
Genetic challenges of flavor
improvement in tomato
Harry J. Klee and Denise M. Tieman

University of Florida, Horticultural Sciences, P.O. Box 110690, Gainesville, FL 32611-0690, USA

Review
In many instances, the intensive breeding of crops over
the past half century with a focus on yield has indirectly
led to reductions in flavor and nutrient content. Largely,
this deterioration of quality relates directly to the genetic
and biochemical complexity of such traits. Here, we
describe challenges associated with quality improve-
ment, emphasizing tomato fruit flavor. Flavor improve-
ment is particularly problematic because of the difficulty
of assessing the phenotype as well as a lack of funda-
mental knowledge about the chemicals driving consum-
er preferences, the pathways for their synthesis, and the
genes regulating the output of these pathways. Recent
breakthroughs from a systematic analysis of these fac-
tors and the availability of a tomato genome sequence
have led to significant progress in our understanding of
flavor. However, the need to deliver improved flavor in
the context of high yield and long postharvest shelf life
still present major challenges.

Flavor versus yield
It is generally accepted by consumers that many modern
commercially produced fruits have lost their flavor. In
addition, there is a growing body of evidence that suggests
the nutrient content of fruits and vegetables has declined
over the past half century of intensive breeding. This
review addresses the evidence for these claims, the under-
lying causes for this deterioration, and the challenges to
quality improvement. Flavor, in particular, exemplifies the
complexity of understanding and manipulating quality
traits. Although this review focuses on tomato flavor qual-
ity in particular, the challenges are similar for most fruit
crops and, more broadly, the genetics of flavor illustrate the
challenge of understanding a crop trait that is multigenic
and environmentally influenced.

A survey of US Department of Agriculture (USDA) food
composition data for 43 fruits and vegetables between 1950
and 1999 indicated significant reductions in minerals,
protein content, and vitamins over that period [1]. Such
comparisons, however, are inherently difficult. Modern
analytical methods are often more sensitive and reliable,
which can skew the results. Agricultural practices have
also changed over the past half century. Nevertheless,
there is a substantial and growing body of evidence to
support the claim that nutrient content of intensively bred
crops has dropped as yield has increased and time to
harvest has decreased [2–4]. Modern cultivars have been
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continuously selected for rapid growth and yield and, for
the most part, have not been selected or even screened for
nutrient content.

The tomato is no exception to this trend. According to
the United Nations Food and Agriculture Organization
yields of fresh market tomatoes have increased 300% since
1970 in the USA (http://faostat3.fao.org/home/index.html).
Consumer liking for the modern commercial salad tomato
is not high, and they report that fruits taste worse than
many older ‘heirloom’ varieties [5]. Much of the consumer
dissatisfaction with modern hybrids is probably associated
with the harvest of immature fruits and subsequent post-
harvest handling [6,7]. However, modern cultivars also
have fewer of the most important contributors to flavor
than varieties that pre-date the post World War II period of
intensive breeding [5,8]. Because the tomato is grown as an
annual, breeding has been much more intensive than for
other fruits grown as perennials. In some instances, selec-
tion for certain traits has had unintended negative con-
sequences on flavor. For example, determinate varieties
have a more concentrated fruit set over a shorter period of
time than indeterminate varieties. This is a desirable trait
in fresh market tomatoes that are hand harvested because
labor costs are less. However, determinate varieties, be-
cause of the heavier fruit load, have fewer soluble solids
and are less sweet [9]. Similarly, most modern cultivars
contain a mutation that inactivates the UNIFORM tran-
scription factor [10]. Wild type fruits ripen from the blos-
som end toward the stem end and have what is referred to
as a green shoulder; the tissue surrounding the pedicel is
dark green and only turns red very slowly. Fruits from
uniform (u) mutant plants ripen more uniformly, lack the
pronounced green shoulder, and are deemed more attrac-
tive. However, u fruits have fewer chloroplasts, lower
levels of carotenoids, and significantly fewer soluble solids,
all of which contribute to the fruit flavor profile [10]. Thus,
the widespread introduction of this mutation to make the
fruits more visually appealing had the unintended conse-
quence of making them less flavorsome.

