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Genetic diversity in locally adapted germplasm forms the basis for crop improvement through
breeding. While single loci have been routinely used for studies of genetic diversity, the high-
throughput genotyping platforms that have recently become available for large genome crop
plants offer an unbiased view on genetic diversity on a genome-wide scale. We assessed genetic
diversity in Latvian barley varieties and some progenitors using DArT markers and studied the ex-
tent of linkage disequilibrium in Latvian germplasm. Further, genetic diversity at three loci flanking
the barley powdery mildew Mla locus conferring race-specific resistance was studied in Latvian
barley germplasm. The Mla locus encompasses several closely related resistance gene homo-
logues with a complex evolutionary history, which complicates the design of molecular markers
for different Mla genes. We observed significant linkage disequilibrium between the single nucleo-
tide polymorphisms (SNPs) at the three loci, 206i20_T7, ABC15612, and 538P8, flanking the Mla
locus. SNP haplotypes were largely in agreement with known phenotypic data and, thus, may be

potentially diagnostic for Mla resistance genes in hybrids.
Key words: barley, Mla powdery mildew resistance, DArT, sequence haplotype.

INTRODUCTION

Genetic diversity provides the material for natural selection
and ensures that species as a whole survives changing envi-
ronmental conditions (von Bothmer et al., 2003). In domes-
ticated crop plants genetic diversity provides material for
plant breeders to develop new varieties with novel uses or
better adaptation to local environment. Knowledge of ge-
netic diversity at a genome-wide level and at specific loci
responsible for the key traits is essential for crop improve-
ment.

Genetic diversity is significantly reduced in domesticated
crop plants compared to their wild relatives (Tanksley and
McCouch, 1997). Studies of barley have found significant
reduction of genetic diversity in modern cultivars compared
to wild barley accessions and landraces (Russell et al.,
2004) traditionally explained by a “founder” effect. Further
reduction of diversity may have occurred during the transi-
tion to modern breeding, when only a limited number of
genotypes was used for development of modern varieties,
although this may be in part compensated by introgression
of specific traits from wild relatives and landraces. For ex-
ample, even though most of the European cultivars bred in
the 20th century have a narrow germplasm basis due to a
small number of founder varieties (Fischbeck, 1992), there
appears to be little reduction in genetic diversity in the case
of Baltic and Nordic barleys or even an increase in allele di-
versity in modern varieties compared to those bred in the
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middle of the 20th century (Kolodinska-Brantestam et al.,
2004; Kolodinska-Brantestam et al., 2007).

Genome-wide diversity studies allow to characterise the
overall diversity of germplasm, as well as to establish relat-
edness of certain genotypes. They can also be used to
roughly identify genome regions subjected to selective
sweeps during the domestication and breeding (Rostoks et
al., 2006). Genetic markers distributed across genomes are
used for linkage and quantitative trait loci (QTL) mapping.
Various high-throughput genotyping technologies are avail-
able for whole-genome analysis of crop plants. Recently a
high-throughput single nucleotide polymorphism (SNP)
genotyping platform based on Illumina GoldenGate tech-
nology was developed for barley that allowed to study ge-
netic diversity in ca. 100 European barley varieties using
over 1000 SNPs (Rostoks et al., 2006). Alternatively, there
are genotyping platforms that do not require prior knowl-
edge of gene sequences, such as DArT (Jaccoud et al.,
2001). DArT platform has been used extensively in barley
both for studies of genetic diversity and for linkage map-
ping (Wenzl et al., 2004). Most of the barley DArT markers
are mapped on a consensus map including RFLP and SSR
loci, making DArT platform useful for diversity studies
(Wenzl et al., 2000).

