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Abstract

Plants have two isoprenoid biosynthetic pathways: the cytosolic mevalonate (MVA) pathway and the plastidic 2-C-
methyl-p-erythritol 4-phosphate (MEP) pathway. Since the discovery of the MEP pathway, possible metabolic cross-
talk between these pathways has prompted intense research. Although many studies have shown the existence of
such cross-talk using feeding experiments, it remains to be determined if native cross-talk, rather than exogenously
applied metabolites, can compensate for complete blockage of the MVA pathway. Previously, Arabidopsis mutants
for HMG1 and HMG2 encoding HMG-CoA reductase (HMGR) were isolated. Although it was shown that HMGR1 is
a functional HMGR, the enzyme activity of HMGR2 has not been confirmed. It is demonstrated here that HMG2
encodes a functional reductase with similar activity to HMGR1, using enzyme assays and complementation
experiments. To estimate the contribution of native cross-talk, an attempt was made to block the MVA pathway by
making double mutants lacking both HMG1 and HMG2, but no double homozygotes were detected in the progeny of
self-pollinated HMG1/hmg1 hmg2/hmg2 plants. hmg1 hmg2 male gametophytes appeared to be lethal based on
crossing experiments, and microscopy indicated that ~50% of the microspores from the HMG1/hmg1 hmg2/hmg2
plant appeared shrunken and exhibited poorly defined endoplasmic reticulum membranes. In situ hybridization
showed that HMG1 transcripts were expressed in both the tapetum and microspores, while HMG2 mRNA appeared
only in microspores. It is concluded that native cross-talk from the plastid cannot compensate for complete
blockage of the MVA pathway, at least during male gametophyte development, because either HMUIG1 or HMG2 is
required for male gametophyte development.

Key words: Anther, cross-talk, HMG-CoA reductase, isoprenoid, male gametophyte, MEP pathway, MVA pathway, pollen,
sterol, tapetum.

Introduction

Plants produce a wide variety of isoprenoids by the
condensation of common five-carbon intermediates, isopen-
tenyl diphosphate (IPP) and its isomer dimethylallyl di-
phosphate (DMAPP). Over the course of evolution, plants
have maintained the well-known eukaryotic mevalonate
(MVA) pathway for cytosolic synthesis of IPP and DMAPP,

and this pathway was considered to be the sole synthetic
source of these compounds for several decades. However,
plants have recently been discovered also to make use of the
prokaryotic 2-C-methyl-p-erythritol 4-phosphate (MEP)
pathway from the endosymbiotic ancestral cyanobacteria in
plastids (Rohdich et al, 2001; Fig. 1). Under normal
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Fig. 1. Outline of the two isoprenoid biosynthetic pathways in an
Arabidopsis cell: the MVA and MEP pathways. Blue arrows
indicate metabolic flow between the cytosol and plastid. Two
genes, HMG1 and HMG2, encoding HMGR are shown in red
letters. MVA, mevalonate; IPP, isopentenyl diphosphate; DMAPP,
dimethylallyl diphosphate; GAP, glyceraldehyde 3-phosphate.

physiological conditions, the two pathways are compartmen-
talized. Cytoplasmic isoprenoids (e.g. sterols and brassinoste-
roids) and mitochondrial isoprenoids (e.g. side chains of
ubiquinone) are synthesized via the MVA pathway, while the
MEP pathway is used to synthesize plastidic isoprenoids (e.g.
carotenoids and the side chains of chlorophylls and plasto-
quinones) and some isoprenoid-type phytohormones (e.g.
gibberellins, abscisic acid, and cytokinins).

Cytosolic IPP and DMAPP are synthesized in seven
enzymatic steps from acetyl-CoA via the MVA pathway,
and the HMG-CoA reductase (HMGR) reaction is consid-
ered to be rate-limiting in this pathway (Schaller et al,
1995; Manzano et al., 2004; Suzuki et al, 2004). The
biological importance of HMGR is further emphasized by
the existence of highly specific natural inhibitors of the
enzyme including mevinolin (Alberts et al, 1980), also
known as lovastatin, and its analogues from various
rhizopheric ascomycetes (Bach ez al, 1990), and their use
as growth inhibitors and antibiotics. Earlier work revealed
that mevinolin was an efficient plant growth regulator
primarily through its inhibition of de mnovo phytosterol
biosynthesis (Bach and Lichtenthaler, 1987; Bach et al,
1990). Mevinolin and its analogues blocked cell prolifera-
tion in tobacco (Bach and Lichtenthaler, 1987; Hata et al.,
1987; Crowell and Salaz, 1992; Hemmerlin and Bach, 1998;
Randall et al, 1993; Morehead et al, 1995), Helianthus
tuberosus (Ceccarelli and Lorenzi, 1984), Medicago sativa
(Hata et al., 1987), and Acer pseudoplantanus (Ryder and
Goad, 1980). Plant HMGRs are encoded by a small family

of genes that are differentially expressed upon various
internal and external stimuli, and the transcriptional and
post-transcriptional regulation of HMGRs have been in-
vestigated (Dale et al., 1995; Learned, 1996; Newman and
Chappell, 1997). Genetic approaches have demonstrated
some of the novel HMGR regulatory mechanisms in plants
relative to animals (Rodriguez-Concepcion et al, 2004;
Kobayashi et al., 2007).

