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Plastid isoprenoids (including hormones and photosynthetic pigments) are essential for plant growth and development, but
relatively little is known of how the production of their metabolic precursors via the recently elucidated methylerythritol
phosphate (MEP) pathway is regulated. We have identified an Arabidopsis (Arabidopsis thaliana) mutant that survives an
otherwise lethal block of the MEP pathway with fosmidomycin (FSM). In rif10 (resistant to inhibition with FSM 10) plants, the
accumulation of flux-controlling enzymes of the pathway is posttranscriptionally up-regulated. Strikingly, this phenotype is
linked to alower accumulation of plastidial isoprenoid pigments such as chlorophylls and carotenoids, resulting in mutant plants
that are paler and smaller than the wild type. The rifI0 mutant is impaired in plastid RNA processing due to a T-DNA insertion in
the coding region of the At3g03710 gene encoding the chloroplast-targeted exoribonuclease polyribonucleotide phosphorylase.
FSM resistance and other rif10-like phenotypes were also observed in wild-type Arabidopsis, tomato (Lycopersicon esculentum),
and rice (Oryza sativa) seedlings grown in the presence of sublethal concentrations of chloramphenicol (an inhibitor of protein
synthesis in plastids). By contrast, treatment with norflurazon (an inhibitor of carotenoid biosynthesis causing a similar pale
cotyledon phenotype) did not result in FSM resistance. Together, the results support that plastome-encoded proteins are involved
in negatively regulating the posttranscriptional accumulation of specific nuclear-encoded MEP pathway enzymes in chloroplasts.
Regulation of the MEP pathway by a mechanism dependent on plastid cues might function under physiological conditions to

finely adjust plastidial isoprenoid biosynthesis to the metabolic capabilities or requirements of plastids.

Isoprenoids are an extremely diverse group of com-
pounds synthesized by all organisms but particu-
larly abundant and diverse in plants (Chappell, 1995;
Croteau et al.,, 2000). All isoprenoids derive from
isopentenyl diphosphate (IPP) and its isomer dimethyl-
allyl diphosphate (DMAPP). Condensation of IPP
and DMAPP units leads to the synthesis of prenyl
diphosphates of increasing size that are the starting

! This work was supported by the Spanish Ministerio de Ciencia y
Tecnologia and Fondo Europeo de Desarrollo Regional (grant nos.
BIO2005-00367 to M.R.C., BMC2003-06833 to A.B., and BIO2002-
00298 to J.EM.-G.), by the Mexican Direccién General de Asuntos
para el Personal Académico (grant no. IN204503-3), by the Howard
Hughes Medical Institute (to P.L.), by the Generalitat de Catalunya
(Ph.D. fellowship to S.S.-G.), and by the Spanish Ministerio de
Educacion y Ciencia (Ph.D. fellowships to U.F. and P.B.-P.).

* Corresponding author; e-mail mrodrigu@sun.bq.ub.es; fax 34—
934021559.

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy
described in the Instructions for Authors (www.plantphysiol.org) is:
Manuel Rodriguez-Concepcién (mrodrigu@sun.bq.ub.es).

Article, publication date, and citation information can be found at
www.plantphysiol.org/cgi/doi/10.1104/pp.106.079855.

