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Summary 

The SHAQKYF R1MYB transcription factor (TF) HvMYBS3 from barley is an activator of gene expression both 
during endosperm development and in aleurone cells upon seed germination. Its mRNA was detected as early 
as 10 days after flowering in developing barley endosperm, with a peak at 18 days, and in aleurone cells at 8 h 
after water imbibition, as shown by Northern blot and in situ hybridization analyses. The HvMYBS3 protein 
expressed in bacteria binds to oligonucleotides containing a GATA core derived from the promoters of: (i) the 
developing endosperm gene Itr1 (5¢-GATAAGATA-3¢) encoding trypsin inhibitor BTI-CMe, and (ii) the post-
germinating aleurone gene Amy6.4 (5¢-TATCCAC-3¢/5¢-GTGGATA-3¢) encoding a high-pI a-amylase. Transient 
expression experiments in co-bombarded developing endosperms and in barley aleurone layers demonstrated 
that HvMYBS3 trans-activated transcription both from Itr1 and Amy6.4 promoters, in contrast with a 
previously reported seed-expressed R1MYB, HvMCB1, which was an activator of Itr1 and a transcriptional 
repressor of the Amy6.4 gene. In the yeast three-hybrid system, the HvMYBS3 protein formed a ternary 
complex with BPBF and BLZ2, two important seed TFs. However, no binary interactions could be detected 
between HvMYBS3 and BLZ2 or between HvMYBS3 and BPBF. 
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Introduction 

Seeds are quiescent life forms that allow plants to overcome 
unfavourable physiological and environmental conditions 
by the interruption of their life cycle. Seed development 
encompasses two main sequential phases, seed maturation 
and germination, separated by the quiescent stage. 

During cereal seed maturation, the endosperm is differ
entiated into two predominant tissue types, the central 
starchy endosperm and the outer aleurone layer (Berger, 
2003). Both tissues store proteins, and the endosperm and 
aleurone cells characteristically lay down polysaccharides 
and oils, respectively (Eastmond and Jones, 2005). At the 
final stages of seed maturation, the starchy endosperm cells 
undergo a programmed cell death, while the aleurone layer 
and the embryo acquire dessication tolerance, remaining 
viable during the quiescent phase with a low metabolic 
activity (Vicente-Carbajosa and Carbonero, 2005; Young and 

Gallie, 2000). Water uptake and seed re-hydration lead to the 
start of seed germination. 

In the germination phase, the production of gibberellins 
(GA) by the scutellum takes place. GA diffuses to the 
aleurone layer, and, in these cells, GA reception triggers an 
internal signal transduction pathway that prompts the 
synthesis of hydrolytic enzymes, mainly a-amylases and 
proteases. These enzymes are secreted and break down the 
stored reserves in the dead starchy endosperm, releasing 
nutrients that support the embryo growth until the onset of 
photosynthesis (Bove et al., 2001). 

Gene expression during the cereal seed life cycle is tightly 
regulated in a spatial and temporal manner, mainly at the 
transcriptional level. Conserved cis elements are found in 
the promoters of genes that share a common expression 
pattern, and these motifs interact with various transcription 



factors (TFs). Genes specifically expressed during barley 
endosperm development such as Hor2 and Itr1, encoding a 
B-hordein and a trypsin inhibitor CMe respectively, contain 
common cis-motifs in their promoters. These are a GCN4 
like-motif (GLM, 5¢-ATGAG/CTCAT-3¢) and a prolamin box 
(PB, 5¢-TGTAAAG-3¢), which together constitute the endo
sperm box bipartite element (EB). GLM is recognized by bZIP 
proteins of the Opaque-2 family, BLZ1 and BLZ2 in barley 
(Oñ  ate et al., 1999; Schmidt et al., 1992; Vicente-Carbajosa 
et al., 1998), while PB is bound by DOF transcription factors 
BPBF and SAD (Diaz et al., 2005; Mena et al., 1998; Vicente-
Carbajosa et al., 1997). Two additional cis motifs, involved in 
the establishment of the developing endosperm specificity, 
are 5¢-AACA/TA-3¢, bound by the R2R3MYB barley protein 
GAMYB (Diaz et al., 2002; Suzuki et al., 1998), and the 
SHAQKYF R1MYB target sequence (TATC/GATA core), 
which is recognized by HvMCB1 (Rubio-Somoza et al., 
2006). To date, all the transcription factors characterized as 
participants in the transcriptional code during endosperm 
development in cereal seeds are activators of the expression 
of their target genes. 

Upon cereal seed germination, the seed storage proteins 
(SSP) and defence proteins (CMe) whose mRNAs are 
abundant during the maturation phase are silenced. Instead, 
a different set of genes, encoding hydrolases, is induced in 
the aleurone upon GA perception. The promoter regions of 
these genes, such as those encoding a-amylases and 
proteases (Cejudo et al., 1992; Cercos et al., 1999; Gubler 
et al., 1995, 1999; Mena et al., 2002), contain the conserved 
GA response complex (GARC), a tripartite cis motif compri
sing the GA response element (GARE, 5¢-TAACAAA-3¢), the 
pyrimidine box (5¢-CTTTT-3¢) and the TATC box (5¢-TATC-
CAC-3¢), all of which are necessary for a full GA response. 
TFs that recognize and interact with these target sequences 
are grouped into two different types according to their 
regulatory role: repressors and activators. Among repres-
sors, the GARE is recognized by the zinc finger protein HRT 
(Raventos et al., 1998), the pyrimidine box by the DOF 
protein BPBF (Mena et al., 2002) and the TATC box by the 
SHAQKYF R1MYB protein HvMCB1 (Rubio-Somoza et al., 
2006). In the activator group, it is necessary to highlight the 
important role of GAMYB, which interacts with the GARE 
motif (Gubler et al., 1995, 1999), and the DOF protein SAD 
that binds to the pyrimidine box (Isabel-LaMoneda et al., 
2003). To date, a putative transcription factor involved in the 
positive regulation of hydrolase gene expression by inter
action with the TATC box has not yet been described. 

