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The wild ancestor of cultivated barley, Hordeum vulgare subsp.
spontaneum (K. Koch) A. & Gr. (H. spontaneum), is a source of wide
genetic diversity, including traits that are important for malting
quality. A high b-amylase trait was previously identified in H.
spontaneum strains from Israel, and transferred into the backcross
progeny of a cross with the domesticated barley cv Adorra. We have
used Southern-blot analysis and b-amy1 gene characterization to
demonstrate that the high b-amylase trait in the backcross line is
co-inherited with the b-amy1 gene from the H. spontaneum parent.
We have analyzed the b-amy1 gene organization in various domes-
ticated and wild-type barley strains and identified three distinct
b-amy1 alleles. Two of these b-amy1 alleles were present in modern
barley, one of which was specifically found in good malting barley
cultivars. The third allele, linked with high grain b-amylase activity,
was found only in a H. spontaneum strain from the Judean foothills
in Israel. The sequences of three isolated b-amy1 alleles are com-
pared. The involvement of specific intron III sequences, in partic-
ular a 126-bp palindromic insertion, in the allele-dependent expres-
sion of b-amylase activity in barley grain is proposed.

The endosperm of barley (Hordeum vulgare L.) and other
cereals is a storage organ in which starch and protein
accumulate during grain development and are later de-
graded to provide energy and N2 during germination and
seedling growth (for review, see MacGregor and Fincher,
1993). Starch degradation in the cereal grain requires the
concerted action of several enzymes (MacGregor, 1987),
including limit dextrinase, b-amylase, a-glucosidase (Sun
and Henson, 1990), and a-amylases. b-Amylase is a 1,4-a-
d-glucan maltohydrolase (EC 3.2.1.2.), which catalyzes the
liberation of maltose and limit dextrins from the nonreduc-
ing ends of starch (Robyt and Whelan, 1968; Sopanen and
Laurière, 1989).

b-Amylase is synthesized during grain development
(Kreis et al., 1987) and is one of the major proteins found in
the starchy endosperm (Hejgaard and Boisen, 1980). In dry
barley grains it is found in two forms: a free, active form
and a bound, less-active form, the latter accounting for
about 75% of the total b-amylase. Both forms may be
aggregated or disulfide bonded via a Cys residue near the
C terminus to other grain proteins such as protein Z (Hej-
gaard, 1978). The free form of b-amylase is easily extract-

able in saline solutions and comprises many forms separa-
ble by IEF (Shewry et al., 1988). The release and activation
of b-amylase during germination is accompanied by the
accumulation of additional b-amylase isoforms (Sopanen
and Laurière, 1989; Guerin et al., 1992), which could be
caused by a progressive endoproteolytic removal of
C-terminal peptides (Lundgard and Svensson, 1987).

Synthesis of b-amylase during barley grain development
is regulated by nutritional N2 (Giese and Hopp, 1984), and
high levels of b-amylase are generally correlated with in-
creased grain protein content (Santos and Riis, 1996). Mod-
ern plant breeding has reduced the genetic variability
among domesticated barley cultivars (Thompson et al.,
1990; Forster et al., 1991). This in turn limits the potential
for selecting cultivars with high b-amylase levels indepen-
dent of grain protein content, which is an important quality
parameter for malt barley. However, a large genetic diver-
sity is found in H. vulgare subsp. spontaneum (K. Koch) A. &
Gr. (abbreviated to H. spontaneum), the wild ancestor of
cultivated barley (Wiberg, 1974; Zhang et al., 1993; Saghai
Maroof et al., 1995). H. spontaneum strains from Israel and
Jordan show a wide variation in b-amylase, b-glucanase,
and other hydrolase activities (Ahokas and Naskali, 1990a,
1990b). We have previously shown that a high b-amylase
trait in selected H. spontaneum strains is inherited in the
backcrossed progeny of H. spontaneum and domesticated
barley (Ahokas and Erkkilä, 1992), which may be linked to
inheritance of a b-amy allele of H. spontaneum.

