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Abstract Five single nucleotide polymorphism
(SNP) sites corresponding to substitutions in the
protein sequence of the fi-amylase gene Bmyl at
amino acid (AA) positions 115, 165, 233, 347 and
430 were genotyped in 493 cultivated barley
accessions by Pyrosequencing and a CAPS assay.
A total of 6 different haplotypes for the Bmyl
gene were discovered of which 4 haplotypes were
identified as previously described alleles Bmyl-
Sd1, BmyI-Sd2L, Bmyl-Sd2H and BmyI-Sd3,
while 2 haplotypes were new. A broad spectrum
of haplotypes was found in spring barleys, while
the winter barleys were dominated by the newly
described haplotype Bmyl-Sd4. Individual hap-
lotype frequencies varied between the geographic
regions.

Three pairs of SNP loci within the gene showed
highly significant (P <0.0001) elevated values of
linkage disequilibrium (LD) with * > 0.6. In the
European and Asian subpopulations different loci
were in linkage disequilibrium due to the differ-
ences in haplotype frequency distributions. By
applying LD data to select haplotype tagging
SNPs, three SNP sites corresponding to AA posi-
tions 115, 233 and 347 were identified that allowed
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to discriminate 4 haplotypes and to capture 91.6%
of the available diversity by distinguishing 452 out
of 493 accessions. In a subset of 2-rowed German
spring barley varieties 4 SNPs and 2 haplotypes had
a significant association with the malting quality
parameter final attenuation limit which is related
to the total amylolytic enzymatic activity.
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Introduction

The amylolytic enzyme f-amylase (1,4-o-D-glucan
maltohydrolase; EC 3.2.1.2) catalyses the release
of maltose from starch which is an important
biochemical pathway during germination and the
malting process. In cultivated barley (Hordeum
vulgare L.) two loci of fi-amylase were mapped on
the long arm of chromosome 4H and the short
arm of chromosome 2H, however, only the first
locus Bmyl was reported to be expressed in seed
tissue (Kreis et al. 1988).

The first report of full length cDNA and
deduced primary structure of endosperm specific
barley ff-amylase for the variety Hiproly dates to
Kreis et al. (1987). Yoshigi et al. (1994) cloned
cDNA from the variety Haruna Nijo, and found
out three amino acids (AA) substitutions at
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positions 233, 347 and 527, resulting from three
corresponding SNPs, as compared to variety
Hiproly. The Bmyl gene is 3825 bp in length
without promoter region and contains seven ex-
ons and six introns, the deduced protein contains
approximately 550 AAs (Yoshigi et al. 1995).
Following these pioneering publications several
polymorphic forms of the structural gene have
been reported for varieties Adorra (Erkkila et al.
1998), Harrington (Li et al. 2000), Franklin and
Schooner (Ma et al. 2001), HAS2 (Erkkild and
Ahokas 2001), Steptoe and Morex (Clark et al.
2003) and wild barley (Hordeum vulgare subsp.
spontaneum) (Erkkila et al. 1998). Four alleles of
the f-amylase gene giving rise to proteins with
different thermostability and electrophoretic
characteristics, Bmyl-Sd1, Bmyl-Sd2L Bmyl-
Sd2H and BmyI-Sd3, were identified in cultivated
and wild barley (Allison and Swanston 1974;
Eglington et al. 1998; Paris et al. 2002). A more
recent comprehensive survey revealed a total of
14 f-amylase phenotypes differentiated by iso-
electric focusing (Zhang et al. 2004).

Ma et al. (2001) investigated the effects of
several specific point mutations causing AA
exchanges on the thermostability and kinetic
properties of the enzyme. They demonstrated
that the properties of the three allelic barley
p-amylase forms Bmyl-Sd2L, Bmy-Sd1 and
Bmy-Sd2H, characterized by low, intermediate
and high thermostability, are due to the com-
bination of three residues in the protein se-
quence at AA positions 115, 233 and 347. While
the form Bmyl-Sd1 only had an intermediate
thermostability, it expressed favorable kinetic
properties and high affinity for substrate. This
property was related to the preferred residue
cysteine at AA position 115. On the other hand
alanine at AA position 233 caused the highest
thermostability for allele BmyI-Sd2H and the
later described allele Bmyl-Sd3 (Paris et al.
2002). The use of a CAPS marker for distin-
guishing the presence of a codon for valine (in
Bmyl-Sd1 and Bmyl-Sd2L) or alanine (in
Bmyl-Sd2H and BmyI-Sd3) allowed the inves-
tigation of a worldwide collection of barley
varieties (Malysheva et al. 2004). The thermo-
stable alleles Bmyl-Sd2H and Bmyl-Sd3 were
predominantly discovered in 6-rowed Asian
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spring barleys with the highest frequency in
Japanese varieties. Only low frequencies of
Bmyl-Sd2H were found in European 2-rowed
spring barleys and the origin of this allele was
traced back to the cross Binder x Gull (Ma-
lysheva et al. 2004; Sjakste and Roder 2004).

