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Abstract

The heat shock (hs) response during plant growth and development was analyzed in tobacco and
Arabidopsis using chimaeric f-glucuronidase reporter genes (hs-Gus) driven by a soybean hs promoter.
Fluorimetric measurements and histochemical staining revealed high Gus activities in leaves, roots, and
flowers exclusively after heat stress. The highest levels of heat-inducible expression were found in the
vascular tissues. Without heat stress, a developmental induction of hs-Gus was indicated by the accu-
mulation of high levels of Gus in transgenic tobacco seeds. There was no developmental induction of
hs-Gus in Arabidopsis seeds. In situ hybridization to the RNA of the small heat shock protein gene
Athspl7.6 in tissue sections revealed an expression in heat-shocked leaves but no expression in control
leaves of Arabidopsis. However, a high level of constitutive expression of hs genes was detected in
meristematic and provascular tissues of the Arabidopsis embryo. The developmental and tissue-specific
regulation of the hs response is discussed.

Abbreviations: hs, heat shock; Hsp, heat shock protein(s); hs-Gus: heat-inducible Gus gene(s); HSE, heat
shock element(s); HSF, heat shock factor; X-gluc, 5-bromo-4-chloro-3-indolyl-f-D-glucuronide; Gus,
p-glucuronidase; DAF, days after flowering; SAR, scaffold attachment region.

Introduction been demonstrated for almost all Hsp belonging

to different molecular weight groups [for review

The heat shock response is a stress phenomenon
in many organisms including plants. This re-
sponse, induced by an elevation of the ambient
temperature, is characterized at the molecular
level by de novo synthesis of heat shock proteins
(Hsp). At the same time, cells and organisms ac-
quire an increase in thermotolerance. The func-
tional role of Hsp as molecular chaperones has

see 35] including the small Hsp (HSP20 group)
of human [17] and plant cells [19]. The plant-
specific aspects of the hs response, such as the
abundant synthesis of small Hsp in soybean and
other species, are not yet understood. There may
be a higher demand for this group of heat-
inducible chaperones in the cytoplasm, inside the
chloroplast, and in the absence of hs during cer-
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tain stages in embryogenesis. Developmental
regulation of Hsp synthesis is indicated by the
presence of mRNAs {3, 8, 10, 21, 37] and Hsp
[1, 5, 7, 11, 14, 35] in seeds of several plant
species. Interestingly, small Hsp seem also to play
a role in experimentally induced embryogenesis
as shown by their induction during microspore
embryogenesis in Brassica napus [22].

A major question with regard to Hsp synthesis
during plant growth and development concerns
the temporal and spatial regulation of the hs re-
sponse. In the present study, we have addressed
this question by using a suitable hs promoter-
driven Gus gene for qualitative and quantitative
measurements of the hs response in different tis-
sues of transgenic tobacco and Arabidopsis plants.
It has been previously shown that the soybean hs
promoter of Gmhspl7.3-B is faithfully regulated
by hs in tobacco leaves. Promoter elements for hs
induction (HSE) and for enhancement of tran-
scription have been characterized [23, 27, 28, 30].
In this paper, we report on quantitative differ-
ences for heat-inducible expression between dif-
ferent tissues and for the developmental induc-
tion during embryogenesis between tobacco and
Arabidopsis. The term ‘developmental regulation’
used in this paper refers to the induction of hs
gene expression in the absence of an environmen-
tal stress during embryogenesis. High levels of
developmental expression of hs genes in the Ara-
bidopsis embryo, as shown by in situ hybridiza-
tions of the mRNA, were found in meristematic
and provascular tissues.

Materials and methods
Plant material

Different transgenic lines of Nicotiana tabacum cv.
Samsun containing the heat-inducible g-glucu-
ronidase gene were used: (1)a -321/ - 12-Gus-
transformed line containing the Gmhspl7.3-B
promoter (position -321 to —12 relative to the
start codon) fused to the Gus reporter [30]; (2) a
—-593/ — 12-Gus-transformed line containing the
Gmhspl7.3-B promoter with an upstream en-
hancer region (position —593 to -12 relative to

the start codon) fused to the Gus gene [29]; (3) a
SHS3252-transformed line containing -321/
— 12-Gus flanked at both sides by fragments of
a soybean scaffold attachment region (SAR) for
enhanced and stable expression in transgenic
plants [30]. Thus, all heat-inducible Gus genes
contain the same Gmhspl7.3-B promoter with
multiple HSE, the binding sites for the transcrip-
tion factor HSF [16]. The transcriptional start
site is localized at position —100 [26]. A consti-
tutive CaMV 35S8-Gus expression line [24] was
used as a control. Transgenic Arabidopsis thaliana
plants (Columbia) containing the —321/ — 12-Gus
construct or the SAR-flanked construct SHS3252
[30] were generated by Agrobacterium Ti-plasmid-
mediated root transformation as described by
Severin et al. [32]. For each construct, the trans-
genic line with the highest hs induction factor for
hs-Gus was selected and taken for the experi-
ments described.