points for multiple branches leading to the final
isoprenoid products. Unlike most organisms, plants
use two pathways to synthesize IPP and DMAPP in
different compartments (Lichtenthaler, 1999; Eisenreich
et al., 2001; Rodriguez-Concepcién and Boronat, 2002).
The mevalonic acid pathway produces cytosolic IPP
for sterols, brassinosteroids, triterpenes, sesquiterpenes,
polyterpenes, dolichol, and the isoprenyl groups used
for protein prenylation and cytokinin biosynthesis.
The side chain of ubiquinones is also formed from
mevalonic acid-derived IPP synthesized in the cytosol
and imported into the mitochondria. On the other
hand, most plant isoprenoids, including photosynthesis-
related compounds (carotenoids and the side chain of
chlorophylls, tocopherols, phylloquinones, and plas-
toquinones), hormones (cytokinins, gibberellins, and
abscisic acid), isoprene, and monoterpenes, derive
from precursors synthesized in plastids by the recently
elucidated methylerythritol phosphate (MEP) path-
way (Fig. 1A). Despite compartmentation of the bio-
synthesis of isoprenoid precursors, a limited exchange
of IPP or a downstream prenyl diphosphate has been
shown to take place between the cytosol and the
plastid in at least some plants, including Arabidopsis
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Figure 1. Plastidial isoprenoids and FSM resistance. A, Schematic
pathway for the biosynthesis of MEP-derived isoprenoids. Multiple
steps are indicated with striped arrows. The step inhibited by FSM is
shown. GAP, glyceraldehyde 3-P; DXP, deoxyxylulose 5-P; MEP,
methylerythritol 4-P; CDP-ME, 4-diphosphocytidyl-methylerythritol;
CDP-MEP, CDP-ME 2-P; ME-cPP, methylerythritol 2,4-cyclodiphosphate;
HMBPP, hydroxymethylbutenyl 4-diphosphate; IPP, isopentenyl di-
phosphate; DMAPP, dimethylallyl diphosphate; GPP, geranyl diphos-
phate; GGPP, geranylgeranyl diphosphate; ABA, abscisic acid.
Enzymes are indicated in bold. DXS, DXP synthase; DXR, DXP
reductoisomerase; CMS, CDP-ME synthase; CMK, CDP-ME kinase;
MCS, ME-cPP synthase; HDS, HMBPP synthase; HDR, HMBPP reduc-
tase. B, Quantification of FSM resistance of seedlings from the Col wild-
type, transgenic plants constitutively overexpressing either DXS
(358:DXS) or DXR (355:DXR), and the rif10 mutant. Resistance was
measured as the percentage of seedlings that developed green true
leaves (SE) as visually determined after growth for 14 d under LD
conditions on MS plates supplemented with 50 um FSM. Values
represent the mean and sp from populations of more than 50 individ-
uals in several independent experiments.
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(Arabidopsis thaliana; Kasahara et al., 2002; Nagata et al.,
2002; Laule et al., 2003). In light-grown Arabidopsis
seedlings, however, the exchange rate is not high
enough to rescue a block of one of the two pathways
with common isoprenoid precursors synthesized by
the other pathway (Estévez et al., 2000; Budziszewski
et al., 2001; Gutiérrez-Nava et al.,, 2004; Rodriguez-
Concepcion et al., 2004; Suzuki et al., 2004). Therefore,
pathway-specific mechanisms must exist to ensure
that isoprenoid precursors will be produced in each
compartment when needed.

It is now well established that all the MEP pathway
enzymes are encoded by nuclear genes and imported
into plastids (Rodriguez-Concepcion and Boronat,
2002; Eisenreich et al., 2004). The initial reaction of the
MEP pathway, catalyzed by deoxyxylulose 5-P (DXP)
synthase (DXS), involves the production of DXP from
glyceraldehyde 3-P and pyruvate. In the second step,
the enzyme DXP reductoisomerase (DXR) transforms
DXP into MEP, currently considered the first commit-
ted precursor of plastid isoprenoids. MEP production
can be blocked by fosmidomycin (FSM), a strong in-
hibitor of DXR (Steinbacher et al., 2003). FSM causes a
bleached phenotype and a block in the production of
true leaves by the shoot apical meristem, eventually
resulting in a seedling-lethal phenotype (Laule et al.,
2003; Rodriguez-Concepcion et al., 2004). After conver-
sion of MEP into methylerythritol 2,4-cyclodiphosphate
in three enzymatic steps, a reduction catalyzed by hy-
droxymethylbutenyl diphosphate (HMBPP) synthase
(HDS) produces HMBPP, which is finally converted
by the enzyme HMBPP reductase (HDR) into IPP and
DMAPP (Fig. 1A). In contrast with the impressive
progress in the elucidation of the MEP pathway, rela-
tively little is currently known on the regulatory mech-
anisms that modulate the metabolic flux through
the pathway. Besides the control exerted by changes
in the expression of genes encoding the biosynthetic
enzymes in response to developmental, environmental,
and metabolic signals (for review, see Rodriguez-
Concepcion, 2006), it has been proposed that enzyme
levels might be regulated at translational or posttrans-
lational levels in response to developmental cues and
changes in the MEP pathway flux (Guevara-Garcia
et al., 2005). The impact of these changes on enzyme
activity, however, was not evaluated, and therefore
their biological relevance remains to be established.

