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Identification of phytochemicals and the associated genes in 
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Abstract
Phytochemicals and the associated genes involved in primary and secondary 
metabolite pathways at ripening index 5 of Carica papaya var. Eksotika were 
investigated using GC-MS based metabolomics approach and mRNA paired-
end sequencing. A total of 54 metabolites were identified for polar and nonpolar 
compounds belonging to amino and organic acids, saturated/unsaturated fatty 
acids, sugars/sugar alcohols, simple phenolics, vitamins and sterols and alkanes. 
Ascorbic acid (vitamin C), α- and γ-tocopherols (vitamin E) and plant sterols 
such as stigmasterol, campesterol and β-sitosterol were among the metabolites 
identified in this study. A total of 48,765 putative unigenes were obtained 
from mRNA paired-end sequencing of which 59% (28,736) showed significant 
(E-value <10–5) expression to enzymes in the non-redundant (nr) database. 
Of these, only 4.9% (1,413) were predicted to be potentially involved in the 
biosynthesis and metabolism of primary and secondary metabolites based on 
KEGG pathway analysis. These include carotenoids, fruit volatiles including 
mono- and diterpenoids, stillbenoids, flavonoids, flavones and flavonols, 
anthocyanins, phenylpropanoids, betalains, isothiocyanates, steroids, saturated 
and unsaturated fatty acids, sugars and sugar alcohols, brassinosteroids, 
amino- and organic acids, abscisic acid, laticifers and proteases. GO analysis 
identified 67 of the unigenes in the molecular function category to be involved 
in antioxidant activity. By mapping to the KEGG pathway, 29 metabolites were 
identified to have direct association with several of the predicted papaya unigenes 
including metabolites belonging to amino and organic acids, sugars, fatty acids 
and plant sterols.
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Introduction
Papaya (Carica papaya L.) is a productive 
climacteric fruit crop cultivated in tropical 
and sub-tropical regions worldwide for 
its delicious and nutritious fresh fruit. 
In Malaysia, it occupies about 3,000 ha 

contributing to about 45,000 metric tonnes 
of production and RM27 million of export 
value in 2011 (FAOSTAT 2013). Papaya 
belongs to the small family of Caricacea 
and is placed in the order Brassicales 
(Yu et al. 2009). It is one of the few 
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fruit tree crops that can flower and fruit 
throughout the year. It has a small genome 
of 372 Mbp (Ming et al. 2008) with nine 
pairs of chromosomes, a short juvenile phase 
of 3 – 8 months, and a short generation time 
of 9 – 15 months (Yu et al. 2009). Fruits 
are ready to be harvested 5 – 6 months after 
flowering, which can occur within 8 months 
of seed germination. The short generation 
time, continuous year-long flowering and 
relatively small genome makes papaya 
a good model for fruit-tree functional 
genomics studies among the perennials.
 The draft of the sequenced papaya 
genome (Ming et al. 2008) provides a 
foundation for revealing the basis of 
Carica’s unique medicinal and nutritional 
properties. Although the genome size is 
three times the size of the Arabidopsis 
genome, the assembled ESTs unigene set 
was found to contain only 16,362 unigenes 
and the transcribed sequences matched only 
3.6% (13.4 Mbp) of the whole genome 
due to lack of whole genome duplication 
(Ming et al. 2008; Paull et al. 2008). Due 
to this reduction in most gene families and 
biosynthetic pathways, papaya contains 
fewer genes predicted for the impact on 
sugar accumulation, ethylene synthesis 
and response, respiration, chlorophyll 
degradation and carotenoid synthesis 
compared to the Arabidopsis genome.
 Like all climacteric fruits, papaya 
demonstrates a peak in respiration and 
ethylene production during fruit ripening. 
The timing of ethylene peak and other 
ripening events such as skin colour changes, 
carotenoid synthesis, flavour development 
and softening varies widely between species 
and cultivars (Gussman et al. 1993). Papaya 
fruit flesh colour, in particular, is indicative 
of the ripening process and is the result of 
the accumulation of carotenoid pigments 
in the chromoplasts of fruit cells, lycopene 
in the red fleshed fruit and β-carotene and 
β-cryptoxanthin in yellow fleshed fruits 
(Blas et al. 2010). Red flesh papaya, often 
called “strawberry papaya” in the market, 

is often preferred by some consumers even 
though it softens faster and has a shorter 
shelf life (Blas et al. 2010).
 According to the reference values 
for nutrition labelling in the U.S. Food 
and Drug Administration, papaya is an 
excellent source of vitamin C, followed 
by folate, potassium, dietary fibre and 
vitamins A, E and K. Consumption of the 
fruit is recommended to prevent vitamin A 
deficiency, a cause of childhood blindness 
in tropical and sub-tropical developing 
countries (Rodriguez-Amaya 2003). Vitamin 
C as well as vitamins E, A and K in papaya 
also act as very powerful antioxidants 
through their concentration of pro-vitamin 
A carotenoid phytonutrients. These nutrients 
help prevent the oxidation of cholesterol 
which otherwise would build up in blood 
vessel walls, forming dangerous plaques 
that can eventually cause heart attacks or 
strokes (Palozza et al. 2008). Baybutt et al. 
(2000) showed in their animal studies that 
foods rich in vitamin A, such as papaya, 
can counter this effect. Eating lycopene-
rich fruits such as papaya may also greatly 
reduce the development of prostate cancer 
(Jian et al. 2007). One way in which 
dietary vitamins E and C may exert this 
effect, may be through their association 
with a compound called paraoxonase, an 
enzyme that inhibits LDL cholesterol and 
HDL cholesterol oxidation (Durrington 
et al. 2001).
 In tropical fruits like papaya, fruit 
volatiles also contribute to components 
of flavour and aroma. The biosynthesis of 
monoterpenes, diterpenes and sesquiterpenes 
fruit flavour volatiles occurs via the 
isoprenoid pathway derived substrate, 
geranyl diphosphate (GPP) (Pino et al. 
2003). The accumulation of fatty acid 
derived volatiles also contributes to papaya’s 
unique flavour profile. In cut fruits, fatty 
acid volatiles are formed via the oxylipin 
pathway while in intact fruits, they are 
formed via the β-oxidation pathway (Dixon 
and Hewett 2000). Methyl and ethyl ester 
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derivatives of lipid catabolism have also 
been identified as strong contributors of 
aroma (Pino et al. 2003).
 In this paper, we report the 
phytochemicals and the associated genes 
involved in primary and secondary 
metabolite pathways at ripening index 
5 in our local papaya variety, Eksotika 
using Gas Chromatography (GC-MS) 
based metabolomics and mRNA paired-
end sequencing. These findings can 
contribute to the identification of potential 
chemical biomarkers for the development 
of standardised extracts and to delineate 
the pathways involved in the production of 
these phytochemicals in our local papaya 
variety. Identification of potential candidate 
genes can contribute to future genetic 
improvements through marker-assisted 
breeding or genetic engineering.

Materials and methods
Chemicals and reagents
Methanol and chloroform were purchased 
from Fisher Scientific (Leicester, UK) 
while ribitol and methylnonadecanoate 
were purchased from Sigma Aldrich (St. 
Louis, USA). Methoxyamine hydrochloride 
(HCL) and N-methyl-N-trimethylsilyl 
trifluroacetamide (MSTFA) were purchased 
from Acros Organics (New Jersey, USA). 
Pyridine was purchased from Merck 
(Darmstadt, Germany).

