12/2010 5:57:08 PM

723
724
725
726
727

728

729
730
731
732
733

13dU4]

735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754

756
757
758
759
760
761
762
763
764
765

767
768
769
770


DELL
Sticky Note
“2008” should be “2010”



771
772
773
774
775
776
77
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816

818
819
820
821
822
823
824
825
826

10 The MEP Pathway and Rhythmic Terpenoid Emission 151

In: Rebeiz CA, Benning C, Daniel H, Green B, Hoober K,

Licht r HK, Portis A, Tripathy B (eds) The Chloro-

plast Erhemistry, Molecular Biology and Bioengineer-
ing, Vol 1, Chapter 11. Springer, Dordrecht, Netherlands,
PP. XXy—XXZ

Briiggemann N and Schnitzler JP (2002a) Diurnal variation
of dimethylallyl diphosphate concentrations in oak (Quer-
cus robur L.) leaves. Physiol Plantarum 115: 190-196

Briiggemann N and Schnitzler JP (2002b) Relationship of iso-
pentenyl diphosphate (IDP) isomerase activity to isoprene
emission of oak leaves. Tree Physiol 22: 1011-1018

Burke C and Croteau R (2002) Interactions with the small
subunit of geranyl diphosphate synthase modifies the
chain length specificity of geranylgeranyl diphosphate
synthase to produce geranyl diphosphate. J Biol Chem
277:3141-3149

Cao X-L, Boissard C, Juan AJ and Hewitt CN (1997) Bio-
genic emissions of volatile organic compounds from
gorse (Ulex europaues): diurnal emission fluxes at Kel-
ling Heath, England. J Geophys Res 102: 1890318915

Carretero-Paulet L, Ahumada I, Cunillera N, Rodriguez-
Conception M, Ferrer A, Boronat A and Campos N
(2002) Expression and molecular analysis of the Arabi-
dopsis DXR gene encoding 1-deoxy-D-xylulose 5-phos-
phate reductoisomerase, the first committed enzyme of
the 2-C-methyl-D-erythritol 4-phosphate pathway. Plant
Physiol 129: 1581—1591

Carretero-Paulet L, Cairo A, Botella-Pavia P, Besumbes O,
Campos N, Boronat A, and Rodriguez-Concepcion M
(2006) Enhanced flux through the methylerythritol
4-phosphate pathway in Arabidopsis plants overexpress-
ing deoxyxylulose 5-phosphate reductoisomerase. Plant
Mol Biol 62: 683-695

Chappell J (1995) Biochemistry and molecular biology of
the isoprenoid biosynthetic pathway in plants. Ann Rev
Plant Physiol Plant Mol Biol 46: 521-547

De Moraes CM, Mescheer MC and Tumlinson JH (2001)
Caterpillar-induced nocturnal plant volatiles repel non-
specific females. Nature 410: 577-580

Degen T, Dillmann C, Marion-Poll F and Turlings TCJ
(2004) High genetic variability of herbivore-induced vol-
atile emission within a broad range of maize inbred lines.
Plant Physiol 135: 1928-1938

Dudareva N, Andersson S, Orlova I, Gatto N, Reichelt M,
Rhodes D, Boland W and Gershenzon J (2005) The non-
mevalonate pathway supports both monoterpene and ses-
quiterpene formation in snapdragon flowers. Proc Natl
Acad Sci U S A 102: 933-938

Dudareva N, Martin D, Kish CM, Kolosova N, Gorenstein N,
Faldt J, Miller B and Bohlman J (2003) (E)-B-Ocimene and
myrcene synthase genes of floral scent biosynthesis in snap-
dragon: Function and expression of three terpene synthase
genes of a new TPS-subfamily. Plant Cell 15: 1227-1241

Dudareva N, Negre F, Nagegowda DA and Orlova I (2006)
Plant volatiles: recent advances and future perspectives.
Crit Rev Plant Sci 25: 417440

Rebeiz_Ch10.indd 151

Dudareva N, Pichersky E and Gershenzon J (2004) Biochemistry
of plant volatiles. Plant Physiol 135: 1893-1902

Eisenreich W, Schwarz M, Cartayrade A, Arigoni D, Zenk
MH and Bacher A (1998) The deoxyxylulose phosphate
pathway of terpenoid biosynthesis in plants and microor-
ganisms. Chem Biol 5: R221-R233

