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ABSTRACT

EARLY FLOWERING 3 (ELF3), a light zeitnehmer (time-taker) gene, regulates circadian rhythm and photoper-
iodic flowering in Arabidopsis, rice, and barley. The three orthologs of ELF3 (TaELF3-1AL, TaELF3-1BL, and
TaELF3-1DL) have been identified in wheat too, and one gene, TaELF3-1DL, has been associated with heading
date. However, the basic characteristics of these three genes and the roles of the other two genes, TaELF3-1BL
and, TaELF3-1AL, remain unknown. Therefore, the present study obtained the coding sequences of the three
orthologs (TaELF3-1AL, TaELF3-1BL, and TaELF3-1DL) of ELF3 from bread wheat and characterized them
and investigated the role of TaELF3-1BL in Arabidopsis. Protein sequence comparison revealed similarities among
the three TaELF3 genes of wheat; however, they were different from the Arabidopsis ELF3. Real-time quantitative
PCR revealed TuELF3 expression in all wheat tissues tested, with the highest expression in young spikes; the three
genes showed rhythmic expression patterns also. Furthermore, the overexpression of the TaELF3-1BL gene in
Arabidopsis delayed flowering, indicating their importance in flowering. Subsequent overexpression of
TaELF3-1BL in the Arabidopsis ELF3 nonfunctional mutant (elf3 mutant) eliminated its early flowering pheno-
type, and slightly delayed flowering. The wild-type Arabidopsis overexpressing TaELF3-1BL demonstrated
reduced expression levels of flowering-related genes, such as CONSTANS (AtCO), FLOWERING LOCUS T (AtFT),
and GIGANTEA (AtGI). Thus, the study characterized the three TaELF3 genes and associated TaELF3-1BL with
flowering in Arabidopsis, suggesting a role in regulating flowering in wheat too. These findings provide a basis for
further research on TaELF3 functions in wheat.
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1 Introduction

Bread wheat (Triticum aestivum L.) is an important food crop species. It is grown on more than
220 million hectares worldwide with an annual global production of 750 million tons. Nearly 50 billion
dollars (US) worth of wheat are traded worldwide every year. It is the staple food for about 40% of the
world population and is widely cultivated for other needs, including animal feed [1]. The timing of
flowering is an important agronomic trait of wheat influencing its adaptation to specific cropping
environments. A better understanding of the genes controlling flowering time will help breeders develop
new cultivars with adaptive traits [2,3].
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In wheat, flowering is determined by vernalization (VRN), photoperiod (PPD), and earliness per se
(EPS) genes. Numerous quantitative trait loci (QTL) for flowering have been identified, and few of their
target genes have been cloned in wheat. Characterization of four VRN genes (VRNI, VRN2, VRN3, and
VRN4) controlling vernalization-mediated flowering has advanced our understanding of vernalization
regulatory pathways [4—9]. Researchers have identified PPD genes, including Ppd-A1, Ppd-Bl1, and Ppd-
D1, in wheat that contribute to photoperiod sensitivity and strongly influence flowering time [10—14].
Meanwhile, EPS genes influence flowering time, independent of vernalization and photoperiod responses
[15,16]. The QTLs controlling EPS were detected on most chromosomes in wheat, but only a few genes
were cloned [17-23]. Moreover, the complex regulatory mechanisms of flowering in wheat remain
largely unknown.

