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Abstract 
Spinach (Spinacia oleracea L.) develops leaf rosettes under short-day conditions, and starts re-
productive growth including bolting and flowering under long-day conditions. Japanese people 
prefer Oriental spinach that bolts easily with a shorter photoperiod than European spinach. This 
is one of the main reasons that Oriental spinach is difficult to grow year-round. In order to under-
stand spinach flowering mechanisms and obtain knowledge for spinach breeding, we isolated one 
CONSTANS-like (COL) and two FLOWERING LOCUS T (FT) homologs, which are key components of 
photoperiodic regulation of flowering time, from a Japanese cultivar. The expression of SoCOL1 
showed diurnal rhythm with the highest expression at the end of the dark cycle. This diurnal 
rhythm is similar to the expression of BvCOL1 from sugar beet (Beta vulgaris), whose flower- 
promoting effect was observed when overexpressed in Arabidopsis. Phylogenetic analysis showed 
that SoCOL1 is the closest homolog of BvCOL1, suggesting that SoCOL1 is an ortholog of BvCOL1. 
SoFT1 and SoFT2 are closely related to BvFT1 and BvFT2, respectively. The expression of SoFT1 
and SoFT2 were induced in advance of flower bud formation after changing the photoperiod, but 
the expression level of SoFT1 was much lower than SoFT2. Currently, we are speculating that 
SoFT2 is a flower-promoting factor of spinach, and that SoFT1 has a role in light signaling because 
the expression of SoFT1 showed a diurnal rhythm. 
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1. Introduction 
Spinach (Spinacia oleracea L.) is a long-day plant, eaten at its vegetative growth stage, and one of the most 
popular vegetables in the world. After transition to the reproductive stage with flowering and bolting, spinach 
loses its value as an agricultural product, becoming bitter and hard. Spinach is thought to have originated in the 
Middle East and spread and developed in Europe (European spinach) and East Asia (Oriental spinach) [1]. 
Oriental spinaches, including Japanese cultivars, are less bitter than European spinach, having long petioles with 
a light crunchy texture and making them suitable for Japanese food preparation methods, such as brief boiling. 
However, Oriental spinaches flower early, requiring only a 12- to 13-hour-photoperiod, and can be grown only 
from autumn to winter. In contrast, European spinaches require a longer (14- to 16-hour-) photoperiod for flo-
wering and have a bitter taste compared to Oriental spinaches, being more suitable for western-style foods such 
as sautés. Although hybrid European and Oriental spinaches are used to provide spinach all year round in Japan, 
Oriental spinaches that require a longer photoperiod for flowering and bolting would be economically advanta-
geous. In order to develop such spinach cultivars, it is necessary to understand flowering and bolting mechan-
isms of spinach at the genetic level. 

In Arabidopsis, flowering and bolting are regulated by four major pathways (photoperiod, vernalization, 
GA-dependent and autonomous) [2] [3]. The major genes in the photoperiodic pathway are CONSTANS (CO), 
flowering integrator FLOWERING LOCUS T (FT) and TWIN SISTEROF FT (TSF) that control the floral transi-
tion in response to changing day length. CO belongs to a family of zinc finger transcription factors unique to 
plants [4]-[6]. CO expression exhibits a diurnal rhythm that is regulated by the circadian clock. CO protein is 
produced under a long-day photoperiod and activates FT and TSF transcription [7]. FT and TSF are members of 
the phosphatidylethanolamine-binding protein (PEBP) gene family, found in both angiosperms and gymnos-
perms. FT and TSF genes expressed in the leaf and hypocotyl vasculature and their proteins move to the shoot 
apical meristem (SAM) [8]. At the shoot apical meristem, FT and TSF form a complex with FLOWERING 
LOCUS D (FD), and upregulate the floral meristem identity gene APETALA1 to develop flower buds [9]. Gen-
erally, FT function is conserved among many plant species, but FT repressors vary widely among plant species. 
For example, FT and TSF belonging to the FT-like clade of the PEBP family act as floral integrators, and are 
repressed by TERMINAL FLOWER 1 (TFL1) [10], which belongs to the CEN/TFL-clade, another clade within 
PEBP family. In sugar beet, BvFT2 is thought to be an FT ortholog, and its function is repressed by BvFT1, 
which is the closest homolog of BvFT2 in the same FT-like clade [11]. 