Estévez JM, Cantero A, Reindl A, Reichler S and Leon P
(2001) 1-Deoxy-D-xylulose-5-phosphate synthase, a limiting
enzyme for plastidic isoprenoid biosynthesis in plants. J Biol
Chem 276: 22901-22909

Funk JL, Jones CG, Baker CJ, Fuller HM, Giardina CP and
Lerdau MT (2003) Diurnal variation in the basal emission
rate of isoprene. Ecol Appl 13: 169-178

Gershenzon J and Dudareva N (2007) The function of ter-
pene natural products in the natural world. Nature Chem
Biol 3: 408414

Geron C, Guenther A, Sharkey T and Arnts RR (2000)
Temporal variability in basal isoprene emission factor.
Tree Physiol 20: 799-805

Hansen U, Van Eijk J, Bertin N, Staudt M, Kotzias D,
Seufert Gy Fugit J-L, Torres L, Cecinato A, Brancaleoni
E, Ciccioli, P and Bomboi, T (1997) Biogenic emissions
and CO, gas exchange investigated on four Mediterranean
shrubs. Atmos Environ 31: 157-166

Helsper JPF, Davies JA, Bouwmeester HJ, Krol AF and van
Kampen MH (1998) Circadian rhythmicity in emission
of volatile compounds by flowers of Rosa hybrida L. cv.
Honesty. Planta 207: 88-95

Himmeldirk K, Kennedy IA, Hill RE, Sayer BG and
Spenser ID (1996) Biosynthesis of vitamins B1 and B6 in
Escherichia coli: concurrent incorporation of 1-deoxy-D-
xylulose into thiamin and pyridoxol. J Chem Soc Chem
Commun 1187-1188

Hsieh MH and Goodman HM (2005) The Arabidopsis
IspH homolog is involved in the plastid nonmevalonate
pathway of isoprenoid biosynthesis. Plant Physiol 138:
641-653

Julliard JH and Douce R (1991) Biosynthesis of the thiazole
moiety of thiamine (vitamin B1) in higher plant chlro-
plasts. Proc Natl Acad Sci U S A 88: 2042-2045

Kesselmeier J and Staudt M (1999) Biogenic volatile organic
compounds (VOC): an overview on emission, physiology
and ecology. J Atm Chem 33: 23-88

Kessler A and Baldwin IT (2001) Defensive function of her-
bivore-induced plant volatile emissions in nature. Science
291: 21412144

Knudsen JT and Gershenzon J (2006) The chemistry diversity
of floral scent. In: Dudareva N and Pichersky E (eds) Biol-
ogy of Floral Scent. CRC Press, Boca Raton, FL, pp. 27-52

Kunert M, Biedermann A, Koch T and Boland W (2002)
Ultrafast sampling and analysis of plant volatiles by a
hand-held miniaturized GC with pre-concentration unit:
kinetic and quantitative aspects of plant volatile produc-
tion. J Sep Sci 25: 677-684

Lange BM, Rujan T, Martin W and Croteau R (2000)
Isoprenoid biosynthesis: the evolution of two ancient and

2/12/2010 5:57:08 PM

827
828
829
830
831
832
833
834
835
836

838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861

863
864
865
866
867
868
869
870
871
872

874
875
876
877
878
879
880
881
882


DELL
Sticky Note
: “Biochemistry, Molecular Biology and Bioengineering, Vol 1, Chapter 11” should be replaced with “Basics and Application,                         Chapter 8”




883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938

152

distinct pathways across genomes. Proc Natl Acad Sci U
S A97:13172-13177

Laule O, Furholz A, Chang HS, Zhu T, Wang X, Heifetz PB,
Gruissem W and Lange BM (2003) Crosstalk between
cytosolic and plastidial pathways of isoprenoid biosyn-
thesis in Arabidopsis thaliana. Proc Natl Acad Sci U S A
100: 6866-6871

Lichtenthaler HK (1999) The 1-deoxy-D-xylulose-5-phos-
phate pathway of isoprenoid biosynthesis in plants. Annu
Rev Plant Physiol Plant Mol Biol 50: 47-66

Lichtenthaler HK (2010) The non-mevalonate DOXP/MEP
pathway of chloroplast isoprenoid and pigment biosynthe-
sis. In: Rebeiz CA, Benning C, Daniel H, Hoober K, Lich-

aler HK, Portis A, Tripathy B (eds) The Chloroplast:
ture and Function, Chapter 10. Springer, Netherlands,

