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Abstract 

Background: To adapt the periodic fluctuation of environmental factors, plants are subtle to monitor the natural 
variation for the growth and development. The daily activities and physiological functions in coordination with the 
natural variation are regulated by circadian clock genes. The circadian emission of floral scents is one of the rhythmic 
physiological activities controlled by circadian clock genes. Here, we study the molecular mechanism of circadian 
emission pattern of ocimene and linalool compounds in Oncidium Sharry Baby (Onc. SB) orchid.

Results: GC‑Mass analysis revealed that Onc. SB periodically emitted ocimene and linalool during 6 to 14 o’clock 
daily. Terpene synthase, one of the key gene in the terpenoid biosynthetic pathway is expressed in coordination with 
scent emission. The promoter structure of terpene synthase revealed a circadian binding sequence (CBS), 5’‑AGA TTT 
TT‑3’ for CIRCADIAN CLOCK ASSOCIATED1 (CCA1) transcription factor. EMSA data confirms the binding affinity of 
CCA1. Transactivation assay further verified that TPS expression is regulated by CCA1. It suggests that the emission of 
floral scents is controlled by CCA1.

Conclusions: The work validates that the mechanism of circadian emission of floral scents in Onc. Sharry Baby is con‑
trolled by the oscillator gene, CCA1(CIRCADIAN CLOCK ASSOCIATED 1) under light condition. CCA1 transcription factor 
up‑regulates terpene synthase (TPS) by binding on CBS motif, 5’‑AGA TTT TT‑3’ of promoter region to affect the circadian 
emission of floral scents in Onc. SB.
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Background
Plants live in environments that oscillate with a period 
of approximately twenty-four hours. To adapt to the 
periodic environmental fluctuations such as light and 
temperature, they constantly monitor changes in the 
surrounding environment, and response to biological 
processes by a circadian rhythmic pattern. The circa-
dian clock is an intrinsic and entrainable timekeeping 
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mechanism, conferring plants to be able to buffer against 
both subtle and extreme changes in environment [1, 2]. 
Therefore, it contributes to timing multiple biological 
processes among various environmental factors. The role 
of circadian clock encompasses to almost every aspect of 
growth and developments. Generally, the detection on 
day-length changes is the most effective way to regulate 
gene expression. In addition to regulating daily activi-
ties, circadian clocks are also involved in the seasonal 
regulation of physiological function such as flowering, 
photoperiodism [3]. The circadian clock in plants is con-
ducted by several circadian oscillator genes, which are 
clock components capable of generating the multiple 
negative regulatory feedback loops. Coordinated regu-
lation of circadian oscillators and circadian-regulated 
output genes at various steps to establish and maintain 
circadian rhythms [4–6]. Recent progresses in genomic, 
biochemical and bioinformatics research have provided 
great understanding in the molecular architecture of the 
circadian clock in Arabidopsis [7, 8]. Most clock compo-
nents possess transcriptional activity, and nearly 80% of 
transcriptomic genes in rice, poplar and Arabidopsis are 
regulated by internal circadian clock [9]. As a central cir-
cadian rhythm regulator, CCA1 occupied more than 1000 
genomic regions identified in the seedling stage based on 
the CHIP sequencing data [10]. Among the targets of 
CCA1, although many of the target genes are repressed, 
some are activated, such as LHCB1.1 (CAB2) [11], this 
indicates the CCA1 is the master clock regulator contain-
ing broad function.

In the transcriptional level, CCA1 plays an important 
role in either repressor or activator in circadian rhythm, 
depending on which cis-element it has interacted with. 
As the further reports, CCA1 represses gene expres-
sions when it interacts with EE (Evening Element; -AAA 
TAT CT-), and the peak of the gene expression in circa-
dian rhythm highlights during 10–14 o’clock [12, 13]. 
In contrast, it works as an activator to induce the gene 
expressions of light-harvesting chlorophyll a/b pro-
tein: LHCB3.1, when it interacts with CBS element 
(-AAMAATCT-), and the peak of gene expression was at 
dawn [14]. It was also reported that when the EE element 
was point-mutated to the CBS element on the promoter 
of hydrogen peroxide catalase 3 (CAT3), the peak of cir-
cadian rhythm was shifted from 10–14 to 0–4 o’clock, 
suggesting that the circadian rhythm was affected by the 
cis-element which CCA1 interacted with [15].

