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Abstract The ripe fruit of Momordica cochinchinensis

Spreng, known as gac, is featured by very high carotenoid

content. Although this plant might be a good resource for

carotenoid metabolic engineering, so far, the genes

involved in the carotenoid metabolic pathways in gac were

unidentified due to lack of genomic information in the

public database. In order to expedite the process of gene

discovery, we have undertaken Illumina deep sequencing

of mRNA prepared from aril of gac fruit. From 51,446,670

high-quality reads, we obtained 81,404 assembled unigenes

with average length of 388 base pairs. At the protein level,

gac aril transcripts showed about 81.5 % similarity with

cucumber proteomes. In addition 17,104 unigenes have

been assigned to specific metabolic pathways in Kyoto

Encyclopedia of Genes and Genomes, and all of known

enzymes involved in terpenoid backbones biosynthetic and

carotenoid biosynthetic pathways were also identified in

our library. To analyze the relationship between putative

carotenoid biosynthesis genes and alteration of carotenoid

content during fruit ripening, digital gene expression

analysis was performed on three different ripening stages

of aril. This study has revealed putative phytoene synthase,

15-cis-phytone desaturase, zeta-carotene desaturase,

carotenoid isomerase and lycopene epsilon cyclase might

be key factors for controlling carotenoid contents during

aril ripening. Taken together, this study has also made

availability of a large gene database. This unique infor-

mation for gac gene discovery would be helpful to facilitate

functional studies for improving carotenoid quantities.
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Introduction

Plants produce a wide variety of secondary metabolites

which are non-essential to plant growth and development,

but they play a very important role in various aspects such

as the resistance against pests and diseases, the attraction of

pollinators and the interaction with symbiotic microor-

ganisms (Dixon 2001; Harborne 2001; Zhang et al. 2005).

Because of the valuable nutritional and pharmacological

properties of secondary metabolites in human beings, these

plant secondary metabolites have been given great impor-

tance recently. Since secondary metabolites are usually

produced only at low concentration in plants, the alterna-

tive of more efficient metabolic pathways by genetic

modification has been suggested as a tool for improving

their biosynthetic capacity (Zhang et al. 2005). Advances

in our understanding about the secondary metabolite bio-

synthetic genes combined with high resolution DNA

sequences data have created great opportunities to achieve

detailed metabolite profiles.
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Carotenoids, isoprenoid pigments, are secondary

metabolites that not only play a significant role in pro-

tecting the photosynthetic apparatus from photo-oxidation

(Frank and Cogdell 1996), but they also have fundamental

roles in human nutrition as metabolic precursors and anti-

oxidants (Fraser and Bramley 2004). Their consumption is

associated with many health benefits like the prevention of

cancer (Giovannucci 2002), the maintenance of the

immune system (Chew and Park 2004) and the protection

from a wide range of diseases (Fraser and Bramley 2004;

Giuliano et al. 2008). Although fruits and vegetables are

good sources of carotenoids, cereal grains are deprived of

carotenoid leading to deficiency diseases in the developing

countries where cereals are the staple diet (Giuliano et al.

2008). For these reasons, during last decades, many met-

abolic engineering efforts have been undertaken in modi-

fying cereal crops to improve the carotenoid contents

(Giuliano et al. 2008; Zhu et al. 2008). Carotenoid bio-

synthetic pathway and gene regulation have been studied in

various plant species, such as Arabidopsis thaliana (Park

et al. 2002), Solanum lycopersicum (Isaacson et al. 2002;

Ronen et al. 1999), Capsicum annuum (Romer et al. 1993),

Nicotiana tabaccum (Busch et al. 2002), Prunus armeniaca

(Marty et al. 2005), Crocus sativus (Castillo et al. 2005),

Daucus carota (Clotault et al. 2008) and Tagetes erecta

(Del Villar-Martinez et al. 2005; Moehs et al. 2001).

Momordica cochinchinensis Spreng, commonly known

as gac, belongs to the family Cucurbitaceae. This fruit is

indigenous to Southeast Asia and grown in Vietnam,

Thailand, Laos, Cambodia, China, India and other tropical

areas (Nantachit and Tuchinda 2009). Gac is a bright-red

fruit that grows as large as a cantaloupe and covered with

short spines, and has been used as a food and traditional

herbal medicine in East and South Asia from many decades

(Iwamoto et al. 1985). The seeds and seed membranes of

gac have been employed for a variety of internal and

external purposes by human beings (Ishida et al. 2004).

Gac is esteemed as ‘‘the fruit from heaven’’ (Burke et al.

2005) because of high concentration of carotenoids, espe-

cially beta-carotene and lycopene (Ishida et al. 2004; Vu-

ong et al. 2002). Phytochemical analysis of gac aril has

shown that its lycopene concentration is much higher than

that found in field grown tomatoes and tomato products,

which are the major source of lycopene in Western coun-

tries (Aoki et al. 2002; Ishida et al. 2004; Kubola and

Siriamornpun 2011; Markovic et al. 2006; Vuong et al.

2002). This finding suggests that gac might contain the

gene resources for improving lycopene and beta-carotene

content using biotechnological applications and metabolic

engineering, although genomic information is very limited

for gac in the public database.

Since the application of next-generation sequencing

(NGS) has proven to be an effective method to analyze

functional gene variation in non-model plants (Angeloni

et al. 2011; Garg et al. 2011; Sun et al. 2010; Wenping

et al. 2011), a combination of de novo assembly of tran-

scriptome using short-read sequencing data and digital

gene expression (DGE) analyses has been introduced as a

powerful method for indentifying candidate genes encod-

ing biosynthetic enzymes of secondary metabolites in a

non-model plants (Tang et al. 2011; Yang et al. 2011).

Thus, we employed the RNA-Seq method using the Illu-

mina HiSeqTM 2000 to generate large amount of sequenced

transcriptome of gac aril. We have generated 51,466,670

sequence reads that were assembled into 81,404 unigenes.

