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Preface 

The thesis of Selcuk Aslan is framed within a research project to understand the molecular 
genotyping of flower development genes and allelic variations in ‘historic’ barley accessions. 
The project is designed by Dr. Matti W. Leino and Johan Edqvist Prof of Plant Molecular 
Genetics and Physiology, Division of Molecular Genetics, Department of Physics, Chemistry 
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1 Abstract 
This is a genetic study of flowering time in cultivated barley with the aim to identify the 
alleles contributing to rapid flowering and frost resistance. We have genotyped a collection of 
23 historic barley varieties for the crucial genes [VRN-1, VRN-2, VRN-3 (HvFT), Ppd-H1, 

CO, and Vrs1]. We have amplified the polymorphic mutations by PCR-based methods, and 
sequenced them to identify possible haplotype groups. The row type was not determined of 
all accessions, but all the Scandinavian varieties were found to carry mutant alleles of Vrs1, 
that indicates them to be six-row barleys. The deletion of the crucial segment of VRN-1 

vernalization contributes dominant spring growth habit. We found haplotype groups 2 and 4 
to be dominant in Northern barleys whereas haplotype groups 1 and 5 dominated in south. 
The presence of dominant allele VRN-2 gene is addressed to floral repression until plants get 
vernalized. Most of the 23 varieties were found to have deleted allele of VRN-2, which is 
connected with a spring growth habit. The only four of the accessions that have the dominant 
allele of Ppd-H1 that contribute flowering are generally from the south of Europe. HvFT and 
CO genes CO-interact to influence flowering time. CO haplotype grouping suggest a 
geographical distribution of different alleles but needs more disseminations. Certain HvFT 
alleles cause extremely early flowering during apex development in the varieties that have 
deletion of VRN-2 alleles under long days. VRN-3 alleles of 14 varieties were identified. 

Keywords: Cultivated barley, VRN-1, VRN-2, VRN-3 (HvFT), Ppd-H1, CO, Vrs1, 
vernalization, photoperiod response, frost resistance, flowering time, sequencing, PCR, aged 
DNA.  
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2 Introduction  

2.1 Cultivation of landrace barley 
Barley (Hordeum vulgare) is one of the most widely adaptable crops and is easily grown in 
temperate areas where it is sown as winter or as summer crop. It has been cultivated for at 
least 10000 years, making it one of the oldest domesticated crop plants during history 
(Salamini et al., 2002). Thus, propagation of barley is ranging from tropical regions to north 
of the Arctic Circle (Bothmer et al., 2003). Lister et al. (2009) concluded that principally 
delays of crop cultivation development could result in both slow spreading of agricultural 
practices and adaption of the crops to new climatic condition such as altered day-lengths and 
converted temperature regimes.  

In advance of introducing the modern improved cultivars of barley, the so-called landraces 
were used. These were locally adapted varieties that are believed to have been cultivated in 
the same geographic area since they were introduced. The modern varieties have not evolved 
in local environments, and therefore they don’t give any information about natural adaptation 
of barley to variation in day length and grow season. During the 20th century, landraces were 
replaced with modern enhanced varieties with higher output and better disease resistance. 
One negative effect of the modern improvement of barley, among other crops, is the intensive 
loss of genetic diversity that it brought (Olsson 1997). Although a number of landraces have 
been kept in gene banks, most of them were lost during the 20th century. Some landraces, 
however, were collected prior to 1900, to be used in germinability assays. Samples of these 
seeds have been stored in museums. For example, the Swedish Museum of Cultural History 
holds a very large seed collection, which was donated by The KSLA (Royal Swedish 
Academy of Agriculture and Forestry) in 1963. The collections consist of many sub-
collections seeds from collection expeditions, seed testing and test cultivations and could be 
used for population genetic studies of agricultural crops (Leino et al., 2009). Although the 
age of the material obstructs advanced genetic analyses, the material has a much better 
geographical coverage than gene bank samples. Additionally, authenticity is believed to be 
higher of historical samples than samples regenerated multiple times in gene banks (Lister et 

al., 2009).  

Nevertheless, using gene bank material has also a problem is that it is not very well known 
where the origin of the material kept is. Even though using gene bank material doesn’t 
indicate a certain place about the samples, historic specimens well conserved at museums or 
herbaria that can be trustable for both their origin and age of the samples. Choosing barley as 
a genetic model versus other historic crops has many advantages in the way of studying 
response of plant to adverse environmental conditions. It makes genetic studies easier in 
terms of its hybridization behaviour and diploidy, its being rapid adaptation to new field 
conditions and the availability of a wide range of genetics stocks (Hayes et al., 2003). 

2.2 Adaption to Frost Tolerance and Candidate Genes 
In the very north of Europe, the growing season is short and it is very common to have frost 
nights during the growing season. Frost resistance is mostly referred to as the capacity to 
overwinter, and is the final manifestation of many component traits (Fowler et al., 1999; 
Hayes et al., 1997). Resistance to winter hardiness can be introduced as the ability of plants 
to survive to freezing temperatures which conserve plant`s vegetative tissues. Since winter 
types of Triticeae plants are sown in the fall, as condition as they have sufficient tolerance to 
withstand freezing temperatures, and they usually give more harvest than spring varieties 
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which are planted in the spring due to their longer growing period (Galiba et al., 2008). 
Having tolerance to winter hardiness also reduces other negative effects of freezing 
temperatures on future harvest. Vegetative tissues are less sensitive to frost damage than 
generative meristems, and for this reason throughout small differences in developmental 
stages can affect plant survival to freezing temperatures. The plants transition from vegetative 
form to reproductive stage is a crucial improvement switch and a key adaptive trait for both 
crops and wild cereals that indicate that the correct time for plants to pollinate improvement 
of seed and dispersal (Cockram et al. 2007).  

In terms of understanding of the Triticeae plants´ survival at condition of winter and effect of 
cold treatment to plant flowering time, barley can be classified into three different groups, 
winter, spring, and facultative. Winter varieties require a prolonged period (approximately 1-
8 weeks) of cold-temperature exposure, called vernalization, to promote reproductive 
development through the annual growing season (Takahashi and Yasuda, 1971). Having a 
sufficient cold treatment means usually about a few weeks at temperatures between 0 ºC and 
10 ºC to promote flowering; but plant exposure to cold at longer time can accelerate 
flowering to a greater extent until response of vernalization becomes satisfied (Trevaskis et 

al., 2007). Opposite to winter types, spring varieties are inherently capable of flowering 
without require of vernalization and these lack surviving capacity during the winter 
(Takahashi and Yasuda, 1971). Consequently, spring varieties are planted and harvested in 
the same year. The ´facultative´ varieties are described in two different ways which are 
unclear; von Zitsewits et al. (2005) describes them as spring genotypes which are 
vernalization unresponsive but cold tolerant; Braun et al. (2002) describes facultative types as 
winter genotypes that has alternate vernalization requirement, yet a short one.  

As a model for understanding of flowering time in cereals, it is believed that the critical genes 
responsible for variable pathways are hierarchical cascades regulating flowering time like in 
Arabidopsis (reviewed by Boss et al., 2004; Amasino et al., 2005; Imaizumi and Kay et al., 
2006). The responsible genes in Arabidopsis have all their analogies in cereals, e.g. 
Arabidopsis AP1 corresponds to the candidate gene of the Triticeae VRN-1 locus, FT gene 
family to VRN-3, CO gene to Ppd-H1 pathway and etc. Interestingly, VRN-2 candidate gene 
ZCCT has no homologue gene in Arabidopsis; however other believes that it corresponds to 
the FLC transcription factor (Karsai et al., 2008). Instead of their effect of flowering time, 
some of the genes like CO has no association with phenotypic variation in flowering time 
(Griffiths et al., 2003; Dunford et al., 2005, Szucs et al., 2006). Because barley is one of the 
most grown crops throughout the world, flowering time of this cereal has a major importance 
as quality of maximize grain yield that can be accelerated by vernalization. Genetic analyses 
have shown that vernalization requirement in barley is well defined and controlled by three 
genes; VRN-1, VRN-2 and VRN-3 (Takahashi and Yasuda, 1971).  

