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ABSTRACT. Thirty-eight tomato (Solanum lycopersicum L.) genotypes were analyzed for sensory attributes ‘‘sweet,’’
‘‘sour,’’ and ‘‘overall flavor’’ over 7 years, one to three seasons per year (March, June, and December) as well as for
physical and chemical flavor-related attributes including color, sugars, acids, and aroma volatiles (6–7 years). Principal
component analysis of the data of nine genotypes showed that for harvest season, December-harvested fruit were
generally associated with more acids and sourness perception and less sugars and sweetness perception and, therefore,
lower overall flavor ratings compared with June-harvested fruit. March-harvested samples were intermediate. Despite
the seasonal variations, there were significant differences between genotypes for sensory perception of sweetness,
sourness, and flavor, between seasons for sourness and flavor, and between years for flavor, with some interactions
between genotypes, seasons, and years. In addition to sugar and acidmeasurements, 29 aroma volatiles were evaluated in
33 genotypes over the seasons. Eleven volatiles were found to positively correlate with flavor perception and 13 enhanced
flavor alongwith the soluble solids/titratable acidity ratio in a two-predictormodel, providing aroma targets for breeders.
Among the genotypes evaluated most frequently were the Florida industry standard ‘Florida 47’ and University of
Florida hybrid ‘Fla. 8153’ which was released in 2006 and is nowmarketed as Tasti-Lee�. ‘Florida 47’ was almost always
rated lower for sweet and overall flavor comparedwith ‘Fla. 8153’. On a 1–9 hedonic scale, where 1 was least sweet, sour,
or flavorful and 9wasmost sweet, sour, or flavorful, average scores over the 7 years were 3.8 and 5.1 for sweet and 4.1 and
5.7 for overall flavor for ‘Florida 47’ and ‘Fla. 8153’, respectively. Other genotypes related to ‘Fla. 8153’, including its
parents, were also rated high for sweet and overall flavor compared with ‘Florida 47’ and other commercial cultivars
grown in Florida. Correspondingly, sugar measurements were higher, while acid measurements were slightly lower for
‘Fla. 8153’ compared with ‘Florida 47’. Thirteen out of 29 aroma compounds showed differences between these two
genotypes, with eight being higher in ‘Fla. 8153’ (including many fruity/floral notes) and four higher in Florida 47 (C-5
andC-6 aldehydes and alcohols giving green notes). This provides a useful chemicalmodel for two genotypes that differ in
flavor quality that can be exploited by breeders seeking to improve flavor.

Dissatisfaction with the flavor of commercial tomato culti-
vars has been documented in the past (Bruhn et al., 1991; Klee,
2010; Klee and Tieman, 2013; Tieman et al., 2012) and is still
a subject of much attention. Some believe that domestication
events in Central America and Europe created genetic bottle-
necks resulting in low diversity in the cultivated tomato,
including flavor components (Jim�enez-G�omez and Maloof,
2009; Klee, 2010; Tieman et al., 2012). However, flavor
variation necessary to develop superior-tasting tomato cultivars
may be available in a large tomato breeding program. This is