To get a deeper insight into how plants control the
production of isoprenoid precursors in the plastid, we
searched for Arabidopsis mutants able to survive a
block of the MEP pathway with FSM. Here, we report
the isolation and characterization of one such FSM-
resistant mutant, rif10 (resistant to inhibition with FSM
10), in which a loss of function of the chloroplast-
targeted exoribonuclease polyribonucleotide phos-
phorylase (PNPase) unexpectedly resulted in the
posttranscriptional up-regulation of DXR and three
other enzymes of the MEP pathway (DXS, HDS, and
HDR). Efficient RNA processing (including endo-
nucleolytic cleavage of polycistronic transcripts and
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exonucleolytic 5" and 3’ end maturation of precursor
RNAs) is key for the correct expression of the plastid
genome, as unprocessed or incorrectly processed RNAs
are subject to rapid degradation by ribonucleases
(Sugitaand Sugiura, 1996; Monde etal., 2000). Transgene-
mediated alteration of PNPase activity in Arabidopsis
chloroplasts has shown that this enzyme is required for
efficient 3’ end processing of plastome-encoded mRNAs
and a 23S rRNA precursor. In addition, PNPase partic-
ipates in the regulation of tRNA turnover and poly-
adenilated transcript degradation (Walter et al., 2002).
Impaired metabolism of plastid RNAs in rif10 seedlings
leads to decreased levels of plastome-encoded proteins,
which in turn results in lower levels of chlorophylls and
carotenoids despite the up-regulation of MEP pathway
enzyme levels. While the essential contribution of
MEP-derived isoprenoids for plastid differentiation
has been well established from the characterization of
mutants defective in the MEP pathway (Mandel et al.,
1996; Nagata et al., 2002; Gutiérrez-Nava et al., 2004),
our results provide evidence that plastid signals can in
turn modulate the accumulation in chloroplasts of
nuclear-encoded MEP pathway enzymes with a poten-
tial regulatory role for the production of plastidial
isoprenoid precursors.

RESULTS
Identification of FSM-Resistant Mutants

To get new insights into the regulation of the MEP
pathway in plants, we aimed to identify mutants that
could resist the presence of concentrations of FSM that
are lethal for the Columbia (Col) wild-type. The min-
imum concentration of inhibitor at which all Arabi-
dopsis wild-type seedlings showed an albino phenotype
and a complete developmental arrest was 50 um FSM
(Figs. 1B and 2A). FSM resistance was visually esti-
mated from the rescue of the bleached phenotype and
quantified as the percentage of seedling establishment
(SE), i.e. the proportion of seedlings developing green
true leaves that can support further plant develop-
ment. As shown in Figure 1B, more than one-half of
the seedlings from 355:DXR transgenic lines over-
expressing DXR under the control of the constitutive
cauliflower mosaic virus 35S promoter produce green
cotyledons and true leaves and develop normally in
the presence of the inhibitor, consistent with DXR
being the specific target of FSM. Because FSM is a
competitive inhibitor of DXR (Steinbacher et al., 2003),
an increase in the levels of its substrate (DXP) should
also result in resistance to the inhibitor. In agreement,
transgenic 355:DXS plants constitutively overexpress-
ing the Arabidopsis DXS enzyme also show resistance
to FSM, although at much lower levels than 355:DXR
plants, as estimated from their SE rates in the presence of
50 um FSM (Fig. 1B). The fact that only some individ-
uals in homozygous populations of transgenic 355:
DXS or 355:DXR lines can survive in the presence of
FSM suggests the existence of epigenetic factors mod-
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Figure 2. Characterization of the rif10 mutant. A, Representative wild-
type (Col) and homozygous seedlings of three different rif10 alleles (see
D) germinated on MS plates either supplemented or not with 50 um
FSM and grown under LD conditions for 6 d. Sections are to the same
scale. B, Col and rif10-1 plants grown on soil for 25 d under LD
conditions. C, Mutant rif10-1 inflorescence. D, Map of the RIF10 gene
(At3g47450) encoding plastid PNPase. The translation start (arrow) and
the exons (boxes) are indicated. The position of the T-DNA in rif10-1,
rif10-2, and rif10-3 mutants is also represented. E, Bioanalyzer elec-
tropherogram and gel-like image (inset) of total RNA from 10-d-old Col
and rif10-1 seedlings. Arrowhead indicates the 23S rRNA fragment
shifted in size in the mutant.

ulating the resistance to the inhibitor. However, our
results validate the use of FSM to specifically inhibit
the production of MEP-derived isoprenoids in Arabi-
dopsis and to screen for mutants with an up-regulated
MEP pathway.

For the identification of FSM-resistant mutants,
seeds from public collections of T-DNA insertion lines
generated with a construct for activation tagging
(Weigel et al., 2000) were germinated on Murashige
and Skoog (MS) plates supplemented with 50 um FSM.
Seedlings that produced at least two sets of green true
leaves were transferred to soil and allowed to develop
and set seed. The lines showing a consistent FSM-
resistance phenotype in the next generation were named
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rif. One of the selected mutants, rif10, showed a FSM
resistance phenotype similar to that observed in Arabi-
dopsis plants overexpressing DXR (Fig. 1B). This line was
therefore selected for further characterization.

Mutant rif10 Seedlings Show a Delayed Greening and
Growth Phenotype Linked to FSM Resistance

During the first days following germination on 50 uM
FSM, rifl0 seedlings were largely unaffected by the
inhibitor (Fig. 2A). On FSM-free medium, however, rif10
seedlings required more time than the wild type for both
greening and development of true leaves (Fig. 2A). The
slower growth rate of the mutant resulted in rif10 plants
that were much smaller than Col plants grown under the
same conditions (Fig. 2B). Adult rif10 plants also dis-
played a characteristic virescent phenotype, i.e. young
leaves and recently expanded tissues (including the
basal area of older leaves and young inflorescence
shoots) were pale, whereas more mature tissues were
as green as in the wild type (Fig. 2, B and C). Despite the
described phenotypic alterations, rif10 plants were via-
ble and fertile under our normal growth conditions.