Plant growth

Seeds were surface-sterilized for 20 min in a satu-
rated calcium hypochlorite solution and then
washed several times in deionized water. The
seeds of transgenic tobacco were germinated on
solid MS plant medium or on moistened What-
man 3MM paper with 100 mg/l kanamycin. After
two weeks, plants were transferred to soil culture
and grown for 1-6 months. Arabidopsis seeds were
imbibed at 4 °C overnight and the incubation
temperature was then shifted to 25 °C for germi-
nation. The standard growth conditions were
25 °C at 60%, humidity in a light/dark cycle of
16 h/8 h for all experiments.

Heat stress treatment

Heat stress conditions for tobacco were 2 h at
40 °C and for Arabidopsis 2 h at 37 °C. The tis-
sue was submerged in 19, sucrose and 1 mM
KH,PO, buffer, pH 6.0, in a shaking water bath.
Control tissue was treated in the same buffer at
25 °C. Plant material was collected in different



developmental stages. Twenty individual seeds or
seedlings were used at early growth stages. At
later stages, four different plants were analyzed.
From each plant, two opposite leaves at same
developmental levels were collected and subjected
to heat stress.

Fluorometric Gus assay

Activity of B-glucuronidase (Gus) was determined
in protein extracts from plant tissues using the
fluorometric assay described by Jefferson [18].
Aliquots of 0.5 ml containing 10-20 ug total pro-
tein and 1 mM 4-methylumbelliferyl-g-D-glucu-
ronide were incubated for 0, 30, 60 and 90 min at
37 °C. The concentration of 4-methylumbellifer-
one was determined from the linear slopes of the
fluorescence at 445 nm in a Hitachi F-2000 spec-
trofluorometer. Gus activity was calculated as
pmol/min per mg protein. Protein concentrations
were determined according to Bradford [4].

Histochemical Gus assay

Plant material was embedded in acryl-methacry-
late (Historesin; Reichert and Jung) and stained
with X-gluc (5-bromo-4-chioro-3-indolyl-g-D-
glucuronide), a substrate for -glucuronidase, as
described by De Block and Debrouwer [6]. The
embedding protocol was modified in that the steps
of dehydration with water diluted acetone and
infiltration with Historesin were performed under
vacuum and shortened to one hour. The entire
embedding protocol was consequently shortened
to one day. Sections of 10 um were cut using a
microtome (Reichert and Jung) and slices were
incubated in X-gluc overnight. The stained sec-
tions were photographed with a Zeiss Axioskop
photomicroscope.

In situ hybridization

Leaves were fixed by vacuum infiitration with 4%,
paraformaldehyde in a buffer containing 130 mM
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Na(Cl, 7mM Na,HPO,, 3 mM NaH,PO,, and
0.3 M sucrose for one hour at 4 °C. This was
repeated in the same buffer but with 0.5 M su-
crose. Fixed leaves or dry seeds were embedded
in Tissue-Tek O.C.T. Compound (Miles) and
10 um sections were cut using a cryotome
(Reichert and Jung). In situ hybridizations were
performed according to Hogan et @/. [15] using a
*38-labelled riboprobe (10> dpm/ul) derived from
the class I Arabidopsis hs gene Athspl7.6 [12] or
from the class I tobacco hs gene NthspI8P [36].
For autoradiography, sections were coated with
K.2 emulsion (Ilford) and subsequently exposed
in the dark for up to 3 weeks. Processing of the
K.2 emulsion was according to the manufactur-
er’s instructions. The tissues were visualized by
staining with toluidine blue. Sections were pho-
tographed using a Zeiss Axioskop photomicro-
scope.

