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Abstract 
 

HvFT1 is a gene with an important role in flowering time regulation in barley (Hordeum 

vulgare L.). It functions as a central integrator for signals of the vernalization, photoperiod and 

circadian clock pathways and promotes flowering. This is of interest for barley breeders on 

Iceland, who aim to produce early maturing cultivars. 

The main objective of this project is to study the genetic diversity of the HvFT1 gene in 

Nordic spring barley. Sequence variation in this gene is known to influence flowering time in 

some barley varieties and my aim is to determine whether genetic diversity in HvFT1 

contributes to known flowering time differences in Nordic barley lines. To that end, flowering 

time data was collected and the entire coding region of the HvFT1 gene in 20 different Nordic 

spring barley lines sequenced. All sequenced traces were manually edited, assembled and 

aligned in order to detect sequence polymorphisms. HvFT1 sequences from ten additional 

barley lines were downloaded from NCBI’s GenBank and included in the analyses. 

A variety of SNPs, insertions and deletions were found in the regulatory and intronic 

regions, but only a single SNP was discovered in the coding sequence. Sequence variation 

within the coding sequence is therefore unlikely to influence flowering time significantly in the 

barley lines studied here. 

A total of nine alleles were found among the studied barley material. Analysis of 

sequence polymorphisms, flowering time data and growth habit demonstrated an association 

between the BGS213- and E40 (Voh2825) alleles and early flowering and spring growth habit. 

A similar association was discovered between the PE/IAG haplotype and early flowering as well 

as spring growth habit. This is in accordance with previous studies, that found BGS213 to be 

the dominant allele in spring barley. The observed early flowering however cannot be explained 

by sequence variation alone. I propose, that either high copy number variation of HvFT1 or 

variation at other flowering time genes is likely to significantly influence HvFT1 expression 

and timing, which could in turn cause the differences in flowering among the studied barley 

material. 
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1. Introduction 

1.1 Barley (Hordeum vulgare L.) 

1.1.1 Origin, taxonomy and cultivation of barley 

 Cultivated barley (Hordeum vulgare ssp. vulgare) is a diploid annual cereal belonging 

to the genus Hordeum, which is part of the tribe Triticeae of the family Poaceae (Gramineae). 

The genus is made up of about 32 perennial and annual species that are endemic to various parts 

of the world, and has a ploidy range from diploid to hexaploid (von Bothmer, Jacobsen, Baden, 

Jørgensen & Linde-Laursen, 1995; Blattner, 2009). 

Wild barley (Hordeum vulgare ssp. spontaneum (C. Kock) Thell.) is considered to be 

the closest living relative of cultivated barley (Nevo, 1992). It was formerly treated 

taxonomically as a separate species, but since wild barley and cultivated barley are fully 

interfertile, they have now been synonymized (von Bothmer et al., 1995; Blattner, 2009). 

Although the two subspecies are morphologically similar, ssp. vulgare has generally a shorter, 

thicker spike with larger grains, shorter stem and awns and broader leaves (Zohary, 1969). 

Barley was one of the first crops to be domesticated, or around 10.000-13.000 BCE (Badr et 

al., 2000). The earliest confirmed remains of barley used for human consumption have been 

dated back to 7.500-6.500 BCE (Zohary & Kopf, 2000). Wild barley is adapted to a broad range 

of environments and has a large genetic diversity (Nevo & Chen, 2010). During the 

domestication process of barley part of its genetic diversity was lost, even though introgression 

from the wild ancestor frequently occurs. Nevertheless, cultivated barley is adapted to grow in 

a wide geographical and climatological range, including areas as extreme as near-desert areas 

and subarctic regions such as Iceland as well as the rest of Northern Scandinavia (Fischbeck, 

2003). 

Barley can be divided into different types based on growth habit: Spring - and winter 

barley. Spring barley has an especially broad climatic adaptation. It is sown in spring and does 

not require vernalization, which is a period of low temperature that stimulates flowering in 

some monocarpic plant species. Winter barley is on the other hand sown in autumn and requires 

vernalization in order to complete its life cycle. Both spring and winter barley are not as 

demanding with regards to soil fertility as other cereals such as wheat and maize. These crops 

require constant, moderate climate conditions and need much higher input levels and production 

intensity to be economically viable (Verstegen, Köneke, Korzun & von Broock, 2014). Drought 

and salinity tolerance are two additional useful characteristics of barley (Nevo & Chan, 2010). 
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If conditions permit, winter barley is preferred because of its higher yield (Verstegen et al., 

2014), especially when grown for animal feed. Nonetheless, spring barley accounts for most of 

the annual world barley production, which is partly due to it being the main source of malting 

barley. In 2011 barley was grown on around 48 million hectares worldwide, and total 

production was about 133 million tons. This makes barley the fourth most grown cereal crop in 

the world after wheat, maize and rice. Both in quantity produced, and in area of cultivation 

(FAOSTAT, 2011). 

Barley can be divided into two additional types based on spike morphology: Two- and 

six-rowed types. Two-rowed barley is a reduced version of the six-rowed barley where the 

female lateral spikelets are sterile instead of fertile as in six-rowed (Briggs, 1978). Although 

there are differences between two-rowed and six-rowed barley, the use of two-rowed or six-

rowed types appears to have mostly historical reasons (Verstegen et al., 2014). 

1.1.2 Cultivation and breeding goals of barley on Iceland  

The history of barley cultivation on Iceland was reviewed by Jónatan Hermannsson 

(1993). According to his review, barley was first introduced to Southern Scandinavia around 

3.000 BCE and is thought to have been brought from Norway to Iceland soon after the Vikings 

first settled, around 874 CE. Barley was successfully cultivated on several sites in Iceland, until 

1.300 CE, when a period of lower temperatures made it more difficult to grow barley and a 

decrease in the price of imported barley made it more economical to buy barley grain than to 

grow it in Iceland. It was only in the beginning of the 20th century that cultivation of barley was 

resumed. Since 1991, barley production on Iceland has increased significantly. In 2007, barley 

was cultivated on 3.576 hectares of land, yielding an average of over 3 tons, or a total production 

of about 11.500 tons (Jónatan Hermannsson & Ingvar Björnsson, 2008). For the last decade, 

annual production of barley has been about 12-16.000 tons. This amounts to about 90% of the 

total cereal grain production of Iceland, making it the most important cereal crop grown on 

Iceland (Vilmundur Hansen, 2016). 

One of the reasons that makes barley such a widely grown cereal crop in Iceland, is that 

it is relatively well adapted to the local subarctic weather conditions. Only spring varieties of 

barley are grown in Iceland. One of the most important traits looked for in spring barley in 

Iceland is adaptation to the short growing season. The plant must be able to flower, mature its 

grain, and complete its growth cycle within the short Icelandic summer period. The timing of 

flowering has a large impact on the ability of barley to grow and reproduce. If the reproduction 

is to be successful, flowering must take place within a certain timeframe, during which 
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resources and circumstances are optimal for the developing plant. A correct targeting of this 

optimal reproductive period can result in increased grain yields (Nitcher, Distelfeld, Tan, Yan 

& Dubcovsky, 2013). Breeding early flowering cultivars is therefore one of the main goals of 

barley breeding on Iceland. An increased understanding of the function and regulation of 

flowering genes is crucial for breeding barley cultivars that are well adapted to the Icelandic 

climate, and could consequently be of great agricultural benefit. 

1.2 Mechanism of flowering time regulation in barley 

1.2.1 Environmental factors influencing flowering time in barley  

Flowering time is regulated by both environmental and internal signals. In temperate 

cereal species such as barley, flowering time is primarily regulated by two seasonal signals: 

Photoperiod and vernalization. Barley is a facultative long-day plant. Based on the response to 

photoperiod, barley cultivars can be labelled as either photoperiod sensitive (accelerated 

flowering under long days), or insensitive (limited response of flowering time to long days). As 

mentioned previously, based on vernalization requirement, cultivars can be divided into winter 

or spring types (Nitcher et al., 2013). The presence of a certain allelic series at the vernalization 

locus VRN-H1 results in intermediate genotypes, producing a third class of facultative barley 

genotypes that can be sown anytime (Hemming, Fieg, Peacock, Dennis & Trevaskis, 2009). 