Powdery mildew is an economically important barley dis-
ease, caused by a fungal pathogen Blumeria (Erysiphe)
graminis f.sp. hordei. While the pathogen is relatively eas-
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ily controlled by fungicides, it may represent a serious
threat for barley produced in low input and organic agricul-
ture. Alternatively, disease can be controlled using resis-
tance genes that are either specific for certain fungal patho-
types or confer resistance to a broad range of pathotypes.
The complex, race specific powdery mildew resistance Mla
locus is located on the short arm of barley chromosome
5(1H) and consists of several NBS-LRR type disease resis-
tance genes providing resistance to different fungal patho-
types (Wei et al., 1999). The locus has been completely se-
quenced from the susceptible cultivar Morex and resistance
genes Mlal (Zhou et al., 2001), Mla6 (Halterman et al.,
2001), Mlal2 (Shen et al., 2003) and Mlal3 (Halterman et
al., 2003) have been characterised (Mejlhede et al., 2006).
Because of the close sequence homology of different Mla
genes, it is complicated to design molecular markers for
specific Mla genes. However, because modern barley varie-
ties have originated from a limited germplasm pool rela-
tively recently (Fischbeck, 1992), it is reasonable to expect
that linkage disequilibrium across the Mla locus is main-
tained. Thus, sequence analysis of closely linked loci could
be used both to assess the sequence diversity at the Mla lo-
cus and to predict the disease resistance specificity of the
Mla locus. There are over 30 known Mla alleles, but only a
few of them are extensively used in European barley breed-
ing (Weibull et al., 2003). Transfer of novel Mla genes into
adapted germplasm necessitates development of efficient
tools for introgression, which is essential since the pathogen
evolves virulence against the currently used disease resis-
tance genes.

In this study we used genome-wide DArT genotyping to as-
sess genetic diversity in Latvian barley varieties and some
progenitors. Further, we characterised DNA sequence diver-
sity at the race-specific disease resistance locus Mla in lo-
cally adapted Latvian barley varieties.

MATERIALS AND METHODS
Plant material and DNA extractions

DNA from the 23 Latvian barley varieties (Table 1) was ex-
tracted from single barley plants using a modified procedure
(Edwards et al., 1991). Plant tissue was collected either
from a field-grown plant or a seedling germinated on Petri
dish in the laboratory. Seeds were obtained from the State
Priekuli Plant Breeding Institute and the State Stende Cereal
Breeding Institute. Seeds of European barley varieties were
obtained from the IPK Gene Bank and the Nordic Gene
Bank.

DArT genotyping

DArT genotyping of the 23 Latvian varieties (Table 1) and
some other barley varieties (44 in total) was carried out by
Triticarte Pty Ltd (North Ryde, NSW, Australia). DArT
genotyping yielded 1180 markers in the set of 44 barley
lines which were analysed as described by Jaccoud et al.
(2001) and Wenzl et al. (2004).

104

Table 1

CLASSIFICATION OF LATVIAN BARLEY VARIETIES IN
HAPLOTYPES BASED ON SEQUENCE POLYMORPHISMS AT
2006i20_T7, ABC15612 and 538P8 loci.

Variety Sequence haplotype Mla resistance |
Abava H1 Mla8
Imula H1 Mla8
Klinta H1 Mla6+Mla8
Kombainieris H1 Mla8
Priekulu 60 H1 Mla8
Raja H1 Mia8
Agra H2 Mla9
Ansis H3 mla
Balga H3 mla
Tlga H3 Mla8
Linga H3 mla
Druvis H4 Mla8+Mlal2
Dzintars H5 Mla?
Gate H6 Mila7
Idumeja H7 Mla9
Kristaps H8 Mla7
Rasa H8 Mla7
Latvijas vietgjie H9 Mia8
Malva H10 Mila8+Mlal3
Sencis HI10 Mlal3
Priekulu 1 HI11 Mla8
Stendes HI2 Mla8
Vairogs H13 Mia8

! Mia resistance according to Dreiseitl and Rashal (2004); Tueryapina et
al. (1996).