Members of the SHAQKYF R1MYB subfamily have been 
described as key regulators of gene expression through 
interaction with the GATA (antisense TATC) core. The 
MYBSt1 protein from potato was the first member of this 
group to be characterized as a weak activator of the CaMV 
35S promoter (Baranowskij et al., 1994). Arabidopsis LHY 
and CCA1 have been described as encoding important TFs 

involved in the circadian regulation of gene expression 
(Alabadi et al., 2001), and, recently, LHY has been related to 
the winter disruption of the circadian clock in chestnut buds 
(Ramos et al., 2005). Two barley genes, MCB1 and MCB2, 
have been implicated in the circadian clock-regulated 
expression in leaves (Churin et al., 2003); in addition, 
MCB1 has antagonistic regulatory functions during seed 
development and germination (Rubio-Somoza et al., 2006). 
The maize ZmMRP-1 playsa decisive role in the regulation of 
maize transfer cell genes (Gomez et al., 2002), and ZmMy-
bst1 is another maize gene of the same family of unknown 
function (Mercy et al., 2003). Lu et al. (2002) have described 
three rice TFs of this group that mediate sugar and hormone 
regulation of a-amylase gene expression. Other R1MYBs 
have been reported as involved in the establishment of floral 
symmetry and cell fate in Antirrhinum flowers (Galego and 
Almeida, 2002) and in the regulation of ribulose-1,5-biphos-
phate carboxylase gene expression (Rose et al., 1999). 
Likewise, the large number of TATC/GATA motifs found in 
plant gene promoters (Nakabayashi et al., 2005) further 
supports the importance of TFs recognizing this sequence in 
the regulation of important physiological events in plants. 

Here we report the isolation and functional characteriza
tion of a new barley SHAQKYF R1MYB protein, HvMYBS3, as 
a key player in the activation of genes throughout the barley 
seed life cycle. HvMYBS3 interacts in yeast three-hybrid 
assays with the binary complex of BLZ2 and BPBF, and 
enhances expression of the developing endosperm-specific 
gene Itr1 through its binding to the 5¢-GATAAGATA-3¢ motif 
present in its promoter. Upon barley seed germination, 
HvMYBS3 up-regulates the GA-induced Amy6.4 gene, enco
ding a high-pI a-amylase in aleurone cells, through binding 
to the TATCCAC motif (GATA core in the antisense strand) of 
the GARC. These data, together with our previous results, 
allow us to propose a regulatory model of gene expression 
during seed maturation and germination. 

Results 

Isolation and intron/exon structureof the barley MybS3 gene 

As HvMCB1 was shown to be a negative regulator of the GA-
induced hydrolase genes in germinating aleurone cells by 
recognition and binding to the 5¢-TATCCAC-3¢ motif (Rubio-
Somoza et al., 2006), and as this cis motif was essential for a 
full GA response of these genes, we focused our efforts on 
the isolation and characterization of SHAQKYF R1MYB pro
teins that would act as positive regulators of transcription of 
these hydrolase genes. 

The fact that Lu et al. (2002) had identified OsMYBS3 as a 
transcription activator expressed in rice aleurone prompted 
us to search for its barley counterpart. Following a bioin-
formatic approach, we identified the Hv_CEa002C07f EST 
from the Clemson University Genomics Institute, Clemson, 



SC, USA (http://www.genome.clemson.edu/projects/barley) 
(CUGI) collection as the closest counterpart of MybS3 from 
rice, as their translated proteins are identical throughout 
their DNA-binding domain (DBD) and share 84.6% identical 
residues over the whole protein. Sense and antisense 
primers (#MybS3.1 and #MybS3.2, indicatedin Experimental 
procedures), derived from the ends of the predicted ORF, 
were used to amplify the whole barley open reading frame 
(ORF) by the PCR. As templates, we used aleurone cell cDNA 
from 16 h-imbibed barley seeds as well as total leaf DNA to 
characterize the corresponding genomic sequence. An 
amplified product of 945 bp corresponding to the ORF 
showed common characteristics to the SHAQKYF R1MYB 
transcription factors. The comparison between the amplified 
genomic fragment and the cDNA sequence, corresponding 
to the same ORF, determined that the barley MybS3 ORF was 
interrupted by two introns, flanked by typical GT/AG bound
aries, which were coincident in length and position with their 
putative counterparts in the rice MybS3 gene. 

As deduced from data in Figure 1(a), barley HvMYBS3, 
rice OsMYBS3 and maize ZmMYBSt1 are probably ortholo-
gous, because, in addition to the 100% identity of their DBD, 
they share 84.6% and 80.9% identical residues, respectively, 
along their whole protein sequences (WPS). Closely related 
are potato MYBSt1 (90.2% DBD/56.3% WPS) and Arabidop-
sis At5g47390 (90.2% DBD/53.8% WPS). Identity rates 
decrease when WPS comparisons are made between 
HvMYBS3 and rice Os01g09280 (94.12% DBD/44.5% WPS) 
and HvMYBS3 and Arabidopsis At3g16350 (90.2% DBD/ 
43.3% WPS), although the percentage of identical residues 
remains quite high in their DBDs. 

Phylogenetic analysis based on comparison among the 
whole deduced protein sequences, described above, clearly 
showed an evolutionary relationship with strong bootstrap 
values, which probably indicate a recent partial duplication 
event as the origin of the two major clusters of these 
orthologous genes (Figure 1b). MEME data software found 
several motifs in the WPS from these related SHAQKYF 
R1MYB members. In addition to the DBD, all the sequences 
shared motifs 1 and 2 located in the N-terminal part of the 
protein and a putative bipartite nuclear localization signal 
(NLS) flanking the MYB DBD. Motif 4, rich in proline and 
acidic residues, was characteristic of the cluster comprising 
OsMYBS3, ZmMYBSt1, HvMYBS3, At5g47390 and MYBSt1. 
A second motif rich in proline and acid residues (motif 3) 
was shared by HvMYBS3 and its cereal counterparts 
OsMYBS3 and ZmMYBSt1. This kind of motif has been 
directly linked with transcriptional activation ability for their 
target genes (Mermod et al., 1989; Schindler et al., 1992). 

The gene encoding HvMYBS3 is expressed in barley seeds 

The expression pattern of the MybS3 gene was examined 
throughout barley seed development by Northern blot and 

mRNA in situ hybridization analyses (Figure 2a–d). For this 
purpose, total RNA was extracted from developing endo
sperms on four different days after flowering (10–22 DAF), 
and from immature embryos (Figure 2a), as well as from 
aleurone layers at four distinct times after water imbibition 
(Figure 2b). Northern blots were hybridized with an MybS3-
specific probe amplified by PCR, using primers #MybS3.3 
and #MybS3.4 (see Experimental procedures) derived from 
the 3¢-end of the cDNA, that produced a single band in 
Southern blot assays (data not shown). MybS3 transcripts 
were present in all tested stages from developing endo
sperms, with a peak at 18 DAF is a compatible pattern with 
HvMYBS3 being a regulator of the Itr1 gene. mRNAs from 
both genes were also detected in immature embryos at 
22 DAF (Figure 2a). Upon seed germination, the MybS3 
transcripts were expressed in barley aleurone layers at a 
constant level throughout the imbibition process (Fig
ure 2b), whereas the well-known expression pattern of the 
GA-inducible gene Amy6.4 showed a maximum of mRNA 
accumulation at 48 h after rehydration (Gubler et al., 1995). 
In spite of the absence of alterations in the levels of tran
script accumulation of the MybS3 gene upon barley seed 
germination, the fact that its putative orthologous counter
part in rice had been described as a GA-down-regulated 
gene (Lu et al., 2002) prompted us to test its possible hor
monal regulation. Total RNA was extracted from barley 
aleurone layers isolated from embryoless seeds after incu
bation with 1 lM GA3 or 10 lM ABA for various periods of 
time. As shown in Figure 2(c), MybS3 transcript accumula
tion slightly decreased after 16 h of incubation in the pres
ence of GA, whereas the ABA treatment did not alter the 
mRNA expression pattern. As previously described by 
Gubler et al. (1995), Amy6.4 mRNA levels increased in 
response to GA while ABA had no effect (Figure 2c). 

