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Abstract The barley f-amylase [ (Bmyl) locus
encodes a starch breakdown enzyme whose
kinetic properties and thermostability are critical
during malt production. Studies of allelic varia-
tion at the Bmyl locus have shown that the en-
coded enzyme can be commonly found in at least
three distinct thermostability classes and demon-
strated the nucleotide sequence variations
responsible for such phenotypic differences. In
order to explore the extent of sequence diversity
at the BmylI locus in cultivated European barley,
464 varieties representing a cross-section of pop-
ular varieties grown in western Europe over the
past 60 years, were genotyped for three single
nucleotide polymorphisms chosen to tag the four
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common alleles found in the collection. One of
these haplotypes, which has not been explicitly
recognised in the literature as a distinct allele, was
found in 95% of winter varieties in the sample.
When release dates of the varieties were consid-
ered, the lowest thermostability allele (Bmyl-
Sd2L) appeared to decrease in abundance over
time, while the highest thermostability allele
(Bmyl-Sd2H) was the rarest allele at 5.4% of the
sample and was virtually confined to two-row
spring varieties. Pedigree analysis was used to
track transmission of particular alleles over time
and highlighted issues of genetic stratification of
the sample.

Keywords Barley - f-amylase - Genetic
diversity - Haplotype - Pedigree - Single
nucleotide polymorphism (SNP)

Introduction

p-Amylase 1 (1,4-alpha-glucan maltohydrolase;
EC 3.2.1.2), in combination with the activities of
limit dextrinase, a-amylase and a-glucosidase, is a
key enzyme in the degradation of starch during
the barley malting process. Its activity level is
strongly correlated with the industrial measures
of diastatic power (DP) and fermentability
(apparent attenuation limit, AAL), which are
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important parameters used in estimating the
quality of malt for beer production (Evans et al.
1995; Eglington et al. 1998). However, in most
commercial malts, f-amylase (Bmyl) activity is
insufficient, and the enzyme appears to be rate
limiting for starch hydrolysis during mashing. The
lack of activity is due to its thermostability during
the mashing process, which is performed at ele-
vated temperature (Thacker et al. 1992).

Interest in genetic improvement of f-amylase
thermostability and activity levels for commercial
malting purposes has led to a series of studies on
variation in the enzyme kinetics and molecular
structure of the f-amylase enzyme encoded by
the Bmyl locus on chromosome 4H (Forster et al.
1991).

Initial classification of allelic diversity was made
on the basis of separation of isoforms by isoelectric
focusing (IEF). Forster et al. (1991) recognised
two IEF banding patterns which, they called f-
Amy-la and fS-Amy-1b. Eglington and Evans
(1996) also found two isoforms designated Bmyl1-
Sd1 and Bmy-Sd2 and showed their equivalence to
the two isoforms observed by previous authors.
Eglington et al. (1998) studied f-amylase thermo-
stability from a range of germplasm and made
several new findings. Firstly, high (Sd2H) and low
(Sd2L) thermostability subgroups within the Sd2
IEF class were shown to correspond to alleles dif-
fering in no less than three amino acid positions
based on a comparison of partial sequences from
representative Sd2L varieties with that of Haruna
Nijo (Yoshigi et al. 1994b). Secondly, a novel
source of i-amylase with high thermostability and
a unique IEF banding pattern was found (Sd3).
Thus Sd3 was proposed as a fourth Bmyl allele.
The Sd1, Sd2L, Sd2H, Sd3 nomenclature has not
been used by other authors. Kaneko et al. (2000)
defined A (high), B (medium) and C (low) type
thermostability classes, which are equivalent to the
Sd2H, Sd1 and Sd2L classes described above.

The difference in f-amylase thermostability
was suggested to reside in the structure of the
enzyme itself, which revealed a number of se-
quence polymorphisms and amino acid exchanges
when allele sequences are compared (Eglington
et al. 1998; Erkkila et al. 1998; Kaneko et al.
2000; Ma et al. 2001). Ma et al. (2001) showed
that the functional differences between the three
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allelic Sd1, Sd2L and Sd2H forms reside mainly in
three amino acid substitutions, R115C, V233A
and L347S.

