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Chalcone synthase gene is a key enzyme in the biosynthesis of flavonoids and isoflavonoids. This gene assumes several
functions in plants such as protection against UV ray and defense against pathogenic factors. In this study, chalcone synthase
gene was studied and evaluated in terms of evolutionary rate in 119 species of creatures such as agricultural plants as eukaryote
creatures and bacteria as prokaryotes. The evolutionary analyses were performed using bioinformatics tools. After preparing
the phylogenic tree, the evolutionary study and comparison were performed. Also divergent time of chalcone synthase gene
was investigated in the agricultural plants and bacteria. This study led to obtaining two general conclusions: First, the
evolutionary rate between two prokaryote and eukaryote groups is different over time, and second, considering the calculation
of divergent time for the genome of prokaryotes from eukaryotes in the previous works, it is recommended to consider the
Chalcone synthase gene duplication time as about 410 million years.
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INTRODUCTION

Chalcone synthase gene is a key enzyme in the biosynthesis
of flavonoids and isoflavonoids and assumes several
functions in plants such as protection against Ultra violet ray
and defense against pathogenic factors (Huang et al., 2008;
Jiang et al., 2006; Durbin et al., 2000; Koes et al., 1994). It
seems that chalcone synthase gene has been created from the
enzyme involved in the synthesis of fatty acids (Stafford,
1991) and the structure of Chalcone synthase gene in
flowering plants is conserved. Except Antirrhinum majus
plant which has two introns, others have one conserved intron
(Sommer and Saedler 1986; Griesbach et al., 2005; Han et al.,
2006; Huang et al., 2004). It has been also determined that
compacting enzyme coding gene in the synthesis pathway of
fatty acids in Escherichia coli bacteria and CHS coding gene
have been derived from the same ancestral gene (Verwoert et
al., 1992). In recent studies, many genes from CHS family
have been studied in different species, which include chalcone
synthase in corn (Zea mays) (Franken et al. 1991) and in
Arabidopsis (Saslowsky et al., 2000). In some of the plant
species, chalcone synthase gene is encoded using a polygenic
family, such as Petunia (Koes et al., 1989) and leguminous
family (Ryder et al., 1987; Ito et al., 1997, Wingerder et al.,
1989; Durbin et al., 1995; Fukuda et al., 1997; Hauttley et al.,
1997). There is also some evidence showing that chalcone
synthase gene is re-branching in chalcone synthase gene
family (Helariutta et al., 1996; Tropf et al., 1994). The sites
with  synonymous and non-synonymous substitutions
between chalcone synthase genes in Denderanthema family
were evaluated by Nei and Gojobori (1986). Some studies

were conducted on chalcone synthase gene sequence (CHS)
in plants and bacteria and the chalcone synthase genes were
aligned to investigate the relations of these genes among the
plants by neighbour-joining (NJ) method (Jiang and Cao,
2007; Lei et al., 2010). In another study which was conducted
on several plants, phylogeny relations were examined using
maximum likelihood (ML) method and based on the
nucleotide substitution parameters (Farzad et al., 2005). In
another work on fungi, divergent time was calculated using
nonparametric rate-smoothing (NPRS) and Longly Fitch (LF)
algorithms (Kasuga et al., 2002). Molecular clock hypothesis
and evolutionary rate between chalcone synthase genes in
Dendranthema family was studied. For this purpose, relative
test (Muse and Gaut 1994; Nei and Kumar 2000; Takezaki et
al., 1995) was used. In addition, divergent time of chalcone
synthase gene in Dendranthemafamily was examined
(Cronquitst, 1977; Doolittle et al., 1996). Some tests were also
performed for determining the substitution rate of
synonymous and non-synonymous sites (Yang et al., 2002).
Substitution rate in CHS gene was compared with that of
other genes and it was specified that substitution rate inside
chalcone synthase gene was faster than that of others (YYang
et al.,, 2002). Generally, gene duplication over time is
interpreted and analyzed as a main mechanism for evolution
(Force et al., 1999; Ohta, 1993). In the study for estimating
gene duplication time considering the lack of access to
paleontological information,  average  synonymous
substitution rate of the genes in the plant cell nucleus was used
(Yang et al., 2002; Muse and Gaut, 1997). This study
assumed that rate of evolutionary changes of chalcone
synthase gene was equal in both eukaryote and prokaryote
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Table 1. Estimated number of synonymous (below diagonal) substitution per site.