PCR and sequence analysis of the Mla flanking loci

Primer sequences for 206i20_T7 locus are described (Wei
et al., 1999). Primer sequences for the ABC15612 and
538P8 loci flanking the Mla locus were obtained from Dr.
Luke Ramsay (SCRI, Dundee, Scotland, UK). PCR was
performed in 20 ml reactions consisting of ca. 50 ng DNA,
10 uM primers, 1 x reaction buffer (Fermentas, Vilnius,
Lithuania), 2.5 mM MgCl,, 0.2 mM dNTPs and 1 u of Hot
Start Tag polymerase (Fermentas, Vilnius, Lithuania). Se-
quencing was done with the same primers as PCR using
BigDye 3.1. terminator mix (Applied Biosystems, Foster
City, CA, USA) on an ABI3730 sequencer according to the
manufacturer’s recommendations.

Data analysis

Quality control of DArT genotype data identified 326 loci
with Q value over 80 and no missing genotype data in the
set of 44 varieties. Principal Coordinate Analysis (PCoA) of
the DArT genotype data was performed with DARwin5
software (http://darwin.cirad.fr/darwin) using the Manhattan
dissimilarity index. A UPGMA dendrogram of the DArT
genotype data was constructed using distances derived by
restdist software from the Phylip package using a modified

Proc. Latvian Acad. Sci., Section B, Vol. 62 (2008), No. 3.



0.2 5
Klinta i
0.15 Akka m Saﬁna
A i
N ‘
0.1 | A 1 A -f/]Av[aJa‘:‘
0.05 - |
Otram A Prickulu 60 1, A=
DI’UVli ! ;
0 - - B o — T — 4
Kristaps Ida | |
Q005 - Ar—y - ALV
E Gate Agra ‘ A A H Foreign
-0.1 T
i =
L n
0.15 7 . b
{ Parkland Bowman u
0.2 ‘ Tdumeja Fig. 1. Principal Coordinate Analysis (PCoA) of DArT
5 i genotype data performed with DARwin5. PCoA is
-0.25 based on data from 44 varieties and 326 loci. PCol and
-0.5 -04 -03 -02 -0.1 0 0.1 02 PCo2 explain 30.9% and 12.9% variation in genotype
PCol data, respectively.

neighbour joining algorithm (Felsenstein, 1989). Extent of
linkage disequilibrium in the 23 Latvian barley varieties
was calculated from genotypes at 465 loci, selected based
on the following criteria: a) minor allele frequency
(MAF) > 0.1 in the set of 23 varieties; b) not more than two
missing genotypes per locus; ¢) known and unambiguous
map location on barley consensus map (Wenzl et al., 2006).
Tassel (Bradbury et al., 2007) was used to calculate
pairwise LD (R2) between all 465 loci.

Base calling and sequence assembly of the Mla flanking
loci was conducted using the Staden software package (Sta-
den, 1996). Sequence alignments were identified with Clus-
tal 1.83 software (Thompson et al., 1997) and then used to
calculate nucleotide diversity at each locus using DNASP
4.20 (Rozas et al., 2003). SNP information extracted from
sequence alignments was used to calculate haplotype
number and haplotype diversity at each locus using
DNASP. The sequence haplotype distance matrix based on
206i20_T7, ABC15612 and 538P8 loci and neighbour pro-
gramme from the Phylip package (Felsenstein, 1989) were
used to construct the UPGMA (Unweighted Pair Group
Method with Arithmetic Means) dendrogram. Extent of LD
(Rz) across the three loci was calculated using Tassel (Brad-
bury et al., 2007) based on 17 SNPs with MAF > 0.1 from
23 Latvian barley varieties.

RESULTS

Genetic diversity and population structure in Latvian
barley based on DArT genotype data

Twenty-three Latvian barley varieties, as well as some pro-
genitors and several other European barley accessions were
genotyped using the barley DArT genotyping platform
(Wenzl et al., 2004). Of the 1180 loci, 326 were selected
with quality (Q) value over 80 and had no missing data
among the 44 barley accessions. The average polymorphism
information content (PIC) value of selected DArT markers
in this germplasm set was 0.36. Principal Coordinate Analy-
sis was used to study the partitioning of the germ-
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plasm (Fig. 1). There was no obvious differentiation be-
tween Latvian varieties and the rest of European germ-
plasm; however, the germplasm was strongly partitioned
along the PCol.