Comprehensive analysis indicated that most of the known

genes encoding enzymes involved in the biosynthesis of

terpenoid C5-backbone (C5-unit isopentenyl diphosphate,

IPP) and carotenoid, existed in the transcriptome library of

gac aril. To further validate the findings, expression anal-

ysis of each gene in different ripening stages of aril was

carried out using DGE analysis. The transcriptome

sequences along with DGE profile provide the first report

of discovering functional genes in the gac aril transcrip-

tome. In future, this study would be of great importance by

providing the gene resources for improving carotenoid

content in other plants.

Materials and methods

Sample collection and preparation

The fully expanded unripe fruit collected from the plan-

tation in Hochiminh City, Vietnam was used for deep

RNA sequencing. For transcriptome sequencing, the arils

from 45 days after flowering (DAF) M. cochinchinensis

Spreng were used, whereas the arils from 35 DAF, 45

DAF and 55 DAF from fruit (see Table 1) were collected

for DGE analysis. The arils from each sample were

immediately frozen in liquid nitrogen until further pro-

cessing. For measurement of carotenoids, the arils from

each sample were then cut into small pieces (50 mg) and

were stored in 1.5 ml of ethanol containing 0.1 %

ascorbic acid (w/v).

Table 1 Description of fruit sample growth stages used in this study

Sample Description

Stage 1 Fruit age between 30 and 40 DAF, green peel,

white pulp and orange aril

Stage 2 Fruit age between 41 and 50 DAF, green peel,

white pulp and red aril

Stage 3 Fruit age between 51 and 60 DAF, green peel,

light orange pulp and red aril
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RNA isolation and Illumina sequencing

Total RNA was isolated using RNEasy Plant Mini kit

(Qiagen, USA). To avoid genomic DNA contamination

RNA was treated with RNase-free DNase I (Promega,

USA). Total RNA content, purity and degradation were

assessed by Nanodrop 2000C spectrophotometer (Thermo

scientific, USA) and the quality of RNA was confirmed by

agarose gel electrophoresis before proceeding. For tran-

scriptome analysis, mRNA from total RNA was enriched

by using the oligo(dT) magnetic beads, fragmented to short

pieces (about 200 bp). Then the first strand cDNA was

synthesized by random hexamer-primer using the mRNA

fragments. After synthesizing second strand cDNA using

DNA polymerase I and RNase H, cDNA fragments went

through an end repair process and ligation of sequencing

adapters. These products were purified by agarose gel

electrophoresis and enriched by PCR to create the final

cDNA library. The cDNA library was sequenced on the

Illumina HiSeqTM2000 sequencing platform.

De novo assembly

The raw reads were cleaned by removing 30adaptor

sequences, empty reads, low quality reads (with ambiguous

sequences ‘N’) and the reads with more than 10 % Q \ 20

bases. Transcriptome de novo assembly was carried out

with short reads assembling program SOAPdenovo (Li

et al. 2010). SOAPdenovo firstly combined reads with

certain length of overlap to form longer fragments without

N, called contigs. Then the reads were mapped back to

contigs; with paired-end reads it was able to detect contigs

from the same transcript as well as the distances between

these contigs. SOAPdenovo connected the contigs using N

to represent unknown sequences between each two contigs,

and then Scaffolds were made. Paired-end reads were used

again for gap filling of scaffolds to get sequences with least

Ns and cannot be extended on either end. Such sequences

are defined as unigenes. Finally, blastx alignment

(E value \ 10-5) between unigenes and protein databases

like NCBI non-redundant protein (NR) database (http://

www.ncbi.nlm.nih.gov), Swiss-Prot protein database (http://

www.expasy.ch/sprot), the Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway database (http://www.

genome.jp/kegg) and Cluster of Orthologous Groups

(COG) database (http://www.ncbi.nlm.nih.gov/COG) was

performed, and the best aligning results were used to

decide sequence direction of unigenes. In any case, if

results of different databases conflicted with each other,

a priority order of NR, Swiss-Prot, KEGG and COG should

be followed while deciding sequence direction of unigenes.

When a unigene was found to be unaligned to none of the

above databases, ESTScan (Iseli et al. 1999) was used to

predict its coding regions as well as to decide its sequence

direction.

Construction of phylogenomic tree and similarity

analysis

To draw phylogenomic tree with gac tracriptome sequen-

ces, we used 20 plant genomes, Medicago truncatula,

Lotus japonicus, Glycine max, Cucumis sativus, Vitis

vinifera, Prunus persica, Carica papaya, Populus tricho-

carpa, Ricinus communis, Arabidopsis thaliana, Arabid-

opsis lyrata, Lycopersicon esculentum, Mimulus guttatus,

Aquilegia coerulea, Orayza sativa japonica, Zea mays,

Setaria italic, Sorghum bicolor, Physcomitrella patens and

Selaginella moellendorffii. Based on 793,704 proteins

including Gac transcriptome sequences, we clustered them

using Tribe-MCL resulting in 119,626 clusters. Among

them 2,926 clusters which contains proteins from all 21

sources were selected. Using ClustalW 2.1, each set of

proteins were aligned and merged into one file. We drew

Neighbor joining phylogenetic tree with 5,000 bootstrap

repeats using MEGA5 (Tamura et al. 2011). To analyze

similarity between gac tracriptome and other plants, the

proteome data sets for Arabidopsis, rice, cucumber, grape,

maize, medicago, poplar, tomato, soybean, papaya, sor-

ghum and physcomitrella were downloaded from their

respective genome project websites. The gac transcripts

were searched against proteome sequences using BLASTX

program.

Functional annotation of unigenes

For the functional annotation, the remaining sequences that

might putatively encode proteins were searched against

NR, Swiss-Prot, KEGG and COG using the BLASTX

algorithm. A typical cutoff value of E \ 10-5 was used.

With Nr annotation, Blast2GO program (Conesa et al.

