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Abstract

We isolated two full-length cDNA clones encoding 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR)
from potato (Solanum tuberosum) L. tubers. The clones, designated hmg2.2 and hmg3.3, are members of previ-
oudly described gene subfamilies. In addition to being induced by arachidonic acid in tubers, hmg2.2 transcript
accumulates developmentally in young flowers, and in mature sepals and ovaries, whereas transcript for hmg3.3
accumulates in mature petals and anthers. Our data suggest that members of specific HMGR-encoding gene sub-
families might be involved in both defense responses and flower devel opment. Accumulation of different HMGR
transcripts could provide some control of isoprenoid biosynthesis by producing isoforms specific for classes of

end-products produced in particular tissues.

Cellular control of 3-hydroxy-3-methylglutaryl coen-
zyme A reductase (HMGR) has received a great deal
of interest because of the probable importance of this
enzyme in the regulation of isoprenoid biosynthesis.
Isoprenoids in plants make up a huge array of com-
pounds including many utilized in growth and devel-
opment such as sterols, plant growth regulators, and
carotenoids[6, 17]. In addition, commercially import-
ant isoprenoids like natural rubber, fragrant oils, and
some pharmaceutical compounds are isolated from
plants[12].

Antimicrobial phytoalexinsfrom several plant fam-
iliesmay also beisoprenoids; theseincludethe sesquit-
erpene phytoalexinsinduced in potato tubers (Solanum
tuberosumL.) upon infectionwith Phytophthorainfest-
ans (reviewed in [15]). A marked increase in HMGR
activity accompanies accumulation of these sesquit-
erpenes in potato tubers after pathogen infection or
treatment of tubers with arachidonic acid, an elicitor

Thenucl eotide sequencedatareported will appear inthe EMBL,
GenBank and DDBJ Nucleotide Sequence Databases under the
accession numbers U51985 (hmg2.2) and U51986 (hmg3.3).

from P. infestans[ 18, 23], suggesting an important role
for this enzyme in defense against pathogens.

Enzymatic activity of HMGR in animalsis known
to beregul ated by numerousmeans, both transcription-
al and post-transcriptional [14]. It isbelieved that some
of these same regulatory mechanisms are also at work
in the control of the plant HMGR [22]. Genes encod-
ing HM GR have been isolated from alarge number of
plant sources (e.g. [1, 5, 10, 13, 16, 19]), and tran-
scriptional regulation of HMGR has been extensively
studied.

Potato contains a small gene-family encoding
HMGR and it is clear that accumulation of specif-
ic hmg transcripts can be differentially affected by
numerous stimuli. Transcript levels of members of
the potato hmg gene family can be either up- or
down-regulated in tubers by wounding, bacterial and
fungal pathogens, arachidonic acid, or methyl jas-
monate [7, 8, 24, 25]. Choi et al. [8] isolated one
full-length cDNA hmg1l and two partial cDNA (hmg2
and hmg3) clones to devel op gene-specific probes and
demonstratethisdifferential control. These geneswere
categorized by sequences in their 5'-terminal region
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(hmgl) of 3'-untranslated regions (hmg2 and hmg3).
Hybridization patternsindicate that each gene-specific
probe will anneal with multiple fragments of restric-
tion enzyme-digested potato genomic DNA [8, 22],
suggesting the presence of gene subfamilies, each
made up of several members. Transcript accumula-
tion of hmgl in potato tubers increases in response to
wounding but thisinductionis repressed by arachidon-
ic acid. The hmg2 and hmg3 transcripts are induced to
alower degreeby wounding, but their levelsaregreatly
enhanced by addition of arachidonic acid. These find-
ings, along with acorrelative increase of sesquiterpen-
oid phytoal exinswith hmg2 transcripts[ 7] indicate that
the hmg2 and hmg3 gene subfamilies might play a dir-
ect rolein the production of defense-related molecules.

Previous work on transcriptional regulation of the
potato HMGR gene families raised severa questions.
Choi et al. reported that a high level of transcript in
potato anthers hybridized to a probe conserved among
plant HMGRs, and that this signal was much greater
than the cumulative signals hybridizing to the hmgl,
hmg2, and hmg3 gene-specific probes. This suggested
that one or more additional HMGR gene subfamil-
ies are present in potato and expressed in anthers [8].
Based on those findings, it might be supposed that
different HMGR-encoding genes are expressed dur-
ing plant organogenesis and in response to external
stimuli. Work from this laboratory however, showed
that hmg3-hybridizing HMGR cDNAs were by far the
most abundant typeisol ated from mature potato anthers
and/or pollen[3], demonstrating the possibility that the
same hmg gene subfamily could be filling dual roles,
in both plant defense and development.