The UPGMA dendrogram constructed from the genotype
data to study the relationships among Latvian and other
European germplasm (Fig. 2) showed that the two North
American varieties, ‘Parkland’ and ‘Bowman’, clustered
separately, while the European and Latvian varieties formed
two distinct groups.
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Fig. 2. Unrooted UPGMA dendrogram of DArT genotypes based on data
from 44 varieties and 326 loci. The distance matrix was derived using frag-
ment option in the Restdist programme from the Phylip package using
modified Nei distances (Felsenstein, 1989). The dendrogram was con-
structed using the UPGMA option in the Neighbour programme.
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Genome-wide linkage disequilibrium in Latvian barley

Genome-wide linkage disequilibrium was studied in the set
of 23 Latvian barley varieties using a selection of DArT
genotype data. Since the location of the DArT loci on the
barley consensus map is known (Wenzl et al., 2006), the
pairwise LD between all loci could be plotted against the
genetic distance between the loci (Fig. 3). Extensive LD
could be observed for loci as far as 100 cM, suggesting
some population substructure in the germplasm. Extent of
LD between the markers along the barley chromosome 1H
carrying the Mla locus was also studied (Fig. 5A). Signifi-
cant LD could be observed for subtelomeric markers on the
short arm of chromosome 1H, where the Mla locus is lo-
cated, as well as in the centromeric regions.

Sequence, haplotype and linkage disequilibrium analysis
of the Mla locus in Latvian barley varieties

The three loci, 206i20_T7, ABC15612 and 538P8, flanking
the Mla region (Fig. 4A) on barley chromosome 5(1H) were
amplified and sequenced from 23 Latvian barley varieties.
Sequences have been submitted to the National Centre for
Biotechnology Information GenBank as population data
sets (Accessions EU934103-EU934223). Sequences were
used to identify 49 SNP and several indel polymorphisms
among Latvian barley varieties (data not shown). SNPs
were used to group sequences into thirteen haplotypes
across both loci and those, in turn, were used to construct a
UPGMA dendrogram (Figure 4B, Table 1). In order to as-
sess extent of LD across the Mla locus, SNP information
from the loci 206i20_T7, ABC15612 and 538P8 was used
(Fig. 5B). As expected significant LD was observed at all
three loci, but several SNPs exhibited high and statistically
significant LD across the Mla locus, indicating that allelic
states at the flanking loci might be associated with the Mia
resistance gene.

LD (R"2)
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Genetic distance (cM) between marker pairs

Fig. 3. Extent of linkage disequilibrium in Latvian barley varieties based
on whole-genome DArT marker data. Linkage disequilibrium (Rz) values
are plotted against genetic distance (cM) between marker pairs. Pairwise
LD was calculated between 465 marker loci using Tassel (Bradbury et al.,
2007) as described in Materials and Methods. Only statistically significant
(P < 0.01) associations are shown. LD values between loci on different
chromosomes are plotted at a fixed distance of 200 cM.

DISCUSSION

Based on DArT genotype data, the two North American va-
rieties, ‘Parkland’ and ‘Bowman’, clustered separately,
while the European germplasm including Latvian varieties
was partitioned into two clusters. Three varieties, ‘Emir’,
‘Kenia’ and ‘Proctor’, clustered together and the genotype
data of these varieties appeared to be identical. Similarly,
varieties ‘Mari’ and ‘Rasa’ differed only at three DArT loci.
Because these are well known as distinct varieties, it is pos-
sible that seed, tissue or DNA mix-up has occurred. Data
from these varieties were not used in subsequent analysis.