For a more detailed study of the spatial expression pattern 
of the MybS3 gene within barley seeds,insitu hybridizations 
were performed in developing seeds at 18 DAF, and in seeds 
16 h after imbibition (HAI). A signal with the antisense probe 
was mainly detected in the developing endosperms and in 
the germinating aleurones (Figure 2d). No signal above 
background was found when sections of developing and 
germinating barley seeds were hybridized with the sense 
probe employed as negative control. These in situ data 
corroborate and complement the results obtained by 
Northern blot analysis mentioned above. 

HvMYBS3 activates expression of the developing 
endosperm Itr1 gene through binding to the 
5¢-GATAAGATA-3¢ element 

As we had previously demonstrated that the R1MYB TF 
HvMCB1 had a regulatory role in seeds, through interaction 
with the 5¢-GATAAGATA-3¢ motif of the promoter of the Itr1 
gene (Rubio-Somoza et al., 2006), it seemed plausible that 

http://www.genome.clemson.edu/projects/barley


the HvMYBS3 might bind to the same motif. To test this 
possibility using an in vitro electrophoretic mobility shift 
assay (EMSA), the HvMYBS3 was expressed as a GST fusion 

protein in Escherichia coli and the purified protein incubated 
with the appropriate radiolabelled DNA probe (Itr1M) derived 
from the Itr1 gene promoter, as indicated in Figure 3(a). 



Figure 2. Expression analyses of the MybS3 mRNA during barley seed maturation and germination. 
(a) Northern blot analysis of MybS3 during barley seed development. Total mRNA (8 lg) collected from endosperms (End) at 10, 14, 18 and 22 days after flowering 
(DAF) and from immature embryos (iEm) at 20 DAF, were electrophoresed and blotted. The same filter was hybridized with the specific probe for MybS3 and 
subsequently with that for the Itr1 gene. 
(b) Northern blot analysis of MybS3 in barley aleurones upon germination. Total mRNA (8 lg) from aleurone layers (Al) isolated from cv. Himalaya barley seeds at 8, 
16, 24 and 48 h after water imbibition (HAI) were processed as in (a). The filter was first hybridized with a specific probe for MybS3 followed by hybridization with a 
probe for the Amy6.4 gene. 
(c) Northern blot analysis of MybS3 in aleurone layers in response to hormones. Total mRNA (8 lg) from aleurone layers isolated from cv. Himalaya embryoless 
seeds imbibed for 2 days were incubated for 8, 16, 24 or 48 h with 1 lM GA3 (GA) or 10 lM ABA. No hormones were added in the control buffer. Probes were the 
same as described in Figure 3(b). Ribosomal RNA (RNA) stained with ethidium bromide is shown as a loading control in all Northern blots in (a),(b) and (c). 
(d) Spatial expression of the MybS3 gene in barley developing endosperm and in germinating aleurones determined by mRNA in situ hybridization analysis. Left, 
transverse sections of developing seeds at 20 DAF. Right, transverse sections of germinating seeds at 16 HAI. Hybridization was done with the antisense MybS3 
probe in the upper images and with the sense probe in the lower images. a, aleurone; e, endosperm; p, pericarp. 

A clear shifted complex was observed when the 23-mer recombinant HvMYBS3 protein. This complex was not 
ItrM probe containing the sequence 5¢-GATAAGATA-3¢ (5¢- found when the probe was mutated (m1, m2 and m1/m2) 
TATCTTATC-3¢ in antisense) was incubated with the as indicated in Figure 3(a). The binding was competed out 

Figure 1. Deduced protein sequence comparison and phylogenetic relationships between HvMYBS3 and other related SHAQKYF R1MYB factors. 
(a) Deduced amino acid sequence alignment of HvMYBS3 and its counterparts from rice (OsMYBS3), maize (ZmMYBSt1) and potato (MYBSt1). DNA-binding 
domains (DBD) are boxed with a bold line. Numbers on the right indicate the number of amino acid residues. Motifs detected by the MEME software, also described 
as 1, 2, 3 and 4 in (b), are indicated by lines above the sequences with a circled number. The bipartite nuclear localization signal NLS is indicated in dotted boxes. 
Inverted triangles show the position of the two introns. Asterisks correspond to identical residues. Strong and weak conservative changes are marked with two dots 
(:) and one dot (.), respectively. 
(b) (left) Unrooted phylogenetic tree constructed by the neighbour-joining method including the HvMYBS3 complete amino acid sequence and the R1MYB 
sequences from rice (OsMYBS3 and Os01g09280), maize (ZmMYBSt1), potato (MYBSt1) and Arabidopsis (At5g47390 and At3g16350). Bootstrap values are indicated 
as percentages. (right) Schematic representation of these proteins including the most representative motifs detected by the MEME software: MYB, MYB-binding 
domain flanked by the bipartite nuclear localization signal (black boxes); common motifs: 1: MTRRCSHCS[H/N]NGHNSRTCPNRG[V/G][K/G][I/L]FG[V/G]R; 2: L[T/ 
V][G/D/E][G/S][S/Q][I/N]R[K/Q]SA[S/F][M/H][G/A/S]N[L/P]S[H/L/T][L/R][A/S][G/Q/S][A/G/S];3: [Q/H]EPE[T/A][Q/S][I/M/V]LN[Q/H]P[P/A]LPP;4: [E/V][E/D]EEE[V/C][E/ 
D]SM[E/G]S[D/A][T/A]S[A/V][V/I/N][A/S][E/I][S/D][S/G][S/E/G][A/H][S/A][A/L][I/L/P][M/I]P[E/D][N/S][L/S]Q[P/S/Y][T/Q/S][Y/H]P[V/L/M][I/L/V][V/Y]PAY[F/V][S/A]PF[L/Y][Q/ 
P][F/M][S/P][V/Y]P[F/C]W[P/Q][N/G][Q/Y]. Genbank numbers corresponding to the protein sequences compared above are AM180263 (HvMYBS3), AAN63154 
(OsMYBS3), AAO47339 (ZmMYBSt1), AAB32591 (MYBSt1), At5g47390, Os01g09280 and At3g16350. 
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(b) Reporter: 

GATAAGATA GTGAGTCATAAAAGG 

Effectors 
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(c) 

pltr1.343 + + + + + + + + + + 
HvMYBS3 . + - + - + - + - + 

HvMCBI - - + + 
PBF - - - - + + - - + + 

BLZ2 + + + + 

by a molar excess (200·) of the unlabelled wild-type probe 

(ItrM) but not by an excess of the mutated variant m1/m2. 