Our aim in the present work was to use single
nucleotide polymorphism (SNP) genotyping to
make a comprehensive survey of diversity in the
Bmyl coding sequence in European barley
germplasm.

Four hundred and sixty-four cultivated barley
varieties, representing a large proportion of the
acreage sown to barley in the EU over the last
60 years, have been surveyed for the three known
Bmyl alleles by genotyping the varieties at the
three SNPs, whose nature cause the three func-
tional amino acid changes described by Ma et al.
(2001). In addition, in order to explore novel
nucleotide variation at the locus, still unexplored
by the published studies, nine European barley
varieties were sequenced for Bmyl gene frag-
ments. The sequence results show that, in addi-
tion to the expected haplotype which described
the Sdi1, Sd2L and Sd2H alleles, a novel haplo-
type (previously undescribed combinations of the
three functional mutations assayed) was ob-
served. The distribution of the Bmy! alleles in the
cultivated germplasm will be discussed. We con-
clude that genotyping known functional poly-
morphisms shows some promise for the early
detection of barley lines that carry superior beta-
amylase alleles, and may represent a useful tool
for selection strategies for breeders.

Materials and methods
Plant material and DNA extraction

Four hundred and sixty-four spring and winter
barley commercial varieties were obtained
from germplasm collections around Europe and
from academic collections including those from
BBSRC (JIC, Norwich, UK), NIAB (Cambridge,
UK), the University of Helsinki, IPK (Gatersleben,
Germany), and CSIC (Zaragoza, Spain).
Material was selected to represent the major
varieties from the cultivated germplasm pool
grown in the EU in the last 60 years. These
comprise 279 two-row spring, 74 two-row winter,
52 six-row winter and 43 six-row spring varieties
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which broadly reflects the relative size and
importance of these respective crop types across
the geographic zone and time period covered.
The varieties originate from 13 EU countries and
have been released in different decades (Table 1).
To select the most diverse and representative
material, pedigree relationships, molecular mar-
ker-based dendograms, variety catalogues (such
as European Common Catalogue, UK National
List and NIAB Cereal Recommended List) were
used.

DNA was extracted from bulk flour from 30
seeds for each accession using the Qiagen
DNeasy® 96 Plant Kit according to the manu-
facturer’s protocols.

Primer design and PCR

Locus specific amplification primers and
sequencing primers for the Bmyl gene were de-
signed from the published sequences of the beta-
amylase complete gene (GeneBank accession
D49999 and AF061203) using the BioOligo™
program (Bio/Gene Limited, UK). Sequence
were first aligned using ClustalX (Thompson
et al. 1997) and primers designed in the conserved
region to amplify fragments between 600 and
1,000 bp in coding and non-coding regions
(Table 2).

Each reaction was performed in a total volume
of 20 pl, containing 50 ng of template DNA,
100 nM of each primers, 200 uM dNTPs, 2.5 mM

of MgCl,, 1x buffer and 1 U Tag polymerase
(Roche).

DNA sequencing, alignment
and polymorphism identification

To explore novel nucleotide variation at the
BmylI locus, four Bmyl gene fragments, spanning
coding and non-coding regions, were sequenced
from nine samples, (two winter barleys: Igri and
Maris Otter and seven spring barleys: Berac,
Bomi, Carmen, Decanter, Erkki, Golf and Tri-
umph) chosen to be the most diverse based on
pedigree analysis. The fragments sequenced cover
3.2 kb of the 3.8 kb Bmyl gene.