To study the biochemical and molecular mechanisms
underlying the different levels of b-amylase activity in
domesticated barley and its wild ancestors, we have iso-
lated and characterized the b-amylase cDNAs and genes
from the H. spontaneum 3 domesticated barley backcross
and the respective parental lines generated by Ahokas and
Erkkilä (1992). We report here that the observed differences
in b-amylase activity in the grains are correlated with
sequence differences in the b-amy1 gene, which involve the
insertion/deletion of a palindromic 126-bp sequence and a
39-bp sequence in intron III, as well as two amino acid
substitutions in the ORF. We have exploited the sequence
variation in intron III to develop a PCR method to explore
the genetic diversity of the b-amy1 locus among domesti-
cated and wild barley and to develop a screening tool for
breeding lines with high b-amylase activity.
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MATERIALS AND METHODS

Barley (Hordeum vulgare) plants were grown either in a
greenhouse or in fields in the southern part of Finland.
Grains of various barley cultivars were provided by the
Agricultural Research Centre of Finland (Jokioinen) and cv
Haruna Nijo was provided by Sapporo Brewing, Ltd.
(Yaizu, Japan). The grain material analyzed included BC-F6

lines derived from a single backcross of Hordeum sponta-
neum 3 Adorra (accession no. PI 296897) from the U.S.
Department of Agriculture (Beltsville, MD), followed by
six generations of selection for the domesticated growth
habit, and the two parents (cv Adorra and H. spontaneum).
An additional line, denoted strain 86-H2-64, was selected
in the sixth generation from an independent but similar
single backcross. The accession PI 296897 originated from
the Judean Foothills near Jerusalem, Israel. Other wild
barleys used for testing b-amy1 allele diversity were H.
spontaneum strains collected from the Israeli localities of
Talpiyyot, Mehola, Atlit, Negev, and from Cyprus, and
Hordeum murinum subsp. leporinum from Corsica (France).

Assays of b-Amylase Activity

b-Amylase activity and grain protein content were de-
termined in grain samples (2 g) milled in an A/10 analyt-
ical mill (Janke and Kunkel, Staufen, Germany). b-Amylase
activity was assayed in duplicate samples of 0.5 g of fresh
flour or 0.5 g of flour stored at 280°C using the Beta-
Amylase Kit from Megazyme (Bray, Ireland), according to
the method of Santoz and Riis (1996). One unit of
b-amylase activity is defined as the amount of enzyme
required to release 1 mmol of p-nitrophenol from p-
nitrophenyl-a-d-maltopentaose in 1 min in the presence of
excess a-glucosidase under assay conditions defined in the
kit. Total soluble protein in flour samples was determined
according to the method of Bradford (1976). b-Amylase
activity values are expressed per milligram of protein in
the flour.

RNA and DNA Protocols

Total RNA was extracted from endosperm tissue using
aurintricarboxylic acid as the RNase inhibitor (Leah et al.,
1991) and further purified using the RNeasy Plant Total
RNA kit (Qiagen, Chatsworth, CA).

DNA was extracted from 14-d-old leaves according to
the method of Maniatis et al. (1982), or from 7-d-old leaves
using FastPrep (BIO 101, Vista, CA) for PCR reactions.
DNA sequencing was performed (model 373A sequencer,
Applied Biosystems). The reaction mixtures contained 0.5
mg of DNA, 10 pmol of primer (20 bp), and the Ampli Cycle
Sequencing Kit (Perkin-Elmer). Sequences were analyzed
with the Micro Genie Sequence software package (Beck-
man).

Southern blotting and conditions for hybridizations were
performed as described previously (Leah et al., 1991). Blots
were hybridized with the 1750-bp b-amylase cDNA insert
of pcbC51 (Kreis et al., 1987) labeled with [32P]dCTP using
the Megaprime DNA-labeling system (Amersham).

Allele-Specific b-Amy1 cDNA Cloning

cDNA was synthesized in two parts by RNA-PCR ac-
cording to the method of Dyanov and Dzitoeva (1995) with
Moloney murine leukemia virus reverse transcriptase
(Boehringer Mannheim) from total RNA isolated from en-
dosperm tissue (approximately 26 d after anthesis) of the
different barley strains. The primers were based on the
sequence of the b-amylase cDNA (Kreis et al., 1987; Yoshigi
et al., 1994) or the cv Haruna Nijo b-amy gene (Yoshigi et
al., 1995).

