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ABSTRACT

Heat-shock protein 80 (HSP80) is a major heat-shock protein
induced in yeast and animals both by heat shock and by specific
developmental events. In plants, a heat-shock-induced HSP80
cDNA has been described, although no information concerning
developmental regulation of HSP80 genes is available. We have
characterized a tomato (Lycopersicon esculentum) gene encoding
a typical HSP80 protein. This gene, called HSC80, is interrupted by
two introns, 995 and 109 bp long. Northern blot analyses and in
situ RNA hybridization show that HSC80 mRNA is abundant in
shoot and root apices and in fertilized ovaries up to 6 d postanthesis
but is rare in mature leaves. Heat shock increased mRNA levels in
mature leaves but only 3-fold. Developmental regulation of the
HSC80 gene was confirmed by fusing 2 kb of its 5’ region to the
B-glucuronidase reporter gene and introducing the chimeric gene
into tomatoes. The roots of transformants showed high 8-glucuron-
idase expression in the apex and in lateral root primordia but not
in mature tissue. Expression in the shoot was up to 10-fold higher
in the apex than in mature leaves. Thus, HSC80 is preferentially
expressed in shoot and root apices during normal development.

HSPs*, which are conserved in all organisms, were origi-
nally thought to be protective factors induced specifically by
heat stress. It was discovered subsequently that most HSPs
are also developmentally regulated (18, 20) in the absence of
stress. Isoforms of HSPs that are developmentally regulated
are referred to as HSCs. HSP80 is a major HSP that is present
in unstressed cells of yeast, Drosophila, and mammals. HSP80
has been called HSP82, 83, 84, and 90, depending on the
electrophoretic estimate of the protein mass, but we shall use
“HSP80” as a generic term (18).

HSP80 is indispensable. In yeast, it is encoded by two
genes: one heat inducible and one expressed under normal
conditions. Inactivation of either gene is aphenotypic at 25°C,
but inactivation of both genes is lethal (3, 9). In Drosophila,
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HSP80 expression is highest in the ovaries, and a single gene
is responsible for both heat-shock and developmental regu-
lation (30). In the absence of heat shock, HSP80s can consti-
tute 2% of the soluble protein in the brain and gonads of
mammals (18). HSP80s are found in both the nucleus and
cytoplasm regardless of temperature and physiological con-
dition (11, 18). It is interesting that a fraction of HSP80 is
associated with other proteins. The most studied association
of several identified is one with steroid receptors (5). Steroid
receptors are transcriptional regulators activated by the bind-
ing of steroid hormones. In the absence of the specific ligand,
the receptors are inactive and complexed with HSP80 and a
50-kD protein (18). Activation of the receptor by steroid
hormones coincides with dissociation from HSP80. HSP80 is
probably necessary for signal transduction in steroid hormone
responses because depletion of HSP80 in yeast prevented
steroid-mediated activation of a steroid-responsive gene (23).
Other proteins associated with HSP80 are the Rous sarcoma
virus pp60° protein kinase (4), actin (17), and tubulin (26).
These observations suggest that one role of HSP80 is to
interact with other proteins, possibly stabilizing them and
regulating their function.

There is limited information concerning developmental
regulation of HSPs in plants. HSPs have been observed
during embryogenesis (27). Developmentally regulated genes
encoding HSP70 cognate proteins have been described in
tomato (7) and in Arabidopsis (29). Is there a developmentally
regulated HSP80 gene in plants? A cDNA encoding HSP80
has been cloned from Arabidopsis (6). This gene was expressed
at a very low level in normal plants and was rapidly induced
by heat shock. However, other HSP80 loci were detected by
Southern blot analysis that might exhibit different regulation.
In tomato cell culture, HSP80 was present in considerable
amounts at normal temperature and increased 10-fold upon
heat shock (21).

These observations and the evidence from other systems
presented above suggest that plants may regulate HSP80
both developmentally and in response to heat shock. We
report here the isolation and characterization of a tomato
(Lycopersicon esculentum) gene encoding a developmentally
regulated HSP80, which we call HSC80. The developmental
regulation of this gene is demonstrated by northern blot
hybridization, in situ RNA hybridization, and the expression
pattern conferred by its promoter on a marker gene. We
conclude that HSC80 is preferentially expressed in growing
apices.



802 KONING ET AL.

MATERIALS AND METHODS
Nucleic Acid Manipulations

Unless specified, we followed procedures described by
Sambrook et al. (25). Construction and screening of the cDNA
library has been described (16). Sequencing of DNA was by
the use of the dideoxy chain termination reaction using a
Sequenase sequencing kit (US Biochemical Corp., Cleveland,
Ohio). All listed sequences were verified on the opposite
strand. Primer extension analysis was carried out on mRNA
isolated from tomato shoot apices (see below). The primer
was complementary to the sequence CCAGGCTAGACAT-
CAATCAGC, which initiates at nucleotide 168 of the se-
quence in Figure 2.

