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FvCENL2  Fragaria vesca CENTRORADIALIS-LIKE2 

FvFT1  Fragaria vesca FLOWERING LOCUS T1 

FvFT2  Fragaria vesca FLOWERING LOCUS T2 

FvFT3  Fragaria vesca FLOWERING LOCUS T3 

FvMFT  Fragaria vesca MOTHER OF FT AND TFL1 

FvMSI1  Fragaria vesca MULTICOPY SUPPRESSOR OF IRA 1 
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H4  Fragaria vesca semperflorens ‘Hawaii-4’ 
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LD  long day 
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LiCl  lithium chloride 

Mbp  mega base pairs 

MdCENa  Malus × domestica CENTRORADIALIS a 

MdCENb  Malus × domestica CENTRORADIALIS b 

MdFT1  Malus × domestica FLOWERING LOCUS T1 

MdFT2  Malus × domestica FLOWERING LOCUS T2 

MFT  MOTHER OF FT AND TFL1 

mRNA  messenger ribonucleic acid 

MS  Murashige and Skoog medium 

NaCl  sodium chloride 

-OX  overexpression construct 

PCR  polymerase chain reaction 

PcTFL1-1  Pyrus communis TERMINAL FLOWER1-1 

p.m.  post meridian 

PpFT2a  Pyrus pyrifolia FLOWERING LOCUS T2a 

PmTFL1  Prunus mume TERMINAL FLOWER1 

PpTFL1  Prunus persica TERMINAL FLOWER1 

-RNAi  silencing construct 

rps  revolutions per second 

RT-PCR  reverse transcription polymerase chain reaction 

SD  short day 

SOC  super optimal broth with catabolite repression 

TBE  tris-borate-ethylenediaminetetraacetic acid 

TFL1  TERMINAL FLOWER1 

TSF  TWIN SISTER OF FT 

USD  United States Dollar 

UV  ultra violet 

WT  wild type 
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1 INTRODUCTION 

 

Transition from vegetative growth to flower initiation is a crucial episode in the life cycle 

of vascular plants to enable reproduction and adaptation to the local habitat conditions 

(Yoo et al. 2004, Huang et al. 2012b). Optimal timing has an emphasized relevance in 

perennial species, for their own survival might be compromised if the flower initiation 

takes place under inadequate circumstances (Cooke et al. 2012). In order to program 

flowering responses, plants must develop precise mechanisms to recognize endogenous 

aspects like developmental stage and hormone levels (Wang 2014) and also a wide 

range of signals from the environment, such as: photoperiod, light quality, temperature 

and soil resources (Song et al. 2013, Romera-Branchat et al. 2014). Of all the 

environmental factors, the seasonal variation of daylight (photoperiod) is the only one 

that remains completely stable every year. Consequently, it is the most important signal 

for several perennial species (Böhlenius et al. 2006, Azeez & Sane 2015) and the trigger 

of complex genetic interactions, where the CENTRORADIALIS/TERMINALFLOWER 

1/SELF-PRUNING (CETS) gene family plays a remarkable role (Andres & Coupland 2012). 

 

The widespread Rosaceae family contains around 110 genera and 3100 species that 

predominantly inhabit the temperate and arctic areas of the Northern Hemisphere 

(Hummer & Hankock 2009). The most prominent cultivated species are fresh fruit crops 

(strawberry, apple, pear, peach, plum, cherry, raspberry, etc.), although the Rosaceae 

family includes also nuts (almond), ornamentals of high economic importance (rose) and 

timber species (black cherry) among others (Singht 2010). The production of Rosaceae 

fresh fruit alone, accounted for more than 90% of the total fresh fruit production in 

Finland and for more than 25% worldwide in 2013 (calculations derived from data from 

FAOSTAT 2016). This in turn means that the total Rosaceae fresh fruit production in 2013 

had an approximated consumer value of at least 186 billion USD (estimations according 

to Hummer & Janick 2009). In this context it seems obvious that improving the yield 

potential of Rosaceae species works in favor of economic growth and food security, and 
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thus, it is worth to direct research efforts to expand the knowledge about Rosaceae 

species. 

 

The utilization of the woodland strawberry (Fragaria vesca L. or F. vesca) as a model 

plant for the Rosaceae family may contribute substantially to learn more about the 

molecular regulation of physiological processes, such as flower induction (Hummer & 

Hankock 2009). As it was mentioned above, the CETS gene family is known to participate 

in the regulation of flowering induction in numerous plant species such as rice, wheat, 

soybean, potato or poplar among many others (Kojima et al. 2002, Hsu et al. 2006, Kong 

et al. 2010, Navarro et al. 2011, Yan et al. 2011, Andres & Coupland 2012). Therefore, 

the study of CETS genes and their functions in F. vesca provides significant information 

regarding the physiology of flowering in the Rosaceae species. This thesis focuses on the 

involvement of F. vesca CETS genes F.vesca TERMINAL FLOWER1 (TFL1), F.vesca 

CENTRORADIALIS-LIKE2 (FvCENL2) and F.vesca FLOWERING LOCUS T3 (FvFT3) in the 

molecular control of photoperiodic flowering of F. vesca semperflorens ‘Hawaii-4’ (H4). 

 

This MSc Thesis is a part of the project “Climatic adaptation of reproductive 

development in strawberry” by the Strawberry Group at the Department of Agricultural 

Sciences of the University of Helsinki, headed by tenure track Prof. Timo Hytönen. The 

objectives of this project are to understand the basis of the variation in the perennial 

growth cycle and climatic adaptation of F.vesca by performing population genomic 

studies and also molecular genetic and physiological studies on candidate genes. 
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2 LITERATURE REVIEW 

 

2.1 Fragaria vesca L. as a model organism for Rosaceae species 

 

Commonly known as woodland strawberry, Fragaria vesca L. is a herbaceous perennial 

plant species. It has central crown which is actually the stem of the plant, where the 

apical meristem is located (Figure 1). In order to optimize light exposure, the thin, 

serrated, trifoliate leaves are deployed following a helicoid pattern in such a way that 

every sixth leaf is above the first. The stolons (or runners) are elongated shoots that 

grow from the axillary buds, positioned at the base of the young leaves. If there is 

available substrate at the second node, roots might appear from the daughter rosette 

to form a new clone as a result. Instead of stolons, axillary crowns might emerge from 

the lateral buds. Inflorescences develop from the apical meristems of the crowns and 

have the five-parted radial structure common to the Rosaceae family. The accessory 

fruits are soft and aromatic, containing a considerable amount of achenes (true fruits) 

in the surface (Brown & Wareing 1965, Darrow 1966). 

 

 

 

Figure 1. F. vesca plant structure. A, leaf. B, petiole. C, crown. D, flower. E, stolon. F, clone plant. G, 
secondary stolon. H, stolon node. I, accessory fruit. Drawing adapted from Galletta and Himelrick (1990). 
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F. vesca offers several features that facilitate its study compared to other Rosaceae 

species that are predominantly trees and bushes (Darrow 1966, Hummer & Hankock 

2009): first of all, it is small sized, thus, many individuals can be grown in a reduced area, 

allowing larger populations to be studied with lower costs compared to other Rosaceae 

species. Secondly, it is easy to propagate both clonally from stolons, which do not 

require hormone additions to root, and also sexually from the numerous seeds that each 

plant produces. As it can self-pollinate, it is easy to produce homozygous lines. Another 

advantage is that it can already be induced to flower at the three-leaf stage (Koskela et 

al. 2012), in other words, it has a short juvenile period. This characteristic is especially 

useful for the evaluation of flowering-related factors. Derived from previous feature, it 

also has a short generation time, requiring only four to six months from sowing to 

harvest seeds (Veilleux et al. 2012). Unlike other Fragaria species such as the garden 

strawberry (Fragaria × ananassa D.), F. vesca is a diploid species (2n=14). Therefore, it 

has a smaller genome size (206 Mbp), which is in fact just slightly larger than Arabidopsis 

thaliana L. (A. thaliana) genome (Akiyama et al. 2001, Shulaev et al. 2010, Tennesse et 

al. 2014). The F. vesca genome sequence has been available since 2010 (Genome 

Database for Rosaceae, Shulaev et al. 2010) and has been improved since then. In 

addition, a high proportion of F. vesca genes have been recently reported to have 

homologous genes in other species (Mouhu et al. 2009, Darwish et al. 2015). 

Furthermore, the production of transgenic lines by Agrobacterium-mediated 

transformation in F. vesca has proven to be reliable and straightforward (Oosumi et al. 

2006). All these traits mentioned above, and the abundant variability of phenotypes 

naturally available, make F. vesca a formidable model organism for the study of 

Rosaceae species (Hummer & Hankock 2009, Peace & Norelli 2009, Sargent et al. 2009, 

Guidarelli & Baraldi 2015). 

 

2.1.1 Physiology  

 

Photoperiod is the most determinant environmental signal that influences physiological 

development and organ differentiation in F. vesca, although photoperiodic responses 

are dependent on temperature. Consequently, F. vesca accessions are classified 
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according to their photoperiod requirements for flower induction. SD F. vesca 

accessions flower during springtime, succeed by a vegetative growth period when 

axillary meristems develop predominantly into stolons. Progressively during summer, 

axillary meristems turn into lateral crowns instead of stolons. Flower induction occurs in 

autumn, when the apical meristem forms flower initials and the uppermost lateral bud 

continues vegetative growth as the new main crown (Brown & Wareing 1965). Generally 

speaking, short-day (SD) accessions, which are the predominant kind in nature, require 

at least 10 hours of darkness to be induced to flower. However, Sønsteby and Heide 

(2007, 2008) showed that SD plants flowered at 9˚C under any photoperiod and 

flowering was prevented at 21˚C under both photoperiods. Stolon formation in SD 

accessions was promoted by high temperatures and LDs.  

