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Abstract
Background

CONSTANS-like (CO-like, COL) is a putative zinc-�nger transcription factor family that plays a key role in the control of �owering time in
photoperiod-sensitive plants. Besides, the COL family protein is also involved in plant development, responses to stresses. However, information on
plant development and stress response related function has not been previously performed in any solanaceous crop. In this study, a genome-wide
analysis of COL gene family was conducted in Petunia hybrida cv. Mirage Rose to elucidate their roles in organ development and stress response.

Results

A total of 15 COL genes were identi�ed in petunia. Based on their amino acid sequence identity and domain composition they were
phylogenetically classi�ed into three groups those are conserved among the �owering plants. Similar gene structure and motif distribution were
observed in the same group. Subcellular localization assays demonstrated that all PaCOL proteins were localized in nucleus. Furthermore,
differential expression patterns of PaCOL genes were observed in various tissues. The expression patterns of PaCOL genes were observed under
various abiotic and phytohormone treatment to explore their relatedness in different stresses. Moreover, several stress and light-responsive cis-
elements were detected for different PaCOL genes.

Conclusion

The COL genes of petunia genome, those were clustered into three distinct groups, are conserved among �owering plants, were expressed in
different tissues and induced under multiple abiotic stress treatments indicating their involvement in plant growth and development and stress
response mechanism. This work laid the signi�cant foundation for functional characterization of PaCOL gene family to uncover their biological
roles in plant growth, development and in stress response. 

Background
Flowering in plants is one of the most important agronomic traits for crop yield and is an indicator of the reproductive success of plants [1]. The
control of �owering time is crucial for the completion of pollination, seed development, and as well as adaptation to diverse environmental
conditions [2]. CONSTANS (CO) is the central integrator of the photoperiodic �owering control pathways of plants [3]. CO, a nuclear zinc �nger
transcription factor belonging to the BBX (B-box protein) protein family containing two N-terminus B-Boxes zinc �nger domain, and a C-terminal
CCT (CO, CO-like and TOC1 (Timing of CAB Expression 1) domain [4]. Different numbers of the CO/CO-like (COL) gene family members were
observed among diverse plant species. For example, 17 members were observed in Arabidopsis [5], 16 in rice [6], three in wheat [7], 11 in
Chrysanthemum lavandulifolium [8], 26 in soybean [3], 25 in Chinese cabbage [9]. In plants, COL protein is phylogenetically divided into three
groups. Group 1 has two N-terminus B-box domains, one C-terminus CCT domain, and an additional VP motif (valine-proline motif). Group II
contains only one N-terminus B-box and a C-terminus CCT domain. Group III contains one full B-box, a diverged zinc �nger, and a CCT domain [6,
10, 11].

In Arabidopsis,CO was the �rst cloned CCT gene that regulates the �owering time by regulating the photoperiod pathway [2]. CO mRNA was
characterized as a long day (LD)-speci�c late-�owering mutant phenotype and is regulated by the circadian clock component GI (GIGANTEA) [12].
The CO protein acts in the vascular tissue of leaves and that is involved in determining the timing of xylem expansion during development and in
elevation of stomatal opening [13, 14]. CO is a central integrator of both internal circadian clock and the external day-night cycles [3]. Under long-
day (LD) conditions the CO proteins stimulate the expression of FT (Flowering Locus T) and SOC1 (Suppressor of Overexpression of CONSTANS
1). The stimulation of FT by CO for the activation of LD- speci�city is related to the abundance of CO protein at both transcriptional and post-
translational level of regulation [15]. In contrast, the CO homolog Heading date 1 (Hd1) promotes FT expression under SD (short-day) condition but
overwhelms the expression of Heading date 3 (HD3) under LD condition [16, 17]. In Arabidopsis, CO is transcribed and induced the transcription of
FT and TSF (Twin Sister of FT) transcript only in the late afternoon under long-day conditions [18, 19]. It has been reported that the �owering time
governed by the CO/FT module is highly conserved among photoperiod-sensitive plants but inconsistent in different species [20-22].

The function of CO may be widely conserved across the angiosperms and not all of these family genes regulate �owering transition or are
photoperiod related only rather they have another activity. The biological and developmental functions of CO are observed throughout the life cycle
of the plant from the early stages of embryonic development to cotyledons, leaves, shoot apices and in�orescence as well as in developing seeds
and shade avoidance response (SAR) [23-26]. In Arabidopsis, AtCOL3 positively regulates the photo-morphogenesis and is involved in root
development and anthocyanin accumulation [27], AtCOL5 acts as accelerator of �owering [28]. AtCOL7 regulates branching of the shoot [29].
AtCOL8 expression is observed in the seeds, leaves, �owers, and siliques, AtCOL9 is involved in the �owering time regulation through reducing CO
and FT expression [30]. Besides, important functions of CO or COL genes can also be observed in potato tuber formation, seasonal growth
cessation in aspen trees, fruit ripening and stress responses in banana [21, 31, 32]. For example, AtCOL4 acts as a positive regulator for plant
tolerance to abiotic stresses and its expression was induced by salt, osmotic and ABA stress [33].

