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  Abstract 

 Isoprenoids are the most functionally and structurally diverse group of 
plant metabolites reported to date. Many of them participate in essential 
processes, like respiration (ubiquinone), photosynthesis (carotenoids, chlo-
rophylls, plastoquinone), and regulation of growth and development (cyto-
kinins, brassinosteroids, gibberellins, abscisic acid). However, most plant 
isoprenoids are considered as secondary metabolites and play key roles in 
mediating the interactions of plants with their environment. Some plant 
isoprenoids also have biotechnological interest. Despite their structural and 
functional diversity, all isoprenoids derive from the same  fi ve-carbon pre-
cursors, isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphos-
phate (DMAPP). Plants contain two pathways for the synthesis of IPP and 
DMAPP: the mevalonate pathway (located in the cytosol/endoplasmic 
reticulum) and the methylerythritol 4-phosphate pathway (located in the 
plastids). A limited exchange of IPP and/or prenyl diphosphates is known 
to take place between these compartments in plant cells. In recent years, 
the use of the model plant  Arabidopsis thaliana  in genetic and biochemical 
approaches has allowed the identi fi cation of all the genes and enzymes 
from both pathways and has accelerated the  fl ow of information on their 
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regulation. A major challenge now is to understand how the  production of 
common isoprenoid precursors in different subcellular  locations conveys 
the information required to coordinate the  fl uxes of the two pathways. Here 
we review the current knowledge on these matters deduced mainly from 
work carried out in Arabidopsis.  
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    1   Introduction 

 Isoprenoids, also known as terpenoids, are the 
most functionally and structurally diverse group 
of plant metabolites reported to date. They are 
produced in all living organisms, but their abun-
dance and variety in plants are unparalleled. From 
the tens of thousands of plant isoprenoid com-
pounds, only a few can be considered as “pri-
mary” metabolites, i.e., those that are essential 
for plant function and are therefore common to 
all plant species. These include compounds that 
participate in respiration (ubiquinone), photosyn-
thesis (carotenoids, chlorophylls, plastoquinone), 
and regulation of growth and development (cyto-
kinins, brassinosteroids, gibberellins, abscisic 
acid). The rest are “secondary” metabolites, non-
essential compounds whose biosynthesis is usu-
ally restricted to speci fi c plant families or even to 
particular plant species. They typically function 
in protecting plants against herbivores and patho-
gens, in attracting pollinators and seed-dispersing 
animals, and as allelochemicals that in fl uence 
competition among plant species (cf. Croteau 
et al.  2000 ; Bouvier et al.  2005  ) . A large number 
of secondary isoprenoid metabolites have a com-
mercial value as  fl avors, pigments, polymers, or 
drugs. 

 Despite the structural and functional diversity 
among isoprenoids, they all derive from the same 
 fi ve-carbon (C 

5
 ) precursors, isopentenyl diphos-

phate (IPP) and its isomer dimethylallyl 
diphosphate (DMAPP), also called isoprene units 

(Fig.  30.1 ). Addition of IPP units to DMAPP 
generates prenyl diphosphate molecules of 
increasing size such as geranyl diphosphate 
(GPP, C 

10
 ), farnesyl diphosphate (FPP, C 

15
 ), and 

geranylgeranyl diphosphate (GGPP, C 
20

 ). These 
are the starting points for the production of the 
huge variety of isoprenoids found in plants. 
Consistent with the compartmentalization of 
most plant metabolic pathways in plants (Lunn 
 2007  ) , different steps of plant isoprenoid biosyn-
thesis can take place in different plant tissues and 
subcellular compartments. Most notably, all 
plants use two different pathways for the produc-
tion of the same universal isoprenoid precursors 
(Fig.  30.1 ). The mevalonic acid (MVA) pathway 
synthesizes cytosolic IPP for the production of 
sterols, brassinosteroids, sesquiterpenes, poly-
prenols, dolichols, and prenyl moieties used for 
protein modi fi cation. MVA-derived IPP is also 
transported to mitochondria for the biosynthesis 
of ubiquinone (Disch et al.  1998  ) . Plastidial IPP 
and DMAPP precursors for the production of 
carotenoids, abscisic acid, gibberellins, monoter-
penes, isoprene, and the side chain of chloro-
phylls, tocopherols, phylloquinones, and 
plastoquinone are synthesized by the methyl-
erythritol 4-phosphate (MEP) pathway. A limited 
exchange of IPP and/or prenyl diphosphates is 
known to take place between these compartments 
in plant cells (Rodríguez-Concepción and 
Boronat  2002 ; Bouvier et al.  2005  ) . In recent 
years, the use of the model plant  Arabidopsis 
thaliana  in genetic and biochemical approaches 
has allowed the identi fi cation of all the genes and 
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  Fig. 1     Organization and   compartmentalization of   
isoprenoid biosynthesis   in plants .  HMG-CoA  3-hydroxy-3-
metylglutaryl coenzyme A,  MVA  mevalonate,  MVP  5-phos-
phomevalonate,  MVPP  5-diphosphomevalonate,  IPP  
isopentenyl diphosphate,  DMAPP  dimethylallyl diphos-
phate,  FPP  farnesyl diphosphate,  G3P  d-glyceraldehyde 
3-phosphate,  DXP  1-deoxy-d-xylulose 5-phosphate,  MEP  
2- C- methyl-d-erythritol 4-phosphate,  CDP-ME  4-(cytidine 
5 ¢ -diphospho)-2- C- methyl-d-erythritol,  CDP-MEP  4-
(cytidine 5 ¢ -diphospho)-2- C- methyl-d-erythritol phosphate, 

enzymes from both pathways and has accelerated 
the  fl ow of information on their regulation. A 
major  challenge now is to understand how the 
production of common isoprenoid precursors in 
 different subcellular locations conveys informa-
tion between compartments in order to coordi-
nate  fl uxes through both pathways. Here we 
review the  current knowledge on these matters 
deduced mainly from work carried out in 
 Arabidopsis .   