Fruit sampling
Three papaya plants from variety Eksotika 
grown at MARDI’s papaya germplasm, 
Serdang, were randomly tagged for this 
study. Papaya fruits were harvested from 

the tagged plants at ripening index 2 and 
stored in the laboratory until the fruits 
reached ripening index 5 (Lam 1994). 
Ripening index 5 was selected based on 
the optimum stage for consumption (Lam 
1994) (Figure 1). The whole fruit including 
the peel, was divided equally into 2 halves 
and cut into 1 – 2 cm cubes. One half was 
ground into powder using liquid nitrogen, 
freeze-dried and stored at –70 °C for 
metabolite profiling using GC-MS while the 
other half was immediately snap-frozen in 
liquid nitrogen and stored at –70 °C for total 
RNA extraction.

Metabolite extraction
Metabolite extraction and derivatisation 
steps prior to GC-MS analysis were 
performed using the two-phase methanol/
chloroform method (Roessner et al. 2000) 
with slight modifications. Methanol (1.4 ml) 
containing ribitol and methylnonadecanoate 
as polar and non-polar internal standards 
respectively, was added to 500 mg of 
freeze-dried papaya samples and incubated 
for 15 min at 70 °C. The extracts were 
then immediately mixed vigorously with 
1 volume of distilled deionised water. 
Finally, 750 µl of chloroform was added 
to the mixture before phase separation by 
centrifugation at 10,000 rpm for 10 min. 
Aliquots of polar and non-polar supernatant 
(250 µl) were dried in vacuo for 2 – 3 h.

Derivatisation
The dried extracts were re-dissolved in 50 μl 
of pyridine and sonicated for 10 min before 
methoximation step by adding 40 μl of 20 
mg/ml methoxyamine HCL (in pyridine) 

Figure 1. Ripening indices of Eksotika papaya. 1 - full green; 2 - green with 
trace of yellow; 3 - more green than yellow; 4 - more yellow than green; 5 - 
yellow with trace of green and 6 - fully yellow (Source: Lam 1994)

 1 2 3 4 5 6
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(Roessner et al. 2000). The mixtures were 
then sonicated again for 5 min and incubated 
with constant agitation for another 90 min 
at 37 °C. The trimethylsilylation (TMS) step 
was performed by adding 250 µl MSTFA 
to the extracts, followed by incubation for 
1 h at 37 °C. The extracts were then cooled 
down to room temperature for at least 1 h 
prior to GC-MS analysis. For the non polar 
extract, only the TMS step with MSTFA was 
performed.

Analysis of polar and non polar metabolites 
by GC-MS
The polar and non polar samples were 
analysed using Agilent’s GC-MS system. 
A sample volume of 1 μl was injected 
with a splitless mode into a GC-MS 
system consisting of an Agilent 6890 
gas chromatograph and a HP5973 mass 
selective detector. The GC column used 
for the analysis was DB-5MS 5% phenyl 
methyl siloxane with an inner diameter 
of 0.25 μm and 0.25 μm film thickness. 
The initial oven temperature was set at 
50 °C for 3 min, and then raised to a 
target temperature of 315 °C in 10 min at 
a rate of 10 °C/ min. Helium was used as 
the carrier gas at a rate of 1ml/min. The 
injector and ion source temperatures were 
set at 330 °C and 250 °C respectively. 
Mass spectra was acquired using full scan 
monitoring mode with a mass scan range of 
50 – 550 m/z after a solvent delay of 7 min. 
The method used for the GC-MS analysis 
was the optimised protocol which has been 
previously carried out specifically for papaya 
samples (unpublished data). The spectra 
of all chromatogram peaks were compared 
with the database library of NIST08 and 
WILEY05 and the retention time index of 
common primary and secondary metabolites. 
The chromatogram and mass spectra were 
evaluated using the Agilent Chemstation, 
Automated Mass Spectral Deconvolution 
and Identification System (AMDIS) and 
Deconvoluted Reporting Software (DRS), 
Agilent. After GC-MS analysis, all the peak 

areas were integrated and then normalised 
with respective internal standards (IS) to 
polar and non polar metabolites, to obtain 
the peak area ratios for polar and non polar 
metabolites in each chromatogram. Six 
replicates were used in this study.

Total RNA extraction and mRNA paired-
end sequencing
Samples were ground to a fine powder 
using a mixture mill and liquid nitrogen. 
Total RNA was extracted from these frozen 
samples using the CTAB method according 
to Chang et al. (1993). The integrity of the 
extracted samples was first confirmed by 
gel-electrophoresis on a 1% formaldehyde 
agarose-gel before quantifying them using a 
nanodrop ND-1000 spectrophotometer. The 
samples were then concentrated to 200 ng/
μl before outsourcing 20 ug of total RNA 
to the Beijing Genome Institute (BGI) for 
performing mRNA paired-end sequencing.

Blast analysis for identification of enzymes
A total of 10,641,022 raw sequence reads 
(91-bp long) with an average GC content of 
46.8% were generated from mRNA paired-
end sequencing. Clustering of the high 
quality, paired-end sequences revealed a 
total of 48,765 putative unigenes which were 
queried against the publicly available non-
redundant (nr) protein database by Beijing 
Genome Institute (BGI) using the Basic 
Local Alignment Search Tool (BLAST) 
x (Altschul et al. 1997) search algorithm 
from the National Centre for Biotechnology 
Information (NCBI) website. After BLAST 
analysis, a total of 337,372 hits (including 
the top 10 or < hits for each sequence) 
were obtained. Selection of the best hit was 
determined as those unigenes containing 
≥100 bp of sequence and a significant 
E-value of ≤10–5. Each selected unigene was 
then assigned an ID representing the protein 
with which the papaya cDNA had the closest 
similarity with.
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Functional analysis using gene ontology 
(GO)
Functional analysis was performed on 
sequences that had a cut-off E value of 
≤10–5 from BLAST analysis using Blast2GO 
software (http://www.blast2go.de/) (Conesa 
et al. 2005). Enzyme commission (EC) 
numbers were then assigned to sequences 
mapped to the KEGG pathway.

KEGG pathway assignments
All putative unigenes which showed 
significant (E-value ≤10–5) similarity to 
enzymes in the nr protein database were 
also mapped to the Kyoto Encyclopaedia of 
Genes and Genomes (KEGG) biochemical 
pathways according to the EC distribution 
in the pathway database. By mapping to the 
KEGG pathway, genes were associated with 
the biosynthesis of phytochemicals identified 
using GC-MS.

