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female gametophytes were arrested in early development, 
before mitosis 3, resulting in 45 % of sterile ovules. Our 
analysis indicates that the “Yin–Yang” regulation of gene 
expression at the HSFB2a locus influences vegetative and 
gametophytic development in Arabidopsis.
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Introduction

Heat stress transcription factors (HSFs) were origi-
nally identified as the central regulators of the heat stress 
response. In recent years HSFs have been found to be 
involved in the control of a multitude of stress responses 
and also in developmental processes. Unlike in other eukar-
yotes, there is a high diversity of HSFs in plants with 21 
genes in Arabidopsis (Nover et al. 2001), 25 in rice (Guo 
et al. 2008), 30 in maize (Lin et al. 2011; Scharf et al. 
2012) and 52 in soybean (Scharf et al. 2012) respectively. 
This may reflect a functional redundancy in controlling 
stress responses, evident for the A1-group of HSFs in 
Arabidopsis (Liu et al. 2011; Yoshida et al. 2011) and spe-
cific functions in non-heat stress processes as demonstrated 
for maize (Gagliardi et al. 1995) rice (Chauhan et al. 2011) 
and Arabidopsis (Kotak et al. 2007).

Common features of all HSFs are the highly con-
served DNA binding domain (DBD) that mediates bind-
ing to the heat stress elements (HSEs), repetitions of the 
“nGAAnnTTCn” motif in promoters of target genes (Schöffl 
et al. 1998) and two hydrophobic regions A and B, that in case 
of plant class B HSFs are separated by a short linker (Nover 
et al. 2001). Plant HSFs are grouped in three classes A, B and 
C. Whereas almost all class A HSFs hold one or two acidic 

Abstract Heat stress transcription factors (HSFs) are 
central regulators of the heat stress response. Plant HSFs of 
subgroup B lack a conserved sequence motif present in the 
transcriptional activation domain of class A-HSFs. Arabi-
dopsis members were found to be involved in non-heat 
shock functions. In the present analysis we investigated the 
expression, regulation and function of HSFB2a. HSFB2a 
expression was counteracted by a natural long non-coding 
antisense RNA, asHSFB2a. In leaves, the antisense RNA 
gene is only expressed after heat stress and dependent on 
the activity of HSFA1a/HSFA1b. HSFB2a and asHSFB2a 
RNAs were also present in the absence of heat stress in 
the female gametophyte. Transgenic overexpression of 
HSFB2a resulted in a complete knock down of the asHS-
FB2a expression. Conversely, asHSFB2a overexpression 
leads to the absence of HSFB2a RNA. The knockdown 
of HSFB2a by asHSFB2a correlated with an improved, 
knockdown of asHSFB2a by HSFB2a overexpression with 
an impaired biomass production early in vegetative devel-
opment. In both cases the development of female game-
tophytes was impaired. A T-DNA knock-out line did not 
segregate homozygous mutant plants, only heterozygots 
hsfB2a-tt1/+ were viable. Approximately 50 % of the 

Electronic supplementary material The online version of this 
article (doi:10.1007/s11103-014-0202-0) contains supplementary 
material, which is available to authorized users.

M. Wunderlich · F. Schöffl (*) 
ZMBP General Genetics, University of Tübingen, 
72076 Tübingen, Germany
e-mail: friedrich.schoeffl@zmbp.uni-tuebingen.de

R. Groß-Hardt 
ZMBP Developmental Genetics, University of Tübingen, 
72076 Tübingen, Germany

http://dx.doi.org/10.1007/s11103-014-0202-0


542 Plant Mol Biol (2014) 85:541–550

1 3

AHA motifs conferring competence as transcriptional activa-
tors (Döring et al. 2000), all class B HSFs lack this domain 
and instead have a B3 repressing domain that was also found 
in 24 other transcription factors of Arabidopsis (Czarnecka-
Verner et al. 2004; Ikeda and Ohme-Takagi 2009).

The importance of HSF in developmental regulation in 
Arabidopsis has been demonstrated for HSFB4, which acts 
mainly in the root stem cell niche to control cell identity 
and cell fate (Begum et al. 2012; Pernas et al. 2010; ten 
Hove et al. 2010). On the other hand, Arabidopsis HSFB2b, 
together with HSFB1, was shown to be involved in the reg-
ulation of the defensin gene PDF1.2 and pathogen resist-
ance (Kumar et al. 2009).

These HSFs are also negative regulators of HSFA2, 
HSFA7a, and act in an autoregulatory manner (Ikeda et al. 
2011). Only these class B HSFs have also been found to 
elicit mild cell death effects in N. benthamiana leaves 
(Zhu et al. 2012). For HSFB2a a mild repressing activity 
was also shown at the HSFA2 promoter (Ikeda et al. 2011), 
which is expressed in antipodal cells of mature female 
gametophytes (Kägi et al. 2010).

In this study we provide evidence that HSFB2a is 
required for the development of the female germ line and 
that its expression is controlled by a natural heat-inducible 
non-coding antisense RNA and vice versa.

Results

HSFB2a is required for plant fertility

In order to determine the function of HSFB2a we analysed 
four different T-DNA insertion lines. GT12254, GT10826, 
and SALK_137766 contain insertions in the 5′-Nontrans-
lated region, the intron, and the 3′ terminal coding region, 
respectively (Fig. 1a), and did not exhibit any defects. By 
contrast, for SALK_012418, which contains a T-DNA inser-
tion in the middle of the first exon, we were not able to 
recover homozygous plants (n = 458). We designated the 
mutant allele hsfB2a-tt1. To better understand the mutant 
defect, we inspected the siliques of heterozygous hsfB2a-tt1 
plants. Notably, 44.9 % of all ovules (n = 3,461) were ster-
ile as compared to 2.2 % in wild type (n = 3,740, Fig. 2a, 
Figure S1a), suggesting that the mutant was gametophytic 
lethal. In order to test whether the hsfB2a-tt1 allele is passed 
on by both, male and female gametophytes, we conducted 
reciprocal crosses to Col-0 wild-type plants and found trans-
mission rates of 21 and 22 % for female and male gameto-
phytes, respectively (Table 1). Male transmission was sub-
stantially increased when the amount of pollen applied to 
the stigma was limited (Table 1), suggesting a reduced com-
petitiveness of mutant pollen compared to wild-type.