Flavor quality improvement is an example of the real-
world challenges that breeders face. For the most part,
growers are paid on the basis of pounds of product in the
box with no added value for taste quality. Because bree-
ders’ customers are growers rather than consumers, they
emphasize yield and associated traits such as disease
resistance, fruit size, and physical appearance. The
challenge to flavor quality improvement is to bring the
consumer back into the selection process without
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compromising the needs of the grower. We must define the
genetics of flavor quality and develop a molecular toolbox
to assist the breeder in maintaining and ultimately im-
proving flavor and nutrient quality within the context of
high yield.

Flavor is a somewhat subjective phenotype that inte-
grates multiple sensory systems, ultimately manifesting
itself at brain level. Although appearance and texture
certainly influence perceived flavor [11], the underlying
chemistry can be reduced to molecules that interact with
taste and olfactory receptors [12]. The genetic challenge is
to track those chemicals reliably and translate their con-
tents into consumer preferences (i.e., phenotype). The first
step is simply identifying the metabolites that are impor-
tant for taste. There is a large amount of variation in
metabolite composition in most crops between seasons
and sites [13], and the tomato is no exception (Figure 1).
This makes careful replication of every metabolome study
essential [14]. Tomato flavor, in particular, is the sum of
sugars, acids, and many volatile chemicals [15]. These
volatiles are derived from a diverse set of precursors that
include branched-chain and aromatic amino acids, fatty
acids, and carotenoids. Fifty or more quantitative trait loci
(QTLs) affecting volatile levels have been identified [16–
18]. Because there are so many chemicals that contribute
to flavor, altering one or a few of them is unlikely to have a
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Figure 1. Seasonal variation in flavor-associated chemicals and consumer preferences. 

Pierre. Five separate consumer panels were performed between March 2010 and June 
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�100 different varieties over all seasons ranged from a high of 33 to a low of 2.

258
major effect on consumer preferences. The task can, how-
ever, be somewhat simplified by identifying important
regulators of pathways that lead to multiple chemically
related volatiles. For example, phenylalanine is the pre-
cursor of four important volatiles with a common, rate-
limiting first step catalyzed by a family of aromatic amino
acid decarboxylases [19] (Box 1). Overexpression of one of
these enzymes causes tenfold or higher increases in all of
the downstream volatiles [19]. However, the effects of
increasing only these Phe-derived volatiles on consumer
preferences have not been evaluated.

The tomato is an excellent model in which to dissect
flavor at the molecular level. There is a large body of
analytical work addressing the chemistry of the fruit
and the functions of sugars, acids, and volatiles influencing
flavor perception [20,21], providing a good catalogue of
potential flavor active chemicals. This catalog is further
expanded by the large set of tomato germplasm with
diverse chemical content and a wide range of flavors [5].
The crop is grown worldwide and is readily transformable.
Finally, the genomes of tomato and related species have
recently been determined [22]. Thus, genetic and molecu-
lar manipulations make the isolation of novel genes
straightforward, and their functions can easily be validat-
ed in vivo. Although flavor in a tomato is complex, many of
the volatile chemicals contributing to its flavor also
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Box 1. Genes encoding tomato volatile biosynthetic

enzymes

A number of genes with validated functions in tomato volatile

metabolism as well as the volatiles associated with their functions

have been identified (Table 1). In every case, functionality has been

validated with transgenic plants. CCD1 cleaves multiple carotenoid

precursors at the 5,6 and 9,10 positions to generate several flavor

volatiles. CXE1 cleaves a variety of acetate esters to produce the

corresponding free alcohols and acetic acid. Generally, three

approaches have been used to identify genes. CG indicates a

candidate gene approach where homology to genes with known

function led to a tomato gene. BP indicates a screen for genes

encoding enzymes that might function in a given synthetic pathway.