2005) was used to get GO annotation of unigenes accord-

ing to component function, biological process and cellular

component ontologies. After getting GO annotation for

every unigene, we used WEGO software (Ye et al. 2006) to

do GO functional classification for all unigenes and to

understand the distribution of gene functions of the species

from the macro level.

mRNA tag (digital gene expression, DGE) library

preparation and sequencing

Tag library preparation for the three different ripening

stage samples (35 DAF, 45 DAF and 55 DAF) was per-

formed using Illumina gene expression sample preparation

kit. mRNA from total RNA was purified using oligo(dT)

magnetic beads, and then oligo(dT) was used as primer to
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synthesize the first and second-strand cDNA. The bead-

bound cDNA was subsequently digested with restriction

enzyme NlaIII. The cDNA fragments with 30 ends were

purified with magnetic beads and the Illumina adaptor 1

was ligated to the 50 end of the digested bead-bound cDNA

fragments. The junction of Illumina adaptor 1 and CATG

site is the recognition site of MmeI, which is a type of

endonuclease and cuts 17 bp downstream of CATG site,

producing tags with adaptor 1. After removing 30 fragment

with magnetic beads precipitation, Illumina adaptor 2 was

ligated to the 30 ends of tag, acquiring tags with different

adapters of both ends to form a tag library. After 15 cycles

of linear PCR amplification, 95 bp fragments were purified

by PAGE gel electrophoresis. After denaturation, single-

chain molecules were fixed onto the Illumina sequencing

chip for sequencing. The reproducibility of DGE was

[0.99.

Analyzing DGE tags and evaluation of DGE library

For DGE analysis, we initially filtered all sequences to

remove adaptor sequence, empty reads (reads with only 30

adaptor sequences but no tags), low quality sequences (tags

with unknown sequences ‘N’) and tags with a copy number

of 1 (probably sequencing error) as described previously by

Hao et al. (2011). All clean tags were mapped to the ref-

erence sequences, and DGE counts were normalized using

the RPKM (reads/Kb/Million) method (Mortazavi et al.

2008; Nagalakshmi et al. 2008). The formula is shown as

follows:

RPKM ¼ 105C

NL=103

Total number of reads that uniquely aligned to all genes is

N, number of bases on gene A is L, and number of reads

that uniquely aligned to gene A is C.

A statistical analysis of frequency of each tag in the

different DGE libraries was preformed to identify differ-

entially expressed genes between each different ripening

stage samples. Statistical comparison was performed using

the method described by Audic and Claverie (1997). The

number of unambiguous clean tags from gene A was

denoted as x, given every gene’s expression occupies only

a small part of the library, p(x) closely follows the Poisson

distribution.

pðxÞ ¼ e�kkx

x!
ðk is the real transcript of the genesÞ

The total clean tag number of the sample 1 is N1, and

total clean tag number of sample 2 is N2; gene A holds x

tags in sample 1 and y tags in sample 2. The probability of

gene A expressed equally between two samples was

calculated with:

2
Xi¼y

i¼0

pðijxÞ or 2 1�
Xi¼y

i¼0

pðijxÞ
 !

if
Xi¼y

i¼0

pðijxÞ[ 0:5

 !

pðyjxÞ ¼ N2

N1

� �
y

ðxþ yÞ!

x!y! 1þ N2

N1

� �ðxþyþ1Þ

p value corresponds to differential gene expression test. The

threshold of p value in multiple tests was determined by false

discovery rate (FDR) value (Benjamini and Yekutieli 2001).

We used ‘‘FDR B0.001 and the absolute value of log2Ratio

C1’’ as the threshold to judge the significance of gene

expression difference. In addition, we performed cluster

analysis of gene expression patterns with Cluster software

(Eisen et al. 1998) and Java Treeview (Saldanha 2004). To

analyze gene expression profiling, hypergeometric test was

employed to find significantly enriched GO terms in DGEs

comparing to the M. cochinchinensis transcriptome

background. The formula used is:

P ¼ 1�
Xm�1

i�1

M

i

 !
N �M

n� i

 !

N

n

 !

where N is the number of all genes with GO annotation;

n is the number of DGEs in N; M is the number of all genes

that are annotated to the certain GO terms; m is the number

of DGEs in M. For pathway enrichment analysis, we

mapped all differentially expressed genes to the terms in

the KEGG database and looked for significantly enriched

KEGG terms compared with whole transcriptome

background.

Extraction and high performance liquid

chromatography analysis of carotenoids

from M. cochinchinensis

The carotenoid content in the samples was measured using

the method described in Tuan et al. (2011). A sample

(50 mg) was placed in a vessel, protected from light, and

mixed with 1.5 ml of extraction solvent (ethanol containing

0.1 % ascorbic acid (w/v)). This mixture was vortexed for

10 min and then incubated in a water bath at 60 �C for 5 h

and changing the extraction solvent 3 times. The extract

was filtered through 0.45 lm membrane filters and 10 ll

was injected for high performance liquid chromatography

(HPLC) analysis.

For HPLC analysis, the extract was separated on Shi-

madzu 20AT system with Symmetry C18 (250 mm 9

4.6 mm, 5 mm, Waters, Milford, USA), Sentry guard C18

(15 mm 9 4.6 mm, 5 mm, Waters, Milford, USA) and

UV/Vis detector. The mobile phase was composed of
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acetonitrile/methanol (30:70 v/v) at a flow rate of

1.5 ml min-1. The column temperature was 40 �C and the

reading was taken at 475 and 454 nm wavelength.

Quantitative real-time PCR analysis

Twelve novel transcripts related to terpenoid backbone and

carotenoid biosynthesis were chosen to determine their

expression patterns in the three different ripening stage

samples. Specific primer pairs used in real-time PCR were

designed as shown in Supplemental Table 1. Real-time

PCR was performed on a ECOTM Real-time PCR system

(Illumina, USA) with the SsoFastTM EvaGreen supermix

(Bio-Rad, USA) under the following condition: 95 �C for

10 min followed by 40 cycles of 95 �C for 10 s, 55 �C for

30 s and 72 �C for 15 s. The expression levels of different

genes were normalized to the constitutive expression level

of ubiquitin.