Feeding experiments in plants have indicated the occur-
ence of cross-talk between the MVA and MEP pathways.
Labelled mevalonolactone (MVL) and 1-deoxy-D-xylulose
(DX) are incorporated into plastidic and cytosolic isopre-
noids, respectively, in Lemna gibba (Schwender et al., 2001),
Arabidopsis (Kasahara et al, 2002), and tobacco Bright
Yellow-2 (BY-2) cells (Hemmerlin ez al, 2003). Exoge-
nously applied MVL partially rescues developmental arrest
in clal-1, an Arabidopsis mutant with a disrupted MEP
pathway (Nagata et al., 2002), and partially rescues growth
inhibition of BY-2 cells treated with fosmidomysin, a DX
reductoisomerase inhibitor (Hemmerlin et al., 2003). Exog-
enously applied DX partially rescues the growth inhibition
in Arabidopsis plants (Kasahara et al., 2002) and BY-2 cells
(Hemmerlin et al., 2003) treated with mevinolin. However,
these feeding studies using exogenously applied metabolites
were insufficient to determine whether mutual and native
cross-talk can compensate for complete blockage of one of
the isoprenoid biosynthetic pathways.

Mutants lacking one functional isoprenoid biosynthetic
pathway are very useful to examine native cross-talk. The
identification in Arabidopsis of the isoprenoid biosynthesis
mutant clal-1, a null mutant for a DX synthase (DXS)
gene, is one important example (Mandel et al., 1996; Araki
et al., 2000; Estévez et al, 2000). Despite the albino
phenotype of clal-1, two DXS homologous genes exist in
the Arabidopsis genome in addition to CLAI (Lange and
Ghassemian, 2003). It remains unclear whether a clal
mutation is sufficient for complete shutdown of the MEP
pathway. Some MEP pathway mutants have been reported,
including ispF-1 for 2-C-methyl-pD-erythritol 2,4-cyclodi-
phosphate synthase (MCS; Hsieh and Goodman, 2006),
clb4 for hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate syn-
thase (HDS; Gutiérrez-Nava et al., 2004), and clb6 for 1-
hydroxy-2-methyl-butenyl 4-diphosphate reductase (HDR;
Guevara-Garcia et al., 2005; Hsieh and Goodman, 2005).
These three enzymes are encoded by a single gene in
Arabidopsis. When grown on sucrose-supplemented me-
dium, even homozygous mutants completely lacking the
MEP pathway are viable and capable of germinating.

The seven enzymatic reactions from acetyl-CoA to IPP and
DMAPP are encoded by 12 genes in Arabidopsis (Suzuki and
Muranaka, 2007). Among these 12 genes, HMGI and
HMG2, encoding HMGR (Suzuki et al, 2004), as well as
IPII and IPI2 (also refered to as IDIl and IDI2), encoding
IPP isomerase (Okada et al, 2008; Phillips et al, 2008;
Sapir-Mir et al, 2008) have been analysed genetically.
Whereas IPI1 has been found in multiple subcellular loca-
tions: the cytosol (Okada et al., 2008), the plastid (Phillips
et al., 2008) or the peroxisome (Sapir-Mir et al., 2008), IPI12



appears in the three cases to be mainly localized in the
mitochondria. Thus, it is still not well understood which IPI
isoform is devoted to the MVA pathway. On the contrary,
HMGR is a key enzyme of the MVA pathway. The isolation
and characterization of hmgl and hmg2 mutants for the two
HMGR genes in Arabidopsis have previously been reported
(Suzuki et al., 2004). Although Amgl mutants show pleiotro-
pic phenotypes (dwarfism, early senescence, and male steril-
ity), hmg2 mutants exhibit no morphological phenotypes
(Suzuki et al, 2004). HMGRI1 enzyme activity has been
identified using yeast complementation (Learned and Fink,
1989) and in vitro analysis using the catalytic domain of
HMGRI1 expressed in Escherichia coli (Dale et al., 1995). The
function of HMGR?2 is thought to be almost equal to that of
HMGRI1 based on the findings that Amg2 has slightly higher
sensitivity to lovastatin than do wild-type (WT) plants
(Suzuki et al., 2004) and that the sterol and triterpenoid levels
of hmg?2 are slightly lower than those of WT plants (Ohyama
et al., 2007); however, direct evidence that HMG2 encodes
a functional HMGR has not yet been presented. To examine
the influence of complete blockage of the MVA pathway on
the plant phenotype, the generation and characterization of
an hmgl hmg2 double mutant is important. Prior to attempt-
ing to generate the double mutant, the biochemical and
physiological functions of HMGR2 were examined by an
enzyme assay and smgl complementation test using HMG2.
It was found that the hmgl hmg2 double mutant is lethal
during male gametophyte development.