QTL indicates a gene that was identified by linkage to a QTL affecting a

target volatile pathway. Examples of the approaches are illustrated

with LoxC, AADC, and CXE1. LoxC was initially identified as a cDNA

with homology to known lipoxygenases that were highly expressed in

ripening fruits. AADC was identified by a hybrid approach. Character-

ization of the metabolic pathway indicated that the first step in

synthesis was probably an aromatic amino acid decarboxylation. A

major 2-phenylethanol QTL, malodorous, was located on chromo-

some 8. A screen of expressed sequences identified members of a

candidate gene family mapping to the vicinity of the QTL. CXE1 was

identified by chromosome walking to a QTL regulating the levels of a

group of several acetate esters in fruits.
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contribute to flavors of other fruits [23]. Thus, identifica-
tion of the pathways and key regulatory factors controlling
their output are probably translatable to future molecular
improvements of other species.

Flavor improvement can be broken down into a series of
specific challenges:
� What are the most important chemicals that contribute

to consumer preferences (liking) either positively or
negatively?

� What are the genes that control the synthesis of those
chemicals?

� What are the appropriate alleles of the most important
genes?

Only after these questions have been answered can one
think about actually introducing a suite of genes into
suitable germplasm. Modern commercial varieties must
deliver high yield and postharvest shelf life year-round,
properties that are essential to the grower, and it is
therefore imperative that every manipulation of the genes
influencing flavor should maintain these properties.

The most important flavor chemicals
The first challenge associated with flavor improvement is
the assay, which requires a clear definition of flavor. With
Table 1. Genes associated with flavor-imparting volatiles in toma

Gene Synthesized volatile(s) 

AADC Phenylacetaldehyde, 2-phenylethanol,

1-nitro-2-phenethane, 2-phenylacetonitrile

PAR 2-Phenylethanol 

LoxC Z-3-Hexenal, Z-3-hexenol, hexanal, hexanol 

SAMT Methylsalicylate 

CTOMT 2-Methoxyphenol 

CXE1 Multiple alcohols 

CCD1 Multiple apocarotenoids 

Abbreviations: AADC, aromatic amino acid decarboxylase; PAR, phenylacetaldehyde re

catechol-O-methyltransferase; CCD1, carotenoid cleavage dioxygenase; CXE1, carboxy
so many genes influencing flavor chemistry, inheritance of
good flavor requires the screening of large populations.
Also, the chemical composition of a fruit is hugely influ-
enced by the environment (Figure 1). Fruits from a single
plant harvested on different days can have very different
taste properties. Seasonal and site variations can be larger
than the plant-to-plant variation observed within a single
season. All of these factors make it virtually impossible for
screening based on taste alone. Even objective chemical
analysis of flavor chemistry is not practical, because it is
expensive, technically demanding, and subject to the same
environmental variation as taste.

Key to solving the flavor challenge is the need to under-
stand the chemistry of flavor preferences. Sugars (glucose
and fructose) and acids (principally citrate and malate)
interact with taste receptors in the mouth, providing a
foundation for good flavor. Volatiles are also essential to
good flavor; removing them greatly reduces flavor intensity
[15]. Volatiles can be perceived either orthonasally or retro-
nasally. Orthonasal olfaction involves volatile uptake
through the nose, whereas retronasal olfaction occurs when
volatiles are released from the food in the mouth and are
forced from the back of the oral cavity to the olfactory
epithelium [12]. Volatiles delivered by these two pathways
are not perceived by the brain in the same way. It is retro-
nasal olfaction, and not orthonasal olfaction, that is essential
to flavor. Over 400 different volatiles have been detected in
tomato fruits [20,21]; however, it is likely that a much
smaller subset of these most significantly contribute to flavor
and consumer preferences. Historically, rank ordering of
volatile contributions has been determined using odor units
[21] – the ratio of the concentration of a chemical in a food to
its odor threshold. The odor threshold, however, is defined as
the minimum concentration at which an individual can
detect the presence of a volatile and is typically determined
orthonasally. If the concentration exceeds the odor threshold
then that volatile must contribute to flavor and if it falls
below the threshold the volatile is unimportant. Odor unit
values permit rank ordering of volatiles for their contribu-
tions to flavor. Thus, the highly abundant six carbon volatile
cis-3-hexenal with a high odor unit value is predicted to be
the most important volatile contributor to tomato flavor,
whereas geranial, which has a negative log odor unit value,
is predicted to be insignificant in terms of flavor [21]. This
approach has some merit in terms of roughly approximating
the most important of the �400 volatiles in a tomato fruit.
However, there are major problems with the approach. First,
it tells us nothing about consumer preferences. A given
to