Results

Illumina sequencing and de novo assembly

of M. cochinchinensis transcriptome

To obtain an overview of the M. cochinchinensis aril

transcriptome, cDNA library constructed from the total

RNA of aril in 45 DAF fruit was subjected to pair-end

read with the Illumina platform. After the adapter

sequences were trimmed and reads shorter than 75 bp were

removed, 51,466,670 clean pair-end reads with total of

4,632,000,300 bps were obtained for assembly. The Illu-

mina reads generated in this study are available at the web

site (http://gac.kimjy.gnu.ac.kr). 5.2 % of a total reads

were filtered out with the Q20 conditions, and an overview

of the sequencing and assembly is given in Table 2. Based

on high quality reads, a total of 477,695 contigs were

assembled with an average length of 137 bp (Supplemental

Fig. 1a). The contigs were then joined into 119,366 scaf-

folds (average length of 303 bp) using paired-end infor-

mation as well as gap-filling process. Scaffolds with the

length ranging from 100 to 500 bp accounted for 86.93 %

(Supplemental Fig. 1b), and 79.8 % scaffolds had zero gap

(Supplemental Fig. 2a). We also determined that scaffold

N50 was 380 bp long by counting the estimated intra-

scaffold gaps (Table 2). To further shorten the remaining

gaps, we used those pair-end reads to fill the scaffold gaps

in order to obtain unigenes with the least Ns and which

could not be extended on either end. Finally, de novo

assembly yielded 81,404 unigenes with a final N50 length

of 450 bp, and total length of 31.57 Mb (Table 2). There

were 65,775 unigenes (80.80 % of all unigenes) with

length varying from 200 to 500 bp (Supplemental Fig. 1c)

and 71,096 unigenes (87.33 % of all unigenes) showed no

gap (Supplemental Fig. 2b).

Sequence similarity of gac aril transcripts with other

plants

Phylogenomic analysis allows us to statistically evaluate

the variability between species or comparative analyses

between large groups of species (Bininda-Emond 2004).

Recently, it has been shown that large-scale transcriptome

data are a potential source of information for multigene

phylogenomic analysis (Logacheva et al. 2011). For phy-

logenomic analysis, gac aril transcriptome has been clus-

tered with 20 plant genomes using Tribe-MCL, and the

2,926 clusters were selected for generating of phylogenetic

tree using Neighbor joining method (Saitou and Nei 1987).

As expected, gac aril transcriptome closely related to

Cucumis sativus genome, which belongs to the family

Cucurbitaceae (Fig. 1a). In addition, gac aril transcriptome

exhibited 81.47 % similarity with Cucumis sativus at pro-

tein level, whereas the monocot proteomes have about

63 % similarity with gac aril transcriptome (Fig. 1b). The

significant homology with C. sativus proteins and gac aril

transcriptome indicates their evolutionary relationship.

Functional annotation

To identify the putative function of assembled unigenes,

sequencing similarity search was conducted against NCBI

non-redundant (NR) database and Swiss-Prot protein

Table 2 Overview of the sequencing and assembly

Total number of reads 51,466,670

Total nucleotides (nt) 4,632,000,300

GC percentage 45.38 %

Q20 percentage 94.8 %

Step-wise assembly

Contig

Total number of contigs 477,695

Length of all contigs (nt) 65,480,881

Average sequence size of contigs (nt) 137

Contigs N50 (nt) 117

Scaffold

Total number of scaffolds 119,366

Length of all scaffolds (nt) 36,153,015

Average sequence size of scaffolds (nt) 303

Scaffolds N50 (nt) 380

Unigene

Total number of unigenes 81,404

Length of all unigenes (nt) 31,579,810

Average sequence size of unigenes (nt) 388

Unigenes N50 (nt) 450
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database using BLASTX search with a cut-off E value of

10-5 (Supplemental Table 2). A total of 39,385 (43.38 %

of all unigenes) showed significant similarity to known

proteins in NR database (Table 3). Due to limitation of

genome and EST information in Cucurbitaceae, 56.62 %

of unigenes could not be matched to known genes. As

expected, the low percentage of unigenes (29.13 % of all

unigenes) was found for the search against Swiss-Prot

protein database.

Gene ontology (GO), which is an international stan-

dardized gene functional classification system, was used

Fig. 1 Sequence conservation

of gac transcripts with other

plant species. a Phylogenomic

tree of gac aril transcriptome

sequences with different plants

species. Phylogenomic analysis

was carried out using the

neighbor-joining method with

1,000 bootstrap repeats using

MEGA5. b Sequence

conservation of gac aril

transcripts with annotated

proteins of completely

sequenced plant species. The

percentage of transcripts

showing significant similarity

(E value \ 10-5) in BLASTx

searche are shown

Table 3 Summary of annotations of M. cochinchinensis unigenes in

public protein databases

Public protein database No. of unigene hit Percentage

NR 39,385 43.38

KEGG 17,104 21.01

COG 9,678 11.89

Swiss-Prot 23,712 29.13

GO 20,420 25.08

Total 39,586 48.63
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for classifying the function of the predicted M. cochin-

chinensis genes. Based on sequence homology, a total of

20,420 (25.08 % of all unigenes) transcripts were assigned

at least one GO term including 44 functional groups

(Table 3, Supplemental Fig. 3). Under the biological pro-

cess category, metabolic process and cellular process were

prominently represented. Cell compartments and organ-

elles represented the majorities of terms in the cellular

component category, whereas the vast majority is related to

binding and catalytic activity in the molecular function

category. In our database, 10,136 unigenes were annotated

as related to metabolic processes, which suggests that this

finding has provided abundant information on novel genes

involved in the metabolic pathways including secondary

metabolism.

