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Abstract Small heat-shock proteins (sHSP) are the most
abundant heat stress-induced proteins in plants. In rice,
there are at least seven members of class-I sHSP. A 1.6-kb
DNA fragment was isolated from the EcoRI-digested rice
genomic library probed with the cDNA pTS1 encoding a
16.9-kDa class-I sHSP. This fragment was composed of
365-bp tandem direct repeats (DRs) and 441-bp near per-
fect long terminal inverted repeats (LTIRs). The DRs con-
tain 123-bp regions with 99% nucleotide identity to the 5′
coding region of the Oshsp16.9B gene. Two putative pseu-
dogenes were deduced from the DRs. Using the LTIR as a
specific probe, Southern-blotting analysis showed that
there was a single copy of this 1.6-kb DNA fragment in
the rice genome. By genomic walking, we located this
fragment in proximity 5′-upstream of the Oshsp16.9B
gene that was mapped on chromosome 1 with other two
class-I sHSP genes, Oshsp16.9A and Oshsp16.9C. By
comparative analysis of the nucleotide sequences of 
class-I sHSP genes clustered on chromosome 1 between 
Tainung No. 67 and Nipponbare cultivars, we confirmed
our mapping results of these genes and only the promoter
region of Oshsp16.9B was different. However, we found
that the expression profile of Oshsp16.9B upon different
heat stresses in Nipponbare was not significantly different
relative to that in Tainung No. 67.

Keywords Chromosomal location · Oryza sativa · 
Pseudogene · Small heat-shock proteins · Terminal 
inverted repeats

Introduction

In response to heat shock, plants synthesize abundant
small HSPs (sHSPs) in the range of 15–30 kDa forming a
diverse family that is related to the vertebrate α-crystal-
lins (Key et al. 1981; Ingolia and Craig 1982; Waters et
al. 1996). Based on the amino-acid sequence homology,
immunological cross-reactivity and intracellular localiza-
tion, five classes of sHSPs were identified in plants: class
I and class II are in the cytosol, class III is in the chloro-
plast, class IV is in the endomembrane and class V is in
the mitochondrion (Waters and Vierling 1999). The sHSP
genes are all of nuclear origin (Waters et al. 1996).
Among these classes, class-I sHSPs are the most abun-
dant ones. Many data indicate that members of different
sHSP families act as molecular chaperones in vitro (Jinn
et al. 1989; Jinn et al. 1995; Yeh et al. 1997; Young et al.
1999; Lee and Vierling 2000) and in vivo (Löw et al.
2000). Properties shared by the sHSP family include high
thermostability, a tendency to form multimers, and confer
thermotolerance by their chaperone activity (Löw et al.
2000; van Montfort et al. 2001). Apart from heat stress,
members of class-I sHSP genes are developmentally 
regulated in seeds, fruits and flowers in higher plants
(Wehmeyer and Vierling 2000). Heavy metal ions (such
as arsenite, cadmium) (Edelman et al. 1988; Tseng TS et
al. 1993), chilling (Sabehat et al. 1998), oxidative stress
(Pla et al. 2000), alcohol (Kuo et al. 2000) and amino-
acid analogues (e.g. azetidine-2-carboxylic acid, Lee et
al. 1996) were also reported to induce the expression of a
subset of class-I sHSP genes in higher plants.