Materials and methods
Plant growth conditions

Arabidopsis thaliana plants (ecotype Wassilewskija (WS),
ecotype Columbia (Col), hmgl-1 (WS background; Suzuki
et al., 2004), hmgl-2 (WS background; Suzuki et al., 2004),
hmg2-1 (Col background; Suzuki et al., 2004), and grtl-1
(Landsberg erecta background; Preuss et al, 1994) were
germinated on 1X Murashige-Skoog (MS) plates containing
3% sucrose and 0.8% agar. For the HMGR enzyme assay
and sterol analysis, 1-week-old seedlings were transplanted
into 1x MS liquid medium containing 3% sucrose and
cultured for one additional week. For RNA extraction,
seedlings were grown on MS plates for 2 weeks.

HMGR enzyme assay and sterol analysis

The preparation of the microsomal fraction was performed
as described by Kobayashi et al. (2007). HMGR activity
was measured as described by Chappell et al. (1995). Sterols
were extracted from freeze-dried plant tissues (2-week-old
seedlings; 10 mg) and quantified as described by Suzuki
et al. (2004).

RT-PCR analysis

RT-PCR analysis of XTRY9 and extensin-like protein was
performed as described by Suzuki et al. (2004). The relative
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quantification of HMGI and HMG2 was performed using
an Applied Biosystems 7500 Real Time PCR System, using
the following primers and probes: HMG1-fwd, 5'-GGCGT-
GACAAGATCCGTTACA-3’; HMGl-rev, 5'-GCAATA-
ATGGCGCCGAGTT-3"; HMGl-probe, 5'-CACGTCGT-
CACTATCACA-3'; HMG2-fwd, 5'-TACTCGGTGT-
GAAAGGATCAAACA-3'; HMG2-rev, 5'-CCGAACCA-
GCCACTATTCTTG-3'; HMG2-probe, 5'-AGAAACCT-
GGCTCGAACGCACAGC-3’; 18SrRNA-fwd, 5'-CGGC-
TACCACATCCAAGGAA-3'; 18SrNA-rev, 5'-GCTGGA-
ATTACCGCGGCT-3" and 18SrRNA probe, 5'-TGCTG-
GCACCAGACTTGCCCTC-3".

Construction of chimeric genes with HMG1
promoter::HMG1S and HMG1 promoter::HMG2 and
transformation of Arabidopsis

The HMG1 promoter (Suzuki et al., 2004) was connected to
HMGIS or HMG2 cDNA using PCR. These gene cassettes
were digested with EcoRI and Xhol and cloned into these
sites in pENTR™1A (Invitrogen, Carlsbad, CA, USA). The
resultant entry clones were used for the attLxattR (LR)
recombination reaction between GATEWAY™ -converted
binary vectors pBCR112 (H Seki et al. unpublished data).
The transformation of Arabidopsis was performed as de-
scribed previously (Suzuki et al., 2004).

Light microscopy

For anther observations, flower buds were selected just
before flowering. The anthers were fixed in 2% glutaralde-
hyde, and a coverslip was placed over the sample and
pressed onto the slide. For pollen grain observations,
flowers were selected just after flowering. The pollen grains
were spread on a glass slide and fixed in 2% glutaraldehyde,
and then stained with 2 pg ml~' DAPI. The samples were
observed using an Ix 70 fluorescence microscope (Olympus,
Tokyo, Japan).

Electron microscopy

Several days before flowering, the anthers of flower buds
were fixed for 20 h in 4% glutaraldehyde and 4% para-
formaldehyde and then post-fixed with 2% osmium tetrox-
ide for 20 h. The fixed samples were dehydrated through an
ethanol series and embedded in Spurr’s resin. Ultra-thin
sections (70 nm) were double-stained with uranyl acetate
and lead citrate, and then observed using a JEM-1200 EX
transmission electron microscope (Jeol, Tokyo, Japan).

