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Abstract

Ixeris dentata var. albiflora is a perennial herb, belonging to the Asteraceae family. I. dentata is distributed in East Asia specifically in
Korea, Japan, China, and Mongolia. Their root and leaf are consuming as seasoned vegetables in Korea because of its bitter taste. As results of
transcriptome using Illumina HiSeq 2000 sequencing platform, 107,178 transcripts with an average length of 1,281 nt and an N50 equaling
1,989 nt were identified from the 155,099,844 total clean reads after assembly. Assembled transcripts were further annotated by the BLAST
similarity searches, Phytozome, NR, UniProtKB (Swiss-Prot), UniProtKB (TrEMBL) and TAIR ortholog identifiers. About 38-54% of transcripts
were annotated. However, small numbers of genes were enriched with tissue specific manner: 141 in the floral bud, 150 in the flower, 137 in the
root, 173 in the leafand 161 genes in the inflorescent stem. Based on these transcriptome data, most of the tissue enriched genes were associated
with phenylpropanoid and carotenoid biosynthesis in I. dentata var. albiflora. Our data may provide valuable information for the research on the
functional genomics and pharmacological activities of I. dentata var. albiflora.
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Abbreviations: NGS: Next Generation Sequencing; BP: Base Pair; GO: Gene Ontology; CTAB: Cetyltrimethylammonium Bromide; FPKM:
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Introduction

‘Short-read’ (36-72 nt) technologies such as Illumina and Applied
Biosystems have proven to be exceptionally successful in a wide
variety of whole-transcriptome investigations [2,3], but most of
these studies have relied on prior sequence knowledge such as
an annotated genome for qualitative and quantitative transcrip-
tome analyses. Genome assembly of short sequences without any
auxiliary knowledge has primarily utilized 454 sequencing data,
due to the longer individual read lengths of 150-400 base pairs
(bp). However, short-read sequencing (Illumina Genome Analyz-
er and solid) has been successfully used for de novo assembly of
small bacterial genomes (2-5 Mbp), where 36 bp reads have been
assembled and hybrid approaches used, whereas genomes are de
novo assembled using a combination of reads from multiple se-
quencing platforms to overcome the inherent limitations of each
technology, have been used to successfully assemble genomes up
to 40Mbp [4,5]. In this study, the RNA-sequence information from
I. dentata var. albiflora was obtained from Illumina paired-end

Ixeris dentata var. albiflora root and leaf are used as seasoned
vegetables and has been used as traditional medicine to treat
against mithridatism, calculous disease, indigestion, pneumonia,
hepatitis, and so on. I. dentata var. albiflora is an undervalued crop,
and mainly focused on the chemical component, medicinal effect
and rarely studied the functional genomics. The initial step to
provide data for functional genomics will generate transcriptome
from the plant. NGS (Next Generation Sequencing) technologies
such as [llumina’s Genome Analyzer, ABI's SOLiD and Roche’s 454
GS FLX enable a new approach to genome sequencing, generating
gigabases of sequence data in a few days for a few thousand US
dollars [1]. For example, a single experiment on the instrument
used in the present study (Illumina Genome Analyzer IIx, Illumi-
na) can sequencing 225-250 million nucleic acid molecules, gener-
ating 45-50 Gigabases of 100 base pair (bp) paired-end sequence
in roughly 9.5 days, where ‘paired-end’ refers to sequences ob-
tained from the respective opposite ends of a single DNA molecule.
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sequencing technology. The sequencing data were subsequenctly
assembled and annotated. Assembled unigenes were performed
by the BLAST similarity searches and annotated with Gene Ontol-
ogy (GO) identifiers. Our data may provide valuable information
for the research on the functional genomics and pharmacological
activities of I. dentata var. albiflora.

Materials and Methods
Plant materials

I dentata var. albiflora was grown at the experimental farm of
the National Institute of Horticultural and Herbal Science, Rural
Development Administration (Eumseong, Korea) in 2015. Differ-
ent organs (flowers, inflorescent stems, leaves, bud and roots)
were harvested from 15 plants in August 2015. Five plants for
each replicate were used for biological repeats. All samples were
immediately frozen in liquid nitrogen and then stored at -80°C for
RNA isolation. The samples were ground into powder in a mortar
with liquid nitrogen and total RNA was isolated separately using
the modified cetyltrimethylammonium bromide (CTAB) method
[6].