Unlike some other environmental signals, photoperiod and vernalization affect 

developmental rate of the plant only during certain parts of the pre-flowering period. Pre-

flowering development in temperate cereals can be divided into three main phases based on 

morphological changes of the shoot apical meristem: the vegetative phase, the early 

reproductive phase and the late reproductive phase (Taiz et al., 2010). Each of these phases 

differ in their sensitivity to certain environmental signals (Slafer & Rawson, 1994; González, 

Slafer & Miralles, 2002). Vernalization affects flowering time mostly by reducing the duration 

of the vegetative state, although it also slightly effects the other phases (Roberts, Summerfield, 

Cooper & Ellis, 1988; González et al., 2002). Photoperiod on the other hand mostly accelerates 

the late reproductive phase, especially the stem elongation phase, and has less effect on the 

vegetative and early reproductive phases (Roberts et al. 1988; Miralles & Richards, 2000; Slafer 

et al., 2003). 

The sum of the duration of all three developmental stages determines earliness of 

flowering in the plant. Earliness of flowering depends therefore on the regulation of the 

morphological changes that take place during these phases. Genes regulating flowering time in 

cereals have also been shown to have pleiotropic effects on a number of traits that influence 
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yield. Understanding the genetic basis of pre-flowering development and contributions of 

flowering genes, is likely to contribute to increased yield in more than one way (Drosse, 

Campoli, Mulki & von Korff, 2014). 

1.2.2 Flowering time genes and pathways in barley  

Regulation of flowering time has extensively been studied in Arabidopsis thaliana, an 

annual dicot. Many of the known flowering time genes and pathways show a high degree of 

conservation across species, and based on homology, orthologues of such genes have also been 

found in barley. Five different genes, including HvFT1, have been found in barley that show 

homology to the Flowering Locus T (FT) flowering gene found in A. thaliana (Fauré, Higgins, 

Turner & Laurie, 2007). Other major flowering time genes in barley have been found using 

natural diversity mapping and QTL mapping (Yan et al., 2003; Turner, Beales, Fauré, Dunford 

& Laurie, 2005). Photoperiod, vernalization, as well as circadian clock pathways all interact to 

regulate flowering time (figure 1). 

1.2.2.1 The photoperiod pathway and the circadian clock 

Two major regulators of the photoperiod pathway in barley are PPD-H1 and PPD-H2. 

Sequence variation within these two genes causes most of the variation in photoperiod response 

that has been found in barley (see Drosse et al., 2014). 

The PPD-H1 photoperiod response gene maps to the short arm of chromosome 2H. It 

encodes a pseudo-response regulator (PRR) protein that is part of the circadian clock (Turner 

et al., 2005), and is orthologous to the circadian clock gene PRR7 in A. thaliana. PPD-H1 

functions as a key gene in determining flowering time under long-day (LD) conditions. Under 

LD circumstances, the dominant allele causes increased HvFT1 expression, thereby promoting 

early flowering. Under the same circumstances, the recessive allele represses HvFT1 

expression, thereby delaying flowering time (Turner et al., 2005; Hemming, Peacock, Dennis, 

& Trevaskis, 2008). 
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Figure 1. Model showing the interactions between photoperiod, circadian clock and vernalisation genes in the 

flowering time pathway in barley. Dashed lines indicate alternative models of interaction between the genes, and 

numbers in brackets indicate literature in which experimental evidences support this model; (1) Laurie et al. (1995), 

(2) Dunford et al. (2005), (3) Turner et al. (2005), (4) Yan et al. (2006), (5) Fauré et al. (2007), (6) Shitsukawa et 

al. (2007), (7) Hemming et al. (2008), (8) Li & Dubcovski (2008), (9) Kikuchi et al. (2009), (10) Shimada et al. 

(2009), (11) Shin-Young et al. (2010), (12) Casao et al. (2011), (13) Kikuchi et al. (2011), (14) Campoli et al. 

(2012a), (15) Faure et al. (2012). Taken from Drosse et al. (2014). 

 

The importance of the PPD-H1 gene in the photoperiodic pathway suggests that the 

circadian clock is likely to play an important role in the regulation of flowering time in barley 

and other temperate cereals. Many of the circadian clock genes and functions found in A. 

thaliana are conserved in barley (Drosse et al., 2014). Recently, an important flowering time 

QTL for early flowering (Eam8) has been found to be a mutation in the HvELF3 gene, which 

is a gene orthologous to the circadian clock gene ELF in A. thaliana (Fauré et al., 2012). This 

specific mutation causes upregulation of PPD-H1 under non-inductive SD conditions, 

demonstrating the influence of the circadian clock on the regulation of flowering (Fauré et al., 

2012). 
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HvCO1 is yet another gene controlled by the circadian clock, and appears to act in 

parallel with PPD-H1. Overexpression of HvCO1 results in upregulation of HvFT1 and causes 

acceleration of flowering (Campoli, Drosse, Searle, Coupland & von Korff, 2012a; Campoli, 

Shtaya, Davis, von Korff, 2012b). HvCO1 is one of nine barley homologues of the A. thaliana 

photoperiod response gene CONSTANS (CO), which is regulated by the circadian clock 

(Corbesier & Coupland, 2005). 

The second important photoperiod gene in barley is PPD-H2, which has been mapped 

to the long arm of the 1H chromosome (Fauré et al., 2007). Fauré et al. (2007) proposed HvFT3 

as a candidate gene for PPD-H2. Although it is a paralogue of HvFT1, its effect on flowering 

time is not as strong (Fauré et al., 2007; Kikuchi, Kawahigashi, Oshima, Ando & Handa, 2009). 

In fact, the induction of flowering by PPD-H2 seems to be restricted to winter genotypes under 

non-inductive conditions (short days or long days without vernalization) (Casao et al., 2011). 

HvCEN is another paralog of HvFT1 with large effects on flowering time (Loscos, 

Igartua, Contreras-Moreira, Gracia & Casas, 2014). It has two main haplotypes, one of which 

is associated with spring growth, the other with winter growth (Comadran et al., 2012). In 

Antirrhinum majus, expression of CEN leads to initiation of the development of flower 

structures. The expressed protein may form complexes with phosphorylated ligands by 

interfering with kinases and their effectors (The UniProt Consortium, 2015). It is not yet known 

how this gene interacts with other genes in barley (and it is therefore not mentioned in figure 

1). Loscos et al. (2014) reviewed the interaction between HvFT1 and HvCEN. Accelerated 

flowering was demonstrated in the presence of one of the two main alleles, even though 

expression of HvFT1 stayed the same. This led them to suggest that HvCEN acts parallel to 

HvFT1 in promoting flowering, either through protein-protein interaction with HvFT1 or by a 

combined effect with HvFT1 by focusing on the same targets. Because of the high similarity 

between these genes, they further speculated that the products of these two genes may display 

similar interactions with other proteins, and proposed that the two products may form 

heterodimers, although with the evidence at hand, they could not proof it. 

1.2.2.2 Vernalization pathway 

 The three genes VRN-H1, VRN-H2 and VRN-H3 are the most important vernalization 

genes, and natural variation in vernalization requirement is primarily due to genetic variation 

in these genes (Drosse et al., 2014). 