As expected, the retarded band was not produced when 

the control GST protein without the insert was used in the 

assay (Figure 3a). 

The biological meaning of the observed in vitro interac

tion between the HvMYBS3 protein and the cis motif present 

Figure 3. Electrophoretic mobility shift assay (EMSA) of the recombinant 
HvMYBS3 protein fused to GST, with the 32 P-labelled probe derived from the 
Itr1 gene promoter, and transient expression assays in particle-bombarded 
developing barley endosperm. 
(a) EMSA of the recombinant HvMYBS3 protein with the 23 bp 32 P-labelled 
probe (ItrM) derived from the Itr1 gene promoter and three mutated versions 
of it affected in the R1MYB binding motifs (m1, m2 and m1/m2). Competition 
experiments were carried out using increasing molar amounts (20·, 100· and 
200·) of the indicated unlabelled probe. The sequences of the oligonucleo-
tides used as probes are shown at the bottom of the panel. The putative 
R1MYB binding core is underlined. 
(b) Schematic representation of the reporter and effector constructs used in 
transient expression assays. The reporter construct used was pItr1.343 as 
described by Royo et al. (1996). The putative binding motifs in the Itr1 
promoter for TFs of the R1MYB, bZIP and DOF classes are boxed, and the 
TATA box is indicated by an inverted triangle. The effector constructs 
contained the complete ORFs of MybS3, MCB1, Pbf and Blz2 under the control 
of the CaMV 35S promoter (p35S), followed by the first intron of the maize 
AdhI gene (I-AdhI) and flanked downstream by the 3¢ nos terminator (nos). 
(c) Transient expression assays by co-bombardment of barley developing 
endosperms with the indicated combinations of reporter and effector 
plasmids at a 1:1 molar ratio. b-glucuronidase (GUS) activity was detected 
by histochemical staining and subsequent counting of blue spots per 
developing endosperm, and was expressed as a percentage of GUS activity 
relative to the control without effector. Sets of five endosperms were 
bombarded in each experiment, and four replicates of each were done. 
Standard errors are indicated. Plus (þ) and minus ()) indicate the presence or 
absence of the indicated effector/reporter constructs. 

in the Itr1 gene promoter was further assessed by transient 

expression experiments in co-bombarded barley developing 

endosperms. As the reporter construct, a fragment from the 

Itr1 gene promoter spanning 343 bp upstream from the 

translation start codon was fused in-frame with the uidA 

gene (GUS), as described by Royo et al. (1996). This 

promoter region included the target sequences recognized 

by the SHAQKYF R1MYB, bZIP and DOF transcription factors 

(Figure 3b). As effectors, four constructs containing the 

complete ORFs of barley genes MybS3, MCB1, Pbf and Blz2, 

respectively, under the control of the CaMV 35S promoter 

followed by the first intron of the maize Adh-I gene and the 3¢ 

nos terminator were used (Figure 3b). Barley developing 

endosperms (18 DAF) were transiently transformed by par

ticle bombardment with the reporter alone or in combina

tion with the effectors at a 1:1 molar ratio. As shown in 

Figure 3(c), co-expression of the reporter with the HvMYBS3 

effector enhanced more than threefold (3.5·) the GUS 

expression levels controlled by the Itr1 promoter. Similar 

activation rates of GUS expression were detected after co-

bombardment with PBF and BLZ2. When binary combina

tions of HvMYBS3 with each of these factors were tested, 

additive effects were found when MybS3 was combined 

with MCB1 or Pbf, while an increase lower than additive was 

observed for the combination of Blz2 and MybS3, or Blz2 

and Pbf. When the ternary combination of MybS3, Pbf and 

Blz2 was used, GUS expression increased more than eight

fold over the values obtained with the reporter alone 

(Figure 3c), suggesting a possible interaction among the 

three proteins. 



HvMYBS3 forms a ternary complex with BPBF and BLZ2 in 
the yeast three-hybrid system 

To corroborate the results of co-bombardment in the barley 
developing endosperms, we decided to further test the 
possible interaction among the different TFs in the yeast 
system. 

As a first step, we checked whether the HvMYBS3 was a 
TF in yeast, and for this purpose, we used the LacZ (strain 
SFY526) under the control of a promoter with a Gal4BD 
domain (Gal4BD) as described by Fields and Sternglate 
(1994). The complete ORF of the HvMYBS3 was transla-
tionally fused to the Gal4BD. When yeast cells were 
transformed with the Gal4BD–HvMYBS3 fusion construct, 
no reporter activity over background levels were obtained, 
indicating that HvMYBS3 by itself was not a transcriptional 
activator in yeast. Then we used the yeast two-hybrid 
system (Y2HS). The full-length BLZ2 protein was expressed 
as a translational fusion to the yeast Gal4-activation 
domain (Gal4AD) and the HvMYBS3 was fused to the 
Gal4-BD. A construct with the full-length BPBF protein 
fused to the Gal4-AD was also tested with the Gal4BD– 
MYBS3. No reporter activity was detected when yeast 
transformations involved each one of these Y2HS con
structs, indicating that HvMYBS3 does not interact either 
with BLZ2 or with BPBF. However, LacZ gene activity was 
found in yeasts transformed with the Gal4BD–BPBF or 
Gal4BD–BLZ2 constructs, as previously reported (Diaz 
et al., 2002; Oñ  ate et al., 1999). 

The b-galactosidase activity increased when the yeast 
strain was co-transformed with the Gal4AD–BLZ2 construct 
and the Gal4BD–BPBF together, indicating interaction be
tween these two transcription factors. In order to determine 
whether the protein HvMYBS3 could interact with the binary 
complex of BLZ2 and BPBF by forming a ternary complex, 
we decided to use the yeast three-hybrid system (Y3HS). For 
this purpose, the Gal4AD–BLZ2 and Gal4BD–BPBF con
structs were co-expressed together with the pTFT1 plasmid 
vector containing the whole barley MybS3 ORF. In this 
Y3HS, the expression of HvMYBS3 produced an increase in 
the b-galactosidase activity that was almost to 100% above 
that observed upon interaction between BPBF and BLZ2, 
demonstrating that these three proteins formed a ternary 
complex in yeast (Figure 4). 

