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SUMMARY

The medicinal plant Madagascar periwinkle, Catharanthus roseus (L.) G. Don, produces hundreds of biologi-

cally active monoterpene-derived indole alkaloid (MIA) metabolites and is the sole source of the potent,

expensive anti-cancer compounds vinblastine and vincristine. Access to a genome sequence would enable

insights into the biochemistry, control, and evolution of genes responsible for MIA biosynthesis. However,

generation of a near-complete, scaffolded genome is prohibitive to small research communities due to the

expense, time, and expertise required. In this study, we generated a genome assembly for C. roseus that

provides a near-comprehensive representation of the genic space that revealed the genomic context of key

points within the MIA biosynthetic pathway including physically clustered genes, tandem gene duplication,

expression sub-functionalization, and putative neo-functionalization. The genome sequence also facilitated

high resolution co-expression analyses that revealed three distinct clusters of co-expression within the com-

ponents of the MIA pathway. Coordinated biosynthesis of precursors and intermediates throughout the

pathway appear to be a feature of vinblastine/vincristine biosynthesis. The C. roseus genome also revealed

localization of enzyme-rich genic regions and transporters near known biosynthetic enzymes, highlighting

how even a draft genome sequence can empower the study of high-value specialized metabolites.
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INTRODUCTION

Catharanthus roseus (L.) G. Don, a member of the euasterids

I clade (Gentianales order, Apocynaceae family), produces

monoterpene indole alkaloids (MIA), an exceptionally

diverse class of specialized metabolites (‘natural products’)

(O’Connor and Maresh, 2006). The monoterpene moiety of

all MIAs is derived from an iridoid class of monoterpenes,

secologanin, and the indole moiety is derived from the

amino acid tryptophan. Thousands of MIAs derived from

secologanin and tryptamine are produced in numerous

plant families, with C. roseus producing a subset of approxi-

mately 100 MIAs. While C. roseus is best known for produc-

tion of the bis-indole MIAs, vinblastine and vincristine,

which are used in the clinic as anti-cancer agents, other bio-

active MIAs such as raubasine, yohimbine, and alstonine are

also produced by this plant (Figure 1) (Aslam et al., 2010).

Ample transcriptomic and proteomic resources are now

available for C. roseus (Murata et al., 2008; Champagne

et al., 2012; Gongora-Castillo et al., 2012; Van Moerkercke

et al., 2013; Verma et al., 2014). While this information has

dramatically accelerated the discovery of MIA biosynthetic

genes, a whole-genome sequence will provide additional

and important insights into the production, regulation,

and evolution of these valuable metabolites. For example,

numerous studies have shown that genes encoding
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specialized metabolism in plants can be physically clus-

tered in the genome (Frey et al., 1997; Qi et al., 2004;

Amoutzias and Van de Peer, 2008; Field and Osbourn,

2008; Swaminathan et al., 2009; Winzer et al., 2012; Itkin

et al., 2013; Mugford et al., 2013). While the reasons for

clustering remain unresolved, one hypothesis is that evolu-

tionary pressure for retention of a multigenic trait as a sin-

gle locus facilitates the synthesis of the final product and

prevents accumulation of toxic pathway intermediates

(Takos and Rook, 2012; Nutzmann and Osbourn, 2014).

The extent to which gene clustering occurs in plant spe-

cialized metabolism is unclear, as the vast majority of plant

species lacks the requisite genomic information required

to explore this issue. Most gene clusters reported to date

have been in crop species and Arabidopsis thaliana, as

plant species that are valued for production of a single,

specific, specialized metabolites have not been targets for

genome sequencing due to limited fiscal and personnel

resources. Despite the intense interest in C. roseus and the

high economic value of its metabolites, genome sequence

data for this plant was previously limited to the plastid (Ku

et al., 2013). C. roseus, a self-pollinating diploid (2n =
2x = 16) with a moderate genome size (738 Mbp) (Guimar-

aes et al., 2012), is an excellent candidate for genome

sequencing with a next-generation sequencing approach.

Recent advances in genome sequencing technologies

and assembly algorithms have resulted in generation of

genome sequences for a wide range of plant species.

While a near-complete genome sequence with scaffolds

anchored into pseudomolecules to represent the chromo-

somes is limited to species with large research communi-

ties and/or those with major economic importance

(Schnable et al., 2009; The International Brachypodium Ini-

tiative, 2010; The Potato Genome Sequence Consortium,

2011; The Tomato Genome Consortium, 2012), high quality

draft genome assemblies that represent genic regions of

the genome can be generated by single investigators.

These draft genomes provide not only insights into impor-

tant biological processes, but also are a paradigm-chang-

ing resource for downstream analyses. Using sequencing-

by-synthesis, we assembled a draft genome assembly for

C. roseus that provided a near-comprehensive representa-

tion of the genic space. While this genome is not scaffold-

ed into pseudomolecules representing the C. roseus

chromosomes, it nevertheless provided substantial

insights into specialized metabolism including physical

clustering of secondary metabolism biosynthetic genes,

evidence for sub- and neo-functionalizations following

gene duplication, and transcriptional regulatory networks.

Overall, this study highlights the importance that genomic

data can play when investigating secondary metabolic

pathways.

RESULTS

Genome sequence, assembly, and annotation

Using a whole-genome shotgun sequencing approach, we

generated a draft genome sequence of the cultivar ‘Sun-

StormTM Apricot’. Using 33 Gb of sequence from a single

400-bp fragment Illumina library, we generated an assem-

Figure 1. Representative monoterpene indole alka-

loids (MIA) that are produced in C. roseus.

© 2015 The Authors
The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2015), doi: 10.1111/tpj.12827

2 Franziska Kellner et al.



bly of 523 Mb with an N50 scaffold size of 26.2 kbp, only

including scaffolds >200 bp (Table S1). If only scaffolds

>1000 bp are included, the assembly represents 506 Mb

with a larger N50 scaffold size of 27.3 kbp (Table S1).

