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Various active components have been extracted from the root of Polygonum cuspidatum. However, the genetic basis for their
activity is virtually unknown. In this study, 25600002 short reads (2.3 Gb) of P. cuspidatum root transcriptome were obtained
via Illumina HiSeq 2000 sequencing. A total of 86418 unigenes were assembled de novo and annotated. Twelve, 18, 60 and 54
unigenes were respectively mapped to the mevalonic acid (MVA), methyl-D-erythritol 4-phosphate (MEP), shikimate and
resveratrol biosynthesis pathways, suggesting that they are involved in the biosynthesis of pharmaceutically important anthra-
quinone and resveratrol. Eighteen potential UDP-glycosyltransferase unigenes were identified as the candidates most likely to
be involved in the biosynthesis of glycosides of secondary metabolites. Identification of relevant genes could be important in
eventually increasing the yields of the medicinally useful constituents of the P. cuspidatum root. From the previously published
transcriptome data of 19 non-model plant taxa, 1127 shared orthologs were identified and characterized. This information will

be very useful for future functional, phylogenetic and evolutionary studies of these plants.
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Polygonum cuspidatum, also known as Huzhang, Japanese
knotweed or Mexican bamboo, is a large, herbaceous per-
ennial plant of the eudicot family Polygonaceae. P. cuspi-
datum is native to eastern Asia in China, Japan and Korea.
In North America and in several countries in Europe, P.
cuspidatum has been classified as an invasive species be-
cause of its large underground network of roots and strong
growth [1]. There are many medicinal plants in the Polygo-
naceae family, for example, Rheum palmatum, Rheum of-
ficinale, Rumex acetosa, Fagopyrum cymosum, Polygonum
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multiflorum, Polygonum aviculare, Polygonum bistorta, and
Polygonum orientale. The roots (including rhizomes) of
these plants contain various but overlapping active compo-
nents with medicinal utility. The underground part of P.
cuspidatum has been used in traditional Chinese medicine
for thousands of years as a painkiller, antipyretic, diuretic,
and a remedy for cough, arthralgia, recurring bronchitis,
jaundice, amenorrhea and hypertension [2]. Many second-
ary metabolites with therapeutic efficacy, such as resvera-
trol, anthraquinone and their glycosides [3], have been
found to be present in large amounts in the roots. Resvera-
trol, a kind of polyphenolic stilbene, has been reported to
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have a variety of anti-inflammatory, anti-carcinogenic, an-
ti-HIV [4], anti-fungal, neuroprotective and anti-platelet
effects [5], and is used in the treatment of cardiovascular
disease, infection, depression, stress-related and aging-
related diseases. Currently, P. cuspidatum is the most im-
portant concentrated source of resveratrol, replacing grape
byproducts. Anthraquinones, such as physcion, emodin,
citreorosein, rhein, chrysophanol and anthraglycoside B,
possess antioxidant, neuroprotective and antityrosinase
activity [6]. Glycosides of stilbene and anthraquinone, such
as polydatin, piceid (trans-resveratrol glucoside) and
emodin-8-O-B-D-glucoside, have various health-promoting
effects. Polydatin inhibits the activation of neurohormone,
attenuates ventricular remodeling and has a lipid-lowering
effect [7]. Piceid is a promising skin-lightening agent [8].
The well-characterized resveratrol pathway consists of
four enzymes: phenylalanine ammonia lyase (PAL), cin-
namic acid 4-hydroxylase (C4H), 4-coumarate: CoA ligase
(4CL) and stilbene synthase (STS) [9]. PAL, C4H and 4CL
are members of the common phenylpropanoid pathway in
plants. STS is a member of the type III polyketide synthase
family and is only found in species that accumulate resvera-
trol and related compounds. However, whether or not
members of the Polygonum genus have these enzymes is, as
yet, unknown. The MVA (mevalonic acid), MEP (2-C-me-
thyl-D-erythritol 4-phosphate), and shikimate pathways are
involved in the biosynthesis of anthraquinone [10]; however,
the genes that are involved in these pathways have not been
explored in Polygonum. There is also a lack of knowledge

on the glycosylation of secondary metabolites in Polygonum.

The absence of this kind of data for Polygonum hampers the
development of improvements in cost-effective drug pro-
duction from these plants.

The Illumina HiSeq 2000 second-generation sequencing
platform uses paired-end 90 bp (PE90) sequencing and is
better than the Genome Analyzer (GA) IIx platform, with
76 bp paired-end reads (PE76) [11], in sequencing throug-
hput and data generation rate. The HiSeq 2000 platform
has been used in human genome sequencing [12]. Se-
quencing data generated from the HiSeq and GAIIx plat-
forms have been found to be of comparable quality but the
HiSeq 2000 reads cover the genome more uniformly [12].
The HiSeq 2000 platform has also been used in the Earth
Microbiome Project (www.earthmicrobiome.org) where it
generated more than 250 billion base pairs of genetic in-
formation in eight days [13]. To assess microbial diversity,
Zhou et al. [14] developed a barcoded Illumina PE se-
quencing method that sequenced each 16S rRNA-V6 tag
sequence from both ends on the HiSeq 2000. The
paired-end (PE) reads were then overlapped to obtain the
V6 tag, which Zhou et al. reported significantly increased
the sequencing accuracy to 99.65% by verifying the 3' end
of each single end (SE) in which the sequencing quality
was degraded [14].

In spite of its economic importance, very little molecular
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genetic and genomic research has been targeted at the fami-
ly Polygonaceae. In recent years, RNA sequencing has rev-
olutionized the exploration of gene expression. Logacheva
et al. [15] performed de novo sequencing and characteriza-
tion of the floral transcriptome in two Polygonaceae, Fag-
opyrum esculentum and F. tataricum, using 454 pyrose-
quencing technology but genes involved in secondary me-
tabolism, as well as molecular markers and repetitive se-
quences, were not studied. To date, the HiSeq 2000 plat-
form has not been used to sequence the transcriptomes of
the medicinal plant. In the present study, we performed the
first de novo sequencing and characterization of a medicinal
plant transcriptome using HiSeq 2000. The genes that are
potentially involved in the biosynthesis of health-promoting
stilbene, anthraquinone and their glycosides were identified
in the root transcriptome. A surprisingly large number of
transposable elements (TEs) and simple sequence repeats
(SSRs) were detected and characterized. We also identified
orthologs in the transcriptomes of 19 non-model plants.
This study illustrates the utility of Illumina HiSeq 2000 se-
quencing technology in the identification of novel genes and
SSR markers in non-model organisms.