Although regulations of spinach flowering and bolting by long-day photoperiods and gibberellin have been 
reported [12]-[16], detailed mechanisms at the genetic level have not yet been elucidated, especially within the 
photoperiodic pathway. Therefore, in this study we isolated CO and FT homologs from Oriental spinach (“Ni-
hon”), and characterized them by expression analysis under different conditions. 

2. Materials and Methods 
2.1. Plant Materials and Growth Conditions 
Spinach (Spinacia oleracea L., cv. “Nihon”, Sakata Seed, Japan) seeds were sown on an wet filter paper in a pe-
tri dish, incubated in the dark at 4˚C until germination, and then transferred to pots containing a mixture of 
soil:vermiculite (1:1). All plants used in this study were cultivated in growth chambers at 22˚C in long-day (LD) 
conditions (16 h light/8 h dark) or short-day (SD) conditions (9 h light/15 h dark). SD- and LD-grown spinach 
seedlings at the same leaf stage were used for gene expression analysis. 

2.2. Microscopic Observation of Spinach Shoot Apex 
In order to confirm whether spinach seedlings had develop flower buds at the microscopic level, spinach shoot 
apexes were harvested at each leaf stage, and fixed with FAA (Formalin: Acetic acid: Ethyl-alcohol: H2O = 
10:5:50:35 v/v/v/v). The fixed samples were dehydrated using a graded series of ethyl-alcohol and n-butyl- 
alcohol solutions, and then embedded in paraffin (PARAPLAST PLUS Tissue Embedding Medium, McCormik 
Scientific, US). Microtome sections (eight μm) were stained with 0.5% (w/v) Safranine and 0.5% (w/v) Fast 
Green FCF solution. Microscopic observation was performed using the Nikon ECLIPSE E600 (Nikon, Ja-
pan). 
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2.3. cDNA Synthesis 
Total RNAs were extracted from each tissue (cotyledons, leaves, shoot apexes and shoots) by TriPure Isolation 
Reagent (Roche). cDNA was synthesized from 500 ng total RNA with ReverTra Ace qPCR RT Master Mix 
with gDNA remover kit (TOYOBO) according to the manufacturer’s protocol, and then diluted five times with 
TE buffer for further utilization. 

2.4. Isolation of FT and CO Homologs from Spinach 
Internal cDNA fragments of FT and CO were amplified using the BIOTAQTM HS polymerase PCR kit 
(BIOLINE) and degenerate primers (Table 1), which were designed from a highly conserved region of either FT 
or COL of Beta vulgaris (sugar beet) [11] [17] and Chenopodium rubrum [18] [19]. PCR products were cloned 
into the pGEM-T Easy vector (promega), and sequenced by a 3130 Genetic Analyzer (Applied Biosystems). 
Full-length cDNAs of FT and COL homologs were obtained using Exact STARTTM Eukaryotic mRNA 5’- & 
3’-RACE Kit (Epiciente) with specific primers (Table 1) and Prime STAR GXL DNA Polymerase (TAKARA), 
cloned into pBlue Script II SK(-) vector (Agilent Technologies), and sequenced by 3130 Genetic Analyzer  
 
Table 1. Primers used in this study.                                                                         