Southern and Northern Blot Analyses

Tomato plants (Lycopersicon esculentum var UC82B) were
grown in growth chambers at 25°C, 8-h nights, 500 uE/m?,
Shoot tips (5-mm apical plumule), roots, and mature leaves
were collected from plants 3 to 4 weeks old and immediately
frozen in liquid N,. Tomato flowers and fruits were harvested
from plants grown in a greenhouse, under 16-h light and 8-
h dark periods, with temperatures fluctuating between 18
and 27°C. Flowers were marked at anthesis and harvested at
the time specified. RNA was prepared from ovaries. Heat
shock was induced in growth chambers with plants 3 to 4
weeks old by raising the temperature to 42°C and the RH to
approximately 100% for 1 or 2 h. Despite the high humidity,
transpiration cools plants in air, and plant tissue may not
reach the air temperature. To ensure that heat-shock condi-
tions had been achieved, a higher temperature, 55°C for 2 h,
was also tested. Other studies (D. Alexander, unpublished
observations) had revealed optimal induction of HSPs in
tomato heat shocked at 55°C for 2 h. Leaves and shoot apices
from heat-shocked plants were harvested immediately at the
end of the 2-h treatment. Field plants were grown in a Yolo
County (California) field under typical farming conditions
and in temperatures from 15 (nighttime low) to 33°C (day-
time high). Only leaves and apical shoots were collected from
field plants.

For Southern analysis, tomato genomic DNA isolated as
previously reported was used (16). The DNA was digested
with various enzymes, and 5 pg of DNA per lane was
electrophoresed on an agarose gel and blotted onto Zetaprobe
nylon membranes according to procedures recommended by
the manufacturer (Gibco-BRL, Grand Island, NY).

Northern blots were performed according to the protocol
described previously (16). RNA was extracted using a modi-
fied guanidinium thiocyanate method (16). Polyadenylated
RNA was purified using oligo(dT)-cellulose chromatography.
Total RNA was used for the northern blots in Figures 4 and
5. RNA concentration was measured by spectrophotometric
absorbance. Equal amounts were loaded in each lane. The
loading was further verified by fluorescent staining of RNA
in the gel with ethidium bromide. In these northern blots,
concentration standards consisted of DNA segments obtained
from digestion of HSC80 cDNA clones. Size standards were
end-labeled A-phage DNA HindIII fragments. The size esti-
mate and approximate abundance of the HSC80 mRNAs
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were confirmed by additional northern analyses performed
on polyadenylated RNA and using RNA size standards. For
RNA detection, two probes were used. The coding region
probe spanned from amino acids 153 to 416 and was pre-
pared by gel purification of an Asp718 fragment from the
cDNA cloned in plasmid pCGN7100 (see “Results”). This
fragment corresponded to the one from nucleotides 1758 to
2551 of the sequence in Figure 2. The 3’ probe was generated
by the polymerase chain reaction. The first primer spanned
nucleotides 3332 to 3351, and the second spanned nucleo-
tides 3524 to 3504. DNA probes were labeled with the Gibco-
BRL nick translation kit. Hybridizations were in a solution
containing 50% formamide, 1 M NaCl, 1% SDS, and 100 mg/
mL of sheared salmon sperm DNA, at 22 to 37°C for low-
stringency conditions or at 42°C for high-stringency condi-
tions. Low-stringency washes were in 2X SSC, 0.1% SDS at
37°C, whereas high-stringency washes were at 68°C in 0.2X
SSC, 0.1% SDS. Signals in northern blots were compared by
image analysis of x-ray film negatives, using a Biological
Vision (Berkeley, CA) image analyzer apparatus.

In Situ RNA Hybridization

The cDNA sequence in pCGN7100 was excised from the
vector using Xbal and ligated into pBluescript II SK (Strata-
gene, San Diego, CA), also cut with Xbal, to create
pCGN7104. In this vector, use of T7 or T3 RNA polymerases
results, respectively, in transcription of sense or antisense
HSC80 RNA. For in situ hybridizations to sections of tomato
shoot tips and roots, **S-labeled RNA transcripts were used
(16). Hybridizations were at 37°C. Hybridized sections were
washed for 20 min each sequentially in the following buffers:
at 37°C, 2X SSC, 50% formamide, then 37°C, 1x SSC, 50%
formamide, and finally at 30°C, 1x SSC without formamide.

Construction of HSC80-gusA Chimeric Gene

The A-Charon35 genomic DNA library of tomato was
kindly provided by Dr. Robert Fischer (University of Califor-
nia, Berkeley). This library was screened with pCGN7100,
and several clones of the A and B loci were isolated. Clone
gHSP4 containing the HSC80 (A) locus was digested with
EcoRI, and the resulting fragments were cloned in pUC18. A
5219-bp fragment contained the 5’ end of the gene from an
EcoRlI site at —2070 from the start of transcription to an EcoRI
site within the coding region. A unique Bg/II site was located
at +58. The BglIl to EcoRI fragment containing the region
from +58 to —2070 was cloned into the BamHI to EcoRI sites
of pBluescript II SK. The Bglll/BamHI hybrid site is immedi-
ately flanked on the vector site by an Xbal and an Spel site.
An Asp718 site is located on the other side of the cloned
fragment. The HSC80 5’-promoter region was excised as an
Asp718 to Spel fragment and cloned into a vector called
pCGN7398, cut with Asp718 and Xbal. This vector contains
the gusA locus (15) and the 3’ region of the mas locus
(nucleotides 19,239-18,474 [2]). A polylinker containing
Asp718 and Xbal is located to the 5’ of the gusA-mas 3’
region. Cloning of the HSC80 5’ region in that polylinker
resulted in a chimeric gene in which transcription would
initiate in the HSCB80 5’ region, continue through the gusA-
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coding region, and terminate in the mas 3’ region. This
chimeric gene was called HSC80-Gus, and it is flanked by
Xhol sites.