Fig. 1  A Position of the T-DNA insertions in the HSFB2a genomic 
region. Grey boxes depict the coding sequence, the open box the 
intron, hatched boxes the 5′-UTR and 3′-UTR, and arrowheads the 
direction of transcription. Black upright boxes mark perfect, open 
boxes imperfect HSEs. Crosswise black boxes show the position of in 
situ hybridization probes. Arrows denote primer positions, numbers 
refer to nucleotide positions relative to the transcription start and lines 

indicate the insertion site of the respective T-DNA. The expression 
levels of HSFB2a (B) and asHSFB2a (C) mRNA in wild-type and 
the respective overexpressing and knockout (SALK_012418) plants 
at different temperatures are indicated by the numbers above the 
columns. All values were normalized with respect to Actin2 mRNA 
(=100 %)
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To characterize the female gametophytic defect asso-
ciated with the reduced hsfB2a-tt1 transmission, we per-
formed cleared whole mounts of mutant and wild-type 
ovules 2 days after emasculation of the oldest closed flower 
bud, a stage where wild type gametophytes have undergone 
maturation. We found that 55.4 % of the gametophytes 
arrest before completion of all three mitotic divisions 
(Figure S1b). In 20.3 % of the arrested gametophytes four 
nuclei at the micropylar region of the gametophyte were 
visible (Figure S1b, Figure S2b). These results suggest 
that HSFB2a is required for the development of the female 
germline.

To determine whether the defect in hsfB2a-tt1 was, 
indeed, due to reduced HSFB2a activity, we in a first step 
characterized the expression of the gene at control tem-
perature (20 °C) and after heat shock (38 °C, 1 h). At 20° 
the expression in wild type and mutant was 2.7 and 1.1 % 
with respect to the internal standard ACTIN2. After heat-
induction, expression reached a fourfold higher level in both 
lines (9.8 and 4.5 %) (Figure S3). These results confirm that 
HSFB2a is a heat-inducible gene and show that its activity 
is reduced by more than 50 % in hsfB2a-tt1 mutants.

We next asked, whether HSFB2a could function-
ally complement the gametophytic lethal phenotype of 

Fig. 2  a Sterile ovules in 
siliques of the heterozygous 
mutant, indicated by arrow 
heads. In situ hybridization 
of carpel sections detecting 
HSFB2a mRNA with DIG 
labelled sense control (b) and 
antisense (c) probe

Table 1  Genotypes and 
transmission rates of crossings

a Reduced pollen

Genotypes F0 Genotype F1

wt (%) hsfB2a-tt1/+ (%) Transmission rate (%) n

hsfB2a-tt1/+ × hsfB2a-tt1/+ 77.7 22.3 44.6 1,446

hsfB2a-tt1/+ × wt 89.6 10.4 20.8 154

wt x hsfB2a-tt1/+ 89.2 10.8 21.6 329

wt x hsfB2a-tt1/+a 65.4 34.6 69.2 107
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hsfB2a-tt1 and introgressed a genomic HSFB2a fragment, 
designated HSFB2a-tg into hsfB2a-tt1. We found only 4 
(lines 75, 96, 165, 184) out of 189 BASTA resistant trans-
formed plants in the T1 generation.

Microscopic inspection of female gametophytes of the 
T2 generation revealed an increase in the percentage of 
mature female gametophytes of 14.5 and 14.7 % in two 
out of four independent transgenic lines (lines 75 and 165, 
Figure S6). This small but significant improvement indi-
cates that the female gametophytic defect relates to reduced 
HSFB2a activity, but also suggests that the expression lev-
els conferred by HSFB2a-tg were not sufficient to reach 
those of the native HSFB2a allele.

Additionally, we tested two more lines with a T-DNA 
insertion in HSFB2a for an altered female gametophytic 
phenotype. These lines, GT10826 and GT12254, neither 
heterozygous nor homozygous mutant plants, showed a 
phenotype differing from wildtype. However, these lines 
are in a different genetic background (Ler) compared to 
hsfB2a-tt1 (Col0) and the T-DNA insertions are located in 
the 5′-UTR (GT12254) and the intron (GT10826), respec-
tively. In addition, we generated HsfB2a-mutants by gen-
erating overexpression lines for sense and antisense RNA 
(see below).

Expression of HSFB2a

In order to examine HSFB2a expression during early 
development we analysed promoter:GUS reporter expres-
sion in transgenic Arabidopsis plants. Using an 855 base 
pair (bp) DNA fragment upstream of the transcription 
start site of HSFB2a fused to the β-glucuronidase gene, 
we detected signals in the root tip and nodes of 8, respec-
tively 15 day old seedlings (Fig. 3a, b). In the reproduc-
tive tissues we found staining in anthers of flowers at 
stage 13, according to Smyth et al. (1990), in walking 
stick embryos, and in the junction between receptacle and 
silique (Fig. 3c, e, f, g). At this stage, however, there was 
no staining detected in ovules. GUS expression in leaves 
was only detectable at the beginning of senescence in the 
vascular tissue (Fig. 3d).

