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Abstract

v

Taxus species are highly valued as renewable re-
sources for the production of Taxol. Despite the
commercial and medicinal importance of Taxus,
little genomic information is available for yew
species, and Taxol biosynthesis still needs to be
fully elucidated. In this study, 454 pyrosequencing
technology was employed to produce an ex-
pressed sequence tag (EST) from the needles of
Taxus cuspidata. In all, 81148 high-quality reads
from the needles of T. cuspidata were produced
using Roche GS FLX Titanium. A total of 20557
unique sequences were obtained, including
12975 singletons and 7582 contigs. Approxi-
mately 14095 unique sequences were annotated
by a similarity search against five public data-
bases. Gene ontology revealed 11220 unique se-
quences that could be assigned to 45 vocabularies.
In the Kyoto Encyclopedia of Genes and Genomes
mapping, 2403 transcripts were established as as-
sociated with 3821 biochemical pathways. En-
zymes in the plastidial 2-C-methyl-p-erythritol
4-phosphate pathway were well represented.
Candidates of the putative genes of Taxol biosyn-

thesis were revealed, including those in the re-
maining steps. In total, 291 transcripts were iden-
tified, representing putative homologues of tran-
scription factors. Furthermore, 753 simple se-
quence repeat motifs, which are potential molec
ular markers for genetic application, were identi-
fied. These results provide the largest EST collec-
tions in Taxus and will contribute to biosynthetic
and biochemical studies that lead to drug im-
provement.

Abbreviations

v

cDNA: complementary DNA

EST: expressed sequence tags

GO: gene ontology

KEGG: Kyoto Encyclopedia of Genes
and Genomes

SSR: simple sequence repeat

TFs: transcriptional factors

Supporting information available online at
http://www.thieme-connect.de/ejournals/toc/
plantamedica

Introduction

v

Taxus cuspidata (Taxaceae) is one of the most im-
portant medicinal plants in Northeast Asia. It has
received much of the world’s attention in recent
years because it contains Taxol, a well-known
anti-cancer agent, in its needles and bark. T. cus-
pidata is a long-lived, shade-tolerant, dioecious
tree in the conifer genus Taxus. As a tertiary relic
species, it is native to China, Korea, Japan, and
Eastern Siberia [1]. In China, it has long been used
for treating diabetes, promoting diuresis, and as
an emmenagogue.

Taxol biosynthesis in yew species involves the
cyclization of geranylgeranyl diphosphate, the
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universal diterpenoid progenitor. This parental
oletin is then functionalized by a series of cyto-
chrome P450-mediated oxygenations, CoA-de-
pendent acyl/aroyl transfers, oxidation at C9, and
oxetane formation, yielding the intermediate bac-
catin III, to which the functionally important C13-
side chain is appended [2-8]. In Taxus species, the
isoprenoid precursor comes from the plastid-lo-
calized plastidial 2-C-methyl-p-erythritol 4-phos-
phate (MEP) pathway [9]. Over 350 taxane diter-
penoids have been discovered in the yew species,
and Taxol is not the main metabolite. A very large
number of side-chain variants has been isolated;
these variants differ in the position of the hydro-
xylated taxane nucleus as well as the type of acyl/



aroyl substitution, and greatly affect the yield of Taxol production
[8,10]. At present, the biosynthesis pathway of Taxol is not fully
elucidated and its taxoids transcriptional regulation is not clear.
All these hamper improvements in drug production.

Expressed sequence tag (EST) represents a rapid and cost-effec-
tive method for analyzing transcribed genome regions. It identi-
fies the genes involved in plant secondary metabolism [11]. EST
analysis is also a powerful approach for discovering new genes
and analyzing gene expression profiles in tissues [12]. The ad-
vent of next-generation sequencing technologies has led to a rev-
olution in genomics and genetics, and provided a cheaper and
faster delivery of sequencing information. The 454 pyrosequenc-
ing is the most widely used new platform in de novo sequencing
and is applied in non-model organisms including medicinal
plants [13,14].

