
Kaur et al. BMC Genomic Data           (2024) 25:20  
https://doi.org/10.1186/s12863-024-01201-5

RESEARCH Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

BMC Genomic Data

Genome-wide identification 
and characterization of flowering genes in Citrus 
sinensis (L.) Osbeck: a comparison among C. 
Medica L., C. Reticulata Blanco, C. Grandis (L.) 
Osbeck and C. Clementina
Harleen Kaur1, Pooja Manchanda1*  , Gurupkar S. Sidhu1 and Parveen Chhuneja1 

Abstract 

Background Flowering plays an important role in completing the reproductive cycle of plants and obtaining 
next generation of plants. In case of citrus, it may take more than a year to achieve progeny. Therefore, in order 
to fasten the breeding processes, the juvenility period needs to be reduced. The juvenility in plants is regulated 
by set of various flowering genes. The citrus fruit and leaves possess various medicinal properties and are subjected 
to intensive breeding programs to produce hybrids with improved quality traits. In order to break juvenility in Citrus, 
it is important to study the role of flowering genes. The present study involved identification of genes regulating 
flowering in Citrus sinensis L. Osbeck via homology based approach. The structural and functional characterization 
of these genes would help in targeting genome editing techniques to induce mutations in these genes for producing 
desirable results.

Results A total of 43 genes were identified which were located on all the 9 chromosomes of citrus. The in-silico 
analysis was performed to determine the genetic structure, conserved motifs, cis-regulatory elements (CREs) and phy-
logenetic relationship of the genes. A total of 10 CREs responsible for flowering were detected in 33 genes and 8 
conserved motifs were identified in all the genes. The protein structure, protein-protein interaction network and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis was performed to study the functioning of these genes which 
revealed the involvement of flowering proteins in circadian rhythm pathways. The gene ontology (GO) and gene 
function analysis was performed to functionally annotate the genes. The structure of the genes and proteins were 
also compared among other Citrus species to study the evolutionary relationship among them. The expression study 
revealed the expression of flowering genes in floral buds and ovaries. The qRT-PCR analysis revealed that the flower-
ing genes were highly expressed in bud stage, fully grown flower and early stage of fruit development.

Conclusions The findings suggested that the flowering genes were highly conserved in citrus species. The qRT-PCR 
analysis revealed the tissue specific expression of flowering genes (CsFT, CsCO, CsSOC, CsAP, CsSEP and CsLFY) which 
would help in easy detection and targeting of genes through various forward and reverse genetic approaches.
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Introduction
Citrus plants undergo transition from vegetative meris-
tem into floral meristem to induce flowering which is a 
fundamental life process required for the generation of 
progeny [1]. Flowering is regulated by various environ-
mental and endogenous factors such as photoperiod, 
vernalization, high ambient temperatures, plant age, 
gibberellin concentration and plant’s carbohydrate pro-
file [2, 3]. Flowering is induced when these factors are 
perceived in the leaves and shoot apical meristem by 
photoreceptors. The analysis of genetic and physiologi-
cal parameters in Arabidopsis thaliana revealed that the 
flowering in response to the above mentioned factors is 
regulated by more than eighty genes [4].

The regulation of flowering occurs via complex net-
work of four genetically regulated pathways [5]. Two of 
these pathways which mediate environmental responses 
are known as the long-day and vernalization pathways. 
The other two pathways functioning independent of envi-
ronmental factors are the autonomous pathway and the 
gibberellin pathway [5]. The autonomous pathway pro-
motes flowering under all conditions; whereas the gibber-
ellin pathway functions under non-inductive short-day 
conditions. Some of these genes include FLAVIN-BIND-
ING, KELCH REPEAT, F-BOX1 (FKF1), GIGANTEA 
(GI), CRYPTOCHROME2 (CRY2), FLOWERING LOCUS 
E (FE), CONSTANS (CO), and FLOWERING LOCUS 
T (FT) [6, 7]. Some of these genes are specific to regu-
late flowering while others are involved in perception of 
light signals. The genes CRY, GI, FT, and CO are majorly 
involved in photoperiod pathways [8, 9]. A superfamily of 
genes which encode Phosphatidylethanolamine-binding 
proteins (PEBP) is highly conserved across various taxa 
of prokaryotes, insects, mammals and plants [10, 11]. In 
case of plants, PEBP genes play fundamental role in reg-
ulating the time of flowering [12–14]. In angiosperms, 
PEBP family genes are grouped into three clades: FT, 
TERMINAL FLOWER 1 (TFL1) and MOTHER OF FT 
AND TFL1 (MFT) [15, 16]. The MFT-like genes have 
been reported to exist in both basal land and seed plants, 
while FT-like and TFL1-like genes have only been found 
in gymnosperms and angiosperms.

The mechanism of flowering has been well studied in 
case of Arabidopsis in which the flowering genes func-
tion in a sequential manner. The protein FT acts as a 
floral signal transducer which moves from leaves to the 
shoot apical meristem and promotes flowering [17]. In 
shoot apical meristem it interacts with FLOWERING 
LOCUS D (FD) to activate the downstream components 

of the flowering pathway [18]. On the contrary, the pro-
tein TFL1 helps in maintaining inflorescence meristem 
identity in shoot apex to inhibit flowering by compet-
ing with FT to bind with FD [19]. The balance between 
FT and TFL1 is necessary to modulate the floral transi-
tion and inflorescence architecture by affecting deter-
minacy of meristem identity [12]. Besides these two 
proteins, the PEBP family genes MOTHER OF FT AND 
TFL1 (MFT), TWIN SISTER OF FT (TSF), BROTHER 
OF FT AND TFL1 (BFT), and CENTRORADIALIS 
(CEN) also function in regulating flowering [20]. The 
MFT gene functions in integrating the abscisic acid and 
gibberellic acid signalling pathways and acts in a PIF1-
dependent manner repressing the seed germination 
under conditions of far-red light [14]. It weakly regu-
lates flowering in Arabidopsis [21]. The TSF encodes a 
homolog of FT which induces flowering under condi-
tions of non-inductive short days [22]. In Arabidopsis, 
the overexpression of repressors BFT and CEN resulted 
in a late flowering phenotype which was similar to 
plants overexpressing TFL1 [16]. Similar functions of 
PEBP genes had also been reported in rice [23], tomato 
[24], apricot [25] and orchid [26]. The flowering genes 
are also known to exhibit tissue specific expression. 
The transcriptome analysis of Arabidopsis revealed that 
the genes regulating flower development were majorly 
expressed in reproductive parts of the plant and were 
characteristic to floral reproductive structures [27]. 
Thus, the identification of specific tissues showing 
high expression of genes is mandatory for directing to 
genetic engineering technologies.

Citrus fruits comprise the most important and exten-
sively grown tree fruit crops globally. The genus con-
sists of various species of pummelo, mandarin, citron 
and their hybrids such as sweet orange, grapefruit, 
lemon and lime. Citrus fruits are of high commercial 
value and are rich in antioxidants, micro- and macro-
nutrients [28–32] which possess anti-inflammatory 
properties. The production of citrus orchards from 
seeds tends to take more than five years. Thus, the aim 
of the cultivators is to breakdown the long juvenile 
period, which poses challenges in genetic improve-
ment of citrus [33, 34]. Different strategies are being 
adopted by researchers in order to reduce juvenile 
period, some of which include use of rootstocks, appli-
cation of phyto-regulators and plant submission to the 
abiotic stresses [35]. Conventional methods of breeding 
such as crossing and clonal selection are long term pro-
cesses. New approaches of biotechnology include virus 
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induced flowering [36, 37], RNAi silencing [38–40], and 
CRISPR/Cas9 mediated knockout of flowering genes 
[41–46] which are associated with deep study of flow-
ering genes. Hence, understanding is required of the 
mechanisms regulating flowering at genetic and molec-
ular level for generating new prospects to reduce the 
vegetative period and consequently promote flowering.

The present study identified the genes which regulate 
flowering in C. sinensis L. Osbeck. The in-silico analysis 
of the genes was carried out to determine their genetic 
organization, conserved motifs, CREs and phylogenetic 
analysis, physical and chemical analysis of proteins. A 
heat map was generated to study the expression study 
of flowering genes in various tissues of different citrus 
species viz., C. sinensis (L.) Osbeck (sweet orange), C. 
clementina (clementine), C. reticulata Blanco (manda-
rin), C. medica L. (citron) and C. grandis (L.) Osbeck 
(pummelo). The FT genes identified in the present study 
could be used for inducing early flowering through trans-
genic approaches. It would provide information on genes 
which would help in paving new pathways for inducing 
early flowering in citrus, hence, accelerating citrus breed-
ing programmes.

Materials and methods
Identification, sequence retrieval and intron‑exon gene 
structure of flowering genes in sweet orange
The literature was reviewed to identify the genes which 
control flowering in different crops. Genomic, cod-
ing, cDNA and amino acid sequences of the flowering 
genes were retrieved from sweet orange genome through 
BLASTn using various databases (https:// plants. ensem bl. 
org/ index. html, https:// www. citru sgeno medb. org/, and 
https:// www. ncbi. nlm. nih. gov/). Top hits with more than 
80% identification and e-value ≤  e−10 were selected. The 
distribution of genes onto the nine chromosomes of sweet 
orange was performed using Phenogram Plot (http:// visua 
lizat ion. ritch ielab. org/ pheno grams/ plot).

The organization of exonic and intronic regions of the 
flowering genes were identified using full length genomic 
and coding sequences of flowering genes using Gene-
Structure Display Server GSDS2.0 (https:// gsds. cbi. pku. 
edu. cn) [47].

CRE analysis and identification of conserved motifs
The promoters of these genes were examined for the pres-
ence of CREs of flowering genes. The anti-sense and sense 
strands of region upstream of the transcription start site 
(ranging from 72 to 2117  bp) were analysed using Plant 
CARE (http:// bioin forma tics. psb. ugent. be/ webto ols/ plant 
care/ html/) [48] and PLACE (https:// www. dna. affrc. go. jp/ 
PLACE/? action= newpl ace) [49]. The MEME suite (https:// 
meme- suite. org/ meme/ tools/ meme) was used to detect 

the conserved motifs [50] with the maximum number 
of motifs set at 8 with following parameters: motif width 
ranging from 6 to 50 and number of sites in sequences for 
each motif ranging from 2 to 200.

Phylogenetic analysis
The amino acid sequences of MADS flowering genes from 
sweet orange, clementine, mandarin, citron, pummelo, 
Arabidopsis thaliana, Brassica rapa (brassica), Musa 
acuminata (banana), Citrullus lanatus (watermelon) and 
Ananas comosus (pineapple) were aligned using ClustalW. 
The phylogenetic relationship was determined with a 
model organism (Arabidopsis), and monocots (banana 
and pineapple) and dicots (brassica and watermelon) 
using the Maximum-Likelihood method with bootstrap 
test of 1000 replicates using MEGA XI software [51]. 
The phylogenetic tree was conceptualized through iTOL 
Interactive Tree of Life (https:// itol. embl. de/).

Gene ontology (GO) analysis and KEGG pathway 
annotation
The analysis of functional and annotation data of flower-
ing genes was performed via BLAST2GO tool (https:// 
www. blast 2go/ com/) [52]. The proteins sequences were 
subjected to BLASTP against protein database of NCBI 
(https:// blast. ncbi. nlm. nih. gov/ Blast. cgi) followed by map-
ping and retrieval of GO terms and then annotation of 
GO terms. The results were categorized as ‘Cellular com-
ponents’, ‘Biological processes’ and ‘Molecular functions’ 
according to which the GO terms were assigned. In addi-
tion to this, the KEGG mapping (https:// www. genome. 
jp/ kegg/) [53] was performed to elucidate the functions 
in which the flowering genes participate as enzymes. To 
generate more comprehensive data, the ‘Gene Function’ 
of the flowering related genes was retrieved from Citrus 
Pan-genome to Breeding database (http:// citrus. hzau. edu. 
cn/ geneF unc/ query. php). The analysis was performed in 
‘Gene Function’ module using following sources: CDD, 
Gene3D, Hamap, PANTHER, Pfam, PIRSF, PRINTS, 
ProSitePatterns, ProSiteProfiles, SFLD, SMART, SUPER-
FAMILY, and tigrfam.

Physical and chemical properties, homology modelling 
and protein‑protein interaction (PPI) network
The physical and chemical properties of the proteins 
encoded by flowering genes were determined via Prot-
ParamExPasy server (https:// web. expasy. org/ protp aram/) 
[54]. The properties included amino acid length, molecu-
lar weight, instability index, PI value, aliphatic index and 
Grand Average of Hydropathicity index (GRAVY). Prot-
Comp version 9.0 server (http:// www. softb erry. com/) 
was used to determine the sub-cellular localization of the 
proteins and the Pfam domains were predicted via Pfam 
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35.0 (http:// pfam. xfam. org/) based on profile of Hidden 
Markov Models [55]. For predicting the protein struc-
ture, the amino acid sequences were submitted to Phyre2 
(Protein Homology/analogY Recognition Engine; http:// 
www. sbg. bio. ic. ac. uk/ phyre2) under ‘expert’ mode [56]. 
The amino acid sequences were submitted to STRING 
v11.5 (https:// string- db. org/) with confidence level 
medium (0.400) and false discover rate stringency of 5% 
for the generation of PPI model.

Comparative genomics and synteny analysis
The genome databases of five species of citrus viz., sweet 
orange, clementine, mandarin, citron, and pummelo were 
compared. The data was retrieved from Citrus Genome 
Database (https:// www. citru sgeno medb. org/). The dif-
ferences in structures of major genes and proteins were 
analysed via GSDS2.0 (https:// gsds. cbi. pku. edu. cn) and 
Phyre2 (http:// www. sbg. bio. ic. ac. uk/ phyre2). Citrus 
genome database was explored to perform the synteny 
analysis to observe collinearity between C. sinensis, C. 
maxima, and C. clementina genomes.

Expression analysis of flowering genes
The expression analysis of flowering genes was evaluated 
in different tissues (ovule, fruit, fruit peel and floral bud) 
of various citrus species (C. reticulata, C. unshiu, and C. 
clementina). The rkpm values were retrieved from Citrus 
Pan-genome to Breeding database (http:// citrus. hzau. 
edu. cn/ index. php) and the heat map was constructed 
using R package. To retrieve rkpm values, the individual 
gene ids for each species were fed to ‘Gene Expression 
Search’ using pipeline TopHat2 + Cufflinks.

qRT‑PCR analysis of flowering genes
The fold change in expression level of flowering genes 
was performed using qRT-PCR analysis. The various tis-
sues of sweet orange were collected which included leaf, 
bud, flower and fruit stages (FruitS1: 7–8 days after flow-
ering; FruitS2: 30–32 days after flowering; and FruitS3: 
60–70 days after flowering) to study the gene expression 
of CsFT, CsCO, CsSOC, CsAP, CsSEP, and CsLFY. Fur-
thermore, the leaf tissues from various species (C. sin-
ensis, C. unshiu, C. clementina and C. reticulata) were 
used to compare the expression level of flowering genes 
within these species. The total RNA from the samples 
was extracted using Trizol™ reagent method and cDNA 
was synthesized using PrimeScript 1st strand cDNA 
synthesis kit (Takara Bio Inc.). The primers used in the 
study were designed using PerlPrimer software (v1.1.21). 
The lists of primers used in the study are given in Addi-
tional file  1: Table  S1. The qRT-PCR analysis was per-
formed using GoTag qPCR Master Mix (Promega Corp.) 
by taking CsACTIN as internal control. The fold change 

in relative gene expression was calculated using method 
given by Livak and Schmittgen [57]. The experiment was 
performed using three biological replicates and three 
technical replicates.