HSFB2a is expressed in the female gametophyte

Due to the gametophytic defect of hsfB2A-tt1/+ mutants we 
tested HSFB2a expression by in situ hybridization experi-
ments. Sections of carpels were hybridized with a probe 
covering part of the 3′-UTR (Fig. 1a). We detected strong 
and specific hybridization signals in female gametophytes 

Fig. 3  GUS expression in HSFB2a-Promoter:GUS plants. In roots (a) of 8 day old and nodes (b) of 15 day old seedlings, leaves (d) of 7 weeks 
old plants, anthers of flowers (e) of stage 13 (Smyth et al. 1990) and embryos (c), seed (f) and the junction of the petiole of ripe siliques (g)
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with the antisense probe, while no signal was obtained with 
the sense control probe (Fig. 2b, c).

By contrast, by using a probe covering the last 71 bp 
of the HSFB2a ORF and the first 40 bp of the 3′-UTR 
(Fig. 1a), hybridizations signals were not only obtained 
with the antisense probe, but an unprecedented strong 
signal was also detected in the sense probe control (Fig-
ure S4). These data suggest that in this part of the cod-
ing region, both strands of HSFB2a are transcribed. This 
interpretation is supported by the presence of an annotated 
cDNA clone, RAFL21-83-H09, with an 1,138 bp overlap 
with the genomic sequence of HSFB2a. This cDNA con-
tains no ORF starting with an ATG and hence most prob-
ably is a non-coding RNA.

Expression from the antisense strand of HSFB2a

The natural antisense RNA expression (asHSFB2a) at 
the HSFB2a locus, identified by in situ hybridization in 
the female gametophyte, was further analysed in leaves 
of wild-type plants. At different temperatures RNA lev-
els were quantified by real-time qRT-PCR (Fig. 1c). The 
antisense RNA (asHSFB2a) was almost absent (0.01 % 
of ACTIN standard) at control temperature but was more 
than 1100-fold induced (11.5 % of ACTIN RNA standard) 
after one hour heat stress at 38 °C. Thus heat-induction of 
asHSFB2a RNA is more than 180-fold higher than that of 
HSFB2a mRNA, suggesting that not only HSFB2a but also 
asHSFB2a is a heat shock gene. We screened the HSFB2a 
and asHSFB2a upstream region for the presence of HSEs, 
which are characteristic to heat-inducible genes. In fact, 
in both putative promoter regions we found one perfect 
HSE with the consensus sequence nGAAnnTTCn located 
upstream of the transcriptional start sites of HSFB2a (22 bp) 
and asHSFB2a (71 bp) (Fig. 1a). The 1 kb upstream region 
of asHSFB2a contained, in addition, more than twice as 
many imperfect HSEs (with one bp change in consensus 
HSE) than the respective upstream region of HSFB2a.

The heat-induction of HSFB2a depends on the presence 
of class A heat shock factors HSFA1a and -A1b (Busch 
et al. 2005). This prompted us to examine also the asHS-
FB2a RNA levels in hsfA1a/A1b double knock-out plants 
(Busch et al. 2005). We found on average a 50-fold reduc-
tion of asHSFB2a RNA after heat shock as compared to 
wild type (Figure S7), indicating that also the antisense 
HSFB2a transcript is under regulatory control by class A 
heat shock factors.

Manipulation of sense and antisense RNA expression

The strictly heat-inducible natural non-coding antisense 
RNA may specify a regulatory mechanism targeting 
the expression of specific genes. In order to test whether 

HSFB2a expression was affected by the antisense tran-
script asHSFB2a and vice versa we fused the CaMV 
35S promoter to the full-length cDNA of asHSFB2a and 
HSFB2a. Transgenic Arabidopsis plants overexpressing 
either one of these constructs were examined by qRT-PCR 
for both, HSFB2a sense and asHSFB2a antisense expres-
sion at different temperatures. Compared with wild type, 
35S:HSFB2a plants showed a high constitutive level of the 
HSFB2a transcript, however, in these plants the asHSFB2a 
RNA was undetectable at all temperatures. Conversely, 
35S:asHSFB2a plants, expressing high constitutive levels 
of asHSFB2a RNA, did not express detectable HSFB2a 
mRNA levels at any temperature (Fig. 1b, c). These results 
indicate that HSFB2a and asHSFB2a are potent inhibi-
tors of the respective other transcript. Together with our 
observation that asHSFB2a is massively induced upon heat 
stress, these results suggest that the noncoding asHSFB2a 
RNA buffers the HSFB2a-dependent heat shock response.

HSFB2a links heat response and seedling size

The intriguing “Yin–Yang relationship” of RNA levels 
exhibited after transgenic manipulations of HSFB2a and 
asHSFB2a offers the opportunity to examine the effects 
of HSFB2a downregulation in the sporophyte by overex-
pressing asHSFB2a. For proof of concept, we in a first step 
examined the effect of asHSFB2a-mediated HSFB2a down-
regulation during ovule development. We found that 45 % 
of all ovules in 35S:asHSFB2a lines exhibited an arrest in 
embryo sac development at various stages (Fig. 4a), remi-
niscent of the phenotype observed in hsfB2A-tt1/+ plants. 
Given that 35S activity is not detectable in the female 
gametophyte (Roszak and Köhler 2011), these data suggest 
that the amount of asHSFB2a in the sporophytic ovular tis-
sue is decisive for the development of the female germline.

We next examined the effect of asHSFB2a-mediated 
HSFB2a downregulation in sporophytic tissue. Notably, 
in four independent 35S:asHSFB2a antisense lines, we 
observed 10 days after germination an increase in biomass 
by 58 % as compared to wildtype. Conversely, plants overex-
pressing HSFB2a (35S:HSFB2a) exhibited a 15 % reduced 
fresh weight compared to wild type (Figure S5). These 
results indicate that HSFB2a has a negative impact on early 
plant growth and reveal an unprecedented link between the 
plant heat shock response and the regulation of seedling size.

