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Abstract 
 
Ent-kaurene oxidase (EKO) catalyze three sequential oxidations in the early steps of gibberellin biosynthesis pathway. 
In this research, a cDNA sequence of InEKO1 gene in the model short-day plant Ipomoea nil was identified. Our studies 
revealed that inductive conditions for flowering caused an increase in the transcriptional activity of the examined gene 
in the cotyledons – the main organs for the perception of the photoperiodic stimulus. In contrast, in the second half of 
the 16 h long inductive night and after that, a decreased amount of InEKO1 mRNA in the apexes was detected. What is 
more, ethylene, the key inhibitor of flower induction in I. nil, elevated the InEKO1 expression exclusively in the 
cotyledons between 10 and 14 h of the inductive night. 
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 
 
Gibberellins (GAs) are a family of tetracyclic, 
diterpenoid plant hormones controlling, e.g., germination, 
stem elongation, and flowering (Yamaguchi 2008, Liu  
et al. 2017). One of the early steps in the GA biosynthesis 
is the conversion of ent-kauren to ent-kaurenoic acid 
through ent-kaurenol and ent-kaurenal via three oxidation 
steps, which are catalyzed by membrane-associated 
cytochrome P450 monooxygenase – ent-kaurene oxidase 
(EKO) (Ko et al. 2008, Marciniak et al. 2012b). Research 
conducted in several plants species have shown that the 
transcriptional activity of genes coding for enzymes 
involved in GA metabolism is regulated by photoperiod 
and phytohormones (Wu et al. 1996, Xu et al. 1997, 
Calvo et al. 2004, Marciniak et al. 2012a). This provides 
an appropriate GA content in the particular organs at the 
right time determining the correct development of plant.  
 In the last three decades, most molecular studies on 
the role of GAs in the transition from the vegetative to 
generative phase were carried out on Arabidopsis 
thaliana, which is the classical example of a long-day 
(LD) plant (Wilson et al. 1992, Blazquez et al. 1998, 
Cheng et al. 2004). It has been established that GAs 
control the spatial expression of various floral regulatory 

genes in a day-length-specific manner in both cotyledons 
and apexes (Galvao et al. 2012). Under inductive 
conditions, these phytohormones increase the levels of 
FLOWERING LOCUS T (FT) and TWIN SISTER OF FT 
(TSF) mRNAs, encoding a systemic signal inducing 
flowering transported from the leaves to the apex. 
Additionally, GAs promote transcript accumulation of 
SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 
(SPL) gene (Galvao et al. 2012, Porri et al. 2012). On the 
other hand, in non-inductive conditions, GAs enhance the 
transcriptional activity of SUPPRESSOR OF 
OVEREXPRESSION OF CONSTANS 1 (SOC1) (Moon  
et al. 2003) and LEAFY (LFY) (Blazquez et al. 1998) 
exclusively at the apex. Interestingly, in another LD plant 
Lolium temulentum, GAs have not affected the FT 
expression, both in LD as well as in short-day (SD) 
conditions, suggesting that these factors function 
independently in the flower induction. What is more, 
GAs produced in leaves under inductive conditions are 
mobile signal triggering flowering at the apex (King et al. 
2006).  
 The genetic and molecular knowledge concerning 
photoperiod- and GA-controlled flowering in SD plants 
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still remains poorly understood. It has been shown that 
the genomes of Oryza sativa and Ipomoea nil contain 
genes of the photoperiodic induction pathway identified 
in A. thaliana, e.g., CONSTANS (CO) and FT; however, 
the regulation of their expression is varied (Hayama and 
Coupland 2004, Hayama et al. 2007). In vitro studies 
performed in another SD plant Chenopodium rubrum 
indicate that gibberellic acid (GA3) stimulates flowering 
under continuous darkness (Mitrović et al. 2003). 
 The critical regulator of flower induction is also 
ethylene (ET) (Ogawara et al. 2003, Kęsy et al. 2008). 
Many results indicate that ET and GAs can act 
synergistically, whereas in other processes, they can be 
antagonistic (Raab and Koning 1987, Achard et al. 2003, 
Mignoli et al. 2016). It was presented, that ET inhibits 
the expression of GA metabolism gene, e.g., FsGA20ox1 
in seeds of Fagus sylvatica (Calvo et al. 2004). ET 
reduces also bioactive GAs content, thus promoting the 
accumulation of DELLAs repressor proteins, and 
consequently delays floral transition in A. thaliana 
(Achard et al. 2007). 
 To understand the fundamental mechanism 
controlling plant sexual reproduction, research conducted 
on different species is of a great importance. Physiolo-
gical and biochemical investigations revealed that I. nil is 
a perfect model for study of the photoperiodic flower 
induction, because exposing cotyledons of 5-d-old 
seedlings to only a single 16-h long night is sufficient for 
induction (Ogawa 1981). Therefore, in this paper, we 
identified and analyzed the full-length cDNA of the 
InEKO1 gene in I. nil. We examined the InEKO1 mRNA 