Results
Determination of chromosomal location and genetic 
organisation of flowering genes
A total of 43 genes were identified in C. sinensis genome. 
The sequences were retrieved via BLASTN. The genes 
included FT, CO, SOC1, BFT, TFL, SVP (SHORT VEG-
ETATIVE PHASE), MAF1 (MADS AFFECTING FLOW-
ERING), MADS genes (MADS_AGL31, MADS_AGL61, 
MADS_AGL70, MADS_AGL3, MADS_AGL35, MADS_
AGL42, MADS_AGL82 and MADS_AGL72), SHP1 
(SHATTERPROOF), GI, AP (APETALA, AP2 and AP3), 
PHYB (PHYTOCHROME), CRY  (CRYPTOCHROME; 
CRY1 and CRY2), WUS (WUSCHEL), FLD (FLOW-
ERING LOCUS D), FLK (FLOWERING LOCUS K), 
DL4 (DROOPING LEAF), TSF (TWIN SISTER OF 
FT), PI (PISTILLATA ), LFY (LEAFY), FLC (FLOWE-
ING LOCUS C), FRI (FRIGIDA), EMF (EMBRYONIC 
FLOWER), CEN (CENTRORADIALIS), TEM1 (TEM-
PRANILLO1), FT3 (FLOWERING LOCUS T3), SPB 
(SQUAMOSA PROMOTER BINDING), SPL (SQUA-
MOSA PROMOTER BINDING LIKE), SUF (SUPPRES-
SOR OF FRI), VIN (VERNALIZATION INSENSITIVE), 
VIP (VERNALIZATION INDEPENDENCE), DELLA, 
and ZTL (ZEITLUPE). All the genes regulate flowering 
(either via induction or inhibition) at different stages of 
plant growth and under different conditions. FT, SOC1, 
and LFY act as the primary genes which are responsible 
for integrated induction of flowering [58]. AP1 and LFY 
along with E-class SEP genes are type of floral meristem 
identity genes which play a key role in regulation of flow-
ering pattern [59]. The gene LFY acts in association with 
AP to promote the metamorphosis from inflorescence 
to floral meristem [60]. The MAF genes delays the flow-
ering time with its overexpression [61]. The WUS gene 
promotes structural and functional integrity in indeter-
minate shoot and determinate floral meristems [62]. FLC 
encodes a MADS-BOX transcription factor which acts 
by repressing the expression of FT and SOC1 in Arabi-
dopsis [63]. An ortholog of FLC, CcMADS19 represses 
the expression of FT in the leaf tissues [64, 65], whereas, 
FRI is a positive regulator of FLC [66]. During embryo-
genesis, FRI adjusts the expression level of FLC via chro-
matin modification which is helps ensuring flowering 
under vernalization conditions in new generation com-
ing from vernalized parents [67]. A homolog of CsTFL1, 
CsCEN interacts with CsFLD in axillary meristems 
where it is expressed. The indeterminate co-expression 
of CsCEN and CsFD suggests their role in regulation of 

http://pfam.xfam.org/
http://www.sbg.bio.ic.ac.uk/phyre2
http://www.sbg.bio.ic.ac.uk/phyre2
https://string-db.org/
https://www.citrusgenomedb.org/
https://gsds.cbi.pku.edu.cn
http://www.sbg.bio.ic.ac.uk/phyre2
http://citrus.hzau.edu.cn/index.php
http://citrus.hzau.edu.cn/index.php


Page 5 of 32Kaur et al. BMC Genomic Data           (2024) 25:20  

axillary bud development [68]. EMF genes regulate flow-
ering time by maintenance of vegetative phase [69]. Dis-
ruption of EMF activity results in transgenic plants which 
exhibit flowering at different times. Studies have revealed 
that non-functional EMF1 and/or EMF2 genes results 
in flowering upon germination by omitting vegetative 
growth [70]. VIN3 encodes a chromatin remodelling pro-
tein which functions under low temperatures [71]. This 
gene represses MAF1 in response to vernalization [72] 
and MADSAGL19 for the cold induction [73]. ZTL is a 
F-box circadian protein whose altered expression results 
in rate-dependent circadian period effects and causes 
changes in flowering time [74].

The genome-wide identification of the genes revealed 
the distribution of genes across all the chromosomes in 
sweet orange (Fig.  1a). The maximum number of genes 
(10) were located on chromosome 7 followed by chro-
mosome 2 with six genes. The chromosomes 4, 6 and 9 
had five genes; whereas chromosomes 1 and 3 had three 
genes each. Chromosomes 5 and 8 had two and four 
genes, respectively. The genes on chromosomes were 
clustered at either of the ends except chromosomes 2, 7 
and 9 where the genes were distributed across the length 
of the chromosome. The organization of the introns 
and exons gave insights into the genetic structure of 
the genes. Of all, four genes were found to be intron-
less which included CsMADS_AGL35, CsTEM1, CsFT3 
and CsDELLA. The genes CsTSF, CsWUS, CsMADS_
AGL82, CsCRY1, CsVIN3, CsSPB, and CsVIP3 had single 
intron which separated the coding sequence flanked by 
upstream and downstream sequences (Fig.  1b). Rest of 
the genes had coding sequences interrupted by numer-
ous introns wherein CsDL4 had the maximum number of 
introns followed by CsSOC1. The genes CsFT and CsBFT 
had similar arrangement of introns and coding sequences 
except for the sizes of the sequences which were less in 
the case of CsBFT.

Identification of CREs and conserved motifs
The regulation of gene expression is controlled either 
via transcription activation or repression. The molecular 
mechanism behind the regulation is the binding of tran-
scription factors to their corresponding CREs which are 
located upstream of the genes (regions called promot-
ers). These transcriptional factors can act as activator 
or repressor of the genes thereby, increasing or decreas-
ing the expression of genes, respectively. Thus, the CREs 
play an important role in gene regulation. The CREs 
were identified in the promoter regions of the flowering 
genes. The different CREs and their location on 33 gene 
sequences are shown in Additional file  1: Table  S2. A 
total of 10 different CREs were identified which included: 
GT1CONSENSUS (GRW AAW ), CARG box (CWW 

WWW WWWG), TATA box, DOFCOREZM (AAAG), 
CCAAT box, ABRELATERD1 box (ACGTG), GARE box 
(TAA CAA R), MYBGAHV (TAA CAA A), Pyrimidine box 
(CCT TTT  / TTT TTT CC) and CARE box (CAA CTC ). 
The TATA box was present as TATA box2 (TAT AAA T), 
box4 (TAT ATA A), box5 (TTA TTT ), TATABOXOSPAL 
(TAT TTA A) and TATAPVTRNALEU (TTT ATA TA). The 
DOFCOREZM and GT1CONSENSUS were the most 
common CREs present in the genes. The distribution and 
abundance of CREs is shown in Fig. 2a.

The conserved motifs were analysed in the flowering 
genes via MEME suite. A total of 8 motifs were identified, 
which were present on both positive and negative strand 
of the genes (Fig.  2b). The length of the motifs ranged 
from 15 to 50. The sequences of the motifs are shown in 
Fig.  2b. The genes CsSVP, CsAP3, CsPI and CsFLC had 
all the motifs. The motifs 4 and 5 were present as a sin-
gle cluster in all these genes including CsPI. The gene 
CsCEN had motifs only on the positive strand. In rest of 
the genes, motifs were present on both the strands.

Phylogenetic analysis
The phylogenetic tree was constructed for MADS box 
AGL (AGAMOUS LIKE) genes in citrus species along 
with watermelon, brassica, banana, pineapple and Arabi-
dopsis. The genes were divided into 12 clades and most of 
the genes of banana and pineapple were placed outside 
the clades (Fig. 3). The Clade I included AGL13, AGL42 
and AGL3 genes of all species along with AGL70 of 
watermelon. The AGL3 of pineapple was present outside 
the clade. The Clade II had AGL35 genes clustered with 
AGL82 genes of banana, watermelon, Arabidopsis and 
brassica. The rest of the AGL genes were present as sepa-
rate Clade VI. Interestingly, AGL24 gene of all the species 
were present in a single Clade IV depicting the conserva-
tion of gene during evolutionary process.

GO annotation
The protein sequences of the flowering related genes 
were functionally annotated categorizing them into 
three categories based on ‘Cellular component’, ‘Molec-
ular function’, and ‘Biological process’ (Fig.  4 and Addi-
tional file  1: Table  S3). In case of ‘Biological process’, 
majority of the genes were involved in ‘Positive regu-
lation of transcription’ (P:GO:0045944). In case of 
‘Molecular function’, most of the sequences were anno-
tated as involved in ‘Protein dimerization activity’ 
(F:GO:0046983). The sequences were annotated based 
on the cellular location. Most of the genes were located 
in nucleus (C:GO:0005634) followed by membrane 
(C:GO:0005886).

The GO annotation data was compared with the 
results retrieved from the ‘Gene function’ module of 
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Fig. 1 a Distribution of flowering genes on sweet orange (Cs) chromosomes (numbered 1–9). b Intron-exon structure of flowering genes (fit 
to scale). Red rectangles and thick black curved lines represent exons and introns, respectively
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the Citrus pan-genome to breeding database (Addi-
tional file  1: Table  S4). In case of ‘Biological process’, 
the genes were involved in ‘Cellular metabolic process’ 
(GO:0044237), ‘Metal ion transport’ (GO:0030001). 
In case of ‘Molecular function’, most of the sequences 
were annotated with ‘Protein dimerization activity’ 
(GO:0046983), ‘DNA binding’ (GO:0003677), ‘Pro-
tein binding’ (GO:0005515), ‘Monooxygenase activity’ 
(GO:0004497), ‘Oxidoreducatse activity’ (GO:0016705). 
Based on the ‘Cellular component’, the proteins were 
annotated under GO terms ‘Nucleus’ (GO:0005634) 
and ‘Membrane’ (GO:0016020). The results of the ‘Gene 
function’ analysis were in conformity with the GO anno-
tation data (Fig. 4).

Physical, chemical and structural properties of the proteins 
and their PPI network
The physical and chemical properties of the proteins 
were determined using ProtParam expasy server. The 
lengths of the proteins ranged from less than 100 amino 
acids to more than 1500 amino acids (Table 1). The pro-
tein CsMADS_AGL72 was only 85 amino acids long 
while CsDL4 was 1633 amino acids long. All the proteins 
were unstable in nature with instability index more than 
40 except CsCO, CsFLD, CsLFY, CsMADS_AGL82, and 
CsVIP3 which were stable with instability index 34.13, 
88.86, 75.58, 92.14, and 27.29, respectively. This could 
be attributed to the presence of high level of α-helices in 
their tertiary structures (Fig. 5) except CsVIP3. The pro-
teins CsSPB, CsSPL1 and CsSPL2 had similar structures 
despite having dissimilar length. The proteins CsBFT and 
CsTFL despite having the same length (173 aa) had dif-
ferent molecular weights i.e., 19234.97 Da and 19388.09 
Da, respectively. This could be attributed to the variation 
in their amino acid composition (Table 2). However, both 
the genes showed great variation in genomic organization 
(Fig.  1b) and conserved motifs (Fig.  2a). The promoter 
region of CsBFT had additional CREs GT1CONSENSUS, 
and PYRIMIDINE BOX besides the DOFCOREZM pre-
sent CsTFL (Additional file 1: Table S2). However, CsBFT 
lacked the TATA box present in CsTFL.

The pFam domain analysis revealed that most of 
the proteins belonged to SRF-type transcription fac-
tor (DNA-binding and dimerization domain) family 
and squamosa promoter binding-like protein (Table  2). 
The rest of the proteins belonged to Phosphatidyletha-
nolamine-binding protein family, K-box region and Rdx 

Fig. 2 a Distribution of CREs on each flowering related gene (Insert: 
Abundance of CREs in flowering genes of sweet orange). b Various 
conserved motifs detected in nucleotide sequences of flowering 
genes in sweet orange shown in different colours
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family. The determination of subcellular location of these 
proteins gave insights into the place of action to the pro-
teins. Out of the total, seventeen proteins were located in 
nucleus and rest were located either in the cytoplasm or 
secreted as extracellular proteins.

The 3D-structures of the proteins were determined 
via homology and analogy modelling using Phyre2 web 
portal. The structures created with 100% confidence are 
shown in Fig.  5. The proteins CsCO, CsCRY1, CsLFY, 
CsDL4, CsMADS_AGL31 and CsMADS_AGL82 were 
composed of α-helices only. The proteins CsBFT, CsFLD, 
CsAP2, CsCRY2, CsMADS_AGL35, CsPHYB, CsSOC1, 
CsSHP1, CsTFL, CsCEN, CsTEM1, CsSPB, CsSPL1, 
CsSPL2, CsVIP3, CsDELLA, CsFT3, and CsZTL had 
β-sheets in addition to α-helix. The proteins CsBFT and 
CsTFL, and CsSPB, CsSPL1 and CsSPL2 had the simi-
lar structures. The α-helix appeared to be the dominant 
structure which is known to represent 30% of the struc-
ture of globular proteins [109]. A β-sheet is more flat, 
thin and flexible as compared to an α-helix [110]. How-
ever, α-helix motifs possess higher stability than β-sheets 

[111]. Thus, the presence of high number of α-helices 
accounted for the stability of proteins CsCO, CsFLD, 
CsLFY and CsMADS_AGL82 (Table  1). The templates 
used for the prediction of the structure and their PDB 
header along with the composition of essential amino 
acids are given in Table 2. The templates were mostly the 
proteins involved in transcription, nucleic acid binding, 
SBT domain and were SRF-like proteins. Leucine was the 
most abundant essential amino acid present in the pro-
teins and tryptophan was the least abundant. The leucine 
rich repeats form a conformation which increases the 
surface area, thereby, mediating protein-protein interac-
tions [112].

The protein-protein interaction network is shown 
in Fig.  6a. The network had 43 nodes and 29 edges; 
average node degree of 1.35. Majority of the interac-
tions were either text mined (green edges) or experi-
mentally determined (pink edges). The proteins had 
more interactions among themselves than what would 
be expected for a random set of proteins of the same 
size and degree distribution drawn from the genome. 