In the present study we have extended our
survey to four further SNPs causing AA ex-
changes at positions 115, 165, 347 and 430 of the
protein sequence. The aim of the study was to
draw a comprehensive picture of the natural
variation in the previously described functional
polymorphisms in the Bmyl-gene (Ma et al.
2001), to discover novel haplotypes and to analyse
their distribution and significance.

Materials and methods
Plant material and DNA extraction

The investigated set included 493 barley acces-
sions with origins from Europe (350 accessions),
Asia (53 accessions from East and Central Asian
countries), North America (62 accessions), Near
East (19 accessions), and Africa (9 accessions).
For details see http://www.pgrc.ipk-gatersle-
ben.de/haplotypes. The seeds were either sup-
plied by various European breeding companies or
obtained from the genebank of the Leibniz
Institute of Plant Genetics and Crop Plant Re-
search at Gatersleben. The information concern-
ing geographical origin, growth habits and row
number of accessions was extracted from http://
www.stmlf.bayern.de/lbp/forsch/pz/gerstenstamm.
pdf or http://www.barley.ipk-gatersleben.de/ebdb.
php3. Genomic DNA was extracted from pooled
seedlings (5-10 plants per accession) according to
Plaschke et al. (1995), and used as a template for
PCR amplification.

SNPs identification and pyrosequencing assay
design

The endosperm specific barley f-amylase gene
Bmyl is composed of 7 exons and 6 introns
(Yoshigi et al. 1995). For this study an align-
ment of the 9 publicly available sequences of
the Bmyl gene (GenBank Nos AF061203,
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AF300800, D49999, AF061204, AF414081,
AB048949, AF300799, AF414082, AJ301645)
was  generated using MegAlign/ClustalW
(LaserGene, DNASTAR Inc.,, Madison, WI,
USA). SNPs corresponding to the reported
substitutions in the deduced protein sequence at
AA positions 115, 165, 347 and 430 (Kaneko
et al. 2000), were identified in the genomic
DNA sequence of cv. Haruna Nijo (GenBank
D49999) at positions 613, 1137, 2856 and
3281 bp, respectively. These four SNPs selected
for genotyping by pyrosequencing were located
in exons 2, 3, 5 and 6.

To amplify the regions containing SNPs PCR
primers were designed with the program Primer
0.5, kindly provided by E. Lander (Massachu-
setts Institute of Technology). As a template
genomic sequence of the cv. Haruna Nijo was
used (GenBank No. D49999). Then, sequencing
primers were developed using SNP Primer De-
sign software (version 1.01 available at http:/
www.techsupport.pyrosequencing.com/) from
Biotage AB (Uppsala, Sweden). Details of all
assays are given in Table 1. Since SNPs were
dispersed over the gene, and the template for
sequencing should not be too long, three frag-
ments carrying loci SNP115, SNP165 and SNPs
347 + 430 were amplified. In all assays the re-
verse PCR primer was biotinylated and the
sequencing primer was oriented in forward
direction. Sequencing primers were placed from
one to three basepairs upstream the respective

Sequencing primer for SNP

detection by Pyrosequencing

FW: 5-GCGGGACGTCGGCA-3’

FW: 5-TCAGGGAGAACATGAAA-3’
FW: 5-GCGGAGATGAGGGAT-3’
FW: 5-GGTGGAGGGACAAAACT-3’

REV: 5-biotin-CAGAGAACTAGAGTGGTGGT-3’

Product size: 273 bp
REV: 5-biotin-CTTCAATGTCGACGATAACAC-3’

Product size: 91 bp
REV: 5-biotin-ATGCATTCTGTCGACAAA-3’

Product size: 499 bp
REV: 5-biotin-ATGCATTCTGTCGACAAA-3’

Product size: 499 bp

FW: 5-TACAAGCAGTTGTTTGAGCT-3’
FW: 5-TGGCTGTGACAGATGTATGC -3’
FW: 5-ACCGTGCTAGCATTAACTTC-3’
FW: 5-ACCGTGCTAGCATTAACTTC-3’

PCR primers for amplification
of the region containing SNP

Table 1 Pyrosequencing assays design for genotyping 4 SNPs in the Bmyl gene causing substitutions in AA at positions 115,165, 347 and 430