The work presented here was initiated to isol-
ate full-length clones of HMGR genes involved in
defense against pathogens. The previously isolated
partidl HMGR clones lacked sequence predicted to
encode the N-terminal regions of the respective pro-
teins. In addition, we hoped to gain a clearer under-
standing of how transcript accumulation of specific
HMGR genesis regulated during plant organogenesis,
especialy during flower devel opment. To that end, we
producedacDNA library (inthe AZAPI| vector, Strata-
gene) from seed-certified potato (cv. Kennebec) tubers
that had been incubated with arachidonic acid for 20 h
[23]. Using previoudly described hmg gene-specific
probes[8] for screening, weisolated full-length cDNA
clones of arachidonic acid-inducible genes. Blots of
total tuber RNA show that 2.4 kb transcripts hybrid-
izing to these probes accumulate to high levels upon
eicitation (Fig. 1).
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Figure 1. Anayses of total RNA from control and elicitor-treated
potato tubers. Tuber disks were either fresh-cut, or treated with
water or arachidonic acid and tissue was collected after 20 h as
described [23]. In this and subsequent figures, 15 ug of total RNA
was electrophoresed on 1% agarose/formaldehyde gels and blotted
onto nylon membrane (GeneScreen Plus, NEN Research Products).
Gene-specific probes for hmg2 and hmg3 were generated by poly-
merase chain reaction (PCR) using primers described [8]. Standard
procedures were used for al steps [21].

The sequences of these new cDNASs bear great sim-
ilarity to the partia clones described by Choi et al.
In keeping with the established nomenclature, we
designed the clones having significant similarity to
hmg2 and hmg3 as hmg2.2 and hmg3.3, respectively.
Theinsert size of hmg2.2is2019 bp and that of hmg3.3
is 2214 bp. However, the high similarity between
hmg2, described by Choi et al., and hmg2.2, reported
here, ends at nucleotide (nt) 2000 of hmg2.2 (nt 845
of hmg?2). Up to that point, the overlapping sequences
are 99.8% identical. The poly(A) tail of hmg2.2 begins
at nt 2007 whereas hmg?2 has an additional 368 nt and
lacks a poly(A) tail (outlined in Fig. 2). These results
indicate that either there are two or more transcribed
members of the hmg2 subfamily or different sites of
polyadenylation can be utilized by the hmg2 gene. The
region from nt 946 to nt 1095 of hmg2 has82% identity
to a portion of the sequence of the Nicotiana sylvestris
HMGR gene [13], indicating that this is an authentic
HMGR sequence. The point at which the similarity
between hmg2.2 and hmg2 ends is 114 bases to the 3
side of the end of the open reading frame, so that the
predicted peptides encoded by the two sequences are
the same in the overlapping regions. These differences
could also be explained by thefact that the cloneswere
derived from different potato cultivars, the clones of
Choi et al. wereisolated from cv. Russet Burbank [8],
and our clones originated in the cv. Kennebec.

The similarity of hmg3.3 with the hmg3 clone of
Choi et al. ends at nt 2164 of hmg3.3 (nt 1898 of
hmg3). The sequence of hmg3 from nt 1898 to its 3’
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Figure 2. Schematic representation comparing the sequences of hmg2.2 and hmg3.3 with hmg2 and hmg3 [8], respectively. The large, open
boxes represent the open reading frames beginning at the first ATG triplet, asindicated. The smaller boxes represent the flanking regions. Like
boxes represent sequences with high levels of identity in the overlapping regions.

end is identical to a portion of the genome of potato
virus X, indicating that this is probably a chimeric
clone. This sequence does not hybridize to genomic
DNA of potato cv. Kennebec (data not shown). Again,
the discrepancies in sequence occur to the 3' side of
the open reading frame. The gene-specific probes that
wereused toisolatethe cDNA sdescribed here spanned
the divergent regionsin hmg2 and hmg3 but were non-
etheless effective in hybridizing to eicitor-inducible
transcripts.

The predicted open reading frames of the new, full-
length potato HMGR clones are shown in Fig. 3 along
with that predicted from hmg1 [8]. Aswith most plant
HMGR peptides, the mgjority of the sequence variab-
ility isin the amino-terminal one-third of the protein,
whereas the carbonyl two-thirds of the protein, con-
taining the catalytic domain, show a high degree of
conversation[2].