Despite the commercial and medicinal importance of Taxus spe-
cies, there is little genomics or transcriptome research on these
species. Only 179 EST can be retrieved freely from the GenBank.
In this study, through the Roche GS FLX system, 81 148 high-qual-
ity reads were obtained from a cDNA library generated from
T. cuspidata needles. Bioinformatics analysis indicated that all
genes in the plastidial 2-G-methyl-p-erythritol 4-phosphate
pathway and eight genes involved in Taxol biosynthesis exist in
the transcripts of yew needles. Furthermore, a few candidate
genes that encode putative enzymes of the remaining steps in
Taxol pathway, the putative transcriptional factors, and EST-de-
rived SSR markers were screened. The gene expression profiles
in this tissue were studied. The transcriptome analysis of Taxus
species based on a next-generation sequencer reported in this
study is the first of its kind.

Materials and Methods

v

Plant material

Detailed descriptions of plant material are included as Support-
ing Information (Text 1, Fig. 1S, Supporting Information).

RNA extraction and cDNA library construction

RNA extraction was performed according to the standard proto-
col of RNeasy Plant Kit, and cDNA was synthesized using the
SMART™ PCR cDNA Synthesis Kit (Text 2, Supporting Informa-
tion).

454 Library preparation and sequencing

For 454 sequencing, amplified cDNAs were sheared by nebuliza-
tion to produce random fragments (Text 3, Supporting Informa-
tion).

Sequence assembly and annotation
For detailed sequence assembly and annotation, refer to Support-
ing Information (Text 4, Supporting Information).

Sequence comparisons with other species

Similarity searches were performed against the Dana-Farber Can-
cer Institute gene indices available for oryza (OGI17.0), pine
(PGI7.0), poplar (PPLGI4.0), and spruce (SGI3.0) (Text 5, Support-
ing Information).
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Gene ontology (GO) analysis and metabolic pathway
assignment using the Kyoto Encyclopedia of Genes and
Genomes (KEGG)

The unique sequences were assigned GO terms based on the top
BLAST hit for queries in the Arabidopsis proteins and cDNA se-
quences (TAIR9). Metabolic pathway assignments were carried
out according to the KEGG resource (Text 6, Supporting Infor-
mation).

Identification of simple sequence repeat (SSR)

and Sanger sequencing validation

Detailed descriptions are discussed in Supporting Information
(Text 7, Supporting Information).

Supporting information

Detailed descriptions of materials and methods, GO categories,
KEGG mappings, candidate genes of Taxol biosynthesis, se-
quences with putative functions similar to transcription factors,
occurrence and number of repeated units of SSR motifs, and pri-
mers used in SSR validation through Sanger methods are avail-
able as Supporting Information.

Results and Discussion

v

Recently, high-throughput sequencing technologies have been
developed rapidly and applied widely in genomic study of many
organisms. For instance, 454 pyrosequencing has been used in de
novo sequencing and has made EST-derived resources more
readily accessible for non-model organisms [11,13]. In this study,
a SMART c¢DNA library was constructed from the total RNA ex-
tracted from the needles of T. cuspidata. In all, 81 148 high-qual-
ity reads were produced with an average length of 389 bp and an
average quality score of 31. Then, 80028 reads that passed high-
quality filtering and a minimum of 50 contiguous nucleotides
were used in the assembly (© Table 1). The de novo assembly re-
sulted in 20557 unique sequences, including 7582 contigs and
12975 singletons. The sizes of the unique sequences ranged from
50 to 3555 bp with an average length of 456.6 bp (© Fig. 1). Thus,

Table 1 Summary of 454 pyrosequencing of T. cuspidata cDNA library.

Descriptive category Number Length %
of 454 ESTs of bases (bp)

Total high quality (HQ) reads 81148 31604969

Reads used in assembly 80028 31570074

> reads assembled in contigs 74209

> number of contigs 7582 4476418 36.9

> number of singletons 12975 4909978 63.1

Deeps on contigs 5.34

Redundancy 92.7

Number of unique sequences 20557 9386396

> average length of unique 456.6
sequences

EST group matches

with e-value <107

> SwissProt 7916 385

> Nr 12069 58.7

» Arabidopsis thaliana 12219 59.4

> pine 12169 59.2

> spruce 12957 63.0

> no matches 6462 31.4
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Fig. 1 Size distribution of T. cuspidata unique sequences based on 454

pyrosequencing.