For the identification of the gene mutated in rif10,
homozygous mutant plants were backcrossed with the
Col wild type and the following generations were stud-
ied. Genetic analyses (data not shown) showed that FSM
resistance and the slow greening and growth pheno-
types were all recessive and linked to the presence of the
T-DNA used to generate the lines (Weigel et al., 2000).
Analysis of the T-DNA flanking sequences in the rif10
genome showed that the T-DNA insertion interrupted
the coding region of the At3g03710 gene. Other insertion
alleles identified in the Salk collection (Salk_037353 and
Salk_013306) were referred to as rifI0-2 and rif10-3,
respectively, after renaming rif10 as rif10-1 (Fig. 2D).
Homozygous rif10-2 and rif10-3 plants displayed all the
distinctive phenotypes reported for rif10-1, including a
developmental delay, paler green cotyledons, and FSM
resistance (Fig. 2A). These results confirmed that the
described phenotypes were caused by the loss of func-
tion of the At3g03710 (RIF10) gene. RIF10 encodes
PNPase, a plastid-targeted exoribonuclease implicated
in the metabolism of all major classes of plastid RNAs,
including mRNAs, tRNAs, and the 23S rRNA (Walter
et al., 2002). One of the most obvious molecular pheno-
types displayed by plants with a transgene-induced
reduction of PNPase activity was the reduced mobility
of a plastid 23S rRNA precursor due to the defective
exonucleolytic trimming of 98 nucleotides of its 3" end
(Walter et al., 2002). The mobility shift was also observed
in rif10 seedlings (Fig. 2E), confirming a loss of PNPase
activity in the mutant.

FSM Resistance of rif10 Seedlings Can Be Explained
by a Posttranscriptional Up-Regulation of DXS
and DXR Levels

The most direct mechanism for FSM resistance is the
up-regulation of DXR or even DXS levels (Fig. 1). To
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investigate whether the resistance of rif10-1 seedlings to
FSM resulted from an increased accumulation of any of
these MEP pathway enzymes, we compared transcript
and protein levels in wild-type and mutant seedlings.
RNA-blot analysis with gene-specific probes showed
that similar DXS and DXR transcript levels were pres-
ent in Col and mutant seedlings (Fig. 3A). However,
immunoblot analysis with antibodies raised against the
Arabidopsis DXS and DXR proteins (Estévez et al.,
2000; Rodriguez-Concepcion et al., 2001) showed
clearly higher amounts of both MEP pathway enzymes
in rif10-1 seedlings (Fig. 3B). The observed phenotype
of FSM resistance might therefore derive from the
enhanced accumulation of both DXS and DXR en-
zymes, which might act synergistically. Immunoblot
analyses with specific antisera against the rest of the
MEP pathway enzymes (Guevara-Garcia et al., 2005)
showed that higher amounts of HDS and HDR were
present in mutant rif10-1 seedlings, whereas no major
changes were observed in the levels of the rest of the
enzymes (Fig. 3C). As described for DXS and DXR,
transcript levels encoding HDS and HDR were similar
in wild-type and mutant seedlings grown under the
same conditions (Fig. 3A). In contrast with the higher
accumulation of MEP pathway enzymes, an approxi-
mately 50% decrease in the levels of the plastome-
encoded Rubisco large subunit (RBCL) was observed in
rifl0-1 protein extracts relative to Col (Fig. 3B). Such
decrease is consistent with the defects on plastid RNA
metabolism and with the pale phenotype of the rif10
mutants. Together, the results suggest that a defective
metabolism of RNAs in mutant chloroplasts might
result in decreased synthesis of plastome-encoded pro-
teins such as RBCL, eventually leading to the post-
transcriptional accumulation of MEP pathway enzymes.