Name Sequence (5’-3’) 
SoFT-11* AGGYGATGACCTTAGGACTT 
SoFT-21* CCTCCCTTTGRCAATTGAARTA 
SoFT1-11 TAACTAGAGACTTTGCTGAACT 
SoFT1-21 AGAGTTCAGCAAAGTCTCTAGT 
SoFT1-31 TCATAGCAAACCACCTCTTGA 
SoFT2-11 CAGTTGGAATTCATCGTTTCA 
SoFT2-21 TCCAACTGARGGTCTTGGGT 
SoFT2-31* TAGACYGAAGCAACGGGTAAA 
SoCO-11* TGACACRTGCCGTKCAGCACC 
SoCO-21 TGTGCTACCTGTGATGCTGA 
SoCO-31* TCMACATCTGTTCTYTTWGCRAA 
SoCO-41 TGAAGGGGATGAGGATGAAG 
SoCO-51 CTTCATCCTCATCCCCTTCA 
SoCO-61 ACTGAATTCCTGCTGCTGGT 
SoFT1full-F1 GCAACTTCTTAGTAATCCTACAATACC 
SoFT1full-R1 AAAGAGAATCACTAGTTTTATTCAAGC 
SoFT2full-F1 AAATTATTTTCTTAACCCATTCCCTA 
SoFT2full-R1 CGGTTTCTTAGACGGTAGAGTGA 
SoCOLfull-F1 GAGAGAGAGATGATGAAGAAGGAA 
SoCOLfull-R1 ACCGCACACTCAACTCCATT 
PCR primer12 TCATACACATACGATTTAGGTGACACTATAGAGCGGCCGCCTGCAGGAAA 
PCR primer22 TAGACTTAGAAATTAATACGACTCTATAGGCGCGCCACCG 
SoFT1-a3 GGCCATCTGAAGTTGTTAGC 
SoFT1-b3 AGACAGCAGCAACTGGTAGT 
SoFT2-a3 AGGCCATCTGAGGTTGTTAAT 
SoFT2-b3 AGTCTCGAGTGTTGAAGTTCT 
SoCO-a3 TGAAGGGGATGAGGATGAAG 
SoCO-b3 TCACATTCCATTCCGAACAA 
SoActin F3 GGTGATGGTGTTAGTCACAC 
SoActin R3 AATGATGGCTGGAAGAGAAC 
SoαTUB-a3 TGTTGTTCCCAAGGATGTGA 
SoαTUB-b3 GGCCCTCTTGGCATACATAA 

1For isolation of spinach homologs. 2For 5’- and 3’-RACE kit primer (Epiciente). 3For qRT-PCR analysis. *degenerate primer. 
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(Applied Biosystems). Spinach FT and COL homologs were compared with other PEBP gene family members 
and CONSTANS-like gene family members, respectively, from several plant species. Multiple alignments were 
generated by the ClustalW program through the BioEdit program (https://www.bioedit.com/). Phylogenetic rela-
tionships of the PEBP and CTT domains of the PEBP gene family and CONSTANS-like gene family, respec-
tively, were analyzed by the PHILIP program with SEQBOOT, PROTPARS, and CONSENSE programs 
(PHYLIP 3.68; http://evolution.genetics.washington.edu/phylip.html), and the phylogenetic tree was visualized 
by the TreeView program (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html). 

2.5. Reverse Transcript Quantitative-PCR (RT-qPCR) 
Synthesized cDNA was subjected to quantitative-PCR analysis using the CFX ConnectTM Real-Time System 
(Bio-Rad) with SYBR green. Reaction mixture contained 10 μl of THUNDERBIRD® SYBR® qPCR Mix 
(TOYOBO), 2 μl of cDNA solution, and 200 nM gene-specific primers (Table 1) in a final volume of 20 μl. 
PCR conditions were: 95˚C for 30 s, followed by 45 cycles of 95˚C for 10 s and 62˚C for 30 s. SoActin [14] and 
Soα TUB [20] were amplified as internal standards.  