74209 reads were assembled into contigs with EST numbers
ranging from 2 to 2051. An estimated 92.7 % of the sequences ap-
peared at least twice among the EST. Comparing the unique se-
quences against the SwissProt and Nr databases, 38.5 and 58.7%
had significant matches in the databases, respectively (E < 1.0e-
5). Unique sequences were also compared to gymnosperm EST
by tBLASTX at the same e-value, among which spruce and pine
showed homologues of 63% (12957) and 59.2% (12 169), respec-
tively. A total of 14095 (68.6%) unique sequences shared a signif-
icant similarity to the sequences in the above mentioned data-
bases and have orthologs in other organisms. In this study, over-
all sequence similarity was found to be lower with angiosperms
than with gymnosperms and had the largest overlaps with EST in
the Spruce Gene Index (SGI3.0) (© Fig. 2). These results demon-
strate that datasets derived from angiosperms are not sufficient
for annotation of T. cuspidata, and more data should be accumu-
lated for gymnosperms. More than 31.4% (6462) sequences were
unidentified in public databases, indicating that novel informa-
tion was discovered in our 454 datasets. All high-quality reads
have been deposited in the GenBank under the accession number
SRX015126.

In the cDNA library of T. cuspidata, more than 83.5% contigs have
2 to 10 sequences, 9.3% have 11 to 20 sequences, 2.7 % have 21 to
30 sequences, and 4.6% have 31 to 2051 sequences (Table 1S,
Supporting Information). A total of 75 transcripts with reads of
at least 102 were abundantly expressed. The most highly ex-
pressed genes were coded for ribulose bisphosphate carboxylase
(RuBisCo), which assembled three contigs having a total of 3020
EST. In plants, RuBisCo is more abundant during the day when it
is transcriptionally regulated by the light receptor phytochrome,
thus fixing carbon dioxide in photosynthesis [15]. The genes en-
coding photosystem I reaction center subunit, chlorophyll a-b
binding protein, ribulose-phosphate 3-epimerase, and photosys-
tem II protein, glutamine synthetase, granule-bound starch syn-
thase, caffeoyl-CoA O-methyltransferase, sedoheptulose-1,7-bi-
sphosphatase, and metallothionein-like protein were relatively
abundant. Glutamine synthetase catalyzes the critical incorpora-
tion of inorganic ammonium into the amino acid glutamine and
increases photosynthesis and growth at low nitrogen concentra-
tions [16]. Granule-bound starch synthase is responsible for amy-
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Fig.2 Transcript sequences of T. cuspidata similar to SwissProt, A. thali-
ana, rice, poplar, pine, and spruce databases according to BLASTX or
tBLASTX e-value cutoffs.

lose synthesis [17]. Caffeoyl-CoA O-methyltransferase partici-
pates in lignin biosynthesis in the formation of cell wall ferulic es-
ters [18]. Edoheptulose-1,7-bisphosphatase functions at a branch
point in the Calvin cycle between regeneration of the acceptor
molecular ribulose 1,5-bisphosphate and exports to starch bio-
synthesis [19]. Owing to its capability to sequester excess
amounts of metal ions, metallothionein participates in homeo-
stasis and antioxidant functions [20]. The transcripts associated
with fundamental life processes, such as photosynthesis or en-
ergy, significantly affect redundancy in all the EST collections.

In total, 11220 (54.6%) unique sequences were assigned to one or
more of the 45 GO categories for cellular component, biological
process, and molecular function (Fig.2S, Supporting Informa-
tion). In the cellular component, chloroplast (23%), plastid
(10.7%), plasma membrane (9.3%), and nucleus (8.4%) were well
represented. In the biological process, other cellular processes
(39%), other metabolic processes (35.6%), protein metabolism
(11.5%), abiotic or biotic stimulus (10.7%), and response to stress
(10.2%) subclasses were abundant. Among molecular functions, a
huge incidence of other enzyme activities (16.7%), other binding
activities (12.5%), transferase (12.2%), hydrolase (10.7%), nucleo-
tide binding (8.2%), and protein binding (8.0%) were annotated.
Transferase participated in many taxoid metabolism processes
and was closely related to taxoid biosynthesis and side routes. In
KEGG, a total of 11291 (54.9%) unique sequences found similar-
ities (Table 2S, Supporting Information). Among them, 8668 were
sorted as unassigned, which had significant similarities to se-
quences in KEGG but unclear functions. Only 2623 (12.8%) were
assigned to a clear functional group: 2403 were mapped to a total
of 3821 KEGG biochemical pathways while 220 were only gener-
al functions predicted. More than half (60.4%) of the sequences
that mapped to specific KEGG pathways were included in basic
metabolism processes involved in carbohydrate, amino acid, en-
ergy, and lipid metabolism. In secondary metabolism subclass,
most transcripts were mapped to phenylpropanoid biosynthesis,
carotenoid biosynthesis, limonene and pinene degradation,
streptomycin biosynthesis, flavonoid biosynthesis, novobiocin
biosynthesis, and terpenoid biosynthesis. Functional annotation
by GO and KEGG suggests that the results of the current study



may allow for the identification of novel genes involved in the
pathways of secondary metabolite synthesis.