K-mer spectra representation analysis (http://www.tgac.

ac.uk/tools-resoures/kat) shows a highly complete assem-

bly with good k-mer copy-number distributions (Figure S1).

The size cutoffs on scaffolds of 200 and 1000 bp were eval-

uated also in terms of their total and distinct k-mer counts,

revealing that the smaller cutoff at 200 bp was the point at

which most small repetitive sequences were discarded

(Figures S1 and S2). Estimation of completeness of the

assembly (scaffolds ≥1000 bp) with both Sanger-derived

C. roseus Expressed Sequence Tags (ESTs) and the Core

Eukaryotic Genes Mapping Approach (CEGMA) (Parra

et al., 2007) pipeline revealed robust representation of

genes in the assembly; 95.7% of the ESTs and 97.6% of the

conserved CEGMA proteins were detected in the assembly

(Table S1). ‘SunStormTM Apricot’, like other Catharanthus

cultivars, is self-pollinating, and to assess the degree of het-

erozygosity, sequencing errors, and/or potential misassem-

bly, we aligned all of the genome reads to the assembly

and assessed the rate of single nucleotide polymorphism

(SNPs). Nearly 85% of the reads aligned to the assembly

with a mapping quality score >20 or were multi-mapping

suggesting a high degree of representation of the

C. roseus genome in our assembly. Estimation of the

sequencing and assembly error rate was <1 per 500 kb

while the heterozygosity rate, as reflected by biallelic

SNPs, was estimated as <1 per 1000 bp, consistent with an

inbred cultivar and a high quality assembly.

Using the MAKER annotation package (Holt and Yandell,

2011; Campbell et al., 2014), 33 829 genes were annotated

(Table S2). To assess the quality of the assembly and

annotation, we compared the predicted gene set with 32

known biosynthetic genes involved in MIA biosynthesis,

including methylerythritol phosphate (MEP; upstream ter-

pene biosynthesis) biosynthesis, iridoid biosynthesis,

downstream alkaloid biosynthesis, and two transcription

factors known to regulate MIA biosynthesis; all were pres-

ent in the assembly further supporting that this assembly

provides a robust representation of the genic regions of

the C. roseus genome (Figure 2a and Table S3, orange

entries). While several of the biosynthetic genes were par-

tial due to their localization near the end of a scaffold, only

one gene [SGD (alkaloid gene)], was substantially misas-

sembled; manual examination revealed a collapsed gen-

ome assembly representing a minimum of two close SGD

paralogs. SGD encodes 13 exons spanning more than

10 kb and was located on five separate scaffolds. Surpris-

ingly, even with an N50 scaffold length of 27.3 kbp, SGD is

the only examined biosynthetic genes for which we failed

to readily identify the cognate gene sequence in our

assembly. The vast majorities of the known MEP, iridoid,

and alkaloid genes were located on scaffolds greater than

the N50 size (Table S3), consistent with the high degree of

representation of ESTs and CEGMA genes in the assembly

and suggestive that the 523 Mb of assembly provides a

near-comprehensive representation of the genic regions of

the C. roseus genome. The remaining 215 Mb of the

738 Mb C. roseus genome that is not present in this gen-

ome assembly is likely primarily composed of repetitive

sequences that are recalcitrant to the assembly process

using short-read sequences and therefore are absent or

substantially under-represented in all genome assemblies

generated with short-read sequences (Hirsch and Buell,

2013).

Co-expression of monoterpene indole alkaloid pathway

genes

A key feature of vinblastine/vincristine biosynthesis in

C. roseus is induction of biosynthesis in seedlings follow-

ing treatment with methyl jasmonate (MeJA). This increase

in alkaloid content is correlated with increased expression

of genes in the MIA biosynthetic pathway (Vazques-Flota

and De Luca, 1998; Gongora-Castillo et al., 2012). Analysis

of gene expression profiles from available C. roseus tran-

scriptomic data has already enabled successful identifica-

tion of new biosynthetic genes (Geu-Flores et al., 2012;

Asada et al., 2013; Besseau et al., 2013). However, all previ-

ous analyses utilized de novo transcriptome assemblies,

which do not provide full representation of the C. roseus

transcriptome. Re-analysis of previously reported tran-

scriptomic data (Gongora-Castillo et al., 2012) using the

newly sequenced draft genome has the potential to

improve not only the resolution but also the accuracy of

co-expression analyses, as the genome assembly provides

a near-complete representation of the C. roseus gene rep-

ertoire and allows resolution of paralogs and splice iso-

forms that are collapsed in the transcriptome assembly.

Using RNA-sequencing reads generated from a set of

developmental tissues and sterile seedlings treated with

MeJA (Gongora-Castillo et al., 2012), we identified 956

genes whose expression was increased in 5 day or 12 day

MeJA-treated seedlings compared with untreated sterile

seedlings (Table S4 and Dataset S1). This set included the

majority of the genes in the iridoid and alkaloid parts of

the MIA pathway (Figure 2). To more broadly examine co-

expression of MIA pathway genes, we performed hierarchi-

cal clustering with 15 681 genes using expression values

from five developmental tissues and sterile seedlings trea-

ted with MeJA. Co-expression of pathway genes was read-

ily apparent (Figure 3) with a large number of genes

involved in MEP, iridoid, and alkaloid biosynthesis occur-

ring in co-expression clusters with other genes in the path-

way). Remarkably, co-expression clusters roughly

correlating to distinct stages in the vinblastine/vincristine

pathway were evident with a co-expression cluster of
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genes from the upstream MEP pathway (Figure 3a), a

co-expression cluster of genes from the iridoid pathway

(Figure 3b), and a co-expression cluster of genes at the

terminus of the iridoid pathway and initiation of the alka-

loid portion of the pathway (Figure 3c). This level of tight

co-regulation of genes within the three major components

(a)

(b)

Figure 2. Branches of the monoterpene indole alkaloid (MIA) pathway in C. roseus for which biosynthetic genes have been identified.