SNP. § _g;
35
PCR amplification and SNP-genotyping §§
by pyrosequencing g 2 _ g % %
22l o o G
The PCR-protocol was as described by Roder ‘%Eé 8 E % f:
et al. (1998). PCR was performed in 25 pL vol- 285 %| S 5’
ume of PCR buffer (0.01 M Tris, 0.05 M KClI, g I; g é @‘ 5
1.5 mM MgCl,, 0.01% gelatine) and contained s E < £ ;
approximately 100 ng of genomic DNA, 0.2 mM Z g D‘ ::E é 3}
of dCTP, dGTP, dTTP, dATP, 0.2 uM of each BE|8e U5 OF £
primer and 1 U of Taq polymerase. After 3 min % % % g g § % % g g
at 94°C, 45 cycles were performed with 1 min at
94°C, 1 min at 55°C, 2 min at 72°C and a final
extension step of 10 min at 72°C. " e 5 =
Pyrosequencing was carried out according & = & g
> : P4 p4 Z Z
to the manufacturer’s standard protocols using 17 17 7] 2
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a Pyrosequencer PSQ HS 96 from Biotage AB
(Uppsala, Sweden), and pyrograms were
scored with manufacturer’s software. Ten pl of
the PCR mixture were used for binding to
streptavidine coated sepharose beads (Amer-
sham Biosciences GmbH, Freiburg, Germany).
Accessions Alexis and Jura which carry
according to previously published data differ-
ent f-amylase alleles (Malysheva et al. 2004)
were sampled in every pyrosequencing plate
as references. The reference varieties pro-
duced identical readings in all experiments
indicating a high reliability of the pyrose-
quencing procedure.

Data analysis

Clustering of the accessions to uncover the groups
carrying identical Bmyl haplotypes as evaluated
by five SNPs was performed by constructing a
cladogram (Neighbor joining tree) with software
TASSEL (available at http://www.maizegenet-
ics.net).

Nei’s genetic distances (Nei and Li 1979)
between accessions carrying specific Bmyl haplo-
types were calculated with the programme Gene-
Flow V.6 (developed by GENEFLOW Inc., http://
www.geneflowinc.com/) using the previously pub-
lished genotyping data of barley accessions at 48
genome-wide SSR loci (Malysheva-Otto et al.
2006).

Clustering of the accessions carrying specific
Bmyl haplotypes against the scatterplot of
molecular diversity of worldwide barley acces-
sions was conducted using Principal Coordinate
Analysis provided by NTSYS (Rohlf 1998) based
on the genotyping data of 48 SSRs (Malysheva-
Otto et al. 2006). The first two PCOA axes ac-
counted for 8.9% and 5.9% of the total variance.

Evaluation of intragenic linkage disequilibrium
(LD) estimated as squared allele frequency cor-
relations, 7%, and tests for associations were per-
formed using the software package TASSEL.
Association tests with two traits, malt extract and
final attenuation limit, were performed with the
General Linear Model (GLM) option on two
subsets of varieties, 2-rowed winter + spring and
2-rowed spring only, to account for the popula-
tion structure.
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Results
Identification of Bmyl haplotypes

The complete genotyping data of 493 barley
accessions at four SNPs corresponding to substi-
tutions in the protein sequence at AA positions
115, 165, 347 and 430 are available at http://
www.pgrc.ipk-gatersleben.de/haplotypes. For haplo-
type analysis within the Bmyl gene previously
published data of the SNP site at 2311 bp
corresponding to AA position 233 in exon 4 ob-
tained with a CAPS marker (Malysheva et al.
2004) were also considered. Clustering of acces-
sions based on five SNPs was performed by con-
structing a cladogram with software TASSEL.
The cladogram allowed to classify 6 distinct
haplotypes in 493 accessions originating from all
over the world (Fig. 1). While four haplotypes
were unambiguously identified as the previously
described alleles BmylI-Sd1, Bmyl-Sd2L, BmylI-
Sd2H and BmyI-Sd3 (Ma et al. 2001; Paris et al.
2002), 2 haplotypes were new. One of the newly
described haplotypes clustered very closely to the
previously detected allele Bmyl-Sd1. It was des-
ignated as haplotype Bmyl-Sd1b, while to the
previously described allele the name Bmyl-Sdla
was assigned. The second new haplotype clus-
tered separately, it was named BmyI-Sd4 (Fig. 1).
Table 2 summarizes SNP patterns for the dis-
sected haplotypes, haplotype frequencies, and
genetic distances within the accessions forming
one subcluster evaluated by 48 genome-wide SSR
loci. In a worldwide survey of 493 accessions the
frequencies of the haplotypes representing pre-
viously described alleles varied from 0.02 for

Bmyl-Sdla (TGTCC) -

Bmyl-Sd1b (TGTCT) —|
Bmy1-Sd2H (CCCCT)
BmyI-Sd2L (CCTTT)
Binyl-Sd4 (CCTCT) }
0‘.99 6.84 6.69 6.54 6.39
Coefficient

Fig. 1 Cladogram of Bmyl haplotypes based on five SNPs
within the gene
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Table 2 Natural diversity of the Bmyl haplotypes as evaluated with five SNP loci

SNP (AA) at protein Allele Haplotype frequency Mean value (range) of Nei’s
sequence position: assignment**  (accs. no. per haplotype) distance within the group***
snpllS snpl6S snp233  snp347  snp430

TO* GE) T(V) C(OS) C(A) Bmyl-Sdla' 0.20 (97) 0.56 (0.042-0.96)

T(C) G(@E) TV) C(©O T (V)  Bmyl-Sdlb 0.07 (34)

