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Abstract 

The geographic distribution of genetic diversity can reveal the evolutionary 

history of a species. For crop plants, phylogeographic patterns also indicate 

how seed has been exchanged and spread in agrarian communities. Such 

patterns are, however, easily blurred by the intense seed trade, plant 

improvement and even genebank conservation during the 20th century, and 

discerning fine-scale phylogeographic patterns is thus particularly 

challenging. Using historical crop specimens these problems are 

circumvented and we show here how high-throughput genotyping of 

historical 19th century crop specimens can reveal detailed geographic 

population structure. Thirty-one historical and nine extant accessions of 

North European landrace barley (Hordeum vulgare L.), in total 231 

individuals, were genotyped on a 384 SNP assay. The historical material 

shows constant high levels of within-accession diversity, whereas the extant 

accessions show more varying levels of diversity and a higher degree of 

total genotype sharing. Structure, DAPC and principal component analysis 

cluster the accessions in latitudinal groups across country-borders in 

Finland, Norway and Sweden. FST statistics indicate strong differentiation 

between accessions from southern Fennoscandia and accessions from 

central or northern Fennoscandia, and less differentiation between central 

and northern accessions. These findings are discussed in the context of 

contrasting historical records on intense within-country south to north seed 
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movement. Our results suggest that although seeds were traded long 

distances, long-term cultivation has instead been of locally available, 

possibly better adapted, genotypes.  

 

Keywords: aged DNA, diversity, landrace, population structure, seed 

exchange, SNP 
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Introduction 

 

Population genetics and phylogeography are important tools that provide 

insight into the evolutionary history of species. Geographic patterns in the 

distribution of genetic diversity can give information about the geographic 

origin of lineages or the effects of migration routes (Avise 2009) and have, 

among other species, been applied to crop plants (e.g. Londo et al. 2006; 

Olsson and Schaal 1999; Saisho and Purugganan 2007). Insights into the 

genetic structure of crop species provide not only a better understanding of 

their evolutionary history but can also increase the knowledge about cultural 

exchange in agrarian communities (van Heerwarden et al. 2011; Oliveira et 

al. 2012; Roullier et al. 2013).  

 

Barley (Hordeum vulgare L. ssp. vulgare) was domesticated about 10,000 

years ago (Badr et al. 2000), most likely from multiple domestication 

centers (Morrell and Clegg 2007; Saisho and Purugganan 2007; Fuller et al. 

2011; Ren et al 2013). An adaptable species, barley has been of great 

importance also in regions where climate or soil is sub-optimal for 

agriculture. As a result of seed improvement during the 20th century, 

present-day cultivars primarily show phylogeographic structuring on a 

continental scale. Agronomic traits, such as winter or spring growth habit 
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and two-row or six-row type, have been found to be as relevant as 

geographic origin in determining population clustering (Malysheva-Otto et 

al. 2006). 

 

To detect traces of evolutionary history landraces are a preferable choice to 

modern cultivars. The definition of a landrace is not without controversy 

(Zeven 1998; Camacho Villa et al. 2005), but they can be described as 

locally adapted populations, genetically diverse and with a historical origin, 

lacking formal crop improvement. During centuries of continuous 

cultivation in their respective area their genetic composition have shifted 

due to gene flow and seed trade as well as local adaptation and genetic drift, 

but landraces are generally considered to have been relatively stable over 

time (Brown 1999; Jones et al. 2008).  Importantly, landraces show 

phylogeographic patterns unencumbered by the overwriting effects of the 

intense plant breeding during the last century.  

 

Extant landrace materials preserved in genebanks, however, also suffer from 

limitations to their usefulness in phylogeographic studies. In some areas, 

such as northern Europe, the number of available extant landraces is very 

low (Jones et al. 2008). The passport data of these accessions are often 

limited to a country of origin and it is not always possible to determine 
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whether or not older accessions are actual landraces or early cultivars. 

Extant accessions are, furthermore, maintained ex situ and at small 

population sizes, which unavoidably leads to genetic drift, in addition to the 

risk of contamination during propagation (Steiner et al. 1997; Börner et al. 

2000; Parzies et al. 2000; Chebotar et al. 2002; Hagenblad et al. 2012). 

Consequently, extant material, at least in certain geographic areas, may 

inadequately represent the genetic diversity once present in landraces, 

thereby obscuring phylogeographic patterns. 

 

Few studies have reported fine-scale geographic structure of landrace crops 

(but see Pandey et al. 2006; Yahiaoui et al. 2007; Rodriguez et al. 2012). 

This may, in part, be due to the lack of suitable landrace material. 

Fennoscandia (Norway, Sweden, Finland and Denmark), however, provides 

unique opportunities to explore fine-scale geographic structure in crops and 

how it relates to known agrarian history. In Sweden, Finland and Norway 

seed collections, compiled by agronomists during the late 19th century, 

mainly to be used as display objects, provide an alternative material to 

extant landraces (Leino et al. 2009; Leino et al. 2010). Sampling was done 

‘on farm’, and sampling location is frequently detailed down to the specific 

farmstead. Although documentation on the sampling method is not available 

it is reasonable to assume that samples are representative for the farms 

where they were collected as the seed volumes are large and show no signs 
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of seed sorting. The historical seeds are original samples and have, in 

contrast to extant material, not been subject to any change in genetic 

diversity since the sampling.  

 

Fennoscandia holds the northernmost expansion of barley in the world, and 

encompasses large variation in climate, soil and light regimes. Historically, 

the Baltic Sea and the Bay of Bothnia between Sweden and Finland have 

facilitated trade in the region, while the Scandes mountain range between 

Norway and Sweden has been a natural barrier for both trade and agriculture 

(Flygare et al. 2011). Historical documents describe both trade regulations 

limiting seed import and crop failures leading to the need for long-range 

seed trade. A study of fine-scale geographic structure would allow the long-

term genetic effects of such historical events to be assessed. Studying 

Swedish barley accessions from the historical collections, genotyped for 14 

microsatellite markers, Leino and Hagenblad (2010) detected a north-south 

separation of genetic diversity and suggested two separate colonization 

routes into the country. The number of markers used did not, however, 

allow any detailed genetic structuring to be detected and the sampling 

limited to Sweden prevented broader conclusions concerning Fennoscandian 

barley from being drawn. 
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Here we report a study of the genetic structure of landrace barley sampled 

with a high geographic resolution across all of Fennoscandia. We have used 

high-throughput SNP genotyping to screen multiple individual seeds from a 

large number of primarily historical specimens. This allows us a population 

genomic approach to explore the details of the species’ genetic structure at 

the northernmost limit of its distribution range. 