Fig. 3 Phylogenetic tree showing relationship between flowering related MADS box AGL genes from Arabidopsis (At), citron (Cm), mandarin (Cr), 
sweet orange (Cs), pummelo (Cg), clementine (Cc), brassica (Br), watermelon (Cla), banana (Ma) and pineapple (Ac) denoted by different colours
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Fig. 4 Distribution of genes into three categories a biological processes, b molecular functions and c cellular component via gene ontology 
analysis
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Such enrichment indicated that the proteins are at least 
partially biologically connected, as a group. The string 
clustering of the proteins is given in Additional file  1: 

Table S5. The proteins were clustered into 11 clusters; 
which included MADS MEF2-like and PEBP binding 
proteins. Based on k-means clustering, the proteins 

Table 2 Proteins modelled using Phyre2 and percentage composition of essential amino acids

Protein name Template PDB header/ fold Essential amino acid composition (%)

His Ile Leu Lys Met Phe Thr Trp Val

CsFT c2obkE structural genomics 1.0 2.9 5.3 15.0 1.9 2.4 4.8 0.0 10.1

CsCO c6fcxA oxidoreductase 2.7 8.0 8.5 6.6 3.4 4.6 5.7 1.4 5.9

CaSOC1 c5oikZ Transcription 2.0 5.4 6.3 6.0 2.9 2.4 4.5 0.8 8.5

CsFLD c2xagA Transcription 2.1 4.2 11.4 6.9 2.5 4.2 4.4 1.0 7.2

CsLFY c2vy2A Transcription 2.8 3.0 8.3 5.8 1.5 3.0 2.8 1.5 6.8

CsSVP d1n6ja SRF-like 1.8 5.5 11.5 8.8 2.3 2.3 2.3 1.8 5.1

CsTFL d1qoua Ribosome 2.9 5.2 5.8 2.3 2.9 6.4 7.5 0.6 9.8

CsBFT d1qoua PEBP-like 2.9 5.8 4.6 3.5 3.5 4.6 6.9 0.6 10.4

CsMADS_AGL61 c6yvuB cell cycle 3.5 4.8 8.3 9.2 1.2 2.5 4.2 1.2 5.3

CsMADS_AGL82 c4m57A rna binding protein 1.2 6.2 11.1 8.7 4.3 2.1 4.3 1.4 5.6

CsMADS_AGL31 c1h28B cell cycle/ transferase substrate 1.9 6.7 8.1 6.7 3.9 5.2 2.9 1.0 7.5

CsMADS_AGL3 c4ox0D Transcription 3.4 3.4 13.1 4.6 2.3 2.3 5.1 1.1 5.7

CsMADS_AGL70 c3cblA Transferase 2.7 6.5 10.7 7.6 2.0 4.5 4.3 1.1 7.2

CsMADS_AGL72 c7nb0A plant protein 0.0 7.1 5.9 10.6 3.5 8.2 4.7 0.0 7.1

CsMADS_AGL35 d1n6ja SRF-like 1.3 3.8 9.3 11.0 5.9 3.8 3.8 1.7 4.2

CsTSF c5mmi6 Ribosome 3.4 4.8 11.0 13.7 5.5 3.4 1.4 0.7 4.1

CsAP3 d1mnma SRF-like 2.7 4.5 9.0 9.4 3.6 3.1 7.6 0.4 4.0

CsAP2 c7et4G dna binding protein/dna 1.8 2.5 5.7 4.5 1.8 4.5 5.5 1.4 5.5

CsWUS c6wigA plant protein/dna 5.3 3.4 8.7 6.7 5.3 3.4 6.2 1.9 3.4

CsCRY1 c1u3cA signaling protein 2.4 3.8 8.2 2.8 1.8 4.0 4.4 3.2 5.8

CsCRY2 c6k8kA signaling protein 2.4 4.0 10.4 5.3 1.9 4.0 3.9 3.7 5.1

CsDL4 c7eldA Hydrolase 2.8 5.9 11.8 6.7 1.8 4.8 3.4 0.7 6.1

CsGI c7wa4A circadian clock protein 3.3 5.8 11.2 3.9 1.6 3.2 4.0 1.7 5.4

CsPHYB c7rzwA gene regulation 3.1 6.1 10.1 5.0 2.4 3.8 5.1 0.9 7.9

CsFLK c2anrA rna-binding protein/rna 2.9 5.0 4.6 3.5 3.3 1.3 3.8 0.6 8.8

CsSEP2 c7nb0A plant protein 1.2 3.7 14.0 7.4 2.1 2.5 5.3 0.8 3.3

CsPI c7nb0A plant protein 2.5 7.1 11.8 8.4 2.1 4.2 5.0 0.4 5.0

CsMAF1 d1ijdA Light-harvesting complex subunits 0.9 5.4 11.7 5.9 1.4 5.4 7.2 1.8 6.8

CsSHP1 d1n6jA SRF-like 0.0 6.3 11.0 11.0 1.6 2.4 4.7 0.8 3.1

CsCEN d1qouA PEBP-like 2.3 4.7 5.8 4.7 3.5 7.0 7.0 0.6 10.5

CsFLC c7nb0A Plant protein 1.0 4.5 15.0 7.5 2.0 2.5 5.0 0.5 4.5

CsEMF1 c4mc5C Viral protein 4.0 4.3 6.9 7.7 2.5 3.5 5.1 0.8 4.2

CsFRI c5ch6B Transcription 2.6 6.6 8.1 8.3 2.4 3.6 4.4 1.0 6.3

CsTEM1 d1widA DNA-binding pseudobarrel domain 1.9 4.2 6.6 8.0 2.7 3.7 4.5 1.6 6.6

CsSPB d1ul4A SBT domain 3.2 2.1 5.3 11.6 2.1 2.6 3.2 0.0 4.8

CsSPL1 d1ul4A SBT domain 2.7 3.9 10.1 5.8 1.9 3.9 3.7 1.3 7.3

CsSPL2 d1ul4A SBT domain 2.5 2.7 7.5 6.7 2.5 3.8 5.6 1.5 4.2

CsSUF4 c6j0daA Transcription 3.0 3.5 4.7 5.0 3.0 4.2 4.5 1.5 10.2

CsVIN3 c6lthO Gene regulation 2.2 3.2 7.3 7.3 2.6 3.8 3.1 0.8 5.1

CsVIP3 c2ymuA Unknown function 3.2 3.2 8.3 4.1 2.9 3.2 7.6 3.2 10.2

CsDELLA c6kpdC Transcription 2.7 3.7 9.3 3.9 3.2 4.4 4.7 1.2 5.7

CsZTL c5svuD Circadian clock protein 2.1 3.7 10.6 2.4 1.6 4.5 5.7 2.6 8.3

CsFT3 c7t7vA Exocytosis 3.1 6.1 10.4 6.1 2.6 4.1 5.4 2.2 8.4
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were clustered into five groups as shown by five colors 
in Fig.  6a and Additional file  1: Table  S6. The KEGG 
pathway analysis showed the involvement of four pro-
teins (PHYB, CRY, GI, and ZTL) in circadian rhythm 
pathway which ultimately control the expression of CO 
and FT which regulate flowering (Fig. 6b).

Comparative genomics
The comparative genomics was carried out to analyse 
the evolutionary history of the flowering genes in cit-
rus species. The genome databases of five citrus species 
were compared viz., sweet orange, clementine, man-
darin, citron, and pummelo (Table  3). Citron has the 

Fig. 5 Protein structure of predicted with 100% confidence level (a) CsBFT (b) CsCO (c) CsFLD (d) CsDL4 (e) CsAP2 (f) CsCRY1 (g) CsCRY2 (h) CsLFY 
(i) CsMADS_AGL31 (j) CsMADS_AGL35 (k) CsMADS_AGL70 (l) CsMADS_AGL82 (m) CsPHYB (n) CsSHP1 (o) CsSOC1 (p) CsTFL (q) CsCEN (r) CsTEM1 
(s) CsSPB (t) CsSPL1 (u) CsSPL2 (v) CsVIP3 (w) CsDELLA (x) CsFT3 (y) CsZTL
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Fig. 6 In-silico studies of the protein sequences of flowering genes (a) Protein-protein interaction network of flowering related genes in sweet 
orange. b Proteins involved in circardian rhythm pathway
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largest genome followed by pummelo. Sweet orange had 
the lowest GC content of all four species. Despite hav-
ing comparatively smaller genome, sweet orange had the 
greatest number of pathways characterized including 
metabolic reactions, transport reactions and chemical 
compounds. The GO annotation showed that the maxi-
mum number of genes had been annotated in citron fol-
lowed by pummelo. Sweet orange had the least number 
of genes annotated according to citrus genome database.

The structures of flowering genes were compared 
within five citrus species sweet orange, clementine, man-
darin, citron, and pummelo. The proteins sequences 
which shared alignments are shown in Table  4. The 

alignments did not follow a particular pattern for exam-
ple WUS gene was similar in pummelo and citron, while 
FLK gene was similar in pummelo and sweet orange. No 
gene was observed to be similar in all the five species. The 
only gene which was similar in four species (except cit-
ron) was LFY. The genes TFL1, BFT and SVP were simi-
lar in three species: clementine-pummelo-sweet orange; 
clementine-citron-sweet orange; and pummelo-citron-
sweet orange respectively. The gene SVP also showed 
similarity between clementine and mandarin.

The variation in genomic structure of five genes viz., 
CO, SOC, TFL, GI and FT were studied in five species. 
These genes showed variation within the citrus species 
are shown in Fig. 7. Despite having similar function and 
common genera, dissimilarities in intron-exon organiza-
tion of these genes were observed. The gene SOC1 had 
similar structure in Cc, Cr and Cs except for the length 
of the distal downstream region while CgSOC1 sequence 
lacked the same. While in case of CmSOC1 a highly elon-
gated upstream element was present. Similarly, in case of 
CO, GI, TFL and FT, presence and absence of upstream/ 
downstream elements and differences in lengths of 
introns resulted in variations among the genes.

The protein structures of the genes showing vari-
ations are given in Fig.  8. The genes showing similar 
gene structure but different protein structure would 
indicate changes in post-transcriptional modifications 
and genes showing dissimilar gene structure but simi-
lar protein structure would indicate variation in non-
coding sequences and/or un-translated regions in the 
genes. The genes GI, SOC1 and TFL despite having dis-
similar genomic structures; their proteins had similar ter-
tiary structures. This means that the genes had different 

Table 3 Comparative of genomic databases of four species of citrus

Clementina Pummelo Citron Sweet orange

Database
 Genome Size (bp) 290201842.00 345779982.00 406057947.00 327944670.00

 Genes 24,528 42,872 47,399 24,727

 Genes of known or predicted molecu-
lar function

9,130 12,598 13,693 10,500

 %GC Content 33.6 34.9 32 31.28

 Pathways 484 265 254 583

 Metabolic Reactions 2,776 1,665 1,639 3,749

 Transport Reactions 26 19 18 40

 Compounds 2,310 1,491 1,465 3,079

Gene Ontology
 GO Annotations 13,552 24,620 26,942 12,074

 Biological process 8,300 14,113 15,128 6,702

 Cellular component 5,125 9,685 10,429 4,222

 Metabolic function 5,184 9,223 9,576 4,367

Table 4 Pairs of protein sequences showing 100% alignment 
analysed via Clustal Omega

S. No. Proteins with 100% alignment

1 CgWUS-CmWUS

2 CgFLK-CsFLK

3 CmAP3-CmPI

4 CcSOC1-CrSOC1

5 CcLFY-CgLFY-CrLFY-CsLFY

6 CcFLD-CsFLD

7 CcAP3-CsAP3

8 CgAP3-CrAP3

9 CcTFL1-CgTFL1-CmTFL1

10 CcBFT-CrBFT-CsBFT

11 CgSVP-CmSVP-CsSVP

12 CcSVP-CrSVP

13 CcSEP2-CgSEP2

14 CmSEP2-CsSEP2
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intronic sequences. The protein FT had different struc-
ture in all the species. Similarly, the CO protein had simi-
lar structure in all the species except sweet orange.

Synteny (collinearilty) analysis helps in identification of 
homologous genes and gene order between genomes of 
different species [113]. Synteny blocks offer an alternative 
and more practical approach for comparative genom-
ics which is dependent on the identification of homologs 
[114, 115]. It was first described as homologous genetic 
loci that co-occur on the same chromosome [116, 117]. 
A more formal definition is the regions of chromosomes 
among genomes sharing a common order of homolo-
gous genes which are derived from a common ancestor 
[118]. In case of flowering gene, the maximum number 
of genes were present on chromosome 6 in sweet orange 
(Fig. 1a). Therefore, the comparative analysis was carried 
out for genes present on chromosome 6 of sweet orange 
with genome of C. maxima and clementine. The synteny 
blocks are shown in Fig. 9. A total of 43 syntenic blocks 

were observed between on chromosome 6 of sweet 
orange and C. maxima (Fig. 9a). Majority of genes were 
collinear with chromosome 6 of sweet orange showing 
the conserved nature of genes during evolutionary pro-
gress. Similarly, in case of clementine, 41 syntenic blocks 
were observed (Fig.  9b). Majority of genes were located 
on scaffold 6.

Expression analysis of flowering genes
A heatmap was constructed for flowering genes in vari-
ous tissues of Citrus species. The flowering genes are 
expressed in shoot apical meristem and floral buds. The 
rkpm values of the expression data are given in Addi-
tional file 1: Table S7. The expression of FT gene was the 
maximum in fruit (clementine) followed by that in ovule 
(mandarin) (Fig. 10). Similarly, the expression of CO gene 
was observed to be the maximum in mandarin fruit. 
Incomplete expression data were observed for certain 
genes such as TFL1, MADS_AGL82, SVP, MADS_AGL72, 

Fig. 7 Variations in the genomic organization of genes SOC1 CO, GI, TFL and FT in different citrus species (clementine, pummelo, citron, mandarin 
and sweet orange denoted as Cc, Cg, Cm, Cr and Cs respectively)
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MADS_AGL24, MADS_AGL35 and WUS. The expres-
sion of gene GI was the highest of all which was observed 
in clementine ovule. The same tissue also observed the 
highest expression for genes SOC1, FLD, MADS_AGL70, 
FLK, DELLA, SUF4, EMF1, TEM1, FRI, SPL1. Similarly, 
mandarin ovule observed the highest gene expression for 
genes TSF and SEP1 and buds of C. medica had highest 
gene expression for LFY, SVP, MADS_AGL61, MADS_
AGL72, MADS_AGL24, CRY1, PHYB, MAF1, SPB, VIP3, 
VIN3, and FLC. The findings suggested that most of the 
flowering genes are expressed in bud and ovules.

qRT‑PCR analysis of flowering genes in different tissues 
of sweet orange and comparison with other species
The expression analysis of six flowering related genes 
(CsFT, CsCO, CsSOC, CsAP, CsSEP and CsLFY) was 
determined in various tissues of sweet orange (Fig.  11). 
The leaf sample was taken as control and gene expression 
was compared with flower bud, fully grown flower and 
three stages of fruits (FruitS1, FruitS2 and FruitS3). The 
melt curves of the genes are shown in Additional file 1: 

Fig. S1. The results indicated that the maximum expres-
sion of CsFT was observed in bud stage and the mini-
mum expression was observed in fully grown flower stage 
(Fig.  11a). The CsFT expression increased with increas-
ing fruit development stage. Contrarily, the expression of 
CsCO decreased with increasing fruit development stage 
(Fig. 11b). The CsCO expression was higher in flower as 
compared to bud stage. CsSOC showed the maximum 
expression in flower stage (Fig. 11c) while CsSEP showed 
the maximum expression in bud stage (Fig.  11e). The 
genes CsAP and CsLFY showed the maximum expression 
in early fruit development stage (FruitS1: 7–8 days after 
flowering) as shown in Fig. 11d and f. The results showed 
that the bud, fully mature flower and early fruit develop-
mental stage (Fruit S1) could be used for targeting the 
expression of flower genes.