1 Materials and methods
1.1 Transcriptome sequencing

A total of 107.5 ng of RNA was extracted from the roots
(including rhizomes) of three two-year-old cultivated P.
cuspidatum. The experimental pipeline that was used is
shown in Appendix Figure 1A in the electronic version.
RNA integrity was confirmed using the Agilent 2100 Bio-
analyzer with a minimum integrity number of eight. Beads
with Oligo(dT) were used to isolate poly(A) mRNA after
the total RNA was collected. Fragmentation buffer was
added to break the mRNA into short fragments. Taking
these short fragments as templates, random hexamer-
primers were used to synthesize the first-strand cDNA. The
second-strand cDNA was synthesized using GEX Second
Strand buffer 10 pL, 25 mmol L' dNTPs 1.2 pL, RNaseH 1
pL and DNA polymerase I 5 puL. The short fragments of
double-strand cDNA were purified with a QiaQuick PCR
extraction kit and resolved with EB buffer for end repair
and adding of a poly(A). Next, the short fragments were
connected with sequencing adapters and purified by agarose
gel electrophoresis. Suitable fragments were selected as the
templates for the PCR amplification. Finally, the library was
sequenced using [llumina HiSeq™ 2000.

1.2 Short reads assembly

The pipeline used for the bioinformatic analysis is shown in
Appendix Figure 1B in the electronic version. Sequenc-
ing-received raw image data was transformed by base call-
ing into sequence data which was called raw data or raw
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Figure 1 Statistics of Illumina short read assembly quality. A, The length distribution of the de novo assembly for contigs, scaffolds and unigenes is shown:

1, 2005 2, 300; 3, 400; 4, 500; 5, 600; 6, 700; 7, 800; 8, 900; 9, 1000; 10, 1100; 11, 1200; 12, 1300; 13, 1400; 14, 1500; 15, 1600; 16, 1700; 17, 1800; 18,

1900; 19, 2000; 20, 2100; 21, 2200; 22, 2300; 23, 2400; 24, 2500; 25, 2600; 26, 2700; 27, 2800; 28, 2900; 29, 3000; 30, >3000. B, The gap distribution: 1, 0;

2,0.01; 3, 0.02; 4, 0.03; 5, 0.04; 6, 0.05; 7, 0.06; 8, 0.07; 9, 0.08; 10, 0.09; 11, 0.1; 12, 0.11; 13, 0.12; 14, 0.13; 15, 0.14; 16, 0.15; 17, 0.16; 18, 0.17; 19,
0.18; 20, 0.19; 21, 0.2; 22, 0.21; 23, 0.22; 24, 0.23; 25, 0.24; 26, 0.25; 27, 0.26; 28, 0.27; 29, 0.28; 30, 0.29; 31, 0.3; 32, >0.3.

reads and stored in FASTQ format. All the raw reads have
been submitted to the NCBI Sequence Read Archive under
the accession number SRA038892.1. The sequencing qual-
ity values for the bases range from 2 to 35. If E is the se-
quencing error rate and sQ is the sequencing quality value,
then sQ=—10logE.

Raw reads that only had 3' adaptor fragments were re-
moved from the dataset before data analysis. The clean
reads are those that remained after dirty raw reads were fil-
tered out and the clean reads form the dataset on which the
following analyses were based. The clean reads were
mapped to the Arabidopsis thaliana and Vitis vinifera ge-
nomes and gene sequences using SOAP2 [16]. The program
allows at most two mismatches in the alignments. The
number of clean reads that could be mapped back to the two
reference genomes and genes provided an overall assess-
ment of the P. cuspidatum sequence data and gave an in-
sight into the comparative genomics in these plants.

If the randomness of the fragmentation that was per-
formed to break the mRNA into the short sequences was
poor, then the reads would be more frequently generated
from specific regions of the original transcripts and the
analyses would be affected. The randomness of mRNA

fragmentation was evaluated by the distribution of reads in
the reference genes. The total number of reads that were
aligned to the reference genes was counted and their relative
positions were located. The ratio of the reads location in the
reference gene to gene length and the distribution of reads
in the reference genes were used to determine whether or
not the randomness of fragmentation was good. If the frag-
mentation was random, then the distribution should be ho-
mogeneous [17].

The transcriptome de novo assembly was performed us-
ing short reads assembling program SOAPdenovo [16] and
the contigs, scaffolds and unigenes were assembled sequen-
tially. First, reads with certain lengths of overlap are formed
into longer fragment contigs without gaps (N). Then, the
reads are mapped back to the contigs; the paired-end reads
can be used to detect contigs from the same transcript as
well as the distances between these contigs. Next, the con-
tigs are connected to form scaffolds using N to represent
gaps of unknown length between two contigs. The
paired-end reads are used to fill so that sequences with least
number of Ns that cannot be extended on either end are ob-
tained. These sequences were defined as the unigenes. The
following SOAPdenovo parameters were used for the as-
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sembly: —K=29, -M=2, —pair_num_cutoff=4, —p=27, —kmer
=29.