Increased levels of flux-controlling MEP pathway
enzymes such as DXS and HDR might be expected to
result in enhanced production of chloroplast isopre-
noids such as chlorophylls and carotenoids (Estévez
et al., 2001; Botella-Pavia et al., 2004). However, the
levels of photosynthetic pigments are not increased,
but even decreased, in the mutant (Fig. 3D), consistent
with the pale phenotype of rif10 seedlings (Fig. 2). To
confirm whether the up-regulated MEP pathway en-
zymes were actually active in defective rif10 chloro-
plasts, FSM resistance was evaluated in mutant plants
in which DXR levels were further up-regulated by
transgene-mediated overexpression. Mutant rif10-1
and transgenic 355:DXR plants were crossed, and
homozygous rifl0-1 and rifl0-1 355:DXR siblings
were identified from the analysis of segregating F,
populations based on resistance marker genes associ-
ated with the rif10-1 mutation and the 355:DXR con-
struct. As shown in Figure 4A, rif10-1 3565:DXR plants
were visually identical to mutant plants lacking the
355:DXR transgene. Seedlings from both lines were
also indistinguishable, displaying a similar degree of
delayed greening and growth and decreased levels of
chlorophylls and carotenoids relative to the Col wild
type (Fig. 4B). However, rifl0-1 355:DXR plants
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showed a significantly higher resistance to FSM (Fig.
4C) and increased DXR levels (Fig. 4D). No changes in
DXS levels were observed in rif10-1 355:DXR plants
compared to those in the rif10-1 mutant (Fig. 4D). This,
together with the good correlation between DXR pro-
tein levels and SE rates in the presence of FSM,
indicates that the increased FSM resistance of rif10-1
355:DXR relative to rif10-1 seedlings was solely caused
by an enhanced accumulation of DXR. The results
confirm that DXR accumulates in an enzymatically
active form in mutant plastids and that the increase in
enzyme levels (and not any unspecific effect derived
from an altered plastid function) is responsible for the
FSM resistance phenotype of rifl0 plants. They also
show that factors other than the supply of MEP-
derived precursors limit the accumulation of chloro-
phylls and carotenoids in mutant seedlings.

Pharmacological Inhibition of Plastome Expression
Results in a rif10-Like Phenotype

To ascertain whether the phenotypes described for
mutant rif10 seedlings (including FSM resistance) were

Plant Physiol. Vol. 141, 2006

caused by a defective expression of the plastome, we
inhibited protein synthesis in wild-type plastids with
chloramphenicol (CAP).Indeed, germinationand growth
of Arabidopsis Col seedlings in the presence of sublethal
concentrations of CAP resulted in a rif10-like phenotype
of pale green cotyledons, delayed development of true
leaves, and FSM resistance (Fig. 5A). Similarly, the albino
phenotype caused by the inhibition of the MEP pathway
with FSM could be partially rescued in tomato (Lycoper-
sicon esculentum) and rice (Oryza sativa) seedlings when
plastid protein synthesis was partially inhibited with
CAP (Fig. 5A). The inhibition of the carotenoid biosyn-
thesis pathway in Arabidopsis wild-type seedlings with
sublethal concentrations of the herbicide norflurazon
(NFZ) resulted in a phenotype very similar to that
observed in rifl0 and CAP-treated wild-type seedlings,
but it had no effect on FSM resistance (Fig. 5B). These
results suggest that the FSM resistance phenotype is not a
secondary consequence of impaired plastid development
and delayed greening and growth, but most likely a
specific effect triggered by decreased plastid protein
levels (down-regulated plastome expression).
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Figure 4. Transgene-mediated overexpression of DXR in rif10-1 plants.
After crossing mutant rif10-1 and transgenic 355:DXR plants, homo-
zygous Col wild-type (1), rifl0-1 (2), and rif10-1 355:DXR (3) siblings
were identified based on resistance marker genes associated with the
rif10-1 mutation and the 355:DXR construct. A, Young rosette leaves of
representative plants. B, Levels of chlorophylls (white columns) and
carotenoids (gray columns) relative to those in Col plants. The mean
and sp values from populations of more than 25 seedlings in three
replicas of two independent experiments are represented. C, Quanti-
fication of FSM resistance as the percentage of SE after growth for 14 d
under LD conditions on MS plates supplemented with 50 um FSM. D,
Immunoblot analysis of DXS and DXR levels. Arrowhead indicates the
position of the DXR protein. Coomassie Blue (C-Blue) staining is also
shown. RBCL position and relative levels are indicated.

As expected, lower levels of plastid-encoded pro-
teins such as RBCL were present in CAP-treated Col
seedlings (Fig. 6). Also similarly to that described for
rif10-1 seedlings, immunoblot analyses confirmed that
the MEP pathway enzymes DXS, DXR, HDS, and HDR
accumulated at higher levels in CAP-treated Col seed-
lings (Fig. 6). A control experiment using a transgenic
line constitutively overexpressing the green fluores-
cent protein (355:GFP) showed that the CAP treatment
had no effect on the accumulation of nuclear-encoded
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proteins that are not targeted to the plastid (Fig. 6).
These data confirm that decreased protein synthesis in
plastids specifically leads to the posttranscriptional up-
regulation of four of the seven MEP pathway enzymes,
eventually resulting in FSM resistance.