Library construction and Illumina sequencing

Total RNA samples were sent to Seeders inc. (Korea) for li-
brary construction, sequencing, data pre-processing and gene
mapping. Magnetic beads with oligo (dT) were used to isolate
mRNA from total RNA. Fragmentation buffer was then added to
digest mRNA into short fragments that used as templates for cDONA
synthesis using the TruSeq Sample Preparation Kit (Illumina, San
Diego, CA, USA). Short fragments were purified using the QiaQuick
PCR extraction kit and resolved with elution buffer for end repa-
ration and single nucleotide A addition. Next, the short fragments
related to adapters and analyzed using agarose gel electrophore-
sis to select suitable fragments for establishing a cDNA library by
PCR. The resulting cDNA library was sequenced using the Illumina
HiSeq™ 2000 system by solexaQA (Illumina, Inc., San Diego, CA,
USA) package (Figure 1). Each sample was sequenced in duplicate.

De novo assembly and annotation

Clean reads were obtained, discarding adaptor sequences, un-
known nucleotides larger than 5% (N = 5%), and low quality reads.
And then clean reads were assembled by using a program Velvet
v1.2.08 [7] and Oases v0.2.08 [8]. We performed optimized k-mer
search within the range of 35-85 for standard gene set assembly.
Read mapping was performed by using bowtie2 v2.1.0 software
[9]. Transcripts were submitted to protein databases, including
the non-redundant (nr) protein database (http://blast.ncbi.nlm.
nih.gov/), The Arabidopsis Information Resource (TAIR) database
(https://www.arabidopsis.org/), Phytozome database (https://
phytozome.jgi.doe.gov/pz/portal.html), UniProtKB (TrEMBL and
Swiss-Prot) database (http://www.uniprot.org/) for alignment
and comparison using BLASTX with a significant E-value thresh-
old < 10-5. Blast2GO v. 2.5.0 (http://blast2go.com/b2ghome) was
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used for gene ontology (GO) annotation [10].
Analysis of DEGs and enriched gene selection

The fragments per kb per million reads (FPKM) method was
used to calculate the level of unigene expression [11], since it can
eliminate the influence of gene length and sequencing level on the
calculation of gene expression [12]. DEseq2 software (Release 3.3)
was used to detect DEGs [13]. Enriched genes were selected using
the 2-fold change method and the false discovery rate (FDR) meth-
od also used simultaneously.

Results and Discussion
RNA sequencing and de novo assembly

Five normalized libraries constructed from the RNA of I. den-
tata var. albiflora. After cleaning and quality measurement, a total
of 13,848,833,307 clean reads (12.89 Gb) were generated with an
average length of 89 nt (Table 1). Further, experiments for k-mer
selection were performed. As a result, k-mer=59 and k-mer=61
was selected due to the small deviation from k-mer analysis (Ta-
ble 2). The k-mer=59 and k-mer=61 showed very similar max
length, Average length and N50 value. Final assembly results us-
ing k-mer=59 and k-mer=61, the length distribution of all tran-
scripts was ranging from 200 nt to >4,500 nt (Figure 2). Specifi-
cally, 66.32% (29,177) of representative transcripts were found
between 200 and 1000 nt, 21.86% (9,615) of representative tran-
scripts in the range of 1000 to 2000 nt, 7.78% (3,424) of repre-
sentative transcripts were between 2,000 and 3,000 nt, and 4.04%
(1,776) were found more than 3,000 nt. Most transcripts generat-
ed from 1. dentata var. albiflora were shorter than those of Chry-
santhemum species [14]. Approximately, 50% of representative
transcripts were found to be 200 to 1000 nt in L. dentata, whereas
in Chrysanthemum species approximately 50% of the transcripts
were found to be 600 to 1200 nt. This difference may be due to the
sequencer platform because the transcripts produced from 454
GS FLX has -400 bp read length, while transcripts produced from
HiSeq™ 2000 has -75 bp read length.