Wheat is a long-day plant, similar to the model plant Arabidopsis thaliana. Several genes related to
flowering time in wheat have been identified and characterized via cloning based on Arabidopsis
homologs [24-27]. This strategy has accelerated studies on the molecular mechanisms of flowering in
wheat. Among the various genes, EARLY FLOWERING 3 (ELF3) is a zeitnehmer (time-taker) that
regulates circadian clock and photoperiod flowering in Arabidopsis [28—35]. OsELF3-1 and OsELF3-2,
the rice homologs of ELF3, are essential for circadian rhythm regulation and photoperiodic flowering
[36]. In barley, too, HVELF3, a homolog of ELF3, is responsible for early flowering [37,38]. Meanwhile,
Wang et al. [39] identified three homologs of ELF3 (TaELF3-14L, TaELF3-1BL, and TaELF3-1DL) in
wheat and associated 7aELF3-1DL with heading date based on a QTL found segregating with this locus.
However, no study has characterized the three genes and investigated the roles of TaELF3-1BL and
TaELF3-1AL.Therefore, the present study aimed to analyze the characteristics of three 7TaELF3 genes and
the role of the TuFLF3-1BL gene. We obtained the ELF3 ortholog sequences from bread wheat,
characterized them, and analyzed their expression patterns across tissues and under various day and night
cycles. Furthermore, a transgenic approach was used to explore the functions of TuELF3-1BL in WT
(wild-type) and elf3 mutant of Arabidopsis. Collectively, the study will enrich our understanding of
TaELF3 genes and the role of TaELF3-1BL in photoperiod flowering, providing a basis for further
research on 7TaELF3 functions in wheat.

2 Materials and Methods

2.1 Experimental Materials and Growth Conditions

The winter wheat cultivar Yannong15 was used in the present study. The coding sequences of TaELF3
genes were obtained, and the tissue expression patterns were analyzed by growing Yannongl5 in a field at the
experimental station of Shandong Agricultural University (Taian, Shandong, China, 36.17°N, 117.17°E). For
rhythmic expression analysis, the winter wheat cultivar Yannong15 was grown in chambers at 60% humidity
under LD (long day; 16 h light at 23°C and 8 h darkness at 16°C), or SD (short day; 10 h light at 23°C and
14 h darkness at 16°C), or SL (standard light; 12 h light at 23°C and 12 h darkness at 16°C). The samples
collected from these plants were used to analyze the rhythmic expression of the genes. The study used
the WT Arabidopsis (Columbia ecotype) and the Arabidopsis elf3 mutant for genetic transformation. The
seeds of the WT and mutant plants were surface-sterilized in 70% ethanol for 1 min and kept at 4°C in
the dark for 3 d and under LD conditions at 23°C for one week to germinate. The seedlings coming from
seed germination were transplanted to vermiculite and grown under LD conditions. The seeds of the
Arabidopsis elf3 mutant were purchased from the Arabidopsis Biological Resource Center (ABRC).

2.2 TaELF3 Gene Amplification and Vector Construction

The Arabidopsis ELF3 protein sequence (AT2G25930) was used to query BLAST against the wheat
genome database (http://plants.ensembl.org/index.html), and the three wheat sequences homologous
(highest similarity) to Arabidopsis ELF3 were extracted. Based on sequence alignment, three gene-
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specific primers pairs (TaELF3-1A, TaELF3-1B, and TaELF3-1D) were designed by Primer Premier Version
5.0 and adjusted manually (Table 1). The amplicons were sequenced, and the predicted amino acid sequences
were aligned and compared using DNAMAN software (version 7.212, Lynnon Corp., Quebec, Canada).

Table 1: Primers used in this study

Primer Forward 5°-3° Reverse 5°-3°

TaELF3-1A TAGCTGGCCGCGATGAGGAG CATACTCCCAAGCGCTAATTGGC
TaELF3-1B CATGATGGCGGCCTAGCTGGCTG GCATGCGGTCGCTCGGTCACG
TaELF3-1D GCATGATGGCGTCCTAGCTAGCTG GGAATGCTATTTGCTTGCTGCCTG

TaELF3-1A-1 GCCAACGCCGCCAACACC GTTGTTGTTGCTGTTATTGTCTCTACG
TaELF3-1B-1 GAACAAGGAATGAGAATGC CTCCGACAGATTAGAAGC
TaELF3-1D-1 GAGACAATAACAGCAACAAC CCACTCTTATACGGACTTG