Plant Transformation

The HSC80-Gus chimeric gene was contained in an Xhol
fragment. To generate a Pst] fragment, we used a converter
plasmid in which an Xhol site is flanked by PstI sites. After
cloning the HSC80-Gus gene as an Xhol fragment in the
converter plasmid, we excised with Pstl and cloned it into
the binary vector pCGN1547 (19). We chose the orientation
in which the HSC80-Gus is transcribed in the same direction
as the NPT gene, i.e. from the left T-DNA border toward the
right T-DNA border, and called the construct pCGN7129.
The binary vector pPCGN7129 was introduced into Agrobac-
terium tumefaciens LBA4404 (13) by transformation. L. escu-
lentum var UC82B was cocultivated as described by Fillatti et
al. (10). To ensure independent transformation events, we
propagated only individuals from different explants. Each
transformant was given a number consisting of the binary
plasmid used, followed by a hyphen and a progressive num-
ber (e.g. 7129-1, 7129-2).

Gus Assay and Histology

Transformed T, plants generated by Agrobacterium cocul-
tivation were potted in soil mix and grown in a greenhouse
to obtain seed. The analyses were confined to T, individuals,
i.e. the progeny of T; plants. Seeds were surface sterilized in
70% ethanol for 1 min followed by 5 min in 50% commercial
bleach, 0.1% Tween-20. They were rinsed five times in sterile
distilled water and plated on half-strength Murashige-Skoog
salts solidified with 0.8% Phytagar (Gibco) in 10- X 1.5-cm
Petri dishes. The seeds were germinated at 23°C under
fluorescent lights on a 16-h day period. The tap root apex
(5-10 mm) was removed from the seedling with a scalpel
about 1 week after germination. At that time, the cotyledons
were fully enlarged, and the primordium of the first leaf was
visible. The removed root apex was stained for Gus activity
by the protocol of Jefferson et al. (15) using X-Gluc. Some of
the positive seedlings were allowed to heal for 1 week,
transplanted into potting mix, and grown in a greenhouse.
These plants were tested for Gus activity by the fluorimeteric
assay based on 4-methylumbelliferyl p-glucuronide hydrol-
ysis (15). Extracts were prepared from either the vegetative
or the flowering shoot apex. The vegetative apex included a
leaf primordium of 4 to 5 mm. The flowering apex also
included the same size leaf primordium and consisted of a
cluster of flower buds (a sympodium) smaller than 4 mm.

We also sampled leaves at different developmental stages.
Leaf 1 was approximately 10 mm long, leaf 2 was about 25
mm long, and mature leaves were 10 to 30 cm long. Heat
shock was induced by subjecting a Petri dish with several
seedlings or whole potted plants to 42°C for 2 h. Histological
assay of seedlings was initiated immediately after heat shock.
Plant parts for enzyme extraction were harvested immedi-
ately after heat shock induction, flash frozen in liquid nitro-
gen, and stored at —85°C until assayed. sp values were
calculated from the activities of three different samples of

comparable tissues harvested from the same individual. In
each case, it was found to be less than 10%. Duplicate assays
of the same enzyme preparation gave virtually identical
readings.

RESULTS
Isolation and Characterization of a Tomato HSC80 Gene

We previously described construction and screening of a
tomato apical shoot cDNA library (16). Several clones that
hybridized strongly to root and shoot tip cDNA probes and
little, or not at all, to a mature leaf probe were characterized.
One of these, clone pCGN7100, was 1.1 kb long and encoded
a protein with strong similarity to yeast and fruit fly HSP80.
We subjected the tomato genome to Southern blot analysis
to determine the number of loci coding for HSP80. Tomato
DNA digested with Asp718, BamHI, Bglll, and HindIIl was
blotted and probed with pCGN7100. Two bands in each
digest hybridized with the intensity expected from a single-
copy gene. Because one of the two bands appeared to hy-
bridize less intensely to the probe, we hypothesized that
there may be two loci, one of which corresponded to our
cDNA.

Using the cDNA probe, we isolated several clones from a
A-Charon 35 genomic library of tomato. We characterized by
restriction digestion and Southern blot analysis two types of
clones corresponding to the two hybridization signals of the
genomic Southern blot (Fig. 1). Sequencing of subcloned
regions from both types of phages confirmed that two ho-
mologous loci exist. They were called, preliminarily, A and
B. We concentrated on class A clones, which correspond to
the original cDNA clone we had isolated.

