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The FLOWERING LOCUS T LIKE 2-1 gene of Chenopodium triggers precocious flowering 
in Arabidopsis seedlings
Oushadee A. J. Abeyawardana, Tomáš Moravec, Manuela Krüger, Claudia Belz, David Gutierrez-Larruscain, 
Zuzana Vondráková, Kateřina Eliášová, and Helena Štorchová

Institute of Experimental Botany V.I, Czech Academy of Sciences, Prague, Czech Republic

ABSTRACT
The FLOWERING LOCUS T (FT) gene is the essential integrator of flowering regulatory pathways in 
angiosperms. The paralogs of the FT gene may perform antagonistic functions, as exemplified by BvFT1, 
that suppresses flowering in Beta vulgaris, unlike the paralogous activator BvFT2. The roles of FT genes in 
other amaranths were less investigated. Here, we transformed Arabidopsis thaliana with the FLOWERING 
LOCUS T like (FTL) genes of Chenopodium ficifolium and found that both CfFTL1 and CfFTL2–1 accelerated 
flowering, despite having been the homologs of the Beta vulgaris floral promoter and suppressor, 
respectively. The floral promotive effect of CfFTL2–1 was so strong that it caused lethality when over-
expressed under the 35S promoter. CfFTL2–1 placed in an inducible cassette accelerated flowering after 
induction with methoxyphenozide. The spontaneous induction of CfFTL2–1 led to precocious flowering in 
some primary transformants even without chemical induction. The CqFT2–1 homolog from Chenopodium 
quinoa had the same impact on viability and flowering as CfFTL2–1 when transferred to A. thaliana. After 
the FTL gene duplication in Amaranthaceae, the FTL1 copy maintained the role of floral activator. 
The second copy FTL2 underwent subsequent duplication and functional diversification, which enabled 
it to control the onset of flowering in amaranths to adapt to variable environments.

SUMMARY
The FLOWERINGLOCUS T like 2–1 gene of Chenopodium ficifolium andChenopodium quinoa acts as a strong 
activator of flowering in Arabidopsis, triggering flowering at cotyledon stage and causing lethality when 
overexpressed.
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Introduction

The decision when to flower is one of the most important 
commitments in a plant’s life since it directly impacts evolu-
tionary success of the species. The formation of flowers and 
seeds requires re-allocation of resources from the entire plant 
to maximize reproductive success, which is often followed by 
senescence in annuals. The proper timing of flowering helps 
the plant to balance reproductive cost and benefit. The onset of 
flowering is precisely controlled by environmental conditions 
(daylength, cold temperature in winter, ambient temperature, 
abiotic stress) as well as by endogenous factors (age, phytohor-
mone concentrations, carbohydrate status).1–3

The central position at the crossover of the signaling path-
ways is occupied by the FLOWERING LOCUS T (FT) protein, 
which is the important part of the long-sought florigen.4 in 
Arabidopsis thaliana (hereafter Arabidopsis).5,6 and other 
species.7,8 The FT protein is produced in the phloem companion 
cells of the leaves and transported to the apical meristem to 
trigger flowering.9 The FT gene underwent duplications during 
the evolution of angiosperms and its paralogous copies occa-
sionally acquired the opposite function as flowering 

suppressors.10 The pair of floral integrators in Beta vulgaris, 
the sugar beet, which includes the BvFT2 protein as a floral 
promoter and BvFT1 as a floral repressor,11 exemplifies this 
dual functionality of FT. The BvFT1 and BvFT2 genes repressed 
or promoted flowering, respectively, when ectopically expressed 
in sugar beet and Arabidopsis. The reversal of the function from 
the activation to the inhibition of flowering was caused by three 
amino acid substitutions in the functional domain of the fourth 
exon of the BvFT genes.11

The orthologs of BvFT2 and BvFT1 were found in all mem-
bers of the family Amaranthaceae so far analyzed.12 The 
CrFTL1 gene in Oxybasis rubra (syn. Chenopodium 
rubrum);13 promoted flowering in Arabidopsis in the same 
way as its sugar beet ortholog BvFT2.14 After the early duplica-
tion, which gave rise to the FT1 and the FT2 paralogs, 
a subsequent gene duplication took place after the ancestor of 
Beta had diverged from the ancestors of Oxybasis and 
Chenopodium. This event generated two FTL2 copies, FTL2–1 
and FTL2–2,15 which are next to each other in the quinoa 
(Chenopodium quinoa) genome.16 as evidence of this tandem 
duplication. The annotation of the FTL genes in C. quinoa.16 

follows the denomination derived from sugar beet genes.11 The 
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CfFTL1 gene has two counterparts in tetraploid C. quinoa - 
CqFT2A and CqFT2B.17 CfFTL2-1 is homologous to the 
CqFT1A and CqFT1B1–1 genes, and finally, the CfFTL2–2 
gene is homologous the CqHD3AA and CqFT1B–2 genes in 
C. quinoa,17 where A and B in the gene name refer to A or 
B subgenome. In our work, we use the gene nomenclature 
derived from Oxybasis rubra,13 because the amaranth FT 
genes were discovered here first (Table 1). Another reason is 
the better correspondence of the annotation to the phylogeny. 
The FTL2–1 and FTL2–2 names indicate the duplication of the 
ancestral FTL2 gene.12

Unlike the BvFT1 gene, which was shown to act as floral 
repressor,11 the function of its homologs in Chenopodium is 
less known. A detailed gene expression study of numerous 
flowering-related genes in numerous C. quinoa accessions 
with contrasting photoperiod response was conducted by 
Patiranage et al.17 The expression of the FTL genes in the 
course of floral induction in seedling stage was investigated 
in C. ficifolium and C. suecicum,18,19 the close diploid relatives 
of the donor of the subgenome B of tetraploid C. quinoa.20,21 

Whereas CsFTL2–1 in C. suecicum was highly activated by 
short days, inducing flowering, negligible expression of this 
gene was observed in C. ficifolium under both short and long 
photoperiods. The low expression of CfFTL2–1 was particu-
larly noteworthy in the long-day accession C. ficifolium 283, 
which flowered earlier under long days without the apparent 
activation of any CfFTL gene.18 The CrFTL2–1 homolog in 
O. rubra was completely silenced,18 which excludes any role 
in floral induction in this species. Thus, the expression of the 
FTL2–1 paralog varied among the Chenopodium-Oxybasis spe-
cies and accessions.