 

On the other hand, F. vesca semperflorens accessions, or Alpine varieties as referred to 

by Brown and Wareing (1965), show an everbearing habit. In several of these varieties 

stolon production is reduced compared to the SD accession or even absent. Although 

initially the everbearing trait was thought to be caused by a recessive allele that 

prevented the recognition of environmental signals, it has been demonstrated that 

everbearing varieties are in fact photoperiod dependent, having different requirements 

to be induced to flower (Sønsteby & Heide 2008). One of these Alpine varieties is F. vesca 

semperflorens accession H4. Mouhu et al. (2009) found that in H4, flowering was 

advanced under LDs at 18˚C and postponed at 11˚C or under SDs (12 h). In turn, stolon 

formation was enhanced by high temperatures and SDs. It is worth to mention that 

several everbearing accessions, such as ‘Baron Solemacher’ and ‘Rugen’, are induced to 

produce stolons only under those conditions (Sønsteby & Heide 2007, 2008, Mouhu et 

al. 2009, Rantanen et al. 2014). 
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2.1.2 Molecular control of the photoperiodic flowering pathway 

 

Arabidopsis thaliana 

 

In Arabidopsis thaliana, the CETS gene family contains six genes: the flowering 

promoters FLOWERING LOCUS T (FT) and TWIN SISTER OF FT (TSF) (Yamaguchi et al. 

2005, Jang et al. 2009, Duplat-Bermúdez et al. 2016); MOTHER OF FT AND TFL1 (MFT), 

which is associated with seed germination (Footit et al. 2011); and the floral repressors 

TERMINAL FLOWER1 (TFL1), ARABIDOPSIS CENTRORADIALIS (ATC) and BROTHER OF FT 

AND TFL1 (BFT) (Kardailsky et al. 1999, Kobayashi et al. 1999, Yoo et al. 2010, Huang et 

al. 2012a, Serrano-Mislata et al. 2016). Under LDs, the product of FT moves from the 

adult leaves through the phloem to reach the apical meristem (Corbesier et al. 2007). If 

the concentration of FT protein reaches a certain level, flowering is promoted regardless 

of any other factors (Mathieu et al.2007). FT orthologues in numerous species have been 

found to be main constituents of the flowering induction pathways. These species vary 

from annual cereals and legumes such as rice, wheat, barley (Kojima et al. 2002, Yan et 

al. 2011), pea and soybean (Kong et al. 2010, Hecht et al. 2011); through to other annual 

crops like tomato or potato (Lifschitz et al. 2006, Navarro et al. 2011); all the way up to 

tree species such as citruses, or poplar (Endo et al. 2005, Hsu et al. 2006) among many 

others. The equilibrium between the protein levels of FT and TFL1 orthologues is arising 

as a flowering regulation mechanism common to vascular plants, which has influenced 

early crop domestication of several species (Blackman et al. 2010, Tian et al. 2010). Thus, 

manipulating the balance in the expression of CETS genes appears to be an appropriate 

strategy for breeding economically important crops and for increasing the knowledge of 

the CETS genes (functions, localization and expression patterns) (McGarry & Ayre 2012, 

Kurokura 2013). 
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Fragaria vesca 

 

F. vesca FLOWERING LOCUS T1 (FvFT1) expression is promoted in the leaves under LDs. 

The putatively mobile FvFT1 protein travels through the phloem to reach the apical 

meristem and activates SUPRESSOR OF OVEREXPRESSION OF CONSTANS1 (FvSOC1). This 

in turn upregulates the gibberellic acid (GA) pathway genes, inducing stolon production; 

and also TERMINAL FLOWER1 (TFL1), which inactivates the flower identity gene F. vesca 

APETALA 1 (FvAP1), disabling flowering induction under LDs (Figure 2). Although this 

pathway is only triggered by LDs, at high temperatures under SDs, an unidentified 

FvTFL1 activator inhibits flowering initiation (Mouhu et al. 2013, Rantanen et al. 2015). 

At low temperatures, FvTFL1 is down-regulated independently of photoperiod 

(Rantanen et al. 2015). Koskela et al. (2012) proved that FvTFL1 controls the transition 

from the vegetative growth phase to flowering initiation and regulates seasonal growth 

cycles. 

 

In everbearing accessions, LDs enhance FvFT1 and FvSOC1 expression in an identical 

manner as described above for the SD varieties. As shown by Koskela et al. (2012), FvFT1 

is required for LD flowering in H4. However, a deletion in the FvTFL1 coding sequence 

has been shown to be the cause of the everbearing habit of F. vesca semperflorens 

(Koskela et al. 2012). The deletion disables the production of functional FvTFL1 protein, 

permitting inflorescense meristem differentiation and flowering in LDs. Thus, the 

deletion reverses the photoperiod requirements for flowering. Additionally, FvTFL1 

expression levels under LDs in H4 are notably lower than FvTFL1 expression levels in SD 

F. vesca under the same conditions. This is possibly due to a response to prevent 

accumulation of mRNA that contains premature stop codons, which is called nonsense-

mediated mRNA decay (Conti & Izaurralde 2005, Koskela et al. 2012, Rantanen et al. 

2014) (Figure 2). 

 

In addition to FvFT1 and FvTFL1, the F.vesca CETS gene family includes F.vesca MOTHER 

OF FT (FvMFT), F.vesca FLOWERING LOCUS T2 (FvFT2), F.vesca FLOWERING LOCUS T3 
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(FvFT3), F.vesca CENTRORADIALIS-LIKE1 (FvCENL1) and F.vesca CENTRORADIALIS-LIKE2 

(FvCENL2) (Genome Database for Rosaceae). The functions of these genes have not been 

studied yet. However, the similarities between the FvFT2 (which is present in the 

flowering buds) and FvFT3 with FvFT1 suggest that FvFT2 and FvFT3 might act also as 

flowering promoters (Koskela et al. 2012). In other Rosaceae species, FvFT2 and FvFT3 

homologues (PpFT2a in Pyrus pyrifolia, MdFT2 in Malus × domestica and FaFT3 in 

Fragaria × ananassa for example) have been identified as floral activators (Kotoda et al. 

2010, Ito et al. 2013, Nakano et al. 2015). At the same time, FvCENL1 and FvCENL2 

sequences present high resemblance with FvTFL1, suggesting that they could be floral 

repressors that complement the function of FvTFL1. This idea is supported by the 

function the Arabidopsis thaliana CENTRORADIALIS (ATC) orthologue has as a floral 

repressor in A. thaliana (Mimida et al. 2001, Huang et al. 2012a). However, other ATC 

homologous genes (MdCENa and MdCENb) have different expression patterns in Malus 

× domestica, being expressed in the fruits and roots in the case of MdCENa instead of 

the apical meristem, suggesting they might not participate in floral induction (Mimida 

et al. 2009). 

 

2.2 Genetic approaches for studying gene functions 

 

Genes and their functions can be studied in two ways: one is known as “the reverse 

approach”, and focuses on identifying the genes and mutations that cause certain 

phenotypes (by executing genome-wide association studies for instance). The other 

way, called “the forward approach”, aims at elucidating the roles that certain genes play, 

and therefore reaffirm the knowledge derived from the reverse approach. Both reverse 

and forward approaches have been widely employed in model organisms, such as 

Arabidopsis thaliana, resulting in an enormous amount of genomic data available 

nowadays. The “candidate gene approach” consists of taking advantage of the data 

already available. For example, BLAST (acronym for Basic Local Analyzing Software Tool) 

can be used to compare the sequences of known genes (whose functions have been 

previously reported, in A. thaliana for example) with the gene sequences of other 
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organisms, thus making it possible to uncover homologous genes. Based on the 

similarity between their sequences, homologuous genes are expected to have similar 

functions to their counterparts. This can be tested by gene expression analysis and by 

generating transgenic plants with altered expression levels for the target genes and 

evaluating the resulting phenotypes (Peace & Norelli 2009, Anami et al. 2013, 

Leeggangers et al. 2013). 

 

 

 
Figure 2. Models showing environmental and molecular regulation of F. vesca development. Activated 
components of the pathway are denoted in black, repressed proteins in grey. In each model, the left 
column represents LD and the right column represents SD conditions. The percentages show the 
proportion of flowering plants after six weeks of photoperiod treatments reported by Sønsteby and Heide 
(2008) and Rantanen et al. (2015). The green colored parts of the plant schemes symbolizes the stolon 
formation rates. “X” is an unknown activator of FvTFL1. “Z” is and unknown repressor of FvTFL1. Left 
model shows the regulation of Short-day F. vesca. Right model shows the regulation of F. vesca 
semperflorens.  
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3 RESEARCH OBJECTIVES 

 

The aim of this MSc thesis was to investigate how the overexpression or silencing of 

FvTFL1, FvCENL-2 and FvFT3 affect the flowering phenotype of F. vesca semperflorens 

accession ‘Hawaii-4’, to elucidate whether the expression of putative target genes is 

affected, to reveal the tissue-specific expression patterns and levels of F. vesca CETS 

genes in ‘Hawaii-4’ wild type plants and to study the fate of axillary meristems in the H4 

WT. 

 

4 MATERIALS AND METHODS 

 

4.1 Plant material 

 

The plant material used in these experiments consisted of H4 WT plants acquired from 

the National Clonal Germplasm Repository, TFL1-RNAi and CENL2-OX lines in H4 

background that were already available and FT3-RNAi and FT3-OX transgenic lines which 

were generated in H4 background in this study. All the constructs ant their respective 

transgenic lines were produced by following the same pipeline, described in chapters 

4.2 and 4.3. 

 

4.2 Gateway vector construction 

 

4.2.1 PCR for Gateway 

 

For the first-round PCR, the fragments of interest were amplified from cDNA 

(synthesized from Fragaria vesca accession ‘Alta’) using gene-specific primers (for 

primer sequences, see Table 1 in Appendix 4) for both constructs (FvFT3-RNAi and -OX 
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respectively) and the DNA polymerase Phusion HotStart (ThermoFisher Scientific, USA) 

(Appendix 1, Tables 1 & 2). The second-round PCR (Appendix 2, Tables 1 & 2) added att 

adapter sequences to the ends of the first-round PCR fragment, making the fragment 

ready for the subsequent BP reaction. 