 MEcPP  2C-methyl-d-erythritol 2,4-cyclodiphosphate, 
 HMBPP  4-hydroxy-3-methylbut-2-enyl diphosphate,  GPP  
geranyl diphosphate,  GGPP  geranylgeranyl diphosphate. 
Enzymes are  AACT  acetoacetyl-CoA thiolase,  HMGS  
HMG-CoA synthase,  HMGR  HMG-CoA reductase,  MVK  
MVA kinase,  PMVK  MVP kinase,  DPMD  MVPP decar-
boxylase,  IDI  IPP isomerase,  DXS  DXP synthase,  DXR  
DXP reductoisomerase,  MCT  CDP-ME synthase,  CMK  
CDP-ME kinase,  MDS  MEcPP synthase,  HDS  HMBPP 
synthase,  HDR  HMBPP reductase       

    2   Historical gPerspective 

 Until relatively recent times, it was believed that 
IPP was synthesized from acetyl-CoA via MVA 
and then isomerized to DMAPP in all living 
organisms (Chappell  1995 ; McGarvey and 
Croteau  1995  ) . The MVA pathway, discovered in 
the 1950s, was soon found to function in plant 
cells (Goldstein and Brown  1990  ) . However, 
inconsistent data suggesting the existence of a 
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MVA-independent pathway in bacteria and plant 
plastids grew stronger until the early 1990s, when 
compelling new evidence for the existence of a 
completely novel pathway for the production of 
IPP and DMAPP was shown (reviewed in 
Lichtenthaler et al.  1997 ; Eisenreich et al.  1998 ; 
Lichtenthaler  1999 ; Rohmer  1999 ,  2008  ) . It was 
soon established that the new pathway, currently 
known as the MEP pathway after what it is 
believed to be its  fi rst committed precursor in 
bacteria (following the same rule used to name 
the MVA pathway), was the only one present in 
most eubacteria and apicomplexan protozoa such 
as the malaria parasite. Following the  fi rst bio-
chemical approaches, genetics and genomics 
(database searches) demonstrated the existence 
of the pathway in several plants, including 
 Arabidopsis . By 2002, all the genes encoding 
MEP pathway enzymes in  Arabidopsis  had been 
identi fi ed (cf. Rodríguez-Concepción and 
Boronat  2002  ) . Genomic tools also led to identify 
all the  Arabidopsis  genes potentially encoding 
MVA pathway enzymes, as well as those puta-
tively involved in other isoprenoid biosynthetic 
pathways (Lange and Ghassemian  2003  ) .  

 3  TheiMVA  iPathway  gin gArabidopsis  

 The MVA pathway (Fig.  30.1 ) starts with 
the sequential condensation of three 
molecules of acetyl-CoA to yield 3-
hydroxy-3-methylglutaryl CoA (HMG-CoA) 
catalyzed by the enzymes acetoacetyl-CoA 
thiolase (AACT) and HMG-CoA synthase 
(HMGS). HMG-CoA is then con-verted to 
MVA in a functionally irreversible reaction 
catalyzed by HMG-CoA reductase 
(HMGR). MVA is sequentially 
phosphorylated and decarboxylated to 
generate IPP by the enzymes mevalonate 
kinase (MVK), 5-phospho-mevalonate kinase 
(PMVK), and 5-diphosphom-evalonate 
decarboxylase (DPMD). IPP along with 
DMAPP, formed by the action of isopente-nyl 
diphosphate isomerase (IDI), represent the 
building blocks for the synthesis of isoprenoid 
end products and derivatives in the cytosol, endo-
plasmic reticulum (ER), and mitochondria. 
With the only exception of PVMK, the rest of 

the MVA pathway enzymes have been 
characterized at the biochemical and 
genetic level in  Arabidopsis . 

 AACT catalyzes the reversible Claisen-type 
condensation of two acetyl-CoA molecules to 
form acetoacetyl-CoA.  Arabidopsis  contains two 
genes encoding AACT,  ACT1  (At5g47720) and  
ACT2  (At5g48230). These genes encode two 
closely related AACT isoforms, designated as 
AACT1 and AACT2 respectively, located in 
dif-ferent cell compartments (Ahumada et al. 
2008  ) . While AACT1 is found in peroxisomes, 
AACT2 is localized in the cytosol and the 
nucleus. The peroxisomal localization of 
AACT1 depends on the presence of a C-terminal 
peroxisomal tar-geting sequence 1 (PTS1) 
motif (Ser-Ala-Leu) not previously found 
in other organisms (Ahumada et al.  2008  ) . 
However, targeting of AACT1 to peroxisomes 
has also been associated to an N-terminal 
extension (PTS2) present in a splicing variant 
of the protein (Carrie et al.  2007  ) .  ACT1  and  
ACT2  genes are differentially expressed. 
Whereas  ACT2  expression is relatively high in 
all parts of the plant, the expression of  ACT1  
is much lower and restricted to roots and in fl 
orescences (Ahumada et al.  2008  ) . The 
expression of  ACT2  is induced by light during 
seedling development (Ahumada and Boronat, 
unpublished results). 

 Although the metabolic role(s) of AACT1 and 
AACT2 has not yet been unequivocally assigned, 
the characterization of  Arabidopsis  knockout 
mutants defective in the  ACT1  or  ACT2  genes 
suggests that only AACT2 is actually involved in 
isoprenoid biosynthesis. T-DNA 
insertion mutants affected in the expression 
of the  ACT2  gene are embryo-lethal, whereas 
null alleles of  ACT1  are viable and have no 
apparent growth phenotypes (Jin and Nikolau 
2007  ) . The meta-bolic function of AACT1 
is not clear at present, although its 
particular peroxisomal localization might 
exclude a role in isoprenoid biosynthesis, 
and rather argues for its implication in  b -
oxida-tion of fatty acids, catalyzing the last step. 

 HMGS catalyzes the condensation of acetyl-
CoA with acetoacetyl-CoA to produce 
HMG-CoA. A cDNA encoding HMGS was 
cloned by Montamat et al.  (1995)  and 
corresponds to the 
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only gene coding for this enzyme in  Arabidopsis  
( HMS , At4g11820). Although HMGS behaves as 
a cytosolic enzyme, immunocytochemical analy-
sis has shown that the enzyme is mainly found 
associated with the ER, the Golgi apparatus, and 
unknown globular structures (Díez and Boronat, 
unpublished results).  HMS  transcripts have been 
detected in all plant tissues, although they are 
particularly abundant in the hypocotyl and the 
root elongation zone of young seedlings and in 
the roots and the in fl orescences of adult plants 
(Díez and Boronat, unpublished results). In con-
trast to other MVA pathway genes, the expression 
of  HMS  is not regulated by light (Díez and 
Boronat, unpublished results). A more detailed 
kinetic analysis has been done with HMGS1 from 
the closely related plant  Brassica juncea  (Indian 
mustard, Nagegowda et al.  2004  ) . In this plant, 
four stress-inducible genes exist, encoding 
closely related isozymes (Alex et al.  2000  ) , which 
are differentially expressed in the plant 
(Nagegowda et al.  2005  ) . 

