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Abstract Perilla (Perilla fiutescens), an herbal plant belonging
to the Lamiaceae family, has long been cultivated in Asia.
Perilla is notable as an aroma-rich leaf vegetable and as the
oilseed crop richest in omega-3 fatty acids. However,
molecular analysis of this herbal plant is lacking due to
insufficient genetic resources. Here, we constructed a normalized
c¢DNA library from whole young perilla plants and analyzed
expressed sequence tags (ESTs). A total of 4,582 uniESTs
were generated from analysis of 5,435 ESTs. Among these,
307 uniESTs (6.7%) were identified as unique in perilla and
3,625 uniESTs were assigned at least one GO term through
similarity searches in public databases. The most frequent
GO terms were related to abiotic and biotic stress responses.
In addition, we identified 141 uniESTs involved in lipid
metabolism, of which four genes encoded fatty acid
desaturases. We found one new candidate omega-3 fatty acid
desaturase gene, in addition to the four that were previously
reported. This analysis of uniESTs from perilla provides a
valuable genetic resource to elucidate the molecular
underpinnings of lipid metabolism and for molecular
breeding of perilla species.
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Introduction

Perilla (Perilla frutescens (L.) Britton) is an annual herbal
plant species that belongs to the Lamiaceae family and
encompasses various natural varieties. It is cultivated mainly
in Asian countries including Korea, China, and Japan, where
the plant has been used as an ingredient in culinary dishes
and as a traditional herbal medicine (Gwak et al. 2003; Yu et
al. 2004). Two main varieties are cultivated and used in
Korea and Japan; one variety, P. frutescens var. frutescens,
commonly named “Deul-ggae” in Korea and “Egoma” in
Japan, is cultivated as an oilseed crop. The other variety, P.
frutescens var. crispa, called “Cha-jo-ki”” in Korea and “‘Shiso”
in Japan, is cultivated as a Chinese medicine or spicy
vegetable crop (Makino 1961; Nitta and Ohnishi 1999; Lee
and Ohnishi 2001; Nitta 2001; Lee et al. 2002; Lee and
Ohnishi 2003). In addition to these varieties, P. frutescens
var. acuta (purple perilla) has also been cultivated as a
medicinal herb to take advantage of its high antioxidant
activity due to high levels of phenolic compounds (Meng et
al. 2009; Ha et al. 2012; Jun et al. 2014). Perilla seeds
contain large amounts of unsaturated fatty acids, including
14-23% oleic acid (18:1), 11-16% linoleic acid (18:2) and
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54-64% linolenic acid (18:3; Asif 2011). This high unsaturated
fatty acid content confers various benefits for human health
(Onogi et al. 1996; Sadiet al. 1996; Deng et al. 2007; Asif
2011; Igarashi and Miyazaki 2013). Perilla seed oil is used
mainly as an ingredient for cooking and for industrial uses in
paint, varnish and ink manufacturing. In addition, perilla
seed cakes are used for animal and bird feeds (Asif 2011).

Most perilla studies to date have been focused on
characterization of metabolites and their biological activities,
although the genes involved in the biosynthesis of anthocyanins,
flavones, and monoterpenoids in perilla have been described
(Yonekura-Sakakibara et al. 2000; Kitada et al. 2001;
Sompornpailin et al. 2002; Yamazaki et al. 2002; Yamazaki
and Saito 2006; Mau et al. 2010; Yamazaki and Saito 2011).
Whereas the fatty acid composition in developing seed of
perilla has been well studied (Ichihara and Suda 2003),
molecular analysis of lipid metabolism has not yet been
intensively performed in this plant, probably due to a dearth
of genetic resources. Only a few genes encoding enzymes
involved in fatty acid biosynthesis have been characterized
in perilla (Chung et al. 1999; Hwang et al. 2000; Hwang and
Hwang 2000).