VRN-H1 is closely related to the APETALA1, CAULIFLOWER and FRUITFUL genes 

in A. thaliana. It encodes a MADS box transcription factor that is responsible for the transition 
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of the shoot apical meristem from the vegetative phase to the reproductive phases (Yan et al., 

2003). Different alleles have been found in this gene. Hemming et al. (2009) found that alleles 

lacking large sections of the first intron are associated with accelerated flowering and dominant 

spring growth, whereas alleles lacking only small segments were associated with weaker 

promotion of flowering. Studies in wheat have shown that copy number variation (CNV) of the 

VRN-1 gene is correlated with expression levels as well as vernalization requirement of the 

plant (Díaz, Zikhali, Turner, Isaac & Laurie, 2012). Also, the VRN-1 gene has been suggested 

to upregulate expression of the VRN-3 gene under LD conditions (Shimada et al., 2009). In 

barley, VRN-H1 has been demonstrated to downregulate expression of VRN-H2 (Yan et al., 

2004). 

The vernalization locus VRN-H2 consists of three closely related ZCCT genes (ZCCT-

Ha, ZCCT-Hb and ZCCT-Hc) that are characterised by a Zinc finger and a CCT domain. Unlike 

most other flowering genes, these genes have no orthologues in A. thaliana (Yan et al., 2004). 

VRN-H2 functions as a flowering repressor and is only expressed under LD circumstances. In 

photoperiod sensitive winter barley, it represses expression of HvFT1 in the period prior to 

vernalization. During this period, VRN-H2 expression is high, but during exposure to cold, 

VRN-H1 is upregulated, and expression of VRN-H2 downregulated as a result. This, in 

combination with upregulation by PPD-H1 and possibly HvCO1, leads to the demonstrated 

increase in expression of HvFT1 (see Campoli et al. 2012a; Campoli et al. 2012b; Drosse et al., 

2014; Loscos et al., 2014). This increased expression of HvFT1 induces in turn expression of 

VRN-H1 and a consequently accelerated initiation of flowering (Nitcher et al., 2013). Loss of 

all three genes in the vernalization locus VRN-H2 results in spring growth habit, independent 

of the VRN-H1 alleles (Dubcovsky, Chen & Yan, 2005; Yan et al., 2004). VRN-H2 may have 

originated from a duplication of HvCO9, and both belong to the same subfamily of genes 

similar to the circadian clock regulated gene CO in A. thaliana. HvCO9 delays flowering under 

non-inductive SD conditions, likely by downregulating expression of HvFT1. HvFT1 interacts 

with most of the above mentioned flowering time genes, and is one of the key genes involved 

in flowering time regulation in barley (Nitcher et al., 2013). 

1.3 The role of HvFT1 (VRN-H3) in flowering time regulation in barley 

1.3.1 Structure and function of HvFT1 

The HvFT1 flowering gene in barley has been mapped to the short arm of chromosome 

7H, between microsatellite markers AF022725 and Bmac31 and is homologue to the A. thaliana 

gene Flowering Locus T (AtFT) (Fauré et al., 2007). AtFT functions as a central integrator of 
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vernalization and photoperiod signals that have been perceived by the leaves, and encodes a 

mobile protein, called florigen, that induces flowering in the apical meristem (Nitcher et al., 

2013). HvFT1 is also orthologue to the vernalization genes VRN-B3 in wheat (Yan et al., 2006), 

and OsFTL2/3 in rice (Faure et al., 2007). As figure 2 shows, this gene has a promoter, two 

introns and three exons. Yan et al. (2006) showed that there is a complete linkage between 

HvFT1 and the vernalization locus VRN-H3, proving that HvFT1 corresponds to the 

vernalization locus VRN-H3. 

 

Figure 2. Overview of HvFT1 (VRN-H3) flowering gene, showing the promoter, two introns and 3 exons.  

 

HvFT1 has a function similar to FT in A. thaliana. It integrates signals of the 

vernalization, photoperiod and circadian clock pathways, and promotes flowering (Nitcher et 

al., 2013). As previous studies have shown, polymorphisms in this gene can alter growth habit 

and earliness of flowering. Influences of other genes on HvFT1 expression remains however 

very important and may even override the effect of polymorphisms in the gene. HvFT1 is a key 

gene in flowering time regulation, and interacts with many different flowering genes including, 

but not limited to, PPD-H1, HvCO2 and HvCEN. Allelic variation at VRN-H1, VRN-H2 and 

HvFT1 determines growth habit (see Nitcher et al., 2013; Loscos et al., 2014). 

1.3.2 Effects of polymorphisms on gene expression and flowering time  

Polymorphisms within HvFT1 have been demonstrated to affect growth habit and 

earliness of flowering (see Loscos et al., 2014). Two main functionally different alleles can be 

found in HvFT1. The dominant allele, exemplified by the barley line BGS213, is most readily 

associated with spring growth, whereas the recessive allele, exemplified by the cultivar Igri, is 

associated with winter growth (Stracke et al., 2008; Casas et al., 2011; Loscos et al., 2014). 

Only very limited sequence variation is found in the coding sequences of the gene (Stracke et 

al., 2009; Casas et al., 2011), but haplotype differences in the promoter and first intron have 

been associated with differences in flowering time in multiple studies. Yan et al. (2006) were 

among the first to study sequence polymorphisms in HvFT1 and their effect on flowering time. 

They reported two main haplotypes of the first intron, designated as the IAG and ITC haplotypes. 

These haplotypes are characterised by two SNPs located at sites 3547 and 3661 respectively. 

All sites are labelled with respect to the coordinates, excluding gaps, of the Calicuchima-sib 
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sequence (Genbank accession: EU007825). They cautiously associated the IAG haplotype with 

early flowering and the ITC haplotype with late flowering. A less clear association between 

promoter haplotypes and earliness of flowering was also described. However, much of what 

they described has since been revised and updated in more recent studies. 

Stracke et al. (2009) searched for correlation between individual polymorphisms and 

flowering time in a collection of 195 different barley accessions. They researched 21 different 

SNPs and four indels in HvFT1, but only found significant correlations between flowering time 

and three different polymorphisms: one in the proximal promoter and the two SNPs in the first 

intron that were previously described by Yan et al. (2006). The dominant spring allele carries 

the IAG haplotype, whereas the recessive winter allele carries the ITC haplotype. After adjusting 

for the effects of the photoperiod gene PPD-H1, Stracke et al. (2009) found that flowering time 

means of different haplotype classes did not significantly differ from one another. Hemming et 

al. (2008) did not find any significant associations either. Casas et al. (2011), studied sequence 

variation in the promoter haplotypes and first intron haplotypes and reported an association 

between the IAG haplotype and later flowering as well as between the ITC haplotype and earlier 

flowering in Spanish barleys. They did however not take genetic background into account. An 

association between promoter haplotypes (135-146 bp vs. 139-142 bp) and flowering time was 

weaker than the association between intron haplotype and flowering time. These haplotypes are 

characterised by two indels located at sites 2521 and 2905 respectively that result in longer or 

shorter base pair length of promoter fragments (see Casas et al., 2011). A combination of the 

135-146 bp promoter haplotype, henceforth named the PE haplotype, and the ITC haplotype was 

found to flower earliest, which was also confirmed by Ponce-Molina et al. (2012). This 

association between intron haplotype and earliness of flowering was earlier also described by 

Cuesta-Marcos et al. (2010), and is in disagreement with the conclusion by Yan et al. 2006. 

Nitcher et al. (2013) confirmed that the PE haplotype could be associated with early flowering, 

and that the 139-142 bp haplotype, henceforth named the PL haplotype, could be associated 

with later flowering. Further they demonstrated that the accelerated flowering time described 

by Yan et al. (2006) was not the result of the IAG haplotype, but of the high copy number 

variation (CNV) of the genotypes used in that study. Offering a solution as to why the results 

of Cuesta-Marcos et al. (2010), Casas et al. (2011), and Ponce-Molina et al. (2012) contradict 

the results of Yan et al. (2006) concerning the effects of different haplotypes on earliness of 

flowering. 

Most cultivars only have one copy of the HvFT1 gene, and CNV in this gene was not 

described until recently. Nitcher et al. (2013) reported that the high gene copy number (four 
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copies) found in BGS213, which is a line derived from the cultivar Tammi, was responsible for 

early flowering. Furthermore, winter growth habit is normally caused by a combination of 

certain VRN-H1 and VRN-H2 alleles, but the BGS213 HvFT1 allele caused an epistatic 

override of winter growth habit, resulting in spring growth habit in the plant. Interestingly, none 

of the genotypes with a functional VRN-H2 allele (typically resulting in winter growth) carried 

more than one copy of the HvFT1 gene. Loscos et al. (2014) found two main structures of CNV. 

