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Nonmevalonate Pathway of Isoprenoid Biosynthesis
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Plant isoprenoids are synthesized via two independent pathways, the cytosolic mevalonate (MVA) pathway and the plastid
nonmevalonate pathway. The Escherichia coli IspH (LytB) protein is involved in the last step of the nonmevalonate pathway. We
have isolated an Arabidopsis (Arabidopsis thaliana) ispH null mutant that has an albino phenotype and have generated
Arabidopsis transgenic lines showing various albino patterns caused by IspH transgene-induced gene silencing. The initiation
of albino phenotypes rendered by IspH gene silencing can arise independently from multiple sites of the same plant. After
a spontaneous initiation, the albino phenotype is systemically spread toward younger tissues along the source-to-sink flow
relative to the initiation site. The development of chloroplasts is severely impaired in the IspH-deficient albino tissues. Instead
of thylakoids, mutant chloroplasts are filled with vesicles. Immunoblot analysis reveals that Arabidopsis IspH is a chloroplast
stromal protein. Expression of Arabidopsis IspH complements the lethal phenotype of an E. coli ispH mutant. In 2-week-old
Arabidopsis seedlings, the expression of 1-deoxy-D-xylulose 5-phosphate synthase (DXS), 1-deoxy-bD-xylulose 5-phosphate
reductoisomerase (DXR), IspD, IspE, IspF, and IspG genes is induced by light, whereas the expression of the IspH gene is
constitutive. The addition of 3% sucrose in the media slightly increased levels of DXS, DXR, IspD, IspE, and IspF mRNA in the
dark. In a 16-h-light/8-h-dark photoperiod, the accumulation of the IspH transcript oscillates with the highest levels detected in
the early light period (2-6 h) and the late dark period (4-6 h). The expression patterns of DXS and IspG are similar to that of
IspH, indicating that these genes are coordinately regulated in Arabidopsis when grown in a 16-h-light/8-h-dark photoperiod.

Isoprenoids are the largest group of natural prod-
ucts found in living organisms. Among the important
isoprenoids are compounds such as steroid hormones
in mammals, carotenoids and chlorophylls in plants,
and ubiquinone or menaquinone in bacteria. Still
others are medically important for human health,
e.g. vitamins, hormones, and anticancer agents such
as Taxol (Sacchettini and Poulter, 1997).

All isoprenoids are derived from a basic five-carbon
unit, isopentenyl diphosphate (IPP), and its allyl isomer
dimethylallyl diphosphate (DMAPP). For decades, the
mevalonate (MVA) pathway was believed to be the
only route to synthesize IPP and DMAPP. However,
recent studies have uncovered an alternative nonme-
valonate (nonMVA) pathway for isoprenoid biosyn-
thesis (Rohmer et al., 1993; Eisenreich et al., 1998, 2001;
Lichtenthaler, 1999; Rohdich et al., 2001; Rodriguez-
Concepcion and Boronat, 2002; Rohmer, 2003). Most, if
not all, enzymes involved in the nonMVA pathway
have been identified in Escherichia coli (Sprenger et al.,
1997; Lois et al., 1998; Takahashi et al., 1998; Rohdich
et al., 1999, 2002, 2003; Herz et al., 2000; Luttgen et al.,
2000; Hecht et al., 2001; Adam et al., 2002). In the first
step, 1-deoxy-D-xylulose 5-phosphate synthase (DXS)
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converts pyruvate and glyceraldehyde-3-phosphate to
1-deoxy-D-xylulose 5-phosphate (DXP), which also
serves as a biosynthetic precursor of vitamins Bl
(thiamine) and B6 (pyridoxal; White, 1978; Sprenger
etal., 1997). DXP is converted to 2C-methyl-p-erythritol
4-phosphate (MEP) by the 1-deoxy-b-xylulose 5-phos-
phate reductoisomerase (DXR or IspC). MEP is
then converted to IPP and DMAPP in consecutive
steps catalyzed by 4-diphosphocytidyl-2-C-methyl-
D-erythritol synthase (CMS or IspD), 4-diphosphocy-
tidyl-2-C-methyl-D-erythritol kinase (CMK or IspE),
2-C-methyl-p-erythritol 2,4-cyclodiphosphate syn-
thase (MCS or IspF), 1-hydroxy-2-methyl-2-(E)-butenyl
4-diphosphate synthase (HDS or IspG), and 1-hydroxy-
2-methyl-2-(E)-butenyl 4-diphosphate reductase (HDR
or IspH; Fig. 1). Because MEP is the first committed
precursor in the pathway, the nonMVA pathway is also
known as the MEP pathway.