The leaf samples were used to determine the expression 
of flowering genes in various citrus species (C. sinensis, 
C. unshiu, C. clementina and C. reticulata). The C. sinen-
sis leaf tissue was taken as control to compare the expres-
sion of levels of CsFT, CsCO, CsSOC, CsAP, CsSEP and 

Fig. 8 Protein structures of genes with variation in genomic organization
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Fig. 9 Syntenic blocks of chromosome 6 of sweet orange with (a) C. maxima genome and (b) clementine genome
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CsLFY with other species (Fig. 12). The results indicated 
that the maximum expression of CsFT and CsCO was 
observed in C. unshiu while the maximum expression of 
CsSOC, CsSEP and CsLFY was observed in C. reticulata. 
C. clementina leaf tissue showed the maximum expres-
sion of CsAP.

Discussion
Most of the Citrus species possess characteristic feature 
of long juvenility period; therefore they do not bear flow-
ers or fruits for many years. This hinders and delays the 
breeding approaches for generation of improved Citrus 
varieties and cultivars. In order to break the juvenility 
via biotechnological approaches, a detailed study of the 
genes involved in flowering is required. Flowering in Cit-
rus is a complex mechanism regulated by various genetic 
and environmental factors. The present study was carried 
out to identify genes responsible for flowering in sweet 
orange. The bioinformatics analysis gave insight into the 
structural and functional analysis of the genes and pro-
teins. Moreover, the structure of genes and proteins were 

compared within various Citrus species to recognize 
their structural and functional similarities.

The study involved identification of 43 flowering related 
genes in sweet orange genome distributed across 9 chro-
mosomes (Fig.  1a). The analysis of promoter sequence 
detected various CREs in the sequences which included 
GT1CONSENSUS (GRW AAW ), CARG box (CWW 
WWW WWWG), TATA box, DOFCOREZM (AAAG), 
CCAAT box, ABRELATERD1 box (ACGTG), GARE box 
(TAA CAA R), MYBGAHV (TAA CAA A), Pyrimidine box 
(CCT TTT  / TTT TTT CC) and CARE box (CAA CTC ) 
(Fig. 2a). These boxes regulate the transcription of genes 
via various mechanisms. Under inductive day length con-
ditions, the activation of transcription of gene FT is facil-
itated by CO [119]. The stability of CO protein is affected 
by light; hence long day conditions result in accumulation 
of sufficient CO proteins which induce expression of FT 
gene [9, 120, 121]. The transcriptional activation occurs 
as follows. The CO encodes a nuclear protein which con-
tains two zinc binding B-boxes and a CCT domain (com-
prised of CONSTANS, CO-like, TIME OF CAB1) [122, 

Fig. 10 Heatmap of expression analysis of flowering genes in different tissues of citron, clementine, C. unshiu and mandarin
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123]. However, CO alone cannot activate transcription. 
The CCT domain of CO interacts with Nuclear Factor Y 
(NF-Y) complex [124, 125] which in turn binds to DNA 
in the form of a heterotrimeric complex which recognizes 
CCAAT cis-elements [126, 127]. Previous studies have 
shown the role of NF-Y complex in controlling flowering 
and such complexes are located downstream of CO in the 
photoperiodic pathway in case of Arabidopsis [128–130]. 
Nuclear factor Y (NF-Y) is a ubiquitous CCAAT-box 
binding transcription factor which is composed of three 
subunits i.e., NF-YA, NF-YB and NF-YC [131, 132]. The 
NF-Y, particularly NF-YB subunits, has been identified as 
a flowering time regulator in plants [126].

The GT1CONSENSUS is the binding site of GT-1 
transcription factor (trihelix family) which effects the 
salicylic acid inducible pathogenesis-related gene expres-
sion [133]. The DOFs are a set of plant specific transcrip-
tion factor whose core binding site is DOFCOREZM 
[134]. The Dof proteins include Dof1, Dof2, Dof3, and 
PBF [135]. Dof1 regulates activities of c4pepc, cyppdk, 
and pepcZm2A promoters which are involved in carbon 
metabolism [135].

The MYB (myeloblastosis) transcription factors con-
tain the MYB domain which helps in DNA binding 
[136]. MYB transcription factors are classified based 
on the number of repeats present in their sequences 

Fig. 11 Fold change in gene expression of flowering genes in various tissues of sweet orange (a) CsFT (b) CsCO (c) CsSOC (d) CsAP (e) CsSEP (f) CsLFY 
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which can vary from 1 to 4 [137]. In plants, MYB 
transcription factors play a key role in plant develop-
ment, secondary metabolism, hormone signal trans-
duction, disease resistance and abiotic stress tolerance 
[138], root development [139] and flowering [140]. 
Some MYB transcription factors can also participate 
in light, low-temperature, and osmotic stress induction 
responses [140]. A MYB-related protein known as FE 
has been found to positively regulate the FT and FTIP1 
(FLOWERING LOCUS T INTERACTING PROTEIN) 
in Arabidopsis [17]. ABA-responsive elements (ABREs) 
are basic leucine zipper (bZIP)-type ABRE binding 
proteins (AREBs) that function in response to absci-
sic acid treatment [141]. The CREs can be categorized 
as light-responsive such as GT1CONSENSUS, stress-
responsive GT1GMSCAM4 and CAATBOX, hormone-
responsive such as ABRELATERD1, and transcription 
factor binding sites such as DOFCOREZM [142].

The KEGG pathway analysis showed the involvement 
of four proteins (PHYB, CRY, GI, and ZTL) in circadian 
rhythm pathway which ultimately control the expres-
sion of CO and FT which regulate flowering (Fig.  6b). 
Circadian rhythms are a type of biological rhythms 
which occur periodically which take ∼24 h to complete 
one cycle [143]. Circadian rhythms are known to regu-
late various plant functions including flowering [144]. 
The role of circadian clocks in flowering has been well 

studied in Arabidopsis. The circadian rhythms are car-
ried out as three feedback loops known as morning, 
central and evening loops [145]. The gene GI forms an 
important component of the evening loop which acti-
vates ZTL protein and acts along with it to degrades 
TOC1 (TIMING OF CAB EXPRESSION) protein [146]. 
The TOC1 gene belongs to family of Pseudo-Response 
Regulators (PRRs) and help in synchronizing the signal 
of light between PHYB and clock rhythms [147].

Flowering plants possess multiple photoreceptors which 
are categorized based on the wavelength spectra they 
absorb which spans from UV-B to far-red (280 to 750 nm). 
These light harvesting proteins have been characterized as 
phytochromes (PHYs), cryptochromes (CRYs), ZTL pro-
teins, and the UV resistance locus 8 (UVR8) [148–150]. 
The KEGG analysis revealed involvement of PHYB, CRY 
and ZTL in circadian rhythms. These photoreceptors 
(PHYBs, CRYs and ZTL) perceive light signals upon illu-
mination and mediate photomorphogenic growth, via 
various mechanisms such as inhibition of hypocotyl elon-
gation, promotion of cotyledon expansion, and accumula-
tion of anthocyaninn [93, 151, 152].

The PHYs are plant-specific photoreceptors which 
mediate photoperiodic flowering by absorbing red and 
far-red light [152]. They undertake two photoconvert-
ible forms, inactive Pr form which absorbs red light 
(λmax = 660 nm) and the active Pfr form which absorbs 

Fig. 12 Fold change in expression of flowering genes in leaf tissues of C. unshiu, C. clementina and C. reticulata using C. sinensis as control
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far-red light (λmax = 730 nm) [153, 154]. Similarly, CRYs 
and ZTL are photoreceptors which absorb blue light. 
Studies have shown that CRY1, CRY2 and PHYA are 
required to initiate flowering and stabilize CO protein, 
while PHYB promotes delayed flowering and deprivation 
of CO [155]. However, the deprivation of CO is activated 
in night and repressed by the day via COP1 (CONSTI-
TUTIVE PHOTOMORPHOGENIC 1) and SPA1 (SUP-
PRESSOR OF PHYTOCHROME A) respectively [156]. 
COP1 and SPA1 are ubiquitin ligases to which CO binds 
directly which in turn inhibit their property of CO deg-
radation to promote CO gene expression at the end-
ing of the long- day photoperiod [121]. Various studies 
have found that loss-of-function mutations in these 
genes result in delay of flowering under long days but 
have little or no effect under short days [157]. Similarly, 
GI plays significant role in red light signalling, regula-
tion of circadian rhythms, and controlling flowering time 
[92]. Under day/night cycle, the GI controls the expres-
sion of CO such that CO mRNA is expressed in cases 
when plants are exposed to light under long days but not 
under short days [158]. The exposure to light is required 
for the activation of CO protein functioning [120]. It has 
been proposed the expression of FT is directly activated 
by CO in response to light, resulting in flowering [120]. 
ZTL is a circadian clock protein found in Arabidopsis 
which senses blue light. This protein acts by regulating 
the proteasome-dependent degradation of TOC1 protein 
and its functioning of this protein is required for normal 
circadian cycle [159]. Its normal functioning is sustained 
by GI which directly interacts with it via protein–pro-
tein interaction. Moreover, the interaction between these 
two proteins is enhanced in blue light via flavin-binding 
LIGHT, OXYGEN OR VOLTAGE (LOV) domain of 
ZTL [160]. Mutations in LOV domain the affects ZTL-
GI interaction and results in greatly diminished activity 
of ZTL [160]. Studies have shown that overexpression of 
ZTL significantly delays flowering under long day condi-
tions, and loss-of-function mutation of this gene have a 
little effect on flowering time [107].

The comparison within structures of flowering genes 
from five citrus species (sweet orange, clementine, man-
darin, citron, and pummelo) showed that the proteins 
sequences as well as intron-exon organization showed 
variation (Table 4; Fig. 7). The variation could have been 
due the dissimilar lengths of introns the sequences. The 
comparison of genetic and protein structures could be 
helpful in detecting potential target sequences and resi-
dues through genetic engineering tools for generation 
of mutations at specific locations. The expression analy-
sis of flowering genes revealed that the highest level 
of expression was observed in bud and ovules (Fig.  10). 

The qRT-PCR analysis was performed to identify chief 
flowering genes in Citrus (Figs.  11 and 12). The results 
revealed that CsFT was highly expressed in bud tissue as 
compared to control tissue leaf as well as other flower-
ing and fruit developmental stages. Similar results were 
reported by Nishikawa et  al. [160] who reported nega-
tive correlation of CiFT mRNA levels with fruit weight 
per leaf area in case of satsuma mandarin (Citrus unshiu 
Marc.). The results could help in identifying specific tis-
sue for targeting the specific flowering related genes 
to induce or early flowering. Pajon et  al. [161] studied 
the expression analysis of CiFT1, CiFT2 and CiFT3 in 
‘Pineapple’ sweet orange and pummelo leaf tissues over 
a period of one year. They observed that the expression 
level of three genes was at peak during the month of April 
and subsided after that regardless of the conditions in 
which they were growing (protected or open field condi-
tions). In C. unshiu, three FT transcripts, CiFT1, CiFT2, 
and CiFT3 have been identified and characterized [75, 
162] of which CiFT1 and CiFT2 are isoforms encoded 
by the same gene [163] and CiFT3 is considered a better 
floral-inductive treatment compared to CiFT1 and CiFT2 
[164, 165]. Soares et al. [108] developed transgenic “Car-
rizo” citrange hybrid using CcFT1 and CcFT3 (homologs 
of FT in C. clementine). The transgenic lines overexpress-
ing CcFT1 were unable to exhibit flowering, while lines 
overexpressing CcFT3 exhibited flowering. Thus, FT3 
could act as potential target for its overexpression in cit-
rus to induce early flowering [108, 165]. The qRT-PCR 
study revealed that the expression of CsAP was higher 
in all samples as compared to leaf tissue used as control 
(Fig. 11d). Munoz-Fambuena et al. [166] reported higher 
expression of CsAP1 in buds as compared to leaves 
in ‘Moncada’ mandarin. The CsSOC showed a slight 
decrease in gene expression (~ 0.5 fold change) in bud as 
compared to leaf (Fig. 11c). Citrus homologue of SOC1, 
CsSL1 has been reported to show constant and similar 
gene expression level in leaf and bud tissues [166]. The 
genes CsAP and CsLFY were highly expressed in early 
fruit development stage (FruitS1) as compared to other 
tissues (Fig. 11d and f ). These genes have been reported 
to determine flower meristem identity and their expres-
sion under constitutive promoter is sufficient to promote 
initiation and development of flowering from shoot api-
cal and axillary meristems [79]. The results revealed that 
identification of tissue for targeting flowering expression 
is equally important as identifying the genes related to 
flowering.

Apart from the primary genes, many subsidiary genes 
are also involved in regulation of flowering either directly 
or indirectly. The genetic manipulation of these genes i.e. 
either overexpress or silence their expression could help 
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in achieving early flowering phenotype in citrus (Table 1). 
CsCEN is known to maintain vegetative axillary meris-
tem indeterminacy in citrus [68]. It antagonizes Thorn 
Identity 1 (TI1) as it is not expressed thorn meristem. 
Silencing of its activity causes termination in the activity 
of stem cells which results in dormant axillary meristems 
converting into thorns. CsCEN functions in associa-
tion with CsFLD to repress the expression of TI1 and 
mutations in TI1 and TI2 could rescue the cscen mutant 
phenotype [68]. Various studies have shown that the loss-
of-function mutation of CEN/TFL1 can result in preco-
cious flowering in fruit crops such as kiwifruit [167], pear 
[168], apple [168, 169], and blueberry [170]. Another 
gene VIN3 is required for the vernalization response in 
Arabidopsis. Plants mutated to silence the activity of this 
gene are unable to respond to vernalization resulting in 
increase of FLC transcript levels ultimately leading to a 
late flowering phenotype [71]. DELLA protein is a nega-
tive regulator of gibberellic acid signalling which is cru-
cial for flowering under short day conditions [171]. A 
study in Arabidopsis has shown that a quadruple mutant 
of DELLA develops early flowers under short day condi-
tions [172]. These flowering genes could be targeted for 
their overexpression or silencing in order to generate 
desired flowering phenotype in citrus.

