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ABSTRACT The biosynthesis of isoprenoids in plant cells occurs from precursors produced in the cytosol by the meval-

onate (MVA) pathway and in the plastid by the methylerythritol 4-phosphate (MEP) pathway, but little is known about the

mechanisms coordinating both pathways. Evidence of the importance of sugar signaling for such coordination in Arabi-

dopsis thaliana is provided here by the characterization of a mutant showing an increased accumulation of MEP-derived

isoprenoid products (chlorophylls and carotenoids) without changes in the levels of relevant MEP pathway transcripts,

proteins, or enzyme activities. This mutant was found to be a new loss-of-function allele of PRL1 (Pleiotropic Regulatory

Locus 1), a gene encoding a conserved WD-protein that functions as a global regulator of sugar, stress, and hormone

responses, in part by inhibition of SNF1-related protein kinases (SnRK1). Consistent with the reported role of SnRK1

kinases in the phosphorylation and inactivation of the main regulatory enzyme of the MVA pathway (hydroxymethylglu-

taryl coenzyme-A reductase), its activity but not transcript or protein levels was reduced in prl1 seedlings. However, the

accumulation of MVA-derived end products (sterols) was unaltered in mutant seedlings. Sucrose supplementation to wild-

type seedlings phenocopied the prl1 mutation in terms of isoprenoid metabolism, suggesting that the observed isopre-

noid phenotypes result from the increased sugar accumulation in the prl1 mutant. In summary, PRL1 appears to coordinate

isoprenoid metabolism with sugar, hormone, and stress responses.

Key words: Carbohydrate metabolism; metabolic regulation; secondary metabolism—terpenoids, isoprenoids, and car-

otenoids; Arabidopsis.

INTRODUCTION

Isoprenoids, also known as terpenoids, are a diverse class of

natural products found in all organisms. In plants, a subgroup

comprising hormones, sterols, carotenoids, and the side chain

of chlorophylls serves essential functions, but the majority of

plant isoprenoids can be classified as secondary metabolites

that modulate the interaction of plants with their environ-

ment (Bouvier et al., 2005). All isoprenoids derive from isopen-

tenyl diphosphate (IPP) and its allylic isomer dimethylallyl

diphosphate (DMAPP). These 5-carbon units are condensed

during the synthesis of larger prenyl diphosphates that act

as precursors for the production of different groups of isopre-

noids. Two distinct pathways generate these precursors in

plant cells (Figure 1). The mevalonate (MVA) pathway synthe-

sizes cytosolic IPP for the production of sesquiterpenes and tri-

terpenes such as sterols and brassinosteroids. The

methylerythritol 4-phosphate (MEP) pathway is localized in

plastids and produces IPP and DMAPP for the biosynthesis

of photosynthesis-related isoprenoids (carotenoids and the

side chain of chlorophylls, plastoquinones, and tocopherols)

and hormones, including gibberellins and abscisic acid

(reviewed in Eisenreich et al., 2001; Rodrı́guez-Concepción

and Boronat, 2002; Phillips et al., 2008b). Although these

two pathways are compartmentalized in plant cells, there is
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evidence of a limited exchange of common precursors between

the cytosol and plastids (Bick and Lange, 2003; Dudareva et al.,

2005; Hemmerlin et al., 2003; Kasahara et al., 2002; Laule et al.,

2003). The extent of the exchange can be manipulated by sup-

plying intermediates of the MVA or the MEP pathways exoge-

nously and is sensitive to metabolic, environmental, and

developmental cues (Hemmerlin et al., 2003; Kasahara et al.,

2002; Nagata et al., 2002; Rodrı́guez-Concepción et al., 2004;

Schuhr et al., 2003). However, the exchange rate in Arabidopsis

thaliana is not high enough to rescue the production of all

types of isoprenoids when one of the two pathways is pharma-

cologically or genetically blocked (Carretero-Paulet et al., 2006;

Estévez et al., 2001; Hsieh and Goodman, 2005; Kobayashi et al.,

2007; Nagata et al., 2002; Rodrı́guez-Concepción et al., 2004;

Suzuki et al., 2009).

It is generally accepted that the main rate-controlling step

of the MVA pathway is catalyzed by the enzyme hydroxyme-

thylglutaryl coenzyme A reductase (HMGR), mainly because al-

tered HMGR levels usually result in concomitant changes in

MVA-derived isoprenoid production. For example,Arabidopsis

plants overexpressing different HMGR isoforms show in-

creased sterol levels (Leivar et al., 2005; Manzano et al.,

2004), whereas partial loss of HMGR activity leads to reduced

accumulation of sterols (Ohyama et al., 2007; Suzuki et al.,

2004). For the MEP pathway, several steps have been proposed

to share control over the pathway flux. Thus, overexpression of

deoxyxylulose 5-phosphate (DXP) synthase (DXS), DXP reduc-

toisomerase (DXR), and hydroxymethylbutenyl diphosphate

(HMBPP) reductase (HDR) leads to increased chlorophyll and

carotenoid accumulation in photosynthetic tissues of Arabi-

dopsis plants, whereas their reduced activity in mutants results

in decreased production of plastidial isoprenoids (Araki et al.,

2000; Botella-Pavı́a et al., 2004; Carretero-Paulet et al., 2006;

Crowell et al., 2003; Estévez et al., 2001; Hsieh and Goodman,

2005). Despite the progress in identifying key enzymes for the

production of isoprenoid precursors in plants, the regulatory

mechanisms that control the metabolic flux through the MVA

and MEP pathway as well as the processes involved in the com-

munication between pathways are not fully understood.