The predicted proteins contain other sequences
common to plant HMGRS, such as two putative
membrane-spanning domains and potential PEST
sites, found in proteins with rapid turnover rates [20].
Phosphorylation has been proposed as a means of
enzymatic control of HMGR, and inactivation of a
plant HMGR through phosphorylation by a serine
kinase from Brassica oleracea was recently demon-
strated [11]. All of the HMGR clones thus far isolated
from potato predict the presence of the conserved ser-
ineresidue thought to be phosphorylated by thiskinase
(Fig. 3). In addition, hmg2.2 contains a consensus

seguence for phosphorylation by a tyrosine kinase at
residue 12. The tyrosine phosphorylation consensus
site, present in hmg2.2 but not in the other hmg genes,
could represent yet another means of differential con-
trol of the isoforms encoded by this gene family.

In an attempt to answer someof the af orementioned
guestions concerning HMGR transcript accumulation
in potato, we assessed the expression of all of the
characterized HMGR gene families in whole flowers.
Figure 4 shows that the hmgl subfamily is strongly
expressed in the earliest stages of flower devel opment
but the transcript level s decrease with flower maturity.
The hmg2 probe reacts most strongly with transcripts
at the earliest and latest stages of flower development.
Transcripts hybridizing to hmg3 are virtually absent
until flowers are fully opened. The hybridization pat-
tern seen with probe spanning awell conserved region
of the hmg genes, hmg-C, showsthat transcripts encod-
ing all HMGRs are most abundant at stages 1 and 5 of
flower development (Fig. 4B).

Figure 5 illustrates the abundance of the various
transcripts in organs isolated from mature, stage five,
flowers. Transcriptsfor hmgl accumulateto highlevels
in ovaries but to relatively low levelsin the other tis-
sues examined. Transcripts hybridizing to hmg2 are
abundantinall tissuesexamined but havehighest levels
in sepals and ovaries, whereas hmg3 transcripts are
abundant only in petals and anthers. We have pre-
vioudly isolated HMGR cDNA clones from mature
potato anthers[3]. Nearly all of the hmg clonesisol ated
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Figure 3. Thelongest predicted open reading frames of the hmg2.2 and hmg3.3 clones aligned with that of hmgl asreported in [8]. (*) indicates
a match across al sequences, (¢) indicates a conservative substitution. A 1 indicates the first Met residue of each sequence, | indicates the
potential tyrosine phosphorylation site at residue 12 of hmg2.2, and (4) indicates the conserved Ser residue thought to be phosphorylated. The
region spanned by a conserved probe, hmg-C, is underlined. The aignment was performed with the Clustal V program on the Wisconsin GCG
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package. Sequencing was performed on an Applied Biosystems model 372A automated sequencer.



Figure4. Levels of HMGR transcripts in potato flowers. A. Flowers
were categorized according to maturity as stages 1 through 5. Whole
flowers were detached and immediately frozen in liquid N for sub-
sequent RNA analysis. B. Blots of total RNA isolated from flowers
as described [9]. Lane numbers correspond to flower stage num-
bers. The hmgl and hmg2 probes were the same as designed by
Choi et al. [8]. The hmg3 probe was PCR-generated using 5'-
gcaacaacacagctaattc-3' and 5'-gatacaacactctgtgcaga-3’ as primers
and the hmg3.3 clone as templete. hmg-C is a 652 nt probe that
spans a highly conserved region of the hmg genes; it was gener-
ated by PCR using 5’ -agcaccggtctcgagatgggaatgaacatggtg-3' and 5'-
tttcatgtggctaageggtagttgeccagecgagat-3' as primers and the hmg2.2
clone as template. These primers were designed to create Xhol and
Espl sites near the termini of the hmg-C fragment. The gene-specific
probes and hmg-C wereall of approximately the same specific activ-
ity. The rDNA probe hybridizes to the 18S ribosoma RNA and was
included to demonstrate approximate equal loading in each lane.

from this tissue hybridized to the hmg3 gene-specific
probe. A full-length cDNA clone from anther tissue
was sequenced and found to be identical to the corres-
ponding region of hmg3.3. That clone was designated
hmg3.2 and the sequence at its 5’ terminus has been
reported [3]. The sequences of hmg3.2 and hmg3.3
areidentical over the nearly 2200 nt where they over-
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Figure 5. RNA blot analyses of HMGR transcript levels in potato
flora organs. Blots were probed with the same gene-specific
sequences as described for Fig. 4. Tota RNA was isolated as
described [9] from sepal, petal, anther, style/stigma, or ovary tis-
sue frozen in liquid N, immediately after dissection from stage 5
flowers.

lap, including 450 nt in the 3'-flanking region of the
genes, wherethe highest degree of variability occursin
the potato HMGR cDNAs examined thus far. Results
from RNA blot analyses (Fig. 5) confirm that hmg3-
hybridizing transcripts are the most abundant type in
anthers.