Floral scent in plants is one of the most important flo-
ral characteristics to attract pollinators. The past studies 
on floral scent were generally assumed that floral scent is 
genetic adaption under the long-term pollinator-medi-
ated natural selection, but recent evidence showed flo-
ral scent emissions are also influenced by environmental 

elements like light and temperature [16, 17]. To attract 
species-specific pollinators, floral scent emission usu-
ally oscillates with the circadian rhythm in parallel with 
insect activity [18–22]. For example, petunia emits fra-
grance mostly at night and less during the day, indicating 
a nocturnal rhythmic pattern [23, 24]. On the contrary, 
the floral emission of moth orchids is conducted with a 
diurnal rhythmic pattern [25]. It suggests that the rhyth-
mic emission of floral scent is under the genetic adaption 
between plants and pollinators.

In this work, we used the Oncidium hybrid orchid, 
Oncidium Sharry Baby to study the molecular mecha-
nism of its diurnal rhythmicity of floral scent emission. 
The synchronization between its terpenoid emission and 
gene expression of terpene synthase is an interesting bio-
logical process. Terpene synthase is one of the two key 
enzymes for synthesizing floral scent compounds, oci-
mene and linalool, in terpenoid biosynthetic pathway in 
Onc. SB. Ocimene and linalool are acyclic monoterpe-
nes, produced by terpene synthase by different backbone 
rearrangement from the precursor geranyl diphosphate 
(GDP). Our survey on the promoter structure of ter-
pene synthase disclosed the DNA motif of CIRCADIAN 
CLOCK ASSOCIATED 1 (CCA1) binding site (CBS). 
CCA1 is a key circadian clock component responsible 
for regulating the circadian rhythmic expression [3]. Our 
current study demonstrates that CCA1 appears to upreg-
ulate the expression of terpene synthase. Our finding elu-
cidates the influence of the diel rhythm on scent emission 
in Oncidium Sharry Baby orchid.

Results
Floral scent is emitted by diel rhythmic pattern 
synchronizing with terpene synthase expression 
in Oncidium Sharry Baby
As our investigation, the floral volatile compounds were 
known as ocimene and linalool (Supplemental Fig.  1). 
Both of them were belong to monoterpenes, converted 
from geranyl diphosphate. In this work, we monitor its 
emission pattern on the whole day. Data revealed that 
the diel oscillation displayed a peak around 10 o’clock. 
The emission starts from 6 o’clock and decreases from 14 
o’clock until 22 o’clock. The fragrant scents are dominant 
in the morning time, and vanish in the night time (Fig. 1). 
It suggests that the floral scent emission pattern is a diel 
control and regulated by oscillated genes.