 HMGR has a well-recognized regulatory role 
in isoprenoid biosynthesis and is the best charac-
terized enzyme of the MVA pathway. In 
 Arabidopsis , the genes  HMG1  (At1g76490) and 
 HMG2 ( At2g17370) encode three HMGR iso-
forms (HMGR1S, HMGR1L, and HMGR2) 
(Caelles et al.  1989 ; Enjuto et al.  1994 ; Lumbreras 
et al.  1995  ) . HMGR1S and HMGR1L isoforms 
only differ in their N-terminal region and derive 
from two mRNAs transcribed from two alterna-
tive promoters in the  HMG1  gene. The presence 
of an in-phase upstream AUG start codon in the 
HMGR1L mRNA results in the synthesis of the 
HMGR1L isoform that has 50 additional amino 
acid residues at its N-terminal end with respect to 
the HMGR1S isoform (Lumbreras et al.  1995  ) . 
The three HMGR isoforms are primarily targeted 
to the ER and have the same topology in the 
membrane (Campos and Boronat  1995 ; Lumbreras 
et al.  1995  ) . Like all known plant HMGRs, four 
regions have been de fi ned in HMGR1S, 
HMGR1L, and HMGR2: the N-terminal region 
(highly divergent), two conserved membrane-
spanning targeting sequences, the linker region 
(also highly divergent), and the catalytic domain, 
which is highly conserved among eukaryotic 

HMGRs. The N-terminal region and the catalytic 
domain are located in the cytosol, whereas only a 
short stretch of amino acids of the membrane-
spanning domain are facing the ER lumen. In 
 Arabidopsis  epidermal cells, HMGR was immu-
nolocalized in the ER, as expected, but also in 
spherical structures of the endomembrane system, 
0.2–0.6  m m in diameter, that may represent a 
speci fi c subcompartment for isoprenoid biosyn-
thesis (Leivar et al.  2005  ) . In a more recent study, 
using tobacco BY-2 cells expressing GFP proteins 
to which the membrane domains of two major 
HMGR isoforms were N-terminally fused 
 suggested an association with the cytoskeleton of 
one form, which could be interconverted into the 
other one forming aggregates by just one amino 
acid exchange in a putative phosphorylation motif 
(Merret et al.  2007  ) . The HMGR1S transcript is 
found in all tissues, but at fairly higher levels dur-
ing the  fi rst stages of development and in the 
in fl orescences (Enjuto et al.  1994  ) . HMGR1L and 
HMGR2 transcripts are detected only in seed-
lings, roots, and in fl orescences, and their abun-
dance is much lower than that of the HMGR1S 
mRNA (Enjuto et al.  1995 ; Lumbreras et al. 
 1995  ) . In transgenic tobacco plants harboring a 
 HMG2 :  GUS  quimeric gene, GUS expression was 
restricted to meristematic and  fl oral tissues 
(Enjuto et al.  1995  ) . Promoter analysis has 
revealed that sequence elements of the 5 ¢  tran-
scribed-untranslated region (5 ¢ -UTR) are impor-
tant for expression in both  HMG1  and  HMG2  
(Enjuto et al.  1995 ; Lumbreras et al.  1995  ) . These 
observations suggest a housekeeping role for 
HMGR1S and a more specialised function for 
HMGR1L and HMGR2, which might be required 
in particular cell types or at speci fi c developmen-
tal stages. In agreement with this, the analysis of 
an  Arabidopsis  null mutant affecting  HMG1  
( hmg1-1 ) con fi rms the essential role of this gene 
on growth and development (Suzuki et al.  2004  ) . 
Mutant  hmg1-1  plants show dwar fi sm, early 
senescence, and male sterility. In contrast, the dis-
ruption of  HMG2  does not affect the phenotype or 
the fertility of the plant under normal growth con-
ditions (Ohyama et al.  2007  ) . The  hmg1-1  mutant 
has a severe reduction in sterol and triterpenoid 
content, which was proposed to be related with 



6

the observed phenotype (Suzuki et al.  2004  ) . 
Consistently, the phenotype of the  hmg1-1  mutant 
was rescued by the exogenous application of 
MVA or squalene (Suzuki et al.  2004  ) . 

 MVK catalyzes the phosphorylation of MVA 
to yield 5-phosphomevalonate. A cDNA encoding 
 Arabidopsis  MVK was cloned by functional com-
plementation of a yeast mutant defective in this 
enzyme activity (Riou et al.  1994  ) .  Arabidopsis  
contains a single gene encoding MVK that is 
widely expressed throughout plant development, 
although the highest level of expression is detected 
in roots, predominantly in the meristematic 
region, and in  fl oral organs. The  MVK  gene 
(At5g27450) expresses three major mRNA popu-
lations, which most likely encode the same pro-
tein, but have different 5 ¢  ends. The 5 ¢ -UTR of the 
MVK transcripts includes several ATG codons 
located upstream of the MVK translation start 
codon, which suggests that MVK protein levels 
might be regulated at both transcriptional and 
translational levels (Lluch et al.  2000  ) . 

 PMVK, the enzyme that phosphorylates 
5-phosphomevalonate to produce 5-diphospho-
mevalonate, has not yet been characterized in
plants. A putative gene encoding PMVK 
(At1g31910) has been annotated in the  Arabi-
dopsis  genome by similarity to known eukaryotic
PMVK gene sequences. Expression data avail-
able at the eFP Browser database indicate that the
putative  PMK  gene is constitutively expressed.

 The formation of IPP from 5-diphosphome-
valonate, catalyzed by DPMD, represents the 
last step of the MVA pathway. A cDNA coding for 
DPMD was cloned in  Arabidopsis  by 
complementation of a yeast mutant strain defective 
in the DPMD enzyme (Cordier et al.  1999  ) . 
 Arabidopsis  contains two annotated genes encod-
ing DPMD,  MVD1 (At2g38700)  and MVD2  
(At3g54250).  MVD1  encodes the DPMD isoform 
cloned by Cordier et al.  (  1999  ) . The  MVD2  gene has 
not yet been characterized. Data available at the eFP 
Browser database show a similar and almost over-
lapping pattern of expression for the  MVD1  and 
 MVD2  genes, which are constitutively expressed. 