CR) C@D) T() T(@ T(V) Bmyl-Sd2La' 0.14 (71) 0.67 (0.083-0.958)

C(R) CD) CA) C(S T (V) Bmyl-S2H'  0.12 (58) 0.72 (0.104-0.979)

CR) G(E) CA) C(S T (V) Bmyl-Sd3* 0.02 (7) 0.75 (0.438-0.917)

CR) CD) T(v) C(S T (V)  Bmyl-Sd4 0.45 (226) 0.62 (0.021-0.979)

*Amino acids present in the protein due to sequence polymorphisms are shown in brackets. C — cysteine, R — arginine, E —
glutamic acid, D — aspartic acid, V — valine, A — alanine, S — serine, L — leucine

#*Previously described alleles were assigned to specific SNP patterns according to 'Ma et al. (2001) and *Paris et al. (2002).
Two new haplotypes were called BmyI-Sd1b and BmyI-Sd4

***The mean value was calculated with GeneFlow using the data of 48 SSR loci, the range of variation is given in brackets

Bmy1-Sd3, occurring in 7 accessions, to 0.20 for
Bmyl1-8d1, occurring in 97 accessions. The newly
described haplotype Bmyl-Sd1b, occurring in 34
accessions had a frequency of 0.07, while the
other, Bmyl-Sd4, occurring in 226 accessions had
a relatively high frequency of 0.45. Genetic dis-
tances within the group of accessions carrying the
same haplotype or forming one subcluster calcu-
lated based on 48 genome-wide SSRs indicated
clustering of very diverse accessions within all
Bmyl haplotype groups. Nei’s distances between
accessions carrying specific Bmyl haplotypes
varied in the interval from 0.021 to 0.979 with the
mean values higher than 0.5 (Table 2).

Distribution of Bmyl haplotypes in cultivated
barley germplasm

The distribution of BmyI haplotypes in accessions
originating from various geographic regions indi-
cated that a wide spectrum of haplotypes was
detected in Europe, Asia, North America and
Near East (Fig. 2). However, haplotype profiles
within the continents were different. Accessions
from Europe and Asia exhibited specific profiles
with few dominating haplotypes, BmyIl-Sd2H in
Asia, Bmyl-Sdla, BmyIl-Sd2L and Bmyl-Sd4 in
Europe. In North America and Near East dif-
ferent haplotypes were approximately equally
represented except for the absence of Bmyl-Sdla
in the Near East. For the African continent the
number of accessions included in the analysis (9
accessions) was too low to make safe conclusions.

Two haplotypes belonging to the Bmyl-Sdl
cluster, Bmyl-Sdla and BmyI-Sdlb, revealed re-
verse geographic distributions on the Eurasian
continent. In the Near East Bmyl-Sd1b was de-
tected with the highest frequency (42.1%) com-
pared to Asia, with a frequency of BmyI-Sd1b of
9.4%, and Europe, with a very low frequency of
Bmy1-Sd1b of 2.2%. On the other hand, no Bmy!I-
Sdla was found among the accessions from the
Near East, in Asia BmyI-Sdla appeared with low
frequency (3.8%), while Bmyl-Sdla was most

140

Fig. 2 Haplotype frequencies of Bmyl in barley acces-
sions originating from various geographic regions world-
wide. EU — Europe, AS — Asia, AF — Africa, NE — Near
East, AM — America
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abundant in Europe (24.8%). In North America
both haplotypes were equally represented. The
haplotypes Bmyl-Sd2L, Bmyl-Sd2H and Bmyl-
Sd4 were dominating in one continent, Bmy1-Sd2L
and BmyI1-Sd4 in Europe with the frequencies of
14.0% and 56.0%, respectively, Bmyl-Sd2H in
Asia with the frequency of 53.4%. All haplotypes
occurred with low frequencies on the other conti-
nents as well. Among 7 varieties carrying haplo-
type BmylI-Sd3 5 originated from Asia.

Distinct differences in the occurrence of Bmyl
haplotypes in spring versus winter accessions, and
in 2-rowed versus 6-rowed accessions were ob-
served (Fig. 3). Whereas spring accessions carried
practically the whole spectrum of Bmyl haplo-
types with the prevalence of Bmyl-Sdla, Bmyl-
Sd2L, and Bmyl-Sd2H, in the selected subset of
winter accessions haplotype Bmyl-Sd4 occurred
ten times more often than the others and the
haplotypes BmylI-Sdla, Bmyl-Sd2L. and Bmyl-
Sd3 were represented in only one or two acces-
sions. Both, 2-rowed and 6-rowed accessions
carried the complete spectrum of haplotypes.
However, the majority of the 2-rowed accessions
possessed haplotypes Bmyl-Sdla and Bmyl-
Sd2L, while in the 6-rowed accessions haplotype
Bmyl-Sd4 was most frequent.