Transcripts annotation and analysis of DEGs

BLAST search against Phytozome, NR, UniProtKB (Swiss-
Prot), UniProtKB (TrEMBL) and TAIR databases produced 23,747;
23,787; 16,638; 23,949; and 21,683 representative transcripts,
respectively (Table 3). In Chrysanthemum species, the total an-
notated transcripts are 19,360 (46.4%) for C. boreale, 23,918
(41.9%) for C. morifolium and 43,550 (61.4%) for C. morifolium
variety ‘Yuuka’ [15] The total annotated transcripts in this study
were 24,094 (54.8%), reflecting similar percentage outcome. A to-
tal of 42 species representative transcripts were annotated using
Phytozome program (Figure 3). Species distributions for the best
match showed that the representative transcripts had the highest
homology to genes of Vitis vinifera (11.48%), Solanum tubero-
sum (8.90%) and Solanum lycopersicum (8.12%). In a previous
report using C. morifolium variety ‘Yuuka’ [15], the representative
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transcripts show the highest homology to genes from Vitis vinif-
era (26.8%), Solanum lycopersicum (16.8%) and Prunus persica
(8.7%). Comparing I. dentata var. alblflora and C. morifolium vari-
ety ‘Yuuka’, they were highly homology to Vitis vinifera and Sola-
num lycopersicum. These results may be explained by the fact that
both species are the same Asteraceae family. Using an FDR < 0.001
and a log?2 (fold change) = 1 or <-1, this study identified significant
DEGs between root and other part (Figure 4). Set root as control,

the number of up-regulated genes in bud and flower were 562,
754 respectively, whereas the number of down-regulated genes
were 1,121, 1,098 respectively. The number of up-regulated genes
in the leaf and stem were 1,646, 1,604 respectively, whereas the
number of down-regulated genes were 673, 402 respectively. The
number of genes were up-regulated in the leaf and stem whereas
in the flower and bud nearly few genes were up-regulated.

Table 1: Summary of the sequencing and assembly of I. dentata var. albiflora.

Sample description Num. of reads Avg. length Total length (bp) *Trimmed/Raw (%)
15,318,548 91.86 1,407,191,012 82.87%
Bud 15,318,548 87.1 1,334,178,824 78.57%
17,057,333 92.22 1,573,065,346 82.37%
Flower
17,057,333 86.61 1,477,271,889 77.36%
14,835,600 92.19 1,367,640,560 81.47%
Leaf 14,835,600 85.67 1,270,926,721 75.71%
14,276,766 92.02 1,313,726,248 83.14%
Root 14,276,766 87.46 1,248,637,724 79.02%
16,061,675 91.58 1,470,850,150 81.69%
Inflorescent Stem
16,061,675 86.25 1,385,344,833 76.94%
Total 155,099,844 89.3 13,848,833,307 79.91%
*Trimmed/raw: Total length of timmed read/ total length of raw read.
Table 2: Results of transcripts generation for each k-mer in the first assembly.
Length(bp) of transcripts
Hash length (k-mer) Num. of transcripts
Total length Min Max Average N50
45 118,051 156,108,488 200 20,947 1,322 2,111
55 107,116 144,997,969 200 26,618 1,353 2,083
57 107,772 142,553,655 200 24,543 1,322 2,050
59 107,652 140,141,219 200 16,728 1,301 2,018
61 107,178 137,364,019 200 16,802 1,281 1,989
63 107,510 135,534,016 200 16,028 1,260 1,970
65 107,474 130,371,715 200 14,743 1,213 1,917
75 94,391 101,146,716 200 12,224 1,071 1,658
85 64,330 58,934,271 200 11,440 916 1,359
Table 3: Summary of annotations against the public databases.
All Transcripts Phytozome Nr (Sarilsisll"g(t)t) (;,J:é&rglt‘) TAIR Totaltiaol;nota-
Repres;’;tiaptti;’e tran- 43,992 23,747 23,787 16,638 23,949 21,683 | 24094 (54.77%)
Total transcripts 150,258 103,943 103,931 74,640 104,364 97,835 104830
(69.77%)

For GO analysis, DEGs were divided into three major cate-
gories: biological processes, cellular components, and molecular
function. The results of the GO analysis of the up regulated DEGs
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and the down regulated DEGs through the DEGs analysis are as
follows. In comparison of root and bud, the regulated gene was
2,044 in biological processes, 385 in cellular components and 381
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in molecular function. Conversely, down regulated gene was 3,494
in biological processes, 502 in cellular components and 741 in
molecular function (Figure 5). In comparison of root and flower,
up regulated gene was 2,669 in biological processes, 966 in cellu-
lar components and 532 in molecular function. Conversely, down
regulated gene was 3,678 in biological processes, 537 in cellular
components and 746 in molecular function (Figure 6). In compari-
son of root and leaf, up regulated gene was 5,951 in biological pro-
cesses, 2,592 in cellular components and 1,158 in molecular func-
tion. Conversely, down regulated genes were 2,327 in biological
processes, 717 in cellular components and 501 in molecular func-
tion (Figure 7). In comparison of root and inflorescent stem, up
regulated gene was 5,542 in biological processes, 2,084 in cellular