AtCO CCATCAGCGAGTTCCAATTCTAC TCCTTATCACCTTCTTCACCTTCC
AtFT CGCCAGAACTTCAACACTCG CTTCCTCCGCAGCCACTC

AtGI ATCTATTGAAGTGTCGTCTACCAG  GGCGGCGTTGAAGAATCG

TaACT TATGCCAGCGGTCGAACAAC GGAACAGCACCTCAGGGCAC

Total RNA was extracted from the young wheat leaves using Trizol reagent (Invitrogen), and 2 pg of the
RNA were used to synthesize the first-strand cDNA with the Superscript II First-Strand Synthesis Kit (Cat.
No. 11904-018; Invitrogen). The cDNA was used to amplify 7aELF3 genes by PCR (20 pL; 80 ng of
template DNA, 2 pmol of each primer, and 10 pl of 2 x Tag PCR Mix; HT-biotech, http://www.ht-
biotech.net) performed at 94°C for 5 min, followed by 35 cycles of amplification at 94°C for 30 s, 60°C—
66°C (depending on the primers) for 30 s, 72°C for 2 min 30 s, and a final extension at 72°C for 10 min.
The PCR product was separated on 1% agarose gels, purified, cloned into the pEASY-T1 vector
(TransGen Biotech Co., Ltd., Beijing; http://www.transgen.com.cn), sequenced at Sangon Biotech Co.,
Ltd. (Shanghai, China; http://www.sangon.com), and ligated into the expression vector pBI121 to
generate the 35S::TaELF3-1BL expression construct.

2.3 Tissue and Rhythmic Expression Patterns of TaELF3 Genes

Total RNA was extracted from the young root (Rt), stem/shoot (St), flag leaf (FI), leaf sheath (Ls),
internode (In), and young spikelet (SI) of field-grown wheat plants at the booting stage using the Trizol
reagent. Approximately 2 pug of the total RNA were used to synthesize the first-strand cDNA, and the
expression level of the three 7aELF3 genes was analyzed by quantitative real-time PCR (qRT-PCR) using
gene-specific primers (TaELF3-1A-1, TaELF3-1B-1, and TaELF3-1D-1, Table 1). The relative expression
levels of the genes were quantified following the AACt method [40], using Actin (7aACT) as the
reference gene and three biological replicates per sample.

For the rhythmic expression analysis, the leaves of 14-day-old wheat seedlings grown under various
light-dark conditions (LD, 16 h light/8 h dark; SD, 10 h light/14 h dark; SL, 12 h light/12 h dark) were
used. Leaves of the seedlings grown under LD or SD conditions were collected at zeitgeber time (time
giver or time cue; environmental factor that acts as a circadian cue) 0 (ZTO, light on 6:00 AM) and every
4 h over a 24 h period. Meanwhile, seedlings grown under standard light (SL, 12 h light/12 h dark) for
14 d were divided into two groups and exposed to continuous light or continuous darkness in the
morning (ZT0). Leaves were collected starting from the 15" day at 6:00 AM (ZT24) and every 4 h over
a 24 h period, immediately frozen in liquid nitrogen and stored at —80°C until further analysis. Finally,
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the expression levels of TuELF3-1AL, TaELF3-1BL, and TaELF3-1DL genes in these samples were analyzed
by quantitative real-time PCR (qRT-PCR) following the described method.

2.4 Heterologous Transformation of TaELF3-1BL Gene in Arabidopsis

The 35S::TaELF3-1BL expression construct was introduced into Agrobacterium tumefaciens
(GV3101 strain) and transformed into Arabidopsis thaliana by the floc staining method. The
transformants selected on an agarose plate containing Kanamycin (50 mg L™') were planted in
vermiculite and watered regularly with nutrient solution. DNA was extracted from the leaves of these
seedlings following the CTAB method [41], and the transgene integration was confirmed by PCR.

