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Isoprenoids comprise an astonishingly diverse group of metabolites with numerous potential and actual applica-
tions in medicine, agriculture and the chemical industry. Generation of efficient platforms producing isoprenoids
is a target of numerous laboratories. Such efforts are generally enhanced if the native biosynthetic routes can be
identified, and if the regulatory mechanisms responsible for the biosynthesis of the compound(s) of interest can
be determined.
In this review a critical summary of the techniques applied to establish the contribution of the two alternative
routes of isoprenoid production operating in plant cells, the mevalonate and methylerythritol pathways, with a
focus on their co-operation (cross-talk) is presented. Special attention has been paid to methodological aspects
of the referred studies, in order to give the reader a deeper understanding for the nuances of these powerful tech-
niques. This review has been designed as an organized toolbox, which might offer the researchers comments
useful both for project design and for interpretation of results obtained.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Plants exhibit a remarkably high level of biochemical complexity
and flexibility which, despite their sessile lifestyle, allows them to sur-
vive in different environments and quickly adapt to various fluctuating
conditions. This metabolic plasticity is to great extent achieved due to
the isoprenoids, the most structurally and functionally diverse class of
plant natural products which includes essential primary metabolites
(e.g., phytosterols, chlorophylls, ubiquinone) as well as a broad range
of functional secondary metabolites. These specialized natural products
play a vital role in plant adaptive responses to biotic and abiotic stress,
attract pollinators, repel predators, modulate allelopathic interactions
(e.g. isoprene, monoterpenes, diterpenes). Isoprenoids exert either syn-
ergistic (photosynthetic pigments) or antagonistic (phytohormones:
gibberrelins and cytokinins) effects in cellular processes. Some
isoprenoids are produced constitutively (e.g. phytosterols) while syn-
thesis of others is induced upon particular cues such as wounding, at-
tack of predator, elicitation or upon elevated concentration of methyl
jasmonate (e.g., sesquiterpenoids, triterpenoids). All these features
add up to the exquisite modulatory potential of the so-called plant
terpenome [1]. Evidently, to fully exploit this prospective, the plant
cell requires precise and strictly regulated metabolic network.
Fig. 1. Examples of commercially valuable isoprenoids. Biosynthetic origin of compounds is re
respectively). Gradient background indicates substantial contribution of both pathways to bios
The use of plant isoprenoids as pharmaceuticals, fragrances, flavours,
colorants, and dietary supplements (Fig. 1) makes them the most com-
mercially exploited group of plant-derived natural products with the
market worth millions of dollars. Those economically priceless
isoprenoids are present in plant tissues in rather small amounts and
their acquisition from natural resources is in most cases very expensive,
insufficient and may pose a threat for biodiversity (e.g. isolation of
paclitaxel from Pacific yew). Therefore, unraveling the isoprenoid
biosynthetic network is not only of interest for basic studies but also ben-
efits and stimulates the construction of efficient platforms for their pro-
duction [2]. Indeed, the continuously increasing number of articles
published in this field illustrates how much attention it receives (for
example [3–7], with totally over 30 reviews and more than 100 experi-
mental papers, focused on isoprenoids biosynthesis, published in 2014,
according to PubMed).

2. Biosynthesis of isoprenoids

Despite all the structural splendor of isoprenoids, they are derived
from the common five carbon precursors: isopentenyl diphosphate
(IPP) and its isomer dimethylallyl diphosphate (DMAPP). For many
years, it was thought that the biosynthetic origin of the IPP and
flected in colouring of the background (green and yellow for the MEP and MVA pathway,
ynthetic process.
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DMAPP was uniform in all kingdoms and provided by the cytoplasmic
mevalonate (MVA) pathway (MVA is the first dedicated molecule of
this pathway). However, in contrast to the observations made for
yeast and animal cells, results obtained in the bacteria and plants
questioned this assertion [8,9]. It was found, for example, that radioac-
tive mevalonate, in contrast to CO2, was not incorporated into
β-carotene in etiolated or illuminated maize seedlings [10], similarly
radioactive acetate was not incorporated into lycopene in ripening to-
matoes [11]. On the other hand incorporation of CO2 to sterols and ubi-
quinone was negligible in contrast to efficient labelling of plastidial
lipids, i.e. phytol, carotenoids and plastoquinone inmono- and dicotyle-
donous plants [12]. In line with this mevinolin, a specific inhibitor of 3-
hydroxy-3-methylglutaryl-CoA reductase (HMGR), the key enzyme of
the MVA pathway, caused inhibition of accumulation of sterol, but had
little effect on the chlorophyll and carotenoid in the cotyledons of radish
seedlings [13]. Further on, etioplasts and etiochloroplasts of mustard
seedlings were found to lack enzymatic activities for the formation of
isopentenyl diphosphate via the mevalonate pathway [14]. Interesting-
ly, though the suggestion that the mechanism of formation of plant and
animal isoprenoids was different has been raised already at the time of
these pioneer studies [11], it took many years until an ‘earthquake’
shocked the isoprenoid field. The existence of a novel, mevalonate-
independent pathway supplying isoprenoid precursors based on
the studies of side chains of bacterial hopanoids was ultimately
Fig. 2. Synthesis of isopentenyl diphosphate in the plant cell via theMVA andMEP pathway. MV
hydroxy-3-methylglutaryl-CoA synthase; HMGR (EC 2.3.3.10), hydroxymethylglutaryl-CoA re
kinase; PPMD (EC 4.1.1.33), diphosphomevalonate decarboxylase; IDI (EC 5.3.3.2), isope
acetyloacetyl-coenzyme A; HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; MVA, mev
isopentenyl diphosphate isomerase; DMAPP, dimethylallyl pyrophosphate. MEP pathway. Enz
D-xylulose 5-phosphate reductoisomerase; MCT (EC 2.7.7.60), 2C-methyl-D-erythritol 4-phosp
synthase; HDS (EC 1.17.4.3), 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase; H
5.3.3.2), isopentenyl diphosphate isomerase. Intermediates: Pyr, pyruvate; GAP, D-glyceraldeh
phosphate; CDP-ME, 4-diphosphocytidyl-2C-methyl-D-erythritol; CDP-MEP, 4-diphosphoc
cyclodiphosphate; HMBPP, 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate; IPP, is
enzymes inhibited by specific inhibitors of the MEP or MVA pathway: clomazone (CLM), fosm
the pathways.
demonstrated in late 1980s [15,16]. This postulate fully explained the
discrepancies which were previously incomprehensible in light of the
MVA pathway. The existence of this new pathway was subsequently
confirmed by several studies in different plant models [17,18] and the
hypothesis about the alternative, non-mevalonate pathway (called
sometimes the Rohmer's or the DXP pathway) quickly became widely
accepted.

Nowadays, after almost thirty years of extensive studies on the
alternative pathway (presently called after its first committed
precursor methylerythritol-4-phosphate, the MEP pathway) is well
established as a single source of isoprenoids in the majority of
eubacteria, while the ‘classical’, MVA pathway is utilized in
archaebacteria, fungi and animals. However, a substantial number
of exceptions should be kept in mind. For example, bacteria from
the same group use variable pathways, in other cases unrelated
bacteria use the same pathway [19]. Still, in this context, the plant
kingdom is unique, as majority of its representatives utilize both
pathways in parallel (green algae are the exception since they depend
exclusively on the MEP pathway). A schematic up-to-date representa-
tion of the MEP and MVA pathways is shown in (Fig. 2). Decades of
observations of the co-existence/cooperation of the two alternative
isoprenoid-generating pathways in plants has been summarized re-
cently in an excellent and comprehensive review by Hemmerlin et al.
[20].
A pathway. Enzymes: AACT (EC 2.3.1.9), acetoacetyl-CoA thiolase; HMGS (EC 2.3.3.10), 3-
ductase; MVK (EC 2.7.1.36), mevalonate kinase, PMVK (EC 2.7.4.2), phosphomevalonate
ntenyl diphosphate isomerase. Intermediates: Ac-CoA, acetyl-coenzymeA; AcAc, CoA
alonic acid; MVAP, mevalonate-5-phosphate; MVAPP, mevalonate-5-diphosphate; IPP,
ymes: DXS (EC 4.1.3.37), 1-deoxy-D-xylulose-5-phosphate; DXR (EC 1.1.1.267), 1-deoxy-
hate cytidyl transferase; MDS (EC 4.6.1.12), 2C-methyl-D-erythritol 2,4-cyclodiphosphate
DR (EC 1.17.1.2), 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase; IDI (EC
yde 3-phosphate; DXP, 1-deoxy-D-xylulose-5 phosphate; MEP, 2C-methyl-D-erythritol 4
ytidyl-2C-methyl-D-erythritol 2-phosphate; ME-cPP, 2C-methyl-D-erythritol 2,4-
opentenyl diphosphate; DMAPP, dimethylallyl pyrophosphate. Red lines indicate
idomycin (FSM), statins (STN). Blue arrow symbolises bidirectional cross-talk between
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3. Cross-talk between the MVA and MEP pathway

Possessing two active, alternative isoprenoid biosynthetic pathways
provides plant cell with the possibility of producing of a large number of
specialized compounds, which enable its efficient and quick adaptation
to the constantly changing environment. It requires sophisticated con-
trol mechanisms to ensure an optimal energy balance and precise met-
abolic carbon channeling. One level of this control is physical separation.
According to the currentmodel, MVA pathway enzymes are localized in
the cytoplasm, ER and peroxisomes [21], whereas the MEP pathway
route enzymes are sequestrated inside the plastids by their double
membrane envelopes. Both these pathways give rise to and administer
two separate IPP/DMAPP pools (Fig. 2). Interestingly, mitochondria
do not operate either the MVA or the MEP pathway and depend on
the cytoplasmic supply of the IPP and/or farnesyl diphosphate (FPP)
[22,23].

Because of this compartmentalization isoprenoid end products were
initially thought to be either of MVA (triterpenoids, sesquiterpenoids)
or MEP (monoterpenoids, diterpenoids, tetraterpenoids) origin. How-
ever, a growing body of the in vivo and in vitro results describing the
formation of compounds of mixed origin, i.e. comprised of isoprenoid
units derived from both pathways, proves that an exchange of the inter-
mediates between both pathways is possible and examples of such ‘mo-
saic’ isoprenoids identified in different plant species have been listed
[20]. Hitherto, observations suggest that a bilateral mode of exchange
is possible but the flow from plastids to cytoplasm seems to bemore ef-
fective [24]. The best candidate for such an “exchangeable” intermediate
seem to be IPP and FPP [25,26]. Despite the fact that FPP synthase (FPPS)
is considered a cytosolic and mitochondrial enzyme the presence of the
small plastidic FPP pool was reported in Arabidopsis plants, expressing
linalool/nerolidol synthase (FaNES1) in the plastids. Leaves of these
transgenic plants, besides linalool, produced also trace amounts of
FPP-derived sesquiterpene — nerolidol. However, whether FPP is pro-
duced in plastids by yet unidentified FPPS or if it is rather transported
from cytoplasm, remains elusive [27]. Export of plastidial geranyl
diphosphate (GPP) to cytoplasmwas proven in transgenic tomato fruits
[28]. Besides oligoprenyl intermediates longer chain oligoprenyl
diphosphates have also been postulated to get exported from
plastids towards the cytoplasm [29]. Interestingly, enhanced cross-
flow of the exchangeable intermediates from the parallel pathway
is possible upon blockage or downregulation of one pathway [30]
and on early developmental stages (for example to synthesize caroten-
oids, before the MEP pathway is fully operational [31]). Apparently,
the extent of the cross-talk between the isoprenoid pathways strongly
depends on internal and external stimuli and reflects the plasticity of
the biosynthetic routes. It justifies the complex multilevel regulation
of the enzymes involved [32]. Molecular mechanisms responsible for
the exchange of isoprenoid intermediates between the cellular com-
partments remain elusive. Transporter-assisted mode of interchange
was suggested [25], but so far none of the tested plastid membrane
components was shown to mediate transport of prenyl diphosphates
[33].

Here we summarize an array of methods used to unravel and quan-
tify contribution of the MVA and MEP pathways to the biosynthesis of
the isoprenoid of interest. These biochemical and genomic approaches
have been applied by various research groups, over decades. Many
excellent reviews have been published on the different aspects of iso-
prenoid biosynthesis in microbes especially interesting in terms of
their application in metabolic engineering of MVA and MEP pathways
[34–37]. Similarly, decades of research in the field of plant isoprenoid
biosynthesis have been summarized in a number of comprehensive
review articles [20,31,38].

In this reviewwe will highlight specific features of the currently ap-
plied experimental methods and critically discuss the limitation which
should be considered in experimental design and certainly when
interpreting the results.
4. Biochemical tools to elucidate the origin of plant isoprenoids and
cross-talk between the MVA and MEP pathway

4.1. Metabolic labelling — general comments

The term ‘metabolic labelling’ refers to the method in which the or-
ganism is grown in presence of a traceable compound, which is utilized
as a substrate by the endogenous metabolic machinery and incorporat-
ed in a newly synthesized product(s) of interest. By thismeans, a partic-
ular natural building block is replaced with its chemically tagged
analogue, and conclusions regarding the pathway involved in its biosyn-
thetic route can be drawn based on identified number and/or location of
the labelled atoms in the molecules of the product of interest. This is
performed usually simply by culturing organisms, tissue cultures or
cell cultures with the substrate of choice, and its entering the cellular
metabolismdepends on the uptake by cells from the surroundingmedi-
um. After a specified “feeding” period, the compound under study is iso-
lated and the structure of the labelled product and/or the amount of the
incorporated label is determined.