1.3 Unigene function annotation, GO classification,
and metabolic pathway analysis

Unigene sequences were searched against NCBI’s nr,
Swiss-Prot, KEGG and COG protein databases using
BLASTX (E-value<0.00001) to identify the proteins that
had the highest sequence similarity with the given unigenes
along and to retrieve their functional annotations. When the
search results obtained from different databases conflicted a
priority order of GenBank’s nr, Swiss-Prot, KEGG and
COG database was followed to decide the direction of the
unigenes sequences. When no matches were found for the
unigene sequences in these databases, ESTScan [18] was
introduced to predict the coding region and to decide the
sequence direction. The Gene Ontology (GO; www.gene-
ontology.org) is a standardized gene functional classifica-
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tion system that offers a dynamic-updated controlled vo-
cabulary and a strictly defined concept to comprehensively
describe properties of genes and their products in any or-
ganism. GO has three ontologies: molecular function, cellu-
lar component and biological process. Every GO-term be-
longs to a type of ontology. For the unigenes that had
matches to proteins in the nr database, we use the Blast2GO
program [19] to assign GO annotations to the unigenes.
Then the WEGO software [20] was used to functionally
classify the GO terms to plot the distribution of the gene
functions of P. cuspidatum at the macro level. The KEGG
database (www.genome.jp/kegg) contains metabolic path-
ways that represent molecular interactions and reaction
networks [21]. We used the KEGG annotation to assign
pathway annotations to the unigenes. The COG (www.
ncbi.nlm.nih.gov/COG) is a database in which orthologous
gene products are classified. The unigenes were aligned to
the COG database to predict and classify the possible func-
tions of the unigenes.
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Figure 2 Prediction of protein coding sequence (CDS) for the assembled P. cuspidatum unigenes. Unigenes were first aligned by BLASTX
(E-value<0.00001) to protein databases in the priority order of nr, Swiss-Prot, KEGG and COG. Unigenes aligned to the higher priority databases do not
proceed to the next circle. The searches end when all circles are finished. Proteins with the highest ranks in the BLAST results are taken to decide the coding
region sequences of the unigenes. The coding region sequences are translated into amino acid sequences with the standard codon table. Thus, both the nucle-
otide sequences (5'—3') and the amino acid sequences of the unigene coding region were acquired. Unigenes that cannot be aligned to any database were
scanned by ESTScan (http://www.ch. embnet.org/software/ESTScan.html) to get the nucleotide sequence (5'—3') and the putative amino acid sequence of
the coding regions. A, Length distribution of CDS predicted from BLAST results and by ESTScan. 1, 200; 2, 300; 3, 400; 4, 500; 5, 600; 6, 700; 7, 800; 8,
9005 9, 10005 10, 1100; 11, 1200; 12, 1300; 13, 1400; 14, 1500; 15, 1600; 16, 1700; 17, 1800; 18, 1900; 19, 2000; 20, 2100; 21, 2200; 22, 2300; 23, 2400;
24, 25005 25, 2600; 26, 2700; 27, 2800; 28, 2900; 29, 3000; 30, >3000. B, The gap (N) distribution of CDS predicted from BLAST results and by ESTScan.
1,0;2,0.01; 3, 0.02; 4, 0.03; 5, 0.04; 6, 0.05; 7, 0.06; 8, 0.07; 9, 0.08; 10, 0.09; 11, 0.1; 12, 0.11; 13, 0.12; 14, 0.13; 15, 0.14; 16, 0.15; 17, 0.16; 18, 0.17; 19,
0.18; 20, 0.19; 21, 0.2; 22, 0.21; 23, 0.22; 24, 0.23; 25, 0.24; 26, 0.25; 27, 0.26; 28, 0.27; 29, 0.28; 30, 0.29; 31, 0.3; 32, >0.3.
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Repeats, including retroelements, DNA transposons, simple
sequence repeats (SSRs) and tandem repeats in the P. cus-
pidatum unigenes were analyzed using the protein-based
RepeatMasker (http://www.repeatmasker.org). The Tandem
Repeat Finder (TRF) 4.04 (http://tandem.bu.edu/trf/trf.
basic.submit.html) was used with the default parameters to
detect tandem repeats and to confirm the results of Repeat-
Masker. The six classes of SSRs, mono-, di-, tri-, tetra-,
penta-, and hexa-nucleotide tandem repeats, were scanned
with WebSat (http://wsmartins.net/websat/) [22]. In the
unigene dataset monomers with at least 18 repeats, dimers
with nine repeats, trimers with six repeats, tetramers and
pentamers with four repeats, and hexamers with three re-
peats were found.

1.4 Ultra-performance liquid chromatography (UPLC)

Reference compounds of polydatin (111575-200502),
resveratrol (111535-200502), emodin (110756—200110),
physcion (110758-201013) (purity>98%) were obtained
from the National Institute for the Control of Pharmaceuti-
cal and Biological Products (Beijing, China). Emodin-8-
glucoside (purity>98%) was purchased from the Weikeqi
Biological Technology Co., Ltd. (Sichuan, China). For each
of the 38 P. cuspidatum samples (Appendix Figure 3 in the
electronic version), the air-dried root material was ground to
fine particles and sieved through an 80-mesh screen. 0.1 g
of fine particles was weighed accurately and extracted with
80% methanol (10 mL) for 2 h with the assistance of ultra-
sonication for 30 min. The sample solution was filtered
through a 0.22-pm filter before UPLC analysis. All analyses
were performed on a Waters ACQUITY ultra-performance
liquid chromatography (UPLC™) system equipped with a
binary solvent manager, a sample manager, a column man-
ager and a TUV detector. A Waters UPLC™ BEH Cig
column (1.7 pm; 100 mm x 2.1 mm i.d.) was used as the
solid phase. The mobile phase consisted of 0.5% acetic acid
(A) and CH;CN (B). Gradient elution was carried out with
the following profile: 0-3.5 min, 8%—-20%B; 3.5-6 min,
20%—-40%B; 6-8 min, 40%—-60%B; 8-10 min, 60%—-65%B;
10-12 min, 65%-95%B; 12—13 min, balance to 95%B. The
flow rate was 0.3 mL min™' and the column temperature
was kept at 35°C; the injection volume was 0.6 pL. and scan
wavelength was set at 290 nm.

1.5 Orthologous clustering

The OrthoMCL database [23] is a scalable method for con-
structing orthologous groups across multiple eukaryotic taxa
that uses a Markov Cluster algorithm to group putative
orthologs and paralogs. The OrthoMCL algorithm was ap-
plied to generate orthologous groups for the transcriptome
datasets of 19 non-model plants, P. cuspidatum (this study),
Fagopyrum esculentum, F. tataricum [15], T. mairei [11],
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Korea T. cuspidata [24], China T. cuspidata [25], Ginkgo
biloba [26], Huperzia serrata, Phlegmariurus carinatus
[27], Pteridium aquilinum [28], Panax quinquefolius [29],
Panax ginseng [30], Salvia miltiorrhiza [31], Camptotheca
acuminata [32], Artemisia annua [33], Cucurbita pepo [34],
Glycyrrhiza uralensis [35], Eucalyptus hybrid [36], and
Oryza longistaminata [37]. These plants cover a broad
range of ferns, gymnosperms, monocots, and eudicots. All
the putative proteins from the transcriptomes of these plants
were compared (all against all) using BLASTP, and a score
for each pair of proteins (u, v) with significant BLASTP hits
was assigned (E:lxlO’S; with at least 50% of similarity).
Based on the scores, orthologous groups of genes from dif-
ferent plant transcriptomes were identified using OrthoMCL
with the default parameters. Among the identified groups,
only the groups with one-to-one orthologous relationships
were considered for further analyses. The functional cate-
gory of each orthologous group was obtained by BLASTing
the sequences against the COG database (http://www.ncbi.
nih.gov/COG/) with an E-value of 1x107. The KEGG da-
tabase was used to assign pathway annotations to the
orthologs.