PCR products were treated with 1.5 U of
Exonuclease I (New England BioLab) and 1 U of
Shrimp Alkaline Phosphatase (Promega) and
then sequenced directly using the primers given in
Table 2 using an ABI 3100 Sequencer (Applied
Biosystems). The sequencing reactions were per-
formed using the ABI PRISM® BigDye™ Ter-
minator v.3.1 Cycle Sequencing Kit (Applied
Biosystems) according to the manufacturer’s
protocol. The sequences were aligned and muta-
tions identified using the Staden package v.2002.0
(http://www.staden.sourceforge.net/). An align-
ment of the 11 database sequences (see Table 3
for details) and of nine sequences obtained by
direct sequencing was performed using ClustalX
(Thompson et al. 1997). DNA polymorphism

Table 1 Barley varieties

used Pre 1940 1940 1950 1960 1970 1980 1990 ND  Total

Austria 1 1 3 1 1 7
Belgium 2 1 3
Czech Rep. 1 1 1 2 5
Denmark 3 2 3 4 8 2 22
Finland 1 2 5 8 8 8 32
France 1 6 19 25 3 54
Germany 13 4 11 27 20 27 6 1 109
Ireland 1 1 1 3
Netherlands 1 4 8 21 9 1 44
Norway 2 2 2 6
Spain 1 2 5 1 9
Sweden 2 4 8 8 6 31
UK 3 6 8 6 23 47 46 139
Total 28 18 35 73 109 129 70 2 464

ND Not defined
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analysis was performed using DNAsp v.4.0 (Ro-
zas et al. 2003).

SNP genotyping

All the 464 barley samples were assayed for three
SNPs detecting amino acid (a.a.) substitutions
affecting Bmy1 substrate affinity and thermosta-
bility (Ma et al. 2001). The two target regions
containing the three SNPs were amplified using
the primers given in Table 2 and SNP genotyping
was performed by dideoxy single-base primer-
extension chemistry using the ABI PRISM®
SNaPshot™ Multiplex Kit (Applied Biosystems)
following the manufacture’s protocol. The two
PCR products were purified as recommended and
mixed for the subsequent extension reaction. The
three specific extension primers (Table 2) were
combined and reactions performed as per the
manufacture’s instructions. The fragments were
run on an ABI PRISM 3100 Sequencer (Applied
Biosystems) and samples were analysed using
GeneScan® 3.7 and Genotyper® 3.7 software.

Results

Nucleotide variation and haplotype structure
at the Bmyl locus

In order to determine whether the coding se-
quence variants observed in the mainly Japanese,
Australian and American varieties represented in
Genbank accurately captured allelic diversity in
European cultivated barley, we determined nine
new Bmyl coding sequences from a representa-
tive cross section of the European barley germ-
plasm we intended to genotype and compared
them with existing Bmyl sequences. A summary
of the polymorphic positions in the resulting se-
quence alignments is shown in Table 3. Sixteen
nucleotide polymorphisms were observed in total
in the coding sequence (CDS), comprising nine
synonymous substitutions and seven amino acid
exchanges (Table 3). The 11 published coding
sequences resolve into four clear haplotype
groups, each of which is characterised by a unique
amino acid signature. Haplotype group I
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(Table 3) differs from all the other haplotypes by
three amino acid substitutions (R115C, D165E
and V430A) as well as two silent nucleotide
substitutions at positions 531 and 702 of the
cDNA. Because this group includes Franklin and
Harrington, designated in previous studies as
carrying the SdlI allele (Ma et al. 2000b; Li et al.
2002), we henceforth refer to this as the “Sd1”
haplotype. Haplotype group II is identified by six
characteristic base changes that differentiate it
from all other haplotypes at positions 666, 698,
741, 868, 945 and 1293 of the cDNA, just one of
which encodes an amino acid substitution
(V233A). This group includes the Japanese vari-
ety Haruna Nijo, which carries the high thermo-
stability allele Sd2H (Eglinton et al. 1998). We
will henceforth refer to this group as the “Sd2H”
haplotype. Haplotype group III is identified by
two diagnostic base changes at position 1,040 and
1,581 of the cDNA, which lead to the substitution
of the consensus Serine at a.a. position 347 with a
Leucine and of the consensus Methionine at a.a.
position 527 with a Isoleucine. This group con-
tains Hiproly, Adorra and Schooner (all previ-
ously characterised as carrying the Sd2[L allele;
Eglinton et al. 1998; Erkkila et al. 1998) and will
therefore be identified as the “Sd2L” group. The
haplotype group IV is identical to the “Sd2L”
haplotype except for one amino acid substitution
(S347L) caused by the SNP at cDNA position
1,040. This haplotype is more difficult to label;
since prior to the work of Clark et al. (2003),
Steptoe was thought to carry the Sd2L allele on
the basis of an intron III indel polymorphism
(Erkkila et al. 1998; Erkkila 1999). However,
based on consideration of its unique amino acid
haplotype, its high frequency of occurrence (this
work), and recent evidence described by Clark
et al. (2003) demonstrating its inherently higher
activity compared with the SdI allele carried by
Morex, from which it can be inferred that it also
has higher activity and thermostability with re-
spect to the low thermostability Sd2L allele, we
suggest that this group needs to be considered as
a previously unrecognised allele or haplotype
which we refer to provisionally as Sd4 to distin-
guish it from the Sd3 allele, which has in the
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published literature only been observed in wild
barley accessions.