Discussion

Regulation of HSFB2a and asHSFB2a expression

Using in situ hybridization and qRT-PCR HSFB2a 
mRNA was detected in female gametophytes and leaves 
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respectively. In leaves heat-induced enhancement of tran-
script levels of HSFB2a have been described before (Busch 
et al. 2005), but surprisingly, our analyses revealed also a 
very strong and strictly heat stress dependent expression of 
a long non-coding antisense RNA. This gene, asHSFB2a, is 
transcribed in opposite orientation starting shortly beyond 
the 3′-end of the HSFB2a coding region and terminating 
way upstream of the 5′-end of the HSFB2a gene. In leaves 
the heat-induction of asHSFB2a is much stronger than of 
HSFB2a mRNA. Differences in strength of heat-induction 
correlate with the differences in the numbers of imperfect 
HSEs in the respective 1 kb promoter upstream regions. It 
has been shown that heat-induced HSFB2a expression is 
controlled by HSFA1a/HSFA1b (Busch et al. 2005). Our 

re-examination of the same RNA preparations clearly indi-
cated that the asHSFB2a expression is also dependent on 
HSFA1-HSFs, which are known to control the majority of 
early induced heat shock genes (Yoshida et al. 2011). A 
regulatory function of asHSFB2a RNA on HSFB2a expres-
sion was verified by transgenic overexpression. CaMV 35S 
promoter-driven asHSFB2a expression resulted in a com-
plete shut off of HSFB2a expression at all temperatures, 
suggesting an effective antisense effect in leave tissue. It 
should be noted that in the leaves of native plants the asHS-
FB2a antisense effect can be only implemented after heat 
stress, significant levels are only reached at temperatures 
above 34 °C.

Interestingly, CaMV 35S-driven HSFB2a overexpres-
sion imposes also a strong negative effect on the level of 
asHSFB2a RNA. Under these conditions the sense RNA 
acts as a “silencing antisense RNA” on asHSFB2a expres-
sion. The molecular mechanism of this “Yin–Yang” con-
trol of sense and antisense RNA expression is unknown. 
Long non-coding RNAs may cause transcriptional silenc-
ing through promoting the formation of chromatin-modi-
fying complexes (Beisel et al. 2007; Schuettengruber et al. 
2007; Shilatifard 2008; Wang and Chang 2011). In Arabi-
dopsis non-coding sense transcripts termed COLDAIR, 
originating from the first intron of FLC, have recently been 
shown to be sufficient to maintain repression of FLC dur-
ing vernalization (Helliwell et al. 2011). The COOLAIR 
antisense transcripts (Swiezewski et al. 2009) originat-
ing from a promoter adjacent to the FLC 3′ untranslated 
region seems to have only a redundant function in silenc-
ing the FLC locus.

Is asHSFB2a-dependent regulation of HSFB2a also 
implemented in the female gametophyte? By in situ 
hybridization asHSFB2a RNA was detected in ovules. 
Manipulation of HSFB2a and respectively asHSFB2a 
expression via 35S-promoter-driven transgenes resulted in 
significant changes in the proportions of defective game-
tophytes (Fig. 4). These defective phenotypes are overall 
more pronounced in asHSFB2a transgenic lines, which 
is in support of the detrimental effect of the hsfB2a-tt1 
mutation. There is some variation in the proportions of 
defective ovules, but at present it is unknown how strong 
constitutive 35S-promoter-driven gene expression is 
implemented in cells of the gametophyte. It is not clear 
whether the 35S-promoter is fully active at all stages 
during female gametophyte development in Arabidopsis 
(Jiang et al. 2010; Liu et al. 2008; Roszak and Köhler 
2011). Our observation that 35S-driven expression of 
asHSFB2a interferes with female gametophyte develop-
ment might relate to the fact that the unicellular embryo 
sac inherits its cytoplasm from sporophytic, i.e. asHS-
FB2a containing tissue. Alternatively, HSFB2a is required 
sporophytically to ensure proper female gametophyte 

Fig. 4  Proportions of mature and immature female gametophytes 
in (A) wt and five HSFB2a overexpressing (35S:HSFB2a, 1–5) and 
(B) wt and five asHSFB2a (35S:asHSFB2a, 1–5) overexpressing 
lines. Open boxes represent the proportion of mature female gameto-
phytes, grey boxes the proportion of immature female gametophytes, 
numbers in and above boxes the respective average percentage of 
five plants per line. Prevalent aberrant phenotypes of HSFB2a and 
asHSFB2a overexpressing lines. C Embryo sac with one nucleus. D 
Embryo sac with four nuclei. Arrow heads depict the position of vis-
ible nuclei in the female gametophytes. Text below the pictures indi-
cates the percentage of gametophytes showing the above phenotype 
in the respective lines
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development. Our data suggest that changes in HSFB2a 
expression levels are crucial for proper female gameto-
phyte development. Our finding that the female gameto-
phyte and seed defects of hsfB2a-tt1/+ could only be res-
cued to a minor extend by a genomic HSFB2a fragment 
might hint to a lack of critical cis-regulatory elements in 
the sequence provided.

Growth phenotype of HSFB2a and asHSFB2a 
overexpression lines

The 35S-driven overexpression of HSFB2a and asHS-
FB2a in transgenic lines had clear effects on the gameto-
phyte and on the plant growth phenotype. The asHSFB2a-
ox lines showed an improved, the HSFB2a-ox lines an 
impaired biomass production, but only in the early phase 
of plant growth. This suggests that during development 
HSFB2a activity temporarily represses vegetative growth 
and following heat stress the antisense regulation by asHS-
FB2a counteracts this effect to restore growth and further 
development.

