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A major challenge to the papaya industry is inconsistency in fruit quality and, in particular, flavour, which is a
complex trait that comprises taste perception in the mouth (sweetness, acidity, or bitterness) and aroma produced
by several volatile compounds. Current commercial varieties vary greatly in their taste, likely due to historical
prioritised selection for fruit appearance as well as large environmental effects. Therefore, it is important to better
understand the genetic and biochemical mechanisms and biosynthesis pathways underpinning preferable flavour
in order to select and breed for better tasting new commercial papaya varieties. As an initial step, objectively
measurable standards of the compound profiles that provide papaya’s taste and aroma, together with ‘mouth feel’,
are required. This review presents an overview of the approaches to characterise the flavour profiles of papaya
through sugar component determination, volatile compound detection, sensory panel testing, as well as genomics-

based studies to identify the papaya flavour.

papaya breeding flavour profiling biosynthesis pathways gene identification

| 1. Introduction

Papaya ( Carica papaya L.) is one of the top five most commonly grown tropical fruit crops throughout tropical and
subtropical regions worldwide, including in Australia, Hawaii, and Southeast Asia [Ll. Papaya fruit is juicy with a
sweet flavour and the ripe fruit is rich in vitamins A and C, folate, as well as calcium (2, The fruit is valued for its
nutritional status and is usually eaten raw, whereas unripe green fruit can be eaten both raw and cooked, for
example, in green papaya salad. In addition, unripe papaya is a source of papain, an endolytic plant cysteine
protease that plays a crucial role in many vital biological processes in all living organisms and that has been used

in meat tenderising for thousands of years El4],

Due to its high productivity, nutritional value, and functionality, papaya has become an important commercial fruit
crop worldwide. The global production of papaya for the past twenty years has steadily increased, mainly because
of increased production in India and demand by the United States, reaching a peak in 2016 of 13.09 million tonnes.
In 2018, 60.9% of the world’'s total papaya production was in three countries: India (138 thousand ha and 5.99
million tonnes), Brazil (27.2 thousand ha and 1.06 million tonnes), and Mexico (18 thousand ha and 1.04 million

tonnes) 2.

Although great gains have been made in increasing fruit yield, there has generally not been a simultaneous
improvement in flavour quality. This has likely led to reduced market uptake, hence recent breeding has focused on

improving fruit and flavour quality traits with the intention to expand the market 8. Fruit quality comprises several
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important factors including flavour, nutrition, appearance, texture, and postharvest processing. Flavour is a
complex trait that includes taste perception in the mouth (sweetness, acidity, and/or bitterness) and aroma, which is
produced by several volatile compounds @. Therefore, the combination of both mouth perception as well as
amounts and ratios of volatile compounds present in the flesh plays a major role in determining the perception and
acceptability of papaya flavour by consumers. Together, these considerations are important in strategic breeding,
branding, and marketing of premium papaya cultivars to align with consumer acceptance and demand. To achieve
this, objective standards of good taste and aroma must be set. Additionally, molecular markers for detecting
desirable fruit traits at an early stage of papaya growth are needed for targeted genomics-assisted breeding
strategies. The following is a review of the key factors and current knowledge in papaya fruit flavour quality and the

considerations for the strategic breeding of the flavour of preference.

| 2. Papaya Flavour

Many factors, including the biochemical and environmental contributions to flavour profiles, how these are
perceived, and the suitable eating stage, must be understood to successfully breed papaya and improve its flavour.
Fruit flavour comprises sugars, acids, and volatile components [E. The combination of a consumer’s mouth
perception together with an understanding of the preferred acidity, sweetness, and known amounts and ratios of
specific volatile compounds can be used to develop a tool to differentiate and select for flavour types or profiles. In
this review section, sugar accumulation and volatile compounds, as well as the genes involved in fruit flavour

metabolism pathways in papaya, will be discussed.

Papaya sweetness is contributed to by three main soluble sugars: glucose, fructose, and sucrose RILJILL12]
Accordingly, for papaya sweetness evaluation, it is essential to quantify total sugar content and the ratio of each
type of sugar in that total 1213 During papaya fruit development, sugar accumulation initiates after seed
maturation with the increasing activity of sucrose synthase (SS), and glucose is the major soluble sugar E14], The

metabolic pathway of sugar metabolism and associated enzymes in papaya is shown in Figure 1 .
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Figure 1. Metabolic pathway of sugar metabolism in papaya fruit, indicating enzyme reactions.