The highly conserved sequence of sHSP genes identi-
fied among a large number of plant species suggests that
they may play an important role in coping with heat stress
(Waters and Vierling 1999). In rice (Oryza sativa cv Tain-
ung No. 67), five prominent hybridization bands were de-
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tected in the EcoRI-digested genomic DNA gel-blot using
rice pTS1 cDNA encoding a 16.9-kDa class-I sHSP as a
probe. We isolated and characterized six class-I sHSP
genes from 9.5-, 5.9-, 3.4-, and 2.5-kb fragments of
EcoRI-digested genomic DNA using the same probe
(Tzeng SS et al. 1992; Lee et al. 1995; Chang et al.
2001). The 2.5-, 3.4- and 5.9-kb fragments were shown to
contain a class-I sHSP gene, Oshsp16.9A (pTS1 cDNA),
Oshsp16.9B and Oshsp16.9C, respectively (Lee et al.
1995; Chang et al. 2001). In addition, another three class-
I sHSP genes were found to cluster in the 9.5-kb frag-
ment. They were Oshsp17.3 (pTS3 cDNA), Oshsp17.7
and Oshsp18.0 (pYL cDNA) (Guan et al. 1998). Based on
two-dimensional gel analysis of in vitro hybrid-selec-
tion/translation products from the pTS1 cDNA, we esti-
mated that this class consisted of at least seven members
in rice (Tzeng SS et al. 1993). Moreover, two-dimension-
al gel electrophoresis and Western-blotting analysis of the
310-kDa native heat-shock protein complex corroborated
these observations (Yeh et al. 1995). Thus, we proceeded
with the isolation of another member of the class-I sHSP
gene family possibly localized in the 1.6-kb fragment. On
the other hand, a tentative map of genes involved in the
synthesis of sHSPs in cereals has been obtained by using
nullisomic/tetrasomic mutants of wheat and a two-dimen-
sional gel-electrophoretic separation of the in vivo la-
beled proteins (Potter et al. 1989). In an RFLP analysis of
nullisomic and nullisomic/tetrasomic mutants of wheat,
using the Hvhsp17 from barley as a probe, homologous
sequences were identified on chromosomes 3B and 3D
(Marmiroli et al. 1993). Currently a total of six members
of class-I sHSP genes have been characterized from rice,
but the chromosomal locations of these genes are still un-
known. As a cereal model plant, it is necessary to find out
the chromosomal loci of these rice class-I sHSP genes.

Here, we report the isolation and characterization of a
unique genomic clone from the 1.6-kb DNA fragment
that cross hybridized with pTS1. We found that this frag-
ment contains two tandem-arranged truncated sHSP
pseudogenes, which were surrounded by several inverted
repeats. Based on the PCR-based genomic walking ana-
lyses, this 1.6-kb fragment was located 5′ upstream to
the Oshsp16.9B gene in close proximity to class-I
sHSPs, Oshsp16.9A and Oshsp16.9C genes, which were
mapped on chromosome 1.

Materials and methods
Plant materials

Rice (O. sativa L. cv Tainung No. 67) seedlings were germinated
in the dark at 28 °C for 3 days in rolls of moist paper towels as de-
scribed by Lin et al. (1984). Three-day old rice seedling-ablated
endosperms were incubated in 5 mM of potassium phosphate buff-
er (pH 6.5) with 1% sucrose during treatments at control (28 °C)
or heat-shock temperatures as indicated.

Preparation of rice genomic DNA and Southern-blot analysis

Total rice genomic DNA was isolated according to Malmberg et
al. (1985). DNA was digested with restriction enzymes, separated

on 0.8% agarose gels and transferred to Hybond-N extra mem-
branes (Amersham, Buckinghamshire, UK). Filters were pre-
hybridized in 50% formamide, 5 × SSC, 0.1% SDS, 20 mM of so-
dium phosphate pH 6.5, 0.1% Ficoll, 0.1% polyvinylpyrolidone,
1% glycine, 250 µg/ml of denatured salmon sperm DNA at 42 °C
for at least 2 h. Hybridization was performed at 42 °C overnight in
the pre-hybridized solution with 32P-labeled probes (>107 cpm
specific activity, cpm/µg DNA). The LTIR, C108 and full-length
pTS1 cDNA were labeled with (α-32P)-dCTP (1,000 Ci/mmol,
Amersham, Buckinghamshire, UK) using the Prime-a-Gene La-
beling System (Promega, Madison, Wis., USA). Then, the filters
were washed three times in 2 × SSC, 0.1% SDS at room tempera-
ture for 10 min and then two washes in 0.1 × SSC, 0.1% SDS at
56 °C for 30 min each.

Preparation of rice total RNA and Northern-blot analysis

Total rice RNA was extracted with Trizol reagent (Gibco BRL,
Rockville, Maryland, USA) according to the manufacturer’s pro-
tocol. Total RNA was separated on 1.0% formaldehyde gel and
transferred to Hybond-N extra membranes (Amersham, Bucking-
hamshire, UK). The 3′-untranslated regions of Oshsp16.9A and
Oshsp16.9B genes were labeled as described in the Southern-blot-
ting analysis. Pre-hybridization, hybridization and washing were
carried out as described above.