2 Results

2.1 Transcriptome sequencing (mRNA-seq) output,
assembly, and expression annotation

The Illumina HiSeq 2000 second generation sequencing
generated 25600002 reads with a total of 2304000180 (2.30
Gb) nucleotides. The average read size, Q20 percentage
(sequencing error rate<1%), and GC percentage were 90 bp,
91.13%, and 48.74%, respectively. These short reads were
assembled into 624460 contigs with a mean length of 132
bp and a contig N50 of 118 bp (Figure 1). From these con-
tigs, 148723 scaffolds were built using SOAPdenovo, with a
mean length of 262 bp and an N50 of 318 bp (Figure 1).
Because all the annotations and bioinformatic analyses in
this study were based on the unigenes, the N50 sizes of the
contigs and scaffolds are not very important. The results
from an assembly are related to the assembly software used
as well as to the sequencing depth; the more the sequencing
data, the longer the assembled contigs. The 86418 scaffolds
were de novo assembled to obtain unigenes with mean a
length of 365 bp and an N50 size of 408 bp (Figure 1; the
unigene sequences are available on request). Protein coding
sequence (CDS) predictions were performed based on the
assembled unigenes (Figure 2). The BLAST searches iden-
tified 51897 potential CDSs, 39.3% (20406) of which were
more than 300 nt long and 96.9% (50273) of which had no
gaps in their sequence alignments. The CDSs of the uni-
genes that had no hits in the BLAST searches were predict-
ed by ESTScan (Figure 2). Of the 5394 CDSs predicted by
ESTScan, 19.1% (1030) had sequence lengths of more than
300 nt, and 93.1% (5020) had no gaps in their sequence
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Figure 3 Gene ontology and COG classification assigned to the P. cuspidatum unigenes. The x-axis represents the categories the unigenes belong to and
the y-axis the unigene numbers. A, Histogram presentation of the gene ontology classification. The results are summarized in the three main GO categories:
biological process, cellular component and molecular function. The right y-axis indicates the number of genes in a category. The left y-axis indicates the
percentage of a specific category of genes in that main category. B, Histogram presentation of clusters of orthologous groups (COG) classification. Out of
52752 nr hits, 23319 sequences have a COG classification among the 24 categories: RNA processing and modification (A); chromatin structure and dynam-
ics (B); energy production and conversion (C); cell cycle control, cell division, chromosome partitioning (D); amino acid transport and metabolism (E);
nucleotide transport and metabolism (F); carbohydrate transport and metabolism (G); coenzyme transport and metabolism (H); lipid transport and metabo-
lism (I); translation, ribosomal structure and biogenesis (J); transcription (K); replication, recombination and repair (L); cell wall/membrane/envelope bio-
genesis (M); cell motility (N); posttranslational modification, protein turnover, chaperones (O); inorganic ion transport and metabolism (P); secondary me-
tabolites biosynthesis, transport and catabolism (Q); general function prediction only (R); function unknown (S); signal transduction mechanisms (T); intra-
cellular trafficking, secretion, and vesicular transport (U); defense mechanisms (V); nuclear structure (Y); cytoskeleton (Z).

alignments. These results suggested that the transcript as-
semblies were robust and that the 57291 potential CDSs and
their respective 5" and/or 3’ untranslated regions were suc-
cessfully assembled. The distribution of the reads in the
assembled unigenes was largely homogeneous (Appendix
Figure 2A in the electronic version), suggesting good se-
quencing randomness. Currently, no Polygonum genome is
publicly available. Therefore, we mapped the P. cuspidatum
reads to the A. thaliana and V. vinifera genomes and refer-

ence genesto obtain an initial impression of similarities and
differences between these three angiosperm genomes and to
identify highly conserved gene sequences. Totally 609180
reads were mapped to the A. thaliana genome but only 6282
reads were mapped to the V. vinifera genome, possibly be-
cause of the relatively low quality of the V. vinifera se-
quencing and assembly. Only 24 reads were “perfect
matches” to sequences in the V. vinifera genome; in the A.
thaliana genome, 186076 reads were “perfect matches”.
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Similarly, more reads mapped to A. thaliana genes than to
V. vinifera genes (288172 vs. 235798). The mapped P. cus-
pidatum reads are evenly distributed cross the A. thaliana
reference genes (Appendix Figure 2B in the electronic ver-
sion). Although more P. cuspidatum reads mapped to the A.
thaliana genome compared to the V. genome, most P. cus-
pidatum reads could not be mapped to either A. thaliana or
V. vinifera (data not shown).

Gene coverage is defined as the percentage of a reference
gene that is covered by reads. This value is equal to the ratio
of the number of bases in a gene covered by unique map-
ping reads, to the number of total bases in that gene. A total
of 146 V. vinifera genes and 91 A. thaliana genes were cov-
ered by the P. cuspidatum reads (Appendix Tables 1 and 2
in the electronic version) and, of these, 81 A. thaliana genes
and 140 V. vinifera genes were covered over less than 50%
of their lengths. The frequency distribution was not signifi-
cantly different between of the A. thaliana and V. vinifera
genes (chi square test, P=0.075). Many of the genes that
matched the P. cuspidatum reads were from the chloroplast,
mitochondria, cell wall, nucleolus, or other organelles (Ap-
pendix Tables 1 and 2 in the electronic version), and may
represent conserved/homologous genes that might have po-
tential phylogenetic utility in the three lineages.

The RPKM method was used to eliminate the influence
of different gene lengths and sequencing levels on the cal-
culation of gene expressions [38]. The mean RPKM value
of all the unigenes was 32.28; the maximal value was
1371.63 (unigene 46709). Many of the 59 unigenes that had
RPKM values of more than 600 (Appendix Table 3 in the
electronic version) may be involved in various physiologi-
cal and metabolic processes. There were 177 unigenes in the
dataset that had RPKM values of less than 0.2, implying
that Illumina HiSeq 2000 could potentially detect genes
with extremely low expression levels.