Sequence analysis of clone 7100 revealed that it spanned
a region from a site in the middle of the gene to a stretch of
adenylate residues 188 nucleotides 3’ of the translational
stop codon. There was no consensus eukaryotic polyadenyl-
ation motif (AAUAAA) in the 3’ region, but that is not
unusual for a plant gene (14). To obtain a longer clone, we
used the 5’-terminal portion to rescreen the cDNA library.
The longest cDNA clone found was 7115, 1.9 kb long. Size
comparison to the mRNA signal in northern blots (2.3 kb)
and alignment with yeast and fruit fly HSP80 amino acid
sequences showed that the clone was missing part of the 5’
region. The sequencing was continued on a genomic clone of
the A locus, called A4. We found that the coding region in
the 5’ region of the gene was interrupted by two introns, 996
and 110 bp long. The entire genomic region was sequenced
in both directions and is listed in Figure 2.

The nucleotide sequence similarity between the tomato
and the Arabidopsis genes is high: depending on the region,
residue identity varies between 55 and 85% (not shown). The
sequences diverge outside the coding region. We mapped the
mRNA start site by primer extension and direct RNA se-
quencing to about 70 bp upstream of the start codon (Fig. 2).
A putative TATA box region is located 25 bp upstream, and
it is preceded, in the —40 to —80 region, by a fair match to
the heat-shock element consensus (1, 22). Sequence analysis
of an additional 2 kb of the 5’-promoter region failed to
disclose another good match to the heat-shock element con-
sensus (A.]. Koning, R. Rose, L. Comai, unpublished results).
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Figure 1. Analysis of HSC80 hybridization to the tomato genome.
The Southern blot was probed with cDNA clone pCGN7100 rep-
resenting the carboxy-terminal half of the HSC80 coding region. A,
A\-Phage DNA Hindlll molecular size markers in kb shown at left. B
to E, Tomato DNA digested with Asp718 (B), BamH]I (C), Bglll (D),
Hindlll (E); F, A-phage clone B7 digested with Asp718; G, A\-phage
clone B7 digested with BamHil; |, clone A4 digested with Asp718; |,
clone A4 digested with BamHI. The four unlabeled lanes in the
center are a copy number reconstruction using the cDNA in
pCGN7100. The A4 clone carries the Asp718 0.8-kb fragment (lane
H), and the B7 carries the Asp718 2.2-kb fragment (lane F), proving,
together with the sequence data in Figure 2, that the two fragments
(lane B) correspond to separate loci. The appearance of a third
band in lane C is due to partial digestion by BamH1 (our unpublished
results).

Only 120 bp of the B locus were sequenced. Its nucleotide
sequence was 88% identical with the corresponding region
of the A locus, and the encoded peptide, from position 619
to 659, differed only in a single residue (Glu** to Asp) from
the corresponding A-encoded peptide. Although the com-
parison is limited, it strongly suggests that the B locus encodes
a second HSP80 protein. Because of the developmental
expression pattern of the A locus (see below), we named it
HSC80.

The sequence of the tomato protein is typical of all previ-
ously characterized eukaryotic HSP80s. It has a predicted
mol wt of 80,500 with 65% amino acid residue identity to
yeast HSP80, 71% to Drosophila HSP80, and 88% to Arabi-
dopsis HSP80. Like other HSP80s, the tomato protein con-
tains a highly charged region composed essentially of basic
and acidic residues between amino acids 210 and 270. Figure
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3 shows the amino acid sequence comparison to Arabidopsis
HSP80.

Expression of the HSC80 Gene

We investigated the tissue distribution of HSC80 mRNA
in tomato by northern blot analysis and found that this
mRNA was very abundant in roots and in shoot apices (Fig.
4). By comparison to concentration standards (see “Materials
and Methods”), it represented from 0.2 to 1% of the total
mRNA in these organs. The abundance of HSC80 message
in leaves was about 10-fold less than in apices. The higher
levels in shoot apex than in mature leaf were found repeat-
edly using both growth chamber-grown and field-grown
plants, indicating that this is a normal pattern rather than a
stress-induced response. Heat shock had little effect on
HSC80 expression in shoot apices because this treatment
increased the level of mRNA by 50% at most. In mature
leaves, however, heat shock did increase expression about
3-fold.

Because we detected two HSP80-type loci by Southern
analysis and cloning, we wanted to determine the contribu-
tion of the A locus to overall gene expression. We used two
different probes: a coding region probe that hybridized to
both the A and the B locus and a 3’ probe that contained the
four carboxy-terminal codons plus the nontranslated, 3'-
transcribed region. This A locus probe was specific, because
it only hybridized to one band in genomic Southern blots
(data not shown). Northern blot analysis indicated that the
A locus is the major contributor to the observed expression
of HSP80, because the A-specific probe and the coding region
probe showed similar patterns of hybridization (data not
shown). The B locus may or may not be expressed.

We next studied the expression of HSC80 in developing
tomato fruits by northern blot analysis of RNA isolated from
ovaries at different times after anthesis, which is also the
time of fertilization. Equal amounts of total RNA from each
developmental stage were subjected to electrophoresis, blot-
ted, and probed with the same coding region probe used
in Figure 4. As shown in Figure 5, the steady-state mRNA
level is very high before and during anthesis and up to 6 d
after anthesis. It decreases abruptly at the onset of ovary
enlargement.

