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Abstract

Legume crops belonging to the family Fabaceae play a vital role in global agriculture due to their
nutritional value, ecological benefits, and ability to fix atmospheric nitrogen through symbiotic
associations with Rhizobium species. Among the genes regulating plant development, the CONSTANS
(CO) and CONSTANS-LIKE (COL) gene family is known to play a crucial role in controlling
photoperiod-dependent flowering and circadian rhythm pathways. Understanding the evolutionary
relationships of these genes can provide valuable insights into their functional conservation and
diversification across plant species. The present study aimed to investigate the phylogenetic
relationships of CONSTANS (CO) and CONSTANS-LIKE (COL) genes in legumes. Three Indian bean
(Lablab purpureus) genotypes (GNIB21, GNIB22, and GP189) were analyzed by amplifying the
LprCO gene using primers designed from Vigna unguiculata as a reference. The amplified fragments
were sequenced using the Sanger sequencing method and processed to obtain consensus sequences.
Homologous CO/COL gene sequences from various plant species were retrieved from the National
Center for Biotechnology Information (NCBI) database. Multiple sequence alignment was performed
using the CLUSTAL W algorithm in MEGA11 software, and the best-fit nucleotide substitution model
(T92+G) was selected based on Bayesian Information Criterion (BIC) and Akaike Information
Criterion (AIC) values. Phylogenetic trees were constructed using bootstrap analysis with 1000
replicates to evaluate statistical support. The phylogenetic analysis based on both nucleotide and
protein sequences revealed the presence of several distinct clades, indicating evolutionary divergence
within the CO/COL gene family. The LprCO sequences clustered closely with known CO homologs
from related legume species, suggesting a conserved evolutionary origin. The presence of multiple
COL-related genes within specific clades indicates possible gene duplication events contributing to
functional diversification. Overall, the results highlight the evolutionary conservation and
diversification of CO/COL genes across plant species and provide insights into their potential roles in
flowering time regulation and photoperiodic responses in legumes.
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Introduction

A significant category of plants grown globally for food, fodder, oil, and improving soil
fertility are legume crops, which are members of the Fabaceae (Leguminosae) family
(Smykal et al., 2015) ). Through symbiotic relationships with Rhizobium species, they
exhibit a distinctive ability to fix atmospheric nitrogen. Since root nodules contain microbes
that enhance soil fertility and lessen reliance on artificial nitrogen fertilizers, they are crucial
to sustainable agriculture (Graham and Vance, 2003) Bl Legumes are widely produced in
India's various agroclimatic zones and are essential to the country's food and nutritional
security. Climate-resilient crops, including legumes, have drawn closer consideration due to
stagnant production trends of common staple crops and rising concerns about environmental
sustainability (Cowling et al., 2016) 13, Legumes are desirable targets for genomic and
proteomic studies targeting abiotic stress tolerance due to their notable genetic diversity and
adaptive features (Varshney er al, 2013) 2, A vital element of evolutionary biology,
phylogenetic analysis assists in discovering genotypes that are resilient to stress and
evolutionarily conserved in addition to helping illustrate the genetic links across species
(Wendel and Doyle, 1998) 131, This developmental knowledge supports molecular breeding
operations aimed at crop improvement when integrated with high-throughput genomics
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(Varshney et al., 2005) "', Darwin originally suggested
phylogenetic trees, which are now codified using molecular
data and are powerful instruments for tracing evolutionary
paths, detecting gene flow, and anticipating functional
conservation (Gregory, 2008; Weyenberg and Yoshida,
2016) 1614,