Conclusion
Citrus is an important horticultural crop grown for 
its high nutritional value. However, the long juvenility 
period makes it difficult for crop improvement. To break 
the juvenility period using biotechnological techniques, 
it is important to understand the genetic makeup of the 
flowering genes. The present research was carried out to 
elucidate the structural and functional analysis of flower-
ing genes in sweet orange. A total of 43 flowering genes 
were identified in sweet orange which were distributed 
along the 9 chromosomes. The in-silico analysis of the 
gene and protein sequences revealed the involvement of 
flowering genes in circadian rhythm pathways regulated 
by light-receptors cryptochromes and phytochromes. 
The comparative analysis was carried out among other 
species of citrus viz., sweet orange, clementine, manda-
rin, citron and pummelo. Some of the genes shared dis-
similar genetic structure but similar protein structure 
confirming the conserved nature of coding sequences 
in flowering genes. The expression study revealed that 
expression of the flowering genes were high in fruit ovule 
as compared to fruit bud. The qRT-PCR analysis iden-
tified the tissue specific expression of flowering genes 
(CsFT, CsCO, CsSOC, CsAP, CsSEP and CsLFY) which 
would help in manipulation of the pathways for in depth 

understanding of the pathways. The various flowering 
genes in citrus could be targeted via biotechnological 
approaches including overexpression, loss-of-mutation, 
RNA interference and CRISPR-Cas technologies. The 
study could prove useful for genetic manipulation of 
flowering genes in citrus species.

Abbreviations
CREs  Cis-Regulatory Elements
KEGG  Kyoto Encyclopedia of Genes and Genomes
PEBP  Phosphatidylethanolamine-binding proteins
RNAi  RNA interference
CRISPR/Cas  Clustered regularly interspaced short palindromic repeats
CDS  Coding sequence
GO  Gene ontology
PPI  Protein-protein interaction

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12863- 024- 01201-5.

Additional file 1: Table S1. List of primers used in RT-PCR analy-
sis. Table S2. Location of CREs on various flowering genes in sweet 
orange. Table S3. GO annotation of flowering genes in sweet 
orange. Table S4. Gene function analysis of flowering genes in sweet 
orange. Table S5. String clustering of the flowering related proteins 
in sweet orange. Table S6. K-mean clustering of the flowering related 
proteins in sweet orange. Table S7. rkpdm values of flowering genes 
expressed in different tissues of different citrus species. Fig. S1. Melt curve 
of the genes (a) CsFT (b) CsCO (c) CsSOC (d) CsAP (e) CsSEP (f ) CsLFY. 

Acknowledgements
The authors acknowledge Director, School of Agricultural Biotechnology, 
Punjab Agricultural University for providing the infrastructure to carry out the 
research work.

Authors’ contributions
H.K. performed bioinformatics study and wrote the manuscript; P.M. designed 
the in-silico experiments and wrote the manuscript; H.K., P.M., G.S.S. and P.C. 
reviewed the manuscript.

Funding
The work is supported by the Department of Biotechnology under the Centre 
of Excellence Project entitled, ‘Development and Integration of Advanced 
Genomic Technologies for Targeted Breeding’CSS-27 (PC-6372).

Availability of data and materials
The datasets supporting the conclusion of this article are available in the ‘Citrus 
Genome Database’ (https:// www. citru sgeno medb. org/) under the link (https:// 
www. citru sgeno medb. org/ organ ism/ Citrus/ sinen sis; Gene Sequence IDs pro-
vided in Table 1) and ‘Plant Ensembl’ (https:// plants. ensem bl. org/ index. html).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

https://doi.org/10.1186/s12863-024-01201-5
https://doi.org/10.1186/s12863-024-01201-5
https://www.citrusgenomedb.org/
https://www.citrusgenomedb.org/organism/Citrus/sinensis
https://www.citrusgenomedb.org/organism/Citrus/sinensis
https://plants.ensembl.org/index.html


Page 28 of 32Kaur et al. BMC Genomic Data           (2024) 25:20 

Author details
1 School of Agricultural Biotechnology, College of Agriculture, Punjab Agricul-
tural University, Ludhiana 141001, Punjab, India. 

Received: 2 March 2023   Accepted: 30 January 2024

References
 1. Khan MRG, Ai XY, Zhang JZ. Genetic regulation of flowering time in 

annual and perennial plants. Wiley Interdiscip Rev. 2014;5(3):347–59.
 2. Capovilla G, Schmid M, Posé D. Control of flowering by ambient tem-

perature. J Exp Bot. 2015;66:59–69.
 3. Ponnu J, Wahl V, Schmid M. Trehalose-6-phosphate: connecting plant 

metabolism and development. Front Plant Sci. 2011;2:70.
 4. Simpson GG, Gendall AR, Dean C. When to switch to flowering. Annu 

Rev Cell Dev Biol. 1999;99:519–50.
 5. Blázquez M, Koornneef M, Putterill J. Flowering on time: genes that 

regulate the floral transition. Workshop on the molecular basis of 
flowering time control. EMBO Rep. 2001;2(12):1078–82. https:// doi. org/ 
10. 1093/ embo- repor ts/ kve254.

 6. Andrés F, Coupland G. The genetic basis of flowering responses to 
seasonal cues. Nat Rev Genet. 2012;13:627–39.

 7. Song YH, Shim JS, Kinmonth-Schultz HA, Imaizumi T. Photoperiodic 
flowering: time measurement mechanisms in leaves. Ann Rev Plant 
Biol. 2015;66:441–64.

 8. Baurle I, Dean C. The timing of developmental transitions in plants. Cell. 
2006;125:665–664.

 9. Suarez-Lopez P, Wheatley K, Robson F, Onouchi H, Valverde F, Coupland 
G. CONSTANS mediates between the circadian clock and the control of 
flowering in Arabidopsis. Nature. 2001;410:1116–20.

 10. Chautard H, Jacquet M, Schoentgen F, Bureaud N, Bénédetti H. Tfs1p, 
a member of the PEBP family, inhibits the Ira2p but not the Ira1p ras 
GTPase-activating protein in Saccharomyces cerevisiae. Eukaryot Cell. 
2004;3(2):459–70.

 11. Zheng XM, Wu FQ, Zhang X, Lin QB, Wang J, Guo XP, Lei CL, Cheng ZJ, 
Zou C, Wan JM. Evolution of the PEBP gene family and selective signa-
ture on FT-like clade. J Syst Evol. 2016;54(5):502–10.

 12. Jin S, Nasim Z, Susila H, Ahn JH. Evolution and functional diversification 
of FLOWERING LOCUS T/TERMINAL FLOWER 1 family genes in plants. 
Sem Cell Develop Biol. 2021;109:20–30.

 13. Mackenzie KK, Coelho LL, Lütken H, Müller R. Phylogenomic analysis of 
the PEBP gene family from Kalanchoë. Agron. 2019;9(4):171.

 14. Vaistij FE, Barros-Galvão T, Cole AF, Gilday AD, He Z, Li Y, Harvey D, 
Larson TR, Graham IA. MOTHER-OF-FT-AND-TFL1 represses seed germi-
nation under far-red light by modulating phytohormone responses in 
Arabidopsis thaliana. Proc Natl Acad Sci USA. 2018;115(33):8442–7.

 15. Hedman H, Källman T, Lagercrantz U. Early evolution of the MFT-like 
gene family in plants. Plant Mol Biol. 2009;70(4):359–69.

 16. Liu YY, Yang KZ, Wei XX, Wang XQ. Revisiting the phosphatidylethanol-
amine-binding protein (PEBP) gene family reveals cryptic FLOWERING 
LOCUS T gene homologs in gymnosperms and sheds new light on 
functional evolution. New Phytol. 2016;212(3):730–44.

 17. Kaur M, Manchanda P, Kalia A, Ahmed FK, Nepovimona E, Kuca K, 
et al. Agroinfiltration mediated scalable transient gene expression in 
genome edited crop plants. Int J Mol Sci. 2021;22(19):10882. https:// doi. 
org/ 10. 3390/ ijms2 21910 882.

 18. Abe M, Kaya H, Watanabe-Taneda A, et al. FE, a phloem-specific myb-
related protein, promotes flowering through transcriptional activation 
of flowering locus t and flowering locus t interacting protein 1. Plant J. 
2015;83:1059–68. https:// doi. org/ 10. 1111/ tpj. 12951.

 19. Luccioni L, Krzymuski M, Sánchez-Lamas M, Karayekov E, Cerdán PD, 
Casal JJ. CONSTANS delays Arabidopsis flowering under short days. 
Plant J. 2019;97(5):923–32.

 20. Karlgren A, Gyllenstrand N, Kallman T, Sundstrom JF, Moore D, 
Lascoux M, Lagercrantz U. Evolution of the PEBP gene family in 
plants: functional diversification in seed plant evolution. Plant Physiol. 
2011;156(4):1967–77.

 21. Yoo SY, Kardailsky I, Lee JS, Weigel D, Ahn JH. Acceleration of flower-
ing by overexpression of MFT (Mother of FT and TFL1). Mol Cells. 
2004;17:95–101.

 22. Jin S, Jung HS, Chung KS, Lee JH, Ahn JH. FLOWERING LOCUS T 
has higher protein mobility than TWIN SISTER OF FT. J Exp Bot. 
2015;66(20):6109–17.

 23. Nakagawa M, Shimamoto K, Kyozuka J. Overexpression of RCN1 and RCN2, 
rice Terminal Flower 1/Centroradialis homologs, confers delay of phase 
transition and altered panicle morphology in rice. Plant J. 2002;29:743–50.

 24. Cao K, Cui L, Zhou X, Ye L, Zou Z, Deng S. Four Tomato Flowering Locus 
T-Like proteins act antagonistically to regulate floral initiation. Front 
Plant Sci. 2016;6: 1213. https:// doi. org/ 10. 3389/ fpls. 2015. 01213.

 25. Esumi T, Kitamura Y, Hagihara C, Yamane H, Tao R. Identification of a 
TFL1 ortholog in Japanese apricot (Prunus mume Sieb. et Zucc) Sci Hort. 
2010;125:608–16. https:// doi. org/ 10. 1016/j. scien ta. 2010. 05. 016.

 26. Hou CJ, Yang CH. Functional analysis of FT and TFL1 orthologs from 
orchid (Oncidium Gower Ramsey) that regulate the vegetative to repro-
ductive transition. Plant Cell Physiol. 2009;50:1544–57. https:// doi. org/ 
10. 1093/ pcp/ pcp099.

 27. Matyas KK, Hegedus G, Taller J, Farkas E, Decsi K, Kutasy B, Kalman 
N, Nagy E, Kolics E, Virag E. Different expression pattern of flowering 
pathway genes contribute to male or female organ development dur-
ing floral transition in the monoecious weed Ambrosia artemisiifolia L. 
(Asteraceae). PeerJ. 2019;7:e7421. https:// doi. org/ 10. 7717/ peerj. 7421.

 28. Liu Y, Heying E, Tanumihardjo SA. History, global distribution, and 
nutritional importance of citrus fruits. Compr Rev Food Sci Food Saf. 
2012;11:530–45. https:// doi. org/ 10. 1111/j. 1541- 4337. 2012. 00201.x.

 29. Manchanda P, Kaur H, Mankoo RK, Kaur A, Kaur J, Kaur S, Sidhu GS. 
Optimization of extraction of bioactive phenolics and their antioxidant 
potential from callus and leaf extracts of Citrus sinensis (L.) Osbeck, 
C. reticulata Blanco and C. maxima (Burm.) Merr. J Food Meas Charac. 
2022. https:// doi. org/ 10. 1007/ s11694- 022- 01695-6.

 30. Manchanda P, Kaur H, Mankoo RK, Kaur J, Kaur M, Sidhu GS. Effect 
of solvent ratio, temperature and time on extraction of bioactive 
compounds and their antioxidant potential from callus, leaf and peel 
extracts of Citrus pseudolimon Taraka. J Food Meas Charac. 2023. 
https:// doi. org/ 10. 1007/ s11694- 023- 02111-3.

 31. Kaur R, Manchanda P, Sidhu GS. Phenolic compounds from peel 
and callus extracts of sweet lime (Citrus medica). Ind J Agric Sci. 
2020;90(6):1205–8. https:// doi. org/ 10. 56093/ ijas. v90i6. 104803.

 32. Kaur R, Manchanda P, Bhushan K, Kalia A, Sidhu GS. Quantification of 
phenolic constituents and bioactive properties of callus and leaf tissue 
of Citrus jambhiri lush. Agric Res J. 2022;59(4):725–9. https:// doi. org/ 10. 
5958/ 2395- 146X. 2022. 00103.X.

 33. Velazquez K, Aguero J, Vives MC, Aleza P, Pina JA, Moreno P, Navarro L, 
Guerri J. Precocious flowering of juvenile citrus induced by a viral vector 
based on Citrus leaf blotch virus: a new tool for genetics and breeding. 
Plant Biotechnol J. 2016;14:1976–85. https:// doi. org/ 10. 1111/ pbi. 12555.

 34. Manchanda P, Kaur M, Sharma S, Sidhu GS. Biotechnological interven-
tions for reducing the juvenility in perennials. Hort. 2022;9(1):33. https:// 
doi. org/ 10. 3390/ horti cultu rae90 10033.

 35. Correa DLG, Velez-Sanchez JE, Orduz Rodriguez JO. Influence of water 
deficit on growth and development of fruits Valencia orange (Citrus 
sinensis Osbeck) in the piedmont of Meta department, Colombia. Acta 
Agron. 2013;62:136–47.

 36. Li C, Yamagishi N, Kasajima I, Yoshikawa N. Virus-induced gene silencing 
and virus-induced flowering in strawberry (Fragaria x ananassa) using 
apple latent spherical virus vectros. Hortic Res. 2019;6(18). https:// doi. 
org/ 10. 1038/ s41438- 018- 0106-2.

 37. Shin SY, Park MR, Kim HS, Moon JS, Lee HJ. Virus-induced gene silencing 
shows that LATE FLOWERING plays a role in promoting flower develop-
ment on soyabean. 2022. https:// doi. org/ 10. 1007/ s10725- 022- 00899-6.

 38. Freiman A, Shizerman L, Golobovitch S, et al. Development of trans-
genic early flowering pear (Pyrus communis L.) genotype by RNAi 
silencing of PcTFL1-1 and PcTFL1-2. Planta. 2012;235:1239–51. https:// 
doi. org/ 10. 1007/ s00425- 011- 1571-0.