 A recent report has shown that both 
 Catharanthus roseus  and  Arabidopsis  PMVK and 
DPMD fused to YFP are targeted to peroxisomes 

in transfected  C. roseus  cells (Simkin et al.  2011  ) . 
This, together with the previous  fi nding that 
 Arabidopsis  IDI can also be targeted to peroxi-
somes in tobacco protoplasts (Sapir-Mir et al. 
 2008  ) , has led to propose that the  fi nal steps of the 
MVA pathway are localized in peroxisomes.  

    4   The  gPlastidial  gMEP gPathway 
in  Arabidopsis  

 The MEP pathway enzymes are encoded by 
nuclear genes and targeted to plastids. The initial 
reaction of the MEP pathway, catalyzed by 
deoxyxylulose 5-phosphate (DXP) synthase 
(DXS), involves the condensation of (hydroxy-
ethyl)thiamine derived from pyruvate with the 
C1 aldehyde group of glyceraldehyde 3-phosphate 
(GAP) to produce DXP (Sprenger et al.  1997 ; 
Lange et al.  1998 ; Lois et al.  1998  ) , a compound 
that may also serve as a precursor for the biosyn-
thesis of vitamin B 

1
  (thiamine) (Julliard and 

Douce  1991  ) . In the second step, an intramolecu-
lar rearrangement and reduction of DXP by the 
enzyme DXP reductoisomerase (DXR) yields 
MEP (Takahashi et al.  1998 ; Lange and Croteau 
 1999 ; Schwender et al.  1999  ) . MEP is converted 
into methylerythritol 2,4-cyclodiphosphate 
(MEcPP) in three enzymatic steps (Fig.  30.1 ), 
catalyzed by 4-diphosphocytidyl-methylerythri-
tol (CDP-ME) synthase (MCT), CDP-ME kinase 
(CMK), and MEcPP synthase (MDS) enzymes. 
A reduction of MEcPP catalyzed by hydroxy-
methylbutenyl diphosphate (HMBPP) synthase 
(HDS) produces HMBPP, which the enzyme 
HMBPP reductase (HDR)  fi nally converts to a 
5:1 mixture of IPP and DMAPP (reviewed in 
(Rodríguez-Concepción and Boronat  2002 ; 
Eisenreich et al.  2004 ; Bouvier et al.  2005  ) . Rules 
for the nomenclature of the  Arabidopsis  MEP 
pathway genes, enzymes, and mutants have been 
recently proposed (Phillips et al.  2008  ) . 

 DXS is encoded by more than one gene in sev-
eral plants, particularly in those with an active 
secondary metabolism (Walter et al.  2002 ; 
Paetzold et al.  2010 ; Walter et al. this volume). It 
has been proposed that class 1 DXS would have a 
housekeeping function, whereas class 2 enzymes 

ncamposm
Cross-Out
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might participate in the biosynthesis of second-
ary isoprenoids. No genes encoding class 2 DXS 
enzymes have been found in  Arabidopsis , whose 
genome contains three open reading frames 
encoding sequences with homology to class 1 
DXS isoforms (Rodríguez-Concepción and 
Boronat  2002  ) . From these three putative iso-
forms, tentatively named DXS1 (At4g15560), 
DXS2 (At3g21500), and DXS3 (At5g11380), 
evidence of a role in the MEP pathway is only 
available for DXS1. Overexpression of DXS1 in 
transgenic plants leads to a higher production of 
MEP-derived isoprenoids (Estévez et al.  2001 ; 
Botella-Pavía et al.  2004 ; Carretero-Paulet et al. 
 2006 ; Muñoz-Bertomeu et al.  2006  )  and comple-
ments the pigmentation and developmental defects 
of DXS1-defective mutants (Crowell et al.  2000  ) . 
Growth of  cla1  plants can also be rescued by add-
ing deoxyxylulose (DX, the dephosphorylated 
product of DXS activity) to their growth medium 
(Estévez et al.  2003  ) . Similarly, the decreased 
accumulation of plastidic isoprenoid pigments 
and the pale variegated phenotype of mutants 
such as  chs5  ( dxs-3 ) and  lvr111  ( dxs-4 ), which 
harbor point mutations in the gene encoding 
DXS1, was partially rescued with DX supple-
mentation or DXS1 overexpression (Araki et al. 
 2000 ; Crowell et al.  2003  ) . In contrast to the rela-
tively high expression level of the  DXS1  gene, 
only a few ESTs from the  DXS2  and  DXS3  genes 
are available (Rodríguez-Concepción and Boronat 
 2002  ) , suggesting that their expression is low and 
most likely restricted to particular tissues or 
developmental stages. The differential expression 
pattern could explain why the mutations in the 
 DXS1  gene are not rescued by the other two puta-
tive DXS isoforms. Alternatively, it is possible 
that DXS2 and DXS3 do not have DXS activity, 
as deduced from the fact that the predicted mature 
proteins lack amino acid residues that are con-
served in all the bacterial and plant DXS 
(Rodríguez-Concepción and Boronat  2002 ; 
Phillips et al.  2008  ) . 

 The rest of the  Arabidopsis  MEP pathway 
enzymes appear to be encoded by a single gene 
(Rodríguez-Concepción and Boronat  2002  ) . 
Experimental data have con fi rmed that all the 

