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The plant heat stress protein, Hsp101, and the yeast ortholog, Hsp104, are required to confer thermotolerance in plants and
yeast (Saccharomyces cerevisiae), respectively. In addition to its function during stress, Hsp101 is developmentally regulated
in plants although its function during development is not known. To determine how the expression of Hsp101 is regulated
in cereals, we investigated the Hsp101 expression profile in developing maize (Zea mays). Hsp101 protein was most abundant
in the developing tassel, ear, silks, endosperm, and embryo. It was less abundant in the vegetative and floral meristematic
regions and was present at only a low level in the anthers and tassel at anthesis, mature pollen, roots, and leaves. As
expected, heat treatment resulted in an increase in the level of Hsp101 protein in several organs. In expanding foliar leaves,
husk leaves, the tassel at the premeiosis stage of development, or pre-anthesis anthers, however, the heat-mediated increase
in protein was not accompanied by an equivalent increase in mRNA. In contrast, the level of Hsp101 transcript increased
in the tassel at anthesis following a heat stress without an increase in Hsp101 protein. In other organs such as the vegetative
and floral meristematic regions, fully expanded foliar leaves, the young ear, and roots, the heat-induced increase in Hsp101
protein was accompanied by a corresponding increase in Hsp101 transcript level. However, anthers at anthesis, mature
pollen, developing endosperm, and embryos largely failed to mount a heat stress response at the level of Hsp101 protein or
mRNA, indicating that Hsp101 expression is not heat inducible in these organs. In situ RNA localization analysis revealed
that Hsp101 mRNA accumulated in the subaleurone and aleurone of developing kernels and was highest in the root cap
meristem and quiescent center of heat-stressed roots. These data suggest an organ-specific control of Hsp101 expression
during development and following a heat stress through mechanisms that may include posttranscriptional regulation.

Aspects of the response to heat stress have been
highly conserved from bacteria to humans, including
the induction of heat stress protein (Hsp) synthesis.
Heat stress results in the production of mis-folded
proteins during their synthesis and the denaturation
of existing proteins. Prevention of denaturation or
refolding of already denatured proteins appears to be
the principle function of the Hsps. Several classes of
Hsps have been described in plants including
Hsp100, Hsp90, Hsp70, Hsp60, and the small Hsps
(for review, see Vierling, 1991; Winter and Sinibaldi,
1991; Miernyk, 1999). The chaperone function of
some Hsps, such as Hsp100, has been reported to
promote protein disaggregation following a thermal
stress (Parsell et al, 1994; Glover and Lindquist,
1998) whereas that of others, such as Hsp70, pro-
motes refolding of denatured proteins once released
from the protein aggregates (for review, see Parsell
and Lindquist, 1993; Miernyk, 1999).
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In addition to their function during heat stress,
Hsps can serve important functions under non-stress
conditions. For example, members of the Hsp70 fam-
ily bind to nascent peptide chains, facilitate protein
assembly in the endoplasmic reticulum, and promote
protein transport across membranes during protein
import into mitochondria, the endoplasmic reticu-
lum, or chloroplasts (for review, see Rothman, 1989;
Parsell and Lindquist, 1993; Becker and Craig, 1994;
Mihara and Omura, 1996; Caliebe and Soill, 1999).
Hsp90 interacts with and is important for the folding
of protein kinases and steroid hormone receptors in
mammalian cells (for review, see Caplan, 1999).
Members of the Hsp100 family in plants are targeted
to the chloroplast intermembrane space and stroma
to facilitate protein import of nuclear-encoded pro-
teins (Nielsen et al., 1997).

In addition to their induction following thermal
stress, the expression of many Hsps is developmen-
tally regulated (for review, see Vierling 1991; Winter
and Sinibaldi, 1991). The most prominent develop-
mental stage in plants in which Hsps are expressed is
during embryogenesis. The function of Hsps in the
developing embryo is not well understood but their
expression is a conserved feature of animal oogenesis
and embryogenesis (for review, see Heikkila et al.,
1997; Krone et al., 1997; Michaud et al., 1997; Giudice
et al., 1999; Luft and Dix, 1999). Developmental reg-
ulation of Hsps is observed even in lower eukaryotes
such as yeast (Saccharomyces cerevisiae), in which ex-

Plant Physiology, November 2001, Vol. 127, pp. 777-791, www.plantphysiol.org © 2001 American Society of Plant Biologists 777



Young et al.

pression of Hsp104, the yeast ortholog of the plant
Hsp101, is induced once cells have entered stationary
phase of growth (Sanchez and Lindquist, 1990).
However, the developmental regulation of Hsps has
been less well studied than its heat induction.

The Hsp100 family is unusual in that its primary
role is thought to be to confer thermotolerance, i.e.
the ability to survive exposure to what would other-
wise be a lethal temperature (Sanchez and Lindquist,
1990; Parsell et al., 1991) rather than the initial heat
stress that is required for its induction. Moreover,
Hspl00 is conserved in bacteria, yeast, and plants
(also known as ClpB, Hsp104, and Hsp101, respec-
tively) and has been shown to be essential for ther-
motolerance in yeast and plants (Sanchez and
Lindquist, 1990; Hong and Vierling, 2000; Queitsch et
al., 2000). cDNAs encoding Hsp101 have been iso-
lated from several plant species, including soybean
(Glycine max; Lee et al., 1994), Arabidopsis (Schirmer
et al., 1994), tobacco (Nicotiana tabacum), and wheat
(Triticum aestivum; Wells et al., 1998). The Hsp101
encoded from these plant species can complement a
thermotolerance defect in yeast caused by the dele-
tion of the Hsp104 gene (Lee et al., 1994; Schirmer et
al., 1994; Wells et al., 1998), suggesting conservation
of the molecular chaperone activity required for the
acquisition of thermotolerance. In addition to its ther-
motolerance, Hsp101 functions to mediate a high rate
of translation from those mRNAs that are able to
efficiently recruit the protein (Wells et al., 1998). The
5'-leaders of tobacco mosaic viral mRNA and the
nuclear-encoded Ferredoxin 1 mRNA are two exam-
ples of leader sequences that function as translational
enhancers that employ the Hsp101-mediated mecha-
nism of translational enhancement (Wells et al., 1998;
Ling et al., 2000).