content in the cotyledons and apexes under inductive and 
non-inductive conditions as well as after treatment with 
ET under inductive conditions.  
 The seeds of Ipomoea nil (L.) Roth. cv. Violet were 
obtained from the Marutane Seed Company (Kyoto, 
Japan) and prepared and sown according to Wilmowicz et 
al. (2011). Plants were cultivated for 5 d in a growth 
chamber at a temperature of 26 ± 1 °C, a relative 
humidity of 65 %, an irradiance of 130 mol m-2 s-1 (cool 
white fluorescent tubes, Polam, Warsaw, Poland)  under 
non-inductive conditions (16 h light/8 h darkness, LD) 
(Fig. 1 Suppl.). Part of them were exposed to inductive 
conditions (16 h darkness/8 h light, SD). Then half of 
plants cultivated under SD conditions were additionally 
treated with gaseous ET. For phytohormone application, 
the plants in pots were enclosed in 9-dm3 glass containers 
and ET at concentration of 0.1 cm3 dm-3 was put via a 
syringe with septum. The injection was repeated every 
2 h during the inductive night (at 4, 6, 8, 10, and 12 h) 
with ventilation before each treatment. After 14 h all 
applications stopped. The excised cotyledons and apexes 
were immediately frozen in liquid nitrogen and stored at -
80 °C before RNA isolation. All the procedures 
performed during the dark period were carried out under 
safe dim green light. For the physiological study, fifteen 
plants from all experimental variants (SD, LD, SD+ET) 
were kept growing for 5 - 7 weeks to determine the 
percentage of formed vegetative and floral buds. Each 
experiment was repeated at least three times, and the 
results were presented as means ± SEs. 

 

 
Fig. 1. The influence of photoperiod and ethylene (ET) on flowering of Ipomoea nil. The plants were subjected to a 16-h inductive 
night (SHORT DAY) (A); an 8-h non-inductive night (LONG DAY) (B); a 16-h inductive night with an additional ET application
(SHORT DAY + ET) (C). Enlarged images of generative (D) and vegetative (E, F) buds are also presented. Flowering was 100 % in 
A and 0 % in B and C. 
 
 In order to identify InEKO1 cDNA, the cotyledons  
(1 g) were ground into powder using a mortar and pestle, 
and placed in a chilled Eppendorf tube. For total RNA 
isolation, the column method (GeneMATRIX universal 

RNA purification kit; EURx, Gdańsk, Poland) was used 
and the genomic DNA was removed from the sample by 
deoxyribonuclease I (Fermentas, St. Leon-Rot, 
Germany). In both procedures, the manufacturer’s 
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recommendations were followed. Reverse transcription 
was performed using oligo(dT)19 primers, RevertAidTM 

M-MuLV reverse transcriptase (Fermentas) and 1 µg of 
total RNA. The degenerate primers (Table 1 Suppl.) were 
designed for highly conserved cDNA sequences. The 
touchdown PCR reactions were performed in the T3 
thermocycler (Biometra, Göttingen, Germany) using 
1.25 U Perpetual Taq DNA PolymeraseHOT START (EURx), 
0.1 g of first-strand cDNA, 1 buffer B containing 
15 mM Mg2+, 0.2 mM dNTP mix, 1.5 mM Mg2+, 1 µM 
primer solution, and deionized water to a final volume of 
50 mm3. A 334 bp amplified cDNA fragment was 
isolated, purified from an agarose gel (GeneMATRIX 
Agarose Out DNA purification kit, EURx) and ligated 
into pCRII-TOPO vector (TOPO TA cloning kit, 
Invitrogen, Carlsbad, USA). Next, the plasmids were 
transferred into chemically competent One Shot Mach1-T1 
Escherichia coli cells which were plated onto Petri dishes 
containing S-Gal/LB Agar Blend (Sigma, St. Louis, USA) 
and 50 µg cm-3 ampicillin (ICN). White colonies were 
selected and cultured in liquid 2 Lourain Brot medium 
containing 50 µg cm-3 ampicillin. The plasmid DNA was 
isolated (GeneMATRIX Plasmid Miniprep DNA 
purification kit, EURx) and sequenced by Genomed 
(Warsaw, Poland). A full-length cDNA was obtained 
using designed primers (Table 1 Suppl.) and the 
SMARTer™ RACE cDNA amplification kit (Clontech, 
Palo Alto, USA) or FirstChoice RLM-RACE kit (Ambion, 
Austin, USA) in the 5’ and 3’ RACE-PCR reactions, 
respectively, according to the manufacturer’s 
recommendations. The reaction products were isolated, 
purified from the gel, cloned, and sequenced in the same 
manner as previously described. 
 Total RNA for transcriptional activity studies was 
isolated from the cotyledons and apexes using the column 
method (GeneMATRIX universal RNA purification kit) 
and TRI-Reagent (Sigma), respectively. Total RNA 
(1 µg) primed with anchored oligo(dT)18 primers was 
used for first-strand synthesis with Transcriptor High 
Fidelity cDNA synthesis kit (Roche, Mannheim, 
Germany). For genes quantification, real-time quanti-
tative PCR reactions with the specific primers and 
universal probe library (UPL) hydrolysis probes (Table 1 
Suppl.) were used. The actin gene (InACT4) was selected 
as a reference endogenous control for normalization 
(Glazińska et al. 2014, Wilmowicz et al. 2016). The 
expression of the studied genes was determined using the 
LightCycler 2.0 system and a commercial qPCR reaction 
kit (LightCycler TaqMan Master, Roche) following the 
manufacturer’s instructions. A negative control (cDNA-
free) for each qPCR reaction was used. The reactions 
were carried out in glass capillaries (volume 20 mm3) as 
follows: 95 °C for 600 s; 45 cycles of 95 °C for 10 s, 
58 °C for 15 s and 72 °C for 1 s; and 40 °C for 30 s. The 
results were analyzed using LightCycler software 4.1 
(Roche). The relative expression of each sample was 
calculated by dividing the expression of InEKO1 gene by 
that of InACT4. The reaction efficiency (>1.8) was 
obtained on the basis of relative quantification calculated 

