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Abstract One hundred and fourteen oat (Avena sativa L.)
varieties of worldwide origin were evaluated for genetic
diversity based on 77 molecular polymorphisms produced
by eight selective AFLP primer combinations. Genetic sim-
ilarity, calculated using the DICE coeYcient, was used for
cluster analysis and principal component analysis was
applied. In addition population structure was explored to
identify discrete subpopulations based on allele frequency.
Although clustering and population structure showed rela-
tionships with region and country of origin, there was no
obvious relationship to hull presence or hull colour. Oat

varieties originating from European breeding programs
showed less diversity than varieties originating from North
and South America. Associations between AFLP markers
and agronomic traits (grain yield, groat yield, panicle emer-
gence, plant height, and lodging) as well as kernel quality
traits (kernel weight, test weight, screening percent and
groat percent) were also investigated. Marker-trait associa-
tions were tested using a naïve simple regression model and
Wve additional models that account for population structure.
SigniWcant associations were found for 23 AFLP markers,
with many of these aVecting multiple traits. This study
demonstrates that diversity can be signiWcantly enhanced
using a global collection, and provides evidence for
marker-trait associations that can be validated in segregat-
ing populations and exploited through marker-assisted
selection.

Introduction

Oat (Avena sativa L.) is a cereal crop that is used through-
out the world for human food and animal feed. Compared
to other cereal crops, oat is reputed to be better suited for
production under marginal environments, including cool-
wet climates and soils with low fertility (HoVmann 1995).
Many oat varieties Xower and mature quickly in short sea-
sons with long daylength regimes, thus oat is an important
crop in many northern countries. The major oat growing
areas lie between latitudes 40° and 60°N in America,
Europe and Asia, while a smaller proportion of the oat
world production originates from the southern hemisphere,
i.e. South America, Australia and New Zealand (Forsberg
and Reeves 1992). In most countries, including European
countries, the area cultivated with oat has declined during
the past decades. This is partly attributed to the decline in
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oat production for on-farm feed, and to the increase in high-
input crops such as maize, wheat, and soybean.

In recent years, the demand in oat for human consump-
tion has increased, particularly because of demonstrated
dietary beneWts of whole grain and soluble Wbre (Food and
Drug Administration 1997). Because the oat acreage is
much lower than that of most other cereals, the investment
in oat breeding is also lower. For example, in 1973 there
were 17 breeding companies performing active oat breeding
in Germany and 7 in Austria (Aufhammer and Fischbeck
1973). By 2007, these numbers shrank to 5 (Germany) and
1 (Austria).

Plant breeders usually develop populations for variety
development from crosses within regionally adapted
germplasm. Exchange of germplasm among breeders is
common, but occurs predominantly within regions of adap-
tation. Exchange of germplasm across continents is less
common. As a consequence, European spring oat breeding
programs may be relying on a small fraction of the avail-
able genetic variation in this crop species. Buerstmayr et al.
(2007) assessed variation in agronomic and quality traits in
a set of 120 spring oat varieties of worldwide origin and
found that for several physical grain quality traits, germ-
plasm from outside Europe exhibited superior trait expres-
sion compared to European oats.

Genetic diversity in North American oat has been stud-
ied using pedigree information (Rodgers et al. 1983; Souza
and Sorrells 1989), plant traits (Souza and Sorrells 1991a, b)
and RFLP markers (O’Donoughue et al. 1994). In recent
years, molecular markers have become increasingly useful
for evaluating genetic diversity in plant populations
(Mohammadi and Parasanna 2003). Li et al. (2000) devel-
oped and used SSR markers to analyse genetic relationships
among diVerent Avena species. Genetic diversity in Canadian
oats has been analysed using AFLPs (Fu et al. 2003, 2004).
Paczos-Grzeda (2004) compared AFLP and RAPD markers
for assessing genetic diversity in oat varieties registered in
Poland. Baohong et al. (2003) used RAPDs for measuring
and comparing genetic diversity in Chinese and European
oat accessions. Fu et al. (2005) used AFLPs to characterize
a world collection of 670 oat accessions from 79 countries.
Although this study addressed global genetic diversity
using many historic varieties, a detailed analysis of oat
diversity that includes modern European oat varieties has
not yet been reported.

One of the limiting factors in genomic analysis of many
plant species, including oats, is that most genomic studies
have been conducted in experimental populations devel-
oped from a bi-parental cross. Thus, while many QTL have
been reported, the eVects of these QTL often turn out to be
unique to a speciWc genetic background, and there has been
limited success in applying the results. Many researchers
now consider that association analysis, whereby genes and

QTL are detected in a random set of genotypes from a
mixed genetic background, is a viable solution to this prob-
lem (Gupta et al. 2005, Rostoks et al. 2006, Breseghello
and Sorrells 2006). The concept of association analysis has
been known for many years, and the strategy has been
applied with limited success in oat (Beer et al. 1997). How-
ever, the increased availability of molecular markers, and
the reWnement of statistical tools, has kindled renewed
interest in this approach. Although association analysis
shows great promise as an eYcient and valuable tool for
gene discovery, the analysis of marker-trait associations
must account for the presence of population structure. Fail-
ure to do so can cause the detection of spurious associations
between traits and unlinked markers. Current methods for
accounting for population structure are described by Yu
et al. (2006) and are illustrated in a case study presented by
Zhao et al. (2007).

The current study was conducted to examine genetic
diversity and population structure in oat varieties of world-
wide origin, to compare levels of variability in European
oats versus those from other regions, and to test for prelim-
inary evidence of genetic associations between AFLP
markers and quantitative traits.