To predict and classify possible function, all unigenes

were aligned to the Cluster of Orthologous Groups (COG)

database where the orthologous gene products were classi-

fied. Out of 39,385 NR hits, 9,678 sequences were assigned

to the COG classification (Table 3). Because some of these

unigenes were annotated with multiple COG functions, total

15,582 functional annotations were produced (Supplemental

Fig. 4). Among the 25 COG categories, the cluster for

‘‘general functions prediction only’’ (2,395, 15.37 %) asso-

ciated with basic physiological and metabolic functions

represented the largest group, followed by ‘‘Replication,

recombination and repair’’ (1,442, 9.25 %), ‘‘Posttransla-

tional modification, protein turnover, chaperones’’ (1,320,

8.47 %), ‘‘transcription’’ (1,317, 8.45 %) and ‘‘Translation,

ribosomal structure and biogenesis’’ (1,054, 6.76 %),

whereas only a few unigenes were assigned to ‘‘Extracellular

structures’’ and ‘‘Nuclear structure’’. In addition, 408 unig-

enes (2.62 %) were assigned to ‘‘Secondary metabolites

biosynthesis, transport and catabolism’’ (Supplemental

Fig. 4). The most abundant sequences in this category were

cytochrome P450 (COG2124), with a total of 84 unigenes

involved in various metabolic pathways.

The Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway database is a knowledge base for sys-

tematic analysis of gene functions in terms of networks of

genes and molecules in the cells and their variants specific

to particular organisms (Ogata et al. 1999). Genes within

the same pathway usually cooperate with each other to

exercise their biological function, indicating that pathway-

based analysis is a useful tool to further understand the

biological functions of genes (Wenping et al. 2011).

Therefore, to identify the biological pathways activated in

the aril of M. cochinchinensis, the assembled unigenes

were annotated with corresponding Enzyme Commission

(EC) numbers using BLASTx alignments against KEGG

with a cut-off E value of 10-5. In total, out of 39,385 Nr

hits, 17,104 unigenes had significantly matched in the

database, and were assigned to 115 KEGG pathways

(Table 3; Fig. 2). As shown in Fig. 2a, the mapped unig-

enes represented metabolism pathways of major biomole-

cules such as carbohydrates, amino acids, lipids, etc. The

pathways with most representation by unigenes were car-

bohydrate metabolism (2,286 unigenes) and biosynthesis of

secondary metabolites (1,972 unigenes) in metabolism

categories. In carbohydrate metabolism, starch and sucrose

metabolism (508 unigenes) represented the most abundant

classification. In the non-green heterotrophic fruit tissues,

sucrose is cleaved and used to sustain cell metabolism and

growth (Butowt et al. 2003). The utilization of sucrose as a

source of carbon and energy depends on its cleavage by

either invertase (b-fructofuranosidase, EC 3.2.1.26) or

sucrose synthase (SuSy, EC 2.4.1.13) (Hyun et al. 2009). It

has been shown that these enzymes link the transport of

sucrose into cytosol, vacuole and apoplast (Kim et al. 2000;

Nguyen-Guoc and Foyer 2001), indicating that these

enzymes play a vital role in cellular processes such as

carbohydrate transport and partitioning in plants. In

M. cochinchinensis aril transcriptome, we found unigenes

potentially encoding acid invertases (17 unigenes) and

neutral/alkaline invertases (8 unigenes), whereas 18

unignens were aligned to SuSy (Supplemental Table 3). In

addition, the mapped unigenes were also sorted to genetic

information processing (transcription, translation, folding,

sorting and degradation, replication and repair), environ-

mental information processing (membrane transport, signal

transduction, immune system and environmental adapta-

tion) and cellular processes (transport and catabolism, cell

motility, cell growth and death). Furthermore, the KEGG

pathway analysis also showed that 1,503 out of 1,972

unigenes were classified into 19 sub-categories belonging

to a secondary metabolite category (Fig. 2b). Among them,

the cluster for ‘Phenylpropanoid biosynthesis’ represents

the largest group followed by ‘Limonene and pinene deg-

radation’ and ‘Stilbenoid, diarylheptanoid and gingerol

biosynthesis’. These findings indicated that transcriptome

sequencing studies of M. cochinchinensis these annotations

has facilitated the discovery of novel genes involved in the

secondary metabolic pathways.

Analysis of differential gene expression

during different ripen stages

To reveal the molecular events during different ripen

stages, three digital gene expression (DGE) libraries were

made from the arils of three ripening stages of fruits, and

sequenced using Illumina technology. Stage 1, 2 and 3 are

35 DAF, 45 DAF and 55 DAF, respectively. After Illumina

sequencing, we generated about 12,638,129, 11,944,453,

and 11,999,671 raw tags for each of the three samples,

respectively (Supplemental Table 4). Following transfor-

mation of raw sequences into clean tags, the total number
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of tags per library ranged from 11,810,758 to 12,514,405

and more than 98 % of the total tags in the three libraries

were clean tags (Supplemental Fig. 5). Then we mapped

the tag sequences of the three DGE libraries to our tran-

scriptome reference database that contains 81,404 unigene

sequences. Differentially expressed tags between samples

were identified by calculating the number of unambiguous

tags for each gene and then normalizing this to the number

of transcripts per millions tags (TPM). Following the

algorithm developed by Audic and Claverie (1997), dif-

ferentially expressed tags between two samples were

identified, and filtered with FDR B0.001 and log2 Ratio

C1. As shown in Fig. 3a, a total of 10,895 differentially

expressed genes were detected between stage 1 and stage 2

libraries, and these included both up-regulated (6,962

genes) and down-regulated genes (3,933 genes). In addi-

tion, the comparative analysis between stage 2 and stage 3

libraries have been shown that 3,187 genes highly

expressed in the stage 3, whereas the expression of 6,919

genes was down-regulated. 58.1 % (4,048 genes) of

6,962 genes which were up-regulated in stage 2 have been

down-regulated in stage 3 (compared with stage 2). Inter-

estingly, 94.7 % of 4,048 genes exhibit the similar

expression level in stage 3 compared to stage 1. Thus, the

relatively smaller changes (Fig. 3a) in gene expression

between stage 1 and stage 3 is explained by that the same

genes that were up-regulated in stage 2 were later down-

regulated in stage 3. Based on KEGG pathway database,

ontological analysis of up-regulated and down-regulated

transcript groups revealed various affected metabolic pro-

cesses, mainly carbohydrate and amino acid metabolism,

and biosynthesis of secondary metabolites (Fig. 3b).