 

 

Materials & Methods 

 

Plant material 

A total of 40 six-row barley accessions were studied (Table 1). Of these the 

majority, 31 accessions, were taken from 19th century historical seed 

collections; Tromsø University Museum in Norway (TR, three accessions), 

Mustiala Agricultural College in Finland (MU, six accessions) and the 

Swedish Museum of Cultural History in Sweden (NM, 21 accessions) 

(Leino et al. 2009; Leino 2010). The seeds, which are no longer viable, were 

collected at harvest on farm in 1869 (TR), 1890s (MU) and 1896 (NM) 

respectively, except for NM264 that was collected in 1882. Accessions were 

chosen for best possible coverage of Fennoscandia (Figure 1, Table 1), and 
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where geographic coverage was lacking in the seed collections, the 

historical accessions were complemented with nine extant accessions 

provided by the Nordic Genetic Resource Center (NGB) and the N.I. 

Vavilov Research Institute of Plant Industry (VIR). Based on passport data, 

seed jar labels and visual inspection only hulled six-row spring barley 

landraces were chosen. Plant improvement of six-row barley for 

Fennoscandia did not begin until the 1920s (Osvald 1959) and the historical 

material can therefore be considered to be genuine landraces. 

 

DNA analysis 

DNA was extracted from six individual seeds from each accession using 

FastDNA Spin Kits and the FastPrep Instrument (MP Biochemicals, Solon, 

OH). Extractions were performed at a laboratory separate from that where 

SNP genotyping was carried out to reduce the risk of contamination. A 

negative control was included in each extraction series. Two present day 

cultivars (cv. ‘Morex’ and cv. ‘Rolfi’) were used as positive controls and 

three negative extraction controls were included in the SNP genotyping. 

SNP data were generated using an Illumina Golden Gate assay, with the C-

384 SNP set designed for optimal diversity for landrace barley, as 

developed by Moragues et al. (2010). The resulting data were processed and 

studied with the Bead Studio 3.1.3.0 software packager (Illumina Inc., San 
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Diego, CA, USA). To verify that repeatable and authentic SNP calling could 

be performed on historical material by the assay, four DNA extracts from 

kernels of the same 100-year-old ear (NM76) were genotyped. Additionally, 

DNA extracts from historical samples of the cultivars ‘Gull’ (NM52) and 

‘Princess’ (NM60) and extant material of the same cultivars (NGB1480 and 

NGB9424) were compared. To evaluate ascertainment bias folded minor 

allele frequency spectra were generated for the full data and for three 

regional subsets of the data. Accessions with an origin north of the 65th 

parallel were categorized as ‘North’, accessions with an origin between the 

60th and 65th parallel as ‘Mid’ and accessions with an origin south of the 

60th parallel categorized as ‘South’. 

 

 

Linkage disequilibrium 

Linkage disequilibrium (LD) was calculated as r2 (Hill and Robertson, 

1968) using a purpose-written Perl script. Intrachromosomal LD was 

calculated for pairs of polymorphic loci residing on the same chromosome 

and interchromosomal LD was calculated for pairs of polymorphic loci 

located on different chromosomes. LD was calculated both across all 

individuals and for the individuals of each accession. 
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Statistical analysis 

Principal Component Analysis (PCA) was performed using the prcomp 

function in the statistical software R (R development core team 2011, 

version 3.0.2) to visualize both within accession diversity and structure 

between accessions. The SNP data were analyzed both as individuals and on 

an accession level. For the individual level each homozygous SNP was 

treated as either 1 or 0 and missing data were replaced with the allele 

frequency in the full dataset of the allele designated as “1”. For the 

accession level PCA, allele frequencies of each accession for each of the 

SNPs were calculated and treated as independent variables. A measure of 

genetic relatedness between individuals within accessions, based on 

principal components, was calculated using R. This measure, called PC 

dispersion, was the mean pairwise distances in PC-space between 

individuals within accessions. Data of all principal components for each 

individual in an accession were used as coordinates in a multidimensional 

space and the average distance between individuals belonging to the same 

accession in this multidimensional space was calculated. 

 

The  software structure (Pritchard et al. 2000; Falush et al. 2003, version 

2.3.3) was used to cluster accessions into populations. As suggested by 
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Nordborg et al (2005) for selfing species, and applied in other studies 

(Pandey et al, 2006; Leino and Hagenblad 2010; Leino et al 2013), we 

analysed data as haploid, treating heterozygous loci as missing data. 

Structure simulations were carried out using an admixture model. Burn-in 

period was set to 25,000 iterations and estimations were based on 50,000 

iterations. The simulations were repeated 20 times for K-values of 1 to 10. 

The choice of relevant numbers of clusters was guided by calculating K 

using the method presented in Evanno et al (2005) and the change in H’ 

from CLUMPP. To properly evaluate multimodality of the structure output, 

the 20 repeats for each K from the structure simulations were merged using 

the CLUMPP software (Jakobsson et al. 2007). CLUMPP was used with the 

Greedy Algorithm method and the results were visualized using the Distruct 

v1.1 software (Rosenberg 2004). The same procedure and settings were 

used for all analyses of genetic structure. 

 

To verify that our results were not influenced by the structure assumption of 

Hardy-Weinberg equilibrium, Discriminant Analysis of Principal 

Components (DAPC), was used as an alternative method of evaluating 

population clustering. DAPC is a multivariate method included in the 

Adegenet R package (Jombart et al. 2012) and requires no prior assumption 

of the underlying population genetic model. The method was applied both to 
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the full data and to a subset consisting of only the historical accessions. All 

principal components were utilized for prior group clustering and DAPC 

analysis used a subset of 50 PCs to prevent over-fitting.  