One in which only a single copy of the promoter, but multiple copies of exon 1 and 3 were 

found, and one containing multiple copies of both the promoter and exon 1 and 3. Only the first 

was associated with higher expression of HvFT1, and was found in Nordic barleys only. 

Correlation between CNV, gene expression and flowering time was only found in spring 

genotypes carrying the BGS213 allele. They further also concluded that although CNV may 

influence HvFT1 expression and flowering time, it is not the main controlling factor of HvFT1 

expression. The effects of CNV are often subordinate to the effects of other polymorphisms in 

the same gene, genetic background, and interaction with other genes. Especially which PPD-

H1 allele the plant carries, can have much influence on the expression of HvFT1, with the 

dominant allele upregulating HvFT1 expression under LD circumstances and resulting in 

accelerated flowering (Turner et al., 2005; Hemming et al., 2008). Both Nitcher et al. (2013) 

and Loscos et al. (2014) concluded their study on CNV by acknowledging both the role of CNV 

and the influence of genetic background and interaction with other genes. 

1.4 Aims of this study  

This study is a part of the barley breeding program that has been conducted by the 

Agricultural University of Iceland since 1986. One of the aims of this breeding program is to 

provide Icelandic farmers with early maturing spring cultivars. Several lines of barley have 

been produced that flower extremely early and show transgressive segregation of flowering, 

which means they flower much earlier than their progenitors. The genetics behind this 

phenotype are not understood, but sequence variation within one or more of the flowering genes 

is suspected. This study is part of a series of studies that intend to shed light on this (S. 

Sveinsson, personal communications, 2016). 

The main aim of this study is to examine the sequence variation within the HvFT1 gene 

in 20 Nordic spring barley lines and to discover whether sequence variation within this gene 

contributes to the differences in flowering time that have been observed. The entire coding 

regions of the HvFT1 flowering gene in these 20 genotypes will be sequenced and searched for 

polymorphisms.  HvFT1 sequence data from NCBI’s GenBank of ten additional barley lines 
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will be compared to the data obtained in this study. Phenotypic and genotypic data will then be 

analysed for associations between earliness of flowering and HvFT1 alleles and haplotypes. 
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2. Materials and methods 

2.1 Plant material 

In this study, 20 different Nordic barley spring cultivars, breeding lines and landraces 

(table 1) were examined. These lines have either been produced by the Icelandic barley breeding 

program or are progenitors of these breeding lines. For this study, early flowering spring barley 

lines from the breeding program were selected in order to maximize the capture of sequence 

polymorphisms that could contribute to the observed early flowering. Flowering time data from 

the field experiments at Korpa Experimental Station for the years 2014 and 2015 was available 

for most of the studied genotypes (table 1). This data shows the differences in flowering time 

between the studied barley lines. 

 

Table 1. Names of the 20 Nordic barley lines examined in this study, and flowering time of some of these 

genotypes as recorded at Korpa Experimental Station in the summer of 2014 and/or 2015 (M.Göransson, personal 

communications, 2016). 

 

Some lines are more closely related to each other than others. Maskin, Åsa, Asplund, 

Fimbul, Swallow and Deba Abed are for example all progenitors of at least some of the other 

lines that are examined in this study (M. Göransson, personal communications, 2016). 

Apart from these 20 Nordic genotypes, the sequences for the HvFT1 gene of ten other 

barley genotypes (table 2) were downloaded from NCBI’s GenBank 

(http://www.ncbi.nlm.nih.gov/), and used for comparison. Unlike the 20 Nordic barley lines 

Flowering time* Flowering time

Genotype Korpa-14 Korpa-15 Genotype Korpa-14 Korpa-15

1 E40 (VoH2825) 69 11 Tampar 74

2 PPP168 (Arve) 70 12 Mari 65 77

3 PPP159 (Nairn) 71 13 Deba Abed 86

4 PPP151 (Pernilla) 75 14 Åsa 62

5 PPP162 (Teista II) 15 Vigdis 78

6 E58 (Skegla) 16 Asplund

7 E19 (Sigur-F) 74 17 Tammi 71

8 IS-046 71 18 Swallow 82

9 Fimbul 90 19 Maskin 63 73

10 Triumph 73 82 20 Varde

* Flowering time given as days after sowing.

http://www.ncbi.nlm.nih.gov/
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that have been sequenced for this project, not all of these genotypes express a spring growth 

habit. No further data on flowering time of these genotypes was collected. 

Table 2. Name, growth habit and GenBank accession of the lines of which the sequence of the HvFT1 gene was 

downloaded from NCBI’s GenBank. 

2.2 Sequencing of the HvFT1 flowering gene 

Sequencing of the HvFT1 flowering gene was carried out on all 20 Icelandic barley lines 

under investigation. DNA was extracted according to the protocol described in the 

NucleoSpin® Plant II Kit (Macherery- Nagel). The entire gene was amplified using four 

different primer sets (table 3), designed in-house using the software package Geneious version 

7.1. (http://www.geneious.com, Kearse et al., 2012). 

 

Table 3. The four PCR primer sets used for the sequencing of HvFT1, the region covered by each set and sequence 

and annealing temperature for each individual primer. 

 

Each PCR reaction contained 2.5 µl 10x PCR buffer solution, 1 µl forward primer (10 

mM), 1 µl reverse primer (10 mM), 1 µl dNTP mix (10 mM of each dNTP), 0.2 µl Taq DNA 

(5 U/mL) polymerase, and 1 µl DNA (25 ng). Further, primer sets 1 and 3 also required 0.5 µl 

of MgCl (25 mM). ddH2O was then added to each reaction tube until the reaction volume in 

Primer set Region Primer Sequence (5'-3') Tm (°C)

1 Promoter HvFT1-F1 (forward) ACGTGAAAGAGGCGGGATTT 57.3

HvFT1-R1 (reverse) GCCGCTTTATATAGGGCCGA 59.4

2 Promoter- Intron 1 HvFT1-F2 (forward) ATGGACATGGAACCTGCCAC 59.4

HvFT1-R3 (reverse) GCATCGAAAAGGGACGTACG 59.4

3 Intron 1- Exon 2 HvFT1-F3 (forward) CTTACCACACGCACATGCAC 59.4

HvFT1-R5 (reverse) ACCCGGGATATCTGTCACCA 59.4

4 Exon 2- 3´untranslated HvFT1-F4 (forward) GCGGACTAGCTCATGTGTGT 59.4

HvFT1-R6 (reverse) GGCATTGGGCTAGGGTTCAT 59.4

Genotype Growth habit* GenBank accession References

1 Igri W DQ898517 Yan et al., 2006

2
H. vulgare  ssp. spontaneum 

PBI004-7-0- 015
W DQ898516 Yan et al., 2006

3 BGS213 S DQ898515 Yan et al., 2006

4 Dairokkaku W EU007826 Karsai et al., 2008

5 Kompolti korai W EU007828 Karsai et al., 2008

6 Dicktoo F EU007827 Karsai et al., 2008

7 Strider W EU007830 Karsai et al., 2008

8 Morex S DQ100327; EU331775 Turner et al., 2005; Cuesta-Marcos et al., 2010

9 Stander S DQ898519; EU331781 Yan et al., 2006; Cuesta-Marcos et al., 2010

10 Calicuchima-sib W EU007825 Karsai et al., 2008

*  S= spring, F= facultative, W= winter
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each tube had reached 25 µl. PCR conditions were 95°C for 1 min, followed by 40 cycles of 

denaturation for 30 s at 96°C, annealing for 40 s and elongation for 45 s at 68°C, with final 

cycle extension for 7 min at 68°C. The annealing temperature was 56°C for all primer sets 

except primer set 3 (HvFT1-F3/HvFT1-R5), where an annealing temperature of 54°C was used. 