2.2 Functional annotation

The unigene sequences were first searched against the
NCBI non-redundant (nr) database using BLASTX with a
cut-off E-value of 1x107°. A total of 52752 unigenes
(61.04% of all Unigenes) returned hits above the cut-off
value; however, 39% of the unigenes returned no matches
probably because of the lack of publicly available genomic
and EST information for species in the Polygonum genus.
Similarly, 53690 unigenes (62.1% of the total) had no
matches to the protein sequences in Swiss-Prot.

For the unigenes that did find matches in SwissProt, the
gene ontology (GO) annotation was used to classify the
functions of the predicted P. cuspidatum genes. Based on
the sequence homology results, 24811 unigene sequences
were categorized into 43 functional groups (Figure 3A). In
each of the three main GO categories (biological process,
cellular component and molecular function), the “metabolic
process” (11803 unigenes), “cell part” (18063 unigenes) and
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“binding” (13572 unigenes) terms were dominant. A high
percentage of the unigenes were also annotated with the
“cellular process” (10651 unigenes), “organelle” (12971
unigenes) and ‘“‘catalytic activity” (12764 unigenes) terms
while only a few unigenes were classified as “biological
adhesion” (14 unigenes), “virion” (12 unigenes) and “elec-
tron carrier activity” (6 unigenes) (Figure 3A). To further
evaluate the completeness of our transcriptome library and
the effectiveness of our annotation process, we used the
annotated unigene sequences to search for the genes in the
COG classifications. Out of the 52752 nr hits, 23319 had a
corresponding COG classification (Figure 3B). Among the
24 COG categories that were assigned to unigenes, the
“general function prediction” cluster represented the largest
group (3563, 15.3%) followed by “transcription” (2139,
9.2%) and “‘posttranslational modification, protein turnover,
chaperones” (1902, 8.2%) while, nuclear structure (10,
0.04%), cell motility (107, 0.46%) and chromatin structure
and dynamics (216, 0.93%) represented the smallest groups
(Figure 3B). To identify the biological pathways that were
active in P. cuspidatum, we mapped the 52752 annotated
sequences to the reference canonical pathways in KEGG. A
total of 22572 unigene sequences were assigned to 119
KEGG pathways. The pathways most represented were
“metabolic pathways” (5632 unigenes); “biosynthesis of
secondary metabolites” (2912 unigenes) and “plant-patho-
gen interaction” (1795 unigenes) (Appendix Table 4 in the
electronic version). In the “secondary metabolism” subclass,
the MVA, MEP, and shikimate pathways are involved in the
biosynthesis of pharmaceutically active component anthra-
quinone such as emodin, rhein, and physcion [10] (Appen-
dix Figure 3 in the electronic version); resveratrol (stilbene)
biosynthesis branches from the phenylpropanoid pathway
[9]. Twelve, 18, 71 and 54 unigenes mapped to these four
metabolic pathways respectively. All the genes in these
pathways were found in the transcriptome dataset and their
expression levels are shown in Figure 4. These results imply
that, in P. cuspidatum the roots, the genes involved in an-
thraquinone and resveratrol biosyntheses are actively ex-
pressed. These unigene sequences and their annotations will
provide a valuable resource for investigating specific pro-
cesses, functions and pathways in P. cuspidatum and related
species, and will allow for the identification of novel genes
involved in the secondary metabolite synthesis pathways.

2.3 Detection of sequences related to the glycoside bio-
synthetic pathway and metabolism

Glycosyltransferases (GTs) are enzymes (EC 2.4) that act as
catalysts for the transfer of a monosaccharide unit from an
activated nucleotide sugar (glycosyl donor) to a glycosyl
acceptor molecule, usually an alcohol. Family 1 glycosyl-
transferases (GT1s), the UDP glycosyltransferases (UGTs),
catalyze the transfer of a glycosyl moiety from UDP sugars
to a wide range of acceptor molecules. UGTs play important



HaoDC,etal. SciChina LifeSci May (2012) Vol.55 No.5 459

600 A 1401 g
. = 1201
E 5004 E
o & 100
£ 400+ =
g 2 804
2 300+ -
5 S 604
2 2
2 200 2 404 [
a =%
= it}
) “ l . ] | .
o) oo B e s ./ | [
AACT HMGS HMGR MVK PMK PMD IDI DXS DXR CMS CMK MCS HDS HDR
MVA palhway MEP pa!hway
160 -
1601
140 - c 1504 D
3 140 4
£ 1201 S 130
120 4
r':“'100- &_,110-
T =100
8 a5 2 904 r
= T 1 2 801
2 5 704 |
g 601 2 60
4 @ 901
o 2 504
ux_] 40 4 2 404
w 304
sl | [| [ I
104 Z
0J = 01 | =S|
1 2 3 4 5 6 7 8 9 PAL C4H 4CL STS

Shikimate pathway Phenylpropanoid pathway
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9, chorismate mutase. D, Unigene expression levels in the phenylpropanoid pathway. PAL, phenylalanine ammonia lyase; C4H, cinnamic acid

4-hydroxylase; 4CL, 4-coumarate: CoA ligase; STS, stilbene synthase. Bars represent the standard error of the average.

roles in the stabilization, enhancement of water solubility 4007 W 7. mairel
and deactivation/detoxification of natural products, leading 350 - W P. cuspidatum
to regulation of metabolic homeostasis, detoxification of
xenobiotics, and the biosynthesis, storage and transport g 3007
properties of secondary metabolites [39]. In plants, UGTs &’ 250 -
are generally localized in the cytosol, and are involved in ]
. . . 3 200-
the biosynthesis of plant natural products such as flavonoids, =
phenylpropanoids, terpenoids and steroids, and in the regu- % 150 1
lation of plant hormones [40]. A total of 391 GT sequences g 100
were found in the P. cuspidatum transcriptome dataset, in- =
cluding 14 GT2s, 53 GT8s, 16 GT14s, one GT28, four 50 1 EL I
GT37s, 15 GT47s, 18 UGTs, and 270 other GTs. Among 0l i ii i i i
the 18 UGTs were two UGT71s, one UGT72, three 3456 789 “”“2‘3“”5‘ 617181920
UGT73s, one UGT74, one UGT75, one UGTT6, two Glycosylansierase (GT)
UGT89s, two UGT90s, and five UGT95s. The expreSSion Figure 5 Unigene expression levels (RPKM value) of glycosyltransfer-
of UGT75 (RPKM 145.47; Figure 5) was the highest, fol- ases (including UGTS) in P. cuspidatum. 1, GT2; 2, GT8; 3, GT14; 4,
lowed by UGT71 (mean RPKM 68.76) and UGT73 (mean GT28; 5, GT37; 6, GT47; 7, UGT71; 8, UGT72; 9, UGT73; 10, UGT74;
RPKM 59.21)' UGTs 79, 80, 84, 85, and 88 were not iden- 11, UGT75; 12, UGT76; 13, UGT79; 14, UGT80; 15, UGT84; 16, UGTS5;