The antisense primer for synthesis of the 59 part of the
transcript was 59-AGCAGATGAATTCTCCGATGCCTG-
GGAACGACC-39, having an EcoRI site, together with the
sense primer 59-TAGCCAGGATCCACAATGGAGGTG-
AACGTGAAAGGC-39, having a BamHI site. The antisense
primer for the 39 part of the transcript was 59-TAAA-
CTCGAGGTTCCATTACATGGTGGCAGGGA-39, having
an XhoI site, together with the sense primer 59-
CCCAGGCATCGGAGAATTCATCTGCTATGA-39, having
an EcoRI site. The resulting PCR fragments were restricted
with EcoRI, BamHI, and XhoI, purified, and ligated into
pBluescript SK2 vector (Stratagene) to produce full-length
cDNA clones.

PCR Cloning of b-Amy1 Alleles

The promoter and ORF regions of the b-amy1 gene were
amplified from genomic DNA of different barley strains
using the Expand High-Fidelity PCR system (Boehringer
Mannheim), according to the manufacturer’s instructions.
The PCR primers, based on the sequence of the cv Haruna
Nijo b-amy gene (Yoshigi et al., 1995; EMBL accession nos.
D63574 and D49999), were as follows: 59-ATTGGATC-
CATGGAGGTGAACGTGAAAGGCAACTATGTC-39 and
59-AAAGGATCCATTACATGGTGGCAGGGAGCTCCCC-
ACCCA-39, both with a 59 BamHI restriction site, for am-
plification of the gene ORF; and 59-ACGCGTCGACACA-
TCATCTTGAGAACGTCTTCTC-39 and 59-ACGCGTCG-
ACTCGAACCTGTTGTTCACGCTCAC-39, both with a 59
SalI restriction site, for amplification of the corresponding
promoter region.

The PCR reactions were performed as follows: DNA was
denatured for 5 min at 95°C, followed by 30 cycles of 0.5
min at 94°C, 1 min at 61°C, 3 min at 72°C, the last 20 cycles
with a 20-s increase in extension time in each cycle, ending
with a final polymerization step of 10 min at 72°C. The
PCR fragments were cloned into pBluescript SK2 vector
(Stratagene).

b-amy1 intron III-specific sequences were amplified by
PCR from genomic DNA of different barley lines with the
following primer pair: 59-GATGGTCGTTCCCAGGCA-
TC-39 and 59-AGGGAACCGCACGTGTGGGGTCAATGA-
39. The reaction mixture contained 0.5 to 0.7 mg of template
DNA, 10 pmol of each PCR primer, 0.2 mmol/L deoxyri-
bonucleotide triphosphate, 1.5 mmol/L MgCl2, 50 mmol/L
KCl, 10 mmol/L Tris-HCl (pH 9.0), 0.1% Triton, and 1 unit
of Taq polymerase (Promega). The mixture was reacted for
2 min at 95°C, then for 1 min at 94°C, for 0.5 min at 60°C,
and for 1 min at 72°C for 25 cycles, followed by 10 min at
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72°C. The PCR fragments were detected in 5% polyacryl-
amide gels.

RESULTS

Identification of Three Distinct b-Amy1 Alleles

The organization of the b-amy1 structural gene in differ-
ent barley strains was analyzed by Southern-blot analysis.
Genomic DNA isolated from cv Haruna Nijo, cv Adorra, H.
spontaneum PI 296897, and line 86-H2-64 was restricted
with HindIII, NcoI, SalI, and SpeI and hybridized with the
b-amy1 pcbC51 cDNA (Kreis et al., 1987). The size of the
hybridizing fragments for each restriction digest was not
identical in the four strains. For example, in a HindIII
restriction digest (Fig. 1) the hybridizing fragments were
approximately 7.0 kb in cv Adorra (lane 1), approximately
9.0 kb in line 86-H2-64 and H. spontaneum PI 296897 (lanes
2 and 3), and approximately 6.0 kb in cv Haruna Nijo (lane
4). An additional hybridizing HindIII fragment of an ap-
proximately 1.6-kb fragment was detected in all four barley
strains. Most of the hybridizing fragment sizes in cv Ha-
runa Nijo DNA, including the 1.6-kb HindIII fragment,
were consistent with the sequence of this b-amy1 gene
(Yoshigi et al., 1995).