 

The PCR products were tested on agarose gel employing Tris-borate-EDTA (TBE) buffer 

with ethidium bromide (0.004 %, all agarose gels used contained EtBr in this 

concentration) and agarose gels of different consistencies depending on the length of 

the expected fragments: 1.5 % for the full length FT3 coding sequence (573 bp) and 2 % 

for the FT3-RNAi fragment (120 bp). Both fragments included the att adapter sequences 

necessary for the BP reaction. Once the banding pattern was compared with the 

Lambda-PstI DNA ladder under UV light, the bands corresponding to the predicted sizes 

were extracted from the rest of the gel and purified with the GeneJET Gel Extraction Kit 

(Fermentas ThermoFisher Scientific, USA), following manufacturer’s instructions. 

 

4.2.2 BP recombination reaction 

 

The BP reaction was performed according to the Gateway BP Clonase mix II protocol 

(Invitrogen ThermoFisher Scientific, USA), using pDONR221 as the entry vector. 200 µl 

of DH5α cells were thawed on ice for 30 minutes, then 5 µl of BP reaction product were 

added and the mixture incubated 30 minutes on ice. After a 45 seconds heat shock at 

42˚C and the addition of 800 µl of lysogeny browth (LB) medium, the cells were 

incubated at 37˚C for one hour. In order to plate the cells, they were centrifuged low 

speed for 4 minutes and the supernatant was discarded; leaving around 200 µl which 

was plated onto selection plates (LB with kanamycin at 50 µg/ml final concentration) 

and cultured overnight at 37 ˚C. 

 

Sixteen colonies from each construct were randomly selected, re- streaked on a new 

plate, cultured for one night (37˚C) and examined by colony-PCR (Appendix 3, Tables 1-

3) and agarose gel analysis. For the agarose gel analyses, the PCR products were tested 

in 1.5 % agarose gel with TBE buffer, employing Lambda-PstI as a ladder. The expected 
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sizes were approximately 845 bp for the pDONR221-FT3-OX construct, 395 bp for the 

pDONR221-FT3-RNAi construct and 2500 bp for the pDONR221 vector. Two chosen 

colonies from each construct were incubated in 4 ml LB with kanamycin (25 µg/ml) for 

one night at 37˚C with constant shaking. The plasmid isolation was performed with the 

GeneElute Plasmid Miniprep Kit (Sigma-Aldrich Merck KGaA, Germany), following the 

given protocol with one exception: the final product was eluted in milli-Q water instead 

of elution buffer. 

 

Five microliters of each construct were digested with 12 µl of milli-Q water, 2 µl of 

FastDigest Green Buffer 10X (Thermo Fisher Scientific, USA) and 1 µl of FastDigest PvuII 

(Thermo Fisher Scientific, USA). The digested products were analysed in 1.5 % agarose 

TBE gel. For the pDONR221-FT3-OX construct, the fragments were expected to be 1151 

bp and 1942 bp long; for the pDONR221-FT3-RNAi construct they were 142 bp, 563 bp 

and 1942; for comparison, the expected sizes of the fragments from the empty vector 

were 602 bp, 1942 bp and 2217 bp. The selected colonies were sent to be sequenced by 

the Sequencing Core Facility, Haartman Institute (University of Helsinki). From each 

colony two 1.5 ml tubes were sent: both containing 400 ng of DNA with milli-Q water to 

fill a volume of 6 µl and then, one of the tubes carried in addition 1 µl of forward 

universal primer M13-20 (5 µM) and the other carried 1 µl of reverse universal primer 

M13-20 (5 µM). 

 

4.2.3 LR recombination reaction 

 

The LR recombination was carried out according to the Gateway LR Clonase II Enzyme 

Mix protocol (Invitrogen ThermoFisher Scientific, USA), using pENTR-gus as a positive 

control. The destination vector for the pDONR221-FT3-OX construct was pK7WG2D, and 

the pDONR221-FT3-RNAi construct was pK7GWIWG2D (II) (Karimi et al. 2002). The 

transformation into E. coli ‘DH5α’ was accomplished as described in the previous 

section, except for using spectinomycin (50 µg/ml) plates instead of kanamycin (50 

µg/ml). Screening for positive colonies was performed as described in Section 4.2.2, with 

the exception of using the primers GER449 and GER226 (primer sequences in Appendix 

4, Table 1). The expected sizes were 2953 bp for the pK7WG2D-FT3-OX construct and 
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3705 bp for the pK7GWIWG2D (II)-FT3-RNAi construct. Plasmids were extracted as 

described in Section 4.2.2, whith the exception of using spectinomycin (50 µg/ml) for 

antibiotic selection. 

 

Five µl of each construct were digested with 20 µl of milli-Q water, 3 µl of FastDigest 

Green Buffer 10X (Thermo Fisher Scientific, USA), 1 µl of EcoR I (Thermo Fisher Scientific, 

USA) and 1 µl of Apa I (Thermo Fisher Scientific, USA). The products from digestion were 

ran through 1.5 % agarose TBE gel. For the pK7WG2D-FT3-OX construct the fragments 

were expected to be 320 bp, 2049 bp and 9313 bp long; being 312 bp, 1506 bp, 1716 bp 

and 9327 bp for the pK7WG2D empty vector. For the pK7GWIWG2D (II)-FT3-RNAi 

construct the fragments were expected to be 1001 bp, 3271 bp and 8914 bp; being 1840 

bp, 4120 bp and 8922 bp for the empty pK7GWIWG2D (II) vector. The selected colonies 

were sent to be sequenced by the Sequencing Core Facility, Haartman Institute 

(University of Helsinki). From each colony were sent two 1.5 ml tubes: both containing 

400 ng of DNA with milli-Q water to fill a volume of 6 µl and then, one of the tubes 

carried in addition 1 µl of forward GER449 primer (5 µM) and the other carried 1 µl of 

reverse GER226 primer (5 µM). 

 

4.3 Plant transformation  

 

For each construct, 50 µl of thawed Agrobacterium GV3101 cells were added to a cool 

cuvette together with 10 ng of plasmid DNA diluted in MQ for a total volume of 100 µl 

and incubated on ice for 1 minute. Electroporation was performed using the GenePulser 

Xcell (Bio-Rad Laboratories, USA), applying the following settings: 200 Ω, 25 F and 2.5 

kV. The transformed Agrobacterium cells were incubated in 1 ml of super optimal broth 

with catabolite repression (SOC) for 1 hour at 37˚C with shaking, and then centrifuged 

for 3 minutes at 2500 g. Most of the supernatant was discarded, leaving 100-200 µl to 

resuspend the cells for plating in LB medium with L-rifampicin (50 µg/ml), gentamicin 

(25 µg/ml) and spectinomycin (100 µg/ml). The cultures were incubated at 28˚C for 2 

days. The constructs pK7WG2D-FT3-OX and pK7GWIWG2D (II)-FT3-RNAi were employed 
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to transform in vitro grown H4 plants, following the method published by Oosumi et al. 

(2006).  

 

pK7WG2D-FT3-OX and pK7GWIWG2D (II)-FT3-RNAi colonies were inoculated into two 

falcon tubes each, containing 4 ml of LB medium with L-rifampicin (50 µg/ml), 

gentamicin (25 µg/ml) and spectinomycin (100 µg/ml). The cultures were incubated for 

two days at 28˚C with shaking. The cultures were centrifuged for 3 minutes at 2500 g to 

collect the cells. The pellet was suspended in 20 ml co-cultivation medium (Murashige 

and Skoog medium with 2% sucrose and pH 5.8) and 20 µl 0.1 M acetosyringone were 

added. After that, leaf pieces of in vitro grown H4 plants were immersed in the co-

cultivation medium (with 20 µg/ml of acetosyringone) for one hour. The tissues were 

transferred to plates with Murashige and Skoog (MS) agar medium with hormones (3 

mg/l of 6-benzylaminopurine benzyl adenine and 0.2 mg/l of 1H-indole-3-butanoic acid) 

and grown in darkness for two days. Then the tissues were transferred to plates with 

antibiotic selection medium (same as the previously described medium but containing 

also 250 µg/ml of cefotaxime and 5 µg/ml of kanamycin). This operation was repeated 

seven times. After that, the transgenic callus were regularly selected using GFP 

fluorescence and cultivated into fresh plates without antibiotic selection until the 

transgenic plants were generated. 

 

4.4 Characterization of H4 TFL1-RNAi transgenic lines 

 

The plant material used consisted of H4 plants containing the pK7GWIWG2D (II)_TFL1-

RNAi  construct (Koskela et al., 2012) for FvTFL1 silencing and H4 WT plants, both 

obtained from seedlings. They were germinated in a growth room under 18 hours 

photoperiod (LD) and grown under 12 hours photoperiod (SD) until they reached the 3-

leaves stage. At this point, the plants were divided into two equal groups of 25 plants 

each. One group was left in the same LD conditions while the other was placed under 

12 hours photoperiod (SD). The lights were adjusted to provide the same daily amount 

of irradiation to both photoperiodic treatments. The treatments finished 10 weeks later. 

During the whole experiment all the plants were growing at 22˚C. The number of leaves, 
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stolons, branch crowns and flowers was counted and recorded on a weekly basis. All 

stolons and additional branch crowns were removed after each counting. In order to 

test the significance levels of the measurements, analyses of variance were performed 

in RStudio Team 2015. 