In situ hybridization

Arabidopsis (ecotype WS) flower buds were fixed with
paraformaldehyde, dehydrated through a conventional eth-
anol series, and embedded in paraffin. Sections (5 pm) were
made with a microtome (RM2135; Leica, Vienna, Austria)
and deparaffinized with xylene. The sections were probed
with sense or antisense RNA probes. For the HMGI probe,
a 356 bp HMGI cDNA 3’ untranslated region (UTR)
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fragment was amplified using the primers 5'-CATGATCT-
GAATCTGAATCATCATCCT-3’ and 5'-CCAAACG-
CAACTGCACCATACA-3'. For the HMG2 probe, a 420
bp HMG2 cDNA 3’ UTR fragment was amplified using the
primers  5'-AGACATTGGCCCTTCGTCTCAAGTC-3’
and 5'-ACCATATCACTCCTCCATCGTCTGC-3". The
amplified fragments were cloned into pCR-II TOPO vectors
(Invitrogen; Carlsbad, CA, USA). Digoxigenin (DIG)-
labelled HMGI and HMG2 sense and antisense RNA
probes were synthesized using a DIG RNA labelling kit
(Roche, Basel, Switzerland). After hybridization and wash-
ing, the sections were incubated in a 1:2000 dilution of anti-
DIG antibody coupled with alkaline phosphatase. The
colour was developed using a detection buffer (100 mM
TRIS-HCI, pH 9.5, 100 mM NaCl, 50 mM MgCl,, and
0.1% Tween-20) containing 18 pg ml~' of 4-nitroblue
tetrazolium chloride/5-bromo-4-chloro-3-indolyl-phosphate
(NBT/BCIP) solution (Roche).

Results
HMG2 encodes a functional HVIGR

To examine the activity of HMGR1 and HMGR?2 in plants,
HMGR assays were performed using microsomal fractions
prepared from 2-week-old seedlings of WS, Col, hmgl-1,
and hmg2-1. The HMGR activity of hmgl-1 was approxi-
mately 20% that of the WT (151%+6.9 pmol min~' mg~'
protein), whereas the HMGR activity of hmg2-1 was
comparable to that of the WT (Fig. 2A). The remaining
20% activity in hmgl-1 should be derived from HMGR2.
This result biochemically indicates that HMGR2 has
HMGR activity, as does HMGRI.

The cellular function of HMGR2 was examined. Be-
cause hmgl shows pleiotropic phenotypes such as dwarf-
ism, early senescence, and male sterility (Suzuki et al,
2004), it was determined whether HMG2 could comple-
ment hmgl. Transgenic hmgl-1 plants expressing HMG2
cDNA driven by an HMGI1 promoter were generated and
characterized. Transgenic hmgl-I plants expressing
HMGIS cDNA driven by an HMGI1 promoter were used
as positive controls. Two kinds of transcript encoded by
HMGI, i.e. HMGIS and HMGIL, occur in Arabidopsis
(Lumbreras et al., 1995). Because HMGIS is the major
transcript of HMGI, HMGI1S cDNA was used as a positive
control for the complementation test with hmgi-1. Several
independent lines of these transgenic plants were generated
in an Amgl-1 homozygous background. Segregation anal-
ysis of the kanamycin resistance trait indicated that these
lines contained a single T-DNA insertion and were
homozygous with respect to the transgene. Among these
lines, lines 1.1 and 1.4 for HMG1 promoter:: HMGIS and
lines 2.13 and 2.23 for HMGI1 promoter::HMG2 were
selected for further characterization. The expression of
HMGI and HMG2 in each line was analysed using
quantitative RT-PCR. The expression of HMGI in line
1.1 was much higher than that of WT plants, and HMGI

relative HMGR activity
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Fig. 2. HMGR enzyme activity and expression of hmgr mutants
and complementation lines of hmg1-1. (A) Relative HMGR activity
in microsome fractions prepared from 2-week-old seedlings of
WS, hmg1-1, Col, hmg2-1, lines 1.1 and 1.4, and lines 2.13 and
2.23. The activity in WS plants, 151+6.9 pmol min~' mg™"
protein, was given a value of 1. Values are the average of three
experiments. (B) Relative expression of HMIG1 (gray box) and
HMG2 (white box) in 2-week-old seedlings of WS, hmg1-1, lines
1.1 and 1.4 (both have HMG1 promoter::HMG1S in an hmg1-1
background), and lines 2.13 and 2.23 (both have HMG1
promoter::HMG2 in an hmg1-1 background). The expression in
WS plants was given a value of 1.

expression in line 1.4 was comparable to that of WT plants
(Fig. 2B). Low levels of HMGI expression were detected in
hmgl-1 (Fig. 2B). The primer set of HMGI for this
quantitative RT-PCR was designed prior to the T-DNA
insertion. Northern hybridization showed no transcript for
HMGI in hmgl-1 (Suzuki et al., 2004). T-DNA was
inserted before the catalytic domain of HMGR1. Although
small amounts of transcript derived from HMGI were
detected in hmgl-1, it is considered that no functional
HMGRI1 exists in Amgl-1. The expression of HMG2 in
lines 2.13 and 2.23 was much higher than that of WT
plants (Fig. 2B). The HMGR assay demonstrated that the
HMGR activity of transgenic lines was comparable to or
higher than that of WT plants (Fig. 2A).