VRN-1;  
Dominant alleles of VRN-1 promote flowering and the locus is also associated with frost 
resistance (Stockinger et al., 2006). VRN-1 has been identified in the diploid wheat progenitor 
Triticum monococcum by map-based cloning and independently in bread wheat on the basis 
of gene expression mechanisms (Yan et al., 2003). Genetic analyses have identified the 
candidate gene for VRN-1 locus as a MADS-box transcription factor, related to the 
Arabidopsis meristem identity genes APETALA1 (AP1) and FRUITFUL (FUL) (Yan et al., 
2003). Vernalization treatment in winter varieties is fulfilled by induction of the VRN-1. In 
spring varieties VRN-1 is always expressed (Danyluk et al., 2003; Yan et al., 2003). In some 
of the barley varieties, where it is necessary to be vernalized before transition from vegetative 
stage to floral development, VRN-1 is expressed at low basal levels and is induced by cold 
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treatment (Danyluk et al., 2003; Trevaskis et al., 2003; Yan et al., 2003). In contrast to 
others, in some varieties VRN-1 is expressed at high basal levels instead of having 
vernalization treatment for flowering (Danyluk et al., 2003; Trevaskis et al., 2003; Yan et al., 
2003). The varieties lack of requirement of vernalization have alleles of VRN-1 that carry 
small deletions in the promoter (Yan et al., 2003) or insertions within its first intron 
(Dubcovsky et al., 2006).  In barley, Fu et al., (2005) found that a 436 bp region of VRN-1 
intron covering a deletion breakpoint is representing a putative vernalization crucial region. 
Mutations of these alleles are definitely connected with a dominant spring growth habit in 
barley (Galiba et al., 2009). In varieties without the needs of vernalization, expression levels 
of VRN-1 are getting higher during inflorescence initiation and remain at high levels until 
transition to apex development. It emphasises that VRN-1 has an important role on regulation 
of meristem identity and it is not only based on vernalization requirement (Trevaskis et al., 
2007). Instead of vernalization, VRN-1 alleles that have high expression level of VRN-1 can 
be counted as substitute of vernalization (Yan et al., 2003; Trevaskis et al., 2003). These 
alleles of VRN-1 cause rapid inflorescence initiation, and are the dominant form of 
vernalization loci in spring varieties than those alleles expressed after vernalization is 
satisfied in winter varieties (Trevaskis et al., 2006).  
 

VRN-2; 

The VRN-2 gene is the repressor of flowering that postpones floral development until plants 
get vernalized (Takahashi et al., 1971). Cereals sown in the autumn or late summer are lack 
of the ability to respond to day-length and grow only vegetatively until they obtain cold 
treatment. These are able to be sensitive to day-length after cold exposure (vernalization), and 
accelerate reproductive apex development transition to flowering (Trevaskis et al., 2007). 
VRN-2 has been identified by positional cloning (Yan et al., 2004), and the candidate gene for 
VRN-2 is found to encode a protein with a zinc finger motif and a CCT (CONSTANS, 
CONSTANS-like) domain (Yan et al. 2004). ZCCT-H genes in barley seem to have an 
intermediate position between vernalization and photoperiod pathways (Dubcovsky et al., 
2006). Expression of VRN-2 is usually at high levels before and during the vernalization only 
under long day-length, and expression level of VRN-2 decreases while VRN-1 expression 
level is getting higher after vernalization requirement has been satisfied (Cockram et al., 
2007). As a consequence of this relationship, it was suggested that VRN-1 was repressed by 
VRN-2 before vernalization treatment and repression of VRN-2 by vernalization is permitting 
induction of VRN-1 (Yan et al., 2004). In barley, there are three different ZCCT genes 
designated as Ha, Hb and Hc, but it is unclear which one that is the repressor of VRN-1 
alleles (Dubcovsky et al., 2005).  

Regulation of vernalization response is mainly controlled by VRN-2 genes, the role analogous 
to that of FLOWERING LOCUS C (FLC) in Arabidopsis (Yan et al., 2004). However, 
sufficient expression levels of VRN-2 are obtained only by presence of long day-length 
(Karsai et al., 2005). Since plants are vernalized in short day-length, expression levels of 
VRN-2 are getting stable during vernalization but at the same time expression levels of VRN-1 
are up-regulated (Trevaskis et al., 2006). After that vernalization treatment has occurred 
during winter, when days are short, VRN-2 is not the major determinant of regulating the 
response to low temperatures during winter (Trevaskis et al., 2006). On the other hand, it has 
been suggested by Trevaskis et al. (2007) that on the basis of the expression pattern, the role 
of VRN-2 is to delay flowering by suppressing FT in long days. To sum up of these 
hypotheses, because expression level of VRN-2 is at low level and it is not affected by 
vernalization in short days, it doesn’t seem that VRN-2 has a major role in vernalization 
treatment during the winter (Trevaskis et al., 2007). Additionally, mutations of CCT domain 
or deletion of the entire VRN-2 gene is corresponding with recessive alleles for spring growth 
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habit in diploid barley and wheat varieties which eliminate the vernalization requirement 
(Yan et al., 2004;  Dubcovsky et al.,2005). One of the experiments completed by Karsai et al. 
(2007) shows that the CCT domain with a single nucleotide change cause a loss of function  
mutation of incredible adaptive significance; emphasis that recessive mutant genotypes are 
lack of being sensitive to long photoperiods, leading to late flowering even in the higher 
latitude summer conditions. Segregating for the vernalization gene VRN-2 in populations and 
a very critical effect on frost resistance is found at the VRN-2 locus. The dominant allele is 
absent in winter barley that holds flowering down and alleles of VRN-2 are usually deleted in 
spring barley forms. 

VRN-3 (FT); 
The other locus present in cereals which is also has effective contributions on flowering time 
is VRN-3 that has been mapped to a gene, Hordeum vulgare (barley) FLOWERING LOCUS T 

(HvFT), a homologue of the Arabidopsis thaliana FLOWERING LOCUS T (FT) gene (Yan et 

al., 2006). Some spring varieties of cereals having certain VRN-3 alleles have enormously 
early flowering and are usually found in barleys from extreme high or low latitudes 
(Takahashi and Yasuda, 1971).  

The vernalization pathway varies between Arabidopsis and temperate cereals (Yan et al., 
2004). In Arabidopsis the vernalization pathway is usually described by this model; the 
MADS-box transcription factor gene, called FLOWERING LOCUS C (FLC), has the most 
importance in vernalization pathway (Yan et al., 2006 and Trevaskis et al., 2007). FLC is 
known as a floral repressor that delays flowering by suppressing the induction of the FT in 
the leaves and SOC1 (SUPRESSOR OF OVER-EXPRESSION OF CONSTANS1), is a 
MADS-box transcription factor that provide the transition to reproductive apex development, 
in the meristems (Trevaskis et al., 2007). FLC is expressed at high levels among plants which 
has not vernalization treatment, and with the binding of FLC protein in an intron of FT and 
the promoter of SOC1 represses transcription of these genes, thereby this delays flowering 
(Trevaskis et al., 2007). After plants get vernalized, FLC is enduringly down-regulated by 
vernalization, thus releasing FT and SOC1 suppression to induce the transcription of AP1 to 
be able to transition between vegetative and reproductive meristems (Yan et al., 2006). The 
positive and negative regulation of FLC is maintained by FRIGIDA (FRI) and by genes of 
independent pathways. Nevertheless, there is no similar homologous of FLC and FRIGIDA 
(FRI) found in temperate cereals up to now.  

The similarity to this pathway in cereals is that barley and wheat varieties are also induced by 
long days and are probably mediated by the long-day flowering response (Turner et al., 
2005). The vernalization responsible genes in Arabidopsis are on the basis of two genes in 
cereals; 1. VRN-2 gene suppresses FT before cold treatment during winter to set up 
vernalization requirement, and 2. VRN-1 gene is induced by prolonged cold to mediate the 
vernalization response (Trevaskis et al., 2007). It is suggested by Yan et al. (2006) that in 
some of the varieties that require vernalization, HvFT is commonly expressed at low levels 
but can be induced by low temperature by presence of long days and plays a regulatory role 
in the vernalization pathway in cereals. On the other hand, in some other varieties of barley 
which carry dominant alleles of VRN-3 that cause early flowering and lack of vernalization 
requirement, HvFT is expressed at higher levels instead of having cold treatment (Yan et al., 
2006). Resemblance between dominant alleles of VRN-3 and higher expression levels of 
HvFT-1, with a tight genetic interaction show that, the induction of HvFT-1 might be the 
similar molecular basis for dominant alleles of VRN-3 (Yan et al., 2006). There are alleles of 
FT (VRN-3) in barley that have polymorphism in the first intron that could be the basis of 
these high level expression levels (Yan et al. 2006).  
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Ppd-H1;  
The photoperiod (day-length) genes’ pathway is also very important to understand floral 
development in wild and landrace barley (Turner et al., 2005). Studying adaption to new 
climatic conditions for the barley crop, Turner et al. (2005) has identified the Ppd-H1 
(Photoperiod response) gene by positional cloning as a major determinant of photoperiod 
response, and ppd-H1 is the mutant form of photoperiod response gene in temperate cereals. 
Photoperiod is also important for determining of frost resistance in temperate cereals (Hayes 
et al., 1997; Szucs et al., 2006) and cereals like barley, wheat and etc. are long-day (LD) 
plants. In barley, although long light and short dark periods in a 24h day are sufficient to 
improve reproductive development, short light and long dark periods make plants to be stable 
in a vegetative growth habit (Lauire et al., 1997). In other words, long days (LD) promote 
early flowering whereas short days (SD) make flowering delayed. In the inactive mutant 
form, the ppd-H1 allele, it was suggested that there is a single nucleotide polymorphism 
(SNP22) situated in coding region of Ppd-H1 gene to be responsible for the allelic 
differences, resulting in recessive mutant form (Turner et al., 2005). They proposed this SNP 
because it wasn’t situated in regions of low conservations (when compared with rice and 
Arabidopsis) and it is effective to a part of residue that is a conserved CCT domain.  