 

Within-accession genetic diversity was assessed by calculating Nei’s h (h = 

1 - Σ pi
2, where pi is the frequency of the ith allele) for each accession (Nei 

1973). This was done both for individual SNPs and for haplotypes (length 

two to ten SNPs) consisting of merged neighbouring SNPs. The distribution 

of genetic diversity was further explored by calculating pairwise FST values 

(Weir and Cockerham 1984) between the accessions. Pairwise FST values 

were also analyzed between pairs of accessions in the three previously 

defined latitudinal groups.  Average genetic diversity (Nei’s h) for the 

genotyped SNPs and pairwise FST between accessions and groups of 

accessions were calculated using the Arlequin 3.5 software (Excoffier and 

Lischer 2010). The significances of FST values were estimated with 

permutation tests (1000 permutations). The relative effect of gene flow and 

drift was also analyzed by plotting pairwise FST values against geographic 

distances (Hutchison and Templeton 1999). Geographic distances between 

accessions were calculated in R using the haversine formula. Total genotype 

sharing, that is when two individuals had identical genotypes at all loci, 

excluding missing data, was also determined using Arlequin 3.5. 
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Geographic Visualization 

Maps for geographic visualization of genetic structure were created using 

ArcGIS (ESRI 2011), with geographic data available through the “ESRI 

data and maps v. 9.3” database (2008).  

 

Results 

 

SNP calling in historical and extant barley accessions 

We have measured genetic diversity in more than 115-year-old historical 

and extant barley using an Illumina Golden Gate SNP assay. DNA from 

barley seeds in the historical collections is degraded to fragments of 

typically 100 – 200 bp and yield 200 ng/mg seed, compared to extant seeds 

where DNA yield is typically 4 times higher and DNA length is above 

10,000 bp (Leino et al, 2009). DNA concentrations in the extracts used for 

SNP genotyping were in the range of 20 to 65 ng/µl. Although DNA 

concentration is low it proved to be of sufficient quality for successful 

genotyping and whole genome amplification using Illustra GenomiPhi (GE 

Healthcare Life Sciences, Buckinghamshire, UK), of eight test individuals 

did not improve genotyping success. 
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To verify that repeatable and accurate signals could be obtained from the 

historical material, four replicate DNAs extracted from seeds from the same 

100-year old ear were analyzed. As barley is highly inbreeding the seeds can 

be expected to have very high genetic similarity and SNP calling from the 

four extracts were indeed identical, demonstrating repeatability. To further 

verify that extant and historical material could produce comparable 

genotype scores, historical and extant accessions of two cultivars, ‘Gull’ and 

‘Princess’ were tested. Even though it is possible that the cultivars have 

changed slightly over the past 100 years, we nonetheless expect, if our 

genotyping method yields accurate results, historical and extant samples 

from the same cultivars to be more similar than when comparing the 

historical and the extant accessions respectively with each other. Comparing 

historical and extant accessions of the same cultivar resulted on average in 

91.8 % identical scores (100.0% and 85.4% for ‘Gull’ and ‘Princess’ 

respectively), while comparing extant material of different cultivars resulted 

in 63.2 % identical scores and comparing historical material resulted in 71.7 

% identical scores. We thus concluded that SNP calling of the historical 

material was sufficiently accurate and not influenced by the nature of aged 

DNA. 
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A total of 231 individuals from 40 different accessions originating across 

Fennoscandia were obtained from historical seed collections (31 accessions) 

and genebanks (nine accessions) (Table 1, Figure 1). These, together with 

three negative extraction controls were assayed for 384 SNPs. Neither of the 

extraction controls yielded detectable SNP signals verifying the absence of 

contamination. Loci scored as heterozygous within an individual were 

extremely rare in the dataset, 0.076 % averaged across all loci and 

individuals. Due to difficulties of separating unclear marker distinction from 

actual heterozygotes such loci were scored as missing data. Of the 384 SNPs 

assayed 63 were excluded due to high levels (> 15 %) of missing data and 

one due to being monomorphic, leaving 320 SNPs to be used for analyses. 

Additionally, nine individuals with more than 40 % missing data were 

excluded from further analysis leaving an average 1.6 % missing SNP data 

per individual (on average 2.01 % for the historical material and 0.09 % for 

the extant material). Success rates of individual SNP markers are reported as 

supporting information (Supplementary table 1).  

 

Minor allele frequency spectra for the total dataset and the predefined 

latitudinal groups showed that the spectra for the subgroups differ somewhat 

from each other and that of the total dataset (Supplementary Figure 1). This 

is likely due to stochastic effects as the underlying data for the subgroups is 

based on fewer individuals. In all spectra the frequency of the minor allele 
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was in most cases 5 % or less. The number of SNPs within each category of 

minor allele frequency was becoming increasingly lower as the minor allele 

frequency approached 50 % (Supplementary Figure 1), as expected under 

the basic model (see Nielsen et al. 2004).  

 

Linkage disequilibrium in Fennoscandian barley does not vary with 

latitude 

Linkage disequilibrium (LD) between pairs of polymorphic loci was 

calculated as r2. Average interchromosomal LD was for the complete dataset 

0.0664 but with a skewed distribution (median 0.012). Intrachromosomal 

LD declined with the distance between markers, but r2 values of 0.4 and 

more could still be observed between markers 100 cM of more apart 

(Supplementary Figure 2). We also calculated interchromosomal LD for 

each accession separately (Table 1). Average interchromosomal LD ranged 

from 0.2 for NM671 to 1 for NGB468, NM633 and NGB9529 (average 

0.364) but was not significantly correlated with latitude of the accession (p 

= 0.247). We also compared LD values between accessions from each of 

three predetermined latitudinal groups: South, Mid and North. Neither of the 

three geographical groups South, Mid and North differed significantly in 

their LD from each other (two-sided t-test, all p > 0.5). LD was, however 

higher in extant material (average 0.612) than in historical (average 0.293) 

accessions (two-sided t-test, p < 0.001). 
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Both genetic diversity and total genotype sharing is higher within 

extant landraces compared to historical accessions 

To assess the genetic composition of the accessions both Nei’s h and the 

amount of total genotype sharing within accessions was calculated. Within-

accession genetic diversity ranged from 0.005 in the extant Norwegian 

landrace NGB2072 to 0.331 in the extant Russian landrace VIR2174 with 

an average within-accession diversity of 0.101 (Table 1, Figure 2). A 

genetic bottleneck leading to loss of genetic diversity could be expected in 

populations migrating northwards. However, within-accession genetic 

diversity was not found to be significantly correlated with latitude (r2 = 

0.11672, p = 0.205). The average within-accession genetic diversity of the 

historical accessions was 0.087 while extant accessions had an average 

within-accession diversity of 0.152 (two-tailed unpaired t-test, p << 0.01).  

