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accumulation of hmff\, hmg2, and hmg3 mRNAs in response
to wounding, transcript abundance for the different HMGRs
revealed very different profiles following elicitor treatment;
these profiles were consistent throughout three separate ex-
periments. Levels of hmgl mRNA were strongly suppressed
by arachidonic acid treatment to only 10% of the maximum
levels in the wound-only treatment. In contrast, transcript lev-
els for hmg2 and hmg3 were strongly enhanced (two- to
threefold) by elicitor treatment. Levels of mRNA for hmg2
reached a maximum at 24 hr after treatment, whereas hmg3
levels reached a maximum within 18 hr. The levels of hmg2
and hmg3 transcripts remained high thereafter during the time
course of the experiments. All three probes detected similar
size transcripts of ~2.5 kb.

Comparison of the peak signal intensities for hmg2 and hmg3
mRNAs indicated that the abundance of transcripts for hmg2
exceeded that for hmg3 by approximately fivefold. From our
estimates based on the results with the conserved and gene-
specific probes, the level of expression of hmg2 and hmg3 ap-
pears to account for most, but not all, of the elicitor-induced
HMGR transcripts. Treatment of the tuber discs with the noneli-
citor fatty acid linoleic acid resulted in a clearly different pattern
of HMGR expression from that observed with arachidonic acid.
Linoleic acid suppressed the wound induction of hmg2 and
appeared to slightly enhance the levels of the other HMGR
transcripts, as shown in Figure 6.

HMGR Genes Respond Differentially after Inoculation
with P. infestans

The effect of inoculation with an incompatible race (race 0)
or a compatible race (race 1.2.3.4) of P. infestans was deter-
mined with potato discs that had been aged for 20 hr at 20°C
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Figure 6. Specificity of HMGR Expression.

Total RNA was extracted from potato discs 24 hr after treatment with
arachidonic acid (lane 1), linoleic acid (lane 2), or H2O (lane 3). Lane
4 of (A) contains 1 ng of arachidonic acid-induced poly(A)+ RNA.
(A) RNA gel blot hybridized with the conserved region probe B.
(B) Blot hybridized with the hmgl-specific probe C.
(C) Blot hybridized with the hmg2-specific probe D.
(D) Blot hybridized with the rtmgS-specific probe E. This probe exhibits
minor hybridization to the higher molecular weight RNA, probably 25S
rRNA.

prior to inoculation. The aging enhances the responses to eli-
citor or pathogens such that they occur much more rapidly
after treatment (Sato et al., 1971; Furuichi et al., 1979; Oba et
al., 1985; Bostock and Stermer, 1989). HMGR transcript anal-
yses using aged discs indicated that arachidonic acid rapidly
affected the expression of HMGR genes in a manner identi-
cal to that observed with unaged discs, except that the
maximum effects were attained within 12 hr after treatment
(data not shown). Inoculation with the incompatible race
resulted in a very similar expression pattern of the HMGR
genes, as shown in Figure 7, to that observed after arachidonic
acid treatment. The suppression of hmg'\ was again concur-
rent with the induction of hmg2 and hmg3. The effect on HMGR
mRNA levels preceded visible expression of hypersensitive
cell death and browning, which was apparent 24 to 36 hr after
inoculation under these experimental conditions. The compat-
ible race also suppressed hmg^ mRNA levels and induced
hmg2 and hmg3 mRNAs, except that the maximum levels at-
tained for hmg2 and hmg3 transcripts were less than half of
those after inoculation with the incompatible race and remained
below the incompatible level throughout the duration of the
experiment.