In contrast to most Hsps, the regulation of Hsp101
expression in plants has not been well studied, par-
ticularly for cereals. A protein of 110 kD that cross-
reacted with yeast anti-Hsp104 antibodies was de-
tected in rice (Oryza sativa) and limited peptide
sequencing of a rice 104-kD protein revealed similar-
ity with plant Hsp101 proteins. Because these two
proteins are distinct immunologically, in size, and
their expression differs in response to different
stresses (Pareek et al., 1995; Singla et al., 1997), it is
not clear whether either are true members of the
Hsp101 family. In maize (Zea mays), a genomic clone
and partial cDNA sequence encoding Hsp101 have
been reported (Nieto-Sotelo et al., 1999).

As a first step in the analysis of the regulation of
Hsp101 in cereals, we have examined the expression
of Hsp101 during the development of maize and
wheat and following heat stress. Under non-stress
conditions, Hsp101 protein was most abundant in the
premeiosis stage of tassel development, the ear, silks,
endosperm, and embryo and was present at only a
low level in foliar leaves and roots. A heat-induced
increase in Hsp101 protein was accompanied by a
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corresponding increase in Hsp101 transcript level in
the vegetative and floral meristematic regions, fully
expanded foliar leaves, the young ear, and roots.
However, Hsp101 transcript abundance increased in
the heat-stressed tassel at anthesis without a similar
increase in HsplOl protein. Moreover, in heat-
stressed, expanding foliar leaves, husk leaves, and at
the premeiosis stage of tassel development, the level
of Hsp101 protein increased without an equivalent
increase in Hsp101 mRNA. Little or no increase in the
level of Hsp101 protein or mRNA was observed in
heat-stressed anthers at anthesis, mature pollen, de-
veloping endosperm or embryos, suggesting that
these tissues are not capable of mounting a heat
stress response. These observations suggest that
Hsp101 expression is regulated in an organ-specific
manner during development and following a heat
stress and that its expression is regulated at the RNA
level as well as posttranscriptionally.

RESULTS

Maize Hsp101 Confers Thermotolerance to
Thermosensitive Yeast

As a first step toward investigating the develop-
mental regulation of Hsp101 in cereals, a full-length
Hsp101 ¢cDNA was isolated from maize and rice
cDNA libraries. The amino acid sequence predicted
from this maize Hsp101 cDNA (Fig. 1) is identical to
that recently reported for a genomic Hsp101 clone
(Nieto-Sotelo et al., 1999). Maize and rice Hsp101
exhibit a high degree of conservation with each other
(96.4% identity) and two wheat Hsp101 cDNAs (Ta-
ble I). The previously reported amino acid sequence
obtained from peptides of a rice 104-kD protein (Sin-
gla et al.,, 1997) were similar but not identical with
rice Hsp101. Maize and rice Hsp101 are also con-
served with Hspl101 from dicots such as tobacco,
soybean, and Arabidopsis but to a lower extent than
that observed among monocots (Table I).

Maize and rice Hsp101 are structurally conserved
with members of the Hsp101/Hsp104/ClpB family
in that each contains two ATP-binding domains
highly conserved with the other members, which are
separated by a middle domain and bounded by
N-terminal and C-terminal domains. Hsp101 present
in monocots has diverged from dicot Hsp101 in the
N-terminal, middle, and C-terminal domains but
most of the sequence differences are conserved
among the monocot Hsp101 proteins (Fig. 1). Maize
and rice Hsp101 also contain the conserved signature
sequences within each domain of the B-type Hsp100
proteins (Fig. 1), which are distinguished from other
subclasses (e.g. A and C) by the length of their mid-
dle domain (Schirmer et al., 1996).

In the absence of Hspl04, yeast survives poorly
when treated at 50°C. To assay the thermotolerance
function of monocot Hsp101, the cDNAs encoding
the maize, rice, and wheat Hsp101 as well as tobacco
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Figure 1. Alignment of Hsp101 from monocot and dicot species. The complete sequence for maize Hsp101 (accession no.
AF133840) is shown and only those positions within OsHsp101 (rice; accession no. AF332981), TaHsp101-1 and
TaHsp101-2 (wheat; accession nos. AF083344 and AF097363, respectively), NtHsp101 (tobacco; accession no. AF083343),
GmHsp101 (soybean; accession no. L35272), and AtHsp101 (Arabidopsis; accession no. U13949) that differ from the maize
ortholog are indicated. Identity with maize Hsp101 is indicated by dots, whereas gaps introduced to maintain alignment are
indicated by dashes. The start of each of the five domains is indicated by an arrow. Conserved signature sequences (Schirmer
etal., 1996) within each domain are indicated above the maize amino acid sequence where non-conserved or hydrophobic
amino acids are indicated with an “x” or “h,” respectively, and the roman numeral or letter designations by which they are
known (Schirmer et al., 1996) appears above each conserved signature sequence.
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Table 1. Conservation of HSP101 in dicot and monocot species

Species Maize Rice Wheat-1 Wheat-2 Tobacco Soybean Arabidopsis
Maize - 97.1 96.0 96.4 88.9 89.2 89.6
Rice 96.4 - 96.2 96.6 88.3 88.9 89.0
Wheat-1 93.5 94.3 - 99.3 88.4 88.6 88.0
Wheat-2 94.1 95.0 98.9 - 88.5 89.0 88.4
Tobacco 82.8 82.8 81.3 81.8 - 91.9 90.1
Soybean 84.4 84.5 82.9 83.5 86.9 - 91.5
Arabidopsis 85.2 84.5 82.8 83.7 85.5 87.4 -

@ Percent similarity and identity are indicated above and below the diagonal of dashes, respectively. Values were calculated using BESTFIT

(Blosum62) of the GCG Wisconsin Package Version 10.

Hsp101 and the yeast Hsp104 were introduced into a
yeast expression vector under the control of the con-
stitutive triose phosphate isomerase (TPI) promoter
and each construct was introduced into the hsp104
yeast strain, SL304A. Expression from each construct
was confirmed by western analysis (Fig. 2A) and the
ability of each plant Hsp101 to complement the ther-
motolerance defect of SL304A was assayed by expos-
ing the yeast to a potentially lethal heat treatment.
Maize, rice, and wheat Hsp101 increased the thermo-
tolerance of the yeast confirming their thermotoler-
ance function (Fig. 2B). Yeast Hsp104 conferred the
greatest degree of thermotolerance followed by to-
bacco Hsp101. These data demonstrate that the maize
cDNA isolated encodes a functional Hsp101 that con-
fers a level of thermotolerance typical for monocot
Hsp101 proteins. The maize cDNA was used in the
northern analysis of Hspl01 expression during de-
velopment and following a heat stress (see below).