Materials and methods

Plant Material

One hundred and fourteen spring oat (Avena sativa L.) vari-
eties1 of worldwide origin were chosen for this study. All
varieties were evaluated for agronomic and physical grain
quality traits in replicated Weld experiments in previously
reported work (Buerstmayr et al. 2007). BrieXy, the oat
varieties were sown in three replicated Weld experiments in
Austria and one in Germany. Panicle emergence, plant
height and lodging severity were evaluated under Weld con-
ditions, and grain yield, 1,000 kernel weight, hectolitre
weight, screenings percentage >2 mm, and groat percent-
age were measured after harvesting (see Buerstmayr et al.
2007 for details). Mean trait values were scaled to unit var-
iance, centred to mean zero, and depicted as a heat-map in
Fig. 1. Among the 114 varieties, 74 originated from diVer-
ent parts of Europe and 40 from outside Europe: North
America (30), South America (5), Asia (2) and Oceania (3).
The names, countries of origin and hull colours of the vari-
eties are listed in Table 1. For many of these varieties, addi-

1 Although most oat genotypes in this study can be considered as culti-
vars (cultivated varieties) several numbered breeding lines were also
investigated. We will use the term ‘variety’ to describe all types of
germplasm in this study. All varieties were considered to be nearly
homozygous pure lines.
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 4 Barra SE1
 4 Doris SE4
 4 Sanova DE7
 4 CDC Pacer CA5
 4 Flaemingsplus DE4
 4 Bakonyalja HU1
 4 GK Pillango HU2
 4 Alf DE1
 4 Amigo GB2
 4 Birgitta SE3
 4 Petra SE6
 4 Flipper DE5
 4 Auteuil FR1
 4 Flaemingslord DE3
 4 Matra NL
 4 Sisko FI7
 4 Ardo CZ4
 4 Radius CZ6
 4 Zvolen SK2
 1 Akt PL1
 4 Longchamp FR5
 5 Borowiak PL5
 5 Litoral BO
 5 Ursus PL6
 5 Bajka PL4
 5 Kermit DE16
 5 Neklan CZ5
 5 Riel CA8
 5 Revisor DE6
 5 CDC Boyer CA4
 5 Chernigovskij 27(A) UA1
 5 Skakun RU3
 5 Flaemingsnova DE11
 5 Pharao AT7
 5 Event AT3
 5 Edo AT2
 5 Expander AT4
 5 Expo AT5
 4 Evita DE2
 1 Kwant PL3
 1 Lang US18
 1 Dukat PL2
 1 Ebene FR3
 1 Lutz DE15
 1 Alo EE1
 1 Virma FI5
 1 Mara LV
 1 Orlik CZ3
 1 Abel (Mozart) CZ1
 1 Mozart (Abel) CZ2
 4 Detvan SK1
 1 Caracas DE9
 1 Flaemingsstern DE12
 1 Sinelnikovski 1321 UA4
 1 Chernigovskij 27(B) UA2
 1 Gerkules RU1
 1 Eva 1 CL1
 1 Sidabres LT
 1 Aarre FI1
 1 Puhti FI3
 1 Roope FI6
 1 Veli FI4
 1 Belinda SE2
 1 Freja SE5
 1 Coach DE10
 1 Edmund AT1
 1 Iltis DE13
 1 Katri FI2
 1 TAM 301 US9
 5 Hdaka JP2
 4 Winston DE8
 4 Aberglen GB1
 4 Pal US8
 1 Mantaro 15 PE
 4 Avesta FR2
 4 Chantilly FR4
 3 Milton US19
 4 Jumbo DE14
 4 Monarch AT6
 3 IA91400-2-3 US6
 3 Clintford US3
 3 X466 US10
 3 Calibre(A) CA2
 3 Calibre(B) CA3
 4 Kolpashevskii RU4
 3 Viker EE2
 3 Pony CL3
 3 Clintland 64 US16
 3 Lvovskii Rannii UA3
 3 Boog BY
 3 Cascade CA10
 3 Otana US7
 3 Irtysh 13 RU2
 - Rodney CA9
 3 CROA 60 NZ1
 2 AC Belmont CA1
 2 Fulghum US1
 2 Capa UY
 2 Charlton NZ2
 2 CROA 43 NZ3
 3 OT 286 CA7
 3 Urano CL2
 2 Akiyutaka JP1
 2 Centennial US14
 2 OT 289 CA11
 2 Blaze US2
 2 Brawn US13
 2 Dane US17
 2 Chaps US15
 2 Ogle US11
 3 Dal US4
 2 Belle US12
 2 Hairy Culberson US5
 2 CR G R B CA6

0.000.050.100.150.200.25

SPGPHLWTKWGYDYLDLOPHPE SPGPHLWTKWGYDYLDLOPHPE
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tional information can be found in oat databases such as the
National Plant Germplasm System of the USA (http://
www.ars-grin.gov/npgs/), the European Avena Database
(http://eadb.bafz.de/) and the Canadian Pedigrees of Oat
Lines (POOL) database (Tinker and Deyl 2005: http://
avena.agr.gc.ca/OGIS/). Three pairs of varieties were
identiWed as putative sister-lines, and are identiWed with
extensions A or B as needed: (1) The Czech variety Abel
is registered and marketed in Germany with the variety
name Mozart, (2) the variety Chernigovskij 27 was
received from two diVerent sources, but originally spelled
diVerently, and (3) two independent sources of Calibre
were included.