Two further haplotypes (Ia and Ila) were de-
fined by single representative sequences from
landrace and wild genepools, respectively. The
Finnish landrace HAS2 is identical to the “Sd1”
haplotype except for one amino acid substitution
(F246L) caused by the SNP at cDNA position
736. The H. spontaneum accession PI 296897
presents complete a.a sequence identity to
“Sd2H” haplotype yet carries three silent SNPs
towards the 3’ end of the gene. We also consid-
ered that the silent nucleotide substitutions ob-
served at cDNA positions 471 and 591 in cv.
Schooner did not merit creation of new haplotype
grouping for two reasons: (1) These SNPs did not
affect the amino acid sequence, which was iden-
tical to all the other genotypes belonging to the
“Sd2L” haplotype; (2) f-amylase activity mea-
sured from Schooner placed it in the low ther-
mostability group “Sd2L”. Likewise, the M5271
a.a. substitution in Adorra is disregarded since it
is otherwise identical to other Sd2Ls and the
mutation occurs in the C-terminal region which is
cleaved after germination to give the active en-
zyme, and the differences in the thermostability
and kinetic proprieties of ff-amylase allelic form
are retained after germination (Ma et al. 2000a,
b). In summary, we found no new sequence
haplotypes among the nine varieties we se-
quenced compared to the haplotypes previously
observed in cultivated barleys from around the
world. Although it is not by any means excluded
that novel polymorphisms and recombinant al-
leles can be found within cultivated EU barleys,
we reasoned that the already observed haplotypes
are likely to account for the common haplotypes
encountered in the majority of EU elite varieties,
and that in any case, even where not recognised,
any novel haplotypes present in the sample would
be grouped with their most related common al-
lele, and therefore we decided to genotype the
full set of 464 varieties with the minimum set
of SNPs required to distinguish haplotype groups
I-1V.

For this purpose, we chose the SNPs underly-
ing the three mutations R115C, V233A and
L347S (shown in bold in Table 3). Apart from
identifying which of the four alleles known to

occur in cultivated barley was present in a par-
ticular variety, these three SNPs correspond to
those identified by Ma et al. (2001) as affecting
the thermostability and kinetic properties of the
three allelic f-amylase forms then known.