Only about 100 expressed sequence tags (ESTs) generated
from perilla have been deposited in GenBank, while more than
10,000 ESTs have been deposited from other species in the
Lamiaceae family such as Chinese salvia (Salvia miltiorrhiza)
and sweet basil (Ocimum basilicum). Furthermore, comparison
with another oilseed crop, sesame (Sesamum indicum), for
which more than 40,000 ESTs have been reported and
genome sequencing has been completed (Ke et al. 2011;
Wang et al. 2014), underscores the fact that molecular
genetic information is currently lacking for perilla. At
present, whole-genome and transcriptome sequencing using
next generation sequencing (NGS) technology has become
one of the best approaches to acquire large quantities of
genetic information. However, de novo sequencing of a
cultivated crop without a reference genome remains challenging
in terms of assembly and annotation of expressed genes
(Varshney et al. 2009). As an alternative approach, we
performed EST analysis, which is useful as a less expensive
method to collect information about expressed genes. ESTs
are short sub-sequences of cDNA sequences representing
expressed genes, and have been widely used to provide
global information about genes expressed in a given tissue or
organism (Rudd 2003; Zhang et al. 2011).

Considering the importance of perilla with respect to
nutritional and industrial applications, molecular study of
this plant species is essential to understand and enhance its
relevant traits, such as its high content of unsaturated fatty
acids. To this end, we constructed a cDNA library from
whole tissues of perilla plants and analyzed more than 5,400
ESTs to provide large-scale molecular genetic resources and

to facilitate genetic study of this species.

Results
Construction of cDNA Library

A normalized cDNA library was constructed using total
RNA from three-week-old plants of perilla cultivar Youngho
Deul-ggae. The average insert size of the cDNA library was
determined by colony PCR from 96 randomly selected
c¢DNA clones. As shown in Table 1 and Fig. S1, most of
inserts were longer than 0.5 kb, with an average insert size
of 1.1 kb. Inserts longer than 0.8 kb were found in ~ 90% of
the clones. The recombination rate of the library was 97.9%.

Generation and Assembly of ESTs

Nucleotide sequences at the 5’-end of the inserts were
obtained by sequencing in 5,760 clones. After quality
filtering and removing vector contamination, a total of
4,241,946 bp from 5,435 ESTs, with an average of 780 bp
per sequence, was obtained (Table 2). This result indicated
that the total sequencing success rate was 94.4%. The 5,435

Table 1. Distribution of insert size in the perilla normalized cDNA
library

Insert Length (kb)?  Number of clones?  Frequency (%)

>20 2 2.1
1.5-2.0 2 2.1
1.0-1.5 30 31.2
0.5-1.0 60 62.5

<0.5 0 0.0

no insert 2 2.1
Total 96 100

UInsert size distribution in 96 randomly selected clones was deter-
mined by colony PCR as shown in Fig. S1.

Table 2. Summary of filtered ESTs and uniESTs for perilla

Filtered ESTs
Number of ESTs 5,435
Total length 4,241,946 bp
Average length 780 bp

UniESTs

Number of contigs 659
Total length 596,052 bp
Average length 904 bp
Number of singletons 3,923
Total length 3,059,637 bp
Average length 780 bp
Total uniESTs 4,582
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Fig. 1. Length distribution of perilla ESTs. The number of filtered

ESTs, singletons and contigs within each length category on the x-
axis is shown on the y-axis.

filtered ESTs were deposited in GenBank under accession
numbers JZ578419 to JZ583853.

The filtered ESTs were assembled into 4,582 uniESTs
consisting of 659 contigs and 3,923 singletons with 904 bp
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and 780 bp average length, respectively (Table 2, Table S1).
While both filtered ESTs and singletons ranged from 101 to
1,019 bp in length, assembled contigs ranged from 320 to
1,780 bp (Fig. 1). Between 2 and 6 ESTs were assembled
into each contig, 76.8% of which were generated with 2
ESTs, 18.7% with 3 ESTs, and the remaining 4.5% with 4 to
6 ESTs. This result suggested that the cDNA library was
well normalized for generating uniESTs. When coding
sequences of uniESTs were investigated, 1,219 (26.6%) of
uniESTs contained a full-length open reading frame (ORF)
with start and stop codons, while 1,859 (40.6%) and 491
(10.7%) had 5° or 3’ partial ORFs, respectively. The
remaining 1,013 (22.1%) had partial ORF's at the both 5> and
3’ ends or sequence too short to predict ORFs.