components and 993 in molecular function. Conversely, the down
regulated gene was 1,209 in biological processes, 417 in cellular
components and 282 in molecular function (Figure 8). Compared
with roots, flower and bud showed more down regulated genes,
but leaf and inflorescent stem showed more up regulated genes.
Taken together, GO classification of DEGs were found to be biolog-
ical processes (62.5~73.4%), cellular components (11.8~25.0%),
molecular function (12.1~14.9%). In a previously reported Y. ja-
ponica study [Peng et al., 2014], GO classification was found to be
biological processes (51.1%), cellular components (36.0%), mo-
lecular function (12.9%). Comparing I. dentata var. alblflora and
Y. japonica, 1. dentata var. alblflora, higher in GO term was cellular
components.
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Analysis of tissue enriched gene and select the target
pathway gene.

Using a log2 (fold change) = 2 or <-2, this study identified sig-
nificant tissue enriched gene between organs. As a result of tis-
sue enriched gene analysis, the number of tissues enriched genes
were found to be 173 genes in the leaf (22.7%), 161 genes in the
inflorescent stem (21.1%), 150 genes in the flower (19.7%), 141
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genes in the bud (18.5%) and 137 genes in the root (18.0%), re-
spectively (Table 4). Further, targeted pathway genes were select-
ed from each tissue. As a result, the number of targeted pathway
genes were found to follow: 10 genes from the bud (HMGR, DXPS,
ZEP, PDS, ZDS, CHXB, CHXE, CHS, 4CL and C4H), 8 genes in the leaf
(AACT, HMGR, HDR, PAL, PDS, PSY, LCYB and CHS), 6 genes from
the flower (PDS, ZDS, ZEP, 4CL, CHS and DFR), 6 genes from the
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root (HMGR, DXPS, HDR, CHXB, 4CL and C4H) and 5 genes from
the inflorescent stem (DXPS, ZEP, ZDS, PAL and C4H), respective-
ly (Table 4). Further examination was conducted to eliminate re-
dundant genes and eventually selected pathway genes (Table 5).
The total number of targeted pathway genes were found to be
seven genes from the carotenoid pathway (PSY, PDS, ZDS, LCYB,
CHXB, CHXE and ZEP) and five genes from the phenylpropanoid
pathway (PAL, C4H, 4CL, CHS and DFR). Additionally, two genes
from MVA pathway, (AACT and HMGR), and MEP pathway (HDR

and DXPS) have been selected. The following experiment was car-
ried out with two biosynthetic pathways (carotenoid and phenyl-
propanoid pathway) because of the abundance of selected target
pathway genes. Based on these transcriptome data, most of the
tissue enriched genes were associated with phenylpropanoid and
carotenoid biosynthesis in I. dentata var. albiflora. Our data may
provide valuable information for the research on the functional
genomics and pharmacological activities of I. dentata var. albiflora.
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Figure 5: Bar plot of GO corresponding to up and down regulated DEGs in the root versus bud.
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Table 4: Selection results of tissue enriched gene and target pathway gene.

Tissue Number of tissues enriched gene Target pathway gene
Root 137 HMGR, DXPS, HDR, CHXB, 4CL, C4H
Bud 141 HMGR, DXPS, ZEP, PDS, ZDS, CHXB, CHXE, CHS, 4CL, C4H
Flower 150 PDS, ZDS, ZEP, 4CL, CHS, DFR
Leaf 173 AACT, HMGR, HDR, PAL, PDS, PSY, LCYB, CHS
Inflorescent stem 161 DXPS, ZEP, ZDS, PAL, C4H

Table 5: Information of selected target pathway gene.

Target gene infomation Gene name

Acetoacetyl-coenzyme A thiolase (AACT),

MVA pathway
hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR)

4-hydroxy-3-methylbut-2-enyl diphosphate reductase (HDR),

MEP pathway
1-deoxy-D-xylulose 5-phosphate synthase (DXPS)

Phytoene synthase (PSY),

phytoene desaturase (PDS),

&-carotene desaturase (ZDS),

Phenypropanoid pathway lycopene B-cyclase (LCYB),

B-ring carotene hydroxylase (CHXB),

e-ring carotene hydroxylase (CHXE),

zeaxanthin epoxidase (ZEP)
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Phenylalanine ammonia-lyase (PAL),

cinnamate-4-hydroxylase (C4H),

Carotenoid pathway

4-coumarate:coenzyme-A (CoA) ligase (4CL),

chalcone synthase (CHS),

dihydroflavonol 4-reductase (DFR)
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