2.5 Analysis of the Phenotype and Flowering-Related Gene Expression in Transgenic Arabidopsis Plants

Thirty transgenic plants expressing 35S::TaELF3-1BL and 30 WT plants were selected as the population
for phenotypic and gene expression analyses. The flowering time and the number of rosette leaves at
flowering were measured after growth under LD conditions.

Total RNA was extracted from the Arabidopsis leaves at bolting and flowering using Trizol reagent and
reverse transcribed to obtain the first-strand cDNA. Then, qRT-PCR was carried out using this cDNA to
analyze the expression of flowering-related genes, including CONSTANS (AtCO), FLOWERING
LOCUS T (AtFT), and GIGANTEA (AtGI), under LD conditions. The primers used are shown in Table 1.

3 Results

3.1 Analysis of the Three Wheat TaELF3 Genes

BLAST analysis against the Chinese genome v1.1 database using Arabidopsis ELF'3 protein sequence
on the EnsemblPlants website (http://plants.ensembl.org/Triticum_aestivum/Tools/Blast) identified three
annotated genes, TraesCS1402G443200, TraesCS1B02G477400, and TraesCS1D02G451200, with the
highest homology, on chromosomes 1AL, 1BL, and 1DL, respectively. Wang et al. [39] had previously
cloned these three genes and named them TaELF3-1AL, TaELF3-1BL, and TaELF3-1DL. The present
study initially obtained the coding sequences (CDS) of these three genes. Sequence analysis revealed that
TaELF3-14AL, TaELF3-1BL, and TaELF3-1DL had an intact open reading frame (ORF) of 2304, 2304,
and 2295 bp, encoding polypeptides with 768, 768, and 765 amino acid residues, respectively. These
three 7TaELF3 genes had similar amino acid sequences; however, the sequences were highly different
from the Arabidopsis ELF3 (Fig. 1).

The deduced amino acid sequences of wheat ELF3 (TaELF3-1AL, TaELF3-1BL, and TaELF3-1DL)
were aligned with Arabidopsis ELF3 using the DNAMAN software. Pink boxes indicate conserved
regions in the amino acid sequences of the three wheat genes, and black regions indicate conserved
regions in amino acid sequences of the four genes.

3.2 Tissue Expression Pattern of TaELF3 Genes

We analyzed the expression patterns of the three TaELF3 genes in various wheat tissues at the booting
stage by qRT-PCR. The analysis revealed expression of these three genes in all tissues, including young root
(Rt), stem/shoot (St), flag leaf (F1), leaf sheath (Ls), internodes (In), and spikelet (SI). In each tissue, the
expression patterns of these three genes were similar; however, the expression levels of each gene were
different across the tissues (Fig. 2). The highest expression of TaELF3 genes was detected in the
young spikes.
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Figure 1: Amino acid sequence alignment of ELF3 from wheat and Arabidopsis thaliana

3.3 Rhythmic Expression Analysis of TaELF3 Genes

Furthermore, the transcript levels of TauELF3 genes in the leaves of wheat seedlings grown under four

83

conditions, including LD, SD, continuous light (LL), and continuous darkness (DD), were examined every

4 h for 24 h to explore the role of the circadian clock in regulating the expression of the genes under all four