Identification method Refs

BP/QTL [19]

BP [49]

CG [32]

BP [50]

BP [51]

QTL [41]

CG [52]

ductase; LoxC, 13-lipoxygenase; SAMT, salicylic acid methyltransferase; CTOMT,

lesterase.
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volatile may be perceived as being present in the fruit but it
may not impact consumer preferences at all. Further, the
odor unit is at best an approximation. Odor thresholds differ
widely among individuals and change with age and experi-
ence [24,25]. They are also dependent upon the matrix in
which the chemical is delivered [20]. Finally, when detecting
volatiles in a complex mixture of chemicals, the measured
odor threshold of a pure compound can be misleading. An
olfactory receptor can recognize multiple chemicals and each
chemical is recognized by multiple different receptors. Com-
binations of different volatiles can act synergistically or
antagonistically, changing the levels of detection for the
individual components in the mix [26,27]. Thus, it is almost
impossible to predict how a complex mixture of chemicals will
be perceived by an individual or how much that individual
will like the product.

One approach to understanding the flavor in a whole food
is the exploitation of genetic and biochemical diversity within
a species. If there is sufficient diversity in the flavor chemical
composition of fruits, as there is in tomato, one can empiri-
cally establish correlations between composition and con-
sumer preferences. Levels of primary metabolites such as
glucose, fructose, citrate, and malate can vary by several-
fold, whereas concentrations of flavor volatiles can vary by
1000-fold or more among heirloom varieties [5]. Even within
elite commercial tomato varieties, there is substantial chem-
ical variation [28]. In addition, seasonal and site composi-
tional variation can be exploited to understand the
underlying chemistry of consumer preferences (Figure 1).
A combination of targeted metabolomics and natural varia-
tion within 66 heirloom varieties was used to create a
predictive and testable model of liking [5]. The results indi-
cate how little is known about the chemistry of human
preferences. The most significant contributor to consumer
liking is sugar, with a strong positive correlation between
perceived sweetness and overall liking. Volatiles also make
significant positive or negative contributions to liking. Sur-
prisingly, some of the most abundant volatiles, such as cis-3-
hexenal, do not impact consumer preferences, whereas other
less abundant volatiles, including geranial, significantly
impact preferences [5]. Some of the volatiles positively cor-
related to liking make significant contributions to the per-
ception of sweetness [5,29]. Thus, increasing the levels of
these volatiles makes a fruit appear to taste sweeter inde-
pendently of sugar content. Critically, this study identified
the most important target molecules that drive consumer
liking. It is important to note that human preferences are
influenced by genetics and cultural background, which vary
person to person. A large consumer panel provides informa-
tion about an average population. Nevertheless, as the to-
mato study shows, one cannot necessarily predict the most
important contributors to flavor and consumer liking based
solely on odor units. Even the average measure of consumer
preferences provides insights into the flavor chemistry of a
whole food product. Where sufficient chemical diversity
exists in a species, for example strawberry [30] or melon
[31], such screens are highly informative.

Gene identification
Armed with a ranked list of the factors that affect consum-
er liking, the next step is to identify the genes involved in
260
the synthesis and regulation of these chemicals. In many
cases, these are secondary (specialized) metabolites that
are valuable not only as flavorings but also as fragrances,
pharmaceuticals, and industrial raw materials. Despite
their importance to the human endeavor, the synthetic
pathways for many of the most important chemicals have
not yet been established. It is rare that the genes encoding
the biosynthetic enzymes are known and even rarer that
the regulation of the biosynthetic pathways is understood.
Thus, manipulation of secondary metabolic pathways (i.e.,
synthetic biology) is an imprecise science.