On the other hand, with much support Jones et al. (2008) found that SNP48, situated in Exon 
6 of coding region better explains the casual basis of the Ppd-H1 mutation. They also found 
that barley varieties present in north of Europe, where growing season is long because of the 
much rain, are harboring a “T” (associated with late flowering at LD conditions) instead of a 
“C” (ancestral, associated with early flowering in LD condition), while SNP48 harboring a 
“C” predominated in the south where the growing season is short because of drought. To get 
vernalized for plants, VRN-2 locus is only effective under long-day condition; thereby 
vernalization requirement is photoperiod-dependent that under short days no vernalization 
effect has recorded. This indicates that VRN-2 locus may be regulated by photoperiod 
duration such that VRN-1 is only suppressed by VRN-2 after having sufficient cold treatment 
(vernalization) and achievement of a photoperiod of sufficient duration (Karzai et al., 2005). 
Deletion of VRN-2 alleles was responsible for rapid inflorescence initiation and early 
flowering only in presence of active allele of Ppd-H1 gene, and lines with recessive form of 
photoperiod genes do not undergo rapid inflorescence initiation (Hemming et al., 2008). In 
barley, expression of HvFT1 is also regulated by active form of the Ppd-H1. HvFT1 is 
expressed at higher levels in lines that carry a dominant form of Ppd-H1 than lines with an 
inactive form. Thus, apex development was more rapid and flowering time was shorter in 
plants carrying the active allele of Ppd-H1 (Hemming et al., 2008).   

CO; 
Last, there is another gene that interacts with HvFT1, called CONSTANS (CO) that 
throughout the photoperiod pathway is thought to play an important role. CO belongs to a 
gene family consisting of 17 members and the entire family has a CCT domain. Two genes, 
HvCO1 and HvCO2, have been isolated from barley and thought to be highly CO-like (Laurie 
et al., 2003). CO has a regulatory role due to its conservative importance among flowering 
plants. In Arabidopsis, a long-day plant, FT is up-regulated by CO gene, whereas FT is 
down-regulated by CO in rice (referred to as Hd1 and Hd3a, respectively, in rice). 
Overexpression of FT is known to cause early flowering in temperate cereals that collection 
of FT in leaves is a transmissible signal that transferred from phloem to apex which it induces 
flowering in (Yan et al., 2006). As it is mentioned, CO acts between the circadian clock and 
genes controlling meristem identity (Samach et al., 2000; Suarez-Lopez et al., 2001). Even 
though major genes responsible for determining photoperiod sensitivity has identified, none 
of them are associated with CO-like. Hence, to select candidate genes for variation in 
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photoperiod response has an effective role on different genes in rice and other temperate 
cereals (Laurie et al., 2003).  

As introduced before, barley is one of the major crops in agriculture and has been cultivated 
for at least 10,000 years. There are two types of barley in terms of their phenotypic 
appearance that are called six and two row barley, respectively. Although this phenotypic 
difference is dependent on only one gene, Vrs1, the two types have evolved and been breeded 
separately. This means that genetic differentiation between two-row and six-row barleys 
is large and that any genetic difference we observe in other genes can be related to difference 
in row-type (Stracke et al., 2009).  Barley’s spike has one central and two lateral spikelets 
around its spinal node (Komatsuda et al., 2007). Even though two-rowed barley is the most 
common around Europe, six-rowed barley is common in northern areas. Komatsuda et al. 
(2007) has isolated Vrs1 (two-rowed spike) and vrs1 (six-rowed spike) by positional cloning. 
This analysis shows that six-rowed barley has originated repeatedly at different times and 
places via mutations of Vrs1.  

2.3 Interaction among VRN-1, VRN-2, VRN-3 (HvFT), CO and Ppd-H1 genes to promote 
flowering 

The vernalization and photoperiod pathways correspond to each other to promote flowering 
in barley. As it is known, plants are variable in terms of their requirement or response to 
vernalization and day-length to be capable to transition from vegetative development to floral 
development at a suitable time. Plants that are sown in late summer or autumn are not 
competent to flower in advance of the cold treatment and day-length response because of 
their inactive circumstances (Trevaskis et al., 2007). During winter when days are short, day-
length is not sufficient, thereby VRN-2 represses long-day induction of FT and expression of 
VRN-1 is at low levels. At low temperature during winter shoot apex development is slow and 
expression of VRN-1 is getting induced. After short days and less light condition altered, the 
apex development increases together with warmer and lighter days and inflorescence 
initiation is promoted by VRN-1 during late winter or beginning of the spring. At the same 
time during the winter, due to satisfied vernalization requirement or mutation of VRN-1 
which eliminates vernalization requirement, vernalization treatment suppresses VRN-2 by 
then. By changing of climate and interaction between two loci the long-day induction of FT 
accelerates reproductive development (Trevaskis et al., 2007). VRN-1, the meristem identity 
gene, is also positively regulated by FT (VRN-3). Furthermore, the FT gene is up-regulated 
by long-day treatment that means Ppd-H1 (CO) has also an important role on this system. 
After up-regulation of FT, inflorescence initiation takes place although day-length remains 
short. Although FT induction could affect inflorescence initiation to make it faster, it could 
also accelerate the other side of reproductive development which is sensitive to photoperiod 
response in cereals (Trevaskis et al., 2007). After all interactions among flowering-time 
responsible genes, flowering begins during late spring or early summer.  
 
 

 

Figure 1: The seasonal effect on flowering time and developmental stage for barley plants. 

Varieties that need vernalization requirement are sown in late summer or beginning of 

autumn. Plants are developing only vegetatively until vernalization requirement are satisfied 

during winter. This induces inflorescence initiation when temperature gets higher during 

beginning of the spring. Plants respond to prolonged photoperiod during spring, thereby 

allowing improvement of reproductive apex and finally resulting in head emergence in the 

late spring or early summer. Figure based on Trevaskis et al. (2007). 
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3 Aim of the project 
Landraces of barley have been cultivated for hundreds of year in Northern Europe where the 
growth season is short and frost nights occur during the growing season. As well as the cold 
and other negative effective factors that can affect a plant’s survival during the winter, it is 
also very crucial season for plant to protect its floral tissues to withstand winter hardiness. 
For plants, transition stage from vegetative form to reproductive development is one of the 
biggest issues during winter. While winter varieties are able to endure to negative climatic 
condition by the developed mechanism they have, spring varieties lack of this competent by 
natural mutations or remove or reduce of vernalization treatment to accelerate flowering. This 
means that in terms of the view of winter forms have cold treatment (vernalization) before 
they are transited to reproductive development, spring varieties do not require this treatment 
and transit to floral development at the same year. Gathered knowledge from the dissection of 
the model species have combined with the variable genetic approaches, resulting in isolating 
of responsible genes for flowering and vernalization treatment in landrace barley. Our aim is 
to identify the alleles contributing rapid flowering and frost resistance in vernalization and 
photoperiod pathways. Major target genes in this regulation are vernalization genes VRN-1, 
VRN-2, VRN-3 (HvFT-1), CO, and their mutant forms, photoperiod-response gene Ppd-H1 
and ppd-H1 (its mutant form), to identify phenotype Vrs-1 and its mutant from. The main aim 
of the project is to identify allelic variants of these genes in a set of landraces from different 
geographical origins in Europe. 
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4 Materials and Methods 
4.1 Historic Plant Material 
Twenty-three historic seed samples of cultivated barley (Hordeum vulgare) were chosen from 
9 different European countries. The samples were selected to represent different regions of 
Europe (Finland, Germany, Spain, Turkey, Greece, Scotland, Libya, France) (Table 1) and 
geography of Sweden from countrywide scale to a within-village scale, with an especially 
consider on the Northern region in Sweden (Leino and Hagenblad 2010). The samples were 
harvested ´on farm´ in 1896 or 1877 and have since been stored to sealed glass containers 
first at KSLA until 1963 when they were donated to the Swedish Museum of Cultural History 
where they have been kept since. These seeds are no longer viable, but permit genetic 
analyses by PCR (Leino et al., 2009). 
 

Table 1: Details of the historic barley accessions analysed in this study. Cultivar name is 

from the accession label. Latitude and Longitude are given at exact position for some 

cultivars, but some of them are given as intervals. Country of the samples and their harvested 

years are also indicated. The studied Vrs1 gene results for barley row-type are given.  