The Level of Hsp101 Is Developmentally
Regulated during Germination

Mature wheat embryos had been used previously
to purify Hsp101 (Tanguay and Gallie, 1996), sug-
gesting that Hsp101 is expressed during embryo de-
velopment. To examine whether Hspl01 is also
present during growth of the seedling, and if so, in
what tissues, maize and wheat seed were germi-
nated, the seedlings dissected, and the presence of
Hspl101 determined through western analysis. In
wheat, the level of Hsp101 was highest during early
germination and progressively decreased (Fig. 3). In
2-d-old seedlings, Hsp101 was present at approxi-
mately equal levels in the embryo and endosperm
(composed of the living aleurone and the dead
starchy endosperm). Hsp101 was also detected in the
emerging coleoptile and roots of 3-d seedlings. In
5- to 7-d-old seedlings, Hsp101 was no longer detect-
able in whole roots and its amount decreased pro-
gressively in the endosperm, scutellum, and leaves.
Previous work that probed extract prepared from
whole rice seedlings with antiserum raised to a 104-
kD, heat-inducible protein noted a similar decline
within the first 4 d of growth (Singla et al., 1998).

A similar pattern was observed following germina-
tion of maize. Most of the Hsp101 in mature maize
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Figure 2. Analysis of tobacco, maize, rice, and wheat Hsp101 ex-
pression and thermotolerance function in yeast. Each Hsp101 cDNA
was introduced into a yeast expression vector under the control of
the TPI promoter and the constructs introduced into the hsp104 yeast
mutant, SL304A. A, Yeast extract from 6 X 10° exponentially grow-
ing cells was resolved on a 10% (w/v) SDS-PAGE gel, transferred to
nitrocellulose membrane, probed using anti-wheat Hsp101 antibod-
ies (top), and then probed with anti-yeast Hsp104 antibodies (bot-
tom). Detection in each case used peroxidase-linked secondary an-
tibody and chemiluminescence. Lane 1, Purified wheat Hsp101; lane
2, yeast containing pYX232; lane 3, yeast expressing Hsp104; lane 4,
yeast expressing tobacco Hsp101; lane 5, yeast expressing wheat
Hsp101-1; lane 6, yeast expressing maize Hsp101; and lane 7, yeast
expressing rice Hsp101. The bands below the full-length Hsp101
represent degradation products. B, SL304A, containing the tobacco,
maize, rice, and wheat Hsp101-1 cDNAs or yeast Hsp104 under the
control of the TPl promoter, was grown to an early exponential stage
in synthetic dextrose medium prior to assaying for thermotolerance.
The expression vector, pYX232, was used as a negative control. The
percentage of survival at 50°C was plotted as a function of the length
of the heat treatment. The results shown are representative for these
constructs under the conditions employed.
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Figure 3. Presence of Hsp101 in wheat seedling tissues. Wheat seedlings were grown for the times indicated above the
panels and the seedlings dissected into endosperm (En), aleurone (Al), embryo (Em), scutellum (Sc), shoot, and root tissue.
Five micrograms of soluble protein extracted from each tissue was resolved using SDS-PAGE, transferred to nitrocellulose
membrane, and incubated with anti-Hsp101 antibodies. Detection used peroxidase-linked secondary antibody and chemi-
luminescence. Purified wheat Hsp101 was included as a control in the first lane of each panel.

kernels was present in the scutellum/embryo (see
Sc/Em, 3-h germinated kernels, Fig. 4) although a
lower level of Hsp101 was also detected in the aleu-
rone/endosperm (see Al/En, 3 h germinated kernels,
Fig. 4). Approximately equal amounts of Hsp101
were present in scutellum, endosperm, and aleurone
in kernels germinated for 1 d but by 2 d of germina-
tion, the level of Hsp101 in the endosperm and aleu-
rone had declined relative to the scutellum/embryo.
As in wheat seed, the decrease in the level of Hsp101
in the starchy endosperm is presumably a result of its
degradation as part of the mobilization of protein
that occurs during the germination program. The
104-kD, heat-inducible protein in rice was not de-
tected in the endosperm of 5-d-old seedlings (Singla
et al., 1998), supporting the conclusion that Hsp101 is
rapidly lost from this tissue during seedling growth.
In 3-d-old seedlings, Hsp101 was detected in the
emerging shoot and root and the level of Hsp101 in
the endosperm and aleurone declined further (Fig. 4).
By 4 d, Hspl0l became undetectable in the en-
dosperm and root although it remained at a detect-
able level in root tips of 5-d-old seedlings. During

subsequent growth, the level of Hsp101 decreased in
all tissues, and by 12 d, it was present at just a low
level in leaves (Fig. 4). The low level of Hsp101
present in root tips and in leaves most probably
represents new synthesis of the protein as Hsp101
mRNA is detected in leaves and root tips (see below).

Control of Hsp101 Expression Is Regulated in an
Organ-Specific Manner

The developmental regulation of Hsp101 was ex-
amined in multiple organs of maize grown under
non-stress conditions. Moreover, each organ was ex-
amined for its heat responsiveness by examining
whether the amount of Hsp101 increased following a
heat stress at 41°C for 1 h. Poly(A™) RNA was iso-
lated from stressed and non-stressed tissues and as-
sayed for Hspl01 RNA using the maize Hsp101
cDNA isolated above as the probe in northern anal-
ysis. Probing the same membrane for maize tubulin
RNA served as an internal control against which the
level of Hsp101 could be normalized. Western anal-
ysis of total protein from each tissue was also per-
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Figure 4. Presence of Hsp101 in germinating maize seedling tissues. Maize seedlings were grown for the times indicated
above the panels and the seedlings dissected into endosperm (En), aleurone (Al), embryo (Em), scutellum (Sc), shoot, leaf,
and root or root tip tissue. Note that the scutellum tissue includes the embryonic axis for the 3-h, 1- and 2-d germinated
kernels (Sc/Em), whereas the endosperm tissue includes the aleurone layer for the 3-h germinated kernels (Al/En). Five
micrograms of soluble protein extracted from each tissue was resolved using SDS-PAGE, transferred to nitrocellulose
membrane, and incubated with anti-Hsp101 antibodies. Purified wheat Hsp101 was included as a control in the first lane

of each left panel.
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formed. Because antiserum against maize tubulin
was not available, antiserum to the eukaryotic initi-
ation factor (elF) iso4G was used to serve as an
internal control for Hsp101 protein levels in stressed
and non-stressed tissues.