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/anthesis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/agronomic-trait
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pollination
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Petunia (Petunia. hybrida cv. Mirage Rose) is one of the most important ornamental species and a good model for conducting genetic research [34,
35]. Recently, whole-genome sequencing of P. axillaris and P. in�ata is completed that opened a good opportunity of studying the genome-wide
identi�cation and analysis of important gene/protein families [36]. Usually most of the petunias are facultative LD plant for �owering although
Petunia ‘Wave Purple’ is an obligate LD plant [37-39]. By changing the day length, the �owering time can be controlled to meet up the ever
increasing demand of merchandisable �owers throughout the year. The discovery of �owering time and photoperiod responsive gene families
could reveal the underlying molecular mechanisms of transferring the day length signal into the �owering time signal. The COL gene family has
been reported to contribute important function in plant development and stress response other than controlling �owering time. However, any study
regarding the evolutionary history, systematic analysis and characterization of the CO/COL genes of petunia have never been reported before. A
comprehensive analysis of this gene family may enable us to understand the important function of COL genes in growth and development and
stress response in petunia and establish a foundation for the further study.

Methods
Identi�cation of COL family genes in Petunia. hybrida cv. Mirage Rose

Protein sequences of COL of Arabidopsis and rice were downloaded from TAIR (http://www.arabidopsis.org/) and TIGR
(http://rice.plantbiology.msu.edu/) databases respectively. Two approaches were utilized for the identi�cation of COL family proteins in petunia
genomes. Firstly, the whole protein sequences of Petunia. hybrida cv. Mirage Rose were retrieved from Sol Genomics Network (SGN,
https://www.sgn.cornell.edu/) and then previously identi�ed Arabidopsis COL proteins were used as a query to search COL proteins in Petunia.
hybrida cv. Mirage Rose by local blast search tool (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST) using the Blastp method. The
Blast search continued until no more new petunia COL homologs were appeared. A total of 17 COL homologs were obtained. Secondly, all retrieved
proteins were then submitted to Phytozome database (https://phytozome.jgi.doe.gov/pz/portal.html) to verify and con�rm the identi�ed petunia
proteins. All candidate sequences were subjected to InterProScan (http://www.ebi.ac.uk/Tools/pfa/iprscan5/) and SMART (http://smart.embl-
heidelberg.de/) tools with default parameters for annotating of the domain structure. Fifteen out of 17 petunia COL among the 17 encoded both B-
Box and CCT domains whereas two other proteins encoded only the CCT domain. ORF �nder tool (https://www.ncbi.nlm.nih.gov/or�nder/) was
utilized to identify the open reading frame (ORF) of petunia COL genes. The protein length, molecular weight and isoelectric point of each COL
protein were identi�ed using the Expasy-Protopram (https://web.expasy.org/protparam/) web tool. Gene Structure Display Server (GSDS)
(http://gsds.cbi.pku.edu.cn/) was employed to determine the exon–intron distribution of petunia COL genes. The Genedoc
(http://www.nrbsc.org/gfx/genedoc/ebinet.htm) multiple sequence alignment tool was used to redacted the multiple protein sequence alignment.
The conserved motifs were analyzed using Multiple EM for Motif Elicitation (MEME) web tool (http://meme-suite.org/) following the parameters:
maximum number of motifs 10, minimum width 6, and maximum width 50. NCBI BLAST search tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi?
PAGE=Proteins) was used to identify the query coverage percentage and identity of each gene. These query coverage percentage and identity of
each gene were employed to �nd out any segmental or tandem duplication of petunia COL genes according to Kong et al. (2013) and Wang et al.
(2010), respectively [40, 41].

Phylogenetic Analysis

Phylogenetic analysis of petunia, Arabidopsis, rice, maize and tomato COL proteins was conducted to determine evolutionary relationships of COL
family proteins among the �ve plant species. The phylogenetic tree was constructed adopting MEGA 6.0 software using the Neighbor Joining (NJ)
method with 1000 replicates of bootstrapping to test the reliability [42]. All members of the COL family proteins in A. thaliana were downloaded
from the TAIR database, whereas those proteins maize, tomato were acquired from the NCBI (https://www.ncbi.nlm.nih.gov/) and Sol Genomics
databases (https://www.sgn.cornell.edu/) and Phytozome database (https://phytozome.jgi.doe.gov/pz/portal.html) respectively.

Identi�cation of cis-acting elements and putative biological functions

PlantCARE web-based tool (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) was employed to speculate the putative cis-regulatory
elements using 2,000-bp upstream region of the initiation codon “ATG” [43]. The molecular and biological functions of petunia COL genes were
analyzed using Blast2GO (https://www.blast2go.com/) web tool [44].

Plant materials and growth conditions

Seeds of Petunia. hybrida cv. Mirage Rose were germinated in potted soil in a growth chamber at 25oC day/20oC night, 16-h light/8-h dark
photoperiod, with relative humidity ranging from 60% to 70%, and a light intensity of 300 µmol m-2 s-1. Five-week old seedlings were transferred to a
greenhouse to allow further growth in greenhouse at 20 ± 2oC temperature with 65% and 80% relative humidity. Vegetative and reproductive tissues
of petunia at the different developmental stages e.g., (i) seedlings (3 weeks old), (ii) leaves, (iii) stem and bud, (iv) root, (v) �ower bud, (vi) full
blooming �ower and (vii) senescing �ower were harvested from petunia for analyzing the tissue-speci�c expression patterns of PaCOL genes.
Three biological replicates were sampled from each treatment. Flower buds and full blooming �owers were collected at the anthesis stage. The
collected organ samples were frozen immediately in liquid nitrogen and stored at – 80˚C.

http://www.arabidopsis.org/
http://rice.plantbiology.msu.edu/
https://www.sgn.cornell.edu/
ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST
https://phytozome.jgi.doe.gov/pz/portal.html
https://www.ncbi.nlm.nih.gov/orffinder/
https://web.expasy.org/protparam/
http://gsds.cbi.pku.edu.cn/
http://www.nrbsc.org/gfx/genedoc/ebinet.htm
http://meme-suite.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://www.ncbi.nlm.nih.gov/
https://www.sgn.cornell.edu/
https://phytozome.jgi.doe.gov/pz/portal.html
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://www.blast2go.com/
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Stress treatments