Accession Cultivar name Latitude Longitude Country of Origin 

Date  

(Harvest year) Row Type 

NM264 Mattila 61°04´42´´N 25°37´44´´O Finland 1882 Unknown 

NM270 Pükis 60°25´29´´ N 22°30´58´´O Finland 1882 Unknown 

NM599 Matarengi 66°23´13´´N 23°39´15´´O Sweden 1896 Six Row 

NM613 Sundby 64°17´39´´N 21°13´22´´O Sweden 1896 Six Row 

NM625 Toppmyra 59°44´51´´ N 17°33´11´´O Sweden 1896 Six Row 

NM633 Pajala 67°12´45´´N 23°22´0´´O Sweden 1896 Six Row 

NM646 Ramvik 62°49´9´´N 17°51´23´´O Sweden 1896 Six Row 

NM662 Kengis 67°10´60´´N 23°30´0´´O Sweden 1896 Six Row 

NM667 Nya Skotttorp 56°27´2´´N 13°0´22´´O Sweden 1896 Six Row 

NM668 Kurrokveik 66°3´5´´N 17°53´11´´O Sweden 1896 Six Row 

NM669 Vuollerim 66°25´44´´N 20°37´23´´O Sweden 1896 Six Row 

NM671 Hylkebo 56°35´17´´N 15°51´34´´O Sweden 1896 Six Row 

NM705 Brattbäcka 64°14´36´´N 15°52´7´´O Sweden 1896 Six Row 

NM727 Sandön 65°32´50´´N 22°24´2´´O Sweden 1896 Six Row 

NM777 Assmundstorp 57°46´51´´N 11°55´51´´O Sweden 1896 Six Row 

NM789 Wuono 65°51´10´´N 23°9´18´´O Sweden 1896 Six Row 

NM2152 Oderbrücker 54°-47°N 14°-6°O Germany 1877 Unknown 

NM2180 Spanien 43°-36°N 7°-3°O Spain 1877 Unknown 

NM2181 Grekland 41°-37°N 26°-20°O Greece 1877 Unknown 

NM2182 Turkiet 42°-35°N 44°-29°O Turkey 1877 Unknown 

NM2191 Skottskt 58°-54°N 5°-1°O Skottland 1877 Unknown 

NM2199 Tripolis 32°52´34´´'N 13°11´15´´O Libya 1877 Unknown 

NM2218 Frankrike 46°13´39´´N 2°12´49´´O France 1877 Unknown 
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4.2 DNA isolation 
Genomic DNA was extracted from single seeds of landrace barley using the FastDNA® Spin 
Kit and FastPrep® Instrument (MP Biomedicals, Solon, OH) according to manufacturer´s 
instruction which allows rapid and safe homogenization without any risk of contamination 
from sample to sample. To provide a certain mixturing, an extra ceramic bead was added in 
each supplied tube. The FastPrep® Instrument was run for 3x60sec, with a speed of 6M/S, 
followed by 15 min incubation at room temperature. DNA extraction was performed in 
another laboratory different from which was used for subsequent analysis and one negative 
control was performed at the same time for each extraction series. 
 

4.3 PCR amplification 
A set of PCR primers was designed to amplify a particular short region of genomic DNA for 
six candidate genes in nine different PCR reactions (Table 2). PCRs were carried out in two 
separate rounds. The PCR amplifications were performed in a total reaction volume of 20 µl: 
15 µl deionized H2O, 1 × Fermentas Dream Taq buffer, 2 Mm MgCl2, 0,2 µM forward 
primer, 0,2 µM reverse primer, 0,4 µM each of dNTPs, 1 U Dream Taq DNA polymerase 
(Fermentas). Of some samples, PCR was generally performed with only one round of PCR 
and for this case 2 µl total DNA template was used. In other circumstances, 1 µl total DNA 
templates was used for the first round of PCR, and 2 µl of the first PCR reaction was used as 
template for the second round of PCR. Vrs1 mutations, segregating six-row barley from two-
row barley, were also amplified (Komatsuda et al., 2007) by the same PCR protocol. The 
PCR cycling parameters were: denaturation for 2 min 30 s at 94 ºC followed by 30 cycles of 
30 s of denaturation at 94 ºC, 1 min annealing at 50-59 ºC, 30 s of extention at 72 ºC and final 
elongation step of 72 ºC for 5 min. Some of the amplification products were very weak; this 
can be because of random failure during PCR cycle. In order to avoid this failure, a second 
set of PCR was done one more time with the same annealing temperature for those are non-
amplified and 2µl of first PCR reaction was used as DNA template. One extraction blank was 
used as a negative control for each PCR circulation. 
 
4.4 Gel electrophoresis, Genomic DNA sequencing and CAPS analysis 
Five µl of each amplified PCR product were visualized on 1.5-2% agarose 0.5× TBE gel 
electrophoresis by EtBr or Sybrsafe staining under UV radiation light. 0.1 µg/µl 
(GeneRuler™ Low Range DNA Ladder, ready-to-use, Fermentas) was used as a size marker. 
Visualised successful amplification products resulted in a single band (Table 2). The PCR 
amplicons were purified using Quiagen DNeasy and PCR products were sequenced using 
internal primers (Eurofins MWG Operon, Ebersberg, Germany). Polymorphism of 
HvFT_prom_indel and VRN-2 (HvSnf2) was detected by fragment size differences. In case of 
Ppd-H1 polymorphism was detected by a CAPS (Cleaved Amplified Polymorphic Sequence) 
assay instead of sequencing. The CAPS assay was applied in a total reaction volume of 30 µl: 
10 µl PCR products, 2 µl of FastDigest Green Buffer (Fermentas), 1 U FastDigest Hha1 
enzyme and 17 µl of deionized-water. Reaction was mixtured in a 2 mg eppendorf tube and 
incubated in a heat block at 37 ºC for 5 min. Whole reaction (no loading dye needed) were 
loaded on a 1.5% agarose gel and run electrophoresis for 30 min in 120V. Expected fragment 
size for the mutant allele of Ppd-H1 was 120 bp and for the wild type allele two fragments of 
47 bp and 73 bp. 
 
 
 
Table 2: Details of the PCR primers used in this study, annealing temperature for each 

primer sets, and expected fragments sizes are shown. References for published primers or 

Genebank accession numbers in case new primers were designed are also indicated. 
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Primers 

 Annealing 

temperature  References 

Genebank 

accession 

Expected 

fragments Name Sequence (5' to 3') 

HvFT_intron_F CCATTTTTCTGTGCTCTCTGG 55 °C  DQ898515 206 bp 

HvFT_intron_R CCTGCAGGCAGTATAAAGCA     

HvFT_prom_indel_F ATGGACATGGAACCTGCCACT 59  °C Yan et al 2006  90 bp 

HvFT_prom_indel_R TGGTGATGATGAGTGTTGCCC     

Vrs1a2_a3_F1 GGGAGACCAGCAAGCAGAG 55  °C Leino & Hagenblad 2010 200 bp 

Vrs1a2_a3_R1 GGCGGCCAGATACACCTT     

HvVRN1_SNP1_2_R 
AAAAGCTAAGCGCATAGAAAA
TG 50  °C  AY750993 167 bp 

HvVRN1_SNP1_2_L TTGGTTTTGCATTCTTGGAA     

HvVRN1_SNP4_5_R CACAACCAAAGCGAACACAT 56  °C  AY750993 182 bp 

HvVRN1_SNP4_5_L TTGGTGTCCCTTTCAATCAA     

PpdF1 AGGCAGCAGCTAGAGCCATA 58  °C  AY970701 120 bp 

PpdR1 TCGATCTCGACCTCTTCAGG     

HvCO_i1_1F CTGCTGGGGCTAGTGCTTAC 53 °C  AF490467 147 bp 

HvCO_i1_1R CATATGGTCTTCCACCTGAAGT     

HvCO_i1_2F 
CGTTGAACTAAATTAAACCCA
TCT 55 °C  AF490467 131 bp 

HvCO_i1_2R TACCCGCTTCCATTGAGAAA     

HvSnf2.02F 

CCTGGCCACAAAAACAATCAG

C 55 °C Karsai et al 2005  126 bp 

Snf2_R2 CAACAGCCGGATAAAACTGC     AF459085   

 

5 Results  
5.1 Obtaining of DNA fragments from ‘historic’ barley accession 
We genotyped 23 landrace barleys using DNA from 19th century seeds for the six genes, 
HvVRN1_SNP1_2, HvVRN1_SNP4_5, HvVRN2 (HvSnf2), VRN3 (HvFT_intron and 
HvFT_prom), CO (HvCOi1_1 and HvCOi1_2), Ppd-H1 and Vrs1. Nine different PCRs were 
used resulting in amplified products of a size range between 90 and 205 bp (Table 2). PCR 
amplification was successful in most cases in spite of severely degraded DNA. The studied 
samples resulted in 86.95% successful amplifications of fragments whereas 13.5% of the 
PCRs failed. In accomplished situation, DNA fragments were first visualised on agarose gel, 
and then sequenced for determination of alleles or loaded on high density gels to observe 
fragment size polymorphism. In many cases, amplification products were not obtained for the 
first round of PCR cycle. To be able to attain invisible or weak fragments, an additional PCR 
performed for second time using first PCR reaction as DNA template.  
 