The second paralog FTL2–2 varied in expression profiles 
across the species, too. It was strongly upregulated in 
C. suecicum and in the long-day accession C. ficifolium 283 
under the floral induction conditions.18 In contrast, the 
CrFTL2–2 gene of O. rubra exhibited invariant expression, 
not correlated with flowering. It also did not promote flower-
ing in Arabidopsis, which indicated no participation in floral 
transition.14 The FTL2–2 gene underwent dynamic structural 
evolution. Unlike the FTL2–1 paralog, which contains four 
conserved exons and three introns similarly to the other 
angiosperm FT genes, the FTL2–2 gene acquired an additional 
exon and intron.12 Whereas the complete FTL2–2 gene exists 
in O. rubra and C. suecicum, the large deletion of 130 bp 
shortened the fourth exon of CfFTL2–2 in C. ficifolium 283 
and the entire CfFTL2–2 gene was deleted in C. ficifolium 459. 
The changes in gene expression and structure, which affected 
FTL2 paralogs after its duplication, might have influenced their 
function and led to sub- or neo-functionalization.

To better understand the function of the Chenopodium FTL 
genes, we transferred the CfFTL1, CfFTL2–1, and CfFTL2–2 
genes of C. ficifolium to both wild types and ft− mutants of 
Arabidopsis and analyzed the flowering phenotypes of the 
transformants. The CfFTL1 overexpression accelerated flower-
ing in all Arabidopsis genetic backgrounds (wild types and ft 
mutants), while the CfFTL2–2 overexpression had no effect on 
flowering. Surprisingly, CfFTL2–1 overexpression was lethal in 
Arabidopsis and the vector with the inducible expression of the 
CfFTL2–1 gene had to be constructed to observe the impact of 
this gene on flowering in Arabidopsis after chemical induction.

As C. ficifolium is closely related to C. quinoa, we were 
curious, whether the surprisingly strong effect of CfFTL2–1 
on flowering in Arabidopsis would be also observed with its 
C. quinoa homolog CqFTL2–1 (described as CqFT1B–1) by.17 

We transformed Arabidopsis with CqFTL2–1 and found 
exactly the same flowering phenotypes as with CfFTL2–1. 
Our results indicate that CfFTL1, CfFTL2–1 and CqFTL2–1 
promote flowering in Arabidopsis.

Materials and methods

Preparation of gene constructs for the transformation of 
Arabidopsis

All constructs used in this work were assembled using the 
GoldenBraid standard.22 The sequences of the Chenopodium 
FTL genes can be found under the following GenBank accession 
numbers: (CfFTL1 - MK212025; CfFTL2-1 - MK212027; CfFTL2- 
2 - MK212026, CqFTL2–1 - XM_021919867). The open reading 
frames (ORF) were amplified from C. ficifolium 283.18 et or 
C. quinoa QQ74.16 cDNA using Phusion polymerase (Thermo 
Scientific) and primers designed using the GB-domesticator on 
the GBcloning website (https://gbcloning.upv.es) (Supplementary 
Table S1). Forty ng of the amplified and column-purified (Qiagen) 
DNA was cloned into the universal domestication plasmid 
pUPD2 by restriction ligation reaction with BsmBI and T4 ligase 
(both Thermo Scientific), and selected clones were verified by 
Sanger sequencing (Eurofins, Germany). The first set of plasmids 
was designated for constitutive expression of the respective CfFTL 
gene in Arabidopsis. In these vectors the CfFTL ORFs were under 
transcriptional control of the CaMV 35S promoter and termina-
tor. The expression levels were increased by Tobacco mosaic virus 
Omega leader sequence. For inducible expression we modified the 
methoxyfenozide inducible system VGE.23 to comply with 
GoldenBraid standard. The cassette containing the inducible 
CfFTL2–1 gene was flanked by two tobacco Matrix attachment 
region (MAR) elements TM2.24 and RB7.25 They were designed to 
reduce position effect and stabilize the variation of transgene 

Table 1. The names of the FTL genes in the family Chenopodiaceae, arranged in the chronological order of the respective references. Two names for the C. quinoa genes 
are given in the last column, because Patiranage et al..17 labeled the homeologs differently.

Species
Oxybasis 

rubra Beta vulgaris
Oxybasis 

rubra Chenopodium ficifolium Chenopodium quinoa
Chenopodium 

quinoa

Reference 13 11 18 18 18 18

HomologousGenes 
Genes

CrFTL1 
CrFTL2

BvFT2 
BvFT1

CrFTL1 
CrFTL2–1 
CrFTL2–2

CfFTL1 
CfFTL2–1 
CfFTL2–2

CqFTL1, CqFTL2–2 
CqFTL2–1 
CqFTL2–2

CqFT2A, CqFT2B 
CqFT1A, CqFT1B1–1 

CqHD3AA, CqFT1B–2
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expression among individual transgenic lines. They also reduced 
the likelihood that the transgene might trigger gene silencing, 
resulting in a gradual loss of transgene expression in T2 and 
further generations (Figure 1). All used components are summar-
ized in Supplementary Table S2. The final binary constructs used 
for Arabidopsis transformation were assembled using the 
extended set of vectors alpha 11–14.26

Arabidopsis transformation

The plasmid vectors with a cassette were transferred into 
Agrobacterium tumefaciens strain EHA105.27 using the freeze- 
thaw method of.28 Arabidopsis wild types (Landsberg erecta 
Ler or Columbia-0 Col-0) or ft mutants (CS56 ft-1, Cs185 ft-3) 
were transformed by the floral dipping method.29 Primary 
transformants (T1 generation) were selected by spraying 120  
mg l−1 BASTA© (Glufosinate-ammonium; Bayer, Germany, 
150 g l−1) three times at 3–7 day-intervals, starting with 7 day- 
old seedlings grown on soil. T1 plants were self-pollinated to 
produce T2 generation. T2 seeds carrying the insertion were 
identified based on red fluorescence using LEICA microscope 
(DM5000B) with LEICA CTR5000 light source. The segrega-
tion ratio was 3 : 1 (fluorescent : non-fluorescent seeds), which 
corresponds to Mendelian segregation ratio and is consistent 
with the presence of the single insertion. T3 progeny was 
obtained by self-pollination from the T2 homozygous lines, 
which produced homogenous progeny (all seeds were fluores-
cent). The presence of transgenes was verified by PCR ampli-
fication with BAR_F and BAR_R primers, and with the primers 
targeted to the FTL genes (Suplementary Table S1).

