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ATRACT : 3-Hydroxy-3-methylglutaryl coenzyme A reductase (HMGR), as a key enzyme,
regulates biosynthesis of numerous isoprenoid compounds including phytoalexins. In tomato,
host defense responses are associated with accumulation of sesquiterpenoid phytoalexins. To-
mato HMGR DNA (HMG2) cross-hybridizes to mRNA of about 2.7 kb in size which is
greatly induced in tomato cells treated with elicitors isolated from Verticillium albo-atrum or
Fusarium oxysporum in a dose-response manner. Wounding to tissues such as stems, leaves,
or roots induced HMGR mRNA synthesis in a biphasic mode. In both of experiments,
HMGR mRNA levels are transient with maximum levels 9 to 12 hr after treatment.
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3-Hydroxy-3-methylglutaryl coenzyme A reductase
(HMGR) catalyzes the conversion of HMG-CoA to
mevalonic acid, a key step in the biosynthesis of iso-
pentenyl pyrophosphate as a building block of isopre-
noid compounds. In animals, HMGR mediates the pro-
duction of a discrete number of isoprenoids: sterols,
ubiquinone, dolichol, isopentenylated adenosine, and
isoprenocid moieties involved in post-translation mod-
ification of a number of cellular proteins (15, 27, 30).
In contrast, plants synthesize a significantly greater ar-
ray of unique isoprenoid compounds including phy-
tosterols, plant growth regulators, phytoalexins, caro-
tenoid pigments, components of chlorophyll and plas-
toquinone, rubber, and a variety of specialized isopre-
noids associated with insect attraction, fragrance, flavor,
feeding deterrents, and allelopathy. HMGR is also con-
sidered to be a major control point in plant isoprenoid
biosynthesis and thus has been studied in a number of
plant species (2,3, 7). Consistent with the increased
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complexity of the isoprenoid pathway in plants, mul-
tiple isozymes of HMGR appear to differ in both kinet-
ic properties and regulation by light, growth regulators,
or pathway end-products (4, 35). Increases in HMGR
enzyme activity in response to pathogens, wounding,
or elicitors are associated with accumulation of di-
terpene (13) or sesquiterpene phytoalexins (18, 31, 32)
suggesting its active participation to host defense-re-
lated system. Rishitin, the major sesquiterpene phy-
toalexin in tomato, is elevated in response of ino-
culation with the wilt-inducing fungi, Verticillium albo-
atrum and Fusarium oxysporum, and the leaf spot
pathogen, Cladosporium fulvum (11,23, 34). To in-
itiate the molecular study of HMGR in relation to de-
fense responses in tomato, a cloned gene (HMG2) en-
coding tomato HMGR (26) has been used as a probe
to monitor its mRNA synthesis either in tomato suspen-
sion cell cultures during challenges with elicitors iso-
lated from tomato pathogenic fungal cell wall or in to-
mato plant tissues subjected to mechanical wounding
The resulis from northern gel and slot blot hy
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bridization are presented in this report.

MATERIALS AND METHODS

Plant and fungal materials. Tomato (Lycoper-
sicon esculentum cv. EP7) plants were grown under
greenhouse conditions. Tomato suspension cultures
were maintained in the dark in a modified MS medium
(16). Verticillium albo-atrum (race 1) and Fusarium ox-
ysporum (race 1), both in compatible relations with to-
mato plants were maintained on 2.4% potato dextrose

(PD) agar and grown in 2.4% PD liquid medium for

cell wall isolation. To obtain fungal elicitor, the
method by Ayers er al. (1) was modified. Mycelia
grown in PD liquid media were collected by suction fil-
tration through sintered-glass funnel and washed with
distilled water, 100 mM potassium phosphate, pH 7.2
and then 500 mM potassium phosphate pH 7.2. The
washed mycelia were homogenized in a Waring Blen-
.der: (50 g of the mycelia in 200 ml of the 500 mM
buffer), filtered through Whatman filter paper sup-
ported on a sintered-glass funnel and washed with the
same buffer four times. The remaining material was au-
toclaved (121°C for 15 min) and the heat-released ma-
terial was passed through Whatman filter paper. The
filterable was dialyzed against distilled water for 48
hours and its glucose equivalents were determined by
anthrone assay (14).