Molecular marker analysis

Five panicles were harvested from each variety from Weld
plots grown in 2002 at the plant breeding station Edelhof in
Austria (Buerstmayr et al. 2007). Five seeds (one per panicle)
were sown in small pots in the greenhouse. Young seedlings
at the three-leaf stage were harvested and lyophilized. Dried
leaf tissue from Wve plants was pooled, ground in a mixer
mill, and DNA was extracted using a CTAB method in
1.5 ml tubes (modiWed from Saghai-Maroof et al. 1984).
DNA quality and quantity were measured in a UV photome-
ter. The AFLP analysis (Vos et al. 1995) was conducted as
described by Hartl et al. (1999) and Buerstmayr et al. (2002)
using MseI and Sse8387I restriction enzymes. In total, 8
AFLP primer combinations with two selective nucleotides on
the 3� end of either primer were performed. AFLP fragments
in 25 cm 6% acrylamide gels were detected using a LI-COR
4200 IR2 dual-dye sequencing system. Gel images were
scored visually and polymorphic bands were recorded as
present or absent. Any data points that were not clearly scor-
able were treated as missing values. Monomorphic AFLP
bands were not included in the statistical analysis. AFLPs
with rare alleles (less than 5 dominant scores) were scored,
but were excluded from further statistical analysis. The stan-
dard list for AFLP primer nomenclature (http://wheat.pw.
usda.gov/ggpages/keygeneAFLPs.html) was applied. The
polymorphic AFLP markers were named based on the primer
combination followed by an arbitrary number which referred
to the speciWc polymorphism. Marker scores were recorded
in a matrix of 1’s and 0’s to represent presence or absence of
dominant bands.

Cluster analysis and principal components analysis

Genetic similarities were calculated from the scoring
matrix using the DICE coeYcient (Dice 1945) in NTSYS
2.11 (Rohlf 2000). From the similarity data, genetic dis-
tance data were calculated for each pair of varieties
(distance = 1 – similarity) and used for UPGMA clustering
in MEGA 3 (Kumar et al. 2004). The AFLP marker data
were subjected to a principal components analysis, with
scores 1 versus 0 scaled to unit variance for each marker.
Computation was performed by singular value decomposi-
tion of the data matrix using the ‘prcomp’ procedure in the
statistics module (version 2.6.2) of the R statistical package
(http://www.r-project.org/).

Population structure

The program STRUCTURE, version 2.2 (Pritchard et al.
2000) was used to identify K discrete subpopulations based
on models characterized by non-correlated gene frequen-
cies with no admixture. Essentially, populations were sub-
divided into K subpopulations, each with unique allele
frequency proWles, and population membership was
adjusted until the goodness of Wt (measured by Pr(X|K))
was maximized. A complete scoring matrix was used to
examine population structure. Marker alleles were coded as
‘1’ or ‘0’ and individuals were treated as haploids to avoid
any assumptions about dominance or heterozygotes. Two
additional data subsets were produced by removing (at ran-
dom) one marker from each pair of markers found to have
identical or reciprocal genotypes at more than 90% or 95%
of the tested varieties. Values of K = 1 through K = 9 were
tested for each data set by Wnding at least three numerical
solutions for each combination. Each numerical solution
was optimized using 1,000,000 iterations (including
500,000 ‘burn-in’ iterations). A value of K was selected as
the minimum K at which Pr(X|K) no longer increased with
increasing values of K in most numerical solutions. At this
level, membership in subpopulations was compared for
consistency among replications and data subsets. A repre-
sentative solution was selected, and the membership of
each variety in one of the K subpopulations was designated
using a numerical index, described hereafter as the ‘Struc-
ture CoeYcient’.

Association analysis

The mean phenotypic values based on four Weld environ-
ments reported by Buerstmayr et al. (2007) were used for
association analysis. Four traits, including groat yield
(GYLD) lodging severity (LO), panicle emergence (PE),
plant height (PH) were analysed across all varieties for which
complete marker data were available. Five additional traits,

Fig. 1 UPGMA dendrogram of 114 oat varieties based on DICE dis-
tance for 77 AFLPs. The numbers left of the variety names indicate the
Structure CoeYcients based on the STRUCTURE analysis (see
Table 1). The last digits behind the variety names indicate the variety
identities (see Table 1). The panel on the right illustrates the pheno-
types for nine traits in greyscales. Dark colours indicate high numeri-
cal values for the trait, and light colours indicate low values
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Table 1 List of 114 spring oat varieties used for genetic diversity
analysis

