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In nonplant species, many heat-shock transcription factors (HSFs) undergo spatiotemporal-specific
alternative splicing. However, little is known about the spatiotemporal-specific splicing of HSFs in plants.
Previously, we reported that the alfalfa HSF gene MsHSF1 undergoes multiple alternative splicing events in
various tissues. Here, we identified another spliced transcript isoform, MsHSFIc, containing a 177-base
Keywords: tandem repeat, and showed that the low-abundance MsHSFIc is a nodule-specific transcript of MsHSF1. We
Allele also found that MsHSF1 presents multiple alleles with single-base variations and the expression of MsHSF1
alleles has allele-specific differences in alfalfa nodules. Because single-base variations at position 1006
change the AT of MsHSF1b to GT in MsHSF1b-3, creating a pair of donor/acceptor sites with the AG of
MsHSF1b[1b-1 at position 827-828 for pre-mRNA splicing, we suggest that MsHSF1c may be generated by
trans-splicing between alleles MsHSF1b-3 and MsHSF1b or MsHSF1b-1. These results provide new insight
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into the role of tissue-specific contribution in the transcription of plant HSF genes.
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Plant heat-shock transcription factors (HSFs) have complex struc-
tures and specific functions. The known plant HSFs have been assigned
to three classes (A, B, and C) according to their unique structural
characteristics [1]. There are 21 HSFs in Arabidopsis thaliana, 23 in rice
(Oryza sativa), 34 in soybean (Glycine max), at least 18 in tomato
(Lycopersicon esculentum), and many other HSFs in maize (Zea mays) and
other species [1-4]. Some of the genes encoding these HSFs undergo
tissue-specific expression, such as the seed-specific HSFA9 in sunflower
(Helianthus annuus) and Arabidopsis [ 5,6], the root-specific AtHSFA6bD [ 5],
and the pollen-specific AtHSFA5 (AtGenExpress microarray data: http://
www.arabidopsis.org/info/expression/ATGenExpress.jsp). These genes
have no known tissue-specific isoforms.

Many HSFs in nonplant species undergo spatiotemporal-specific
alternative splicing. Stage-specific alternative splicing of SmHSF occurs
in Schistosoma mansoni [7]. In vertebrates, HSF1 also undergoes
tissue-dependent alternative splicing [8]. One zHSF1 isoform is tissue
specific in zebrafish (Danio rerio) [9]. Previously, we reported that
MsHSF1 undergoes alternative splicing in various alfalfa tissues [10].
To date, spatiotemporal-specific splicing of plant HSFs has not been
reported.

Trans-splicing is an important event for mRNA maturation in which
separate pre-mRNAs contribute sequences to the mature mRNA.
Spliced-leader (SL) trans-splicing was discovered in trypanosomes
and in nematodes (reviewed in [11]). In SL trans-splicing, a short (~15-
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50 nt), capped 5’ noncoding mRNA as the leader sequence was joined
to the mRNA that codes for protein [11,12]. A second type of trans-
splicing is the “discontinuous group II intron” form of trans-splicing
found in plant chloroplasts and mitochondria (reviewed in [12]). This
type of trans-splicing was possibly generated through interactions
between “intronic” RNA pieces [12]. Mature mRNAs generated by
trans-splicing between separate nuclear-encoded pre-mRNAs from
protein-coding genes were found extensively in mammals and in
Drosophila [13-17]. Nuclear-encoded pre-mRNA trans-splicing in
plants has been reported only by Kawasaki et al. [18].

In this study, we identified the alfalfa nodule-specific transcript
MsHSF1c, which contains a 177-base tandem repeat. This kind of
tandem repeat may be generated by trans-splicing between alleles
MsHSF1b-3 and MsHSF1b or MsHSF1b-1, because the single-base
variations at position 1006 change the AT of MsHSF1b to GT in
MsHSF1b-3, creating a pair of donor/acceptor sites with the AG of
MsHSF1b/1b-1 at position 827-828. Our results enable further under-
standing of the transcription of plant genes encoding HSFs.

Results
Molecular characterization of MsHSF1c

Earlier, we reported that the transcript MsHSF1b (GenBank
Accession No. AY651249), composed of exon 1 and exon 4 of
MsHSF1, encodes a class-A1 HSF protein [10]. In this work, we
identified another cDNA clone, MsHSFic, from alfalfa nodules
(GenBank Accession No. DQ907238). Sequence analysis showed that
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MsHSF1c contains a 177-nucleotide (59 amino acid residues) tandem
repeat and encodes a protein of 561 amino acid residues. At both the
nucleotide and the protein level, MsHSF1c shares 100% identity with
MsHSF1b, except for the tandem repeat (Fig. 1). Thus, the domain
structure of MsHSF1c is the same as that of MsHSF1b, and the two
proteins have the same DNA-binding domain (DBD), oligomerization
domain [carrying two adjacent hydrophobic heptad repeats (HR-A/B)],
nuclear localization signal (NLS), AHA motif (a peptide with aromatic
and hydrophobic amino acid residues in an acidic surrounding), and
nuclear export signal (NES). The 59-residue tandem repeat is located
between the NLS and the AHA (Fig. 1). Analysis of the tandem repeat
revealed that it contains 13 serine residues (22%). Using NetPhos 2.0
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software [19], we predicted that 6 residues are the probable phos-
phorylation sites among these 13 residues. However, there are only
five likely phosphorylation sites throughout the whole nonrepeated
region (Fig. 2).

MsHSF1c is a natural transcript of MsHSF1

It is possible that MsHSF1c is encoded by another HSF gene that
contains the 177-nucleotide tandem repeat or that genomic DNA
contains two tandem-linking alleles that generate MsHSF1c by alter-
native splicing. To rule out these possibilities, genomic PCR was
performed with the primers TF1 and TR1 residing outside the tandem
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Fig. 1. cDNA and deduced protein sequences of MsHSF1c. (A) A representation of the domain structures of MsHSF1b and MsHSF1c. The domains, motifs, and tandem repeat (TR)
regions are indicated. (B) The cDNA and deduced protein sequences of MsHSF1c. The DBD, HR-A/B, 21 amino acid residues inserted into HR-A and HR-B, NLS, NES, and AHA are boxed,
bold single-underlined, dot-underlined, indicated by triangles, broken-underlined, and bold double-underlined, respectively. The region between the initiation and the junction
point of TR is single-underlined. The region between the junction point and the termination of TR is unequal double-underlined. Black, white, and gray arrowheads indicate initiation,

junction point, and termination positions of TR, respectively.
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