DISCUSSION

Differential Expression of Potato HMGR Genes in Response
to Wounding, Arachidonic Acid, and P. infestans

We have characterized three cDNAs corresponding to differ-
ent HMGR genes in potato and demonstrated their differential
expression in various organs of the plant as well as in tuber
tissue after wounding, elicitor treatment, and inoculation with
P. infestans. All three genes are induced in the tuber by wound-
ing; however, the wound-induced expression of hmg'\ is
strongly suppressed and the expression of hmg2 and hmg3
is strongly enhanced by treatments that evoke the hypersen-
sitive response. The different pattern of HMGR gene expression
after treatment with linoleic acid, which may elicit cell death
(Davis and Currier, 1988) but not the concomitant changes in
isoprenoid biosynthesis, suggests a high degree of specific-
ity in the response to the stress imposed by arachidonic acid
and P. infestans. Furthermore, a comparison of the timing and
magnitude of mRNA accumulation for two of the HMGR genes
in the incompatible and compatible interactions indicates that
specificity in the response is also apparent at the level of HMGR
mRNA abundance.

This novel inverse response of the different HMGR family
members at the level of mRNA abundance coincides with the
strong activation and suppression of pathway enzymes that
occur, and are postulated to account for the changes in
sterol/steroid glycoalkaloid and sesquiterpene levels during
hypersensitivity expression (Tjamos and Ku6,1982; Kuc et al.,
1984; Vogeli and Chappell, 1988; Threlfall and Whitehead,
1990). The initial changes in HMGR transcript abundance after
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Figure 7. Differential Expression of Potato HMGR Genes in Aged Potato Discs after lnoculation with F? infestans. 

Potato discs were aged for 20 hr at 20°C prior to inoculation with 105 sporangia per disc of lace O (incompatible, O), or race 1.2.3.4 (compatible, 
+), or treatment with water (O). Values are expressed relative to the maxirnum leve1 of the 2.5-kb transcript abundance detected by the different 
HMGR probes. 
(A) Results of RNA gel blot analyses with the conserved region probe B prepared from the Scal-Ncol fragment of hmg3. 
(e) Results of RNA gel blot analyses with the hmgl-specific probe C. 
(C) Results of RNA gel blot analyses with the hmg2-specific probe D. 
(D) Results of RNA gel blot analyses with the hmg3-specific probe E. 

wounding or elicitor treatment are consistent with the changes 
observed in HMGR enzyme activities reported by Stermer and 
Bostock (1987). The suppression of the wound-induced hmgl 
transcript levels and enhancement of the hmg2 and hmg3 
transcript levels by elicitor parallel the suppression and 
enhancement of the enzyme activities associated with the par- 
ticulate fractions pelleting at 16,OOOg and 105,00Og, respectively. 
However, the elicitor-induced message levels for hmg2 and 
hmg3 remain high at a time when activities have returned to 
near control levels. The reason for this is unclear, and the results 
indicated that the relationship between HMGR mRNA abun- 
dance and HMGR enzyme activities in potato may be complex. 
HMGR activity in mammalian cells is strongly regulated by a 
number of post-transcriptional factors, particularly by sterols 
and nonsterol mevalonate-derived products (Goldstein and 

Brown, 1990). Earlier studies with plant HMGR suggest that 
a variety of factors, some of which likely operate post-transcrip- 
tionally, also modulate HMGR activities in the cell (Russell et 
al., 1985; Stermer and Bostock, 1987). 

Although it is unclear i f  the differential expression of these 
HMGR isoforms represents the plant's organizational strategy 
to meet the diverse mevalonate requirements for cellular isopre- 
noids, the apparent coordinate regulation of HMGR1 with 
squalene synthetase (Zook and KuC, 1991) would be consis- 
tent with the placement of this HMGR activity within a pathway 
leading to sterollsteroid glycoalkaloid synthesis. Narita and 
Gruissem (1989) also proposed from their initial HblGR gene 
expression studies in developing tomato fruit that the corre- 
sponding tomato hmgl is involved in sterol biosynthesis. The 
patterns of expression of hmg2 and hmg3 are consistent with 
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the association of one or both of their encoded activities with 
a pathway leading to sesquiterpenoid phytoalexin synthesis. 
Experiments are in progress that alter the expression of HMGR 
activities in potato to resolve the relative contribution(s) of the 
individual isoforms to the mevalonate pool(s) utilized for the 
synthesis of sesquiterpenes and steroid glycoalkaloids. 