Results
Differences of hs-Gus activities in tobacco

Transgenic tobacco containing the SAR-en-
hanced hs-Gus construct (SHS3252) was used in
this analysis. The Gus activity in different tissues
and developmental stages was determined with
and without prior hs. For the quantitative deter-
mination of Gus activity, young tobacco leaves
with a maximum leaf length of 2 ¢cm, middle-aged
leaves (not fully expanded and with a leaf length
of about 8—10 cm) and fully expanded but not yet
senescent leaves were separately collected and
cut into leaf tip, leaf marginal region, leaf base,
and the central area containing the main vascu-
lar tissue. Fully expanded leaves showed the high-
est level of heat-inducible Gus activity (Fig. 1).
Leaf tips and marginal regions showed higher ac-
tivities than central areas or the leaf bases and the
levels were generally lower in younger leaves.
Constitutive expression in leaves was not detect-
able. During flower development, there was no
heat-inducible Gus activity detectable in young
buds but it was detected in petals and immature
seeds. At the time of seed maturation (at about 30
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Fig. I. Gus activities in different tissues of hs-Gus transgenic tobacco. Fluorometric measurements of Gus activity in untreated
(c, control) and heat-shocked (hs) tobacco transformed with the SAR-enhanced hs-Gus construct. Leaf material was separated
by age (y, young; m, middle-aged; o, old) and dissected into tip, leaf margins, central leaf, and leaf base. Reproductive organs (buds,
petals, capsules, seeds (i, immature; m, mature)) were collected in the course of development.

DAF), constitutive activity of the hs-Gus con-
struct increased to levels of up to 509, of the
heat-inducible Gus activity.

Histochemical analysis of hs-Gus expression in to-
bacco and Arabidopsis

Histochemical staining of Gus activity was used
for a higher resolution of tissue-specific differ-
ences in hs gene expression. Sections of trans-
genic tobacco and Arabidopsis tissues containing
the same hs-Gus gene construct (SHS3252) were
analyzed. Some of the original data for tobacco
and Arabidopsis are exemplified in Fig. 2.

Gus staining in seeds was different between
tobacco and Arabidopsis. No staining in seeds
could be detected for transgenic Arabidopsis, nei-
ther with nor without prior heat stress (data not
shown). In contrast, in transgenic tobacco Gus
staining was visible in all tissues of the seed
(Fig. 2A). The staining was independent of a prior
heat stress. In the endosperm, the signal was
weaker and showed some variation. The stron-
gest signal was detected in the meristematic tis-
sues (Fig. 2B). Wild type tobacco controls did
not show any Gus staining (data not shown).

In the non-embryonic tissues under investiga-
tion, Gus staining was dependent on a prior hs.
The leaf margin was in general more intensely

stained than central parts of the tobacco leaf. In
cross sections, staining is present in all cell types
with the strongest signal in the xylem cells of the
central vascular tissue and a weaker staining in
cells of the epidermal layer and in parenchyma
cells (Fig. 2C, E). In Arabidopsis, the staining de-
creased considerably from the base to the tip of
the leaf as seen in serial cuts. Only a weak signal
could be detected in the peripheral parts of the
leaf (data not shown). The cells of the cambium
in between xylem and phloem were preferentially
stained (Fig. 2F). A much weaker staining was
detected in the other cell types of the leaf. In both
tobacco (Fig. 2D) and Arabidopsis (data not
shown), the major staining areas of the roots are
located above the root tip.

Developmental regulation of the soybean hs promoter
in tobacco

The hs response of tobacco and Arabidopsis, as
indicated by the induction of the chimaeric hs-
Gus, was similar in the vegetative tissues but
seemed to be different in the embryo. Due to the
lower sensitivity of the histochemical analysis
(compared to the fluorometric Gus assay), it could
not be excluded that the differences between the
two species were only quantitative and that lower
levels of Gus activity escaped detection in Ara-
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Fig. 2. Expression of hs-Gus in tobacco and Arabidopsis visualized by histochemical Gus staining. A longitudinal section of a
tobacco seed (A) and an embryo from a mature seed (B) are shown (no prior heat shock). Tobacco leaves without (left) and after
heat shock (right) were cross-sectioned through the marginal region (C). The longitudinal section of a tobacco root (D) and the
cross sections of the central vascular system of a tobacco leaf (E) and of the central vascular system of the Arabidopsis leaf base
(F) were obtained from heat-shocked tissues. Sections shown on the right of C and in E were from the same leaf. a, axis; ¢,
cotyledons; e, endosperm; p, phloem; x, xylem; arrow, meristematic tissue of the shoot; bars: 200 ym.

bidopsis seeds. To answer this question, Gus
activity was determined in seeds and leaves of the
SHS3252-transformed lines of both species
(Table 1). As expected, dry and imbibed seeds of

tobacco but not of Arabidopsis showed constitu-
tive levels of Gus activity. Heat shock had no
significant effect on the Gus levels in seeds. Heat-
inducible Gus activity was detectable in mature
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Table 1. Gus activity (pmol/min per mg protein) in seeds and
leaves of transgenic Nicotiana tabacum and Arabidopsis
thaliana.