 39. Klocko AL, Goddard AL, Jacobson JR, Magnuson AC, Strauss SH. RNAi 
suppression of LEAFY gives stable floral sterility, and reduced growth 
rate and leaf size, in field-grown poplars. Plants. 2021;10(8): 1594. 
https:// doi. org/ 10. 3390/ plant s1008 1594.

https://doi.org/10.1093/embo-reports/kve254
https://doi.org/10.1093/embo-reports/kve254
https://doi.org/10.3390/ijms221910882
https://doi.org/10.3390/ijms221910882
https://doi.org/10.1111/tpj.12951
https://doi.org/10.3389/fpls.2015.01213
https://doi.org/10.1016/j.scienta.2010.05.016
https://doi.org/10.1093/pcp/pcp099
https://doi.org/10.1093/pcp/pcp099
https://doi.org/10.7717/peerj.7421
https://doi.org/10.1111/j.1541-4337.2012.00201.x
https://doi.org/10.1007/s11694-022-01695-6
https://doi.org/10.1007/s11694-023-02111-3
https://doi.org/10.56093/ijas.v90i6.104803
https://doi.org/10.5958/2395-146X.2022.00103.X
https://doi.org/10.5958/2395-146X.2022.00103.X
https://doi.org/10.1111/pbi.12555
https://doi.org/10.3390/horticulturae9010033
https://doi.org/10.3390/horticulturae9010033
https://doi.org/10.1038/s41438-018-0106-2
https://doi.org/10.1038/s41438-018-0106-2
https://doi.org/10.1007/s10725-022-00899-6
https://doi.org/10.1007/s00425-011-1571-0
https://doi.org/10.1007/s00425-011-1571-0
https://doi.org/10.3390/plants10081594


Page 29 of 32Kaur et al. BMC Genomic Data           (2024) 25:20  

 40. Wu R, Cooney J, Tomes S, Rebstock R, Karunairetnam S, Allan AC, Mack-
night RC, Varkonyi-Gasic E. RNAi-mediated repression of dormancy-
related genes results in evergrowing apple trees. Tree Physiol. 
2021;41(8):1510–23. https:// doi. org/ 10. 1093/ treep hys/ tpab0 07.

 41. Herath D, Voogd C, Mayo-Smith M, Yang B, Allan AC, Putterill J, Varkonyi-
Gasic E. CRISPR-Cas9-mediated mutagenesis of kiwifruit BFT genes in 
an evergrowing but not early flowering phenotype. Plant Biotechnol J. 
2022;20(11):2064–76. https:// doi. org/ 10. 1111/ pbi. 13888.

 42. Jeong SY, Ahn H, Ryu J, et al. Generation of early-flowering Chinese 
cabbage (Brassica rapa spp. pekinensis) through CRISPR/Cas9-mediated 
genome editing. Plant Biotechnol Rep. 2019;13:491–9. https:// doi. org/ 
10. 1007/ s11816- 019- 00566-9.

 43. Wang G, Wang C, Lu G, et al. Knockouts of a late flowering gene via 
CRISPR–Cas9 confer early maturity in rice at multiple field loca-
tions. Plant Mol Biol. 2020;104:137–50. https:// doi. org/ 10. 1007/ 
s11103- 020- 01031-w.

 44. Zhu C, Zheng X, Huang Y, et al. Genome sequencing and CRISPR/Cas9 
gene editing of an early flowering mini-citrus (Fortunella hindsii). Plant 
Biotechnol J. 2019;17(11):2199–210. https:// doi. org/ 10. 1111/ pbi. 13132.

 45. Manchanda P, Suneja Y. Genome editing for crop improvement: status 
and prospects. In: Gosal SS, Wani SH, editors. Biotechnologies for crop 
improvement. Cham: Springer; 2018. p. 75–104.

 46. Manchanda P, Kaur H, Khan F, Sidhu GS, Hunjan MS, Chhuneja P, Bains 
NS. Agroinfiltration-based transient genome editing for targeting phy-
toene desaturase gene in kinnow mandarin (C. Reticulata Blanco). Mol 
Biotechnol. 2023. https:// doi. org/ 10. 1007/ s12033- 023- 00980-z.

 47. Hu B, Jin J, Guo AY, Zhang H, Luo J, Gao G. GSDS 2.0: an upgraded gene 
feature visualization server. Bioinform. 2015;31(8):1296–7.

 48. Lescot M, Dehais P, Thijs G, et al. PlantCARE, a database of plant cisact-
ing regulatory elements and a portal to tools for in silico analysis of 
promoter sequences. Nucleic Acids Res. 2002;30(1):325–7.

 49. Higo K, Ugawa Y, Iwamoto M, Korenaga T. Plant cis-acting regula-
tory DNA elements (PLACE) database: 1999. Nucleic Acids Res. 
1999;27(1):297–300.

 50. Bailey TL, Johnson J, Grant CE, Noble WS. The MEME suite. Nucleic Acids 
Res. 2015;43(1):39–49.

 51. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: molecular evo-
lutionary genetics analysis across computing platforms. Mol Biol Evol. 
2018;35:1547–9.

 52. Conesa A, Götz S, García-Gómez JM, Terol J, Talón M, Robles M. 
Blast2GO: a universal tool for annotation, visualization and analysis in 
functional genomics research. Bioinfo. 2005;21:3674–6.

 53. Kanehisa M, Sato Y. KEGG mapper for inferring cellular functions from 
protein sequences. Protein Sci. 2020;29:28–35.

 54. Gasteiger E, Hoogland C, Gattiker A, Wilkins MR, Appel RD, Bairoch A. 
Protein identification and analysis tools on the ExPASy server. In: Walker 
JM, editor. The proteomics protocols handbook. Springer Protocols 
Handbooks. Humana Press; 2005. p. 571–607. https:// doi. org/ 10. 
1385/1- 59259- 890-0.

 55. Mistry J, Chuguransky S, Williams L, et al. Pfam: the protein families 
database in 2021. Nucleic Acids Res. 2021;49(D1):D412-419.

 56. Kelley LA, Sternberg MJE. Protein structure prediction on the web: a 
case study using the Phyre server. Nat Protoc. 2009;4:363–71.

 57. Livak KJ, Schmittgen TD. Analysis of relative gene expression data 
using real-time quantitative PCR and the 2-∆∆CT method. Methods. 
2001;25:402–8.

 58. Simpson GG, Dean C. Arabidopsis, the Rosetta stone of flowering time? 
Sci. 2002;296:285–9. https:// doi. org/ 10. 1126/ scien ce. 296. 5566. 285.

 59. Pelaz S, Ditta GS, Bauman E, Wisman E, Yanofsky MF. B and C floral 
organ identity functions require SEPALLATA MADS-box genes. Nature. 
2000;405:200–3. https:// doi. org/ 10. 1038/ 35012 103.

 60. Weigel D, Alvarez J, Smyth DR, Yanofsky MF, Meyerowitz EM. LEAFY 
controls floral meristem identity in Arabidopsis. Cell. 1992;69(5):843–59.

 61. Ratcliffe OJ, Kumimoto RW, Wong BJ, Riechmann JL. Analysis of the 
Arabidopsis MADS AFFECTING FLOWERING gene family: MAF2 prevents 
vernalization by short periods of cold. Plant Cell. 2003;15:1159–69.

 62. Laux T, Mayer KF, Berger J, Jurgens G. The WUSCHEL gene is required 
for shoot and floral meristem integrity in Arabidopsis. Develop. 
1996;122(1):87–96. https:// doi. org/ 10. 1242/ dev. 122.1. 87.

 63. Helliwell CA, Wood CC, Robertson M, Peacock WJ, Dennis ES. The Arabi-
dopsis FLC protein interacts directly in vivo with SOC1 and FT chromatin 

and is part of a high molecular-weight protein complex. Plant J. 
2006;46:183–92. https:// doi. org/ 10. 1111/j. 1365- 313X. 2006. 02686.x.

 64. Hou XJ, Liu SR, Khan MRG, Hu CG, Zhang JZ. Genome-wide identifica-
tion, classification, expression profiling, and SSR marker development of 
the MADS-box gene family in Citrus. Plant Mol Biol Rep. 2014;32:28–41. 
https:// doi. org/ 10. 1007/ s11105- 013- 0597-9.

 65. Agusti M, Mesejo C, Munos-Fambuena N, Vera-Sirera F, de Lucas M, 
Martinez-Fuentes A, et al. Fruit-dependent epigenetic regulation of 
flowering in citrus. New Phytol. 2020;225:376–84. https:// doi. org/ 10. 
1111/ nph. 16044.

 66. Johanson U, West J, Lister C, Michaels S, Amasind R, Dean C. Molecular 
analysis of FRIGIDA, a major determinant of natural variation in Arabi-
dopsis flowering time. Sci. 2000;290(5490):344–7. https:// doi. org/ 10. 
1126/ scien ce. 290. 5490. 344.

 67. Sheldon CC, Hills MJ, Lister C, Dean C, Dennis ES, Peacock W. Reset-
ting of FLOWERING LOCUS C expression after epigenetic repression 
by vernalization. Proc Natl Acad Sci USA. 2008;105:2214–9. https:// 
doi. org/ 10. 1073/ pnas. 07114 53105.

 68. Zhang F, Wang Y, Irish VF. CENTRORADIALIS maintains shoot meristem 
indeterminancy by anatgonizing THORN IDENTITY in citrus. Curr Biol. 
2021;31:2237-2242e4. https:// doi. org/ 10. 1016/j. cub. 2021. 02. 051.

 69. 69Aubert D, Chen L, Moon YH, Martin D, Castle LA, Yang CH, Sung ZR. 
EMF1, a novel protein involved in the control of shoot architecture 
and flowering in Arabidopsis. Plant Cell. 2001;13(8):1865–75. https:// 
doi. org/ 10. 1105/ TPC. 010094.

 70. Sung ZR, Belachew A, Shunong B, Bertrand-Garcia R. EMF, an 
Arabidopsis gene required for vegetative shoot development. Sci. 
1992;258:1645–7.

 71. Sung S, Amasino RM. Vernalization in Arabidopsis thaliana is medi-
ated by the PHD finger protein VIN3. Nature. 2004;427:159–64. 
https:// doi. org/ 10. 1038/ natur e02195.

 72. 72Sung S, Schmitz R, Amasino RM. A PHD finger protein involved 
in both the vernalization and photoperiod pathways in Arabidopsis. 
Genes Dev. 2006;20:3244–8. https:// doi. org/ 10. 1101/ gad. 14933 06.

 73. Schonrock K, Bouveret R, Leroy O, Borghi L, Kohler C, Gruissem W, 
Hennig L. Polycomb-group proteins repress the floral activator 
AGL19 in the FLC-independent vernalization pathway. Genes Dev. 
2006;20:1667–78. https:// doi. org/ 10. 1101/ gad. 377206.

 74. Kim WY, Hicks KA, Somers DE. Independent roles for EARLY FLOWER-
ING 3 and ZEITLUPE in the control of circadian timing, hypocotyl 
length, and flowering time. Plant Physiol. 2005;139(3):1557–69.

 75. Endo T, Shimada T, Fujii H, Kobayashi Y, Araki T, Omura M. Ectopic 
expression of an FT homolog from citrus confers an early flowering 
phenotype on trifoliate orange (Poncirus Trifoliate L. Raf ). Transgenic 
Res. 2005;14:703–12. https:// doi. org/ 10. 1007/ s11248- 005- 6632-3.

 76. Yoo SK, Chung SK, Kim J, Lee JH, Hong SM, Yoo SJ, Yoo SY, Lee JS, 
Ahn JH. CONSTANS activates SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS1 through FLOWERING LOCUS T to promote flowering in 
Arabidopsis. Plant Physiol. 2005;139(2):770–8.

 77. Lee J, Lee I. Regulation and function of SCO1, a flowering pathway 
integrator. J Exp Bot. 2010;61(9):2247–54. https:// doi. org/ 10. 1093/ 
jxb/ erq098.

 78. Shekhar S, Panwar R, Prasad SC, Kumar D, Rustagi A. Overexpres-
sion of flowering locus D (FLD) in Indian mustard (Brassica juncea) 
enhances tolerance to Alternaria brassicae and Sclerotinia Sclero-
tiorum. Plant Cell Rep. 2023;42:1233–50. https:// doi. org/ 10. 1007/ 
s00299- 023- 03201-w.

 79. Pena L, Martin-Trillo M, Juarez J, Pina JA, Navarro L, Martinez-Zapater 
JM. Constitutive expression of Arabidopsis LEAFY or APETALA1 
genes in citrus reduces their generation time. Nat Biotechnol. 
2001;19(3):263–7. https:// doi. org/ 10. 1038/ 85719.

 80. Hartmann U, Hohmann S, Nettesheim K, Wisman E, Saedler H, Huijser 
P. Molecular cloning of SVP: a negative regulator of the floral transi-
tion in Arabidopsis. Plant J. 2008;21(4):351–60. https:// doi. org/ 10. 
1046/j. 1365- 313x. 2000. 00682.x.

 81. Shannon S, Meeks-Wagner DR. A mutation in the Arabidopsis TFL1 
gene affects inflorescence meristem development. The Plant Cell. 
1991;3:877–92.

 82. Yoo SJ, Chung SK, Jung SH, Yoo SY, Lee JS, Ahn JH. BROTHER OF FT 
AND TFL1 (BFT) has TFL1-like activity and functions redundantly with 

https://doi.org/10.1093/treephys/tpab007
https://doi.org/10.1111/pbi.13888
https://doi.org/10.1007/s11816-019-00566-9
https://doi.org/10.1007/s11816-019-00566-9
https://doi.org/10.1007/s11103-020-01031-w
https://doi.org/10.1007/s11103-020-01031-w
https://doi.org/10.1111/pbi.13132
https://doi.org/10.1007/s12033-023-00980-z
https://doi.org/10.1385/1-59259-890-0
https://doi.org/10.1385/1-59259-890-0
https://doi.org/10.1126/science.296.5566.285
https://doi.org/10.1038/35012103
https://doi.org/10.1242/dev.122.1.87
https://doi.org/10.1111/j.1365-313X.2006.02686.x
https://doi.org/10.1007/s11105-013-0597-9
https://doi.org/10.1111/nph.16044
https://doi.org/10.1111/nph.16044
https://doi.org/10.1126/science.290.5490.344
https://doi.org/10.1126/science.290.5490.344
https://doi.org/10.1073/pnas.0711453105
https://doi.org/10.1073/pnas.0711453105
https://doi.org/10.1016/j.cub.2021.02.051
https://doi.org/10.1105/TPC.010094
https://doi.org/10.1105/TPC.010094
https://doi.org/10.1038/nature02195
https://doi.org/10.1101/gad.1493306
https://doi.org/10.1101/gad.377206
https://doi.org/10.1007/s11248-005-6632-3
https://doi.org/10.1093/jxb/erq098
https://doi.org/10.1093/jxb/erq098
https://doi.org/10.1007/s00299-023-03201-w
https://doi.org/10.1007/s00299-023-03201-w
https://doi.org/10.1038/85719
https://doi.org/10.1046/j.1365-313x.2000.00682.x
https://doi.org/10.1046/j.1365-313x.2000.00682.x


Page 30 of 32Kaur et al. BMC Genomic Data           (2024) 25:20 

TFL1 in inflorescence meristem development in Arabidopsis. Plant J. 
2010;63(2):241–53. https:// doi. org/ 10. 1111/j. 1365- 313X. 2010. 04234.x.

 83. Teo ZWN, Zhou W, Shen L. Dissecting the function of MADS-box 
transcription factors in orchid reproductive development. Front Plant 
Sci. 2019;15. https:// doi. org/ 10. 3389/ fpls. 2019. 01474.

 84. Castillo MC, Forment J, Gadea J, Carrasco JL, Juarez J, Navarro 
L, Ancillo G. Identification of transcription factors potentially 
involved in the juvenile to adult phase transition in Citrus. Ann Bot. 
2013;112(7):1371–81. https:// doi. org/ 10. 1093/ aob/ mct211.