During the course of our studies, two articles appeared con- 
cerning wound and arachidonic acid induction of HMGR 
mRNAs in potato tuber (Stermer et al., 1991; Yang et al., 1991). 
In the study by Yang et al. (1991), DNA probes from a tomato 
HMGR genomic clone were used to monitor HMGR expres- 
sion in tuber discs. Their conserved probe detected wound-, 
elicitor-, and bacteria-induced increases in HMGR mRNA in 
potato, similar to our detection studies using probe B. A probe 
corresponding to a 5‘ untranslated region of a tomato HMGR 
gene detected bacteria-induced gene expression but not 
wound induction or any early arachidonic acid-induced gene 
expression up to 4 hr. However, in our study, gene-specific 
probes corresponding to the 3’ untranslated regions of three 
tomato HMGR genes showed expression patterns in potato 
discs treated with arachidonic acid (data not shown) identical 
to those observed using potato gene-specific probes (Figure 5). 

Stermer et al. (1991) used polymerase chain reaction am- 
plification of total RNA from arachidonic acid-induced tuber 
discs with oligonucleotide primers complementary to highly 
conserved regions of HMGR genes to obtain a series of HMGR 
clones. The sequences of two of these clones (Potl7 and Pot30) 
are nearly identical in the regions of overlap to hmg2 and hmg3 
reported here. Nucleotide sequence comparisons of bmg2 and 
hmg3 with the potato HMGR cDNAs of Stermer et al. (1991) 
indicate a 4 to 7% nucleotide sequence divergence within each 
gene subfamily. Probes made from these clones detected 
arachidonic acid-induced increases in HMGR transcript 
abundance in potato discs but did not reveal the transient 
wound-induced increases such as we observed with the gene- 
specific probes from hmg2 and hmg3. Their inability to detect 
wound induction may simply indicate differences in detection 
levels between our studies; for example, compare the relatively 
weak wound signals in lane 3 of Figures 6C and 6D with that 
shown in Figure 6B of this article. It is also possible, however, 
that control elements for these genes are divergent and ac- 
count for the differences in expression between our studies. 

Multiple Genes for HMGR in Plants 

Recent studies indicate that there are two genes for HMGR 
in Arabidopsis (Caelles et al., 1989), four genes in tomato (J. 
Narita and W. Gruissem, personal communication), at least 
two genes in H. brasiliensis (Chye et ai., 1992), and at least 
three HMGR genes in potato (this study; Stermer et al., 1991; 
Yang et al., 1991). Our transcript analysis with tuber and other 
organs, especially anthers, also suggests that at least four 
HMGR genes are expressed in potato. This is in sharp contrast 
to mammalian cells, in which one gene is present (Goldstein 
and Brown, 1990). The presence of differentially regulated 

HMGR isoforms would appear to accommodate efficiently the 
changing needs for a diverse array of cellular isoprenoids dur- 
ing normal growth and development of the plant as well as 
during adaptation to environmental stresses, such as those 
imposed in our study. The expression profiles of the HMGR 
isoforms reported here are consistent with a growing body of 
evidence for discrete pathways or channels that direct the flow 
of intermediates to these products (Chappell et al., 1991a). 
Nonetheless, the subcellular distribution of different HMGR 
activities is unclear, and will likely remain so until highly spe- 
cific immunological probes that discriminate the various 
isoforms are available (Gray, 1987). 

Does HMGR Expression in Elicitor-Treated Potato Discs 
Reflect a Shift from a Wound Healing Program to a 
Pathogen Response Program? 