Leaves from 35-days old seedlings were selected for stress treatment. The seedlings were incubated at 4 oC in a growth cabinet for cold treatments
for 24 h. Seedlings were incubated in a growth cabinet at 37, 41 and 45oC respectively for 24 h to impose heat treatment. To impose ABA treatment
100 µM ABA was sprayed over the seedlings and covered those for 24 h to facilitate ABA absorbance. The seedlings were gently pulled out from
the soil and placed on a paper towel for 24 h to induce drought treatment. The seedlings were kept in 200 mM NaCl with Hoagland solution for 24 h
to impose salinity treatment. For waterlogging treatment the seedlings were put in a big bowel �lled up with water up to the collar region for 48 h.
Plants grown in pot soil under normal conditions at 25 oC were sampled as the ‘non-treated control’ for all treatments. Treated leaf samples were
collected at 0 h (control), 1, 3, 9 and 24 h after the treatment except waterlogging stress. Leaves from the waterlogged treated samples were
sampled at 0 h (control), 3, 9, 24 and 48h after the treatment. In case of ABA and NaCl treatments water was sprayed instead of ABA and NaCl on
plant leaves to collect mock sample. For all samples three biological replicates were conducted. All collected samples were immediately frozen in
liquid nitrogen and preserved at – 80˚C for further analysis.

RNA preparation, cDNA synthesis, RT-PCR and qRT-PCR analyses

The Qiagen RNeasy Mini Kit (QIAGEN, Hilden, Germany) was used to extract the total RNA according to the manufacturer’s protocol. Gel
electrophoresis and a NanoDrop 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) were utilized to determine the quality and
quantity of each RNA sample. Superscript First-Strand cDNA Synthesis System (Invitrogen, Carlsbad, CA, USA) was used to synthesize the cDNA
reactions (1 μg of total RNA per reaction used as a template) according to the manufacturer’s instructions. RT-PCR of petunia samples was
performed using an AMV one step RT-PCR kit (Takara, Shiga, Japan). Gene-speci�c primers used in RT-PCR analysis were listed in Table S1. Primer
sequences Primer3 software (http://frodo.wi.mit.edu/primer3/input.htm) was used to design the primers. cDNA samples of different organs were
used as DNA template. The 20 ml PCR mixture contained 1 mL cDNA sample, 8 mL Emerald PCR Master Mix (Takara, Shiga, Japan), 1 mL each of
forward and reverse primers and 9 mL double-distilled H2O. The PCR conditions were as follows: pre-denaturation for 5 min at 94 oC, ampli�cation

for 30 cycles at 94 oC for 30 s, annealing for 30 s at 58 oC and extension for 1 min at 72 oC, with a �nal extension at 72 oC for 5 min. The
Quantitative real-time PCR (qRT-PCR) was carried out using the LightCycler96 (Roche, Mannheim, Germany) thermal cycler according to the
manufacturer’s protocol. A total volume of 10 µL reaction mixture containing 1 µL of 50 ng cDNA, 2 µL forward and reverse primers of 10 pmol
concentration, 5 µL iTaqTM SYBR® Green PCR kit (PCRBIOSYSTEMS, London, UK) and 2 µL double distilled water was prepared for qRT-PCR
analysis. The PCR condition was set as: primary denaturation at 95 oC for 300 s followed by 40 ampli�cation cycles at 94 oC for 10 s, annealing at
58 oC for 10 s and extension at 72 oC for 15 s. The melting temperature was set to 95 oC for 10 s, 65 oC for 60 s and 97 oC for 1 s to ensure there
was no primer-dimer formation. The relative expression levels of the PaCOL genes were normalized against the house-keeping gene, Elongation
factor 1a (EF1a: accession no. LOC101268350) [45] and the relative amount of the ampli�ed product was calculated following the 2−ΔΔCt method
[46]. Stem samples were used as calibrator for the expression analysis of organ samples whereas the leaf samples were collected at 0 h after
treatment was the calibrator for abiotic stress and hormone treatments [47]. Primers used for qRT-PCR based gene expression analysis were
designed using xx software (Table S1).

Computation of Ka/Ks values

OrthoMCL software (v2.0.3) (Li 2003) was utilized for searching the paralogous genes in petunia considering the E-value 1e-5, and the alignment
with a match cut-off value more than 50 [48]. The evolutionary constraint (Ka/Ks) between paralogous pairs of genes of petunia were calculated
following the method developed by Nei and Gojobori (http://cbb.big.ac.cn/software) [49]. The divergence time was computed using the formula T =
Ks/2R, Mya (millions of years), where R is the constant for dicotyledonous plants of 1.5 × 10−8 substitutions per site per year, and Ks is the
synonymous substitution rate per site [50].

Statistical analysis

A one-way analysis of variance (ANOVA) was performed with MINITAB 18 statistical software (Minitab Inc., State College, PA, USA) to perceive the
statistical signi�cance in relative expression levels of genes among organ samples and also between treatments (control versus stress). Tukey’s
pairwise comparison was conducted for the mean separation of expression level of the genes.

