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Abstract Specialized metabolism in land plants produces the diverse array of compounds, which is important in
interaction with the environments. Generally, specialized metabolism-related genes consist of large gene families
(superfamily), including cytochrome P450 monooxygenases (CYPs), 2-oxoglutarate-dependent dioxygenases (DOXs), and
family-1 UDP-sugar dependent glycosyltransferases (UGTs), especially in angiosperms and gymnosperms. We investigated
the changes in the numbers of these superfamily genes during the evolution of angiosperms by inferring gain and loss events
in ancestral lineages of 5 angiosperms and 1 lycophyte. We observed the clear difference in the changes in the gene number
among ancestral lineages. Intriguingly, gene gain events were coordinately occurred among CYP, DOX and UGT in lineage-
specific manner, and the gain events were in good accordance with ancient whole genome duplication (WGD) events. Thus,
the WGD events in angiosperms would have an important role in the expansion and evolution of specialized metabolism by
providing prerequisite genetic resources for subsequent lineage-specific local tandem duplication (LTD) of superfamily genes
as well as functional differentiation of these superfamily genes.
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Metabolic pathways of plants are classified into primary
metabolism and specialized metabolism (also referred
to secondary metabolism) e.g., flavonoids, terpenoids
and alkaloids. Specialized metabolites are originally
derived from primary metabolites, and a specific
metabolic branch is extended via sequential catalysis
by newly emerged enzymes on lineage-specific manner.
While primary metabolism produces compounds that
are indispensable for survival, specialized metabolism
produces a wide variety of metabolites which play crucial
roles for increase of fitness of the producing plants in
interactions between plants and environments (Bourgaud
et al. 2001). It has been postulated and exemplified
that the genes involved in primary metabolism are
evolutionarily conserved and exhibit less variation
in the number of genes across taxa (Clegg et al. 1997).
Meanwhile, the number of specialized metabolism
genes within a plant genome is very large and their
compositions are different among taxa (Caputi et al.
2012; Kawai et al. 2014; Nelson and Werck-Reichhart
2011; Yonekura-Sakakibara and Hanada 2011). Important

to note, even within cultivars of grapevine (Vitis vinifera)
for wine, over thousand cultivar specific genes were
discovered in an Uruguay cultivar, Tannat (UY11),
compared to a French cultivar, Pinot Noir (PN40024)
(Da Silva et al. 2013). Furthermore, cultivar-specific
genes in Tannat were shown to contribute to the
biosynthesis of phenolic and polyphenolic compounds
(specialized metabolites) that contribute to the unique
characteristics (Da Silva et al. 2013). This example
implies the differences in the underlying evolutionary
mechanisms between primary metabolism and
specialized metabolism, which are expected to have high
plasticity in the genomic structures and transcriptional
regulation.

It has been shown that plant genomes contain
substantial fraction of the genes associated with
specialized metabolism, where numerous oxygenation
and glycosylation reaction steps impact on structural
diversity and solubility of specialized metabolites.
Cytochrome P450 monooxygenases (CYPs) and
2-oxoglutarate-dependent dioxygenases (DOXs)

Abbreviations: CYP, cytochrome P450; DOX, 2-Oxoglutarate-dependent dioxygenase; LTD, local tandem duplication; UGT, Family-1 UDP