Pp. XXy—XXz

Lichtenthaler HK, Schwender J, Disch A and Rohmer M
(1997a) Biosynthesis of isoprenoids in higher plant chlo-
roplasts proceeds via a mevalonate independent pathway.
FEBS Lett 400: 271-274

Lichtenthaler HK, Rohmer M and Schwender J (1997b)
Two independent biochemical pathways for isopentenyl
diphosphate (IPP) and isoprenoid biosynthesis in higher
plants. Physiol Plant 101: 643-652

Lois LM, Rodriguez-Concepcion M, Gallego F, Campos
N and Boronat A (2000) Carotenoid biosynthesis during
tomato fruit development: regulatory role of 1-deoxy-D-
xylulose 5-phosphate synthase. Plant J 22: 503-513

Loivaméki M, Louis S, Cinege G, Zimmer I, Fischbach RJ and
Schnitzler JP (2007) Circadian rhythms of isoprene biosyn-
thesis in grey poplar leaves. Plant Physiol 143: 540-551

Loreto F, Ciccioli P, Brancaleoni E, Cecinato A, Frattoni M
and Sharkey T (1996) Different sources of reduced car-
bon contribute to form three classes of terpenoid emitted
by Quercus ilex L. leaves. Proc Natl. Acad Sci U S A 93:
9966-9969

Loreto F and 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

Loreto F, Pinelli P, Brancaleoni E and Ciccioli P (2004)
13C labeling reveals chloroplastic and extra-chloroplastic
pools of dimethylallyl pyrophosphate and their contribu-
tion to isoprene formation. Plant Physiol 135: 1903—-1907

Loughrin JH, Manukian A, Heath RR, Turlings TCJ and
Tumlinson JH (1994) Diurnal cycle of emission of induced
volatile terpenoids herbivore-injured cotton plants. Proc
Natl Acad Sci U S A 91: 11836-11840

Loughrin JH, Potter DA, Hamilton-Kemp TR and Byers
ME (1997) Diurnal emission of volatile compounds by
Japanese Beetle-damaged grape leaves. Phytochemistry
45:919-923

Lu S, Xu R, Jia JW, Pang JH, Matsuda SPT and Chen XY
(2002) Cloning and functional characterization of a beta-
pinene synthase from Artemisia annua that shows a circa-
dian pattern of expression. Plant Physiol 130: 1335-1348

Rebeiz_Ch10.indd 152

Dinesh A. Nagegowda et al.

Lumbreras V, Campos N and Boronat A (1995) The use of
an alternative promoter in the Arabidopsis thaliana HMGI
gene generates an mRNA that encodes a novel 3-hydroxy-3
methylglutaryl coenzymeA reductase isoform with an
extended N-terminal region. Plant J 8: 541-549

Magel E, Mayrhofer S, Muller A, Zimmer I, Hampp R and
Schnitzler J-P (2006) Photosynthesis and substrate supply
for isoprene biosynthesis in poplar leaves. Atmos Environ
40: S138-S151

Mahmoud SS and Croteau RB (2001) Metabolic engineering
of essential oil yield and composition in mint by altering
expression of deoxyxylulose phosphate reductoisomerase
and menthofuran synthase. Proc Natl Acad Sci USA 98:
8915-8920

Martin D, Gershenzon J and Bohlmann J (2003) Induction
of volatile terpene biosynthesis and diurnal emission by
methyl jasmonate in foliage of Norway spruce. Plant
Physiol 132: 1586-1599

Mayrhofer S, Teuber M, Zimmer I, Louis S, Fischbach RJ
and Schnitzler J-P (2005) Diurnal and seasonal varia-
tion of isoprene biosynthesis-related genes in grey poplar
leaves. Plant Physiol 139: 474-484

Mercke P, Kappers IF, Verstappen FWA, Vorst O, Dicke M
and Bouwmeester HJ (2004) Combined transcript and
metabolite analysis reveals genes involved in spider mite
induced volatile formation in cucumber plants. Plant
Physiol 135: 2012-2024

Miller B, Madilao LL, Ralph S and Bohlmann J (2005)
Insect-induced conifer defense: White pine weevil and
methyl jasmonate induce traumatic resinosis, de novo
formed volatile emissions, and accumulation of terpenoid
synthase and putative octadecanoid pathway transcript in
Sitka spruce. Plant Physiol 137: 369-382

Miller B, Oschinski C and Zimmer W (2001) First isolation of
an isoprene synthase gene from poplar and successful expres-
sion of the gene in Escherichia coli. Planta 213: 483487