1.Arthroderma_otae 2 3 4 6 7 8 9 10 11 12 13 14
2.Bdellovibrio_bacteriovorus_HD100 0.658

3.Bdellovibrio_bacteriovorus_str_Tiberius 0.662 0.262

4.Deinococcus_deserti 0.628 0.631 0.677

5.Halobacillus_halophilus 0.702 0.665 0.639 0.641

6.Mycobacterium_africanum 0.646 0.619 0.653 0.568 0.644

7.Ralstonia_solanacearum 0.670 0.611 0.618 0.573 0.627 0.565

8.Arabidopsis_lyrata_subsp_lyrata 0.653 0.682 0.679 0.563 0.717 0.584 0.674

9.Arabidopsis_thaliana 0.661 0.681 0.671 0.566 0.698 0.598 0.688 0.090

10.Emiliania_huxleyi 0.576 0596 0.626 0.523 0.747 0574 0.610 0.597 0.597
11.Medicago_truncatula_chromosome4 0.626 0.706 0.650 0.671 0.649 0.690 0.628 0.590 0.617 0.707
12.0ryza_brachyantha 0.630 0.658 0.711 0.408 0.709 0536 0.596 0.507 0.504 0.527 0.669
13.Ricinus_communis_scf 1106159295382 0.568 0.635 0.601 0.676 0.704 0.635 0.680 0.663 0.653 0.678 0.506 0.588
14.Zea_mays 0.600 0.586 0.612 0.444 0.670 0527 0.590 0.399 0.416 0.538 0.688 0.358 0.642

groups. This hypothesis was investigated by different
parameters and analyzed in bioinformatics software. Gene
duplication time was also calculated.

MATERIALS AND METHODS

CHS gene was studied in different eukaryote and prokaryote
species using the Genbank (www.ncbi.nlm.nih.gov). The 119
species containing CHS gene of eukaryotes (17 plant species
and 2 fungal species) and prokaryotes (100 bacteria species)
were selected. Gene sequence was prepared in FASTA
Format. In this study, chalcone synthase-like genes were not
used and only CHS genes were used to compare the
evolutionary changes between the eukaryotes and
prokaryotes. Also, full sequence of genes including sequence
of coding region and intron was used in this study. Two files
containing CHS gene sequence were separately prepared for
the eukaryotes and prokaryotes creatures and investigated
from the evolutionary viewpoint.

Bioinformatics analyses:Pair-wise and multiple sequence
alignments were done in MEGA 6.0 Tamuraand
Kumar(2013). Mean intra-group distance in both of the
groups was prepared based on ML model 100 times of re-
sampling and transition-transversion substitution pattern.
Mean distance was calculated for both eukaryote and
prokaryote groups. Nucleotide substitution was also
compared based on different models including F81
(Felsenstein, 1981), JC69 (Jukes and Cantor, 1969), k80
(Kimura, 1980), HKY85 (Hasegawa et al., 1985), and GTR
(Tavare, 1986) in DAMBE software (Xia, 2013) and the best
model was selected. Nucleotide substitution using ML
transition-transversion bias parameter was calculated based
on the two-parameter method by Kimura (1980) for both
eukaryote and prokaryote groups. Gamma parameter was
calculated based on Tamura and Nei's (1993) pattern for
eukaryotes and prokaryotes. Molecular clock hypothesis was
calculated for both groups based onML model using Tamura
and Nei's (1993) method and statistically studied at p<0.05.
This hypothesis was commonly calculated based on ML
method for 119 species (eukaryotes and prokaryotes) using

different models. Phylogenic tree was commonly prepared
based on ML model and Tamura and Nei's (1993) method
with 100 re-sampling time for both species (Fig. 1).
Nucleotide frequency of the 6 species of prokaryotes
(including 3 bacteria) and eukaryotes (including 3 plants)
representing 119 species was studied in DAMBE (Xia, 2013)
program using Chi-square test. Heterogeneity test was
conducted for the nucleotide frequency by Chi-square test.
Gene duplication: Considering the drawing of phylogenic
tree based on ML method (Fig. 1), point A (node A) which is
shown using an arrow in the figure, was considered as the
point at which the divergence of CHS gene occurred between
the eukaryotes and prokaryotes. Also, 14 species of the
eukaryote and prokaryote creatures located in the phylogenic
tree were selected and the distance matrix was prepared based
on synonymous-non-synonymous method for these 14
species which included eukaryotes and prokaryotes (7
species) (Table 1). Mean distance of the eukaryote and
prokaryote species was separately calculated.

Duplication time of CHS gene was separately estimated based
on the mean distance in the eukaryotes and prokaryotes. Gene
duplication time was also estimated based on the mean
distance of eukaryotes and prokaryotes.

RESULTS

Mean distance in the prokaryotic group with 100 nucleotide
sequences and eukaryotic group with 19 nucleotide sequences
was calculated as 1.81 and 0.745, respectively. Different
substitution models were compared with each other using y?-
test at p<0.05. Considering the calculations, GTR model as
the best model was selected because it was found to have
minimum theoretic information indices (Table 2).

Two F81 and JC69 models were compared with each other
and the p-value was calculated (p= 0.0001) and in the
comparison of other models, the p-value was calculated
(p=0). ML transition-transversion bias was calculated as 0.71
and 1.09 for prokaryotes and eukaryotes based on the two-
parameter method of Kimura (1980), respectively. Gamma
parameter was calculated as 1.2732 for prokaryotes and
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Table 2. Finding the best nucleotide substitution model.