Plant growth conditions and phenotypic scoring

Arabidopsis seeds were stratified for 2 days at 4°C and sown on 
Jiffy-7 tablets (41 mm diameter, Jiffy Products International 
AS, Norway). At 10 days, seedlings were transplanted indivi-
dually to new Jiffy-7 tablets. The donor plants used for floral 
dipping were grown in a cultivation room under long days (16  
h : 8 h light : dark) at 20°C. Transgenic and control plants were 
grown in cultivation chamber E-36L2 (Percival Scientific, 
Perry, IA, USA) under 12 h : 12 h light : dark, 130 μmol m−2 

s−1 light intensity, and 70% relative humidity 23°C at day and 
22°C at night since germination until flowering. To measure 
flowering time, the number of rosette leaves at bolting was 
counted. The data were analyzed by one-way ANOVA, 

honestly significant differences (HSD) were determined by 
Tukey test, implemented in IBM SPSS Statistics.

CfFTL2–1 induction in transgenic Arabidopsis

Transgenic plants carrying the CfFTL2–1 gene under the con-
trol of methoxyphenozide-inducible transcription factor (VGE: 
TM-2:5×M:CfFTL2–1), which were capable of reproduction to 
produce the T3 generation (30 individuals of each line), were 
subjected to induction treatment. Plants were grown in the 
Percival growth chamber under cultivation conditions as 
described above. A solution of 65 µM methoxyfenozide 
(Integro, Corteva).23 was sprayed on plants three times with 
three-day intervals between applications, starting at the 6–9 
leaf-stage (at the age of 4 weeks). The control plants were not 
chemically treated. The same experiment was conducted with 
untransformed Arabidopsis of the same genetic background as 
transgenic plants. Leaves for RNA extraction were sampled 
from six randomly selected plants immediately before the 
application of methoxyfenozide and from the same plants 
again at bolting, when leaf number was also determined.

RNA extraction and cDNA preparation

Total RNA was extracted using the Plant RNeasy Mini kit 
(Qiagen, Valencia, CA, USA). DNA contamination was elimi-
nated by DNase I treatment according to the manufacturer’s 
protocol (DNA-free, Ambion, Austin, TX, USA). If necessary, 
the DNase treatment was repeated to remove any traces of 
genomic DNA. RNA quality and concentration were checked 
on a 0.9% agarose gel and by NanoDrop (Thermo Fisher 
Scientific, Vantaa, Finland). RNA was heated together with 
oligo dT primers (500 ng) for 5 min at 65°C, chilled on ice 
and mixed with Transcriptor buffer (Roche, Diagnostics, 
Mannheim, Germany), 0.5 μl of Protector RNase Inhibitor 
(Roche), 2 μl of 10 mM dNTPs and 10 units of Transcriptor 
Reverse Transcriptase (Roche). Single-strand DNA (cDNA) 
was synthesized from 1 μg of RNA at 55°C for 30 min.

Quantitative PCR

qPCR was performed on the LightCycler 480 platform (Roche) 
with LC SYBR Green I Master (Roche) in a final volume of 10  
μl with 500 nM of each of the primers (Supplementary Table 
S1). The program was: 10 min of initial denaturation at 95°C, 
then 40 cycles for 10 s at 95°C, 10 s at 60°C (at 58°C for 

Figure 1. Schematic representation of T-DNA constructs used for the transformation of Arabidopsis. LB, RB – left and right T-DNA borders respectively; RB-7, 
TM-2 –matrix attachment regions from tobacco; Sf- short stuffer fragment 35 bp, Cf-FTL – C. ficifolium FTL ORF, 35S – Cauliflower mosaic virus 35S promotor; BASTA-R 
phosphinothricin N-acetyltransferase gene conferring tolerance to Basta herbicide; Ole-p - oleosin promotor from Arabidopsis, Ole-RFP – gene for RFP reporter protein 
fused to Arabidopsis oleosin; CsVMV promotor from Cassava vein mosaic virus; VGE - chimeric transcription factor VGE reactive to methoxyfenozide, 5×M – minimal 35S 
promoter fused with 5 copies of Gal4 binding domain. Not drawn to scale.
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AtUBQ10), followed by 15 s at 72°C. Stable expression of the 
reference gene AtUBQ10 was confirmed previously as 
described by Libus and Štorchová.30 The PCR efficiencies 
were estimated based on serial dilutions of cDNAs and used 
to calculate relative expression using the formula ER 

CpR/ET 
CpT, where ET/ER represents the PCR efficiencies of the sample 
and reference, respectively, and CpT/CpR represents the cycle 
number at the threshold (crossing point).

Results

CfFTL1, but not CfFTL2–2, accelerated flowering in 
Arabidopsis

Primary transformants (T1 generation) of Arabidopsis in Col- 
0, Ler and ft-3 genetic backgrounds carrying CfFTL1 under the 
control of the strong constitutive promoter 35S flowered early, 
after forming about four rosette leaves (Table 2). However, 
only some of them were able to produce viable seeds and give 
rise to further generations, the rest of T1 plants died after early 
flowering without progeny (Table 2).

We estimated leaf numbers and measured expression of the 
CfFTL1 transgene in independent lines in all three genetic 
backgrounds in T2 and T3 generations. We found significantly 
lower leaf number at flowering in the transformants compared 
with wild type or ft-3 mutant, which implied accelerated flow-
ering in the lines expressing the transgene (Figure 2). One of 
five Col-0 transgenic lines did not express CfFTL1 in any 
generation and its flowering time did not differ from the wild 
type. Another line flowered earlier than the wild type only in 
the T2, not in the T3 generation, which agreed with transgene 
expression in the respective generation. The decline of trans-
gene expression suggested its gradual silencing, which might 
have also caused the high variation observed in transgene 
expression levels among the lines. The absence of accelerated 
flowering in the lines not expressing the transgene indicates 
that the transgene activity is responsible for this effect in Col-0 
(Figure 2a).