MEP pathway enzymes harbor N-terminal 
sequences that target them to plastids (Araki et al. 
 2000 ; Carretero-Paulet et al.  2002 ; Querol et al. 
 2002 ; Hsieh and Goodman  2005 ; Hsieh et al. 
 2008  ) . A screening for  Arabidopsis  seedling-lethal 
mutants from T-DNA collections identi fi ed albino 
mutants being disrupted in the genes encoding 
DXS1 (At4g15560), DXR (At5g62790), and 
MCT (At2g02500). These lines have been 
renamed  dxs-2 ,  dxr-1 , and  mct-3 , respectively 
(Phillips et al.  2008  ) . The same phenotype dis-
played by these and the DXS-defective  cla1  ( dxs-
1 ) mutant (Mandel et al.  1996 ; Estévez et al. 
 2000  )  was found in loss-of-function mutants of 
the genes encoding CMK (At2g26930), MDS 
(At1g63970), HDS (At5g60600), and HDR 
(At4g34350) in  Arabidopsis  (Gutiérrez-Nava 
et al.  2004 ; Guevara-García et al.  2005 ; Hsieh 
and Goodman  2005 ; Hsieh and Goodman  2006 ; 
Hsieh et al.  2008  ) . These mutants typically dis-
play chloroplasts with virtually no development 
of thylakoids and almost undetectable levels of 
photosynthetic pigments (chlorophylls and caro-
tenoids). As expected, the accumulation of these 
and other plastidic isoprenoids is reduced in par-
tial loss-of-function mutants and antisense lines 
with reduced activity levels of DXS, CMS, or 
HDS (Araki et al.  2000 ; Okada et al.  2002 ; 
Crowell et al.  2003 ; Flores-Pérez et al.  2008b  ) . 
Most interestingly, some of these lines have 
unveiled connections between the MEP pathway 
and other metabolic pathways and cell processes. 
For instance, the  csb3  ( hds-3 ) mutant, which har-
bors a point mutation in the gene encoding HDS 
(Gil et al.  2005  )  and causing a decreased produc-
tion of isoprenoid pigments (Flores-Pérez et al. 
 2008b  ) , was unexpectedly found in a search for 
mutants resistant to biotrophic pathogens, 
suggesting the involvement of the MEP pathway 
in defense responses. Also unexpectedly, the 
decreased DXS activity in the pale  lvr111  ( dxs-4 ) 
mutant correlates with an enhanced resistance to 
the block of the MVA pathway with lovastatin 
(also known as mevinolin), a speci fi c inhibitor of 
HMGR (Crowell et al.  2003  ) , suggesting a cross-
talk between the two pathways leading to the pro-
duction of isoprenoid precursors.  
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    5   Crosstalk gBetweeng Pathways 
and Exchange of Common 
Pathway Products 

 Mutant  Arabidopsis  seedlings with a block in the 
MEP pathway have been shown to still accumu-
late low levels of plastid isoprenoids such as chlo-
rophylls and carotenoids, suggesting an import of 
cytosolic MVA-derived isoprenoid precursors to 
the plastids (Araki et al.  2000 ; Estévez et al.  2000 ; 
Nagata et al.  2002  ) . Labeling experiments have 
demonstrated that a bidirectional exchange of 
common isoprenoid precursors between cell com-
partments takes place in  Arabidopsis . For exam-
ple, gibberellins are formed from precursors 
derived mostly from the MEP pathway, but also 
from the MVA pathway (Kasahara et al.  2002  ) . 
The exchange rate, however, is not high enough 
to rescue the production of all types of isoprenoids 
when one of the two pathways is pharmacologi-
cally or genetically blocked in  Arabidopsis . The 
extent of the exchange can be increased by feed-
ing of intermediates of the MVA or the MEP path-
ways and by metabolic, environmental, or 
developmental cues (Kasahara et al.  2002 ; Nagata 
et al.  2002 ; Schuhr et al.  2003 ; Rodríguez-
Concepción et al.  2004  ) . Together, these results 
suggest a coordination of the activities of the 
MVA and MEP pathways to ensure the availabil-
ity of precursors for the plethora of isoprenoid 
end products synthesized in plant cells. The nature 
of the mechanisms involved, however, has 
remained largely unknown. 

 Factors responsible for the inter-pathway 
crosstalk are now being identi fi ed using molecu-
lar, genetic, and genomic approaches. A recent 
analysis of transcriptional pro fi les of genes of 
the MVA and MEP pathways under various 
experimental conditions could not detect a close 
connection between these pathways, suggesting 
that the crosstalk at the transcriptional level may 
be restricted to single genes in both pathways 
(Wille et al.  2004  ) . In particular, the gene encod-
ing HMGR1, the most widely distributed HMGR 
isoform in  Arabidopsis  (Enjuto et al.  1994  ) , 
appeared as a good candidate for inter-pathway 

crosstalk since it had few connections to the MVA 
pathway and was found to be negatively corre-
lated to the module of fully connected genes in 
the MEP pathway (those encoding DXR, MCT, 
CMK, MDS, and HDS), suggesting a mutually 
exclusive pattern of expression. 

 A second module of MEP pathway genes was 
formed by  DXS1  and  HDR , which were only con-
nected to each other. 

A complementary approach to investigate the 
crosstalk between the MVA and MEP pathways 
is the isolation and characterization of mutants 
resistant to a block of these pathways. The 
speci fi c block of the MVA pathway with mevino-
lin (MEV, an inhibitor of HMGR) or the MEP 
pathway with fosmidomycin (FSM) in 
 Arabidopsis  results in a developmental block at 
the seedling stage (Rodríguez-Concepción et al. 
 2004  ) . A strategy based on the isolation of 
 Arabidopsis  mutants capable of overcoming the 
inhibition of the MVA pathway with MEV which 
could also survive in the presence of FSM resulted 
in the identi fi cation of  rim1 , which was shown to 
be defective in phytochrome B, the major light 
stable photoreceptor of red light in  Arabidopsis  
seedlings. The MEV-resistant phenotype of  rim1  
seedlings was shown to be caused by increased 
levels of HMGR enzyme activity due to an acti-
vation of gene expression, whereas the FSM-
resistant phenotype of mutant seedlings was 
proposed to derive from an enhanced intake of 
MVA-derived isoprenoid precursors by the plas-
tid (Rodríguez-Concepción et al.  2004  ) . The 
analysis of FSM resistance of mutants being 
impaired in light perception and signal transduc-
tion indicated that the light-triggered signaling 
pathway eventually leading to downregulation of 
the cytosol-to-plastid transport of prenyl diphos-
phates is initiated by phytochromes, but did not 
require the participation of other factors required 
for HMGR upregulation and MEV resistance, 
thereby revealing the existence of distinct light 
perception and signaling pathways for the control 
of the MVA pathway and the exchange of com-
mon products of the MVA and MEP pathways. 
The identi fi cation and characterization of other 
mutants resistant to a block in the MVA or the 
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MEP pathways should provide further insights 
into the molecular networks coordinating inter-
pathway crosstalk in plants.  