Construction and screening of the size-selected genomic library

Total rice genomic DNA was digested with the restriction enzyme
EcoRI, separated on agarose gel, and the DNA fragments of sizes
between 1 and 2 kb were eluted from the agarose gel. The size-se-
lected genomic library was established in Lambda ZAP Express
EcoRI/CIAP- treated vector, using the ZAP Express Gigapack II
Gold cloning kit (Stratagene, La Jolla, Calif., USA) according to
the manufacturer’s protocol. The library was screened by hybrid-
ization with 32P-labeled cDNA pTS1 probes (>107 cpm) as de-
scribed above. The insert from one positive clone, designated as
R1.6 was in vivo excised from the ZAP Express vector and main-
tained in the pBK-CMV phagemid vector (Stratagene, La Jolla,
Calif., USA) according to the manufacturer’s protocol.

Cloning and sequence analysis of the R1.6 clone

R1.6 was subjected to sequence determination. Serial deletion was
conducted for sequence analyses after sequencing with universal
primers failed. The EcoRI-digested insert was isolated from R1.6,
ligated into pGEM-7Z(+) to give the plasmid R1.6-2 for serial 
deletion. Nested sets of serial deletion were conducted on R1.6-2
using the Erase-a-Base System (Promega, Madison, Wis., USA)
according to the technical manual. The DNA sequence was deter-
mined by using the Sequenase version 2.0 DNA sequencing kit
(USB, Cleveland, Ohio, USA) according to the manufacturer’s
protocol. The UWGCG program suite was used to perform the se-
quence analysis through the NHRI of Taiwan at Nankang, Taipei.

Genome walking

The Universal GenomeWalker kit (Clontech, Palo Alto, Calif.,
USA) was used to conduct genome walking according to the 
user’s manual. After rice genomic DNA has been digested with
the HaeIII restriction enzyme (Boehringer Mannheim Gmbh, Ger-
many) overnight, a pool of uncloned, GenomeWalker adaptor-
ligated genomic DNA fragments was generated. The long terminal
inverted repeat-specific primer (IRSP), 5′-GAGGCTTCAGCCG-
GAACGAAGCGGAAA-3′, complementary to the R1.6 insert
from 142 to 168 bp is used for PCR. The Advantage Genomic
Polymerase Mix (Clontech, Palo Alto, Calif., USA) was used in
the PCR as recommended in the protocols.
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Chromosome mapping

A population consisting of 235 individuals derived from a three-
way cross was used to map the sequences to the chromosomes
with the 3′-UTRs of Oshsp16.9A, Oshsp16.9B and Oshsp16.9C
as hybridization probes. The length of the probes is 209 bp,
155 bp and 190 bp for Oshsp16.9A, Oshsp16.9B and Oshsp16.9C,
respectively. The three-way cross was conducted by Balilla
(O.sativa ssp. Japonica)/Dular (O.sativa ssp. Indica)//NanJing11
(O.sativa ssp. Indica). A molecular linkage map containing 196
RFLP loci was developed with the above population (Wang et al.
1998). DNA digestion, Southern blotting and hybridization were
all conducted essentially as described by Liu et al. (1997). Then,
the data were scored as described by Wang et al. (1998). Chromo-
somal locations of the three clones on the marker-linkage map
were determined by using MAPMAKER/EXP 3.0 (Lincoln et al.
1992).