Hsp101 protein was present at a very low level in
non-stressed, adult foliar leaves (lanes 1, 3-5, and 7,
Fig. 5A) whereas Hsp101 mRNA was detected in all
foliar leaves examined (lanes 1 and 3-7, Fig. 5B).

With the exception of the youngest foliar leaf, the
level of Hsp101 mRNA was relatively constant dur-
ing the expansion of leaves (lanes 1 and 3-7 and the
relative transcript data in Fig. 5B). Heat stress of a
fully expanded foliar leaf (i.e. leaf 10) resulted in a
substantial increase in transcript level (lanes 1 and 2
and the relative transcript data in Fig. 5B) with an
increase in the level of Hspl0l protein from just
detectable to prominent (lanes 1 and 2, respectively,
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Figure 5. Developmental and heat-regulated expression of Hsp101 in maize foliar and husk leaves. A, The level of maize
Hsp101 protein was determined by western analysis in the organs indicated above each lane. Total protein was isolated,
transferred to nitrocellulose membrane following resolution using SDS-PAGE, and probed for Hsp101 or elFiso4G. Whether
an organ was heat stressed (HS) at 41°C for 1 h or maintained at 21°C is indicated above each lane. B, The level of maize
Hsp101T mRNA was determined by northern analysis in the organs indicated above each lane. Poly(A*) mRNA was isolated,
transferred to nylon membrane following resolution on a 7% (w/v) formaldehyde/MOPS [3-(N-morpholino)-propanesulfonic
acid] gel, and probed with maize Hsp101 or maize tubulin antisense RNA. The level of Hsp101 mRNA was quantitated by
densitometry, normalized to the ribosomal RNA and tubulin mRNA, and expressed in the histograms relative to the level of
Hsp101 mRNA in the fully expanded, foliar leaf 10 that was set at a value of 1. Numbering of maize leaves begins with the
first leaf that emerges from the kernel. All foliar leaves were collected at the same time from six plants to eliminate
plant-to-plant variation. The husk leaves were collected at silking stage.
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Fig. 5A). The induction of Hsp101 transcript level in
heat-stressed, expanding leaves was lower than in a
fully expanded leaf (compare heat induction of
leaves 15-17 with that of leaf 10, Fig. 5B). Neverthe-
less, a substantial increase in Hspl01 protein was
observed in expanding leaves following a heat stress
(lanes 7 and 8, Fig. 5A). Similar results were observed
in husk leaves: Hspl01 transcript was readily de-
tected in non-stressed, outer and inner husk leaves
but did not increase significantly following a heat
stress (lanes 9-12 and the relative transcript data in
Fig. 5B). Despite the lack of a heat-mediated increase
in Hsp101 transcript levels, a substantial increase in
Hsp101 protein was observed in heat-stressed husk
leaves, particularly so in inner husk leaves (lanes
9-12, Fig. 5A). These observations demonstrate that
Hsp101 transcript is constitutively accumulated in
foliar and husk leaves but its level is not substantially
heat inducible in husk leaves. Despite this, the level
of Hsp101 protein is highly heat inducible in all
leaves examined, suggesting that posttranscriptional
control of Hsp101 expression may occur in expand-
ing foliar and husk leaves.

A higher level of Hsp101 protein was present in the
vegetative and male floral meristematic regions,
which for this study included leaf and tassel inflo-
rescence primordia, respectively, and a significant
increase in the level of Hsp101 protein was observed
following a heat stress, particularly for the male flo-
ral meristematic region (lanes 13-16, Fig. 5A). In a
similar manner, only a low level of Hsp101 transcript
was observed in the non-stressed, meristematic re-
gions and a substantial increase in the amount of
RNA was observed following a heat stress (lanes
13-16 and the relative transcript data in Fig. 5B).

The level of Hsp101 protein was high in develop-
ing, premeiotic stage tassels and was highly heat
inducible (lanes 1 and 2, Fig. 6A). However, the
degree of induction of Hsp101 protein following ex-
posure to heat decreased with the age of the tassel so
that by anthesis, little increase in Hsp101 protein was
observed following a heat stress (lanes 5 and 6, Fig.
6A). In the developing tassel, the level of Hsp101
mRNA increased moderately following a heat stress
(lanes 1-4, Fig. 6B) and despite the lack of a substan-
tial heat-mediated increase in Hsp101 protein during
late development of the tassel, a significant increase
in Hspl01 transcript levels was observed in heat-
stressed tassels at anthesis (lanes 5 and 6, Fig. 6B).

Hsp101 protein was observed in pre-anthesis an-
thers and only a moderate induction in the level of
protein was observed following a heat stress (lanes 7
and 8, Fig. 6A). No increase in Hsp101 protein was
observed in heat-stressed anthers at anthesis or in
mature pollen (lanes 9-12, Fig. 6A). Hspl01 tran-
script was present at a moderate level in developing,
non-stressed anthers, decreased in anthers at anthe-
sis, and was present at only a low level in mature
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pollen (lanes 7, 9, and 11, respectively, and the rela-
tive transcript data in Fig. 6B). Little to no increase in
the amount of Hsp101 RNA was observed in heat-
stressed, developing anthers, anthers at anthesis, or
mature pollen (lanes 7-12, Fig. 6B), observations cor-
relating with the lack of a heat-mediated increase in
Hsp101 protein level (lanes 7-12, Fig. 6A). These
results suggest that, with respect to Hsp101, pollen
may be only slightly heat responsive during its de-
velopment and this response is lost upon its matura-
tion. Hsp101 protein and RNA were also detected in
silks prior to pollination (lane 13, Fig. 6, A and B,
respectively) and remained in silks even 1 week fol-
lowing pollination (lane 14, Fig. 6, A and B,
respectively).

Hsp101 protein was present at a low level during
early ear development and was also heat inducible
(lanes 7 and 8, Fig. 7A) as were Hsp101 transcript
levels (lanes 7 and 8 and the relative transcript data
in Fig. 7B). The level of Hspl01 protein increased
during later ear development (compare lanes 9-11
with lane 7, Fig. 7A) despite a lack of a corresponding
increase in transcript levels (compare lanes 9-11 with
lane 7, Fig. 7B).