It was difficult to gain permanent CfFTL1 transgenic lines in 
the Ler background. Repeated transformation yielded 12 

primary transformants, but only three of them were able to 
produce progeny. They silenced the transgene, except one line-
age, which exhibited CfFTL1 expression in the T1 generation 
and, unlike the others, accelerated flowering (Figure 2b).

The promotion of flowering was particularly prominent in 
the CS185 ft-3 mutant with the CfFTL1 transgene (Figure 2c). 
Whereas ft-3 mutants flowered very late after producing about 
40 rosette leaves, the transgenic lines flowered early with 4–5 
rosette leaves, similarly to transgenic plants derived from wild 
type genetic backgrounds and overexpressing the transgene. 
Alike the Col-0 and Ler primary transformants, the CS185 
plants carrying the CfFTL1 gene often died without progeny. 
We also transformed CS56 ft-1 mutant with this gene, but we 
recovered no primary transformants.

The Col-0 transgenic lines with CfFTL2–2 under the control 
of the 35S promoter flowered at the same time as the Col-0 wild 
type, while the Ler transgenic lines flowered later than the Ler 
wild type, particularly in the T2 generation (Figure 3).

Some Arabidopsis seedlings with the inducible CfFTL2–1 
transgene flowered immediately after germination

We were unable to recover Arabidopsis transformants with the 
35S::CfFTL2–1 construct, despite repeated floral dipping 
experiments. Then, we noticed several seedlings dying some-
what later after the Basta application. The amplification of their 
DNA with specific primers (Supplementary Table S1) con-
firmed the presence of the CfFTL2–1 transgene. Thus, trans-
formation of Arabidopsis with CfFTL2–1 gene under the 35S 
promoter was lethal.

To understand the impact of CfFTL2–1 on Arabidopsis, we 
placed this gene to the VGE inducible system,23 which enables 
induction of the transgene by methoxyfenozide. Two types of 
primary transformants were obtained after the transformation 
with VGE:TM-2:5×M:CqFTL2–1 (Table 2). About a half of 
primary transformants flowered immediately after expanding 
cotyledons. They produced tiny flowers, sometimes with well- 
developed stigmas, or small flower buds with prominent tri-
chomes (Figure 4). All these plants died early without produ-
cing seed. As no methoxyphenozide was used, premature 

Table 2. The numbers of all primary transgenic lines and the lines capable reproduction, obtained by the transfer of the FTL genes of C. ficifolium and C. quinoa 
to Arabidopsis wild types and ft mutants.

Transgene casette

Arabidopsis 
genetic 

background Primary transgenic lines Lines producing seed Lines producing progeny

35S:CfFTL1 Col-0 16 12 5
Ler 12 6 3

CS185 ft-3 10 6 2
CS56 ft-1 0 0 0

35S:CfFTL2–2 Col-0 10 10 10
Ler 20 20 20

35S:CfFTL2–1 Col-0 0 0 0
Ler 0 0 0

CS185 ft-3 0 0 0
CS56 ft-1 0 0 0

VGE:TM-2:5×M:CfFTL2–1 Col-0 >100 20 6
Ler 24 4 2

CS185 ft-3 3 0 0
CS56 ft-1 28 3 2

VGE:TM-2:5×M:CqFTL2–1 Col-0 >100 23 15
Ler >50 22 18

CS185 ft-3 3 0 0
CS56 ft-1 >50 10 6
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flowering had to be caused by the spontaneous leakage in the 
CfFTL2–1 expression. We estimated transgene expression in 
six early flowering transgenic seedlings (Figure 5). Other 
CfFTL2–1 primary transformants did not differ from recipient 
plants (ft mutants or wild types) in their flowering phenotypes. 
These plants gave rise to transgenic lines, in which the trans-
gene was not expressed without methoxyphenozid induction.

The transformation of Arabidopsis with the VGE:TM- 
2:5×M:CqFTL2–1 construct, bearing the CqFTL2–1 gene of 

C. quinoa QQ74, provided the same results as transforma-
tion with its C. ficifolium ortholog. Many primary trans-
formants flowered just after germination and died 
(Table 2).

Arabidopsis carrying the inducible CfFTL2–1 transgene 
accelerated flowering after methoxyfenozide application

We selected transgenic lines with inducible CfFTL2–1 in the 
Col-0 and mutant CS56 ft-1 genetic backgrounds to investigate 

Figure 2. The number of rosette leaves and relative transgene expression at flowering time in Arabidopsis transformed with the CfFTL1 gene under the 35S promoter in 
the T2 and T3 generations. a. The CfFTL1 transformants in the Col-0, b. Ler, and c. CS185 (ft-3) backgrounds. The averages and standard deviations were calculated from 
20 to 35 plants of the respective independent lineages, which are labeled by the numbers on the x axis. Asterisks represent honestly significant difference (HSD) 
estimated by Tukey test.
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Figure 3. The number of rosette leaves and relative transgene expression at flowering time in Arabidopsis transformed with the CfFTL2–2 gene under the 35S promoter 
in the T2 and T3 generations. a. the CfFTL2–2 transformants in the Col-0, and b. Ler backgrounds. The averages and standard deviations were calculated from 20 to 35 
plants of the respective independent lineages, which are labeled by the numbers on the x axis. Asterisks represent honestly significant difference (HSD) estimated by 
Tukey test.

Figure 4. Phenotypes of primary transformants of Arabidopsis Col-0 carrying CfFTL2–1 under the complex metoxyfenozide-inducible promoter (Vge:TM-2:5×m:cfftl2–1), 
which flowered without chemical induction. Plants started to bolt immediately after germination. Some of them formed minuscule flowers (a, b, c), others produced tiny 
flower buds with long trichomes (d). All the plantlets died without generating viable seed. Photo: Lukáš Synek.
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the function of this gene. We wished to demonstrate the 
induction by methoxyfenozide in both Arabidopsis ecotypes – 
Col-0 and Ler. We chose the mutant CS56 ft-1 derived from 
Ler, which flowered later than Ler wild type (and approxi-
mately at the same time as Col-0 wild type), making the proper 
timing of the induction easier and comparable between the two 
genetic backgrounds. The transgenic plants flowered signifi-
cantly earlier after the application of methozyphenozide than 
the untransformed Col-0 and CS56 ft-1 plants after the same 
application, or the transgenic plants not induced by methozy-
phenozide (Figure 5a). The acceleration of flowering was 
accompanied by activation of the transgene (Figure 5b). 
Whereas CfFTL2–1 expression was negligible before methox-
yfenozide application, it increased dramatically after this 

treatment. The transgene transcript levels varied considerably 
among individual plants of the same line, as documented by 
Figure 5b. However, the plants with both high and low 
CfFTL2–1 expression flowered approximately at the same 
time after forming similar numbers of leaves. The rather uni-
form effect of variable transgene expression may be explained 
by the existence of a threshold value necessary for floral induc-
tion. After crossing the threshold, additional CfFTL2–1 expres-
sion did not further accelerate flowering.