The nonMVA pathway has been found in a broad
range of organisms, including bacteria, green algae,
and higher plants (Eisenreich et al, 1998, 2001;
Lichtenthaler, 1999; Cunningham et al., 2000; Rohdich
et al., 2001; Rodriguez-Concepcion and Boronat, 2002).
In plants, the MVA and nonMVA pathways are com-
partmentalized in the cytoplasm and plastid, respec-
tively. Sesquiterpenes, sterols, and polyterpenes are
derived from the cytosolic MVA pathway, whereas iso-
prene, phytol, carotenoids, and plant hormones GA
and abscisic acid are synthesized via the plastid non-
MVA pathway (Fig. 1). The Arabidopsis genome
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Figure 1. MVA and nonMVA pathways in plants. HMG-CoA,
3-Hydroxy-3-methylglutaryl CoA; MVA, mevalonic acid; MVAP,
mevalonic acid 5-phosphate; MVAPP, mevalonic acid 5-diphosphate;
IPP, isopenteny! diphosphate; DMAPP, dimethylallyl diphosphate; FPP,
farnesyl diphosphate; Mt, mitochondrion; UQ, ubiquinone; GA-3-P,
glyceraldehyde 3-phosphate; DOXP, 1-deoxy-bD-xylulose-5-phosphate;
MEP, 2-C-methyl-p-erythritol 4-phosphate; CDP-ME, 4-diphosphocy-
tidyl-2-C-methyl-p-erythritol; CDP-ME2P, 4-diphosphocytidyl-
2-C-methyl-p-erythritol 2-phosphate; ME-2,4cPP, 2-C-methyl-p-eryth-
ritol 2,4-cyclodiphosphate; HMBPP, 1-hydroxy-2-methyl-2-(E)-butenyl
4-diphosphate; GGPP, geranylgeranyl diphosphate; GA, gibberellic
acid; PQ, plastoquinone; ABA, abscisic acid. Enzymes of the MVA path-
way: HMGS, HMG-CoA synthase; HMGR, HMG-CoA reductase;
MVK, MVA kinase; PMK, MVAP kinase; MDD, MVAPP decarboxylase.
Enzymes of the nonMVA pathway: DXS, DOXP synthase; DXR, DOXP
reductoisomerase; CMS, CDP-ME synthase; CMK, CDP-ME kinase;
MCS, ME-2,4cPP synthase; HDS, HMBPP synthase; HDR, HMBPP
reductase. The names of their corresponding genes are indicated on the
left.

contains genes encoding homologs of E. coli nonMVA
pathway enzymes and the deduced amino acid
sequences all possess a transit peptide for chloroplast
localization, consistent with their predicted role in
the biosynthesis of plastid isoprenoids (Rodriguez-
Concepcion and Boronat, 2002).

Previous studies have shown that Arabidopsis
plants (clal-1 mutants) with a null mutation in the
DXS gene are albino (Mandel et al., 1996; Estevez et al.,
2000, 2001). Analyses of the flanking genomic DNA
sequences of a collection of Arabidopsis T-DNA or
transposon-tagged seedling lethal lines have identified
albino mutants in the DXS, IspC (DXR), and IspD
genes, although these lines have not been further
characterized (Budziszewski et al., 2001). Levels of
photosynthetic pigments are dramatically reduced in
the Arabidopsis IspD antisense lines (Okada et al,,
2002). The albino phenotype was also observed in
Nicotiana benthamiana leaves using tobacco rattle virus
(TRV)-IspG- and TRV-IspH-induced gene silencing
(Page et al., 2004). Recent studies on Arabidopsis
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chloroplast biogenesis (clb) albino mutants revealed
that the c/b4 and clb6 mutants are caused by the loss
of function of the IspG and IspH genes, respectively
(Gutierrez-Nava et al., 2004; Guevara-Garcia et al.,
2005). These observations suggest that plants carry-
ing loss-of-function mutations in any of the nonMVA
pathway genes may have a visible pigmentation
phenotype.