Diel rhythmic expression of terpene synthase 
is light‑dependent, and abolished in constant light (LL) 
and constant dark (DD) environment
Both geranyl diphosphate synthase (GDPS) (gene acces-
sion number: MH171283.1) and terpene synthase (TPS) 
(gene accession number: MH171282.1) constitute the 
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two-step enzymes of the biosynthetic pathway to produce 
monoterpene compounds. The GC–MS data suggested 
that the final product was linalool and ocimene (supple-
mental Fig. 2). However, because the reaction condition 
was not similar with the nature circumstance, the ratio 
of both terpene compounds was also different. While 
we check the expression pattern of both GDPS and TPS, 
GDPS is highly expressed whole the day with a peak at 
2–10 o’clock (0.5〜1.5 relative expression level; Fig.  2a), 
while TPS is much less expressed (0.01〜0.07 relative 
expression level), but it shows an enormous peak around 
10:00 o’clock in parallel with the emission pattern of flo-
ral scent (Fig.  2b). In conclusion, TPS is a bottle-neck 
enzyme in the floral scent biosynthesis. However, the TPS 
expression pattern is closely coincident with the emis-
sion pattern of ocimene/linalool, suggesting TPS could 
determine the diel rhythmicity of floral scent biosynthe-
sis (Fig.  2b). Therefore, the investigation on expression 
patterns to understand the diel rhythm is necessary. Fur-
thermore, we conducted a 72-h time course experiment 
to monitor the alternation of expression levels of TPS 
under growth conditions of 12L/12D, DD (constant dark) 
and LL (constant light) respectively by using a 2-week-old 
floral plants. While the diel experiment is regularly oper-
ated during the 12 h, L/12 h, D condition, data revealed 
that TPS gene expression is following the diel rhythm 
during 72-h experiment. The diel rhythmic pattern of 
gene expression levels maintained at similar intensities 

and oscillations, when light and dark signal was switched 
regularly (Fig. 3a). In contrast, the diel oscillation is abol-
ished in both DD and LL growth condition (Fig. 3b, c). It 
suggests that the light–dark signal, rather than the circa-
dian clock, regulates the TPS gene expression.

TPS promoter region containing CCA1‑binding site 
(CBS), and circadian rhythmic expression of CCAl directly 
regulates TPS transcription
We further isolate TPS promoter region (~ 1375  bp 
length) and analyze the cis-acting elements of promoter 
structure by accessing PlantCARE website (http:// 
bioin forma tics. psb. urgent. be/ webto ols/ plant care/ 
html/). Obviously, there is a putative CCA1 (Circa-
dian Clock Associated 1) binding site (CBS), -AGA TTT 
TT- located at -423 ~ -430  bp in TPS promoter region 
(Fig.  4). In order to study the regulatory function of 
CCA1 on TPS transcription. A full OncSBCCA1 cDNA 
sequence was further cloned based on the CCA1 contig 
sequences existing in the available transcriptomic data-
base (Gene Bank accession number GIQW00000000). 
cDNA sequence containing 1,869  bp ORF and with 
the deduced protein molecular weight of 67.9  kDa was 
completed. Its cDNA sequence showed a higher homol-
ogy to Phalaenopsis equestries (moth orchid) (Fig.  5). 
Notably, only one conspicuous MYB motif is present 
in each cDNA sequence, suggesting it is a single MYB- 
domain type of OncSBCCA1 transcription factor (Fig. 5). 

Fig. 1 The emission patterns of two floral scent compounds, ocimene (blue line) and linalool (orange line) in Oncidium Sharry Baby on the whole 
day. The accumulation of floral scent emission rises from 6 o’clock, reaches the peak on 10 o’clock and starts decreasing from 14 o’clock until 22 
o’clock. Data was analyzed by GC‑Mass as described in Materials and Methods. Results represent mean ± SEM from three biological replicates

http://bioinformatics.psb.urgent.be/webtools/plantcare/html/
http://bioinformatics.psb.urgent.be/webtools/plantcare/html/
http://bioinformatics.psb.urgent.be/webtools/plantcare/html/
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Furthermore, the cDNA CDS fragment was subcloned 
in pET28a expression vector and was transformed to E. 
coli BL21(DE3) for recombinant protein production. The 
recombinant protein was purified through High Affinity 
Ni-Charged Resin column following the general proto-
col. Analysis on SDS-PAGE profile displayed a 68.74 kDa 
His-tag fused protein band (data not shown), indicating 

the overexpressed recombinant protein is coincident 
with the predicted molecular weight of CCA1. Further-
more, Electrophoresis mobility shift assay (EMSA) was 
performed to identify the binding activity between CCA1 
protein and CBS cis-acting motif of TPS promoter region. 
The DNA probe, was synthesize as -AAA AAT CT-, and 
added to react with OncSBCCA1 recombinant protein as 