The MEP pathway inhibitors clomazone (CLM) and fosmido-

mycin (FSM) have been shown to prevent seedling establish-

ment and photosynthetic development in Arabidopsis by

specifically inhibiting the enzymes DXS and DXR, respectively

(Carretero-Paulet et al., 2006; Zeidler et al., 2000, 1998). The

bleached phenotype caused by the specific block of the pro-

duction of MEP-derived plastidial isoprenoid pigments (e.g.

chlorophylls and carotenoids) by CLM or FSM can be rescued

by up-regulating the activity of the target enzymes as well as

by activating the exchange of isoprenoid precursors between

the cytosol and the plastid (Carretero-Paulet et al., 2006; Laule

et al., 2003; Rodrı́guez-Concepción et al., 2004). A screening of

publicly available collections of Arabidopsis T-DNA insertion

lines for seedlings capable of greening and developing in

the presence of otherwise lethal concentrations of FSM

resulted in the identification of several mutant lines showing

a clear phenotype of resistance to inhibition by FSM, which we

named rif mutants (Sauret-Güeto et al., 2006). In some of these

mutants (including rif1 and rif10), FSM resistance resulted

from an enhanced accumulation of active DXS and DXR

enzymes. The up-regulated levels of these flux-controlling

enzymes, however, did not result in increased levels of MEP-

derived isoprenoid products because the mutations prevented

the correct development of chloroplasts (Flores-Pérez et al.,

2008; Sauret-Güeto et al., 2006). Here, we describe the isola-

tion and characterization of a FSM-resistant mutant, rif18,

which, unlike rif1 and rif10, accumulates increased levels of

plastidial isoprenoid pigments compared to the Columbia

wild-type (WT) when grown in the absence of inhibitors.

Our results show that rif18 is a novel loss-of-function allele

of the PRL1 (Pleiotropic Regulatory Locus 1) gene encoding

Figure 1. Isoprenoid Biosynthesis in Plant Cells.

Two independent pathways for the biosynthesis of the universal
isoprenoid precursors isopentenyl diphosphate (IPP) and dimethy-
lallyl diphosphate (DMAPP) exist in plant cells: the cytosolic meval-
onate (MVA) pathway and the plastidial methylerythritol
4-phosphate (MEP) pathway. The production of MVA from hydrox-
ymethylglutaryl coenzyme-A (HMG–CoA) by the enzyme HMG–CoA
reductase (HMGR) can be blocked by mevastatin (MEV). The pro-
duction of MEP from deoxyxylulose 5-phosphate (DXP) catalyzed
by DXP reductoisomerase (DXR) can be inhibited by fosmidomycin
(FSM), whereas the production of DXP from pyruvate and glyceral-
dehyde 3-phosphate (GAP) by DXP synthase (DXS) can be blocked
with clomazone (CLM). In the last step of the MEP pathway, IPP and
DMAPP are simultaneously synthesized from hydroxymethylbu-
tenyl diphosphate (HMBPP) by the activity of HMBPP reductase
(HDR). Condensation of IPP and DMAPP units produces prenyl
diphosphates of increasing size such as farnesyl diphosphate
(FPP), geranyl diphosphate (GPP), and geranylgeranyl diphosphate
(GGPP), which are the starting points for the biosynthesis of isopre-
noid end products. The major isoprenoid products of the MVA and
MEP pathways are sterols (boxed in light gray) and carotenoids
(boxed in dark gray), respectively. Dashed arrows represent multi-
ple biosynthetic steps. Exchange of common prenyl diphosphates
between cell compartments is indicated with a dotted closed arrow.
The labeled precursors used in this work to evaluate this exchange
are indicated in italics.
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a WD protein that exerts a pleiotropic effect on sugar and hor-

mone responses and influences the phosphorylation status

(and hence the activity) of HMGR. These data reveal a strong

influence of PRL1 activity and sugar availability for isoprenoid

production in Arabidopsis seedlings.

RESULTS

Identification of rif18, a Mutant that Displays a Dark-

Green Phenotype Coupled to FSM and CLM Resistance

To identify mutants with an enhanced flux through the MEP

pathway leading to an up-regulated accumulation of plastidial

isoprenoid end products such as chlorophylls and carotenoids,

we selected Arabidopsis rif lines displaying a dark-green color

when grown in the absence of inhibitors. One of the identified

mutants, rif18, showed a clear resistance to both FSM and CLM

(Figure 2). Mutant rif18 seedlings accumulated more MEP-

derived photosynthetic pigments (chlorophylls and carote-

noids) than the WT, a phenotype that was stronger when

the MEP pathway was inhibited (Figure 2A). They also showed

an improved seedling establishment in the presence of FSM or

CLM (Figure 2B). Neither of these resistance phenotypes was

observed when rif18 seedlings were grown in the presence

of different classes of inhibitors interfering with other path-

ways required for plastid development such as phosphinotri-

cin, chloramphenicol, hygromycin, or kanamycin (Figure 2B

and data not shown). These results suggest that the resistance

of the rif18 mutant to FSM and CLM is not caused by the ac-

tivation of a general multidrug resistance mechanism but it

specifically results from interference with the regulation of

the MEP pathway. The slightly darker green color of both seed-

lings and adult rif18plants compared to the WT (Figure 3) most

likely results from the described accumulation of ;30% more

chlorophylls and carotenoids (Figure 2A). All major chlorophyll

and carotenoid species detected in chloroplasts of light-grown

seedlings were increased in the mutant (Table 1), similar to

that observed in transgenic Arabidopsis plants with an en-

hanced flux through the MEP pathway by overexpression of

DXS, DXR, or HDR (Botella-Pavı́a et al., 2004; Carretero-Paulet

et al., 2006; Estévez et al., 2001). But unlike these transgenic

lines, mutant rif18 plants also showed other phenotypic alter-

ations compared to the WT, including a clear inhibition of root

growth, flat leaves with serrated margins, and early flowering

(Figure 3). Together, the pleiotropic phenotype of rif18 plants

suggests that the mutation not only positively affects flux

through the MEP pathway (causing resistance to both FSM

and CLM and an enhanced accumulation of plastidial isopre-

noid end products), but also impacts developmental processes

in the plant.

The rif18 Mutant Is a New Loss-of-Function Allele of PLR1,

a Gene Involved in Sugar and Hormone Responses

Backcrossing of homozygous rif18 plants with the WT fol-

lowed by selfing and segregation analysis of the offspring

showed that the T-DNA insertion co-segregated (in a recessive

and monogenic manner) with both the resistance to CLM and

FSM and the pleiotropic phenotype displayed by the mutant.