Results and discussion
Metabolomic profiling of Eksotika papaya 
using GC-MS
Separation of plant extracts to polar and 
nonpolar fractions is one of the established 
and common approaches in plant 
metabolomics, as plants have a complex and 
diverse array of metabolites which belong to 
different classes and have different chemical 
structures and concentrations. By separation 
of the extracts to polar and nonpolar 
fractions, better resolution of the metabolites 
can be achieved in a single GC-MS analysis 
(Ossipov et al. 2008). In this study, a total 
of 110 and 120 peaks were detected in 
polar and nonpolar fractions of the samples 
respectively.
 A total of 54 metabolites from the total 
numbers of peaks were assigned metabolite 
identification by matching retention index 
and mass spectra with chemical standards 
or with database libraries from WILEY05 
and NIST08. Most of the metabolites 
identified belonged to the group of amino/
organic acids, saturated/unsaturated fatty 
acids, sugars/sugar alcohols, alkanes, 

simple phenolics, vitamins and plant sterols. 
Several metabolites such as fructose, 
glucose and glucopyranoside belonging 
to the sugars/sugar alcohols group and 
asparagine and malic acid belonging to the 
organic acid group produced multiple peaks 
(2 – 3 peaks). In this study, only one peak 
was chosen since the multiple peaks were 
highly correlated. A similar finding was 
also reported by Dobson et al. (2008). The 
retention time and peak area ratios for all 
the 54 metabolites are shown in Table 1.
 Most of the amino acids and organic 
acids as well as sugars appeared in the polar 
fraction whereas the fatty acids, simple 
phenolics, plant sterols and alkanes appeared 
in the nonpolar fraction. The low percentage 
of identified peaks (45%) in both polar and 
nonpolar fractions as compared to the total 
peaks in the chromatogram could be due 
to several reasons such as a very low level 
of metabolites or no spectra information 
available in the database libraries (Mahdi et 
al. 2010).
 Peak area ratios were calculated after 
normalisation with respective internal 
standards for polar and nonpolar metabolites. 
Based on the peak area ratios, the results 
indicated that metabolites in the sugars 
group including fructose, glucopyranoside 
and glucose had the highest intensity levels 
(peak area ratios of 3.94 – 12.39) followed 
by metabolites in the amino acid/organic 
acid groups including alanine, serine, 
threonine, glycine, asparagine, malic acid , 
gluconic acid and D-glucuronic acid (peak 
area ratios of 1 – 5) and hexadecanoic acid 
in the fatty acid group (peak area ratio 
3.45) as compared to the other metabolites 
(Table 1). Ascorbic acid (vitamin C), α 
and γ-tocopherols (vitamin E) and plant 
sterols such as stigmasterol, campesterol and 
β-sitosterol were also identified in this study. 
These metabolites including fatty acids were 
among the metabolites that were consistently 
found in all replicates.
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Identification of genes associated with 
primary and secondary metabolite pathways
Out of a total of 48,765 unigenes queried, 
and after selection of the best hit from the 
10 or < hits, we obtained 28,736 putative 
unigenes (58.9%) which showed significant 
(E-value ≤10–5) similarity to enzymes 
in the nr protein database ranging from 
100 bp – 7.8 Kb in size. Table 2 shows 
the eighteen most abundant enzymes 
represented by 15 or more unigenes. These 
enzymes were found to be associated with 
the biosynthesis and or metabolism of 
phenylpropanoids, laticifers and proteases, 
stilbenoids, diarylheptanoids and gingerols, 
abscisic acids, fatty acids, amino-acids, 
sugar/sugar alcohols and steroids.
 A total of 10 putative enzymes showed 
significant similarity to enzymes directly 
associated with the isoprenoid biosynthetic 
pathway leading to carotenoid biosynthesis 
as shown in Table 3. Carotenoids are C40 
isoprenoids, synthesized in plastids from 
the universal 5-carbon (C5) isoprenoid 
precursors into hydrocarbons (carotenes) and 
their oxygenated derivatives (xanthopylls) 
from the mevalonate MEP pathway (Fraser 
and Bramley 2004) (Figure 2). Four of 
these, phytoene synthase (PSY), phytoene 
desaturase (PDS), zeta-carotene desaturase 
(ZDS) and lycopene β-cyclase (β-LCY) 
showed similarity to genes previously 
identified in papaya. Phytoene synthase is 
a key regulator in carotenoid biosynthesis 
and has been found to be the rate-limiting 
enzyme in ripening tomato fruits (Fraser 
et al. 1994). The presence of the β-LCY 
enzyme in our local variety indicated that 
the b-ring cyclisation pathway was active 
for the synthesis of the yellow pigmented 
carotenoids, cryptoxanthins. Yamamoto 
(1964) also showed that the profile of 
yellow-fleshed fruits showed mostly 
β-cryptoxanthin and β-carotene derivatives 
which made up 75% of the total carotenoids 
content. The remaining 6 including 
β-carotene hydroxylase (β-CHX) which 
catalyses the production of β-cryptoxanthin, 
the major xanthophyll identified in papaya 
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fruit (Yamamoto 1964; Gamage et al. 2003), 
is shown in Table 3 and Figure 2. A study 
related to fruit ripening genes in papaya 
by Devitt et al. (2006) also reported the 
presence of ZDS and β-CHX.
 Fruit aroma compounds are generally 
derived from lipids, sugars and amino 
acids such as alcohols, aldehydes, ketones, 
sesquiterpenes, polypropanoids and esters 
(Schaffer et al. 2007). Blast analysis 
revealed a total of 11 putative enzymes 
which showed significant similarity to 

Table 2. Most abundant putative enzymes associated with primary and secondary metabolite pathways 
with significant similarity (E-value ≤10–5) to proteins in nr database in Carica papaya var. Eksotika at 
ripening index 5

Biosynthesis and metabolism pathways/
putative genes identified 
(including isoforms) (EC*)

No. of 
unigenes

Blast X 
protein ID

Organism

Phenylpropanoids 
4-coumarate-CoA ligase (4CL) 
 (EC 6.2.1.12)
Cinnamoyl-CoA reductase (CCR)
 (EC 1.2.1.44)

24

16

XP_002329323

ACE95172

Populus trichocarpa

Populus tormentosa

Laticifers and proteases
Glycosyltransferase (EC 2.4.1.43)
Invertase (INV) (EC 3.2.1.26)

77
21

XP_002320745
dbjBAC21161

Populus trichocarpa
Nicotiana tabacum

Stilbenoids, diarylheptanoids and gingerols
Cytochrome P450 (-) 71 AAZ05071 Citrus sinensis

Abscisic acids
Aldehyde oxidase (-) 20 XP_002313633 Populus trichocarpa

Fatty acids
Lipoxygenase (LOX) (EC 1.13.11.12)
Carboxylesterase (CXE) (EC 3.1.1)
Enoyl-CoA hydratase (EC 4.2.1.17)
Phospholipase (EC 3.1.4.4)

20
22
16
33

AAR84664
AAF26738
NP_172142
ADA72022

Carica papaya
Malus pumila
Arabidopsis thaliana
Jatropha curcas

Amino acids
Serine/threonine protein phosphatase (-)
Serine-type peptidase (-)

21
21

spQ9LU89
NP_568577

Arabidopsis thaliana
Arabidopsis thaliana

Sugars/Sugar alcohols
Alpha-glucosidase (AGLU) (EC 3.2.1.20)
Alpha-amylase (EC 3.2.1.1)
Beta-amylase (EC 3.2.1.2)
Beta-glucosidase (EC 3.2.1.23)
Beta-1,3-glucanase (EC 3.2.1.39)