Variety IDa Country of origin Hull SCb

Abel (Mozart) CZ1 Czech Republic N 1

Mozart (Abel) CZ2 Czech Republic N 1

Akt PL1 Poland N 1

Detvan SK1 Slovak Republic N 4

Auteuil FR1 France B 4

Avesta FR2 France B 4

Ebene FR3 France B 1

Edmund AT1 Austria W 1

Orlik CZ3 Czech Republic W 1

Alf DE1 Germany W 4

Evita DE2 Germany W 4

Flaemingslord DE3 Germany W 4

Flaemingsplus DE4 Germany W 4

Flipper DE5 Germany W 4

Revisor DE6 Germany W 5

Sanova DE7 Germany W 4

Winston DE8 Germany W 4

Alo EE1 Estonia W 1

Viker EE2 Estonia W 3

Aarre FI1 Finland W 1

Katri FI2 Finland W 1

Puhti FI3 Finland W 1

Veli FI4 Finland W 1

Virma FI5 Finland W 1

Chantilly FR4 France W 4

Longchamp FR5 France W 4

Aberglen GB1 Great Britain (UK) W 4

Amigo GB2 Great Britain (UK) W 4

Bakonyalja HU1 Hungary W 4

GK Pillango HU2 Hungary W 4

Sidabres LT Lithuania W 1

Mara LV Latvia W 1

Matra NL Netherlands W 4

Dukat PL2 Poland W 1

Kwant PL3 Poland W 1

Gerkules RU1 Russian Federation W 1

Irtysh 13 RU2 Russian Federation W 3

Skakun RU3 Russian Federation W 5

Barra SE1 Sweden W 4

Belinda SE2 Sweden W 1

Birgitta SE3 Sweden W 4

Doris SE4 Sweden W 4

Freja SE5 Sweden W 1

Petra SE6 Sweden W 4

Chernigovskij 27(A) UA1 Ukraine W 5

Chernigovskij 27(B) UA2 Ukraine W 1

Edo AT2 Austria Y 5

Table 1 continued

Variety IDa Country of origin Hull SCb

Event AT3 Austria Y 5

Expander AT4 Austria Y 5

Expo AT5 Austria Y 5

Monarch AT6 Austria Y 4

Pharao AT7 Austria Y 5

Boog BY Belarus Y 3

Ardo CZ4 Czech Republic Y 4

Neklan CZ5 Czech Republic Y 5

Radius CZ6 Czech Republic Y 4

Caracas DE9 Germany Y 1

Coach DE10 Germany Y 1

Flaemingsnova DE11 Germany Y 5

Flaemingsstern DE12 Germany Y 1

Iltis DE13 Germany Y 1

Jumbo DE14 Germany Y 4

Lutz DE15 Germany Y 1

Roope FI6 Finland Y 1

Sisko FI7 Finland Y 4

Bajka PL4 Poland Y 5

Borowiak PL5 Poland Y 5

Ursus PL6 Poland Y 5

Kolpashevskii RU4 Russian Federation Y 4

Zvolen SK2 Slovak Republic Y 4

Lvovskii Rannii UA3 Ukraine Y 3

Sinelnikovski 1321 UA4 Ukraine Y 1

Kermit DE16 Germany Y 5

AC Belmont CA1 Canada N 2

Eva 1 CL1 Chile N 1

CROA 60 NZ1 New Zealand (Aotearoa) N 3

Fulghum US1 United States T 2

Litoral BO Bolivia W 5

Calibre(A) CA2 Canada W 3

Calibre(B) CA3 Canada W 3

CDC Boyer CA4 Canada W 5

CDC Pacer CA5 Canada W 4

CR-G-R-Bc CA6 Canada W 2

OT 286 CA7 Canada W 3

Riel CA8 Canada W 5

Rodney CA9 Canada W –

Cascade CA10 Canada W 3

Urano CL2 Chile W 3

Akiyutaka JP1 Japan W 2

Hairy Culberson US5 United States W 2

Mantaro 15 PE Peru W 1

Blaze US2 United States W 2

Clintford US3 United States W 3

Dal US4 United States W 3

Hdaka JP2 Japan W 5
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including grain yield (YLD), hectolitre weight (HLW), thou-
sand kernel weight (TKW), groat percentage (GP) and
screenings percentage (SP) were analysed across all covered-
seeded varieties, omitting seven hulless varieties.

Six methods were used to test for associations between
AFLP markers and quantitative traits. All methods were per-
formed using the software TASSEL, version 2.0.1 (Bradbury
et al. 2007). First, a general linear model (GLM) was tested
to identify single marker eVects on quantitative traits. This is
referred to as ‘naïve GLM’ because it does not account for
population structure as a potential cause of the genotype–
phenotype relationship. A second GLM was tested where the
Structure CoeYcient was used as a cofactor. Two additional
GLM models were tested in which PCA axis 1 (PCA1) or
PCA axes 1 through 4 (PCA1-4) were used as quantitative
covariates. All of the GLM procedures tested Wxed-eVect
models in which mean phenotypes of a given trait were pre-
dicted by the independent variables. A Wfth and sixth model
were tested using a uniWed mixed linear model (MLM) fol-
lowing Yu et al. (2006). One contained the matrix of kinship
coeYcients estimated among all varieties using the molecular
marker data, and the second contained the kinship matrix
plus the Structure CoeYcient. All six models were tested for

each of the 77 AFLP markers. Partial R2 values were com-
puted for the Wxed marker eVects, and tests for signiWcance
were applied using F statistic associated with the marker.

Results

A total of 87 polymorphic AFLP fragments were scored
across 114 oat varieties based on 8 AFLP primer combina-
tions. Ten of these were designated as loci with rare alleles,
because one allelic state (present or absent) was present in
fewer than six oat varieties. For the remaining 77 loci, the
average number of polymorphic fragments per primer com-
bination was 9.6, ranging from 4 to 15 (Table 2). The DICE
similarity between varieties ranged from 0.98 (diVerence in
only one AFLP band) between Expo and Expander to 0.19
between Rodney and OT289 (diVerence in 24 AFLPs), with
an overall mean over all variety pairs of 0.57. The two ver-
sions of Calibre, and the varieties Abel and Mozart, each
diVered by only two bands resulting in genetic similarities
of 0.96 and 0.92, respectively. On the other hand, the two
versions of Chernigovskij 27 diVered at 12 AFLP markers
(similarity = 0.78).