Missing genes in the shown pathway branches are represented by dashed arrows.

(a) Green arrows represent methylerythritol phosphate (MEP)/upstream terpene biosynthesis genes; blue arrows represent iridoid biosynthesis genes; red

arrows represent downstream alkaloid biosynthesis genes; black arrows represent transcription factors known to regulate MIA biosynthesis.

(b) Chemical representation of the iridoid (blue) and downstream alkaloid (red) biosynthetic pathway.

DXS, 1-deoxy-D-xylulose 5-phosphate synthase 2; DXR, 1-deoxy-D-xylulose-5-phosphate reductoisomerase; CMS, 4-diphosphocytidyl-methylerythritol 2-phos-

phate synthase; CMK, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; MCS, 2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS, GCPE protein; HDR,

1-hydroxy-2-methyl-butenyl 4-diphosphate reductase; IPI, plastid isopentenyl pyrophosphate, dimethylallyl pyrophosphate isomerase; GPPS, geranyl pyrophos-

phate synthase; GES, plastid geraniol synthase; G8H, geraniol 8-hydroxylase; GOR, 8-hydroxygeraniol oxidoreductase; ISY, iridoid synthase; IO, iridoid oxidase

(CYP76A26); 7DLGT, UDP-glucose iridoid glucosyltransferase; 7DLH, 7-deoxyloganic acid 7-hydroxylase; LAMT, loganic acid methyltransferase; SLS, secologa-

nin synthase; TDC, tryptophan decarboxylase; STR, strictosidine synthase; SGD, strictosidine b-glucosidase; T16H1, tabersonine 16-hydroxylase 1 (CYP71D12);

T16H2, tabersonine 16-hydroxylase 2 (CYP71D351); 16OMT, 16-hydroxytabersonine O-methyltransferase; NMT, 16-hydroxy-2,3-dihydro-3-hydroxytabersonine N-

methyltransferase; D4H, desacetoxyvindoline-4-hydroxylase; DAT, deacetylvindoline 4-O-acetyltransferase; THAS, tetrahydroalstonine synthase; RO, reticuline

oxidase-like protein; T19H, tabersonine/lochnericine 19-hydroxylase (CYP71BJ1); MAT, minovincinine 19-hydroxy-O-acetyltransferase.
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(a)

(b)

(c)

Figure 3. Hierarchical clustering (log2 of FPKM) of expression of 15 681 C. roseus genes in primary stems, flowers, mature leaves, immature leaves, roots, ster-

ile seedlings, and sterile seedlings after 5 days’ and 12 days’ treatments with methyl jasmonate.

(a) Co-expression cluster containing genes from the upstream MEP pathway (MCS, CMS, HDS, CMK, DXR).

(b) Co-expression cluster containing genes from the iridoid pathway (GOR, GES, G10H, IO, ISY paralog, ISY).

(c) Co-expression cluster containing genes at the terminus of the iridoid pathway and initiation of the alkaloid portion of the pathway (SLS1, SLS2, SLS3, LAMT,

STR, TDC), two MATEs, and an ORCA paralog.

© 2015 The Authors
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of this pathway suggests coordinated regulation of biosyn-

thesis of precursors and intermediates throughout the

pathway.

Gene clusters in monoterpene indole alkaloid biosynthesis

While physical clustering of specialized metabolism path-

way genes is common in prokaryotes and fungi, the phe-

nomenon of non-homologous gene clustering on plant

chromosomes was first noted for 2,4-dihydroxy-1,4-benz-

oxazin-3-one (DIBOA) biosynthesis in maize in 1997 (Frey

et al., 1997). Subsequently, other biosynthetic gene

clusters encoding for plant specialized metabolism have

been reported, such as the thalinol (thale cress) (Field

and Osbourn, 2008), avenacin (oat) (Qi et al., 2004), nosca-

pine (opium poppy) (Winzer et al., 2012), monoterpenes

(tomato) (Matsuba et al., 2013), and steroidal glycoalkaloid

(potato and tomato) (Itkin et al., 2013) clusters. We used

the C. roseus assembly to assess whether any known MEP,

iridoid, or alkaloid biosynthetic genes are physically clus-

tered in the C. roseus genome (Figure 2a). Most strikingly,

TDC and STR were both located on a 30 kbp scaffold

(Figure 4a). TDC is a pyridoxal dependent aromatic acid

decarboxylase that generates tryptamine from tryptophan.

In contrast, STR is a ‘Pictet-Spenglerase’ that condenses

tryptamine with the iridoid secologanin to form strictosi-

dine, the central biosynthetic intermediate for all known

MIAs (Figure 2b). While the scaffold containing T16H1 and

its paralog, T16H2, did not contain any other genes,

sequence from a bacterial artificial chromosome (BAC)

physically linked two scaffolds that not only contain the

P450-encoding genes T16H1 and T16H2, but also 16OMT,

the O-methyltransferase that methylates the hydroxyl

group installed by T16H1 or T16H2 (Figure 4c).

Prospects for biosynthetic gene discovery

Despite decades of effort, the complete MIA pathway has

not been fully elucidated in any plant species. After observ-

ing physical clustering of the known MIA genes TDC/STR

and T16H1/T16H2/16OMT, we systematically mined the

genome sequence flanking each known MEP, iridoid, and

alkaloid biosynthetic gene to identify genes that may

encode undiscovered MIA biosynthetic genes. Flanking the

validated TDC and STR cluster was a gene encoding a

multi-antimicrobial extrusion protein (MATE, 006097; Fig-

ure 4a and Table S3), a class of transporter implicated in

transport of natural product biosynthetic intermediates

(a) (b) (c)

(d) (e)

(f) (g)

Figure 4. Physical clustering of known MIA pathway genes.

Potential uncharacterized genes in MIA biosynthesis (shown as white arrows) that cluster with known MIA pathway and regulatory genes (shown as filled

arrows). Examples of gene duplication are also shown.