Distribution of Bmy! alleles in European
cultivated barley germplasm

The three-SNP haplotype tag set identified above
was assayed on the full variety set by a triplex
single-base primer extension reaction. Of the
eight possible combinations of the three SNPs,
just the four predicted from sequencing results,
corresponding to the three previously described
alleles plus the new Sd4 haplotype, were ob-
served. In other words, no novel alleles repre-
senting putative recombinant products of known
alleles were observed. The frequency of occur-
rence of each allele/haplotype in the germplasm
under study is shown in Fig. 1a. The SdiI, Sd2L
alleles and the Sd4 haplotype are predominant
and are present in similar proportions, while the
high thermostability allele Sd2H was detected in
just 25 varieties. When allele frequencies are
shown sorted by country of release (Fig. 1b) a few
exceptions to the general observation of pre-
dominance of the SdiI, Sd2L alleles and Sd4
haplotype may be noted. In the Finnish material
assayed, the Sd2H allele was not detected, while
the Sd4 haplotype was near absent in the Swedish
sample and not observed at all in the Danish
varieties analysed, although it should be noted
that the number of varieties selected from each
country varies considerably. Finally, observing
the changes in relative allele frequency over the
decades, the Sdi, Sd2L alleles and Sd4 haplotype
are still predominant although it appears that the
representation of the least thermostable allele
(Sd2L) has decreased rapidly over recent decades
(Fig. 1c).

Although the high thermostability allele Sd2H
was present, it was at 5.4% by far the least
widespread of the four alleles observed and was
virtually confined to spring, two-row varieties. In
order to gain retrospective insight into how this
potentially useful allele had been deployed, we
looked at the pedigree relationships between all
the 26 Sd2H varieties. Pedigrees of nineteen of
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Fig. 1 (a) Frequency of
each Bmyl haplotype in
the germplasm assayed.
The figure shows the
number of accessions
observed for each
haplotype. Colour coding
throughout figures follows
the following convention:
blue, Sdl; green, Sd2H,
black, Sd2L; red, Sd4.

(b) Percentage frequency
of the four Bmyl
haplotypes in the seven
most represented
European countries in the
sample. Sample number
in each category is shown.
(¢) Temporal trends of
the four BmyI haplotypes
over five decades. As in
(b), sample number in
each category is stated.
(d) Distribution of the
Bmyl haplotypes over
growth habit categories
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the varieties were linked by common progenitor
material and the complex relationships between
these are represented in Fig. 2. From this diagram
we see that Maja, a Danish variety derived from a
Binder x Gull cross and released in the 1930s is
the oldest variety included in the study which
carries the Sd2H allele. The Maja Sd2H allele is
directly transmitted to Balder and Rigel, as well
as indirectly to Sultan and Amsel, which derive
from more complex crossing schemes (dashed
lines) that include Maja. Balder in turn, transmits
the Sd2H allele to Cambrinus, Mosane and Berac.
Both Rika and Herta carry Sd2H, which is further
transmitted from Rika to Crusander, Ariel and
Janes and from Herta to Herta 8, Tyra and Anita.
Since both these latter Sd2H donors derive from a
cross between Kenia and Isaria, genotyped in this
work as Sd2L and SdI respectively, it seems likely
that one of these parental genotypes is incorrect.
The most likely explanations for this are the
possible heterogeneity in the original varieties,
which have been fixed into distinct derived lines
during maintenance in germplasm collections
over many years, Or erroneous passport data.
Such inconsistencies, heterogeneities and errors
have been encountered by previous authors at a
relatively high frequency (Sjakste et al. 2003;
Lund et al. 2003).

An interesting distribution of the alleles is
observed when samples are sorted by growth
habit (Fig. 1d): the Sd4 haplotype dominates the
winter varieties at a frequency of 94.8% (128/