Radioactive (14C, 32P, 3H) or stable (13C, 31P, 2H) isotope analogues of
metabolic precursors are utilized in metabolic labelling studies. Their
usage is based on the assumption that the presence of these labelled
atoms, in fact natural isotopes, does not markedly change the chemical
properties of molecules, so they follow the ‘native’ cellular tracks and
allowmonitoring of biochemical processes in a ‘native’millieu. Isotopic
labelling as a powerful tool to elucidate metabolic flux in the context of
lipid metabolism has recently been summarized in the comprehensive
review [39].

4.1.1. Radioactive isotope labelled precursors
As the radioactivity of natural isotopes of carbon and hydrogen

is minimal (natural abundance of 14C is 0.0000000001% and even
lower for 3H) the background of the labelling experiment is negligible.
Although 14C or 3H labelled end-products are easily detected by radio-
metric techniques, only application of a combination of adequate purifi-
cation methods (e.g. chromatography, electrophoresis) ensures the
satisfactory level of certainty, and that the detected radioactivity is de-
rived from the molecule under study and not from contamination
with another radioactive compound, the labelling of which is an un-
avoidable consequence of the isoprenoid metabolic precursor applica-
tion. Depending on the analyzed molecule, radio-gas chromatography
(radio-GC), radio-high performance liquid chromatography (radio-
HPLC), radio-thin layer (radio-TLC) or liquid scintillation counting
(LSC) are used. However, because of the safety hazards, assays are labo-
rious and time-consuming, not to mention the cost of the labelled pre-
cursors most of which have to be prepared by custom synthesis.
Additionally, identification of the position of the radio-labelled atom
in themolecule is difficult (as it requires complicated chemical degrada-
tion procedures). Despite this drawback, radiolabellingwith early inter-
mediates of both pathways is still used in isoprenoid research, for
instance for investigation of the origin of prenyl diphosphates (FPP
and GGPP) used for prenylation of proteins, and in this case combina-
tion with autoradiography or fluorography is applied [30]. Moreover,
application of the radiolabeled precursors seems to be an excellent
method to determine experimental conditions to be used in further
experiments with stable isotope-enriched precursors.

4.1.2. Stable isotope labelled precursors
At present metabolic labelling with stable isotopes (13C, 2H, 31P) is

frequently used to elucidate the contribution of the MVA, MEP or both
pathways to biosynthesis of particular isoprenoid. Incorporation of
these isotopes is detected as the increase in mass to charge, m/z, value
of the reporter ion observed after labelling (followed byMass Spectrom-
etry techniques) or as the increase of the relative abundance of the 13C
atom at certain positions in the molecule (followed by 1D 2H, 13C and



Table 1
Examples of employment of metabolic labelling to elucidate regulation of isoprenoid biosynthesis. Selected plant models together with the applied concentration of general or specific precursors as well as summary of the obtained results are
presented.

Precursor concentration
time of treatment

Plant model/stage
of development

Compound of interest Method of analysis Observations Reference

General precursors
Glucose/sucrose

[1-13C]glucose
0.3% w/v
12 days

[1-13C]glucose
0.35% w/v
24 days

[1-13C]glucose
1% w/v
5 days

Lemna gibba (duckweed);
cell culture

Daucus carota (carrot),
green tissue cultures

Hordeum vulgare (barley)
embryos

Phytosterols: stigmasterol,
sitosterol

13C NMR

• Phytosterols: 13C labelling pattern in accordance with the MVA path-
way; weak labelling on carbon atoms derived from C-1 of IPP ex-
plained by incorporation of 13CO2 (e.g. from oxidative pentose
phosphate pathway) although incorporation of IPP from the MEP
pathway was not excluded

[46]Plastidic isoprenoids:
phytol, β-carotene,
lutein plastoquinone-9

• Plastidic isoprenoids: 13C labelling pattern distinctive from
phytosterols, corresponding to the one observed in bacteria and green
algae, in accordance with synthesis via the MEP pathway

[1-13C]glucose
0.4% w/v

3 days

Croton sublyratus/20 day
old callus culture

Phytosterols (β-sitosterol,
stigmasterol)

1H and 13C NMR • All the carbon atoms labelled equally indicating both the MVA and
MEP pathway contribution

[47]

[1-13C]glucose
0.1% w/v
72h

Piper aduncum young
leaves

Chromenes: methyl
2,2-Dimethyl-2H-1--
chromene-6-carboxylate
and methyl
2,2-Dimethyl-8-(3′--
methyl-2′-butenyl)-2H-
1-chromene-6-carboxylate

13C NMR • Contribution of both the MVA and MEP pathways into studied
chromenes

[48]

[1-13C] glucose,
[1,6-13C2]glucose

1.1% w/v
21 days

Coluria geoides hairy root
cultures

Polyisoprenoids (dolichols) 1H and 13C NMR (for
[1-13C]glucose
labelling)

• Labelling pattern indicates dual pathway origin of dolichols, with ω-
-terminal part of the molecule containing both MEP- and MVA--
derived isoprene units and the α-terminal part exclusively derived
from the MVA pathway

• No 13C scrambling was observed

[29]

HPLC/ESI-MS
quantitative analysis

• The calculated average number of isoprenoid units derived from the
MEP per dolichol molecule was between 6 and 8

• Proposed spatial model of dolichol biosynthesis: oligoprenyl chain
(up to 14 isoprenoid units) is synthesized in plastids from IPP pool of
mixed origin, transported to cytoplasm and elongated with the IPP to
the final length

14C sucrose Hevea brasiliensis latex
(cell-free system)

Latex (long chain
isoprenoid polymer)

Gas flow proportional
counter

• Sucrose was not incorporated into the latex structure [49]

Carbon dioxide
440 ppm 13CO2

Up to 200 min
Quercus agrifolia coast
live oak, Populus deltoids
cottonwood leaves of
5-year-old trees

Isoprene Proton Transfer
Reaction — MS
GC–MS

• Rapid labeling of isoprene (80% of 12C in isoprene pool was replaced
by 13C
• Labelling under conditions inhibiting photorespiration did not
remove the unlabeled pool of isoprene contribution of cytosolic pool of
carbon into isoprene biosynthesis is suggested

[50]

700 ppm 13CO2

100 min
Artemisia annua (high
artemisin yieldining line)
young plants

Artemisinin 13C NMR • Mixed origin of isoprenoid units in artemisinin structure: artemisin
precursor (FPP) is built of one IPP from the MEP pathway and DMAPP
and IPP derived from the MVA pathway

[51]

Acetate
[2-14C]acetate

7 days
Marrubium vulgare white
horehound etiolate shoot
culture

Marrubiin (labdane
diterpene) sterols

Liquid-scintillation
counting

• High incorporation rate into sterols (approx. 0.83%) and low into
marrubin (approx. 0.058%) which indicates different biosynthetic
routes for these compounds

[52]

[2-14C]acetate
24 h

Zea mays etiolated
seedlings, grown for 6 days
under weak red light and
illuminated for 24 h

β-Carotene (crystals) Radioactivity
proportional counter

• No significant uptake of labelled precursor into intact seedlings in
contrast to excised ones

• Considerable 14C incorporation into unsaponifiable lipid fraction (i.e.
sterols), no labeling of β-carotene

[9,10]

Pyruvate
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[2-13C]pyruvate
0.1% or 0.5% w/v
30 days

Eucommia ulmoides
seedlings

Trans rubber-like
isoprenoids

13C NMR • Pyruvate was incorporated as intermediate of the MVA pathway
• High-molecular weight isoprenoid was synthesized not only from the
mevalonate pathway but also the MEP pathway

[53]

Amino acids
[U–14C]-L-leucine,

[14C]-L-valine
[2-14C]-DL-MVA

Cinnamomum camphora
Sieb. var. linalooliferum
(camphor tree)

Linalool Liquid scintillation
counting

• Labelled leucine was incorporated in the DMAPP-derived moieties of
linalool at 4-fold higher rate than [2-14C]MVA indicating the MVA--
independent route of monoterpene biosynthesis

• The labelling pattern of DMAPP-derived moieties of linalool after
feeding with a 14C valine confirmed contribution of non-mevalonate
pathway

[54,55]

L-leucine/0.35%
L-valine/0.2%

L-asparagine/0.676%
(non-labelled)

Up to 14 days

Phycomyces blakesleeanus
(mold)

β-Carotene Spectrophotometry • Stimulation of the β-carotene accumulation in medium supplemented
with L-valine and L-leucine

• Addition of amino acid did not increase lipid production
• Stimulatory effect was not observed, either in medium supplemented
with the excess or devoid of glucose

[56]

[2-13C]glycine
1 mM
21 days

Heteroscyphus planus
(liverwort) cell
suspension cultures

Chlorophyll
β-carotene

2H and 13C NMR • Labelling patterns indicate that both MVA and MEP pathways con-
tribute to chlorophyll and β-carotene synthesis

• The phytyl side-chain and β-carotene were equivalently labelled, in-
dicating similar mechanism of the biosynthesis

[57]

[1-13C]-DL-serine,
[3-13C]-DL-serine

0.38 mmol
21 days

Heteroscyphus planus cell
cultures

Chlorophyll
Stigmasterol

13C NMR • Labelling pattern in agreement with synthesis via the MVA pathway [58]

Pathway-specific precursors
Mevalonic acid
(MVA)/-
mevalonolactone
(MVL)
[2-14C]MVA

24 h
Zea mays etiolated
seedlings, grown for 6
days under weak red
light and illuminated for
24 h

β-Carotene Radioactivity
proportional counter

• No significant uptake of labelled precursor into intact seedlings, in
contrast to excised ones
• Considerable 14C incorporation into unsaponifiable lipid fraction of
(i.e. sterols), no labeling of β-carotene

[9,10]

[2-13C]MVL
[4,5-13C2]MVL
1 mM
21 days

Lophocolea heterophyll
Heteroscyphus planus cell
cultures

Chlorophyll
β-Carotene
Heteroscyphic acid A
(diterpene)

2H and 13C NMR • MVA was incorporated into the FPP-derived portion of the β-carotene
and phytyl moiety in chlorophyll a, while the IPP-derived portion was
only slightly labelled.

• Biosynthesis of chlorophyll a and β-carotene utilized exogenous MVA
much more efficiently than that of heteroscyphic acid A

• Different sites for biosynthesis of diterpenes and photosynthetic pig-
ments within chloroplasts were proposed

[57]

[2-13C]MVL
3 mM
9 days in the medium
supplemented with 10
μM of mevinolin (MVA
pathway inhibitor)

Arabidopsis thaliana
seedlings/liquid culture

Cytokinins (CKs): cis zeatin
(cZ) and trans zeatin (tZ),
isopentenyladenine (iP)

HPLC–MS • Approx. 75% of the prenyl moiety of cZ-type CKs was labeled, which
was nearly as efficient as labelling of campesterol (90%)

• Incorporation rates indicate the MVA pathway as the predominant
source of DMAPP for cZ type CKS

• tZ- and iP-type were labelled only at a low rate by [2-13C] MVL

[59]

[2H2]MVL
0.3% w/v
60 h

Antirrhinums majus
(snapdragon) flowers

Monoterpenes: myrcene,
(E)-β-ocimene and
linalool;
sesquiterpene-nerolidol

GC–MS • Increased levels of emitted nerolidol, but not monoterpenes
• Monoterpenes remained unlabeled
• High rates of incorporation into nerolidol, diurnal fluctuations in the
label incorporation rates, highest during the dark period

• Fosmidomycin resulted in lack of rhythmicity in nerolidol synthesis
and full labelling of nerolidol

• Mevinolin did not affect labelling of studied volatiles
• Endogenous MVA seemed not to be formed (mevinolin had no effect
on labelling efficiency), however downstream enzymes remain active

[60]

[5-2H]MVL
0.0039%

Colouria geoides hairy
roots

Polyisoprenoids (dolichol) HPLC-ESI/MS • Intensities of all but the monoisotopic signals were enhanced indicat-
ing involvement of MVA pathway into dolichols biosynthesis

[29]

(continued on next page) 75
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Table 1 (continued)

Precursor concentration
time of treatment

Plant model/stage
of development

Compound of interest Method of analysis Observations Reference

21 days • Low incorporation rates due to low concentration of precursor in
medium

[5,5-2H2]MVL
0.0001% w/v

48 h

Vitis vinifera (grape wine)
fruits at full fruit
ripeness; exocarp (ex)
and/or mesocarp (me)

Monoterpenes (me, ex),
diterpene- 13-epi-manoyl
oxide, various volatile
sesquiterpenes (ex)

GC-EI/MS;
enantioselective
GC-EI/MS

• No incorporation into monoterpenes and diterpene, high rates of in-
corporation into sesquiterpenes;

