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Abstract
Rosids are a monophyletic group that includes approximately 70,000 species in 140 fami-

lies, and they are found in a variety of habitats and life forms. Many important crops such as

fruit trees and legumes are rosids. The evolutionary success of this group may have been

influenced by their ability to produce flavonoids, secondary metabolites that are synthetized

through a branch of the phenylpropanoid pathway where chalcone synthase is a key

enzyme. In this work, we studied the evolution of the chalcone synthase gene family in 12

species belonging to the rosid clade. Our results show that the last common ancestor of the

rosid clade possessed six chalcone synthase gene lineages that were differentially retained

during the evolutionary history of the group. In fact, of the six gene lineages that were pres-

ent in the last common ancestor, 7 species retained 2 of them, whereas the other 5 only

retained one gene lineage. We also show that one of the gene lineages was disproportion-

ately expanded in species that belonged to the order Fabales (soybean, barrel medic and

Lotus japonicas). Based on the available literature, we suggest that this gene lineage pos-

sesses stress-related biological functions (e.g., response to UV light, pathogen defense).

We propose that the observed expansion of this clade was a result of a selective pressure

to increase the amount of enzymes involved in the production of phenylpropanoid pathway-

derived secondary metabolites, which is consistent with the hypothesis that suggested that

lineage-specific expansions fuel plant adaptation.

Introduction
Gene duplication has been considered a fundamental process in providing raw genetic material
in evolution [1, 2]. Extra gene copies can be originated in several ways, from small-scale events
via unequal crossing over or retrotransposition to large-scale events, including segmental or
whole genome duplications. Episodes of whole genome duplications have characterized the
evolutionary history of plants, and most of them occurred around the Cretaceous-Paleogene
boundary [3]. They have played an important role during the evolution of plants because they
can even be responsible for the generation of new species [4].
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Angiosperms are a major plant group and are likely the most diverse group with approxi-
mately 260,000 classified living species in approximately 453 families [5, 6]. Among them,
rosids are a monophyletic group comprising nearly 70,000 species in 140 families [6–8]. Many
important crops, such as fruit trees and legumes, are rosids. They are characterized by unique
biochemical properties, such as symbiotic machinery with nitrogen-fixing bacteria [6]. The
evolutionary success of some rosid families may be partially due to their flavonoid production.
Flavonoids are a key group of plant secondary metabolites that are synthetized through a
branch of the phenylpropanoid pathway. Different flavonoid classes have been associated with
fundamental plant functions, such as pathogen defense, which is particularly important in
legumes (isoflavonoids), UV light protection (flavonols), and plant pigmentation (anthocya-
nins) [9, 10]. Each of these processes is important for the evolutionary success of plants, and
therefore natural selection likely plays a significant role in shaping the evolutionary history of
enzymes involved in this biochemical pathway.

Chalcone synthase (CHS; EC 2.3.1.74) is a key enzyme in flavonoid biosynthesis and is
encoded by the chalcone synthase gene family, which is a member of a superfamily that also
includes stilbene synthase (STS), acridone synthase (ACS), 2-pyrone synthase (2-PS), bibenzyl
synthase (BBS), and coumaroyl triacetic acid synthase (CTAS) [11]. CHS catalyzes the conden-
sation of three acetate residues from malonyl-CoA with p-coumaroyl-CoA to form naringenin
chalcone [12]. This is the initial step of the phenylpropanoid pathway that leads to flavonoid
production. Comparison of CHS gene sequences from different species revealed that the CHS
gene is structurally conserved and contains two exons separated by one intron. The first exon
is less conserved, and it varies in length from 37 to 64 amino acids. The second exon is more
conserved and encodes 340 residues. The amino acid sequence that defines the molecule’s
active site and the amino acid sequence that defines the signature of the gene family reside in
the second exon (Fig 1) [13–15]. The number of CHS genes varies among species; for example,
thale cress (Arabidopsis thaliana) possesses one CHS gene [16, 17], whereas soybean has 7
CHS genes.

The aim of this work was to study the evolution of the chalcone synthase gene family in rep-
resentative species of the rosid clade. We performed phylogenetic analyses to characterize the
duplicative history of chalcone synthase genes in 12 species of the rosid group. The results of
our evolutionary analyses revealed that the last common ancestor of the rosid clade possessed
six CHS gene lineages that were differentially retained during its evolutionary history. We also
found that one gene lineage disproportionately expanded in species belonging to the order
Fabales. Based on the available literature, we suggest that this gene lineage possesses stress-
related biological functions (e.g., UV light response, pathogen defense).