DISCUSSION

Despite the key importance of plastidial isoprenoids
for plant life, relatively little is currently known about
the regulatory mechanisms that control their produc-
tion. In this work, we provide genetic and pharmaco-
logical evidence that plastids can posttranscriptionally
modulate the levels of the nuclear-encoded plastidial
MEP pathway enzymes that synthesize their precur-
sors. The loss of function of RIF10/PNPase results in a
delayed greening and growth phenotype (Fig. 2) linked
to enhanced accumulation of MEP pathway enzymes
(Fig. 3) and FSM resistance (Fig. 1B). Transgenic lines
with reduced PNPase activity have been shown to
accumulate higher levels of unprocessed 23S rRNA
precursors, tRNAs, and polyadenylated transcripts
susceptible for rapid decay (Walter et al., 2002). Despite
additionally showing a reduced accumulation of mature
mRNAs encoding RBCL and other photosynthesis-
related proteins, PNPase-deficient plants were re-
ported to exhibit no obvious phenotype under various
growth conditions and no changes in the levels of RBCL
protein (Walter et al., 2002). By contrast, the three rif10
mutant alleles described here showed a very character-
istic phenotype of pale seedlings and virescent plants
(Fig. 2), as well as clearly decreased RBCL levels (Figs.
3 and 4), supporting that the complete loss of PNPase
activity in mutant plants does lead to decreased levels
of chloroplast proteins. The 98 nucleotide extended
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Figure 5. Inhibition of plastid development and derived phenotypes in
wild-type seedlings. A, Representative 5-d-old wild-type (Col) Arabi-
dopsis seedlings (left) grown on MS plates supplemented (+) or not (—)
with 15 um CAP (white boxes) and 50 um FSM (black boxes). Tomato
(central) and rice (right) seedlings were grown for 5 d on solid MS
medium supplemented or not with 60 um CAP and 200 um FSM. B, Rep-
resentative 5-d-old Col seedlings grown on MS plates supplemented
(+) or not (—) with 60 nm NFZ (gray boxes) and 50 um FSM (black
boxes). Seedlings of the same species are shown to the same scale.
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Figure 6. Protein levels in CAP-treated seedlings. Immunoblot analyses
with antibodies against the indicated MEP pathway enzymes and
against GFP were carried out with protein extracts from 5-d-old Col and
355:GFP seedlings grown on MS plates supplemented (+) or not (—)
with 15 um CAP. Arrowhead marks the position of the DXR protein, and
the position and relative levels of RBCL are indicated with an arrow and
numbers.

235 rRNA precursor detected to be present in rif10-1
plants can be effectively incorporated into ribo-
somes, whereas no other rRNA appears to be pro-
cessed by PNPase (Walter et al., 2002). Therefore, the
decreased production of plastome-encoded proteins in
the mutant might not be due to impaired plastid
ribosome assembly but most likely to enhanced de-
fects in general plastid RNA processing and degrada-
tion. A decreased production of plastid proteins in
rifl0 plants explains the lower accumulation of chlo-
rophylls and carotenoids in the mutant despite the up-
regulated levels of MEP pathway enzymes (Figs. 3 and
4), since both plastome-encoded and nuclear-encoded
proteins are required to form the pigment-protein
complexes of photosystems that accommodate these
photosynthetic pigments in the thylakoid membranes
of chloroplasts (Demmig-Adams et al., 1996; Green
and Durnford, 1996). Furthermore, the decreased pro-
duction of plastome-encoded proteins and photosyn-
thetic complexes in rif10 is expected to result in a lower
photosynthetic capacity, which could also explain the
delayed growth phenotype of mutant plants (Demmig-
Adams et al., 1996; Green and Durnford, 1996; Pesaresi
et al., 2001).

The FSM resistance phenotype of rifl0 and CAP-
treated wild-type seedlings is likely caused by an
enhanced and combined accumulation of DXS and
DXR activities in their plastids. Developmental cues
have been proposed to be responsible for the post-
transcriptional accumulation of high levels of DXS
(but not other MEP pathway enzymes) in the early
stages of Arabidopsis seedling development (Guevara-
Garcia et al., 2005). Although such cues might explain
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the increased levels of DXS in mutant and CAP-treated
seedlings with a developmental delay relative to the
wild type (Figs. 2 and 5), the posttranscriptional up-
regulation of DXR, HDS, and HDR (Figs. 3 and 6) must
be caused by different signals. In the same work, DXS
accumulation was also reported to be posttranscrip-
tionally up-regulated in wild-type plants following
inhibition of the MEP pathway with FSM, whereas
both DXS and HDR levels were shown to be constitu-
tively up-regulated in null mutants of the MEP path-
way, suggesting a feedback mechanism in which the
levels or ratios of MEP pathway intermediates or
products influence the posttranscriptional accumula-
tion of at least some of the pathway enzymes (Guevara-
Garcia et al., 2005). Because only processes related to
the production of plastome-encoded proteins are dis-
rupted in 7if10 and CAP-treated Col plants, we propose
that the observed posttranscriptional accumulation of
enhanced levels of the MEP pathway enzymes DXS,
DXR, HDS, and HDR is not a consequence of a general
arrest in development but most likely a specific re-
sponse linked to decreased levels of plastome-encoded
proteins. In agreement, not all defects in greening or
plastid development result in enhanced levels of MEP
pathway enzymes (Rodriguez-Concepcion et al., 2004;
Guevara-Garcia et al., 2005). Most significantly, FSM
resistance was not affected in NFZ-treated seedlings, in
which the inhibition of carotenoid biosynthesis results
in photooxidative damage of chloroplast photosyn-
thetic complexes and a derived phenotype of delayed
greening and development very similar to that ob-
served in CAP-treated seedlings (Fig. 5B).