Newman JD and Chappell J (1999) Isoprenoid biosynthe-
sis in plants: Carbon partitioning within the cytoplasmic
pathway. Crit Rev Biochem Mol Biol 34: 95-106

Nielsen JK, Jakobsen HB, Friis P, Hansen K, Moller J and
Olsen CE (1995) Asynchronous rhythms in the emission
of volatiles from Hesperis matronalis flowers. Phyto-
chemistry 38: 847-851

Nogués I, Brilli F and Loreto F (2006) Dimethylallyl diphos-
phate and geranyl diphosphate pools of plant species char-
acterized by different isoprenoid emissions.Plant Physiol
141: 721-730

Padhy PK and Varshney CK (2005) Isoprene emission from
tropical tree species Environ Pollut 135: 101-109

Pefiuelas J, Llusia J, Asensio D and Munne-Bosch S (2005)
Linking isoprene with plant thermotolerance, antioxi-
dants and monoterpene emissions. Plant Cell Environ 28:
278-286

Pefiuelas J and Munne-Bosch S (2005) Isoprenoids: an evo-
lutionary pool for photoprotection. Trends Plant Sci 10:
166-169

2/12/2010 5:57:08 PM

939
940
941
942
943
944
945
946
947
948

950
951
952
953
954
955

957
958
959
960
961
962
963
964
965
966

968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984

986
987
988
989
990
991

993
994


DELL
Sticky Note
“Structure and Function, Chapter 10” should be replaced with “Basics and Application, Chapter 7”



995

996

997

998

999

1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048

10 The MEP Pathway and Rhythmic Terpenoid Emission 153

Pichersky E, Raguso RA, Lewinsohn E and Croteau R
(1994) Floral scent production in Clarkia (Onagraceae). 1.
Localization and developmental modulation of monoter-
pene emission and linalool synthase activity. Plant Physiol
106: 1533-1540

Piel J, Donath J, Bandemer K and Boland W (1998) Mevalonate-
independent biosynthesis of terpenoid volatiles in plants:
Induced and constitutive emission of volatiles. Angew
Chem Int Ed 37: 2478-2481

Qureshi N and Porter W (1981) Conversion of acetyl-
coenzyme A to isopentenyl pyrophosphate. In: Porter JW
and Spurgeon SL (eds) Biosynthesis of Isoprenoid Com-
pounds. Wiley, New York, pp. 47-94

Raguso RA, Levin RA, Foose SE, Holmberg MW, McDade
LA (2003) Fragrance chemistry, nocturnal thythms and
pollination “syndromes” in Nicotiana. Phytochemistry
63:265-284

Rohmer M (1999) The discovery of a mevalonate-independ-
ent pathway for isoprenoid biosynthesis in bacteria, algae
and higher plants. Nat Prod Rep 16: 565-574

Rosenstiel TN, Fisher AJ, Fall R and Monson RK (2002)
Differential accumulation of dimethylallyl diphosphate in
leaves and needles of isoprene and methylbutenol-emitting
and nonemitting species. Plant Physiol 129: 1276-1284

Sasaki K, Ohara K and Yazaki K (2005) Gene expression
and characterization of isoprene synthase from Populus
alba. FEBS Lett 579: 2514-2518

Schnitzler J-P, Arenz R, Steinbrecher R and Lehning A
(1996) Characterization of an isoprene synthase from
leaves of Quercus petraea (Mattuschka). Liebl Bot Acta
109: 216-221

Schnurr JA and Guerra DJ (2000) The CaMV-35S" pro-
moter is sensitive to shortened photoperiod‘in transgenic
tobacco. Plant Cell Rep 19: 279-282

Schwender J, Zeidler J, Groner R, Miiller C, Focke M, Braun S,
Lichtenthaler FW and Lichtenthaler HK (1997) Incorpo-
ration of 1-deoxy-p-xylulose into isoprene and phytol by
higher plants and algae. FEBS Lett 414: 129-134

Sharkey TD, Chen XY and Yeh S (2001) Isoprene increases
thermotolerance of fosmidomycin-fed leaves. Plant Phys-
iol 125: 2001-2006

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

Sharkey TD, Yeh S,Wiberley AE, Falbel TG, Gong DM and
Fernandez DE (2005) Evolution of the isoprene biosyn-
thetic pathway in Kudzu. Plant Physiol 137: 700712

Silver GM and Fall R (1995) Characterization of aspen isoprene
synthase, an enzyme responsible for leaf isoprene emission
to the atmosphere. J Biol Chem 270: 13010-13016