Hspl01 protein was present at a low level in the
primary/nodal roots and lateral roots and was
strongly heat inducible (lanes 1-6, Fig. 7A). Similar
results were observed at the transcript level: Hsp101
mRNA was present at a moderate level under non-
stressed conditions and was highly heat inducible
(lanes 1-6 and the relative transcript data in Fig. 7B).
In situ RNA localization of Hsp101 mRNA within
heat-stressed, primary roots revealed that the RNA
accumulated to the highest level in the root cap (RC)
and quiescent center (QC) of stressed roots (Fig. 8A).
Within the RC, Hsp101 mRNA was highest in the
calyptrogen layer (CL), i.e. the RC meristem (see Fig.
8F). The level of Hsp101 mRNA decreased as a func-
tion of cell age in the RC so that the lowest level of
Hsp101 mRNA was observed in the oldest cells, i.e.
outermost layers (Fig. 8E). Serial sectioning through a
single root tip (from one side to the median section,
Fig. 8G) revealed that the Hsp101 mRNA detected in
the CL and QC was concentrated most in the apical
regions of each. Although Hsp101 mRNA was most
abundant in the CL and QC, Hsp101 mRNA could be
detected throughout the root when the sections were
developed for a longer period (Fig. 8B). No signal
was detected when heat-stressed roots were probed
with Hsp101 sense RNA (see right, Fig. 8, A, B, and
G). In non-stressed roots, Hsp101 mRNA was detect-
able at a low level in the apical region of the CL that
was not seen in non-stressed roots when probed with
Hsp101 sense RNA (Fig. 8C). These results suggest
that although the amount of Hsp101 transcript in-
creases in all root tip cell types following a heat
stress, it is the CL and QC that exhibit the greatest
response to the stress.
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Figure 6. Developmental and heat-regulated expression of Hsp101 in maize tassel, anthers, pollen, and silks. A, The level
of maize Hsp101 protein was determined by western analysis in the organs indicated above each lane. The western analysis
was performed as described in Figure 5 and in the same experiment. Whether an organ was heat stressed (HS) at 41°C for
1 h or maintained at 21°C is indicated above each lane. B, The level of maize Hsp101 mRNA was determined by northern
analysis in the organs indicated above each lane. The northern analysis was performed as described in Figure 5 and in the
same experiment. The level of Hsp10T mRNA was quantitated by densitometry, normalized to the ribosomal RNA and
tubulin mRNA, and expressed in the histograms relative to the level of Hsp10T mRNA in the fully expanded, foliar leaf 10
(as shown in Fig. 5) that was set at a value of 1. The preanthesis anthers were taken 1 week prior to anthesis. The
post-pollination silks were taken 1 week following pollination. The organs were collected from six plants to eliminate

plant-to-plant variation.

Hsp101 Expression Is Subject to Developmental Control
But Is Not Stress Regulated in Kernels

The developmental expression of Hsps during em-
bryogenesis is characteristic of plant and animals
(Lindquist, 1986; Winter and Sinibaldi 1991; Wehm-
eyer et al., 1996, Heikkila et al., 1997; Krone et al,,
1997; Michaud et al., 1997; Giudice et al., 1999; Luft
and Dix, 1999) although their function during embry-
ogenesis remains unknown. To examine the expres-
sion characteristics of Hsp101 during kernel develop-
ment in maize, kernels were collected at stages
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during their development and the level of Hsp101
transcript and protein examined. The heat respon-
siveness of developing kernels was also examined by
subjecting the kernels to a 41°C heat stress for 1 h.
Poly(A™) RNA and protein from the embryo and
endosperm were analyzed using northern and west-
ern analysis, respectively. Hsp101 protein was ex-
pressed in the endosperm at 12 DAP when zein stor-
age protein is being actively synthesized, and
remained constant up to 32 DAP (at which stage the
kernel is competent for germination) after which
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Figure 7. Developmental and heat-regulated expression of Hsp101
in maize roots and ear. A, The level of maize Hsp101 protein was
determined by western analysis in the organs indicated above each
lane. The western analysis was performed as described in Figure 5
and in the same experiment. Whether an organ was heat-stressed
(HS) at 41°C for 1 h or maintained at 21°C is indicated above each
lane. B, The level of maize Hsp101T mRNA was determined by
northern analysis in the organs indicated above each lane. The
northern analysis was performed as described in Figure 5 and in the
same experiment. The level of Hsp101T mRNA was quantitated by
densitometry, normalized to the ribosomal RNA and tubulin mRNA,
and expressed in the histograms relative to the level of Hsp101
mRNA in the fully expanded, foliar leaf 10 (as shown in Fig. 5) that
was set at a value of 1. The roots used for this analysis were taken
from a 4-week-old plant and the terminal 5 mm was collected. Root
tips represented the terminal 2 mm of root tissue. The organs were
collected from six plants to eliminate plant-to-plant variation.

point its amount declined (Fig. 9). A similar decline
was observed for elFiso4G (Fig. 9), data supporting
the observation that many soluble proteins disappear
during late endosperm development (Gallie et al.,
1998). The decline in Hsp101 protein level was ac-
companied by a corresponding decline in Hsp101
(and tubulin) transcript levels (data not shown).
Hsp101 protein was present throughout embryo de-
velopment, accumulating slightly up to maturity
(Fig. 9). In contrast to the endosperm, no decline in
the level of Hsp101 protein was observed during the
late development of the embryo. A similar protein
expression profile was observed during the develop-
ment of whole (i.e. endosperm and embryo) wheat
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seed in which Hsp101 accumulated during early seed
development up to 21 DAF, which represents the
period of greatest deposition of storage reserves, re-
mained constant to 25 DAF, and declined somewhat
by 37 DAF (Fig. 9C), which represents late develop-
ment of the seed. In situ RNA localization analysis of
Hsp101 transcript levels in developing maize kernels
at 26 DAP revealed that the mRNA was most abun-
dant in the subaleurone region of the endosperm
(Fig. 8, K and M), similar to the accumulation of
a-zein mRNA (Fig. 8L). Hsp101 transcript level in the
subaleurone region was higher in the basal half of the
kernel (Fig. 8, K and M) than in the crown region (see
Fig. 8H), where little signal was observed. At this
developmental stage, dessication of the crown re-
gion, including the aleurone and subaleurone, had
already begun as part of the maturation program of
kernel development. At 18 DAP, Hspl01 mRNA
could be detected in the aleurone of the crown (Fig.
8I) as well as in the basal half of the kernel (Fig. 8N),
data suggesting that Hsp101 accumulates in the aleu-
rone layer at an earlier stage of development than it
does in the subaleurone. No signal was detected in
the endosperm when probed with Hspl01l sense
RNA (see right, Fig. 8, H, I, K, M, and N). In addition,
no signal was detected in the embryo (data not
shown) despite detection of the mRNA using north-
ern analysis and Hsp101 protein using western anal-
ysis (Fig. 9B), suggesting that Hsp101 transcript may
be uniformly present in the embryo.