UniEST Annotation

Through homology searches against the Genbank non-redundant
protein (Nr) database using BLASTX, we identified 2,471

m transcription factor activity
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Fig. 2. GO analysis of perilla uniESTs and comparison with ESTs of other Lamiaceae species. Out of 4,582 total uniESTs, 3,625 were
assigned to GO terms by the Blast2GO program using default parameters. Top 10 GO terms that large number of uniESTs were assigned
were selected and their proportion to total assigned uniEST number was calculated for three GO categories: cellular component (A),
molecular function (B), and biological process (C). (D) Perilla uniESTs were compared with those of Chinese salvia and sweet basil
retrieved from GenBank using BLASTN with E-value cut-off of 1E>.
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uniESTs (53.9% of the total uniESTs) with similarity to
known genes and 1,804 uniESTs (39.3%) with similarity to
genes of unknown function at the amino acid level. The
remaining 307 uniESTs (6.7%) did not show similarity to
protein sequences deposited in the Nr database using an E-
value cut-off of 1E™. When the uniESTs were searched
against the TAIR 10 database, 4,140 uniESTs (90.4%)
showed similarity to Arabidopsis genes, whereas the
remaining 442 uniESTs (9.6%) were not similar to any genes
in the database. Among uniESTs, 9 (0.2%) and 109 (2.4%)
encoded photosystem-related proteins and ribosomal proteins,
respectively, confirming the successfully normalized coverage
of the cDNA library.

In Gene Ontology (GO) analysis, a total of 3,625 uniESTs
were assigned to at least one GO term, of which 3,423,
2,864, and 3,170 sequences were assigned terms for GO
categories cellular component, molecular function, and
biological process, respectively. The 10 GO terms to which
the largest numbers of uniESTs were assigned were further
investigated (Figs. 2A, 2B, and 2C). Among the top 10 GO
terms, nucleus, plasma membrane, and cytosol for cellular
component, and protein binding for molecular function were
accumulated compared to the other terms. Interestingly, the
most abundant GO terms for biological process were related
to abiotic and biotic stress responses, which accounted for
70.2% of the assigned uniESTs (Fig. 2C).

The perilla uniESTs were compared with those of two
other Lamiaceae species, Chinese salvia and sweet basil. For
this analysis, 10,288 (4,595,480 bp) and 23,260 (14,847,174
bp) ESTs were retrieved from GenBank for Chinese salvia
and sweet basil, respectively, and assembled to generate
7,191 and 11,729 uniESTs for the two species, respectively.
When compared at the nucleotide level using the BLAST
program, 817 (17.8%), 695 (15.2%), and 989 (21.6%) of the
total perilla uniESTs were homologous to those in Chinese
salvia, sweet basil, and both species, respectively (Fig. 2D).
The remaining 2,081 (45.4%) were unique to perilla. These
results suggest that the perilla uniESTs we generated contain
a large number of perilla-specific genes.

UniESTs Homologous to Major Regulatory Genes

By homology searches against Nr and TAIR databases, we
could identified 300 uniESTs showing similarity to major
regulatory genes, which consisted of 106, 84, 83, and 27
uniESTs related to transcription factors, protein kinase,
transporters, and E3 ubiquitin ligases, respectively (Table 3,
Table S2). Among those 106 uniESTs related to transcription
factors, 23 (21.7%) encoded AP2/EREBP domain containing
proteins, 11 (10.4%) encoded basic helix-loop-helix (bHLH)
proteins, and 10 (9.4%) encoded MYB proteins. Among
those 84 uniESTs related to protein kinases, large number of

Table 3. Number of uniESTs homologous to major regulatory genes

Gene group No. of ) _No. of perilla 1
uniESTs (%)  unique uniESTs (%)
Transcription factor 106 (2.3) 48 (1.0)
Protein kinase 84 (1.8) 33(0.7)
Transporter 83 (1.8) 42 (0.9)
E3 ubiquitin ligase 27 (0.6) 10 (0.2)