 

Ascertainment bias can affect comparisons of genetic diversity between 

unascertained and ascertained populations, or populations similar to 

ascertained populations. The effect of ascertainment bias can be alleviated 

by combining SNPs into haplotypes (Conrad et al., 2006; Oliveira et al. 

2014). For this reason Nei’s h was also calculated for haplotypes of length 2 

to 10. The haplotype diversities suggested little effect of ascertainment bias. 

The accessions with the highest and lowest diversity remained the same for 
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all lengths of haplotypes and most differences in relative rank were minor 

(Supplementary Table 2). The few accessions that showed a marked change 

in relative diversity could be explained by an increase of missing data as the 

haplotypes were merged. 

 

All but one extant accession (88.9 %) included individuals sharing identical 

total genotypes (i.e. two or more individuals within the same accession 

having all genotyped SNPs scored as identical), something that was only 

found in six out of 31 accessions (19.4 %) among the historical material 

(Table 1). It is likely that the amount of total genotype sharing in the 

historical accessions is even lower, as missing data is more common, 

increasing the likelihood of individuals being identified as identical. It is 

worth noting that the three accessions with the highest genetic diversity, 

VIR2143, VIR2174 and VIR3221, also have a high degree of total genotype 

sharing, meaning they consist of a few, but very different, lines (Table 1). 

While most of the historical accessions are more variable than the extant 

material it should be noted that some of the individuals share total 

genotypes not only within accessions, but also between accessions. This 

occurs in the accessions MU13, MU69, NM633 and NM668, all of which 

originate from relatively nearby places in northern Finland and northern 

Sweden. 
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Genetic diversity in extant landraces is inflated by a few individuals 

with distinctly different genotypes  

We explored the distribution of genetic diversity by principal component 

analysis (PCA). In the accession level PCA the Estonian accession, 

VIR2143, clustered separately from all other accessions along PC2 while 

the Karelian accessions appeared closer to the Fennoscandian material 

(Figure 3A). There was, however, little indication of accessions clustering 

according to country of origin (Figure 3A). Classifying accessions 

according to latitudinal groups described above revealed a certain amount of 

clustering according to latitude along the first PC (Figure 3B), a pattern that 

was made clearer when omitting extant accessions (Figure 3C).  

 

The geographic distances between accessions were well explained by the 

distances in PC space (r2 = 0.265, p << 0.01). Analyzing latitude and 

longitude separately as explanatory variables showed that latitude explained 

the distances between accessions in PC space much better (r2 = 0.224, p << 

0.01) than longitude (r2 = 0.0366, p << 0.01). This is noteworthy as the 

geographical range of the study area is approximately equal in both 

directions. 

 

The individual level PCA showed that specimens of the Karelian accessions 

(VIR2174 and VIR3221) were widely distributed along both PC1 and PC2 
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with individuals being either very similar to the Fennoscandian material or 

highly divergent (Figure 3D). To explore this further a proxy of the genetic 

variation within accessions, PC dispersion, was quantified from the PCA 

results using mean pairwise distances in PC-space (Table 1). These values 

ranged from 1.063 for the Norwegian accession NGB2072 to 9.319 for the 

Karelian accession VIR2174 and were highly correlated with the within-

accession genetic diversity (r = 0.867, p < 0.001). The variance of the PC 

dispersion statistic provided additional information to the mean PC 

dispersion as it is strongly inflated where the genetic variation between 

individuals within an accession is uneven, such as when a sample contains 

seed from mixed sources. Thus, a high PC dispersion variance indicates 

accessions that may have been subject to seed mixing during rejuvenation. 

For example, the accession NGB468 shows a high variance in PC dispersion 

(24.048) due to a single individual which differs greatly, while the 

remainder of the material contains multiple identical total genotypes 

(NUGen/NInd = 0.33), this could not be detected from the genetic diversity 

index (h = 0.101) which is in fact below average. High PC dispersion 

variance was found in several extant accessions but none of the historical 

accessions (Table 1).  

 

Differences in the genetic diversity of extant and historical landraces were 

also evaluated by comparing extant and historical accessions from the same 
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geographic origin to rule out any geographical effects on diversity. The two 

pairs of extant and historical accessions with the shortest geographic 

distance are NGB15103 (extant) - NM727 (historical) and NGB27 (extant) - 

MU52 (historical) where the accessions NGB15103 and NM727 originate 

from nearly the same site. The extant NGB15103 had significantly higher 

genetic diversity (0.136 vs 0.077, two-tailed unpaired t-test, p << 0.01), 

fewer unique total genotypes (four vs six) and a higher PC dispersion (6.680 

vs 0.217) compared to the historical NM727, which could indicate that it is 

a mixture of seeds with different origins rather than a genuine landrace. In 

contrast, the genetic diversity of the accessions NGB27 and MU52 were not 

significantly different (Nei’s h = 0.102 vs 0.107 for NGB27 and MU52 

respectively, two-tailed unpaired t-test, p = 0.76) and each accession had 

two individuals with total genotype sharing among six individuals. The 

variances of the PC dispersion of NGB27 and MU52 were also quite 

similar, being 2.528 in NGB27 and 1.611 in MU52. FST values further 

indicated differences between NGB15103 and NM727 with a high and 

significant FST (FST = 0.422, p << 0.001. NGB27 and MU52 in contrast had 

a low and non-significant FST value (FST = 0.077, p = 0.144). 

 

A latitudinal structure of genetic diversity 

We explored geographic structuring of the accessions with the software 

structure. We initially analyzed the complete dataset where Evanno’s K 
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suggested that a two-cluster model best described the data and the H’ values 

from CLUMPP indicated either two or three populations with equal support 

(Supplementary Table 3). Although K cannot be calculated for k = 1, log-

likelihood values calculated by structure were consistently much higher for 

k > 1 than k = 1, which, together with the distinct and reproducible 

clustering patterns, indicates that population structure is best described by 

more than one cluster. The two-cluster model separated the entire VIR2143 

accession and individuals from the accessions VIR2174, VIR3221, NGB321 

and NGB468 (Figure 4A). Increasing the number of clusters to three (data 

not shown) divided the Fennoscandian accessions in a north and south 

cluster.  