Results
Identi�cation of COL family proteins in Petunia. hybrida cv. Mirage Rose

A total of 17 petunia COL genes were identi�ed and the existence of the conserved domains was checked using InterProScan and SMART tools to
con�rm their reliability. The results revealed that 15 out of 17 genes contained both BBOX and CCT domain. The genes were named from PaCOL1
to PaCOL15 following the naming convention (Table 1). Two candidate genes were excluded because of their incomplete domain structure.
Bioinformatics analyses showed that the length of PaCOL proteins ranged from 336 to 467 amino acids (aa), and their molecular weight varied
from 37.53 to 51.39 kDa with a pI ranged between 4.97 and 6.35. Inferred from the pI structures, all PaCOL proteins were acidic proteins (pI <7), and

http://cbb.big.ac.cn/software
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the GRAVY indicated that all these proteins were hydrophilic; since the GRAVY values of all were negative (Table 1). Moreover, all of the 15 PaCOL
proteins predicted to be located in nucleus (Table 1).

Sequences alignment and phylogenetic analysis

Multiple alignment analysis of putative PaCOL proteins containing BBOX and CCT domains revealed that these two domains were highly
conserved despite their difference in sequence lengths and properties (Fig. 1). Eight proteins (PaCOL4, PaCOL5, PaCOL6, PaCOL8 PaCOL9,
PaCOL12, PaCOL13 and PaCOL14) contained one CCT domain and two BBOX (Fig. 1 and Figure S1), two proteins contained (PaCOL1, PaCOL2)
one CCT domain and one BBOX domain, and �ve proteins (PaCOL3, PaCOL7, PaCOL10, PaCOL11 and PaCOL15) contained one CCT domain, one
co-like BBOX domain and one diverged zinc �nger domain (Fig. 1, Figure S1). COOH-like amino acid residues were observed in the C-terminal region
of petunia COL proteins (Fig. 1). The results are consistent with the previous �ndings where COL genes were divided into three groups based on the
number and type of BBOX domain [6]. The BBOX is one type of conserved zinc �ngers domain characterized by C-X2-C-X8-C-X7-C-X2-C-X4-H-X8-H
patterns. The similar amino acid patterns were found in the all PaCOL proteins.

A comparative phylogenetic analysis was performed to provide an insight into the evolution of COL genes in different species (Fig. 2). The COL
proteins from different species were clustered into three groups, designated as A-C which was generally consistent with previous reports [6]. Group
B had the largest number of PaCOL genes (8 out of 15) while none were presented in Group C (Fig. 2). As shown in Figure 2, the PaCOL genes
always clustered close to tomato COL genes and displayed high sequence similarities. Moreover, the COL genes from monocots (rice and maize)
were closely grouped in the phylogenetic tree. The group C was the smallest among the three groups and contained COL members only from
monocotyledons (Fig. 2).

Gene structure and motif composition of PaCOL genes

The number of introns ranged from 1-3 and exons ranged from 2-4 respectively among the PaCOL genes (Fig. 3). As shown in Figure 2 and 3,
PaCOL proteins were classi�ed into three distinct groups and a strong correlation existed between gene structure and phylogeny. Similar
exon/intron numbers and distribution patterns were observed among the members distributed on same cluster. For example, PaCOL4, PaCOL5,
PaCOL12 and PaCOL14 had almost similar exon-intron number and pattern and they exhibited a closer evolutionary relationship. It was also found
that PaCOL1, PaCOL2, PaCOL4 and PaCOL11 genes had no upstream/downstream regions.

Maximum number of introns was found to be located on phase 0 followed by phase 2. Only one intron was found to be in phase 1 (Fig. 3). Intron
phase distribution is conserved during the evolutionary process of plant species. The phase 0 introns were the most frequently occurring while
phase 2 introns occurred the least frequently (Fig. 3). The introns occurring in phase 1 suggest that the �rst and second base in the codon is
interrupted by the intron, and the introns occurring in phase 2 suggest that the second and third base of the codon is interrupted by the intron
respectively.

MEME motif search identi�ed 10 conserved motifs; motif 1 represented as CCT domain and motif 2 and 3 represented as BBOX 1 and 2 domains
respectively, where others 7 motifs had no functional annotations (Figure S2). Despite the discrepant protein sequences the members those
clustered together in the phylogenetic tree had similar motif features (Fig. 2, Figure S2).

Putative cis-acting elements and functional analysis of PaCOL genes

cis-acting regulatory elements potentially associated with the regulation of gene expression under various abiotic and biotic stresses [51]. A total of
35 putative cis-acting regulatory elements were identi�ed including various stress-responsive cis-acting regulatory elements in the putative
promoter regions of PaCOL genes (Table S2). For example, ABA-responsive elements (ABRE), SA-responsive elements (TCA-element), ethylene-
responsive elements (ERE), low-temperature response (LTR) elements, defense and stress responsiveness (TC-rich repeats, ARE and MBS) elements
were detected in the promoter regions of PaCOL genes. Additionally, wound-responsive elements (WUN-motif), MeJA-responsive elements (TGACG-
motif and CGTCA-motif) were also detected in some PaCOL genes. In particular, cis- acting elements involved in MeJA-mediated responses,
including the MeJA-responsive elements (TGACG-motif and CGTCA-motif), as well as the wound-responsive elements (WUN-motif) and the MYC-
binding site (G-box) were also discovered (Table S2). Moreover, the putative biological function analysis revealed that the PaCOL genes were likely
to be involved in some similar and common groups including molecular Function, biological function and cellular components (Table S3). For
example, molecular function include, GO:0008270: Zinc ion binding, transition metal ion binding, metal ion binding, cation binding, ion binding; GO:
044212: DNA binding, nucleic acid binding, organic cyclic compound binding, heterocyclic compound binding; biological function include,
GO:0006355: regulation of transcription, Go:0007623: circadian rhythm, GO: 0009909: regulation of �ower Development, GO: 0009266: response to
temperature, GO:0009651: response to salt stress, GO: 0006950: response to stress and cellular components, GO: 0005730: nucleous (Table S3).