The activation of sterol and steroid glycoalkaloid synthesis in 
potato after mechanical injury reflects in part the demand im- 
posed by membrane repair and biogenesis that occurs during 
wound healing. Elicitor treatment abruptly alters the wound 
repair process and invokes a localized tissue necrosis that is 
quite different cytologically and biochemically from the pro- 
cess of wound periderm formation (Bostock and Stermer, 1989). 
Although many of the metabolic changes that occur during 
hypersensitivity expression in potato discs appear to be an 
intensification of wound responses (e.g., ethylene production, 
lignification, accumulation of hydroxyproline-rich glycopro- 
teins), other changes, such as the accumulation of sesquiter- 
penoid phytoalexins and the intense browning of the tissues, 
are more tightly associated with the hypersensitive response 
(Bostock et al., 1986; Bostock and Stermer, 1989). 

Our work and the work of others (Davis and Currier, 1988; 
Zook and KuC, 1991) have shown that arachidonic acid faith- 
fully mimics the effect of inoculation with isolates of pathogens 
that elicit the hypersensitive response in potato, and we now 
extend this mimicry to HMGR gene expression. In many studies 
of plant defense-related gene expression, however, the distinc- 
tion between wound metabolism and hypersensitive response 
metabolism is often vague. Because of the strong resistance 
to infection that rapidly develops both locally (Bostock et al., 
1986) and systemically (Cohen et al., 1991) after elicitor treat- 
ment but not after wounding, recognition of the differences 
will be important for understanding the nature of and perhaps 
the engineering of strong general disease resistance in plants. 
The inverse response of different HMGR genes would appear 
then to provide a useful point at which to begin to clarify this 
distinction and to resolve those elements in the signal trans- 
duction pathways that regulate wound healing programs from 
those that regulate pathogen response programs. This is not 
to imply, however, that the expression of certain HMGRs is 
limited to the stress imposed by wounding, pathogens, or elic- 
itors. The low or modest constitutive expression of hmgl and 
hmg2 in various organs suggests a role in the biosynthesis 
of a variety of isoprenoids that may serve “housekeeping” or 
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other adaptive functions. Nonetheless, the results from inhib- 
itor studies (Chappell and Nable, 1987; Stermer and Bostock, 
1987) and of Chappell et al. (1991b) affirm the pivotal role of 
inducible HMGR activity in sesquiterpenoid phytoalexin ac- 
cumulation associated with the hypersensitive response. 

In conclusion, our results are consistent with the hypothe- 
sis that a significant degree of control over the biosynthesis 
of specific pathway end products occurs at the leve1 of differen- 
tially responsive HMGR activities. This brings into question 
the notion that the control over branches of the pathway which 
apparently compete for precursors primarily occurs at the first 
enzymes on the competing branches (Threlfall and Whitehead, 
1990). This notion presumes that, in relation to the specific 
context of our study, the steroid and sesquiterpene branches 
draw upon the same farnesyl diphosphate pool within the cell. 
However, it is possible that there are pools of farnesyl 
diphosphate and its precursors and that these pools are 
segregated, serving different biosynthetic functions for the cell. 
The coordinate activation of central pathway enzymes between 
mevalonate and farnesyl diphosphate has been reported re- 
cently in elicitor-treated tobacco cell suspensions (Hanley et 
al., 1991). If these activities are organized or compartmental- 
ized as parallel pathways, our results would predict that 
isoforms involved in these conversions might also display an 
inverse response to elicitor treatment similar to HMGR. Fur- 
ther characterization of the appropriate isoforms will be 
informative for designing strategies to alter the accumulation 
of pathway end products to asses their contribution to dis- 
ease resistance and other adaptive responses of the plant. 

METHODS 

Plant and Funga1 Materlals 

Certified seed grade potatoes (Solanum tuberosum cv Kennebec), ob- 
tained from commercial sources and H. Timm (Department ofvegetable 
Crops, University of California, Davis), were stored at 4OC until 24 hr 
before use, and discs (22 x 5 mm) were prepared as described previ- 
ously (Stermer and Bostock, 1987). Treatments and inoculations were 
applied in a 50-pL volume to the upper surface of each aged (20 hr 
at 2OoC in the dark) or unaged disc, and then incubated in the dark 
at 2OOC. The upper 1 mm (-0.25 g) of each tuber disc was removed, 
frozen immediately in liquid NP, and stored at -80% Tissue from 
young potato plants initiated from tubers grown in the greenhouse were 
excised and then frozen as described above. Sporangia for inocula- 
tions were prepared from Phytophthora infestans race O and race 1.2.3.4 
as described earlier (Bostock et al., 1986), and aliquots containing 105 
sporangia in water were applied to each aged tuber disc. 