 

In order to properly evaluate any substructure that may have been obscured 

by large difference between the main clusters, and based on the information 

from the PCA and the structure analysis we created two subsets of 

accessions. The first subset excluded the divergent cluster from the first 

structure analysis by removing individuals that clustered to the minor 

cluster in the k = 2 model to an extent of 90 % or more (shown as black in 

Figure 4A). For this subset K again supported k = 2, while H’ indicated k 

= 2, but with nearly as high support for k = 4 (Supplementary Table 3). The 

two-cluster model of the first subset divides Fennoscandia in a northern and 
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southern cluster, overlapping national boundaries (Figure 4B). The four-

cluster model adds two additional, latitudinal, clusters (data not shown).  

 

The second subset consisted of only historical accessions in order to assess 

whether the inclusion of the extant material in general have an effect on the 

genetic structure. Indeed, the clusters in Fennoscandia proved to be much 

more distinct with the omission of extant accessions (Figure 4C). For the 

historical seed subset the ΔK indicated k = 2 while H’ was highest for k = 3 

and nearly as high for k = 2 and k = 6 (Supplementary Table 3). The three-

cluster model divided the accessions into three latitudinal groups, the 

southernmost encompassing the southern third of Sweden and the southern 

tip of Finland, a middle group of accessions stretching eastward across 

central Sweden and Finland and a northernmost group with accessions from 

northern Norway, northern Finland and Sweden along the border to Finland 

(Figure 4C and Figure 5).   

 

We also evaluated the data with an alternative method not assuming Hardy-

Weinberg equilibrium. These DAPC analyses supported k ≈ 9 - 10 (table 

S2) for the complete dataset and clustering for k = 2 to k = 10 were nearly 

identical to those of the structure analyses; for all levels of k the structuring 

observed was primarily latitudinally distributed. For the historical subset 
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DAPC clearly supported k = 5 (Figure 4D) and the overall structure was 

again very similar to that of the k = 3 model from structure, with clear 

latitudinal structuring, albeit separating the NM625 into its own cluster and 

most Swedish accessions between the 60th and 65th parallel into yet another 

cluster (Figure 4D). 

 

FST values were calculated between all pairs of accessions and 89.6% of the 

pairwise FST values were significant at the level p < 0.05. Pairwise FST 

values and geographic distances were moderately but significantly 

correlated (r = 0.497, p < 0.001). A scatter plot visualized this correlation 

and also indicates increasingly varying FST values as distances increase 

(Figure 6). The resulting correlation suggests a lack of regional equilibrium 

between gene flow and drift (see Hutchison and Templeton 1999). For the 

landrace barley it would appear that gene flow is more effective at shorter 

distances and drift is more influential at greater distances of geographic 

separation. 

 

After excluding the extant material we averaged pairwise FST for 

comparisons within and between the previously defined latitudinal regions 

“North”, “Mid” and “South” (Table 2). In the three groups, the highest 

average pairwise FST was found between accessions in the “South” group, 

which could be an indication of a higher genetic diversity within this 
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latitudinal group. The corresponding statistic was lower for the “North” and 

“Mid” group where average FST values were approximately the same. The 

pairwise comparisons between groups revealed that the differences between 

accessions in the “North” and “Mid” group were less than the difference of 

either group from the “South” group. The FST averages for the different 

comparisons between regions were all significantly different from each 

other (two-tailed unpaired t-test, p << 0.01). 

 

Discussion 

Resolving the historical spread of agricultural crops is a challenging task 

requiring combining archaeological, botanical and historical evidence. 

Recently, phylogeographic studies have added substantially to the 

understanding of crop history (van Heerwarden et al. 2011; Oliveira et al. 

2012; Roullier et al. 2013). However, if a study is performed on a finer 

geographical scale, more power in terms of genetic markers and number of 

individuals is needed. Additionally, the use of landraces with strong genetic 

integrity becomes even more important. When these requirements are 

fulfilled, as shown in the present study, patterns of historical crop spread 

can become visible. 
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Phylogeographic studies of landrace crops have often been restricted to 

single individuals (e.g. Saisho and Purugannan 2007; Isaac et al. 2010; van 

Heerwarden et al. 2011) or aggregate samples from accessions, using 

pooling schemes (e.g. Jones et al. 2011; Hunt et al. 2011; Oliveira et al. 

2012). This allows a much higher number of accessions to be studied, but 

comes at the cost of ignoring within-accession genetic diversity. This is 

unfortunate, both because knowledge on within-accession diversity is 

valuable per se, but even more so as within-population diversity aids in the 

proper identification of population structure (Fogelqvist et al 2010; Lascoux 

and Petit 2010).  

 

The trade-off between the number of individuals per accession studied and 

number of accessions that can be included in a study means a careful 

balance must be struck. While a higher number of individuals aids in the 

identification of population structure, the overall scatter obtained here when 

plotting FST vs. geographic distance (Figure 6) illustrates the need also for a 

large number of accessions to determine genetic structure of the species. 

This is particularly the case when the distance between sampling locations is 

high. The increasing variance in FST values as distance increase suggests 

that a dense sampling of populations will facilitate the evaluation of genetic 

structure. Ideally a minimum number of individuals, such as the 5 – 10 
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individuals suggested by Fogelqvist et al (2010), should be sampled while 

ensuring that the necessary number of populations can still be studied. 

 

Our analysis of the between-individual distribution of within-accession 

diversity suggests that NGB468, VIR3221 and VIR2174 may be of mixed 

origin. Although the genetic diversity of these accessions is extremely high, 

individuals sharing the same total genotype are common, i.e. there are 

several distinct total genotypes each shared by more than one individual, as 

would be expected in seed mixtures or lineages descending from seed 

mixtures. Additionally, while some individuals share origin with the Nordic 

group others appear to have a different origin (Figure 3D, Karelia). It is not 

possible to determine whether this mixture is a result of contamination 

during genebank maintenance or if the mixture was present at the site at the 

time of collection. If the original collection occurred after a recent crop 

failure event, a part of the seed could have been recently imported from a 

different area. Further testing of material from areas suggested as potential 

trade partners in historical records will be needed to elucidate this.  