 

Shoot apex samples were collected before the photoperiod treatments started (week 0) 

and three weeks later. Leaf samples were gathered the fourth week, 16 hours after 

subjective dawn, that being close to the time of daily FvFT1 expression peak (Koskela et 

al. 2012). Three biological replicates (five for the WT) were taken for the week 0 shoot 

apex samples and five for the week 4 leaf samples. The samples (less than 200 mg each) 

were directly collected in 2 mL RNAase-free tubes containing two iron beads, frozen in 

liquid nitrogen, milled in the Retsch MM400 ball mill (Retsch GmbH, Germany) at 28 rps 

for 30 s and stored at -80˚C. 

 

Total RNA isolation was performed based on the pine tree method (Monte & Somerville, 

2009). 800 µl of preheated (65˚C) buffer containing 2% CTAB, 2% PVP, 100 mM Tris-HCl, 

25 mM EDTA, 2 M NaCl, 0.5 g/L spermidine and 2% β-mercaptoethanol (added just 

before use) was mixed with each sample and centrifuged at 6500 g for 3 minutes. The 

top layer was recovered and extracted twice in 1.5 ml RNAse-free tubes (all tubes used 

from this stage were 1.5 ml RNAse-free) with chloroform:isoamyl alcohol (24:1) at room 

temperature and 12500 g for 10 minutes. 1/3 volume of 8 M LiCl was added to the 

recovered supernatant, mixed and precipitated overnight at 4˚C, harvesting the RNA 

afterwards by centrifugation at 12500 g and 4˚C for 45 minutes. Pellets were then 

dissolved in 500 µl of SSTE (containing 1 M NaCl, 0.5% SDS, 10 mM Tris-HCl and 1 mM 

EDTA) and extracted once again with chloroform:IAA (24:1) as mentioned above. The 

supernatant was mixed with 1000 µl of cold 100% ethanol (-20˚C) and precipitated 

overnight at -20˚C, harvesting the RNA afterwards by centrifugation at 12500 g and 4˚C 

for 45 minutes. The remaining ethanol was removed by pipetting and evaporated by 

spinning for 15 minutes at room temperature in the Savant SVC100 SpeedVac 

(ThermoFisher Scientific, USA) and the pellets were re-suspended in 15 µl of milli-Q 

water. 
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The rDNAse treatment was performed following the Macherey-Nagel (Germany) 

protocol. 1/10 of the sample volume of enzyme-buffer mix (containing rDNAse buffer 

and 10% rDNAse) was added to the RNA and mixed. Then the samples were incubated 

at 37˚C for 10 minutes, diluted with 300 µl of milli-Q water and extracted with 

chloroform:IAA (24:1) as described earlier. The supernatant was mixed first with 1/10 

volume of 3 M NaCl and later with 1000 µl of cold 100% ethanol (-20˚C). The mixture 

precipitated overnight at -20˚C, harvesting the RNA afterwards by centrifugation at 

12500 g and 4˚C for 45 minutes. The pellets were washed with 70% ethanol by 

centrifugation at 12500 g at room temperature for 5 minutes. Then the 70% ethanol was 

removed by pipetting and drying was carried out as described above. The pellets were 

re-suspended in 15 µl of milli-Q water and the concentration and quality of the RNA was 

evaluated by measuring the absorbance at 260 and 280 nm with the NanoDrop 2000 

UV-Vis Spectrophotometer (Thermo Fisher Scientific, USA). The concentrations were 

standardized to 20 ng/µl (when possible) and measured again. 

 

Due to the low RNA concentration yielded in the week 0 shoot apex samples, the cDNA 

synthesis was performed using 30 ng of RNA. 1 µl of oligoanchor (50 µM), 30 ng of total 

RNA, 1 µl of dNTP Mix (10 mM) and Milli-Q water for a total volume of 14 µl were added 

to an RNAse-free microcentrifuge tube. The mixture was heated to 65˚C for 5 minutes 

and incubated on ice for 1 minute. The contents were collected by brief centrifugation. 

4 µl of 5X First-Strand Buffer, 1 µl of 0.1 M DTT, 0.5 µl of SuperScript III RT (200 units/ µl, 

ThermoFisher Scientific, USA) and 0.5 µl of Milli-Q water were added and mixed by 

pipetting. Then the samples were incubated at 50˚C for 60 minutes and the reaction was 

inactivated by heating at 70˚C for 15 minutes. The cDNA was diluted in Milli-Q water for 

a total volume of 70 µl. The cDNA synthesis for the week 4 leaf samples was performed 

equally as described before, but using 500 ng of RNA. 

 

The RT-PCR reaction was realized using three technical replicates and three biological 

replicates (five in the case of the WT controls) in the LightCycler 480 Instrument (Roche, 

Germany). 5 µl of SYBR Green I Mastermix (Roche, Germany), 1.5 µl of primer mix 

(forward plus reverse, 3 mM) and 3.5 µl of cDNA for a total volume of 10 µl were added 

to each well. Since FvMSI1 expression is stable among tissues (Koskela et al. 2012), it 
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was set as the reference gene in order to normalize the gene expression levels, following 

the method described by Pfaffl (2001).  The primer sequences and the programs 

employed in the RT-PCR are shown in Appendix 5, tables 1 and 2.  

 

4.5 Characterization of H4 CENL2-OX transgenic lines 

 

Eight H4 CENL2-OX lines were stolon-propagated from H4 CENL2-OX primary 

transformant plants, obtaining 16 to 29 plants per line. After stolon propagation, H4 

CENL2-OX plants were moved to growth rooms and divided into two groups. In order to 

analyze the effect of temperature in the development, the plants were divided into two 

groups and grown under different temperatures. One group was growing under LDs at 

11˚C, to evaluate whether they could produce stolons or not, while the other group was 

under LDs at 24˚C, to induce flowering. Due to lack of plant material, we did not included 

SD treatments in this experiment. The plants were evaluated for flower induction and 

vegetative response by recording flowering dates and number of stolons and branch 

crowns developed. 

 

4.6 Characterization of H4 FT3-OX and H4 FT3-RNAi transgenic lines 

 

Thirteen H4 FT3-OX transgenic lines represented by one to five plants were grown in 

greenhouse under LDs at 22˚C. The initial evaluation determined whether they were 

able to flower or not. Thirteen H4 FT3-RNAi transformant lines (two to four plants per 

line) were grown together with four WT H4 control plants in greenhouse under LDs at 

22˚C. Flower response was observed twice a week and flowering dates were recorded. 

In order to test the significance levels of the measurements, analyses of variance were 

performed in RStudio Team 2015. 
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4.7 Characterization of H4 growth patterns under different conditions 

 

H4 WT seedlings were germinated under 18 hours photoperiod (LD) and grown under 

12 hours photoperiod (SD) until they reached the 3-leaves stage. Then the plants were 

divided into four groups of 15 to 20 plants each and grown under four different 

conditions: 11˚C LDs, 11˚C SDs, 24˚C LDs and 24˚C SDs. The observations made included 

number of leaves, stolons and branch crowns, flowering dates and fate of every leaf 

axillary bud. 

Shoot apex samples were collected before the photoperiod treatments started (week 

0). Five weeks later; shoot apex, root and leaf samples were taken. Leaf samples were 

collected 16 hours after subjective dawn, for being close to the time of daily FvFT1 

expression peak (Koskela et al. 2012). Three biological replicates were gathered for each 

sample. The samples (less than 200 mg each) were directly collected in 2 mL RNAase-

free tubes containing two iron beads, frozen in liquid nitrogen, milled in the Retsch 

MM400 ball mill (Retsch GmbH, Germany) at 28 rps for 30 s and stored at -80˚C. Total 

RNA isolation, rDNAse treatment, cDNA synthesis and RT-PCR reactions were achieved 

by following the same pipeline described in chapter 4.4, however 500 ng of RNA were 

used for the cDNA synthesis. The primer sequences and the programs employed in the 

RT-PCR are shown in Appendix 5, tables 1 and 2. 

 

5 RESULTS 

 

5.1 Gateway vector construction and plant transformation 

 

After the completion of the BP reaction, two of the resultant clones of FT3-RNAi and 

FT3-OX constructs were sequenced. The FT3-OX clone contained the full-length coding 

DNA sequence in the correct reading frame (Appendix 6, Table 1). After the LR reactions 

were completed, the FT3-OX clone was sequenced again, showing that the fragment 

contained the expected coding sequence, which was in the correct reading frame. In 

order to verify the Agrobacterium vectors contained the expected fragments, the insert 
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was extracted and sequenced one last time before the vectors were used for plant 

transformation. The Agrobacterium transformation of the FT3-OX and FT3-RNAi into H4 

produced 6 and 15 transgenic lines respectively. The plants were transplanted to peat 

substrate and moved to the greenhouse 11 months after the transformation. 

 

5.2 Characterization of H4 growth patterns under different conditions 

 

All the plants grown under LDs at 24˚C flowered after seven weeks, whereas none of the 

other treatments resulted in flowering plants by the end of the experiment, which lasted 

for ten weeks. Both photoperiod and temperature had marked effect on the 

development of H4 seedlings (Figure 3). 

 

 

 

Figure 3. H4 plants after seven weeks of photoperiod and temperature treatments. SD = short day, LD = 
long day. From left to right: LDs at 24˚C, SDs at 24˚C, LDs at 11˚C and SDs at 11˚C. 

 

 

The percentage of axillary meristems producing stolons varied significantly between 

photoperiods and temperatures. Significant differences as a result of the photoperiod 

and temperature interaction were revealed by Tukey HSD for the SD 11˚C and SD 24˚C 

groups, compared to the LD 24˚C plants (Figure 4A). The proportion of axillary meristems 

developed into branch crowns showed a significant temperature effect. In addition, 
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Tukey HSD revealed that the photoperiod and temperature interaction produced 

significant differences between the LD 24˚C plants and all the other groups (Figure 4B). 

Temperature and photoperiod affected substantially the percentage of axillary 

meristems remaining dormant until the end of the experiment, the interaction of both 

factors translated into significant differences when comparing the LD 11˚C and SD 24˚C 

groups with the LD 24˚C (Figure 4C). The number of leaves developed during the 

experiment was clearly larger at 24˚C, regardless of the photoperiod (Figure 4D). 