To check the interference of Bmyl haplotypes
clusters with the population structure, the data of
the haplotypes’ occurrences in barley accessions
were overlayed on the two-dimensional scatter-
plots presenting clustering of the global barley

6-rowed winter
2-rowed winter
6-rowedspring
2-rowed spring

Sd4

O 2-rowed spring

O 6-rowed spring
O 2-rowed winter

@ 6-rowed winter

Fig. 3 Haplotype frequencies of Bmyl in barley acces-
sions with different agronomic traits
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population as evaluated with 48 SSR genomic loci
(Fig. 4). The analysis revealed that varieties car-
rying specific haplotypes clustered adjacently on
the scatterplot of the genome-wide molecular
diversity. However, neither of the identified
haplotypes was localized exclusively within the
detected population substructures. On the con-
trary, specific Bmyl haplotypes were dispersed
over various continents and over accessions pos-
sessing different growth types and row number.
This is in accordance with the distribution of
Bmyl haplotypes discussed above, and with the
highly variable values of genetic distances be-
tween accessions belonging to a specific group of
haplotypes (Table 2).

Linkage disequilibrium within the Bmyl gene
and haplotype tagging SNPs

Linkage disequilibrium (LD) for five intragenic
SNPs was assessed as squared allele frequency
correlations, 7, in the complete set of 493 acces-
sions and in three subsets extracted with regard to
geographic origin and agronomic traits, Asian,
European and European 2-rowed spring acces-
sions (Fig. 5). The LD values are indicated for all
significant * > 0.1 (P < 0.0001). In the world-
wide population and the subpopulations of 350
European barleys, only three pairs of sites re-
vealed highly significant elevated levels of
* > 0.6, SNP115-SNP165, SNP115-SNP430 and
SNP165-SNP430, indicating an interrupted pat-
tern of LD within the Bmyl gene (Fig. 5, A, C).
In the subpopulation of the 112 European 2-ro-
wed spring barleys three additional loci pairs
were in LD, SNP115-SNP347, SNP165-SNP347
and SNP347-SNP430 (Fig. 5, D). LD for loci pair
SNP115-SNP165 equalled 7* = 1.0 in the sub-
populations of European barleys (350 accessions)
and FEuropean 2-rowed spring barleys (112
accessions). In the subpopulation of 53 accessions
originating from Asia one loci pair from the
world-wide and European populations was
reproduced, SNP115-SNP165, and the other loci
pair in LD, SNP115-SNP233, was characteristic
for Asia (Fig. 5, B). The differing LD patterns
between Europe and Asia may be caused by dif-
ferences in haplotype frequencies in the two
subsets.
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Population structure detected in worldwide barley accessions with 48 genomic SSR loci:
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Fig. 4 Principal Coordinate Analysis of Bmyl haplo-
types. The upper graphs depict the population structure
of a worldwide set of barley cultivars based on data of

Regarding the high level of LD within the
Bmyl gene among loci SNP115, SNP165 and
SNP430, we suggest that genotyping of SNPs at
AA positions 115, 233 and 347 is sufficient for
efficient identification of different Bmyl haplo-
types. The assumption is supported by clustering
of the haplotypes in the cladogram (Fig. 1). In-
deed, genotyping of only these three SNPs could
discriminate between the majority of the de-
tected Bmyl haplotypes (Table 2). Genotyping

Dim-1

Dim-1

48 genome-wide SSR loci. In the following graphs
various haplotypes of Bmyl were overlayed on the SSR
data

of these three SNPs did not discriminate be-
tween the haplotypes Bmyl-Sdla/Bmyl-Sdl1b,
and haplotypes Bmyl-Sd2H/BmyI1-Sd3. How-
ever, considering the very rare occurrence of the
BmyI-Sd1b and Bmyl-Sd3 haplotypes in the
world and their predominant occurrence in Asia
and Near East, only when accessions from these
geographic regions are involved in the studies,
then the genotyping marker set should also in-
clude SNP165. In summary, SNPs relating to AA
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A. World-wide accessions (493)
snpl115

snp165 snp233  snp347  snp430

C. European accessions (350)
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B. Asian accessions (53)

D. European 2-rowed spring accessions (112)

Upper B2

C I T I=I==I

<0.0001

Fig. 5 Linkage disequilibrium matrices visualizing * between SNP sites within the Bmyl gene for the worldwide set of

accessions and extracted subsets

positions 115, 233 and 347 allowed to discrimi-
nate 4 haplotypes and to capture approximately
91.6% of the available diversity (452 out of 493
accessions were separated). Thus SNP155,
SNP233 and SNP347 could be considered as
BmyI haplotype tagging SNPs for plant breeding
practice.
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Associations with characters important
for malting

For 36 German 2-rowed spring and winter vari-
eties included in our set quality data for malting
were available from the regular official publica-
tions of the descriptions of released varieties
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(Beschreibende  Sortenliste, Bundessortenamt
1994-2003). These data correlated to the geno-
typing results produced in this study are re-
ported in Table 3. While the 11 winter barley
varieties all had the haplotype Bmyl-Sd4, the 25
spring barley varieties comprised the haplotypes
Bmyil-Sdla, BmylI-Sd2I. and  BmylI-Sd4
(Table 3). Interestingly among 56 additional
German varieties from our set officially regis-
tered as ‘“feeding” cultivars (according to
descriptions of Bundessortenamt) 50 carried the

allele BmylI-Sd4 (data not shown).