a matter of combining the proper components, which is not an
easy task. Regardless, fresh-market tomatoes sold in supermar-
kets still garner much criticism concerning their lack of flavor
or off-flavor. This is primarily due to other breeding priorities
such as marketable yield and shipping ability, environmental
conditions during plant cultivation that have a profound effect
on flavor, harvest practices that do not allow the fruit to initiate
ripening on the mother plant (Baldwin et al., 2011; Klee and
Tieman, 2013; Maul et al., 1998), and postharvest practices that
include chilling the fruit to prolong storage shelf life (Bai et al.,
2011; Baldwin et al., 2011; Maul et al., 2000). In addition,
breeders have difficulty in selecting such a complex trait since
flavor volatiles, sugars, and acids involve multiple chemical
pathways in the plant and complex perception mechanisms in
humans (Bartoshuk and Klee 2013; Klee and Tieman, 2013). Of
these drawbacks, the most important is genetics because it
holds the flavor potential for a cultivar. However, the full flavor
potential inherent in the genetics of a tomato may not be
realized because of less than optimal environmental conditions,
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harvest maturity, and postharvest handling practices (Baldwin
et al., 2007). Conversely, if the genetic potential for good flavor
is not there, then no amount of careful cultivation, harvesting,
and handling can make up for this deficiency. Despite many
advances in the understanding of the components of tomato
flavor, profound, yet not well understood, environmental
effects on flavor contribute to selection difficulties in develop-
ing breeding lines with superior flavor; in fact, F2/F3 generation
narrow sense heritability was only 0.1 (Scott, 2002). Environ-
mental conditions significantly affected organoleptic quality
for true breeding cultivars (Carli et al., 2011). The direct effect
of solar radiation on sugars, a major component of tomato
flavor, has been well documented (Davies and Hobson, 1981;
Georgelis et al., 2006) while high N:K fertilizer ratios have
negative correlations with sugars (Mikkelsen, 2005). Such
effects have clouded our understanding of the suite of aromatic
volatiles that are important to good tomato flavor. For this
reason, the University of Florida tomato breeding program
emphasized flavor analysis in its screening program for
advanced genotypes over 7 years, with two to three seasons
per year, to compare promising genotypes with standard
commercial cultivars using sensory consumer panels combined
with chemical analyses of flavor compounds. Previous studies
spiking deodorized tomato homogenate with volatile standards,
with or without added sugars and acids, determined the
important contribution of various volatiles, known to be present
in tomatoes, to overall flavor (Baldwin et al., 2007, 2008).
Armed with this information and information from other
studies on tomato aroma and aroma thresholds (Buttery,
1993; Buttery et al., 1987, 1989; Tandon et al., 2003; Tieman
et al., 2012), the objectives of this study were 3-fold: first, to
evaluate soluble solids (SS), titratable acidity (TA), SS/TA
ratio, individual sugars, individual acids, and 29 aroma vola-
tiles over multiple seasons and years to better determine their
importance under diverse environmental conditions; second, to
determine chemical differences between two genotypes per-
ceived to have large differences in overall flavor to determine
desirable flavor chemicals and their levels; and finally to gain
insights into tomato flavor in general, and how we perceive it.
The data from this study, especially on the complex aroma
volatile component, should add to our understanding of tomato
flavor and provide a possible model for breeders in selection of
flavor quality.

Materials and Methods

FIELD EXPERIMENTS. Tomato genotypes for flavor analysis
were grown from 2003 to 2010 in 12 field trials in Florida that
encompassed spring (June) and fall (December) harvest seasons
mostly at the Gulf Coast Research & Education Center
(GCREC) on the central west coast (Wimauma) and winter
harvest seasons (March) at the Tropical Research & Education
Center (TREC) in south Florida (Homestead). Fruit of two
genotypes, ‘Ugly Ripe’ and Cluster [also called tomato on the
vine (TOV)] were bought at the table-ripe stage at a supermar-
ket. Four December-harvest trials were done in 2003–05, and
2008; six June-harvest trials were done in 2004, 2005, and
2007–10; and three March-harvest trials were done in 2005,
2007, and 2008 (Table 1). The 2003 and 2004 trials were
conducted at Bradenton except in Fall 2004 when the tomatoes
were grown on a grower farm within 20 km of GCREC. The
GCREC Bradenton soil type was classified as Eau Gallie fine