Cluster analysis

The UPGMA cluster tree is shown in Fig. 1. The upper part
of the dendrogram consisted mainly of oat varieties from
diVerent parts of Europe, while the bottom part of the den-
drogram contained varieties that were primarily from other
parts of the world. In several cases, varieties from the same
breeding program grouped in the same cluster branches, e.g.
Event, Edo, Expo, and Expander from Saatzucht Edelhof in
Austria. Similarly, the varieties Doris and Barra from
Sweden clustered together, as did Aare, Puhti, Roope and
Veli from Finland. Another example is the group of US
varieties Brawn, Blaze, Dane and Chaps, and Ogle. The rel-
ative expression of the oat varieties for nine phenotypic

Table 1 continued

Hull colour: W white, Y yellow, B black, T tan, N hulless oat
a Identity indicated by the ISO3166 country codes and for countries
with more than one variety an arbitrarily chosen unique number within
each country of origin
b Structure CoeYcient based on STRUCTURE analysis of the data set
excluding markers >95% similarity
c Full name: CR Gon Regoregox-Brorrn8025

Variety IDa Country of origin Hull SCb

IA91400-2-3 US6 United States W 3

Otana US7 United States W 3

Pal US8 United States W 4

TAM 301 US9 United States W 1

X466 US10 United States W 3

Capa UY Uruguay W 2

OT 289 CA11 Canada Y 2

Pony CL3 Chile Y 3

Charlton NZ2 New Zealand (Aotearoa) Y 2

CROA 43 NZ3 New Zealand (Aotearoa) Y 2

Belle US12 United States Y 2

Brawn US13 United States Y 2

Centennial US14 United States Y 2

Chaps US15 United States Y 2

Clintland 64 US16 United States Y 3

Dane US17 United States Y 2

Lang US18 United States Y 1

Milton US19 United States Y 3

Ogle US11 United States Y 2

Table 2 Selective Sse8387I/MseI AFLP primer combinations used
for genotyping 114 oat varieties showing the number of polymorphic
bands per primer combination

Primer 
combination

Selective 
bases

Number of 
polymorphic bands

S24/M20 TC/GC 15

S12/M17 AC/CG 6

S13/M14 AG/AT 4

S12/M19 AC/GA 8

S23/M20 TA/GC 11

S18/M17 CT/CG 15

S13/M20 AG/GC 10

S13/M25 AG/TG 8
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traits is shown as a heat map in greyscales in Fig. 1. Dark
colours indicate high-numerical values for the trait, and
light colours indicate low values. For example, the hulless
varieties can be identiWed by their low values for screening
percentage (white in the last column) and high values for
groat percentage (dark in the second last column).

Principal component analysis

In order to gain further insight into the genetic diversity in
this set of varieties, and to provide an alternate method for
identifying structure, principal components analysis (PCA)
was applied. The Wrst four principal components (PC)
explained 11.5, 6.8, 5.8 and 5.1% of the AFLP variation,
respectively. Figure 2a shows the scatter-plot of PC1 versus
PC2 including all 113 oat varieties. The plot illustrates that
oat varieties from outside Europe were a great deal more
diverse than the European oat varieties, which clustered
mainly in the middle right section of the plot. Figure 2b
shows a magniWcation the middle right section of Fig. 2a.
Here, the majority of the European oat varieties, although
from diVerent parts of Europe, grouped together in rela-
tively close proximity. No obvious clustering related to hull
colour was evident, since white, yellow, and black oats all
formed overlapping clouds, and even the hulless oat varie-
ties did not appear as a separate group.

Discrete population structure

A model-based clustering method was used to infer popula-
tion structure and to assign individuals to discrete popula-
tions. The variety Rodney was eliminated from this analysis
due to missing scores, and three data sets were tested con-
taining 113 varieties and 77, 73, or 60 loci (the later two
with highly correlated markers removed, as described in the
methods). The value of Pr(X|K) was optimized at K = 5 for
most numerical solutions in all three data sets (Figure S1).
The membership of varieties in K = 5 subpopulations was
highly consistent within each of the three data sets across
multiple solutions (results not shown) and typical solutions
produced memberships that were highly consistent among
the three data sets of varying completeness (Table S2). The
incomplete marker subsets were intended to observe the
eVect of removing pairs of markers that were potentially
linked, which could bias the estimates of population struc-
ture. However, since no linkage data from segregating prog-
eny were available, there is also a risk that some markers
were highly correlated due to population structure, and that
their removal may bias the estimate of this structure in a
diVerent way. Since group membership was not strongly
dependent on removal of highly correlated markers, we
chose to continue working with a set of groups formed
based on the set of 113 varieties and 73 markers (column 2

in Table S2) as a compromise between these two potential
biases. The resulting numeric Structure CoeYcients are
shown in Table 1 and in Fig. 1. These coeYcients are in
close agreement with the major clusters in Fig. 1.

Association analysis

SigniWcant associations between markers and quantitative
traits for three of the tested models are reported in Table 3.
All of the markers reported in this table were signiWcant at a
comparison wise error rate of 0.0005 for at least one trait
using at least one of the six detection methods, thus the sig-
niWcance criteria is protected using a Bonferroni correction
factor for an experiment-wide error rate of 0.038. While
this correction is overly conservative in accounting for
multiple comparisons, it does not account for the presence
of associations caused by population structure. In Table 3,
the presence of signiWcant tests in the second position
(GLM + Structure CoeYcient) or third position (MLM with
kinship coeYcients) indicates that the marker term in the
model remains signiWcant when these corrections are made.
For example, the highly signiWcant eVect (P < 0.001) of
marker S13/M25-85 on grain yield is eliminated (P > 0.01)
in the two models that account for population structure, the
eVect of S13/M14-25 on lodging remains highly signiWcant
with a decreased R2, and the eVect of marker S18/M17-60
on screening percentage is relatively unaVected. In some
cases (e.g. the eVect of S24/M20-13 on lodging) the models
that accounted for structure caused the marker to be signiW-
cant when it was not signiWcant in the naïve GLM model.