(a) WGS scaffold 3045674 (29 490 bp) containing TDC, STR and an uncharacterized MATE (blue box).

(b) BAC_SGD contigs c2 and c11 containing SGD and an uncharacterized P450 (red box).

(c) BAC_T16H contigs c3 and c1 containing T16H1, T16H2, and 16OMT (orange box).

(d) WGS scaffold 3063455 (76 903 bp) containing SLS paralog (SLS_4), THAS and uncharacterized RO (green box).

(e) WGS scaffold 2964965 (34 685 bp) containing T19H and an uncharacterized P450 (purple box).

(f) WGS scaffold 3047130 (46 594 bp) containing ISY, ISY paralog and uncharacterized cytochrome b5 (grey box).

(g) WGS scaffold 3061731 (40 593 bp) containing transcription factor ORCA3 plus two similar uncharacterized transcription factors (maroon box).

© 2015 The Authors
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(Debeaujon et al., 2001; Morita et al., 2009). While many

bacterial and fungal biosynthetic gene clusters contain

transporters, the presence of a transporter gene encoded

in a plant biosynthetic cluster is rare (Krattinger et al.,

2009). This transporter is also tightly co-expressed with

STR and TDC (Figure 3c). In total, 61 predicted proteins in

the C. roseus genome encode a MATE domain (Pfam ID

PF01554). Notably, a substantial fraction of these, 15 of 61

MATE domain containing proteins, are up-regulated in

response to MeJA (Table S4), suggesting that this trans-

porter class is important in C. roseus specialized metabo-

lism. We hypothesize that this MATE is involved in

transport of an alkaloid intermediate or product. However,

extensive functional characterization of this transporter will

be required to support this hypothesis.

For the iridoid pathway gene SLS, four very close para-

logs were annotated in the genome (Table S3). Physically

clustered next to one of those paralogs (SLS_4) is an alco-

hol dehydrogenase (tetrahydroalstonine synthase, THAS,

024553) and a reticuline oxidase-like protein (RO, 024552)

(Figure 4d and Table S3). Recent work has confirmed that

the alcohol dehydrogenase THAS is responsible for the

conversion of strictosidine aglycone (Figure 2) to the MIA

tetrahydroalstonine, a monomeric MIA of the heteroyohim-

bine structural class (Stavrinides et al., 2015). This is a cru-

cial example of a gene that acts at the critical branch point

of SGD, where the chemical diversity of the different clas-

ses of MIAs emerges. The best-characterized homolog of

RO is the berberine bridge enzyme (Eschscholtzia californi-

ca (Dittrich and Kutchan, 1991), which catalyzes carbon-car-

bon bond formation in an alkaloid pathway unrelated to

MIA biosynthesis. We speculate, based on the chemical

similarity of the respective biochemical reactions, that RO

could be involved in oxidizing tetrahydroalstonine to form

alstonine, or oxidizing raubasine to serpentine (Figures 1

and S3). We conclude that at least one gene encoding

heteroyohimbine biosynthesis is physically clustered with

one of the distinct paralogs of SLS, which controls seco-

loganin biosynthesis, a biosynthetic step two steps

upstream (Figures 2 and 4d), clearly linking the iridoid and

alkaloid portions of the pathway.

Additional uncharacterized genes that may encode

enzymes involved in specialized metabolism were

observed. For example, a P450-domain encoding gene

(021081) is proximal to T19H and a cytochrome b5 (025459)

flanks ISY (Figure 4e,f). This cytochrome b5 does not

appear to have an obvious pathway role, although cyto-

chrome b5 enzymes are known to enhance the activity of

P450 enzymes (Im and Waskell, 2011). While nothing could

be inferred about the genomic context of SGD from the

whole-genome assembly, a BAC containing SGD also con-

tained a cytochrome P450 (011779) (Figure 4b). Improve-

ment of the C. roseus genome with additional scaffolding

information, which would extend the length of contiguous

sequences, may reveal additional gene clusters and pro-

vide leads to the discovery of hitherto elusive pathway

enzymes that catalyze new biochemical reactions.

Gene duplication and sub-/neo-functionalization of

monoterpene indole alkaloid biosynthetic paralogous

genes

Nearly all plant genomes sequenced to date have under-

gone whole-genome, segmental, and/or tandem duplica-

tions resulting in paralogous gene families in which genes

can undergo sub-functionalization, neo-functionalization,

or pseudogenization as evidenced by lineage-specific evo-

lution of plant specialized metabolic genes (Rensing et al.,

2008; Chae et al., 2014). To examine the evolution of MIA

biosynthetic pathway genes in C. roseus, we explored the

genomic context, gene structure, and phylogenetic rela-

tionships of select MIA biosynthetic pathway genes (Table

S3). We first noted the presence of multiple paralogs of

several MIA genes with a subset likely derived from tan-

dem duplication events, consistent with the observation in

several angiosperms that specialized metabolic genes were

more significantly enriched in local (tandem) duplication

events as compared with whole-genome duplication

events (Chae et al., 2014). Two T16H paralogs [88% nucleo-

tide (nt) identity] were tandemly duplicated (5500 bp) on a

single 32 kbp scaffold. Recent work has demonstrated that

these T16H paralogs are functionally distinct. While T16H2

is predominantly responsible for alkaloid biosynthesis in

leaves (Besseau et al., 2013), the differential expression

profiles of T16H1 and T16H2 in various tissues suggests

that this duplication represents expression sub-functional-

ization as the biochemical activity of the duplicated genes

remains identical (Besseau et al., 2013). The gene 7DLGT

(Asada et al., 2013) is found within a family of similar glu-

cosyltransferases (Table S3), although there is no evidence

to suggest that these paralogs are involved in alkaloid bio-

synthesis. ISY (Geu-Flores et al., 2012) is located in close

proximity to a close paralog (025461), representing another

gene duplication (Figure 4f). While the ISY paralog exhibits

identical biochemical activity to ISY in vitro, in planta

silencing by VIGS suggests it may not be physiologically

involved in iridoid biosynthesis (Munkert et al., 2014).