32
16
19
17
19

ACC78255
dbjBAA33879
dbjBAF34362
ADD17684
ADB24764

Carica papaya
Phaseolus vulgaris
Citrus sinensis
Vitis vinifera
Gossypium hirsutum

Steroids
Cycloartenol synthase (-) 20 dbjBAB83085 Betula platyphylla

*Enzyme commission number in KEGG pathway

enymes associated with fruit volatiles in the 
terpenoid biosynthesis pathways (Table 4). 
A total of 5 enzymes were identified in 
the monoterpene biosynthesis pathway 
including myrcene synthase, limonoid UDP 
glucosyltransferase, terpene cyclase and 
terpene synthase (Table 4 and Figure 3). In 
contrast to the findings by Pino et al. (2003) 
who reported that S-linalool synthase is a 
common fruit volatile in all papaya fruits 
and a major fruit volatile in the Hawaiian 
papaya cultivars, we identified a different 
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Table 3. Putative enzymes associated with carotenoid biosynthesis pathway with significant similarity 
(E-value <10-5) to proteins in nr database in Carica papaya var. Eksotika at ripening index 5

Biosynthesis pathway/putative genes identified 
(including isoforms) (EC*)

No. of 
unigenes

Blast X 
protein ID

Organism

Carotenoids biosynthesis pathway
Phytoene synthase (PSY) (EC 2.5.1.32)
Phytoene desaturase (PDS) (EC 1.14.99.-)
Zeta-carotene desaturase (ZDS) (EC 1.14.99.30)
Lycopene beta-cyclase (β-LCY) (EC 1.14.-.-)
Beta-carotene hydroxylase (β-CHX) (EC 1.14.13.-) 
Zeaxanthin epoxidase (ZEP) (EC 1.14.13.90)
9-cis-epoxycarotenoid dioxygenase (NCED)
 (EC 1.13.11.51)
Carotenoid isomerase (CRTISO) (EC 5.-.-.-)
Neoxanthin synthase (NSY) (-)
Violaxanthin de-epoxidase (VDE) (EC 1.10.99.3)

7
6
7
1
2
4
4

3
2
1

ABG72805
ABG77271
ACO40527
ABD91578
ABA43899
BAI79260
ABC26013

ACI12955
(-)
ADH82116

Carica papaya
Carica papaya 
Carica papaya 
Carica papaya 
Coffea canephora
Citrus sinensis
Citrus clementina

Manihot esculenta 
Citrus sinensis
Citrus sinensis

*Enzyme commission number in KEGG pathway

isoform of the gene, linalool synthase 
2 (LIS2), in this study. The remaining 
6 including (-)-germacrene D synthase, 
ent-kaurenoic acid oxidase/cytochrome 
P450, ent-kaurenoic acid hydroxylase, 
ent-kaurene oxidase, gibberellin 2-oxidase 
and ent-kaurene synthase belonged to the 
sesquiterpene and diterpenoid biosynthesis 
pathways respectively.
 A total of 30 putative enzymes 
were identified with similarity to the 
phenylpropanoid biosynthesis enzymes 
derived from the shikimic acid pathway 
(Table 5 and Figure 4). 4-coumarate:CoA 
ligase (4CL) had the highest number of 
unigenes (24) in this group followed by 
cinnamoyl-CoA reductase (CCR) (16) 
and hydroxycinnamoyl CoA shikimate 
(14). Three putative enzymes including 
cinnamate 4-hydroxylase (C4H), S-adenosyl-
L-methionine:salicylic acid carboxyl 
methyltransferase (SAMT) and caffeic acid 
3-O methyltransferase (COMT) were also 
reported by Devitt et al. (2006). C4H is 
the second enzyme of the phenylpropanoid 
pathway from phenylalanine to (hydroxyl) 
cinnamic acid while COMT catalyses the 
conversion of caffeic acid to ferulic acid, 
a precursor of monolignols required for 
lignification (Rogers and Campbell 2004). 
SAMT has been reported to catalyse the 

formation of the important floral scent 
compound, methylsalicylate (MSA). In 
contrast to previous findings where only 
3 isoforms of the phenylalanine ammonia 
lyase (PAL) gene were predicted in the 
papaya genome (Raes et al. 2003), we 
identified a total of 4 PAL unigenes in our 
papaya variety (Table 5). Of these, one was 
similar to a previously identified PAL gene 
in C. papaya fruit (GeneBank accession 
no. ACV30588). In the flavonoids/flavones 
and flavonols/anthocyanin biosynthesis 
pathways (Table 5 and Figure 4), a total of 
14 enzymes were identified with very low 
frequency of unigenes.
 Lipoxygenase (LOX) genes which 
catalyse the deoxygenation of free fatty acid 
substrates, linoleic and linolenic acids to 
hydroperoxides in the oxylipin fatty acids 
biosynthesis pathway (Dixon and Hewett 
2000), was relatively highly represented 
(20 unigenes) (Table 6). One LOX sequence 
was identified to be most similar to a 
previously identified cDNA from ripening 
C. papaya fruit (GeneBank accession 
no. AAR84664). Alcohol dehydrogenase 
(ADH), which contributes to the variety 
of C6 and C10 alcohols in papaya or 
may be associated with the formation of 
phenylpropenes, another important group 
of flavour volatiles, was also identified 
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Glyceraldehyde 3-P + Pyruvate
 
      DXPS

DXP
      DXPR

MEP

CDP-ME

CDP-MEP

ME-cPP

HMBPP

IPP

Dimethylally diphosphate (DMAPP) (C5)
        Monoterpenes

GPP(C10)
   
 Sesquiterpenes  FPP(C15)
 (Germacrene)

GGPP(C20)
   

Carotenes
      PSY Carotenoids

Phytoene
      PDS

ζ-carotene

      ZDS
cis-lycopene

      CRTISO
trans-lycopene

    β-LCY   β-LCY
  α-carotene      β-carotene 
	 β-CHX    Xanthophylls     β-CHX
  α-cryptoxanthin      β-cryptoxanthin
          β-CHX
         zeaxanthin
  lutein      VDE  ZEP
         violaxanthin
          NSY
         neoxanthin
          NCED
         xanthoxin

         abscisic acid

Figure 2. MEP pathway enzymes (in italics) and products towards carotenoid biosynthesis in Carica 
papaya var. Eksotika. DXPS:1-deoxy-D-xylulose 5-phosphate synthase; DXPR:1-deoxy-D-xylulose 
5-phosphate reductase; PSY: phytoene synthase; PDS: phytoene desaturase; ZDS: ζ-carotene 
desaturase; CRTISO: carotenoid isomerase; β-LCY: lycopene-β-cyclase; β-CHX: β-carotene 
hydroxylase; ZEP: zeaxanthin epoxidase; VDE: violaxanthin de-epoxidase; NSY: neoxanthin synthase; 
NCED: 9-cis-epoxycarotenoid dioxygenase [Adapted from Devitt et al. 2006]
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Table 4. Putative enzymes associated with terpenoid biosynthesis pathways with significant similarity 
(E-value ≤10-5) to proteins in nr database in Carica papaya var. Eksotika at ripening index 5

Biosynthesis pathways/putative genes identified 
(including isoforms) (EC*) 