Calculation of Ka/Ks Ratios

Selection mechanisms of COL genes during evolution were disclosed using the non-synonymous (amino acid-replacing, Ka) and synonymous (Ks)
substitution rates with a Ka/ Ks > 1 specifying positive selection, Ka/Ks < 1 indicating purifying (negative) selection, and a Ka/Ks close to 1
signifying a neutral mutation [52]. The Ka, Ks and divergence time among the paralogous gene-pairs were shown in Table S4. All of the PaCOL
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paralogous gene-pairs accounted for Ka/Ks ratios less than 1 indicated a strong purifying/negative selection pressure in these genes in the
evolutionary processes. The divergence time estimated to occur between 20.2 (Ks = 0.6061) to 43.82 (Ks = 1.3146) million years ago (Mya) (Table
S4).

The expression analysis of PaCOL genes in different tissues

The expression pro�les of PaCOL genes in different tissues, namely– seedlings (3 weeks old), leaves, stem, bud, root, �ower bud, full blooming
�ower and senescing �ower were diverse. Some genes were constitutively expressed in these seven tissues, namely PaCOL3, PaCOL6, PaCOL7,
PaCOL9, PaCOL12, PaCOL14 and PaCOL15 (Fig. 4). Some genes had speci�c expression characteristics to some extent in a particular tissue, for
example– PaCOL1, PaCOL2 and PaCOL11 were strongly expressed in �ower buds compared to the other tissues (Fig. 4).

Gene
name

Locus ID ORF
(bp)

 Strand No. of
introns

Proteins    

Length
(aa)

Domain Start-
end (aa)

MW(kDa) pI GRAVY Subcellular
localization

BBOX CCT    

PaCOL1 Peaxi162Scf00007g01220 1224 (+) 03 407 2-47 351-
394

44.08 5.74 -0.400 Nuclear

PaCOL2 Peaxi162Scf00012g03214 1302 (-) 03 434 2-47 392-
422

48.32 5.99 -0.568 Nuclear

PaCOL3 Peaxi162Scf00015g00927 1224 (+) 01 407 17-61 350-
392

46.41 4.97 -0.777 Nuclear

PaCOL4 Peaxi162Scf00020g01929 1149 (+) 02 382 52-
99,12-
56

313-
355

42.83 5.69 -0.790 Nuclear

PaCOL5 Peaxi162Scf00045g01824 1011  (+) 01 336 43-90,
2-47

273-
316

37.53 5.73 -0.517 Nuclear

PaCOL6 Peaxi162Scf00047g02226 1242 (-) 03 413 4-47,
47-77

356-
399

45.32 5.42 -0.629 Nuclear

PaCOL7 Peaxi162Scf00067g01119 1152 (-) 03 383 18-59,
62-97

332-
375

43.11 5.57 -0.769 Nuclear

PaCOL8 Peaxi162Scf00128g01749 1404 (-) 03 467 9-43,
56-99

419-
462

51.39 6.24 -0.719 Nuclear

PaCOL9 Peaxi162Scf00359g00213 1239 (-) 03 412 5-47,
47-78

355-
398

45.12 5.09 -0.575 Nuclear

PaCOL10 Peaxi162Scf00382g00067 1326 (+) 01 441 17-61 386-
428

49.88 5.53 -0.711 Nuclear

PaCOL11 Peaxi162Scf00416g00214 1389 (+) 03 462 5-47,
43-72

406-
449

51.08 5.58 -0.468 Nuclear

PaCOL12 Peaxi162Scf00459g00510 1071 (-) 01 356 51-98,
12-55

293-
335

39.45 5.76 -0.522 Nuclear

PaCOL13 Peaxi162Scf00581g00039 1242 (-) 03 413 4-47,
44-90

359-
399

45.34 5.91 -0.616 Nuclear

PaCOL14 Peaxi162Scf00942g00122 1140 (+) 01 379 58-
105,
21-62

305-
347

41.59 6.35 -0.301 Nuclear

PaCOL15 Peaxi162Scf01346g00018 1218 (-) 01 405 17-61 351-
393

46.40 5.44 -0.832 Nuclear

Table 1 Sequence analysis of petunia COL proteins identi�ed in Petunia. hybrida cv. Mirage Rose genome

PaCOL13 and PaCOL15 were highly expressed in different developmental stages of �ower (�ower bud, full blooming �ower and senescence
�ower). The transcript levels of some genes, namely- PaCOL3, PaCOL6, PaCOL12, PaCOL13, and PaCOL15 were weakly expressed in root tissues
relative to other organs (Fig. 4). Based on the expression pattern, the PaCOL genes were divided into �ve clades (a-e) (Fig. 3, Fig. 4). All genes of
clade a, b, c belonged to Group I, and all genes of clade d and e belonged to group II and group III, respectively (Fig. 3 and Fig. 4). Several
paralogous gene-pairs clustered together in the same clade shared similar expression patterns in the tested organs (Fig. 3, Fig. 4). For example,
PaCOL1, PaCOL2, PaCOL11, of the ‘clade a’ were expressed at the highest levels in the �ower buds; PaCOL6, PaCOL9, PaCOL13 of the ‘clade b’
were most highly expressed in �ower buds, full blooming �owers and senescing �owers respectively (Fig. 4).
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The expression analysis of PaCOL genes under different stresses

Heat stress

The COL proteins play a central role in photoperiodic �owering control of plants by mediating the input signals of temperature and light (Ke 2020).
Therefore, leaves from �ve-weeks old petunia seedlings were exposed to two levels of temperature (37oC and 41 oC) to test whether they could be
induced by heat stress (Fig. 5a, 5b). The expression level of two genes PaCOL10 and PaCOL13 dramatically increased by 40- to 100- fold at 9 h
after the treatment both at 37oC and 41oC temperature compared to control (Fig. 5a, 5b). Besides, the relative expression level of PaCOL6, PaCOL8
genes increased by 8- and 20-fold, respectively at 9 h after the treatment and that of PaCOL11 increased by 20-fold at 24 h after the treatment
under 41oC temperature (Fig. 5b). At 37oC temperature– the expression of PaCOL6, PaCOL7 and PaCOL8 genes increased from 3- to 5-fold at 9 h
after treatment compared to control (Fig. 5a). The other genes had no remarkable expression at high temperature treatment (Fig. 5a, 5b).