The expression of HM G2 driven by the HMGI1 promoter
complemented the characteristic imgl/ phenotype in seed-
lings, such as the inhibition of root growth, small



cotyledons, and delayed development of rosette leaves,
similar to the expression of HMGIS (data not shown). In
mature plants, the height and fertility of hmgl-1 plants
expressing HMG2 were comparable to those of WT plants
and of hmgl-1 plants expressing HMGIS (Fig. 3A). Because
sterols are the major products of the MVA pathway, the
total amount of sterols in simgl plants is approximately 50%
that of WT plants (Suzuki et al, 2004; Ohyama et al.,
2007). To test whether HM G2 expression in hmgl-1 rescues
the sterol level, the sterols were quantified. The total
amount of sterols in Amgl-1 was restored to that of WT
plants and of Amgl-1 plants expressing HMGIS by the
expression of HMG2 under the control of the HMGI
promoter (Fig. 3B). The sterol profile was not altered in
these transgenic plants (data not shown).

The expression of XTR9 and extensin-like protein, which
are thought to be related to cell elongation, is lower in hmgl
plants than in WT plants (Suzuki et al, 2004). The
expression of these genes in transgenic hmgl-1 plants was
examined. The expression of both genes down-regulated in
hmgl plants was restored, with expression comparable to
that in WT plants, in transgenic hmgl-1 plants expressing
HMG2 or HMGIS (Fig. 3C). The complementation of the
hmgl mutation by HMG2 indicates that the biochemical
and cellular functions of HMGR?2 are equal to those of
HMGRI.

An hmg1 hmg2 double mutant was not obtained

As mentioned above, two genes encoding functional
HMGR isoforms occur in the Arabidopsis genome. To
examine the contribution of the MEP pathway to the
biosynthesis of cytosolic isoprenoids, an attempt was made

Total amounts of sterol (ug/100mg dw)
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to generate a hmgl-1 hmg2-1 double mutant that completely
lacked MVA pathway activity. However, a double homozy-
gous mutant was not produced, even in the progeny of self-
pollinated HMG1/hmgl-1 hmg2-1/hmg2-1 plants.

To determine why double mutants were not obtained,
crossing experiments were performed. An /imgl-1 homozy-
gous mutant was obtained from the progeny of self-
pollinated Amgl-1 heterozygous parents in the expected
1:2:1 Mendelian segregation ratio (Fig. 4A). This indicates
that hmgl-1 HMG2 male gametophytes were functional in
hmgl-1 heterozygous parents. If HMGI deficiency is
a gametophytic mutation that affects the haploid life cycle,
segregation distortion should be evident. It has already been
shown that smgl homozygous plants exhibit male sterility
(Suzuki et al, 2004). Because the segregation was not
distorted, HMGI deficiency of male sterility in Amgl
homozygous plants is considered to be a sporophytic
mutation that affects diploid cells such as tapetum cells or
microsporocytes.

There are two hmgl alleles: hmgl-1 and hmgl-2 (Suzuki
et al., 2004). When HMGI1/hmgl-2 hmg2-1/hmg2-1 plants
were pollinated with pollen from HMGI/hmgl-1 hmg2-1/
hmg2-1 plants, 98 plants with hmg2-1 homozygous single
mutants and 78 plants with HMGI1/hmgl-2 hmg2-1/hmg2-1
were obtained in the F; generation (Fig. 4B). No HMGI/
hmgl-1 hmg2-1/hmg2-1 plants or hmgl hmg2 double homo-
zygotes were obtained. When HMG1/hmgl-1 hmg2-1/hmg2-1
plants were pollinated with pollen from HMGI/hmgl-2
hmg2-1/hmg2-1 plants, four plants with Amg2-1 homozy-
gous single mutants and four plants with HMGI/hmgl-1
hmg2-1/hmg2-1 were obtained in the F; generation. No
HMGI1/hmgl-2 hmg2-1/hmg2-1 plants or hmgl hmg2 double
homozygotes were obtained. These crossing experiments