   6   Regulation gof gthe gMetabolic 
Flux Through the MVA 
Pathway 

 Several lines of evidence sustain that HMGR has 
a key role in the regulation of the MVA pathway. 
The  fi rst indications in this direction came from 
studies on the distribution of HMGR activity in 
pea and radish seedlings (Brooker and Russell 
 1975 ; Grumbach and Bach  1979 ; Bach et al. 
 1980 ; Bach and Lichtenthaler  1984  )  and HMGR 
transcripts in wheat and  Arabidopsis  (Aoyagi 
et al.  1993 ; Enjuto et al.  1994 ; Enjuto et al.  1995 ; 
Lumbreras et al.  1995  ) . Both the enzymatic activ-
ity and transcript levels are high in rapidly grow-
ing parts of the plant, such as apical buds and 
roots, where very active sterol biosynthesis 
occurs, and low in more mature structures. In 
agreement, the levels of HMGR activity tightly 
correlate with the rate of sterol production in 
developing seeds of rape and tobacco (Harker 
et al.  2003a  ) . HMGR activity and transcript lev-
els are also high in actively dividing  Arabidopsis , 
tomato and tobacco culture cells (Lumbreras 
et al.  1995 ; Jelesko et al.  1999 ; Hemmerlin and 
Bach  2000 ; Hemmerlin et al.  2004  ) . On the other 
hand, it was found that the challenge of some 
solanaceous species with pathogens or elicitor 
treatment induces sharp increases in HMGR 
activity and transcript levels, that precede the 
accumulation of sesquiterpenoid phytoalexins 
(Suzuki et al.  1975 ; Ôba et al.  1985 ; Chappell and 
Nable  1987 ; Yang et al.  1991  ) . Thus, the regula-
tory role of HMGR in the MVA pathway seems to 
be important not only for normal plant growth 
and development but also for the adaptation to 
challenging environmental conditions. 

 More conclusive evidence in favor of the 
limiting role of plant HMGR in the biosynthesis 
of MVA-derived isoprenoid products has been 
obtained by expression of different variants of 
this enzyme in homologous and heterologous 
systems. The level of total phytosterols was 

increased about eightfold in leaves of tobacco 
plants by constitutive expression of either the 
 Hevea HMG1  gene (Schaller et al.  1995  )  or the 
catalytic domain of hamster HMGR (Chappell 
et al.  1995  ) . The overexpression of the  Arabidopsis  
HMGR isoforms in transgenic  Arabidopsis  plants 
also led to higher accumulation of leaf phytoster-
ols (González  2002 ; Manzano et al.  2004 ; Leivar 
et al.  2005  ) . The increase was moderate with 
ectopic expression of HMGR1L and HMGR2 
(1.3- and 1.5-fold, respectively) and more promi-
nent with HMGR1S (2.5-fold). However, the 
highest success in the homologous  Arabidopsis  
system was achieved by expression of the cata-
lytic domain of either HMGR1 (11.5-fold phy-
tosterol increase) or HMGR2 ( fi vefold). Higher 
phytosterol accumulation in tobacco leaves and 
seeds was also obtained when the catalytic 
domain of Hevea HMGR1 was expressed instead 
of the complete protein (Harker et al.  2003b  ) . In 
all the above-mentioned systems, the HMGR 
activity correlates positively with the phytosterol 
production level. Therefore, the cumulative data 
indicate that plant HMGR activity is downregu-
lated by its membrane domain. The elimination 
of this domain allows deregulation of HMGR and 
more active phytosterol biosynthesis. However, 
regulation of downstream enzymes in the phytos-
terol pathway still limits the production of end-
of-chain phytosterols, and the excessively 
accumulated intermediates are largely esteri fi ed 
with fatty acids and accumulate as lipid droplets 
in the cytosol of HMGR overexpressing plant 
cells (Schaller et al.  1995  ) . 

 Additional proof of the limiting role of HMGR 
in plant isoprenoid biosynthesis was obtained by 
the overexpression of cytosolic or mitochondrial 
FPP synthase in  Arabidopsis  plants (Masferrer 
et al.  2002 ; Manzano et al.  2004 ; Manzano et al. 
 2006  ) . High levels of FPP synthase activity 
without a concomitant increase of MVA 
production led to a reduction of isoprenoid pre-
cursors for cytokinin biosynthesis, the formation 
of necrotic lesion, and premature senescence. 
A strict control of the level of isoprenoid interme-
diates is thus required to avoid deleterious effects 
on plant growth and development (Manzano et al. 
 2004  ) . All these observations underline the 
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 importance of plant HMGR in the control of the 
metabolic  fl ux to cytosolic and mitochondrial iso-
prenoid products. In sharp contrast, no evidence 
has been provided to date in support of such a 
regulatory role for other enzymes of the MVA 
pathway. 

 In agreement with its fundamental role in the 
control of the MVA pathway, plant HMGR is 
modulated by a variety of developmental and 
environmental signals such as phytohormones, 
calcium, calmodulin, light, wounding, elicitor 
treatment, and pathogen attack (cf. Stermer et al. 
 1994  ) . The response to these factors involves a 
complex regulatory network that operates at both 
transcriptional and post-translational level. It has 
been proposed that the major changes in HMGR 
activity would be determined at the transcriptional 
level, whereas the posttranscriptional control 
would allow a  fi ner and faster adjustment (Chappell 
 1995  ) . In  Arabidopsi s, development and light have 
major effects on HMGR transcript and activity 
levels. The expression of the  Arabidopsis HMG1  
gene is triggered by germination, and the  HMG1  
mRNA levels increase rapidly as the seedling 
develops (Learned and Connolly  1997  ) . In rosette 
leaves, HMGR activity declines with age 
(Manzano et al.  2004  ) , but  HMG1  and  HMG2  
expression is induced in the in fl orescences (Enjuto 
et al.  1994 ; Enjuto et al.  1995 ; Lumbreras et al. 
 1995  ) . This alternating pro fi le of HMGR levels, 
encompassing seedling, leaf, and in fl orescence 
development, is not exclusive of  Arabidopsis , but 
occurs in other plant systems as well (Brooker and 
Russell  1975 ; Aoyagi et al.  1993 ; Moore and Oishi 
 1993 ; Korth et al.  1997 ; Jain et al.  2000 ; Korth 
et al.  2000  ) . Light is a negative regulator of 
 Arabidopsis HMG1  gene expression (Learned 
 1996  ) . This control is exerted at the transcriptional 
level and depends on the  fl uence rate, time of illu-
mination, and spectral quality. In agreement, 
genetic evidence was provided showing that phy-
tochrome and cryptochrome are required for 
downregulation of  Arabidopsis HMG1  and  HMG2  
transcript levels (Rodríguez-Concepción et al. 
 2004  ) . The  HMG1  promoter was activated by light 
deprivation in immature  Arabidopsis  leaves, but 
not in roots, indicating differential responsiveness 
in different organs (Learned and Connolly  1997  ) . 

Direct  control by light and the light-dependent 
developmental program likely contribute to the 
higher HMGR activity and transcript levels 
observed in etiolated seedlings versus light-
exposed seedlings of several plant species (Brooker 
and Russell  1975 ; Bach  1986 ; Ji et al.  1992 ; Enjuto 
et al.  1994  ) . 