Electrophoresis of the PCR amplification products was carried out using a 1% agarose 

gel at 300 Ampere and 100 Volt for about 30 minutes. The amplified DNA was subsequently 

purified according to the protocol for DNA extraction from agarose gels as described in the 

NucleoSpin® Gel and PCR Clean-up kit (Macherery- Nagel), and sent for direct sequencing 

using the Sanger method by either Eurofins Genomics (https://eurofinsgenomics.eu) or 

Backman Coulter Genomics (http://www.beckmangenomics.com/). 

2.3 Data analysis 

2.3.1 Analysis of sequence data 

Sequences were aligned to a reference sequence (Genbank accession EU00785), and the 

chromatographs visually inspected and edited using the software package Geneious version 7.1. 

(http://www.geneious.com, Kearse et al., 2012). Next, I aligned each individual amplicon and 

visually inspected it for polymorphisms using the multiple sequence alignment package 

MUSCLE version 3.8.31. (Edgar, 2004) and the software package MEGA version 6.06 (Tamura 

et al., 2013). Alignments were visually inspected and manually edited. The downloaded 

sequences from NCBI´s GenBank were then added to each of the four alignments, and searched 

for polymorphisms at sites where sequence data of at least five of the sequenced Nordic barley 

lines was available. All detected polymorphisms were then exported to Microsoft Excel and set 

up in a table in a similar fashion as figure 1 in Casas et al. (2011). 

2.3.1 Analysis of phenotypic data and associations between flowering time, growth habit 

and sequence variation 

 Barley lines for which phenotypic data was available were arranged in order of earliness, 

and classified as either ‘early’ or ‘late’ flowering. Lines flowering earlier than 70 days after 

sowing in 2014 and/or earlier than 80 days after sowing in 2015, were classified as early 

flowering. The rest of the lines were classified as late flowering. This division was chosen 

because it resulted in the clearest sorting of the barley lines based on their earliness of flowering. 

Then, two tables were created: One listing all different alleles found in the studied barley 

genotype collection, and another listing the main haplotypes. These haplotypes consist of 

different combinations of two specific indels in the promoter, and two SNPs in the first intron, 

https://eurofinsgenomics.eu/
http://www.beckmangenomics.com/
http://www.geneious.com/
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that were previously found to have a significant effect on flowering time (see Casas et al., 2011). 

Several characteristics were then written down for each of these alleles and haplotypes. 
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3. Results 

3.1 Success of sequencing 

The aim was to sequence the complete open reading frame of the HvFT1 gene and parts 

of the 5’ UTR (untranslated region) in the 20 studied barley lines. However, quality and length 

of the sequenced amplicons was not always optimal (figure S1), and only partial coverage was 

achieved (figure S2). Poor DNA quality of some lines is suspected to have contributed to this. 

3.2 Sequence variation and haplotypes in HvFT1 

Sequencing of the HvFT1 gene in the 20 studied Nordic barley lines revealed a variety 

of polymorphisms, especially in the promoter and first intron (table 4). Up to ten SNPs and 

three indels were found in the promoter, five SNPs in the first intron, one SSR in the second 

intron, one SNP in the third exon and one SNP in the 3’ UTR. Only a single non-synonymous 

SNP was discovered in the coding region, located in the third exon. 

The similarity of the 30 sequences to the typical winter cultivar Igri and the spring line 

BGS213 is shown using colour coding in table 4. The table shows that there are two common 

promoter haplotypes: The BGS213 haplotype and the Igri haplotype. Hordeum vulgare ssp. 

spontaneum has a unique promoter haplotype, that resembles neither the Igri nor the BGS213 

haplotype. The first intron also has two main haplotypes. Yan et al. (2006) described these 

haplotypes previously and named them IAG and ITC. Only two different haplotypes were found 

in the second intron: Barley lines either carried (GT)8, exemplified by BGS213, or (GT)11, 

exemplified by Igri (see table 4). Two haplotypes were also found in the 3’ UTR. Interestingly, 

all genotypes with a cyanine base at site 4225 in the 3’ UTR, have the first intron haplotype 

similar to H. vulgare ssp. spontaneum, whereas those with a thymine base all have the first 

intron haplotype similar to either BGS213 or Igri. Although most alleles consisted of a 

combination of these most common haplotypes, a few polymorphisms unique to only one or 

two genotypes were also found at sites 2405, 2628, 3343, 3467 and 4078. In total, nine alleles 

were discovered among the studied barley lines, seven of which were found among the 20 

Nordic barley lines. 
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Table 4. The sequences of the 20 Nordic barley genotypes and ten sequences downloaded from NCBI’s GenBank, 

are aligned to show the variability found in several regions of the gene. A colour code identifies the similarity of 

the sequence with the typical winter cultivar Igri (light grey), or the spring line BGS213 (dark grey). Alleles are 

named after one of the genotypes carrying that specific allele.  
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W Calicuchima-sib - C C G C G C A G G - C C - C G T C T A T C 11 G T Igri

S  E40 (VoH2825) N G - - - - C G A C G G T GCTT T C C C C A A G 8 (E40)VoH2825

S PPP168 (Arve) - G - - - - C G A C G G T GCTT T C C C C A A G 8 G T BGS213

S PPP159 (Nairn) - C C G C G C A G G - C C - C G T C T A T C 11 G T Igri

S PPP151 (Pernilla) G - - - - C G A C G G T GCTT T C C C C A T C 8 G C Dairokkaku

S PPP162 (Teista II) - C C G C G C A G G - C C  - C G T C T A T C 11 G T Igri

S E58 (Skegla) - G - - - - C G A C G G T GCTT T C C C C A T C 8 G C Dairokkaku

S E19 (Sigur-F) - N - - - - C G A C G G T GCTT T C C C C A A G 8 G T BGS213

S IS-046 C C G C G C A G G - C C  - C G T C T A T C 11 G T Igri

S Fimbul C C G C G C A G G - C C T C T A T C 11 A T Dicktoo

S Triumph N C C G C G C A G G - C C  - N G T C T A T C 8 G T Triumph

S Tampar N - - - - C G A C G G T N C C C C A A G G T BGS213

S Mari C C G C G C A G G - C N N N T C N A T C 11 G T Igri

S Deba Abed - C C G C G C A G G - C C  - C G T C T A T C 11 G T Igri

S Åsa - G - - - - C G A C G G T GCTT T C C C C A A G G T BGS213

S Vigdis G - - - - C G A C G G T GCTT C C A A G 8 G T BGS213

S Asplund - C C G C G C A G G - C C  - C G T C T A T C 8 G Asplund

S Tammi - G - - - - C G A C G G T A G G T BGS213

S Swallow C C G C G C A N G - C N N G T T C 11 G T Igri

S Maskin N - - - - C N T T C C C C A A G G T BGS213

S Varde - G - - - - C G A C G G T GCTT N C C C C A A G BGS213

W Igri - C C G C G C A G G - C C - C G T C T A T C 11 G T Igri

W ssp. spontaneum - G C G C G T A G G G G C - C G T C C G T C 8 G C ssp. spontaneum

S BGS213 - G - - - - C G A C G G T GCTT T C C C C A A G 8 G T BGS213

W Dairokkaku - G - - - - C G A C G G T GCTT T C C C C A T C 8 G C Dairokkaku

W Kompolti Korai - C C G C G C A G G - C C - C G T C T A T C 11 G T Igri

F Dicktoo - C C G C G C A G G - C C - C G T C T A T C 11 A T Dicktoo

W Strider - G - - - - C G A C G G T GCTT T C C T C A A G 8 G T Strider

S Morex - G - - - - C G A C G G T GCTT T C C C C A A G 8 G BGS213

S Stander - G - - - - C G A C G G T GCTT T C C C C A A G 8 G T BGS213

** sites are labelled with respect to the coordinates (excluding gaps) of Calicuchima-sib sequence (Genbank accession: EU007825)

* W= winter, S= spring , F= facultative

Primer set
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3.3 Associations between phenotypic and genotypic data  

Flowering time was available for five Nordic barley lines for the summer of 2014, and 

for 11 Nordic lines in the summer of 2015. Lines that were phenotyped in both summers, 

flowered on average about 10 days later in 2015 than in 2014. E40 (Voh2825), Arve, Nairn, IS-

046, Tammi, Åsa, Maskin, Sigur-F, Tampar, Mari and Vigdis classified as early flowering, 

whereas the remaining five lines were classified as late flowering. These are: Triumph, Pernilla, 

Swallow, Deba Abed and Fimbul (figure S3). 