For the identification of the gene responsible for the rif18 phe-

notype, we analyzed the T-DNA flanking sequences in the mu-

tant genome. As shown in Figure 4A, the T-DNA insertion

interrupts the coding region of the PRL1 (Pleiotropic Regula-

tory Locus 1) gene (At4g15900). PRL1 is a conserved WD
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Figure 2. Isoprenoid Phenotypes of Mutant rif18 Seedlings.

(A) Total chlorophyll and carotenoid levels in 10-day-old wild-type
(WT) and rif18 seedlings grown on MS plates supplemented or not
with 10 lM MEV or 30 lM FSM. Mean and standard errors corre-
spond to two different experiments with duplicates. Data are rep-
resented relative to the values in WT seedlings grown in the
absence of inhibitors.
(B) Quantification of seedling establishment (number of seedlings
developing green true leaves) after growth for 15 d on MS plates
supplemented with 30 lM FSM, 10 lM CLM, 50 lM kanamycin
(KAN), 50 lM hygromycin (HYG), or 15 lM chloramphenicol
(CAP). Data are represented relative to the values in WT seedlings.
Mean and standard error from populations of more than 50 indi-
viduals in n = 3 (FSM, CLM) or n = 2 (KAN, HYG, CAP) independent
experiments is represented.
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protein that functions as a pleiotropic regulator of sugar and

hormone responses in Arabidopsis (Németh et al., 1998). To as-

certain whether the loss of PRL1 function was the cause of the

observed rif18 phenotypes, two other insertion alleles identi-

fied in the Salk collection (Baruah et al., 2009) were analyzed.

Homozygous individuals of both alleles (prl1-2 and prl1-3) dis-

played a rif18 phenotype of greener seedlings with shorter

roots compared to the WT, and they also showed a clear resis-

tance to CLM and FSM (Figure 4B). Furthermore, the original

prl1 mutant (prl1-1) displayed the morphological root and

shoot phenotypes described here, and it also accumulated

higher levels of chlorophylls (Németh et al., 1998). We there-

fore concluded that all these phenotypes were caused by a de-

fective PRL1 activity and renamed the rif18 mutant as prl1-8.

The prl1 Mutation Has No Effect on DXS or DXR Levels but

It Significantly Reduces HMGR Activity

Because the prl1 mutation results in changes in gene expression

(Baruah et al., 2009; Lee et al., 2008; Li et al., 2007; Németh et al.,

1998), we next investigated whether the observed accumulation

of isoprenoid pigments in prl1 chloroplasts and the resistance of

the mutant to both CLM and FSM (Figures 2 and 4) could be the

result of up-regulated expression of MEP pathway genes. As

shown in Figure 5A, however, real-time quantitative PCR analysis

of DXS and DXR transcript abundance showed no significant dif-

ferences between prl1-8 and WT seedlings. Levels of DXS or DXR

proteins (Figure 5B) and enzymatic activity (Figure 5C) also

remained similar in WT and mutant seedlings. Similarly, tran-

scripts and protein levels of HDR, another flux-controlling en-

zyme of the MEP pathway (Botella-Pavı́a et al., 2004), were

unchanged in the mutant (Figure 5). These results indicate that

the enhanced accumulation of chlorophylls and carotenoids in

the mutant and its resistance to both CLM and FSM are not the

result of up-regulated levels of MEP pathway enzymes or activity.

Figure 3. Morphological Phenotypes of rif18 Mutant Plants.

WT and rif18 seedlings were grown on MS plates with no inhibitors
for 2 weeks before transferring them to soil.
(A) Seedlings grown for 12 d on plates.
(B) Plants grown for 2 more weeks on soil under long-day condi-
tions.
(C) Leaves from the plants shown in (B).

Table 1. Accumulation of Individual Carotenoids and
Chlorophylls in rif18 Seedlings.

Percent relative to WT

Mean SE

Carotenoids

Lutein 139 11

Beta-carotene 139 13

Zeaxanthin 109 9

Violaxanthin 121 9

Neoxanthin 137 22

Chlorophylls

Chlorophyll a 130 11

Chlorophyll b 130 9

Levels are given relative to those in WTseedlings grown under the same
conditions and correspond to the mean and standard error of at least
seven samples (n = 7) from four independent experiments.

Figure 4. Identification of the Gene Responsible for the rif18 Phe-
notype.

(A) Map of the RIF18/PRL1 (At4g15900) gene and insertion alleles.
Untranslated regions are represented with gray boxes, and protein
coding exons are shown as white boxes. Arrowheads mark the T-
DNA insertion site in prl1-1 (Németh et al., 1998), prl1-2
(SALK_008466; Baruah et al. 2009), prl1-3 (SALK_096289; Baruah
et al., 2009) and prl1-8 (rif18). Bar = 500 bp.
(B) Representative pictures of 10-day-old seedlings grown as de-
scribed in Figure 2.
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PRL1 has been shown to directly interact with AKIN10 and

AKIN11, two Arabidopsis members of the SnRK1 (SNF1-related

protein kinase 1) family (Bhalerao et al., 1999). The activation

of these kinases was found to be higher in prl1-1 plants

(Bhalerao et al., 1999), presumably because PRL1 targets them

for proteosomal degradation (Lee et al., 2008). Plant SnRK1

phosphorylates important metabolic enzymes, including the

MVA pathway central enzyme HMGR, resulting in enzyme in-

activation (Dale et al., 1995; Polge and Thomas, 2007; Sugden

et al., 1999). Therefore, it was expected that the loss of PRL1

function would result in increased SnRK1 activity and subse-

quently increased phosphorylation and decreased activity of

HMGR. To verify whether HMGR enzyme activity was post-

translationally down-regulated in prl1 seedlings, HMGR tran-

script, protein and activity levels were measured. Mutant seed-

lings only showed slightly altered levels of transcripts (Figure

6A) and protein (Figure 6B) corresponding to the two genes

encoding HMGR in Arabidopsis (Enjuto et al., 1994), whereas

HMGR activity was significantly lower in prl1-8 seedlings (Fig-

ure 6C). Despite an important decrease in HMGR activity (to

about half the activity measured in WTseedlings), the accumu-

lation of sterols, the main product of the MVA pathway, was

similar in mutant and WTseedlings (Table 2). Of the four major

sterol species analyzed, only stigmasterol showed decreased

levels in the mutant, whereas the other three (sitosterol,

campesterol, and cholesterol) showed no significant changes

(Table 2).