No. of 
unigenes

Blast X 
protein ID

Organism

Monoterpene biosynthesis pathway 
Myrcene synthase (TPS10) (EC 4.2.3.15)
Linalool synthase 2 (LIS2) (–)
Limonoid UDP glucosyltransferase (–)
Terpene cyclase/mutase-related (–)
Terpene synthase (–)

3
1
5
2
8

spQ93X23
AAD19840
ABX46255
NP_001119109
ACO40485

–
Clarkia breweri
Citrus maxima
Arabidopsis thaliana
Actinidia deliciosa

Sesquiterpene biosynthesis pathway
(–) germacrene D synthase (EC 4.2.3.8) 2 AAS66357 Vitis vinifera

Diterpenes biosynthesis pathway
Ent-kaurenoic acid oxidase/cytochrome P450 (–)
Ent-kaurene oxidase (EC 1.14.13.78)
Ent-kaurenoic acid hydroxylase (KAO2)
 (EC 1.14.13.79)
Gibberellin 2-oxidase (EC 1.14.11.13)
Ent-kaurene synthase (EC: 4.2.3.19)

4
2
6
4
5

AAO23063
ADE61678
AAK11564
XP_002300430
XP_002311286

Pisum sativum
Pyrus pyrifolia
Arabidopsis thaliana
Populus trichocarpa
Populus trichocarpa

*Enzyme commission number in KEGG pathway

   Glyceraldehyde 3-P + Pyruvate

    DXPS
   DXP

   DMAPP
    GDPS

   GDP

     LIS 2

      linalool
  TPS 10
       CYT P450

       linalool oxide
 Mycrene

     geraniol

       CYT P450 MONOXYGENASE

      2,6-dimethyl-octa-2,6-dene-1,8-diol

Figure 3. Putative metabolic pathway from pyruvate and glyceraldehyde-3-phosphate leading to 
monoterpene scent biosynthesis, and its related enzymes (in italics) in Carica papaya var. Eksotika. 
DXPS: deoxylylulose-5-phosphate synthase; GDPS: Geranyl diphosphate synthase; LIS 2: linalool 
synthase 2; CYT P450: cytochrome P450; TPS10: myrcene synthase (Adapted from Maheswary 
et al. 2008)



294

Phytochemicals in Eksotika papaya at ripening index 5

Table 5. Putative enzymes associated with biosynthesis pathways derived from shikimic acid pathway 
with significant similarity (E-value ≤10-5) to proteins in nr database in Carica papaya var. Eksotika at 
ripening index 5

Biosynthesis and metabolism pathways/
putative genes identified (including isoforms) (EC*)

No. of 
unigenes

Blast X 
protein ID

Organism

Phenylpropanoid biosynthesis pathway
Cinnamate 4-hydroxylase (C4H) (EC 1.14.13.11)
S-adenosyl-L-methionine:salicylic acid 
 carboxylmethyltransferase (SAMT) (EC 4.1.1.50)
S-adenosylmethionine synthetase (EC 2.5.1.6)
Caffeic acid 3-O methyltransferase (COMT) (EC 2.1.1.68)
4-coumarate:CoA ligase (4CL) (EC 6.2.1.12)
Cinnamoyl- CoA reductase (CCR) (EC 1.2.1.44)
Phenylalanine ammonia-lyase (PAL) (EC 4.3.1.24)
Cinnamyl alcohol dehydrogenase (EC 1.1.1.195)
Ferulate 5- hydroxylase (F5H) (EC 1.14.-.-)
Laccase (-)
Polyphenol oxidase (EC 1.10.3.1)
Acetyl-CoA synthetase (EC 6.2.1.1)
3-dehydroquinate dehydratase (EC:1.1.1.25)
3-dehydroquinate synthase (EC 4.2.3.4)
Shikimate kinase (EC 2.7.1.12)
Hydroxycinnamoyl CoA shikimate (EC:2.3.1.133)
Prephenate dehydratase (EC 4.2.1.51)
Resveratrol (-)
Caffeoyl-CoA O/3-O-methyltransferase (EC 2.1.1.104)
p-coumarate:CoA-ligase (pCL) (-)
Sinapoylglucose:choline sinapoyltransferase (EC 2.3.1.91)
Lignan glucosyltransferase (-)
Coniferyl-alcohol glucosyltransferase (EC 2.4.1.111)
Chorismate mutase (EC:5.4.99.5)
Isochorismate synthase (EC 5.4.4.2)
Naringenin 3-dioxygenase (EC 1.14.11.9)
Acetylornithine aminotransferase (EC 2.6.1.11)
Histidinol-phosphate aminotransferase (EC 2.6.1.9)
Tyrosine aminotransferase (EC 2.6.1.5)
Hydroxyphenylpyruvate dioxygenase (EC 1.13.11.27)

 2
 4

 2
 2
24
16
 4
 7
 1
 5
 2
 3
 2
 2
 5
14
 8
 2
 2
 1
 1
 1
 2
 5
 3
 1
 2
 1
 1
 1

AAT39513
ACH88356

XP_002319463
spQ8GU25
XP_002329323
ACE95172
ACV30588
ABM67695
ABG73616
XP_002312187
AAB41022
embCAA67130
AAW65140
ACM45081
ACM45083
XP_002303858
dbjBAH10647
ABH03018
AAW55668
ADE96996
embCAM91991
dbjBAF96583
NP_566938
NP_196648
ACX46383
AAM12973
spO04866
spQ9FEW2
NP_180058
spO23920

Camptotheca acuminata
Nicotiana tabacum

Populus trichocarpa
Rosa chinensis
Populus trichocarpa
Populus tormentosa
Carica papaya
Citrus sinensis
Brassica napus
Populus trichocarpa
Vitis vinifera
Solanum tuberosum
Juglans regia
Vitis vinifera
Vitis vinifera
Populus trichocarpa
Hevea brasiliensis
Vitis labrusca
Betula platyphylla
Sorbus aucuparia
Brassica napus var. napus
Sesamum radiatum
Arabidopsis thaliana
Arabidopsis thaliana
Populus trichocarpa
Arabidopsis thaliana
Alnus glutinosa
Nicotiana plumbaginifolia
Arabidopsis thaliana
Daucus carota

Flavonoid/Flavone and flavonol/Anthocyanin biosynthesis pathways
Chalcone isomerase (CHI) (EC 5.5.1.6) 
Chalcone synthase (CHS) (EC 2.3.1.74)
Flavonoid 3’- hydroxylase (F3H) (EC 1.14.13.21)
Flavonoid 5-glucosyltransferase (-)
Dihydrokaempferol 4-reductase (EC 1.1.1.219 1.1.1.234)
Flavonol synthase (FLS) (EC 1.14.11.23)
Catechol o-methyltransferase (-)
Coniferylalcohol 5-hydroxylase (-)
Dihydroflavonol 4-reductase (DFR) (EC 1.1.1.219) 
Isoflavone reductase (IFR) (-)
Leucoanthocyanidin dioxygenase (LDOX) (EC 1.14.11.19)
Anthocyanin 5-O glucosyltransferase (EC 2.4.1.-)
Anthocyanidin reductase (ANR) (EC 1.3.1.77)
1-O-acylglucose:anthocyanin-O-acyltransferase (-)