HvMYBS3 activates transcription of the Amy6.4 gene 
promoter in co-bombarded barley aleurones through 
binding to the TATCCAC motif of the GARC 

As the third motif of the GARC (5¢-TATCCAC-3¢/5¢-GTGGATA-
3¢) present in the Amy6.4 promoter contained the target of 
R1MYB SHAQKYF proteins (GATA core) and as the expres
sion patterns of MybS3 and Amy6.4 in germinating aleu-
rones were compatible with HvMYBS3 being a regulator of 

Figure 4. Interaction among HvMYBS3 and BLZ2/BPBF in yeast S. cerevisiae 
two- and three-hybrid systems. 
The SFY526 yeast strain was transformed with the indicated combinations of 
cDNAs encoding BLZ2, BPBF and HvMYBS3, fused in-frame to the GAL4 
activation domain (GAL4-AD) or GAL4 binding domain (GAL4-BD). HvMYBS3 
was expressed from the pTFT1 plasmid. Measurements of b-galactosidase 
activity in liquid assays were made from four independent replicates and 
expressed as Miller’s units. Standard errors of the mean are indicated (£ 10%). 
The minus ()) sign indicates absence of the construct. 

the Amy 6.4 gene, we decided to explore whether HvMYBS3 
protein was capable of binding in vitro the TATC/GATA 
motif in the context of the Amy6.4 promoter in an EMSA 
(Figure 5a). 

The HvMYBS3 protein was prepared in E. coli, as indicated 
above, and the a-amylase probe (AmyM in Figure 5a) was 
deduced from the promoter sequence of the Amy6.4 gene 
(Gubler et al., 1995). When the probe was incubated with the 
GST-HvMYBS3 protein, a retarded electrophoretic band was 
observed. This band was competed out with a molar excess 
(200x) of the corresponding unlabelled probe, but not when 
the mutant non-labelled probe was used as competitor. A 
single base substitution in the binding core (TATC-
CAC -> TAgCCAC) included in this probe (Amym) was 
enough to prevent formation of the retarded band, which 
demonstrated the recognition specificity of this probe by 
HvMYBS3 (Figure 5a). 

The functional relevance of the in vitro interaction 
between HvMYBS3 and the TATCCAC/GTGGATA motif 
was further tested in planta by particle bombardment in 
isolated aleurone layers from barley embryoless seeds. With 
this aim, we used as the reporter construct a )174 bp 
promoter fragment from the Amy6.4 gene fused to the gene 
uidA (GUS, Figure 5b). As effector, the construct containing 
MybS3 was used. As positive and negative effector controls, 
GAMyb and MCB1, respectively, were used. All these 
constructs contained the CaMV 35S promoter followed by 
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the first intron of the maize Adh-I gene and the 3¢ nos 
terminator (Figure 5b). Isolated aleurones were bombarded 
with the reporter alone or in combination with the effectors 
at a 1:1 molar ratio, followed by incubation in a solution with 
or without 1 lM GA3. 

Co-expression of the reporter with the HvMYBS3 effector 
strongly induced the GUS levels up to sixfold over that 
directed by the reporter alone. Under the same conditions, 

Figure 5. Electrophoretic mobility shift assay (EMSA) of the recombinant 
HvMYBS3 protein fused to GST, with the 32 P-labelled probe derived from the 
Amy6.4 gene promoter, and transient expression assays in particle bombar
ded aleurones layers from cv. Himalaya barley. 
(a) EMSA of the recombinant HvMYBS3 protein with the 27 bp P32-labelled 
probe (AmyM) derived from the Amy6.4 gene promoter and its mutated 
version affected in the R1MYB binding motif (Amym probe). Competition 
experiments were performed using increasing concentrations (20·, 100· and 
200·) of the indicated unlabelled probe. The sequences of the oligonucleo-
tides used as probes are shown at the bottom of the panel. The putative target 
sequence core is underlined. 
(b) Schematic representation of the reporter and effector constructs used in 
transient expression assays. The reporter construct was pAmy6.4 (Gubler 
et al., 1995). Putative binding motifs in the Amy6.4 promoter for SHAQKYF 
R1MYB and R2R3MYB are boxed, and the TATA box is represented by an 
inverted triangle. The effector constructs contained the whole ORFs of barley 
MybS3, MCB1 and GAMyb under the control of the CaMV 35S promoter 
followed by the first intron of the maize Adh-I gene (I-Adh-I) and flanked 
downstream by the 3¢ nos terminator (nos). 
(c) Transient expression assays by co-bombardment of aleurone layers from 
de-embryonated cv. Himalaya barley seeds with the indicated combinations 
of reporter and effector plasmids at a 1:1 molar ratio. b-glucuronidase (GUS) 
activity was detected by histochemical staining followed by counting of blue 
spots per aleurone, and was expressed as a percentage of GUS activity 
relative to the control without effector. When indicated, isolated aleurone 
layers were incubated in the presence of 1 lM GA3 for 24 h before GUS 
analysis. Sets of five aleurone layers were co-bombarded and at least four 
replicates were carried out in each experiment. Standard errors are indicated. 
Plus (þ) and minus ()) signs show the presence or absence of the indicated 
constructs. 

the GAMYB effector produced a ninefold increase in GUS 
activity. When co-bombardment was carried out with both 
activators (at 1:1 molar ratio), the GUS expression was not 
statistically different from that obtained with GAMYB alone. 
If the HvMYBS3 effector was co-bombarded with HvMCB1, 
another R1MYB protein previously described by us to be a 
transcriptional repressor of Amy6.4 gene in aleurone cells 
(Rubio-Somoza et al., 2006), the activation effect of 
HvMYBS3 was partially reverted (Figure 5c). 

Barley aleurone layers are a well-established system to 
study the hormonal response because they do not syn
thesize GA or ABA, but are able to respond to them when 
externally added in the incubation medium. In fact, the 
exogenous GA treatment resulted in an approximately 
eightfold enhancement of the GUS activity controlled by 
the Amy6.4 promoter over that found with the GA-
untreated control (Figure 5c). An enhancement of approxi
mately tenfold was obtained when co-bombardment was 
done with GAMYB or with GAMYB plus HvMYBS3 in a 1:1 
molar ratio. Co-expression of HvMYBS3 in the presence of 
GA induced GUS expression approximately 12-fold. The 
repressor activity of HvMCB1 over the GUS expression 
controlled by HvMYBS3 was also maintained under the GA 
treatment. 

Taken together, these data indicate that HvMYBS3 
mediates the trans-activation of the GA-inducible Amy6.4 
gene promoter in aleurone cells through specific binding 
to the core motif TATC/GATA within the GARC in its 
promoter. 