Exchange of Common Prenyl Diphosphates between

Plastids and the Cytosol Is Not Altered in prl1-8 Seedlings

The puzzling observations that prl1-8 mutant seedlings accu-

mulate more plastidial isoprenoids (chlorophylls and carote-

noids) despite normal MEP enzyme activity levels while

displaying WT levels of cytosolic isoprenoids (sterols) in spite

of reduced HMGR levels prompted us to investigate whether

the exchange of common prenyl diphosphate products of both

Figure 5. Analysis of Transcript, Protein, and Activity Levels of MEP
Pathway Enzymes in prl1 Seedlings.

RNA and protein were extracted from 5-day-old WT and mutant
seedlings grown on MS plates, whereas enzyme activity measure-
ments were carried out with chloroplasts isolated from 10-day-
old seedlings.
(A) Real-time quantitative RT–PCR analysis of transcript levels of the
indicated genes. Data are normalized to EF1a levels and repre-
sented relative to WT seedlings. Mean and standard error from five
independent experiments (n = 5) are shown.
(B) Immunoblot analyses with antibodies against DXS, DXR, and
HDR. The position of the DXR protein is indicated with an arrow-
head. The other major band recognized by the anti-DXR serum is
shown as a protein loading control. Coomassie Blue (C-Blue) stain-
ing is also shown to monitor total protein loading.
(C) DXS and DXR enzyme activity levels. Mean and standard error
are represented relative to the levels in WT seedlings and corre-
spond to three (n = 3) independent experiments.

Figure 6. Analysis of HMGR Gene Expression, Protein Accumula-
tion, and Activity Levels in rif18/prl1-8 Seedlings.

WT and mutant seedlings were grown for 5 (A, B) or 10 (C) d on MS
plates under long-day conditions.
(A) Real-time quantitative RT–PCR analysis of the abundance of
HMGR-encoding transcripts from the indicated genes. Data are nor-
malized with GAPDH and represented relative to the levels in WT
seedlings.
(B) Immunoblot analyses with antibodies against HMGR. Coomassie
Blue (C-Blue) staining is shown to illustrate equal protein loading.
(C) HMGR activity levels relative to those in WTseedlings. Mean and
standard error in (A) and (C) correspond to three (n = 3) indepen-
dent experiments with duplicates.

Table 2. Accumulation of Individual Sterols in WT and rif18/prl1-8
Seedlings.

– FSM
WT rif18/prl1-8

Sterol Mean SE Mean SE

Cholesterol 48 8 51 9

Campesterol 496 58 591 55

Sitosterol 3115 260 3333 443

Stigmasterol 237 33 118 13

Total 3980 348 4201 480

+ FSM
WT rif18/prl1-8

Sterol Mean SE Mean SE

Cholesterol 69 14 63 10

Campesterol 483 77 540 51

Sitosterol 3075 147 2832 200

Stigmasterol 382 8 189 37

Total 4115 307 3747 219

Levels are given as ng per mg of dry weight and correspond to the mean
and standard error of six samples (n = 6) from three independent
experiments carried out in the presence (+) or absence (–) of 30 lM FSM.

Flores-Pérez et al. d PRL1 Integrates Sugar and Isoprenoid Metabolism | 105



pathways between the cytosol and the plastid (Figure 1) might

be altered in the mutant. To test this hypothesis, WTand prl1-8

seedlings were grown on plates supplemented with isotopi-

cally labeled intermediates of the MVA pathway ([2-13C]meva-

lonolactone, which is rapidly hydrolyzed to [2-13C]MVA) or the

MEP pathway ([5,5-2H]deoxyxylulose, which is phosphorylated

to [5,5-2H]DXP and imported into plastids) to follow the distri-

bution of the labels in cytosolic and plastidial isoprenoid prod-

ucts by mass spectrometry. To maximize the incorporation of

these exogenously supplied intermediates into their respective

pathways, the production of endogenous DXP and MVA was

blocked with CLM or mevastatin (MEV), respectively (Figure 1).

Levels of incorporation were similar to those observed previ-

ously (Kasahara et al., 2002). In WT and mutant seedlings fed

with [5,5-2H]DX, about 7% of total sitosterol (the major phy-

tosterol in Arabidopsis; Table 2) bore at least one label, as

judged by measuring the abundance of m/z 488, 490, and

492 mass fragments (corresponding to one, two, or three la-

beled DX units) above background levels (Figure 7A). Feeding

with [2-13C]MVA resulted in labeling of carotenoids (beta-

carotene) at approximately 18% (based on the enrichment

of the m/z 537, 538, 539, and 540 fragments, corresponding

to one to four incorporations) and chlorophylls (phytol chain)

at about 9% (as deduced from the enrichment of the m/z 872,

873, 874, and 875 fragments) in both WT and prl1-8 seedlings

(Figure 7B). Incorporation of [5,5-2H]DX into sterols signifi-

cantly improved in the presence of CLM (Figure 7A). By con-

trast, incorporation of [2-13C]MVA into plastidial isoprenoids

did not change with MEV (Figure 7B), similar to that observed

elsewhere (Hemmerlin et al., 2003). This might be due to

a much lower metabolic flux of the endogenous MVA pathway

compared to that of the MEP pathway in light-grown seed-

lings (Rodrı́guez-Concepción, 2006). In any case, these results

confirmed that an exchange of isoprenoid precursors derived

from MVA or MEP indeed takes place in Arabidopsis seedlings.

However, the very similar labeling results obtained with WT

and prl1-8 seedlings (Figure 7) suggest that such exchange

of precursors is not altered in the mutant. In agreement with

these results, block of the MVA pathway with MEV had no ef-

fect on the production of plastidial isoprenoids (Figure 2A) nor

did the inhibition of the MEP pathway with FSM alter the ac-

cumulation of sterols (Table 2) in either prl1-8 or WT seedlings.