HSFB2a promotes nuclear proliferation in the female 
gametophyte

Characteristic to gametophytic mutants is the non-Men-
delian inheritance of mutant alleles, which is also referred 
to as segregation distortion (Drews et al. 1998; Drews and 
Yadegari 2002; Moore et al. 1997; Page and Grossniklaus 
2002). The hsfB2a-tt1/+ plants, heterozygous for the heat 
shock factor HSFB2a, exhibit 50 % sterile ovules and a 
substantially reduced male and female transmission, indi-
cating that the absence of the gene is detrimental to the 
development of the male and female germ lines. The find-
ing that male transmission is enhanced by reducing the 
amount of pollen applied to the pistil suggests that the 
defect is at least partially due to retarded pollen develop-
ment or tube growth.

The analysis of hsfB2a-tt1 female gametophytes 
revealed an impaired development during megagametogen-
esis. Most of the phenotypically abnormal ovules exhib-
ited four nuclei of similar size and the crosses of hsfB2a-
tt1/+ with the egg cell marker line DD45::NLS_GUS 
provided no evidence for the specification of an egg cell 
in the arrested gametophytes. Notably, a small proportion 
of hsfB2a-tt1 female gametophytes gave rise to functional 
seeds when pollination was delayed, reminiscent to results 
gained for swa1–swa3 mutants (Li et al. 2009; Liu et al. 
2010; Shi et al. 2005). Swa1–3 mutants are defective in dif-
ferent rRNA processing factors and exhibit retarded divi-
sion cycles in the female gametophyte. Whether HSFB2a 
can be linked to the biogenesis of ribosomal RNA is cur-
rently unclear.

Experimental procedures

Plant materials and growth conditions

Arabidopsis thaliana accession Columbia (Col-0) was used 
as the wild type. Seeds of SALK_012418 were obtained 
from the Nottingham Arabidopsis Stock Centre, seeds of 
GT10826 and GT12254 were provided by Robert Mar-
tienssen (Cold Spring Harbor Laboratory).

Seeds were sown in soil, kept at 4 °C for 2 days in the 
dark and grown in a chamber under white fluorescent light 
(80 μmol m−2 s−1) with a 16 h/8 h light/dark cycle at 20 °C 
and 60 % relative humidity. For selection of mutant plants, 
seeds were surface-sterilized and sown on plates contain-
ing Murashige & Skoog medium including vitamins with 
0.8 % (w/v) phyto agar (both DUCHEFA, Haarlem, Neth-
erlands) supplemented with 2 % (w/v) sucrose and 50 µg/
ml Kanamycin. Following cold treatment at 4 °C for 2 days 
in the dark, plates were incubated under standard growth 
conditions. After 10 days, resistant plants were transferred 
to soil. Transgenic lines carrying a phosphinothricin resist-
ance gene were grown on soil and for selection sprayed 
with 0.1 % (v/v) BASTA (AgrEvo, Germany) 8–10 days 
after germination.

For mRNA analysis two leaves from each of 20 five-
week-old plants were incubated for 1 h at the respective 
temperature in SIB-puffer (1 mM potassium phosphate, pH 
6.0, 1 % sucrose) in the dark in a shaking water bath. After 
treatment leaves were immediately frozen in liquid nitro-
gen and stored at −80 °C.

DNA constructs and the generation of transgenic plants

All PCR reactions for cloning were conducted with PHU-
SION polymerase (New England Biolabs) and correctness 
of the clones was confirmed by sequencing. For comple-
mentation of hsfB2a-tt1/+ plants a 3,418 bp genomic 
fragment spanning the HSFB2a sequence with 1,180 bp 
upstream of the transcription start site and 684 bp down-
stream of the 3′-UTR was cloned by restriction of P1 clone 
MITG10 (Liu et al. 1995), obtained from the Arabidopsis 
Biological Resource Center, (http://abrc.osu.edu/) with 
SpeI and MscI and insertion of the fragment into SpeI/SmaI 
of the binary vector pCB308 (Xiang et al. 1999).

For HSFB2a overexpression in plants a 1,555 bp frag-
ment was amplified by PCR from clone MITG10 with 
the primers B2aOXFKpnI and B2aOXRSacI and joined 
via SacI to a 813 bp CaMV promoter sequence that was 
amplified from pBI121 (Chen et al. 2003) with the prim-
ers CamVSacF2 and CaMVKpnR2. The resulting construct 
was inserted into SacI of pCB308. For asHSFB2a overex-
pression in plants a 1,458 bp fragment with the complete 
sequence of the annotated cDNA clone RAFL21-83-H09 

http://abrc.osu.edu/
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was amplified by PCR from clone MITG10 with the primers 
ASFKpnI and ASRSacI and joined via SacI to the CaMV 
promoter sequence as above. The resulting construct was 
inserted in SacI of pCB308. For β-glucuronidase (GUS) 
expression under the control of the HSFB2a promoter a 
949 bp fragment comprising 855 bp upstream of the tran-
scription start site and 94 bp of the 3′-UTR of HSFB2a 
was amplified with XbaI recognition site containing prim-
ers B2aPromF and B2aPromR. There were no relevant pro-
moter elements detectable in the extra 300 bp region of the 
1,180 bp promoter (used for complementation, see above) 
compared to the 855 bp promoter. After digestion of the 
PCR product with XbaI the fragment was inserted in the 
XbaI site in pCB308. The respective constructs were intro-
duced into Agrobacterium tumefaciens strain GV3101 by 
electroporation and transgenic plants were created by the 
vacuum infiltration method (Bechtold et al. 1993).