To isolate plant nonMVA pathway mutants, we
generated Arabidopsis T-DNA insertion lines and
screened for plants showing pale green or albino
phenotypes. One of the isolated Arabidopsis albino
mutants is caused by a T-DNA insertion in a gene that
encodes a protein with significant similarity to E. coli
IspH (or LytB). Consistent with the albino phenotype
observed in the null mutant, Arabidopsis IspH gene-
silencing plants show pale green to various albino
patterns. Levels of IspH mRNA are dramatically re-
duced in the IspH-silenced albino tissues. We also
provide experimental evidence that the Arabidopsis
IspH protein is localized in the chloroplast stroma. A
complementation test with an E. coli ispH mutant
further confirms that the Arabidopsis IspH protein
functions as a nonMVA pathway enzyme involved in
the biosynthesis of plastid isoprenoids.

The biosynthesis of plastid isoprenoids is directly
linked to photosynthesis. We have thus examined the
effects of light and Suc on the expression of nonMVA
pathway genes in Arabidopsis. In addition, it has been
suggested that the biosynthesis and emission of vola-
tile plant isoprenoids are derived from the plastid
nonMVA pathway (Lichtenthaler, 1999; Sharkey and
Yeh, 2001; Zeidler and Lichtenthaler, 2001). The emis-
sion of some volatile plant isoprenoids and the ex-
pression of some terpene synthase genes are regulated
diurnally or nocturnally (Loreto et al., 1996; Kolosova
etal.,2001; Lu et al., 2002; Dudareva et al., 2003; Martin
et al., 2003). We also studied the expression patterns
of Arabidopsis nonMVA pathway genes under a 16-
h-light/8-h-dark photoperiod. Several distinct diurnal
expression patterns were observed among the Arabi-
dopsis nonMVA pathway genes. The accumulation of
DXS, IspG, and IspH transcripts oscillates in a similar
pattern during the 16-h-light/8-h-dark cycle.

RESULTS

Phenotypic Analysis of the Arabidopsis
ispH-1 Mutant

We isolated the albino ispH-1 mutant by screening
a collection of Arabidopsis T-DNA insertion lines.
Genetic analysis and thermal asymmetric interlaced-
PCR revealed that the albino line 3a234 contains
two copies of T-DNA in two different loci, IspH and
At3g46440, which were further segregated as two
different lines. Homozygous ispH-1 plants are albino
and progeny from a self-pollinated heterozygous plant
segregate green and albino plants in a 3:1 ratio on
a nonselective medium, i.e. the albino phenotype is
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Segregation of ispH-1 homozygous (albino) plants. B, A 6-week-old
ispH-1 plant grown on Murashige and Skoog plus Suc medium in
a plantcon. C and D, Transmission electron micrographs of wild-type
(C) and ispH-T mutant (D) chloroplasts. Sections are from the first
leaves of 2-week-old Arabidopsis plants grown in tissue culture. Scale
bars, 1 cm (A and B); 500 nm (C and D).

inherited as a recessive mutation (Fig. 2A). The ispH-1
mutant seedlings exhibit a purple-tinted phenotype
superimposed on the albino phenotype when grown
on the medium containing Suc (Fig. 2A). The purple
coloration begins to fade about 1 week after germi-
nation on this medium. The ispH-1 albino plant can
develop a normal root system, rosette leaves, an in-
florescence with cauline leaves, and flower-like struc-
tures that never mature into normal flowers when
grown on tissue culture medium (Fig. 2B).