Candidate enzymes involved in carotenoid biosynthesis

and other enzymes responsible for the biosynthesis

of terpenoid C5-backbones

As shown in Fig. 5a, carotenoids are derived from iso-

pentenyl diphosphate (IPP) which is synthesized by two

independent pathways, methyl-eryhritol phosphate (MEP)

pathway and mevalonate (MVA) pathway in higher plants

(Flores-Pérez et al. 2010). Four molecules of IPP are

Fig. 2 Pathway assignment

based on the Kyoto

Encyclopedia of Genes and

Genomes (KEGG).

a Classification based on

metabolism categories.

b Classification based on

categories of secondary

metabolite biosynthesis
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converted to geranylgeranyl diphosphate (GGPP, C20) by

the action of IPP isomerase together with other enzymes

like geranyl diphosphate synthase (GPS), farnesyl diphos-

phate synthase (FPS), geranylgeranyl pyrophosphate syn-

thase (GGPS). In the first step of carotenoid pathway,

phytoene synthase (PSY) catalyses the condensation of two

molecules of GGPP to produce a 15-cis phytoene (C40)

(Cunningham 2002). Based on the KEGG pathway

assignment, we found 80 unigenes encoding enzymes

involved in terpenoid backbones and carotenoid biosyn-

thesis from our M. cochinchinensis transcriptome

(Table 4). More than one unigene sequence was annotated

as the same enzyme. This indicates that such unigene

sequences represent different fragments of a single tran-

script, different members of a gene family, or both.

Although most of them were partial sequences, we were

able to identify 36 putative enzymes involved in terpenoid

backbones biosynthetic pathways and carotenoid biosyn-

thetic pathway.

Alteration of carotenoid biosynthetic pathway

during fruit ripening in M. cochinchinensis

Based on our DGE analysis during different ripening stages,

ripening represents coordinated modification of numerous

metabolic pathways associated with carbohydrate and sec-

ondary metabolisms (Fig. 3b). It was therefore important to

determine the expression of various genes involved in

carotenoid biosynthetic pathway during fruit ripening in M.

cochinchinensis. HPLC with UV/Vis detector was used to

identify the content of lycopene and beta-carotene in the

extract from different ripen stages of M. cochinchinensis

arils (Supplemental Fig. 6). As shown in Fig. 4, trans-lyco-

pene content increased from stage 1 (17.6 lg g-1 wet

weight) to stage 2 (111.98 lg g-1 wet weight), and then

maintained in stage 3 (110.47 lg g-1 wet weight), whereas

fully ripe fruit of tomato contained 75.24 lg g-1 wet weight

of lycopene. In addition, the significantly increased level of

beta-carotene has been found during fruit ripening.

Fig. 3 Analysis of gene

expression changes among the

different aril ripening stages.

a The profiling of differentially

expressed genes. RNA was

extracted from the aril of each

stage of fruit. The number of

differentially expressed genes

was obtained from comparisons

in Stage 1 versus Stage 2, Stage

1 versus Stage 3 and Stage 2

versus Stage 3, respectively.

b Classification of the

differentially expressed genes

based on metabolism categories
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To identify key genes responsible for differences in

carotenoid amounts in different ripening stages of arils, we

generated a heatmap for gene expression ratios for each

pair-wise comparison. Then the heatmaps generated were

inserted into the terpenoid backbones biosynthetic and

carotenoid biosynthetic pathways. In MVA pathway, the

expression level of HMG (hydroxymethylglutaryl-CoA

reductase) unigenes was more abundant than other genes.

Specifically, the transcription level of HMG unigenes

decreased from 35 DAF (stage 1) to 45 DAF (stage 2), but

then some of unigenes increased significantly when the aril

turned red (stage 3, 55 DAF) (Fig. 5a). In addition, the

increased level of phosphomevalonate kinase (PMK),

4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (CDPMEK)

and (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate syn-

thase (HDS) unigenes was detected from stage 2 in com-

parison to stage 1 sample, whereas the expression level of

other genes involved in terpenoid backbone biosynthesis

did not change during ripening (Fig. 5a). In case of

carotenoid biosynthetic pathway, the unigenes of 15-cis-

phytoene desaturase (PDS), zeta-carotene desaturase (ZDS)

and carotenoid isomerase (CRTISO) were up-regulated

from 35 DAF to 45 DAF, but then they were down-

regulated when the aril turned red (55 DAF) (Fig. 5b).

Table 4 Unigenes potentially related to carotenoid biosynthesis including Mevalonate and MEP pathways

Gene EC

number

Gene

Namea
NU MNPU NGSN Arabidopsis geneb

Mevalonate

pathway

Acetyl-CoA C-acetyltransferase 2.3.1.9 ACAT 4 2 – AT5G47720; AT5G48230

Hydroxymethylglutaryl-CoA synthase 2.3.3.10 MVA 2 1 – AT4G11820

Hydroxymethylglutaryl-CoA reductase 1.1.1.34 HMG 9 3 – AT1G76490; AT2G17370

Mevalonate kinase 2.7.1.36 MK 7 2 – AT5G27450

Phosphomevalonate kinase 2.7.4.2 PMK 4 3 – AT1G31910

Diphosphomevalonate decarboxylase 4.1.1.33 MVD 2 1 – AT2G38700; AT3G54250

MEP pathway 1-deoxy-D-xylulose-5-phosphate synthase 2.2.1.7 DXPS 2 1 – AT3G21500; AT4G15560;