Discussion 

Progression through cereal seed development, maturation 
and germination is coordinated by the interaction of stage-
specific developmental regulators and the competing effects 
of hormonal signals, mainly the ratio of GA to ABA. The 
transcriptional regulatory network throughout the cereal 
seed life cycle exhibits common elements between the 
development and germination phases. Particularly in barley, 
transcription factors have been described as involved in the 
control of seed-specific gene expression, with the same 
regulatory activities in both physiological processes (devel
opment and germination), as is the case of the R2R3MYB 
factor GAMYB and the DOF protein SAD, which both act as 
activators in the two phases (Diaz et al., 2002, 2005; Gubler 
et al., 1995; Isabel-LaMoneda et al., 2003). However, the DOF 
and R1MYB proteins, BPBF and HvMCB1, respectively, show 
antagonistic functions in the two phases of seed develop
ment: they act as transcriptional activators of genes ex
pressed during endosperm development and as repressors 
of genes in the aleurone upon germination (Mena et al., 
1998, 2002; Rubio-Somoza et al., 2006). 

The presence of an R1MYB, HvMCB1, with such antagon
istic functions during the seed life cycle, led us to determine 
whether additional members of the SHAQKYF R1MYB 
subfamily are relevant in this physiological context. We 
investigated this possibility and identified a new barley 
R1MYB gene, MybS3, encoding a transcription factor. The 
HvMYBS3 protein shares common features with other 
members of the SHAQKYF R1MYB subfamily. In addition 
to a high identity of amino acid residues in the binding 
domain, MYBS3 shares identical motifs (Figure 2) over the 
whole protein sequence with the rice MybS3, maize ZmMy-
bSt1, Arabidopsis At5g47390 and potato MybSt1, which 
indicates that they form an orthology group. 

As shown by Northern blot and in situ hybridization 
analyses, MybS3 is expressed in endosperms and embryos 
during seed development and in the aleurone cells upon 
seed germination. This expression pattern and in vitro 
binding of HvMYBS3 to the 5¢-TATC-3¢ core motif present 
in the Itr1 and Amy6.4 promoters are consistent with a 
possible role for HvMYBS3 as a regulator of the expression 
of both genes. Intransient expression experiments involving 
co-bombardment of developing endosperms and of aleu-
rone layers, the HvMYBS3 protein behaves as an activator of 
the expression of both the Itr1 and Amy6.4 gene promoters. 
During barley endosperm development, HvMYBS3 is a 
transcriptional activator of the expression of seed-specific 
Itr1, as are HvMCB1, BLZ2 and BPBF, as shown in this paper, 
and probably GAMYB and SAD, which were previously 
shown to be involved in the same regulatory process (Diaz 
et al., 2005). HvMYBS3 is not capable of forming dimers in 
vivo with BLZ2or with BPBFas shown by Y2HS experiments, 
whereas protein–protein interaction between BLZ2 and 

BPBF did occur in this yeast system. However, HvMYBS3 
can form a yeast ternary complex with the binary complex of 
BLZ2 and BPBF. In addition, other protein–protein interac
tions among members with specific binding motifs in the 
Itr1 gene promoter have been previously demonstrated 
either by Y2HS or bimolecular fluorescence complementa
tion (BiFC). These interactions are: BLZ2–BLZ1, BLZ2–BPBF, 
BPBF–GAMYB and SAD–GAMYB (Abraham, 2002; Diaz 
et al., 2002, 2005; Isabel-LaMoneda et al., 2003; Oñ  ate et al., 
1999). This dataset supports the formation of a multiple 
protein complex as the main control machinery responsible 
for the specific expression pattern during barley seed 
development of genes such as Itr1 and Hor2, encoding a 
defence and a seed storage protein, respectively (Figure 6a). 

Figure 6. Proposed models for the transcription regulation of the expression 
of genes during barley seed development and germination. 
(a) Model for the transcription control of the Itr1 gene in the developing barley 
endosperm. This model applies to the seed storage protein (SSP) genes. A 
linear configuration of the regulation of Itr1 gene expression is shown. Ovals 
indicate activating proteins (GAMYB, SAD, BPBF, BLZ1, BZL2, HvMYBS3 and 
HvMCB1). Their respective target cis motifs in the Itr1 promoter are boxed. 
This proposed model is based on the data from this paper and previously 
described data on protein–DNA and protein–protein interactions among the 
implicated transcription factors. 
(b) Model for the control of the Amy6.4 gene expression in the germinating 
aleurones. This model also applies to other GA-responsive hydrolase genes 
(GA-Hy). At the top ()GA), the interacting repressors (BPBF, HRT, HvMCB1) of 
Amy6.4 transcription are shown at the beginning of barley seed imbibition. At 
the bottom (þGA), the transcription activators (GAMYB, SAD and HvMYBS3) 
of Amy6.4 gene displace the repressors (BPBF, HvMCB1 and HRT) and are 
bound to their respective cis motifs. Transcription factors are indicated as 
rectangles if repressors and as ovals if activators. DNA target sequences for 
each transcription factor are boxed. 



Upon germination of barley seeds, HvMYBS3 trans-acti-
vates the promoter of the Amy6.4 gene in aleurone cells by 
binding to the TATCCAC element, one of the three cis motifs 
included in the GARC complex that are necessary for the 
complete GA response of aleurone hydrolase genes (Jacob-
sen et al., 1995; Lanahan et al., 1992). The other two motifs 
of the complex are recognized by GAMYB and SAD proteins, 
respectively, as indicated in Figure 6(b). Both factors act as 
activators of the hydrolase gene expression in a similar 
manner as HvMYBS3 does (Gubler et al., 1995,1999; Isabel-
LaMoneda et al., 2003). The GA effect in aleurone cells 
seems to lead to the selective ‘de-activation’ of the negative 
regulators (HRT, BPBF, HvMCB1), which is in agreement 
with the current model of GA-mediated regulation based on 
a de-repressible system (Ellerstrom et al., 2005). Before GA 
induction, repressorsavoid premature activation of these 
hydrolase genes, providing enough time for aleurone cells 
to obtain energy by p-oxidation for the de novo synthesis of 
proteins. As modelled in Figure 6(b), GA either prompts 
inhibition of the expression of the negative regulators 
(BPBF, HvMCB1, HRT), diminishestheir DNA-binding affinity 
or enhances their degradation or post-transcriptional modi
fication (Raventos et al., 1998; Rubio-Somoza et al., 2006; 
Sun and Gubler, 2004). The disappearance of these TFs 
enhances the synthesis and/or the interaction of the trans-
ciptional activators GAMYB, SAD and HvMYBS3 with their 
respective DNA target sequences, leading to expression 
activation of the hydrolase genes such as Amy6.4 (Fig
ure 6b). Therefore, the characteristic sequential expression 
pattern of the different hydrolytic enzymes depends finally 
on the balance of repressors/activators present at a given 
time in the aleurone cell, and their relative affinities for 
their target cis elements in the context of the promoters 
regulated. 