Some of the barley varieties, however, showed more bands than specific one on the gel. For 
these cases, PCR was performed for the second time at lower or higher annealing temperature 
to avoid any failure during PCR. PCR products were not amplified in highly degraded 
accessions for some gene regions (Ppd-H1: NM613, NM625, NM705, and NM2218; 
HvFT_intron: NM264, NM270, NM613, NM625, NM646, NM662, NM705, and NM2218; 
HvFT_prom: NM625, NM646, NM667, NM671, and NM705; HvCOi1_1: NM667 and 
NM727; HvCOi1_2: NM2180 and NM2218; HvVRN1_SNP4_5: NM613, NM668, NM705, 
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and NM2218; HvSnf2: NM671 and NM2191). The degradation among landrace barley has 
managed by this application. A negative control was performed in PCR-reaction at the same 
time as integrity, but no contaminant bands were observed at any time during the 
experimental progress.  
 
5.2 Sequencing of VRN-1, VRN-2, VRN-3 (FT), Ppd-H1, CO, and Vrs1 genes in ‘historic’ 

barley accession 
Amplification of PCR products from the landrace barley samples were sized and/or 
sequenced to identify mutations to be able to compare to controls for allelic determination. In 
terms of evaluating the Ppd-H1 gene to identify wild types and mutant forms, a primer set 
(PpdF1 and PpdR1) was used which resulted in a fragment of around 120 bp (Table 2). The 
DNA-fragments were then applied for CAPS analyses which cleave DNA bands by 
restriction endonucleases. The nucleotide polymorphic site in the barley genome, number 
2438, permits for CAPS analyses that a ‘T’ single base change means as mutant form while a 
‘C’ single base indicates wild type in barley samples (Table 3).  
 
 
Table 3: Genotyping results of Ppd-H1 alleles. The success (+) or failure (-) of PCR 

amplification is indicated. Restriction endonuclease activity depends on 2438 gene position, 

and the identities of nucleotides at the 2438 positions (SNPs) are shown. The responsive 

(Ppd-H1) and unresponsive (ppd-H1) alleles of photoperiod response are emphasised and 

wild types are highlighted with yellow, non-amplified ones are indicated with purple colour.  
Ppd-H1 (Photoperiod Response) 

Samples of Label PCR Product Restriction 2438 Position Type of Sample Allele 

NM264 + - T Mutant ppd-H1 

NM270 + - T Mutant ppd-H1 

NM599 + - T Mutant ppd-H1 

NM613 - - - - - 

NM625 - - - - - 

NM633 + - T Mutant ppd-H1 

NM646 + - T Mutant ppd-H1 

NM662 + - T Mutant ppd-H1 

NM667 + - T Mutant ppd-H1 

NM668 + - T Mutant ppd-H1 

NM669 + - T Mutant ppd-H1 

NM671 + - T Mutant ppd-H1 

NM705 - - - - - 

NM727 + - T Mutant ppd-H1 

NM777 + - T Mutant ppd-H1 

NM789 + - T Mutant ppd-H1 

NM2152 + - T Mutant ppd-H1 

NM2180 + - T Mutant ppd-H1 

NM2181 + + C Wild Ppd-H1 

NM2182 + + C Wild Ppd-H1 

NM2191 + + C Wild Ppd-H1 

NM2199 + + C Wild Ppd-H1 

NM2218 - - - - - 

 
With the knowledge of polymorphic base changes in barley accessions, the tested 4 samples 
out of 23 were found to be ‘wild type’ whereas 15 of them were found as ‘mutant form’ 
(Table 3). No amplification of fragments was recorded for the samples NM613, NM625, 
NM705, and NM2218 (Table 3). As it is reported by Jones et al (2008) that the causative 



13 

 

mutation of Ppd-H1 is situated in SNP48 and it corresponds with unresponsive forms (ppd-

H1) to day-length. At the other side, according to Turner et al. (2005), the plants have no 
response to day-length, are recessive form,  in the north of Europe have a ‘T’ instead of ‘C’ at 
SNP 79 that most of the accession from northern Europe have this base substitutions. 
However, as it is emphasised by Jones et al (2008) with much effort that a ‘T’ at the SNP48 
represents recessive form and accessions from southern Europe have a ‘C’ at SNP48 
corresponds to the responsive allele of Ppd-H1. After all comparison we follow the 
description of Jones et al. (2008). One of the main ideas of this study is to detect 
geographical distribution of landrace barley accession to be able to understand day-length, 
and its effect on flowering time. Alleles were mapped with their nearby geographical 
coordinates (Figure 3). 
 
The sample of barley accessions were analysed for allelic variation of the CO (CONSTANS) 
gene members, HvCO1 and HvCO2. In order to study polymorphism of CO gene locus, two 
mixtures of primer sets (HvCO_i1_1F+HvCO_i1_1R, and HvCO_i1_2F+ HvCO_i1_2F) 
were used (Table 2). When using first primer sets, all of the samples except NM667 and 
NM727 produced PCR products. The second round of PCR was performed for these samples 
to gain expected fragments. Produced PCR fragments were applied on agarose gels to see 
bands for evaluation of the sequencing analyses. However, even though most of the PCR 
products were seen highly strong instead of number NM667 and NM727, these two samples 
were failed on sequencing analysis (Table 4). Sequenced PCR fragments of HvCO1 were 
then evaluated for their haplotype grouping, based on Stracke et al (2009). (AF490467 
reference is used for identical to compare results in this study). The nucleotide identity of the 
polymorphic positions 843, 885, and 1816 was determined. In detail, whether the position 
843 was a base nucleotide change as an ‘AT’ or a del, and expected base change on the 885 
region was an ‘A’ or a ‘del’. We found that 3 samples out of 23 tested landrace barley 
resulted in base change as AT-A, and the rest of 18 samples were resulted in the base change 
of AT-Del (Table 4) (Figure 2). The expected base change in 1816 was identified and 
indicated as a ‘T’ or ‘C’ by Stracke et al (2009). Except of numbers NM2180 and NM2218, 
DNA fragments were produced successfully and sequenced (Table 4). We found that all of 
the PCR products resulted in a base change as a ‘C’ (Table 4). As a conclusion, among 23 
cultivars of barley tested for HvCO1 2 polymorphic sites were defined (Table 4). Compared 
to haplotype analysis of Stracke, within 10 groups of haplotype (HvCO

1
 through HvCO1

10) at 
least eight of possible haplotypes (instead of HvCO

1and HvCO
9) were possible among 

accessions (Table 4).  
 
We genotyped 23 historic barleys accession for HvFT (VRN-3) gene to realize its function on 
vernalization pathway, and its collaboration with other alleles. All the samples were PCR 
amplified reaction using two specific primers sets (HvFT_intron_F + HvFT_intron_R, and 
HvFT_prom_indel_F + HvFT_prom_indel_R) that ranging in size of fragment around 206 bp 
and 90 bp, respectively (Table 2). PCR reactions were performed with first primer mixture to 
amplify fragments of DNA samples on the intron region of the genomic DNA. Although 
these samples were tried to gain with different annealing temperatures or different reactions, 
we could only have succeed to amplify 14 of them among all the samples. Obtained PCR 
fragments were visualised on the agarose gel, and then sequenced for analysis of fragments as 
it is reported by Stracke et al. (2009). Expected nucleotide base changes were an ‘A’ or a ‘T’ 
on the region of 1240, and a ‘G’ or ‘C’ on the region of 1354 (AF490467 reference is used 
for identification of polymorphic site in barley accessions for this study). 8 samples out of 14 
were found to encode an ‘A’ while others carry a ‘T’ base on 1240 (Figure 2). We also found 
that 8 of the samples were carried a ‘G’ on the 1354, while rest of them were carry a ‘C’ 
(Table 4).  On the other hand, the second PCR primers were used for obtaining DNA-
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fragments on the promoter region of the genomic DNA. All of the samples were successfully 
gained by PCR amplification, and then visualised on the agarose gel to see directly the 
polymorphic mutations on the gel. The expected fragments were CTTG or del on the region 
of 1162, based on Stracke et al. (2009). We found that number NM2182 and NM2218 
samples were only carry deletion while the rest of 21 samples have CTTG insertions (Table 
4). To sum up when compared with Stracke et al. (2009) report, 6 possible candidate 
haplotype groups within 8 groups (HvFT

1
 through HvFT1

8) were identified in all historic 
barley accessions (Table 4).  
 
 
Table 4: Genotyping of CO and HvFT alleles and possible haplotype frequency are shown on 

the table. Studied polymorphic sites for CO genes are 843, 885 and 1816, whereas these sites 

for HvFT are 1240, 1354 and 1162 that every single base changes found by sequencing 

analyses is indicated. Possible haplotype groups are considered, based on Stracke et al 

(2009). 