3. Results 
3.1. Isolation of CO-Like and FT Homologs from Spinach 
Many studies have reported that FT-like genes and CONSTANS-like genes play crucial roles in flowering in var-
ious plant species [2]-[7]. However, the control mechanisms of expression of CONSTANS-like genes and FT-like 
genes are very complicated and vary among plant species. As the first step in clarification of spinach flowering 
mechanisms, we isolated two FT homologs and one COL homolog, which were designated as SoFT1, SoFT2 
and SoCOL1, respectively, through cDNA amplification of highly conserved regions by degenerate primers fol-
lowed by 5’- and 3’-RACE. 

SoCOL1 protein showed 89%, 92%, 84%, 54%, 55%, 60% amino acid identities with BvCOL1 [17], CrCOL1, 
CrCOL2 [19], AtCO, AtCOL1 and AtCOL2 [5], respectively (Figure 1(a)). CO-like proteins are differentiated 
by the presence of either one or two zinc finger B-box domains in the N-terminus of the protein and a C-ter- 
minal CCT domain, and are classified into three groups according to their B-box domain composition [4]-[6]. 
Type I CO-like proteins have two B-box domains; type II CO-like proteins have one B-box domain; and Type 
III CO-like proteins have one full B-box and one degraded B-box. The SoCOL1 protein has two B-box domains 
like the AtCO and BvCOL1 proteins, suggesting that SoCOL1 should be classified as a Type I CO-like protein. 
The resulting phylogenetic tree, which showed protein sequence relationships among CO family members, was 
consistent with our classification from the B-box composition (Figure 1(b)). 

SoFT1 and SoFT2 proteins were highly similar to each other with 80% amino acid identities. Compared to FT 
homologs from other plant species, SoFT1 showed 74%, 83%, 83%, 66% and 74% amino acid identity with 
BvFT1, BvFT2 [11], CrFT1, CrFT2 [18] and AtFT [10], respectively. SoFT2 showed 79%, 89%, 87%, 60% and 
74% amino acid identity with BvFT1, BvFT2, CrFT1, CrFT2 and AtFT, respectively (Figure 2(a)). The PEBP 
gene family is conserved among many plant species, and divided into three major clades, FT-like, CEN/ 
TFL-like and MFT-like clades. Phylogenetic analysis confirmed that SoFT1 and SoFT2 belong to the FT-like 
clade together with BvFT1, BvFT2 and AtFT (Figure 2(b)). Functionally important amino acid residues are 
mostly conserved in SoFT1 and SoFT2, but Gln-140 in AtFT is substituted for Pro in SoFT1 (Figure 2(a)) 
[21]-[23]. The substitution at this position was found only in CrFT2, whose activity as an FT has not been con-
firmed yet [18]. Interestingly, SoFT1 and CrFT2 have conserved Tyr-134, Gly-137 and Trp-138, which are im-
portant residues in BvFT2 for flower-promoting activity, although SoFT1 and CrFT2 are the closest homologs 
of BvFT1, a floral repressor of sugar beet with substitution of these three amino acid residues [11]. 

3.2. Diurnal Rhythms of SoCOL1, SoFT1 and SoFT2 Expression 
The expression of FT and COL from many plant species are regulated differentially by light and exhibit a diur-
nal rhythm [2]-[4]. It is necessary to investigate whether the expression of isolated genes are regulated by light 
or not. Spinach seedlings were grown in LD (16 h light/8 h dark) or SD (9 h light/15 h dark) conditions, and 
subjected to quantitative RT-PCR analysis when the seedlings were developing 3 - 4 leaves (Figure 3). At this 
leaf stage, seedlings grown in LD conditions have developed flower buds at the shoot apex, but those in SD 
conditions do not. SoCOL1 transcript accumulated after entering the dark period with the highest level at the end 