There are multiple approaches for identifying the genes
that regulate the synthesis of any secondary metabolite in a
plant (Box 1). The fundamental goal is to define the biosyn-
thetic pathway and the factors that regulate flux through
that pathway. One can use the classical approach of defining
the chain of metabolic reactions, make predictions about the
responsible enzymes, and identify genes encoding those
enzymes [19,32,33]. Although this approach does identify
genes with products that are essential for metabolite syn-
thesis, it may not reveal the ones that are regulatory or rate-
limiting. For flavor volatiles, regulation can, in theory, take
several forms. Many of the important flavor volatiles are
ripening-associated [17]. Thus, the enzymes responsible for
their synthesis are controlled, either directly or indirectly,
by the same transcription factors that control all aspects of
ripening, including RIN (ripening inhibitor) and NOR (non-
ripening) [34]. Indeed, rin and nor mutant fruits [35] as well
as those from heterozygous RIN/rin plants, which are widely
used commercially to extend shelf life [20], are all impaired
in the synthesis of a subset of flavor volatiles. Tomato is a
climacteric fruit, meaning that ripening is ethylene-depen-
dent. Synthesis of many flavor volatiles increases concomi-
tantly with ethylene production [17] and that synthesis is
blocked in the ethylene-insensitive Nr (Never ripe) mutant
[35]. An additional layer of complexity is the epigenome. The
first hint that epigenetic changes are an important compo-
nent of tomato fruit ripening occurred with the characteri-
zation of the dominant Cnr (colorless non-ripening)
mutation [36]. The basis of the mutation, which affects fruit
color and texture, was determined to be the consequence of
altered methylation within the transcriptional promoter of a
SQUAMOSA binding protein. Recently, it has been shown
that ripening tomato fruits undergo a massive demethyla-
tion of ripening-associated transcriptional promoters at the
onset of ripening [37]. This result demonstrates that meth-
ylation state is not static within a plant and actually has an
essential function to control organ maturation (i.e., ripen-
ing). These results clearly reshape the way in which we
consider the events controlling ripening-associated gene
expression and highlight the many-faceted nature of flavor.

At the level of metabolism, many volatiles are converted
to non-volatile glycosides that do not contribute to flavor.
The glycoside pool for many volatile alcohols can be signifi-
cant, representing 30–40% of the compound [38,39]. There
may be reversible cleavage of these glycosides as well,
although little is known about glycoside metabolism. This
lack of knowledge is at least partially due to the complexity
of the process; there are over 100 glycosyltransferases in
sequenced plant genomes, including tomato [40]. Each en-
zyme generally recognizes multiple substrates and multiple
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enzymes can act upon a single substrate. Thus, genetically
defining roles for individual glycosyltransferases can be a
challenge. Finally, although highly unusual, volatiles can
also be catabolized. For example, the tomato has very low
concentrations of volatile esters because a ripening-specific
esterase cleaves them to their corresponding free alcohols
[41]. In total, the regulation of volatile content is determined
by the balance of synthesis, reversible modification, and
catabolism.

Although there is great value in mechanistically under-
standing an entire metabolic pathway, breeders need the
genes that control the end product. The most direct path to
those genes is empirical. Populations of plants containing
either natural or mutation-induced variations in chemical
composition are crucial tools needed to identify genes
regulating synthesis of target chemicals. For example,
introgression lines (ILs) containing fixed segments of the
genomes of wild relatives of tomato [42] are a rich source of
QTLs affecting primary and secondary metabolites [43].
Over 50 flavor-volatile-associated QTLs have been identi-
fied [16–18]. Alleles of some of these QTLs are likely to be
important flavor-associated markers that will ultimately
lead to improved flavor. Analysis of several QTLs with
major effects on volatile content has led to identification of
important regulators of volatile content. For example, a
QTL located at the bottom of chromosome 1 affects multi-
ple volatile esters. Green-fruited species contain much
higher levels of these esters than red-fruited species and
introduction of the Solanum pennellii (a wild green-fruited
species) allele into Solanum lycopersicum causes up to 20-
fold higher levels of these esters in ripe fruits. These esters
are negatively correlated with human tomato preferences
and the large reductions in ester content may be linked to
palatability. A retrotransposon insertion into the tran-
scriptional promoter of a carboxylesterase gene occurred
in the ancestor of the red-fruited species [41]. The retro-
transposon resulted in substantially higher expression of
the carboxylesterase and consequent large reductions in
volatile esters. Thus, mapping of the ester-associated QTL
led to the discovery of an important enzyme regulating
levels of these volatiles. It must be noted that, in this case,
gene identification was greatly facilitated by a complete
genome sequence and knowledge of the relevant metabolic
pathway. In this manner, a QTL can direct us to a specific,
ideally small, segment of a chromosome that can then be
examined for candidate genes based on knowledge of the
pathway as well as the pattern of gene expression or
correlation with the target metabolite [44] (Box 1).