• Conclusion: IPP is not transported from cytosol to plastids

[27]

[2-13C]MVA
0.2% w/v
24 h of continuous
feeding; pulse-chase
feeding for 4, 8, 20 and
44 h

Gossypium hirsutum
(cotton) two-week old
plantlets at the
developmental stage of
two true leaves

Monoterpenes,
sesquiterpenes, terpenoid
aldehydes, chlorophylls,
carotenoids, phytosterols

GC–EI/MS
HPLC–APCI/MS

• The general pattern of incorporation in accordance with the classical
biosynthetic model with high rate of incorporation of 2H2 MVA into the
sesquiterpenes, terpenoid aldehydes and steroids

• Considerable rate of intermediate exchange between pathways as
high percentage of carotenoids (up to 34%) and phytyl side chains of
chlorophylls (up to 44%) were labelled; majority of 13C isoprenoid
units derived from labeled MVA recovered in sitosterol, chlorophyll a
and β-carotene

• Comparing organs, the highest accumulation of 13C sitosterol was
found in roots, whereas of other isoprenoids - in the first true leaf

• Enhanced accumulation of intermediates of sterol biosynthesis

[62]

1-Deoxy-D-xylulose
(DX)
[1-13C]DX,
[2,3,4,5-13C4]DX

0.3 mM
7 days

Catharanthus roseus
photomixotrophic
suspension cultures

Carotenoids (β-carotene,
lutein) phytol, sitosterol

13C NMR • Precursor was incorporated with the equally high efficacy into the
β-carotene, lutein and phytol

• DX was also incorporated into sitosterol but with 15-fold lower effi-
cacy than into carotenoids and phytol

[63]

[1-13C]DX
0.8–1.0 mM
15 days

Arabidopsis thaliana
mutant cla1-1 seedlings
grown in liquid culture

Cytokinins (CKs)-: cis
zeatin (cZ) and trans zeatin
(tZ), isopentenyladenine
(iP)

HPLC–MS • tZ- and iP-type CKs was labeled at a high rate, similarly to that ob-
served in ABA, synthesized mainly from the MEP pathway

• Labelling pattern indicates predominant MEP pathway contribution of
DMAPP used for prenylation of tZ and iP type CKs

• 13C incorporation rate into cZ was significantly lower

[58]

[2H2]DX
2.94 or 36.25 mM
up to 6 h

Eucalyptus globulus
detached leaves

Isoprene Photoacoustic
spectroscopy

• 2.94 mM DX-labelled isoprene emitted from 10 to 15 min after the DX
feeding onset and reached constant level after 2 h; total emission rate
of isoprene remained fairly constant, photosynthesis rates were
unaffected, around 50% of total isoprene emitted was labelled

• 36.25 mM DX-isoprene completely labelled within 2 h, total isoprene
emission rate increased, photosynthesis rates decreased, the rate of
isoprene emission from [2H2] DX was around 35% of total isoprene
pool

[64]

[2H2]DX
0.2% w/v
60 h

Antirrhinum majus
snapdragon cut flowers,
petals

Monoterpenes: myrcene,
(E)-β-ocimene and
linalool;
sesquiterpene-nerolidol

GC–MS • No influence on levels of studied volatiles
• Labelling detected in all analyzed compounds, diurnal fluctuations in
label incorporation rates with highest rates during dark period,

• Diminished incorporation rates upon fosmidomycin treatment
• Conclusion: exclusively MEP derived IPP contribute to biosynthesis of
isoprenoid volatiles in snapdragon flowers

[60]

[5,5-2H2]DX
0.46% w/v
21 days

Colouria geoides hairy
roots

Polyisoprenoids (dolichols) HPLC-ESI/MS • Increased intensities of [M + 2]+ as well as the following [M + 3]+

and [M + 4]+ isotopic signals indicated the MEP pathway involve-
ment into dolichol synthesis

• Low incorporation rates due to low concentration of precursor in
medium

[30]

[5,5-2H2]DX
0.2% w/v
24 h

Gossypium hirsutum
cotton two-week old
plantlets at the

Monoterpenes,
sesquiterpenes, terpenoid
aldehydes, chlorophylls,

GC–EI/MS
LC–APCI/MS

• Incorporation in accordance with the classical biosynthetic model
with high rate of incorporation of[2H2]DX into monoterpenes, phytyl
side chains and carotenoids

[61]

76
A
.Lipko,E.Sw

iezew
ska

/Progress
in

Lipid
Research

63
(2016)

70–92



developmental stage of
two true leaves

carotenoids, phytosterols • Substantial incorporation of 2H into compounds generally considered
as the MVA derived (72–93% of squalene labelled in the leaves)

• Differences in the incorporation values among the plant organs: la-
beling of monoterpenes, sesquiterpenes, terpenoid aldehydes, carot-
enoids and chlorophylls occurred preferentially in the youngest
leaves, labelling of squalene appeared only in leaves but not in roots

• The majority of 2H isoprenoid units were found in chlorophyll a and
β-carotene

• The highest accumulation of 2H isoprenoid units was in the youngest
leaves

[5,5-2H2]DX
0.27% w/v
5 days

Stevia rebaudiana Bertoni
leaves and stems of shoot
tips with four leaves

Trichome volatiles:
monoterpenes, diterpenes
(steviol glycosides),
sesquiterpenes

GC–MS
LC-ESI-MS/MS

• Both the MVA and MEP pathway contributed to sesquiterpene bio-
synthesis in glandular trichomes as incorporation rates of DX and MVL
were similar

• Incorporation rates indicated that mono- and diterpenes, in particular
steviol glycosides, are almost exclusively formed by the MEP pathway.

[62]

Other intermediates

[1-3H]MEP, 400μM
[2-14C]MEcPP 10 μM, 80
μM, 0.68 mM, 6.68 mM

Capsicum annum,
Narcissus
pseudo-narcissus isolated
chromoplast

MEcPP phytoene

Scintillation counting

• [1-3H]MEP was diverted efficiently to the MEcPP; both precursors
were efficiently converted into lipid-soluble material

• Incorporation of radioactivity from [1-14C]MEcPP into phytoene (the
main labeled component of the lipid-soluble fraction) was systemati-
cally diminished by the addition of increasing amounts of [1-3H]MEP [65]

[2,2-13C2]MEcPP NMR • In phytoene a partial scrambling of label between (Z)- and (E)-methyl
groups of DMAPP derived units and for the corresponding IPP-derived
internal units was observed and ascribed to a lack of fidelity of the
isomerase that interconverts IPP and DMAPP.

[14C]MEcPP 300 μM
3–14 h

Isolated chromoplasts
and chloroplasts of:
Capsicum annuum (red,
yellow, green pepper)
fruits; Citrus sinensis
(lemon) fruits; Citrus
paradise (grapefruit)
fruits; Musa paradisiaca
(banana) fruits; Daucus
carota L (carrot) root;
Narcissus
pseudo-narcissus
(narcissus) flowers;
Chenopodium album
(pigweed) leaves;
Chelidonium majus
(celandine) flowers;
Taraxacum officinale
(dandelion) flowers and
leaves isolated
leucoplasts; Solanum
tuberosum (potato)
tubers

Unpolar lipids (hexane
soluble), carotenoids

Liquid scintillation
counter

• Precursor was incorporated into unpolar lipids of all studied plants,
however with varying efficacy; the highest rate was observed for
chromoplast preparations isolated from the petals of narcissus and
celandine flowers and red pepper fruits (62% and) 25% of the
substrate, respectively)

• Incorporation rates into chloroplasts were considerably lower
(3–4.5%) than into chromoplasts

• Precursor was not incorporated in the leucoplasts isolated from pota-
to

• Incorporation into carotenoids of plant plastids was the most efficient
for flower petals of narcissum and dandelion

[66]

[5-13C]ME-4Ac 0.1%
or 0.5% w/v

30 days

Eucommia ulmoides
seedlings 40- to
50-day-old

Trans rubber-like
isoprenoids

13C NMR • Precursor was not incorporated into polyisoprenoids even in the
presence of the MEP pathway inhibitor

[53]
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2D NMR techniques). Both these analytical methods have their advan-
tages and limitations.

Mass spectrometry requires minute sample amounts for successful
analysis and it can be combined with chromatographic separation
(HPLC, GC), which gives an opportunity of analyzing complicated ma-
trixes and makes the analytical workup less laborious by using non-
purified or only partially purified samples. However, assigning the
label to the certain atom in the analyte molecule is possible only after
favourable and well-defined fragmentation of the molecule. Moreover,
MS methods are destructive for the sample.

NMR, a technique not destructive for the analyte, provides informa-
tion about the structure of the investigatedmolecule and defines specif-
ic positions of the incorporated isotopes even when the incorporation
rates are relatively small (2% abundance at the labelled position is re-
ported to be the threshold for 13C detection) [40]. The drawbacks of
theNMR technique are due to the fact that because of relatively low sen-
sitivity the amount of the sample required for the analysis has to be
rather high, which sometimes is difficult to achieve and can be costly
because of the price for the precursors. Prolonged timeof data collection
(sometimes several days) is often necessary to increase the signal/noise
ratio. Moreover, the analyzed sample needs to be purified to ‘chemical
homogeneity’. Even low levels of impurities in the sample, e.g. traces
of organic solvents or grease, might negatively affect the results by gen-
erating signals of high intensity. Moreover, NMR is less applicable for
mixtures of compounds and if a mixture of homologs is to be analyzed,
their relative ratio has to be known to interpret the NMR spectra. Last
but not least, NMR data are easily quantified, thus incorporation rate
optimization is necessary to avoid misinterpretation of results.

4.1.3. Methods of labelling
Metabolic labelling experiments are in fact analyses of themetabolic

fluxes, as the consecutive chemical modifications occurring along
the flow of the labelled molecule through the successive steps of the
metabolic network is analyzed. Thus, there may be two methods of
performing the experiment: steady state metabolic flux analysis or
pulse-chase analysis. In the first case, the experiment is carried out
long enough, presuming the label enrichment on each atom reaches
equilibrium and remains constant and that the whole system is meta-
bolically stable, which is determined by the measurement of changes
in substrate/product levels. This approach requires extended labelling
periods (days, weeks) [41]. In contrast, pulse and pulse-chase labelling
experiments are designed to investigate the dynamics of the metabolic
pathway by tracking the changes of the molecule labelling status over
time. It can be analyzed shortly after first exposing the organism to a
labelled precursor, and usually a short period of time (“pulse” phase)
is followed by exposition to the same unlabelled precursor, usually at
much higher concentration (“chase” phase). The “pulse-chase” type of
metabolic labelling seems to be more applicable to secondary metabo-
lism, to track label allocation in real time under specific conditions or
after elicitor treatment [42].

4.1.4. Biochemical type of precursors
The labelled biomolecule used in the metabolic labelling experi-

ments is a precursor, either established or putative, of the end product
under study. The precursor is named here ‘specific’, if used by only
one, either the MVA or MEP metabolic pathway, to form the final me-
tabolite of interest, or ‘general’ if it serves as a substrate for multiple
pathways.

A general precursor in plant cells, glucose, is utilized for the synthe-
sis of e.g. cell wall components, starch and various lipids. Via glycolysis
and the penthose phosphate pathway glucose is further converted to
pyruvate, which serves as a central cellular node, connecting carbohy-
drate, fatty acid and amino acid biosynthesis. Metabolic labelling with
a general precursor is a feasible tool to determine changes in metabolic
network and interconnection between the two pathways under specific
conditions (environmental stress, overexpression of the enzymes of the
metabolic pathway). Studies on the cross-talk between the MVA and
MEP pathways with application of the general precursor are based on
the assumption that different labelling pattern of the compound of in-
terest is observed as a result of their involvement in its production.
Therefore, it is crucial that the insightful in silico analysis of the predict-
ed labelling pattern in the compounds of interest precedes the selection
of the precursor [41].

Theoretically, application of the pathway specific precursor should
be advantageous over the general precursor in terms of incorporation
rates in the end products, as it prevents splitting of the valuable labelled
precursor towards metabolites from different routes. However, practi-
cally, precursor availability depends on a number of factors such as
transport of the precursor to the compartment of destination (mem-
brane permeability and transporters might constitute critical limita-
tions) or possible degradation of the precursor in each compartment
under experimental conditions. As the isoprenoid pathways intermedi-
ate levels are maintained in trace concentrations, accumulation of the
specific precursor might trigger detoxification mechanisms. Therefore,
it is not possible to predict the real ‘starting point’ concentration of the
precursor entering the pathway and consequently modulation of activ-
ity of some enzymes by accumulation of substrate/product and/or allo-
steric regulation is likely to happen. Furthermore, concentrations of the
specific precursor higher than native may cause over-accumulation of
downstream intermediates and trigger activation of enzyme activity
within thepathway [43]. It should be especially taken into consideration
in the case of the isoprenoid network as both MVA and MEP pathway
are multilevel-regulated, among others by the feedback mechanisms,
and these aspects remain largely undiscovered and currently are
under intensive investigation [32].