Materials and Methods

DNA data
The chalcone synthase (CHS) genes from 12 species of flowering plants belonging to the rosid
clade were manually annotated. DNA sequences from structural genes were obtained from the
Ensembl Plant database (release 21). CHS genes were identified by comparing known exon
sequences with genomic fragments using the blast2seq program, version 2.2 [18] available
from NCBI (http://www.ncbi.nlm.nih.gov/blast/bl2seq). PLAZA 2.5-derived sequences (http://
bioinformatics.psb.ugent.be/plaza/) were also included to attain broad and balanced taxonomic
coverage (S1 Table). The species included in this study comprised three Brassicales (thale cress,
lyrate rockcress and field mustard), one Malvaceae (cacao), three Malphigiales (cassava, castor
bean and poplar), two Rosales (apple and wild strawberry) and three Fabales (barrel medic,
Lotus japonicus and soybean). Putatively functional genes were characterized by an intact open
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reading frame with the canonical CHS gene structure of two exons and one intron. Because
CHS genes have undergone multiple rounds of duplication resulting in the presence of sets of
paralogous gene copy tandem repeats, we indexed each duplicated gene with the symbol T fol-
lowed by a number that corresponds to the linkage order in the 5’ to 3’ orientation. Pseudo-
genes were indexed with the ps suffix.

Phylogenetic inference
Phylogenetic relationships among CHS genes were estimated using a maximum likelihood
approach, as implemented in the Treefinder version March 2011 [19] and CodonPhyML

Fig 1. Alignment of chalcone synthase amino acid sequences from soybean, barrel medic and Lotus japonicus. Sequences correspond to the gene
found in chromosome 11, 1 T1 and 2 T5, respectively. Shaded areas represent the amino acid sequence that defines the molecule’s active site and the
defining amino acid sequence of the gene family.

doi:10.1371/journal.pone.0133400.g001
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programs [20]. The latter approach uses a more realistic description of the evolutionary process
at the protein-coding sequence level by incorporating the genetic code structure into the
model. Nucleotide translated sequences were aligned using the L-INS-i strategy fromMAFFT
v.6 [21]. Nucleotide sequences were aligned using the amino acid alignment as a template in
the TranslatorX software (http://translatorx.co.uk/; [22]) (S1 File). Best fitting models for each
codon position were separately estimated using the propose model routine from the Treefinder
program, version March 2011 [19] (S2 File). In the case of maximum likelihood using Treefin-
der, we estimated the best tree under the selected models (S3 File) and assessed support for the
nodes with 1,000 bootstrap pseudoreplicates. In the maximum likelihood approach imple-
mented in the CodonPhyML program [20], the model described by Goldman & Yang using a
subtree pruning and regrafting (SPR) heuristic search with 5 random starting trees, was used to
reconstruct phylogenetic relationships [23]. Support for the nodes was assessed following the
aBayes method [24]. The choice of an adequate outgroup is important to have a reliable phylo-
genetic tree which will allow us to recognize gene lineages and to define pathways of evolution
within the group of interest. In this study we included LAP5 (Less Adhesive Pollen 5) and STS
(stilbene synthase) gene sequences as outgroups, given that they are members of the same
superfamily [11].

Results and Discussion
We studied the evolution of the chalcone synthase gene family in a sample of flowering plants
including representative species of the orders Brassicales, Malvaceae, Malpighiales, Rosales and
Fabales. We manually annotated CHS genes in the representative species’ genomes for which
genomic information was available. We reconstructed pathways of gene family evolution using
a phylogenetic approach, from which we can conclude that diversity observed in extant species
is the result of a combination of different evolutionary processes where gene sorting played an
important role.