Chemlcals 

The elicitor, arachidonic acid (Sigma), was prepared immediately be- 
fore use as previously described (Bostock et al., 1981). Individual tuber 
discs (unaged) were treated with 50 pg of arachidonic acid (0.17 pmol), 
a concentration shown previously to induce microsomal3-hydroxy-3- 
methylglutaryl coenzyme A reductase (HMGR) activity (Stermer and 

Bostock, 1987) and to elicit 50 to 75% of the maximum sesquiterpe- 
noid phytoalexin response (Bostock et al., 1982). Linoleic acid (Sigma) 
was prepared and applied to tuber discs (0.17 pmol per disc) as de- 
scribed previously (Bostock et al., 1986). 

cDNA Library Screenlng 

A potato tuber cDNA library prepared from cultivar Russet Burbank 
(gift of T. Okita, lnstitute of Biological Chemistry, Washington State 
University, Pullman; Nakata et al., 1991) in l g t l l  was screened in dupli- 
cate by plaque hybridization with a 0.8-kb Nhel fragment derived from 
cDNA clone pUCHMGlBA4.2 containing the highly consetved 3'coding 
region of Arabidopsis hmgl (nucleotides 808 to 1622 in Figure 1 of 
Learned and Fink, 1989; gift of R. M. Learned, Department of Bic- 
chemistry and Biophysics, University of California, Davis). Plaque lifts 
on Nytran membranes (Schleicher & Schüell) were hybridized with 
the random-primed, 32P-labeled restriction fragment (Feinberg and 
Vogelstein, 1984) under low stringency hybridization conditions (10% 
formamide, 1 M Na+ at 42OC) and initially washed using the same 
criterion. Forty-seven positiveclones were identified and plaque puri- 
fied from 6.7 x 105 plaque-forming units screened (calculated from 
the approximate potato tuber microsomal HMGR specific activity to 
provide a 99% probability of obtaining a cDNA of equivalent abun- 
dancy). Eleven cDNAs were selected and subcloned in pBluescript 
II KS+ (Stratagene) and mapped using eight different restriction 
endonucleases. 

DNA Sequenclng 

cDNAs subcloned into pBluescript II KS+ were digested with appro- 
priate restriction endonucleases. Nested deletion sets of cDNAs were 
obtained by exonuclease 111 and mung bean nuclease digestion ac- 
cording to the manufacturer's directions (Stratagene). DNA sequences 
were determined by the chain termination method (Sanger et al., 1977) 
using T7 and T3 universal primers and the Sequenase enzyme ac- 
cording to the manufacturer's directions (U.S. Biochemicals). Synthetic 
primers were also designed and used for sequencing nonoverlapped 
regions. DNA sequences were analyzed using the computer prograrn 
Microgeni (Beckman Inc., Fullerton, CA). 

FINA lsolation and Gel Blot Analysis 

Total RNA was prepared from potato tuber and other tissues by a modifk 
cation of the method of Parish and Kirby (1966) to include precipitation 
in 2 M LiCl and then 3 M potassium acetate, pH 6, as described by 
Harada et al. (1988). Total RNA (20 pg per lane) or poly(A)+ mRNA 
(1 per lane) was fractionated by electrophoresis through 1% agarose 
gels containing formaldehyde and transferred to Nytran membranes. 
Hybridizations of cDNA probes to RNA blots routinely were carried 
out using a criterion of 50% formamide, 1 M Na+, 42OC, and washed 
at the same stringency using standard procedures. The amount of la- 
beled probe hybridized to each FINA sample was estimated with a 
two-dimensional radioisotope imaging system (Ambis Systems Inc., 
San Diego, CA). 