CO (CONSTANS) VRN-3 (HvFT) 

Label of the 
Samples 843 885 1816 Haplotype 

12
40

 (
In

tr
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) 

13
54

 (
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tr
on

) 

11
62

 (
P

ro
m

ot
er

) 

Haplotype 

NM264 AT Del C 3/6/10 - - CTTG 2/3/4/6/7/8 

NM270 AT Del C 3/6/10 - - CTTG 2/3/4/6/7/8 

NM599 AT Del C 3/6/10 A G CTTG 3 or 4 

NM613 AT A C 2/5/7/8 - - CTTG 2/3/4/6/7/8 

NM625 AT Del C 3/6/10 - - CTTG 2/3/4/6/7/8 

NM633 AT Del C 3/6/10 A G CTTG 3 or 4 

NM646 AT Del C 3/6/10 - - CTTG 2/3/4/6/7/8 

NM662 AT Del C 3/6/10 - - CTTG 2/3/4/6/7/8 

NM667 - - C 2/3/4/5/6/7/8/10 - - CTTG 2/3/4/6/7/8 

NM668 AT Del C 3/6/10 A G CTTG 3 or 4 

NM669 AT Del C 3/6/10 A G CTTG 3 or 4 

NM671 AT Del C 3/6/10 A G CTTG 3 or 4 

NM705 AT Del C 3/6/10 - - CTTG 2/3/4/6/7/8 

NM727 - - C 2/3/4/5/6/7/8/10 - C CTTG 2/7/8 

NM777 AT Del C 3/6/10 A G CTTG 3 or 4 

NM789 AT Del C 3/6/10 A G CTTG 3 or 4 

NM2152 AT Del C 3/6/10 A G CTTG 3 or 4 

NM2180 AT Del - 3/6/10 - C CTTG 2/7/8 

NM2181 AT Del C 3/6/10 - - CTTG 2/3/4/6/7/8 

NM2182 AT A C 2/5/7/8 T C Del 2 

NM2191 AT Del C 3/6/10 T C CTTG 3/7/8 

NM2199 AT A C 2/5/7/8 T C CTTG 3/7/8 

NM2218 AT Del - 3/6/10 - - Del 1/5 

 
The cultivars of barley accession are also investigated to identify possible polymorphic base 
changes in VRN-1 alleles from genomic DNA of barley. PCR reactions were performed with 
two primer mixture (HvVRN1_SNP1_2_R+HvVRN1_SNP1_2_L, and HvVRN1_SNP4_5_R 
+HvVRN1_SNP4_5_L) with different annealing temperatures (Table 2). With the use of first 
primer set, all of the fragments of SNP_1_2 within 23 cultivars were amplified successfully. 
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The polymorphisms presented in this report are all in correspondence with the 
polymorphisms of earlier publication of Cockram et al. (2007). (AY750993 reference was 
used as guidance). According to Cockram et al. (2007) expected single nucleotide 
polymorphisms were found between 191-253 that for SNP1 expected base changes was a ‘C’ 
or a ‘T’ whereas for SNP2 it was an ‘A’ or a ‘G’ . Among all the sequencing analysis of 
SNP1 7 samples resulted in encoding a ‘T’ and rest of them were encoded a ‘C’. Within 
SNP2 samples while 4 of them were encoding an ‘A’, the others were found to encode a ‘G’ 
(Table 5). The second set primers were used to amplify SNP4 and SNP5. Four of the historic 
samples (NM613, NM668, NM705, and NM2218) in all didn’t permit amplification of or 
SNP4 nor SNP5, and the rest of the varieties were amplified successfully. Expected fragment 
was a ‘T’ or a ‘C’ for SNP4, while it was a ‘G’ or an ‘A’ for SNP5 polymorphic site. Our 
results showed that six of the varieties were encoding a ‘T’ and the rest of them were 
encoding a ‘C’ for SNP4, while within SNP5 varieties three of them were found as an ‘A’, 
and rest of all them were found a ‘G’ (Table 5 and Figure 2). When compared to earlier 
report to categorise our varieties for different haplotype grouping, five of the possible 
haplotype groups were found instead of group number 3. Interestingly, NM270 sample was 
found to take part in another haplotype group which it was not reported by Cockram et al 
(2007) (Table 5). 
 

VRN-1(Vernalization) 

Label of The Samples SNP_1 SNP_2 SNP_4 SNP_5 Haplotype 

NM264 C G C G 4 

NM270 T A C G New group 

NM599 C G T G 2 

NM613 C G - - 2 or 4 

NM625 C G C G 4 

NM633 C G C G 4 

NM646 C G T G 2 

NM662 C G C G 4 

NM667 C G T G 2 

NM668 C G - - 2 or 4 

NM669 - A T G 1 

NM671 C G C G 4 

NM705 C G - - 2 or 4 

NM727 C G C G 4 

NM777 C G C G 4 

NM789 C G C G 4 

NM2152 C G C G 4 

NM2180 T G C A 5 

NM2181 T G C A 5 

NM2182 T A T G 1 

NM2191 T A T G 1 

NM2199 T G C A 5 

NM2218 T G - - 1 

 
 
The vernalization locus 2 (VRN-2) is of most importance for frost resistance and flowering 
time in barley plants. To obtain VRN-2 fragments in all barley accessions by PCR, one 
mixture of primer set (HvSnf2.02F+Snf2_R2) was used, based on Karsai et al. (2005). 

Table 5: Genotyping 

of VRN-1 alleles and 

polymorphic sites 

(SNP_1, SNP_2, 

SNP_4, and SNP_5) 

after sequenced of 

studied varieties are 

shown. Each group of 

haplotype is shown by 

comparasion with 

Cockram et al (2007). 

Each of the possible 

and newly found 

groups is indicated 

with different colours. 
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According to this report, HvSnf2 is found to be strongly linked with the VRN-2 locus and 
primer codes the polymorphic site of Snf2 for this investigation. The PCR amplification of 
NM671 and NM2191 were failed among 23 barley varieties (Table 6). The positively 
amplified PCR fragments were visualised on agarose gel to identify polymorphic sites 
directly by this application. It is said that the insertions on the genomic DNA analysis of 
HvSnf2 is linked to the presence of VRN-2 allele on the whole genome while deletion of 
whole gene or nucleotide changes considered as absence of VRN-2 allele in cereals. As 
indicated, we found that except of NM2180 and NM2182 samples, all our historic barley 
accessions carry small deletion in the allele or resulted in deletion of the whole allele. 
Eventually, they are evaluated as the haplotype group Vrn-H2

-
 or Vrn-H2

+
. We found that 19 

of the samples in all found to be participated in the haplotype VRN-2
- (Table 6).  

 
 

  VRN-2 (HvSnf2)     

Label of the Samples PCR Products Polymorphism Haplotype 

NM264 + Deletion Vrn-H2¯
 

NM270 + Deletion Vrn-H2¯  

NM599 + Deletion Vrn-H2¯  

NM613 + Deletion Vrn-H2¯  

NM625 + Deletion Vrn-H2¯  

NM633 + Deletion Vrn-H2¯  

NM646 + Deletion Vrn-H2¯  

NM662 + Deletion Vrn-H2¯  

NM667 + Deletion Vrn-H2¯  

NM668 + Deletion Vrn-H2¯  

NM669 + Deletion Vrn-H2¯  

NM671 - Deletion - 

NM705 + Deletion Vrn-H2¯  

NM727 + Deletion Vrn-H2¯  

NM777 + Deletion Vrn-H2¯  

NM789 + Deletion Vrn-H2¯  

NM2152 + Deletion Vrn-H2¯  

NM2180 + Insertion Vrn-H2
+
 

NM2181 + Deletion Vrn-H2¯  

NM2182 + Insertion Vrn-H2
+
 

NM2191 - Deletion - 

NM2199 + Deletion Vrn-H2¯  

NM2218 + Deletion Vrn-H2¯  

 
 

We also genotyped 23 barley accessions to find out its row-type, Vrs1 (two-row) or vrs1 (six-
row) as it is reported by Komatsuda et al. 2007, and Leino et al. 2009. One mixture of primer 
set (Vrs1a2_a3_F1+ Vrs1a2_a3_R1) was used for PCR amplification (Table 2). Although all 
of the barley accessions were positively produced during PCR reaction, nine of the samples 
in all were not be able to be identified by sequencing analyses. All the identified samples 
were found as six-row (Vrs1) barley whereas rest of 14 samples was labeled as ‘unknown’ 
(Table 1).  

Table 6: Genotyping 

of the VRN-2 alleles, 

including yield of 

PCR, polymorhism 

in the gene or 

deletion of the whole 

allele and its 

haplotype, are 

shown. The varieties 

witout any haplotype 

group and positive 

VRN-2 alleles are 

highlighted with 

different colours.  
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6 Discussion 
6.1 The choice of landrace barley as a genetic model to determine distribution of allele 

diversity in Europe 
For the study of cultivation and adaption of ancient plants to new climatic condition, barley is 
well-conserved and convenient material to work due to its wide adaptation property, and easy 
cultivation in temperate areas. During the 20th century before modern cultivars were 
introduced, ancient landrace materials of barley were used. Later, new improved cultivars 
don’t give any information about natural adaption in terms of the altered temperature regimes 
and growth season. Lister et al. (2009) clarified that, delays of barley cultivation before 
introducing new cultivars for genetic studies, were occurred both slow assimilation of 
agriculture and lack of capability adaption to new climatic condition. To study historic barley 
accessions by use of PCR methods and sequencing enable us to study the genetic composition 
of barleys adapted to certain location during hundreds of generations. 
 