https://www.bioedit.com/
http://evolution.genetics.washington.edu/phylip.html
http://taxonomy.zoology.gla.ac.uk/rod/treeview.html
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Figure 1. Comparison of amino acid sequence of SoCOL1 with COL gene family members from various plants. (a) Amino 
acid alignment of SoCOL1 with group I members of CONSTANS-like gene family from Arabidopsis, Sugar beet and 
Chenopodium rubrum. Domains characteristic of the CONSTANS-like gene family are indicated by black bars. (b) 
Phylogenetic analysis using protein sequences of COL family members from various plant species. Chlamydomonas B-box 
zinc finger protein was used as the outgroup. The numbers indicate bootstrap values. Protein sequences were obtained from 
GenBank.                                                                                              
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Figure 2. Comparison of amino acid sequences of SoFT1 and SoFT2 with other PEBP gene family members of various 
plants. (a) Amino acid alignment of SoFT1 and SoFT2 with FTs from Arabidopsis, Sugar beet and Chenopodium rubrum. 
Important amino acids conserved among FT-like clade are indicated by asterisks. (b) Phylogenetic analysis using protein 
sequences. PEBPs from Human (HsPEBP) and mouse (MmPEBP1 and MmPEBP2) were used as the outgroup. The numbers 
indicate bootstrap values. Protein sequences were obtained from GenBank.                                          
 
of the dark period (zeitgeber time [ZT] = 0) in both LD and SD (Figure 3(a)). Despite the length difference of 
darkness, the maximum level of SoCOL1 expression is similar in LD and SD conditions, suggesting that there is 
some limitation for accumulation or that the induction is more efficient in LD conditions. 

SoFT1 and SoFT2 showed much higher expression levels in seedlings grown in LD than in SD. Expression of 
SoFT1 of LD grown seedlings also had a diurnal rhythm with the highest expression at the end of the photope-
riod (Figure 3(b)), while expression of SoFT2 did not show a clear diurnal rhythm (Figure 3(c)). These results 
suggested that expression of SoFT1 and SoFT2 were regulated by different pathways. 

3.3. Expression Level of SoFT1 and SoFT2 in Tissues 
Generally, FT mRNA is expressed in leaf vasculature, and the FT protein is transported to the SAM [2]. To  
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(a)                                                          (b) 

 
(c) 

Figure 3. Diurnal variation of SoCOL1, SoFT1 and SoFT2 gene expressions under LD and SD conditions. Total RNA was 
extracted from seedlings at 3 to 4-leaf-stage every 4 h over a 24 h period, and expression levels of SoCOL1 (a), SoFT1 (b) 
and SoFT2 (c) were quantified by qRT-PCR. The expression levels relative to those of SoActin and SoαTUB are shown. 
Error bars represent ±SE from 4 independent experiments.                                                       
 
understand the correlation between expression patterns of SoFT1 and SoFT2 and flower bud formation, we per-
formed quantitative RT-PCR analysis for tissue specific expression at different growth stages and microscopic 
observation of the shoot apex for flower bud formation. Based on the degree of leaf development and flower bud 
formation, we set three stages; stage I: seedlings had 1 - 2 developing true leaves and no flower buds (Figure 4(a) 
and Figure 4(d)), stage II: seedlings had 3 - 4 true leaves and some seedlings had flower buds (Figure 4(b) and 
Figure 4(e)), stage III: seedlings had 5 - 6 true leaves and flower buds (Figure 4(c) and Figure 4(f)). Expression 
of SoFT2 was high in the cotyledon and low in shoot apex at all stages examined in this study. In true leaves, 
SoFT2 expression increased gradually along with the growth stage progress, and was the highest after flower 
bud formation (Figure 4(g)). Expression of SoFT1 was clearly detected in cotyledons only at stage II and in true 
leaves only at stage III, and was ambiguous in other tissues because of low expression and non-specific amplifi-
cation (data not shown). 