The CONSTANS-like (COL) protein family, that is well-
known for its ability to sense photoperiod, is vital for
controlling plant flowering, which is a vital stage in the life
cycle of plants (Wickland and Hanzawa, 2015; Liu et al.,
2021) > 81, Homologous COL genes have been discovered
in a number of plant species over the last twenty years,
which has substantially improved our comprehension of
their function in the flowering procedure and reaction to
abiotic stress (Wong et al., 2015) 1%, Cloning a number of
flowering loci in pea (Pisum sativum L.) has shown that the
Arabidopsis circadian clock genes GI, ELF4, and ELF3
have conserved functions in the control of FT genes and the
control of photoperiod-specific flowering (Abbas et al.,
2023). GI in soybeans has also been shown to play a similar
impact. Nevertheless, there has been no direct testing of the
endogenous activity of CO-like (COL) genes in legumes,
and it is still unclear whether they could be involved in
photoperiod measurement (Flores et al., 2018). This study
focused on phylogeny analysis of CONSTANS (CO) and its
homologs in legumes.

Materials and Methods

1. Data extraction

The first and most crucial phase in any bioinformatics
project is gathering precise data. In order to collect entire
sequence data instead of partial sequence data, choosing the
right sequences is a crucial step.

Three Indian bean genotype has been used to amplify
LprCO by using primers designed from Vigna unguiculata
as a reference gene. Amplified fragments were sequenced
via Sanger sequencing method. Sequencing data have been
processed and final consensus sequence was obtained. The
National Center for Biotechnology Information (NCBI)
provided comparable CONSTANS gene sequence data for
other legume species, which were obtained in FASTA
format (Annonymous, 2025) 1,

2. Statistical analysis

Validated computational techniques were used for statistical

analysis, guaranteeing consistent results and precise

biological data interpretation.

Molecular Evolutionary Genetics Analysis version 11

(MEGAL11) software was used for phylogenetic analysis in

the current study (Hall, 2013) V1. The following methodical

process was adhered to:

a) Data collection: Creating a high-quality dataset using
sequences of proteins and DNA obtained from
GenBank (NCBI) as a main source in FASTA format
was the initial stage in building the phylogenetic tree.

b) Homology search: To find homologous sequences in
the NCBI GenBank database, the retrieved sequences
were utilized as queries in BLASTn
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). ~Significantly
comparable sequences derived from the Fabaceae
family were chosen for additional examination.

¢) Sequence curation: To guarantee quality and
completeness, a selection of sequences was examined.
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Full-length or nearly full-length sequences were the
only ones kept.

d) Multiple sequence alignment (MSA): Arabidopsis
thaliana (L.) Heynh is one of the curated sequences
used in multiple sequence alignment (MSA) were
aligned using MEGA11's CLUSTAL W method as an
outgroup.

e) Model selection: Using MEGA11, go to Models and
choose Find Best DNA/Protein Models to determine the
best-fit nucleotide or protein substitution model
(Tamura et al., 2011). Run the model test after choosing
the alignment file. The model that had the lowest values
for both the Akaike Information Criterion (AIC) and the
Bayesian Information Criterion (BIC) was chosen.

f) Phylogenetic tree construction: The chosen
substitution model was used to build the phylogenetic
tree. Select Phylogeny and, depending on the approach
chosen, choose Construct/Test Neighbor-Joining (NJ),
Maximum Likelihood (ML), or UPGMA Tree. Open
the file containing the aligned sequence. For statistical
support, set the bootstrap replications to 1000. Create
the tree and publish it for documentation in picture
format (Felsenstein, 1985). Distance matrix approaches
(also called clustering or algorithmic methods) and
character-based methods (sometimes called discrete
data methods) were the two main categories into which
phylogenetic tree construction techniques were divided.
The phylogenetic tree was constructed using the most
suitable approach of these.

Results

The processed Lablab purpureus Constans (LprCO)
nucleotide sequence was used as a query in BLASTn
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify
homologous sequences in the NCBI nucleotide database.
We recovered homologous sequences from species
belonging to the Fabaceae family. The CLUSTAL W
technique in MEGA 11 (Molecular Evolutionary Genetics
Analysis) was used to perform multiple sequence alignment
of Arabidopsis thaliana and numerous Fabaceae PhyA
species. The optimal substitution model was determined
using the "Find Best DNA/Protein Models" function in
MEGA 11. Sequences with all gaps and missing data
removed were used to examine nucleotide substitutions. By
striking a balance between model complexity and goodness-
of-fit, the findings of nucleotide substitution model selection
for the CO gene, assessed based on Bayesian Information
Criterion (BIC) and Akaike Information Criterion (AIC)
values, aid in the identification of the best evolutionary
model.