Results

Isolation and sequence analysis 
of a 1.6-kb genomic clone

One 1.6-kb EcoRI-digested DNA fragment which
showed a positive hybridization signal with pTS1 cDNA
was isolated and subcloned into a pGEM-7Zf(+) vector
(Promega, Madison, Wis., USA), designated as clone
R1.6. According to DNA sequence analyses, the R1.6
clone is 1,618 bp in length as shown in Fig. 1A along
with the predicted open reading frames (ORFs). A pair
of 441-bp long terminal inverted repeats (LTIRs) at nu-
cleotides 1–441 (left LTIR) and 1,178–1,618 (right
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Fig. 1A, B The nucleotide 
sequence and schematic map
of the R1.6 fragment (GenBank
accession No. AF104864). 
(A) The two deduced amino-
acid sequences were presented
along with the putative open
reading frames. The stop 
codons were underlined.
The capitalized characters 
represented the sequence iden-
tical to the rice class-I sHSP
gene, Oshsp16.9B. The filled
triangles (▲) indicated the
sites separated the long terminal
inverted repeats (LTIRs) from
the direct repeats (DRs). The
blank triangle (▲▲) separated
the direct repeats. The bold
characters indicated the spacer
between the second DR and
right LTIRs. The nucleotides
that were not complementary
with each other in the LTIRs
were indicated by square 
boxes. (B) Schematic map of
the R1.6 fragment. The LTIRs
(hatched boxes) and DRs (lined
boxes) were indicated. The
hollow arrows indicated the
differenst lengths of inverted
or direct subrepeats. The black
arrows represented the putative
pseudogenes (ψOshsp8.4
and ψOshsp7.4). The blank box
was the spacer between the
second DR and right LTIR



LTIR) was found in this genomic clone (Fig. 1B). The
365-bp tandem DR located in nucleotides 442–806 (the
first DR) and 807–1,171 (the second DR) made up the
internal part of the 1.6-kb fragment. There is a spacer of
six nucleotides between the second DR and the right
LTIR. Each DR contains a stretch of 123 bp identical to
the 5′ coding regions of two rice class-I sHSP genes, 
Oshsp16.9A and Oshsp16.9B, which only differ with a
single nucleotide within this region. Two open reading
frames were deduced from both DRs. One of the ORFs
with 76 amino acids is located from nucleotides 663 to
893, and the other with 67 amino acids is located from
nucleotides 1,028 and 1,231 (Fig. 1A). The N-terminal
40 amino acids of both ORFs are identical to the N-ter-
mini of either Oshsp16.9A or Oshsp16.9B, but the other
residues show no similarity to any known proteins in the
databases. For the test of the possible existence of tran-
scripts of the ORFs, we performed primer extension us-
ing a primer specifically annealing to the DR. The direct
repeat-specific primer (DRSP), 5′-GGCTAAGCTGCTT-
GGATC-3′, was complementary to nucleotides 645–662
and 1,010–1,027 which are located at the immediate 5′ to
the start codons of the ORFs. No primer extension prod-
ucts were detected (data not shown). Additionally, we
could not define any minimum promoters in the 5′ up-
stream regions of the ORFs, such as the canonical TATA
box or CCAAT box, as well as HSEs that are a typical
consensus elements of the sHSP genes (Schöffl et al.
1998). Hence, the ORFs in the R1.6 clone are pseudo-
genes designated ψOshsp8.4 and ψOshsp7.4, respec-
tively (Fig. 1B). The N-terminal 49 amino acids in 
ψOshsp8.4 and ψOshsp7.4 are identical, but the C-termi-
nal residues are totally different. In addition, there were
three different lengths of direct or inverted subrepeats in
the DRs and LTIRs. The inverted subrepeats of 31 bp,
70 bp and 104 bp are different in length and orientation,
as shown in Fig. 1B. One of the 104-bp subrepeats locat-
ed in nucleotides 1,143–1,246 contained the spacer be-
tween the second DR and the right LTIR. In the DRs, the
123-bp motif identical to Oshsp16.9A and Oshsp16.9B is
surrounded by the AT-rich 31-bp inverted subrepeats. 

Identification of the R1.6 fragment 
by genomic southern blotting

Genomic DNA gel-blot analysis was carried out to in-
vestigate the genomic organization of the R1.6 fragment
using the LTIR fragment as a probe. Only one prominent
band was detected under high-stringency conditions
(Fig. 2A). This suggested that the R1.6 fragment is pres-
ent as a single-copy in the rice genome. On the other
hand, Fig. 2B shows the hybridization bands detected by
the C108 insert which made up the most conserved re-
gion of rice class-I sHSP genes (Chang et al. 2001).
There are four prominent hybridization signals in the
EcoRI-digested lane as expected. For comparison,
Fig. 2C shows the five prominent hybridization bands in
the EcoRI-digested lane using the pTS1 cDNA as a

probe as described previously (Tzeng SS et al. 1993).
From these Southern-blot analyses we speculated that
the 1.6-kb signal detected in the EcoRI-digested lane 
appeared to consist the truncated sHSP genes. 