While presently there is no obvious explanation for the par-
titioning of the germplasm (excluding North American va-
rieties) into two groups, there are several apparent agree-
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Fig. 4. Structure and sequence analyses of the Mla locus in Latvian barley varieties. A. Structure of the Mla locus on chromosome 1H with molecular marker
loci, 2006i20_T7, ABC15612 and 538P8 is indicated (Wei et al., 1999). Sequence haplotype number, haplotype diversity and nucleotide diversity at each lo-
cus are indicated below. Cen — direction towards centromere; Tel — direction towards telomere. B. UPGMA dendrogram of the sequence haplotypes formed
by combination of all three loci. For varieties in haplotypes see Table 1. Branch length indicates nucleotide substitutions per site.
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Fig. 5. Linkage disequilibrium in the Latvian barley genome. A. Linkage disequilibrium along the barley chromosome 1H based on DArT marker data.
B. Linkage disequilibrium of the SNP loci flanking the barley Mla locus. Upper triangle depicts LD between individual DArT or SNPs markers measured as
R%. Lower triangle depicts P values of the LD. Correspondence of R” and P values and colours is shown on the right. Only the DArT and SNP markers with
minor allele frequency (MAF) over 0.1 were analysed. LD and the corresponding P values were calculated in TASSEL (Bradbury et al., 2007). Location of
the Mla locus on the chromosome 1H (Wenzl ef al., 2006) and between flanking SNP loci is shown on the left. DArT loci names in panel A include position
on linkage map in centimorgans. SNP names in panel B include position in alignment as in population data sets in GenBank.

ments with known pedigrees, e.g., ‘Otra’ and ‘Agra’ are
clustered together (‘Agra’ is ‘Priekulu 1’ x ‘Otra’) and
‘Abava’ and ‘Domen’ are grouped together (‘Abava’ is
from a cross involving ‘Mari’, ‘Elsa’ and ‘Domen’). All
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the varieties included in the analysis had a spring growth
habit and most of them were two-row, with the exception
of ‘Agra’, ‘Druvis’, ‘Priekulu 1’, ‘Vairogs’, ‘Dzintars’,
‘Parkland’ and ‘Otra’. These major phenotypic traits often
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differentiate the germplasm because of breeding traditions
(Fischbeck, 1992). Rostoks et al. (2006) observed strong
population structure based on spring or winter growth habit
in European barley germplasm using genome-wide SNP
genotyping. PCo analysis of DArT genotypes revealed
strong partitioning along the PCol axis, which may be par-
tially explained by the presence of several six-row varieties
in the germplasm set. Further studies involving comparison
of agronomic qualities and pedigrees will be needed to ex-
plain the partitioning observed in the DArT dendrogram
(Fig. 2).

DATrT genotype data was used to analyse the extent of LD
in the genome of Latvian barley varieties. In outbreeding
plant species, such as maize, the LD usually breaks down
within several hundreds of base pairs (Flint-Garcia et al.,
2003), while in inbreeding crops, such as barley and wheat,
the LD is expected to be more extensive. The extent of LD
in cultivated European barley was reported to be at least
200 kbp based on sequence analysis of four loci spanning
barley hardness locus, while it decayed much more rapidly
in wild barley and landraces (Caldwell et al., 2006).
Genome-wide analysis of barley SNPs indicated that pair-
wise LD can extend up to 10 cM (Rostoks et al., 2006).
Population structure can significantly affect the extent of
observed LD and, as a result, can confound association
mapping studies, if subpopulations differ both in SNP allele
frequency and trait prevalence (Wang et al., 2005). The cur-
rent study showed LD extending between markers located
as far as 100 cM apart, indicating population stratification,
although the small sample size (23 varieties) might also af-
fect the results.

The Mla locus has been completely sequenced from the sus-
ceptible variety ‘Morex’ (Wei et al., 2002), and several Mla
genes that provide race-specific mildew resistance have
been isolated. Complexity of the locus, high homology be-
tween Mla genes and putative paralogues elsewhere in the
barley genome (Mejlhede et al., 2006) so far have prevented
design of molecular markers for different Mla resistance
genes. Linkage disequilibrium (non-random association of
alleles) in cultivated spring barley was recently reported to
extend to centimorgan distances (Caldwell et al., 2006;
Rostoks et al., 2006). Therefore, the allelic state of the loci
flanking Mla genes could be used to predict the resistance
specificity at the Mla locus, if no recombination between
the flanking loci and Mla locus had occurred. European cul-
tivated barley germplasm on average exhibited relatively
low nucleotide and haplotypes diversity per locus (Rostoks
et al., 2005; 2006). In contrast, a high number of sequence
haplotypes was observed at the Mla flanking loci among the
23 Latvian varieties perhaps indicating that wider
germplasm was used for breeding Latvian barley. Neverthe-
less, several SNPs flanking the Mla locus were in strong LD
(Fig. 5B) indicating that little recombination has occurred
within the region. Sequence haplotypes were compared to
published mildew resistance specificities of Latvian barley
varieties (Tueryapina et al., 1996; Dreiseitl and Rashal,
2004) (Table 1). ‘Latvijas Vietgjie’, a Latvian landrace, ap-