glycosyltransferases; WGD, whole genome duplication.
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catalyze the oxygenation reactions via activation of
molecular oxygen. Family-1 UDP-sugar dependent
glycosyltransferases (UGTs) catalyze the transfer of a
glycosyl moiety from UDP-activated sugars to a wide
range of acceptor molecules. Sequential oxidation by
CYP and DOX followed by glycosylation by UGT are
often observed in various specialized metabolisms
(Kawai et al. 2014). Surveys in plant genomes revealed
that these three superfamily genes are highly multiple
in range from 50 to 400 genes and are significantly
diversified in terms of protein sequences and biochemical
functions among seed plants (Caputi et al. 2012; Kawai et
al. 2014; Nelson and Werck-Reichhart 2011; Yonekura-
Sakakibara and Hanada 2011). It should be noted that
lineage-specific gene clusters coordinately involved
in certain specialized metabolisms were also found
in several species (Chae et al. 2014; Fukushima et al.
2011; Nutzmann and Osbourn 2014; Ono et al. 2010).
In addition, a gene cluster in Solanaceae, which contains
CYP, DOX, and UGT in that order, have been recently
identified to be coordinately involved in the biosynthesis
of steroidal glycoalkaloids (Itkin et al. 2013).

We investigated the number of specialized metabolism
genes (CYP, DOX and UGT) from Arabidopsis thaliana
(Swarbreck et al. 2008), potato (Solanum tuberosum)
(The Potato Genome Sequencing Consortium 2011),
grapevine (Vitis vinifera) (Jaillon et al. 2007), soybean
(Glycine max) (Schmutz et al. 2010) and rice (Oryza
sativa) (Ouyang et al. 2007), which are not only
agronomically important crops but also represent the
major taxonomic group of angiosperms. Lycophyte
(Selaginella moellendorffii) (Banks et al. 2011) was
included as an outgroup species. The amino acid
sequences of CYP and UGT genes of A. thaliana are
retrieved from Arabidopsis P450 database (http://
www.p450.kvl.dk/index.shtml) (Paquette et al. 2000).
We used the amino acid sequences of DOX from A.
thaliana, O. sativa and S. moellendorffii identified in
the previous study (Kawai et al. 2014), and we focus on
the DOXC class in the DOX genes, which is associated
with specialized metabolism but not the other classes
(DOXA and DOXB), which are mainly associated with
primary metabolism. In order to identify CYP, DOX
and UGT genes of other species, we retrieved the amino
acid sequences, which contain the sequence motif
characterized by Pfam database (Punta et al., 2011)

Table 1. The number of specialized metabolism genes.

from whole amino acid sequences of each species. Pfam
motifs used to detect CYP, DOX, and UGT proteins
are p450 motif (Pfam ID: PF00067), 20G-Fell_Oxy
motif (PF03171) and DIOX_N motif (PF14226), and
UDPGT motif (PF00201), respectively. The whole amino
acid sequences are retrieved from PHYTOZOME9.0
(Goodstein et al. 2012) and the Pfam motif searches were
carried out by using HMMER3.0 (Eddy 2011).

The total numbers of the superfamily genes were
variable among CYP, DOX and UGT as well as among
species (Table 1). However, the numbers of CYP genes
were invariably higher than those of DOX and UGT
genes for all species and the numbers of UGT genes
were higher than DOX genes for all species except for
V. vinifera. Comparing the number of these genes
among species revealed that G. max and S. tuberosum
were outstanding in the number of these genes. These
results indicate that the lineage specific expansion of
the specialized metabolism genes have occurred after
divergence of angiosperm lineage from ancestral vascular
plants.

To further investigate the evolutionary changes of the
number of specialized metabolism genes in the ancestral
lineages of angiosperm, we reconstructed phylogenetic
tree of CYP, DOX and UGT genes. The gain and loss
events in each lineage of these trees were inferred by the
reconciled tree method using Notung 2.8 (Stolzer et al.
2012). Because the amino acid sequences of CYP, DOX
and UGT are too diverse to obtain reliable sequence
alignments, we first classified CYP, DOX and UGT
sequences into orthologous groups by the OrthoMCL
method (Fischer et al. 2011). This clustering procedure
resulted in 173, 101 and 108 orthologous groups, each
of which contains at least two sequences, for CYP, DOX
and UGT genes, respectively. The genes that did not
cluster with other genes were excluded from the further
analysis. The multiple sequence alignment of each
group was carried out by MAFFT (Katoh and Standley
2013) with default settings. The phylogenetic trees of
the orthologous groups, which contain more than 4
sequences, were reconstructed by maximum likelihood
method by RAXML version 7.2.6 (Stamatakis 2006). An
LG amino acid substitution matrix with gamma model
rate heterogeneity and empirical amino acid frequencies
was used for the analysis. Statistical support for the
nodes on the maximum likelihood tree was evaluated by