200
100

0
WS hmg1-1.1 213 2-23
HMG1p:HMG1S HMG1p:HMG2
/hmgi-1 /hmgt-1

1 2 3 4 5 6

X TR9

extensin-
like-protein

EF-1a

Fig. 3. Phenotypic analyses of hmg7-1 complementation lines. (A) Left to right, upper figure: mature WS, hmg1-1, 1.1, 1.4, 2.13, and
2.23 plants. Scale bar indicates 5 cm. Left to right, lower figure: close-up photos of inflorescences of WS, hmg1-7, 1.1, 1.4, 2.13, and
2.23 plants. Scale bar indicates 1 cm. (B) Total sterols (ng 100mg~" dry weight) in WS, hmg7-1, 1.1, 1.4, 2.13, and 2.23 plants. (C) The
effect of HMG1S and HMG2 expressed in hmg1-1 plants on XTR9 and extensin-like-protein expression. Total RNA was extracted from

2-week-old seedlings of WS (1), hmg1-1 (2), 1.1 (3), 1.4

4), 2.13 (5), and 2.23 (6) plants. EF-1 transcripts were amplified as a control.
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demonstrated that the smgl mutation in the F; generation
was inherited only from the female parent. These results
suggest that the hmgl hmg2 male gametophytes were lethal
and that the genotype could not be inherited from the male
parent. While HMGI deficiency in hmgl homozygotes

(Ay HMGT/hmgi-1
HMG2 / HMG2
(female parent)

HMG1/hmgi-1
HMG2 / HMG2
(male parent)

HMGT1 /HMG1 HMG1 /hmg1-1 hmg1-1/hmg1-1
HMG2 / HMG2 HMG2 / HMG2 HMG2 / HMG2
16 : 26 : 12

(B) HMGT1/Amg1-2 cmm—p— HMG1/hmg1-1
hmg2-1/hmg2-1 hmg2-1/hmg2-1
(female parent) (male parent)

HMG1/HMG1  HMG1/hmgi-1 HMG1/hmgi-2 hmgi-1/hmgi-2
hmg2-1/hmg2-1 hmg2-1/hmg2-1 hmg2-1/hmg2-1 hmg2-1/hmg2-1

98 : 0 i 78 : 0
Fig. 4. Outline of the crossing experiment. The results of self-
pollination of HMG1/hmg1-1 HMG2/HMGZ2 plants (A) and crossing
of HMG1/hmg1-2 hmg2-1/hmg2-1 as the female parent pollinated

with pollen from HMG1/hmg1-1 hmg2-1/hmg2-1 plants (B) are
shown. The resultant segregation of the Fy generation is shown.

sporophytically cause male sterility, double deficiency of
HMGI and HMG2 may gametophytically cause defects of
the male gametophyte.

hmg1 hmg2 male gametophytes are shrunken

To examine the influence of the hmgl hmg2 double
mutation on the male gametophyte, the anthers of HMGI/
HMGI hmg2-1lhmg2-1 and HMGI/hmgl-1 hmg2-1/hmg2-1
plants were compared microscopically just before flowering.
Although all pollen grains were globular in HMGI/HMGI
hmg2-1/hmg2-1 anthers, approximately half of the pollen
grains were shrunken in HMGI/hmgl-1 hmg2-1/hmg2-1
anthers (Fig. 5A, B). The hypothesis that the shrunken
pollen grains correspond to those of the hmgl hmg2
genotype is consistent with the crossing data. To confirm
this, tetrad analysis was attempted using quartetl (qrtl)
(Preuss et al., 1994). In microsporogenesis, a microsporocyte
becomes a tetrad of four haploid cells after meiosis. The
tetrad is then separated into four microspores, which
develop into mature male gametophytes. In the qrtl
mutant, the tetrad does not separate during male gameto-
phyte development (Preuss et al, 1994). If HMGR de-
ficiency is sporophytically expressed, the numbers of normal
and shrunken pollen might vary in a given quartet. By
contrast, if the mutation is gametophytic, the ratio of
normal to shrunken pollen in each quartet should be 2:2.
To determine the genotype of these shrunken pollen grains,
an HMGI/hmgl-1 hmg2-1lhmg2-1 qrti-1/qrtl-1 triple mu-
tant was generated, and tetrad analysis using this triple
mutant was performed. Tetrads of grzi-1 single mutants
produced four normal pollen grains (Fig. 5C). By contrast,

Fig. 5. Photographs of the anthers and pollen grains. (A) Anther of HMG1/HMG1 hmg2-1/hmg2-1 plant. (B) Anther of a HMG1/hmg1-1
hmg2-1/hmg2-1 plant. (C) Tetrad in HMG1/HMG1 HMG2/HMG2 qrt1-1/qrt1-1 plant. (D) Tetrad in HMG1/hmg1-1 hmg2-1/hmg2-1 qrt1-1/
grt1-1 plant. (E) DAPI-stained tetrad shown in (D). Arrows indicate abnormal, shrunken pollen grains. Scale bars indicate 10 pum.