In situ hybridization analysis of HSC80 RNA provided
information about the gene’s histological expression pattern.
Figure 6 shows the pattern of HSC80 mRNA distribution in
root apices. High levels were detected in the apical 2-mm
region representing the meristem. Lower levels were found
in the root cap. The abundance of HSC80 mRNA decreased
in the region 2 to 5 mm from the apex and was very low in
the maturation zone of the root. Figure 7 shows the mRNA
pattern in the floral apical shoot. Flower meristems exhibited
high mRNA levels. The mRNA levels decreased basipetally
along the young stem but remained high in the procambium
and cambial region. In summary, expression of HSC80 can
be observed in all young and dividing cells, whereas mature
cells have a low expression.
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E 6 L ¢ K VvV M X D V L 6 D X V E K V
2919 ATT GTT TCT GAC CGT GTT GTT GAC TCT CCC TGC TGT TTG GTC ACT GGT GAG TAT
I v s Db R V V D 8 P €C C€C L V T G6 E Y
2973GGCTGGMTMAMANMWATTANMGCACMMACTTMGMKC
I M X A Q A L R D S
3027WATGGCTGGATACA!‘G‘I‘CTAGCMMGADCATGGAGAI‘CMCOCAGMMC
A G Y M S S K E
Sou‘l'ocu‘cM‘Gutmcrnmmmecrmtecnmmurmmrcr
E L R D A D XK N D KX s
3135GTGMGGAC?TGGT?C‘I‘CTTGCTI‘TTI‘GLGACTGOCCTTCTCAOCmmf!'fc
v X D L v L L L F E T T
SIOQAGCC'I'CGAGGAGCCAMCACC”TGGCMCAGAAHCACAGGATGT?GAMCTC
§ L B E P N T F G N R I H R M L KX L
3243 GGT TTG AGC ATT GAT GAG GAA AGC GGA GAT GCT GAT GCT GAC ATG CCA GCA TTG
6 L s I D E E 8 G D A D A D M P A L
3297 GAG GAT CCT GAA GCT GAT GCT GAG GGC AGC AAG ATG GAG GAG GTT GAT TAA
T D P E A D A E G S8 X M E E V D

GTTCATTAAT GTTTTGATAG TTTTATGGGT TCCTTTACTA CTACTTTATT CCCTAGTTTT TGCTTTATCC
CATCAGAACA ATATGTGAGG GTTTTAATGC CGTTCTTTTA GAATGGCAGT TCAATGTTAG GTTATAATTC

TCTTTTTTGT TTTGACATTIC GTGGTTGATA TAGTTTATTT TCTTGCCC
3535

Figure 2. Nucleotide sequence of the HSC80 locus and amino acid
sequence of the putative encoded protein shown in one-letter

Expression of Gus under the Control of the
HSC80 5’ Region

To assess the contribution of the 5’ region of the HSC80
gene to expression and to confirm the above-reported expres-
sion pattern of this locus, we constructed a fusion of the
HSC80 promoter region to the Gus reporter gene encoding
B-glucuronidase (Gus, encoded by gusA, previously uidA; ref.
15) and studied its expression in plants. We subcloned a
2130-bp EcoRI to Bglll fragment encompassing the +60 to
—2070 region from the start of transcription. This region was
placed in front of the Gus reporter gene and the transcription
termination region from the mas gene was placed 3’ to the
Gus gene. The chimeric gene, designated HSC80-Gus, was
introduced into a binary vector, the vector was transformed
into A. tumefaciens, and the resulting bacterial strain was used
to generate transgenic tomato plants by cocultivation of co-
tyledonary explants. The structures of the HSC80 locus, the
HSCB80-Gus gene, and the binary vector T-DNA are shown
in Figure 8.

Seed was collected from the primary transformants (T;)
and used in the following characterization. Seven independ-
ent transformant families were studied; these were the groups
of siblings (T,) produced by selfing each T; plant. We first
characterized the expression of HSC80-Gus in the root. About
fifteen seeds per family were surface sterilized and germi-
nated on agar. Root tips were excised from the seedlings and
stained with the indigogenic substrate X-Gluc. Figure 9 shows
the root of a seedling from the 7129-10 family and provides
an example of the observed expression pattern. All roots
tested accumulated blue indigo dye in the apex. Expression
was concentrated in the apical 1 mm corresponding to the
root meristem and decreased rapidly to nondetectable levels
in the root elongation and maturation zones. Some expression
was evident in root cap cells but at lower levels than in the
meristem. Mature roots did not stain. However, lateral root
primordia stained as intensely as did the main root apex.
Figure 9 shows two early primordia exhibiting strong HSC80-
Gus expression. These primordia are at the very early stage
of formation corresponding to proliferation of initials from
the tap root pericycle. As primordia emerged from the pri-
mary root and developed into morphologically mature roots,
their staining pattern was the same as that of the tap root
apex.