Fig. 2 Gene expression levels of geranyl diphosphate synthase (a), and terpene synthase (b) in Oncidium Sharry Baby. Data revealed that GDPS is 
highly expressed whole the day, while TPS is expressed relatively less with an enormous peak at 10 o’clock. Results represent mean ± SEM from 
three biological replicates
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described in Materials and Methods. The significant fluo-
rescence signals shown on 10% native PAGE data clearly 
appear at the top of gel, and the signal intensity increases 
in accordance with the gradually increasing concentra-
tion of CCA1(Fig. 6, Supplemental Fig. 3). This data con-
firmed the specific affinity between CCA1 protein factor 

and CBS cis-acting sequence. EMSA data demonstrate 
the binding activity of CCA1 on TPS promoter. Moreo-
ver, it strongly suggests that CCA1 can directly regulate 
TPS gene expression.

To further demonstrate the regulatory interactions 
between CCA1 and CBS, transactivation assay was 

Fig. 3 Assay on the diel rhythmic expression pattern of OncSBTPS under different light condition. Results represent mean ± SEM from three 
biological replicates. a The gene expression patterns of OncSBTPS under 12 h light/12 h dark (LD). The peak of gene expression level daily was on 10 
o’clock during the 72 h period. b The gene expression patterns of OncSBTPS under constant dark (DD) during 94 h period. When in constant dark, 
the peak of gene expression levels and the rhythmic periods were shortened, and abolished gradually. c The gene expression patterns of OncSBTPS 
in constant light (LL) during 72‑h period. the rhythmic expression pattern was abolished in the constant light
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performed. The result showed that when CCA1 inter-
acted with CBS, the fluorescence accumulation was 
significantly higher than those one in which CCA1 
interacted with mutated CBS, suggesting that CCA1 
upregulated TPS expression by binding on CBS motif of 
promoter (Fig. 7).

Circadian rhythmicity of CCA1 is responsible for regulating 
TPS transcription
CCA1 has been known as a core oscillator gene in circa-
dian network [10]. Although our data has confirmed the 
binding activity on CBS morning element of OncSBTPS 
(Fig.  6, Supplemental Fig.  3), the expression pattern of 
OncSBCCA1 in Onc. Sharry Baby is still unclear. To ver-
ify the circadian expression of OncSBTPS is coordinately 
regulated by CCA1, the expression pattern of OncSB-
CCA1 in flower organ was monitored by qRT-PCR. As 
shown in Fig. 8a, the CCA1 expression is active from 6:00 
to 10:00 o’clock. It indicated a diel expression type, and in 
coincidence with OncSBTPS expression pattern (Fig. 2b). 
Further, we conducted a 72-h time-course experiment to 
monitor the expression by using 2-week-old floral plants 
grown under 12L/12L (Fig. 8b) and 12D/12D respectively 

(Fig. 8c). The expression level of CCA1 clearly exhibited a 
rhythm, indicating CCA 1 expression pattern is in accord-
ance with expression pattern of OncSBTPS and emission 
pattern of the floral scents.

Discussion
To ensure the fine control of metabolic processes asso-
ciated with the physiological functions, plants have 
developed an endogenous system for a precise measure-
ment of photoperiod, represented by circadian rhythms, 
synchronized with the prevailing environmental condi-
tions. The system is the regulatory mechanism of gene 
expression. For example, the temporal regulation of plant 
scent emission is correlated with the expression pattern 
of biosynthetic genes in the metabolic pathway of scent 
production [26–28]. The scent emission is closely tied 
with the oscillation of expression pattern of metabolic 
genes. In the scent biology, several model plants, such as 
rose, snapdragon, tobacco, and petunia have been com-
prehensively studied for the oscillatory emission pat-
terns. In this regard, Petunia hybrida has been perhaps 
the most complete model in scent emission [29]. The 
analysis of gene expression within the floral volatiles 