In conclusion, HvMYBS3, together with the HvMCB1 
(Rubio-Somoza et al., 2006), are the first two barley proteins 
belonging to the R1MYB SHAQKYF subfamily that have 
been identified as being involved in the regulation of genes 
expressed during the two phases of the seed cycle. Whereas 
HvMCB1 acts as an activator in the maturation phase and as 
a repressor in the germinating phase, HvMYBS3 is a 
transcriptional activator during both processes, in a similar 
way to GAMYB and SAD. Further analyses are needed to 
explore a possible role of additional members of the R1MYB 
subfamily in this seed regulatory network. 

Experimental procedures 

Plant material 

Barley seeds (Hordeum vulgare) cv. Bomi were germinated in 
darkness at 22°C, and were used to collect samples at different times 
after imbibition (8-48 h). Endosperms (10-22 DAF, days after fer
tilization) and immature embryos (18 DAF) from developing seeds 

were obtained from plants grown in a greenhouse at 18°C under a 
18/6 h day/night photoperiod, and frozen in liquid nitrogen before 
storage at -70°C until used for nucleic acid extraction. Developing 
endosperm (18 DAF) and germinating seeds (16 HAI, hours after 
imbibition) from cv. Bomi were used for mRNA in situ hybridization. 
Transient expression experiments were performed using fresh 
developing endosperm (18 DAF) from cv. Bomi. Seeds of barley cv. 
Himalaya were used for the isolation of aleurone layers for GA/ABA 
treatments, as well as for transient expression assays. 

Isolation of the MybS3 gene from barley 

Using the deduced protein sequence from the rice MybS3 gene, 
previously described by Lu et al. (2002), as a template for an insilico 
screening of the public barley EST database at the DNA 
Databank of Japan (DDBJ) website (http://www.ddbj.nig.ac.jp/), the 
Hv_CEa002C07f EST was selected as the putative rice MYBS3 
counterpart. 

Sense and antisense primers (#MybS3.1: 5'-TTGGAATTCTGAT-
CAATGACGAGGCGGTG-3';#MybS3.2: 5'-TTGGAATTCGTCGACT-
CACGCCTGAGCCCT-3'), derived from the 5' and 3' end regions of 
Hv_CEa002C07f sequence, respectively, were used to amplify by 
PCR the whole ORF from cDNA obtained from aleurones of 16 h-
imbibed germinating barley seeds. To isolate the corresponding 
genomic sequence, total barley DNA was obtained from barley 
leaves (Sambrook and Russell, 2001). 

Nucleotide sequences were determined on both strands using an 
automatic sequencer (ABI PrismTM 3100; Applied Biosystems, 
Bedford, MA, USA). Establishment of the intron/exon structure 
within the ORF of the MybS3gene was achieved using the EMBOSS 
tool at the European Bioinformatics Institute (EBI) site (http:// 
www.ebi.ac.uk/emboss/align/). 

Phylogenetic and bioinformatic tools 

Searches of the protein sequence databases from the NCBI (http:// 
www.ncbi.nlm.nih.gov/), TAIR (http://www.arabidopsis.org/) and 
TIGR (http://www.tigr.org/) websites were performed to determine 
the putative orthologue of the MybS3 gene in other species. 
HvMYBS3 alignment with its counterparts was carried out using the 
ClustalW program (Higgins et al., 1994) from the EBI website (http:// 
www.ebi.ac.uk/clustalw/) with default parameters. An unrooted 
phylogenetic tree was created using the Molecular Evolutionary 
Genetic Analysis (MEGA) software version 3.0 (Kumar et al., 2004), 
using the neighbour-joining method, including whole deduced 
sequences for each protein. MEME (http://meme.sdsc.edu/meme/) 
software (Bailey and Elkan, 1995) was used to identify conserved 
motifs in the protein sequences of phylogenetically related 
members. 

Nucleic acids preparation and Northern blot assays 

Total RNA was purified from frozen barley (cv. Bomi) developing 
endosperms and immature embryos following the protocol des
cribed by Lagrimini et al. (1987). Aleurone layers were isolated from 
cv. Himalaya germinating seeds after water imbibition for 8-48 h as 
described by Isabel-LaMoneda et al. (2003), and frozen. Isolated 
aleurone layers from embryoless barley seeds were prepared and 
incubated in the presence of 1 ^M GA3 or 10 HM ABA, according to 
the method described by Isabel-LaMoneda et al. (2003). RNA from 
frozen barley aleurone layers was extracted as described by Chang 
et al. (1993). After extraction, RNA was denatured and electro-
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phoresed in 7% formaldehyde, 1.2% agarose gels and blotted 
onto Hybond N+ membranes. Hybridizations and washings were 
performed under stringent conditions according to standard pro
cedures (Sambrook and Russell, 2001). Blots were subsequently 
hybridized with a 324 bp fragment of the 3' end region of MybS3 
cDNA from barley that was amplified using as sense and antisense 
primers #MybS3.3 (5'-CCCAAGCAAGACA-3') and #MybS3.4 (5'-
TACAACCCTGGAGATC-3'), respectively. The specific probe for the 
Amy6.4 gene was a fragment of 301 bp,spanning nt 1106 to nt 1406, 
which includes the last 145 bp of the coding region plus 156 bp of 
the 3' non-coding region. The specific probe for the Itr1 gene was as 
described by Royo et al. (1996). 

mRNA in situ hybridization 

Developing (20 DAF) and germinating (16 HAI) barley seeds of cv. 
Bomi were fixed, treated and sectioned as described by Diaz et al. 
(2002). Hybridization was carried out at 52°C in a solution 
(100 ng ml)1 tRNA; 6x SSC; 3% formamide) containing approxi
mately 100 ng ml)1 of antisense or sense DIG-labelled RNA probes, 
corresponding to the specific probe for the barley MybS3 gene that 
was used in Northern blot assays. Washings were performed in 2x 
SSC and 50% formamide for 90 min at 52°C. Antibody incubation 
and colour detection were performed according to the manufac
turer’s instructions (Boehringer Roche Diagnostics, Mannheim, 
Germany). 

Electrophoretic mobility shift assays 

The HvMYBS3 protein was expressed in E. coli (BL21(DE3)pLysS 
strain) by cloning its corresponding cDNA into the pGEX-2T vector 
(Amersham Pharmacia Biotech, Freiburg, Germany) as a transla-
tional fusion to GST. Recombinant protein expression was induced 
by the addition of 1 mM isopropyl-p-D-thio-galacto-pyranose (IPTG) 
for 1 h, before extraction of the bacterial crude proteins. Cells car
rying the pGEX-2T vector without insert were identically processed 
as negative controls. The probes containing the putative consensus 
target sequence (M) recognized by SHAQKYF R1MYB proteins from 
the Itr1 and Amy6.4 gene promoters, and their mutated versions 
(m), were produced by annealing complementary single-strand 
oligonucleotides, indicated below, to generate 5' protruding ends. 
All probes were labelled with a32-P-dATP by the fill-in reaction using 
Klenow exo-free DNA polymerase (United States Biochemicals, 
Cleveland, OH, USA) and purified from an 8% polyacrylamide gel 
(29:1 cross-linking). 