 

While the benefit of genebank conservation for plant breeders is 

unquestionable (reviewed by de Carvalho et al. 2013), concerns have been 

raised regarding the use of extant landrace material for studying questions 

regarding crop evolution (Lister et al. 2009; Hagenblad et al. 2012, Leino et 
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al. 2013; Roullier et al. 2013). Genetic drift, selection and contamination are 

all processes that can lead to changes in the genetic identity of landraces 

during ex situ regenerations. Recently collected, in situ preserved landraces, 

when available, can instead have been affected by 20th century large-scale 

seed trade and movement. Our results suggest that some of these processes 

may well have had an effect on the genetic composition of our extant 

material. The extant material contains accessions that are both markedly less 

diverse (such as NGB2072 and NGB9529), possibly a consequence of 

strong genetic drift, and clearly more variable (e.g. NGB321, VIR3221, 

VIR2143 and VIR2174), which could be due to contamination, than all or 

most of the historical accessions (Figure 2). However, it must be noted that 

the extant material in this study was chosen to cover geographic areas from 

which historical material was not available. This means that both age and 

geography may play a part in any comparisons between extant and historical 

material. From the historical samples we draw the conclusion that the 

within-accession genetic diversity of Fennoscandian landrace barley before 

the introduction of modern plant improvement was, for these SNP markers, 

typically somewhere between 0.05 and 0.1. 

 

The SNP markers used were originally ascertained on smaller discovery 

panels of barley cultivars (Rostoks et al. 2005; Rostoks et al. 2006, Close et 

al. 2009), and hence ascertainment bias may influence the results. Moragues 
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et al. (2010) tested a set of 1536 SNP markers on a large set of 500 cultivars 

and 169 landraces, evaluating ascertainment bias and its effect on diversity 

and proposed two reduced sets of 384 SNPs optimized for European 

cultivars and Syrian and Jordanian landraces, respectively. Of these, we 

have used the one optimized for European cultivars. Our material is 

restricted to landraces and while ascertainment bias could render inferences 

of genetic variation outside the area of the study somewhat inaccurate, it is 

unlikely to have an effect on the genetic structure or comparisons of 

population parameters within the area. We also note that neither the minor 

allele frequency spectra (Supplementary Figure 1) nor the genetic diversity 

of the haplotype groups (Supplementary Table 2) indicate ascertainment 

bias as a major issue in this dataset. 

 

Genetic analyses of historical specimens are a desirable alternative to steer 

clear of some of the issues associated with extant landraces (Jones et al. 

2008; Lister et al. 2010, Hagenblad et al. 2012). However, the difficulties 

involved in obtaining sufficient numbers of individuals and quality of DNA 

for such studies means the number of investigations reporting within-

accession diversity in historical material is even lower than that of extant 

landraces (but see Leino and Hagenblad 2010; Hagenblad et al. 2012; Leino 

et al. 2013). Additionally, the degraded quality of DNA in most historical 

samples means that genetic analysis can be difficult and in many cases a 
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relatively low number of genetic markers, usually chloroplast or 

mitochondrial and sometimes microsatellite markers have been analyzed 

(reviewed by Palmer et al. 2012). 

 

Here we show that seeds more than one hundred years old, when stored 

under favorable conditions, contain sufficient DNA to be analyzed with 

high-throughput SNP genotyping. SNP genotyping of historical specimens 

has previously been reported from animal samples, such as cattle (e.g. 

Svensson et al. 2007) and salmon (e.g. Johnston et al. 2013), and in small-

scale studies of plants (e.g. Lister et al. 2013). To our knowledge, this is the 

first report where historical plant samples have been analyzed by large scale 

SNP genotyping, with more than one individual per accession and a high 

number of markers. Should this prove to be possible also for other material 

it will expand the field of population genetics of historical plant specimens 

into that of population genomics. Historical seed collections such as those at 

the Swedish Museum of Cultural History, the Mustiala Agricultural College 

and Tromsø University Museum, are likely to prove unusually suited for 

these types of studies as the number of seeds in collections allows genomic 

analysis on a population scale. 

 

Our genomic scale analysis allowed us to investigate issues such as LD. We 

found limited evidence of breakdown of intrachromosomal LD 
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(Supplementary Figure 2), contrasting with previous findings in both wild 

barley (Caldwell et al, 2006; Morrell et al, 2005) and barley cultivars 

(Caldwell et al, 2006) but showing striking similarities to the landrace 

dataset from Syria and Jordan studied by Caldwell et al (2006). Average 

intrachromosomal LD was also similar to that reported for landrace barley 

from Syria and Jordan by Russell et al (2011) but higher then in wild barley 

from the same area and lower than in a worldwide set of both two- and six-

row barley cultivars (Malysheva-Otto et al, 2006). Our results thus suggest 

that a similar genetic structure is maintained between landraces from the 

area of domestication and those from Fennoscandia. Additionally, landraces 

in general seem to show more intrachromosomal LD than wild barley, but 

less than improved cultivars. Our interchromosomal LD was, however, an 

order of magnitude higher than the one found in populations of Sardinian 

landrace barley (Rodriguez et al, 2012). Future studies will reveal whether 

this is an effect of the sampling size or the result of differences in 

population structure and gene flow between different areas. The similar 

levels of within-population LD in the different geographical groups suggest 

that levels of outcrossing and geneflow between accessions are of similar 

magnitude across Fennoscandia. 

 

The spatial genetic structure of extant barley has been described earlier both 

on a worldwide scale (Malysheva-Otto et al. 2006; Saisho and Purugganan 
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2007) and across Europe (Jones et al. 2011; Jones et al. 2012) using 

microsatellite markers. With only 14 microsatellite markers genotyped in 

landrace barley from historical seed collections, Leino and Hagenblad 

(2010) were able to show geographic structuring in barley on a much finer 

scale – within Sweden. Six-row barley landraces from the far north were 

genetically distinct from those of the rest of Sweden. This tentatively 

suggested two separate routes of migration into Sweden, but raised 

questions regarding the phylogeographic patterns of barley in the 

neighboring Fennoscandian countries. 