DNA probe. Total RNA (30 pg) isolated from to-
mato cells harvested 9 hr after treatment with V. albo-
atrum elicitor (50 g glucose equivalents/ml) was used
for the first strand cDNA synthesis utilizing oligo(dT)-
18mer and AMV reverse transcriptase according to
Promega manual. Based on sequence of tomato HMG2
genomic DNA (26), primerl (CGCAAGCTTGGTGA-
TGCAATGGGAATGAACATGGT)
bases of coding strand plus a 5 HindIII site and primer
2 (TGAGATGCAAGCTGAGTTCCACCTCC) com-
plementary to sequence beginning 202 bases upstream
from the stop codon were designed. Polymerase chain
reaction (PCR) was performed for 35 cycles (95°C, 1
min; 55°C, 2 min; 72°C, 3 min) followed by post reac-
tion for 5min. A 0.49 kb DNA fragment from PCR
was identified on agarose gel electrophoresis and its
HindIIl digested product was inserted into pBluescript
SK- (pCD1). The insert of pCD1 was confirmed to
represent the carboxy terminal region of HMG2 cDNA
by partial nucleotide sequencing (the data not shown).
Tomato HMG?2 inserted in pSK- (pTH295; see ref. 26)

containing 26
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was digested with Aval and EcoRI to produce 0.7 kb
fragment which may represent divergent region among
HMGR gene families (21, 26) and, therefore, specific
for tomato HMG2.

Northern Hybridization. Total RNA was isolated
from 1 to 3 g fresh weight of tissues or cells from
suspension cultures which was ground in the presence
of liquid nitrogen and homogenized directly in 0.1 M
Tris (pH 9.0) saturated phenol as described previously
(17). For northern analyses, total RNA (5 to 20 ug/
lane) was denatured by treatment with glyoxal prior to
electrophoresis in 1.2% agarose for gel analyses or ap-
plication directly to nytran filters utilizing a slot blot-
ting apparatus. pCD1 HMGR probe DNA was [o-P]
dCTP-labeled by the random priming method (Primie-a-
Gene labelling system, Promega). Membranes were
prehybridized overnight in a solution containing 50%
formamide, 6 X SSC, 5X Denhardt's solution, 5 mM
EDTA, 0.1% SDS, 100 pg/ml denatured salmon sperm
DNA and then the labeled probe DNA was added for
hybridization for 24 hr at 42°C. For monitoring se-
quence specific hybridization only for the tomato
HMG?2 gene, the 0.7 kb Aval/EcoRI fragment encoding
5-untranslated regions and the 5 end of the gene was
utilized. The hybridization results were obtained by au-
toradiography (29).

RESULTS

HMGR mRNA synthesis by fungal elicitors.
Suspension cells of tomato cultivar EP7 was main-
tained in growth regulator-supplemented MS liquid
media in the dark condition. Suspension cells at dif-
ferent growth phase (from early log to stationary stage,
Fig. 1.A.) were treated with various concentrations of
elicitors (0~100 ug glucose equivalents/ml) isolated
from cell wall fractions of Verticillium albo-atrum or
Fusarium oxysporum. Total RNA isolated after elicitor
treatment for a certain period of time, was used for
RNA blot hybridization analyses using the 0.49 kb frag-
ment of pCD1 as a probe for conserved HMGR ¢DNA
region. A transcript of about 2.7 kb was induced by
treatment of the elicitors for 9 hrs in a dose-dependent
manner (lanes 3~5 and 6~8 in Fig. 1.B.). Elicitor from
V. albo-atrum was a more potent inducer of HMGR
mRNA synthesis than F. oxysporum elicitor (compare
lane 3 to 6 or 4 to 7. or 5 to 8). In contrast, no em-
ergence of HMGR mRNA was observed from the con-
trol experiments (lane 1 and lane 2 for O hr and 9 hr
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mock treatment, respectively) at all.