Four near-identical SLS genes (94–98% nt sequence

identity; Table S3) were identified on four separate scaf-

folds. All four paralogs are expressed in leaf tissue (Dataset

S1). Despite several existing NCBI (National Center for Bio-

technology Information) entries that report identical or

near-identical sequences to those four SLS paralogs, only

SLS_2 (L10081.1 99.7% nt identity with SLS_2) has been

demonstrated as a functional secologanin synthase (Irmler

et al., 2000). These isoforms cannot be distinguished using

short-read derived transcriptome data alone, which high-

lights how a draft reference genome can greatly improve

existing expression profile datasets.

© 2015 The Authors
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Strictosidine synthase (STR) has been previously shown

to be involved in MIA biosynthesis (McKnight et al., 1990)

by catalyzing a Pictet-Spengler condensation between trypt-

amine and secologanin (Figure 2b) (O’Connor and Maresh,

2006). Twelve STR-domain (PF03088) containing genes were

identified in the predicted C. roseus proteome. Phylogenetic

analyses show that six STR family genes clustered with the

previously characterized STR from the MIA pathway

(006099; Figure S4). Similar to a number of MIA genes (Gon-

gora-Castillo et al., 2012), five of the STR-domain containing

genes that clustered with 006099 were up-regulated in

response to MeJA treatment (Figure S4 and Table S4), with

only a single STR-domain containing gene (007860) in this

cluster not up-regulated by MeJA treatment. Interestingly,

007860 is not expressed in any developmental tissue or

MeJA treatment examined suggesting that this gene does

not function in MIA biosynthesis. Five additional STR-

domain containing genes more diverged from 006099 were

not altered in gene expression following MeJA treatment.

These paralogs of STR are not likely to catalyze the conden-

sation of tryptamine and secologanin, since they lack the

crucial catalytic residues found in the characterized STR

enzyme. STR-like genes are found in many plants that do

not produce alkaloids; for example, A. thaliana has more

than 10 proteins with amino acid identity of >27% to C. ro-

seus STR. While the functions of these STR-like proteins

remain unclear, at least one STR homolog (Vitis vinifera) has

been shown to exhibit hydrolase activity (Hicks et al., 2011).

Transcription factors and transcriptional regulatory

networks

Previous studies reported ORCA2 (Menke et al., 1999) and

ORCA3 (van der Fits and Memelink, 2000) are transcription

factors (TFs) whose expression is induced by MeJA treat-

ment and may regulate MIA biosynthesis. These two TFs

were annotated in the genome assembly and, consistent

with previous reports (Menke et al., 1999; van der Fits and

Memelink, 2000), both were up-regulated in response to

MeJA treatment (Tables S3 and S4). Further analyses iden-

tified two additional putative TFs (030272 and 030274),

adjacent to ORCA3, suggestive of tandem duplication

events (Figures 4g and S5), both of which encode AP-2

domain DNA-binding proteins (PF00847). Similar to ORCA2

and ORCA3, expression of these two TFs was induced by

MeJA treatment (Table S4). In particular, putative AP2 TF1

(030272) was co-expressed with TDC, STR, LAMT, and

SLS1/2/3 (Figure 3c), suggesting that this TF may be

involved in the production of MIA in C. roseus. Notably,

these putative TFs (030272 and 030274) and ORCA3

(030273) are physically clustered on the same scaffold, yet

030272 and 030273 (ORCA3) have correlated expression

profiles highly similar to MIA biosynthetic genes, while

030274 differs in expression patterns, suggesting expres-

sion-based neo-functionalization (Figure S5).

With access to our genome-based expression profiles

and genome localization data, we constructed a transcrip-

tional regulatory network for ORCA2 and then data-mined

this for new, putative genes that may be involved in the

MIA pathway using functional annotations and physical

clustering within the genome. Using mutual rank analysis,

which has been extremely productive in identifying

co-expressed genes in the MIA pathway (Giddings et al.,

2011; Geu-Flores et al., 2012), we generated a transcrip-

tional regulatory network for ORCA2 (Figure 5 and Table

S5). Within the ORCA2 network, we observed significant

enrichment for genes encoding known MIA biosynthetic

pathway components (six genes, P-value = 1.26e-07), as

well as P450s (six genes, P-value = 0.0041), ABC transport-

ers (three genes, P-value = 0.0365), MATE transporters

(five genes, P-value = 4.96e-05), which are excellent candi-

dates for undiscovered biosynthetic genes. We also noted

that genes annotated as oxygenases, dehydrogenases/

reductases, acyl transferases and glycosyltransferases,

which also encode protein families that are excellent candi-

dates for undiscovered secondary metabolic enzymes,

were present in the network. Notably, two of the potential

candidate genes, a MATE and an UDP-glucosyl transferase,

were physically co-localized on the same scaffold as a vali-

dated MIA gene (P-value = 0.0426; Figure 5 and Table S5).

Within the ORCA2 network we found four TFs and we

generated transcriptional networks for these as well (Fig-

ure 5). As with ORCA2, we observed substantial enrich-

ment of genes encoding for MIA biosynthesis, P450s, ABC

transporters, MATE transporters, TFs, as well as genes

physically co-localized on the same scaffold as known MIA

genes (Figure 5b). Overall, seven MIA pathway genes, 27

P450s, 14 MATEs, 15 ABC transporters, and 25 transcrip-

tion factors were tightly co-expressed with ORCA2 or the

four TFs (13335, 18593, 22277, or 28120), suggesting a

robust level of secondary metabolite and transcriptional

regulation is controlled by ORCA2. Notably, we identified

10 genes from these networks that have not been previ-

ously associated with MIA biosynthesis that are located on

the same scaffold as a gene involved in MIA biosynthesis

(Table S3). Functional characterization of these genes will

provide a framework to rigorously test the link between co-

regulation and genomic position.