using standard curves from serial dilutions of cDNAs. 
For each cDNA template, at least three independent 
technical replications were performed. The Student’s  
t-test was used to determine the significant differences 
compared to the control. SigmaPlot 2001 v. 7.0 was used 
for statistical analysis and charts drawing.  
 The results of research conducted in LD plants, as 
well as in neutral plants indicate that EKO protein play an 
essential role in the early stages of GA biosynthesis 
(Helliwell et al. 1998, 2000, Li et al. 2010, Morrone et al. 
2010). However, much less is known about this 
phenomenon in SD plants (Ko et al. 2008). In this paper 
we obtained a full-length cDNA of InEKO1 gene (NCBI, 
GenBank acc. No. HQ169128, Fig. 2 Suppl.) by using 
degenerate primers and 5’-3’ RACE-PCR reactions 
(Fig. 2 Suppl.). The studies performed by Ko et al. (2008) 
in SD plant Oryza sativa indicate, that mutations in EKO 
gene (OsKOL2) cause severe GA-deficiency and 
dwarfism, confirming its involvement in GA 
biosynthesis. The comparison between deduced amino 
acid sequences of InEKO1 (NCBI, GenPept No. 
ADT64304) and EKO proteins from other plant species 
(Figs. 3 Suppl. and 4 Suppl.) revealed the closest 
evolutionary relationship with polypeptides from 
Solanales order (Fig. 3 Suppl.). It was found, that 
InEKO1 contained all motifs and catalytic domains 
characteristic for the superfamily of cytochrome P450 
monooxygenases and conserved among EKO proteins, 
which suggest that encodes functional enzyme (Fig. 2 
Suppl.) (Kalb and Loper 1988, Villa-Ruano et al. 2010). 
 Radiation and phytohormones are the fundamental 
factors affecting the flowering time (for review see 
Mutasa-Göttgens and Hedden 2009). Additionally, there 
are numerous reports claiming that photoperiod controls 
the transcriptional activity of the genes coding for 
enzymes that catalyze the late stages of GA biosynthesis 
(GA20ox, GA3ox) or inactivation (GA2ox) (Wu et al. 
1996, Xu et al. 1997, Sakamoto et al. 2001, King et al. 
2006, Lee and Zeevaart 2007). However, only a few 
papers concerning the effect of that factor on the 
regulation of early stages of GA biosynthesis have been 
published (Zeevaart and Gage 1993, Yamaguchi et al. 
1998). Therefore, we performed a thorough analysis of 
InEKO1 expression in the cotyledons and apexes of  
5-d-old I. nil seedlings, from plants cultivated under SD 
or LD conditions and during inductive night with 
additional ET treatment.  
 The obtained results revealed that the InEKO1 
expression is photoperiod-dependent both in the 
cotyledons, as well as in apexes (Fig. 2). When we 
exposed the plants grown under non-inductive night (8 h) 
to irradiance of 130 mol m-2 s-1 we observed strong 
decrease in the amount of InEKO1 transcripts in the 
cotyledons (Fig. 2A). It was almost four times lower in 
comparison to the beginning of the night. Simulta-
nenously, these plants did not flower (Fig. 1B). In turn, in 
the second half of the 16-h inductive night the InEKO1 
expression was in average 2 - 3 times higher in 
comparison to LD plants in every time point (Fig. 2A). 
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However, transferring the plants from 16-h inductive 
night to irradiance of 130 mol m-2 s-1 caused strong and 
transient accumulation of InEKO1 mRNA (18 h). All 
plants cultivated under inductive conditions formed 
flowers (Fig. 1A).  
 Our analyses also indicate that InEKO1 was more 
expressed in every examined variant in the apexes than in 
the cotyledons (Fig. 2). Interesting is the fact that the 
expression pattern was different in these organs 