tetrads of HMG1/hmgl-1 hmg2-1/hmg2-1 qrtl-1/qrti-1 triple
mutants produced two normal and two shrunken pollen
grains (Fig. 5D). No nuclei were observed in DAPI-stained
shrunken pollen grains (Fig. SE). These results strongly
suggest that the two shrunken pollen grains were hmgl-1
hmg2-1 grti-1 and that the male gametophyte of the hmgl
hmg2 genotype exhibits lethality, whereas that of single
hmg2 does not.

To determine why the hmgl hmg2 pollen grains were
shrunken, the ultrastructure of the male gametophyte was
next observed at the tricellular stage in HMGI/hmgl-1
hmg2-1/hmg2-1 plants using a transmission electron micro-
scope. The inside of the globular male gametophyte was
densely packed, and its cytoplasm, organelles, exine, and
pollen coat were perfectly normal (Fig. 6A), whereas the
inside of the shrunken male gametophyte was hollow and
less packed (Fig. 6B, C, D). However, the exine and pollen
coat were normal in the shrunken male gametophyte.
Magnified views of the shrunken male gametophyte showed
that the vacuole was larger than normal, and the membra-
neous structures that seemed to originate from the endo-
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plasmic reticulum (ER) were hypertrophic (Fig. 6E, F, G),
whereas symbiontic organelles (plastids and mitochondria)
appeared nearly normal (Fig. 6G, H, I). The most remark-
able aberration in shrunken male gametophytes is the poor
condition of the membraneous element in the membrane
traffic system. Thus, HMGR is essential for the develop-
ment of male gametophytes, especially the formation of
membranes originating from the ER. This indicates that the
contribution of metabolic cross-talk from the MEP path-
way is not very effective in male gametophyte development.

HMG1 and HMG2 are expressed in microspores

The spatial distribution of HMGI and HMG2 in WT
anthers was examined using in situ hybridization. HMGI
expression was observed in both the tapetum and micro-
spores. HMG?2 expression was detected only in the micro-
spores (Fig. 7). Thus, both HMGR genes are expressed in
microspores. In contrast to the double mutant (microspores
with a hmgl hmg2 genotype), the microspores in hmgl and
hmg?2 plants develop normally. In the single mutant, the

Fig. 6. Ultrastructural analysis of the male gametophyte. Normal male gametophytes (A, E, H) and abnormal male gametophytes (B, C,
D, F, G, ) in HMG1/hmg1-1 hmg2-1/hmg2-1 plants. Abbreviations: ex, exine; pc, pollen coat; v, vacuole; m, mitochondria; p, plastid.
Arrows indicate abnormal membrane structures of apparent endoplasmic reticulum origin. Scale bars indicate 10 um (A, B, C, D), 1 pym

(E, F, G), or 200 nm (H, I).
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Fig. 7. Comparison of HMG7 and HMG2 expression in anthers
using in situ hybridization. Sections of an anther hybridized with
antisense HMG1 (A) or HMG2 (B) probes. Sections of an anther
hybridized with sense HMG1 (C) or HMG2 (D) probes as a control.
Arrows and arrowheads indicate the tapetum and microspores,
respectively. Scale bars indicates 10 um.

remaining HMGR may compensate for one HMGR
mutation during microspore and male gametophyte de-
velopment.

Discussion

Since the discovery of the MEP pathway, metabolic cross-
talk between the cytosol and plastid has been a central topic
in isoprenoid biosynthesis research. Despite numerous
endeavours, it has remained unclear whether native cross-
talk, rather than exogenously applied metabolites, can
compensate for the complete blockage of one of the
isoprenoid biosynthetic pathways.

The biochemical and cellular functions of HMGR?2 were
analysed and the #hmgl-1 hmg2-1 double mutant was
characterized to assess the contribution of the native
metabolic flow from the MEP pathway. The hmgl-1 plants
have approximately 20% of the activity of WT plants, which
is thought to correspond to HMGR?2 activity (Fig. 2A).
HMG?2 expression under an HMGI1 promoter comple-
mented the hmgl phenotype in terms of HMGR activity,
sterol accumulation, gene expression, and morphology (Fig.
3). Although the physiological function(s) of HMGI and
HMG?2 differ from each other (because of the difference in
the phenotypes of hmgl and hmg?2), it was demonstrated
that HM G2 encodes a functional HMGR. Although HMGI
expression is not affected in /hmg2 plants (Suzuki et al.,
2004), the HMGR activity of hmg2-1 plants was compara-
ble to that of WT plants. HMGR activity of transgenic
hmgl-1 lines with HMGI or HMG2 genes was not
necessarily parallel to the expression level of HMGI or
HMG?2 genes in these lines. These results suggest that HMGR
activity is post-transcriptionally and post-translationally reg-
ulated. Post-transcriptional and post-translational feedback
regulation of HMGR was suggested by the experiments
using Arabidopsis treated with lovastatin (Kobayashi et al.,