 

 

 

Figure 4. Phenotypic evaluation of H4 plants. Columns show average values for each of the four 
treatments and error bars indicate ±standard deviation (n=12-20). “*” indicates significant differences 
from the plants grown under LDs at 24˚C, revealed by Tukey HSD. A, percentage of axillary meristems 
developed into stolons. B, percentage of axillary meristems developed into branch crowns. C, percentage 
of dormant axillary meristems. D, number of leaves developed during the experiment.  

 

 

The gene expression analysis performed on shoot apex samples surprisingly showed that 

the highest level of FvTFL1 expression was present in the SD 11˚C group (Figure 5A), 

which is the opposite as it would be expected either in H4 or in SD F.vesca (Koskela et 
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al. 2012, Mouhu et al. 2013). Nevertheless, the standard deviation is too large to draw 

accurate conclusions. On the other hand, FvSOC1 (Figure 5B) presents an expression 

pattern perfectly consistent with previous results obtained by Mouhu et al. (2013) and 

Rantanen et al. (2015), being promoted by LDs. Similarly, the expression of the floral 

meristem identity gene FvAP1 is substantially enhanced by the same conditions (Figure 

5C), which is consistent with the previous studies mentioned above and with the 

flowering phenotypes observed.  

 

 

 

Figure 5. Gene expression analysis of H4 plants. Relative expression levels in shoot apices collected after 
five weeks of treatments, from H4 plants grown under LDs at 24˚C, SDs at 24˚C, LDs at 11˚C and SDs at 
11˚C. Specific gene expression levels are standardized against FvMSI1. Columns show average values (n=3) 
and error bars indicate ±standard deviation. A, FvTFL1 expression. B, FvSOC1 expression. C, FvAP1 
expression.  
 

 

FvFT3 expression was promoted under LDs and 24˚C and the rest of the treatments 

resulted in a practically absent expression of FvFT3 in the shoot apex (Figure 6A). The 

expression pattern of FvFT3 in the shoot apex correlates with the flowering phenotypes 

observed. Both SDs and warm temperatures affected positively the expression levels of 



27 
 

FvCENL1 (Figure 6B). The highest FvCENL2 expression arose in the shoot apices of the 

plants grown under SDs at 11˚C (Figure 6C), although the variation is too high to make 

conclusions. FvMFT levels of expression in shoot apices were enhanced by SDs and warm 

temperatures, nevertheless these results also present a considerably high variation 

(Figure 6D). 

 

 

 

Figure 6. Gene expression analysis of H4 plants. Relative expression levels in shoot apices collected after 
five weeks of treatments, from H4 plants grown under LDs at 24˚C, SDs at 24˚C, LDs at 11˚C and SDs at 
11˚C. Specific gene expression levels are standardized against FvMSI1. Columns show average values (n=3) 
and error bars indicate ±standard deviation. A, FvFT3 expression. B, FvCENL1 expression. C, FvCENL2 
expression. D, FvMFT expression. 

 

 

FvTFL1 was present in the roots, showing similar expression among the treatments 

except for the LD 11˚C, where it was diminished (Figure 7A). FvFT3 expression showed 

notably higher levels under SDs and 24˚C in the root samples (Figure 7B). Likewise as in 

shoot apices, FvCENL1 expression was enhanced by SDs and warm temperatures in the 

roots (Figure 7C). The root samples collected from plants grown under LDs at 24˚C 
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showed a remarkably higher level of FvMFT expression as compared to the others 

(Figure 7D). 

 

 

 

Figure 7. Gene expression analysis of H4 plants. Relative expression levels in root samples collected after 
five weeks of treatments, from H4 plants grown under LDs at 24˚C, SDs at 24˚C, LDs at 11˚C and SDs at 
11˚C. Specific gene expression levels are standardized against FvMSI1. Columns show average values (n=3) 
and error bars indicate ±standard deviation. A, FvTFL1 expression. B, FvFT3 expression. C, FvCENL1 
expression. D, FvMFT expression. 

 

 

Consistently with previous experiments on F. vesca performed by Koskela et al. (2012) 

and Rantanen et al. (2014, 2015), FvFT1 was expressed in the leaves from plants grown 

under LDs (Figure 8A). Additionally, FvMFT expression was enhanced by SDs and warm 

temperatures in leaves (Figure 8B). 
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Figure 8. Gene expression analysis of H4 plants. Relative expression levels in leaf samples collected after 
five weeks of treatments 16 hours after subjective dawn, from H4 plants grown under LDs at 24˚C, SDs at 
24˚C, LDs at 11˚C and SDs at 11˚C. Specific gene expression levels are standardized against FvMSI1. 
Columns show average values of biological replicates (n=3) and error bars indicate ±standard deviation. 
A, FvFT1 expression. B, FvMFT expression. 
 

 

5.3 Characterization of H4 TFL1-RNAi transgenic lines 

 

Because previous results indicated that TFL1-RNAi construct may silence also other 

TFL1-like genes, we grew H4 TFL1-RNAi plants under SDs and LDs at 24˚C. None of the 

H4 TFL1-RNAi plants flowered after ten weeks in short days. Under long days, flower 

initiation was delayed in the H4 TFL1-RNAi plants compared to the WT. The number of 

stolons and branch crowns per plant by the end of the experiment did not show 

significant differences between genotypes, regardless of the photoperiod treatments 

(Figure 9). The H4 TFL1-RNAi plants grown under LDs were discarded on the 7th week 

of experiment because by that time all of them had flowered and also because they had 

generated a number of branch crowns too large to be counted. 
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Figure 9. Phenotypic evaluation of H4 TFL1-RNAi transgenic lines. A, average number of days to flower for 
the H4 TFL1-RNAi plants under LDs and SDs compared to H4 WT. B, average number of leaves developed 
at the time of the first open flower in H4 TFL1-RNAi and H4 WT plants under LDs and SDs. Note that none 
of the H4 TFL1-RNAi plants flowered under short days. C, number of stolons developed (cumulative 
values) by H4 TFL1-RNAi plants under LDs and SDs compared to H4 WT. D, number of branch crowns 
developed (cumulative values) by H4 TFL1-RNAi plants under LDs and SDs compared to H4 WT. In A and 
B, error bars present standard deviation (n = 19). 
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Gene expression analysis from the shoot apex samples confirmed that the TFL1-RNAi 

construct silenced the expression of FvTFL1 in week 0 samples, however the FvTFL1 

expression presented similar levels between the two genotypes and photoperiod 

treatments after three weeks (Figure 10A). FvSOC1 expression levels were higher under 

LDs, which is the usual physiological response in F. vesca (Mouhu et al. 2013). FvSOC1 

expression levels were slightly higher in the WT (Figure 10B). Consistently with the 

observed phenotypes, FvAP1 expression was promoted under LDs in the WT, while 

showing no difference due to the photoperiod treatments in the H4 TFL1-RNAi 

transgenic plants (Figure 10C). FvCENL2 expression was enhanced by LDs in both 

genotypes (Figure 10D).  

 

 

 

 

Figure 10. Gene expression analysis of H4 TFL1-RNAi lines. Relative expression levels in shoot apices 
collected before the experiment and three weeks later, from H4 TFL1-RNAi and H4 WT plants grown in 
LDs and SDs. Specific gene expression levels are standardized against FvMSI1. Columns show average 
values of biological replicates (n=3 for H4 TFL1-RNAi, n=5 for H4 WT) and error bars indicate ±standard 
deviation. A, FvTFL1 expression. B, FvSOC1 expression. C, FvAP1 expression. D, FvCENL2 expression. 
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Gene expression analysis from the week 4 leaf samples showed considerably higher 

FvFT1 expression levels in the H4 WT compared to the H4 TFL1-RNAi transgenic plants 

under LDs, while FvFT1 expression was practically absent in both genotypes under SDs 

(Figure 11A). FvSOC1 expression levels were substantially higher under LDs for both 

genotypes (Figure 11B).  

 
 

 
 
Figure 11. Gene expression analysis of H4 TFL1-RNAi lines. Relative expression levels in old leaves collected 
the 4th week of the experiment, from H4 TFL1-RNAi and H4 WT plants grown in LDs and SDs. Specific gene 
expression levels are standardized against FvMSI1. Columns show average values of biological replicates 
(n=5) and error bars indicate ±standard deviation. A, FvFT1 expression. B, FvSOC1 expression.  

 

 

5.4 Characterization of H4 CENL2-OX transgenic lines 

 

In order to study how overexpression of FvCENL2 affects flowering and vegetative 

development in the everbearing H4, we grew H4 CENL2-OX plants at 11˚C and 24˚C 

under LDs. The reason why we did not include control plants in this experiment is that 

the H4 WT mother plants flowered before growing enough stolons to create the control 

groups. The most remarkable observation from this experiment is that none of the H4 

CENL2-OX transgenic lines flowered, regardless of temperature. Furthermore, none of 

the primary transformant plants used to stolon-propagate the plants used in this 

experiment flowered after almost one year under LDs at 22˚C.  As shown in Figures 12A 

and 12B, all the H4 CENL2-OX transgenic lines produced a significantly higher number of 

stolons at 24˚C. This was confirmed by analysis of variance. Analysis of variance revealed 

a significant temperature effect in the number of branch crowns developed by H4 

CENL2-OX lines, being also higher at 24˚C (Figure 12C). 



33 
 

 

 

 
Figure 12. Characterization of H4 CENL2-OX transgenic lines. A, average number of stolons of eight H4 
CENL2-OX transgenic lines under the two temperature treatments (n=45 for the 11˚C group and n=90 for 
the 24˚C group). B, number of stolons developed by H4 CENL2-OX transgenic lines by the twelfth of week 
the experiment. C, number of branch crowns developed by H4 CENL2-OX transgenic lines by the twelfth 
of week the experiment. Columns show average cumulative values (n=5-15) for each transgenic line under 
the two temperature treatments and error bars indicate ±standard deviation. 
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5.5 Characterization of H4 FT3-OX and H4 FT3-RNAi transgenic lines 

 

H4 FT3-OX lines showed a remarkable phenotype characterized by their premature 

flower induction, flowering substantially earlier than the WT (Figure 13A). On the other 

hand, no significant differences in the flowering time were observed between the 

transgenic H4 FT3-RNAi lines and the H4 WT controls under long days (Figure 13B). 