DPercentage to 4,582 perilla uniESTs in this study

Table 4. Number of perilla uniESTs involved in lipid metabolism

Pathway in lipid metabolism unillzjlg'Tgt(% )
Fatty acid elongation & wax biosynthesis 31 (22.0)
Oxylipin metabolism 18 (12.8)
Triacylglycerol & fatty acid degradation 12 (8.5)
Phospholipid signaling 11 (7.8)
Sphingolipid biosynthesis 10 (7.1)
Triacylglycerol biosynthesis 10 (7.1)
Mitochondrial fatty acid & lipoic acid synthesis 9 (6.4)
Prokaryotic galactolipid, sulfolipid, & phospholipid 9 (6.4
synthesis 6.4)
Fatty acid synthesis 7 (5.0)
Suberin synthesis & transport 7 (5.0)
Other 17 (12.1)
Total 141 (100.0)

uniESTs encoded receptor-like kinases and serine/threonine
protein kinases, whose number were 32 (38.1%) and 13
(15.5%), respectively. In addition, 133 of the 300 uniESTs
were only found in perilla, when compared with Chinese
salvia and sweet basil ESTs (Table 3).

UniESTs Involved in Lipid Metabolism

Among the 4,582 uniESTs, 141 (3.1%) were homologous to
Arabidopsis genes involved in lipid metabolism. Of those
141 uniESTs, 31 (22.0%) were related to fatty acid elongation
and wax biosynthesis, 18 (12.8%) were related to oxylipin
metabolism and 12 (8.5%) to degradation of triacylglycerol
and fatty acids (Table 4, Table S3).

Four of the uniESTs, namely Contigd45, and three singletons
(IDs EPP167KIAA11S000071, EPP167KIAA11S000807, and
EPP167KIAA11S00S4973; hereafter, the “EPP167KIAA-
11S00” in the singleton and EST IDs is shortened to “S” and
“E”, respectively, for simplicity), showed high similarity to
known fatty acid desaturases (FADs) at the amino acid level
(Figs. S2-S9). For further investigation of these uniESTs, full
nucleotide sequences of the relevant cDNA clones were
determined. The ¢cDNA clones for all four uniESTs had
incomplete 5° sequences. The cDNA sequence for S0807
was 814 bp, with a deduced protein showing 84% similarity
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to Arabidopsis FADS (AT3G15850), which is responsible for
the biosynthesis of 16:1 fatty acids from 16:0 in galactolipids
and sulpholipids in the chloroplast (Figs. S2 and S3). The
c¢DNA sequence for S0071 was 1,176 bp, and encoded a protein
with 81% similarity to Arabidopsis FAD2 (AT3G12120), an
endoplasmic reticulum-localized omega-6 fatty acid desaturase
for biosynthesis of 18:2 fatty acids in glycerolipids (Figs. S4
and S5). The cDNA sequence for S4973 was 1,460 bp, and
the deduced protein showed 80% similarity to Arabidopsis
FAD6 (AT4G30950), an omega-6 fatty acid desaturase for
biosynthesis of 16:2 and 18:2 fatty acids from galactolipids
and sulpholipids in the chloroplast (Figs. S6 and S7). Lastly,
Contig445 was assembled from ESTs E3999 and E4399
(GenBank accession nos. JZ582185 and JZ582566,
respectively), the cDNA clones for which had identical
sequences of 1,405 bp (Fig. S8). The deduced protein
encoded by this cDNA sequence showed 73%, 72%, and
67% similarity to chloroplast-localized omega-3 fatty acid
desaturases encoded by Arabidopsis genes FADS (AT5G05580),
FAD7 (AT3G11170) and FAD3 (AT2G29980), respectively
(Fig. S9). In addition, it shared 64% to 84% similarity with
genes annotated as omega-3 fatty acid desaturases in sesame
(AAA70334) and perilla [AGJ70389, AAB39387, AAD15744
(Chung et al. 1999), and AGT37060; Fig. 3, Fig. S9]. All
four uniESTs could be assigned to the unsaturated fatty acid
biosynthesis pathway for chloroplast and ER membrane
lipids (Fig. 4). Furthermore, no identical perilla sequences
were found in public databases for any of the four cDNA
sequences. These four sequences encoding FADs thus