Fig. 4 The primary structure analysis showing cis‑acting elements in TPS promoter region (~ 1375 bp length). The putative CCA1 binding site (CBS), 
‑AGA TTT TT‑ located at ‑423 ~ ‑430 bp of TPS promoter was marked by red color
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benzenoid/ phenylpropanoid (FVBP) pathway pro-
vided key insights into the mechanism of scent regula-
tion. Thus far, most studies of the regulatory mechanism 
of oscillatory emission of floral volatiles are focused on 
FVBP pathway. FVBP pathway is composed of a series 
of enzymes. For example, the oscillation of methyl ben-
zoate compound is closely correlated with the expres-
sion patterns of the biosynthetic enzymes- BSMT1 and 
BSMT2 (Salicylate/benzoate carboxyl methyltransferase 
1 and 2). PAL (phenylalanine lyase) mRNA expression 
pattern also oscillates in a similar pattern to that of ben-
zoic acid synthesis in diurnal conditions [30]. Recently, 
two R2R3-type MYB transcription factors, ODOR-
ANT1 (ODO1) and EMISSION BENZENOIDS II (EOBII) 
were identified as regulatory components of floral scent 

metabolism. Both are involved in FVBP synthesis [31]. 
Up-regulation and down-regulation of their transcrip-
tion increases and decreases the transcripts of many key 
enzymes in the FVBP pathway and subjective to affect 
scent production. Most recently, it revealed the identi-
fication of putative binding sites of clock gene, i.e., LHY 
(LATE ELONGATED HYPOCOTYL) in the promoter 
of ODO1 of P. hybrida [32]. When PhLHY was over-
expressed, the floral emission of hybrida was almost 
lost, and many genes involved in FVBP pathway, includ-
ing ODO1, EPSPS (enolpyruvylshikimate 3-phosphate 
synthase), CM1 (chorismate mutase 1), ADT (arogenate 
dehydratase), and PAL, were down-regulated [15]. How-
ever, when PhLHY was mutated, the peak of floral scent 
emission and gene expression levels in FVBP pathway 

Fig. 5 Sequence comparison between OncSBCCA1 and PeCCA1‑like amino acid sequences. Although they only shared 61% identity, there is a high 
conservation in the Myb‑like binding domain (marked by frame), suggesting that CCA1 also have Myb‑like function. OncSB: Oncidium Sharry Baby; 
Pe: Phalaenopsis equestries 
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were move up from dusk to afternoon. As its homologs 
in other plants, PhLHY peaks around dawn [26]. Fur-
ther investigation reported it can bind to other genes in 
the FVBP pathway and controls the expression phase of 
these genes. These researches delivered the information 
that temporal expression of scent appears to be primar-
ily regulated through manipulation of the timing of tran-
scriptional regulators in the biosynthetic pathway [16]. In 
recent years, MYB transcription factors were reported to 
regulate the production of terpenoids [7].

Our current study firstly found that the floral scent 
emitted from Onc. Sharry Baby closely related with the 
expression of terpene synthase. Its relative less expression 
level influences the scent quantity. The circadian expres-
sion is controlled by the promoter structure. Analysis 
on promoter structure of OncSBTPS disclosed a puta-
tive CBS (CCA1 binding site), -AGA TTT TT-, located 
at -423〜-430  bp of TPS promoter (Fig.  4). The EMSA 
assay identified that OncSBCCA1 transcriptional factor is 
able to bind on CBS sequence of TPS promoter (Fig. 6). 
Transactivation assay confirmed the CCA1 regulation on 
the TPS promoter by binding CBS motif (Fig. 7). Similar 
to the emission pattern of floral scent, TPS and CCA1 are 
expressed at peak of 6:00〜10:00 o’clock in the morning, 
demonstrating the circadian clock function in scent emis-
sion. Interestingly, circadian oscillation of OncSBTPS 
and OncSBCCA1 expression showed distinct patterns in 

light- dependent manners. When Onc. SB orchid plants 
were kept in continuous light (LL) and continuous dark, 
robust oscillation of OncSBTPS and OncSBCCA1 abol-
ished in the first day (Fig.  3). The results indicated that 
the proper light/dark cycle is the critical condition for 
robust circadian oscillation of OncSBTPS and OncSB-
CCA1 in Onc. SB. Evidence suggested that both light and 
internal clock mutually interact in the rhythmic expres-
sion of clock genes.