 

 

 

 

 

Figure 13. Phenotypic evaluation of H4 FT3-OX and H4 FT3-RNAi transgenic lines. A, H4 FT3-OX plant 
bearing flowers already inside the regeneration jar. B, Number of days required to flower for the H4 FT3-
RNAi lines and the H4 WT under LDs. Columns show average values (n=2-4) and error bars indicate 
±standard deviation. 
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6 DISCUSSION 

 

6.1 H4 physiology and plant architecture 

 

Previous studies by Koskela et al. (2012), Mouhu et al. (2013) and Rantanen et al. (2014) 

revealed the photoperiod dependence for flowering induction in H4. Although there is 

a lack of information regarding the effects that photoperiod and temperature have on 

plant architecture, which has been subject of study in this work, measurements of the 

time and developmental stage required to flower have been assessed earlier in H4. 

Consistently with the studies mentioned above, LDs at warm temperature accelerated 

flower induction and cool temperature delayed it photoperiod-independently in the 

current experiment (Figure 3). Mouhu et al. (2009) reported that H4 seedlings treated 

for five weeks with LDs at 11˚C and SDs at 18˚C, flowered when around eight and eleven 

leaves respectively were formed. This does not contradict our results since our plants 

grown under LDs at 11˚C and SDs at 24˚C had around four and nine leaves respectively 

by the end of the experiment (Figure 4D), remaining vegetative therefore. Furthermore, 

the H4 seedlings raised at 18˚C in those experiments flowered later than our H4 

seedlings raised at 24˚C.  

 

Mouhu et al. (2009) showed that H4 differs marginally in flowering time compared to 

other F. vesca semperflorens accession: ‘Baron Solemacher’. On the other hand, the 

results presented by Sønsteby and Heide (2008) on flowering time in two everbearing 

accessions, ‘Baron Solemacher’ and ‘Rügen’, showed considerably shorter flowering 

time compared to Mouhu et al. (2009) results in ‘Baron Solemacher’ and H4, and from 

ours in H4. The reason is most likely that the photoperiod and temperature treatments 

in Sønsteby and Heide (2008) experiment started in fact at a later stage of development. 

Otherwise, the flowering responses to the treatments are consistent. As ‘Baron 

Solemacher’ and ‘Rügen’ in Sønsteby and Heide (2008), our H4 plants were induced to 

produce stolons under SDs at warm temperatures (Figure 4A). Despite the fact that 

there is a substantial difference in the total amount of stolons produced, which suggest 
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that ‘Baron Solemacher’ and ‘Rügen’ have a diminish capacity to produce stolons 

compared to H4. In fact, ‘Baron Solemacher’ and ‘Rügen’ are considered stolonless 

varieties, and have been reported to produce stolons only under SDs at warm 

temperatures (Brown & Wareing 1965, Darrow 1966, Sønsteby & Heide 2008, Hytönen 

et al. 2009). 

 

6.2 Molecular control of the photoperiodic pathway 

 

6.2.1. Functional characterization of FT genes 

 

FvSOC1 was promoted by LDs in apical meristems and in leaves (Figures 5B, 10B & 11C). 

These results are consistent with previous studies by Mouhu et al. (2013) and Rantanen 

et al. (2015), and also with the expression patterns of FaSOC1 in Fragaria × ananassa 

reported by Lei et al. (2013) and Koskela et al. (2016). Similarly to FvSOC1, FvFT1 

expression in the leaves was strongly upregulated by LDs and warm temperatures, while 

absent under SDs (Figures 8A & 11A), agreeing with the expression patterns observed in 

previous studies (Koskela et al. 2012, Mouhu et al. 2013, Rantanen et al. 2015). FaFT1 is 

also expressed in a similar manner in Fragaria × ananassa (Koskela et al. 2016). In Malus 

× domestica, LDs enhance MdFT1 expression in the vascular tissue (Foster et al. 2014).  

 

There are numerous studies that demonstrate how FT genes actively participate in the 

reproduction of Rosaceae species. Their functions include floral promotion, juvenile 

phase shortening and development of sexual organs in Rosaceae species (Kotoda et al. 

2010, Ito et al. 2013, Mimida et al. 2013, Nakano et al. 2013). For instance, Xing et al. 

(2014) overexpressed PmFT (FT homologue from Prunus mume) in Rugosa rose T., 

obtaining early flowering phenotypes with a shortened juvenile stage. As another 

example, Kotoda et al. (2010) reported that overexpression of MdFT1 and MdFT2 

provoked early flowering in A. thaliana. With the inverse procedure, Tanaka et al. (2014) 

obtained perpetual flowering phenotypes by overexpressing A. thaliana FT in apple 
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trees. Furthermore, Foster et al. (2014) found the high levels of MdFT1 and MdFT2 in 

dwarfing apple rootstocks to be the possible cause of its shorter juvenile phase and early 

flowering phenotype. 

 

In a previous study, Nakano et al. (2015) showed that strawberries contain also the third 

FT gene which is specifically expressed in the shoot apex. Considering the fact that FvFT3 

expression patterns in the shoot apices clearly correlated with flowering in our H4 WT 

plants (Figure 6A), we would expect FvFT3 to be a floral promoter in F.vesca and in F. × 

ananassa. Therefore, we tested that idea by generating H4 FT3-OX and H4 FT3-RNAi 

transgenic lines. The 13 independent H4 FT3-RNAi transgenic lines presented similar 

flowering phenotypes as the H4 WT (Figure 13B). This means that either the FT3-RNAi 

construct did not work which should be tested by gene expression analysis, or that FvFT3 

is not required for flower induction. On the contrary, the H4 FT3-OX lines showed an 

extremely shortened juvenile phase, flowering already in the regeneration jars (Figure 

13A). Furthermore, in a related experiment not described here, FvFT3 overexpression 

was shown to induce flowering under LDs in SD F. vesca (data not shown). Thus, we can 

safely state that FvFT3 is a flowering promoter gene. Additionally, our analysis revealed 

that FvFT3 expression levels in the roots were considerably higher under SDs at warm 

temperatures. The expression pattern of FvMFT matches perfectly with the expression 

pattern of FvFT3 in the roots (Figure 7E). Considering that the conditions that enhanced 

FvFT3 and FvMFT expression also stimulated stolon production in H4, the role of FvFT3 

and FvMFT in roots requires further studies. Hu et al. (2016) reported a strong 

correlation between high levels of FvMFT expression and high GA concentrations, which 

are directly related with stolon formation (Hytönen et al. 2009, Mouhu et al. 2013) and 

might explain why stolon production is promoted under SDs at warm temperatures in 

H4 and in other alpine accessions (Figures 4A & 2 respectively). Further studies are also 

needed to uncover whether FvMFT is involved in the promotion of runner formation. 

Moreover, Hu et al. (2016) results indicate that FvMFT acts as an embryo growth 

enhancer, which is consistent with Footit et al. (2011) studies on A. thaliana MFT. 
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6.2.2 Functional characterization of FvTFL1 

 

Koskela et al. (2012) demonstrated that the everbearing trait in H4 is caused by a 2bp 

deletion in FvTFL1. To corroborate, we measured FvTFL1 mRNA content in our H4 

seedlings after five weeks of photoperiod and temperature treatments. Since FvTFL1 

activation in the shoot apex is the result of a pathway triggered by LDs (Koskela et al. 

2012, Mouhu et al. 2013, Rantanen et al. 2015), and both FvFT1 and FvSOC1 were 

upregulated by LDs in the current experiment, it would be expected to observe the 

highest expression levels in the shoot apices of plants grown under LDs. However, these 

levels were similar to or even lower as compared to the plants under SDs (Figure 5A). 

While Figure 5A is not conclusive, it suggests that FvTFL1 may have lost its regulation 

due to its lack of function in H4. There are two possible explanations for the absence of 

a FvTFL1 expression peak under LDs. One is that the accumulation of the dysfunctional 

FvTFL1 mRNAs is disallowed by nonsense-mediated mRNA decay (Conti & Izaurralde 

2005, Koskela et al. 2012). Another explanation is that FvTFL1 is perhaps repressed by 

the flower identity gene FvAP1, as has been reported to happen between the 

homologous genes TFL1 and AP1 in A. thaliana (Liljegren et al. 1999, Kaufmann et al. 

2010). If we observe the gene expression levels in the shoot apices of both H4 WT and 

H4 TFL1-RNAi plants, we see that FvAP1 expression is strongly enhanced by LDs and 

warm temperatures (Figure 5C), which are precisely the conditions under we expected 

to observe the highest levels of FvTFL1 expression. 

 

Furthermore, we tested H4 TFL1-RNAi seedlings under LDs and SDs. Since the TFL1-RNAi 

construct bears sequence similarity to FvCENL2 (Genome Database for Rosaceae), we 

were interested in observing whether the TFL1-RNAi construct would silence FvCENL2. 