Extending the R1.6 fragment by genome walking

Pseudogenes that represent inactive versions of currently
active genes were reported in many gene families that were
interspersed in the vicinity of the clustered active genes, in-
cluding hsc70 (Heschl and Baillie 1989; Rothermel et al.
1995), hsp47 (Nagai et al. 1999), hsp27 (Hickey et al.
1986) and hsp25 (Frohli et al. 1993). In order to examine
whether there were any active rice class-I sHSP genes ad-
jacent to the R1.6 fragment, we carried out PCR-based ge-
nomic walking with a LTIR-specific primer (IRSP). We
obtained a 2,003-bp long clone, designated H10 (Fig. 3A).
In our previous work, the 5′ upstream and coding regions
of the Oshsp16.9A and Oshsp16.9B genes from R2.5
(EMBL accession No. M80938) and R3.4 (EMBL acces-
sion No. M80939) genomic clones were shown to be 
almost identical, except for a 41-bp insertion located be-
tween nucleotides –1,595 and –1,635 in the R2.5 clone rel-
ative to the transcription start site (Tzeng SS et al. 1993).
Alignment analyses revealed that the sequence of H10 
located between nucleotides 163 and 2,003 was completely
overlapping with the sequence of the R3.4 fragment 
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Fig. 2A–C Southern-blotting analyses of rice genomic DNA
probed with the insert of LTIR (A), the C108 clone (B),
and the coding region of pTS1 cDNA (C). Equal amounts (8 µg
per lane) of rice genomic DNA were digested with restriction 
enzymes as indicated at 37 °C for overnight and separated on a
0.8% agarose gel in 1 × TBE buffer. The size marker is λ/HindIII
marker (M)



located between nucleotides –1,620–222 relative to the
transcription start site. Furthermore, in order to verify from
which LTIR was extended in the PCR-based genome walk-
ing, we performed the genomic PCR using the DR-specific
primer (DRSP) and the H10-primer (HP) (Fig. 3A). The
HP, 5′-GATTAATCAGCGACCCACTG-3′, was comple-
mentary to the nucleotides 1,455–1,474 of the H10 clone.
Two PCR products of different sizes were detected (data
not shown). The result suggested that the H10 fragment
was extended from the left LTIR of the R1.6 fragment
(Fig. 1B). Therefore, it was plausible that the R1.6 frag-
ment might be linked to the 5′-upstream region of the 
Oshsp16.9B gene. Previous sequence data from clones
R1.6, R2.5 and R3.4 also supported this hypothesis. Com-
bining the result of restriction mapping of R1.6, R2.5 and
R3.4, and Southern-blotting analysis in Fig. 2A, we could

link these genomic clones together into an approximate
7.5-kb DNA fragment (Fig. 3A). For example, in the DraI-
digested lane the size of an approximate 3-kb signal was
detected using the LTIR as a probe (Fig. 2A), and this frag-
ment could result from 680 bp in the R2.5 clone, 639 bp
from the R3.4 clone and 1,618 bp from the R1.6 clone.
There are two hybridization signals about 2 kb and 0.6 kb
at the HaeIII-digested lane in the blots hybridizing with
LTIR (Fig. 2A) and the full-length pTS1 cDNA (Fig. 2C),
but these bands are not present in the blot probing with
C108 (Fig. 2B). There are four cutting sites for HaeIII 
(5′-GGCC-3′) in the R1.6 clone, and one of them is located
at the region of probe LTIR. So, using the LTIR as a probe
we could detected a signal of about 0.6 kb from the R1.6
clone and a 2-kb signal from part of R1.6 (178 bp), and
part of the R2.5 clone (1,885 bp) or R3.4 clone (1,844 bp).
Using the full-length pTS1 cDNA as a probe these signals
could be detected, because these fragments also contain the
123-bp 5′ coding region of pTS1 cDNA. Attempts in am-
plifying this 7.5-kb fragment with PCR reactions was un-
successful possibly due to the formation of secondary
structures. 