Southern blot hybridization

To rule out a second insertion elsewhere in the genome, 
we digested genomic DNA of the heterozygous mutant, 
segregating plants with no T-DNA insertion in HSFB2a 
and Col0 wild type with HindIII and subjected it to 
southern blot hybridization probed with a radioac-
tively labeled 203 bp fragment amplified with the prim-
ers TDNALBF/TDNALBR, specific for the left border 
sequence of the T-DNA. Two specific bands were detected 
only in the digest of the heterozygous mutant, not in wild 
type segregants.

Isolation of mRNA and quantitative real-time RT-PCR

RNA was isolated from 100 mg frozen leaf powder with 
the CHEMAGIC mRNA Direct Kit (Chemagen, Germany). 
Reverse transcription was performed with one fifth of the 
eluted mRNA using the ISCRIPT cDNA Synthesis Kit 
(Biorad, Hercules, CA).

Quantitative PCR reactions were performed using 
SYBR® Green technology on the ICYCLER system (Bio-
rad, Hercules, CA). HSFB2a cDNA was amplified with 
primers HSFB2AF2 and HSFB2AR2, asHSFB2a cDNA 
with the primers ASB2AF and ASB2AR, ACTIN2 cDNA 
with the primers ACTIN2F3 and ACTIN2R3. For each 
genotype, at least three independent biological replicates 
were analysed in triplicate PCR reactions. Relative expres-
sion of transcripts was quantified with respect to Actin2 
(At3g18780) as internal standard.

Determination of 5′ and 3′-ends of mRNA

To define transcriptional start and termination sites of 
asHSFB2a a 5′- and 3′-RACE was performed by using the 

Invitrogen GeneRacer® Kit with SuperScript® III RT and 
TOPO TA Cloning® Kit for sequencing. Following the 
protocol of the manufacturer we used mRNA from heat 
shocked (1 h, 38 °C) wild-type leaves and the primers 
ASGSP5′RACE and ASGSP3′RACE as the respective 5′- 
and 3′-specific primers for amplification and sequencing. 
Nine and eight clones of the PCR products for the 5′-end 
and the 3′-end, respectively, were sequenced and the result-
ing nucleotide sequences compared to the TAIR annotation 
of the RIKEN cDNA clone RAFL21-83-H09. The 5′ end 
of seven clones was identical or 2–3 nucleotides shorter 
than the TAIR sequence, while two clones showed a 52 and 
51 nucleotide shorter sequence, respectively. The 3′-end 
of five PCR clones was the same or within a range of five 
nucleotides as the annotated sequence. Three PCR products 
were truncated in a range of 32–181 nucleotides.

In situ hybridisation

Flowers of stage 13 and 14 (Smyth et al. 1990) were har-
vested into FAA solution (3.7 % formaldehyde, 50 % etha-
nol, 5 % acetic acid) and embedded in paraplast. Sections 
of eight μm thickness were prepared with a microtome 
(Leica Biocut 2,035) and transferred on microscope slides 
(SUPERFROST ULTRA PLUS, Thermo Scientific). 
Probes were synthesized with the DIG RNA Labelling Kit 
(Roche) on a PCR fragment of HSFB2a generated with 
primers SP6-2B2aR2 and T7-B2aF2 (HSFB2a-specific) or 
with primers HSFB2aF2 and HSFB2aR2. Hybridization at 
50 °C and detection were carried out as described by (Wol-
lmann et al. 2010).

Crossings and genotyping of T-DNA lines

Wild type and insertion mutants were emasculated 2 days 
before anthesis and cross-pollinated 2 days later. Crosses 
with limited pollen were conducted by transferring mature 
pollen of hsfB2a-tt1/+ anthers to a wild type stigma with 
the help of a ciliary. SALK_012418 and the progeny of 
the respective crossings were genotyped for the hsfB2A-
tt1 allele using T-DNA specific primer LBa1 and either 
of the gene specific primers N512418R or N512418L, 
which amplify the wild type allele. PCR products were 
sequenced to confirm the insertion site of the T-DNA after 
nucleotide 260 of the TAIR annotated cDNA. On both ends 
of the insertion we found the left border sequence of the 
T-DNA. To rule out a second insertion elsewhere in the 
genome, we digested genomic DNA of the heterozygous 
mutant, segregating plants with no T-DNA insertion in 
HSFB2a and Col0 wild type with HindIII and subjected 
it to southern blot hybridization probed with a radioac-
tively labeled 203 bp fragment amplified with the prim-
ers TDNALBF/TDNALBR, specific for the left border 
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sequence of the T-DNA. Two specific bands were detected 
only in the digest of the heterozygous mutant, not in wild 
type segregants.

Microscopy and staining of ovules

For microscopy of female gametophytes the oldest closed 
flower bud of an inflorescence was emasculated and har-
vested 2 days later. Whole-mount clearings of ovules were 
performed as described (Yadegari et al. 1994). Cleared 
whole-mounts were visualized using a Zeiss AXIOSCOP 
Microscope (Zeiss, Oberkochen, Germany).

Seed analysis in hsfB2A-tt1/+ heterozygotes and wild type

For seed counting siliques at position no. 6-10 of the pri-
mary inflorescence were placed on double-sided tape on a 
microscope slide and opened with a scalpel under a dissect-
ing microscope.

Acknowledgments We thank Dr. Cordula Moll for kind help with 
female gametophyte analysis and Angela Dressel for excellent techni-
cal assistance.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s) 
and the source are credited.