The interest of our results is highlighted by the fact
that an involvement of plastome-encoded proteins in
the regulation of the MEP pathway was not predicted
or expected. Ours, however, is not the first observation
of posttranscriptional accumulation of nuclear-encoded
plastidial proteins caused by a down-regulation of
plastome-encoded proteins. For instance, deletion of
the plastid psbA gene in tobacco (Nicotiana tabacum)
triggered a significant up-regulation of plastid termi-
nal oxidase without increasing the levels of transcripts
(Baena-Gonzalez et al., 2003). The mechanism by
which plastid-encoded proteins directly or indirectly
affect the accumulation of certain plastid-targeted
proteins remains unknown. Such a mechanism might
act prior to, at, or after the import of the target proteins
into the plastid. It has been shown that polyribosome
binding, stability, and translation of transcripts of spe-
cific nuclear genes encoding photosynthesis-related
proteins is dependent on plastid signals (Petracek et al.,
1997; Sherameti et al., 2002; Tang et al., 2003). Plastid
(redox) signals might also regulate the posttransla-
tional import of proteins into chloroplasts (Jarvis and
Robinson, 2004). Arabidopsis mutants defective in par-
ticular components of the import machinery show lower
levels of proteins of the photosynthetic apparatus but
unchanged or even enriched levels of other plastid-
imported proteins (Bauer et al., 2000; Kubis et al.,
2003), supporting the existence of substrate-specific
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protein import pathways (Jarvis and Robinson, 2004).
Finally, protein degradation within chloroplasts is also
a substrate-specific process that can be modulated by
the metabolic status of the plastid (Adam and Clarke,
2002).

Although more experiments are needed to identify
the specific physiological signals that trigger the ob-
served changes in MEP pathway enzyme levels and to
clarify the role of plastome-encoded proteins in this
process, our work represents an important step for-
ward by revealing an influence of plastid-derived cues
on the regulation of the MEP pathway in different
plant species. The good correlation between DXR pro-
tein levels and FSM resistance in rif10-1 and rif10-1
355:DXR plants and the FSM resistance phenotype
associated with increased DXS and DXR levels in
mutant and CAP-treated Col seedlings suggest that
these enzymes accumulate in an enzymatically active
form and, therefore, that the observed changes in
protein levels might be biologically relevant. Transgene-
mediated regulation of the levels of DXS in Arabidop-
sis and tomato, DXR in peppermint (Mentha piperita),
and HDR in Arabidopsis all resulted in concomitant
changes in the levels of plastidial isoprenoid end
products (Estévez et al., 2001; Mahmoud and Croteau,
2001; Botella-Pavia et al., 2004; Enfissi et al., 2005),
suggesting that these three enzymes share some de-
gree of control over the flux through the MEP pathway.
The relative contribution of the rest of the MEP path-
way enzymes remains to be established, but HDS
has been proposed as another candidate to regulate
flux (Querol et al., 2002; Rodriguez-Concepcion et al.,
2003). In the case of the rif10 mutant, the up-regulation
of flux-controlling enzymes of the MEP pathway does
not result in higher levels of isoprenoid end products
such as chlorophylls and carotenoids because the
mutation also affects the formation of chloroplast
structures that accommodate these photosynthetic
pigments, as described above. But in wild-type chlo-
roplasts, the synthesis of plastome-encoded proteins
can be rapidly regulated by redox signals (with a major
role of plastoquinone, a plastidial isoprenoid) in re-
sponse to sudden changes in environmental condi-
tions and photosynthetic activity (Pfannschmidt, 2002).
It is therefore possible that plastome-mediated cues
might modulate the accumulation of DXS, DXR, HDS,
and HDR as a fine control of the MEP pathway which,
unlike the coarse control exerted by changes in the
expression of the nuclear genes, might allow individ-
ual chloroplasts to rapidly optimize the supply of
isoprenoid precursors and meet their particular met-
abolic requirements.