 5
 1
 5
 1
 2
 1
 1
 1
 1
 2
 2
 1
 1
 3

NP_180199
XP_002889339
ABC86840
dbjBAF96592
NP_194455
XP_002513987
XP_002320237
AAS92625
spP52581
NP_194455
dbjBAA97487
dbjBAA89009
ADD51354
dbjBAF99694

Arabidopsis thaliana
Arabidopsis lyrata 
Vitis vinifera 
Rosa hybrid cultivar
Arabidopsis thaliana
Ricinus communis
Populus trichocarpa
Centaurium erythraea
Lupinus albus
Arabidopsis thaliana
Arabidopsis thaliana
Petunia x hybrida
Theobroma cacao
Clitoria ternatea

*Enzyme commission number in KEGG pathway
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L-Phenylalanine

β-Glucogallin

Gallic acid

3-Dehydro-shikimate acid

Carbohydrates

SCoAAcetyl-CoA
ACoAC

SCoAMalonyl-CoA

Penta-O-galloy-glucose Gallotannin and ellagitannin
(Hydrolysable tannins)

Flavonoid/Stilbenes

PAL

Cinnamic acid Benzoic acid Salicylic acid

p-Coumaric acid
C4H

4CL

Figure 4. Putative metabolic pathway in Carica papaya var. Eksotika from shikimic acid pathway leading to 
enzymes (in italics) involved in (a) phenylpropanoid biosynthesis pathway {PAL: phenylalanine ammonia-lyase; 
C4H: cinnamate 4-hydroxylase; COMT: caffeic acid O-methyltransferase; 4CL: p-coumarate:CoA ligase; F5H: 
ferulate hydroxylase; ACoAC: acetylCoA carboxylase}; and (b) flavonoids, flavones and flavonol, and anthocyanin 
biosynthesis pathways {CHS: chalcone synthase; CHI: chalcone isomerase; FLS: flavonol synthase; DFR: 
dihydroflavonol 4-reductase; F3’H: flavonoid 3’-hydroxylase; ANR: anthocyanidin reductase}. [Source: Crozier et 
al. 2006]
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Table 6. Putative enzymes associated with fatty acids biosynthesis pathway with significant similarity 
(E-value ≤10-5) to proteins in nr database in Carica papaya var. Eksotika at ripening index 5

Biosynthesis and metabolism pathways/putative 
genes identified (including isoforms) (EC)* 

No. of 
unigenes

 Blast X 
protein ID

Organism

Fatty acids biosynthesis pathway
Lipoxygenase (LOX) (EC 1.13.11.12)
Alcohol dehydrogenase (ADH) (EC 1.1.1.1)
Acetyl-CoA carboxylase (-)
3-ketoacyl-CoA thiolase (EC 2.3.1.16)
Carboxylesterase (CXE) (EC 3.1.1)
Beta-ketoacyl-ACP synthase (KAS III) (-)
Fatty acid elongase (-)
 Acyl-ACP thioesterase (-)
Acetylajmalan acetylesterase (-)
Omega-3 fatty acid desaturase (-)
Long-chain-fatty-acid--CoA ligase (-)
Glycerol-3-phosphate dehydrogenase 
 (EC 1.1.1.8)
Enoyl-CoA hydratase (EC 4.2.1.17)
Acyl-CoA thioesterase (EC 3.1.2.14) 
3-ketoacyl-CoA reductase (-)
Enoyl-CoA isomerase (EC 5.3.3.8)
3-hydroxyacyl-CoA dehydrogenase
 (EC 1.1.1.35)
Alpha-dioxygenase 2 (EC 1.-.-.-)
Acyl-CoA dehydrogenase (EC 1.3.99.3)
Phospholipase (EC 3.1.4.4)
Digalactosyldiacylglycerol synthase 
 (EC 2.4.1.241)
Ubiquitin thioesterase (EC 3.1.2.-)

20
8
4
3
22
4
2
4
1
6
5
9

16
2
5
1
2

3
4
33
4

12

AAR84664
YP_001671692
embCAA47926
AAQ93070
AAF26738
ACY78677
ABX82799
AAW88320
ABU96743 
NP_178516
-
NP_198877

NP_172142
XP_002892048
AAY23354
spO49809
NP_187342

embCAH64542
NP_187337
ADA72022
ABA55727

NP_566666

Carica papaya
Boechera lyallii
Carica papaya
Glycine max
Malus pumila
Elaeis guineensis
Pistacia chinensis
Jatropha curcas
Rauvolfia serpentina
Jatropha curcas
Arabidopsis thaliana
Arabidopsis thaliana

Arabidopsis thaliana
Arabidopsis lyrata
Gossypium hirsutum
Brassica napus
Arabidopsis thaliana

Solanum lycopersicum
Arabidopsis thaliana
Jatropha curcas
Vigna unguiculata

Arabidopsis thaliana

*Enzyme commission number in KEGG pathway

(Devitt et al. 2006). However, acetyl-CoA 
carboxylase and 3-ketoacyl-CoA thiolase, 
which had similarity to putative enzymes 
of the peroxisomal fatty acid β-oxidation 
pathway and encoding the final 2 steps of 
fatty acid degradation to acetyl-coenzyme 
A were present in very low frequency 
(Table 6). Phospholipase was the most 
highly represented in this group with 33 
unigenes followed by carboxylesterase 
(CXE) (22 unigenes). Acyl-ACP thioesterase, 
an important enzyme substrate reported 
in plastids and β-ketoacyl-ACP synthase 
(KAS III), proposed as one control point 
within fatty acid synthesis (Schmid 2004), 
were identified in very low frequency.
 With regards to a previous study 
on fruit ripening-related genes in the 

same papaya variety Eksotika (Sew et al. 
2011), we also identified several unigenes 
with putative biochemical functions 
associated with fruit ripening such as 
S-adenosylmethionine synthetase and 
polygalacturonase, and fruit softening 
processes such as β-fructofuranosidase and 
β-1,3-glucanase. Polygalacturonase has 
been suggested to play an essential role in 
cell wall softening, particularly at the later 
stage of fruit ripening (Fabi et al. 2009). The 
number of unigenes (19) which matched to 
β-1,3-glucanase enzyme (Table 2) in the 
sugars/sugar alcohols biosynthesis pathway 
was comparable to that predicted by El 
Moussaoui et al. (2001) (at least 27 beta-
1,3-glucanase proteins) in papaya latex 
activity.
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 Fruits like papaya depend upon a 
continuous supply of sucrose for sweetness 
when ripe. Two previously identified 
enzymes in papaya, sucrose synthase (SUS) 
and sucrose phosphate synthase, (SPS), 
thought to be involved in the transport 
of sucrose through the symplast pathway 
during early fruit growth (Zhang et al. 
2006) were also identified in the starch and 
sucrose metabolism pathway in our papaya 
variety. Glycosyltransferase, also reported to 
be involved with sucrose transport, was the 
most highly represented (77 unigenes) in our 
study (Table 2).
 After fruit growth stops, sucrose 
accumulation is thought to involve a cell 
wall invertase gene cleaving the sucrose 
arriving via the phloem to hexoses. Such a 
cell wall invertase, previously isolated from 
papaya, has been reported to be required for 
glucose and fructose accumulation (Devitt 
et al. 2006; Zhou et al. 2003). In our study, 
we found a total of 21 unigenes encoding 
invertase (INV) (Table 2). The hexoses 
are then taken up into the fruit cells and 
vacuoles via hexose transporters (Caspari 
et al. 1994). Papaya has been reported to 
contain at least 4 hexose transporter genes 
(Paull et al. 2008) and in our variety, we 
found 10 unigenes that had significant 
similarity to hexose transporters.