To study the effect of the ispH-1 mutation on
chloroplast development, leaf sections of Arabidopsis
wild-type and ispH-1 plants were examined by trans-
mission electron microscopy. In contrast to the lens-
shaped wild-type chloroplast (Fig. 2C), the ispH-1
mutant chloroplasts are usually round, oval, or irreg-
ularly shaped (Fig. 2D; data not shown). In addition,
the mutant chloroplasts completely lack thylakoids
and contain large vesicles (Fig. 2D). In ispH-1 mutants,
total chlorophylls and carotenoids are less than 1%
and 2%, respectively, of their amounts in the wild type
(Table I).

Molecular Characterization and Complementation
of the ispH-1 Locus

Analysis of the flanking genomic DNA sequences
revealed that the Arabidopsis ispH-1 mutant has a
T-DNA insertion in the seventh exon of the IspH gene
(Fig. 3A). Northern and immunoblot analyses showed
that the IspH mRNA and protein were undetectable in
the ispH-1 mutant (Fig. 3B). These results suggest that
ispH-1 is a null mutant. In 6-week-old wild-type Arab-
idopsis plants, the IspH transcript was detected in all
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tissues analyzed (Fig. 3C). To prove that the defective
ispH-1 locus is responsible for the albino phenotype, we
restored the wild-type phenotype by introducing into
the mutant a full-length IspH cDNA transcribed from
a cauliflower mosaic virus 355 promoter. The pheno-
type of a representative complementation line is shown
in Figure 3D. Genomic DNA-blot analysis was used
to verify that the complemented plants contained
a (homozygous) ispH-1 mutant allele and a 35S:IspH
transgene (Fig. 3E). These results confirm that the
albino phenotype is caused by disruption of the IspH
gene.

Arabidopsis 35S:IspH cDNA Transgene-Induced
Gene Silencing

Attempts to create Arabidopsis IspH overexpression
lines resulted in some primary transformants showing
pale green or various albino phenotypes (Fig. 4, A and
B). In plants, some transgenes may cause a coordinated
silencing of the transgene and homologous host genes
(Mlotshwa et al., 2002). It is possible that the IspH gene
is silenced in the albino tissue. To test this, total RNA
and protein extracted from green and albino tissues of
the transgenic plants were examined by northern and
immunoblot analysis. The steady-state levels of IspH
mRNA and protein are higher in the transgenic green
tissue than in the wild type, whereas the IspHH mRNA
and protein are not detectable in the albino tissue (Fig.
4, C and D). These results indicate that IspH is over-
expressed in the green tissue and is silenced in the
albino tissue of the same plant.

Initiation and Systemic Spread of IspH
Gene Silencing

The visual albino phenotype that is a result of IspH
gene silencing serves as a marker for observing the
initiation and systemic spread of transgene-induced
gene silencing in Arabidopsis. The initiation of IspH
gene silencing is spontaneous and stochastic; it may
arise at various developmental stages and several
independent initiations may even occur in the same
plant. For instance, the albino phenotype may appear
independently in rosette leaves, stems, and siliques
(Fig. 5A). After the initiation step, somehow the IspH
gene-silencing signal(s) is systemically spread toward
developing tissues so that younger tissues that de-
velop above the initiation site will be affected (Fig. 5,
A-C). Expanding cauline leaves, at the time of initia-
tion, either are not or are only partially affected,
leading to a phenotype where a green leaf and a

Table 1. Photosynthetic pigment content of wild-type Arabidopsis
and ispH-1 mutants

Values shown are ug/g fresh weight = s.

Chlorophyll a Chlorophyll b Carotenoids

Wwild type 577.6 = 1.3 271.1 £10.3 159.7 £ 3.2

ispH-1 1.1 £0.8 2.6 £0.5 32*+038
643
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Figure 3. A, Schematic diagram of the Arabidopsis IspH gene. Arrows
indicate EcoRV restriction sites. Black boxes indicate exons. The
T-DNA (white triangle) is not drawn to scale. B, Northern and immuno-
blot analyses. Total RNA (10 ug) and proteins (20 ug) extracted from
2-week-old wild-type (WT) and ispH-1 plants were used for northern
(top) and immunoblot (bottom) analyses to detect the IspH mRNA and
IspH protein, respectively. After detection of the IspH mRNA, the
membrane was stripped and reprobed with 18S rDNA as a control
(middle). C, Expression pattern of the Arabidopsis IspH gene. Total RNA
(10 ug) extracted from 6-week-old wild-type Arabidopsis plants grown
in soil was used for northern-blot analysis. R, Roots; L, leaves; St, stems;
F, flowers; Si, siliques. The ethidium bromide-stained agarose gel of the
same samples is shown at the bottom. D, Eight-day-old Arabidopsis
wild-type (WT), ispH-1, and 35S:IspH cDNA complemented (Com)
seedlings. E, Genomic Southern analysis (EcoRV digested). The arrow
indicates the ispH-1 mutant allele and the arrowhead indicates the
358:1spH transgenic allele in a complemented (Com) line.