AT5G11380

1-deoxy-D-xylulose-5-phosphate

reductoisomerase

1.1.1.267 DXR 3 1 – AT5G62790

2-C-methyl-D-erythritol 4-phosphate

cytidylyltransferase

2.7.7.60 ISPD 2 1 – AT2G02500

4-diphosphocytidyl-2-C-methyl-D-erythritol

kinase

2.7.1.148 CDPMEK 4 1 – AT2G26930

2-C-methyl-D-erythritol 2,4-cyclodiphosphate

synthase

4.6.1.12 ISPF 2 1 – AT1G63970

(E)-4-hydroxy-3-methylbut-2-enyl-diphosphate

synthase

1.17.7.1 HDS 5 1 – AT5G60600

4-hydroxy-3-methylbut-2-enyl diphosphate

reductase

1.17.1.2 HDR 3 2 – AT4G34350

Isopentenyl-diphosphate delta-isomerase 5.3.3.2 IPP 5 2 – AT3G02780; AT5G16440

Geranyl diphosphate synthase 2.5.1.1 GPS 2 2 – AT2G34630c

Farnesyl diphosphate synthase 2.5.1.10 FPS 2 2 – AT5G47770c

Geranylgeranyl pyrophosphate synthase 2.5.1.29 GGPS 7 3 – AT1G49530c

Carotenoid

biosynthesis

Phytoene synthase 2.5.1.32 PSY 3 1 – AT5G17230

15-cis-phytoene desaturase 1.3.5.5 PDS 5 2 – AT4G14210

15-cis-zeta-carotene isomerase 5.2.1.12 Z-ISO – – – AT1G10830

Zeta-carotene desaturase 1.3.5.6 ZDS 1 1 – AT3G04870

Carotenoid isomerase (prolycopene isomerase) 5.2.1.13 CRTISO 3 1 – AT1G06820

Lycopene epsilon cyclase 5.5.1.18 LcyE 1 1 AT5G57030

Lycopene beta-cyclase 5.5.1.19 LcyB 2 1 – AT3G10230

Total 80 36 –

NU number of unigenes, MNPU maximum number of proteins encoded by unigenes, NGSN number of genes stored in NCBI
a Following the Arabidopsis thaliana genes nomenclature
b Gene list from KEGG pathway database
c Gene list from Plant Metabolic Network (http://www.plantcyc.org/)
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These findings suggest that the accumulation of lycopene

in stage 2 aril (Fig. 4) might be due to increased expression

level of carotenoid biosynthetic genes like PDS, ZDS and

CRTISO. Furthermore, the accumulation of beta-carotene

in stage 3 aril (Fig. 4) might be mediated by down-regu-

lation of lycopene epsilon cyclase (LcyE) expression,

which leads to the formation of a-carotene (Giuliano et al.

2008), rather than up-regulation of lycopene beta-cyclase

(LcyB) (Fig. 5b and Supplemental Fig. 7b). In order to

verify DGE data, the expression of 12 genes involved

carotenoid biosynthetic pathway was analyzed by real

time-PCR. As shown in Supplemental Fig. 7, the expres-

sion of these genes has varied during the three stages of

fruit ripening, and expression pattern of these genes is

similar to DGE.

Discussion

The presence of large amount of beta-carotene and lycopene

in fruit of M. cochinchinensis indicates that it is a poten-

tially valuable source of vitamin A, and could be a suitable

model herbal plant for investigating terpenoid biosynthesis

pathway, although the genomic information is not available

in the public database, so far. In non-model plants, EST

analysis is one of most valuable tools for the analysis and

identification of novel genes (Tang et al. 2011). However, it

has been used for identification of only a few candidate

genes involved in complex biosynthetic pathways, because

of the limited coverage of the transcriptome by EST anal-

ysis (Kim et al. 2006; Tang et al. 2011). With development

of NGS technology, this limitation has been overcome with

the major advantage that can construct cDNA library

without the bacterial cloning step (Sun et al. 2010).

Therefore, we applied RNA-seq technology for M. cochin-

chinensis, in which the poly (A) transcriptome was

sequenced on the Illumina HiSeqTM2000 sequencing plat-

form. Based on de novo sequencing and assembly, we have

established gene pool containing 81,404 unigenes

(Table 2). In addition, 39,385 (43.38 % of all unigenes)

unigenes returned significant hits from BLAST compari-

sons with the public databases, although no genomic

information of M. cochinchinensis and little genomic

information in Cucurbitaceae family are available. Com-

parison of assembled genes to gene catalogs of other plants

by BLAST and functional annotation (Supplemental Figs. 3

and 4) and classification (Fig. 2) indicates that the aril of M.

cochinchinensis fruit contains an extensive and diverse

expressed gene pattern. DGE profiling by a tag-based

transcriptome sequencing approach revealed quantitative

changes in transcript abundance on a genome-wide scale

through counting the number of individual mRNA mole-

cules produced from each gene (Eveland et al. 2010; Tang

et al. 2011). Results from our DGE analyses in arils of three

ripening stages showed that we could effectively identify

differentially expressed genes across a wide range of tran-

scripts (Fig. 3). Taken together, the sequencing data and

global observation on gene expression in the different ripen

stages of arils we have made available a large database and

unique information for gene discovery playing key roles in

fruit development and ripening and for marker development

for molecular breeding. In addition, this data would be

useful for the genomic study and the identification of

functional genes in Cucurbitaceae family.

Carotenoids are widely distributed isoprenoid pigments

executing remarkable variety of functions in plants (Frank

and Cogdell 1996). In most photosynthetic organisms,

carotenoids play a vital role in protecting the photosyn-

thetic machinery from photo-oxidation sensitized by

excited molecules of chlorophyll (Cunningham and Gantt

2007), and accumulate as secondary metabolites in chro-

moplasts of flower, fruits, seeds or roots (Devitt et al.