 

Our analysis of 384 SNPs allowed us to verify the far northern Swedish 

population detected by Leino and Hagenblad (2010). We could further show 

that the cluster is distributed across the whole far-north Fennoscandia. 

Additionally, while Leino and Hagenblad (2010) could only detect a single 

far-north cluster, the increased power from the higher number of markers in 

this study presents a more detailed picture. In addition to the far-north 

cluster two or possibly three more latitudinal clusters can be detected, all 

being shared across the longitudinal breadth of Fennoscandia. The far 

northern group detected by Leino and Hagenblad (2010) thus seemed not to 

be a Finnish group migrating into northern Sweden but the northernmost of 

a set of several latitudinally structured clusters shared across Fennoscandia. 
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These results contrast with several historical records on seed movement 

within the area. 

 

When analyzing the subset with only historical material the most 

conspicuous detail of the three-cluster structure model and the five-cluster 

is the far-northern group (depicted in turquoise in Figure 4 and Figure 5). It 

stretches from Tromsø in the far north of Norway reaching east through the 

northernmost Sweden and Finland. This connection between northern 

Norway, northern Sweden and Finland is particularly fascinating as barley 

cultivation is not continuous in the area (Flygare et al. 2011), but interrupted 

by the Scandes mountain range. The genetic similarity instead appears to be 

a result of international seed trade over the mountain range. Such a trade in 

the far north of Fennoscandia is noteworthy since mercantilist policies 

during the period 1593 to 1788 restricted foreign seed import into Norway, 

at that time under Danish rule (Herstad 2000). This culminated with a state 

monopoly on seed trade in the period 1735-1788 for northern and western 

Norway (Lunden 2004). It is, however, known from historical records that 

settlers in inland northern Sweden brought harvested seed to millers across 

the border (Kjellström 2012). To what extent the traded seed was grown in 

Norway, or whether the Swedish farmers brought back seed from the other 

side of the border is not clear, but from the results in this study it seems 
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likely that seed trade across the borders of northern Fennoscandia had an 

impact on the genetic composition of the cultivated barley. 

 

Historical sources mention that during times of crop failure seed was 

transported in large quantities from Estonia to Sweden (Heckscher 1935-

1949), but traces of such trade is not evident in this study. The extant 

accession from Estonia, VIR2143, clearly and consistently separates from 

the historical Fennoscandian accessions (Figure 3D, Figure 4A). More 

samples with origins around the eastern Baltic, preferably from historical 

collections, are needed to clarify the relationship between the Estonian and 

Fennoscandian landrace barley.  

 

A striking feature from the genetic structure is its apparent independence 

from national borders within the region; contrary to what historical records 

suggest. Not only in the north but along the whole north – south range of 

Fennoscandia we see genetic clustering shared between countries along the 

approximately same latitude. For example, in 1867-1868 just a few decades 

before the sampling of the accessions studied here, a severe crop failure in 

northern Sweden resulted in large quantities of barley for food and seed 

being imported from southern Sweden (Häger et al. 1978).  In spite of this, 

no mixing of south Swedish barley in the landraces from northern Sweden is 

evident. While seeds were traded and documented human migrants 
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presumably brought seeds with them it is evident that long-term cultivation 

has been of the genotypes locally available, rather than imported seed. 

Possibly, adaptation to different climatic conditions has favored cultivation 

of local genotypes over imported ones. We are currently investigating the 

distribution of genetic diversity in candidate genes for climate adaptation to 

explore their role in barley cultivation. 
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Table 1: Geographic information and diversity data for the landrace accessions used in the study. Accessions abbreviated with 1 

MU are from the seed collection at the Mustiala Agricultural College, NGB from the Nordic Genetic Resource Center, NM 2 

from the seed collection at the Swedish Museum of Cultural History, TR from the seed collection at the Tromsø University 3 

Museum and VIR are from the N.I. Vavilov Research Institute of Plant Industry. Countries are abbreviated according to ISO 4 

3166-1 alpha-3. Source indicates whether the accession was collected from a genebank (extant) or from historical seed archives 5 

(historical).  Latitude and longitude is given in decimal degrees. NInd indicates the number of individual seeds genotyped and 6 

NUGen indicates the number of unique genotypes within the accession. PC dispersion is the average distance in PC-space 7 

between each pair of individual seeds in the accession and is given along with its variance (in parenthesis). All principal 8 

components were included when calculating the PC dispersion. 9 

Accession 

Site of origin 

(Country) Source Lat. Long. NInd NUGen Nei's h 

PC dispersion 

(Var) 

Interchromos

omal LD (r2) 

MU1 Rovaniemi (FIN) Historical 66.48 25.72 5 4 0.056 4.507 (2.544) 0.335 

MU13 Oulunsalo (FIN) Historical 64.93 25.40 6 5 0.044 3.766 (2.944) 0.358 

MU52 Jääski (FIN/RUS) Historical 61.03 28.92 6 5 0.089 5.586 (2.917) 0.269 

MU55 Vielvis/Kelviå (FIN) Historical 63.85 23.45 6 6 0.083 5.542 (1.132) 0.255 

MU62 Hyrynsalmi (FIN) Historical 64.73 28.47 6 6 0.063 4.709 (2.247) 0.318 
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MU69 Muonionniska (FIN) Historical 67.95 23.65 6 6 0.078 5.209 (0.471) 0.278 