1001 @ P. frutescens PfrFAD7
@ P frutescens FAD7
89l W S.Indicum FAD
100 e @ cContig445

—E A A. thaliana FAD7
99 A A. thaliana FAD8
A A. thaliana FAD3

I. P. frutescens FAD3
100— @ P frutescens FAD

| s |
0.05
Fig. 3. Phylogenetic analysis of perilla Contigd45 and omega-3
fatty acid desaturase proteins. The deduced protein sequence
encoded by the cDNA sequence of Contigd45 was aligned with
those of reported omega-3 fatty acid desaturase genes using
ClustalW and the well-aligned region of 350 amino acid residues
was extracted from each gene for phylogenetic analysis. The
phylogenetic tree was generated using Poisson correction and the
neighbor-joining (NJ) method in MEGAS. Bootstrap percentages
calculated for 1000 replicates are shown on the branches; values
less than 50% are omitted. Perilla fiutescens FAD7 (AGJ70389),
PfrFAD7 (AAB39387), FAD3 (AAD15744; Chung et al. 1999)
and FAD (AGT37060); S. indicum FAD (AAA70334); A. thaliana
FAD3 (AT2G29980), FAD7 (AT3G11170), and FADS (AT5G05580).
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Fig. 4. Perilla uniESTs assigned to the unsaturated fatty acid
biosynthesis pathway. Four uniESTs encoding fatty acid desaturases
(FADs) were identified based on similarity to Arabidopsis genes
involved in lipid metabolism. Through searches in TAIR and
KEGG databases, four perilla FAD homologues, S0807 (GenBank
accession no. KJ775813), S0071 (KJ781205), S4973 (KJ775814),
and Contigd45 (KJ775812), could be assigned to a predicted
unsaturated fatty acid biosynthesis pathway. Reported omega-3
fatty acid desaturase genes in P. fiutescens, FAD7 (AGJ70389),
PfiFAD7 (AAB39387), FAD3 (AAD15744; Chung et al. 1999)
and FAD (AGT37060), are also shown. Arabidopsis counterpart
genes are indicated on the left of the pathway.

provide useful information for characterization of unsaturated
fatty acid biosynthesis in perilla.

Among the 141 uniESTs related to lipid metabolism, three
encoded putative transcription factors. One uniEST, S5466,
showed 59% similarity at the amino acid level to Arabidopsis
transcription factor MYB96 (AT5G62470), which regulates
cuticle wax biosynthesis (Seo et al. 2011). The other two,
S2508 and S3437, showed more than 40% similarity at the
amino acid level to Arabidopsis VP1/ABI3 type transcription
factor HSI2/VAL1 (AT2G30470), involved in triacylglycerol
biosynthesis (Li-Beisson et al. 2013).

Discussion
Genetic Resources for Perilla

Despite perilla having been cultivated and used widely as an
ingredient and as a traditional herbal medicine in Asian
countries, there are limited genomic and genetic resources
for perilla as well as for other plants of the Lamiaceae
family. The Perilla genus has chromosomes of 2n=40
(Diao et al. 2009). Using the ‘Youngho Deul-ggae’ cultivar
analyzed in this study, we estimated the haploid genome
equivalent of P. frutescence to be approximately 1.4 to 1.5
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Gbp by measuring and calculating the C value using flow
cytometry compared to two known reference genomes (Fig.
S10).

In this work, we constructed a cDNA library and analyzed
a large number of ESTs to produce genetic resources and
encourage further molecular study of perilla. The cDNA
library contained an average insert size of 1.1 kb with few
ESTs per contig assembly and low numbers of uniESTs for
photosystem and ribosomal proteins, demonstrating that the
library was well normalized. Finally, 4,582 uniEST sequences
were generated through analysis of 5,435 EST sequences;
this represents a significant number of uniESTs compared
with the number of perilla genes in deposited in GenBank
before this study. Accordingly, the cDNA library and uniEST
sequences generated in this study provide important information
about the transcriptome of perilla, although the data generated
do not provide sufficient information to study the entire
transcriptome of perilla. Further transcriptome analysis should
be performed with various samples including developing
seeds.