conditions. The analysis revealed similar rhythmic expression patterns for TaELF3-1AL, TaELF3-1BL, and
TaELF3-1DL genes. Under LD conditions, the expression levels of the three TuELF3 genes were low at the
beginning and gradually progressed as a wave at ZT8 and peaked at ZT20 (Fig. 3a). Meanwhile, under SD
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conditions, the expression levels of the three TaELF3 genes peaked after the light exposure at ZT4 and after
darkness exposure at ZT20 (Fig. 3b). However, the rhythmic expression of the three 7TaELF3 genes was
disrupted under LL (continuous light) and DD (continuous darkness) conditions (Figs. 3¢ and 3d).
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Figure 2: Expression pattern of the three TaELF3 genes in various wheat tissues. The expression patterns of
TaELF3-1AL, TaELF3-1BL, and TaELF3-1DL in the young root (Rt), stem/shoot (St), flag leaf (F1), leaf
sheath (Ls), internode (In), and young spikelet (SI) of wheat plants at the booting stage were determined
by qRT-PCR. Data represented are mean =+ standard deviation (SD; n=3)
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Figure 3: Rhythmic expression analysis of the three 7aELF'3 genes in wheat under various light conditions.
The expression patterns of TaELF3-14AL, TaELF3-1BL, and TaELF3-1DL genes in wheat seedlings grown
under (a) long-day conditions; (b) short-day conditions; (c) continuous light; and (d) continuous darkness
were analyzed by qRT-PCR. Data represented are the mean =+ standard deviation (SD; n=3)
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3.4 Overexpression of Wheat TaELF3-1BL Delays Flowering in Arabidopsis

To further investigate the role of TaELF3 genes, one of the three genes, TuELF3-1BL, was overexpressed
in Arabidopsis. PCR analysis of the transgenic lines confirmed the integration of the transgene TaELF3-1BL
into the Arabidopsis genome (Fig. 4b). The overexpression of 7TaELF3-1BL in Arabidopsis delayed the
flowering time under LD conditions (Fig. 4a). The WT plants flowered at 27 days after transplanting,
while the transgenic plants flowered at about 32 days after transplanting (Fig. 4c). The transgenic
Arabidopsis lines had an average of five rosette leaves more than the WT plants (Fig. 4d), indicating
delayed flowering with TuELF3-1BL overexpression.

(a)

WT 0X-41 0X-43

DS2000 11 17 20 24 25 36 41 42 43 47

«—1.9kb

© (d

240 w I8 T
g g .|
2 (. 3 r
S 30 I L ol 4T %
5 2s | f g
Q =10 T
£ 20 s I
s 5 °

5 o L
g g °
2 10 = 4t
e 5 g 5 L
e =

0 0

WT 0X-41 0X-43 elf3 WT 0X-41 OX-43 elf3

Figure 4: TaELF3-1BL overexpression delays flowering in Arabidopsis thaliana. (a) Flowering in wild-type
(WT) and TaELF3-1BL overexpressing Arabidopsis plants; OX-41 and OX-43 are the two transgenic lines;
(b) PCR confirmation of transgenic plants (11, 17, 20, 24, 25, 36, 41, 42, 43, and 47 represent the putative
transgenic plants analyzed, and 11, 17, 20, 25, 36, 41, 43, and 47 represent the positive plants). The expected
amplicon is 1.9 kb long; DS2000 indicates the marker. (c—d) Flowering time (number of days from
transplanting to flowering) (c¢) and the number of rosette leaves (d) in the transgenic plants and the wild-
type plants. Data represented in (c) and (d) are mean + standard deviation (SD; n=30)
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To further confirm the function of TaELF3-1BL, the 35S::TaELF3-1BL construct was expressed in the
Arabidopsis elf3 mutant. The overexpression of TaELF3-1BL in the Arabidopsis elf3 mutant slightly delayed
flowering (Fig. 5a). The WT took 26 days to flower, while the elf3 mutant took 22 days. Overexpression of
TaELF3-1BL in the mutant, delayed the flowering to about 26 days. (Fig. 5b). Meanwhile, both the transgenic
lines and the WT had more rosette leaves than the elf3 mutant. The number of rosette leaves of the
overexpressing plants was slightly more than on the WT, indicating retention of the WT flowering phenotype
(Fig. 5c). These observations indicate that the overexpression of TaELF3-1BL in the Arabidopsis e/f3 mutant
slightly delayed flowering compared with the WT, it is obtained from the number of rosette leaves.
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Figure 5: Overexpressing TaELF3-1BL delays flowering slightly in the Arabidopsis elf3 mutant plants. (a)
Phenotype; (b) flowering time; and (c) rosette leaf number of wild-type (WT), elf3 mutant overexpressing
TaELF3-1BL (hu-19 and hu-25), and e/f3 mutant plants. Data represented in (b) and (c) are mean+
standard deviation (SD; n=30)