Preparation of Probes 

A sequence containing 3' and 5' untranslated regions as well as the 
entire protein coding region of hmgl (Figure 2, probe A; nucleotides 
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7 to 2284) was prepared by polymerase chain reaction and used as 
a probe for nuclear DNA genomic blot hybridizations. The sequences 
of the oligonucleotide primer pair used for this were 5'-GGCTTAT- 
ACACAATATACTC-3: 5'-ATGGTCACAGUCACCCCCA-3! Another probe 
corresponding to a region that is highly conserved among HMGR genes 
was prepared by Scal-Ncol digestion of the hmg3 cDNA insert (Fig- 
ure 2, probe 8; nucleotides 600 to 1130). This fragment was used for 
RNA gel blot analyses. Gene-specific probes were prepared by poly- 
merase chain reaction using oligonucleotide primers based on the 
determined cDNA sequences. The primer pairs used are given as fol- 

CTC-3' for hmgl, 5' region (Figure 2, probe C; nucleotides 7 to 491); 
5'-ACAGGGGAATACAATACAAT-3: 5'-TTAmCTTTGCTATGTTAG-3' for 
hmg2, 3' untranslated region (Figure 2, probe D; nucleotides 733 to 

TTTCCT-3' for hmg3, 3' untranslated region (Figure 2, probe E; 
nucleotides 1517 to 1980). 

Each cDNAwas amplified in a total volume of 100 pL under mineral 
oil with 10 mM Tris-HCI, pH 8.3, at 25OC, 50 mM KCI, 1.5 mM MgCI2, 
0.001% gelatin, 200 WglmL BSA, 0.2 mM each deoxynucleotide 
triphosphate, 1 pM each specific primer, and 2.5 units Taq polymer- 
ase (Perkin-Elmer Cetus Instruments, Norwalk, CT). The polymerase 
chain reaction products were separated in 1% low-gelling tempera- 
ture agarose (FMC Corp., Rockland, ME) in TBE buffer (Maniatis et 
al., 1982). Target fragments were excised from gels and purified using 
a GeneClean kit (Bio-101, Inc., La Jolla, CA), according to the manufac- 
turer's directions. Radioactive probes (32P-CTP) were prepared from 
gel-purified DNA fragments by the random priming method, accord- 
ing to the manufacturer's directions (U.S. Biochemical Corp.). 

IOWS: 5'-GGCTTAATACACAATATACTC-3', 5'-ACGGCGGCTATCTTC- 

1174); 5'-GCAACAACACAGCTAATTTC-3', 5I-ACCAATGCACAGAT- 

Nuclear DNA lsolation and Genomic Blot Analysis 

Nuclei were isolated from potato leaves by the method of Timberlake 
(1978), except that the extraction buffer was pH 9.5 (Fischer and 
Goldberg, 1982) and Triton X-100 was added to a final concentration 
of 0.5% to lyse chloroplasts. Nuclei were lysed in 1% Sarkosyl, 0.05 M 
Tris, 0.02 M EDTA, pH 9.5, and centrifuged; the DNA was precipitated 
with 0.5 volume of cold isopropanol and further purified by CsCI- 
ethidium bromide density gradient centrifugation. DNA was digested 
overnight with five times the recommended units of restriction en- 
donucleases, and 10 pg per lane was fractionated by electrophoresis 
on 0.7% agarose gels in TBE buffer and transferred to a Nytran mem- 
brane. The DNA blots were hybridized with random prime labeled cDNA 
probes using standard procedures (Maniatis et al., 1982). The hybrid- 
ization and wash conditions were routinely carried out using a criterion 
of 50% formamide, 1 M Na+, 42OC. Twocopy reconstructions were cal- 
culated based on a monoploid potato genome size of 0.896 pg 
(Arumuganathan and Earle, 1991), in accord with the classification of 
the cultivated potato as a tetraploid species (2N = 4X = 48 
chromosomes). 
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