If that was the case, we could use the H4 TFL1-RNAi line to study the effect FvCENL2 

silencing. Silencing of FvTFL1 in H4 is not expected to change the phenotype, because 

the H4 FvTFL1 is mutated and putatively non-functional. On the contrary, flowering was 

delayed under LDs and abolished under SDs by the TFL1-RNAi construct (Figures 9A & 

9B). FvTFL1 expression remained uniform between the photoperiod treatments in the 

transgenic lines and also in the H4 WT (Figure 10A). In order to find the reason why 
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flowering initiation was delayed or abolished in the H4 TFL1-RNAi plants, we analyzed 

the expression levels of FvCENL2. We found that the TFL1-RNAi construct did not alter 

FvCENL2 levels of expression and thus, that FvCENL2 is not involved in the late flowering 

response of the H4 TFL1-RNAi transgenic plants. Since the absence of a FvTFL1 

expression peak under LDs does not explain why flowering initiation is delayed or 

abolished in the H4 TFL1-RNAi plants, the most likely explanation might be found in the 

low levels of FvFT1 expression that the H4 TFL1-RNAi plants showed under LDs (Figure 

11A), suggesting that the TFL1-RNAi construct might silence FvFT1 too due to the high 

resemblance between the two gene sequences (Genome Database for Rosaceae). If that 

is true, reduced FvFT1 expression levels could delay or even preventing flower initiation. 

 

Additionally, we know that FvFT1 activates FvSOC1 (see the correlation in Figures 5B, 

8A, 11A & 11C), which in turn promotes the GA pathway that stimulates stolon 

formation (Hytönen et al. 2009, Mouhu et al. 2013). So, if FvFT1 expression drops, 

FvSOC1 expression would be lowered under LDs compared to the H4 WT (as it occurred, 

see Figure 11C), weakening the promotion of the GA pathway genes, and in turn 

reduceing stolon production. That is the most likely reason why the H4 TFL1-RNAi plants 

developed a significantly lower number of stolons than the H4 WT (Figure 9C). In 

addition, H4 TFL1-RNAi and H4 WT plants developed a similar number of branch crowns. 

Since the H4 TFL1-RNAi plants did not flower under SDs (Figure 9), we can say that 

branch crown production and flowering are not necessarily connected as Brown and 

Wareing (1964) suggested. Another gene that might be silenced by the TFL1-RNAi 

construct is FvFT2. However, since FvFT2 expression pattern does not indicate a role in 

flower induction (Koskela et al. 2012), we did not include it in our analyses. The FvFT2 

homologue gene from Malus × domestica, MdFT2, is also expressed in reproductive 

organs, suggesting that it participates in the formation of reproductive organs in F. 

vesca. 
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6.2.3 Functional characterization of FvCENL2 

 

The expression levels for FvCENL2 observed in the shoot apices of H4 showed excessive 

variation and will be ignored therefore (Figure 6C). On the other hand, in the gene 

expression analyses from the H4 TFL1-RNAi experiment we observed clear upregulation 

of FvCENL2 under LDs in shoot apices from both the H4 TFL1-RNAi plants and the H4 WT 

(Figure 10D), refuting the hypothesis that the TFL1-RNAi construct would silence 

FvCENL2. FvCENL2 is homologous to Arabidopsis thaliana CENTRORADIALIS (ATC), which 

is known to be a floral repressor (Kardailsky et al. 1999, Kobayashi et al. 1999, Yoo et al. 

2010, Huang et al. 2012a, Serrano-Mislata et al. 2016). Thus, FvCENL2 would be 

expected to perform similar functions in F. vesca.  Nevertheless, the same conditions 

that promoted FvCENL2 expression (LDs), induced flowering in our experiment. In order 

to clarify the functions of FvCENL2 in H4, we tested transgenic lines overexpressing 

FvCENL2 in H4 background by growing them under LDs (and two different 

temperatures), the flowering inducing conditions for H4 (Koskela et al. 2012, Mouhu et 

al. 2013, Rantanen et al. 2014). As flower induction was completely abolished, we can 

state that FvCENL2 is a floral repressor in F. vesca. We noticed that apart from 

prohibiting flowering, the eight independent H4 CENL2-OX transgenic lines produced 

less stolons than the H4 WT, indicating that the CENL2-OX construct inhibited stolon 

production in H4 (Figure 12). These data suggest that FvCENL2 may have other 

regulatory functions different from flowering repression.  

 

6.2.4. Functional characterization of FvCENL1 

 

On the other hand, our data shows that FvCENL1 is upregulated by SDs in shoot apices 

and roots (Figures 6B & 7C). Due to the fact that SDs at high temperatures delay 

flowering in H4, these results suggest that FvCENL1 might be a floral repressor, similarly 

to FvTFL1 and FvCENL2. The expression patterns of FvTFL1 and FvCENL2 do not overlap, 

indicating that their functions may be complementary. This coincides with the data 

presented by Mimida et al. (2001), who demonstrated that ATC and TFL1 proteins have 
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the same biochemical functions, but still both are essential as they act in different 

tissues in A. thaliana. Furthermore, Mimida et al. (2009) advocated that in apple, 

MdTFL1 and MdTFL1a operate only in vegetative tissues, having identical roles, while 

MdCENa and MdCENb are present in both vegetative and reproductive organs. In order 

to elucidate the functions and the expression pattern of FvCENL1, it would be interesting 

to examine the phenotypes of H4 CENL1-OX and H4 CENL1-RNAi transgenic lines and 

perform gene expression analyses in different tissues. 

 

7 CONCLUSSIONS 

 

The results presented in this MSc thesis showed how the fate of the axillary meristems 

depends on photoperiod and temperature. In other words, how the environmental 

conditions influence plant architecture in F. vesca semperflorens accession ‘Hawaii-4’. 

Our experiments have contributed to reveal the tissue-specific expression patterns of 

the F. vesca CETS genes and their impact in the physiological processes of F. vesca. We 

demonstrated that FvCENL2 is a floral repressor capable of preventing flower induction 

alone when overexpressed and that FvFT3 is a strong floral promoter, whose enhanced 

expression leads to premature flowering phenotypes regardless of the environmental 

conditions. Additionally, our results suggest that FvMFT is possibly involved in stolon 

formation and that FvCENL1 may function as a floral repressor. Future research should 

be aimed to increase the knowledge about FvFT2, FvCENL1 and FvMFT by analyzing their 

expression patterns in different tissues and testing the phenotypes resulting from 

overexpressing and silencing transgenic lines. 
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APPENDIX 1: GATEWAY VECTORS CONSTRUCTION, FIRST-ROUND PCR 

 

 

Table 1. First-round PCR master mix. 

milli-Q water 14.25 µl 

Phusion HotStart buffer (5x) 5 µl 

dNTPs (10 mM) 1 µl 

gene-specific primer mix (forward plus reverse, 10 µM) 1 µl 

cDNA 3 µl 

Phusion HotStart polymerase  0.25 µl 

total 25.5 µl 

 

 

 

Table 2. First-round PCR programme. 

1. denaturation 98˚C 2 min 

2. denaturation 98˚C 15 s 

3. annealing 60˚C 30 s 

4. elongation 72˚C 1 min 

5. start from 2.   x5 
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APPENDIX 2: GATEWAY VECTORS CONSTRUCTION, SECOND-ROUND PCR 

 

 

Table 1. Second-round PCR master mix. 

milli-Q water 20.5 µl 

Phusion HotStart buffer (5x) 10 µl 

dNTPs (10 mM) 1 µl 

attB1 adapter primer (forward, 10 µM) 4 µl 

attB2 adapter primer (reverse, 10 µM) 4 µl 

first-round PCR product 10 µl 

Phusion HotStart polymerase  0.5 µl 

total 50 µl 

 

 

 

Table 2. Second-round PCR programme. 

1. denaturation 98˚C 1 min 

2. denaturation 98˚C 15 s 

3. annealing 48˚C 30 s 

4. elongation 72˚C 30 s 

5. start from 2.   x5 

6. denaturation 98˚C 15 s 

7. annealing 58˚C 30 s 

8. elongation 72˚C 30 s 

9. start from 6.  x29 

10. elongation 72˚C 15 min 
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APPENDIX 3: GATEWAY VECTORS CONSTRUCTION, SCREENING PCR 

 

 

Table 1. Screening PCR master mix. 

milli-Q water 12.6 µl 

DreamTaq buffer (10x) 1.5 µl 

dNTPs (10 mM) 0.3 µl 

universal forward primer M13-20 (10 µM) 0.25 µl 

gene-specific reverse primer (either FT3-att or FT3-RNAi, 10 µM) 0.25 µl 

dipped bacterial colony  

DreamTaq polymerase (ThermoFisher Scientific, USA) 0.08 µl 

total 15 µl 

 

 

 

Table 2. Screening PCR master mix. Positive control. 

milli-Q water 12.1 µl 

DreamTaq buffer (10x) 1.5 µl 

dNTPs (10 mM) 0.3 µl 

universal forward primer M13-20 (10 µM) 0.25 µl 

universal reverse primer M13-20 (10 µM) 0.25 µl 

pDONR221 0.5 µl 

DreamTaq polymerase (ThermoFisher Scientific, USA) 0.08 µl 

total 15 µl 
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Table 3. Screening PCR programme. 

1. denaturation 95˚C 2 min 

2. denaturation 95˚C 30 s 

3. annealing 61˚C 30 s 

4. elongation 72˚C 30 s 

5. start from 2.  reducing 0,5˚C in every cycle x9 

6. denaturation 95˚C 30 s 

7. annealing 56˚C 30 s 

8. elongation 72˚C 30 s 

9. start from 6.  x29 

10. elongation 72˚C 10 min 
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APPENDIX 4: GATEWAY VECTORS CONSTRUCTION, PRIMER SEQUENCES 

 

 

Table 1. Primer sequences. 

Primer name Sequence (5’-3’) 

FT3-att  (F) AA AAA GCA GGC TCT ATG GCG AAG GCT AGA GAT CAG GAT G 

FT3-att2 (R) A GAA AGC TGG GTT TAC ATT ATA GTT CTC CTT CCG CCA C 

FT3-RNAi (F) AA AAA GCA GGC TCA GAA TTT CTA AAA AGC AAA GCC TA 

(R) A GAA AGC TGG GTA AAA CAC ATC CCA GTT ACC TAA GC 

attB (left adapter) GGGG ACA AGT TTG TAC AAA AAA GCA GGC T 

(right adapter) GGGG AC CAC TTT GTA CAA GAA AGC TGG GT 

M13-20 (F) GTA AAA CGA CGG CCA GTG 

(R) TTT CAC ACA GGA AAC AGC TAT GAC 

GER449 (F) CGC ACA ATC CCA CTA TCC TT 

GER226 (R) CCT TAT CTG GGA ACT ACT CAC 
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APPENDIX 5: GENE EXPRESSION ANALYSIS 

 

 

Table 1. RT-PCR Programmes. 
 