All genes encoding the seven enzymes in the plastidial MEP path-
way were identified in the 454 datasets (©Table 2). The se-
quences encoding 4-hydroxy-3-methylbut-2-enyl diphosphate
reductase (HDR), with 69 EST, were substantially abundant. The
two enzymes catalyzing the slow steps of the mevalonate-inde-
pendent pathway, 1-deoxy-p-xylulose-5-phosphate synthase
(DXPS) and 1-deoxy-p-xylulose-5-phosphate reductoisomerase
(DXR), held 23 EST each [21,22]. IPP isomerase (IDI) and geranyl-
geranyl pyrophosphate synthase (GGPPS) held six and five ac-
quisitions, respectively. The reaction catalyzed by IDI transforms
the relatively inactive IPP into the active isomer DMAPP and plays
a pivotal role in isoprenoids metabolism. DXR and GGPPS were
quite upregulated in methyl jasmonate-induced cells [4]. Among
the genes involved in Taxol biosynthesis, eight were identified in
the 454 datasets. As an enzyme in early steps, taxane 13a-hy-
droxylase with 34 EST was well represented. Taxane 13a-hydrox-
ylase catalyzes the production of taxadien-5a,13a-diol. Taxane
2a-0-benzoyltransferase (TBT), involved in the production of
10-deacetylbaccatin III in the middle step, held 33 EST. Although
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the biosynthesis of Taxol and related taxoids are beginning to be
understood, many steps still remain to be addressed. The C1B-hy-
droxylation and the C4,C20B-epoxidation leading to oxetane ring
formation, oxidation of the C9-hydroxyl group to the correspond-
ing carbonyl in the taxane core formation, CoA-dependent liga-
tion to B-phenylalanine, 2'-hydroxylation of N-debenzoyl-2'-de-
oxytaxol, and N-benzoylation of N-debenzoyltaxol in the side-
chain assembly are the remaining steps [4,23,24]. Available evi-
dence suggests that C4,C20B-epoxidation occurs at the level of a
taxadien-hexaol and is followed by ring expansion toward oxe-
tane construction [23]. These steps could be mediated by
CYP450. In the side-chain assembly, the catalyzed transformation
of 2'-hydroxylation of f-phenylalanoyl baccatin Il (N-debenzoyl-
2'-deoxytaxol) into phenylisoserinoyl baccatin Il (N-debenzoyl-
taxol) implies the involvement of CYP450 [25]. Meanwhile, Taxol
biosynthesis competes with side routes produced by acyl/aroyl or
the oxidation of the taxane nucleus derived from common pre-
cursors. Identification of these side-route genes could have an
important implication in eventually increasing Taxol yields [26].
For this purpose, we screened our 454 datasets and discovered
candidate genes of CYP450, epoxidase, CoA ligases, and N-ben-

Table 2 Summary of candidate genes involved in Taxol biosynthesis.