(Fig. 2A,B). The cDNA content in the apexes was rela-
tively stable and lower in the SD conditions than in the 
LD conditions, even more during light phase (18 - 24 h) 
(Fig. 2B). The exposition of of plants cultivated under LD 
conditions to irradiance (at 8 h) resulted in a gradual 
accumulation of InEKO1 transcripts, which reached the 
maximum value at 18 h and consequently decreased in 
subsequent hours (Fig. 2B). 

 

 
Fig. 2. InEKO1 gene expression (relative to InACT4 reference gene) in the cotyledons (A) and apexes (B) of 5-d-old Ipomoea nil
seedlings grown under various photoperiodic conditions and after ethylene (ET) application. The horizontal, black lines under the 
x-axis demonstrate duration of the dark period. SD - short day, LD - long day. ET treatment (0.1 cm3 dm-3) was indicated by white 
spots. All data are the results of three biological and tree technical replications (n = 9). Means ± SEs. Significant differences in 
InEKO1 expression changes: 1) in plants growing under SD conditions in comparison to plants growing under LD conditions are
indicated as ** - P < 0.01 and * - P < 0.05; 2) in plants treated with ET (SD + ET) in comparison to plants growing under LD
conditions are indicated as aa - P < 0.01 and a - P < 0.05; 3) in plants treated SD + ET in comparison to plants growing under SD
conditions are indicated as bb - P < 0.01 and b - P < 0.05. 
 
 An analysis of InEKO1 expression under inductive 
and non-inductive conditions revealed regulation by 
photoperiod, which might suggest that its promoter 
contains sequences regulated by factors involved in the 
light signal transduction pathway. The functioning of a 
similar mechanism during the light-regulated germination 
of A. thaliana seeds was observed (Kim et al. 2008, 
Gabriele et al. 2010). Phytochrome, photoreceptor 
responsible for the perception of light stimuli, regulates 

the amount of the PHYTOCHROME INTERACTING 
FACTOR 3-LIKE 5 (PIL5). This protein, affects the 
activity of the SOMNUS (SOM) and DOF AFFECTING 
GERMINATION 1 (DAG1) transcriptional factors, 
which in turn control the expression of GA3ox2/GA2ox2 
and AtGA3ox1, respectively (Kim et al. 2008, Gabriele  
et al. 2010). InEKO1 expression pattern in the cotyledons 
and apexes during flower induction also suggests its 
involvement in perceiving the photoperiodic stimulus by 
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cotyledons. A significant participation of the 
AtEKO/GA3 enzyme in proper leaf development was 
already confirmed in A. thaliana. A single ga3 mutant 
demonstrates a severe dwarf phenotype with small rosette 
leaves (Helliwell et al. 1998).  
 Ethylene, which inhibits flowering of I. nil (Fig. 1C), 
stimulates the expression of InEKO1 gene in the 
cotyledons, but only in the second half of the inductive 
night (10 - 14 h) (Fig. 2A). On the contrary, ET did not 
cause any effect in the apexes (Fig. 2B). Kęsy et al. 
(2008) revealed that flowering of I. nil depends on a low 
content of ET in the second half of the inductive night. 
To date, there are no published data concerning the role 
of ET in the regulation of EKO expression. However, the 
expression of most genes from the cytochrome P450 
monooxygenase genes family is affected by phyto-
hormones, e.g. salicylic acid, jasmonic acid, abscisic acid, 

as well as by ET (Narusaka et al. 2004). Nevertless, 
Zeevart and Gage (1993) proved that in Spinacia 
oleracea and Agrostemma githago the content of  
ent-kaurene, which is a substrate for ent-kaurene oxidase, 
is higher in the mature leaves under inductive conditions 
in comparison to non-inductive ones. 
 In conclusion, our study confirmed that InEKO1 
demonstrates a high homology to EKO genes from other 
plant species. Moreover, the obtained results are the first 
determining the effects of photoperiod and ET on the 
expression of gene coding for ent-kaurene oxidase in 
model SD plant, I. nil. Summarizing, the early stages of 
GA biosynthesis in the flower induction of I. nil are  
light- and ET-regulated. This study provides a promising 
advances in our understanding of regulation of GA 
biosynthesis by these factors contributing to the progress 
in knowledge concerning flower induction in SD plants.  
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