DISCUSSION

The selective pressures that shape the organization of spe-

cialized metabolic biosynthetic genes remain elusive. It has

been proposed that clustering of biosynthetic genes within

the genome may have evolved to prevent the buildup of

toxic intermediates (Field and Osbourn, 2008; Takos and

Rook, 2012). However, while the genes encoding STR and

TDC are physically clustered in the genome, the substrates

of these enzymes – tryptophan, tryptamine, and secologa-

nin – are not particularly toxic or unstable (McCoy and

© 2015 The Authors
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O’Connor, 2006; Galan et al., 2007). Similarly, the interme-

diates associated with T16H1/T16H2/16OMT are also stable.

Physical clustering is also cited as a mechanism to ensure

co-regulation, which is observed with TDC/STR/MATE clus-

ter. However, not every cluster exhibits co-regulation. For

example, the RO-like protein exhibits a different expression

profile compared to its pathway neighbors THAS and SLS

(Figure 2 and Dataset S1). It is possible that clusters of

genes represent different stages of pathway evolution. For

example, both TDC and STR are required for the MIA path-

way to transition from synthesis of iridoids to synthesis of

alkaloids (Figure 2) and the clustering of TDC and STR may

reflect a distinct stage of evolution in which these alkaloids

emerged from the iridoid monoterpenes. Furthermore,

gene duplication either through whole-genome, segmen-

tal, or tandem (local) duplication provides a mechanism

for sub- or neo-functionalization that may involve differen-

tial expression of the paralogs. Our survey of genes within

the MIA biosynthetic pathway revealed a genome abun-

dant with gene duplication events that have led to

expression sub-functionalization and neo-functionalization

of paralogous genes involved in MIA biosynthesis. Access

to additional genomes from species within the Apocyna-

ceae and/or related families should shed light on the evolu-

tion of MIA biosynthetic pathway genes including physical

clustering.

Genome sequencing is not the only approach by which

clustered pathways can be discovered. The recent elegant

elucidation of the noscapine pathway used an F2 mapping

population to show that the biosynthetic pathway enzymes

are tightly linked (Winzer et al., 2012). While this is a pow-

erful approach, mapping requires at least two cultivars

with qualitatively different levels of specialized metabo-

lites, which are not available for every plant species, or for

every specialized metabolite of interest. For example, most

C. roseus cultivars produce a relatively similar profile of

MIAs (Magnotta et al., 2006).

This study highlights how an inexpensive draft genome –
at a cost accessible to an individual research group – that

provides a comprehensive representation of the genic

regions of a genome can be used to investigate a complex

specialized metabolic pathway. While additional scaffolding

(a)

(b)

Figure 5. Transcriptional regulatory networks gov-

erned by ORCA2.

(a) ORCA2 co-expression network. A co-expression

network for ORCA2 is shown with the top 200

genes co-expressed with ORCA2. Genes of interest

are represented as circles colour-coded for each

category: transcription factor (yellow), MIA-associ-

ated gene listed in Figure 2 (orange), P450 gene

(dark green), MATE transporter (light green) and

ABC transporter (blue). If a gene within one of these

functional categories is also physically co-located

with a validated MIA-associated gene (Table S3), it

is depicted as a square. The black square represents

an UDP-glucosyl transferase that is physically co-

located with a validated MIA gene listed in Table

S3.

(b) Additional transcriptional networks governed by

ORCA2. Genes co-expressed by OCRA2 are shown

at the top of the cascade using the same color- and

shape-coding as in Figure 5(a) to represent function

and physical co-localization, respectively. Four tran-

scription factors tightly co-expressed with ORCA2

are shown as yellow circles (13335, 18593, 22277)

and a yellow square (28120) with the genes tightly

co-expressed with these transcription factors

shown at the bottom using colour- and shape-cod-

ing for function and physical location.

© 2015 The Authors
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will likely provide additional insights into C. roseusmetabo-

lism, this draft genome sequence nevertheless can facili-

tate identification of additional biosynthetic steps in the

MIA pathway, provide an improved understanding of the

cellular and subcellular localization of MIA compounds, and

enable further dissection of the transcriptional regulatory

mechanisms of the MIA pathway. The capacity to rapidly

and inexpensively generate quality genome sequence data

provides an important addition to the growing set of

approaches that can be used to unravel plant specialized

metabolism.

The genome mining strategies that have revolutionized

the field of microbial natural products may never be com-

pletely applicable to plant metabolism, given that plant

pathways are both incompletely and unpredictably clus-

tered. Nevertheless, the prospect of obtaining draft quality

plant genomes at a reasonable cost will further accelerate

the speed at which we can unravel pathways for complex

molecules such as vincristine and vinblastine.

EXPERIMENTAL PROCEDURES

Plant material, genome sequencing, assembly, and

assessment

Genomic DNA was isolated from purified nuclei of young leaves
of 3-month-old plants of C. roseus ‘SunStormTM Apricot’ grown in
a growth chamber at 25°C with 12 h light/12 h dark as previously
described (Brenchley et al., 2012). A single TruSeq genomic DNA
library was constructed (398-bp fragment size) and sequenced on
an Illumina HiSeq at The Genome Analysis Centre (Norwich, UK,
http://www.tgac.ac.uk/main-icons/platforms/sequencing-platforms/)
generating 374 771 760 101 nucleotide paired-end reads. Reads
were assembled using ABYSS (Simpson et al., 2009) using a k-mer
size of 71. In total, the assembly consists of 79 302 scaffolds
>200 bp representing 522 653 749 bp with an N50 scaffold size of
26 249 bp. The quality of the assembly was assessed by align-
ment of 20 181 C. roseus ESTs using GMAP (2014-05-30 v2) and by
the identification of 248 conserved eukaryotic genes using CEGMA

v2.4 (Parra et al., 2007).