Table 5. Frequency of alleles within the Nordic barley collection consisting of the 20 sequenced lines and within 

the entire collection (including the sequences downloaded from NCBI’s GenBank). Information regarding early 

and late flowering is shown, as well as spring/facultative and winter growth habit over the found alleles. 
 

In table 5, barley lines are classified based on their HvFT1 allele. The upper part of the 

table shows only the Nordic barley lines sequenced in this study, whereas the bottom half of 

the table shows allele frequencies for the entire collection used in this study. In total, nine 

different alleles were discovered among these barley lines, yet most of the lines present alleles 

Number of genotypes

Allele Total Flowering time* Frequency in collection

Early Late N/A S or F W

Nordic barley genotype collection

BGS213 8 7 1 8 0.40

Igri 6 3 2 1 6 0.30

Dairokkaku 2 1 1 2 0.10

Dicktoo 1 1 1 0.05

Triumph 1 1 1 0.05

Asplund 1 1 1 0.05

E40 (VoH2825) 1 1 1 0.05

Total 20 11 5 4 20 1.00

Entire genotype collection

BGS213 11 7 4 11 0.37

Igri 9 3 2 4 6 3 0.30

Dairokkaku 3 1 2 3 0.10

Dicktoo 2 1 1 2 0.07

Triumph 1 1 1 0.03

Asplund 1 1 1 0.03

H. spontaneum 1 1 1 0.03

E40 (VoH2825) 1 1 1 0.03

Strider 1 1 1 0.03

Total 30 11 5 14 25 5 1.00

* early and late flowering as per table S3.  

** S=spring, F= facultative, W= winter

Growth habit**



19 

identical to either the spring line BGS213 or to the winter cultivar Igri. All other alleles occurred 

at low frequency (≤ 0.10). 

All of the studied Nordic spring barley lines that carry the HvFT1 BGS213 allele, and 

of which flowering data is available, are early flowering. Three early flowering spring lines 

carry the winter allele Igri and the spring cultivar E40 (VoH2825) has a unique allele. Late 

flowering Nordic barley lines carry one of the alleles from Igri, Dicktoo, Triumph or 

Dairokkaku. The studied barley line collection contained six winter varieties, none of which 

contained the BGS213 allele of HvFT1. 

 Based on combinations of the two promoter polymorphisms and the two intronic 

polymorphisms, that previous studies have shown can be significantly associated with 

flowering time, three different haplotypes were found among the studied genotypes (table 6) 

(see Casas et al., 2011). Most early flowering genotypes classified as the PE/IAG haplotype 

whereas late flowering genotypes classified either as the PL/ITC or PE/ITC haplotypes. 

Frequencies of the PL/ITC and PE/IAG haplotypes were similar (see table 6). 

Table 6. Frequency of haplotypes within the Nordic barley collection and the entire barley line collection used in 

this study. The table also shows the distribution of early and late flowering, spring/facultative and winter growth 

form. Haplotypes are characterized by their combinations of four polymorphisms in the promoter and first intron 

of HvFT1, and in the same fashion as previous studies (see Casas et al., 2011; Nitcher et al., 2013). 

Polymorphisms Number of genotypes

Haplotype  Promoter Flowering time* Growth habit** total Included alleles

early late N/A S or F W

 

* early and late flowering as per figure S3

** S=spring, F= facultative, W= winter

indel 

2521

indel 

2905

SNP 

3547

Intron 1

Freqency in 

collection

T C 1 1 2 2 0.10

3 4 2 9 9 0.45

SNP 

3661

T C

Nordic barley genotype collection

146

PL / ITC 139 142

Dairokkaku

PE / IAG 135

Igri, Dicktoo, Triumph, 

Asplund

PE / ITC 135

PE / IAG 135 146 A G 8 5 12 1 13 0.43
BGS213, 

E40(VoH)2825, Strider

5 30 1.00

C

total 11

Dairokkaku2 3 3 0.10146 T 1

BGS213, E40(VoH)2825

7 10 4 14 0.47
Igri, Dicktoo, Triumph, 

Asplund, ssp. spont.

1.00

1 9 9 0.45

20

Entire genotype collection

PL / ITC 139 142 T C 3 4

146 A G 8

5 14 25

total 11 5 4 20

PE / ITC 135
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4. Discussions 

4.1 Sequence variation in Nordic barley  

Sequencing of the HvFT1 gene in Nordic barley lines revealed considerable sequence 

variation within the gene. Whereas all sequences downloaded from NCBI’s GenBank were part 

of previous studies, many of the Nordic barley lines in this study had not yet been sequenced 

or studied before. Nevertheless, all but one of the polymorphisms found in this study have been 

reported in previous studies (see Yan et al., 2006; Stacke et al., 2008; Casas et al., 2011; Ponce-

Molina et al., 2012; Loscos et al., 2014). At site 2405 in the promoter, the Nordic barley lines 

E40 (VoH2825) and Triumph each presented a one base insertion that was not found in any of 

the other lines in this or any other published study. The presence of this insertion in Triumph is 

interesting since it was not described in other studies that included Triumph in their research of 

the HvFT1 gene (e.g. Casas et al., 2011). The most likely reason for this discrepancy is either 

mix up of samples in the lab or in the seed bank where the material was obtained from. 

A single SNP at site 4078 is the only polymorphism found in the coding regions of 

HvFT1. All barley genotypes in this study present a guanine base at this site, except for Fimbul 

and Dicktoo which present an arginine base. This SNP causes a non-synonymous mutation from 

the amino acid Alanine to Valine, both of which are non-polar and have aliphatic side groups 

(Betts & Russel, 2003). No significant changes in protein structure or function are therefore to 

be expected. 

Of the nine known alleles of HvFT1, seven occur in Nordic barley. Most genotypes are 

however identical to Igri, BGS213 or Dairokkaku (table 5). This has also been shown to be the 

case in a previous study by Stracke et al. (2009). They identified eight different alleles in a large 

subset (n=195) of the Barley Core Collection (´BCC´, Knüpffer & Hintum, 2003) but only these 

three alleles were present at a frequency higher than 0.05. Nevertheless, in their review, Loscos 

et al. (2014) concluded that HvFT1 is not effectively fixed in cultivated barley (H.vulgare ssp. 

vulgare). 

Based on the combination of four different polymorphisms in HvFT1, three different 

haplotypes were identified (table 6). This number of haplotypes is low compared to the results 

of Casas et al. (2011). Based on combinations of the same polymorphisms, they discovered six 

different haplotypes among the winter genotypes in their study, four of which also occurred 

among spring and facultative genotypes. 
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4.2 Contribution of genetic diversity of the HvFT1 gene to growth habit and earliness 

of flowering 

4.2.1 Contribution of sequence variation in the coding sequences of HvFT1 

Apart from the SNP causing a non-synonymous mutation in the third exon, no 

polymorphisms were found in the coding sequences of the HvFT1 gene. The results of this 

study therefore indicate that contribution of sequence variation in the coding sequences of 

HvFT1, to regulation of growth habit and earliness of flowering, is unlikely to have any 

significant effects in Nordic barley. This is in agreement with previous research (Loscos et al., 

2014). Expression level of the gene and timing of expression are suspected to be the main 

factors causing the differences in the effect of the various HvFT1 alleles have on flowering 

time. Upregulated expression is thought to cause accelerated flowering, whereas repressed 

expression is thought to result in late flowering (see Loscos et al., 2014). 