3.4. Response of SoFT1 and SoFT2 Expression to SD to LD Transition 
To investigate whether expression of SoFT1 and SoFT2 could respond to the transition from SD to LD, plants were 
grown in SD conditions until the fifth-leaf stage, under which spinach remained in a vegetative growth stage 
(Figure 5(a)), and then transferred to LD conditions, under which spinach initiated reproductive growth (Figures 
5(c)-(e)). After transfer, leaves were harvested every 2 days. Expression levels of SoFT1 increased 2-fold within 
2 days after transfer (Figure 5(f)), and maintained higher expression for 6 days. The expression level of SoFT2 
was more obvious with a 20-fold induction within 2 days (Figure 5(g)), and then decreased to approximately a 
10-fold level. We confirmed that flower buds formed in all plants after 6 days of transfer to LD. SoFT1 and SoFT2 
expression in plants not transferred to LD conditions had low levels of expression. These results indicated that 
the expression of SoFT1 and SoFT2 were associated with photoperiod transition and flower bud formation. 
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Figure 4. Flower bud formation and SoFT2 expression relative to development. Spinach seedlings were grown under LD 
conditions. At each developmental stage, stage I (a), stage II (b) and stage III (c), shoot apexes were observed by microscope 
to see flower bud formation (d, e and f, respectively). Black allow indicates flower primordia. White bars and black bars 
indicate 1 cm and 100 μm respectively. Total RNA was extracted from cotyledons (C), leaves (L) and shoot apex (SA) at ZT 
= 9, and expression levels of SoFT2 were quantified by qRT-PCR (g). The expression levels relative to those of SoActin and 
SoαTUB are shown. Error bars represent ±SE from 5 independent experiments.                                     

4. Discussion 
It is very important to understand the mechanisms of reproductive phase (flowering and bolting) transition in 
spinach, because an undesirable transition is directly related to quality and yield loss. Although spinach requires 
a long day photoperiod for flowering and bolting, Oriental spinach, which is more desirable in Japan, is more 
sensitive to photoperiod than European spinach, and can be grown only from autumn to winter. In this study, to 
understand spinach flowering and bolting mechanisms at a genetic level, we isolated and characterized from 
Oriental spinach (“Nihon”), one CONSTANS-like (COL) and two FLOWERING LOCUS T (FT) homologs, 
which are known to be key factors of the flowering pathway in many plants. 

SoCOL1 has two B-box and one CCT domains and belongs to Group I of the CONSTANS-like family to-
gether with AtCO, AtCOL1, AtCOL2 and BvCOL1 (Figure 1). The expression of the SoCOL1 gene showed a circa-
dian rhythm with the highest expression at the end of the dark period in both LD and SD conditions (Figure 3(a)). 
These expression patterns are similar to BvCOL1, AtCOL1 and AtCOL2 [24], but opposite to AtCO. The expres-
sion of AtCO is induced by light, and activates FT transcription in Arabidopsis [7] [25]. Although AtCOL1 and 
AtCOL2 have been reported to have no effect on flowering time [24], over expression of BvCOL1 rescued the 
late-flowering phenotype of the Arabidopsis co-2 mutant, suggesting that BvCOL1 is functionally equivalent 
with AtCO [17]. SoCOL1 may be capable of inducing flowering, as is BvCOL1, because of high similarity of 
amino acid sequences and expression pattern. Recently, BBX19, a member of the B-box protein family, has 
been reported as a novel key component of flowering [26] [27]. In Arabidopsis, AtBBX19 interacts with At CO 
physically, and repress At FT transcription, resulting in delayed flowering [26]. In contrast to AtBBX19, BvBBX19 
is thought to repress BvFT1 transcription and upregulate BvFT2 transcription, resulting in flower-promotion in 
sugar beet [27]. It is necessary to investigate whether a spinach BBX19 homolog interacts with SoCOL1 and 