The b-amy1 pcbC51 cDNA hybridizes to two loci in the
barley genome, designated Bmy1 and Bmy2, located on
chromosomes 4 and 2, respectively (Kreis et al., 1988). The
authors assigned a strongly hybridizing HindIII fragment
of 6.9 kb in cv Betzes to Bmy1, whereas a weaker hybrid-
izing 4.7-kb fragment was assigned to Bmy2. Under the
hybridization conditions used here, hybridizing restriction
fragments that might correspond to the Bmy2 locus were
not detected. In agreement with Kreis et al. (1988), restric-
tion fragment length polymorphism was observed at the

Bmy1 locus, indicating the presence of at least three distinct
alleles in cv Haruna Nijo, cv Adorra, and H. spontaneum PI
296897. Furthermore, the strain 86-H2-64, derived from a
H. spontaneum PI 296897 3 Adorra cross and identified as
having a high grain b-amylase activity, is seen to have
inherited the H. spontaneum PI 296897-like b-amy1 allele.

Isolation and Characterization of the b-Amy1 Alleles and
Their Transcripts

To identify the molecular mechanisms underlying the
enhanced b-amylase activity in grain of H. spontaneum PI
296897 and its cv Adorra backcross progeny line 86-H2-64,
we isolated and sequenced the b-amy1 genes and tran-
scripts from line 86-H2-64 and its parents. All three b-amy1
genes were PCR amplified from genomic DNA using prim-
ers based on the sequence of the b-amy1 gene from cv
Haruna Nijo, which is expressed in developing endosperm
(Yoshigi et al., 1994, 1995). Single b-amy1 amplification
products were generated from each of the three barley
strains and their sequences were determined. All four
b-amy1 sequences were approximately 5 kb in length, com-
prising an ORF interrupted by six introns, as shown sche-
matically in Figure 2, top. The sequences of the b-amy1

Figure 2. The b-amy1 gene organization. Top, Schematic presenta-
tion of the b-amy structural gene. The b-amy1 ORF is composed of
seven exons (black boxes) interrupted by six introns (numerals I–VI)
located within a DNA fragment of approximately 5 kb. ATG, TAG,
and gray box indicate the translational start and stop codons and the
approximately 1.3-kb promoter, respectively. Bottom, Sequence
alignment of the 59-proximal ends of intron III from b-amy1 alleles of
H. spontaneum PI 296897 (2), cv Adorra (3), and cv Haruna Nijo (4).
Line 1 shows the amino acid sequence (residues 195–205) encoded
by the DNA sequence upstream of intron III. The sequences of intron
III from the b-amy1 allele of line 86-H2-64 (not shown) and H.
spontaneum PI 296897 (2) are identical. The b-amy1 genomic se-
quences are in the EMBL-GenBank database under accession num-
bers AF061204 (H. spontaneum PI 296897), AF061203 (cv Adorra),
and D49999 (cv Haruna Nijo).

Figure 1. Southern-blot analysis of the b-amy1 structural gene in
different barley cultivars. Barley genomic DNA was digested with
HindIII, fractionated by agarose-gel electrophoresis, Southern blot-
ted, and hybridized with b-amy1 pcbC51 cDNA probe. The genomic
DNAs were from cv Adorra (lane 1), line 86-H2-64 (lane 2), H.
spontaneum PI 296897 (lane 3), and cv Haruna Nijo (lane 4).
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genes in line 86-H2-64 and H. spontaneum PI 296897 showed
complete identity. The H. spontaneum PI 296897 b-amy1
allele showed high homology to the b-amy1 allele of cv
Haruna Nijo. Apart from a few single-base substitutions,
sequence differences in cv Haruna Nijo b-amy1 were re-
stricted to the 59-proximal end of intron III and a 25-bp
deletion positioned 761 bp upstream of the TATAA box.
The cv Adorra b-amy1 allele contained this upstream 25-bp
insertion, and in addition to a number of single-base sub-
stitutions, showed significant sequence divergence from H.
spontaneum PI 296897 b-amy1, confined to intron III.