4.3.1 Associations between sequence variation and growth habit 

 As reviewed by Loscos et al. (2014), previous studies have demonstrated that the 

BGS213 allele is the dominant spring allele, and the results of this study support this hypothesis, 

since none of the lines carrying the BGS213 allele expressed winter growth (table 5). The winter 

genotypes analysed in this study were downloaded from NCBI’s GenBank, since the sequenced 

Nordic barley lines were especially chosen for their spring growth. The two alleles E40 

(VoH2825) and Strider are very similar to BGS213, and all three carry the PE/IAG haplotype 

(table 6). Yet despite E40 (VoH2825) and all lines with an HvFT1 allele identical to BGS213 

being spring lines, Strider is a strict winter cultivar (table 4). Growth habit is determined by the 

alleles at VRN-H1, VRN-H3 and HvFT1 (e.g. Nitcher et al., 2013; Loscos et al., 2014). Since 

Strider and BGS213 both carry winter alleles at the VRN-H1 and VRN-H2 loci, Strider must 

therefore carry a functionally different HvFT1 allele (Casas et al., 2011). This study 

demonstrates the presence of one unique SNP at site 3343 in the first intron (table 4), based on 

the HvFT1 sequences downloaded from NCBI’s GenBank. This SNP has been described 

previously as being one of three candidate polymorphisms for this functional difference (Casas 

et al., 2011). Based on the results of this study, the BGS213 and E40 (Voh2825) alleles and the 

PE/IAG haplotype appear to be associated with spring growth. 

The Igri allele has been shown to be recessive and cause winter growth (see Nitcher et 

al., 2013). Nevertheless, all studied Nordic barley lines that carried the Igri allele expressed 

spring growth, which must therefore have been caused by the allelic variation at the VRN-H1 

and/or VRN-H2 loci. The Dicktoo, Triumph and Asplund alleles are very similar to the Igri 
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allele, and all lines carrying these alleles express spring growth (table 5). They are therefore 

suspected to carry similar or identical alleles at the VRN-H1 and VRN-H2 loci as the Nordic 

barley lines carrying the Igri allele. Some of the lines of which the sequences were obtained 

from NCBI´s GenBank carrying the Igri allele expressed winter growth, and these genotypes 

are therefore suspected to have different alleles at these two loci than the barley genotypes 

carrying the Igri allele expressing spring growth. Igri, Dicktoo, Triumph, Asplund and wild 

barley (H. vulgare ssp. spontaneum) alleles all contain the PL/ITC haplotype. Both spring growth 

and winter growth occurred among the lines carrying these alleles. No association between this 

haplotype and growth habit can therefore be found based on these data. 

All lines carrying the PE/ITC haplotype carry the Dairokkaku allele and express spring 

growth (table 5 and 6). This allele is more similar to the dominant spring allele than the 

recessive winter allele, but it is not yet clear whether this allele causes dominant spring growth 

has well. Previous studies have not addressed this issue, and the results of this study are not 

sufficient to draw any conclusions about the effect of this allele or this haplotype on growth 

habit. 

4.3.2 Associations between sequence variation and earliness of flowering  

Flowering data was not available for all barley lines used in this study, and genotypes 

without flowering time data will therefore mostly be left out of the following discussion. Since 

previous studies have found that only few polymorphisms significantly influence earliness of 

flowering (see Loscos et al., 2014), emphasis is placed on the associations between certain 

haplotypes and earliness of flowering. 

The BGS213 and E40 (VoH2825) alleles contain the PE/IAG haplotype (table 6). The PE 

haplotype is associated with early flowering, but not as drastically as the IAG haplotype is 

associated with late flowering (Casas et al., 2011; Ponce-Molina et al., 2012; Nitcher et al., 

2013). Sequence variation in the HvFT1 gene alone can therefore not explain why results of 

this study indicate that Nordic barley genotypes with the PE/IAG haplotype are all early 

flowering. However, interaction with other genes and CNV (copy number variation) are known 

to play a large role in the regulation of HvFT1 expression, influencing both timing and level of 

expression (Nitcher et al., 2013; Loscos et al., 2014). Recent studies have shown that the 

BGS213 genotype carries a structural variation of the HvFT1 gene that consists of one promoter 

and four copies of the transcribed regions, and this haplotype has been associated with higher 

expression levels in this genotype as well as acceleration of flowering (Nitcher et al., 2013; 

Loscos et al., 2014). Although many of the barley lines in this study carry the same haplotype 
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(table 6) or even exact same allele (table 5) as BGS213, it is unknown whether these lines also 

carry the same CNV. However, many of the Nordic barley lines carrying the E40 (Voh2825) 

or BGS213 allele and the PE/IAG haplotype are related to Tammi and/or Asplund, the progenitors 

that likely passed on this structural variation to BGS213. Therefore, it is not unlikely that 

Tammi and/or Asplund also passed on this CNV to at least some of these lines (M. Göransson, 

personal communications, 2016) (Nitcher et al., 2013). High CNV is therefore likely to 

contribute to the early flowering observed in many of the Nordic barley lines carrying the same 

allele and haplotype as BGS213 or E40 (Voh2825), and may have overridden any effects caused 

by the IAG haplotype. Studying CNV in these lines as well as genotyping of other flowering 

time genes, especially the photoperiod gene PPD-H1, would allow for a more definite 

conclusion. 

Igri, Dicktoo, Triumph, Asplund, and H. vulgare ssp. spontaneum all carry the PL/ITC 

haplotype. Some lines carrying the Igri allele are early flowering, whereas others are late 

flowering. Triumph flowers late, and Fimbul, the only line carrying the Dicktoo allele for which 

flowering data was available, flowers late as well (table 4-6). No flowering time data was 

available for Asplund or wild barley. Due to this lack of information, no conclusions can be 

drawn about the effect of the PL/ITC haplotype on earliness of flowering based on the results of 

this study alone. Previous studies have demonstrated an association between the PL haplotype 

with late flowering, and the ITC haplotype with early flowering (Casas et al., 2011; Ponce-

Molina et al., 2012). But even with this knowledge in mind, there is not enough data to conclude 

much about the effects that this haplotype or these alleles might have on earliness of flowering 

in Nordic barley, or whether the results of this study confirm these previous findings or not. 

Dairokkaku is the only allele carrying the PE/ITC haplotype. This haplotype is known to 

cause very early flowering in barley (Nitcher et al. 2013). Nevertheless, Pernilla, the only line 

carrying the Dairokkaku allele for which flowering time was available, flowered late. This is 

however not sufficient data to make any conclusions regarding the influence of this haplotype 

or this allele on the earliness of flowering in Nordic barley. 

4.3 Continuation of research 

This study has shed light on the contribution of genetic diversity within the HvFT1 gene 

to the earliness of flowering in barley. It has provided evidence suggesting that certain alleles 

and haplotypes in Nordic barley are more readily associated with early flowering than others, 

as was also proposed in previous studies. Apart from sequence variation, structural variation 
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(CNV) of the HvFT1 gene appears to contribute to regulation of flowering time. More research 

is needed to completely understand the extent and nature of this contribution. 

Completing the sequencing of HvFT1 in the Nordic barley genotypes used in this study 

is among the first things to do. As is the sequencing and analysis of additional lines that are 

currently being used in Icelandic barley breeding. In order to be able to find any correlation 

between genetic diversity in the HvFT1 gene and earliness of flowering time, continued 

phenotyping for flowering time is also important. CNV of the HvFT1 gene will be an interesting 

phenomenon to study next in Nordic barley genotypes and is likely to give valuable 

information. Also, gaining insight in the genetic diversity and contribution to earliness of 

flowering of other important flowering genes that HvFT1 interacts with, such as PPD-H1, will 

be crucial to a better understanding of how HvFT1 is involved in flowering time regulation. 
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5. Conclusions 

Studying of the sequence variation in HvFT1 in 20 Nordic barley lines, and ten 

additional barley lines, revealed 24 polymorphisms, mostly within the regulatory and intronic 

regions. Only one non-synonymous mutation was found in the coding regions of the gene. In 

total, nine alleles were found in this study, seven of which were found among the Nordic barley 

lines. Most lines have an allele identical to either the dominant spring allele found in the barley 

line BGS213 or the recessive winter allele found for example in the winter cultivar Igri. Others 

showed high similarities to either one of the two alleles, but contained unique polymorphisms. 