Visual comparison of the different families allowed their
classification as strong, medium, and low expressers, depend-
ing on the intensity of the stain. Variation among families
was much greater than variation within each family, despite
the expected segregation of each T-DNA in homozygotic and
heterozygotic siblings. Therefore, interfamiliar differences are

codes. The nucleotides where mRNA initiation was mapped are
underlined (beginning of second line). We could not determine
accurately which of the two nucleotides is the initiation site. The
region with good homology to the TATA box motif has been marked
by asterisks located above the nucleotide symbols. A region with
good homology to the heat-shock regulatory element (1, 22) is also
shown marked with lines above the nucleotide symbols. This entire
sequence has been deposited in GenBank with the accession No.
M96549.
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Figure 3. Amino acid residue similarity of tomato HSC80 protein
to Arabidopsis HSP80 (HSP83 in ref. 6). The top line lists the amino
acid sequence of tomato HSC80. The line below shows residues
that differ in Arabidopsis HSP80 (6). The two sequences were
manually aligned on a word processing program to obtain maximum
overlap. The markings in the consensus line extend the comparison
to the HSP80s of other phyla. ® marks residues conserved in most
organisms; O marks residues conserved in some organisms; - rep-
resents residues missing from either the tomato or Arabidopsis
HSP80.
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Figure 4. Detection of HSC80 mRNA in shoot apices and mature
leaves of normal and heat-shocked tomato plants. Equal amounts
of total RNA were loaded in each gel lane, subjected to electropho-
resis, and analyzed by northern blot hybridization. The probe used
was the 3’-transcribed, untranslated region of HSC80. The hybrid-
ization pattern obtained with a coding region probe was essentially
undistinguishable from the one above. A, Apical shoot RNA from
plants grown in growth chamber at 25°C; B, apical shoot RNA from
field-grown plants; C and D, apical shoot RNA from plants heat
shocked at 1 h at 42°C (C) and 2 h at 55°C (D); E, total root system
RNA from plants grown in growth chamber at 25°C; F, mature leaf
RNA from plants grown in growth chamber at 25°C; G, mature leaf
RNA from field-grown plants; H and I, mature leaf RNA from plants
heat shocked at 42°C for 1 h (H) and at 55°C for 2 h (I); J, DNA
molecular size standards in kb shown at right.

likely to reflect true differences in expression among inde-
pendent transformants. The seedling root analysis is given in
Table I. Two families exhibited an altered expression pattern.
The 7129-8 seedling family showed strong expression in the
root cap in addition to the meristem. A second exception to
the expression pattern described above was exhibited by

Days post-anthesis
PAA123 45 6 7101417 21

PIRTA (T PR p—— 3
1.35 Kb— .
.
HSP80 .
. - .
PA A 1 4 7 10 14
° 0 0 0 @
ovary size

Figure 5. Detection of HSC80 mRNA during tomato fruit develop-
ment. Total RNA was isolated from ovaries dissected from staged
flowers and fruits. Equal amounts of RNA were gel electrophoresed,
blotted, and probed with an HSC80-coding region fragment. PA,
Preanthesis; A, anthesis and the time of fertilization. The sketches
below illustrate fruit development at each time.
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seedlings of the 7129-4 family, in which the pattern of indigo
accumulation was meristem specific but variegated. Varie-
gation was manifested within each apex by the appearance
of nonstaining longitudinal sectors.

Heat-shock treatment was administered to seedlings by
exposure to 42°C for 2 h. This treatment resulted in decreased
intensity of staining in the apices when compared with
control seedlings kept at 25°C, but did not cause different or
stronger staining of any other seedling part.

Some of the Gus-positive seedlings were transplanted and
grown in a greenhouse. Different parts of these plants were
then assayed for Gus expression by the fluorogenic assay
using the substrate 4-methylumbelliferyl p-glucuronide. The
highest specific activity was measured in shoot apices, but in
some plants considerable activity was found in mature leaves
as well. Remarkably, we found very large quantitative differ-
ences between different transformants. Figure 10 (A and B)
shows Gus activities in three transformants: 7129-10 and
7129-8 are members of families exhibiting high-level expres-
sion of HSC80-Gus in roots, whereas in family 7129-14,
medium-level expression was found. However, 7129-10 ex-
hibited high-level expression in the shoot, whereas both
7129-14 and 7129-8 exhibited 1000-fold lower expression
in this tissue. Heat shock was induced in these plants by
subjecting them to 42°C for 2 h, but expression of HSC80-
Gus in mature leaves did not increase (Fig. 10C).

DISCUSSION

We have isolated a tomato gene encoding a protein closely
related to HSP80 of yeast, Drosophila, and Arabidopsis. The
degree of amino acid sequence identity to these proteins is

Alga—im*

("

Figure 7. Localization of HSC80 mRNA in tomato floral apex. A, In
situ mRNA hybridization of an HSP80 antisense probe to fixed
sections of tomato shoot apex. The dark granular material is formed
by silver grain, and its presence indicates hybridization and reten-
tion of the probe. The horizontal bar on the right corresponds to
100 um. B, Control hybridization with a sense HSC80 probe. The
picture in B was overexposed to allow visualization of the plant
section. fm, Floral meristem; pc, procambium.