Species CYp DOX UGT Total number of genes in a genome
S. moellendorffii 293 57 143 22,273
O. sativa 355 89 200 39,049
G. max 444 236 250 56,044
V. vinifera 323 115 102 26,346
S. tuberosum 412 141 253 35,119
A. thaliana 238 100 112 27,416




bootstrap analysis with 100 replicates. The phylogenetic
trees of each orthologous group were subjected by
reconciled method with the species tree of plants used
in this study. The phylogenetic relationships represented
by the species tree are followed by APG III classification
system (Bremer et al. 2009). Each reconciled tree yields
the number of loss and gain events in each lineage for
respective orthologous group. Then, these numbers
of gain and loss events observed in each branch were
summed per gene.

Figure 1 shows the total numbers of the gain and loss
events on every lineage of species tree. The gene numbers
in the common ancestor between angiosperms and
lycophyte (CA1 in Figure 1) were 28, 12, and 8 for CYP,
DOX, and UGT, respectively. These are likely involved
in core reactions/pathways conserved in vascular
plants, such as the biosynthesis of biopolymers, defense
chemicals, and phytohormones (Kawai et al. 2014;
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Mizutani and Ohta 2010; Yonekura-Sakakibara 2009).
Clear distinction in the number of gain and loss events
was observed among ancestral lineages. For example, the
excesses in the gain events over loss events are significant
in the lineage leading to G. max for CYP (267 gains and
49 losses), DOX (149 gains and 19 losses), and UGT (177
gains and 26 losses) genes. Conversely, the significant
excesses in the loss events were inferred at the branch
leading to common ancestor between A. thaliana and
G. max (from CA4 to CA5). In this branch, 1 gain and
76 loss events, 1 gain and 25 loss events, 2 gain and 26
loss events were inferred for CYP, DOX and UGT genes,
respectively. Intriguingly, the patterns of the changes in
the gene number are similar among CYP, DOX and UGT
genes on the same branch. In other words, the changes
in the number of the superfamily genes are highly
correlated among CYP, DOX and UGT genes. Whole
genome duplication (WGD) rather than local tandem
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Figure 1.

Ancestral gain and loss events of CYP, DOX and UGT genes in plants. The numbers of gain and loss events are indicated on braches

of phylogenetic tree of plants for CYP (top), DOX (middle) and UGT (bottom). Numerator and denominator represent the numbers of gain and
loss events, respectively. Asterisks indicate the 1% significance levels by binomial test. The whole genome duplication (WGD) events that have been
reported in the literature are indicated by circles. The references of WGD events are following: A and B; (Bowers et al. 2003), C; (Doyle and Egan
2010), D; (Schlueter et al. 2008), E; (The Tomato Genome Consortium 2012), F; (Yu et al. 2005), G and H; (Tang et al. 2010), I; (Jaillon et al. 2007), J
and K; (Jiao et al. 2011). The branch length of tree and the relative positions of WGD events on branch are not scaled. The common ancestors (CA1-
CAD5) are designated by rectangles. Because the genes that do not cluster with other genes were excluded, the gene numbers in extant species in this