135), while the maximum allele frequency in the
spring pool is 49.7% (SdI), with none of the
four alleles showing less than a 7% frequency.
Although at a first glance the lack of polymor-
phism at the Bmyl locus in winter germplasm
seems highly suggestive, it is worth noticing that
there is a small but significant number of occur-
rences of the Sd4 haplotype in the spring germ-
plasm pool. Previous authors have suggested
based on isoenzyme (Forster et al. 1991) and
RFLP patterns (Igartua et al. 1999) that certain
alleles of Bmyl are diagnostic of the winter
growth habit. However, based on the higher dis-
criminatory power of the haplotyping and the
larger sample of this study, we can demonstrate
that the correlation between winter growth habit
and Sd4 haplotype is far from perfect. If the
pedigrees of the 24 spring Sd4 varieties are
examined in detail, it is observed that 12 out of 24
are Finnish varieties. Of these, nine are six-row
spring varieties (the dominant type of barley
grown in Finland) and it is instructive to examine
the pedigree relationships between all the Sd4 six
row Scandinavian varieties used in this study and
their progenitors (Fig. 3). From this diagram, it
can be seen that the inheritance of the Sd4 hap-
lotype of no less than ten varieties (Finnish vari-
eties Tammi, Otra, Hankkija 673, Eero, Pohto,
Potra, Loviisa and Erkki; Norwegian varieties
Herse and Lise) can be traced directly back to a
single Scandinavian progenitor Asplund (released
in Sweden in the 1920s). Only the origin of the
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Fig. 2 Pedigree relationships among spring barley varie-
ties carrying the Bmyl-Sd2H allele. Variety names are
colour coded according to which Bmy! allele was observed

in that variety, using the same convention as in Fig. 1,
except that varieties not genotyped as part of this study are
shown in grey
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Sd4 haplotype from varieties Silja and Etu cannot
be directly traced to Asplund based on the
available data, although Etu does have Asplund
in its pedigree. Despite the inability to unequiv-
ocally trace all the occurrences of the Sd4 hap-
lotype, it is nevertheless clear that an allele
introduced into a regional genepool via a widely
used foundation genotype may persist in multiple
varieties over a considerable period of time.

Discussion

Our analysis of coding sequence diversity in
the Bmyl gene on chromosome 4H has revealed
the existence of a new haplotype distinct from the
three alleles already recognised to occur in culti-
vated barley and whose first exemplar in the
nucleotide databases was that of cultivar Steptoe,
submitted to Genbank in 2003 (accession number
AF414082). We have provisionally designated
this the Sd4 haplotype. Although several surveys
of allelic variation have preceded this one, none
have used a combination of polymorphisms that
distinguished the Sd4 haplotype from Sd2L. Paris
et al. (2002) used SNPs at positions 495 and 698
of the cDNA to distinguish the three forms of
Bmyl1—SdI, Sd2L and Sd2H recognised at the
time. Polakova et al. (2003) employed both the
latter SNPs as well as an adjacent SNP at position
702 to recover essentially the same three alleles,
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with the addition of one novel haplotype found in
a single Czech variety. Malysheva et al. 2004 used
just the SNP at position 698 to distinguish high
thermostability Sd2H and Sd3 alleles from the
rest. The combinations of polymorphisms used in
all three studies detect identical haplotypes for
both Sd2L and Sd4 forms, with the result that no
association of a Bmy! allelic form with the winter
type was observed in these surveys. A recent
biochemical study comparing activity of purified
recombinant Bmyl protein from Steptoe (Sd4
haplotype) with that of Morex (SdI) demon-
strated that the Steptoe Bmyl allele encodes a
protein with significantly higher activity than that
of Sd1 and that this can be attributed to the amino
acid differences encoded by SNPs in the trans-
lated region of the gene (Clark et al. 2003). Taken
together, the functional difference between the
Sd4 haplotype and Sd1 alleles, combined with the
widespread occurrence of the Sd4 haplotype in
cultivated barley (this work), constitute persua-
sive arguments for the recognition of this
haplotype as a new allele. As detailed in the
introduction, nomenclature of Bmy! alleles is not
consistent between authors, and thus we propose
that the list of phenotypically distinct Bmyl al-
leles and their names should be revised in the
near future pending studies to clarify the canon-
ical sequence and phenotype associated with each
distinct allele. Such a nomenclature should follow
the recommended rules for nomenclature and
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gene symbolization in barley as reported in BGN
21:11-13.