Additionally, in order to ensure a reliable result themost optimal ap-
proach would be to compare the results of parallel experiments with
differently labelled precursors (leading to different final patterns of
the labelled atoms) and to use more than one labelled substrate. Such
experimental design would eventually leave less space for speculation.
Moreover, it is recommended to apply, whenever possible, both MS
and NMR techniques — combination of these two approaches provides
deeper insight into the analyzed process.

4.1.5. Metabolic labelling of plant isoprenoids — case studies
Metabolic labelling deserved a good reputation in the field of iso-

prenoid research as repeating disproportion in the labelling patterns be-
tween the diverse isoprenoid end products eventually led to discovery
of theMEP pathway. Presently it is still used to distinguish the contribu-
tion of both pathways to the isoprenoid end product as well as for met-
abolic flux analysis to identify rate limiting enzymes in the pathways
and factors influencing their kinetics [44,45]. Selected experiments
employing metabolic labelling approach are exemplified in Table 1.

4.1.5.1. Metabolic labelling with general precursors.As the general precur-
sor is diverted to numerous metabolites in different compartments
in plant cells its application in metabolic labelling might be very infor-
mative due to concomitant labelling of a number of metabolites,
which might serve as positive or negative controls. Labelled glucose
(mono-, poly-, and uniformly labelled), CO2, acetate and pyruvate
have been successfully applied as general precursors in the investiga-
tion of the isoprenoids biosynthetic pathway [22,29,51,67].

4.1.5.1.1. Glucose. Carbohydrates serve as a predominant form of car-
bon translocation in cells, hence they arewidely used as the general pre-
cursor. Many cell cultures and in vitro cultivation of plants are routinely
performed in the presence of sucrose as themain carbon source. Never-
theless, as sucrose enters isoprenoid biosynthetic pathways after being
broken down to hexoses, it holds no clear advantage to be used in label-
ing experiments due to its high price and consequently it is hardly ever
used. In terms of stoichiometry, labelled glucose is highly applicable for
the studies of the biosynthetic origin of isoprenoids, as if properly de-
signed, it results in a highly distinctive labelling pattern of the IPP and
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DMAPP molecules derived from the each particular pathway) (Fig. 3).
Although [1-13C]glucose is most frequently used is such labelling exper-
iments other [13C]glucose isotopologues might also be used. These ex-
periments are performed in axenic conditions and usually applied to
plant models with heterotrophic or mixotrophic metabolism (tissue
cultures, cell cultures) to prevent dilution of the valuable label with
native glucose. Labelled glucose incorporation in photosynthetically ac-
tive systems was previously unsatisfactory [51]. The results obtained in
experiments designed in that way might not provide reliable informa-
tion on metabolic fluxes in a genuine plant, especially when the MEP
pathway, being so tightly connected with natural source of carbon-
photosynthesis is investigated. Indeed, exogenous sugar was shown to
modulate metabolic flow through the MEP pathway [68,69].

Additionally, what has to be taken into consideration is that carbo-
hydrates, besides their nutrition function, play a pivotal role as signaling
molecules influencing for example the gene expression pattern or the
activity of enzymes/pathways not directly connectedwith sugarmetab-
olism [70]. This is especially true in case of isoprenoid biosynthetic
pathway as it was reported that sucrose indirectly inactivates HMGR
(3-hydroxy-3-methyl-glutaryl-CoA reductase), the first enzyme of the
MVA pathway via influencing the activity of SnRK-1 (sucrose non-
fermenting-1-related protein) type kinases [71,72]. Thus, in such exper-
imental conditions the contribution of both pathways to the synthesis of
isoprenoids, especially of mixed origin, can be modified and the exper-
iment might lead to partially false conclusions.

An important, and sometimes neglected, aspect of glucose applica-
tion is the fact that it might undergo several catabolic processes within
the cell, therefore it is important to ensure that the conditions of the de-
signed experiments favour glycolysis. To verify that 13C scrambling is re-
ally minimal, supporting experimental arguments should be provided,
e.g. for labelling performed with [1-13C]glucose— clearly low 13C abun-
dance should be found for C-3 atoms in the isoprenoid unit and syn-
chronized (i.e. simultaneous and equal) labelling of specific atoms,
i.e. C-2, C-4 and C-5 for the MVA pathway and C-1 and C-5 for MEP
(see Fig. 3). If any significant scrambling occurs, equilibrated distribu-
tion of the 13C label is observed. It should be kept in mind, however,
that application of mono-labelled glucose, e.g. [1-13C] or [6-13C]glucose
leads to the unavoidable decrease of 13C abundance in the molecule of
isoprenoid of interest (50% of the initial one in the precursor) due to
the metabolic equivalence of C-1 and C-6 carbon atoms in glucose
molecule during glycolysis. It might lead to low labelling rates and
consequently result in signals of low intensity which are difficult to in-
terpret in thus obtained spectra (NMR, MS). This problem is usually
avoided by application of highly 13C-enriched precursor, and especially
by the usage of [1,6-13C2]glucose. The labelling pattern of selected
isoprenoids obtained upon feeding by the latter precursor is presented
Fig. 3. MVA and MEP pathway-specific labelling pattern of isoprene residues resulting
from glucose catabolism via glycolysis. Fate of the respective carbon atoms is depicted
by the graphical symbols, metabolically equivalent carbon atoms of glucose molecule
are indicated.
in Fig. 4. Despite those obvious obstacles, conclusions obtained so far
on the basis of metabolic labelling with glucose have never been
questioned when confronted with the results of experiments based on
other methodological approaches. Nevertheless, it should be pointed
out that in such experimental conditions the contribution of both
pathways to the synthesis of isoprenoids of mixed origin might be
remodeled and might lead to incorrect conclusions. A quantitative ap-
proach, aimed at estimation of the extent and the mode of exchange
of intermediates between theMVA andMEP pathways, requires sophis-
ticated and laborious statistical interpretation of the experimental
results, e.g. [29].

4.1.5.1.2. Carbon dioxide. Metabolic labelling with another general
precursor, CO2, has also been used for a long time during isoprenoid
biosynthesis investigations starting from the earliest studies in 1950s
and including studies on the alternative, at that time putative, non-
mevalonate pathway in plant plastids. In these experiments 14CO2 has
been efficiently incorporated into chloroplastic isoprenoids (phytol, ca-
rotenoids, plastquinone) but at the same time— poorly into sterols and
ubiquinone, which indicated the presence of the separate pathways in
different compartments [73].

Steady-state metabolic labelling with CO2 cannot be used to differ-
entiate between the MEP and MVA pathways as in the stationary state
all carbon atoms would be labelled. Thus, in this case isotopically non-
stationary state metabolic flux analysis (INST-MFA) is usually applied.
During this analysis the labelled compound is supplied to the metabol-
ically stable system (for plants — stage of development with the maxi-
mum biomass, before the entering reproductive stage), followed by
analysis of the label distributions at several time points before the isoto-
pic equilibrium is reached [74,75]. This method has several advantages.
Firstly, it is designed for phototrophic tissues and can be easily applied
to the whole plants under in vivo conditions. Secondly, introduction of
the labelled CO2 does not interfere with the metabolic dynamics of the
pathway (the same concentration of labelled CO2 is used as in the atmo-
sphere), presuming that label distribution reflects the native metabolic
flow. The practical aspects of the INST-MFAmethod in plant systemshas
been recently covered by Jazmin et al. [75] and the design of a device for
a single Arabidopsis thaliana leaf labelling with CO2 was presented by
Kölling et al. [76]. Analysis of metabolic flux based on 13CO2 labelling
does not constitute a direct method of investigation of the cross-talk
between MVA and MEP pathways, but it may give some indications
on the involvement of intermediates from different compartments
into plastidic isoprenoids. If the compound is labelled to a lesser extent
than predicted for the MEP pathway (based on metabolic flux analysis
or MEP derived intermediate incorporation) its MEP origin is less plau-
sible. Such analysis should include tracking of labelling of the isoprenoid
under investigation together with other isoprenoids known to be de-
rived from the MVA and MEP pathway in the course of time.

CO2 pulse labelling has also been applied to identify the MEP origin
of artemisinin from Artemisia annua. To achieve this, a systematic anal-
ysis of 13C NMR spectra by spectra deconvolution affording abundances
for individual isotopologues is used. This approach is based on the ear-
lier observations that intensities of 13C NMR signals, and notably those
parts of the signals arising by 13C–13C spin coupling, are proportional
to the sum of the abundances (in mol%) of certain sets of isotopologues,
and the abundances of individual isotopologues can be extracted by
linear deconvolution [77].

Although not fully decisive and relatively difficult to execute, appli-
cation of 13CO2 is useful in the experiments with intact mature plants
as themetabolic labellingwith glucosemight result in this case in unsat-
isfactory incorporation because of photosynthesis. In photoautotrophic
experimental models high dilution of the label with native intermedi-
ates may hinder label incorporation and mask the actual biosynthetic
mechanism.

Recently performed feeding experimentswith 13CO2 deserve special
attention in the context of regulation of the flux through theMEP path-
way. Ghirardo et al. [78] used this tool in an elegant experiment



Fig. 4.Glucose inmetabolic labelling of isoprenoids. Shown is the theoretically predicted labelling pattern of β-sitosterol and β-carotene expected for biosynthesis of these isoprenoids via
either theMVA (yellow circles) orMEP (green circles) pathways using [1,6-13C]glucose as biosynthetic precursor. Black circles denote position of 13C atoms in the glucosemolecule. Carbon
numbers in β-sitosterol and β-carotene indicate their origin from IPP, common precursor for all isoprenoids. Note that C-5 carbon atoms of IPP and respective atoms in β-sitosterol and
β-carotene molecules are labelled from both pathways. (IPP, isopentenyl diphosphate).
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designed to demonstrate differences in the regulation of carbon flux
within theMEP pathway between the isoprene emitting (IE) and genet-
ically transformed, non-emitting (NE) poplar leaves towards volatile
(isoprene, monoterpene) as well as nonvolatile isoprenoids. In IE lines
major flux of photosynthetic carbon was allocated towards isoprene
synthesis. Interestingly, NE lines did not present redirection of the ac-
quired carbon towards other MEP pathway products (photosynthetic
pigments) but, instead, a drastic reduction of the flux through the
pathway. This tight control, adjusted to the demand for isoprenoid
compounds, was to great extent achieved by the reported earlier
allosteric inhibition of deoxy-D-xylulose 5-phosphate synthase (DXS)
activity by DMAPP and IPP [79]. In line with this, the rate-limiting
character of DXS was confirmed in another study with 13CO2 labelling
of A. thaliana lineswith altered activity of this enzyme [45]. Surprisingly,
labelling patterns of the MEP pathway intermediates indicated the
presence of the additional pool of 2C-methyl-D-erythritol 2,4-
cyclodiphosphate (MEcPP) remaining unlabelled under applied experi-
mental conditions, in lines with upregulated DXS. It was suggested that
the excess of MEcPPmight be translocated from plastid to the other cel-
lular compartment. In the subsequent study a metabolic route leading
to the formation of glucosylated ME tetraol 2-C-methyl-D-erythritol
(ME-glcs) from the accumulatedMEcPPwas identified [80]. Interesting-
ly, the small rate of formation of ME-glcs was also identified in plant
lines without the MEP pathway intermediate imbalance. ME-glcs pre-
sumably serve as the inactivated form of the MEcPP, compound with
the stress inducing potential [81]. However, short term 13CO2 labelling
orchestrated with MEP pathway inhibitors treatment of the MEP path-
way proved that ME-glcs are synthesized from the preexisting rather
than newly synthesized cellular pool of precursors. These very recent
discoveries seem extremely interesting in the light of the current inten-
sive efforts to increase economically desired isoprenoids but also point
to the direction of the future studies.

4.1.5.1.3. Acetyl CoA and pyruvate/D-glyceraldehyde 3-phosphate. Ace-
tyl CoA (Ac-CoA) and pyruvate/D-glyceraldehyde 3-phosphate (Pyr/
GAP) are the direct substrates of the first dedicated enzymes of the
MVA andMEP pathway, respectively (Fig. 2). Experimentswith labelled
acetate and pyruvate were the cornerstone of the discovery of the
plastidic pathway of plant isoprenoid biosynthesis [82]. Currently,
they are rarely used in the investigation of isoprenoid biosynthesis. As
besides isoprenoid biosynthesis these precursors are channeled to
other pathways (e.g. biosynthesis of fatty acids and amino acids, tricar-
boxylic acid cycle) they are not specific precursors for the MVA/MEP
pathways. Moreover, since neither Ac-CoA nor Pyr/GAP may serve as
the sole carbon source for plant cultures they are also not used as gen-
eral precursors. For these reasons application of glucose as the general
precursor or pathway specific precursors described below seems a far
more convenient and informative option in metabolic labelling
experiments.