A better-fitting model is indicated by lower BIC and AIC
scores. The best-fitting model for the CO sequencing data
was T92+G (Tamura 3-parameter model with Gamma
distribution), which had the lowest BIC (66116.14) and AIC
(65783.66) values among the investigated models. This
model is appropriate for describing the evolutionary
processes of the gene because it takes into consideration
uneven nucleotide frequencies and variation in substitution
rates among sites. The form parameter of the Gamma
distribution, which is used to model rate heterogeneity
among sites, is represented by gamma (I') values. The
majority of models produced a Gamma value between 0.49
and 0.51, indicating a moderate rate variation across PhyA
sequence locations.
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For every model, nucleotide frequencies (G, A, C & T) were
also computed. With adenine (A) and thymine (T)
frequencies typically at 0.27-0.30 and cytosine (C) and
guanine (G) frequencies around 0.21, the observed base
composition was comparatively balanced in the majority of
models. Notably, the K2+G model has a more balanced
nucleotide distribution (0.25 for each base), but its low
performance in terms of BIC and AIC suggests that it fits
the data less accurately. Overall, the T92+G model's ideal
ratio of biological significance to statistical support led to its
selection for downstream phylogenetic analysis.

The rates at which one nucleotide transforms into another
nucleotide are displayed in the substitution matrix. A
particular evolutionary model used in genetics to explain the
rate of nucleotide substitutions is the Tamura 3-parameter
model. It considers variations in the rates of transversions
(purine to pyrimidine or vice versa) and transitions
pyrimidine to pyrimidine (Cytosine and Thymine) or (purine
to purine (Adenine and Guanine). The figures show the
likelihood that one nucleotide will change into another in a
specific amount of time. A greater degree of substitution is
indicated by larger numbers. The phylogeny tree illustrates
the evolutionary relationships among the proteins and
reveals their classification into several distinct clades.
Bootstrap values (based on 1000 replicates) are indicated at
each node and represent the statistical support for the
branching pattern. Proteins and nucleic acid from related
species cluster together, suggesting conserved evolutionary
relationships and possible functional similarity within each
subgroup.

To investigate the evolutionary relationships among
CONSTANS (CO) and CONSTANS LIKE (COL) genes, a
phylogenetic tree was constructed using nucleotide
sequences from multiple plant species (Figure 1). The
analysis revealed that the CO/COL genes were grouped into
three major clades, indicating evolutionary divergence
within this gene family.

The first clade consisted of LprCO GNIB21, LprCO
GNIB22, LprCO GP189, GmCO, LaCO, and VrCO. Within
this group, LprCO GNIB21 and LprCO GNIB22 clustered
closely together and further grouped with LprCO GP189
with strong bootstrap support. These sequences were also
closely associated with GmCO, LaCO, and VrCO,
suggesting a high level of nucleotide sequence similarity
among these genes. This clustering indicates that these
genes may represent conserved CO homologs sharing a
common evolutionary origin.

The second clade included GmCOL2a, VuCOL-2L,
VuCOL2, and VuCOLA4, forming a distinct subgroup with
relatively high bootstrap support values. Within this group,
VuCOL?2 and VuCOLA4 clustered together, indicating close
nucleotide sequence similarity and possible functional
relatedness. The presence of several COL genes within this
clade suggests that gene duplication and subsequent
evolutionary divergence may have contributed to the
expansion of this subgroup.