The SNP genotyping assay we have described
here has allowed us to observe in more detail than
before the distribution of Bmyl! alleles in Euro-
pean cultivated barley varieties over more than
six decades of breeding. A major conclusion of
this survey is that the most thermostable form of
endosperm f-amylase, encoded by the Sd2H al-
lele, is by far the least frequently occurring. This
can be partly elucidated by pedigree analysis,
which showed that, where enough information
was available, the transmission of Sd2H could in
all cases be traced back to the progeny of a single
putative source (the Gull x Binder cross)
amongst all the recognised foundation genotypes
of modern spring barley (Russell et al. 2000).
Similar results were obtained by Malysheva et al.
(2004) and Sjakste and Roder (2004) by geno-
typing, respectively, a set of 889 accessions of
cultivated barley and a set of 55 Latvian and
Scandinavian barley accessions for a single
mutation that discriminates Sd2L and SdI (low
and medium thermostability) alleles from Sd2H
and Sd3 (high thermostability) alleles. Further-
more, over the period of 50 years separating the
release of Maja (Denmark, 1934) and Yriba
(France, 1984), Sd2H has remained confined
within the two row spring barley group.

Its deployment in varieties released over most
of the time period covered by the study and
originating from at least 8 of the 12 EU countries
sampled can therefore be understood to reflect
more the widespread utilisation of ‘Gull x
Binder’-derived varieties than any putative
selective value of the high thermostability allele
itself. It is indeed possible that Sd2H does not
have a significant selective value in breeding
terms. Its experimentally demonstrated high
inherent thermostability (Eglington et al. 1998)
may be balanced by poorer overall expression
which would result in a neutral or even unfa-
vourable effect on malting potential as measured
in terms of diastatic power (D.P.) or ferment-
ability (AAL) by breeders. Detailed comparative
promoter studies would be needed to further
investigate this possibility.

Several sources in the literature concur with
our analysis regarding the distribution of Sd2H in

Europe. Kihara et al. (1999), for example, analy-
sed 274 barley varieties from ten different regions
of the world for the variation of f-amylase ther-
mostability. Out of the 68 European varieties
assayed, 60 belonged to the B and C thermosta-
bility classes, shown to represent the products of
the alleles SdI and Sd2L respectively (Kreis et al.
1987; Kaneko et al. 2000), while most of the
varieties belonging to the thermostability class A
(reported as the result of the expression of the
allele Sd2H—Yoshigi et al. 1994a; Eglington
et al. 1998) originated from Japan, China and
Korean Peninsula. Since introduction of barley of
Far Eastern origin into Scandanavia (the same
geographical region where Gull and Binder were
selected from landraces) has been documented
(Plarre and Hoffman 1963), it is possible to
speculate that Sd2H was introduced perhaps just
on one single occasion into the European breed-
ing pool from the East. Clearly, therefore, our
data set, which inventories the distribution of
superior alleles (in this case Sd2H for thermo-
stability) in popular and widely used varieties
from around Europe provides a powerful tool to
breeders, who cannot only define backgrounds in
which Bmyl thermostability may be improved,
but can also select from all the identified donor
backgrounds carrying the Sd2H those most suited
to their purposes.

Perhaps the most surprising result of our study
has been the observation that over 90% of winter
varieties in our study carried the Sd4 haplotype.
Again, however, an historical analysis of the
development of modern winter barley may help
to understand this phenomenon. Compared to
spring barley, winter barley was of relatively
minor importance in Europe until the 1950s and
hence, had a much smaller basis of local landraces
for the development of improved -cultivars
(Fischbeck 1992; Melchinger et al. 1994). Just
four progenitors (Firlbecks 4zlg, Dea, Hauters
and Vogelsanger Gold) were the predominant
ancestors of six-row winter barley cultivars. The
original genetic base of the two-row winter barley
in Europe was probably even narrower than for
six-row type. Intensive breeding work for two-row
winter barley started only after Word War 1I,
mainly by crossing six-row winter cultivars with
two-row spring progenitors. Thus the narrow

@ Springer



Mol Breeding

genetic basis for the winter pool could explain the
predominance of the Sd4 haplotype over the
other allelic forms.