The approach of linking QTLs to the content of impor-
tant flavor volatiles is not limited to tomato. In strawberry,
a mapping population resulting from a cross between two
varieties with distinctly different flavors led to the identi-
fication of many flavor-associated QTLs [45]. Some of these
QTLs are likely to be useful as markers for improving or
maintaining strawberry flavor. QTLs that associate with
flavor volatiles have also been identified in apple [46] and
grape [47,48]. By definition, a QTL modulates the output of
the target metabolic pathway. By choosing QTLs with the
largest effects on the most important flavor chemicals one
can prioritize efforts to characterize the genes with the
largest impact on consumer preferences.
Concluding remarks and future perspectives
Completion of the tomato genome sequence as well as those
of several members of the genus [49] has greatly accelerated
the rate of gene discovery. RNA-Seq methods have permit-
ted precise mapping of introgressed segments of genomes
from wild species, particularly for the extensively used S.
pennellii population (Z. Fei and J. Giovannoni, unpub-
lished). An available S. lycopersicum genome scaffold also
provides an opportunity to assemble draft genome
sequences of many heirloom cultivars rapidly and cheaply,
in turn facilitating introgression of desirable alleles of fla-
vor-associated genes into commercial lines.

In the current US system for large-scale tomato produc-
tion, growers are paid on the basis of yield and appearance.
With the exception of a few branded products or locally
produced heirlooms, growers are not paid to deliver a prod-
uct with improved flavor. Most commercial growers cede
control long before the consumer sees the product. Improper
handling can destroy the flavor of even the best tomato. In
that context, commercial breeders have set a high standard
with regard to yield. The only way to achieve widespread
adoption of significantly improved flavor quality is to intro-
duce flavor into something equivalent to the current com-
mercial cultivars. However, high yield may be part of the
problem, particularly with determinate varieties, and it
may be impossible to achieve great taste without sacrificing
yield. Still, significant improvement in flavor quality should
be possible. Many of the most important flavor volatiles,
such as the apocarotenoids, significantly impact consumer
liking at nanomolar concentrations in the fruit. Substantial
increases in synthesis of these molecules should be possible
without impacting yield.

The chemistry of tomato flavor is complex; improved
tomato flavor demands alterations of sugars, acids, and
volatiles synthesized through multiple parallel pathways.
This chemical complexity means that several genes will
probably need to be introduced to achieve the proper
balance of flavor. The immediate challenge is to identify
the most important genes regulating flavor-associated
chemical accumulation and desirable alleles of those genes.
Fortunately, the remarkable chemical diversity observed
within the species suggests that those desirable alleles do
exist. Although we are not likely to produce a commodity
tomato with heirloom flavor without sacrificing some yield,
it is reasonable to assume that we can assemble a molecu-
lar toolbox for improved flavor and implement significant
progress in the foreseeable future.

More promising for consumers in the long term is the
prospect that breeders will incorporate flavor genetics
into their programs at the earliest stages. As we identify
the most important flavor chemicals and elucidate the
pathways for their synthesis, molecular markers that
track the most desirable alleles can be incorporated into
germplasm development. The end user can and should be
brought into the selection process. It is the job of the
molecular biologist to provide the tools to facilitate that
connection.
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