tified in the root transcriptome of P. cuspidatum. The main 17, UGT8S; 18, UGT89; 19, UGT90; 20, UGTSS. Bars represent the
p ’ P ’ standard error of the average. To highlight the GTs that were not expressed

Ph.afmaceutlcal' components of P. cusp ldfltum .rOOt’ anthra- in the Polygonum root, the GTs expressed in 7. mairei are also shown; this
quinone and stilbene, undergo glycosylation via the cataly- data is not for comparing the two species.
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sis of UGTs and the resulting glycosides were found to be
highly abundant in the UPLC analysis (Appendix Figure 3
in the electronic version; data not shown); however, which
UGTs are responsible for these reactions is unclear. The
identification of the relevant genes could have important
implications in eventually increasing the yields of the
pharmaceutically active glycosides. The 18 candidate UGT
unigenes found that were identified in the root transcrip-
tome may play a role in the biosynthesis of anthraquinone
glycoside and stilbene glycoside and will be the subject of
further study.

2.4 Assessment of transposable element (TE) and sim-
ple sequence repeat (SSR) abundance

The BLAST searches indicated that there was an abundance
of TE-like sequences in our unigene dataset. Therefore, the
overall status of repetitive elements in the transcriptome of
P. cuspidatum was assessed by a combination of re-
peat-masking, TRF, and WebSat analyses. Totally, 900 TEs
were detected in the P. cuspidatum unigenes. The most
common TE type that was found is shown in Appendix Ta-
ble 5 in the electronic version. The TEs were present at a
low frequency in the P. cuspidatum unigenes (1.04%).
Among the detected TEs, 548 transcriptionally active retro-
elements were found. This observed frequency for the TEs
in P. cuspidatum is less than the frequency reported for TEs
in the transcriptomes of A. thaliana and Pinus contorta [41].
In P. contorta, 6.2% of the raw 454 reads were estimated to
represent transcriptionally active retroelements. LTR/Copia
(208 unigenes) is the predominant type of retroelement
identified in the P. cuspidatum dataset (Appendix Table 5 in
the electronic version), followed by LTR/Gypsy (123 uni-
genes) and LINE/L1 (83 unigenes). Among the detected
TEs, 323 (0.37% of unigenes) transcriptionally active DNA
transposons were found. DNA/MuDR (105) was the pre-
dominant type of DNA transposon in P. cuspidatum (Table
S5), followed by DNA/hAT-Ac (46) and DNA/hAT-Tagl
(44). We identified 1286 SSRs and 49 tandem repeats in the
P. cuspidatum unigenes (Appendix Table 5 and Appendix
Figure 4 in the electronic version). Tri-nucleotide repeats
(807) were by far the most common SSRs, followed by
mono-nucleotide (144), hexa-nucleotide (108), and pen-
ta-nucleotide (85) repeats. Among the tri-nucleotide repeats,
6-8 (233) and 9-11 (198) repeat units were the most com-
mon, followed by repeat unit numbers >26 (106) and 12-14
(101).

2.5 Identification of orthologous groups by OrthoMCL

We used OrthoMCL to identify gene orthologs in the
unigene dataset. When the unigenes were searched against
the OrthoMCL database, 50 ortho-groups from 19 plant taxa
were found. These groups possessed a strict single-copy
orthologous relationship (i.e., clusters contained exactly one
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member per species; Table 1). Among 14 COG categories
the unigenes belong to, the cluster for “carbohydrate
transport and metabolism” represented the largest group (8
unigenes, 21.6%) followed by “posttranslational modifica-
tion, protein turnover, chaperones” (6 unigenes, 16.2%)
(Figure 6(A)). When 11 taxa were used, 210 orthologs were
identified (Figure 6(B)). Among 22 COGs categories the
unigenes belong to, the cluster for “carbohydrate transport
and metabolism” represented the largest group (27 unigenes,
16.5%) followed by “posttranslational modification, protein
turnover, chaperones” (20 unigenes, 12.2%) and ‘“‘signal
transduction mechanisms” (18 unigenes, 11.0%). When
only six taxa, P. cuspidatum, F. esculentum, F. tataricum, T.
mairei, China T. cuspidata, and Korea T. cuspidata, were
used, 1127 orthologs were identified. Among these
orthologs, 861 of the unigenes sequences had COG classi-
fications that covered 24 COG categories (Figure 6(C)). The
cluster for “general function prediction only” represented
the largest group (124 unigenes, 14.4%) followed by “post-
translational modification, protein turnover, chaperones”
(102 unigenes, 11.8%) and “carbohydrate transport and me-
tabolism” (84 unigenes, 9.8%).

3 Discussion and conclusion

In recent years, plant genomics has developed rapidly with
the application of next-generation sequencing technology.
However, very few studies have been carried out on the
genomics of medicinal plants [42]. Such studies are impera-
tive to build a foundation for the development of natural
medicines and for the selection of cultivars with good agri-
cultural traits, as well as to raise the study of traditional
Chinese medicine to the frontiers of the modern life scienc-
es. Using Roche 454 pyrosequencing, transcriptome da-
tasets of nine medicinal plants, T. cuspidata [25], Ginkgo
biloba [26], Huperzia serrata, Phlegmariurus carinatus
[27], Panax quinquefolius [29], Panax ginseng [30], Salvia
miltiorrhiza [31], Camptotheca acuminata [32], and
Glycyrrhiza uralensis [35] have been obtained. Illumina
second generation sequencing was used previously to obtain
the transcriptome dataset of 7. mairei [11]. In the present
study, we have focused on the functional genomics of an
important medicinal plant, P. cuspidatum, to promote the
development of natural medicines such as resveratrol, an-
thraquinone and glycoside, and the selection of cultivars
with good medicinal and agricultural traits. Here, the ex-
perimental high-throughput sequencing data of 19 plant taxa
have been combined and insightful data mining has been
performed based on the short reads and assembled unigene
sequences obtained by P. cuspidatum sequencing.