Approximately 87% of all samples were successfully amplified and sequenced in this study. 
While most of the samples that were amplified successfully show a clear allele distribution in 
selected landrace barleys’ geography(Figure 3), it could also give a better understanding to 
study more distribution of alleles locally which selected for natural adaption around Europe, 
especially north of Scandinavia. 
 
6.2 Identification of photoperiod response alleles and their effect on flowering time 
Investigation of photoperiod response gene in historic barley landrace exhibits a definite 
distribution of alleles dependent on the origin of accessions in which the non-responsive 
allele ppd-H1 is found in central and north of Europe and the responsive Ppd-H1 is shown to 
present in 4 samples from the south of Europe. The latitudinal cline is thought to be the result 
of selection for nonresponsive and responsive varieties of the photoperiod response genes for 
flowering time in barley (Turner et al., 2005). It suggests that in north of the Europe short 
days (SD) permit plants to grow vegatatively, whereas long days (LD) make plants to 
improve their florescence initiation in southern of Europe (Lauire et al., 1997). Some barleys 
situated around south of the Europe have an advantage of having dry and hot summer that 
trigger them to flower earlier than barleys found in north of the Europe, which are lack of this 
advantage. It is also crucial for plants to flower at a certain time of the year for pollination 
and seed development (Turner et al., 2005; Cockram et al., 2007). Having an active form of 
photoperiod response gene in a plant is also an advantage of early flowering that permits 
pollination and grain yield before middle of the summer. However, recessive form of the 
photoperiod response gene occur plants to flower later in the growing season. So that, plants 
that have ability to survive in northern Europe is more advantages than spring ones, because 
long-growing season (due to more rain throughout the season) in northern Europe allows 
plant to have extended vegetative growth, thereby resulting in higher yields (Lister et al., 
2009). Most of the barley accessions identified from northern Scandinavia are producing 
higher yields than southern ones, and having recessive form of the photoperiod response gene 
while four of the all samples were shown to have dominant alleles of photoperiod response 
gene to contribute early flowering in barley accessions.  
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Figure 2: The picture shows different polymorphisms by sequencing analysis. Each of the 

pictures represents different mutation which was gained from different aged barley samples. 

These are; (a) NM599, (b) NM599, (c) NM2182, (d) NM2182, (e) NM669, (f) NM669, (g) 

NM789, (h) NM2181, (i) NM264, (j) NM264, (k) NM613, (l) NM613.  

(d) HvFT_intron position of 1354

(g) VRN-1 SNP_4_5 position of  16705

(l) HvCO1 position of 885

(a) HvFT intron position of 1240

(e) VRN-1 SNP_4_5 position of  16705 (f) VRN-1 SNP_4_5 position of  16723

(i) HvCO1 position of 843 (j) HvCO1 position of 885

(c) HvFT_intron position of 1240

(h) VRN-1 SNP_4_5 position of  16723

(k) HvCO1 position of 843

(b) HvFT_intron position of 1354



19 

 

Fifteen of the landraces from Scandinavia and middle of Europe sequenced in this study were 
identified to encode a ‘T’ instead of a ‘C’ at the position of 2438. And 4 of all the samples 
were found to identify a ‘C’ that indicated their origin as south of Europe while others were 
from north of Europe. It is suggested that a single base change (T instead of C) on the barley 
genome was causative of mutation because of the altered climate condition during the 
evolution. On the other hand, Turner et al. (2005) thought that SNP22 (a “T” instead of a 
“G”) was the causative of the mutation. It is possible that position of SNP22 on the genome 
has an effect on the regulation of flowering time and reduces photoperiod responsiveness, it 
is however more convenient that the data was found that SNP48 situated in Exon 6 of coding 
region better explains the casual basis of the Ppd-H1 mutation (Jones et al., 2008). We 
showed all the SNPs on the polymorphic site of barley varieties which are from usually 
northern Europe that contributes Jones et al. (2008) hypothesis to have a ‘T’ base change in 
Exon 6 indicates non-responsive form to day-length in north of Europe. The samples NM613, 
NM625, NM705, and NM2218 was not be able to identified either as ‘wild type’ or ‘mutant 
form’ because of the insufficient DNA amplification. NM2181, NM2182, NM2191, and 
NM2199 are identified as having dominant allele of photoperiod response that they are 
located to warm countries Turkey, Greece, and Libya but number NM2191, which has 
dominant allele of Ppd-H1, is representing a different model than it is reported by Jones et al. 
(2008) because of its location. Rest of the varieties from mostly north of Sweden and Finland 
are found to carry recessive form of Ppd-H1. So that, it explains clearly that the alleles are 
dependent on their origin to carry dominant or recessive form of the photoperiod response 
gene expect of number NM2199 which is located to Scotland (Table 3 and Figure 3). 
 
6.3 The identification of crucial polymorphic sites in CO  
It is suggested that the photoperiod pathway is well preserved among cereals with the 
CONSTANS (CO) genes having a regulatory role on flowering time (Yan et al., 2006). 
Several SNPs were sequenced successfully in HvCO1, and thereby resulting in identification 
of possible haplotype groups. There is three different possible haplotype groups described in 
this report which are dependent on each of the nucleotide identity in the polymorphic sites. In 
Arabidopsis thaliana, a long day plant to photoperiod response, the CO gene is in 
correspondence with HvFT allele to promote flowering (Yan et al., 2006). The CCT domain 
in the structure of CO gene is the crucial region for flowering. There is resemblance between 
Arabidopsis and barley cereals that two of the CO members (HvCO1 and HvCO2) among 
entire family of CO have isolated from barley and they are thought to be CO-like. So that, all 
of the functional mutations found in CO reported until now are located around this domain, 
which indicates their regulatory role on flowering time (Stracke et al., 2008). Instead of two 
haplotype groups (HvFT

2, HvFT
3
, HvFT

4
, HvFT

5
, HvFT

6
, HvFT

7
, HvFT

8
, and HvFT

10) which 
have the most possibilities due to the lack of the non-identical polymorphisms, the other 
groups that mostly from southern of the Europe show a clear allele distribution. It could 
explain the function of CO genes is mostly located around southern Europe to participate 
flowering time in barley by effecting to the HvFT allele during photoperiod response (Figure 
3).  
 
6.4 Deletion of VRN-1 gene results in spring growth habit 
Flowering time in barley plants is conducted by photoperiod and vernalization pathways. The 
VRN-1 locus is believed to promote flowering time by vernalization treatment and its 
candidate gene is also related to the Arabidopsis meristem identity gene (Yan et al., 2003). 
Fragments of the VRN-1 gene was amplified by PCR application and sequenced in almost all 
varieties of the selected barley accessions. VRN-1 is active in flowering time during 
inflorescence initiation and apex development and it is regulated at low basal levels until 
plants get vernalized (Trevaskis et al., 2007). And in this kind of situations, VRN-1 is usually 
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repressed by VRN-2 until vernalization requirement are satisfied during winter. Some 
varieties of barley, however, have the small deletions in promoter or insertions in the first 
intron that indicates that expression levels of VRN-1 is high enough and it is not necessary for 
these of varieties to get vernalization requirement. The nucleotide identity of four 
polymorphic sites was identified. By addressing of these SNPs, the system of Cockram et al. 
(2007) was used to categorise haplotypes. The identified varieties were compared with the 
reference and shown possible five different haplotypes groups in Table 5. Interestingly, 
NM270 number variety was found to be in another group which is not described before. Most 
of the accessions of barley are placed clearly in a certain haplotype group, 9 of them in VRN-
4, 3 of them in VRN2,3 of them in VRN5, 4 of them in VRN1, and two of them in VRN2 or 
VRN4, that shows clear allelic distribution in different geographic areas (Figure 3). It is 
suggested that a 436 bp of VRN-1 region is the most crucial segment for vernalization (Fu et 

al., 2005) that the identified all the deletions, instead of NM667 and NM727 varieties, are 
certainly counted as they have spring growth habit. According to reference, all of the selected 
varieties that have the polymorphic fragment of VRN-1 are shown clearly to have spring 
growth habit that eliminates vernalization requirement. The geographic distribution of the 
identified haplotype groups is indicated in Figure 3.  
 