Cold treatment

Six out of �fteen COL genes (PaCOL2, PaCOL6, PaCOL8, PaCOL10 and PaCOL13) were induced by cold treatment (Fig. 5c). Among those, PaCOL8
and PaCOL13 genes were highly expressed by 40- and 100-fold at 9 h and 24 h after the treatment, respectively, compared to control (Fig. 5c).
PaCOL2 was also induced by the cold stress and the relative expression level of this gene peaked ( 10 fold) at 9 h after the treatment compared to
control (Fig. 5c). PaCOL6, and PaCOL8 genes were up-regulated from 1.8- to 22.5-fold at 9 h and 24 h after the treatment relative to the control (Fig.
5c). The remaining genes were not signi�cantly induced by the cold treatment (Fig. 5c).

Drought treatment

Among the 15 genes the expression level of PaCOL7, PaCOL8 and PaCOL13 were highly induced at 9 h and 24 h (3- to 70- fold respectively) after
drought treatment (Fig. 5d), while that of PaCOL10, PaCOL12 and PaCOL14 were induced (from 2- to 4- fold) only at 9 h and 3 h after treatment
respectively compared to control (Fig. 5d). The remaining genes exhibited no remarkable expression after drought treatment (Fig. 5d).

Waterlogging treatment

Four genes out of 15 displayed diverse expression pattern after waterlogging treatment (Fig. 5e). PaCOL8 were induced by 200-fold and PaCOL13
were strongly induced by around 1200-fold only at 12 h after treatment compared to control (Fig. 5e). Expression of PaCOL7 gene was induced at
12, 24 and 48 h around 100- fold and the expression of PaCOL15 was induced at 3, 12, 24 and 48 h after treatment by 150-, 200-, 150- and 150-
fold, respectively (Fig. 5e).

Salinity treatment

Notably 7 out of 15 genes– PaCOL2, PaCOL7, PaCOL8, PaCOL10, PaCOL12, PaCOL13, and PaCOL14 showed signi�cant and differential
expression at different time point under salinity stress compared to mock (Fig. 6). Three genes PaCOL2, PaCOL8, and PaCOL13 were highly up-
regulated where PaCOL2 induced by 40- fold, PaCOL8 induced by 2 to 10- fold and PaCOL13 induced by 20- to 40- fold throughout the stress period
compared to mock (Fig. 6). By contrast, three other genes namely PaCOL3, PaCOL4, and PaCOL15 were down-regulated in saline-treated samples
compared to the mock. The expression of PaCOL7 and PaCOL8 initially showed no response but those were up-regulated at 9 h and 24 h after
treatment (Fig. 6). The remaining genes showed little or no change in response to salinity stress (Fig. 6).

ABA treatment

Eight PaCOL genes out of 15 were signi�cantly induced by ABA treatment (Fig. 7). PaCOL15 displayed up-regulated expression under all treatment
period compared to mock whereas, PaCOL12, PaCOL13, PaCOL14 showed up-regulated response at 9 h and 24 h after treatment compared to
mock (Fig. 7). Another six PaCOL genes PaCOL1, PaCOL3, PaCOL4, PaCOL5, PaCOL7, and PaCOL8 showed variable change in response to ABA
application compared to mock (Fig. 7).

Discussion
COL genes are widely existing in plant kingdom and likely to be involved in controlling �owering time. A few studies in Arabidopsis, rice, maize
reported that the COL gene family regulate plant development and improve plant’s resistance to abiotic stress [6, 53]. However, the evolutionary and
expression analyses of the COL genes have not been reported to date in any solanaceous species. In the present study, a genome-wide survey of
the COL gene family in petunia identi�ed a total of 15 genes taking both B-box and CCT domain on protein sequences into account [6]. Consistent
with the names of corresponding A. thaliana and rice genes– COL genes of petunia were renamed as PaCOL1-PaCOL15. Despite the wide
differences in overall genome size e.g., 164 Mbp in Arabidopsis, 441 Mbp in rice, 950 Mbp in tomato, 2300 Mbp in maize and 1260 Mbp in petunia,
the number of COL genes varied between 15 and 19 in Arabidopsis, rice, maize and petunia [54, 55]. The results indicated that genetic constitution
of the COL genes is quite conserved in those plant species during the evolutionary process [56]. The physical and chemical properties (e.g., MW, the
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number of amino acids, isoelectric points) of 15 PaCOL proteins varied widely in petunia indicating that COL genes change their properties during
the process of evolution.