References

Bechtold N, Ellis J, Pelletier G (1993) In-planta agrobacterium-medi-
ated gene-transfer by infiltration of adult Arabidopsis thaliana 
plants. Comptes Rendus De L Academie Des Sciences Serie Iii-
Sciences De La Vie-Life Sciences 316:1194–1199

Begum T, Reuter R, Schöffl F (2012) Overexpression of AtHsfB4 
induces specific effects on root development of Arabidopsis. 
Mech Dev 130:54–60

Beisel C, Buness A, Roustan-Espinosa IM, Koch B, Schmitt S, 
Haas SA, Hild M, Katsuyama T, Paro R (2007) Comparing 
active and repressed expression states of genes controlled by 
the Polycomb/Trithorax group proteins. Proc Natl Acad Sci 
104:16615–16620

Busch W, Wunderlich M, Schöffl F (2005) Identification of novel 
heat shock factor-dependent genes and biochemical pathways in 
Arabidopsis thaliana. Plant J 41:1–14

Chauhan H, Khurana N, Agarwal P, Khurana P (2011) Heat shock 
factors in rice (Oryza sativa L.): genome-wide expression anal-
ysis during reproductive development and abiotic stress. Mol 
Genet Genomics 286:171–187

Chen P-Y, Wang C-K, Soong S-C, To K-Y (2003) Complete sequence 
of the binary vector pBI121 and its application in cloning T-DNA 
insertion from transgenic plants. Mol Breed 11:287–293

Czarnecka-Verner E, Pan S, Salem T, Gurley W (2004) Plant class B 
HSFs inhibit transcription and exhibit affinity for TFIIB and TBP. 
Plant Mol Biol 56:57–75

Döring P, Treuter E, Kistner C, Lyck R, Chen A, Nover L (2000) 
The role of AHA motifs in the activator function of tomato heat 

stress transcription factors HsfA1 and HsfA2. Plant Cell Online 
12:265–278

Drews GN, Yadegari R (2002) Development and function of the angi-
osperm female gametophyte. Annu Rev Genet 36:99–124

Drews GN, Lee D, Christensen CA (1998) Genetic analysis of female 
gametophyte development and function. Plant Cell Online 
10:5–17

Gagliardi D, Breton C, Chaboud A, Vergne P, Dumas C (1995) 
Expression of heat shock factor and heat shock protein 70 genes 
during maize pollen development. Plant Mol Biol 29:841–856

Guo J, Wu J, Ji Q, Wang C, Luo L, Yuan Y, Wang Y, Wang J (2008) 
Genome-wide analysis of heat shock transcription factor families 
in rice and Arabidopsis. J Genet Genomics 35:105–118

Helliwell CA, Robertson M, Finnegan EJ, Buzas DM, Dennis ES 
(2011) Vernalization-repression of Arabidopsis FLC requires 
promoter sequences but not antisense transcripts. PLoS One 
6:e21513

Ikeda M, Ohme-Takagi M (2009) A novel group of transcriptional 
repressors in Arabidopsis. Plant Cell Physiol 50:970–975

Ikeda M, Mitsuda N, Ohme-Takagi M (2011) Arabidopsis HsfB1 and 
HsfB2b act as repressors of the expression of heat-inducible Hsfs 
but positively regulate the acquired thermotolerance. Plant Phys-
iol 157:1243–1254

Jiang L, Yuan L, Xia M, Makaroff CA (2010) Proper levels of the 
Arabidopsis cohesion establishment factor CTF7 are essential for 
embryo and megagametophyte, but not endosperm, development. 
Plant Physiol 154:820–832

Kägi C, Baumann N, Nielsen N, Stierhof Y-D, Groß-Hardt, R 
(2010) The gametic central cell of Arabidopsis determines the 
lifespan of adjacent accessory cells. Proc Natl Acad Sci USA 
107:22350–22355

Kotak S, Vierling E, Bäumlein H, von Koskull-Döring P (2007) A 
novel transcriptional cascade regulating expression of heat stress 
proteins during seed development of Arabidopsis. Plant Cell 
Online 19:182–195

Kumar M, Busch W, Birke H, Kemmerling B, Nürnberger T, Schöffl 
F (2009) Heat shock factors HsfB1 and HsfB2b are involved in 
the regulation of Pdf1.2 expression and pathogen resistance in 
arabidopsis. Mol Plant 2:152–165

Li N, Yuan L, Liu N, Shi D, Li X, Tang Z, Liu J, Sundaresan V, 
Yang W-C (2009) SLOW WALKER2, a NOC1/MAK21 homo-
logue, is essential for coordinated cell cycle progression during 
female gametophyte development in Arabidopsis. Plant Physiol 
151:1486–1497

Lin Y-X, Jiang H-Y, Chu Z-X, Tang X-L, Zhu S-W, Cheng B-J (2011) 
Genome-wide identification, classification and analysis of heat 
shock transcription factor family in maize. BMC Genomics 12:76

Liu Y-G, Mitsukawa N, Vazquez-Tello A, Whittier RF (1995) Genera-
tion of a high-quality P1 library of Arabidopsis suitable for chro-
mosome walking. Plant J 7:351–358

Liu J, Zhang Y, Qin G, Tsuge T, Sakaguchi N, Luo G, Sun K, Shi 
D, Aki S, Zheng N, Aoyama T, Oka A, Yang W, Umeda M, Xie 
Q, Gu H, Qu L-J (2008) Targeted degradation of the cyclin-
dependent kinase inhibitor ICK4/KRP6 by RING-type E3 ligases 
is essential for mitotic cell cycle progression during Arabidopsis 
gametogenesis. Plant Cell Online 20:1538–1554

Liu M, Shi D-Q, Yuan L, Liu J, Yang W-C (2010) SLOW WALKER3, 
encoding a putative DEAD-box RNA helicase, is essential 
for female gametogenesis in Arabidopsis. J Integr Plant Biol 
52:817–828