Conclusion
In the present work, we address the genetic mechanism 
how the circadian clock controls the floral volatiles emis-
sion in Onc. SB orchid. CCA1 plays role of the core oscil-
lator, directly regulating terpene synthase transcription, 
by which volatiles of ocimene and linalool were synthe-
sized timely in floral tissues. The robust diel rhythmicity 
is synchronizing among core oscillator, rhythm-regulated 
gene expression levels, and scent emission period. The 
rhythmic function occurs in terpenoid metabolic path-
way in Oncidium orchids was first demonstrated.

Materials and methods
Plant materials and growth condition
Oncidium orchid plants were purchased from Xu-Tung 
nursery Co. Thirty plants as early-blooming stage two 
weeks prior to experiments were grown in greenhouse at 

Fig. 6 EMSA profile showing the interaction of CBS DNA motif and CCA1 protein. The CBS double‑ strand DNA (24‑mer) was initially labelled 
with 6‑FAM fluorescence dye as probe. The labelled probe sample (0.7 μL) each was reacted with various concentration of CCA1 protein. When 
50 × unlabeled probe was added, fluorescence signal of CCA1‑probe interaction was disappeared. When the concentration of CCA1 protein (µg) 
was gradually increased, fluorescence intensity of total free probes decreased, suggesting the presence of affinity between CCA1 and CBS element
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30 ℃/25 ℃ (14 h light/10 h dark). When we investigate 
the circadian rhythm of gene expression levels and VOC 
emission of Oncidium orchids, plants were grown in 25 
℃, constant light, or constant dark, or 12  h light/ 12  h 
dark, which switches at 6 and 18 o’clock, environment 
conditions. The light intensity in this study was 250–300 
μmolm−2  s−1. Three independent plants with full bloom-
ing were used to measure volatile emission and circadian 
rhythmic assays. A single flower from an independent 
orchid plant was used in each sample for the study of 
timing emission. Total three flowers were used to meas-
ure and evaluated on average.

Floral volatile collection and GC–MS analysis
The solid-phase micro-extraction (SPME) technique cou-
pled with GC–MS system was used to collect and ana-
lyze floral volatile compounds, following the method 
described by Lin et al. [25]. The whole floret organs were 
cut at 2:00, 6:00, 10:00, 14:00, 18:00 and 22:00 o’clock sep-
arately and immediately sealed in 20 ml headspace sam-
ple vials with 50  μm SPME fiber (Sigma-Aldrich, MO, 

USA) following injection of 100 ng of an internal stand-
ard n-nonane. The volatiles absorbed by the SPME fiber 
was directly desorbed for 5 min in the GC inlet. The GC–
MS system is a Trace GC Ultra Gas Chromatograph and 
a Polaris Q mass spectrometer (Thermo Fisher Scientific, 
USA). The GC column was a 30 m × 0.25 mm × 0.25 μm 
column (DB-5  ms, Agilent Technologies). The GC oven 
temperature process was at 60  °C initially, then rose up 
to 220 °C at 4 °C/min and stay in 220 °C for 2 min. After-
wards, the temperature ramped to 250  °C and held for 
3 min with the heating speed 20 °C/min. The temperature 
of inlet is 250  °C. The carrier gas is helium (99.9995%) 
and the flow speed was 1 mL/min. The split ratio is 10:1. 
The temperature of transferline and ion source of MS are 
250 °C and 230 °C, respectively. The ionization energy is 
70 eV and the ion scan range of MS is 50 – 400 amu. The 
identification of the component of floral scent is using 
the Kovats index, MS spectra from NIST. VOC data was 
collected from three floral individuals each from one of 
three different blooming orchid plants and calculated by 
average.