108

peared to be very distant to other Latvian varieties, how-
ever, this was centered by high polymorphism at the
ABC15612 locus, while at the 538P8 locus it was identical
to ‘Abava’, ‘Imula’, ‘Klinta’, ‘Kombainieris’, ‘Rija’ and
‘Priekulu 60°. In general, good agreement was found be-
tween sequence haplotype data and experimentally deter-
mined Mla resistance genes in Latvian barley varieties
(Tueryapina et al., 1996; Dreiseitl and Rashal, 2004) (Table
1), while the existing discrepancies could be explained by
differences in methodology. We sequenced marker loci
from a single plant for each variety, but mildew resistance
tests were carried out on pools of plants (Dreiseitl and
Rashal, 2004). The same study identified the majority of
Latvian barley cultivars as heterogeneous with respect to
Mla resistance genes. Similar heterogeneity has also been
observed with molecular markers (Kolodinska-Brantestam,
personal communication). For example, the variety ‘Malva’
which was identified as carrying Mla8 and Mlal3 resistance
genes, in sequence analysis clustered together with ‘Sencis’
(Mlal3) probably indicating that the individual plant under
study was Mlal3 resistant. In addition, the MiaS§ allele has
been reported as very difficult to phenotype, because only a
few pathogen isolates have a compatible avirulence gene
(Jensen 1995). Thus, the varieties identified as Mla8 may in
fact possess a different sequence allele. Overall, the agree-
ment was good and we are currently working on extending
sequence analysis to some mildew resistance donors with a
goal to establish molecular markers that can be used to pyr-
amid mildew resistance genes.
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LATVIJAS MIEZU gL(IRNU GENOMA UN Mla LOKUSA RAKSTUROJUMS

Geneétiska daudzveidiba lokali adaptéta lauksaimniecibas augu materiala veido pamatu selekcijai un jaunu Skirpu veidoSanai. Genétiskas
daudzveidibas petijumos bieZi lieto atseviSku genoma lokusu vai génu sekvences analizi, taCu aizvien plaSaku pielietojumu iegiist arl
augstas caurlaidsp&jas genotip&Sanas platformas, kas lauj novertét genétisko daudzveidibu lauksaimniecibas augos visa genoma meroga.
Pétijuma mes novert&jam genétisko daudzveidibu Latvijas miezu $kirnés un tam radniecigas linijas, izmantojot DArT markierus, ka ari
pétijam nelidzsvarotas saistibas izplatibu Latvijas mieZu genoma. Tika novértéta genétiska daudzveidiba trijos genétiskos lokusos,
206i20_T7, ABC15612 and 538P8, kas atrodas mieZu miltrasas izturibas lokusa Mla tuvuma. Mla lokuss satur vairakus radniecigus slimibu
izturibas génu homologus, kuri nodrosina izturibu pret noteiktam miltrasas rasém, tacu lokusa sareZgita evolucionara vésture un génu augsta
homologijas pakape apgritina molekularo markieru izveidi specifiskiem Mla géniem. Novérojam statistiski nozimigu nelidzsvaroto saistibu
starp punktveida mutacijam trijos sekvencetajos lokusos, kas atrodas abas pus€s Mla lokusam. Punktveida mutaciju veidotie haplotipi
parsvara saskangja ar publicéto Latvijas mieZu Skirpu miltrasas izturibas fenotipu, tad€jadi Sie haplotipi ir uzskatami par diagnostiskiem
miltrasas izturibas géniem un nakotné var noderét specifisku molekularo markieru izveidei.
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