The cDNAs of the corresponding b-amy1 transcripts
were cloned by reverse-transcriptase RNA-PCR. The se-
quences of the b-amy1 cDNAs of H. spontaneum PI 296897,
line 86-H2-64, and cv Haruna Nijo were identical, apart
from two silent nucleotide substitutions in the latter. Four
of the single-base substitutions found in the cv Adorra
b-amy1 allele were located in the ORF of the transcript.
Two of these led to amino acid substitutions, namely Ala-
2333Val and Ser-3473Leu, which are also seen in the cv
Hiproly b-amy1 allele (Kreis et al., 1987).

The major sequence differences between the three
b-amy1 alleles were limited to the first 320 bp at the 59 end
of intron III (Fig. 2, bottom). Compared with the published
sequence of cv Haruna Nijo, cv Adorra had a 126-bp inser-
tion (Fig. 2, line 4 versus line 3), and H. spontaneum PI
296897 (and line 86-H2-64; data not shown) had a 39-bp
deletion (Fig. 2, line 4 versus line 2).

Inheritance of the H. spontaneum PI 296897-Like b-Amy1
Allele Is Linked to Enhanced b-Amylase Activity

We have shown that the high-b-amylase-activity trait in
line 86-H2-64, an offspring of an H. spontaneum and domes-
ticated barley cross (Ahokas and Erkkilä, 1992), is linked to
the inheritance of the b-amy1 allele from H. spontaneum. To
gain further evidence for a close correlation between the H.
spontaneum b-amy1 allele and high b-amylase activity lev-
els, we have studied a population of 15 individual BC-F6

lines from a H. spontaneum PI 296897 3 Adorra backcross
grown under identical conditions. The two parental b-amy1
alleles inherited in the individual BC-F6 lines were distin-
guished by the allele-specific sequence of the b-amy1 intron
III (Fig. 2). This was accomplished by the design and use of
PCR primers to amplify a region of the b-amy1 intron III, so
that the cv Adorra allele was identified by a 643-bp PCR
fragment, whereas the H. spontaneum PI 296897 allele was
identified by a 477-bp PCR fragment (Fig. 3). Three of the
offspring had inherited the H. spontaneum PI 296897 allele
(Fig. 3, lane 2 versus lanes 3, 12, and 17), whereas the
remaining 12 offspring inherited the cv Adorra allele (Fig.
3, lane 1 versus lanes 4–11 and 13–16).

The total b-amylase activity in grain from the 15 BC-F6

lines was also determined and compared with that of the
parent lines (Fig. 4). The relative b-amylase activity of 11
BC-F6 lines was lower or similar to that of the parent cv
Adorra (Fig. 4, bar 1 versus bars 3–10, 12, 13, and 15),
whereas the relative b-amylase activity of 4 BC-F6 lines
were 27 to 61% higher (Fig. 4, bar 1 versus bars 2, 11, 14,
and 16), although not to the level of H. spontaneum. Three of
these four BC-F6 lines had inherited the H. spontaneum PI
296897 b-amy1 allele (Fig. 3, BC-F6 lines #1, #10, and #15).
According to the Mann-Whitney U test (Siegel, 1956)
(where U 5 2; P , 0.01), the levels of b-amylase activity
measured in lines carrying the cv Adorra b-amy1 allele or
the H. spontaneum PI 296897 b-amy1 allele are statistically
different. Hence, the data provide supporting evidence that
inheritance of the H. spontaneum b-amy1 allele is linked to a
trait for high b amylase activity in grain.