Chromosome mapping of three rice class-I sHSP genes

The coding sequences of class-I sHSP genes are con-
served with homology over 80% of the members, but the
homologies of the 3′-untranslated regions (3′-UTRs) are
below 40%. In our previous studies, cross-hybridization
experiments and RNA gel-blot analyses had shown that
the 3′-UTRs were suitable to be used as gene-specific
probes (Lin 1998). Thus, we used 3′-UTRs of each class-I
sHSP gene as a probe for chromosome mapping. The
chromosomal locations of the class-I sHSP genes were
determined by the RFLP mapping approach using a three-
way cross population and its molecular linkage maps
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Fig. 3A, B Restriction maps of the rice genomic DNA fragments
clustering with class-I sHSP genes in two rice cultivars. (A) The
DNA fragment from Tainung No. 67 was deduced by Southern-
blotting analyses as described in the result. Arrows represent
the sHSP genes and pseudogenes. H10 was the genomic clone
from rice HaeIII-digested genome-walking library in Tainung No.
67. The R2.5 and R3.4 genomic clones containing the class-I
sHSP Oshsp16.9A and Oshsp16.9B genes, respectively, were char-
acterized previously. The length of the overlapped region between
H10 and R3.4 was 1,835-bp long. The locations of the LTIR used
as a probe in Southern blotting analyses are indicated. The primers
used to perform PCRs are also shown. The inverted repeat-specific
primer (IRSP) was used for performing PCR-based genome 
walking. The H10 primer (HP) and the DR-specific primer
(DRSP) were used to conduct genomic PCR for confirming 
that the H10 fragment was linked to the left LTIR of the R1.6
clone. (B) The DNA fragment from Nipponbare was obtained
from the PAC clone P0443D08. Only the fragment containing 
Oshsp16.9A and Oshsp16.9B was shown. The dashed line indi-
cates the fragment is absent in the 5′ upstream of Oshsp16.9B
in Nipponbare. The gray line indicates the putative minimum pro-
moter region of Oshsp16.9B in Nipponbare, which is absent
in the Tainung No. 67. D DraI, E EcoRI, H HaeIII, X XbaI



(Wang et al. 1998). The mapped positions of Oshsp16.9A,
Oshsp16.9B and Oshsp16.9C are on the short arm of
chromosome 1 (data not shown). Oshsp16.9B is 0.4 centi-
morgan (cM) apart from Oshsp16.9C, which shows that
rice class-I sHSP genes, Oshsp16.9A, Oshsp16.9B, and
Oshsp16.9C, are closely clustered.

Comparative analysis of the class-I sHSP gene cluster
on chromosome 1 of two rice cultivars

Recently, from the databases search, we noticed that in
the PAC clone P0443D08 (AP003250), located on chro-
mosome 1 of O. sativa cv Nipponbare, four class-I sHSP
genes were deduced within the first 15-kb region. Three
of the genes correspond to Oshsp16.9A, Oshsp16.9B and
Oshsp16.9C in Tainung No. 67. This result agreed with
the chromosomal assignment of these genes by 3′-UTRs,

as described above. Oshsp16.9A and Oshsp16.9B are 
arranged in a head-to-head orientation as in the Nippon-
bare cultivar. The restriction map of the DNA fragment
from Nipponbare was constructed according to the nu-
cleotide sequence of the PAC clone P0443D08 (Fig. 3B).
The Oshsp16.9B gene in the R3.5 clone shares homology
with the Oshsp16.9A gene of the R2.5 clone in the 5′ up-
stream region, as described above; however, the 5′ re-
gion beyond the coding region of the Oshsp16.9B gene
in the P0443D08 clone did not share homology with the
5′ upstream region of the Oshsp16.9A gene. Moreover,
by alignment of the promoter region of Oshsp16.9B in
Nipponbare with the R1.6 clone, we found that the pro-
moter region shares high homology with the LTIR (97%)
and DR (99%), except for a 70-bp deletion and a 226-bp
insertion in the P0443D08 clone (Fig. 4). The 226-bp
fragment absent in the DRs of R1.6 contains one putative
TATA box and several putative HSEs (Fig. 4). 
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Fig. 4 Alignment analysis 
between the promoter region
of Oshsp16.9B in Nipponbare
and the R1.6 clone in Tainung
No. 67. The putative promoter
region of the Oshsp16.9B gene
in Nipponbare cultivar
(P0443D08 PAC clone) was
aligned with clone R1.6. They
shared high homology except
for a 70-bp insertion in the
LTIR and a 226-bp deletion
in the DR of the R1.6 fragment.
The dashed lines indicated the
deletions in the R1.6 clone or
the P0443D08 clone. The puta-
tive TATA box was underlined.
The dotted underlines indicated
the putative HSEs