Our results show that the number of putatively functional CHS genes varies among species,
ranging from one in thale cress, lyrate rockcress and castor bean to 17 in the barrel medic
(Fig 2). Our results were consistent with previous reports of thale cress, in which one CHS gene
was identified [16], but are inconsistent with reports for other species [25]. A total of 8 to 12
gene copies have been previously reported for the barrel medic [26], whereas 7 CHS genes were
identified in soybean [27]. In contrast, we identified 17 and 15 CHS genes, respectively (Fig 2).
Aside from putatively functional genes, we also identified pseudogenes in three species (Fig 2).
We identified two pseudogenes in the barrel medic and Lotus japonicus and three in field mus-
tard (Fig 2). Pseudogenes were recognizable because the portion of the second exon containing
the gene family signature and the active site was present (Fig 1). We also found that the number
of chromosomes in which CHS genes were present also varied (Fig 2). According to our results,
the number of chromosomes containing CHS genes ranged from one in thale cress, lyrate rock-
cress and castor bean, to seven in soybean (Fig 2). The distribution of paralogs on different
chromosomes and the number of genes on each chromosome can be interpreted as a balance
between multiple rounds of whole genome duplication during the group’s evolutionary history
[3], the gene turnover dynamic after whole genome duplications [28], and the rate of gene
movement among chromosomes. Our results show that the interaction of these factors resulted
in a variable pattern (Fig 2). For example, although the clade containing two Arabidopsis spe-
cies has experienced two tetraploidy events during the rosid clade evolution, they only possess
one putatively functional CHS gene. On the other hand the clade containing the barrel medic
and Lotus japonicus species underwent one tetrapolidy event, during the rosid clade’s evolu-
tionary history and possesses a more diverse gene repertoire (Fig 2).
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Gene phylogenies allow us to define gene lineages and to infer the repertoire of genes in the
last common ancestor of our group of interest. Gene lineages can be defined as sets of genes
that can trace their evolutionary origin to a common ancestral gene, and the reconstruction of
the gene complement of the ancestor of interest relies in interpreting gene phylogenies in the
context of organismal phylogenies. In principle, for a given set of genes from a group of organ-
isms with a known phylogeny, gene phylogenies would allow us to identify gene lineages and
to infer how many of them can be traced back to the last common ancestor of our group of
interest. In the simplest case, in the absence of gene losses and duplications, a gene lineage is
defined as a clade that contains gene copies from all species included in the study and the gene
phylogeny ideally matches the organismal phylogeny. However, this is rarely the situation, as
genomes gain and lose genes over time. In most cases, not all species retain representative
genes from all lineages. Here, a simple situation could be given when the clade does not contain
all surveyed species, however, the phylogenetic representation of them includes all main groups
of the organismal phylogeny. In this case it is safe to say that this gene lineage was present in
the last common ancestor of the group (e.g. green, brown and red clades). Alternatively, when
the species repertoire of the clade does not represent all main groups of the organismal phylog-
eny, it would imply that the gene was present in the last common ancestor of the group and
lost in all other species (e.g. pink clade). An extreme case is when a gene is retained by a single
species (e.g. orange and blue clades), which might also imply that the gene was present in the

Fig 2. Genomic structure of the chalcone synthase gene family in rosids. The orientation of the genomic pieces (chromosomes/scaffolds) is from 50 (on
the left) to 30 (on the right).

doi:10.1371/journal.pone.0133400.g002
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ancestor and lost in all other species. Gene gains and losses are pervasive and can occur multi-
ple times along a given gene phylogeny, making this a challenging problem.

According to our phylogenetic analyses, the CHS gene diversity is derived from an ancestral
repertoire of six CHS gene lineages present in the last common ancestor of the rosid clade,
approximately 107 mya (Fig 3). This repertoire was inherited and differentially retained by dif-
ferent species in the group. Our results show that 7 species retained 2 of the six gene lineages
from the last common ancestor of the rosid clade, whereas the other 5 species only possess one
gene lineage (Fig 3). After this process, lineage-specific dynamics gave rise to the observed gene
repertoire in each species (Fig 2). According to our analyses, different gene lineages possess dif-
ferent numbers of gene copies, ranging from one (yellow lineage) to 42 gene copies (pink line-
age) (Fig 3). Additionally, genes were retained by a variable number of species (Fig 3), ranging
from one (blue and yellow lineages) to six species (brown lineage) (Fig 3).