The results obtained with an hmg probe spanning a
conserved region demonstrate that the overal level of
HMGR-encoding transcripts is highest in the anthers
and ovaries(Fig. 5). Based on these results, most of the
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hmg transcript in anthers, and the other tissues, could
be accounted for by these three gene subfamilies. This
contradicts the findings of Choi et al., who reported
that alarge amount of HMGR transcript in anthers did
not hybridizeto any of the gene-specific probes[8]. In
addition, we show an abundance of hmg3-hybridizing
MRNA in petals (Fig. 5) whereas Choi et al. showed
very littlesignal in that tissue. Both studiesof transcript
accumul ation were carried out on potato cv. Kennebec.
The discrepancies may have their originsin the differ-
ent probes that were used. About 20% of the origina
hmg3 probe consisted of sequences probably derived
from potato virus X, thus lowering its effectiveness.
Because we designed a new gene-specific probe based
on the 3'-flanking sequences of hmg3.3 (described in
thelegend of Fig. 4), theprobesmay be sufficiently dif-
ferent to explain some of the apparent contradictions.
It is also possible that growing conditions, environ-
mental factors, or the specific floral stages sampled,
influenced observed levels of these transcripts.

Theresultsin Figs. 4 and 5 might also clarify some
of our earlier findings. Previoudly, we used 5'-flanking
regions of an hmg1 genomic sequence to drive expres-
sion of the B-glucuronidase (GUS) enzyme in trans-
genic tobacco and potato plants [3]. Strong activity of
theGUS enzymewas observed in maturepollengrains.
Onetherefore might expect to find high levels of hmgl
transcript in mature pollen. However, by far the most
abundant classof cDNAsi solated from amature-anther
library were members of the hmg3 subfamily. In addi-
tion, probing RNA blots with hmgl and hmg3 now
indicates that, while there is some level of hmgl tran-
script present, there is much more hmg3 transcript in
mature anthers (Fig. 5). The previous results might
be explained by the fact that GUS is a fairly stable
enzyme. Transcription controlled by hmgl.2 might
haveoccurred early inflower development, when hmgl
transcriptsare abundant (Fig. 4), and the enzyme accu-
mulated to higher levels over time. The hmgl sub-
family is the largest encoding HMGR in potato [22]
and the particular clone we tested, hmgl.2, only drove
expression of GUSin pollen among flower tissues. Itis
possiblethat the hmg1.2 promoter isonly activeduring
the late stages of pollen development, and that accu-
mulation of high levels of hmgl transcripts in other
tissues is driven by other promoters within the hmgl
gene subfamily. However, based on RNA analyses, the
level of hmgl.2-produced transcriptsin anthersis till
much lower than the level of hmg3 transcripts.

Low levels of HMGR transcripts accumulate in
roots, stolons, stems, and matureleaves, whereashigh-

er levels of transcripts hybridizing to hmgl and hmg2
accumulate in expanding leaves around the leaf apical
bud (data not shown). This correspondsto a high level
of HMGR enzyme activity often observed in young,
rapidly growing leaf tissue [4; K.L. Korth and B.A.
Stermer, unpublished results].

In addition to the already characterized control of
hmg mRNA accumulation by external stimuli, we have
shown that members of the hmg family in potato are
developmentally expressed in different issues. Tran-
scripts for gene subfamily types induced in tubers by
methyl jasmonate (hmgl), or by pathogen infection
(hmg2 and hmg3), also accumulate in different flower
parts. The probes used in this study each hybridize
to several bands on genomic DNA blots [22], indic-
ating that there are potentially several loci producing
transcripts that would react with these probes on RNA
blots. It is possible that expression of different mem-
bers within a subfamily could be controlled by dif-
ferent promoters, but that each would hybridize to the
gene-specific probes. An aternative explanationisthat
the same gene encoding HMGR could be expressed in
order to drive biosynthesis of isoprenoids needed in
response to pathogensor for plant development.

Inducibletranscript accumulation of hmgl hasbeen
correlated with an increase in steroid glycoalkaloids
in potato tubers, whereas inducible hmg2 accumu-
lation correlates with an increase in sesquiterpene
phytoalexins [7]. This strongly suggests that the iso-
forms encoded by these genes are active in separate
pathways giving rise to discrete end-products. It has
been suggested that isoprenoid biosynthesis in plant
cells could be divided into metabolic channels, each
specific for certain classes of end-products [6]. This
is an attractive model that could, at least to some
degree, explain the metabolic control of thisvery com-
plex pathway. It is quite possible that developmental
expression of specific HMGR genes at the transcrip-
tional level might also correlate with certain metabol-
ites needed in specific plant tissues.

The work presented here helps to clarify previ-
ous studies in the area of transcriptional regulation of
potato HMGR genes. It also describes the differential
accumulation of specific HMGR gene-subfamily tran-
scripts during floral development, and further high-
lights the complexity of the HMGR gene family in
potato.
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