It is interesting to note that the promoter region of 
Oshsp16.9B in the Nipponbare cultivar is different from
that in Tainung No. 67; however, the nucleotide se-
quence identity is more than 99% in the other regions
(including the coding region and 3′-downstream from the
coding region). The promoter region of Oshsp16.9B in
Tainung No. 67 is almost identical to the promoter re-
gion of Oshs16.9A in both cultivars. Thus, it is interest-
ing to investigate the expression profiles of Oshsp16.9A
and Oshsp16.9B under different heat stresses in these
two cultivars. We performed Northern-blot analyses at
different heat-shock (HS) conditions between these two
cultivars, using gene-specific 3′-UTRs of Oshsp16.9A
and Oshsp16.9B as probes. Three-day old etiolated rice
seedlings were incubated at 28 °C, 35 °C, 38 °C and
41 °C for 2 h to evaluate the levels of expression of 
Oshsp16.9A and Oshsp16.9B in the rice cultivars, Nip-
ponbare and Tainung No. 67. The transcripts began to
accumulate at 35 °C, and reached a maximal level at
41 °C in both genes from the two cultivars during a 2-h
incubation (Fig. 5). The Nipponbare cultivar accumulat-
ed more transcripts of both genes under 35 °C and 38 °C
than the Tainung No. 67 cultivar. The time course of
gene expression was also performed at 41 °C. The tran-
scripts were detected in the first 5-min incubation and
gradually increased to the highest level after the 120-min
incubation at 41 °C in both cultivars. Nipponbare accu-
mulated more transcripts after 5-min and 15-min heat-
shock treatments than Tainung No. 67; however, the
transcript level of Tainung No. 67 reached almost the
same level as Nipponbare after a 60-min heat-shock
treatment. The transcripts levels decreased gradually in a
prolonged incubation time at 41 °C in both cultivars. The
Oshsp16.9A transcripts were found to accumulate signif-
icantly higher levels than Oshsp16.9B transcripts in both
cultivars. In our previous study on Tainung No. 67, a
similar result was demonstrated (Lin 1998). 

Discussion

In this study we report the isolation and characterization
of a unique rice genomic clone containing two tandem
truncated class-I sHSP genes with almost perfect long
terminal inverted repeats. Although many plant sHSP
genes have been isolated and characterized from differ-
ent plant species (Waters and Vierling 1999), only one
pseudogene of the plant sHSP gene was reported, which
is a putative prematurely truncated class-I HSP17.7b
pseudogene of Brassica oleracea (AJ243566). There
were two human HSP27 pseudogenes and one mouse
HSP25 pseudogene (McGuire et al. 1989; Frohli et al.
1993). Typical pseudogenes (ψ) were defined by the pos-
session of sequences related to those of the functional
genes, but cannot be transcribed or translated into a
functional protein. We designated the truncated class-I
sHSP genes as pseudogenes based on gene structure and
the lack of detectable transcripts from the primer exten-
sion study. The high sequence conservation between
these pseudogenes and Oshsp16.9B is very high (>99%),
indicating that these pseudogenes have emerged very re-
cently.