figure differ from those indicated in Table 1.
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duplication (LTD), which is also known as small-scale
duplication (SSD) (Tamate et al. 2014), is more plausible
for explanation of this phenomenon because WGD
significantly increases the gene number across a whole
genome, whereas LTD partly affects the gene number in a
genome for duplication of restricted region of a genome.
Indeed, excessive gene gain events, concentrated on
particular branches, were shown to be correlated with
WGD events (Figure 1). For instance, the increases in the
gene numbers are outstanding in the ancestral lineages
of A. thaliana and G. max. The whole genome studies
supported two successive WGD events in ancestral
lineages of A. thaliana (Bowers et al. 2003) and G. max
(Doyle and Egan 2010; Schlueter et al. 2008). These
WGD events are indicated by A and B for A. thaliana and
C and D for G. max in Figure 1. Rice has experienced
a whole genome triplication (H in Figure 1) and two
whole genome duplication (F and G) events in the
ancestral lineage (Tang et al. 2010; Yu et al. 2005). There
is a significant increase in the gene numbers (+226/—22,
+34/—8, and +148/—6 for CYP, DOX, and UGT,
respectively) in this lineage. The whole genome study of
V. vinifera revealed the triplication event has occurred
on the common ancestral lineage of eudicot (I in Figure
1) (Jaillon et al. 2007). Again, there are significant excess
in the gain events (+136/—3, +49/—1, and +62/—2 for
CYP, DOX, and UGT, respectively) in this lineage.
Collectively, these results support the notion that gene
resources for evolution of specialized metabolism had
been enlarged via WGDs during evolution of angiosperm
in lineage-specific manner. The ratios of the gene of three
superfamilies were roughly kept across ancient lineages
of angiosperm and lycophyte, also supporting this notion

(Figure 2). Obviously, CYP is the most prevalent gene in
both ancestral (CA1-CAS5 in Figure 1) and extant species
among three superfamilies. For instance, the number of
CYP gene in the most common ancestor of angiosperm
(CA2) is estimated to be 89 whereas DOX and UGT are
48 and 38, respectively. Thus, it is likely that CYP has
been diversified earlier than DOX and UGT. Although
we hypothesized that the increases in the number of
the superfamily genes are mainly due to WGS events,
LTD and pseudogenization are also responsible for the
gene number variation of specialized metabolism genes
(Figure 3). Indeed, small differences in the ratio observed
among lineages would be reflected to lineage-specific
LTD (Figure 2), mainly associated with specialized
metabolisms, after WGD (Chae et al. 2014).
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Figure 2. Ratios of the number of CYP, DOX and UGT genes within

common ancestral and extant species. The ratios of CYP, DOX and
UGT genes are presented by the common ancestral species (CA1-5)
and six extant species. The phylogenetic positions of CA1-5 are
indicated in Figure 1.
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Schematic illustration of evolutionary perspective of specialized metabolisms via WGDs and LTDs in angiosperms. A possible

evolutionary scenario of the diversification of specialized metabolism gene by the whole genome duplication (WGD) and local tandem duplication

(LTD) is presented. Arrows indicate the hypothetical specialized metabolism genes on chromosomes of ancestral and extant plant. In this hypothetical
scenario, two subsequent ancestral WGD followed by the recent lineage specific WGD and LTD events are represented. Note that some duplicated

genes are also lost after WGD events.



We demonstrated the dynamics of the evolutionary
changes in the numbers of specialized metabolism
genes during the evolution of angiosperms. It is most
likely that the dramatic expansion of specialized
metabolism genes is due to an adaptation of land plants
to a particular environment. Here we showed that the
duplications of the specialized metabolism genes roughly
coincide with WGD events, suggesting that the ancestral
WGD events are important in terms of enlargement of
genetic resources for neofunctionalization of novel
specialized metabolism. We also found that the ratios of
CYP, DOX and UGT genes are invariable among both
extant and ancestral species; CYP is most prevalent
followed by UGT then DOX. This observation suggests
a notion that these genes are associated with each other
in their enzymatic function and they have evolved in a
coordinated manner. Sequential oxidation by CYP and
DOX followed by glycosylation by UGT are often seen in
pathways of specialized metabolisms (Kawai et al. 2014),
also support this evolutionary notion on specialized
metabolism.
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