Invertases were also involved in the accumulation of glucose and fructose in ripe papaya fruit variety ‘Golden’ (2],
Sucrose phosphate synthase (SPS) plays an important role in metabolising neutral sugars, especially mannose
from cell walls for the continuous synthesis of sucrose and galactose, the main source of carbon during the
synthesis of sucrose 13, Galactose is metabolised rapidly under high SPS activities, liberating simple sugars, and
contributes to sweetness (28l In addition, several quantitative trait loci (QTLs) for flesh sweetness have been
detected in papaya varieties ‘RB2’ and ‘Sunrise Solo’, which are associated with the SS gene family 718l
Nantawan et al. 12 determined that sucrose was the main sugar in these two papaya varieties at the ripening

stage, contributing 40—-60% of the total sugar.

Almost 400 volatiles were originally identified in papaya X2 using a range of separation techniques such as
headspace, gas chromatography, odour olfactometry, and mass spectrometry 8202111221 Based on these previous
studies, the characteristic aroma of papaya fruit is proposed to be produced by combinations of alcohols, esters,

aldehydes, and sulphur compounds [23],

| 3. The Genomics of Fruit Flavour
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The genes that contribute to fruit flavour are involved in the production of sugars, acids, and volatile components,
which are also involved in other primary and secondary metabolic pathways 8. Therefore, genomics-based studies
to identify the genes controlling flavour and the subsequent development of selective molecular markers have

focused on understanding those within the sugar and volatile syntheses pathways 1171241,

To select papaya genotypes with high sugar content phenotypes, several of the functional genes related to sugar
synthesis and accumulation pathways have been identified 1718 As mentioned in the previous section, invertase,
SPS, and SS are the key enzymes involved in papaya sugar production throughout the ripening stage [221[261(91[27]
(20 Genes involved in the production of these key enzymes have been investigated and identified in a variety of
fruits including tomato 28 pineapple 22, apple BY, and papaya 8. In some fruits, such as tomato B, citrus 82,
and sugarcane 38 SPS activity is directly linked to sucrose accumulation during the fruit maturation stage, but the
detailed mechanisms are still unknown. Meanwhile, in other fruits, such as grape berries 24 and pineapple 22, the

mechanism for sucrose production is more complicated and regulated by multiple genes.

Several genes have been identified for the improvement of fruit sweetness in papaya, including nine predicted to
control sugar synthesis and sugar transportation B2, Among these, two were papaya cell wall invertase genes (
CpCWINV1 and CpCWINVZ2 ), which have the Glycohydrolase Family 32 (GH32) domain and are responsible for
exporting sucrose from the phloem to the cell as well as hydrolysing sucrose into fructose and glucose. A further
four were SS genes ( CpSUSI1 to CpSUS4 ) and all had sucrose synthase and glycosyl transferase (GT4)
domains, which catalyse the reversible conversion of sucrose and UDP to UDP-glucose and fructose. Another
three were SPS genes ( CpSPS1 , CpSPS2 , CpSPS3 ) and all had GT4 and SPS domains. These genes were
selected as sweetness candidate genes and identified in two papaya genotypes ‘RB2' and ‘Sunrise Solo’ by
Nantawan et al. 18, Higher expression levels of coSPS1 , cpSPS2 , cpSPS3 , cpSPS4 , cpCWINV1 , and cpAVIN2
were observed in ‘Sunrise Solo’, the genotype with a high sugar content ( Figure 2 ). This indicated major putative
roles of these genes in sugar synthesis in papaya 8. A sugar transporter gene ( AT3G05165 ) was also
discovered in ripe papaya (cv. ‘Golden’) by Fabi et al. in 2012 28], Additionally, nine putative enzymes associated
with sugars/sugar alcohols with unigenes were identified in ripe papaya (cv. ‘Eksotika’) by using mRNA paired-end
sequencing BZ. These were a-galactosidase, a-glucosidase, myo-inositol monophosphatase, p-fructofuranosidase,
xylose isomerase, fructose biphosphatase, fructose biphosphate aldose, ribose 5-phosphate isomerase, arabinose

kinase, and (-glucosidase.
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Figure 2. Starch and sucrose metabolism pathway within which the locations of gene cpSPS2, coCWINV1, and
CpAVINZ are labelled in red circles. cpSPS2 functions at site 2.4.1.14 in Arabidopsis thaliana; coCWINV1 functions
at site 3.2.1.26 in C. papaya L.; cpAVIN2 functions at site 3.2.1.26 in Solanum lycopersicum 8!,