A more informative illustration of the eVect of applying
various corrections for population structure is shown by the
R2 plots in Fig. 3 and in supplementary Figure S3. Figure 3
shows R2 values for all six models that were tested for two
exemplary markers, while the supplementary Wgure extends
this to additional markers using colour illustrations. These
plots clearly show a reduction in R2 in most models that
account for population structure, and that this reduction is
sometimes (but not always) strongest in the models that
contain PCA eVects (models 3 and 4) or kinship (models 5
and 6). For example, the eVect of S12/M17-23 on both
grain yield and groat yield (Fig. 3a) seems to fall but equili-
brate at a consistent level in models 3 through 6 whereas
the eVect of marker S13/M20-66 on plant height (Fig. 3b)
Xuctuates, but is lowest in model 6.

Discussion

Genetic similarity

The high genetic similarity between the duplicated varie-
ties Abel and Mozart, and Calibre(A) and -(B) indicated
123
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that these pairs are indeed genetically almost identical.
Minor genetic diVerences between samples from diVerent
seed sources are not uncommon, since they can arise
due to residual heterozygosity in the founding generation
of the breeding material. However, the two versions of
Chernigovskij 27 showed a greater number of genetic

diVerences than did many pairs of distinct varieties, there-
fore these two entries probably represent varieties of
diVerent origin or breeding history. These results are in
good agreement with the results obtained for agronomic
and quality traits on the same plant material (Buerstmayr
et al. 2007).

Fig. 2 Scatterplot of principal 
components 1 and 2 of 113 oat 
varieties based on genotypes of 
77 AFLP markers. a All varie-
ties, b magniWcation of the 
middle right part of a. Symbols: 
circle yellow hulls, diamond 
white hulls, square black hulls, 
star tan hulls, triangle hulless 
oat; European oat accessions are 
indicated by Wlled symbols, non-
European oats by empty sym-
bols. For each variety its identity 
is shown (see Table 1)
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Cluster analysis

The UPGMA dendrogram grouped the oat varieties mainly
according to geographical origin. As expected, frequently
varieties from the same breeding program grouped in the
same cluster branches, e.g. Event, Edo, Expo, and Expander
from Saatzucht Edelhof in Austria, which were all selected
from a Flaemingsnova cross. Likewise, the group of the US
varieties Brawn, Blaze, Dane and Chaps appeared in the
same cluster branches with their common ancestor Ogle.
The varieties Jumbo from Germany and Monarch from
Austria were also closely related. Monarch most likely has
Jumbo or a sister line from Jumbo in its pedigree (Anton
Neumayer, personal communication). However, the cluster-
ing also revealed some genetic similarities that were not

previously suspected, such as the similarity between Baijka
from Poland and Kermit from Germany. The heat map of
the traits facilitates visual inspection of whether phenotypes
relate to structure, as measured by the cluster analysis. For
example, three of the hulless lines (Abel, Mozart, and
Devtan) are clearly related, while the remainder (CROA 60,
AC Belmont, Eva 1, and Akt) appear unrelated. Unlike in
the study in Arabidopsis thaliana presented by Zhao et al.
(2007), no strong tendency toward clustering of phenotypes
was evident in this analysis.

Principal component analysis

Principal component analysis showed that the AFLP diver-
sity within the European oat germplasm is comparatively
narrow compared to the diversity in the germplasm from
outside Europe. Within the European oat germplasm a few
cultivars from Eastern Europe were somewhat more
diverse. No clustering related to hull colour was evident.
These Wndings are in good agreement with Fu et al. (2005)
who analysed a world collection of 670 oat accession with
AFLP markers. They found that oat accessions from Russia
and the USA were most diverse and that only red oats
formed a distinct group, but no clear delineation between
the distributions of common and hulless oats was evident.

Discrete population structure

Model based clustering suggests that a large amount of the
allelic diversity can be described by subdividing the varie-
ties into 5 discrete subpopulations, where each subpopula-
tion has a unique set of allele frequencies. This is clearly a
simpliWcation of the observed data, and obviously not rep-
resentative of all exchanges and crosses that led to the
development of these varieties. However, this apparent
structure can be used to compare with other methods of
clustering, and to test models of association analysis that
would account for genetic associations arising from its
presence. The Wve discrete subpopulations were in close
agreement with the major clusters based on DICE similarity
(Fig. 1), indicating that the structure in this population is
revealed fairly consistently based on a variety of clustering
methods.

Implications of clustering and diversity

UPGMA cluster analysis, principal coordinate analysis and
STRUCTURE analysis separated the oat varieties into
groups that were related to geographical origin.