Within the subset of 36 varieties four poly-
morphic SNPs (SNP relating to AA position 233

was monomorphic in European varieties) and
three haplotypes (Bmyl-Sdla, Bmyl-Sd2L and
BmylI-Sd4) were tested for associations with the
two traits, malt extract and final attenuation limit.
Malt extract is one of the most important prop-
erties for assessing brewing quality and describes
the percentage of soluble ingredients, mostly
starch and protein, in the wort. Final attenuation
limit describes the sum of all fermentable prod-
ucts in the wort and is related to the amylolytic
enzymatic activity. A high final attenuation limit
is preferred for a good malting variety. To take
into account the population structure we per-
formed calculations considering the whole subset

Table 3 List of European

e Variety Year of Haplotype Row number Trait evaluation by BSA
varieties evaluated by release and growth habit  (quality range from 1 to 9)*
Bundessortenamt (BSA)
for malting quality traits Final attenuation ~Malt extract
and involved in
association testing Adonis 2002 Sdla 2-1-S 6 7

Alexis 1986 Sdla 2-r-S 8 8
Annabell 1999 Sdla 2-r-S 7 8
Barke 1996 Sdla 2-r-S 8 9
Brenda 1995 Sdla 2-r-S 8 9
Danuta 2000 Sdla 2-r-S 7 7
Hanka 1997 Sdla 2-r-S 7 9
Krona 1990 Sdla 2-r-S 8 9
Madeira 1998 Sdla 2-r-S 8 8
Madonna 1997 Sdla 2-r-S 8 8
Madras 1997 Sdla 2-r-S 7 9
Minna 1992 Sdla 2-r-S 7 8
Otis 1992 Sdla 2-r-S 7 8
Pasadena 1998 Sdla 2-r-S 8 8
Ria 1998 Sdla 2-r-S 7 8
Scarlett 1995 Sdla 2-r-S 7 9
Sissy 1990 Sdla 2-r-S 8 8
Thuringia 1995 Sdla 2-r-S 7 9
Libelle 1990 Sdla 2-r-S 7 8
Apex 1983 Sd2L 2-r-S 5 7
Baronesse 1989 Sd2L 2-r-S 5 6
Gimpel 1979 Sd2L 2-r-S 5 9
Mentor 1996 Sd2L 2-r-S 4 8
Viskosa 1999 Sd2L 2-r-S 7 8
Extract 1997 Sd4 2-r-S 7 9
Angora 1990 Sd4 2-1-W 7 7
Astrid 1990 Sd4 2-r-W 5 5
Babylone 1994 Sd4 2-1-W 4 6
Jura 1995 Sd4 2-r-W 5 7
Labea 1992 Sd4 2-r-W 6 6
Leonie 2000 Sd4 2-r-W 8 7
Marinka 1985 Sd4 2-r-W 5 6
Opal 1998 Sd4 2-r-W 6 7
Regina 1995 Sd4 2-r-W 7 7
Tiffany 1996 Sd4 2-r-W 7 7
*Data for the years 1994- Vanessa 2000 Sd4 2-1-W 7 7

2003 were considered

@ Springer



152

Mol Breeding (2006) 18:143-156

Table 4 Significant
associations of individual
SNPs and specific

A set of 36 2-rowed winter
and spring varieties

A subset of 25 2-rowed
spring varieties

haplotypes with two

Quality trait

Quality trait

quality traits identified
with General Linear

Final attenuation! Malt extract Final attenuation Malt extract

Model (GLM) analysis

based on 36 German Logus s
malting varieties entire gene o
snpl15 *
snp165 *
! Associations are snp347 *
presented based on snp430 :
f-v.alugs with *, ke Haplotype
indicating P < 0.001, Sd4 ns
P < 0.0001 and Sdla *
P < 0.00001, Sd2L *

respectively. ns = non
significant (P > 0.01)

Total R? of the model 0.486

£ sk ns
£ sk ns
3k 3k ns
ns HkE ns
3k sk ns
wE ns ns
£ £ ns
ns ko ns
0.423 0.629 0.166

of 36 varieties and 25 spring varieties only
(Table 4). For the whole subset associations with
significance P < 0.001 were observed for the trait
malt extract with 3 SNPs and 2 haplotypes, and
for the trait final attenuation with all 4 SNPs
considered and 2 haplotypes. By testing only the
spring barleys no significant association was ob-
served for the trait malt extract, while the asso-
ciations for the trait final attenuation increased in
significance (Table 4). Most significant
(P < 0.00001) was the association with haplotype
Bmyl-Sd2L; varieties carrying this f-amylase
haplotype showed decreased values for final
attenuation limit (Table 3). The total variation
explained by the model was R? = 0.629, for the
trait final attenuation.