No significant increase in Hsp101 protein levels
was observed in heat-stressed maize endosperm or
embryo at any developmental stage examined (Fig.
9), whereas only a slight increase in the level of
Hsp101 transcript was observed in these tissues fol-
lowing a heat stress and only during their early
development (Fig. 10). Hsp101 protein was present at
a similar level in shrunken2 (sh2) maize kernels in
which starch biosynthesis is blocked, resulting in
sugar accumulation and osmotic stress (data not
shown), suggesting that osmotic stress does not in-
fluence the amount of Hsp101 protein in either de-
veloping endosperm or embryos. These observations
suggest that kernels are not significantly heat respon-
sive with regard to Hsp101 nor does the amount of
Hsp101 increase in response to osmotic stress. How-
ever, Hsp101 transcript and protein are present dur-
ing the normal development of the endosperm and
embryo. It is interesting that the level of Hsp101
protein declines during late endosperm development
but remains at a high level during late embryo
development.

DISCUSSION

Expression of heat shock proteins at specific devel-
opmental stages has been observed in plants for sev-
eral of the known Hsps (for review, see Vierling,
1991; Winter and Sinibaldi, 1991), suggesting that the

785



Young et al.

Figure 8. In situ localization of Hsp101 mRNA during maize root and kernel development. Sections of root (A-G) and
kernels (H-N) were hybridized with riboprobes containing digoxygenin. Hybridization was detected as a blue precipitate by
staining with nitroblue tetrazolium. A, Median section of a 10-d-old, heat-stressed (all heat-treatments performed at 41°C for
1 h) root probed with a low concentration of antisense (At) Hsp101 RNA to detect Hsp101 mRNA or sense (S) RNA to serve
as a control. B, Median section of a 10-d-old, heat-stressed root probed with a high concentration of antisense or sense RNA.
C, Median section of a non-stressed root in which the positive signal (At) is represented by yellow staining region in this
inverted image. D, Median section of 10-d-old root stained with safranin O to show the QC, CL, and RC. E, Median section
of 10-d-old, heat-stressed root tip probed with antisense Hsp101 RNA (left) or stained with safranin O (right). F, Median
section at high magnification of 10-d-old, heat-stressed root tip probed with antisense Hsp101 RNA (left) or stained with
safranin O (right). G, Serial sections from the side to the median section of a 12-d-old, heat-stressed root probed with
antisense RNA (first seven images) to detect Hsp101 mRNA or sense RNA (right) to serve as a control. H, Median section
of the crown region of a 26-d after pollination (DAP) developing kernel probed with antisense Hsp101 (At) RNA to detect
Hsp101 mRNA or sense (S) RNA to serve as a control. |, Median section of the crown region of an 18-DAP developing kernel
probed with antisense Hsp101 (At) or sense (S) RNA. ], Median section of an 18-DAP kernel stained with safranin O to
illustrates the regions (labeled a, b, or ) analyzed in H through N. K, Median section (region b) of a 26-DAP kernel probed
with antisense Hsp101 (At) or sense (S) RNA. L, Median section (region b) of an 18-DAP kernel probed with antisense a-zein
RNA at a high (left) or low (right) magnification. M, Median section (region c) of a 26-DAP kernel probed with antisense
Hsp101 (At) or sense (S) RNA. N, Median section (region c) of an 18-DAP kernel probed with antisense Hsp101 (At) or sense
(S) RNA. The bar in A represents 100 mm and in H represents 350 mm.
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Figure 9. The level of Hsp101 protein is developmentally regulated
during seed development in maize and wheat. Hsp101 protein in
maize embryo (A) or endosperm (B) from kernels collected at DAP or
from whole wheat seed (C) collected at selected days after flowering
(DAF) was measured by western analysis. Total protein was resolved
using SDS-PAGE, transferred to nitrocellulose membrane, and incu-
bated with anti-Hsp101 antibodies or reprobed with anti-elFiso4G
antibodies. A and B, The heat-stress treatment (HS) is indicated above
the lanes. The 12-DAP samples represent whole kernels. C, Purified
wheat Hsp101 (lane 10) was included as a control.

chaperone function associated with many of these
proteins is required even under non-stress condi-
tions. That expression of many Hsps is induced dur-
ing specific stages of development, e.g. during em-
bryogenesis, indicates that the requirement for Hsps
is organ specific and perhaps stage specific. In this
study, we have examined how Hsp101 expression in
maize is regulated during development and follow-
ing a heat stress.

Our results can be integrated into a whole-plant
model of Hspl0l expression during development
and following a heat stress (Fig. 11). The initial high
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levels of Hsp101 present in the embryonic shoot de-
crease within days of the emergence of the shoot.
Under non-stress conditions, Hspl01 protein is
present in the vegetative meristematic region at a low
to moderate level and declines during subsequent
leaf development. The heat inducibility of Hsp101
expression also declines somewhat during leaf ex-
pansion. Hsp101 protein is abundant in the young
male inflorescence and is highly heat inducible,
whereas its level and heat inducibility decline with
further development of the tassel until it is not heat
responsive at all by anthesis (Fig. 11). The level of
Hsp101 in the developing ear increases during its
early development and is present in silks to a similar
level, both prior to and up to 1 week following fer-
tilization. Hsp101 is present at a relatively constant
level during the growth and development of the
embryo, whereas in the endosperm, Hsp101 is con-
centrated in the aleurone and subaleurone regions as
suggested by in situ RNA localization analysis. Al-
though the level of Hsp101 increases in the young ear
following a heat stress, expression of Hsp101 in the
endosperm and embryo is not heat responsive. A
similar lack in the heat induction of Hsps, including
Hsp70, Hsp40, and small M, (SMW) Hsps, has been
observed in developing wheat embryos (Helm and
Abernethy, 1990).