Due to the narrow separation among varieties of European
origin, it is concluded that a rather small proportion of the
available genetic variation in this species is currently used for
oat improvement within the majority of the European oat

Fig. 3 Two R2 plots: a for marker S12/M17-23 and b for marker S13/
M20-66. These plots show the estimated proportions of phenotypic
variance (partial R2 £ 100%) explained by a given marker for nine
quantitative traits identiWed in six models of association analysis. The
nine traits are shown by diVerent line and symbol combinations. Six
models of association mapping are shown from left to right: 1 Naïve
general linear model (GLM) with no correction for population struc-
ture; 2 GLM with Structure CoeYcient as cofactor; 3 GLM with PCA1
as covariate; 4 GLM with PCA1–PCA4 as covariates; 5 Mixed Linear
Model (MLM) as described by Yu et al. (2006); 6 MLM with Structure
CoeYcient. Supplementary Figure S3 shows coloured graphs for addi-
tional markers
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germplasm. The reasons for this may be that (1) European
oat breeders have performed crosses mainly within European
germplasm and/or (2) adaptation to European conditions is
conditioned by many loci, such that selection often excluded
the incorporation of new alleles when wider crosses were
made. Since the AFLP loci surveyed in this study are likely
to represent a broad and random cross section of the oat
genome, it seems more likely that diversity has been
restricted by choice of crossing parents, and that increased
diversity in European material could be achieved without
loss of regional adaptation. Fu et al. (2004) found a similar
lack of diversity within a set of Canadian oat varieties, and
identiWed an urgent need to broaden the genetic variation for
sustainable oat improvement in Canada. Similar results were
reported by Baohong et al. (2003) for Chinese oat accessions.

Improved varieties from other parts of the world showed
much wider genetic variation based on AFLP Wngerprints in

this study. For instance, varieties from North and South
America showed greater variation than European varieties, an
observation that is consistent with that of Fu et al. (2005). The
superior genetic diversity in North American spring oats may
result from a more frequent use of exotic varieties (other spe-
cies or ecotypes) in breeding, as reported by Rodgers et al.
(1983). Buerstmayr et al. (2007) identiWed several oat varieties
from North America that showed characteristics such as earli-
ness and physical grain quality that would be valuable in Euro-
pean varieties. Importantly, these characters were measured
under a variety of replicated European environments, and they
showed reasonable agronomic adaptation to those environ-
ments. The increased use of such parents in European breed-
ing programs could simultaneously increase diversity and
improve levels of valuable traits such as grain quality. From
crosses of genetically divergent parents (e.g. high a yielding
European variety crossed with an introduced parent showing

Table 3 Percentage of phenotypic variance (partial R2 £ 100%) for over-all means of nine quantitative traits explained by markers identiWed in
signiWcant models based on three methods of association analysis: GLM (Wrst numeral), GLM with PCA1-PCA4 as covariates (second numeral)
or mixed linear model (MLM: third numeral)

Mean values of quantitative traits from Buerstmayr et al. (2007)

Markers shown in the table were signiWcant at a comparison wise rate of 0.0005 for at least one trait using at least one of the six detection methods
(see Fig. 3 and methods section). The R2 values shown correspond to the signiWcance of AFLP at P < 0.01 (regular font) or P < 0.001 (in bold).
A pair of dashes (–) indicates that the model represented by the numeral in this position did not meet the P < 0.01 criterion

Trait abbreviations: PE panicle emergence, PH plant height, LO lodging severity, YLD grain yield, GYLD groat yield, TKW thousand kernel weight,
HLW hectolitre weight, GP groat percentage, SP screenings percentage

Locus PE PH LO YLD GYLD TKW HLW GP SP

S13/M14-25 8 14 6 34 25 23 16 – 6 13 – 4 9 10 7

S13/M14-27 15 9 9 21 7 7 18 5 6 10 13 9 17 14 15

S24/M20-3 – 6 – – 7 –

S24/M20-4 7 – 7 9 – – 11 – 11

S24/M20-6 9 – –

S24/M20-9 27 11 23 9 11 6 – 5 – 9 – – 7 – –

S24/M20-10 6 – 6 12 – 4 9 – – – 6 –

S24/M20-13 – 10 5 7 – 10 – 8 –

S12/M17-23 34 9 14 34 13 12

S23/M20-39 11 – – 8 – –

S23/M20-40 9 – 4 16 – 4 10 – –

S23/M20-41 – – 4 10 – 3 7 – –

S23/M20-45 6 – – 13 – 7 31 6 12 25 5 6

S13/M25-80 7 – – 11 – –

S13/M25-82 7 – 3 – – 3

S13/M25-85 13 – – 12 – –

S12/M19-34 6 – – 9 13 8

S13/M20-66 19 15 14 10 8 9

S13/M20-69 9 – 7 – 11 –

S13/M20-74 10 – 7

S18/M17-50 7 – – 14 – 4 10 – – 8 – 6

S18/M17-59 11 – 7 12 – 12

S18/M17-60 8 – – – 9 – 8 8 7 12 11 11
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superior grain quality), novel varieties with improved physical
grain quality and high yield potential may be selected.

Association analysis

The molecular marker data from the present study, in com-
bination with data reported by Buerstmayr et al. (2007),
provided an opportunity to examine preliminary evidence
for linkage-related marker-trait associations. Since map-
ping data for the AFLP markers were not available, it was
not possible to examine the structure of disequilibrium
among linked markers. Therefore, we cannot yet speculate
on the degree to which disequilibrium extends between
linked markers. However, with the exception that estimates
of population structure may be partially biased by clustered
markers, the methods applied in this study are independent
of linkage analysis.