To assess the quality and representation of the C. roseus gen-
ome in the assembly, individual Illumina reads were adapter
trimmed and quality filtered with CUTADAPT (v.1.2.1, https://code.
google.com/p/cutadapt/) (Martin, 2011) using a minimum quality
value of 10 and a minimum trimmed read length of 30 bp. The
cleaned reads were aligned to the assembly (min 200 bp scaf-
folds) using BWA-MEM (http://arxiv.org/abs/1303.3997v2; v.0.7.8) in
single-end mode using the –M option. Duplicate reads were
marked in the BAM output using PICARD MARKDUPLICATES (http://broa-
dinstitute.github.io/picard/; v.1.106). Alignments surrounding
putative indels were refined using the IndelRealigner tool from the
GATK package (v3.3.0) (DePristo et al., 2011). Single nucleotide
polymorphisms (SNPs) were called using the GATK HAPLOTYPECALLER

using a confidence threshold of 30 or calling and emitting variants
(-stand_call_conf 30, -stand_emit_conf 30) and a minimum read
mapping score of 20 (-mmq 20). Insertion/deletion calls were fil-
tered from the VCF file using VCFTOOLS (v0.1.12b) (Danecek et al.,
2011). The remaining SNPs were hard filtered for quality and max-
imum and minimum depth using VCFTOOLS vcf-annotate (D = 100/
Q = 30/q = 10/d = 5/r) and homozygous SNPs representing

sequencing and assembly errors were identified using a custom
Perl script.

To determine the heterozygosity rate, the C. roseus Illumina
genomic DNA reads were aligned to the genome assembly using
BWA-MEM (v.0.7.8) and duplicate read alignments were marked
using PICARD MARKDUPLICATES (v.1.86). Alignments around insertions/
deletions were refined using the GATK INDELREALIGNER (v.2.8.1) and
SNPs were called using SAMTOOLS MPILEUP (Li et al., 2009) and
converted into VCF format using VCFTOOLS (v.0.1.19). SNPs were
filtered using VCFTOOLS VCF-ANNOTATE (v.0.1.11) using a hard filter
for quality and maximum and minimum depth (D = 100/Q = 20/
q = 10/d = 5/r).

Genome annotation

Genome annotation was performed using the MAKER annotation
pipeline (release 1103) (Holt and Yandell, 2011; Campbell et al.,
2014). The C. roseus genome was masked by REPEATMASKER using
the RepBase repeat library (www.repeatmasker.org) (Jurka et al.,
2005). An initial HMM for the ab initio gene prediction program,
SNAP (Korf, 2004), was trained using MAKER-generated align-
ments of C. roseus Sanger-derived ESTs downloaded from Gen-
Bank and C. roseus transcript assemblies (Gongora-Castillo
et al., 2012) to the masked C. roseus genome sequence. MAKER

gene predictions were generated using the initial SNAP HMM
with UniProt SwissProt plant protein alignments and C. roseus
EST and transcript alignments as evidence. A subset of the first
high-confidence SNAP gene predictions was used to train a sec-
ond SNAP HMM. MAKER was then run with the second SNAP
HMM using the same protein and transcript alignments as evi-
dence. A subset of high-confidence predictions from the second
SNAP HMM was used to train Augustus (Stanke and Waack,
2003). A final MAKER run was performed using C. roseus EST and
transcript assembly alignments, UniProt SwissProt plant protein
alignments, and A. thaliana TAIR10 protein alignments as evi-
dence. SNAP and Augustus were used for gene predictions
using the C. roseus trained HMMs, and FGENESH was also used
for gene predictions using the tomato gene matrix (Salamov
and Solovyev, 2000). For the final MAKER run, the single exon
EST alignments >250 nucleotides were allowed as evidence.
Additionally, MAKER was set to limit the use of single exon ESTs
when generating final gene models, and MAKER was allowed to
output unsupported (ab initio) gene models. The hmmscan tool
within the HMMER3 package (Eddy, 2011) was used to identify
MAKER-predicted genes containing Pfam protein domains (Finn
et al., 2014). Using only scaffolds >1000 bp, a final set of high-
confidence gene predictions were identified from those genes
that were supported by transcript or protein evidence and/or
containing a Pfam domain. Functional annotation was deter-
mined in a hierarchical manner using evidence from alignment
to the TAIR10 A. thaliana proteome, followed by Pfam domain
composition, and finally alignment to annotated SwissProt plant
proteins. Functional descriptions for all MIA pathway genes (SI,
Table S3) were transitively annotated using cloned GenBank
entries from C. roseus.

Bacterial artificial chromosome library construction,

screening, and sequencing

A BAC library was constructed from ‘SunStormTM Apricot’ using
the pINDIGOBAC-5 vector in E. coli strain DH10B by Bio S&T
(www.bios&t.com). The library was pooled in a 96-well plate with
each well containing approximately 500 independent primary
clones. The library was confirmed to have 109 coverage and an
average insert size of 155 kb. For screening, genomic sequence
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specific primers for SGD and T16H2 were designed (Table S6) and
BAC pools were screened by Bio S&T. Positive BACs were finger-
printed and BAC DNA was used to construct a single TruSeq DNA
library that was sequenced on a MiSeq (150-nt or 250-nt paired-
end reads). BAC assemblies were performed using MIRA, version
4.0rc4 (http://sourceforge.net/projects/mira-assembler). The first
50 000 read pairs of each dataset were used for further process-
ing. Each read was aligned to the vector sequence (EU140754.1)
and the genome sequence of E. coli strand K12, substrand DH10B
(CP000948.1). Only reads with a BLASTN hit (Zhang et al., 2000) with
an e-value less than 1E-10 to the vector within 1 Kb distance to
the restriction site and reads without any hit to E. coli or vector
were used in the assembly. Remaining vector parts were clipped
from the assembled contigs.