Hsp101 protein is present at a low but detectable
level in non-stressed primary roots and at a higher
level in lateral roots, mostly in the root tip, which
also exhibited a strong heat response. In situ RNA
localization analysis revealed that Hsp101 mRNA is
detectable in the CL of non-stressed roots and, fol-
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Figure 10. Hsp101 transcript level is not significantly induced in
developing maize endosperm and embryo following a heat stress.
Hsp101 transcript abundance in maize embryo (A) or endosperm (B)
from kernels collected at time points following pollination was mea-
sured by northern analysis and normalized to maize tubulin RNA.
The level of Hsp101 RNA is indicated relative to that in non-stressed
16-DAP embryos, which is given a value of 1. DAP and the heat
stress treatment (HS) are indicated below the histograms. The 12-
DAP samples represent whole kernels.
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Figure 11. Summary of the relative expression of Hsp101 protein in
maize during development, germination, and following a heat stress.
The change in the level of Hsp101 protein during the development of
those organs analyzed in Figures 4 through 7 and 9 are illustrated
where changes in the thickness of a bar represents an estimate of the
degree of change in the level of Hsp101.

lowing a heat stress, accumulates to a higher level in
this tissue (and the QC) than observed for any other
cell type in the root. It is interesting to note that the
meristematic cells comprising the CL are known to
have the highest rate of cell division in the root (Esau,
1977), suggesting that heat stress may be most detri-
mental to rapidly dividing cells.

Assuming that the level of Hsp101 in a tissue re-
flects the need for the protein, these observations
suggest those organs involved in supporting growth
of the germ cells (tassel /anthers and ear), those of the
kernel (endosperm and embryo), and those that gen-
erate new aerial organs (the shoot and floral meris-
tematic regions) require the highest level of Hsp101,
whereas other organs involved in the general growth
of the plant, e.g. leaves and roots, do not require a
high level of Hsp101 under non-stressed conditions.
Given the abundance of Hsp101 in the developing
tassel, the amount of Hspl101 in mature pollen is
surprisingly low and is not heat inducible. The level
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of Hsp101 protein in mature pollen appears to de-
crease following a heat stress, an observation that has
also been made for some SMW Hsps under similar
conditions in maize pollen (Magnard et al., 1996). The
inability to maintain Hsp101 protein levels following
a heat stress cannot be a consequence of a reduction
in Hsp101 mRNA because this remains unaltered by
the stress treatment.

Our observation that Hsp101 protein is present at a
moderate to low level in anthers and mature pollen is
consistent with the finding that several other Hsps,
such as Hsp90, Hsp70, Hsp60, and some SMW Hsps,
are expressed during the early stages of pollen de-
velopment (Marrs et al., 1993; Magnard et al., 1996).
Moreover, the failure of mature and germinating
maize pollen to mount a heat stress response has
been observed for other Hsps (Cooper et al., 1984;
Hopf et al., 1992; Magnard et al., 1996) and correlates
with its pronounced loss of viability when exposed to
elevated temperatures (Herrero and Johnson, 1980;
Schoper et al., 1986; Mitchell and Petolino, 1988; Du-
puis and Dumas, 1990). The observation that maize
pollen progressively loses its ability to induce Hsp
synthesis during its development (Frova et al., 1989)
is consistent with the progressive loss of heat induc-
tion of Hspl01, suggesting that the regulation of
Hspl01 expression in pollen is similar to that for
Hsps in general. These observations suggest that the
developmental expression of Hsp101 and other Hsps
in mature pollen is insufficient to meet the demand
following a heat stress. In contrast, the higher level of
expression of Hsp101 protein in silks prior to and
following fertilization and in the developing ear cor-
relates with the high degree of thermotolerance re-
ported for these tissues (Schoper et al., 1986; Mitchell
and Petolino, 1988).

In several organs, alterations in the amount of
Hsp101 mRNA did not correlate with changes in the
level of Hsp101 protein. First, no heat-mediated in-
crease in the level of Hsp101 mRNA was observed in
husk leaves despite a substantial increase in Hsp101
protein observed following a heat stress. Second, the
substantial heat-mediated increase in Hsp101 protein
observed in the tassel at the premeiosis stage of
development or in expanding foliar leaves was not
accompanied by a similar increase in transcript abun-
dance. Third, although no increase in Hsp101 protein
was observed following a heat stress in the tassel at
anthesis, the level of Hsp101 transcript did increase.
Fourth, the level of Hsp101 transcript is higher in
lateral roots than in primary roots, whereas the level
of Hsp101 protein is similar in both. These discrep-
ancies between mRNA and protein levels may indi-
cate developmental or stress-related changes in the
translational efficiency of Hsp1l01 mRNA such that
the mRNA is more efficiently translated in husk
leaves, expanding foliar leaves, or in young tassels
when heat-stressed, which would facilitate rapid
synthesis of Hsp101 protein and minimize any delay
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associated with transcriptional induction. Preferen-
tial translation of Hsp mRNAs has been suggested to
account for an increase in Hsp protein without a
corresponding increase in Hsp mRNA in heat-
treated, imbibed wheat embryos (Helm and Abern-
ethy, 1990). However, discrepancies between Hsp101
mRNA and protein levels could also be a result of
changes in protein stability if, for example, Hsp101
protein is rapidly stabilized in leaves following a heat
stress. Given that the heat treatment in the present
study was only for 1 h, this would require that the
half-life of Hsp101 protein be substantially less than
1 h in non-stressed tissues to explain the large in-
crease in the steady-state level of protein following
the heat stress. Regardless of the basis for the ob-
served discrepancies between mRNA and protein
expression, they indicate that measuring protein
amounts is essential for an accurate determination of
Hsp101 in an organ.

MATERIALS AND METHODS
c¢DNA Library Screening

A cDNA library made from developing maize (Zea mays)
endosperm was provided by Dr. Brian Larkins (University
of Arizona, Tucson) and a full-length maize Hsp101 cDNA
obtained by screening the library using the previously
isolated wheat (Triticum aestivum) Hsp101-1 cDNA (Wells
et al., 1998). The full-length rice (Oryza sativa) HSP101
c¢DNA was obtained following screening the available rice
expressed sequence tag database using the sequence of
wheat HSP101. These materials will be made available
upon request.

Plasmid Construction and Thermotolerance Assay

The tobacco (Nicotiana tabacum), wheat, maize, and rice
Hsp101 cDNAs or yeast (Saccharomyces cerevisiae) Hsp104
were introduced into the yeast expression vectors, pYX222
or pYX232 (Novagen, Madison, WI), in which HSP101 ex-
pression is controlled by the triose phosphate isomerase
(TPI) promoter. Each construct was introduced into
SL304A (leu2-3, 112 trpl-1 ura3-1 ade2-1 his3-11, 15 lys2A
canl1-100 hsp104:LEU2; Schirmer et al., 1994), a Ahsp104
yeast mutant (generously provided by Dr. Susan Lindquist,
University of Chicago) using the polyethylene glycol/LiCl
method as described (Hill et al., 1991; Gietz et al., 1992) and
grown in synthetic dextrose medium containing the appro-
priate supplements. The yeast were diluted to an optical
density of 0.6 and complementation of Hsp104 function in
SL304A was determined in a thermotolerance assay as
described (Sanchez and Lindquist, 1990; Parsell et al.,
1991).