The competency of tomato cells to respond to el-
icitors was highly dependent on their growth phase; el-
icitor induction was most effective in cells during the
early-log phase (Fig. 1.C.(a)) implying more demands
of HMGR in cells in active division or possibly young
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Fig. 1. Induction of HMGR mRNA levels in fungal
elicitor-treated tomato cells. Northern hybridization
analysis were performed on total RNA isolated from
suspension-cultured cells of tomato cultivar EP7
following treatment with water (control) or fungal
elicitors. The 0.49-kb fragment from pCD1 containing
highly conserved region was used as probe. A. Growth
curve of tomato cells in suspension culture. E, M, L and
S are denoting early log-, middle log-, late log- and
stationary-phase, respectively. B. Elicitor dose response:
lane 1, O hr control; lane 2, 9 hr mock; elicitor-treated
cells in early log stage for 9 hours after addition of 20
(lane 3), 50 (lane 4) or 100 (lane 5) pg of glucose
equivalents/ml elicitor from V. albo-atrum (V.a.) and of
20 (lane 6), 50 (lane 7) or 100 (lane 8) from F.
oxysporum (F.0.)). C. Growth phase-dependence of
HMGR mRNA induction by elicitor treatment. (a) Cells
at various stages of growth (E, M, L, S; see A.) were
treated with V. albo-atrum elicitor (50 pug glucose
equivalents/ml) for 9 hr. Total RNA (15 pg) from each
growth phase was assayed by northern blot hybridization.
(b) Time course of elicitor induction. Total RNA (15 pg/
lane) was isolated from early exponentially growing
tomato cell treated with V. albo-atrum elicitor (50 pg
glucose equivalents/ml) at O hr and harvested at the
times as indicated.
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tomato plants than in cells of old ages (note s of Fig. 1.
C.(a)). A more detailed time course of elicitor-induced
responses indicates that HMG2 mRNA induction is
transient with maximal mRNA levels at 9 to 12 hr (Fig.
1.C(b)). The kinetics of HMG2 mRNA induction is
similar for both F. oxysporum and V. albo-atrum el-
icitors but is distinct from that of another defense-re-
lated gene, phenylalanine ammonia-lyase (12) which
shows maximal mRNA levels at 3 to 4 hr (data not
shown).

Biphasic mode of HMGR mRNA expression by
mechanical wounding. HMGR enzyme activity is
elevated in potato tubers or sweet potato following
wounding (36). To test if wounding triggers an increase
in HMGR mRNA levels in tomato as a presumptive
mechanism of host defense, total RNA isolated from
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Fig. 2. HMGR mRNA levels in wounded tissue. Total
RNAs isolated from wounded tissues (stems, leaves,
roots), were analyzed by northern slot blot hybridization
using 0.49kb (A) or 0.7kb (B). DNA fragment of
HMG2 (see DNA probe in Materials and Methods) as
DNA probes. Hybridization density was numerically
converted by densitometer and the highest point was
expressed as 100%. Curved lines with symbols m, @,
and A represent roots, stems and leaves, respectively.
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wounded roots, stems, or leaves of tomato was blotted
on the filter membrane using dot blotter under vacuum
and fixed by UV-crosslinking. The degree of cross-hy-
bridization after northern slot blot experiments was num-
erically measured in densitometer and graphically
represented as seen in Fig. 2. Technically in our wound-
ing experiments for HMGR mRNA induction, severe
chopping with a razor blade was much more effective
than cutting the samples into tiny pieces (2 to 5 mm in
diameter). The level of HMGR mRNA expression was
elevated in all tissues in response to mechanical wound-
ing. In all tissues, HMGR mRNA synthesis was tran-
siently increased in biphasic mode, with first peak at 3~4
hr followed with maximal level at around 12 hr as a
second peak. Wound-induced HMGR mRNA cross-hy-
bridized to the pCD1 conserved probe for the HMG2
gene (Fig. 2.A.) as well as to the 0.7 kb Aval/EcoRI
fragment as a gene-specific probe (see Fig. 2.B.) This
result may suggest that HMG2 gene expression is ac-
tively related to host defense-response under mechanical
damage.