2010). During fruit ripening, the accumulation of carote-

noids like lycopene and beta-carotene has been observed

in many of plants (Daqiu et al. 2011; Ronen et al. 1999;

Tuan et al. 2011). Similarly, the significantly increased

level of lycopene and beta-carotene contents has been

found in M. cochinchinensis, when the aril turned from

orange to red color (Fig. 4). It is well known that the arils

from fully ripe fruit of gac (orange peel) contain higher

level of lycopene content compared to other carotenoids

(Aoki et al. 2002; Ishida et al. 2004), although the content

of beta-carotene is higher than lycopene in the green gac

fruit (Kubola and Siriamornpun, 2011), which is similar

to our observation (Fig. 4). As shown by Ronen et al.

(1999) in tomato fruit, high level of lycopene in fully ripe

gac fruit might be due to the completely disappeared

mRNA level of LcyB and LcyE that involve the alpha-

and beta-carotene biosynthesis, whereas the expression of

these genes resulted in the increasing alpha- and beta-

carotene content in green gac fruit (Fig. 5b and Supple-

mental Fig. 7b).

Fig. 4 Comparison of trans-lycopene and beta-carotene content from

different ripening stages of gac aril
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The carotenoid biosynthesis pathway has been exten-

sively studied in many photosynthetic and non-photosyn-

thetic organisms using molecular genetics and biochemical

genomics approaches. Carotenoid biosynthesis has been

proposed via pathways through IPP synthesis by two inde-

pendent pathways, MEP pathway in plastids and MVA

pathway in cytosol (Chaudhary et al. 2010; Dellapenna and

Pogson 2006; Devitt et al. 2010; Ronen et al. 1999; Wenping

et al. 2011). In our M. cochinchinensis transcriptome data-

base, we identified 80 unigenes encoding 36 putative

enzymes involved in terpenoid backbones biosynthetic

pathways (MEP and MVA pathways) and carotenoid bio-

synthetic pathway (Table 4). Comparative analysis between

DGE libraries of different ripening stages demonstrated that

the expression levels of HMG, HDS, PSY, PDS, ZDS,

CRTISO and LcyE were more abundant than other genes

involved in carotenoid biosynthesis (Fig. 5), indicating that

the transcriptional regulation of these genes might be

important for the alteration of carotenoid contents in

M. cochinchinensis during fruit ripening. In fact, it has been

shown that the increased expression of PSY and PDS is

correlated with accumulation of lycopene and total carot-

enoid content during tomato fruit maturation (Bramley 2002;

Cunningham 2002; Fraser et al. 2002). In Arabidopsis, it has

been shown that loss-of-function of LcyE results in the

accumulation of beta-carotene with xanthophylls cycle

pigments (DellaPenna 1999; Pogson et al. 1996). The down-

regulation of LcyE was detected in stage 3 compared with

stage 2 DGE library (Fig. 5b and Supplemental Fig. 7b),

when the highest level of beta-carotene was detected in stage

3 samples (Fig. 4). These findings indicate that LcyE is a key

factor for controlling beta-carotene and lutein synthesis

pathways during fruit ripening. The labeled precursors of the

MVA pathway are incorporated into plastid isoprenoids

(Kasahara et al. 2002), suggesting that MVA-derived IPP can

be used for the synthesis of isoprenoids in the plastid

(Kasahara et al. 2002; Rodriguez-Concepcion 2006). How-

ever, the overexpression of HMG in Arabidopsis does not

leads to increased plastid chlorophyll and carotenoid con-

tents (Wang et al. 2012), indicating that MVA pathway could

Fig. 5 Carotenoid biosynthetic genes differentially expressed in

different ripening stages of gac aril. Pair-wise comparisons were

made between stage 1, stage 2 and stage 3. a Expression pattern of

genes involved in terpenoid backbone biosynthesis pathway. b Expres-

sion pattern of genes involved in carotenoid biosynthesis. Columns in

each heatmap from left to right: Log2(stage 2/stage 1), Log2(stage

3/stage 1) and Log2(stage 3/stage 2). The Log2 expression ratio

values were false color-coded using a scale of -3 to 3. The intensity

of green and red indicates the degree of down- and up-regulation of

the corresponding carotenoid biosynthetic genes in the denominator

in each column mentioned above, respectively. The green and red

color saturates at -3 and 3, respectively. The heatmaps generated

were inserted next to the corresponding gene in the carotenoid

biosynthesis pathway diagram referenced from the KEGG pathway

database (map00900 and map00906)
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not account exclusively for the formation of plastid-derived

isoprenoids (Fraser and Bramley 2004; Rodriguez-Concep-

cion 2006). The analysis of the isoprenoid gene network

using sparse graphical Gaussian modeling suggested that

HMG is a good candidate for interpathway crosstalk between

MVA pathway and MEP pathway, and negatively correlates

to some genes in MEP pathway (Wille et al. 2004). In

addition, the inhibition of the cytosolic MVA pathway by

treatment lovastatin (HMG inhibitor) resulted in an

increased production or alternatively reduced catabolism of

carotenoids (Laule et al. 2003). Similarly, we have detected

the low level of HMG expression in stage 2 compared to

stage 1 (Fig. 5a and Supplemental Fig. 7a), whereas the

significantly increased level of lycopene and beta-carotene

has been observed in stage 2 (Fig. 4). Taken together, these

findings indicate that crosstalk between the cytosolic MVA

pathway and the plastidal MEP pathway of isoprenoid bio-

synthesis might be a common phenomenon in higher plants.

The identification of enzymes and its genes involved in

carotenoid biosynthesis pathways not only facilitates the

understanding of physiological functions in higher plants

but also provides useful resource for metabolic engineer-

ing. Based on de novo transcriptome, functional annotation

of novel genes and DGE analyses, we provided most of the

known genes encoding enzymes involved in terpenoid

backbones and carotenoid biosynthesis in M. cochinchin-

ensis. To the best of our knowledge, this is the first attempt

using Illumina sequencing platform for de novo sequencing

and assembly of gac fruit aril without reference genome.

We strongly believe that this transcriptome dataset will

provide a solid foundation for further functional and

genomics research in M. cochinchinensis with Cucurbita-

ceae family, and will support the gene resources for

improving carotenoid contents using biotechnological

applications and metabolic engineering.
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