sand with 1% organic matter and a pH of 6.5, thereafter the
GCREC trials were conducted at Balm where the soil is
classified as a Myakka fine sand siliceous hyperthermic Oxy-
aquic Alorthod with 1.5% organic matter and a pH of 7.3. The
soil type at TREC was a Krome very gravelly loam with a high
pH (7.8). The plants in the field were grown under standard
Florida practices on fumigated soil under plastic-covered beds,
and they were staked and tied (Olson et al., 2010). GCREC and
the grower field plots were arranged in randomized complete
block designs with two blocks and five to eight plants per plot.
TREC trials were random single plots of 10 plants. Fruit at the
table-ripe stage [U.S. Department of Agriculture stage 6, red,
and for these samples, with 100% of surface having red color,
and calculated on days past pollination for a genotype based on
breeder experience (USDA, 2015)] were harvested the day
before or on the morning of sensory panel analysis for all trials.
All harvested fruit were stored at 24 �C in a laboratory until
sensory panels were conducted. In the replicated trials, fruit
were harvested and bulked from plants of both blocks for each
genotype. Seed for December-harvest trials were sown in
greenhouses from 20 July to 4 Aug., field transplanting was
from 28 July to 13 Aug., and sensory panels were conducted
from 5 to 19 Dec. Seed for June-harvest trials were sown in
greenhouses from 28 Jan. to 16 Feb., field transplanting was
from 11 to 25 Mar., and sensory panels were conducted from
7 to 14 June. Seed for March-harvest trials were sown in
greenhouses from 5 to 10 Oct., field transplanting was from
10 to 14 Nov., and sensory panels were conducted from 8 to
11 Mar. Temperature, rainfall, and solar radiation data for
spring and fall seasons at GCREC were presented by Georgelis
et al. (2006). Within genotype, table-ripe, defect-free fruit with
uniform size and color were used for both sensory and chemical
analysis generally within 1 d of harvest as mentioned (held at
ambient temperature until tasted and homogenized for chemical
analyses). Sensory, SS, TA, individual sugars, and color
analyses were conducted on all harvests in 2003–10. Individual
acid (malate and citrate) analyses were done for 2007–10 trials
and individual aroma volatiles from 2003–05 and 2007–10
(missing for 2006). A total of 38 genotypes including breeding
lines, experimental hybrids, and commercial hybrid cultivars
were tested in 13 sensory trials (Tables 1 and 3). Each harvest
contained five to eight cultivars/genotypes. ‘Fla. 8153’ (Tasti-
Lee�) was tested in 12 out of the 13 sensory trials, and ‘Florida
47’ was tested in 11 out of 13 sensory trials. These two
genotypes were then specifically compared because ‘Fla.
8153’ had scored higher for overall flavor than ‘Florida 47’ in
six of seven panels (Scott et al., 2008). Other genotype/cultivars
were tested in one to four sensory trials.

SENSORY ANALYSIS. The tomato fruit were washed, stem scar
removed, and cut into wedges (about eight wedges/fruit) from
at least 12 fruit per genotype, mixed, and presented on paper
plates to a consumer panel consisting of 23 to 58 panelists (aged
18–65 years, roughly 40% to 60% female, the balance being
male) per session (Stone and Sidel, 1997) with a randomized
alphabetical code (A–H) presented to the panelists, so that they
tasted samples in a randomized order. Plates from five to eight
genotypes were placed on a table, with mixed slices from four
fruit, and panelists were handed a score sheet with the sample
order randomized (some score sheets started with sample A,
others on sample B or C, etc.), with which to rate the intensity of
sweetness, sourness, and overall flavor on a 1 to 9 hedonic
scale, where 1 was least sweet, sour, or flavorful and 9 was most
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sweet, sour, or flavorful. Panelists were asked to taste more than
one wedge and to partake of water and unsalted crackers
between samples to cleanse their pallets. Plates of fresh samples
from another three to four fruit were put out three to four times

during each panel. For chemical analysis, subsamples of �8 to
12 slices per genotype were taken from each of the three to four
plates/genotype presented to the panel. Wedges were homog-
enized in a blender (Waring Products Corp., Torrington, CT)

Table 1. Brief description of each tomato genotype used in this study of sensory and chemical flavor and the year and season (month) tested.