E. Abe et al. 
 

 
4026 

 
Figure 5. Flower bud formation and expression of SoFT1 and SoFT2 upon SD to LD transition. Spinach seedlings were 
grown in SD for around approximately one month, and then transferred to LD. After transfer to LD, shoot apexes were 
observed by microscope every 2 days. (a) before transfer, (b) 6 days without transfer, (c) 2 days after transfer, (d) 4 days 
after transfer, and (e) 6 days after transfer. Black allow indicates flower primordia. Black bars indicate 100 μm. Total RNA 
was extracted every 2 days, and SoFT1 and SoFT2 expression levels were quantified by qRT-PCR (f, and g, respectively). 
The expression levels relative to SoActin and SoαTUB are shown. Error bars represent ±SE from 3 - 4 independent 
experiments.                                                                                            
 
affects the expression of SoFT1 and SoFT2. 

From spinach, we isolated two FT homologs, SoFT1 and SoFT2, and revealed similarities and differences by 
comparison of amino acid sequences and expression analysis. SoFT2 conserves all functionally important amino 
acid residues reported thus far [22]-[24], and was classified as the closest homolog of BvFT2 [11] and CrFT1 
[18] by phylogenetic analysis (Figure 2). The expression of SoFT2 was much higher when seedlings were 
grown under LD conditions compared to SD conditions (Figure 3(c)) with an increased expression becoming 
apparent within 2 days after transition from SD to LD (Figure 5(g)). SoFT2 was expressed in cotyledons and 
leaves under LD conditions and was not expressed in the shoot apex. Although the expression of SoFT2 did not 
show a clear diurnal rhythm (Figure 3(c)), SoFT2 may be a BvFT2 ortholog since most features are similar to 
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BvFT2. On the other hand, the expression of SoFT1 was very low compared to the expression of SoFT2, and 
barely detectable in young seedlings and shoot apical meristems. The expression of SoFT1 was much higher in 
leaves from LD grown seedlings than in leaves from SD grown seedlings, showed a diurnal rhythm, and re-
sponded to the transition from SD to LD (Figure 3(b) and Figure 5(f)). Although SoFT1 as well as CrFT2 from 
Chenopodium rubrum were classified as the closest homologs of BvFT1 by phylogenic analysis, Gln-140 of 
AtFT, the conserved amino acid residue among the FT-like clade of the PEBP family, are substituted by Pro and 
Ile, respectively (Figure 2(a)). The Gln-140 in AtFT is located in the external loop at the entrance to the li-
gand-binding site, and interacts with Tyr-85 in AtFT, which is located in the ligand-binding site [22]. It has been 
reported that substitution of Gln-140 affected AtFT activity [21]. Furthermore, unlike BvFT1, SoFT1 and CrFT2 
have three conserved amino acid residues, Tyr-134, Gly-137 and Trp-138 in BvFT2, which are crucial for 
flower-promoting activity. In BvFT1, a flowering repressor of sugar beet, these amino acid residues are substi-
tuted by Asn, Gln and Gln, respectively. Mutual exchanges of these residues between BvFT1 and BvFT2 con-
verted their activity [11]. It would be interesting to know how these amino acid features affect SoFT1 and CrFT2 
activities. 

5. Conclusion 
SoCOL1 and SoFT2 may contribute to spinach flowering regulation based on the similarity of amino acid se-
quences and expression patterns to BvCOL1 [17] and BvFT2 [11], respectively, although more experiments on 
protein levels will be necessary to clarify this point. In addition, our work found that spinach SoFT1 has the un-
usual substitutions of functionally important amino acid compared with other homologs belonging to the FT-like 
clade. These substitutions are similar to those of CrFT2 of C. rubrum [18], which is the most closely related 
plant species to spinach. It will be of interest to investigate whether spinach and C. rubrum evolved new FT 
homologs carrying a distinct function. In addition to further clarification of the physiological roles of SoCOL1, 
SoFT1 and SoFT2 in flowering and bolting, comparison of expression patterns of these genes between European 
and Oriental spinaches will provide a new strategy for spinach breeding. 
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