4.1.5.2. Metabolic labelling with pathway-specific precursors. Mevalonic
acid (MVA) and 1-deoxy-D-xylulose (DX) are predominantly used as
the specific precursors (Figs. 5 and 6) of theMVA andMEP pathway, re-
spectively, in the metabolic labelling experiments (e.g., [20,30,62]).
Both these compounds are produced by the key enzymes of the respec-
tive pathway (Fig. 2). HMGR synthesizes mevalonic acid through
NADPH-dependent two-fold reduction of the HMG-CoA and DXS catal-
yses condensation of pyruvate and D-glyceraldehyde 3-phosphate to
yield 1-deoxy-D-xylulose phosphate (DXP).While mevalonic acid is en-
gaged exclusively in the isoprenoid biosynthesis, DXP was assumed to
serve in a plant cell, similarly to E. coli, also as the precursor in the bio-
synthetic routes for vitamins B1 (thiamine) and B6 (pyridoxal) [83].
Competition for DXPmight thus influence the rate of label incorporation
into the isoprenoids. However,more recently a novel, DXP-independent
route of vitamin B6 biosynthesis was demonstrated for Arabidopsis,
utilizing intermediates from pentose phosphate pathway rather
than the MEP pathway [84,85]. As the MVA and MEP pathways are
compartmentalised, labelling with pathway specific precursors should
lead to similar isotopic enrichment in themolecules of isoprenoid com-
pounds built up of isoprenoid units synthesized in the same compart-
ment. Also the labelling pattern on the isoprenoids of “mixed origin”
should be easy distinguishable.
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In metabolic labelling experiments plants or plant cell cultures are
fed with DX or MVL (mevalonolactone) as those compounds are well
absorbed (however, in the latter case open acid form can be more ad-
vantageous in some experimental models i.e. BY-2 cells [30]). In order
to enter the respective metabolic pathway they have to undergo some
chemicalmodifications. DX is efficiently phosphorylated by cytoplasmic
D-xylulose kinase (DXK) [86], and in the phosphorylated form is
transported across the chloroplast membrane, most likely by xylulose
5-phosphate translocator [25]. Although in A. thaliana also a plastidic
DXK has been identified, it clearly cannot compensate for the lack of
cytosolic DXK either functionally complement E. coli DXK knockout
mutants [86]. These observations suggest that cytosolic and plastidic
DXK play distinct functions in a plant cell.

MVL requires conversion to the ‘open’ acid form (mevalonic acid) to
be phosphorylated by mevalonate kinase (MVK), and hydrolysis of lac-
tone apparently takes place within the cell. In the classical research on
isolated rat hepatocytes Edwards et al. [87] found that although meva-
lonic acid is phosphorylated by MVK more rapidly than its lactone,
after metabolic feeding to cells higher incorporation rates into sterols
were obtained with mevalonolactone [87]. This was probably due to
the more efficient uptake of the less polar lactone than acid by cells, as
observed also for plant model — feeding of snapdragon flowers [60].
Presently, both MVA and MVL are successfully used in metabolic label-
ling studies in plants. Protocols for organic synthesis of labelled DX
and MVL are available [88,89]. Moreover, highly enriched deuterated
MVL (98% 2H) may be synthesized by using an isotope exchange
method [60].

Unlike some others intermediates of the isoprenoid biosynthetic
pathways, neither DX nor MVA exert toxic or inhibitory effects per se
unless used in high concentrations, multiple fold exceeding estimated
cellular concentration — for DX pmol/mg of dry leaf tissue, e.g., DX
concentration higher than 3mM affected photosynthesis in the leaves
of Eucalyptus globulus [64]. These observations prove the ability of the
isoprenoid biosynthetic network to rapidly adjust to the conditions in-
terfering with carbon flux, although species-dependent variation can-
not be excluded. Keeping these results in mind, it seems reasonable to
measure the intermediate concentration in the course of metabolic la-
belling experiments in order to monitor the flow of the labelled precur-
sors. For both, the MVA and MEP, pathways protocols for such a
complex metabolite profiling have been developed [90,91].
Fig. 5. Labelling pattern of isoprene residue resulting from application of theMVA orMEP
pathway-specific precursors, mevalonate (MVA) and 1-deoxy-D-xylulose (DX) labelled at
different positions. Fate of each carbon atom is depicted by the graphical symbols. Please
note that C-1 of mevalonic acid is not incorporated into isoprenoids due to the
decarboxylation of mevalonate-5-diphosphate in the course of the IPP formation.
As either DX orMVA are not accumulated by cells, their supplemen-
tation might also affect the level of various up- and downstream inter-
mediates and in turn modulate the activity of particular enzymes and
consequently perturb the activity of the corresponding pathway. It has
been shown, for example, that HMGR activity was inhibited by HMG-
CoA and free CoA in Pisum sativum and by NADPH and NADP+ in radish
but not by mevalonate [92,93]. MVK, the next enzyme of the pathway,
seems to be highly regulated by several downstream metabolites
(mainly FPP, but also IPP, DMAPP, GPP or even phytyl diphosphate de-
rived from the MEP pathway) [94,95]. Similarly, the plastidic pool of
DMAPP negatively regulates activity DXS, efficiently maintaining con-
stant carbon flux through the pathway [64,79]. It might be crucial in
the light of the fact that MeCPP acts as a retrograde signalling molecule,
influencing the expression of nuclear stress responsive genes and there-
by seems to be a master regulator modulating whole plant metabolism
[81].

It should be also noted that feeding by specific precursors might
result in perturbations in enzymatic steps downstream the synthesis
of IPP/DMAPP and lead to potential pitfalls in quantitative metabolic
elucidations. For example in pulse chase experiments, metabolic label-
ling of various isoprenoids in cotton seedlingswith labelledMVA result-
ed in accumulation of sterol biosynthesis intermediates (squalene,
cycloartenol and 24-methylene cycloartenol), which caused decreased
label flux towards the end products, and Δ24-sterol methyltransferase
turned out to be a rate limiting enzyme in the presence of exogenously
supplied MVL [61].

Intermediates from the MVA and MEP pathways other than MVL/
MVA and DX are not routinely used in metabolic labelling. Worth re-
membering was the observation that labelled ME — the dephosphory-
lated form of the MEP pathway intermediate — was not incorporated
into isoprenoids in Catharanthus roseus [96] most probably due to the
lack of the corresponding kinase in plant cells. In turn, exogenous
MEcPP was incorporated into the lipid fraction of chromoplasts, leuco-
plasts, amyloplasts and chloroplasts of different plant species. Some var-
iable labelling efficiency depending on plant species and type of plastid
[65,66]was noted, very low in case of chloroplasts [66]. Taking into con-
sideration that the uptake of compounds containing phosphate groups
by plant cells and tissues is not efficient, DX andMVA/MVL are constant-
ly the most reliable candidates for metabolic labelling experiments.

4.1.5.3. Isoprenoids as precursors. Labelling with isoprenoids does
not permit to directly address the question of the MVA/MEP origin of
the compound of interest although various aspects of metabolic path-
ways have been elucidated with this approach. IPP, GPP and, with
lower efficiency, DMAPP and FPP were found to be transported across
the plastidial envelope in experiments with intact chloroplasts and pro-
teoliposomes containing reconstituted inner plastidial proteins [26,97].
Moreover, both MVA and MEP pathways give rise to separate pools of
geranylgeranyl diphosphate (GGPP) and conceivably farnesyl diphos-
phate (FPP) [3,38] and in line with this, GGPP synthases accepting
both GPP and FPP as the substrates might be localized in plastids, ER
and mitochondria in A. thaliana [98]. In fact some GGPPS are recently
called isoprenoid diphosphate synthases due to their promiscuous
product specificity [99].

Labelled trans-farnesol (FOH) has been efficiently incorporated
into the phytosterols, prenyl side chain of ubiquinone [100] and
sesquiterpenoids upon treatment with the elicitor when incubated
with N. tabacum cell cultures [23], however, in higher concentrations
it caused inhibition of cell division [101]. Later, incubation of
N. tabacum cells with fluorescent analog of farnesol proved the severe
cytotoxic effect above a critical concentration (approx. 50 μM) leading
to plasma membrane disruption and appearance of vesicle-like struc-
tures [102]. This effect seems to be specifically farnesol-induced as for
other isoprenoid alcohols like geraniol, geranylgeraniol (GOH, GGOH),
toxic concentration threshold was much higher or this effect was not
observed at all.



Fig. 6.Metabolic labelling of isoprenoidswith deuterium labelled specific precursors of theMVAorMEP pathway, [(2H3)methyl]MVAor [5,5-2H2]DX. Expected labelling pattern of selected
isoprenoids— end products of both pathways are shown. Position and number of incorporated deuterium atoms is depicted. Please note that some deuterium atoms of [5,5-2H2]DXP are
eliminated upon formation of abscisic acid or carotenoids.
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Cross-talk of the MEP and MVA pathway is also mirrored in post-
translational modification of proteins — geranylgeranylation and
farnesylation. Protein prenylation is crucial for functioning of numerous
proteins and consequently for a number of metabolic processes such as
phytohormone signalling, meristem development and stress responses
[103–106] and references therein. This modification is predicted to
affect hundreds of proteins in plant cell and is thought to increase pro-
tein affinity towards membranes. Prenylated proteins usually locate
outside of plastids (plasma membrane, nuclear and mitochondrial
fractions). The classical protocol for investigating farnesylation/
geranylgeranylation comprises incubationwith a radiolabelled isopren-
oid anchor precursor: FOH, GGOH as well as MVL or DX, separation of
proteins by one dimensional SDS or two dimensional high resolution
2D electrophoresis and subjecting gels to radiography/fluorography
for days/weeks [30,107]. More recently, a faster and more sensitive
method using scanner of radioactivity to trace the labelled prenyl an-
chor of the targeted protein has been described [108]. Incorporation of
the radioactivity after incubation of N. tabacum cells with [2-14C]DX
into the low molecular weight proteins strongly suggested the MEP
but not MVA biosynthetic origin of prenyl anchor [109]. The same re-
searchers designed an elegant reporter system for investigation of pro-
tein geranylgeranylation and identified the factors influencing this
process [110]. In this model, BY-2 cells were transformed to express
green fluorescent protein (GFP) fused with a short peptide bearing ca-
nonic sequence for geranylgeranylation. This model allowed to prove
the existence of the cross-talk between the MEP and MVA pathways
in this process since upon combination of inhibitors of both pathways
prenylation of the fusion protein was completely abolished. Further-
more, very recent comprehensive study has shown that production of
MVA-derived sesquiterpenoid — capsidiol in N. tabacum requires MEP
driven geranylgeranylation of a yet unidentified protein [111]. Interest-
ingly, a monoterpene— S-carvonewas also identified as the inhibitor of
protein prenyltransferase (PPT).
4.1.5.4. Interpretation of theMS data. It should be emphasized that results
ofmetabolic labelling, either with general or specific precursors, require
careful considerations. Moreover, whenever possible quantitative anal-
ysis of NMR and especiallyMS data should be performed. An interesting
method for quantification of MS data has been established for mono-
(myrcene, ocimene) and sesquiterpenes (nerolidol) emitted by snap-
dragon flowers fedwith deuterated DX orMVL. The percentage of label-
ling was determined as the intensity of the shifted representative
fragment ion, divided by the sumof intensities for unshifted and shifted
representative fragment ions [60]. In more recent publication, labelling
incorporation from the [13C]MVL and [2H2]DX specific precursors into a
broad scope of isoprenoids was quantified likewise. Additionally, natu-
ral abundance of 13C as well as variation in the number of C5 units and
biosynthetic rates of selected isoprenoid compounds was taken into ac-
count [61]. This approach allowed the accurate evaluation of the relative
contribution of both, the MVA and MEP pathway, into biosynthesis of
investigated isoprenoids and showed high level of the cross-talk, even
in the group of compounds classically ascribed exclusively to the one
or another pathway (sterols, carotenoids). Therefore, critical evaluation
of the raw incorporation data in the context of a knowledge of theMVA
andMEP pathway dynamics, e.g. circadian clock driven flux through the
MEP pathway [60] should be performed to achieve meaningful
conclusions.
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4.2. Non-labelling approach — 13C/12C and 2H/1H ratio as indicator of the
biosynthetic pathway

Methods of investigation of the biosynthetic origin of isoprenoids
described above require, to greater or lesser extent, artificial i.e. external
‘intervention’ into the native cellular metabolic process and certainly
are not neutral for a highly responsive plant metabolism. Thus, the re-
sults and conclusions are vitiated by unavoidable errors and always
raise doubts concerning their relevance. The ideal tool should be ‘meta-
bolically transparent’, i.e. not interferingwith plantmetabolism and not
involving any exogenous substance.

These objectives appear to be met by carbon isotopic composition
(13C/12C) assessment in the molecules of the isoprenoids of interest.
Thismethod takes advantage of the variable abundances of naturally oc-
curring 13C/12C carbon isotopes in the isoprenoidmolecule under inves-
tigation, which is dependent on its MVA or MEP pathway biosynthetic
origin. This is possible due to the kinetic isotope fractionation, which
takes place when one of the isotopes present in the substrate is pre-
ferred to the other by the enzyme [112]. A pronounced discrimination
of isotopes is exhibited by pyruvate dehydrogenase, which catalyzes de-
carboxylation of pyruvate to produce acetyl-CoA with preference to-
ward “lighter” carbon (12C) isotopes. Three molecules of acetyl-CoA
yield 13C depletedmevalonic acid, a specific precursor of theMVA path-
way. Generation of the MEP pathway precursor, DXP, requires only one
decarboxylation of pyruvate. Intact glyceraldehyde 3-phosphate (GAP)
of natural 13C abundance is incorporated in the final molecule of the
‘heavier’ precursor DXP. Consequently, these reactions result in a clear
difference between carbon 12C/13C isotopic ratio of precursors of
mevalonic acid vs. deoxyxylulose phosphate and in the end products
produced via one or the other pathway [112].