 85. Yamaguchi A, Kobayashi Y, Goto K, Abe M, Araki T. TWIN SISTER OF FT 
(TSF) acts as a floral pathway integrator redundantly with FT. Plant 
Cell Physiol. 2005;46(8):1175–89. https:// doi. org/ 10. 1093/ pcp/ pci151.

 86. Mara CD, Huang T, Irish VF. The Arabidopsis floral homeotic protein 
APETALA3 and PISTILLATA negatively regulate the BANQUO genes 
implicated in light signalling. Plant Cell. 2010;22(3):690–702. https:// 
doi. org/ 10. 1105/ tpc. 109. 065946.

 87. Aukerman MJ, Sakai H. Regulation of flowering time and floral organ 
identity by a MicroRNA and its APETALA2like target genes. Plant Cell. 
2003;15(11):2730–41. https:// doi. org/ 10. 1105/ tpc. 016238.

 88. Minh-Thu PT, Kim JS, Chae S, Jun KM, Lee GS, Kim DE, et al. A WUSCHEL 
homeobox transcription factor, OsWOX13, enhances drought tolerance 
and triggers early flowering in rice. Mol Cells. 2018;41(8):781–9.

 89. El-Assal SED, Alonso-Blanco C, Peeters AJM, Wagemaker C, Weller JE, 
Koornnef M. The role of cryptochrome 2 in flowering in Arabidopsis. 
Plant Physiol. 2003;133(4):1504–16. https:// doi. org/ 10. 1104/ pp. 103. 
029819.

 90. Singh S, Sharma P, Mishra S, Khurana P, Khurana JP. CRY2 gene of rice 
(Oryza sativa subsp. indica) encodes a blue light sensory receptor 
involved in regulating flowering, plant height and partial photomor-
phogenesis in dark. Plant Cell Rep. 2022;42:73–89. https:// doi. org/ 10. 
1007/ s00299- 022- 02937-z.

 91. Yamaguchi T, Nagasawa N, Kawasaki S, Matsuoka M, Nagato Y, Hirano 
HK. The YABBY gene DROOPING LEAF regulates carpel specification and 
midrib development in Oryza sativa. Plant Cell. 2004;16(2):500–9.

 92. Mizoguchi T, Wright L, Fujiwara S, et al. Distinct roles of GIGANTEA in 
promoting flowering and regulating circadian rhythms in Arabidopsis. 
Plant Cell. 2005;17(8):2255–70. https:// doi. org/ 10. 1105/ tpc. 105. 033464.

 93. Zhao F, Lyu X, Ji R, et al. CRISPR/Cas9-engineered mutation to identify 
the roles of phytochromes in regulating photomorphogenesis and 
flowering time in soybean. Crop J. 2022. https:// doi. org/ 10. 1016/j. cj. 
2022. 03. 008.

 94. Lim MH, Kim J, Kim YS, Chung KS, Seo YH, Lee I, Kim J, Hong CB, Kim HJ, 
Park CM. A new Arabidopsis gene, FLK, encodes an RNA binding protein 
with homology motifs and regulates flowering time via FLOWERING 
LOCUS C. Plant Cell. 2004;16(3):731–40.

 95. Chen L, Yan Y, Ke H, Zhang Z, Meng C, Ma L, et al. SEP-like genes of 
Gossypium hirsutum promote flowering via targeting different loci in a 
concentration-dependent manner. Front Plant Sci. 2022;13. https:// doi. 
org/ 10. 3389/ fpls. 2022. 990221.

 96. Honma T, Goto K. The Arabidopsis floral homeotic gene PISTILLATA is 
regulated by discrete cis-elements responsive to induction and mainte-
nance signals. Develop. 2000;127(10):2021–30. https:// doi. org/ 10. 1242/ 
dev. 127. 10. 2021.

 97. Colombo M, Brambilla V, Marcheselli R, Caporali E, Kater MM, Colombo 
L. A new role for the SHATTERPROOF genes during Arabidopsis gynoe-
cioum development. Develop Biol. 2010;337(2):294–302. https:// doi. 
org/ 10. 1016/j. ydbio. 2009. 10. 043.

 98. Liu D, Teng Z, Konj J, Liu X, Wang W, Zhang X, et al. Natural variation in 
a CENTRORADIALIS homolog contributed to cluster fruiting and early 
maturity in cotton. BMC Plant Biol. 2018;18:286. https:// doi. org/ 10. 1186/ 
s12870- 018- 1518-8.

 99. Michaels SD, Amasino RM. Loss of FLOWERING LOCUS C activity 
eliminates the late-flowering phenotype of FRIGIDA and autonomous 
pathway mutations but not responsiveness to vernalization. Plant Cell. 
2001;13(4):935–41. https:// doi. org/ 10. 1105/ tpc. 13.4. 935.

 100. Ostano M, Castillejo C, Matias-Hernandez, Pelaz S. TEMPRANILLO genes 
link photoperiod and gibberellin pathways to control flowering in 
Arabidopsis. Nat Commun. 2012;3:808. https:// doi. org/ 10. 1038/ ncomm 
s1810.

 101. Zeng RF, Zhou JJ, Liu SR, Gan ZM, Zhang JZ, Hu CG. Genome-wide iden-
tification and characterization of SQUAMOSA-Promoter-Binding Protein 

(SBP) genes involved in the flowering development of Citrus clemen-
tina. Biomol. 2019;9(2):66. https:// doi. org/ 10. 3390/ biom9 020066.

 102. Yu R, Xiong Z, Zhu X, Feng P, Hu Z, Fang R, Zhang Y, Liu Q. RcSPL1-
RcTAF15b regulates the flowering time of rose (Rosa chinensis). Hortic 
Res. 2023;10(6):uhad083.

 103. Xu M, Hu T, Zhao J, Park MY, Earley KW, Wu G, Yang L, Poething RS. 
Developmental functions of miR156-regulated SQUAMOSA PROMOTER 
BINDING PROTEIN-LIKE (SPL) genes in Arabidopsis thaliana. Plos Genet. 
2016. https:// doi. org/ 10. 1371/ journ al. pgen. 10062 63.

 104. Yang Y, Tian H, Xu C, Li H, Li Y, Zhang H, Zhang B, Yuan W. Arabidopsis 
SEC13B interacts with suppressor of Frigida 4 to repress flowering. Int J 
Mol Sci. 2023;24(24): 17248. https:// doi. org/ 10. 3390/ ijms2 42417 248.

 105. Zhang H, Ransom C, Ludwig P, Van Nocker S. Genetic analysis of early 
flowering mutants in Arabidopsis defines a class of pleiotropic develop-
mental regulator required for expression of the flowering-time switch 
Flowering Locus C. Genet. 2003;164(1):347–58. https:// doi. org/ 10. 1093/ 
genet ics/ 164.1. 347.

 106. Galvao VC, Horrer D, Kuttner F, Schmid M. Spatial control of flowering by 
DELLA proteins in. Arabidopsis thaliana Develop. 2012;139(21):4072–82. 
https:// doi. org/ 10. 1242/ dev. 080879.

 107. Somers DE, Kim WY, Geng R. The F-box protein ZEITLUPE confers 
dosage-dependent control on the circadian clock, photomorphogen-
esis, and flowering time. Plant Cell. 2004;16(3):769–82. https:// doi. org/ 
10. 1105/ tpc. 016808.

 108. Soares JM, Weber KC, Qiu W, Stanton D, Mahmoud LM, Wu H, et al. 
The vascular targeted citrus FLOWERING LOCUS T3 gene promotes 
non-inductive early flowering in transgenic Carrizo rootstocks and 
grafted juvenile scions. Sci Rep. 2020;10:21404. https:// doi. org/ 10. 1038/ 
s41598- 020- 78417-9.

 109. Pace CN, Scholtz JM. A helix propensity scale based on experimental 
studies of peptides and proteins. Biophys J. 1998;75(1):422–7. https:// 
doi. org/ 10. 1016/ s0006- 3495(98) 77529-0.

 110. Emberly EG, Mukhopadhyay R, Tang C, Wingreen NS. Flexibility of 
β-sheets: principal component analysis of database protein structures. 
Protein Struct Funct Bioinfo. 2004;55:91–8. https:// doi. org/ 10. 1002/ prot. 
10618.

 111. Guo J, Harn N, Robbins A, Dougherty R, Middaugh CR. Stability of helix-
rich proteins at high concentrations. Biochem. 2006;45(28):8686–96. 
https:// doi. org/ 10. 1242/ dev. 080879.

 112. Padmanabhan M, Cournoyer P, Dinesh-Kumar SP. The leucine-rich 
repeat domain in plant innate immunity: a wealth of possibilities. Cell 
Microbiol. 2009;11(2):191–8. https:// doi. org/ 10. 1111/j. 1462- 5822. 2008. 
01260.x.

 113. Liu D, Hunt M, Tsai IJ. Inferring synteny between genome assemblies: 
a systematic evaluation. BMC Bioinfo. 2018. https:// doi. org/ 10. 1186/ 
s12859- 018- 2026-4.

 114. Ehrlich J, Sankoff D, Nadeau JH. Synteny conservation and chromosome 
rearrangements during mammalian evolution. Genet. 1997;296:289–96.

 115. Ghiurcuta CG, Bme M. Evaluating synteny for improved comparative 
studies. Bioinfo. 2014;30:9–18.

 116. Nadeau JH. Maps of linkage and synteny homologies between mouse 
and man. Trends Genet. 1989;5:82–6.

 117. Renwick JH. The mapping of human chromosome. Ann Rev Genet. 
1971;5:81–120.

 118. Tang H, Lyons E, Pedersen B, Schnable JC, Paterson AH, Freeling M. 
Screening synteny blocks in pairwise genome comparisons through 
integer programming. BMC Bioinfo. 2011;12:102. https:// doi. org/ 10. 
1186/ 1471- 2105- 12- 102.

 119. Samach A, Onouchi H, Gold SE, Ditta GS, Schwarz-Sommer Z, Yanofsky 
MF, Coupland G. Distinct roles of CONSTANS target genes in reproduc-
tive development of Arabidopsis. Sci. 2000;288:1613–6.

 120. Laubinger S, Marchal V, Gentilhomme J, et al. Arabidopsis SPA proteins 
regulate photoperiodic flowering and interact with the floral inducer 
CONSTANS to regulate its stability. Develop. 2006;133:3213–22.

 121. Valverde F, Mouradov A, Soppe W, Ravenscroft D, Samach A, Coupland 
G. Photoreceptor regulation of CONSTANS protein in photoperiodic 
flowering. Sci. 2004;303:1003–6. https:// doi. org/ 10. 1126/ scien ce. 
10917 61.

 122. Putterill J, Robson F, Lee K, Simon R, Coupland G. The CONSTANS gene 
of Arabidopsis promotes flowering and encodes a protein showing 
similarities to zinc finger transcription factors. Cell. 1995;80:847–57.

https://doi.org/10.1111/j.1365-313X.2010.04234.x
https://doi.org/10.3389/fpls.2019.01474
https://doi.org/10.1093/aob/mct211
https://doi.org/10.1093/pcp/pci151
https://doi.org/10.1105/tpc.109.065946
https://doi.org/10.1105/tpc.109.065946
https://doi.org/10.1105/tpc.016238
https://doi.org/10.1104/pp.103.029819
https://doi.org/10.1104/pp.103.029819
https://doi.org/10.1007/s00299-022-02937-z
https://doi.org/10.1007/s00299-022-02937-z
https://doi.org/10.1105/tpc.105.033464
https://doi.org/10.1016/j.cj.2022.03.008
https://doi.org/10.1016/j.cj.2022.03.008
https://doi.org/10.3389/fpls.2022.990221
https://doi.org/10.3389/fpls.2022.990221
https://doi.org/10.1242/dev.127.10.2021
https://doi.org/10.1242/dev.127.10.2021
https://doi.org/10.1016/j.ydbio.2009.10.043
https://doi.org/10.1016/j.ydbio.2009.10.043
https://doi.org/10.1186/s12870-018-1518-8
https://doi.org/10.1186/s12870-018-1518-8
https://doi.org/10.1105/tpc.13.4.935
https://doi.org/10.1038/ncomms1810
https://doi.org/10.1038/ncomms1810
https://doi.org/10.3390/biom9020066
https://doi.org/10.1371/journal.pgen.1006263
https://doi.org/10.3390/ijms242417248
https://doi.org/10.1093/genetics/164.1.347
https://doi.org/10.1093/genetics/164.1.347
https://doi.org/10.1242/dev.080879
https://doi.org/10.1105/tpc.016808
https://doi.org/10.1105/tpc.016808
https://doi.org/10.1038/s41598-020-78417-9
https://doi.org/10.1038/s41598-020-78417-9
https://doi.org/10.1016/s0006-3495(98)77529-0
https://doi.org/10.1016/s0006-3495(98)77529-0
https://doi.org/10.1002/prot.10618
https://doi.org/10.1002/prot.10618
https://doi.org/10.1242/dev.080879
https://doi.org/10.1111/j.1462-5822.2008.01260.x
https://doi.org/10.1111/j.1462-5822.2008.01260.x
https://doi.org/10.1186/s12859-018-2026-4
https://doi.org/10.1186/s12859-018-2026-4
https://doi.org/10.1186/1471-2105-12-102
https://doi.org/10.1186/1471-2105-12-102
https://doi.org/10.1126/science.1091761
https://doi.org/10.1126/science.1091761


Page 31 of 32Kaur et al. BMC Genomic Data           (2024) 25:20  

 123. Robson F, Costa MMR, Hepworth SR, Vizir I, Pineiro M, Putterill J, Coup-
land G. Functional importance of conserved domains in the flowering-
time gene CONSTANS demonstrated by analysis of mutant alleles and 
transgenic plants. Plant J. 2001;28:619–31.

 124. Ben-Naim O, Parnis REA, Teper-Bamnolker P, Shalit A, Coupland 
G, Samach A, Lifschitz E. The CCAAT binding factor can mediate 
interactions between CONSTANS-like proteins and DNA. Plant J. 
2006;46:462–76.

 125. Wenkel S, Turck F, Singer K, Gissot L, Le Gourrierec J, Samach A, 
Coupland G. CONSTANS and the CCAAT box binding complex share 
a functionally important domain and interact to regulate flowering of 
Arabidopsis. Plant Cell. 2006;18:2971–84.

 126. Mantovani R. The molecular biology of the CCAAT-binding factor NF-Y. 
Gene. 1999;239:15–27.

 127. McNabb DS, Pinto I. Assembly of the Hap2p/Hap3p/ Hap4p/
Hap5p-DNA complex in Saccharomyces cerevisiae. Eukaryot Cell. 
2005;4:1829–39.

 128. Cai X, Ballif J, Endo S, et al. A putative CCAAT-binding transcription 
factor is a regulator of flowering timing in Arabidopsis. Plant Physiol. 
2007;145:98–105.