Perilla-unique Genes

Through annotation and comparative analysis, 307 uniESTs
were found not to show similarity to reported protein
sequences, implying that these uniEST sequences might be
unique to perilla. In addition, 2,081 sequences including 133
encoding major regulatory genes had no similarity to reported
ESTs of two other Lamiaceae species, Chinese salvia and
sweet basil (Fig. 2D and Table 3). Whereas these 2,081
sequences are likely not all unique to perilla because the
ESTs used for comparison do not represent full coverage of
expressed genes of Chinese salvia and sweet basil, some of
the putative unique genes should be useful for study of the
distinctive traits of perilla that are absent in other Lamiaceae
species.

A large number of the perilla uniESTs were related to
responses to abiotic and biotic stresses according to GO
analysis for the biological process category (Fig. 2C).
Similarly, many abundant uniESTs encoded stress-responsive
proteins, although highly abundant ESTs were normalized in
the cDNA library. This indicates that many genes were
highly expressed in response to environmental stress in the
perilla plants used in this study. These genes might play
protective roles against cellular damages caused by environment
stresses.

Genes Related to Lipid Metabolism
As for other oilseed crops, understanding fatty acid biosynthesis

is important in perilla, but molecular study of this process
has not been actively performed in this species. We identified

141 uniESTs that might be involved in lipid metabolism
(Table 4), of which four encode FADs probably involved in
unsaturated fatty acid biosynthesis (Fig. 4). Among these
four sequences, Contigd45 appears to encode a chloroplast
omega-3 fatty acid desaturase different from ones
previously reported in perilla (Fig. 3). Omega-3 fatty acid
desaturase produces hexadecatrienoic acid (16:3) and
linolenic acid (18:3) from 16:2 fatty acid and linoleic acid
(18:2), respectively in the chloroplast and endoplasmic
reticulum (Ohlrogge and Browse 1995; Li-Beisson et al.
2013). Furthermore, this enzyme plays an important role
in tolerance against abiotic stresses in many plants (Los
and Murata 1998; Upchurch 2008). The gene corresponding to
Contig445 could be a potential biological target to
elucidate why perilla accumulates high amounts of
linolenic acid in leaf or seed. In addition to Contig445,
three other sequences encode FADs that could also play
roles in unsaturated fatty acid biosynthesis. Collectively,
these four sequences will be useful to understand the
mechanism of unsaturated fatty acid biosynthesis in
perilla.

Interestingly, 3.1% of the total perilla uniESTs were
related to lipid metabolism, which is a higher proportion than
that reported in a sesame EST analysis that identified 496
(1.4%) sequences for lipid metabolism among 32,421
uniESTs (Ke et al. 2011). Since the sesame EST analysis was
performed on immature seeds after pollination, unlike this
study in which we used young plants, the difference in
proportion of lipid metabolism genes could be due to
different sample type used. However, considering that
sesame oil contains fatty acids such as palmitic acid (11%),
stearic acid (7%), oleic acid (43%), and linoleic acid (35%)
(Bedigian et al. 1985), which are quite different from those
of perilla oil (Asif 2011), it is also possible that perilla
expresses a set of genes for lipid metabolism that are not
expressed in sesame.

In conclusion, we constructed a cDNA library and
reported EST sequences for perilla, which is used as an
oilseed crop, a culinary ingredient and an herbal medicine.
The EST information provided in this study will be a
valuable resource to facilitate further molecular study and
breeding of perilla.