The isotopic ratio in the molecules of the compounds of interest is
analyzed using Isotope Rate Mass Spectrometry (IRMS) comprising
gas chromatography, with online combustion or pyrolysis of the eluted
molecules to CO2, coupled to the mass spectrometer [112–114]. By this
means (δ)13C values are calculated where (δ)13C [‰] refers to 13C iso-
tope ratio compared to a standard: (δ)13C [‰] = (Rsam / Rstd −
1) × 1000 where the Rsam and Rstd are absolute ratios 13C/12C ratios
of a sample and standard, respectively. Standard here corresponds to
limestone (Pee Dee Belemnite) or another carbonatewith a known, sta-
ble 13C/12C ratio. This tool was applied to prove the mixed origin of the
homoterpene (3E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), in lima
bean upon treatment with elicitor. Indeed, (δ)13C values calculated for
DMNT after incubation of lima beans with cerivastatin, a specific inhib-
itor of the MVA pathway, were similar to those displayed by the typical
MEP derived isoprenoid-ocimene, whereas while after inhibition with
fosmidomycin, the DMNT (δ)13C value was substantially lower, indicat-
ing its biosynthesis via theMVA pathway. These resultswere confirmed
by treatment with elicitors channelling intermediates toward DMNT
production either via the MVA and MEP pathway (herbivore feeding
or fungal elicitor, respectively). Similarly to inhibitor treatment also in
this case compensation from the alternative pathway was reflected by
shifts in the isotopic ratio in DMNT.

(δ)2H values might also indicate the biosynthetic origin of
isoprenoids, as products of the MEP pathway seem to be depleted in
2H in comparison to those of the MVA pathway [115]. It is proposed
that this depletion is a consequence of distinct cytoplasmic and plastid-
ial pools of NADPH being separately engaged in isoprenoid biosynthesis
in respective compartments [116]. This approach was applied to eluci-
date the biosynthetic origin of the sesquiterpene (−)-α bisabolol in dif-
ferent plant species. Analyses revealed that in contrast toVanillosmopsis,
α bisabolol isolated from chamomile shows a 2H distribution pattern
similar to the one expected for theMEP pathway suggesting its involve-
ment in the biosynthesis of (−)-α bisabolol in some, but not all, plant
species [117]. Both IRMS and 2H NMR SNIF-NMR (site-specific natural
isotope fractionation) methods permit to evaluate the contribution of
the MEP and MVA pathways to the biosynthesis of isoprenoids of
mixed origin. While IRMS analysis gives an insight into global 12C/13C
ratio in themolecule SNIF-NMR is a quantitativemethodwhich delivers
information on local 13C or 2H enrichment hereby creating possibility of
elucidation of exchanged intermediate(s) [118,119]. Moreover, 13C
SNIF-NMR methods of analysis of 13C distribution are currently being
optimized [120]. Although (δ)13C and also (δ)2H values are distinctive
for particular isoprenoid compound and depend on plant class, photo-
synthesis mode (isoprenoids of C4 plants like maize are more strongly
depleted of 2H and 13C than of C3 plants), growth conditions and envi-
ronmental cues, substantial differences of these values described
above led to the identification of the relative contribution of the MVA
and MEP pathway to their formation [121,122]. Substantial differences
of these values between the MVA and MEP pathway-derived
isoprenoids allow to identify relative contribution of each pathway to
their formation.

In conclusion, analysis of natural abundance of stable isotopes seems
advantageous since it provides relevant information on the biosynthetic
origin of natural products without the interventions into the metabolic
flux. In contrast, isotopic enrichment followed after metabolic labelling
might potentially disturb intracellular metabolic flux and intermediate
allocation within the pathway during the experiments [123]. However,
limitations of this method (low sensitivity, insufficiently resolved spec-
tra) make the determination of the 1H/2H ratio in each position of the
molecule very complicated if not virtually impossible. Additional re-
striction of IRMS comes from the fact that the gas chromatography
method applied in this methodology is suitable exclusively for volatile
compounds. Though it is unlikely that the measurement of natural dis-
tribution of stable isotopeswill replacemetabolic labelling experiments,
it seems a highly valuable entry on the list of tools used in the investiga-
tion of isoprenoid biosynthesis.

4.3. MVA and MEP pathway inhibitors and investigation of the cross-talk

Application of specific, efficient inhibitors of crucial enzymes of the
pathway affects accumulation of the end products of this route. In case
of ‘mosaic’ isoprenoid compounds synthesized due to contribution of
both pathways, inhibitors of both of them should interfere with its syn-
thesis (e.g., [29,111]). Application of a labelled analogue of the product
of a blocked enzyme in combination with this inhibitor may increase
incorporation rate in the end products by minimizing dilution by the
unlabelled native compound. For both the MVA and MEP pathways in-
hibitors are available, and their application is well documented in the
literature. These inhibitors are of great importance not only for investi-
gations on isoprenoid synthesis but also for the pharmacological
industry.

Inhibitors of the MVA pathway, statins, competitively inhibiting
HMGR — the rate limiting enzyme of this pathway — lower cholesterol
levels, and as anti-cardiovascular disease agents are number one among
themost prescribed drugs in theworld [124]. Statins comprise metabo-
lites of fungal origin (mevastatin, lovastatin, pravastatin and simvastat-
in) and statin-like synthetic compounds (atorvastatin, fluvastatin).
All statins contain a HMG-like moiety, either in an inactive lactone
formwhich in vivo is hydrolysed to the active hydroxyl acid (lovastatin,
simvastatin), or in the already active ‘open’ form (atorvastatin,
rosuvastatin). Despite structural differences, all statins act as competi-
tive inhibitors of HMGR, however, they exhibit the tendency to tightly
bind to the enzyme [93]. Access of the native substrate HMG-CoA to
the enzyme is blocked while statins are tightly bound to the substrate
binding pocket [125]. In plant studies lovastatin/mevinolin is the most
often used inhibitor of HMGR [126] and atorvastatin is used far less fre-
quently [127]. Inhibitors in lactone form are poorly soluble in aqueous
solutions. To maximize their solubility in plant growth media they
should be applied as an ethanolic solution [128]. Otherwise, conversion
of the lactone form into the water soluble sodium salt is recommended
[129]. Influence of both mevinolin and atorvastatin on isoprenoid me-
tabolismwas investigated in the aquatic plant Lemna giba [130]. Besides
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biochemical results, this article provides a number of valuable method-
ological and experimental suggestions such as statin solubility and
exposure concentration.

MEP pathway inhibitors are tested as potential therapeutics against
many human pathogens (Plasmodium falciparum, Mycobacterium
tuberculosis, Pseudomonas aeruginosa) since the MEP pathway is the
only source of indispensable isoprenoids in these pathogens, and on
the other hand the MEP pathway is absent from mammalian cells
[131,132]. Moreover, some herbicides are based on interference with
the MEP pathway and at present it is the field of very extensive studies
[133,134]. Clomazone (CLM, 2-[(2-chlorophenyl)methyl]-4,4-dimeth-
yl-3-isoxazolidinone) and fosmidomycin (FSM) are applied as specific
inhibitors of theMEPpathway. Clomazonehas been alsoused in agricul-
ture as a bleaching herbicide. Later on, it was discovered that it blocks
production of plastidic isoprenoids by inhibiting the first enzyme of
the MEP pathway, DXS [135]. The inhibitory effect is caused not by
clomazone itself but by its metabolite, oxoclomazone. Some plant spe-
cies (tobacco, soybean) are resistant or highly tolerant to CLM due to
the lack of a pathway responsible for its bioconversion to the active
compounds or due to detoxification [135], and the tolerance levels
may differ between varieties of the same species [136]. Currently,
many novel inhibitors of the MEP pathway, candidates for antimalarial
drugs and new generation antibiotics are FSM analogues [137,138].
FSM, originally isolated from Streptomyces lavenduae, is a competitive
inhibitor of the DXR [139]. Although not approved as a drug because
of the unfavourable pharmacokinetics, it is commonly used in plant re-
search. Similarly to CLM, it causes bleaching and decrease of the content
of photosynthetic pigments. Interestingly, there are some discrete dif-
ferences between the phenotype of CLM and FSM treated plants. Both
cotyledon and true leaf bleaching was observed for plants growing in
medium supplemented with FSM, but only true leaves were affected
when plants were grown in the presence of CLM [140]. Treatment
with both inhibitors results in strong bleaching of young expanding
leaves, while only a slight effect is noted for mature leaves which may
indicate that photosynthetic pigment turnover in mature leaves is
slow [20,140]. MEP pathway inhibitors cause growth inhibition in to-
bacco BY-2 cells, callus as well as S. miltiorhizza hairy roots, but it was
less severe that upon statin treatment.Most probably deprivation of ste-
rols, main component of cellular membranes causes more severe per-
turbations in plant growth than lowering of the levels of MEP
pathway end products [30,129,139]. Specific inhibitors shut down the
corresponding pathway and inhibit synthesis of their end products in
the micromolar (μM) concentration range (Table 2). Blocking of either
of the pathwayswith higher concentrations of inhibitor became eventu-
ally lethal, despite the flow of the precursors from the alternative path-
way ([20] and references therein). Obviously, one route is not able to
meet the requirements of plant cells for isoprenoids. Additionally, the
phytotoxic effect of the inhibitor not connectedwith decreased isopren-
oid production cannot be excluded. On the other hand, increased resis-
tance of plants to thementioned inhibitors [147] is usually attributed to
the supplementation with intermediates from the alternative pathway
or bioconversion of the inhibitor, which results in modulation of its
properties in plant cells. The optimal sublethal concentration of the in-
hibitor should be carefully established for the particular experimental
model (e.g., for cell cultures lower than for the plants), developmental
stages (for seedlings lower than for mature plants), growth conditions
(light intensity, temperature), plant species and duration of the treat-
ment (available data are summarized in Table 2).

Inevitably, applying exogenous substances to block the biosynthesis
of such vital compounds as isoprenoids triggers modification of the ac-
tivity of the targeted as well as other enzymes of the MVA and MEP
pathways at various levels of regulation (transcriptional, post-
transcriptional, translational, post-translational), and this seems to be
species- and tissue-dependent. For example, in inhibitor-treated
A. thaliana seedlings, changes of the isoprenoid levels were not reflected
in the transcription profile of the genes encoding enzymes either of the
MEP orMVApathway [128]. In contrast, fosmidomycin caused accumu-
lation of DXS and DXR transcripts in Salvia militiorhizza hairy roots and
in tomato fruit [129,148]. Additionally, during incubation with inhibi-
tors, lovastatin or fosmidomycin, the transcription pattern of hundreds
of genes not directly involved in the MVA and MEP pathways was al-
tered [128] indicating the profound influence of these chemicals on
the plant metabolic network. Combination of the inhibitor treatment
withmetabolic labelling by specific precursors of the pathway led to in-
creased incorporation of the labelled precursors in pathway end prod-
ucts (e.g. [44]). Besides the typical inhibitors of the MVA/MEP
enzymes, inhibitors of other enzymes/processes appeared useful for
investigation of the cross-talk between MVA and MEP pathway. DL-
Glyceraldehyde— an inhibitor of carbon assimilation during photosyn-
thesis and sodiumpyrophosphate (NaPP)—were both used to interfere
with IPP translocation across the plastidmembrane [129,149]. Although
these chemicals inhibited production of particular isoprenoids in a
concentration-dependent manner and strengthened the inhibitory ef-
fect of fosmidomycin andmevinolin, themechanism of their activity re-
mains unclear.

Taken together, some precautions have to be kept in mind when
interpreting results obtained from inhibitor treatment. In order to
achieve reliable results, a broader experimental scheme employing
other toolsmentioned in this review (e.g. metabolic labelling) is strong-
ly advised. Further analysis may reveal the actual character of the MVA
and MEP pathway cooperation (exchanging of precursors or engage-
ment of the regulatorymechanisms employing e.g. protein prenylation)
[111]. For example, inhibitor treatment and, in parallel, other toolswere
used to describe the contribution of both theMVAandMEP pathways to
biosynthesis of several isoprenoids, e.g. dolichols in C. geoides [29],
tanshinones in S. miltiorhizza [129] ginsenosides in ginseng [142] and
artemisinin in A. annua [143].

5. Genetic tools to elucidate the origin of plant isoprenoids and
cross-talk between the MVA and MEP pathway

Studies on the biosynthesis of isoprenoids described above were
based on chemical intervention in plant cell metabolism. Besides,
targeted genetic modification of the particular gene(s) appeared useful
to elucidate the origin of the isoprenoid of interest and contribution of
the MVA and MEP pathways to its formation. Keeping in mind reserva-
tions described for application of precursors or inhibitors, this genetic
block overcomes some serious drawbacks of the chemical treatments.
This goal is achieved by generation of mutant lines with altered level
of accumulation of the investigated isoprenoid. Numerous mutants
have been described and are available, e.g. T-DNA insertion mutants
for Arabidopsis [150].