However, modern winter barley is not dramati-
cally lacking in genetic diversity across the whole
genome despite the fact that winter and spring
groups are readily distinguished using molecular
markers (Melchinger et al. 1994; Russell et al.
1997; Backes et al. 2003). The most probable
explanation for the dominance of the Sd4 haplo-
type in the winter pool is the close genetic linkage
of the Bmyl locus and the Vrn-H2 (formerly
known as Sghl) locus on chromosome 4H. Vrn-H2
is one of the three major genes (Vrn-HI, Vrn-H2
and Vrn-H3) whose allelic status controls the
winter/spring habit (Laurie et al. 1995; Karsai et al.
2005). Vrn-H2 is orthologous to the recently cloned
wheat VRN-A2 vernalization gene (Yan et al.
2004). Thus, the 95% correlation between the
dominant winter allele of Vrn-H2 with the Sd4
haplotype in the narrow base of winter progenitor
materials may have been created and subsequently
maintained simply by linkage drag around the
Vrn-H2 locus when the winter allele was selected
and fixed. This hypothesis is supported by the re-
sults of a genome-wide RFLP diversity study
(Backes et al. 2003), where winter and/or spring-
specific RFLP profiles were detected preferentially
for those RFLPs mapping on chromosomes 5SH, 4H
and 1H reported to carry genes related to the
growth habit (SH, 4H) and to the photoperiod (1H)
response respectively (Hayes et al. 1993; Pan et al.
1994; Laurie et al. 1995). The recent molecular
characterisation of barley vernalization genes Vrn-
H1 (Danyluk et al. 2003; Trevaskis et al. 2003; von
Zitzewitz et al. 2005), Vrn-H2 (von Zitzewitz et al.
2005; Dubcovsky et al. 2005) and photoperiod
response gene Ppd-HI (Turner et al. 2005) opens
up the possibility to rigourously determine the
nature and extent of linkage disequilibrium (LD)
in the regions surrounding these genes and indeed
gametic phase disequilibrium between such loci.

Although we have just taken one example in
the present work, other examples of highly strat-
ified markers have been noted in the literature.
For example, the distribution of haplotypes of
STS marker MWG699, very closely linked to the
vrsl row number locus, are markedly different
in two-row versus six-row cultivated material
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(Tanno et al. 2002). Even more dramatically, a
unique haplotype group of STS marker sKT7
tightly linked to the nud locus controlling the
hulled/naked character of barley was exclusively
present in over 100 naked barleys of diverse
geographic origin, indicating a monophyletic ori-
gin for the naked phenotype (Taketa et al. 2004).
These examples of marked allelic confinement
illustrate dual aspects of analyses of sequence
diversity in cultivated backgrounds. On one hand,
there is the expectation that analysis of associa-
tions between marker sequence haplotypes and
phenotypes will reveal associations between
markers and closely linked functional polymor-
phisms; this is the principal underlying association
genetics (Rafalski 2002). In this instance, we
chose to use functional polymorphisms in the
f-amylase gene as a tool for viewing any changes
in allele distribution over time and found that
although the Bmyl-Sd2L allele appears to have
significantly reduced over recent decades, the
distribution of f-amylase alleles of different
thermostability and activity levels is nevertheless
profoundly affected by the footprint of selection
at the Vrn-HI locus 1 cM away. Further studies
are needed to elucidate whether linkage disequi-
librium LD extends beyond Bmyl, and to clarify
overall patterns of LD in cultivated germplasm,
since high levels of LD will reduce the mapping
resolution of association studies and make it more
difficult for breeders to break up unwanted
associations of marker alleles.
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