Western Analysis

Inbred B73 was grown in the greenhouse during the
winter to avoid heat stress that may occur in field-grown
maize. For heat treatments, isolated plant organs were
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incubated in a 41°C water bath for 1 h and frozen in liquid
nitrogen prior to storage at —80°C. Kernels received similar
treatment except they were intact during the heat treatment
and then dissected into endosperm and embryo. For the
seedling studies, kernels were germinated in vermiculite,
the organs dissected at the indicated times, and stored at
—80°C. For seedlings, the tissues were ground in liquid
nitrogen re-suspended in aqueous buffer {50 mm HEPES
[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid], pH
7.5, 120 mm KOAc, 5 mm MgOAc, 1 mm dithiothreitol, 1
mM phenylmethylsulfonyl fluoride, 1 pg mL ! leupeptin, 1
ng mL ! pepstatin, and 1 mm EDTA}, the cell debris pel-
leted, and the protein concentration determined as de-
scribed (Bradford, 1976). Five micrograms of soluble pro-
tein was resolved on a 10% (w/v) SDS-PAGE gel and
transferred to nitrocellulose membrane. The other tissues
were ground in liquid nitrogen, extracted with trichloro-
acetic acid/acetone, the precipitated protein re-suspended
in urea, and 20 ug of soluble protein was resolved on an 8%
(w/v) SDS-PAGE gel and transferred to nitrocellulose
membrane.

Anti-Hsp101 antiserum that was raised against wheat
Hsp101 protein was described previously (Tanguay and
Gallie, 1996) as was that for wheat elFiso4G (Browning et
al., 1987). The antiserum used to detect yeast Hsp104 was
raised against the recombinant protein in rabbits. For west-
ern analysis, a membrane containing the protein of interest
was blocked for 30 min in Tween 20/phosphate-buffered
saline (TPBS) (0.1% [w/v] Tween 20, 13.7 mm NaCl, 0.27
mwm KCl, 1 mm Na,HPO,, and 0.14 mm KH,PO,) with 5%
(w/v) reconstituted dry milk and incubated with anti-
wheat HSP101, anti-yeast Hsp104, or anti-elFiso4G anti-
serum diluted (1:500 to 1:2,000) in TPBS with 1% (w/v)
milk for 1.5 h. The blots were then washed with TPBS,
incubated with goat anti-rabbit-horseradish peroxidase an-
tibody (Southern Biotechnology, Birmingham, AL) diluted
1:5,000 (v/v) to 1:10,000 (v/v) for 1 h, and HSP101 detected
using chemilumensence (Amersham Corporation, Piscat-
away, NY). Yeast extracts were prepared by boiling 6 x 10°
cells in 2X SDS-loading buffer, the protein resolved on a
10% (w/v) SDS-PAGE gel, and Hsp101 measured by west-
ern analysis as described above.

Northern Analysis

Total RNA was extracted from the same tissues used for
the western analysis as described (Chomczynski and Sac-
chi, 1987) and poly(A*) mRNA isolated using binding to
oligo dT resin. The RNA was resolved on a denaturing
formaldehyde-agarose gel, followed by northern transfer
to nylon membrane, and probed with in vitro-synthesized,
radiolabeled maize anti-Hsp101 or maize anti-tubulin
RNA. The antisense strand of maize Hsp101 or anti-tubulin
probes were synthesized in vitro as previously described
(Yisraeli and Melton, 1989) using 40 mm Tris-HCI, pH 7.5,
6 mm MgCl,, 100 pg mL ™" bovine serum albumin, 0.5 mm
each of ATP, UTP, GTP, and 70 uC **P-CTP, 10 mm dithio-
threitol, 0.3 units wL~ ' RNasin (Promega, Madison, WI),
and 0.5 units uL ™' T7 RNA polymerase.
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RNA in Situ Localization

RNA in situ localization was carried out as described
previously (Langdale, 1994) with modifications. Control or
heat-stressed (41°C for 1 h) roots (10-20 mm long including
the root tip) or developing kernels were placed into forma-
lin, acetic acid, and alcohol (50% [v/v] ethanol, 10% [v/v]
formalin, and 5% [v/v] acetic acid), vacuum infiltrated,
and stored for 2 d at 4°C. The fixative was replaced with
70% (v/v) ethanol and the samples dehydrated through an
ethanol series (85%, 95%, and 100% [v/v]) at 1-d intervals
at 4°C. Ethanol was replaced with Hemo-De through a
graded series (2 h 50% [v/v] ethanol: 50% [v/v] Hemo-De
[Fisher, Pittsburgh] and three treatments in 100% [v/v]
Hemo-De for 2 h). Samples were then infiltrated in increas-
ing concentrations of Paraplast Plus, embedded in 100%
(v/v) Paraplast Plus, sectioned on a rotary microtome (15
pm thick), and fixed on Probe-On-Plus slides (Fisher). Sec-
tions are treated as described by Jackson (1991) with mod-
ifications. Sections were deparaffinized in 100% (v/v)
Hemo-De, rehydrated through an ethanol series, equili-
brated in phosphate-buffered saline, deproteinized with
pronase, treated with Gly, and washed twice in phosphate-
buffered saline. Sections were post-fixed with 4% (w/v)
paraformaldehyde, acetylated with acetic anhydride,
washed, and finally dehydrated through an ethanol series.
For RNA in situ hybridization, sense or antisense maize
Hsp101 RNA was denatured at 80°C, added to hybridiza-
tion solution (0.3 M NaCl, 10 mm Tris-HCI, pH 6.8, 10 mm
NaHPO,, 5 mm EDTA, 50% [w/v] formamide, 10% [w/v]
dextran sulfate, 1 X Denhardts, and 1 mg mL ™! tRNA), and
applied to the slide for overnight hybridization at 55°C.
The sections were washed, treated with RNase, blocked
(using 1.0% [w/v] Boehringer Block, Boehringer, Indianap-
olis), and incubated with anti-digoxigenin antibody. The
sections were washed, covered with an nitroblue tetrazo-
lium substrate solution, and developed in the dark for 1 to
3 d until a signal was visible.
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