Addition of Sucrose to the Growth Medium of WT

Seedlings Results in a prl1 Phenotype of Enhanced

Isoprenoid Pigment Accumulation and Resistance to CLM

and FSM

Loss of PRL1 function has been shown to cause an increased ac-

cumulation of starch and sugars (fructose, glucose, and sucrose)

in mutant leaves (Németh et al., 1998), which could eventually

result in a decreased HMGR activity following sugar-triggered

activation of SnRK1 kinases (Bhalerao et al., 1999). It is also pos-

sible that higher sugar availability in prl1-8 seedlings was re-

sponsible for the observed up-regulation of the accumulation

of MEP-derived products such as chlorophylls and carotenoids.

This hypothesis was tested by growing WT seedlings in the pres-

ence of sucrose (or mannitol as a control) to evaluate whether

they showed an enhanced accumulation of isoprenoid pigments

and/or a resistance to FSM similar to that observed inprl1-8 seed-

lings. As shown in Figure 8A, resistance to FSM increased in WT

seedlings when grown in the presence of sucrose but not when

grown in the presence of mannitol, demonstrating that FSM

resistance was not due to osmotic changes, but to the availabil-

ity of a readily metabolizable carbon source. Similarly, a FSM-

resistance phenotype was also observed when sucrose was in-

cluded in the growth medium of tomato seedlings (Figure 8B).

Sucrose supplementation had no effect on the resistance of

WT seedlings to other inhibitors unrelated to the MEP pathway

such as kanamycin and phosphinotricin (Figure 8A). Although no

major changes in DXSor DXR levels were observed when WTAra-

bidopsis seedlings were germinated and grown on sucrose-

supplemented medium (Figure 8D), they accumulated more

chlorophylls and carotenoids compared to controls grown with-

out sucrose (Figure8C).All thesephenotypesobserved insucrose-

fed WT seedlings (enhanced specific resistance to MEP pathway

inhibitors and higher isoprenoid pigment accumulation without

changes in DXS and DXR levels) resembled those described for

prl1-8 seedlings grown in the absence of sucrose, indicating that

the addition of sugar to WTseedlings phenocopies aprl1pheno-

type related to the MEP pathway.

DISCUSSION

Plants have a unique compartmentation of isoprenoid

biosynthesis, with two completely different routes (the MVA
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Figure 7. Incorporation of MVA and MEP Pathway Precursors into
Sterols, Carotenoids, and Chlorophylls.

WT and rif18/prl1-8 seedlings were grown for 18 d under long-day
conditions on MS plates supplemented with 1.25 mM [5,5-2H]DX
or 4.5 mM [2-13C]MVA in the presence (+) or absence (–) of the indi-
cated inhibitors of the MEP pathway or the MVA pathway (Figure 1).
Incorporation of these precursors is represented as the percentage of
the indicated isoprenoid end product bearing one or more labeled
isoprenoid units as judged by mass spectral analysis of the molecular
ion cluster after correcting for natural isotope abundance. Mean and
standard errors of five independent samples (n = 5) are shown.
(A) Level of [5,5-2H]DX incorporation into the sterol sitosterol as
judged by GC–MS analysis.
(B) Levels of [2-13C]MVA incorporation into the carotenoid beta-
carotene and into the phytol side chain of chlorophylls as judged
by LC–MS analysis.
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pathway and the MEP pathway) simultaneously functioning

for the production of the same universal isoprenoid precursors

(IPP and DMAPP) in the cytosol and plastids of plant cells. As

confirmed here (Figure 7), final isoprenoid products are usually

formed from precursors synthesized primarily, but not exclu-

sively, by one of the two pathways (Dudareva et al., 2005;

Hemmerlin et al., 2003; Kasahara et al., 2002; Laule et al.,

2003). This distribution of isoprenoid biosynthesis involves

the existence of plant-specific control mechanisms modulating

the exchange between compartments and the coordinated

regulation of the MVA and MEP pathways in plant cells. In re-

cent years, functional genomics and molecular genetic

approaches have provided clues to start understanding this

interpathway cross-talk.

Modeling of genetic networks from global gene expression

profiles found a mutually exclusive pattern of expression of

MVA and MEP pathway genes and suggested that the coordi-

nation at the transcriptional level may be restricted to single

genes in both pathways (Wille et al., 2004). The characteriza-

tion of the MEV-resistant rim1/phyB-m1 mutant showed that

light was one of the factors triggering opposing effects on the

regulation of these pathways (Rodrı́guez-Concepción et al.,

2004). Thus, light down-regulates the expression of genes

encoding HMGR and other MVA pathway genes (Enjuto

et al., 1994; Learned, 1996; Rodrı́guez-Concepción, 2006;

Stermer et al., 1994) but it up-regulates the expression of

genes encoding flux-controlling MEP pathway enzymes such

as DXS, DXR, and HDR (Botella-Pavı́a et al., 2004; Carretero-

Paulet et al., 2002; Córdoba et al., 2009; Hans et al., 2004; Hsieh

and Goodman, 2005; Rodrı́guez-Concepción, 2006). Light

might additionally activate the metabolic flux through the

MEP pathway by increasing the activity of MEP pathway

enzymes such as DXR and HDR, which are targets for chloro-

plast thioredoxin (Balmer et al., 2003; Lemaire et al., 2004). Fur-

thermore, light-triggered photosynthetic metabolism is

expected to result in an enhanced production of MEP pathway

substrates (such as glyceraldehyde 3-phosphate, derived from

the Calvin cycle), which would contribute to an increased pro-

duction of IPP and DMAPP in chloroplasts via increased sub-

strate availability. Sucrose supplementation might also

Figure 8. Phenocopy of prl1 Isoprenoid Phenotypes by Sucrose Supplementation to WT Seedlings.