MATERIALS AND METHODS
Plant Material

The activation-tagging T-DNA collections were purchased from the
Nottingham Arabidopsis Stock Centre (NASC). Seeds from the Salk T-DNA
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insertion lines (Alonso et al., 2003) were also obtained from the NASC. The
position of the inserted T-DNA in the genome of these mutants was confirmed
by PCR. The 355:DXS and 355:DXR constructs were generated after cloning
the full-length cDNAs encoding Arabidopsis (Arabidopsis thaliana) DXS and
DXR into plasmid pBI221 (Clontech). Plasmid pCAMBIA1302 was used to
generate 355:GFP lines. The plasmids were used for Agrobacterium-mediated
transformation of Arabidopsis plants as described (Carretero-Paulet et al.,
2002). For the identification of F, homozygous siblings segregating from the
cross between rif10-1 and 355:DXR plants, F; seeds were plated on medium
supplemented with Basta (the resistance marker associated with the T-DNA
used to generate the activation-tagging lines) or kanamycin (the resistance
marker associated with the 35S:DXR construct). Lines in which these markers
did not segregate were identified as homozygous Col (sensitive to both Basta
and kanamycin), rif10-1 (only resistant to Basta), and rif10-1 355:DXR (resis-
tant to both Basta and kanamycin). All Arabidopsis genotypes used in this
work were in the Col background. Seeds from tomato (Lycopersicon esculentum)
and rice (Oryza sativa) were of the Microtom and Senia varieties, respectively.

Growth Conditions

Seeds were surface sterilized and germinated on petri dishes (Arabidopsis)
or Magenta boxes (tomato and rice) with solid MS medium (Rodriguez-
Concepcién et al., 2004). After stratification for at least 2 d at 4°C, they were
incubated in a growth chamber at 22°C under long day (LD) conditions (8 h in
the dark and 16 h under fluorescent white light at a photon fluence rate of
100 wmol m~2s™?). When indicated, the medium was supplemented with FSM
(Gateway Chemical Technology), CAP (Sigma), or NFZ (Zorial). If required,
plants were transferred from the plates to 1:1:1 (v/v) perlite:vermiculite:
sphagnum soil mixture irrigated with mineral nutrients and grown in the LD
chamber until seeds were produced.

Analysis of Mutant Phenotypes

SE (defined as the percentage of seedlings producing green true leaves that
are photosynthetically active and therefore able to support full plant devel-
opment) was monitored for each seed stock on MS plates supplemented or not
with FSM. The SE rate in the presence of the inhibitor was calculated relative
to the value observed on plates without FSM (which was considered as 100%).
Chlorophyll and carotenoid pigments were extracted, separated, and quan-
tified as described (Rodriguez-Concepcién et al., 2004).

Molecular Characterization of the Mutants

RNA and protein-blot analyses were carried out as described (Rodriguez-
Concepcién et al., 2001, 2004; Botella-Pavia et al., 2004; Guevara-Garcia et al.,
2005). A Bioanalyzer 2100 (Agilent Technologies) was used to monitor
quantity and quality of RNA samples. Intensity of Coomassie-stained protein
bands was quantified using a Molecular Imager densitometer (Bio-Rad). Since
protein extracts from rifl0 and CAP-treated Col seedlings showed a decrease
in the levels of RBCL (the major protein in these extracts), protein loading was
normalized according to the levels of other proteins detected by Coomassie
staining of the gels. The unspecific bands recognized by the anti-DXR serum
were also used as an additional control of equal loading.

For the identification of the gene responsible for the FSM resistance
phenotype in rif10-1, homozygous mutant plants were backcrossed with the Col
wild type to test whether the corresponding mutation was linked to the
presence of the only T-DNA detected in the mutant (as estimated from the
associated Basta resistance marker). After identifying the recessive nature of
the rifl0-1 mutation and its linkage to the T-DNA, the insertion site was
identified using an inverse-PCR strategy. Genomic DNA was isolated from
mutant seedlings as described (Carretero-Paulet et al., 2002), digested with
BamHI, and religated to create circular DNA molecules that were used as
templates for PCR amplification with Tag DNA polymerase (Promega) and the
T-DNA primers T7 (5'-TAATACGACTCACTATAGGG-3’), which anneals on
the T7 promoter region next to the multicloning site of the pBluescript
sequence, and BAR3R (5'-TGGGTTTCTGGCAGCTGG-3'), which anneals on
the 3’-end region of the BAR gene conferring Basta resistance. Direct sequenc-
ing of the PCR products was carried out using the Big Dye Terminator cycle
sequencing v2.0 kit of the ABI-PRISM system (Applied Biosystems) and
primer ATC12 (5'-TTGGGCGGGTCCAGGG-5"), which anneals next to the
left border of the T-DNA.
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