6.5 The role of VRN-2 gene is dependent on photoperiod response  
Flowering time in barley is delayed by the function of VRN-2 genes until plants get 
vernalized (Takahashi et al., 1971). The candidate gene for VRN-2 was identified as a group 
of ZCCT-H genes in barley (Yan et al., 2004) but it is not known which member of the gene 
family that is responsible for suppressing of VRN-1 gene during flowering process. 
According to Cockram et al. (2007) until barley plants get vernalization treatment, 
suppressing of VRN-1 gene to delay florescence development only by presence long-day 
photoperiod exposure. It is suggested Dubcovsky et al. (2005) that ZCCT-Ha is the most 
probable gene to repress VRN-1 in barley. Since VRN-2 is deleted in spring barleys and 
deletions are problematic to analyze in degenerated DNA templates. We genotyped instead 
all the accessions for tightly linked polymorphisms in HvSnf2 to identify which growth habit 
the barley accessions have. Except varieties NM671 and NM2191 all of the varieties were 
able to analyze. We identified all the possible insertions and deletions in selected materials 
and compared with the reference of Karsai et al. (2005), thereby the accessions NM2180 and 
NM2182 were found to have dominant alleles of VRN-2 while 19 of varieties in all are found 
to be deleted in barley accessions (Table 6).  
 
The effect of VRN-2 gene on vernalization treatment is photoperiod-depended that it has an 
effect on vernalization only under long-days, and there is no effect recorded by presence of 
short days (Karsai et al., 2005). So that, this explains why spring growth habit is found in 
most of the varieties and we also indicate that most of the VRN-2 genes are deleted in almost 
all varieties. The two samples which are shown to have dominant allele of VRN-2 are found 
in accessions from Spain and Turkey, respectively (Table 6), and it shows that long-day 
photoperiod exposure has an effect on these two samples as it is understandable from their 
origin. It also explains a promotional evidence of the previous reports that VRN-2 is not the 
determinant of flowering in barley during winter when days are short and less photoperiod 
exposure. Trevaskis et al. (2007) proved that VRN-2 is delaying flowering by repressing FT 
and it could occur by either direct interaction between VRN-2 protein or interactions of other 
photoperiod components. It is clear that 19 of the samples have the deletion of VRN-2 genes 
that they have no effect on suppressing flowering time in certain areas of European barley 
accessions. 
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Ppd-H1: 

ppd-H1:

CO 2/3/4/6/7/8:

CO 3/4:

CO 2/7/8:

CO 2:

CO 3/7/8:

CO 1/5: 

HvFT:3/6/10

HvFT:2/5/7/8

HvFT:

2/3/4/5/6/7/8/10

VRN-1 4 

VRN-1: 2 

VRN-1: New

VRN-1: 2/4

VRN-1: 5

VRN-1: 1

 
Figure 3: The allelic distribution of varieties dependent on their geographic location is 

shown. The non-amplified fragments are shown with a black dot. (a) Photoperiod response 

gene (Ppd-H1) dominant forms are shown with yellow, mutant forms are shown with blue 

colour. (b) HvFT, (c) CONSTANS, (d) VRN-1 alleles are shown as their haplotype groups 

with different colours on the figure. 

 

6.6 HvFT (VRN-3) cause early flowering by presence of Ppd-H1 
Flowering time is induced by VRN-3 (HvFT) in long days and it is suggested that dominant 
allele of VRN-3 cause early flowering in barley (Yan et al., 2006). HvFT gene in barley is 
also a homologue of Arabidopsis thaliana FLOWERING LOCUS T (FT) gene and they have 
the similar mechanism to promote flowering. Among 23 barley accessions, 14 of them 
sequenced with success in the intron region of FT and all of the indel polymorphism was 
observed in promoter region by agarose gel analysis in 23 historic accessions. Induced 
mutations in HvFT  have been identified in binding sites of promoter and intron that causative 
mutations in intron were introduced as a single base change, and it was identified as insertion 
(CTTG) or deletion in promoter region of barley genome (Stracke et al., 2009). It is shown 
on the table 4 that all the causative SNPs are found in intron as ‘A-G’ or ‘T-C’ in the intron 
and ‘CTTG’ insertions or deletions in the promoter region. When we compared our results 
with the possible haplotype frequency with previous report, we found that 5 different possible 
haplotypes were included among 8 of them (HvFT

1 through HvFT
8). The variety NM2182 is 

the only one in 23 varieties to have certain haplotype group HvFT
2 that is found to represent 

Turkey where the climate is warmer when compared to other ones. So that, there is only one 

a b 

c d 
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exact haplotype group of which varieties occur rapid flowering. According to Trevaskis et al. 
(2008) deletion of the VRN-2 gene promote rapid transition stage from vegetative to 
reproductive improvement by induction of HvFT gene under long-days. So that, an insertion 
or a deletion in the critical region of VRN-2 is the answer of why HvFT causes accelerated 
flowering by presence of active allele of Ppd-H1. Considering the sequence of VRN-2 alleles 
in Table 6, only the numbers of NM2180 and NM2182 have the dominant allele of VRN-2. 
So that, it is obvious that most of the 23 barley accessions, of which genotyping resulted 
successfully, have the spring growth habit that emphasise their rapid florescence initiation by 
only presence of active allele of photoperiod response. Especially, NM2182 that shows 
certain haplotype group can be considered to have spring growth habit which accelerate 
flowering by its deletion of VRN-2 and having dominant allele of HvFT under active allele of 
Ppd-H1. To be able to have a better acknowledgment of these relationships, most of the 
varieties studied in this paper should be considered once more by re-sequencing to fit exact 
haplotype frequency. 
 
6.7 The row type of historic barley show a clear distribution in north of Scandinavia 
During the inspection of entire genome of ancient barley we also attribute some additionally 
study to analyse the row type of barley in historic seed collection to enable to see genetic 
differentiation between two and six row barley. Row types were defined to have two member 
as Vrs1 and vrs1, the first one, two-row, is usually found in north of Europe and northern 
Scandinavia while the mutated one, six-row, is being introduced around south of the Europe 
(Leino et al., 2010). We showed all the tested varieties on the agarose gel, and when 
sequenced for identification of row type, only the samples from north of Scandinavia were 
able to analysed by sequencing (Table 1). Even though it is displayed the origin of the each 
sample and described their row type, the rest of the samples will therefore need to analyse for 
their certain location to be able to identify. So that, the spreading out of the samples from 
south of Europe and two samples from Finland should be paid attention to understand their 
geographic distribution for next studies. 
 
6.8 The vernalization treatment and day-length interaction occur by a similar 

mechanism in Arabidopsis and cereals 
The photoperiod and vernalization requirement pathways interact with each other to regulate 
flowering time in temperate cereals. Both of the pathways have the similar mechanisms in 
long-day plant Arabidopsis thaliana. In both of plants, CO induces FT in leaves to promote 
flowering under long-day exposure, and to be able to establish vernalization requirement in 
Arabidopsis FLC represses FT and is down-regulated by vernalization treatment. The similar 
mechanism occurs in barley varieties that need to get vernalized: VRN-2 represses HvFT by 
presence of Ppd-H1, and after plants get vernalized, induction of VRN-1 expression in shoot 
apex occurs. Induction of VRN-1 allows plants to repress the function of VRN-2 and thereby 
resulting in releasing of HvFT. Expression of VRN-1 in barley and AP1 gene in Arabidopsis 
with the presence of long photoperiod response allow plants to accelerate flowering (Figure 
4). 
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Figure 4: The comparison of photoperiod and vernalization pathways that have the 

responsibility on regulating flowering time in Arabidopsis and temperate cereals. The effect 

of these pathways promote flowering in Arabidopsis (left) and in the temperate cereals (right) 

are shown. Figure based on Trevaskis et al. (2007). 

7 Concluding remarks 
Genotyping of crucial genes for flowering time in historic barley seeds was performed by 
PCR-based methods and sequence analysing in this study. Six different genes (VRN-1, VRN-

2, VRN-3 (HvFT), Ppd-H1, CO, and Vrs1) involved in flowering time was screened for their 
allelic variations around Europe and categorized in possible haplotype groups. The possible 
haplotype groups depended on the polymorphism of four SNPs of VRN-1 has been described. 
It would be interesting to study more SNPs to identify haplotype grouping in detail. 
Furthermore, the identified VRN-3 and CO genes are found to contribute to each other during 
florescence initiation in barley; however, because their haplotype groups could not be 
considered profoundly in this study, it would be nice to investigate their uncertain haplotype 
groups to have better knowledge about their effect on flowering time in different origin of 
Europe. A better understanding of how these genes in correspondence with each other to 
control flowering time should also develop anticipates of how altering environmental factors 
may affect flowering time in different genetic backgrounds. This will be a beneficial to 
improve new varieties of barley that are being prepared how to cope with climate changes. 
We also suggest that the indefinite identification of Vrs1 genes that found south of Europe 
can examine when the certain origin of the varieties clarified. 

 
This study includes analysis of around 23 of old historic seed collections which were 
collected approximately 130 years ago. They are not viable, but they have still sufficient 
genetic information that obtained with much effort in this study. During this study, we gained 
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deep knowledge of historic seeds on behalf of gene banks that kept old varieties in a viable 
form. These viable varieties may also be used as the improvement of future´s crop yield.  
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