Discussion

The CfFTL1 and CfFTL2–1 genes activate flowering in 
Arabidopsis, but their impacts differ

The CfFTL1 and CfFTL2–1 expression in Arabidopsis pro-
moted flowering in both wild types and ft mutants, which is 
consistent with their roles as floral activators. This finding is 
not unexpected, because the CfFTL1 and CfFTL2–1 proteins 
share the same sequence with most angiosperm FT floral 
activators, including the sugar beet floral promoter BvFTL2, 
in the functionally important region in external loop of the 
protein.18 They do not possess amino acids Asn(N)134, Gln(Q) 
141, and Gln(Q)142 responsible for the suppression of flower-
ing in the sugar beet floral inhibitor BvFT1.11 The three amino 
acid substitutions that converted BvFT1 function in sugar beet 
from the activation of flowering to its opposite most likely 
occurred after the Beta ancestor had diverged from the 
Chenopodium ancestor.

The impact of the CfFTL1 and CfFTL2–1 expression on 
Arabidopsis development differed substantially between the 
two genes. The overexpression of CfFTL1, driven by the consti-
tutive 35S promoter, accelerated flowering in transgenic lines. In 
contrast, the overexpression of CfFTL2–1 was lethal for 
Arabidopsis seedlings. To estimate its function, we had to place 
this gene into the inducible cassette and to induce it with meth-
oxyfenozide. Because the selection of primary transformants 
occurred in the absence of the chemical inducer, we expected 
the same flowering behavior in both transformants and recipient 
plants. Surprisingly, a large proportion of transformants started 
to flower immediately after expanding cotyledons and died with-
out forming seeds. The VGE casette with the CfFTL2–1 gene is 
protected against transcription from adjacent DNA by tobacco 
MAR elements.24,25 However, even such isolation from the 
genomic background is not absolute and may lead to leaky 
transgene expression in some primary transformants, depending 
on the specific site of insertion. Premature flowering exhausts 
resources, which prevents transgenic plants from the production 
of viable seeds. The sudden reprogramming from vegetative 
growth to the reproduction in the very early developmental 
stage can be also responsible for the lethality of the CfFTl2–1 
overexpression driven by the 35S promoter. In this case, seed-
lings died after germination, having formed only cotyledons.

Transformation of Arabidopsis with the CfFTL1 gene under 
the control of the 35S promoter generated some permanent 
transgenic lines, but many primary transformants did not 
produce viable seed. The successfully reproducing lines often 
silenced the CfFTL1 transgene, which effect persisted to the 
next generation. It is therefore likely that the CfFTL1 

Figure 5. The acceleration of flowering and the CfFTL2–1 gene expression in 
Arabidopsis carrying the CfFTL2–1 transgene. a. The number of rosette leaves 
formed since the time of metoxyfenozide treatment till flowering in Col-0 and 
CS56 (Ler ft-1) backgrounds, calculated as the average with standard deviation 
from 20–30 plants of the same homozygous transgenic line. Asterisks represent 
honestly significant difference (HSD) estimated by Tukey test. The seedlings (6 
primary transformants in Col-0 background) with the spontaneously induced 
transgene flowered without forming rosette leaves. b. The CfFTL2–1 gene expres-
sion relative to the reference AtUBQ10 in induced and not induced plants and in 
spontaneously induced transformants (6 individuals) at flowering time. Median, 
the first and third quartile, maximum and minimum values are shown. c. The 
pictures of Col-0 and transgenic Arabidopsis plants taken 9 days after the metox-
yfenozide treatment.
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overexpression also interfered with growth and reproduction 
in Arabidopsis, similarly to the CfFTL2–1 transgene, although 
this effect was much weaker than in the case of CfFTL2–1. Gene 
silencing could have been transmitted to the next generation by 
epigenetic mechanisms.31

The FTL2 gene duplication in Chenopodium enabled the 
diversification of their functions

The CfFTL2–1 gene is one of two products of the FTL2 gene 
duplication, which occurred after the divergence of 
Chenopodium from Beta. The second duplicate CfFTL2–2 har-
bors a large deletion, which removed 130 bp of the fourth exon 
including the motifs necessary for the function of this gene.18 

The observation that the CfFTL2–2 overexpression did not 
affect flowering in Arabidopsis Col-0 is in line with this notion. 
On the other hand, the delay in flowering was found in the Ler 
background, no matter whether the transgene was expressed or 
not. Thus, this delay cannot be caused by the activation of 
CfFTL2–2, but rather by the effect of some other component 
of the construct. The difference between the Ler and Col-0 
could have been caused by distinct pace of floral induction in 
the two ecotypes. Ler wild type flowered earlier than Col-0 wild 
type and thus the mode of interaction with the transgene 
expression might have occurred differently.

Unlike CfFTL2–1, the CfFTL2–2 paralog in C. ficifolium did 
not accelerate flowering in Arabidopsis, most likely due to the 
large deletion removing functionally important amino acids. 
However, it is possible that this particular gene participates in 
the regulation of flowering in other Chenopodium species, e.g. 
in C. suecicum, where it is present in a complete form and is 
rhythmically expressed during floral induction.18

The FT gene sequences are highly conserved among angios-
perms and thus are expected to maintain their function when 
transferred to phylogenetically unrelated species. For example, 
overexpression of PnFT1 of Pharbitis nil,7 CrFTL1 of 
O. rubra,13 BvFT2 of sugar beet,11 or GmFT2a of soybean.32 

promoted flowering in Arabidopsis. However, we have not 
found any report of lethality caused by the ectopic expression 
of an angiosperm FT gene in Arabidopsis. The underlying 
cause of lethality due to CfFTL2–1 overexpression may be 
immediate floral induction during germination of 
Arabidopsis seedlings, which is stronger and faster than the 
activation of flowering controlled by other angiosperm FTs, 
including CfFTL1. Because Chenopodium is recalcitrant to 
stable transformation with Agrobacterium, we were unable to 
effect transformation in a homologous system. We are cur-
rently running the experiments with virus-induced gene silen-
cing in Chenopodium to confirm our conclusions.