3.1 HiSeq 2000 sequencing: PE 76 vs. PE 90

For HiSeq 2000, the PE module enables paired-end se-
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Figure 6 COG classification of orthologs in non-model plant transcrip-
tomes. (A) COG classification in 19 plant transcriptomes. (B) COG classi-
fication in 11 plant transcriptomes. (C) COG classification in 6 plant tran-
scriptomes. A, RNA processing and modification; B, chromatin structure
and dynamics; C, energy production and conversion; D, cell cycle control,
cell division, chromosome partitioning; E, amino acid transport and metab-
olism; F, nucleotide transport and metabolism; G, carbohydrate transport
and metabolism; H, coenzyme transport and metabolism; I, lipid transport
and metabolism; J, translation, ribosomal structure and biogenesis; K,
transcription; L, replication, recombination and repair; M, cell
wall/membrane/envelope biogenesis; N, cell motility; O, posttranslational
modification, protein turnover, chaperones; P, inorganic ion transport and
metabolism; Q, secondary metabolites biosynthesis, transport and catabo-
lism; R, general function prediction only; S, function unknown; T, signal
transduction mechanisms; U, intracellular trafficking, secretion, and vesic-
ular transport; V, defense mechanisms; X, extracellular structure; Y, nu-

clear structure; Z, cytoskeleton.
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quencing up to 2 x 100 bp for fragments ranging from 200
bp to 5 kb. PE sequencing data offers long-range positional
information, empowers easy detection of structural varia-
tions such as chromosomal rearrangements, copy number
variations, and indels; and simplifies the de novo assembly.
In sequencing the Taxus transcriptome [11], the sequencing
strategy PE 74+7+76 was used on the Illumina GAIIx plat-
form; that is, the read lengths of the two ends of the same
sequence was different, one was 73 bp, the other 75 bp.
Therefore, the merged read length was 73+75=148 bp (total
nt 2033154144/total reads 13737528). In the present study,
the sequencing strategy PE 91+8+91 was applied; that is,
the read length of the two ends of the same sequence was
the same, both reads were 90 bp long and were counted as
two reads. Thus, the read length is 90 bp (total nt
2304000180/total reads 25600002). The longer the se-
quenced read, the lower the quality value at the sequencing
end. This relationship might explain the lower Q20 per-
centage (91.13%) for P. cuspidatum compared to that for 7.
mairei (96.48%). Q30 (sequencing error rate<(0.1%) values
for P. cuspidatum were 81.87% and 86.29% for two ends,
well above the criteria for Q20 (>80%). In this study, PE 90
was combined with HiSeq 2000 in the de novo sequencing
of the traditional Chinese medicinal plant P. cuspidatum.
The high-quality of the sequencing and the high-quality of
the unigene assembly that was obtained suggest that the
HiSeq 2000 combined with PE9O provided a reliable plat-
form for high-throughput transcriptome sequencing.

3.2 Genes involved in secondary metabolism

Sequence similarity searches against public databases iden-
tified 52752 unigenes that could be annotated with gene
descriptions, conserved protein domains, and/or gene on-
tology terms. Some of the unigenes were assigned to puta-
tive metabolic pathways. Targeted searches using these an-
notations identified most of the genes that are associated
with several primary metabolic pathways and natural prod-
uct pathways. These genes, such as those that code for
resverateol, anthraquinone and enzymes in the glycoside
biosynthesis pathways, are important for the quality of P.
cuspidatum as a medicinal plant. This is the first time that
the novel candidate genes of these secondary pathways have
been discovered in Caryophyllales including Polygonum.
The MEP and MVA pathways play important roles in the
biosynthesis of terpenoids [11,27,43], anthraquinone, gin-
senosides [29], and glycyrrhizin [35]. The number of EST
and/or unigene sequences that were associated with these
two pathways have been recorded in previous 454-based
transcriptome studies [27,29,35,43], but the expression lev-
els of the unigenes is unknown. In our P. cuspidatum da-
taset, the expression levels of the unigenes are represented
as RPKM values based on the data generated by the Illumi-
na platform; thus, the expression levels of the genes encod-
ing the different enzyme in the same pathway could be
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compared quantitatively. In the MVA pathway, the first
enzyme AACT had the highest RPKM value (Figure 4A). In
contrast, the most highly expressed enzyme in the MEP
pathway was the terminal enzyme HDR (1-hydroxy-2-
methyl-butenyl 4-diphosphate reductase), which catalyzes
the formation of isopentenyl diphosphate (IPP) and its iso-
mer, dimethylallyl diphosphate (DMAPP). Anthraquinone
production is increased by the overexpression of 1-deoxy-D:
-xylulose-5-phosphate synthase (DXS) in Morinda citrifolia
cells [44]. In Polygonum, DXS had the lowest expression
(RPKM 12.2) compared to the genes coding the down-
stream enzyme (Figure 4B). Whether or not the overexpres-
sion of DXS could enhance anthraquinone production in P.
cuspidatum is worthy of further study. In the shikimate
pathway, DAHP (3-deoxy-d-arabino-heptu- losonate 7-
phosphate) synthase catalyses the first step and has the
highest mRNA levels (Figure 4C), while the expression
level of the downstream isochorismate synthase, which
channels chorismate to the production of anthraquinones
and which is involved in the regulation of anthraquinone
biosynthesis [45], had the lowest (RPKM 1.01). In the fu-
ture, it will be interesting to investigate whether or not the
expressions of the genes encoding these pathway enzymes
are up-regulated upon elicitation.