Model NumParam InL AIC AlCc BIC

GTR GTR -5464.573 10945.147 10947.673 10962.664
TN93 TN93 -5497.818 11005.637 11006.637 11016.585
T92 T92 -5542.210 11088.420 11088.610 11092.799
HKY85 HKY85 -5530.916 11069.832 11070.488 11078.591
F84 F84 -5519.487 11046.974 11047.630 11055.733
F81 F81 -5601.595 11209.190 11209.577 11215.759
K80 K80 -5571.652 11145.305 11145.368 11147.495
JC69 JC69 -5612.662 11225.324 11225.324 11225.324

NOTE: Nucleotide frequencies; T= 0.16437; C =0.27311; A =0.16361; G =0.39891

0.6065 for eukaryotes based on the substitution pattern by
Tamura and Nei (1993). Molecular clock hypothesis was also
calculated for both groups based onML model and Tamura
and Nei's (1993) method. This hypothesis was calculated in
the prokaryotes (p=1.3234763504256E-134) and rejected at
p<0.05. Moreover, this hypothesis was calculated in the
eukaryotes(p=1.21672141647735E-144) and rejected at
p<0.05. Nucleotide frequency was investigated in 6 species of
eukaryotes and prokaryotes using DAMBE (Xia, 2013)
program. y2 distribution was applied to study the nucleotide
frequency for these 6 species. In most of the cases, nucleotide
frequency distribution was significantly different from the
normal frequency (0.25) for each of the A, C, G, and T
nucleotides. x2- test was run to study the heterogeneity of
nucleotide frequency and, considering the calculated p-value,
the null hypothesis of non-heterogeneity of the sequences was
rejected at p<0.05. Nucleotide substitution rate was calculated
based on Tamura and Nei's (1993) pattern for prokaryotes and
two nucleotides of A and G had maximum substitution rates
compared with others (13.7). In the eukaryotes, substitution
rate was calculated based on this pattern and maximum
substitution rate was between nucleotides C and (T,U)
(15.17). Gene duplication time was also calculated based on
the substitution rate in each site per year (5x10°°) (Li 1997)
considering the mean distance in the prokaryotes (2.16) and
eukaryotes (6.04). Therefore, CHS gene duplication time
between the prokaryotes and eukaryotes was estimated to be
about 216 million years based on the mean distance in the
prokaryotes and about 600 million years based on the mean
distance in the eukaryotes. For the mean distance in the
prokaryotes and eukaryotes (4.1), CHS gene duplication time
was estimated as 410 million years.

Considering mean distance in the prokaryote (1.81) and
eukaryote (0.745) groups, it seems that there were more
differences in terms of nucleotide sequence in the
prokaryotes. This issue showed that the eukaryote group
underwent less variation during the evolution of nucleotide
sequence and sequence similarity of CHS gene was better
maintained over time.

Figurei.ﬂ Phylogenetic tree constructed by using ML
method for Chalcone synthase gene for 119
species of plants and bacteria
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DISCUSSION

Different substitution models were compared with each other
and GTR model was selected as the best substitution model
considering its value of theoretic information indices.
According to the calculation of ML transition-
transversion bias for both groups, nucleotide displacement
value for CHS gene was higher in the eukaryotes. Based on
the value of gamma parameter, there was less correlation
between CHS gene sequence and nucleotide frequency of the
eukaryotes. In other words, it can be said that each CHS gene
sequence in the eukaryotes was more likely to have its own
special nucleotide frequency. Considering the calculation of
molecular clock hypothesis in both groups, no equal
evolutionary rate existed forCHS gene in these groups and
each group had its own evolutionary rate. Considering the
results of y2-test for studying the heterogeneity of nucleotide
frequency in the 6 species representing 119 species, as
expected, there was a significant difference in terms of CHS
gene sequence between the prokaryotes and eukaryotes,
which indicated the difference in the CHS gene sequence
between them. Based on the calculated substitution rate, it can
be inferred that, first, maximum substitution was related to
purine bases in the prokaryotes and to pyrimidine bases in the
eukaryotes. Second, transition value was higher than
transversion value. CHS gene duplication time in the
flowering plants was estimated to be almost 60 million years
(Kasuga et al., 2002); but, no studies have calculated the CHS
gene duplication time between prokaryotes and eukaryotes
thus far. In the present work, CHS gene duplication time
between the prokaryotes and eukaryotes was estimated as 410
million years. Considering the divergent time of genome of
prokaryotes from eukaryotes (Gu, 1997), it is recommended
to consider the calculated time in this study as the CHS gene
duplication time.

Investigation of different evolutionary parameters and the
analyses conducted using bioinformatics software led to
obtaining two general conclusions: First, the evolutionary rate
between two prokaryote and eukaryote groups is different
over time, and second, considering the calculation of
divergent time for the genome of prokaryotes from eukaryotes
in the previous works, it is recommended to consider the CHS
gene duplication time as about 410 million years.
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