As CfFTL2–1 acts as a powerful promoter of flowering, 
then we may better understand the results of the study of 
photoperiodic floral induction in C. ficifolium.18 The acces-
sion 459 highly upregulated CfFTL1 under short days when 
its flowering was accelerated, which was consistent with the 
promotional role of this gene. In contrast, the long-day 
accession 283 flowered earlier under long days without 
apparent activation of any FTL gene. However, when 

CfFTL2–1 encodes a very strong promoter of flowering, 
even a very low increase in CfFTL2–1 transcription, not 
detected by RT qPCR, could accelerate flowering under 
long days. We are now testing this hypothesis by the 
comprehensive analysis of the global transcriptomes during 
photoperiodic floral induction in C. ficifolium 283.

Chenopodium ficifolium was proposed as a potential 
diploid model species for the genetic analyses of the tetra-
ploid crop C. quinoa.33 We have therefore transformed 
Arabidopsis with the inducible CqFTL2–1 gene of 
C. quinoa to see whether this would result in the same 
outcome as the transfer of its C. ficifolium ortholog. The 
CfFTL2–1 and CqFTL2–1 proteins differ only in two 
amino acid substitutions, located outside the functionally 
important regions. Hence, it is not unexpected that the 
transformation of Arabidopsis with inducible CqFTL2–1 
would produce the same results as with the inducible 
CfFTL2–1 gene; namely, the appearance of many tiny, 
precociously flowering primary transformants. However, 
the CqFT1B–1 (identical to CqFTL2–1) was considered 
unlikely to function as flowering time regulators in 
C. quinoa based on its transcriptional profile.17 If 
CqFTL2–1 functions as a strong floral activator in 
C. quinoa, even small hard to detect changes in gene 
expression could promote flowering. The identification of 
floral activators in C. quinoa may also have practical 
importance for quinoa breeding, particularly as the crop 
spreads to areas of the globe where short- and long-day 
flowering responses would be advantageous for increasing 
yields through heat-stress avoidance during the normal 
flowering period. Our work supports the usefulness of 
C. ficifolium as a diploid model to be compared with 
tetraploid C. quinoa.

Our results are also interesting from the perspective of 
the evolution of gene function. The BvFT1 protein became 
the repressor of flowering after the genus Beta had 
diverged from Chenopodium within the Chenopodiaceae- 
Amaranthaceae, whereas the CfFTL2–1 protein retained its 
original function as a floral promoter. The prevailing 
hypothesis is that activation of flowering was the most 
likely ancestral role of FTL2 because CfFTL2–1 shares 
three functionally important amino acids with FT activa-
tors, not with its ortholog BvFT1. The FTL2–1 genes of 
C. ficifolium and C. quinoa triggered precocious flowering 
in Arabidopsis seedlings despite being homologs of the 
BvFT1 floral repressor. This finding illustrates the distinct 
evolutionary trends of two FT paralogs which diverged 
early during the evolution of in the family 
Amaranthaceae.12 The BvFT2, CfFTL1 genes and their 
orthologs retained a conserved gene structure and floral 
activator function. In contrast, BvFT1, CfFTL2–1, CfFTL2– 
2 and their orthologs underwent prominent structural 
changes including exon acquisition, large deletions or 
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complete loss, and functional diversifications. Thus, the 
FT1/FTL2 lineage became a versatile toolkit of the evolu-
tion enabling the adaptation of annual fast-cycling amar-
anths to variable environments.

Acknowledgments

The authors are grateful to Lukáš Synek for the photo of flowering 
Arabidopsis seedlings. They acknowledge the valuable comments and 
linguistic help by Eric N. Jellen. This work was supported by the Czech 
Science Foundation (GAČR) grant 19-01639S to H.S.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The work was supported by the Grantová Agentura České Republiky [19- 
01639S].

ORCID

Helena Štorchová http://orcid.org/0000-0001-6701-179X

Author contribution statement

HS: conceptualization; OAJA, CB, TM, D G-L, KE, ZV and HS: metho-
dology; OAJA, MK and DG-L: resources; HS: writing – original draft; 
OAJA, DG-L, TM, MK and HS: writing – review & editing; HS: super-
vision; HS: funding acquisition.

Abbreviations

CaMV, Cauliflower Mosaic Virus; FT, FLOWERING LOCUS T; FTL, 
FLOWERING LOCUS T like; MAR, Matrix attachment region; UBQ, 
UBIQUITINE;

References

1. Andres F, Coupland G. The genetic basis of flowering responses to 
seasonal cues. Nat Rev Genet. 2012;13(9):627–639. doi:10.1038/ 
nrg3291.

2. Hyun Y, Richter R, Vincent C, Martínez-Gallegos R, Porri A, 
Coupland G. Multi-layered regulation of SPL15 and cooperation 
with SOC1 integrate endogenous flowering pathways at the 
Arabidopsis shoot meristem. Dev Cell. 2016;37(3):254–266. 
doi:10.1016/j.devcel.2016.04.001.

3. Riboni M, Galbiati M, Tonelli C, Conti L. GIGANTEA enables 
drought escape response via abscisic acid-dependent activation of 
the florigens and SUPRESSOR of OVEREXPRESSION of 
CONSTANTS1. Plant Phys. 2013;162(3):1706–1719. doi:10.1104/ 
pp.113.217729.

4. Chailakhyan MK. About the mechanism of the photoperiodic 
response. Dokl Akad Nauk SSSR. 1936;1:85–89.

5. Corbesier L, Vincent C, Jang S, Fornara F, Fan Q, Searle I, 
Giakountis A, Farrona S, Gissot L, Turnbull C, et al. FT protein 
movement contributes to long-distance signaling in floral induc-
tion of Arabidopsis. Science. 2007;316(5827):1030–1033. doi:10. 
1126/science.1141752.