Expression abundances and differentially expressed genes.
Expression abundance in developmental tissues and MeJA-trea-
ted seedlings was determined using RNA-seq data from a
previous study (Gongora-Castillo et al., 2012). Reads (National
Center for Biotechnology Information (NCBI) Sequence Read
Archive (SRA) accessions SRR122239, SRR122243, SRR122244,
SRR122245, SRR122251, SRR122252, SRR122253, and SRR122254)
were assessed for quality using FASTQC (v 0.10.0) (http://www.bio
informatics.babraham.ac.uk/projects/fastqc/) and cleaned of adap-
tors and low quality sequences using CUTADAPT version (v.1.4.1)
(Martin, 2011) allowing a minimum quality score of 20 and a mini-
mum read length of 30 nt. Reads were aligned to the C. roseus
genome using BOWTIE (v.0.12.7) (Langmead et al., 2009) and TOPHAT

version (v.1.4.1) (Trapnell et al., 2009) with a minimum and maxi-
mum intron size of 5 and 19 000 bp, respectively. The segment
length was set to 15 bp and all other defaults were maintained.
Expression quantification in fragments per kilobase exon model
per million mapped reads (FPKM) was performed using CUFFLINKS

(v.1.3.0) (Trapnell et al., 2010). Hierarchical clustering was per-
formed on 15 681 genes which had an FPKM value >0 in 5 day
MeJA-treated seedlings and an FPKM value >1 in mature leaves
using the MEV: MULTIEXPERIMENT VIEWER software (http://www.tm4.org/).

Differentially expressed genes following treatment of sterile
seedlings (SRR122243) with MeJA (SRR122244, SRR122245) were
determined using TOPHAT output BAM files with EDGER (Robinson
et al., 2010). MeJA differentially expressed genes were defined
based on two criteria: (1) log2 fold change compared with control
sterile seedling >1; and (2) P-value <0.05 for either 5 day or 12 day
MeJA treatment using a coefficient variance of 0.4.

Identification of known MIA genes in the Catharanthus

roseus genome

Transcript and peptide sequences for 30 previously published MIA
pathway genes and two TFs were collected from NCBI. C. roseus
annotations corresponding to each MIA pathway or TF gene were
identified by sequence alignment using GMAP (release 2014-05-30)
(Wu and Watanabe, 2005) and BLAST (Altschul et al., 1990) analy-
ses, followed by manual inspection (Table S3).

Identification of orthologs and paralogs

For phylogenetic analyses of known MIA genes, ORTHOMCL (v.1.; Li
et al. 2003), analysis was performed with default parameters using
predicted C. roseus proteins along with the predicted proteomes
of just Amborella trichopoda (v.1, http://www.amborella.org), Ara-
bidopsis thaliana (v.10, https://www.arabidopsis.org), grapevine
(v.1, http://www.phytozome.net/grape.php), and tomato (v.2.4,
http://www.phytozome.net/tomato.php). Phylogenetic trees (Fig-
ures S4 and S5) were generated using MEGA6 (Tamura et al., 2013)
with the default parameters using a MUSCLE alignment with UPGMB

methods, neighbor-joining methods with Poisson model and pair-
wise deletion, and bootstrap n = 1000.

Analysis of transcriptional regulatory networks

Mutual rank analysis was performed to identify genes co-
expressed with ORCA2 using the filtered FPKM matrix that only
includes genes that have FPKM ≥5 at least under at least one tis-
sue type or treatment. The top 200 ranked genes were selected for
data-mining. Six categories of genes including MIA pathway
genes, P450s, TFs, ABC-, MATE transporters, and genes physically
co-localized with previously characterized MIA genes were defined
based on functional annotation and physical location of each
gene. Genes containing PFAM domains PF01554 were classified
as MATE transporters and genes containing PF00005 or PF00664
as ABC transporters, respectively. With the top 200 ranked genes
identified from ORCA2 analysis, the co-expression network was
visualized using CYTOSCAPE (v.3.2.0) (Shannon et al., 2003).

Accession numbers and data access

Raw genome reads are available in the NCBI SRA under BioProject
number PRJNA252611. The assembled genome (C. roseus Sun-
StormTM Apricot v.1.0) has been deposited in the NCBI Whole-Gen-
ome Shotgun Sequence database under the accession
JQHZ00000000. The version described in this paper is version
JQHZ01000000. BACs containing the T16H1, T16H2, and 16OMT
cluster and SGD have been deposited in NCBI WGS under acces-
sion numbers ERP006960 and PRJEB7256, respectively. Accession
numbers for cloned genes described in this study are listed in
Table S3. FASTA files of the annotated genes, transcripts, and
peptides, scaffolds (≥200 and ≥1000 bp), and the annotation in
GFF3 format are available for download from the Dryad Digital
Repository (http://dx.doi.org/10.5061/dryad.hs593). A searchable
genome browser, functional annotation tool, and BLAST database
for the C. roseus SunStormTM Apricot v1.0 annotated genome is
available at The Medicinal Plant Genomics Resource (http://medic-
inalplantgenomics.msu.edu/).
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Figure S1. Kmer spectra divided by copy number on the assem-
blies.

Figure S2. Total and distinct 31-mers for different cutoffs on the
assembled sequences.

Figure S3. Proposed reaction of RO is oxidation of a tetrahydro-
b-carboline to a b-carboline.

Figure S4. Expansion of the strictosidine synthase domain encod-
ing gene family in Catharanthus roseus.

Figure S5. Duplication of AP2 class transcription factors in Catha-
ranthus roseus.

Table S1. Assembly and annotation metrics for the Catharanthus
roseus genome.

Table S2. Gene model annotation metrics.

Table S3. Catharanthus roseus genes involved in the biosynthesis
and regulation of monoterpene indole alkaloids and their paralogs
described in this study.

Table S4. Genes differentially expressed in Catharanthus roseus
sterile seedlings after 5 or 12 days treatment with methyl jasmo-
nate.

Table S5. Mutual rank analysis of the ORCA2 transcriptional cas-
cade.

Table S6. Primer sequences used for screening the Catharanthus
roseus BAC library.

Dataset S1. Scaffold location, gene annotation, and expression
abundances of annotated Catharanthus roseus genes in a develop-
mental tissue series and in seedlings treatedwithmethyl jasmonate.
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