Figure 3. Identification of the b-amy1 allele in the offspring of the H.
spontaneum 3 Adorra cross. Genomic DNA sequences from the
parents cv Adorra (lane 1) and H. spontaneum PI 296897 (lane 2),
and from the 15 individual lines #1 to #15 (lanes 3–17) were PCR
amplified for b-amy1 intron III-specific sequences. The PCR products
were size fractionated by acrylamide-gel electrophoresis. Lane M,
Molecular size marker.

Figure 4. b-Amylase activity in offspring of the H. spontaneum 3
Adorra cross. Histogram showing the relative b-amylase activity of
the H. spontaneum parent strain (bar 2) and 15 individual lines #1 to
#15 (bars 3–17) from the H. spontaneum 3 Adorra cross normalized
to the b-amylase activity of the parent cv Adorra (bar 1), calculated
from the mean of six independent determinations. The error bars in
the histogram represent the SE values. The relative b-amylase activity
of cv Adorra of 1.0 is equivalent to a b-amylase activity of approx-
imately 15 units per 1 mg of protein.
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The H. spontaneum PI 296897-Like b-Amy1 Allele Is Not
Found in Modern Barley Cultivars

To study the genetic diversity of the b-amy1 locus in
domesticated barley, we examined several cultivars and
lines with different levels of b-amylase activity and known
malting characteristics. The allele-specific region of the
b-amy1 intron III, amplified by specific PCR primers from
genomic DNA, was used to identify the b-amy1 allele in
relation to the characterized cv Adorra, H. spontaneum PI
296897, and cv Haruna Nijo b-amy1 alleles (Fig. 5). Using
this approach the cv Adorra-like 643-bp PCR fragment was
found in cvs Anisa, Schooner, Steptoe, and Stirling (Fig. 5,
lanes 1–4 versus lane 5), whereas the H. spontaneum PI
296897-like 477-bp PCR fragment (Fig. 5, lane 6) was not
seen in modern barley. The cv Haruna Nijo-like 516-bp
PCR fragment was found in cvs Alexis, Cork, Kymppi,
Morex, Pokko, Triumph, and Vintage (Fig. 5, lanes 8–14
versus lane 7).

We have not determined the b-amylase activity of these
domesticated barley lines, since our grain samples were
harvested from different locations and years, and their
b-amylase activity would thus reflect growth conditions as
well as genotype. However, the selected good-malting-
quality cultivars (Alexis, Cork, Kymppi, Morex, Pokko,
Triumph, and Vintage), known to possess high-b-amylase
activity, inherited the cv Haruna Nijo-like b-amy1 allele
(Fig. 5), whereas the poorer-malting-quality cultivars
(Anisa, Schooner, Steptoe, Stirling, Clipper, Chebec, Bomi,
Carlsberg II, Golden Promise, and Bonus) inherited the cv
Adorra-like b-amy1 allele (Fig. 5 and data not shown).
None of the barley cultivars tested inherited the H.
spontaneum-like b-amy1 allele.

Several wild Hordeum spp. collected from different Med-
iterranean localities were also examined for genetic diver-
sity at the b-amy1 locus, detected as allele-specific sequence
differences of the b-amy1 intron III. PCR amplification of
the intron III region from genomic DNA samples showed
that the wild Hordeum spp. from Cyprus and Corsica and
from the areas of Talpiyyot and Mehola had the cv Haruna

Nijo-like b-amy1 allele, whereas the H. spontaneum strain
from the Negev had the cv Adorra-like b-amy1 allele (data
not shown). Both alleles were found in the H. spontaneum
strain from Atlit, whereas the H. spontaneum PI 296897-like
b-amy1 allele was found only in the H. spontaneum strain
from the Judean foothills (data not shown).

DISCUSSION

We are interested in understanding the genetic and mo-
lecular mechanisms underlying the variation in b-amylase
activity in the grain of modern and wild barley. As a part
of this work, we have previously examined 242 accession
lines of the wild barley H. spontaneum and found a wide
variation in b-amylase activities, which were significantly
correlated with the annual rainfall pattern in their territory
of origin (Ahokas and Naskali, 1990b). The high-b-
amylase-activity trait found in H. spontaneum PI 296897 has
been introduced into the domesticated barley cv Adorra by
crossing (Ahokas and Erkkilä, 1992). Preliminary evidence
suggested that the backcrossed derivative showing in-
creased enzyme activity (86-H2-64) had inherited a novel
b-amylase allele from H. spontaneum PI 296897.