6. Jaeger KE, Wigge PA. FT protein acts as a long-range signal in 
Arabidopsis. Curr Biol. 2007;17(12):1050–1054. doi:10.1016/j.cub. 
2007.05.008.

7. Hayama R, Agashe B, Luley E, King R, Coupland G. A circadian 
rhythm set by dusk determines the expression of FT homologs and 
the short-day photoperiodic flowering response in Pharbitis. Plant 
Cell. 2007;19(10):2988–3000. doi:10.1105/tpc.107.052480.

8. Tamaki S, Matsuo S, Wong HL, Yokoi S, Shimamoto K. Hd3a 
protein is a mobile flowering signal in rice. Science. 2007;316 
(5827):1033–1036. doi:10.1126/science.1141753.

9. Mathieu J, Warthmann N, Küttner F, Schmid M. Export of FT 
protein from phloem companion cells is sufficient for floral induc-
tion in Arabidopsis. Curr Biol. 2007;17(12):1055–1060. doi:10. 
1016/j.cub.2007.05.009.

10. Pin P, Nilsson O The multifaceted roles of FLOWERING LOCUS 
T in plant development. Plant, Cell & Environ. 2012;35(10):1742– 
1755. doi:10.1111/j.1365-3040.2012.02558.x.

11. Pin PA, Benlloch R, Bonnet D, Wremerth-Weich E, Kraft T, 
Gielen JJL, Nilsson O. An antagonistic pair of FT Homologs med-
iates the control of flowering time in sugar beet. Science. 2010;330 
(6009):1397–1400. doi:10.1126/science.1197004.

12. Drabešová J, Černá L, Mašterová H, Koloušková P, Potocký M, 
Štorchová H. The Evolution of the FT/TFL1 Genes in 
Amaranthaceae and their expression patterns in the course of 
vegetative growth and flowering in Chenopodium rubrum. G3- 
Genes Genomes Genet. 2016;6(10):3065–3076. doi:10.1534/g3. 
116.028639.

13. Cháb D, Kolář J, Olson MS, Štorchová H. Two FLOWERING 
LOCUS T (FT) homologs in Chenopodium rubrum differ in expres-
sion patterns. Planta. 2008;228(6):929–940. doi:10.1007/s00425- 
008-0792-3.

14. Drabešová J, Cháb D, Kolář J, Haškovcová K, Štorchová H. A dark– 
light transition triggers expression of the floral promoter CrFTL1 
and downregulates CONSTANS-like genes in a short-day plant 
Chenopodium rubrum. J Exp Bot. 2014;65(8):2137–2146. doi:10. 
1093/jxb/eru073.

15. Štorchová H. Flowering in Chenopodium and related amaranths. 
In: Schmöckel S, editor. The Quinoa Genome. Cham, CH:Springer 
International Publishing; 2021. pp. 169–177. doi:10.1007/978- 
3-030-65237-1_10.

16. Jarvis DE, Ho YS, Lightfoot DJ, Schmöckel SM, Li B, Borm TJA, 
Ohyanagi H, Mineta K, Michell CT, Saber N, et al. The genome of 
Chenopodium quinoa. Nature. 2017;542(7641):307–312. doi:10. 
1038/nature21370.

17. Patiranage DSR, Asare E, Maldonado-Taipe N, Rey E, 
Emrani N, Tester M, Jung C. Haplotype variations of major 
flowering time genes in quinoa unveil their role in the adapta-
tion to different environmental conditions. Plant, Cell & 
Environ. 2021;44(8):2565–2579. doi:10.1111/pce.14071.

18. Štorchová H, Hubáčková H, Abeyawardana OAJ, Walterová J, 
Vondráková Z, Eliášová K, Mandák B. Chenopodium ficifolium 
flowers under long days without upregulation of FLOWERING 
LOCUS T (FT) homologs. Planta. 2019;250(6):2111–2125. doi:10. 
1007/s00425-019-03285-1.

19. Štorchová H. The evolution of the FLOWERING LOCUS T-Like 
(FTL) genes in the goosefoot subfamily Chenopodioideae. In: 
Pontarotti P, editor. Evolutionary biology - a transdisciplinary 
approach. Cham:Springer International Publishing; 2020. 
pp. 325–335. doi:10.1007/978-3-030-57246-4_13.

20. Štorchová H, Drabešová J, Cháb D, Kolář J, Jellen EN. The introns 
in FLOWERING LOCUS T-LIKE (FTL) genes are useful markers 
for tracking paternity in tetraploid Chenopodium quinoa Willd. 
Genet Resour Crop Evol. 2015;62(6):913–925. doi:10.1007/s10722- 
014-0200-8.

21. Walsh BM, Adhikary D, Maughan PJ, Emshwiller E, Jellen EN. 
Chenopodium polyploidy inferences from Salt Overly Sensitive 1 
(SOS1) data. Am J Bot. 2015;102(4):533–543. doi:10.3732/ajb. 
1400344.

22. Sarrión-Perdigones A, Falconi EE, Zandalinas SI, Juárez P, 
Fernández-Del-Carmen A, Granell A, Orzaez D, Peccoud J. 
GoldenBraid: An iterative cloning system for standardized assem-
bly of reusable genetic modules. PLoS One. 2011;6(7):e21622. 
doi:10.1371/journal.pone.0021622.