partially green leaf are attached to an albino stem
(Fig. 5D). Sometimes the apical region of a silenced
inflorescence may remain green, which indicates that
the IspH gene is not always silenced in the meriste-
matic regions (Fig. 5, A, D, and L). In siliques, IspH
gene silencing can be localized in the base, in the tip, in
the middle, or at both ends independently and grad-
ually spreads throughout the entire silique (Fig. 5, A,
D, and E). The random initiation and systemic spread
of the albino phenotype in siliques indicate that cells in
developing siliques may not have a distinct source-to-
sink status for silencing signals as in leaves or stems.
In T3 homozygous lines, the mixed progeny of non-
silenced (green) and silenced plants with various al-
bino patterns segregate randomly (Fig. 5F).

When the initiation of IspH gene silencing is localized
inrosette leaves during the vegetative stage, leaves that
have expanded before the initiation will not be affected

(Fig. 5, G-I). If the initiation occurs in rosette leaves
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during the transition from vegetative to reproductive
stage, the green inflorescence tip has a chance to de-
velop flowers and siliques before the entire inflores-
cence becomes albino (Fig. 5, J-L). Neither initiation nor
systemic spread of IspH gene silencing was observed in
fully expanded rosette leaves.

Dynamics of Thylakoids in the IspH-Silencing Tissues

In a partially silenced rosette leaf, chloroplasts in the
green cells accumulate more starch granules than the
comparable wild type (Fig. 6, A and B), whereas in
the IspH-silenced albino tissue, chloroplasts are highly
vesiculated (Fig. 6C). Because the basal part of an
expanding leaf is composed of younger tissues, it is
possible that these vesicles are derived from undif-
ferentiated chloroplasts. During the systemic spread of
IspH gene silencing in a leaf, a narrow boundary line of
pale green to pale yellow forms between the green and
the albino tissue. Transmission electron microscopy
reveals that various types of chloroplasts exist in this
region (Fig. 6, D-I). Chloroplasts of pale green tissues
close to the nonsilenced green part of the leaf
have highly differentiated thylakoids, but most of the
stroma lamellae are discontinuous and stacked thy-
lakoids are thicker than the wild type (Fig. 6D). By
contrast, chloroplasts of pale yellow tissues close to
the albino part of the leaf have only a few differenti-
ated thylakoids (Fig. 6, E and F), mixed vesicles and
loosening thylakoids (Fig. 6G), small vesicles (Fig. 6H),
or large vesicles (Fig. 6I). The IspH-silencing chloro-
plasts also contain densely stained globule (lipid-
droplet) aggregates (Fig. 6, D, E, G, and I). Since the
systemic spread of the albino phenotype starts from
the initiation site toward developing tissues, these
chloroplasts may represent a broad range of undiffer-
entiated, partially differentiated, and fully differenti-
ated chloroplasts that are affected by photooxidation
caused by various levels of IspH gene silencing. The
vesicular structures and densely stained globule
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Figure 4. Arab1d0p5|s 35S:1spH cDNA transgene-induced gene silenc-
ing. A, Schematic diagram of a 35S:IspH cDNA construct. B, Repre-
sentative primary transformants of 35S:IspH Arabidopsis after BASTA
treatment. Red arrows indicate IspH-silencing plants. C, Northern-blot
analysis of IspH mRNA. D, Immunoblot analysis of IspH protein. WT,
Wild-type rosette leaves; G, green tissues of IspH-silenced leaves; W,
white tissues of IspH-silenced leaves.
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