Genotype Descriptorsz Years and seasons testedy

8630 Backcross of 8044 with 8153 parent 7907, high sugar, possibly fruity/floral,
crimsonx

2008M, 2008J

‘Fla. 8153’ ‘Tasti-Lee’. Hybrid selected for good flavor, cross of 7907 and 8059, crimson 2003D, 2004J, 2004D, 2005M, 2005J,
2005D, 2007M, 2007J, 2008M,
2008J, 2008D, 2009J, 2010J

7907 Parent of 8153 (‘Tasti-Lee’) low acid, sweet taste, crimson 2008M, 2008D, 2009J
5836 Harris Moran hybrid, sweet low acid 2005D
8735·8059 Hybrid (8806) of 8735 and 8059, good flavor, crimson 2010J
7907·8630 Hybrid of 7907 and 8630, sweet, very good flavor in taste panel, crimson 2008D, 2009J
8059·8629 Hybrid of 8059 and 8629 2008D, 2009J
8629 Backcross of 8570 with 8153 parent 7907, high sugar, very good flavor, crimson 2008D, 2009J, 2010J
8792 Backcross of 8629 with 8059, high sugar, possibly fruity/floral, very good flavor,

crimson
2010J

8408 Hybrid with good flavor, not crimson 2004D, 2005J
8485 Hybrid of 8297 and 8044, good flavor, not crimson 2007J
8393 Hybrid with good to average flavor, not crimson 2005J
Italx Experimental ‘‘heirloom’’ type, good flavor, not crimson 2007J
8214 Inbred, sweet-vegetative flavor, crimson 2007J, 2008J
2366 West Virginia State University breeding line, good flavor, not crimson 2008J
7907·8629 Hybrid of 7909 and 8629 parents, high sugar, very good flavor in taste panel,

crimson
2008D, 2009J

8570 Inbred with intense flavor, sometimes fruity/floral, crimson 2005D
8280 Inbred with sweet-vegetative flavor, crimson 2003D
9250 Similar pedigree to 8629, crimson 2008M, 2008J
8309 Inbred with fruity-vegetative flavor, not crimson 2004J
802 Jointless pedicel hybrid with University of Florida and J.W. Strobel parents, good

flavor, crimson
2007M

8298 F3 line with good flavor, crimson 2004J
925 Jointless pedicel hybrid with University of Florida and J.W. Strobel parents, good

flavor, crimson
2007M

8059 Parent of Fla. 8153 (‘Tasti-Lee’), higher sugars with ok acid, crimson 2003D, 2008D, 2009J
800 Jointless pedicel hybrid, good flavor, tested in Dade County, FL, crimson 2007M
803 Jointless pedicel hybrid with University of Florida and J.W. Strobel parents, good

flavor, crimson
2007M

8610 Inbred with very good complex flavor, not crimson 2007J
‘Sanibel’ Jointless commercial hybrid, often has off-flavors, not crimson 2005M, 2007M, 2010J
‘Florida 91’ Commercial hybrid, flavor on sour side, not crimson 2004D
‘Solar Set’ Hybrid that did well in earlier taste panels, not crimson 2003D
‘Solar Fire’ Commercial hybrid, flavor on sour side, not crimson 2004J, 2004D, 2005M
6153 Commercial hybrid with good flavor grown in southern Florida, not crimson 2007M
‘Florida 47’ Commercial hybrid widely grown in Florida and southeastern U.S., flavor on sour

side, not crimson
2003D, 2004J, 2004D, 2005M, 2005J,

2005D, 2007M, 2007J, 2008M,
2008J, 2008D, 2009J

8413 Hybrid of 8059 · 8293 parents, good flavor, not crimson 2007J
8735 Large fruited inbred, nice locules, good flavor, crimson 2010J
8787 Jointless pedicel hybrid with University of Florida and J.W. Strobel parents, good