Candidates Organism E-value Unigene Reads Accession No.
1-Deoxy-D-xylulose-5-phosphate synthase, DXS Capsicum annuum 0 contig02426 15 078328
1-Deoxy-d-xylulose-5-phosphate synthase, DXS Oryzasativa subsp. japonica ~ 4.00E-41 contig04660 2 022567
1-Deoxy-D-xylulose-5-phosphate synthase, DXS Oryza sativa subsp. japonica 1.00E-75 contig06207 6 022567
1-Deoxy-D-xylulose 5-phosphate reductoisomerase, DXR Oryza sativa subsp. japonica 0 contig04157 23 Q8wW250
2-Gmethyl-o-erythritol 4-phosphate cytidylyltransferase, MCT Arabidopsis thaliana 9.00E-88 contig06159 9 P69834
4-Diphosphocytidyl-2-Gmethyl-p-erythritol kinase, CMK Solanum lycopersicum 1.00E-125  contig05758 14 P93841
2-Gmethyl-p-erythritol 2,4-cyclodiphosphate synthase, MCS Catharanthus roseus 5.00E-79 contig06336 10 QIM4W3
2-Cmethyl-p-erythritol 2,4-cyclodiphosphate synthase, MCS Arabidopsis thaliana 5.00E-34 contig06498 2 Q9CAKS
4-Hydroxy-3-methylbut-2-en-1-yl diphosphate synthase, HDS Protochlamydia amoebophila  1.00E-122  contig04034 25 Q6MD85
4-Hydroxy-3-methylbut-2-enyl diphosphate reductase, HDR Cyanothece sp. 1.00E-147  contig00845 69 B1WTZ2
Isopentenyl-diphosphate Delta-isomerase II, IDI Clarkia breweri 1.00E-104  contig01569 6 Q39471
Geranylgeranyl pyrophosphate synthetase, GGPPS Capsicum annuum 5.00E-25 FXAT90003CUPVX 1 P80042
Geranylgeranyl pyrophosphate synthetase, GGPPS Catharanthus roseus 8.00E-48 FXAT90003CZ7X0 1 Q42698
Geranylgeranyl pyrophosphate synthetase, GGPPS Cyanophora paradoxa 1.00E-23 contig06297 3 P48368
Taxadiene 5-a hydroxylase, TSOH Taxus chinensis 9.00E-32 FXAT90003C72PY 1 gb|AAU93341.1
Taxadiene 5-a hydroxylase, TSOH Taxus chinensis 6.00E-36 FXAT90003DJ76T 1 gb|AAU93341.1
Taxadiene 5-o hydroxylase, TSOH Taxus chinensis 5.00E-23 FXAT90003DP38Y 1 gb|AAU93341.1
Taxadiene 5-a hydroxylase, TSOH Taxus cuspidata 3.00E-54 contig00287 13 gb|AAQ56240.2
Taxadien-5-a-oL O-acetyltransferase, TAT Taxus chinensis 5.00E-42 FXAT90003D|BQB 1 Q8S9G6
Taxadien-5-a-ol O-acetyltransferase, TAT Taxus cuspidata 8.00E-18 FXAT90003D037Z 1 QIM6FO

Taxane 10-B-hydroxylase, TTOOH Taxus cuspidata 3.00E-30 FXAT90003DLKX1 1 Q9AXM6
Taxane 10-B-hydroxylase, TT00OH Taxus cuspidata 3.00E-45 FXAT90003DQNGU 1 Q9AXM6
Taxane 10-3-hydroxylase, TT00H Taxus cuspidata 3.00E-23 contig05275 4 Q9AXM6
Taxane 10-f-hydroxylase, TTOOH Taxus cuspidata 2.00E-99 contig05280 4 Q9AXM6
Taxane 13-a-hydroxylase, T130H Taxus cuspidata 1.00E-46 FXAT90003C390L 1 Q8w4T9