Materials and Methods

Plant Material and cDNA Library Construction

Seeds of P. frutescens var. frutescens cv. Youngho Deul-ggae
provided from the National Institute of Crop Science in Korea were
germinated in soil and plants were cultivated in a greenhouse for three
weeks. For total RNA isolation, whole plants were collected and
immediately frozen using liquid nitrogen. Total RNA was extracted
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with Trizol reagent (Invitrogen, USA), and its quantity and quality
were examined using spectrophotometry. A normalized cDNA library
was constructed based on PCR-based oligo capping method according
to the manufacturer’s instructions (Core Bio System, Korea). Briefly,
total RNA was ligated with RNA oligonucleotide linkers and reverse
transcribed with oligo-dT primers to synthesize first-strand cDNA.
Then, the second cDNA was synthesized by PCR amplification with
the RNA oligonucleotide linkers. Subsequently, double-stranded
c¢DNA was inserted into the unidirectional cloning vector pCNS-D2
(Oh et al. 2004). The library was constructed by transformation of
E. coli with the recombinant vectors. Thereafter, the insert sizes of
c¢DNA clones were examined by colony PCR with T7 (5°’-TAATA-
CGACTCACTATAGGG-3’) and SP6 (5’-ATTTAGGTGACA-
CTATAG-3") primers or digestion of isolated plasmids with EcoRI
and Nofl. Normalization processes were conducted with the
constructed cDNA library. Single-stranded tracer DNA was induced
from the cDNA library infected with helper phage and used as
template to synthesize driver DNA by PCR amplification. Tracer
DNA was then hybridized with driver DNA to form duplex DNA.
The remaining non-redundant single-stranded DNA was isolated
from hybridized duplex DNA, which was converted into doubled-
strand DNA and cloned into pCNS-D2 vector. Insert sizes were
again confirmed by colony PCR with T7 and SP6 primers.

EST Sequencing, Assembly and Annotation

Plasmids were isolated from clones randomly selected from the
normalized cDNA library. DNA sequences were determined from the
5’ end of the cDNA inserts with T7 promoter primers by the Sanger
method using an ABI 3730xI capillary DNA sequencer. High-quality
nucleotide bases were called using the Phred program with score 13,
and these sequences were filtered to remove vector, repeat, and
contaminating sequences, using the PESTAS web server for EST
analysis and sequence mining (http:/pestas.kribb.re ki/pestas.jsp,
Nam et al. 2009). Finally, sequences shorter than 100 bp and those
including only homo-polymer tracks of more than 20 nucleotides
such as poly(A)y and poly(T)y, were removed. To generate the
uniEST set, the filtered ESTs were assembled using the CAP3
program (http://seq.cs.iastate.edu/) with parameters of 98% sequence
identity and 40-bp minimum match length. The uniESTs containing
full-length ORFs were identified using the Transcript Decoder
program (http:/transdecoder.sourceforge.net/) with default parameters
(minimum protein length of 100). To annotate uniESTs, BLASTX
searches were performed with the NCBI BLAST program (Altschul
et al. 1990) against the Nr database (http://blast.ncbi.nlm.nih.gov/
Blast.cgi) and TAIR database (http://www.arabidopsis.org/Blast/
index jsp) with E-value cut-off of 1E~°. GO annotation of the uniEST
set was performed using the Blast2GO program (Conesa et al. 2005)
with default parameters, after BLASTX searches against the Nr
database at GenBank. For comparison of perilla ESTs with those
from other Lamiaceae species, ESTs of Chinese salvia and sweet basil
were retrieved from GenBank. UniESTs for these two species were
generated using the same methods as described above and compared
with those of perilla at the nucleotide level using the BLAST program
(E-value cut-off of 1E?).

Identification of uniESTs Related to Lipid Metabolism

UniESTs with homology to genes involved in lipid metabolism were
identified by BLASTX searches against genes for lipid metabolism
listed at the Arabidopsis acyl-lipid metabolism website (ARALIP,
http://aralip.plantbiology.msu.edu/, Li-Beisson et al. 2013). UniESTs
encoding enzymes related to the fatty acid unsaturation process in
lipid metabolism were further analyzed by full-length sequencing of
relevant ¢cDNA clones with mCMVp-forward (5’-ATGI'CGTA-
ACAACTCCGCC-3’), SP6, and gene-specific primers, and then

@ Springer

searching public database and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (http://www.genome.jp/kegg/).
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