Volatiles can influence the perception of sweetness and vice versa B2, Fruit-related volatiles are mainly derived
from three different secondary metabolic pathways; (1) the isoprenoid biosynthesis pathway that produces mono-
and sesquiterpenes, (2) the shikimic acid aromatic amino acid biosynthesis pathway that produces
phenylpropanoids and benzenoid fragrances, and (3) the acyl lipid catabolism pathway that forms short branched-
chain aldehydes, alcohols, esters, and ketones. The genes within these pathways represent targets for studies
focused on uncovering differential sequence identification, differential expression, and the development of
biomarkers for preferred volatile selections 24, The key flavour volatile genes are generally divided into two
classes: (1) those encoding enzymes responsible for the synthesis of the end product and (2) those encoding
factors that regulate the synthetic pathways [24l. In papaya, the main contributors to aroma are methyl and ethyl
ester derivatives of lipid catabolism 2%, Accordingly, 14 papaya sequences were predicted to be associated with
enzymes involved in fruit volatile biosynthesis. Among these, five were highly similar to enzymes in the acyl lipid
catabolism pathway, and two were enzymes that encoded the final steps of the fatty acid degradation to acetyl-
coenzyme A pathway: Abnormal inflorescence meristem 1/fatty acid multifunctional protein (AIM1) and 3-ketoacyl-
CoA thiolase via the B-oxidation pathway 9. An additional two genes ( CPPALDS2 and CpPALDRI1 ) were

involved in volatile production from phenylalanine as identified by [,

| 4. Gene Identification and Functional Validation

The identification and characterisation of gene sequences related to papaya sweetness and volatile compounds

are important for future breeding, branding, and marketing of premium papaya cultivars to align with consumer
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acceptance and demand. The first step towards this is the identification and functional validation of these

genes/sequences within current papaya commercial varieties and advanced breeding lines.

Therefore, RNA-Seq and gPCR analyses together with biochemical analyses may be a suitable combined
approach for uncovering the genomic components of papaya flavour. An immediate limitation to RNA-Seq analysis
in papaya, however, is the lack of a dense coverage and fully annotated papaya reference genome. This is
surprising since the papaya genome size is relatively small (372 Mbp) when compared with other plants such as
banana (875 Mbp), plum (883 Mbp), and avocado (883 Mbp) 1. The first draft genome of papaya was released by
Ming et al. (2008), who sequenced the transgenic variety ‘SunUp’, the first commercially available and virus-
resistant transgenic papaya, by using Sanger sequencing technology followed by BAC-end sequences as well as
physical and genetic maps 2. To date, this stands as the most comprehensive published papaya reference
genome ( http://www.plantgdb.org/CpGDB/ , accessed on 29 May 2021), yielding 1.6 million high quality reads from
a total of 2.8 million whole genome shotgun (WGS) sequencing reads assembled into 271Mb contigs and
representing around 75% of the papaya genome. A total of 24,746 genes were accurately annotated from this
following the TIGR Eukaryotic Annotation Pipeline 3. This was a 11-20% lower gene count than detected in
Arabidopsis 24! and 34% less than in rice 42, A denser and better annotated genome assembly is much needed for

future advanced papaya genomics studies.

CRISPR/Cas9 vector systems have been widely used in the efficient editing of plant genomes including for gene
knockout, gene knock in, and the suppression of virus infection 8. In rice, Shimatani et al. 2 induced three
multiple-herbicide-resistance point mutations (C287T, G590, and WA483), which conferred resistance to the
herbicide imazamox (IMZ). By mutating these genes in rice, they were able to induce 3.41% IMZ tolerance. In
papaya, CRISPR/Cas9-mediated mutations of S-genes have been developed to enable resistance to papaya
ringspot virus (PRSV) 481149 However, the CRISPR/Cas9 approach requires a robust transformation system and

works best when a clear and single target is identified.

Conversely, flavour is a very complex multigenic trait, comprising numerous reactions mediated by multiple
enzymes and genes. Flavour is also likely influenced by several physical and environmental factors, which can

lead to qualitative and quantitative changes in biochemical component production 22,
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