To gain a closer insight into the b-amy1 alleles present in
the barley gene pool, we performed Southern-blot analysis
of the b-amy1 genes from H. spontaneum PI 296897, cv
Adorra, and their backcross derivative (86-H2-64), together
with the malt barley cv Haruna Nijo. The existence of three
distinct b-amy1 alleles present in H. spontaneum PI 296897,
cv Adorra, and cv Haruna Nijo was indicated, whereas the
backcross was shown to have inherited the H. spontaneum
PI 296897 allele.

We have cloned and sequenced the b-amy1 alleles from
H. spontaneum PI 296897, cv Adorra, and line 86-H2-64 and
confirmed that the high-b-amylase trait in the backcross
86-H2-64 is co-inherited with the b-amy1 allele from H.
spontaneum PI 296897. The sequences of the H. spontaneum
PI 296897 and cv Adorra b-amy1 genes and their respective
transcripts have been compared with each other and with
those of cv Haruna Nijo with the aim of identifying the
molecular basis for the different b-amylase activities found
in their barley grains. The promoter regions of the three
alleles, extending approximately 1.3 kb upstream of the
ORF, were very similar apart from a 25-bp deletion located
at the 59 end of the cv Haruna Nijo promoter fragment. This
promoter sequence, encompassing all essential elements
required for tissue-specific expression of the b-amy1 gene
(Kihara et al.. 1997), cannot explain the observed differ-
ences in b-amylase activity between cv Adorra and the
backcross 86-H2-64. Sequence comparisons between the
b-amy1 ORFs of cvs Hiproly and Haruna Nijo have previ-
ously revealed three amino acid substitutions in the de-
duced sequence (Yoshigi et al., 1994). The deduced amino
acid sequence of the H. spontaneum PI 296897 ORF shows
complete identity to that of cv Haruna Nijo, whereas cv
Adorra ORF shows two substitutions, Ala-2333Val and
Ser-3473Leu, both of which are found in cv Hiproly. Al-
though Val-233 is a conservative substitution, lying in a
loop at the protein surface remote from the enzyme cata-
lytic site, the nonconservative Leu-347 substitution may

Figure 5. Distribution of different b-amy1 alleles in domesticated
barley. The b-amy1 allele-specific sequence of intron III was PCR
amplified from genomic DNA of various barley cultivars. The frag-
ments were size fractionated by acrylamide-gel electrophoresis. Lane
M, Molecular size marker.
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influence b-amylase activity, since it involves a polar/
nonpolar substitution near Glu-345, which lies near the
catalytic site (Mikami et al., 1993; Totsuka et al., 1994).

The three b-amy1 alleles show significant differences,
however, in the length and sequence of intron III. The cv
Adorra b-amy1 allele has a unique 126-bp insertion,
whereas the H. spontaneum PI 296897 b-amy1 allele has a
39-bp deletion compared with the b-amy1 intron III of cv
Haruna Nijo. To investigate the linkage between the high-
b-amylase-activity trait and the allelic nature of intron III of
the b-amy1 gene, we have screened a population of BC-F6

lines derived from a single H. spontaneum PI 296897 3
Adorra backcross. After five generations of strong selection
for domesticated morphological features, the remaining
population was largely composed of lines with b-amylase
activity levels similar to those of cv Adorra. However,
three of the four lines exhibiting the high-b-amylase-
activity trait had the H. spontaneum PI 296897 intron III,
which, according to the Mann-Whitney U test, establishes
genetic linkage. The high-b-amylase-activity trait could
also be attributed to unknown quality trait loci located
close to the b-amy1 locus. Unlinked quality trait loci regu-
lating b-amylase activity may have contributed to the en-
hanced b-amylase activity in one line (Hayes et., 1993;
Oziel et al., 1996).