(A) Arabidopsis WT seedlings grown for 8 d on MS plates supplemented or not with 2% mannitol (MAN), 2% sucrose (SUC), and the inhib-
itors fosmidomycin (FSM), kanamycin (KAN), or phosphinotricin (PPT) at the indicated concentrations (lM).
(B) Cotyledons of tomato seedlings grown for 2 weeks on MS medium supplemented or not with 30 lM FSM and/or 2% SUC.
(C) Total carotenoid (CRT) and chlorophyll (CHL) levels of 10-day-old WTand prl1-8 seedlings grown on MS medium supplemented (+) or not
(–) with 2% SUC and/or 30 lM FSM. Mean and standard error values correspond to two experiments (n = 2) and are represented relative to
those in untreated seedlings (166 ng CRT mg�1 fresh weight and 626 ng CHL mg�1 fresh weight).
(D) Immunoblot analysis of DXS and DXR levels in 5-day-old seedlings grown on MS medium supplemented or not with 2% SUC. The po-
sition of the DXR protein is indicated with an arrowhead. Coomassie Blue staining is shown to illustrate equal protein loading.
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enhance the availability of MEP pathway substrates with a con-

comitant influence over MEP pathway flux, thus leading to in-

creased levels of MEP-derived plastidial isoprenoids

(chlorophylls and carotenoids) as shown in Figure 8. Enhanced

chlorophyll production in intact Arabidopsis seedlings grown

in the light on media supplemented with sucrose has also been

reported elsewhere (Laby et al., 2000). In light-grown plants,

sugar levels do not appear to have a direct influence in regu-

lating the accumulation of MEP pathway enzymes at the level

of transcripts (Bläsing et al., 2005; Hsieh and Goodman, 2005)

or proteins (Figure 8). By contrast, sucrose supplementation

has been shown to result in an activation of SnRK1 kinases

(Bhalerao et al., 1999), which could lead to decreased HMGR

activity (Dale et al., 1995; Sugden et al., 1999). Together, light

and sugar availability appear to be two closely interacting fac-

tors that regulate both the MVA pathway and the MEP path-

way and influence isoprenoid metabolism in a complex,

multilevel manner.

Our data indicate that PRL1 has a role in the sugar-mediated

control of isoprenoid homeostasis. Unlike other rif mutants

such as rif10 and rif1, in which FSM resistance results from

the post-transcriptional up-regulation of DXS and DXR levels

(Flores-Pérez et al., 2008; Sauret-Güeto et al., 2006), no change

in DXS or DXR transcript, protein or even in vitro activity levels

was observed in rif18/prl1-8 seedlings (Figure 5). An alternative

explanation for the specific resistance of mutant seedlings to

a block of the MEP pathway and their increased isoprenoid

pigment levels was an increased import of MVA-derived prenyl

diphosphates into the plastid, but we found no evidence sup-

porting this possibility in labeling experiments (Figure 7B). It is

possible that part of the detected label of chlorophylls (phytol)

and carotenoids (beta-carotene) might derive from shunt

pathways that could convert fed [2-13C]MVA and/or its prod-

ucts to intermediates of central metabolism during the incuba-

tion period, complicating the interpretation of the labeling

data. However, it seems unlikely that decreased HMGR activity

in the mutant (Figure 6C) could provide more MVA for plastid-

ial isoprenoid biosynthesis without negatively affecting the

production of sterols (Table 2). In addition, further inhibition

of HMGR activity with MEV had no effect on the accumulation

of plastidial isoprenoid pigments in the mutant (Figure 2A),

supporting our conclusion that the contribution of the MVA

pathway to the biosynthesis of these products in prl1-8 seed-

lings is not affected compared to the WT.

The loss of PRL1 function results in altered hormone

responses (Németh et al., 1998). As shown here, prl1-8 mutants

also display alterations in the MVA pathway and the MEP path-

way, which may impact the production of isoprenoid hor-

mones such as cytokinins, abscisic acid, gibberellins, or

brassinosteroids (Figure 1). These effects might explain the

smaller size and the dark-green phenotype of mutant plants,

similar to that of mutants with altered levels or response to

gibberellins or brassinosteroids (reviewed in Fujioka and

Yokota, 2003; Richards et al., 2001). However, none of the gib-

berellin or brassinosteroid mutants analyzed in our lab shows

a FSM resistance phenotype (data not shown). Although it can-

not be ruled out that the resistance to FSM and CLM in mutant

prl1 seedlings and sucrose-fed WT plants is due to impaired

uptake, detoxification, or degradation of these herbicides in

the plastid, we observed that neither the prl1 mutation nor

sucrose supplementation resulted in a multidrug resistance

phenotype when presented with other herbicides that act in

the plastid (Figures 2B and 8A). Thus, we conclude that the

prl1 mutation affects isoprenoid metabolism specifically and

is not related to the metabolism of herbicides. Instead, we pro-

pose that increased sugar availability in the mutant (Németh

et al., 1998) and in WT plants supplemented with sucrose (Fig-

ure 8) might be responsible for the observed pigment and re-

sistance phenotypes. As these higher than normal levels of

sucrose are catabolized, yielding MEP pathway precursors such

as pyruvate and glyceraldehyde 3-phosphate, the flux through

the MEP pathway is predicted to increase despite no change in

DXS or DXR enzyme concentration as a simple consequence of

increased substrate availability, ultimately leading to increased

levels of pigments. Resistance to FSM and CLM in this case,

both of which are competitive inhibitors of their respective tar-

gets, could be due to enhanced competition from native sub-

strate concentrations. Calculation of metabolic control

analysis parameters should serve to confirm this model in

the future.