Fig. 7 Transactivation assays showing CCA1 regulation on TPS promoter activity by binding on CBS motif a The schematic model of effector and 
reporter constructs. OncSBCCA1 was driven by pCaMV35S promoter and pOncSBTPS was used to drive Firefly Luciferase. As a negative control, CBS 
(‑AGA TTT TT‑) on the pOncSBTPS_mCBS was replaced as ‑GGG TTT TT‑, in order to prevent the interactions with OncSBCCA1 transcription factor. b 
The promoter activities assay with or without OncSBCCA1 transcription factor. Firefly Luciferase activities were detected to represent the interactions 
between CCA1 and CBS. The data suggested that OncSBCCA1 upregulates the gene which was driven by the promoter containing CBS (n = 7, 
P < 0.05: *, P < 0.01: **)
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Gene expression analysis
Total RNA of floral tissues was extracted by using the 
pine tree method [33]. The real-time quantification 
PCR (ABI 7500, Thermo Fisher Scientific, MA, USA) 
was performed to assay gene expression profile fol-
lowing the manufacturer’s protocol (The KAPA SYBR 
qPCR kit, Wilmington, USA). The gene expression pat-
terns of OncSBTPS (terpene synthase) were determined 

by the primer pair of 5’-CTC TGG ATG TGC CTT TGG 
TCA GAA G-3’ and 5’-AGC TCT TCC ACA GTC CCA 
TAA TTA TCATA-3’. For CCA1, the primer pair was: 
5’CAA GCT TGT CGT GAG ATA TTC TCA TTTGC-3’ 
and 5’-TCA AAC TTT TCC TTG CAG ACG AAT TTTC-
3’. The internal standard used in this study was actin 7 
cloned from Oncidium SB.

Fig. 8 Gene expression pattern of CCA1 in flower organ on the whole day (a), under constant light 12L/12L for 72‑h course (b), and constant dark 
12D/12D for 72‑h course (c). The expression level of CCA1 exhibited a diel rhythm 12L/12D for 72 h course, indicating CCA1 expression pattern is in 
parallel with expression pattern of TPS and emission pattern of floral scents. Results represent mean ± SEM from three biological replicates
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Electrophoresis mobility shift assay
Two primers, which were designed based on the 
nucleotide sequence of candidate genes in Oncid-
ium SB transcriptome (Gene Bank accession num-
ber GIQW00000000), Contig TR3792_c0_g1_i1 was 
employed to amplify the CCA1 cDNAs of Onc. SB. The 
forward and reverse primers were as following: 5’-ATG 
GAG ATG AAC TCT TTT GGA GAA GATC-3’ and 5’-TCA 
AAC TTT TCC TTG CAG ACG AAT T-3’, respectively. 
The full-length CCA1 CDS was cloned into the pET28a 
vector, transformed and expressed in E. coli BL21(DE3). 
Transformed E. coli containing the pET28a-CCA1 vec-
tor was grown in 50 mL of LB broth at 37 ℃ overnight. 
After cell culture growing to reach  OD595 〜 0.5, 100 μL 
IPTG (0.1 M) was added to induce CCA1 expression for 
4  h. Expressed proteins were harvested and purified by 
using a His column (Genscript, New Jersey, USA) follow-
ing the manufacturer’s instructions. EMSA performance 
was conducted as described by Chen et al. [34]. Experi-
ment was carried out in photophobic condition. At the 
beginning, the 6-FAM fluorescence dye was ligated to a 
24-nucleotide of the double-strand CBS DNA, -TAT TTT 
AGA GAT TTT TAC ATA CAT -, by T4 ligase to produce 
fluorescent probe with the following ingredients: 0.7 μL 
probe, 2μL 5X binding buffer (50 mM Tris–HCl, 750 mM 
KCl, 2.5  mM EDTA, 62.5% glycerol), 0.1μL 100X BSA, 
different dosage (0, 1, 2, 5, 10, 15 μg) of CCA1 recombi-
nant protein, and adding  H2O to final volume of 10μL. 
50 × double-strand CBS DNA without ligating 6-FAM 
was used as competition DNA. Reaction mixtures was 
stood for 30  min before loaded to electrophoretic gel. 
Native gel was prepared by 3.5 mL 10X TAE, 4.5 mL 40% 
acrylamide, 8 mL  H2O, 8μL TEMED. The EMSA gel elec-
trophoresis was performed in 0.5X TAE buffer and pow-
ered by150V. The fluorescence was detected by LAS3000 
(Fujifilm, Tokyo, Japan) by using FAM mode, and 30 s for 
exposure time.