 Evidences showing posttranscriptional regula-
tion of plant HMGR are still scarce. Pioneering 
work in pea indicated that phytochrome can 
repress HMGR activity at the posttranslational 
level (Brooker and Russell  1979 ; Wong et al. 
 1982  ) . Downregulation of potato HMGR occur-
ring along development and in response to light is 
most likely mediated by protein degradation 
(Korth et al.  2000  ) . It has been shown that the 
increase or reduction of the  fl ux through the ste-
rol pathway in tobacco cell culture and 
 Arabidopsis  seedlings causes compensatory 
response in HMGR activity, which is regulated at 
the posttranslational level (Wentzinger et al. 
 2002 ; Nieto et al.  2009  ) . The block of sphingo-
lipid biosynthesis in  Arabidopsis  also led to post-
translational repression of HMGR activity and 
concomitant reduction in the sterol content, indi-
cating a regulatory crosstalk between the two 
lipid biosynthetic pathways (Nieto et al.  2009  ) . In 
microsomal preparations from pea seedlings, 
addition of increasing nanomolar concentrations 
of calcium caused a proportional reversible 
decrease of HMGR activity (Russell et al.  1985  ) . 
This effect was not mediated by direct action of 
Ca 2+  on HMGR, Ca 2+ -induced proteolysis or 
interaction with calmodulin. Reversible inhibi-
tion of HMGR activity by calcium was also 
observed in  Arabidopsis  extracts (Antolín and 
Campos, unpublished results), thus indicating 
that a still unknown mechanism for calcium-
dependent regulation of enzyme activity might be 
conserved in plants. It has been shown that 
 Arabidopsis  HMGR1 can be phosphorylated at a 
conserved serine residue (Ser577 in the HMGR1S 
sequence) by SnF1-related kinase (SnRK1) of 
cauli fl ower and spinach cell-free extracts (Dale 
et al.  1995 ; Sugden et al.  1999  ) . This modi fi cation 
completely inactivates the HMGR enzyme and 
could, therefore, determine the  fl ux through 
the MVA pathway. In fact, phytosterol levels in 
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 transgenic tobacco seeds are higher when a 
 variant of  Arabidopsis  HMGR1S without the 
phosphorylation site is used instead of the 
unmodi fi ed enzyme (Hey et al.  2006  ) . However, 
the gain in phytosterol content (19 % increase, 
with respect to the non-transformed control, and 
10 % increase, with respect to tobacco expressing 
the original HMGR1S) was moderate in compar-
ison with that obtained after constitutive expres-
sion of single copy HMGR catalytic domain 
(170 % increase) (Harker et al.  2003b  ) . Thus, fur-
ther work is required to reinforce the view that 
phosphorylation of plant HMGR catalytic domain 
has a major role in the posttranslational control of 
the MVA pathway. 

 Protein phosphatase 2A (PP2A) was recently 
identi fi ed as a multilevel regulator of HMGR in 
 Arabidopsis  (Leivar et al.  2011  ) . Both HMGR1L 
and HMGR1S interact with PP2A through B″ 
regulatory subunits of PP2A, which are also Ca 2+ -
binding proteins (Leivar et al.  2011  ) . Whereas 
the  Arabidopsis  B″ b  variant is involved in the 
posttranscriptional repression of HMGR in 
unchallenged seedlings, B″ a  modulates HMGR 
transcript, protein, and activity levels in response 
to salt challenge (Leivar et al.  2011  ) . When 
 Arabidopsis  seedlings were transferred to salt-
containing medium, B″ a  and PP2A mediated the 
decrease and subsequent increase of HMGR 
activity, which resulted from a steady rise of 
 HMG1  transcripts levels and an initial sharper 
reduction of HMGR protein level (Leivar et al. 
 2011  ) . A similar biphasic pro fi le of HMGR activ-
ity was previously observed when bright yellow-2 
tobacco cells were subjected to a block with 
mevinolin (Hemmerlin et al.  2003  )  or when 
potato tubers were subjected to wounding (Yang 
et al.  1991  ) , suggesting that these responses 
might be also mediated by PP2A through B″ reg-
ulatory subunits. Since PP2A is involved in auxin, 
abscisic acid, ethylene, and brassinosteroid 
signaling and the B″-PP2A subunit is a Ca 2+ -
binding protein, these observations uncover the 
potential of PP2A to integrate developmental 
and Ca 2+ -mediated environmental signals in the 
 control of plant HMGR (Antolín-Llovera et al. 
 2011  ) .  