Species Construct?® Seed Leaf
c? hs® c® hs®
N. tabacum SHS3252 2741.3 22420 55.0 2343.9
—-593/-12-Gus 805.1 735.8 32,6 7133

-321/-12-Gus  59.1 83.0 12.3 183.2
CaMV-355-Gus 835.6 nd® 2246.0 nd¢

A. thaliana SHS3252 70.0 84.2
-321/-12-Gus

26.5 3210.0
8.1 nd¢ 104 156.1

2 See Materials and methods, ® Control (without heat shock),
° Heat shock, ¢ Not determined.

leaves of both plants to about the same level
(Table 1).

The involvement of SAR elements in develop-
mental regulation in tobacco was excluded by
testing hs-Gus constructs without SAR elements
(-321/-12-Gus and -593/-12-Gus). Both
constructs contain the same promoter as
SHS3252 but -593/-12-Gus retains an en-
hancer upstream of the native hs promoter {2,
23]. With both constructs, constitutive Gus ex-
pression in tobacco seeds was detectable and with
the high expression -593/ — 12-Gus construct re-
liable quantitative data were obtained. With the
—593/ — 12-Gus construct, proportions of consti-
tutive Gus activity in seeds and heat-inducible
levels of Gus in leaves are very similar to those
for SHS3252. No developmental induction of hs-
Gus could be detected in Arabidopsis transformed
with the construct —-321/ - 12-Gus (Table 1).

Using the CaMV 35S promoter-driven Gus
gene as a control, constitutive levels of Gus ac-
tivity were lower in the seeds than in the leaves
of tobacco. This control excludes the possibility

that developmental expression of hs-Gus is due
to an unspecific stimulation of transcription in
seeds compared to leaves. Hence, the elevated
Gus activity in tobacco seeds must be a specific
effect of developmental regulation of gene expres-
sion under control of the hs promoter.

Expression of Athspl7.6 mRNA in the embryo and
in leaves of Arabidopsis

The endogeneous hs response in tobacco (data
not shown) and Arabidopsis was investigated by
in situ hybridization using radioactively labelled
antisense RNA against NthspI8P mRNA and
Athsp17.6 mRNA. Hybridization was detected in
the seeds and the heat-shocked leaves of both
plants. The results for Arabidopsis demonstrate a
high density of silver grains in the embryo that is
coincident with the meristematic tissues of the
root tip, the shoot meristem at the base of coty-
ledons, and the provascular tissues (Fig. 3). In
longitudinal sections, the root and shoot meristem
(Fig. 3A, B) and partially the central procambium
of the axis are stained with silver grains. Cross
sections of the embryo clearly demonstrate a more
intense staining of the vascular cords of the coty-
ledons (three in each one) and of the procambium
of the axis than of the other surrounding tissues
(Fig. 3C, D). The specificity of hybridization for
the mRNA is confirmed by the lack of silver grains
in control hybridizations using sense RNA probes
that had been labelled to the same specific activity
as the antisense probes. One example of a longi-
tudinal section control is shown in Fig. 3G.
The ir situ hybridizations to cross sections of
mature Arabidopsis leaves show a high density of
silver grains over the leaves that had been sub-
jected to a prior heat shock. The grains accumu-

Fig. 3. Expression of small Hsp-mRNA in Arabidopsis visualized by in situ hybridization to tissue sections. Photomicrographs under
dark-field illumination show the density of autoradiographic silver grains (A, C, E, G, H), whereas the histological structure was
visualized under phase contrast conditions (B, D, F). The longitudinal section (A, B) and the cross section (C, D) of mature seeds
and the cross section of a heat-shocked leaf (E, F) were hybridized with antisense RNA. For control, sections of seeds were in-
cubated with sense RNA (G) and cross sections of leaves (without heat shock) were incubated with antisense RNA (H). a, axis;
¢, cotyledons; large arrows, meristematic tissues; small arrows, provascular tissues in axis and cotyledons; bar: 200 um (for all

photomicrographs).