The molecular mechanism by which the 126- or 39-bp
intron III sequence might influence the qualitative or quan-
titative expression of b-amy1 can only be speculated. Re-
cent reports provide evidence for transcriptional control
elements located within the gene-transcription unit, in ad-
dition to the promoter elements upstream of the transcrip-
tional start site (Bolle et al., 1996; Flieger et al., 1994; Maas
et al., 1997). Thus, elements in the 126-bp sequence in
intron III may bind to a factor(s) that modulates b-amy1
transcription efficiency or influences posttranscriptional
events such as mRNA maturation and stability. The 126-bp
intron III sequence has not previously been found in bar-
ley, but shares .85% identity with a part of the chloroplas-
tic phosphoglycerate kinase promoter (2861 to 2735 up-
stream of the transcriptional start) from wheat (Jones et al.,
1995). The 126-bp sequence is composed of a long, inverted
repeat, which can be modeled into a stem/loop structure
with nucleotides 57 to 72 forming an unpaired terminal
loop and 14 mismatched nucleotides in the stem. Further
studies will be aimed at providing direct evidence for the
role of sequence elements within intron III in the regulation
of b-amy1 at the level of transcription efficiency, mRNA
maturation, and/or gene product accumulation.

In the brewing industry DP is an essential parameter of
malt quality, since it is a measure of the capacity of the malt
to degrade starch into fermentable sugars. Although DP
represents the combined activity of all of the amylolytic
enzymes, it is primarily determined by b-amylase activity
(Santos and Riis, 1996). The PCR analytical technique, de-
veloped to distinguish the three b-amy1 alleles, could pro-
vide a valuable breeding tool if it could be used to predict
DP in barley at the seedling stage. As a first step in vali-
dating this method, a range of poor- and good-malt-quality
barley lines were screened for intron III structure by PCR,
as a means of predicting their b-amy1 allele identity. Based

on their known malting quality and published DP mea-
surements (Santos and Riis, 1996), good-quality malting
barleys were found to have the cv Haruna Nijo-like b-amy1
allele, whereas nonmalting barleys had the cv Adorra-like
b-amy1 allele.

The identification of three b-amy1 alleles is in agreement
with the number of barley b-amy1 alleles distinguished by
IEF. Forster et al. (1991) have identified two alleles at the
b-amy1 locus in spring and winter barley genotypes, the
b-Amy1a and b-Amy1b alleles. Analysis of additional culti-
vars will reveal whether b-Amy1a and b-Amy1b alleles
correspond to the cv Adorra-like and cv Haruna Nijo-like
b-Amy1 alleles. The third allele was only found in a H.
spontaneum strain originating from Judea and in breeding
strains thereof. Chalmers et al. (1992) have analyzed the
different b-amylase phenotypes present in the H. sponta-
neum populations of Israel. They showed that individual
phenotypes were found in geographical regions where spe-
cific environmental regimes predominate. Thus, the G phe-
notype is restricted to the Negev Desert and Dead Sea
regions, whereas the A phenotype is found in northern
parts of Israel (Chalmers et al., 1992). We have shown by
the allele-specific PCR approach that H. spontaneum strains
collected from the geographic areas associated with the G
phenotype contain the cv Adorra-like b-amy1 allele,
whereas strains collected from the localities of the A phe-
notype contain the cv Haruna Nijo-like b-amy1 allele. We
found both b-amy1 alleles in strains along the Mediterra-
nean coast, where Chalmers et al. (1992) found a heterozy-
gous population, AB.

The H. spontaneum PI 296897-like b-amy1 allele is not
widespread in wild barley, although it is linked to high
b-amylase activity in the grain. Use of this b-amy1 allele in
the modern barley-breeding program may contribute
to increased levels of grain b-amylase activity in malting
barley.
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Ahokas H, Erkkilä MJ (1992) Barley b-amylase and b-glucanase
activities at germination in vulgare-type lines from backcrosses
of wild, spontaneum strains with cv. Adorra. Agric Sci Finl 1:
339–350
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