   7   Regulation gof gthe gMetabolic 
Flux Through the MEP Pathway 

 The  fi rst two and the last two enzymes of the 
MEP pathway (DXS, DXR, HDS, and HDR) 
were  fi rst proposed as potential control points of 
the metabolic  fl ux to plastidial isoprenoids. 
Pioneer studies in tomato supported such a role 
for DXS and HDR, but not for DXR or HDS, 
mainly based on the correlation between the 
accumulation of transcripts and proteins from 
these genes and the production of MEP-derived 
products (carotenoids) during fruit ripening (Lois 
et al.  2000 ; Rodríguez-Concepción et al.  2001 ; 
Rodríguez-Concepción et al.  2003 ; Botella-Pavía 
et al.  2004  ) . During light-induced de-etiolation of 
 Arabidopsis  seedlings, high IPP and DMAPP 
levels are also required to support an increased 
production of plastid isoprenoids such as carote-
noids and chlorophylls. But the analysis of tran-
script accumulation in de-etiolating  Arabidopsis  
seedlings has shown that all the genes encoding 
MEP pathway enzymes are upregulated after the 
light treatment (Mandel et al.  1996 ; Botella-Pavía 
et al.  2004 ; Rodríguez-Concepción  2006 ; Hsieh 
et al.  2008 ; Cordoba et al.  2009  ) . More compel-
ling evidence for the role of DXS, DXR, HDS, 
and HDR in controlling plastidial IPP and 
DMAPP production came from the analysis of 
transgenic  Arabidopsis  plants in which their lev-
els had been altered (Estévez et al.  2001 ; Botella-
Pavía et al.  2004 ; Carretero-Paulet et al.  2006 ; 
Flores-Pérez et al.  2008b  ) . Transgene-mediated 
upregulation and/or downregulation of DXS, 
DXR, or HDR levels in  Arabidopsis  correlated 
with concomitant changes in the levels of MEP-
derived isoprenoid end products such as 
chlorophylls and carotenoids (Estévez et al.  2001 ; 
Botella-Pavía et al.  2004 ; Carretero-Paulet et al. 
 2006  ) . Similarly, transgenic tomato fruit overex-
pressing a bacterial DXS enzyme showed a 
signi fi cant increase in the production of 
carotenoids (En fi ssi et al.  2005  ) , whereas 
peppermint plants overexpressing DXR also 
accumulated enhanced levels of MEP-derived 
monoterpenes (Mahmoud and Croteau  2001  ) . 
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By contrast, no effect on the accumulation of 
MEP-derived isoprenoids was observed in trans-
genic lines overexpressing HDS (Flores-Pérez 
et al.  2008b  ) . These results demonstrate that not 
all the MEP pathway enzymes cause a signi fi cant 
change in the pathway  fl ux when their concentra-
tion is altered, supporting the metabolic control 
analysis (MCA) conclusion that several enzymes 
can share control over the  fl ux of the pathway, 
with different enzymes exhibiting different 
degrees of control (Thomas and Fell  1998 ; 
Libourel and Shachar-Hill  2008  ) . Based on the 
overexpression studies described above, the con-
trol of  fl ux through the MEP pathway should be 
shared by the rate-determining enzymes DXS, 
DXR and HDR, whereas the contribution of HDS 
to overall  fl ux appears to be comparatively much 
lower. Nothing is known yet about the relative 
contribution of the rest of MEP pathway enzymes 
(MCT, CMK, and MDS) to  fl ux control. A thor-
ough examination of the relevant MCA parame-
ters, including a detailed study of the effect of the 
overexpression of each enzyme of the MEP path-
way on the activity of the rest, is now needed to 
identify what enzymes besides DXS, DXR, and 
HDR are “rate-determining” (a MCA term used 
when changes in the concentration of an enzyme 
cause a change in the pathway  fl ux) and to assign 
which steps have greater in fl uence in regulating 
 fl ux to IPP and DMAPP. This analysis is particu-
larly important for the rational design of meta-
bolic engineering approaches aimed to 
overproduce MEP-derived isoprenoids in plant 
systems. 

 Changes in gene expression appear to act as a 
coarse control to regulate the MEP pathway 
enzyme levels, but they do not always lead to 
similar changes in protein levels and, most impor-
tantly, enzyme activities and metabolite produc-
tion (Rodríguez-Concepción  2006  ) . For instance, 
the partial block of the MVA and MEP pathways 
in  Arabidopsis  seedlings grown in the presence 
of sublethal concentrations of speci fi c inhibitors 
causes a reduction in derived isoprenoid levels 
without changes in gene expression (Laule et al. 
 2003  ) . The levels of DXS protein, but not 
transcripts, are upregulated in FSM-treated 
 Arabidopsis  seedlings, and a posttranscriptional 

increase of DXS and HDR protein levels has been 
recently shown to occur speci fi cally in  Arabidopsis  
null mutants of the MEP pathway (Guevara-
García et al.  2005  ) . Posttranscriptional events 
also appear to modulate the accumulation of 
MEP pathway proteins during seedling develop-
ment, resulting in discrete changes on protein 
levels despite strong upregulation of gene expres-
sion (Guevara-García et al.  2005  ) . These and 
other results have led to suggest that the accumu-
lation of at least some MEP pathway enzymes 
(including  fl ux-controlling DXS and HDR) in 
 Arabidopsis  might be regulated by changes in the 
metabolic  fl ux through the pathway. Further 
experiments are, however, required to ascertain 
the importance of this type of potential 
regulation. 

 The identi fi cation of  Arabidopsis  mutants that 
are resistant to FSM ( rif  mutants) has recently 
unveiled a mechanism for the posttranscriptional 
accumulation of active MEP pathway enzymes in 
plastids (Sauret-Güeto et al.  2006 ; Flores-Pérez 
et al.  2008a  ) . The characterization of the  rif1  and 
 rif10  mutants showed that their FSM resistance 
phenotype was the result of upregulated DXS and 
DXR levels without major changes in the expres-
sion of the corresponding (nuclear) genes. Both 
RIF1 (Flores-Pérez et al.  2008a  )  and RIF10 
(Sauret-Güeto et al.  2006  )  proteins are required 
for the proper expression of the plastid genome 
(plastome), and their loss of function in  rif1  and 
 rif10  lines cause a reduction in the production of 
plastome-encoded proteins linked to the posttran-
scriptional accumulation of DXS, DXR, HDS, 
and HDR in mutant plastids. Mutant seedlings 
were shown to have altered levels of the plas-
tome-encoded ClpP1 protein, one the catalytic 
subunits of the stromal Clp protease complex 
(Peltier et al.  2004  ) , likely resulting in a decreased 
proteolytic activity of the entire complex as a 
consequence of impaired subunit stoichiometry 
(Sjögren et al.  2006  ) . Consistent with a role of 
this protease in the regulation of MEP pathway 
enzyme levels, mutants with a decreased Clp 
protease activity also showed an increased accu-
mulation of active DXS and DXR enzymes, 
leading to FSM resistance (Flores-Pérez et al. 
 2008a  ) . The presence of similar Clp protease core 
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complexes in all plastid types, their abundance, 
and the essential character of the catalytic sub-
units suggests that it plays a central role in plastid 
homeostasis and biogenesis, similar to that of the 
ubiquitin-proteasome system for plant develop-
ment (Sjögren et al.  2006  ) . However, little is cur-
rently known concerning the speci fi c function of 
this stromal protease or its protein substrates in 
higher plants. Although the participation of the 
Clp protease in the degradation of at least some of 
the MEP pathway enzymes within plastids is clear 
(Flores-Pérez et al.  2008a  ) , current evidence does 
not allow to conclude whether these proteins, 
which are also localized in the stroma (Carretero-
Paulet et al.  2002 ; Oudin et al.  2007  ) , are direct 
targets (actual substrates) of this protease. Thus, it 
is possible that downregulation of Clp activity in 
plastids results in changes that are ultimately 
responsible for the observed accumulation of 
DXS, DXR and/or the other proposed substrates 
of this proteolytic complex. In summary, the met-
abolic  fl ux through the MEP pathway appears to 
be controlled by several enzymes (with a major 
contribution of DXS and HDR) regulated at tran-
scriptional and posttranscriptional levels in 
response to metabolic (feedback regulation), 
environmental (light), and developmental cues.      
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