Functional analysis using GO
Of the total 28,736 putative unigenes which 
showed significant (E-value ≤10–5) similarity 
to enzymes in the nr protein database, 
only 11,086 (38.6%) were grouped by GO 
analysis into the broad functional categories 
of biological process (BP), molecular 
function (MF) and cellular component 
(CC) as shown in Table 7. Many of these 
unigenes were represented in more than one 
category as seen by the total number in each 
category. The remaining 17,650 (61.4%) 
either showed insufficient similarities to 
any proteins (NA or no hits) or hit proteins 
without a GO identifier (unclassified).
 Among the biological process category, 
the largest proportion of functionally 

assigned sequences fell into the metabolic 
(49.5%) and cellular (43.3%) processes. 
Among the molecular function (MF) 
category, the most highly represented group 
was binding (57.2%) followed by catalytic 
activity (51.0%). In the cellular component 
category, the most highly represented group 
was cell and cell part (69.8%) followed by 
the organelle group (51.1%).
 Interestingly, 67 of the unigenes (0.6%) 
in the MF category were identified to be 
involved in antioxidant activity as shown 
in Table 8. The highest number of unigenes 
in the reactive oxygen scavengers (ROS) 
group was represented by peroxidase (POD) 
(27) followed by glutathione peroxidase 
(10), manganese superoxide dismutase (7), 
respiratory burst oxidase (6) and chorismate 
mutase (5). Polyphenol oxidases (PPO) 
and peroxidases (POD) are the 2 major 
groups of enzymes involved in oxidation 
(Paull et al. 2008). Other ROS identified 
include glutathione S-transferase, cytosolic 
ascorbate peroxidase and germin-like 
protein 2.

KEGG pathway assignment of predicted 
papaya genes related to identified 
metabolites
After selection of the best hit based on 
E-value <10–5 and removing duplicates, 
a total of 12,878 unigenes (44.8%) were 
mapped to the KEGG pathways. Of 
these, the largest number of unigenes 
(319) (2.5%) belonged to the starch and 
sucrose metabolism pathway, followed 
by phenylpropanoid biosynthesis (219) 
(1.7%), amino sugar and nucleotide 
sugar metabolism (179) (1.4%), 
glycerophospholipid metabolism (167) 
(1.3%) and carbon fixation in photosynthetic 
organisms (133) (1.03%). All the other 
pathways had less than 1% of the unigenes.
 The integration between putative genes 
and the metabolites identified using GC-MS 
are shown in Tables 9 – 13. By mapping 
the KEGG pathway, 29 metabolites were 
identified to have association directly with 
predicted papaya unigenes. These included 
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Table 7. Functional classification of Carica papaya var. Eksotika genes at ripening index 5 using
Blast2GO level 2 (E-value ≤10–5)

Category Putative functions No. of unigenes % (out of 11,086 sequences)
Biological 
process

Anatomical structure formation 118 1.1
Biological adhesion 3 0.03
Biological regulation 1,068 9.6
Cell killing 1 0.01
Cellular component biogenesis 215 1.9
Cellular component organization 605 5.5
Cellular process 4,795 43.3
Death 49 0.4
Development process 929 8.4
Establishment of localization 1,083 9.8
Growth 103 0.9
Immune system process 65 0.6
Localization 1,110 10.0
Locomotion 3 0.03
Metabolic process 5,488 49.5
Multi-organism process 210 1.9
Multicellular organismal process 682 6.2
Pigmentation 814 7.3
Reproduction 513 4.6
Reproductive process 509 4.6
Response to stimulus 1,698 15.3
Rhythmic process 29 0.3
Viral reproduction 4 0.04

Molecular 
function

Antioxidant activity 67 0.6
Binding 6,338 57.2
Catalytic activity 5,648 51.0
Electron carrier activity 6 0.05
Enzyme regulator activity 99 0.9
Molecular transducer activity 304 2.7
Structural molecule activity 254 2.3
Transcription regulator activity 114 1.0
Translation regulator activity 154 1.4
Transporter activity 655 5.9

Cellular 
component

Cell and cell part 7,740 69.8
Envelope 449 4.1
Extracellular region 147 1.3
Extracellular region part 10 0.1
Macromolecular complex 1,021 9.2
Membrane-enclosed lumen 270 2.4
Organelle 5,663 51.1
Organelle part 1,391 12.6
Virion and virion part 5 0.05

No hits or 
unclassified

NA or unknown, unnamed, 
hypothetical and others

17,650



299

S. Sanimah, V. Maheswary, J. Sarip, O. Nur Qistina and S. Vasanthi

Table 8. Carica papaya var. Eksotika unigene sequences with significant similarity (E-value ≤10–5) to 
proteins associated with antioxidant activity in the molecular function category from GO analysis

Predicted genes and gene functions 
(including isoforms) (EC)* 

No. of 
unigenes

Blast X protein ID Organism

Glutathione S-transferase (EC 2.5.1.18) 3 ADB85090 Jatropha curcas
Glutathione peroxidase (EC 1.11.1.9) 10 XP_002299535 Populus trichocarpa
Cytosolic ascorbate peroxidase 
 (EC 1.11.1.5)

3 ABX79340 Vitis vinifera

2-cys peroxiredoxin/Peroxidase
 (EC 1.11.1.15)

2 ACZ56426 Vigna radiata

Chorismate mutase (CM) (EC 5.4.99.5) 5 XP_002324083 Populus trichocarpa 
Alpha-dioxygenase (EC 1.-.-.-) 2 AAG52078 Arabidopsis thaliana
Manganese superoxide dismutase
 (EC 1.15.1.1)

7 AAT68778 Camellia sinensis

Respiratory burst oxidase 
 (EC 1.6.3.- 1.11.1.-)

6 Q948U0 Solanum tuberosum

Ascorbate peroxidase (EC 1.11.1.11) 2 AAN60795 Brassica juncea
Peroxidase (POD) (EC 1.11.1.7) 27 ACN97180 Populus trichocarpa
Acid phosphatase (–) 1 ABN06091 Medicago truncatula
Oxygen binding/ steroid hydroxylase
 (EC 1.14.-.-)

1 NP_180239 Arabidopsis thaliana

GCN5L1 family protein (–) 1 NP_180592 Arabidopsis thaliana
Annexin 3 (–) 1 ACQ65866 Brassica juncea

Cationic amino acid transporter (–) 2 NP_187022 Arabidopsis thaliana
Fiber protein Fb12 (–) 1 AAN77151 Gossypium barbadense
Copia-like retrotransposable element (–) 1 BAB01972 Arabidopsis thaliana
CarD-like transcriptional regulator family
 protein (–)