The third clade comprised MiCO, CaCOL-5, OsHdl1, AiCO,
AtCOLI, GmCOL9, and MtCOL-2. This clade showed
several internal groupings with varying bootstrap support
values. For example, MiCO and CaCOL-5 clustered
together with strong statistical support, while AiCO and
AtCOL1 formed another well-supported subgroup.
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Additionally, GmCOL9 and MtCOL-2 were grouped
together, indicating evolutionary conservation of these COL
genes across different plant species.

Overall, the phylogenetic analysis based on nucleotide
sequences demonstrated that CO/COL genes are organized
into three distinct evolutionary groups, reflecting sequence
divergence and potential functional specialization among
members of this gene family.

To investigate the evolutionary relationship among
CONSTANS (CO) and CONSTANS-LIKE (COL) proteins,
a phylogenetic tree was constructed using protein sequences
from various plant species (Figure 2). The analysis revealed
that CO/COL proteins are grouped into several well-defined
clades, indicating evolutionary divergence within this gene
family.

The phylogenetic tree showed that protein CO GNIB22,
protein CO GP189, protein CO GNIB21, and PvCOL2-like
clustered together with strong bootstrap support (99%),
suggesting that these proteins share a close evolutionary
relationship and may represent orthologous members of the
CO/COL family. The close association among these proteins
indicates a high degree of sequence conservation.

Another cluster consisted of VuCO, VaCOL2-like, VrCOL2,
and VmCO, forming a separate subgroup supported by
bootstrap values ranging from 44 to 85. Although some
internal nodes displayed moderate support, the grouping of
these proteins suggests that they belong to a conserved
COL2-related lineage within leguminous species.

A third clade included CcCOL-2, GmCOL2, GsCOL2, and
GmCOL-2a, which showed strong bootstrap support (82-
100). The presence of two homologous genes (GmCOL2
and GmCOL-2a) within the same species suggests possible
gene duplication events during evolution. Such duplication
events may have contributed to functional diversification
within the CO/COL gene family.

The fourth clade contained ApCOL2I, PpCOL2, MdCOL-2,
PaCOL2, GhCOL-1, and GbCOL-1, which also formed a
well-supported cluster with bootstrap values ranging from
75 to 100. The grouping of these proteins indicates that the
CO/COL gene family is conserved across diverse plant
species and has undergone evolutionary divergence while
maintaining structural similarities.

Overall, the phylogenetic analysis revealed that CO/COL
proteins are distributed into multiple subgroups, reflecting
their evolutionary diversification and potential functional
specialization among plant species.

Discussion

The CONSTANS (CO) and CONSTANS-LIKE (COL) gene
family plays an important role in regulating photoperiodic
flowering and circadian rhythm pathways in plants. The
phylogenetic analysis based on nucleotide and protein
sequences provides insights into the evolutionary
relationships and diversification of these genes among
different plant species.

The grouping of LprCO GNIB21, LprCO GNIB22, and
LprCO GP189 with known CO genes such as GmCO,
LaCO, and VrCO suggests that these genes share a close
evolutionary relationship. The high nucleotide sequence
similarity within this group indicates that they may have
originated from a common ancestral gene and may perform
similar regulatory functions in flowering pathways.
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The second group, which includes GmCOL2a, VuCOL-2L,
VuCOL2, and VuCOLA4, likely represents a lineage of
COL2-related genes within the CO/COL gene family. The
presence of multiple homologous genes within this group
suggests that gene duplication events may have contributed
to the expansion and diversification of COL genes in plant
genomes.

The third group contains several CO/COL homologs from
different plant species, including MiCO, CaCOL-5, OsHdl,
AiCO, AtCOL1, GmCOLY9, and MtCOL-2. The presence of
OsHd1, a well-characterized CO homolog involved in
photoperiodic flowering regulation in rice, highlights the
evolutionary conservation of CO-related genes across
different plant taxa. This conservation suggests that the
fundamental regulatory mechanisms controlled by CO/COL
genes have been maintained throughout plant evolution.