In our previous study, we have shown that the pro-
moter regions of Oshsp16.9A and Oshsp16.9B in 
Tainung No. 67 were almost identical, except for a 41-bp
insertion in the Oshsp16.9A gene (Tzeng SS et al. 1993).
Comparative analysis of the class-I sHSP genes cluster-
ing on chromosome 1 revealed that the putative promoter
region of Oshsp16.9B in Nipponbare was about 2-kb
shorter than that of Oshsp16.9B in Tainung No. 67
(Fig. 3). Hence, Oshsp16.9B could be under different
regulation in these cultivars. It is unclear, at this point,
why and how a different promoter was generated for the
same gene in these two cultivars. We assume that the ex-
pressions of Oshsp16.9A and Oshsp16.9B under the sim-
ilar promoter may reflect the synchronous accumulation
of both transcripts in response to heat stress. In our pre-
vious studies, we have shown that the transcriptional 
rate and stability of Oshsp16.9A is higher than that of
Oshsp16.9B in Tainung No. 67 (Lin 1998). In this study,
the comparative Northern-blot analyses between Tainung
No. 67 and Nipponbare cultivars upon different HS con-
ditions indicated that the induction of Oshsp16.9A and
Oshsp16.9B in Nipponbare was similar to that of Tain-
ung No. 67 (Fig. 5). The transcript level of Oshsp16.9A
was higher than that of Oshsp16.9B in Tainung No. 67,
as described previously (Lin 1998), as well as in Nippon-
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Fig. 5 Northern-blotting analyses of Oshsp16.9A and Oshsp16.9B
under different heat stresses in rice Nipponbare and Tainung 
No. 67 cultivar. Total RNA (15 µg) from rice seedlings incubated
at various temperatures was loaded in each lane and was frac-
tionated on a 1.0% formaldehyde/agarose gel. The 3′-UTR of
Oshsp16.9A and Oshsp16.9B were used as probes, separately.
The specific activity was about 6.0 × 108 cpm/µg DNA for each
probe. After washing under high stringency, the blots were ex-
posed on Phosphor Screen (Molecular Dynamics) for 24 h.
The EtBr staining gel was shown as a RNA loading reference.
These experiments were conducted twice for confirmation
of the results



bare. Thus, the promoter region of Oshsp16.9B in the
Nipponbare cultivar does not alter the expression pattern
in response to HS conditions. In addition, whether the
promoter rearrangement introduces the diverse inducibi-
lity of sHSP genes in response to developmental regula-
tion and different stresses in these two cultivars still
needs to be further characterized in the future.

On the other hand, it also remains unclear how the
complex structure of the R1.6 fragment was generated in
the rice genome. We know that plant genomes can
change rapidly within a short evolutionary time span.
Gene duplication, conversion and inversion events have
been discussed to be the major mechanism for the origin
of sHSP genes in plants (Waters and Vierling 1999).
Thus, the complex structure of the R1.6 fragment might
be just reminiscent of the recombination of the rice sHSP
gene family or it might be induced by human breeding.
The distinctive feature of the R1.6 fragment is character-
ized by its LTIRs and inverted subrepeats of the DRs as-
sociated with the truncated class-I sHSP genes (Fig. 1B),
because the terminal inverted repeats (TIRs) are charac-
ters of DNA transposable elements. The DNA transpo-
sons were characterized by terminal inverted repeats
(TIRs) and moved directly through a DNA form by a
“cut and paste” mechanism (Le et al. 2001). Transpos-
able elements are an integral component of most geno-
mes and may play an important role in the evolution of
developmental processes (Bureau et al. 1996). Structural
features such as sequence similarity, and the size and se-
quence of the target site duplication generated upon in-
sertion, serve to further distinguish transposon superfam-
ilies (Le et al. 2001). Several Mutator-like elements
(MULEs) including rice elements that harbor truncated
host cellular genes were identified (Le et al. 2001; 
Turcotte et al. 2001). Five MULE-I representatives con-
tain a 105-bp region with high nucleotide similarity
(>90%) to a portion of the rice 5S rDNA gene, and one
MULE-IV element contains a 149-bp region showing
high nucleotide similarity (>83%) to a region of the rice
PCF2 mRNA sequence. The acquisition of truncated cel-
lular genes perhaps resulted from illegitimate recombina-
tion and repair events (Turcotte et al. 2001). Computer-
based systematic surveys revealed the predominance of
miniature inverted-repeat transposable elements (MITEs),
which might facilitate rapid sequence evolution in the
rice genome (Bureau et al. 1996; Bennetzen 2000; Lee et
al. 1995). Two MITEs, ditto and explorer (Bureau et al.
1996), were identified in the 1.6-kb promoter regions of
Oshsp16.9A and Oshsp16.9B. Therefore, the transpos-
able elements may play an important role in the evolu-
tion of the class-I sHSP gene family in rice.
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