5.1. Mutants in genes encoding enzymes of the MVA/MEP pathway

Using null mutant plants deprived of functional enzymes ormutants
with substantially decreased activity of the enzymes of either the MVA
or MEP pathway seems a powerful tool to investigate cross-talk of
these pathways. Selected examples are listed in Table 3 to illustrate
the applicability of this approach.

In thewell characterized plant model A. thaliana six enzymatic steps
constituting the MVA pathway are encoded by nine genes including
three isozyme pairs: AACT (AcAC-CoA thiolase), HMGR (3-hydroxy-3-
methylglutaryl-CoA reductase) and diphospho-mevalonate decarboxyl-
ase [177]. Surprisingly, despite the long-lasting studies on the MVA
pathway, limited data on funct.ional analysis of enzymes encoded by
the MVA pathway genes are available, and this topic is currently still
under extensive investigation in various plant species. Nevertheless,
analysis of accessible knockout mutants has shown that isoforms of en-
zymes within the MVA pathway are not fully redundant [154]. In the
majority of plant species theMEP pathway enzymes are encoded by sin-
gle copy genes with the well-known exception of DXS, as several DXS-



Table 2
Effect of pathway-specific inhibitors on plant metabolism. Selected plant models together with the applied concentration of inhibitor are presented. MEV — mevinolin, FSM — fosmidomycin, CLM— clomazone, DLG — D,L-glyceraldehyde.

Plant experimental model/stage of
development

Inhibitor concentration
time of treatment

Compound of interest Observations Reference

Taxus baccata suspension culture
elicited with methyl jasmonate

MEV (1 μM)
22 days

Diterpenoid paclitaxel and precursor of
paclitaxel — baccatin III

Slight inhibition of paclitaxel accumulation, no influence on baccatin III accumulation [141]

FSM (200 μM)
22 days

Inhibition of paclitaxel and baccatin III accumulation

Salvia miltiorrhiza hairy roots
18 days old

MEV (10 μM)
6 days

Diterpenoid tanshinones
(cryptotanshinones, tanshinone I and II,
dihydrotanshinone I)

Root growth inhibition (to 66% of control), reduction of tanshinones accumulation [128]

FSM (150 μM)
6 days

Root growth inhibition (to 75% of control); reduction of tanshinones accumulation

DLG (1 mM)
6 days

No influence on root growth or tanshinones biosynthesis but strengthen inhibitory effect of MEV and FSM

Panax ginseng hairy root culture MEV (50 μM)
7 days

Ginsenosides Root growth inhibition, reduction of ginsenoside accumulation (42% of control) [142]

FSM (50 μM)
7 days

Root growth inhibition, reduction of ginsenoside accumulation (58% of control)

Artemisia annua seedlings 7 or
14 days post cotyledon

MEV (100 μM)
7 or 14 days

Artemisinin Inhibition of shoots and roots elongation, biomass not affected, inhibition of artemisin accumulation [142]

FSM (100 μM)
7 or 14 days

7 days: chlorosis (younger plants more affected); 14 days: chlorosis, root inhibition, inhibition of
artemisinin accumulation

MEV + FSM
14 days

Artemisin production abolished in 7 days old plants

A. thaliana hydroponically grown
plants 6 weeks old

MEV (10 μM)
8 days

Growth inhibition (lack of inflorescence shoots formation), numerous phenotypic abnormalities [20]

FSM (50 μM)
6 days

Downregulation of photosynthetic pigments (bleaching of leaves, albino phenotype of de novo formed
inflorescence shoots)

A. thaliana seedlings

MEV (100 μM)
Up to 96 h

Main MEP pathway end products
(carotenoids and chlorophylls) and MVA
pathway end products (sterols)

Changes in lipid content are presented as percent of the control; 3 h: sterols— 87%, carotenoids— 121%,
chlorophylls — 132%; 48 h: carotenoids — 113%, chlorophylls — 122%, sterols 106%; 96 h: carotenoids —
116%, chlorophyll — 137%, sterols — 106%; no changes in expression of main MVA and MEP pathway
genes

[127]
FSM (400 μM)
Up to 96 h

Changes in lipid content are presented as percent of the control; 3 h: carotenoids: 82%, chlorophylls —
77% and sterols — 110% of control; 48 h — carotenoids 69%, chlorophylls — 40% and sterols — 76% of
control; 96 h: carotenoids — 69% chlorophylls 40% and sterols 85% of control, no changes in expression
of the main MVA and MEP pathway genes

Cannabis sativa
2 month-old plant

MEV (0.1, 1, 10 μM) Chlorophyll, carotenoids, tocopherol,
tetrahydrocannabinol (THC), cannabidiol
(CBD)

Accumulation of carotenoids and chlorophyll (highest with 0.1 μM MEV); accumulation of
α-tocopherol (highest with 10 μM MEV); decrease of the THC and increase of the CBD levels

[144]

Rubia cordifolia cell culture MEV(5 μM)
Up to 27 days

Anthraquinone purpurin and
naphthoquinones mollugin

Accumulation of purpurin and mollugin [145]

CLM (10 μM)
Up to 27 days

Decrease of purpurin and mollugin yield

Satureja khuzistanica Jamzad
plantlets — micro shoots

MEV (10, 25, 50,
75, 100 μM)

Monoterpene carvacol Reduction in the fresh weight, no influence on carotenoids and chlorophyll level, increased density of
non-glandular trichomes, increased accumulation of carvacol (at concentrations of 75 and 100 μM,
increased DXR activity and expression of DXR gene at concentrations of 75 and 100 μM)

[146]

FSM (10, 25, 50,
75, 100 μM)

Reduction in the fresh weight, changed morphology of newly grown leaves (albino, slimmer, longer),
decrease of carotenoids and the chlorophyll level, reduced density of glandular and non-glandular
trichomes, decreased accumulation of carvacol, concentration dependent decrease of DXR activity,
increase of DXR gene expression (at concentrations of 50,75 and 100 μM)
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like genes have been identified, among others, in A. thaliana, Zea mays,
Medicago truncatula, Oryza sativa, Picea abies ([178] and references
therein). However, similarly to the MVA pathway, these isoforms dis-
play specific, species-dependent expression patterns and mutant lines
analysis has indicated the lack of their functional redundancy [179].

5.1.1. Loss-of-function mutants
Numerous available A. thaliana T-DNA mutant lines as well as mu-

tants of other species, obtainedmostly via gene silencing techniques, to-
gether with their phenotypes are listed in a landmark review by
Hemmerlin (Table 1, page 107 in [20]), while more recent studies are
summarized in Table 3. As the isoprenoid biosynthesis routes are essen-
tial in the early stages of development, knockout lines of genes of both
pathways are severely affected showing embryo lethality (aact2), or
sporophytic/gamethophytic male sterility (MVA pathway mutants)
and albino lethality (chloroplast biogenesis disruption in MEP pathway
mutants) [154,180]. Some of these lines have been successfully used to
demonstrate bidirectional exchange of intermediates between path-
ways after feeding with specific precursors [59]. However, embryo-
lethality of knock-out lines precludes thepossibility of their direct appli-
cation in investigations on cross-talk. Thus, gene silencing techniques
such as RNA interference (RNAi) and Virus Induced Gene Silencing
(VIGS) have been applied to reduce or eliminate the expression of
those essential genes in later stages of plant development; suchmutants
have been obtained for different plant species. Lately, RNAi has been
used to silence HMGR and DXR encoding genes in Withania somnifera
in order to investigate the contribution of the MVA and MEP pathway
to withanolides [134]. The effect of the aact2 mutation in A. thaliana
was also elucidated by using this technique [154]

Plants with reduced flux through the MVA or MEP pathway, caused
by partial disruption of the activity of enzymes from early steps of iso-
prenoid biosynthesis, seem to be a valuable model for metabolic label-
ling; although a specific precursor entering the corresponding
pathway downstream of the mutation should be used. Then, a rate of
label incorporation is expected to be high and, as the applied precursor
improves or even restores the flux through the pathway, the MVA/MEP
cross-talk may be investigated. Exogenous supplementation with spe-
cific precursor, DX, partially restores WT phenotype in temperature-
sensitive dxsmutant [181], whereas supplementationwithMVL attenu-
ates phenotypic and biochemical effects of AACT2 downregulation
[154].

5.1.2. Mutants overexpressing the genes of the MVA or MEP pathway
It might be expected that overexpression of one or several enzymes

within one of the pathways should result in the increased total yield of
the end product of this pathway and might be also useful to investigate
the contribution of this pathway to biosynthesis of particular com-
pounds. This method was successful in several cases [159,167,182].
However, because of the dominant role of post-transcriptional mecha-
nisms in the regulation of enzymes of theMVA andMEP pathway, accu-
mulation of corresponding transcripts may not always result in a higher
level of upregulated enzyme activity. Furthermore, even in the case of
positively correlated overexpression of a gene and its respective en-
zyme activity, downstream enzymes do not necessarily display en-
hanced activity since it might cause accumulation of intermediates or
trigger feedback mechanisms. This seems to hold true especially for
the MEP pathway. In transgenic A. thaliana overexpressing DXS in-
creased DXS activity apparently correlated with activation of the next
enzymeof the pathway, DXR, as the levels of the product of this enzyme,
MeCPP increased in the same manner. However, it did not result in
higher levels of plastidic isoprenoids. Interestingly, it is probably not
caused by the feedback regulation, but unexpectedly by the efflux of
part of MeCPP from plastids to the cytoplasm [45]. Therefore, although
such approachmight reveal new interesting results, itmight appear dis-
appointing in the context of the initial goal. For more examples see
Table 3.
5.2.Mutant lineswith affected flux through either theMVAorMEP pathway

Because of the essential role of isoprenoids in plant overall fitness,
their biosynthetic network is under tight regulation by external and in-
ternal cues. Thus many external factors as well as disturbances in other
pathwaysmay contribute tomodifications of themetabolicflux through
theMVA or/andMEP pathways [31,44]. During the past decades a huge
number of mutated genes were found to influence accumulation of
isoprenoids, thereby unravelling the complexity of the regulatory
mechanisms but also potentially providing some hints about the bio-
synthetic origin of particular isoprenoids. Applicable mutant lines
might be identified after chemical mutagenesis, for instance by the in-
creased resistance to theMVAorMEP pathway inhibitors or alternative-
ly, they might be depicted due to the higher levels of accumulation of
respective isoprenoids.

In regard to theMVA pathway, an example of such amutant is rcn1-
1, with reduced activity of Protein Phosphatase 2A (PP2A) acting as a
posttranslational negative regulator of HMGR. Mutant rcn1 plants ex-
hibited higher thanWT resistance tomevinolin resulting from increased
activity of theHMGR [169]. Although the levels of theMVApathway end
products were not investigated in the study, accumulation of sterols fol-
lowing upregulation of HMGR might be predicted as it is well docu-
mented in the literature [167,183]. Increased resistance to MVA
pathway blockage resulting from upregulation of HMGR activity during
seedling development has also been noted for mutants in the genes
encoding main photoreceptors (phytochromes and cryptochromes)
with impaired light signalling pathways [174]. Interestingly, while in
phytochromemutants (phyA, phyB) resistance tomevinolin is accompa-
nied by the increased resistance to the MEP pathway inhibitor,
fosmidomicin, this has not been the case for cryptochrome mutants.
Even more strikingly, increased fosmidomycin resistance in phyB mu-
tants is not correlated either with the enhanced activity of key MEP
pathway enzymes (DXS, DXR) or accumulation of photosynthetic
pigments and thus suggests intensification of the intermediate flow
from the MVA pathway. It should be kept in mind however, that these
experiments were performed in the early stage of seedling develop-
ment. Different regulation of the isoprenoid biosynthetic pathways in
mature plants cannot be ruled out, especially considering cross-talk
rate which strongly depends on the developmental stage, e.g. of
plastids.

Higher tolerance to fosmidomycin and clomazone, MEP pathway in-
hibitors, along with enhanced accumulation of chlorophylls and carot-
enoids has been observed in prl1 (rif18) [69]. In parallel prl1 plants
display downregulated activity of HMGR yet without affecting sterol ac-
cumulation. PRL1 itself has been identified earlier as a regulator of sugar
and hormone responses in Arabidopsis [184]. Further analysis of the prl1
mutant has led to the conclusion that increased sugar (sucrose) avail-
ability is the factor responsible for the observed phenotype as it results
in an increased pool of the MEP pathway intermediates [69]. This ex-
plains herbicide resistance (increased availability of substrates of the
inhibited enzymes) and accumulation of the photosynthetic pigments
without alteration of the activity of key MEP pathway enzymes. Addi-
tionally, lack of differences in labelling rates after metabolic labelling
with specific precursors has shown that the cross-talk between the
MVA and MEP pathways is not altered [69]. Nevertheless, the mecha-
nism underlying modulation of sucrose availability by PRL1 protein is
not clear yet. Selected examples of mutants affecting the formation of
isoprenoids in plants are listed in Table 3.