The mechanism by which PRL1 controls sugar levels and

responses is currently unknown, but it might be related to

the ability of this WD protein to interact and to inhibit the ac-

tivity of the Arabidopsis SnRK1 proteins AKIN10 and AKIN11

(Bhalerao et al., 1999), presumably targeting them for ubiqui-

tination and proteasomal degradation (Lee et al., 2008). SnRK1

kinases are central integrators of stress, carbon, and energy

signaling in plants (Baena-González and Sheen, 2008; Polge

and Thomas, 2007). Besides regulating plant development

and stress responses, SnRK1 kinases modulate the transcription

of genes involved in carbohydrate metabolism and they phos-

phorylate and reversibly inactivate important plant metabolic

enzymes, including Arabidopsis HMGR (Dale et al., 1995; Sug-

den et al., 1999). Thus, it was expected that the prl1 mutation

would negatively affect the MVA pathway by de-repression of

SnRK1 kinases, eventually leading to an enhanced HMGR

phosphorylation and reduced enzyme activity (but not tran-

script or protein levels) in mutant seedlings (Figure 6). A reduc-

tion in HMGR activity levels might explain some of the prl1-8

phenotypes, such as the observed short root phenotype

(Kobayashi et al., 2007; Rodrı́guez-Concepción et al., 2004;

Suzuki et al., 2004). This effect does not appear to be a direct

consequence of sugar hypersensitivity because WT seedlings

develop normal roots at concentrations of up to 6% sucrose

(Németh et al., 1998). Surprisingly, the ;50% reduction ob-

served in HMGR activity in prl1-8 seedlings had little impact

on the production of derived cytosolic isoprenoids such as ster-

ols (Table 2). The use of increasing amounts of isoprenoid pre-

cursors synthesized in plastids for the production of sterols

synthesized in the cytosol of prl1-8 seedlings is unlikely, as
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deduced from feeding experiments with [5,5-2H]DX (Figure

7A). In agreement, the production of sterols was not reduced

in mutant seedlings when the MEP pathway was blocked with

FSM (Table 2). It is more likely that in our experimental condi-

tions, the remaining HMGR activity in prl1-8 seedlings was suf-

ficient to achieve virtually normal levels of sterol biosynthesis.

Alternatively, sterol turnover might be down-regulated in

prl1-8 seedlings. A lack of correlation between altered HMGR

activity and sterol levels has also been observed in the MEV-

resistant loi1 mutant (Kobayashi et al., 2007). This mutant,

which also shows resistance to CLM without changes in DXS

levels, might be defective in the regulation of mitochondrial

RNAs (Kobayashi et al., 2007). It is tempting to speculate that

an altered mitochondrial function in loi1 plants could result in

metabolic changes that eventually resulted in the observed

alterations in the MVA and MEP isoprenoid pathways, similar

to that discussed here for prl1-8.

Although we still have an incomplete picture of how PRL1

controls the production of final isoprenoid products and the

biosynthesis of their precursors by the MVA pathway and

the MEP pathway, our results, together with the pleiotropic

phenotypes of the prl1 mutants (Baruah et al., 2009; Li

et al., 2007; Németh et al., 1998) and the interaction of

PRL1 with SnRK1 (Bhalerao et al., 1999) and components of

the ubiquitination machinery (Lee et al., 2008) and the plant

innate immunity response (Palma et al., 2007), indicate that

PRL1 coordinates isoprenoid metabolism with sugar, hormone,

and stress responses, contributing to the dynamic regulation

of plant cell metabolism during growth and development.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana seeds from the Weigel and Scheible-

Somerville activation tagging T-DNA collections (Weigel

et al., 2000) and Salk T-DNA insertion lines (Alonso et al.,

2003) wereobtained from the European Arabidopsis Stock Cen-

tre (NASC). All the lines were in the Columbia background.

Seeds were surface-sterilized and germinated in Petri dishes

with solid Musrashige and Skoog (MS) medium. When indi-

cated, plates were supplemented with the inhibitors fosmido-

mycin, clomazone, mevastatin, phosphinotricin, kanamycin,

hygromycin, or chloramphenicol and/or sugars (mannitol or su-

crose). After stratification for at least 48 h at 4�C, plates were

incubated in a growth chamber at 22�C under long-day condi-

tions (8 h darkness, 16 h under fluorescent white light at a pho-

ton fluence rate of 80 lmol m�2 s�1). In soil, plants were grown

in 1:1:1 (v/v) perlite:vermiculite:phagnum mixture irrigated

with mineral nutrients and grown under long-day conditions.

Identification of the T-DNA Insertion Site

After extraction of genomic DNA from rif18/prl1-8 seedlings,

the insertion site was identified using an inverse–PCR strategy

as described (Sauret-Güeto et al., 2006). T-DNA condition in

Salk alleles was determined following the procedure described

on the SIGnAL web page (http://signal.salk.edu/).

Analysis of Isoprenoid Transcript, Protein, and Metabolite

Levels

RNA extraction and real-time quantitative RT–PCR analysis of

DXS, DXR, and HDR transcript levels was carried out as de-

scribed (Carretero-Paulet et al., 2006). Transcripts of the two

genes encoding HMGR in Arabidopsis, HMG1 and HMG2, were

quantified as described (Nieto et al., 2009). Protein extraction

and immunoblot analyses were carried out as described for

DXS, DXR, and HDR (Flores-Pérez et al., 2008; Sauret-Güeto

et al., 2006) and HMGR (Nieto et al., 2009). Chlorophyll and

carotenoid pigments were extracted as described (Fraser

et al., 2000). Dried pigment extract samples were re-suspended

in 100 ll of ethylacetate and a volume of 25 ll was used to pre-

pare a 1:40 dilution with acetone for spectrophotometric

measurements of total chlorophyll and carotenoid contents

as described (Lichtenthaler, 1987). Alternatively, pigment

extracts were subjected to HPLC separation and quantification

as described (Rodrı́guez-Concepción et al., 2004). Sterols were

extracted and quantified as described (Nieto et al., 2009).