2007) and with squalestatin and terbinafine, inhibitors of
squalene synthase and of squalene epoxidase, respectively
(Nieto et al., 2009). The feedback regulation was also
suggested by the experiment using tobacco BY-2 cells
treated with squalestatin and terbinafine (Wentzinger et al.,
2002). Genetic studies have also demonstrated the regula-
tory mechanisms of Arabidopsis HMGR (Rodriguez-
Concepcion et al.,, 2004, Kobayashi et al, 2007). Since
the occurrence of multiple genes encoding HMGR is a
general feature of higher plants, elucidation of the regula-
tory mechanisms is a complicated but challenging research
area.

Because HMGR?2 activity was confirmed, an attempt was
made to generate an /hmgl-1 hmg2-1 double mutant.
However, double homozygotes were not obtained, due to
a defect in the male gametophyte of the hmgl hmg2
genotype (Fig. 4B). A tetrad analysis of HMGI/hmgl-1
hmg2-1/hmg2-1 in a grti-1 background demonstrated that
the male gametophyte of the /hmgl hmg2 genotype was
shrunken and lethal (Fig. 5). Ultrastructural observations
revealed that these disrupted male gametophytes are hollow
and that ER-derived membranes are in a poor condition
(Fig. 6). The deficiency in male gametophytes might be
caused by a defect in the build-up of membrane systems
that depend on essential components such as sterols, or on
the presence of MVA-derived storage lipids like sterol
esters. In contrast to the ER-derived membrane, plastids in
shrunken gametophytes appeared normal, which may
suggest that blockage of the MVA pathway does not affect
plastid morphology. Furthermore, metabolic flow from the
MEP pathway in the plastids cannot rescue deficiency of the
male gametophyte in the blockage of the MVA pathway,
although the plastid appeared normal.

Interestingly, the crossing experiment suggested that
complete blockage of the MVA pathway does not affect
female gametophyte development (Fig. 4B). It is possible
that a sufficient amount of MVA or MVA-derived metab-
olites is accumulated in the embryo-sac cell after meiosis
during female gametophyte development. It is also possible
that native cross-talk of isoprenoid compounds from the
plastid might be able to compensate for the blockage of the
MVA pathway in the embryo-sac cell. Recently, it was
shown that complete deficiency of cycloartenol synthase 1
(CASI1) leads to male gametophyte lethality (Babiychuk
et al., 2008). Since the embryo-sac cell of the cas/-2 mutant
is viable, the viability of the hmgl hmg2 embryo-sac cell
may not be derived from the native cross-talk from the
plastid. Although important genes (e.g. housekeeping genes)
are generally required for both male and female gameto-
phyte development, it is interesting that HMGR, a key
enzyme for cytosolic isoprenoid biosynthesis, is required
only for male gametophyte development.

It is also interesting the HMGI deficiency in hmgl
homozygous plants is a sporophytic mutation, while
complete blockage of HMGR causes a gametophytic muta-
tion. This may be caused by a difference in the expression
pattern of HMGI and HMG?2 (Fig. 7). In male gametophyte
development, both HMGI and HMG2 are expressed, such



that at least one HMGR isoenzyme is required. By contrast,
diploid tapetum cells, which are essential for normal pollen
formation, express only HMGI, so that hmgl homozygous
plants may exhibit male sterility.

Since prenyl diphosphates are thought to flow between
the cytosol and plastids (Bick and Lange, 2003), HMGR is
located upstream of the cross-talk in the MVA pathway
(Fig. 1). Our data demonstrated that plants completely
lacking the MVA pathway did not survive, even if they
could biosynthesize small amounts of cytosolic isoprenoids
using IPP and DMAPP from plastids. This indicates that
the metabolic flow from the MEP pathway is insufficient, at
least during male gametophyte development, to compensate
for a non-functional MVA pathway. This may reflect the
fact that the cytosol and plastid originated from different
organisms, a primitive eukaryote and a cyanobacterium,
respectively. Even if the contribution of native cross-talk is
low, the regulatory mechanisms for isoprenoid biosynthesis
in different organelles are interesting and challenging re-
search areas.
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