Taxane 13-a-hydroxylase, T130H Taxus cuspidata 4.00E-36 FXAT90003D]76T 1 Q8w4T9

Taxane 13-o-hydroxylase, T130H Taxus cuspidata 2.00E-17 FXAT90003DP38Y 1 Q8wW4T9

Taxane 13-o-hydroxylase, T130H Taxus cuspidata 8.00E-68 contig00283 12 Q8w4T9

Taxane 13-a-hydroxylase, T130H Taxus cuspidata 6.00E-52 contig00287 13 Q8w4T9

Taxane 13-o-hydroxylase, T130H Taxus cuspidata 3.00E-16 contig03175 5 Q8wW4T9

Taxane 13-o-hydroxylase, T130H Taxus cuspidata 4.00E-36 FXAT90003D)76T 1 Q8wW4T9

Taxoid 2-o-hydroxylase, T20H Taxus chinensis 2.00E-33 FXAT90003DDV1Y 1 gb|AAV54171.1
Taxoid 2-o-hydroxylase, T20H Taxus canadensis 3.00E-39 contig01631 4 gb|AAS89065.2
2-o-Hydroxytaxane 2-O-benzoyltransferase, TBT Taxus cuspidata 1.00E-36 FXAT90003DFUP4 1 Q9FPW3
2-a-Hydroxytaxane 2-O-benzoyltransferase, TBT Taxus cuspidata 5.00E-12 FXAT90003DPL1Z 1 Q9FPW3
2-a-Hydroxytaxane 2-O-benzoyltransferase, TBT Taxus cuspidata 2.00E-61 contig00059 31 Q9FPW3
10-Deacetylbaccatin Ill 10-O-acetyltransferase, DABT Taxus cuspidata 3.00E-08 FXAT90003DBW9Z 1 Q9M6E2
10-Deacetylbaccatin Ill 10-O-acetyltransferase, DABT Taxus cuspidata 5.00E-19 FXAT90003DJZ16 1 QIM6E2
3'-N-debenzoyl-2'-deoxytaxol N-benzoyltransferase, DBTNBT Taxus canadensis 9.00E-28 FXAT90003DE74B 1 Q8LL69
3'-N-debenzoyl-2'-deoxytaxol N-benzoyltransferase, DBTNBT Taxus canadensis 3.00E-20 FXAT90003DOP51 1 Q8LL69
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zoyltransferase (Table 3S, Supporting Information). These se-
quences provide useful information for elucidating the remaining
steps and exploring the side-route enzymes in Taxol biosynthesis
pathway. The proposed biosynthesis pathway of Taxol is sum-
marized in © Fig. 3.

Transcription factors (TFs) are sequence-specific DNA-binding
proteins that interact with the promoter regions of target genes
and modulate the rate of initiation of mRNA synthesis by RNA
polymerase II [27]. Based on similarity searches, 291 unique se-
quences were identified representing putative transcription fac-
tors, covering zinc finger-containing proteins, WD or WD-40, ho-
meobox, WRKY, MYB (Myble), basic helix-loop-helix (bHLH),
auxin response factors (ARFs), NAC domain-containing protein,
and ethylene-responsive transcription factor (Table 4S, Support-
ing Information). The zinc finger-containing proteins were the
most abundant class in our results with 80 transcripts, including
CCCH, CONSTANS-like proteins, DNA binding with one finger
(Dof), A20/ANT, zinc finger protein MAGPIE, RING and CHY zinc
finger domain-containing protein, among others. CCCH-type pro-
teins containing tandem zinc-binding motifs are characterized by
three cysteines followed by one histidine (CX7_gCX5CX3H) [28].

OoPP
Geranylgeranyl

H
Taxa-4(20),11(12)-
diphosphate axa-4(20).11(12)

dien-5a-ol

T100H

H A
Taxa-4{20),11(12)-

dien-5u, 130-diol ) Taxa-4(20},11(12)-dien-

5a-10B-diol 5-acetate

HO

Such proteins are widely present in eukaryotes, from yeast to
mammals, but little is known about their functions in higher
plants [29]. CONSTANS-like proteins are considered photoperiod
regulators and play a pivotal role in circadian regulation, initiat-
ing flowering in response to changes in daylength [30]. Dof do-
main proteins are plant-specific transcription factors with a
highly conserved DNA-binding domain and play diverse roles in
gene regulation processes restricted to plants [31]. The A20/AN1
proteins could represent common elements of stress response in
plants, and the characterization of such genes presents signifi-
cant implications on stress tolerance improvement in adversity
[32]. Putative homeobox and WRKY were detected in 28 and 18
unique sequences, respectively. WRKY has many regulatory roles
in response to biotic and abiotic stresses, and some WRKY pro-
teins have been found to be involved in the signal transduction
pathway and defense response against pathogenic attack [33].
Other classes more abundant in our datasets include MYB, bHLH,
ARF and NAC domain-containing protein, ethylene-responsive,
nuclear transcription factor, heat stress transcription factor,
MADS box, and GATA TFs. The molecular functions of these tran-
scription factors vary in plants, with most of them still unclear.

Fig.3 Putative pathway for the biosynthesis of
Taxol in Taxus. Abbreviations: BAPT: baccatin Il
3-animo-3-phenylpropanoyltransferase; DBAT:
10-deacetylbaccatin I1I-10-O-acetyltransferase;
DBTNBT: 3'-N-debenzoyl-2'-deoxytaxol N-benzoyl-
transferase; DMAPP: dimethylallyl diphosphate;
GGPPS: geranylgeranyl diphosphate synthase; IPP:
isopentenyl diphosphate; PAM: phenylalanine ami-
nomutase; TAT: taxadien-5a-ol-O-acetyl transferase;
TBT: taxane 2a-O-benzoyltransferase; TS: taxa-4
(5),11(12)-diene synthase; T20H: taxoid 2o-hydrox-
ylase; TSOH: cytochrome P450 taxadiene 5a-hy-
droxylase; T70H: taxoid 7B-hydroxylase; T100H:
taxane 10f-hydroxylase; T130H: taxane 13a-hy-
droxylase.
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These results, however, provide information for those probably
involved in environmental responses, stress tolerance, or biosyn-
thesis of secondary metabolites in Taxus.