Transactivation assay
The technology of transactivation assay was following the 
protocol of Sherf et al., 1996 [35]. Arabidopsis protoplast 
was prepared in which plants were grown in 25℃short 
day growth chamber for 4 weeks. The cut-off leaves were 
soaked in 5  mL enzyme solution (cellulose R10 1.5%, 
Macerozyme R-100 0.4% (Yakult, Tokyo, Japan), 20  mM 
MES (pH5.7), 0.4 M mannitol, 20 mM KCl, and 10 mM 
 CaCl2·2H2O) in the dark room for 5 h. the reaction prod-
uct was filtered and centrifuged for 80xg, 1 min, and then 
discarded the supernatant. The pellet was redissolved in 
1 mL W5 solution (154 mM NaCl, 125 mM  CaCl2·2H2O, 
5 mM KCl, 2 mM MES (pH5.7), 5 mM glucose) under 4℃.

Partial promoters of pOncSBTPS(-1 ~ -441  bp) was 
cloned from Onc. SB genome. pOncSBTPS_mCBS, in 
which CBS was mutated from -AGA TTT TT- to -GGG 
TTT TT-. Both were cloned into vector pGreenII0800-
Luc as a reporter construct. In the reporter construct, 
pCaMV::Renilla luciferase was an internal standard. The 
full length CCA1 was driven by CaMV 35S promoter 
in effector vector. Two vectors were co-transfected into 
protoplasts. The Dual-Luciferase Reporter Assay System 
(Promega, WI, USA) was applied to perform the Lucif-
erase Assay. The firefly luciferase activities were normal-
ized by the Renilla luciferase activities.

Statistics
To investigate the Significant difference in the transacti-
vation assay, one way ANOVA was applied. The program 
to calculate the statistics was Excel 2019 (Microsoft corp., 
Washington, U.S.A), and the Add-in was Real-statistics 
(https:// www. real- stati stics. com/). The Post Hoc test was 
Tukey HSD Test.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12870‑ 022‑ 03850‑z.

Additional file 1: Supplemental Fig. 1. The GC‑MS spectrum of floral 
scent from Oncidium SB flowers in different times. The volatile terpenes, 
ocimene and linalool display the peaks at RT=11.31 and 12.91 respec‑
tively.  The profiles decipher floral scents are diurnally emitted highly at 
10:00 o’clock and lower at 18:00 o’clock. The GC spectrum showed that 
there is a circadian rhythm of floral scent emissions. Supplemental Fig. 2. 
The enzymatic activities assay of TPS. TPS recombinant protein was puri‑
fied, then fed with the precursor GDP, and reacted at 37℃ for 4hrs. The 
GC‑MS data suggested that the final product was linalool and ocimene. 
The SPME and GC‑MS analysis conditions was described in text. Sup‑
plemental Fig. 3. The uncropped image of Fig. 6 was attached. In order 
to ensure the compliance with the digital image and integrity policies, the 
uncropped image of Fig. 6 was attached. At two lanes on the right, we 
increased the concentration of CCA1 when the competitor was added. As 
the result showed, the fluorescence intensities of free probe decreased. 
To focus on the interaction between CCA1 and CBS, Figure 6 didn’t show 
these two lanes.
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