Identification of mutations resulting in an enhanced resistance
to specificMVAorMEP pathway inhibitors points towards the existence
of extra- and intracellular stimuli involved in the regulation of the
isoprenoid network (e.g. light, exogenous sugar). Thus, the mutant
lines described above as well as identified factors modifying
final output of the MVA and MEP pathway and levels of corresponding
end products might be attractive, yet unexploited, tools to investigate
contribution of both pathways to the biosynthesis of particular



Table 3
Application of transgenic plants in isoprenoid research. Three types of mutants are presented — loss-of-function mutants, mutants overexpressing genes of the isoprenoid-generating
pathway and mutants with impaired regulation of MVA and/or MEP pathway resulting in altered metabolic flux. A comprehensive list of knock-out and knock-down mutants in the
MEP and MVA pathway encoding genes has been presented by Hemmerlin et al., 2012.

Loss of function mutants

Gene (mutant
allele)

Function Species Mutagen Phenotype References

MEP-pathway encoding genes
HDS
(ceh1)

4-Hydroxy-3-methylbut-2-enyl
diphosphate synthase

A. thaliana EMS Stunted growth, altered responses to biotic and abiotic stress (elevated
levels of stress responsive genes, accumulation of free salicylic acid,
increased resistance to P. syringae) caused by accumulation of MEP pathway
intermediate MEcPP; increased transcript and protein levels for a subset of
the core unfolded protein response (UPR) genes

[80,81,151]

DXS2
(sldxs2)

1-Deoxy-D-xylulose 5-phosphate
synthase

S. lycopersicum RNAi No growth phenotype, mutant viable, increased trichome density
contributing to elevated resistance to caterpillar feeding (S. littoralis); lower
accumulation of trichome monoterpenes and higher sesquiterpens levels,
elevated incorporation of MVA-derived IPP into monoterpene and
sesquiterpenes in transgenic plants

[123]

DXL1
homologous
to DXS2

1-Deoxy-D-xylulose 5-phosphate
synthase

A. thaliana T-DNA No phenotype, not essential for growth and development [152]

HDR/IDS
(zb7)

4-Hydroxy-3-methylbut-2-enyl
diphosphate reductase/isopentenyl
diphosphate synthase

Z. mays RNAi Transverse light green/yellow striped leaves in young plants, albino sections
enlarged under high temperatures and alternate light/dark cycles,
phenotype suppressed by low temperatures, stripes gradually disappears
after 10 leaf stage

[153]

MVA-pathway encoding genes
AACT2
(aact2)

Acetoacetyl-CoA thiolase A. thaliana T-DNA Embryo lethality, impaired male gametogenesis (reduced pollen
germination and pollen tube germination

[154]

RNAi Growth reduction, extended life span and flowering duration, sterility,
decrease of phytosterol level, altered composition of phytosterols in the
roots (increase of campesterol to sitosterol plus stigmasterol ratio),
differential effects on expression of MVA pathway genes downstream of
AACT2(i.e. FPS1, FPS2 and SMT2) expression is reduced, HMGR1 expression
unaltered

HMGR1
(hmgr1)

3-Hydroxy-3-methylglutaryl-CoA
reductase

M. truncatula RNAi No effect on root growth, reduced ability of mutant to produce root nodule
when inoculated with rhizobium

[155]

HMGR1
(mad3)

3-Hydroxy-3-methylglutaryl-CoA
reductase

A. thaliana EMS Stunted growth and narrow, undeveloped true leaves, sterol reduction by
40% in leaves and 60% in flowers, impaired miRNA activity

[156]

IPK
(ipk, ipk2)

Isopentenyl phosphate kinase A. thaliana T-DNA Significant decrease in campesterol and sitosterol, but not stigmasterol
content, reduced emission of β-caryophyllene (sesquiterpene)

[157]

MDD
(mdd1, mdd2)

Mevalonate diphosphate
decarboxylase

A. thaliana T-DNA Decreased campesterol and sitosterol content, relative decreases in
β-caryophyllene (sesquiterpene) emission

[157]

Mutants overexpressing genes of the isoprenoid-generating pathway

Overexpressed gene Transformed organism Gene(s)
Source(s)

Phenotype Reference

MEP pathway encoding genes
DXS A. thaliana A. thaliana Increased CO2 assimilation rates, slightly higher accumulation of isoprenoid end

products, no significant changes in abundance of transcripts of other MEP
pathway genes, accumulation of MEcPP, identification of second
non-chloroplastidic pool of MEcPP

[45]

DXS Lavandula latifolia A. thaliana No growth phenotype, increased essential oils accumulation (mainly
monoterpenes), chlorophyll and carotenoid content not affected

[158]

DXS S. sclarea hairy roots A. thaliana Inhibition of root growth in case of excessive DXS transcript level (4-fold
increase), accumulation of diterpenoids (preferentially aethiopinone, an
abietane-quinone-type diterpene)

[159]

DXR A. thaliana A. thaliana No phenotype in majority of plants, resistance to FSM, but not to CLM, no
influence on DXS transcript level and activity, enhanced accumulation of
chlorophyll and carotenoids (by 25%)

[160]

DXR L. latifolia A. thaliana No obvious phenotype, no significant increase in essential oils accumulation,
chlorophyll content was age dependent with slightly higher content of
chlorophyll and carotenoids in young leaves and similar levels to control in
mature leaves

[161]

DXR Mentha X piperita L Mentha X
piperita L

No obvious phenotype, 50% increase of essential oils yield, no difference in
essential oils composition

[162]

DXR S. sclarea hairy roots A. thaliana No growth phenotype, accumulation of abietane type diterpenoids, levels higher
that in case of AtDXS transgenic hairy roots

[159]

HDR A. thaliana L. esculentum Delayed germination of seeds; 50% higher levels of the major chloroplast
carotenoids (β-carotene, lutein, and violaxanthin) in seedlings,

[163]

HDR; TXS (taxadiene
synthase)

A. thaliana L. esculentum
T. baccata

50% higher levels of carotenoids and 13-fold higher accumulation of taxadiene
comparing with seedlings expressing only TXS transgene

[163]

MVA pathway encoding genes
HMGS WT and mutant
(H188N, S359A and
H188N/S359A)

A. thaliana Brassica
juncea

Earlier germination of seeds, induced expression of HMGR and range of genes
encoding enzymes involved in MVA-dependent steroid biosynthesis; significant
increase of sterol accumulation (most prominent in OE S359A), unaltered levels of

[164]

(continued on next page)
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Table 3 (continued)

Mutants overexpressing genes of the isoprenoid-generating pathway

Overexpressed gene Transformed organism Gene(s)
Source(s)

Phenotype Reference

chlorophyll and carotenoids; induced PR gene expression and enhanced
resistance to B. cinerea

HMGR A. thaliana A. thaliana No growth phenotype, no significant increase of MVA and MEP derived
isoprenoids (sterols and carotenoids respectively)

[165]

HMGR (N-terminal
truncated)

N. tabacum C. griseus
(Chinese
hamster)

3 to 8-fold increased sterol content in transgenic lines, tissue and age dependant
sterol composition accumulation of cycloartenol (intermediate of sterol
biosynthesis), unaltered levels of MEP derived isoprenoids and sesquiterpenes

[166]

HMGR S. lycopresicum A. thaliana No growth phenotype, elevated phytosterols in leaves and ripe fruit (β-sitosterol,
stigmasterol and campesterol), unaltered level of plastid derived isoprenoids

[167]

HMGR (truncated) Physcomitrella patens (moss,
transgenic, expressing patchoulol
synthase; PTS)

P. patens
S. cerevisiae

Expression of both, moss and yeast HMGR resulted in comparable increase of
patchoulol (sesquiterpene) and stigmasterol (2.2- and 1.5-fold, respectively)

[168]

Mutants with affected metabolic flux

RCN1 (PP2A)/protein
phosphatase 2A

Posttranslational negative regulator of
HMGR

A. thaliana T-DNA Increased levels of HMGR transcript, protein and activity;
increased resistance to mevinolin

[72]

LOI1 (loi1)/PPR1:
penta-tricopeptide repeat
protein

RNA editing of three mitochondrial genes
of respiratory chain (NAD4, CCB203 and
COX3)

A. thaliana T-DNA Longer than WT roots under LOV treatment, resistance to
LOV (increased activity of HMGR, transcript
accumulation not affected) and CLM, involvement of
respiratory chain components in regulation of MVA and
MEP pathways

[170,171]

PRL1 (rif18)/pleiotropic
regulatory locus 1

Global regulator of sugar, stress, and
hormone responses by inhibition of
SnRK1, sugar-mediated control of
isoprenoid homeostasis

A. thaliana T-DNA Dark-green colour of plants, inhibition of root growth,
flat leaves with serrated margins, early flowering,
elevated levels of carotenoids and chlorophylls,
resistance to FSM and CLM unaltered transcription and
activity of MEP pathway genes, decreased activity of
HMGR, unaffected level of sterols, the same phenotype
obtained when plants were grown on medium
supplemented with sucrose

[69]

NOA1 (rif1)/nitric
oxide-associated 1

Correct ribosome assembly in plastids A. thaliana T-DNA Reduced growth, pale cotyledons, clearly delayed
development and greening of true leaves, pale young but
green mature leaves, resistance to FSM, increased levels
of DXS (1.5-fold) and DXR transcripts (almost 2-fold),
decreased production of plastome-encoded proteins,
inhibited degradation of MEP pathway enzymes

[172]

PNPT1
(rif10)/polyribonucleotide
phosphorylase

Chloroplast targeted exoribonuclease,
RNA processing

A. thaliana T-DNA Pale and small young plants, increased resistance to FSM,
accumulation of DXS, DXR, HDS and HDR transcripts,
decreased levels of plastome-encoded proteins, lower
levels of chlorophylls and carotenoids

[173]

PHY B (rim-1)/phytochrome
B

Photoreceptor-mediated responses to
blue light

A. thaliana T-DNA Pale green leaves early flowering, significantly longer
hypocotyl under long-day conditions but not in the dark,
elongated leaf petioles and inflorescences, resistance to
MEV (upregulation of HMGR gene expression and
enzyme activity) and to FSM (unaltered activity of MEP
pathway enzymes, resistance to FSM might be derived
from increased cross-talk), impaired light perception

[174]

SrUGT85C2 UDP glycosyltransferase, regulation of
carbon flux between steviol glycoside and
gibberellin biosynthesis

Stevia
rebaudiana

RNAi (AMTS) Decreased steviol glycoside and significantly increased
gibberellin GA3 content

[175]

SrUGT85C2 UDP glycosyltransferase A. thaliana Over-expression Decreased gibberellin GA3 content (approx. 20% of
control), stunted hypocotyl length, reduced shoot growth
and relative water content, reduced chlorophyll a and b
content, decreased biomass, downregulated expression
of geranylgeranyl diphosphate synthase (GGDPS),
copalyl diphosphate synthase (CDPS), kaurenoic acid
oxidase (KAO), chlorophyll synthetase and chlorophyll a
oxygenase

[176]

88 A. Lipko, E. Swiezewska / Progress in Lipid Research 63 (2016) 70–92
isoprenoids. Additionally, these data shed light on how various
metabolic changes resulting frommutations in the genes not belonging
to the isoprenoid generating systems might add new clues that
must be taken into consideration when the MEP/MVA cross-talk is
discussed.

6. Concluding remarks

Plants are unique in terms of harboring two isoprenoid generating
pathways operating and co-operating in the cell. These pathways
produce myriads of structurally and functionally diverse compounds.
Numerous of such are targets for bioengineering due to their
applications, e.g., in pharmaceutical industry (the sesquiterpenoid
artemisinin or the diterpenoid tanshinones) or agronomic (phytos-
terols, accumulation of which contributes to increased plant growth)
[185–187]. Thus, the presence of two tightly regulated and intercon-
nected pathways poses genuine challenges in terms of overproduction
of desired isoprenoids inmicroorganisms or plants. To achieve this, elu-
cidation of their biosynthetic routes, especially contribution of the MVA
andMEP pathways ismandatory. Undoubtedly, this demanding task re-
quires reliablemethods to elucidate the enzymatics and the dynamics of
the isoprenoid producing network. To this end, application of various
parallel experimental approaches permits to draw reliable conclusions.
Moreover, careful selection of the plant model and experimental
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conditions together with their appropriate adjustment
(e.g., concentration of inhibitor, time of labelling) are crucial. Experi-
ments should be also designed with awareness that the rate of the
cross-talk between the MVA and MEP pathways is dependent on the
plant developmental stage or the cell/tissue suspension culture age
and growth conditions, as it might fluctuate in response to stress or
the diurnal cycle. Results obtained for one plant species require verifica-
tion for other ones to create a general biosynthetic model useful to de-
sign an efficient platform for obtaining the desired products.

The aim of this review was to present a comprehensive description
of both classical, routinely used methods as well as novel approaches
applied to investigate the biosynthetic origin of isoprenoids. Advantages
and limitations of each method are highlighted and suitable references
are provided.
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