79




80

late throughout the section but preferentially
around the vascular tissues (Fig. 3E, F). Although
hybridized to the same probe as the sections
shown in Fig. 3A, B, C, D, E and F, the leaf
sections from plants without heat stress show only
a very low background signal (Fig. 3H).

Discussion -

We have shown that in tobacco and Arabidopsis
a Gus reporter gene under the control of a soy-
bean hs promoter is expressed differentially with
respect to development and tissue specifity. Heat-
inducible Gus activity could be detected in most
vegetative tissues of tobacco and Arabidopsis. In
both systems, cells of the vascular tissue were
preferentially stained in the histochemical assay.
The seeds of transgenic tobacco showed high Gus
activity even in the absence of hs with the most
intense staining in the meristematic tissues. No
Gus activity was found in seeds of Arabidopsis.

The in situ hybridizations to leaves of tobacco
and Arabidopsis revealed a pattern of expression
for endogenous hs-mRNA similar to that of the
histochemical staining for the Gus reporter. The
hs-mRNA was strictly heat-inducible in all cells
of the leaf and the highest hybridization signal
was localized in the vascular tissues. These find-
ings are in accordance with previous experiments
where the mRNA of small Hsp and tissue-specific
differences of expression were detected only in
extracts of heat-shocked tissues [20, 25]. In ad-
dition, the mechanism of heat inducibility is con-
served when reporter genes driven by the respec-
tive promoters are examined [23, 27, 30, 31] and
hs-induced mRNA levels of the Gmhspl7.3-B
gene are almost identical in soybean and trans-
genic tobacco [2]. These results indicate that het-
erologous hs-Gus constructs are reliable report-
ers of the environmentally induced hs response in
vegetative tissues.

On the other hand, the in situ hybridizations
demonstrated the presence of hs-mRNA in all
cells of tobacco and Arabidopsis seeds even with-
out heat treatment. By far the strongest signal
could be detected in the provascular and mer-

istematic tissues. This pattern of expression is
similar to the pattern of Gus expression in seeds
of tobacco plants containing the hs-Gus con-
struct. Moreover, hs-mRNA was detected in
seeds of wheat [11], sunflower [ 1, 5] and pea [7]
grown in the absence of heat stress. Beside the
embryo-specific expression, developmental ex-
pression of small Hsp is indicated by the detec-
tion of mRNA during pollen development and
starvation-induced microspore embryogenesis.
The appearance of hs-mRNA is paralleled by
elevated Gus activity during pollen development
and microspore embryogenesis in tobacco trans-
formed with the hs-Gus construct SHS3252 [36].
Thus, hs-Gus mirrors the developmental regula-
tion of the hs response in this species.

In contrast to tobacco, no Gus activity was
detectable in seeds of transgenic Arabidopsis,
whereas in situ hybridizations proved the pres-
ence of the mRNA of small Hsp. In non-
embryonic tissues, the Gus activity was faithfully
regulated by hs. It is not known whether the lack
of Gus activity in Arabidopsis seeds is due to an
inefficient recognition of the promoter by the de-
velopmental signal or is a consequence of post-
transcriptional events interfering with the Gus ex-
pression. Post-transcriptional difficulties in seeds
seem possible since even an Arabidopsis hs pro-
moter was unable to yield detectable levels of Gus
activity in Arabidopsis seeds [33].

The first report on the histological distribution
of small Hsp in seeds was published recently [5].
In contrast to the homogeneous staining of im-
munologically detected small Hsp in tissue prints
of the sunflower embryo, our resuits with in situ
hybridization reveal a high tissue specifity of the
hs response. Insitu hybridization specifically
shows the abundance of the mRNA at the end of
maturation and desiccation and identifies the tis-
sues that rely on newly synthesized Hsp during
early germination. In this context, it is important
to note that plastid-localized HSP26 in barley is
accumulated during early germination and may
have probably been synthesized after imbibition
[20].

What is the function of small developmentally
induced Hsp in embryogenesis and germination?



In plants, small Hsp are strictly stress-induced in
vegetative tissues and a protective role has been
proposed because of the chaperone activity of
small Hsp in vitro [ 17, 19]. During pea embryonic
development, small Hsp appear when the embryo
becomes tolerant to desiccation [7]. Therefore, it
was been suggested that small Hsp function in the
protection of the embryo from desiccation stress.
Our results show that the mRNA levels in the
seed are much higher in provascular and mer-
istematic tissues which may be more important
for growth and development of the plant than
other tissues of the seed.
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