Separating the role of population structure vs. the role of
genetic linkage as causes for marker-trait association
remains the greatest challenge in association analysis. The
six models used in this study can generally be described as
accounting for ‘Q’ (population structure that results from
the existence of sub-populations) or for ‘K’ (general simi-
larity in genetic background arising from shared kinship).
Thus, the model containing the Structure CoeYcient is pri-
marily a ‘Q’ model, while the MLM model is a ‘K’ model.
Both factors may be important in causing associations
between markers and phenotype that are not related to
genetic linkage between markers and QTLs, and both fac-
tors are partially related. For this reason we have also tested
a model containing both factors, as well as models contain-
ing PCA covariates, which may account for some propor-
tion of both ‘Q’ and ‘K’.

Although there is no deWnitive test for whether an asso-
ciation is due to population structure or genetic linkage, a
co-examination of diVerent models and diVerent traits using
R2 plots (Fig. 3 and supplementary Figure S3) can provide
an informative summary of the major trends aVecting an
analysis. DiVerences in results among the models may illus-
trate the relative importance of diVerent parts of the popula-
tion structure accounted for by diVerent models. In some
cases, the combination of both ‘Q’ and ‘K’ in the sixth
model provided the strongest reduction in R2, and presum-
ably, the best correction for population structure. However,
this was not always the case, as illustrated in Fig. 3a.
Surprisingly, the addition of three PCA axes (model 4 vs. 3)
often did not change the R2 substantially. This suggests that
the Wrst PCA axis accounts for most of the population struc-
ture related to phenotypic variance. The inclusion of multi-
ple traits in these plots provides a built in control for
signiWcance. Although there may be occasions when all
traits are aVected by the same marker, there were generally
several traits that were unaVected, and these provide a

visual ‘baseline’ for examining the relative importance of
these eVects. Thus, the R2 plot provides a useful supplement
to formal signiWcance tests which merely identify the pres-
ence of non-random associations.

While further validation is required, the markers show-
ing strongest eVects in this study provide ideal candidates
for further study or future inclusion in strategies of marker
assisted selection. Future studies in mapping populations or
in expanded sets of oat varieties will help to corroborate
whether the QTL eVects implicit in these marker-trait asso-
ciations are robust and useful in a practical breeding pro-
gram, and further eVorts in comparative mapping may help
to identify whether any of these eVects are caused by ortho-
logs of known genetic factors. However, as there will likely
be crosses made among some of the varieties investigated
in this study, it is worthwhile to speculate on some of the
possibilities for marker assisted selection revealed by these
experiments.

Based on the traits aVected, and the size of the corrected
R2 values, there are seven markers that we consider to be
the most interesting candidates for further work. These are
S13/M14-25, S13/M14-27, S24/M20-9, S12/M17-23, S23/
M20-45, S13/M20-66, and S18/M17-59. For example, the
strong eVect of S13/M14-25 on lodging could provide a
useful target for marker assisted selection, because the
lodging phenotype is not reliably expressed in a breeding
program. EVects on plant emergence and plant height may
be less useful for marker-based selection because they are
traits that are easily measured. However, the validation of
QTL for these traits can assist with functional genomic
studies or can facilitate allele mining for new sources of
variance. Marker S12/M17-23, which aVects grain yield,
would provide another obvious target to follow. Interest-
ingly, this marker eVect is highly consistent with the eVect
on groat yield, despite the fact that the groat yield estimates
include an additional set of hulless lines. Numerically, vari-
eties that have the null allele at this locus yielded an aver-
age of 12 dt ha¡1 more seed or 8 dt ha¡1 more groats than
those with the ‘plus’ allele. Since most of the lines contain-
ing the plus allele are easily identiWed as poor yielding, the
role of a marker such as this would be most relevant in a
strategy that involved introgression of other traits from
these lines, and the yield-suppressing allele would be sub-
jected to negative selection. Due to the high value of yield,
and the diYculty of selecting this trait in early generations,
further validation of the markers aVecting yield would be
very useful.

As with any type of QTL analysis, the estimates of QTL
for multiple traits can provide evidence for genetic causes
of correlations among traits, and may allow undesirable
correlations to be partially broken. The grain yield and
groat yield were most highly correlated, with much com-
monality among QTL. However, some potentially expected
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correlations were not present. Notably, there were no com-
mon QTL-related markers between plant height and lodg-
ing except for S13/M14-25. Although grain yield and groat
percentage were positively correlated with r = 0.32
(Buerstmayr et al. 2007), no common signiWcant markers
were detected for these two traits.

One of the issues that will need to be determined is
whether the linkage distances between the markers and the
QTL are small enough that the markers can be used reliably
for selection. Other factors could also aVect the utility of
these markers, including the possibility that the associated
QTL are epistatic, or that they are highly dependent on one
environment. This would seem unlikely because association
genetics ought to be most eVective in detecting QTL that
show additive eVects, and because the phenotypes used in
this study are based on mean values across four environ-
ments. While the tested environments are not representative
of all oat growing areas, we do speculate that the grain qual-
ity traits are least dependent on the production environment.

Conclusion

We now know a substantial amount about the phenotypes,
genotypes, genetic diversity, and population structure for
this set of oat lines from diverse global origins, and we are
now aware of the limited amount of diversity in European
germplasm compared to what is available from other ori-
gins. This study also provides one of the Wrst reported
investigations of association analysis in a diverse popula-
tion of oat, and thus, it will provide a useful benchmark for
comparison with future results and with results from other
species. Although population structure is an important
cause of marker trait associations in oat, we now have good
evidence that linkage-related associations are also impor-
tant, and we have some useful estimates of which markers
may be important to follow when attempting to introgress
genes from more exotic germplasm to broaden the genetic
diversity of oat.
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