The clustering of protein CO GNIB22, protein CO GP189,
and protein CO GNIB21 with PvCOL2-like suggests that
these proteins share a common evolutionary origin. The
strong bootstrap support observed within this clade indicates
a high level of sequence conservation, which is
characteristic of genes involved in essential regulatory
processes such as flowering time control. The conservation
of these proteins across species implies that they may retain
similar biological functions.

The second clade, which includes VuCO, VaCOL2-like,
VrCOL2, and VmCO, likely represents a conserved lineage
of COL2 proteins within related plant species. The moderate
bootstrap support observed for some nodes may reflect
evolutionary divergence resulting from species-specific
adaptations. Such divergence may influence gene expression
patterns or regulatory functions in different plant systems.
The clustering of CcCOL-2, GmCOL2, GsCOL2, and
GmCOL-2a suggests that these proteins belong to a
conserved COL2 subgroup. The occurrence of multiple
homologs within the same species, such as GmCOL2 and
GmCOL-2a, indicates that gene duplication events may
have contributed to the expansion of the CO/COL gene
family. Gene duplication is an important evolutionary
mechanism that provides opportunities for functional
diversification while maintaining essential regulatory roles.
In addition, the grouping of ApCOL2I, PpCOL2, MdCOL-2,
PaCOL2, GhCOL-1, and GbCOL-1 into a distinct clade
further highlights the evolutionary conservation of COL
proteins across diverse plant taxa. The strong bootstrap
values supporting this cluster indicate a high degree of
sequence similarity, suggesting that these genes may
perform conserved functions in flowering regulation and
photoperiodic signaling pathways.

Taken together, the phylogenetic analysis indicates that the
CO/COL gene family has undergone evolutionary
diversification while maintaining conserved structural and
functional characteristics. These results provide valuable
insights into the evolutionary history of CO/COL proteins
and may contribute to understanding their roles in plant
developmental regulation and flowering time control. Two
B-box domains within an N-terminal Zn finger region and a
conserved C-terminal (CCT) domain, which is also present
in the circadian clock-related pseudo-response regulator
gene TOC]1 and related PRR, are characteristics of this set
of genes, which includes Arabidopsis CO.
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Conclusion

The present study provides a comprehensive phylogenetic
analysis of the CONSTANS (CO) and CONSTANS-LIKE
(COL) gene family, highlighting their evolutionary
relationships and diversification across different plant
species. The clustering of LprCO GNIB21, LprCO GNIB22,
and LprCO GP189 with previously characterized CO genes
such as GmCO, LaCO, and VrCO suggests that these genes
share a close evolutionary origin and may perform similar
regulatory roles in photoperiod-dependent flowering
pathways. The identification of several distinct clades
containing COL2-related genes further indicates that gene
duplication and subsequent divergence have played a
significant role in the expansion and functional
diversification of the CO/COL gene family in plant
genomes.

The presence of well-characterized homologs, including
OsHd1 and other COL proteins, within the phylogenetic
groups highlights the evolutionary conservation of this gene
family across diverse plant taxa. Such conservation suggests
that the fundamental molecular mechanisms controlling
flowering time and photoperiodic responses have been
maintained during plant evolution. Moreover, strong
bootstrap support observed within several clades reflects a
high degree of sequence similarity and structural
conservation among proteins involved in essential
regulatory processes such as circadian rhythm regulation
and flowering time control.

In addition to phylogenetic relationships, the conserved
structural features of CO/COL proteins, including the N-
terminal B-box zinc finger domains and the C-terminal CCT
domain, further support their functional conservation. These
domains are known to play critical roles in transcriptional
regulation, protein-protein interactions, and photoperiodic
signaling pathways that regulate flowering in plants.
Overall, the findings of this study provide valuable insights
into the evolutionary history, structural conservation, and
potential functional roles of CO/COL genes. This research
contributes to a deeper understanding of the molecular
mechanisms underlying flowering time regulation and
photoperiodic responses in plants. Furthermore, the
identified genes may serve as potential candidates for future
functional characterization and genetic studies aimed at
improving flowering regulation, adaptation, and crop
productivity in different plant species.
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