Based on combinations of four polymorphisms that were previously demonstrated to be 

significantly associated with flowering time, three main haplotypes of the HvFT1 gene were 

found. 

Results of this study further indicated an association between the sequence variation 

found in the BGS213- and E40 (Voh2825) alleles, spring growth and early flowering. A similar 

association was found between the PE/IAG haplotype, spring growth as well as early flowering. 

Although the association between BGS213 and spring growth has been demonstrated 

previously (e.g. Loscos et al. 2014), the sequence variation found in these alleles and the PE/IAG 

haplotype were not previously associated with the earliest flowering time and cannot explain 

this early flowering on its own (e.g. Nitcher et al. 2013). Based on results from previous studies, 

high CNV is proposed to have contributed to the early flowering times observed in those lines 

that not only carry the same sequence variation as BGS213, but are also closely related and 

therefore likely to carry the same structural variation (CNV) as this line. 

Due to a lack of phenotypical data, and the relatively small number of studied lines, no 

further conclusions about the contribution of sequence variation within alleles found among 

Nordic barley lines could be made. However, previous studies have demonstrated that the PE 

promoter haplotype and the ITC first intron haplotype can be associated with early flowering, 

and the PL promoter haplotype and the IAG first intron haplotype with late flowering. Sequence 

variation in the HvFT1 gene in barley can therefore evidently contribute to earliness of 

flowering, even though no direct evidence for this was found in this study. Structural variation 

(CNV) may significantly contribute to earliness of flowering as well, and deserves to be studied 

in Nordic barley. Furthermore, other flowering genes can significantly influence HvFT1 

expression, and need to be researched in order to better comprehend the role that HvFT1, and 

sequence and structural variation within the gene, plays in regulation of flowering time. 
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7. Supplementary material 

Figure S1. QV20+ values of all sequenced amplicons, grouped per primer and primer set. 

 

 
  

Promoter Promoter - intron 1 Intron 1 - intron 2 Intron 2, 3´untranslated

Genotype F1 R1 F2 R3 F3 R5 F4 R6

E40 (VoH2825) 480 474 476 466 497 214/53

PPP168 (Arve) 486 475 413 472/336 502 254/193 439 469

PPP159 (Nairn) 485 470 474 452 504 433 422 224

PPP151 (Pernilla) 484 468 482 479 500 474 479 484

PPP162 (Teista II) 481 477 457 363 510 331 496 469

E58 (Skegla) 431 472 475 477/190 505 272 476 488

E19 (Sigur-F) 292 477 472 483 497 348 483 449

IS-046 272 342 468 433 512 281 490 497

Fimbul 282 418 282 382 517 245 361/354 227

Triumph 484/85** 478/122 399 365 340 127/84 345/299/282/104 204/194/103

Tampar 178 288 251 338/79 414 225 327 197

Mari 213/70 344 223/198 263 470 199 416/312/210 194/141/69

Deba Abed 443/190 465/455 443/137 417/297 463 163 355 197

Åsa 483/113/38  479/16/4 481 436 394 160/130 300 124

Vigdis 472/106/66 254/91 681 338 508 151 331 224

Asplund 478/98/50 470/198 383 384 430 190/171 361/294

Tammi 261/60 357/108 394 175 490 460

Swallow 166/165 239 351 379 498 160 471 468

Maskin 199/107/77 157/25 191/145 212/92/82 423 160 348 215/103

Varde 484 476 228/136 197/194/63 383 134/130

 = QV20+ of the longest trace is longer than 200 bases

 = QV20+ of the longest trace is shorter than 200 bases

 = no data available

* QV20+ value is the total number of bases in the entire trace that have basecaller quality value greater than or equal to 20.

** Multiple values indicate that that region has been sequenced multiple times.

Fig. S2. QV20+ values of each sequenced trace, grouped per primer and primer set. 



32 

Figure S2. Sequence coverage of the HvFT1 gene in all genotypes under examination. 

 

 

Primer set 1 2 3 4

Genotype        Region Promoter Promoter- Intron 1 Intron 1- Exon 2
Exon 2- 

3´untranslated end

Calicuchima-sib  1-5760*  1-5760  1-5760  1-5760

 E40 (VoH2825) 2400-2917 2878-3398 3403-3892

PPP168 (Arve) 2400-2929 2883-3351 3399-3894 3831-4363

PPP159 (Nairn) 2404-2930 2880-3395 3388-3890 3865-4319

PPP151 (Pernilla) 2410-2928 2884-3395 3387-3895 3835-4357

PPP162 (Teista II) 2401-2929 2923-3395 3383-3895 3837-4365

E58 (Skegla) 2403-2905 2878-3395 3388-3894 3821-4368

E19 (Sigur-F) 2400-2880 2876-3394 3381-3890 3876-4367

IS-046 2446-2875 2904-3395 3388-3892 3826-4368

Fimbul 2425-2975 2938-3359 3388-3892 3879-4315

Triumph 2400-2828 2927-3352 3388-3943 3875-4314

Tampar 2446-2980 2927-3351 3384-3829 3882-4310

Mari 2447-2974 2926-3351 3399-3954 3862-4314

Deba Abed 2400-2928 2910-3351 3383-3854 3882-4310

Åsa 2398-2928 3014-3394 3383-3829 3879-4320

Vigdis 2445-2931 2274-3349 3388-3890 3887-4322

Asplund 2400-2817 2927-3349 3382-3843 3873-4233

Tammi 2401-2868 3384-3827 3827-4365

Swallow 2447-2866 2927-3351 3399-3870 3828-4355

Maskin 2447-2857 2926-2252 3383-3827 3883-4317

Varde 2398-2930 2925-2342;3287-3351 3381-3927

Igri 2308-5143 2308-5143 2308-5143 2308-5143

ssp. spontaneum 2308-5143 2308-5143 2308-5143 2308-5143

BGS213 2308-5143 2308-5143 2308-5143 2308-5143

Dairokkaku  1-5760  1-5760  1-5760  1-5760

Kompolti Korai  1-5760  1-5760  1-5760  1-5760

Dicktoo  1-5760  1-5760  1-5760  1-5760

Strider  1-5760  1-5760  1-5760  1-5760

Morex 486-4193 486-4193 486-4193 486-4193

Stander 486-2085; 2341-5249 486-2085; 2341-5249 486-2085; 2341-5249 486-2085; 2341-5249

* sites are labelled with respect to the coordinates (excluding gaps) of the Calicuchima-sib sequence (Genbank 

accession: EU007825)
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Figure S3: Nordic barley genotypes arranged after earliness of flowering.  

 

Genotype Flowering time* Genotype Flowering time

Korpa 

2014

Korpa 

2015

Korpa 

2014

Korpa 

2015

E40 (VoH2825) 69 Tampar 74

PPP168 (Arve) 70 Mari 65 77

PPP159 (Nairn) 71 Vigdis 78

IS-046 71 Triumph 73 82

Tammi 71 PPP151 (Pernilla) 75

Åsa 62 Swallow 82

Maskin 63 73 Deba Abed 86

E19 (Sigur-F) 74 Fimbul 90

 = no data on flowering time

* Flowering time given as days after sowing 

 = early flowering (2014: flowering within 70 days after sowing, 2015: 

flowering within 80 days after sowing)

 = late flowering (2014: flowering later than 70 days after sowing, 2015: 

flowering later than 80 days after sowing)