1 ABA94062.2 Oryza sativa

Putative gag-pol polyprotein, identical (–) 1 AAT38758 Solanum demissum
OSIGBa0134J07.9 (–) 1 CAH66391 Oryza sativa
Germin-like protein 2 (–) 3 XP_002278736 Vitis vinifera
Nucleolar complex protein 2 homolog (–) 1 NOC2L_ARATH –
RNA/lariat debranching enzyme (–) 2 CAA19746 Arabidopsis thaliana
Cytochrome P450 (–) 2 XP_002308312 Populus trichocarpa
Total 67

*Enzyme commission number in KEGG pathway
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the metabolites belonging to the amino 
acids (Table 9), organic acids (Table 10), 
fatty acids (Table 11), plant sterols and 
vitamins (Table 12) and sugars/sugar 
alcohols (Table 13). Most of the predicted 
unigenes were involved in the biosynthesis 
and metabolic pathways in KEGG database 
while very few were involved in the 
oxidative phosphorylation/TCA/citrate cycle, 
carbon fixation during photosynthesis and 
pentose phosphate pathway. As most of the 
secondary metabolites such as carotenoids, 
phenylpropanoids and flavonoids could not 
be detected by our GC-MS analysis, the 
correlation between these phytochemicals 
and the identified unigenes could not be 
performed. However, our mRNA paired-
end sequencing results showed that the 
unigenes involved in these secondary 
metabolites were present in Eksotika papaya 
(Tables 3 and 5) and we also managed 
to map these genes in the appropriate 
pathways (Figures 2 and 4). Rivera-
Pastrana et al. (2009) reported several 
phenolic acids from mature fruit flesh of 
C. papaya L. Maradol including caffeic 
acid, protocatechuic acid and gallic acid 
hexosides. In addition, carotenoids such as 
lycopene, β-cryptoxanthin and β-carotene 
found in the flesh have been identified using 
LC/DAD-MS-APCI (Rivera-Pastrana et al. 
2009). Different phytochemicals observed in 
our papaya samples may be attributable to 
the different cultivar, extraction solvents and 
analytical techniques that have been used in 
our study (Perez-Gutierrez et al. 2011).
 Some of the important phytochemicals 
identified by GC-MS in this study include 
vitamin C (ascorbic acid), vitamin E 
(tocopherols) and plant sterols (Table 12). 
In addition to their primary role in plants, 
these phytochemicals which are considered 
as antioxidant nutrients have been subjected 
to numerous studies focusing on the 
potential health benefits. Studies have 
shown that vitamin C-rich foods, such as 
papaya, provide humans with protection 
against inflammatory polyarthritis, a form 
of rheumatoid arthritis involving two or 

more joints (Pattison et al. 2004). Khaw et 
al. (2001) also reported that the existence 
of ascorbic acids in blood plasma was 
inversely correlated with the mortality of 
cardiovascular disease (CVD) and ischaemic 
patients. Vitamins C and A, which are 
made in the body from beta-carotene, are 
both needed for the proper functioning of 
a healthy immune system. Papaya may 
therefore, be the healthy fruit choice for 
preventing colds and flu.
 Results from several studies have 
shown that the antioxidant properties of both 
α- and γ-tocopherols (vitamin E) identified 
in our study, play important roles in exerting 
positive effects on human health. Previous 
studies on animal models and human colon 
cancer cell lines have shown that vitamin 
E may help in preventing colon cancer by 
reducing the mutagen as a result of free 
radical oxidation activities (Stone et al. 
2004).
 The benefits of plant sterols for human 
health have already been established. 
The United States National Cholesterol 
Education Programme suggests consumption 
of 2 g/day of phytosterols as a supplement 
in order to reduce LDL cholesterol 
accumulation in the body by 10% (Ostlund 
2002). Beta-sitosterol, campesterol and 
stigmasterol found in this study are the 
most abundant sterols in plants including 
papaya. These bioactive compounds are 
known to have the properties that can 
reduce the absorption of dietary cholesterol 
from the gut as well as help in assisting the 
cholesterol elimination from the body (Law 
2000).
 Unsaturated fatty acids found in 
ripening index 5 of Eksotika papaya are 
known to have beneficial effects on health, 
specifically related to cardiovascular disease 
(Lorgeril and Salen, 2004; Pan et al. 2012). 
For example, alpha-linolenic acid is a 
polyunsaturated fatty acid (omega 3 fatty 
acid) while decanoic acid (capric acid) and 
dodecanoic acid (lauric acid) belong to 
the group of medium-chain triglycerides 
(MTC). Other unsaturated fatty acids like 
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arachidonic and oleic acids were present 
inconsistently throughout the experiment 
(replicates). The saturated fatty acids 
commonly found in plant oils were also 
found in this study.

Conclusion
Metabolite profiling revealed 29 
phytochemicals that can be correlated with 
the identified enzymes in the primary and 
secondary metabolite KEGG pathways. 
These include the metabolites belonging 
to the group of amino acids, organic acids, 
fatty acids, plant sterols, vitamins and 
sugars/sugar alcohols. The results of this 
study may contribute to the identification of 
potential chemical biomarkers or candidate 
genes to genetically improve our local 
papaya varieties for nutritional properties 
through marker-assisted breeding or genetic 
engineering.
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Abstrak
Bahan fitokimia yang terlibat dalam laluan metabolit primer dan sekunder dan 
gen-gen yang mempunyai pertalian dengannya dalam indeks pemasakan 5 buah 
betik Eksotika telah dikaji dengan menggunakan pendekatan metabolomik 
berasaskan GC-MS dan penjujukan mRNA secara pasangan hujung (paired-
end). Sejumlah 54 metabolit telah berjaya dikenal pasti untuk sebatian polar 
dan tidak polar yang terdiri daripada asid amino dan asid organik, asid lemak 
tepu/tak tepu, gula dan gula beralkohol, fenol ringkas, vitamin dan sterol serta 
alkana. Asid askorbik (vitamin C), α-tokoferol (vitamin E), dan sterol tumbuhan 
termasuk stigmasterol, β-sitosterol dan kampesterol juga telah berjaya dikenal 
pasti dalam kajian ini. Sejumlah 48,765 unigen anggapan telah dikenal pasti 
daripada penjujukan mRNA secara pasangan hujung di mana 59% daripadanya 
(28,736) menunjukkan ekspresi yang ketara ((E-value ≤10–5) terhadap enzim 
di dalam pangkalan data tidak lewah (nr). Daripada 28,736 unigen anggapan 
tersebut, hanya 4.9% (1,413) telah dikenal pasti berpotensi untuk terlibat dengan 
biosintesis dan metabolisme metabolit sekunder berdasarkan laluan KEGG. Ini 
termasuk metabolit karotenoid, mono and diterpenoid, stillbenoid, flavonoid, 
flavon, flavonol, antosianin, fenilpropanid, betalain, isothiosianat, steroid, asid 
lemak tepu dan tidak tepu, gula, gula beralkohol, brassinosteroid, asid amino 
dan organik, asid absisik, latisifer dan protease. Analisis Ontologi Gen (GO) 
pula mengenalpasti 67 unigen dalam kategori fungsi molekul terlibat dalam 
aktiviti antioksidan. Pemetaan pada laluan KEGG mengenal pasti 29 metabolit 
mempunyai pertalian rapat dengan unigen anggapan yang telah diramal. Ini 
termasuk metabolit dari kumpulan asid amino/organik, gula, asid lemak dan 
sterol tumbuhan.
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