Discussion

Haplotype diversity and its interference with
population structure

The information available up to now in the liter-
ature indicated the occurrence of four different
alleles of the BmylI gene coding for enzymes with
different thermostability (Ma et al. 2001; Paris
et al. 2002). By genotyping 493 barley accessions
originating from all over the world at five SNPs in
the coding region of the gene we found out 6
different haplotypes, with four haplotypes corre-
sponding to the previously described alleles and
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two new ones. This suggests that an enzyme with
the same properties can be determined by more
than one haplotype. Recently, Zhang et al. (2004)
differentiated p-amylase Bmyl phenotypes in
8270 worldwide barley accessions according to
the thermostability type (A, B or C) and based on
isoelectrofocusing patterns (I, IT or IV). The au-
thors were able to classify 14 different pheno-
types.

Practically the complete spectrum of haplo-
types was present at all continents, except Africa
where the number of investigated accessions was
low, and only the frequencies of specific haplo-
types varied between the continents. Dominating
(occurring in >5% of accessions) were 5 haplo-
types, one haplotype BmyI-Sd3 was rare (occur-
ring in 7 accessions) (Fig. 2). Zhang et al. (2004)
also reported that among 14 Bmyl phenotypes
observed in their study only 5 phenotypes oc-
curred with high frequencies. The spectrum of
frequent haplotypes was broader in spring acces-
sions (4 haplotypes occurring in >20% of acces-
sions), while in winter accessions only one
haplotype occurred very often (Bmyl-Sd4), all
others were rare (Fig. 3).

Recently, we reported that a world-wide pop-
ulation of cultivated barley was highly structured
with regard to geographic origin, spring or winter
growth habit and row number (Malysheva-Otto
et al. 2006). As barley accessions carrying iden-
tical Bmyl alleles were clustered together but
independently of the population structure
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(Fig. 4), we suggest that their clustering can,
probably, be imposed by similar malting qualities.

Analysis of linkage disequilibrium
and functional significance of single SNPs

In this study we detected intragenic LD in the
barley Bmyl gene with r* ranging from 0.32 to 1.0.
These values are higher than in maize (Zea mays)
with 7 around 0.1 within 2kb (Remington et al.
2001; Palaisa et al. 2004), or aspen (Populus
tremula L.) with * > 0.1 within few hundreds kb
(Ingvarsson 2005), but similar to the values de-
tected for Adhl-3 loci in wild barley with 7
around 0.6-0.8 within 1.6 kb (Lin et al. 2002).
The LD analysis between the 5 investigated
SNP sites within Bmyl gene revealed different
patterns of LD in the worldwide set of varieties
and in various subsets (Fig. 5). In the complete
dataset and in the subset comprising only
European varieties LD among pairs of SNP loci
at AA positions 115, 165 and 430 was detected,
while loci at AA positions 233 and 347 showed
no LD. In the European 2-rowed spring barleys
an additional locus at AA position 347 was in
LD with loci 115, 165 and 430 (Fig. 5, D). In the
subpopulation of Asian accessions two loci pairs
were in LD, 115-165 and 115-233, the latter
characteristic for Asia. In all cases, except for
one loci pair in the two subpopulations of
European barleys, the value of 7* never equalled
#* = 1.0, indicating recombination between any
two SNP loci. Only in the sets of European
barleys (350 accessions) and European 2-rowed
spring barleys (112 accessions) LD for loci pair
SNP115-SNP165 equalled 7* = 1.0. The reason
for this could be the absence of exotic varieties
carrying alternative alleles at locus snpl65 in
European breeding programmes. The differing
LD patterns and absence of a correlation be-
tween the LD and the physical distance between
the SNP sites within the gene suggests that
manmade selection may be a major factor
determining various haplotype frequencies and
the resulting patterns of LD. The ‘‘interrupted
pattern” of LD within the gene observed in our
study was also reported for Aegilops tauschii
puroindoline genes (Massa et al. 2004), for the
maize Dwarf8 gene (Thornsberry et al. 2001)

and for about 2 Mb region surrounding the
maize Y1 gene (Palaisa et al. 2004).

The functional significance of AA substitutions
in five positions 115, 165, 233, 347 and 430 was
investigated by site-directed mutagenesis by Ma
et al. (2001). The authors showed that cysteine
(C) at position 115 is responsible for improved
kinetic properties of the enzyme and higher
affinity to the substrate, while alanine (A) and
serine (S) at positions 233 and 347, were preferred
residues for enhancing thermostability of the en-
zyme, with the effects of the two residues being
additive. Substitutions in AA positions 165 and
430 had no effect on kinetic properties and ther-
mostability. Correlations between SNPs in the
coding region of the gene (AA positions 115, 165
and 430) and biochemical properties of the en-
zyme were also confirmed by Clark et al. (2003).
In this respect, a variety possessing the AAs
cysteine (C), alanine (A) and serine (S) at posi-
tions 115, 233 and 347, was theoretically predicted
to carry an enzyme combining improved ther-
mostability with good substrate affinity (Ma et al.
2001). Unfortunately this combination of SNP
alleles was not detected in our set.