The protein structural framework is important for the prediction of perfect functioning of proteins. The conserved protein motifs and the gene
structure of PaCOL showed a similar trend as those described earlier with known COL homologs involved in photoperiod-responsive plant species
suggesting the possible functional conservation during the evolution of a wide range of plant species (Fig. 3, Figure S2) [57]. Moreover, consistent
with the AtCOLs, petunia COLs are clustered into three groups (Fig. 2) [6]. Two phylogenetic groups contained the COL genes from both monocots
and dicots and the existence of monocots and dicots COL genes in a common clade suggesting that COL gene family originated and diversi�ed
prior to the divergence of monocotyledons and dicotyledons [56]. The COL genes of petunia are more closely allied with tomato, where those of rice
are more closely allied with maize compared to Arabidopsis representatives indicating the species speci�c evolutionary relationship between
monocotyledons and dicotyledons [56]. The phylogenetic tree clearly depicted the evolutionary relatedness between the COL genes of different
plant species. Many genes those were clustered in a clade with a high bootstrap value showed similar intron number and motif distribution (Fig. 2,
Fig. 3). For example, PaCOL1, PaCOL2, PaCOL11 and PaCOL6 and PaCOL9 in the ‘group B’ shared same number of introns, motifs and the
arrangement of motif. However, different members belonging to different phylogenetic groups showed variations in exon-intron and motif
distributions. This apparent association among the phylogenetic classes, arrangement of motifs and number of introns indicated that these genes
have a conserved structural pattern within the same phylogenetic group that favours their functional classi�cation.

COL transcription factors were reported to be involved in regulating �owering time in the photoperiod signaling pathway [58]. Besides, the COL gene
family also plays an important role in a wide range of biological functions, including cell and seedling growth [10, 27, 59], dormancy [60],
tuberization [21]. Various functions of this gene family in plant developmental process can be predicted by analyzing their expression pro�les.
Therefore, we investigated the expression pro�les of COL genes in different tissues. Differences in expression patterns of COL genes in petunia
family members in different organs/tissues re�ected their functional differences (Fig. 4). Except for the PaCOL5 and PaCOL10, the other 9 genes
were expressed in different tissues examined, e.g., leaves, stem, bud, root, �ower bud, full blooming �ower and senescing �ower. The average
expression levels also varied among different tissues. This observation strongly suggested that the genes preferentially express in any particular
tissue may play a critical role in growth and development of that organ in petunia which is a subject of further functional investigation. The
transcripts of PaCOL5 and PaCOL10 were not detected in all organs tested suggesting that these two genes may not act as functional genes which
is in agreement with previous reports [48].

Stem is the structural axes of plant which provides the architecture of the above-ground plant parts and thereby assists plant growth under normal
and adverse conditions [61]. Preferential expression of PaCOL3, PaCOL7, PaCOL12, PaCOL14, PaCOL15 genes in stem implies that these genes are
involved in the development of stem (Fig. 4). Similarly, genes those are highly expressed in leaf and shoot buds could be important for shoot
development. Formation of the �oral buds is a bridging stage between the vegetative to reproductive phases [62]. A higher transcript abundance of
PaCOL1, PaCOL2, PaCOL12 and PaCOL15 in �ower buds and that in PaCOL7, PaCOL8, PaCOL13, PaCOL14, PaCOL15 in �ower buds, full blooming
�owers and senescing �owers indicated their possible functions in �oral bud formation and �ower development (Fig. 4). Functional divergence of
the COL family genes has been reported in Arabidopsis,  for example, AtCOL3 gene in�uences root growth and lateral root formation but
suppresses �owering in Arabidopsis thaliana [27]. Altered expressions of AtCOL1, AtCOL2 and AtCOL9 genes in Arabidopsis thaliana accelerated
the circadian clock and overexpression of AtCOL9 gene repressed �owering through the repression of Arabidopsis CONSTANS (AtCO) [23, 30].
Ghd2 (grain number, plant height, and heading date2), a CO-like gene increases the yield potential under normal growth condition in rice [53].
Therefore, diverse expression patterns of the PaCOL genes strongly suggested diverse functional roles of PaCOLs in multiple aspects of growth
and development. Moreover, the putative functional analysis found that three genes PaCOL4, PaCOL8 and PaCOL13 are involved in the regulation
of �ower development in petunia (Table S3).

Plant growth and productivity are constantly threatened by various abiotic factors like heat, cold, drought, salinity and ABA. CO-like genes were
previously studied intensively focusing their potential roles in photoperiodic �owering, but the functionality of those genes in relation to abiotic
stresses has not been studied intensively. However, several COL genes were reported to be involved in stress response of plant besides regulating
�owering times and plant development [33, 53, 63]. For example, Ghd7 (grain number, plant height, and heading date7), a homologue of Ghd2 (a
CO-like gene), reported to regulate stress tolerance other than controlling plant height, heading date and grain number in rice [53, 63]. In
Arabidopsis, AtCOL4 improves salt tolerance [33]. In support of previous �ndings the transcript levels of 15 PaCOL genes were investigated under
different abiotic and phytohormone stresses. The expression levels of nine PaCOL genes, including PaCOL1, PaCOL2, PaCOL7, PaCOL8, PaCOL10,
PaCOL11, PaCOL13, PaCOL14, PaCOL15 altered sharply under different stresses indicating their involvement in stress responsiveness (Fig. 5a-5d,
Fig. 6, Fig. 7). Three genes PaCOL8, PaCOL10, PaCOL13 markedly up-regulated at 9 h after the treatment of heat, cold and drought stresses
suggesting that these six genes may play role in petunia tolerance to heat, cold and drought stresses (Fig. 5a, 5b, 5c). Besides, PaCOL7, PaCOL8,
PaCOL10, PaCOL13, PaCOL15 showed remarkable expression at 12 h, 24 h and 48 h especially at 24 h under waterlogging stress underscoring
their potential role in waterlogging stress (Fig. 5d). A remarkable number of PaCOL genes were differentially expressed after salinity treatment
among those PaCOL2 sharply elevated under salt treatment at all the time points suggesting the gene as a good candidate of salinity stress
tolerance in petunia (Fig. 6).
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ABA is an important phytohormone that plays a regulatory role in response to heat, salinity, and drought [64, 65]. Five PaCOL genes (PaCOL3,
PaCOL6, PaCOL7, PaCOL8, PaCOL13, PaCOL15) were sharply induced at different time points under ABA treatment (Fig. 6) suggesting their
involvement in the regulation of abiotic stress tolerance through an ABA-dependent pathway [33]. AtCOL4 belonging to phylogenetic group II was
up-regulated under salt, ABA, and osmotic stress which corresponded to the response of the PaCOL13, PaCOL15 indicating that the genes from
phylogenetic group II might play signi�cant role in ABA stress response [33].