NGB15103 Luleå (SWE) Extant 65.59 22.15 6 4 0.113 6.047 (6.537) 0.370 

NGB2072 Finset (NOR) Extant 60.60 7.50 6 3 0.004 0.925 (0.728) 0.760 

NGB27 Sarkalahti (FIN) Extant 61.03 27.33 6 5 0.085 5.508 (2.528) 0.278 

NGB321 Törmälä (FIN) Extant 63.18 30.02 6 6 0.180 7.786 (3.797) 0.366 

NGB468 Trysil (NOR) Extant 61.28 12.28 6 2 0.089 3.127 (20.952) 1 

NGB9529 Lynderupgaard (DNK) Extant 56.57 9.35 6 2 0.011 1.178 (2.917) 1 

NM264 Mattila (FIN) Historical 63.15 27.28 6 6 0.106 5.736 (0.437) 0.420 

NM599 Matarengi (SWE) Historical 66.38 23.65 6 5 0.068 4.866 (1.826) 0.340 

NM613 Sundby (SWE) Historical 64.28 21.22 6 6 0.086 5.577 (0.426) 0.248 

NM617 Österkomsta (SWE) Historical 62.50 16.17 6 6 0.086 5.708 (0.232) 0.205 

NM618 Forssen (SWE) Historical 63.17 16.99 6 6 0.106 6.339 (0.554) 0.230 

NM625 Toppmyra (SWE) Historical 59.73 17.55 6 6 0.067 4.964 (0.780) 0.263 

NM633 Pajala (SWE) Historical 67.20 23.37 5 2 0.013 1.455 (3.445) 1 

NM639 Bergsjö (SWE) Historical 62.05 17.06 5 5 0.070 5.273 (0.173) 0.255 

NM646 Ramvik (SWE) Historical 62.82 17.85 6 6 0.089 5.780 (0.780) 0.251 

NM667 Nya Skottorp (SWE) Historical 56.45 13.00 5 5 0.078 5.546 (0.535) 0.303 

NM668 Kurrokveik (SWE) Historical 66.05 17.88 6 6 0.069 5.122 (0.287) 0.213 

NM669 Vuollerim (SWE) Historical 66.42 20.62 6 6 0.065 4.927 (0.223) 0.209 

NM671 Hylkebo (SWE) Historical 56.58 15.85 6 6 0.074 5.300 (0.128) 0.200 

NM705 Brattbäcken (SWE) Historical 64.23 15.87 6 5 0.073 5.121 (1.753) 0.288 

NM715 Ransjö (SWE) Historical 62.31 15.65 6 6 0.079 5.448 (0.198) 0.202 

NM727 Sandön (SWE) Historical 65.53 22.40 6 6 0.064 4.913 (0.217) 0.213 

NM728 Omne (SWE) Historical 62.96 18.37 6 6 0.071 5.182 (0.217) 0.209 

NM731 Ånge (SWE) Historical 62.52 15.66 5 5 0.081 5.638 (0.304) 0.272 

NM777 Assmundstorp (SWE) Historical 57.77 11.92 6 6 0.081 5.496 (0.990) 0.237 
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NM785 Landsom (SWE) Historical 62.95 15.22 6 6 0.059 4.692 (0.278) 0.215 

NM801 Stumnäs (SWE) Historical 60.88 15.12 6 6 0.082 5.507 (0.799) 0.256 

TR1 Storfjord (NOR) Historical 68.00 16.50 5 5 0.049 4.301 (0.641) 0.33 

TR5 Ibestad (NOR) Historical 68.80 17.25 5 5 0.044 4.193 (0.336) 0.287 

TR7 Balsfjord (NOR) Historical 69.47 18.25 5 5 0.056 4.683 (0.792) 0.298 

TR8 Komagfjord (NOR) Historical 70.25 23.22 5 5 0.074 5.299 (0.285) 0.301 

Vav2143 Estonia (EST) Extant 57.82 27.60 6 4 0.198 7.160 (17.144) 0.492 

Vav2174 Karelia (RUS) Extant 61.82 36.67 6 4 0.275 8.985 (19.290) 0.543 

Vav3221 Karelia (RUS) Extant 61.22 36.63 6 3 0.188 5.921 (29.080) 0.699 

           Average 0.083 6.816 (2.600) 0.364 
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Table 2: Averages of pairwise FST comparisons within accessions 10 

(diagonal) and between latitudinal groups of accessions. Standard errors of 11 

the averages are reported in brackets. All averages differed significantly 12 

from each other. 13 

    

 North Mid South 

North 0.140 (0.002)   

Mid 0.238 (0.009) 0.199 (0.001)  

South 0.455 (0.017) 0.387 (0.016) 0.338 (0.040) 

    

 14 
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Titles and legends to figures 15 

 16 

Figure 1: Geographic origin of the accessions and their conservation status. 17 

Country borders on the map are the borders of 2013. 18 



 54 

 19 

Figure 2: Within-accession genetic diversity measured as average genetic 20 

diversity (Nei’s h) for the genotyped SNPs of each accession. Extant 21 

accessions are displayed as black bars and historical accessions are 22 

displayed as grey bars 23 
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 24 

Figure 3: Principal Component Analysis (PCA) of accessions and 25 

individuals. A) PCA of 40 accessions of landrace barley on accession level. 26 

Accessions are divided by color depending on country of origin according to 27 

present day national borders and by symbol according to seed source. PC1 28 

and PC2 explain 22.88 % and 11.43 % of the total variation respectively. B) 29 

PCA of the same data as in A) presented according to latitude. Accessions 30 

with an origin north of 65° N (“North”) are shown in blue, accessions from 31 

between 60° N and 65° N (“Mid”) in red and accessions south of 60° N 32 

(“South”) in black. Symbols are as in A). C) PCA of historical accessions 33 

only. PC1 and PC2 explain 25.00 % and 17.57 % of the total variation 34 

respectively. Color coding is as in A). D) PCA of 321 individuals from 40 35 

accessions of landrace barley, performed on an individual level. PC1 and 36 
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PC2 explain 12.25 % and 7.46 % of the total variation respectively. Color 37 

coding is as in A). Individuals from the two Karelian accessions are marked 38 

with filled circles to visualize their within-accession differentiation.  39 

 40 

 41 

Figure 4: A - C) Genetic structure from 20 individual structure simulations 42 

merged with the CLUMPP software. A) K = 2, complete dataset. B) K = 2, 43 

subset with the minor (black) cluster from B) removed. C) K = 3, historical 44 

accessions only. D) Output from DAPC analysis, visualized with the 45 

Distruct software, K = 5, historical accessions only.  46 

 47 
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48 
Figure 5: Geographic visualization of structure results from 20 simulations 49 

with K = 3, joined together with CLUMPP and visualized with ArcMap 10.  50 

Clusters are colored as in Figure 4. 51 
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 52 

Figure 6. All pairwise FST values plotted against geographic distance 53 

between the accessions. 54 
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