3.5 Expression Pattern of Flowering-related Genes in TaELF3-1BL Overexpressing Transgenic
Arabidopsis Plants
Further, the effects of TaELF3-1BL overexpression on the flowering-related genes were analyzed via
gRT-PCR using RNA isolated from the WT and 35S::TaELF3-1BL overexpressing Arabidopsis plants.
The results indicated that AtCO, AtFT, and AtGI were repressed in the transgenic plant (Fig. 6a). These
observations suggest that the overexpression of TaELF3-1BL altered the expression of flowering-related
genes, leading to delayed flowering in Arabidopsis.

4 Discussion

The ELF3 gene shows a circadian rhythmic expression pattern and regulates photoperiodic flowering in
Arabidopsis. Studies in bread wheat have identified three 7aELF3 genes and associated the 7TaELF3-1DL
gene with heading date [39]. However, the characteristics of the three TuELF3 genes and the roles of
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TaELF3-1AL and TaELF3-1BL have not been fully explored. Therefore, the present study pulled out the three
TaELF3 genes (TaELF3-1AL, TaELF3-1BL, and TaELF3-1DL) from the winter wheat cultivar Yannong 15,
analyzed their amino acid sequences, and found similarities among the three genes; however, these amino
acid sequences were different from the Arabidopsis ELF3. Further analysis revealed that three genes were
expressed in all wheat tissues tested, with the highest expression in young spikes, suggesting a significant
role in developing young panicles and a constitutive expression of the three 7TaELF3 genes. In addition,
the three TuELF3 genes showed similar rhythmic expression patterns under LD and SD conditions, which
were disrupted under continuous light and continuous darkness conditions. Earlier, Hicks et al.
demonstrated a rhythmic expression for ELF'3 in Arabidopsis after exposure to LD conditions, with a low
expression at dawn and a peak expression at dusk [42]. Similarly, our experiments showed the rhythmic
expression of these three TuELF3 genes, similar to Arabidopsis ELF3 under LD conditions, which
suggests a probable rhythmic function of 7TaELF3.
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Figure 6: Overexpression of TuELF3-1BL influences the expression of flowering-related genes at bolting
and flowering in Arabidopsis. The expression levels of A7CO, AtFT, and AtGI genes in wild-type (WT)
and TaELF3-1BL overexpressing plants were determined by qRT-PCR. Data represented in (a), (b), and
(c) are mean + standard deviation (SD; n=3)

Under LD conditions, loss-of-function mutations in the Arabidopsis (e/f3 mutant) gene caused early
flowering, while overexpression of ELF3 caused late flowering, with reduced expression of the flowering-
related genes AtCO, AtFT, and AtGI [31,37,38,43-45]. Similarly, the present study found that the
overexpression of TaELF3-1BL in Arabidopsis delayed flowering. Overexpression of the TaELF3-1BL
gene in the Arabidopsis elf3 mutant also slightly delayed flowering, confirming the role of the TaELF3-
IBL gene in Arabidopsis flowering. These observations suggest that the 7aELF3-1BL gene may also
regulate wheat flowering, which needs to be further investigated. Further analysis of the expression of
flowering-related genes at bolting and flowering in the WT Arabidopsis overexpressing the TaELF3-1BL
gene revealed reduced expression of AtCO, AtFT, and AtGI genes. Thus, our study suggests that the
overexpression of TaELF3-1BL delayed flowering in Arabidopsis by reducing the expression of the
flowering-related genes. The findings on the characteristics of the three genes and the effect of TaELF3-
IBL in Arabidopsis flowering provide a basis for further research on the three 7aELF3 genes.
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