The primers used were #Itr-M: 5'-TAGTATGATAAGATAACT-
CATGC-3' and 3'-GCATGAGTTATCTTATCATACTA-5'; #Itr-m1: 
5'-TAGTATGCTAAGATAACTCATGC-3' and 3'-GCATGAGTTATCT-
TAGCATACTA-5'; #Itr-m2: 5'-TAGTATGATAAGCTAACTCATGC-3 
-3' and 3'-GCATGAGTTAGCTTATCATACTA-5'; #Itr-m1/m2: 5'-TAG-
TATGATAAGCTAACTCATGC-3' and 3'-GCATGAGTTATGCTTAT-
CATACTA-5'; #Amy-M: 5'-TAACAAACTCCGGCCGACATATCCACT-
3' and 3'-AGTGGATATGTCGGCCGGAGTTTGTTA-3'; #Amy-m: 
5'-TAACAAACTCCGGCCGACATAGCCACT-3' and 3'-AGTGGCTA-
TGTCGGCCGGAGTTTGTTA-5'. DNA-protein binding reactions, 
competitions with unlabelled or mutated probes, and final analysis 
of DNA-protein complexes were performed as described by Diaz 
et al. (2002). 

DNA constructs and particle bombardment of barley tissues 

To transiently transform developing endosperms, we employed the 
pItr1.343 reporter plasmid containing the 343 bp upstream portion 

from the ATG translation start of the barley development seed-
specific gene Itr1 (Royo et al., 1996), fused to the b-glucuronidase 
gene (uidA) followed by the 3¢ nos terminator. This promoter frag
ment carried three binding motifs putatively recognized by factors 
that belong to the DOF, bZIP and SHAQKYF R1MYB classes. For 
bombardment of barley aleurone layers, we used as reporter con
struct the pAmy6.4 plasmid, spanning from )174 to the ATG 
translation start codon of the high-pI a-amylase Amy6.4 gene pro
moter (Gubler et al., 1995), which included the target sequences for 
DOF, R2R3MYB and SHAQKYF R1MYB transcription factors, fused 
to the b-glucuronidase gene (uidA) followed by the 3¢ nos termina
tor. As effectors, the MybS3 ORF was cloned into the Bluescript 
vector under the control of the CaMV 35S promoter, followed by the 
first intron of the maize Adh-I gene and the 3¢ nos terminator. The 
Pbf, GAMYB, Blz2 and MCB1 genes were cloned as described by 
Gubler et al. (1995); Mena et al. (1998); Oñ  ate et al. (1999) and 
Rubio-Somoza et al. (2006). 

Developing endosperms (18 DAF) from cv. Bomi barley seeds 
and isolated aleurone layers from cv. Himalaya barley seeds were 
prepared and bombarded as described by Diaz et al. (2002) and 
Isabel-LaMoneda et al. (2003), using a biolistic helium gun device 
(DuPont PDS-1000; BioRad, Hercules, CA, USA). GUS expression 
was determined histochemically (Jefferson, 1987) 24 h after bom
bardment, and calculated as the mean number of blue spots per 
tissue sample in each assay and expressed as percentage, taking as 
100% the value obtained with each reporter construct in the absence 
of effectors. The histochemical data and the GUS expression 
quantified by chemiluminiscence (GUS light kit; Tropix, Bedford, 
MA, USA) per milligram of protein were directly correlated with 
coefficients of 0.95 and 0.97 for the aleurone and endosperm assays, 
respectively (data not shown). 

Yeast transformation and LacZ assays 

In the Y2HS experiments, plasmids pGBT9 and pGAD424 (Clontech, 
Heidelberg, Germany), containing the alcohol dehydrogenase I 
(AdhI) promoter fused to the Gal4 DNA-activation domain (Gal4AD; 
pGAD424 vector) or the Gal4 DNA-binding domain (Gal4BD; pGBT9 
vector), respectively, were used to generate translational fusions 
with the whole Blz2, Pbf or MybS3 ORFs. The full-length Blz2 ORF 
was amplified by PCR with the oligonucleotides #BLZ2ATG: 5¢-
CCGGGAATTCCATATGGAGCCCGTGTTC-3¢ and #BLZ2STOP: 5¢-
TCGGATCCAAGCTTCCTACTGCATCAC-3¢ (with additional EcoRI 
and BamHI flanking sites underlined), and inserted in the EcoRI and 
BamHI restriction sites of the pGAD424 and pGBT9 vectors. 
Amplification of the complete Pbf ORF was performed using the 
primers #BPBFATG: 5¢-GAATTCATGGAGGAAGTGTTTTC-3¢ and 
#BPBFSTOP: 5¢-GTCGACTTACATCAGGGAGGT-3¢ (EcoRI and SalI 
sites underlined) and cloned in the plasmids pGAD424 and pGBT9, 
previously digested with EcoRI and SalI restriction enzymes. The 
whole barley MybS3 ORF was amplified with the primers 
#HvMYBS3ATG: 5¢-TTGGAATTCTGATCAATGACGAGGCGGTG-3¢ 
and #HvMYBS3STOP: 5¢-TTGGAATTCGTCGACTCACGCCTGAG-
CCCT-3¢, with additional EcoRI (underlined), BclI (bold) and SalI 
(italic) sites, and cloned in the EcoRI–SalI-digested pGBT9 vector. 

The pTFT1 plasmid (Egea-Cortines et al., 1999), including the 
Adh-1 gene promoter and a nuclear localization signal from 
pGAD424 plasmid, was used to express the third protein in the 
Y3HS assays. The whole MybS3 ORF, amplified with the primers 
indicated above, was cloned into the pTFT1 plasmid restricted with 
BamHI and EcoRI enzymes. 

The haploid strain of Saccharomyces cerevisiae SFY526 (Clon-
tech) carrying the LacZ reporter gene under the control of a 
truncated Gal1 promoter that contains Gal4-responsive elements 



(Gal1UAS) was used in these experiments. Yeast transformation 
was performed by the polyethylene glycol method, and transform-
ants were screened for b-galactosidase production in liquid cultures 
using ONPG (O-nitrophenyl-b-D-galactopyranoside; Sigma-Aldrich, 
Stenheim, Germany) as a substrate. b-galactosidase activity in 
liquid cultures was calculated using Miller’s formula as described by 
Ausubel et al. (1990). The results presented are the average from 
four independent clones and four different assays. 
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