KEGG pathway analysis suggested that transcripts of the
phenylpropanoid biosynthesis pathway and stilbenoid, dia-
rylheptanoid and gingerol biosynthesis pathways were
highly abundant in P. cuspidatum (Appendix Table 5 in the
electronic version). Besides their medicinal utility, phe-
nylpropanoids such as resveratrol can function as inducible
antimicrobial compounds, and can act as signal molecules
in plant-microbe interactions [46]. PAL (phenylalanine
ammonia lyase), C4H (cinnamic acid 4-hydroxylase) and
4CL (4-coumarate:CoA ligase) are involved in the resvera-
trol, flavonoid and coumarin biosynthesis pathways
[9,27,45,47], but the transcript abundance of these genes is
different in P. cuspidatum, Huperzia serrata, Phlegmariu-
rus carinatus, Camellia sinensis and Artemisia tridentate.
Furthermore, the expression levels of STS (stilbene syn-
thase), the final enzyme in the resveratrol biosynthesis
pathway, were more than eight times higher than those of
the upstream C4H (cinnamic acid 4-hydroxylase, a cyto-
chrome P450) in P. cuspidatum (Figure 4D). Surprisingly,
more unigenes representing PAL (phenylalanine ammonia
lyase, 26 unigenes) and 4CL (4-coumarate: CoA ligase, 24
unigenes) were found in the root transcriptome data. These
results reveal the complexity in the regulation of transcrip-
tion and in the control of metabolic flux, as well as the
complexity of species-specific and tissue-specific transcrip-
tomes. Transcriptional studies of the genes encoding the
enzymes of biosynthetic pathways such as PAL, C4H, 4CL
and STS could partially explain the different levels of
resveratrol in the different plants. The results have provided
hints for selecting markers for the development of cultivars
with high phenolic content, which can be of value to the
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drug industry.

UGTs catalyze the transfer of sugars to various acceptor
molecules including flavonoids, phytohormone, lignin, ster-
ol [39], ginsenoside backbone [29], and aglycone glycyrrhe-
tic acid [35]. In P. cuspidatum, it was supposed that stilbene,
anthraquinone and torachryson are the acceptor molecules
of UGTs, because many glycosides, including resveratrolo-
side, polydatin, piceid, emodin-8-O-glucoside, emodin-1-
O-glucoside, physcion-8-O-glucoside, physcion-8-O-(6'-
acetyl) glucoside, torachryson-8-O-glucoside, and tor-
achryson-8-O-(6'-acetyl) glucoside, have been detected
(Figure S3 and data not shown) [3]. It has been suggested
that UGT74/75/84 that belong to orthologous group 14 of
GTls are involved in auxin, anthranilate, anthocyanin and
phenylpropanoids metabolism [39]. One UGT74 (unigene
83067) and one UGT75 (unigene 83611) were found in our
transcriptome dataset. UGT84 was not found in the P. cus-
pidatum transcriptome but was present in the previously
reported 7. mairei transcriptome (unigene 14589) [11].
Considering the complete coverage of our transcriptome
dataset, we have proposed that the P. cuspidatum root might
not express the UGT84, UGT79, UGT80, UGT85 and
UGTS8S genes that are present in the 7. mairei transcriptome
(Figure 5). As mentioned, resveratrol biosynthesis branches
from the phenylpropanoid pathway. It is therefore worth
investigating whether or not unigene 83067 and/or unigene
83611 might encode a bona fide UGT that is responsible for
the glycosylation of stilbene (resveratrol). Because the shi-
kimate/MEP/MVA pathway and the phenylpropanoid
pathway are closely linked, it may be possible to discover
the UGT that is responsible for the glycosylation of other
putative acceptor molecules based on a screen study of the
18 UGT unigenes that were identified in the P. cuspidatum
transcriptome dataset.

3.3 Transcriptome-based ortholog identification

With the progress of next generation sequencing efforts,
comparative genomic approaches have increasingly been
employed to facilitate both evolutionary and functional
analyses. Conserved sequences can be used to infer evolu-
tionary history, while homology implies conserved bio-
chemical and physiological functions, which could be used
to facilitate genome annotation. A number of low copy nu-
clear genes have been previously identified in flowering
plants, including the phytochromes, ADH, TPI, GAP3DH,
LEAFY, ACCase, PGK, petD, GBSSI, GPAT, ncpGS,
GIGANTEA, GPA1, AGBI, PPR and RBP2, that have pri-
marily been used as phylogenetic markers [48]. However,
none of these genes were in our identified orthologous
groups, implying that they may not be single-copy or
low-copy genes. Therefore, these genes might not be ubig-
uitous in plants and might not be useful for the phylogenetic
and evolutionary study of a broad range of plant taxa. On
the other hand, current molecular systematics in flowering
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plants has been dominated by the use of phylogenetic
markers derived from the plastid genome (for example,
rbcL, matK, psbA-trnH, trnL-F) or ribosomal DNA (18S,
ITS) [49]. However, the chloroplast rbcL. and matK genes
were found to undergo positive selection in many plant lin-
eages [50], while ITS pseudogenes re often troublesome
because of incorrect assumptions of orthology in the phylo-
genetic reconstructions [51]. It is slowly being realized that
the alternative target regions in the nuclear genome
(low-copy nuclear genes, LCNGs) are burdened with simi-
lar problems, and developing useful LCNGs for non-model
organisms requires investments of time and effort that hin-
der its use as a real practical alternative [51].Our study, for
the first time, has provided a wealth of shared single copy
nuclear genes based on 19 transcriptome datasets obtained
from Illumina- and 454-based high-throughput sequencing.
Using the gene clustering algorithm Tribe-MCL, Duarte et
al. [48] identified 959 shared single-copy genes in the ge-
nomes of the model plants A. thaliana, Populus trichocarpa,
V. vinifera and Oryza sativa. However, how many of these
genes are shared by other lineages such as fern, moss, and
gymnosperm is, as yet, unknown. In contrast, the sin-
gle-copy nuclear genes identified by OrthoMCL are prom-
ising markers for phylogenetics (Appendix Figure 5 in the
electronic version), and might contain more phylogenet-
ically-informative sites than the commonly used markers
from the chloroplast or mitochondria genomes.

In conclusion, the sequences generated in this work rep-
resent the largest collection of Polygonum sequences depos-
ited in public databases. Novel genes involved in the bio-
synthesis of pharmaceutically active components, transcrip-
tionally active TEs and SSRs were identified for the first
time in Caryophyllales including Polygonum. The clustering
of orthologous genes has provided the first framework for
integrating information from multiple transcriptomes, high-
lighting the divergence and conservation of gene families
and biological processes. These results can be used to pro-
duce genetically improved varieties of Polygonum with in-
creased secondary metabolite yields, different compound
compositions and better medicinal and agronomic charac-
teristics.
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