The most restricted gene lineages are the blue and yellow lineages, which were retained by
one species each, the cassava and poplar, respectively (Fig 3). In the blue lineage, several rounds
of gene duplication gave rise to the four-gene repertoire in the cassava (Fig 3). The red clade
was retained by three rosid species representative of the orders Malvales (cacao), Malpighiales
(poplar) and Rosales (wild strawberry). A gene duplication event gave rise to a second copy of
the gene in the wild strawberry (Fig 3). The green clade was retained by six species, three of the
order Brassicales (thale cress, lyrate rockcress and field mustard) and three of the order Fabales
(barrel medic, Lotus japonicus and soybean) (Fig 3). In this clade, our phylogenetic analyses
suggest that a duplication event gave rise to an extra gene copy in the last common ancestor of
Brassicales that was only retained by field mustard (Fig 3). The other copy was retained as a
single copy gene in lyrate rockcress and thale cress, whereas several rounds of gene duplication
in the field mustard gave rise to a repertoire of 4 CHS genes (Fig 3). The brown clade possesses
species representation of the orders Malvales (cacao), Malpighiales (poplar, castor bean and
cassava) and Rosales (apple and wild strawberry) (Fig 3) and is characterized by the fact that
half of the species (wild strawberry, apple, and poplar) independently gave rise to multiple
gene copies, whereas the other half (cassava, castor bean and cacao) maintained a single gene
copy (Fig 3). Interestingly, the pink clade represents the gene lineage with the most gene copies
(Fig 3). This lineage has only been retained in three species of the order Fabales (Fig 3). Our
results suggest that this CHS gene underwent a duplication event in the last common ancestor
of the order Fabales between 97 and 57 mya, and both paralogs were later retained in all three
species (Fig 3), subsequently, all species greatly expanded one of the lineages (Fig 3). Thus, the
barrel medic and Lotus japonicus expanded one of the paralogs to 14 and 11 copies, respec-
tively, whereas they remained at low copy number in the other lineage (Fig 3). In contrast, soy-
bean expanded the complementary gene lineage to 11 copies, whereas the other (which the
other two species expanded) only possessed 2 copies (Fig 3).

From a functional perspective, past evidence has suggested that the genes that belong to the
pink clade are the most responsive to the UV-B response regulatory machinery [29, 30].
According to Shimizu et al., CHS5 and CHS6 soybean genes, which correspond to the copy
located on chromosome 9 and 8-T1 and -T6 in this study, respectively, are clearly up-regulated
in plants treated with UV-B light, suggesting that this gene clade may be involved in UV pro-
tection [30]. Additionally, global transcriptional analyses of phenylpropanoid pathway genes
[31–33] and the genetic manipulation of CHS genes [34] have suggested that genes belonging
to the pink clade are also involved in functions related to the pathogen defense response. In
combination with our evolutionary analyses, this cumulus of evidence suggests that CHS genes
in the pink clade perform key stress-associated roles. The dramatic expansion of this clade is
consistent with previous evidence that gene families exhibiting medium to high duplication
counts were often involved in pathogen defense [35]. Thus, it appears that gene duplication
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Fig 3. Maximum likelihood phylogram depicting relationships among chalcone synthase genes. Sequences of LAP5 (Less Adhesive Pollen 5) (not
shown) and STS (stilbene synthase) were included as outgroups. The numbers on the nodes correspond to the posterior probability using the aBayes
approach (left) and the maximum likelihood bootstrap support (right).

doi:10.1371/journal.pone.0133400.g003
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allowed for the increase in gene product by expanding the repertoire of genes related to envi-
ronmental challenges, allowing gene family diversification and long-term evolutionary plastic-
ity [36–39]

Conclusions
In this study, we provided a comprehensive evolutionary analysis of the chalcone synthase
gene family in flowering plants that included representative species of the orders Brassicales,
Malvaceae, Malpighiales, Rosales and Fabales, providing insight into the mechanisms that gave
rise to gene copy number variation. Our results show that the last common ancestor of the
rosid clade possessed six CHS gene lineages that were differentially retained during the evolu-
tionary history of the group. We also showed that one of the lineages disproportionately
expanded in species belonging to the order Fabales. Based on the available literature, we suggest
that this gene lineage possesses stress-related biological functions (e.g., UV light response,
pathogen defense). We propose that the expansion of this clade would be the result of a selec-
tive pressure to increase the amount of enzymes involved in phenylpropanoid pathway-derived
secondary metabolite production, consistent with the hypothesis proposed by Fischer et al. in
which lineage-specific expansions fuel plant adaptation [39].
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