To the best of our knowledge no data are
available regarding the gene expression level of
the Bmyl gene, except for the detection of dif-
ferent levels of f-amylase mRNA in three barley
cultivars (Kreis et al. 1987). Correlation between
DNA sequence polymorphisms and expression
level was recently reported for another candidate
gene for malting quality, serine carboxypeptidase
1 (CxpI) (Potokina et al. 2006). For $-amylase it
would be interesting to examine in the future if
differentially expressed alleles of the gene exist.

Carlson et al. (2004) suggested to use a LD-
based algorithm to select informative SNPs for
association analysis in humans. In their experi-
ments a threshold for 7 > 0.8 allowed to resolve
>80% of all haplotypes. In our experiments, if LD
data were applied to select haplotype tagging
SNPs, then with regard to haplotype frequencies
and a threshold of 7* > 0.6, three SNPs relating
to AA positions 115, 233 and 347 were suggested
as haplotype tagging. They allowed to discrimi-
nate 4 haplotypes and captured 91.6% of the
available diversity by separating 452 out of 493
accessions.
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Bmy]I haplotypes and malting quality of barley
varieties

The possibility of marker assisted selection for
the improvement of malting quality using /-
amylase as a marker turned this enzyme into a
subject of intense studies in the last years. Several
groups reported the identification of different
Bmyl alleles and their occurrence and impor-
tance in malting varieties (Eglington et al. 1998;
Kihara et al. 1998; Ma et al. 2001, Paris et al.
2002; Polakova et al. 2003; Zhang et al. 2004).
Recently, direct mapping of f-amylase activity
QTLs demonstrated that they occured almost al-
ways in conjunction with diastatic power QTLs
(Clancey et al. 2003). In Australian breeders’
populations the malting quality alleles at the
chromosome 4H BmyI locus were associated with
increased diastatic power (Coventry et al. 2003).
Comparison of our data with the official evalua-
tion implemented by German authorities (Bun-
dessortenamt) revealed that 93% of varieties
evaluated as “feeding” carried haplotype Bmy!l-
Sd4, and 75% of varieties evaluated as ‘““malting”
carried haplotype Bmyl-Sdla, emphasizing the
correlation between alleles of the Bmyl gene and
malting qualities of cultivars.

The GLM (General Linear Model) analysis
performed with software TASSEL revealed that
DNA sequence polymorphisms in the Bmyl gene
were associated with the malting quality parame-
ter final attenuation limit, but not with the
parameter malt extract in German spring barley
varieties. Three SNP loci, at AA positions 115, 347
and 430, as well as haplotypes Bmyl-Sdla and
Bmyl-Sd2L. showed an increased probability of
association with the trait final attenuation in a
subset of 2-rowed spring varieties. These sites
represented a cystein-arginin change at AA 115, a
serine-leucine change at AA 347 and alanine-va-
line change at AA 430. These polymorphisms
determine kinetic properties (AA 115) and
thermostability (A A 347) of the enzyme (Ma et al.
2001; Clark et al. 2003). Implementation of asso-
ciation analysis with TASSEL software was
recently reported for three loci underlying QTL
for synthesis of compounds involved in corn ear-
worm resistance (Szalma et al. 2005).
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The endosperm specific Byl locus was map-
ped on the long arm of the chromosome 4H
(Kreis et al. 1988). Later, two very important
genes for agronomical performance were mapped
on the same arm of the chromosome 4H, mlo
(Wettstein-Knowles 1993) and Vrn-H2 (old
nomenclature: Sh) (Laurie et al. 1995). Definitely,
in the cultivated barley germplasm these two
genes were for a long time under strong selection.
However there are no real indications that
selection for thermostable Bmyl alleles and,
consequently, Bmyl allele frequencies were af-
fected by linkage drag to these loci. The genetic
distances between the Bmyl locus and the mlo
and Vrn-H2 loci are 5 ¢cM and 32 cM, respectively
(Frankowiak et al. 1997). For the Vrn-H2 locus a
complete correlation of the recessive allele with
the spring growth habit was reported (Dubcovsky
et al. 2005), whereas all individual Bmyl haplo-
types revealed in our study occurred both in
spring and winter varieties.

In a previous study (Malysheva et al. 2004) we
showed that in Europe the occurrence of ther-
mostable alleles BmyIl-Sd2H and Bmyl-Sd3 is
very low. The results presented here confirmed
that the European germplasm is dominated by
haplotypes Bmyl-Sdla and Bmyl-Sd4. There-
fore, the pyrosequencing markers developed in
this study provide a valuable tool for marker-as-
sisted selection and breeding in order to exploit
the natural occurring genetic diversity of the
Bmyl gene.
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