cis-acting regulatory elements involved in transcriptional regulation of the gene activities and regulate the related gene expression by controlling
the e�ciency of the promoters [66]. The cis-regulatory elements correlated with the transcription factors activate the stress tolerance mechanism
and thereby provide tolerance to salt stress in tomato [67]. Several phytohormones and stress responsive cis-regulatory elements likely ABRE,
CGTCA-motif, P-box, MBS, AuxRR-core, TC-rich repeats, TGA-element, TCA-element, TGACG-motif, LTR etc. were identi�ed in the putative promoter
regions of different PaCOL genes (Table S2). Moreover, the expression of PaCOL genes was likely to be induced under such phytohormone or
abiotic stresses (Fig. 7, Table S2). For example, PaCOL7, PaCOL8 and PaCOL13 bearing the ABA responsive elements (ABRE) and drought-
inducible elements (MBS) were highly up-regulated at 9 h and 24 h after the ABA and drought treatment compared to control (Fig 7). The ABA
responsive elements (ABRE) are involved in the expression of ABA-dependent genes and thus they are associated with plant adaptation to drought
[68]. Taken together, these results suggested that PaCOL genes may respond to drought stress either through ABA dependent or independent
pathways [69].

Conclusion
In this study, 15 COL genes were identi�ed from P. axillaris. The phylogenetic relationship, gene structure, and organ speci�c expression analysis
indicated that the COL gene family might have diverse functions in various aspects of plant growth, stress response and �ower bud development
besides �owering time control. Stress responsive expression pattern and cis-acting regulatory elements analysis laid a foundation for further
research on the function of PaCOL genes in responses to related abiotic stresses.
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Figure 1

Sequence alignment of COL proteins from petunia, Arabidopsis and rice. Each letter represents one amino acid, and the left column corresponds to
the name of the gene. The BBOX1 and BBOX2 domains are indicated by the blue and green line and CCT domains are indicated by the red line
respectively. The red region indicates residues conserved only in the BBOX1 domain, the green region indicates residues conserved in the BBOX2
domain and the indigo region indicates residues conserved in the CCT domain of CO-like proteins.
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Figure 2

Phylogenetic analysis of the COL proteins from different plant species. The phylogenetic tree was established with entire protein sequences from
the above plant species by MEGA v6.0 software using the Neighbor-Joining (NJ) method following the pair-wise deletion method. The numbers on
the branches indicate bootstrap support values from 1000 replications. The scale represents the units of the number of amino acid substitutions
per site.
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Figure 3

Analysis of gene structure in PaCOL genes in light of the phylogenetic relationship. Red boxes, blue boxes, and black lines indicate exons,
upstream/downstream, and introns, respectively.
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Figure 4

The RT-PCR expression patterns of PaCOL genes in different petunia tissues (S-stem, L-leave, SB-shoot bud, R-root, FB-�ower bud, BF- full blooming
�ower, SF- senescence �ower). The level of expression was normalized to petunia EF1α gene.

Figure 5

Expression pro�les of 15 PaCOL genes in leaf samples under heat (37oC and 41oC), cold, drought, waterlogging treatment. The data represented
the expression levels of PaCOL genes at 0 h, 1 h, 3 h and 24 h after the heat, cold, drought treatments and 0 h, 3 h, 12 h, 24 h and 48 h after
waterlogging treatment. Samples at 0 h refer the untreated plants (control plants) under normal conditions. The results were calculated via the
2−ΔΔCt method, and the reference gene (EF1α) was used to correct the expression level of target genes. The expression level of 0 h was set as 1.
The data were presented as the means of three biological replicates and three technical replicates, and the error bars represented the standard
deviations of the means. Different letters above the bars indicate signi�cant differences (p < 0.05) among treatments.
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Figure 6

Expression pro�les of 15 PaCOL genes in leaf samples under salinity treatment. The data represented the expression levels of PaCOL genes at 0 h,
1 h, 3 h and 24 h after salinity treatment. Samples spraying with water at 0 h, 1 h, 3 h and 24 h refer the mock plants. The results were calculated
via the 2−ΔΔCt method, and the reference gene (EF1α) was used to correct the expression level of target genes. The expression level of 0 h was set
as 1. The data were presented as the means of three biological replicates and three technical replicates, and the error bars represented the standard
deviations of the means. Different letters above the bars indicate signi�cant differences (p < 0.05) among treatments.
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Figure 7

Expression pro�les of 15 PaCOL genes in leaf samples under ABA treatments. The data represented the expression levels of PaCOL genes at 0 h, 1
h, 3 h and 24 h after ABA treatment. Samples spraying with water at 0 h, 1 h, 3 h and 24 h refer the mock plants. The results were calculated via the
2−ΔΔCt method, and the reference gene (EF1α) was used to correct the expression level of target genes. The expression level of 0 h was set as 1.
The data were presented as the means of three biological replicates and three technical replicates, and the error bars represented the standard
deviations of the means. Different letters above the bars indicate signi�cant differences (p < 0.05) among treatments.
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