753 SSR motifs were identified from 641 SSR-containing unique
sequences in the datasets (Table 55, Supporting Information). Ap-
proximately 88 % of the SSR were between 14 and 24 bp in length.
The density was approximately one SSR in 12.47 kb of coding se-
quences, and the frequency was 3.1%. A total of 317 motif types
were identified. The number of repeats for motif units was be-
tween 3 and 50, with dinucleotide TA/TA having the highest
number of repeat units and the longest motif length of 100 bp.
Among SSR-containing unique sequences, the majority (556,
86.7%) had a single SSR per sequence, while 85 (13.3%) contained
two or more SSR per sequence. The top 10 motifs were composed
of dimers, trimers, tetramers, and pentamers. At 260, hexamers
accounted for 34.5% in the population, followed by trimers which
accounted for 32.1% (242). Both hexamers and trimers comprised
a little more than half of the total microsatellite sequences. The
number of repeat units for each motif varied between 7 and 39
times in most cases, but had the highest repeat number of 50 in
the unique sequence FXAT90003DDGKH. Similarity search
showed that this sequence had no hits in public databases, which
may represent a novel gene in Taxus. The most represented re-
peat types in dicotyledonous species, AG, AT, AAG, AGG, and
AGC, were well represented in this study with a total of 72 SSRs.
Conversely, CCG, the most common repeated motif in monocoty-
ledonous species, was quite rare. This supports the idea that the
SSR composition in gymnosperms is more similar to that of dicots
than monocots [34]. The presence of a majority of hexamers and
trimers in T. cuspidata unique sequences was in agreement with
the observation that trinucleotides were significantly more fre-
quent in the coding sequences of A. thaliana. Indeed, a mutation
in a mononucleotide, dinucleotide, tetranucleotide, or pentanu-
cleotide in the coding region may result in a frameshift that could
change translated protein structure and function [34]. To evalu-
ate error rates of SSR detection based on pyrosequencing, 10 SSRs
were randomly selected and subjected to Sanger sequencing
(© Table 3). Results showed that Sanger sequencing was success-
ful for eight SSRs, seven of them being the same as those identi-
fied by pyrosequencing. The results demonstrate that 454 se-
quencing can be an efficient genotyping platform, providing an
alternative to classic genotyping methods given appropriate ap-
plication.

Table 3 Simple sequence repeats (SSR) validation by Sanger sequencing.

No. Unique sequences 454 sequencing Sanger sequencing

SSR1  FXAT90003C9CRY  atcatcatcatcatc atcatcatcatcatc

SSR2  FXAT90003C27N8  agtttagtttagttt agtttagtttagttt

SSR3  FXAT90O003C3EBO  ggagggagggag ggaggaggaggaggagga
ggaggaggagga

SSR4  FXAT90003DNXS9  aaggaaaaggaaaa- aaggaaaaggaaaaggdaa

ggaa

SSR5 FXAT90003DGP7H  aggaagaagaagaag aggaagaagaagaag

SSR6  contig00373 accaccaccaccacc accaccaccaccacc

SSR7  contig03257 ctgctgctgcetgetg -

SSR8  contig06958 ttcttcttcttcttc -

SSR9  contig03420 catcatcatcatcat catcatcatcatcat

SSR10 contig01126 tattatattatatta tattatattatatta

- No useful data obtained.
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This study is the largest collection of sequencing population ob-
tained from vegetative tissue in Taxus species. Results may allow
for the identification of new and interesting metabolic pathways,
as well as the study of molecular genetics and functional ge-
nomics. The method described here is a cost-effective technology
for the identification of novel genes in medicinal plants. In addi-
tion, the sequence data described constitute an important re-
source for biosynthetic and biochemical research in Taxus spe-
cies, which will lead to drug improvements in the future.
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