very high: 65% to yeast HSP80, 71% to Drosophila HSP80,
and 88% to Arabidopsis HSP80. This indicates that the protein
encoded by the tomato gene belongs to the HSP80-HSP90
family. We designated this gene HSC80 to emphasize its
developmental regulation rather than its heat-shock regula-
tion. Southern analysis and genomic cloning also identified
a second locus, the B locus, putatively encoding an HSP80.
Several observations indicate that the HSC80 gene, corre-
sponding to the A locus, is expressed in a developmentally
regulated fashion. First, we isolated tomato HSC80 by differ-

Figure 6. Cytological localization of HSC80
mRNA in a tomato root tip. Antisense RNA
labeled with 35S and complementary to HSC80
mRNA was hybridized to a median longitudinal
section of a root apex from a seedling primary
root. A, View from root cap (rc) to elongation
zone by interference optics. The bar corre-
sponds to 70 gm. The distribution of black silver
grains localizes HSC80 mRNA to the apical 1
mm. The intensity of the signal decreases to
background above the shown region. Trans-
verse sections 1 cm from the root apex show
accumulation of silver grains in the pericycle
(data not shown). Control hybridizations using
a sense HSC80 probe showed negligible signal
(see Fig. 7). B, Enlarged bright-field optics view
of the root tip showing root cap and meristem.
The bar corresponds to 35 um. C, Same as B
but viewed by phase contrast optics.
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Figure 8. Structure of the HSC80 locus, of the HSC80-Cus chimeric
gene, and of the T-DNA in the binary vector pCGN7129. In the
HSC80 locus, the white boxed regions represent nontranscribed
DNA, the stippled regions represent transcribed, noncoding DNA,
the black regions represent coding DNA, and the raised lines
represent two introns, labeled “ivs1” and “ivs2,” respectively. The
numbers in the 5’-promoter region define nucleotide positions
relative to the point of transcription initiation. In the drawing of the
T-DNA of pCGN7129, the only region derived from the HSC80
locus is the promoter, identified by the numbers —2070 to +58.
The NPT gene consists of the mas promoter, the NPT gene, and
the mas termination region. The arrow inside the NPT box shows
direction of transcription. Details of the binary vector used
(pCGN1547) can be found in the paper by McBride and Summerfelt
(19).

ential screening of a cDNA library constructed with mRNA
purified from normal (non-heat shocked) tomato shoot ap-
ices. Clone pCGN7100, encoding HSC80, showed strong
hybridization to cDNA probes prepared from shoot and root
apex mRNAs and weaker hybridization to a cDNA probe
prepared from mature leaf mRNA.

Second, northern blot hybridization and in situ RNA hy-
bridization analysis of HSC80 expression in several organs
indicate that this gene is preferentially expressed in apices.
In tomato roots, HSC80 mRNA is abundant in all cells of the
apical first millimeter except those in root caps. In the mature
root, hybridization is only found in the cambial region. Both
vegetative and floral shoot apices show strong expression of
this gene, whereas little expression is seen in maturing and
mature cells. After fertilization and during fruit formation,
we observed strong expression until day 6 postanthesis,
coinciding with a phase of rapid cell division, after which
time the steady-state level of the mRNA decreased.

Third, 2 kb of the HSC80 5’ region is sufficient to confer
developmental regulation on a heterologous marker gene.
The HSC80-Gus chimeric gene transformed into tomato was
expressed preferentially in shoot and root apices, as detected
by histochemical and fluorogenic Gus assays. The association

Plant Physiol. Vol. 100, 1992

with proliferating cells is exemplified by the strong histo-
chemical reaction in developing root primordia, which turn
dark blue, whereas the neighboring mature tissues show no
histological reaction.

Fourth, two features of the HSC80 gene have been found
to be usually associated with developmentally regulated heat-
shock cognate genes rather than heat-shock-regulated genes:
the presence of two introns in the transcribed region and the
presence of a single consensus heat-shock element in the
promoter region (12).

The presence of a single heat-shock element in the pro-
moter may explain the increase in steady-state mRNA con-
centration after heat shock. Whereas this increase is detecta-
ble, it is small in comparison to the large induction observed
for HSP80 in Arabidopsis (6). A second gene (the B locus)
encoding a putative protein of the HSP80 type was also
cloned from tomato. It is possible that this locus may be
predominantly heat shock regulated. Our data provide no
information about its expression because of the stringent
hybridization conditions used in our northern analyses. Fig-
ure 1 shows that under stringent hybridization conditions the
B locus hybridizes weakly to the HSC80-coding region probe
and, therefore, would contribute proportionately less than
HSCB80 to a northern hybridization signal. Because cultivated
tomato is inbred, it is unlikely that the A and B clones
represent alleles of the same gene. Low-stringency hybridi-
zation of the HSC80 probe to tomato DNA failed to detect
additional loci.

Two HSP80 genes are present in yeast, a single HSP80 is
present in Drosophila, and two HSP80 genes and several
HSP80-related proteins have been found in mammals (18).
In yeast, one HSP80 locus is expressed during development
and is referred to as HSC82, and the second, called HSP82,
is induced to the level of the first only during heat shock.
Borkovitch et al. (3) showed that the two loci are functionally
interchangeable and suggested that their combined regulation
allows flexible expression of a protein always needed in
abundant amounts but required in even higher concentra-
tions during heat shock. In contrast, HSP70 is encoded by
several loci in plants (7, 28, 29) and in other organisms (18).