Liu H-C, Liao H-T, Charng Y–Y (2011) The role of class A1 heat 
shock factors (HSFA1s) in response to heat and other stresses in 
Arabidopsis. Plant Cell Environ 34:738–751

Moore JM, Vielle Calzada J-P, Gagliano W, Grossniklaus U (1997) 
Genetic characterization of hadad, a mutant disrupting female 



550 Plant Mol Biol (2014) 85:541–550

1 3

gametogenesis in Arabidopsis thaliana. Cold Spring Harb Symp 
Quant Biol 62:35–47

Nover L, Bharti K, Döring P, Mishra SK, Ganguli A, Scharf K-D 
(2001) Arabidopsis and the heat stress transcription factor world: 
how many heat stress transcription factors do we need? Cell 
Stress Chaperones 6:177–189

Page DR, Grossniklaus U (2002) The art and design of genetic 
screens: Arabidopsis thaliana. Nat Rev Genet 3:124–136

Pernas M, Ryan E, Dolan L (2010) SCHIZORIZA controls tissue sys-
tem complexity in plants. Curr Biol 20:818–823

Roszak P, Köhler C (2011) Polycomb group proteins are required to 
couple seed coat initiation to fertilization. Proc Natl Acad Sci 
108:20826–20831

Scharf K-D, Berberich T, Ebersberger I, Nover L (2012) The plant 
heat stress transcription factor (Hsf) family: structure, function 
and evolution. Biochim Biophys Acta 1819:104–119

Schöffl F, Prändl R, Reindl A (1998) Regulation of the heat-shock 
response. Plant Physiol 117:1135–1141

Schuettengruber B, Chourrout D, Vervoort M, Leblanc B, Cavalli G 
(2007) Genome regulation by polycomb and trithorax proteins. 
Cell 128:735–745

Shi D-Q, Liu J, Xiang Y-H, Ye D, Sundaresan V, Yang W-C (2005) 
SLOW WALKER1, essential for gametogenesis in Arabidopsis, 
encodes a WD40 protein involved in 18S ribosomal RNA biogen-
esis. Plant Cell Online 17:2340–2354

Shilatifard A (2008) Molecular implementation and physiological 
roles for histone H3 lysine 4 (H3K4) methylation. Curr Opin Cell 
Biol 20:341–348

Smyth DR, Bowman JL, Meyerowitz EM (1990) Early flower devel-
opment in Arabidopsis. Plant Cell Online 2:755–767

Swiezewski S, Liu F, Magusin A, Dean C (2009) Cold-induced silenc-
ing by long antisense transcripts of an Arabidopsis Polycomb tar-
get. Nature 462:799–802

ten Hove CA, Willemsen V, de Vries WJ, van Dijken A, Scheres B, 
Heidstra R (2010) SCHIZORIZA encodes a nuclear factor regu-
lating asymmetry of stem cell divisions in the Arabidopsis root. 
Curr Biol 20:452–457

Wang KevinC, Chang HowardY (2011) Molecular mechanisms of 
long noncoding RNAs. Mol Cell 43:904–914

Wollmann H, Mica E, Todesco M, Long JA, Weigel D (2010) On 
reconciling the interactions between APETALA2, miR172 and 
AGAMOUS with the ABC model of flower development. Devel-
opment 137:3633–3642

Xiang C, Han P, Lutziger I, Wang K, Oliver D (1999) A mini binary 
vector series for plant transformation. Plant Mol Biol 40:711–717

Yadegari R, Paiva G, Laux T, Koltunow AM, Apuya N, Zimmerman 
JL, Fischer RL, Harada JJ, Goldberg RB (1994) Cell differentia-
tion and morphogenesis are uncoupled in Arabidopsis raspberry 
embryos. Plant Cell Online 6:1713–1729

Yoshida T, Ohama N, Nakajima J, Kidokoro S, Mizoi J, Nakashima K, 
Maruyama K, Kim J-M, Seki M, Todaka D, Osakabe Y, Sakuma 
Y, Schöffl F, Shinozaki K, Yamaguchi-Shinozaki K (2011) Arabi-
dopsis HsfA1 transcription factors function as the main positive 
regulators in heat shock-responsive gene expression. Mol Genet 
Genomics 286:321–332

Zhu X, Thalor SK, Takahashi Y, Berberich T, Kusano T (2012) An 
inhibitory effect of the sequence-conserved upstream open-
reading frame on the translation of the main open-reading 
frame of HsfB1 transcripts in Arabidopsis. Plant Cell Environ 
35:2014–2030


	Heat shock factor HSFB2a involved in gametophyte development of Arabidopsis thaliana and its expression is controlled by a heat-inducible long non-coding antisense RNA
	Abstract 
	Introduction
	Results
	HSFB2a is required for plant fertility
	Expression of HSFB2a
	HSFB2a is expressed in the female gametophyte
	Expression from the antisense strand of HSFB2a
	Manipulation of sense and antisense RNA expression
	HSFB2a links heat response and seedling size

	Discussion
	Regulation of HSFB2a and asHSFB2a expression
	Growth phenotype of HSFB2a and asHSFB2a overexpression lines
	HSFB2a promotes nuclear proliferation in the female gametophyte

	Experimental procedures
	Plant materials and growth conditions
	DNA constructs and the generation of transgenic plants
	Southern blot hybridization
	Isolation of mRNA and quantitative real-time RT-PCR
	Determination of 5′ and 3′-ends of mRNA
	In situ hybridisation
	Crossings and genotyping of T-DNA lines
	Microscopy and staining of ovules
	Seed analysis in hsfB2A-tt1+ heterozygotes and wild type

	Acknowledgments 
	References