DISCUSSION

Gene encoding 3-hydroxy-3-methylglutaryl coen-
zyme A reductase has been identified as a gene family
(7, 26). This is not surprising based on protein level
studies which indicate multiple isozymes and distinct
subcellular localizations (25, 28, 32). However, initial
reports on cloned plant HMGR sequences from A.
thaliana and tomato concluded that the reductase was
probably encoded by a single gene (21, 24). Caelles et
al. (5) independently cloned an A. thaliana HMGR
c¢DNA and used this sequence to identify genomic se-
quences revealing two reductase genes, HMGI1 and
HMG?2, in A. thaliana. These two genes, however, did
not cross-hybridize with each other on genomic South-
ern blot experiment of A. thaliana DNA. Thus it ap-
pears that distinct HMGR isogenes have diverged sig-
nificantly. It will be of interest to determine whether
this divergence has been associated with regulatory
and functional specialization of specific isogenes and
isogene products. In responses to pathogenic infection,
plants synthesize phytoalexins and defense-related pro-
teins. This defense response is also observed in plant
cell suspension cultures challenged with fungal el-
icitors. Increases in HMGR activity leading to ter-
penoid phytoalexin accumulation have been associated
with expression of disease resistance and wound
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responses in a number of plants including tomato and
potato (25, 32, 33, 34). Fungal elicitors have been
shown to induce HMGR enzyme activity and sesqui-
terpene phytoalexin accumulation in suspension-cul-
tured cells of tobacco (6). We, therefore, tested if
wounding or fungal elicitor derived from tomato patho-
genic fungi induces mRNA levels of HMG2 gene (26).
Elicitor-treated tomato cells gave the most dramatic in-
crease in mRNA levels. This increase was transient
with maximal level occurring about 9 hr after elicitor
treatment. The kinetics of induction are similar to other
defense-related genes (8,9, 10, 19) but were slower
than the induction pattern for PAL mRNA (maximum
at 4 hr), another defense-related gene’ product, in the
same cells. While, tomato cell suspension cultures
respond to fungal elicitors by increasing the level of
HMG2 mRNA, further experiments are required to cor-
relate the induction of HMG2 mRNA levels with host
response associated with expression of disease resis-
tance in intact plants. HMGR mRNA levels were also
elevated in response to wounding in leaves, roots, and
stems. Both the elicitor- and wound-induced transcripts
cross-hybridized strongly to the gene-specific region of
HMG? indicating that this isogene is involved in these
stress responses. Interestingly, wounded tomato tissues
did not display the very rapid wound response (nRNA
maximum at 30 min after wounding) seen in potato tub-
ers using the same probe (36). The 0.7 kb Aval/EcoRI
fragment also serves as a gene-specific probe in potato
and these studies indicated that the HMG2 mRNA ra-
pidly induced by wounding is distinct from the potato
gene analogous to HMG2 in tomato. However, the
HMG2-like gene is induced in potato tubers inoculated
by the soft rot bacterium, Erwinia carotovora subsp.
carotovora (36). Further studies are required to de-
termine if the rapid wound response is limited to po-
tato or is a tuber-specific response. Phytoalexin ac-
cumulation is one of a number of host responses in-
duced during defense responses against pathogens,
wounding, or elicitor (8, 12, 19). Increases in stress-re-
lated compounds or enzymes involve de novo protein
synthesis resulting ultimately from activation of the
respective defense-related genes (19, 20). So, it is like-
ly that elicitor-and wound-induced increases in HMGR
mRNA are due to activation at the gene level. Several
of the defense-related genes that have been charac-
terized are encoded by gene families, specific members
of which are differentially induced in response to en-
vironmental and developmental cues (7, 9, 22). For ex-
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ample, PAL from bean is encoded as a gene family,
one of which is involved primarily in developmental ex-
pression of anthocyanin pigments, another in responses
to pathogens associated with phytoalexin production.
Our data suggest that an analogous situation exists in
the HMGR gene family. Utilizing DNA probes specific
for sequences of the HMG2 gene, we determined that
wound- and elicitor-induced transcripts were derived
from this gene suggesting its difference from HMGI1
gene which was expressed in high mRNA level in
young fruit (7, 24). This expression is presumably as-
sociated with sterol synthesis during this rapid period of
growth and not with carotenogenesis which occurs later
during ripening.
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