The human and Drosophila HSP80 genes differ from to-
mato HSC80 by having an intron, 1000 to 1500 bp long, in
the 5’-noncoding region (24, 30). This is the only intron
present in the Drosophila HSP80 gene. Intron 1 of human
and Drosophila could participate in gene regulation, because
it contains matches to the heat-shock regulatory element
consensus. In the human HSP80 gene, there are 10 additional
introns interspersed through the coding region. Comparison
of the tomato and human genes shows a striking similarity:
intron 1 of the tomato gene and intron 2 of the human gene
have identical positions between the codons for Asp*' and
Ala*” (tomato HSC80 positions) in a region conserved among
all HSP80s. There is no further correspondence in intron
positions.

The expression pattern of the HSC80-Gus gene reproduced
most but not all of the expression features of the HSC80
gene. By northern blot analysis, the ratio of expression of
apex to mature leaves is about 10 for the endogenous HSC80
gene. A similar ratio is found for HSC80 in the transgenic
plants 7129-14 and 7129-8, but a ratio of 2 was found in
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transgenic plant 7129-10. HSC80-Gus was not induced 2- to
3-fold by heat shock as was observed for HSC80 mRNA.
These discrepancies could be due to the differences in the
parameters measured, mRNA levels versus Gus enzyme ac-
tivity, or to the absence of additional HSC80 regulatory
elements in the HSC80-Gus construct. They do not alter the
basic conclusion that the HSC80 gene is developmentally
regulated. In future studies, we will test whether the intron-
containing region or the 3’ region of HSC80 have regulatory
properties when incorporated in chimeric genes.

Why is HSC80 preferentially expressed in plant apices?
HSP80 interacts with several proteins. The animal and the
Achlya bisexualis homologs bind to steroid receptors. Steroids
release the receptor from the complex with HSP80, allowing
the receptor to function as a transcription factor (18). The
interaction between steroid receptors and HSP80 has a reg-
ulatory effect, because depletion of HSP80 resulted in failure
to activate steroid-regulated genes (23). Binding of specific
factors by HSP80 could also occur in plants. Cells in shoot
and root apices are poised to differentiate into mature tissues
and organs. It is conceivable that HSP80 may form complexes
with certain regulatory proteins designed to sense chemical
or physical factors and activate a response or developmental
path. The association of HSP80 with actin (17) and tubulin
(26) may play a role in the assembly and disassembly (8) of

Table I. HSC80-Cus Expression Pattern in the Tap Root of
Transgenic Tomato Seedlings

The analysis of each transformation event was carried out using
the progeny of the original transformant. The 0- to 10-min apical
section of the tap roots was excised from 2-week-old seedlings and
incubated with the indigogenic Gus substrate X-Gluc. About 15
siblings were analyzed per transformation family. Regions of high
Gus expression accumulated a blue indigo precipitate (see Fig. 9).
The apical pattern corresponds to a positive response in the 1.5
mm of the apex and in lateral root initials. The variegated pattern
corresponds to alternating positive and negative longitudinal sectors
in the apex. All families exhibited light staining in root cap cells,
with the exception of 7129-8 seedlings, which showed intense
HSC80-Cus expression in the root cap. The intensity estimate was
based on visual evaluation of several individuals per family.

Root Staining with X-Gluc

Transformant

No. Pattern Intensity
7129-2 Apical Medium
7129-4 Apical/variegated Low
7129-5 Apical Low
7129-7 Apical Medium
7129-8 Apical + root cap High
7129-9 Apical High
7129-10 Apical High
7129-14 Apical Medium

LATERAL LATERAL
PRIMORDIUM ke PRIMORDIUM
—_(top view) | (side view)
o o

150 um

APEX

Figure 9. Expression of HSC80-Gus in the tap root of a transgenic tomato seedling. The T, seedling, the progeny of an original transformant,
is one of the 7129-10 family (see “Results” and Table I). The photomicrograph was taken with Nomarski interference optics. Accumulation
of dark indigo dye is visible in the root tip and in secondary root primordia, marking cells with high HSC80-Gus expression. Control plants

showed no staining.
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Figure 10. Expression of HSC80-Cus in different tomato organs
under normal growth conditions and effect of heat shock on expres-
sion in mature leaves. A, Transformants 7129-8, 7129-14, and
untransformed progenitor UC82B. B, Transformant 7129-10 and
control UC82B plant. C, Heat-shock effect on HSC80-Gus gene
expression. Readings before and after heat shock are shown for
each transformant.

the mitotic spindle and of the phragmoplast and, in primary
cell wall deposition, all processes predominantly active in
plant apices. Interaction of cytoskeleton proteins with HSP80
may facilitate these cellular processes or be a requirement for
cytoskeletal function.

NOTE ADDED IN PROOF

Takahashi et al. (Plant Physiol 99: 383-390) characterized two
HSO80 genomic clones from Arabidopsis. One was heat-shock reg-
ulated, the other was expressed in the absence of heat-shock.
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