PLANT SIGNALING & BEHAVIOR e2239420-9

https://doi.org/10.1038/nrg3291
https://doi.org/10.1038/nrg3291
https://doi.org/10.1016/j.devcel.2016.04.001
https://doi.org/10.1104/pp.113.217729
https://doi.org/10.1104/pp.113.217729
https://doi.org/10.1126/science.1141752
https://doi.org/10.1126/science.1141752
https://doi.org/10.1016/j.cub.2007.05.008
https://doi.org/10.1016/j.cub.2007.05.008
https://doi.org/10.1105/tpc.107.052480
https://doi.org/10.1126/science.1141753
https://doi.org/10.1016/j.cub.2007.05.009
https://doi.org/10.1016/j.cub.2007.05.009
https://doi.org/10.1111/j.1365-3040.2012.02558.x
https://doi.org/10.1126/science.1197004
https://doi.org/10.1534/g3.116.028639
https://doi.org/10.1534/g3.116.028639
https://doi.org/10.1007/s00425-008-0792-3
https://doi.org/10.1007/s00425-008-0792-3
https://doi.org/10.1093/jxb/eru073
https://doi.org/10.1093/jxb/eru073
https://doi.org/10.1007/978-3-030-65237-1_10
https://doi.org/10.1007/978-3-030-65237-1_10
https://doi.org/10.1038/nature21370
https://doi.org/10.1038/nature21370
https://doi.org/10.1111/pce.14071
https://doi.org/10.1007/s00425-019-03285-1
https://doi.org/10.1007/s00425-019-03285-1
https://doi.org/10.1007/978-3-030-57246-4_13
https://doi.org/10.1007/s10722-014-0200-8
https://doi.org/10.1007/s10722-014-0200-8
https://doi.org/10.3732/ajb.1400344
https://doi.org/10.3732/ajb.1400344
https://doi.org/10.1371/journal.pone.0021622


23. Semenyuk EG, Schmidt MA, Beachy RN, Moravec T, Woodford- 
Thomas T. Adaptation of an ecdysone-based genetic switch for 
transgene expression in soybean seeds. Transgenic Res. 2010;19 
(6):987–999. doi:10.1007/s11248-010-9377-6.

24. Zhang KW, Wang JM, Yang GD, Guo XQ, Wen FJ, Cui DC, 
Zheng CC. Isolation of a strong matrix attachment region (MAR) 
and identification of its function in vitro and in vivo. Chinese Sci 
Bull. 2002;47(23):1999–2005. doi:10.1360/02tb9434.

25. Allen GC, Hall G Jr, Michalowski S, Newman W, Spiker S, 
Weissinger AK, Thompson WF. High-level transgene expression 
in plant cells: effects of a strong scaffold attachment region from 
tobacco. Plant Cell. 1996;8:899–913. doi:10.1105/tpc.8.5.899.

26. Dušek J, Plchová H, Čerovská N, Poborilova Z, Navratil O, 
Kratochvilova K, Gunter C, Jacobs R, Hitzeroth II, Rybicki EP, et al. 
Extended set of goldenbraid compatible vectors for fast assembly of 
multigenic constructs and their use to create geminiviral expression 
vectors. Front Plant Sci. 2020;11:522059. doi:10.3389/fpls.2020.522059.

27. Hood EE, Gelvin SB, Melchers LS, Hoekema A. New Agrobacterium 
helper plasmids for gene transfer to plants. Transgenic Res. 1993;2 
(4):208–218. doi:10.1007/BF01977351.

28. An G. Binary Ti-Vectors for plant transformation and promoter 
analysis. Methods Enzymol. 1987;153:292–305.

29. Clough SJ, Bent AF. Floral dip: a simplified method for 
Agrobacterium-mediated transformation of Arabidopsis 
thaliana. Plant J. 1998;16(6):735–743. doi:10.1046/j.1365-313x. 
1998.00343.x.

30. Libus J, Štorchová H. Quantification of cDNA generated by reverse 
transcription of total RNA provides a simple alternative tool for 
quantitative RT-PCR normalization. Biotechniques. 2006;41 
(2):156–164. doi:10.2144/000112232.

31. Alvarez M, Bleich A, Donohue K. Genotypic variation in the 
persistence of transgenerational response to seasonal cues. 
Evolution. 2020;74(10):2423–2424. doi:10.1111/evo.14367.

32. Sun H, Jia Z, Cao D, Jiang BJ, Wu CX, Hou WS, Liu YK, 
Fei ZH, Zhao DZ, Han TF, et al. GmFt2a, a Soybean Homolog 
of FLOWERING LOCUS T, is involved in flowering transition 
and maintenance, a soybean homolog of FLOWERING LOCUS 
T, is involved in flowering transition and maintenance. PLoS 
One. 2011;6(12):e29238. doi:10.1371/journal.pone.0029238.

33. Subedi M, Neff E, Davis TM. Developing Chenopodium ficifolium 
as a potential B genome diploid model system for genetic charac-
terization and improvement of allotetraploid quinoa 
(Chenopodium quinoa). BMC Plant Biol. 2021;21(1):490. doi:10. 
1186/s12870-021-03270-5.

e2239420-10 O. A. J. ABEYAWARDANA ET AL.

https://doi.org/10.1007/s11248-010-9377-6
https://doi.org/10.1360/02tb9434
https://doi.org/10.1105/tpc.8.5.899
https://doi.org/10.3389/fpls.2020.522059
https://doi.org/10.1007/BF01977351
https://doi.org/10.1046/j.1365-313x.1998.00343.x
https://doi.org/10.1046/j.1365-313x.1998.00343.x
https://doi.org/10.2144/000112232
https://doi.org/10.1111/evo.14367
https://doi.org/10.1371/journal.pone.0029238
https://doi.org/10.1186/s12870-021-03270-5
https://doi.org/10.1186/s12870-021-03270-5

	Abstract
	Abstract
	Introduction
	Materials and methods
	Preparation of gene constructs for the transformation of Arabidopsis
	Arabidopsis transformation
	Plant growth conditions and phenotypic scoring
	CfFTL2–1 <italic>induction in transgenic Arabidopsis</italic>
	RNA extraction and cDNA preparation
	Quantitative PCR

	Results
	CfFTL1, <italic>but not</italic> CfFTL2–2, <italic>accelerated flowering in Arabidopsis</italic>
	<italic>Some Arabidopsis seedlings with the inducible</italic> CfFTL2–1 <italic>transgene flowered immediately after germination</italic>
	<italic>Arabidopsis carrying the inducible</italic> CfFTL2–1 <italic>transgene accelerated flowering after methoxyfenozide application</italic>

	Discussion
	<italic>The</italic> CfFTL1 <italic>and</italic> CfFTL2–1 <italic>genes activate flowering in Arabidopsis, but their impacts differ</italic>
	<italic>The</italic> FTL2 <italic>gene duplication in</italic> Chenopodium <italic>enabled the diversification of their functions</italic>

	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Author contribution statement
	Abbreviations
	References