 129. Chen NZ, Zhang XQ, Wei PC, Chen QJ, Ren F, Chen J, Wang XC. AtHAP3b 
plays a crucial role in the regulation of flowering time in Arabidopsis 
during osmotic stress. J Biochem Mol Biol. 2007;40:1083–9.

 130. Kumimoto RW, Adam L, Hymus GJ, Repetti PP, Reuber TL, Marion CM, 
Hempel FD, Ratcliffe OJ. The Nuclear factor Y subunits NF-YB2 and 
NF-YB3 play additive roles in the promotion of flowering by inductive 
long-day photoperiods in Arabidopsis. Planta. 2008;228:709–23.

 131. Dolfini D, Mantovani R. YB-1 (YBX1) does not bind to Y/CCAAT boxes in 
vivo. Oncogene. 2013;32:4189–90. https:// doi. org/ 10. 1038/ onc. 2012. 
521.

 132. Petroni K, Kumimoto RW, Gnusetta N, et al. The promiscuous 
life of plant NUCLEAR FACTOR Y transcription factors. Plant Cell. 
2012;24:4777–92. https:// doi. org/ 10. 1105/ tpc. 112. 105734.

 133. Buchel AS, Brederode FT, Bol JF, Linthorst HJ. Mutation of GT-1 binding 
sites in the Pr-1A promoter influences the level of inducible gene 
expression in vivo. Plant Mo Biol. 1999;40(3):387–96.

 134. Yanagisawa S. Dof domain proteins: plant-specific transcription factors 
associated with diverse phenomena unique to plants. Plant Cell Physiol. 
2004;45(4):386–91.

 135. Yanagisawa S. Dof1 and Dof2 transcription factors are associated with 
expression of multiple genes involved in carbon metabolism in maize. 
Plant J. 2000;21:281–8. https:// doi. org/ 10. 1046/j. 1365- 313x. 2000. 
00685.x.

 136. Peng XJ, Liu H, Wang D, Shen SH. Genome-wide identification of the 
Jatropha curcas MYB family and functional analysis of the abiotic stress 
responsive gene JcMYB2. BMC Genomics. 2016;17:251. https:// doi. org/ 
10. 1186/ s12864- 016- 2576- 7s.

 137. Zhang T, Zhao Y, Wang Y, Liu Z, Gao C. Comprehensive analysis of MYB 
gene family and their expressions under abiotic stresses and hormone 
treatments in Tamarix Hispida. Front Plant Sci. 2018;9: 1303. https:// doi. 
org/ 10. 3389/ fpls. 2018. 01303.

 138. Cominelli E, Tonelli C. A new role for plant R2R3-MYB transcription fac-
tors in cell cycle regulation. Cell Res. 2009;19:1231–2. https:// doi. org/ 10. 
1038/ cr. 2009. 123.

 139. Li PF, Wen J, Chen P, et al. MYB superfamily in Brassica napus: evidence 
for hormone-mediated expression profiles, large expansion, and func-
tions in root hair development. Biomol. 2020;10:875. https:// doi. org/ 10. 
3390/ biom1 00608 75.

 140. Shibuta M, Abe M. FE controls the transcription of downstream 
flowering regulators through two distinct mechanisms in leaf phloem 
companion cells. Plant Cell Physiol. 2017;58:2017–25. https:// doi. org/ 10. 
1093/ pcp/ pcx133.

 141. Nakashima K, Fujita Y, Katsura K, Maruyama K, Narusaka Y, Seki M, 
Shinozaki K, Shinozaki KY. Transcriptional regulation of ABI3- and ABA-
responsive genes including RD29B and RD29A in seeds, germinating 
embryos, and seedlings of Arabidopsis. Plant Mol Biol. 2006;60(1):51–68. 
https:// doi. org/ 10. 1007/ s11103- 005- 2418-5.

 142. Koubaa JR, Ayadi M, Saidi MN, et al. Comprehensive genome-wide 
analysis of the catalase enzyme toolbox in potato (Solanum tuberosum 
L.). Potato Res. 2022. https:// doi. org/ 10. 1007/ s11540- 022- 09554-z.

 143. Dunlap JC, Loros JJ, DeCoursey P. Chronobiology: Biological Timekeep-
ing. Sunderland: Sinauer Associates; 2004.

 144. Venkat A, Muneer S. Role of circadian rhythms in major plant metabolic 
and signalling pathways. Front Plant Sci. 2022. https:// doi. org/ 10. 3389/ 
fpls. 2022. 836244.

 145. Harmer SL. The circadian systems in higher plants. Annu Rev Plant 
Biol. 2009;60:357–77. https:// doi. org/ 10. 1146/ annur ev. arpla nt. 043008. 
092054.

 146. Saini R, Jaskolski M, Davis SJ. Circadian oscillator proteins across the 
kingdoms of life: structural aspects. BMC Biol. 2019;17:1–39. https:// doi. 
org/ 10. 1186/ s12914- 018- 0623-3.

 147. Mas P, Alabadi D, Yanovsky MJ, Oyama T, Kay SA. Dual role of TOC1 in 
the role of circadian and photomorphogenic responses in Arabidopsis. 
Plant Cell. 2003;15:223–36. https:// doi. org/ 10. 1105/ tpc. 006734.

 148. Chaves I, Pokorny R, Byrdin M, et al. The cryptochromes: blue light pho-
toreceptors in plants and animals. Annu Rev Plant Biol. 2011;62:335–64.

 149. Pham VN, Kathare PK, Huq E. Phytochromes and phytochrome interact-
ing factors. Plant Physiol. 2018;176:1025–38.

 150. Rizzini L, Favory JJ, Cloix C, et al. Perception of UV-B by the Arabidopsis 
UVR8 protein. Sci. 2011;332:103–6.

 151. Spalding EP, Folta KM. Illuminating topics in plant photobiology. Plant 
Cell Environ. 2005;28:39–53.

 152. Yadav A, Singh D, Lingwan M, Yadukrishnan P, Masakapalli SK, Datta S. 
Light signalling and UV-B-mediated plant growth regulation. J Integr 
Plant Biol. 2020;62:1270–92.

 153. Casal JJ. Shade avoidance. Arabidopsis Book. 2012. https:// doi. org/ 10. 
1199/ tab. 0157.

 154. Rockwell NC, Su YS, Lagarias JC. Phytochrome structure and signalling 
mechanisms. Ann Rev Plant Biol. 2006;57:837–58.

 155. Yanovsky MJ, Kay SA. Molecular basis of seasonal time measurement 
in Arabidopsis. Nature. 2002;419:308–12. https:// doi. org/ 10. 1038/ natur 
e00996.

 156. Zuo Z, Liu H, Liu B, Liu X, Lin C. Blue light-dependent interaction of 
CRY2 with SPA1 regulates COP1 activity and floral initiation in Arabidop-
sis. Curr Biol. 2011;21:841–7.

 157. Redei GP. Supervital mutants of Arabidopsis. Genet. 1962;47:443–60.
 158. Imaizumi T, Tran HG, Swartz TE, Briggs WR, Kay SA. FKF1 is essential 

for photoperiodic-specific light signalling in Arabidopsis. Nature. 
2003;426:302–6.

 159. Somers DE, Schulz TF, Milnamow M, Kays SA. ZEITLUPE encodes a novel 
clock assisted PAS protein from Arabidopsis. Cell. 2000;101:319–29. 
https:// doi. org/ 10. 1016/ s0092- 8674(00) 80841-7.

 160. Kim WY, Fujiwara S, Suh SS, Kim J, Kim Y, Han L, et al. ZEITLUPE is a 
circadian photoreceptor stabilized by GIGANTEA in blue light. Nature. 
2007;449:356–60. https:// doi. org/ 10. 1038/ natur e06132.

 161. Nishikawa F, Iwasaki M, Fukamachi H, Nonaka K, Imai A, Takishita F, Yano 
T, Endo T. Fruit bearing suppresses citrus FLOWERING LOCUS T expres-
sion in vegetative shoots of satsuma mandarin (Citrus Unshiu Marc). J 
Japan Soc Hort Sci. 2012;81(1):48–53.

 162. Pajon M, Febres VJ, Moore GA. Expression patterns of flowering genes 
in leaves of ‘Pineapple’ sweet orange [Citrus sinensis (L.) Osbeck] and 
pommelo (Citrus grandis Osbeck). BMC Plant Biol. 2017;17:146. https:// 
doi. org/ 10. 1186/ s12870- 017- 1094-3.

 163. Samach A. Congratulations, you have been carefully chosen to repre-
sent an important developmental regulator! Ann Bot. 2013;111:329–33. 
https:// doi. org/ 10. 1093/ aob/ mcs161.

 164. Nishikawa F, Endo T, Shimada T, Fujii H, Shimizu T, Omura M, et al. 
Increased CiFT abundance in the stem correlates with floral induction 
by low temperature in Satsuma mandarin (Citus Unshiu Marc). J Exp Bot. 
2007;58:3915–27. https:// doi. org/ 10. 1093/ jxb/ erm246.

 165. Nishikawa F, Endo T, Shimada T, Fujii H, Shimizu T, Omura M. Differences 
in seasonal expression of flowering genes between deciduous trifoliate 
orange and evergreen Satsuma mandarin. Tree Physiol. 2009;29:921–6. 
https:// doi. org/ 10. 1093/ treep hys/ tpp021.

 166. Munoz-Fambuena N, Mesejo C, Gonzales-Mas MC, Primo-Millo E, Agusti 
M, Iglesis DJ. Fruit load modulates flowering-related gene expres-
sion in buds of alternate-bearing ‘Moncada’ mandarin. Annal Bot. 
2012;110(6):1109–18. https:// doi. org/ 10. 1093/ aob/ mcs190.

 167. Varkonyi GE, Wang T, Voogd C, Jeon S, Drummond RS, Gleave AP, Allan 
AC. Mutagenesis of kiwifruit CENTRORADIALIS-like genes transforms a 
climbing woody perennial with long juvenility and axillary flowering 

https://doi.org/10.1038/onc.2012.521
https://doi.org/10.1038/onc.2012.521
https://doi.org/10.1105/tpc.112.105734
https://doi.org/10.1046/j.1365-313x.2000.00685.x
https://doi.org/10.1046/j.1365-313x.2000.00685.x
https://doi.org/10.1186/s12864-016-2576-7s
https://doi.org/10.1186/s12864-016-2576-7s
https://doi.org/10.3389/fpls.2018.01303
https://doi.org/10.3389/fpls.2018.01303
https://doi.org/10.1038/cr.2009.123
https://doi.org/10.1038/cr.2009.123
https://doi.org/10.3390/biom10060875
https://doi.org/10.3390/biom10060875
https://doi.org/10.1093/pcp/pcx133
https://doi.org/10.1093/pcp/pcx133
https://doi.org/10.1007/s11103-005-2418-5
https://doi.org/10.1007/s11540-022-09554-z
https://doi.org/10.3389/fpls.2022.836244
https://doi.org/10.3389/fpls.2022.836244
https://doi.org/10.1146/annurev.arplant.043008.092054
https://doi.org/10.1146/annurev.arplant.043008.092054
https://doi.org/10.1186/s12914-018-0623-3
https://doi.org/10.1186/s12914-018-0623-3
https://doi.org/10.1105/tpc.006734
https://doi.org/10.1199/tab.0157
https://doi.org/10.1199/tab.0157
https://doi.org/10.1038/nature00996
https://doi.org/10.1038/nature00996
https://doi.org/10.1016/s0092-8674(00)80841-7
https://doi.org/10.1038/nature06132
https://doi.org/10.1186/s12870-017-1094-3
https://doi.org/10.1186/s12870-017-1094-3
https://doi.org/10.1093/aob/mcs161
https://doi.org/10.1093/jxb/erm246
https://doi.org/10.1093/treephys/tpp021
https://doi.org/10.1093/aob/mcs190


Page 32 of 32Kaur et al. BMC Genomic Data           (2024) 25:20 

into a compact plant with rapid terminal flowering. Plant Biotechnol J. 
2019;17:869–80. https:// doi. org/ 10. 1111/ pbi. 13021.

 168. Charrier A, Vergne E, Dousset N, Richer A, Petiteau A, Chevreau E. Effi-
cient targeted mutagenesis in apple and first time edition of pear using 
the CRISPR-Cas9 system. Front Plant Sci. 2019;10: 40. https:// doi. org/ 10. 
3389/ fpls. 2019. 00040.

 169. Kotoda N, Iwanami H, Takahashi S, Abe K. Antisense expression of 
MdTFL1, a TFL1like gene, reduces the juvenile phase in apple. J Am Soc 
Hort Sci. 2006;131:74–81. https:// doi. org/ 10. 21273/ JASHS. 131.1. 74.

 170. Omori M, Yamane H, Osakabe K, Osakabe Y, Tao R. Targeted mutagene-
sis of CENTRORADIALIS using CRISPR/Cas9 system through the improve-
ment of genetic transformation efficiency of tetraploid highbush 
blueberry. J Hort Sci Biotechnol. 2020. https:// doi. org/ 10. 1080/ 14620 
316. 2020. 18227 60.

 171. Hauvermale AL, Ariizumi T, Steber CM. Gibberellin signalling: a theme 
and variation on DELLA repression. Plant Physiol. 2012;160(1):83–92. 
https:// doi. org/ 10. 1104/ pp. 112. 200956.

 172. Cheng H, Qin L, Lee S, Fu X, Richards DE, Cao D, Luo D, Harberd NP, Peng 
J. Gibberellin regulates Arabidopsis floral development via suppression 
of DELLA protein function. Develop. 2004;131(5):1055–64. https:// doi. 
org/ 10. 1242/ dev. 00992.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1111/pbi.13021
https://doi.org/10.3389/fpls.2019.00040
https://doi.org/10.3389/fpls.2019.00040
https://doi.org/10.21273/JASHS.131.1.74
https://doi.org/10.1080/14620316.2020.1822760
https://doi.org/10.1080/14620316.2020.1822760
https://doi.org/10.1104/pp.112.200956
https://doi.org/10.1242/dev.00992
https://doi.org/10.1242/dev.00992

	Genome-wide identification and characterization of flowering genes in Citrus sinensis (L.) Osbeck: a comparison among C. Medica L., C. Reticulata Blanco, C. Grandis (L.) Osbeck and C. Clementina
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Identification, sequence retrieval and intron-exon gene structure of flowering genes in sweet orange
	CRE analysis and identification of conserved motifs
	Phylogenetic analysis
	Gene ontology (GO) analysis and KEGG pathway annotation
	Physical and chemical properties, homology modelling and protein-protein interaction (PPI) network
	Comparative genomics and synteny analysis
	Expression analysis of flowering genes
	qRT-PCR analysis of flowering genes

	Results
	Determination of chromosomal location and genetic organisation of flowering genes
	Identification of CREs and conserved motifs
	Phylogenetic analysis
	GO annotation
	Physical, chemical and structural properties of the proteins and their PPI network
	Comparative genomics
	Expression analysis of flowering genes
	qRT-PCR analysis of flowering genes in different tissues of sweet orange and comparison with other species

	Discussion
	Conclusion
	Acknowledgements
	References