Simkin AJ, Underwood BA, Auldridge M, Loucas HM,
Shibuya K, Schmelz E, Clark DG and Klee HJ (2004)
Circadian regulation of the PhCCD1 carotenoid cleavage
dioxygenase controls emission of beta-ionone, a fragrance
volatile of petunia flowers. Plant Physiol 136: 3504-3514

Rebeiz_Ch10.indd 153

Staudt M and Bertin N (1998) Light and temperature dependence
of the emission of cyclic and acyclic monoterpenes from
holm oak (Quercus ilex L.) leaves. Plant Cell Environ 21:
385-395

Staudt M, Bertin N, Hansen U, Seufert G, Ciccioli P, Foster
P, Frenzel B and Fugit J-L (1997) Seasonal and diurnal
patterns of monoterpene emissions from Pinus pinea (L.)
under field. Atmos Environ 31: 145-156

Takahashi S, Kuzuyama T, Watanabe H and Seto H (1998)
A 1-deoxy-D-xylulose 5-phosphate reductoisomerase
catalyzing the formation of 2-C-methyl-D-erythritol
4-phosphate in an alternative nonmevalonate pathway
for terpenoid synthesis. Proc Natl Acad Sci U S A 95:
9879-9884

Tholl D, Croteau R and Gershenzon J (2001) Partial puri-
fication and characterization of the short-chain prenyl-
transferases, geranyl diphospate synthase and farnesyl
diphosphate synthase, from Abies grandis (grand fir).
Arch Biochem Biophys 386:233-242

Tholl D, Kish CM, Orlova I, Sherman D, Gershenzon J,
Pichersky E and Dudareva N. (2004) Formation of mono-
terpenes in Antirrhinum majus and Clarkia breweri flowers
involves heterodimeric geranyl diphosphate synthases.
Plant Cell 16: 977-992

Vancanneyt G, Sanz C, Farmaki T, Paneque M, Ortego F,
Castanera P and Sanchez-Serrano JJ (2001) Hydroperox-
ide lyase depletion in transgenic potato plants leads to an
increase in aphid performance. Proc Natl Acad Sci U S A
98: 8139-8144

Velikova V and Loreto L (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

Wildermuth MC and Fall R (1998) Biochemical charac-
terization of stromal and thylakoid-bound isoforms of
isoprene synthase in willow leaves. Plant Physiol 116:
1111-1121

Wilkinson MJ, Owen SM, Possell M, Hartwell J, Gould P,
Hall A, Vickers C, Hewitt CN (2006) Circadian control
of isoprene emissions from oil palm (Elaeis guineensis).
Plant J 47: 960-968

Wolfertz M, Sharkey TD, Boland W and Kiithnemann F
(2004) Rapid regulation of the methylerythritol 4-phos-
phate pathway during isoprene synthesis. Plant Physiol
135:1939-1945

Zeidler JG, Lichtenthaler HK, May HU and Lichtenthaler
FW (1997) Is isoprene emitted by plants synthesized via
the novel isopentenylpyrophosphate pathway? Z Natur-
forsch 52¢: 15-23

Zeidler J and Lichtenthaler HK (2001) Biosynthesis of
2-methyl-3-buten-2-ol emitted from needles of Pinus
ponderosa via the non-mevalonate DOXP/MEP pathway
of isoprenoid formation. Planta 213: 323-326

2/12/2010 5:57:08 PM

1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102



Author Queries

Chapter No.: 10

Queries

Details Required

Author’s Response

AUL

Please include “Lichtenthaler, 2008 in the list.

AU2

Lines & text pixilated, low resolution. Please provide better quality of this figure.

AU3

Entire image pixilated and also text not clear. Please provide better quality of this figure.

AU4

The reference “Lichtenthaler, (2010) not cited in text:

Rebeiz_Ch10.indd 154

2/12/2010 5:57:09 PM



	Chapter 10
	The Role of the Methyl-Erythritol-Phosphate 
Pathway in Rhythmic Emission of Volatiles
	I Introduction
	II The MEP Pathway and Rhythmic 
Emission of Floral Volatiles
	III The MEP Pathway and Rhythmic Emission of Leaf Volatiles
	IV The MEP Pathway and Rhythmic Emission of Herbivore-Induced Plant Volatiles
	V The MEP Pathway and Rhythmic Emission of Isoprene
	VI Conclusions

	References