Enzyme Activity Determination

Enzyme activities were measured in 10-day-old seedlings

grown on MS plates. For DXS and DXR, chloroplasts from

3 g of seedlings were isolated and re-suspended in 300 ll of

HMS buffer as described (Flores-Pérez et al., 2008). Approxi-

mately one-third of this was re-centrifuged and re-suspended

in an equal volume of 100 mM Tris-HCl pH 8 containing 10%

glycerol, 0.5% TWEEN-20, 100 lM thiamin pyrophosphate

(TPP), 10 mM dithiothreitol (DTT), 1 mM ascorbate, 2 mM im-

idazole, 1 mM sodium fluoride, 1.15 mM sodium molybdate,

and 1% protease inhibitor cocktail (Sigma-Aldrich). After vor-

texing, three aliquots of 30 ll were mixed with 70 ll of en-

zyme reaction buffer each and incubated for 4 h at 24�C
with gentle shaking (600 rpm). The reaction buffer for DXS ac-

tivity contained 50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 10%

glycerol, 2.5 mM DTT, 1 mM TPP, 10 mM pyruvate, 10 mM glyc-

eraldehyde 3-phosphate, 2 mM imidazole, 1 mM sodium fluo-

ride, 1.15 mM sodium molybdate, and 1% protease inhibitor

cocktail. The reaction buffer for DXR activity contained

100 mM Tris-HCl pH 7.5, 1 mM MgCl2, 1 mM DTT, 10 mM

NADPH, 10 mM DXP, phosphatase inhibitor mix, and 1% pro-

tease inhibitor cocktail. After incubation, aliquots of 100 ll of

chloroform were added to each reaction mix and vigorously

vortexed. The mixture was centrifuged at 13 000 g for 5 min

and the aqueous (upper) phase was recovered. The products

of DXS and DXR activities (DXP and MEP, respectively) were

separated using a 1100 series liquid chromatograph (Agilent

Technologies) as follows. A 20-lL aliquot of the reaction mix-

ture was injected onto a Luna 5l C18(2) RP LC 250 3 4.6 mm

column (Phenomenex) equilibrated at 100% 2 mM triethyl-

amine (Fluka) in water with a pH of 4.95, which was adjusted

with acetic acid (solvent A) and 0% acetonitrile (solvent B).
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After 5 min of isocratic separation at 100% solvent A and 1 mL

min�1, a gradient was initiated, leading to 99% solvent A by

10 min, followed by a wash step with 100% solvent B for 5 min

and a return to initial conditions and 5 min of further equili-

bration. Flow into the mass spectrometer electrospray cham-

ber was diverted with a 4:1 ratio. Mass selective detection

of the eluent was carried out using a coupled Esquire 6000

ESI ion trap mass spectrometer (Bruker-Daltonics) operating

in negative mode and scanning from 50 to 800 m/z. The instru-

ments settings were as follows: capillary voltage 4000 V, end

plate offset –500 V, skimmer 40.0 V, exit capillary –50 V, neb-

ulizer gas pressure 35 psi, gas temperature 330�C, drying gas

setting 10 mL min�1. DXP was detected as a molecular ion

of 213 m/z. Using the same method, MEP was detected as a mo-

lecular ion of 215 m/z. DXS or DXR activities measured in this

way were normalized to the number of chloroplasts used in

each reaction mixture. HMGR activity was estimated as de-

scribed (Nieto et al., 2009).

Precursor Feeding and Labeled Isoprenoid Analysis

Seedlings were grown for 18 d on MS plates supplemented

with 4.5 mM [2-13C]mevalonolactone (Sigma-Aldrich) or

1.25 mM [5,5-2H]deoxyxylulose (Dudareva et al., 2005), kindly

provided by S. Garms, in the presence or absence of isoprenoid

biosynthesis inhibitors, 10 lM mevastatin or 10 lM cloma-

zone. Sterols were extracted from 50 mg of whole seedlings

and converted to their trimethylsilane (TMS) derivatives as

described using cholesterol as an internal standard (Phillips

et al., 2008a). The TMS-sterol derivatives were analyzed on

a Hewlett-Packard 6890 gas chromatograph coupled to a

Hewlett-Packard 5973 quadrupole mass selective detector. Iso-

topic labeling patterns of sitosterol (the most abundant sterol

in Arabidopsis) were determined following identification by

retention time and mass spectra as described (Phillips et al.,

2008a). Chlorophylls and carotenoids were extracted from

50 mg of frozen tissue by homogenization in cold acetone. Af-

ter gentle shaking for 3 h at 4�C in the dark and centrifugation

for 5 min at 3500 g, the supernatant was mixed with 0.25 vol.

of water and filtered. The chlorophylls and carotenoids were

separated using a 1100 series liquid chromatograph (Agilent

Technologies) as follows. A 10-lL aliquot of the extract was

injected onto a Supelcosil LC-18 RP column (particle size

3 lm, 75 3 4.6 mm, Sigma-Aldrich) equilibrated at 33% sol-

vent A (0.2% formic acid in water) and 67% solvent B (ace-

tone). After 4 min of isocratic separation at 33% solvent A

and 1 mL min�1, a gradient was initiated, leading to 10% sol-

vent A by 12 min, followed by an adjusted gradient to 5% sol-

vent A at 18 min. The column was then rinsed with 100%

acetone for 2 min and then returned to initial conditions

for 5 min. Flow from the column entering the mass spectrom-

eter electrospray chamber was reduced with a 4:1 split. Mass

selective detection of the eluent was carried out using a cou-

pled Esquire 6000 ESI ion trap mass spectrometer (Bruker-

Daltonics) operating in positive mode and scanning from 50

to 1000 m/z. The instrument settings were as follows: capillary

voltage –4000 V, end plate offset –500 V, skimmer 40.0 V, exit

capillary 158 V, nebulizer gas pressure 25 psi, gas temperature

330�C, drying gas setting 8 mL min�1. To determine incorpora-

tion levels of labeled intermediates into isoprenoid end prod-

ucts, the background arising from natural isotopic abundance

was first calculated by observing the mass spectra from sam-

ples grown in MS media only. Incorporation of [2-13C]MVA

was calculated by subtracting this background from the raw

abundance of mass ions that represented the [M+1]+,

[M+2]+, [M+3]+, etc. molecular species (corresponding to

one, two, three, or more labeled units incorporated, respec-

tively). For [5,5-2H]DX, the same calculation was made but us-

ing [M+2]+ and [M+4]+ (mass ions representing higher labeling

events were too close to background levels for quantitation).

Following background subtraction, the remaining abundance

was attributed to exogenously applied label, and this was

expressed as a percentage of the abundance of the entire mo-

lecular ion cluster. The percentage of labeled sitosterol, beta-

carotene, or phytol was taken as the fraction of the total pool

bearing at least one labeled unit in the end product.
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