Program Name Pre-incubation 
Cycles 1 Analysis mode None 
         
 Target 

(˚C) 
Acquisition 
Mode 

Hold 
(hh:mm:ss) 

Ramp 
Rate 
(˚C/s) 

Acquisitions 
(per ˚C) 

Sec 
Target 
(˚C) 

Step 
size 
(˚C) 

Step 
Delay 
(cycles) 

 95 None 00:10:00 4.80 _ 0 0 0 
         
         
Program Name Amplification/Quantification 
Cycles 45 Analysis mode None 
         
 Target 

(˚C) 
Acquisition 
Mode 

Hold 
(hh:mm:ss) 

Ramp 
Rate 
(˚C/s) 

Acquisitions 
(per ˚C) 

Sec 
Target 
(˚C) 

Step 
size 
(˚C) 

Step 
Delay 
(cycles) 

 95 None 00:00:10 4.80 _ 0 0 0 
 64 None 00:00:10 2.50 _ 59 0.5 2 
 72 Single 00:00:10 4.80 _ 0 0 0 
         
         
Program Name Melting Curve Analysis 
Cycles 1 Analysis mode None 
         
 Target 

(˚C) 
Acquisition 
Mode 

Hold 
(hh:mm:ss) 

Ramp 
Rate 
(˚C/s) 

Acquisitions 
(per ˚C) 

Sec 
Target 
(˚C) 

Step 
size 
(˚C) 

Step 
Delay 
(cycles) 

 95 None 00:00:05 4.80 _ 0 0 0 
 65 None 00:01:00 2.50 _ 0 0 0 
 97 Continuous _ 0.11 5 0 0 0 
         
         
Program Name Cooling 
Cycles 1 Analysis mode None 
         
 Target 

(˚C) 
Acquisition 
Mode 

Hold 
(hh:mm:ss) 

Ramp 
Rate 
(˚C/s) 

Acquisitions 
(per ˚C) 

Sec 
Target 
(˚C) 

Step 
size 
(˚C) 

Step 
Delay 
(cycles) 

 40 None 00:00:30 2.50 _ 0 0 0 
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Table 2. RT-PCR Primer sequences. 

Primer name Sequence (5’-3’) 

qAP1 (F) AGC TCA GGA GGT TCA TGA CTG 

(R) TAA GGT CGA GCT GGT TCC TC 

qCENL1 (F) AGA TCA TGC CTT CTG TCA TTG C 

(R) TCC ACA ACT TCT CTT CCA AAG G 

qCENL2 (F) GAA GGA GCA CTT GCA CTG G 

(R) TGG GCA TTG AAG AAG ACA GC 

qFT1 (F) CAA TCT CTT GGC CGA AAA CT 

(R) TGA GCT CAA ACC TTC CCA AG 

qFT3 (F) AGC CGT TCA CCA AGT CTG TG 

(R) GTG GAC AAC ATG AGA AGG TTT G 

qMSI1 (F) TCC CCA CAC CTT TGA TTG CCA 

(R) ACA CCA TCA GTC TCC TGC CAA G 

qSOC1 (F) CAG CTC AAG CAT GAA GCA AC 

(R) TCC CAA TAG TTT CCG TTT CG 

qTFL1 (F) CTG GCA CCA CAG ATG CTA CA 

(R) AAC GGC AGC AAC AGG AAC 

qMFT (F) GGT TCA AAG CAT GTC ACC AA 

 (R) ATC CAG TGA ACC CAT TCT CG 
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APPENDIX 6: GATEWAY VECTORS CONSTRUCTION, SEQUENCING RESULTS 

 

 

Table 1. Sequencing results for pDONR221-FT3-OX construct 
 

 G01_pDONR221-FT3-OX-F -------------------------------------CTTTGTACAAAAAAGCAGGCTCT 

pDONR221-FT3-OX_exp.                                 CAACACATTGATGAGCAATGCTTTTTTATAATGCCAACTTTGTACAAAAAAGCAGGCTCT 

FvFT3_CDS ------------------------------------------------------------ 

  

  

G01_pDONR221-FT3-OX-F ATGGCGAAGGCTAGAGATCAGGATGCTCTTGTCGTCTCGAGAGTGATCGGAGATATTATA 

pDONR221-FT3-OX_exp.                                 ATGGCGAAGGCTAGAGATCAGGATGCTCTTGTCGTCTCGAGAGTGATCGGAGATATTATA 

FvFT3_CDS ATGGCGAAGGCTAGAGATCAGGATGCTCTTGTCGTCTCGAGAGTGATCGGAGATATTATA 

 ************************************************************ 

  

G01_pDONR221-FT3-OX-F GAGCCGTTCACCAAGTCTGTGTCTTTGAGGATGACTTACATTAATAATAGGGAGTTTACC 

pDONR221-FT3-OX_exp.                                 GAGCCGTTCACCAAGTCTGTGTCTTTGAGGATGACTTACATTAATAATAGGGAGTTTACC 

FvFT3_CDS GAGCCGTTCACCAAGTCTGTGTCTTTGAGGATGACTTACATTAATAATAGGGAGTTTACC 

 ************************************************************ 

  

G01_pDONR221-FT3-OX-F AATGGCTCCGAGCTCAAACCTTCTCATGTTGTCCACCGACCTCGAGTTGATATAGGTGGA 

pDONR221-FT3-OX_exp.                                 AATGGCTCCGAGCTCAAACCTTCTCATGTTGTCCACCGACCTCGAGTTGATATAGGTGGA 

FvFT3_CDS AATGGCTCCGAGCTCAAACCTTCTCATGTTGTCCACCGACCTCGAGTTGATATAGGTGGA 

 ************************************************************ 

  

G01_pDONR221-FT3-OX-F GATGATCTTAGGAATTTCTACACTCTGATTATGGTAGATCCTGATGCACCCAATCCAAGT 
GATGATCTTAGGAATTTCTACACTCTGATTATGGTAGATCCTGATGCACCCAATCCAAGT pDONR221-FT3-OX_exp.                                 GATGATCTTAGGAATTTCTACACTCTGATTATGGTAGATCCTGATGCACCCAATCCAAGT 

FvFT3_CDS GATGATCTTAGGAATTTCTACACTCTGATTATGGTAGATCCTGATGCACCCAATCCAAGT 

 ************************************************************ 

  

G01_pDONR221-FT3-OX-F GAACCCAACCTCAAGGAATATTTGCACTGGTTGGTTACTGATATTCCGGCAACAACTGGA 

pDONR221-FT3-OX_exp.                                 GAACCCAACCTCAAGGAATATTTGCACTGGTTGGTTACTGATATTCCGGCAACAACTGGA 

 FvFT3_CDS GAACCCAACCTCAAGGAATATTTGCACTGGTTGGTTACTGATATTCCGGCAACAACTGGA 

 ************************************************************ 

  

G01_pDONR221-FT3-OX-F GCAAGCTTCGGCCAAGAGATTGTGAGCTATGAAAGTCCACGGCCAGCGATGGGGATCCAT 

pDONR221-FT3-OX_exp.                                 GCAAGCTTCGGCCAAGAGATTGTGAGCTATGAAAGTCCACGGCCAGCGATGGGGATCCAT 

FvFT3_CDS GCAAGCTTCGGCCAAGAGATTGTGAGCTATGAAAGTCCACGGCCAGCGATGGGGATCCAT 

 ************************************************************ 

  

G01_pDONR221-FT3-OX-F CGCTTTGTTTCCGTTTTGTATCGCCAATTGGGTAGGAAAACAGTTTATGCTCCAGAATGG 

pDONR221-FT3-OX_exp.                                 CGCTTTGTTTCCGTTTTGTATCGCCAATTGGGTAGGAAAACAGTTTATGCTCCAGAATGG 

FvFT3_CDS CGCTTTGTTTCCGTTTTGTATCGCCAATTGGGTAGGAAAACAGTTTATGCTCCAGAATGG 

 ************************************************************ 

  

G01_pDONR221-FT3-OX-F CGCCAAAATTTCAACACCAGAAAGTTTGCTGAGAACTATAATCTTGGATCACCGGTGGCC 

pDONR221-FT3-OX_exp.                                 CGCCAAAATTTCAACACCAGAAAGTTTGCTGAGAACTATAATCTTGGATCACCGGTGGCC 

FvFT3_CDS CGCCAAAATTTCAACACCAGAAAGTTTGCTGAGAACTATAATCTTGGATCACCGGTGGCC 

 ************************************************************ 

  

G01_pDONR221-FT3-OX-F GCCGTCTATTTTAACTGCCAAAGGGAGACCGGCTGTGGCGGAAGGAGAACTATAATGTAA 

pDONR221-FT3-OX_exp.                                 GCCGTCTATTTTAACTGCCAAAGGGAGACCGGCTGTGGCGGAAGGAGAACTATAATGTAA 

FvFT3_CDS GCCGTCTATTTTAACTGCCAAAGGGAGACCGGCTGTGGCGGAAGGAGAACTATAATGTAA 

 ************************************************************ 

  

G01_pDONR221-FT3-OX-F ACCCAGCTTTCTTGTACAAAGTT------------------------------- 

pDONR221-FT3-OX_exp.                                 ACCCAGCTTTCTTGTACAAAGTTGGCATTATAAGAAAGCATTGCTTATCAATTT 

FvFT3_CDS ------------------------------------------------------ 

  

Alignment between sequencing result, expected construct sequence and gene 
sequence. 

 