flavor crimson
2010J

‘Ugly Ripe’w Commercial hybrid with heirloom appeal, store bought fruit tested, not crimson 2004D, 2005M, 2005J
Clusterw Tomato on the vine (TOV) store bought samples tested, cultivar(s) unknown, not

crimson
2004J, 2005J, 2005D

zHarris Moran Seed Co. (Modesto, CA), West Virginia State University (Institute), University of Florida (Gainesville), J.W. Strobel (retired
University of Florida professor).
yM = March, J = June, D = December.
xCrimson (ogc) gene (Thompson et al., 1965).
wStore-bought.
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for 30 s, allowed to stand for 3 min and 25 mL removed to
a smaller blender with 10 mL room temperature-saturated
CaCl2, blended for 10 s, pipetted into 10-mL gas chromatog-
raphy (GC) vials and flash frozen in liquid nitrogen for volatile
samples and transported back in Styrofoam container with
liquid nitrogen (Baldwin et al., 2011). The rest of the homog-
enate was put in a separate container on ice for transport to the
USDA laboratory, where they were stored at –20 �C for sugar/
acid/color samples and the GC vials at –80 �C for volatile
samples until analysis. This resulted in three to four composite
replications for sugar, acid, volatile, and color measurements
per genotype from the same fruit presented to the panelists.

SUGAR ANALYSES. The SS analysis was determined using
a refractometer (RX-5000; Atago USA, Bellevue, WA), which
was later replaced with a differentmodel (PR-101; Atago, Tokyo,
Japan). For analysis of individual sugars and acids,�40 g of juice
was extracted using 70 mL of 80% ethanol solution. The mixture
was boiled for 15 min, cooled and filtered with filter paper
(Whatman No. 4; Whatman International, Maidstone, UK). The
filtered solution was brought to 100 mL with 80% ethanol, and
10 mL was then filtered through a solid-phase extraction column
(Sep-Pak C-18; Waters, Milford, MA) followed by a filter (0.45
mm; Millipore, Watford, UK). Individual sugar analysis was
performed by high-performance liquid chromatography (HPLC)
with a pump (SpectraSYSTEM P4000; Thermo Separation
Products, San Jose, CA) and a refractive index detector (1100
Series; Agilent, Santa Clara, CA) equipped with a 300 · 6.5-mm
column (Sugar-Pak, Waters) (Baldwin et al., 1991, 1998, 2004)
and quantified on a standard curve. The mobile phase was 10–4 M

ethylenediaminetetraacetic acid disodium calcium salt
(CaEDTA) with a 0.5 mL�min–1 flow rate at 90 �C. To better
represent the sweetening power of the sugars, individual glucose
and fructose concentrations were converted to sucrose equiva-
lents [SE (Koehler and Kays, 1991)] by multiplying their
concentrations by 0.74 and 1.73, respectively (Baldwin et al.,
1998; Maul et al., 2000). Levels of glucose and fructose were
summed to comprise total sugars (TS). Sugars were quantified
using a standard curve (Baldwin et al., 1991).

ACID ANALYSES. Titratable acidity was determined by titrating
to pH 8.1 with 0.1 N NaOH using an autotitrator (DL50; Mettler
Toledo, Columbus, OH) and expressed as citric acid equivalents.
The pH was also determined during this process. Organic acids
(citrate andmalate) were analyzed using the sameHPLC as above
equippedwith an organic acid column (OA-1000 Prevail; Alltech,
Flemington, NJ) with a flow rate of 0.2 mL�min–1 at 35 �C and
a mobile phase of 0.01 N H2SO4 and an ultraviolet detector
(SpectraSYSTEM ultraviolet 6000 LP, Thermo Separation Prod-
ucts). The injection volume was 20 mL using an autosampler
(Series 200; Perkin Elmer, Norwalk, CT). Acids were quantified
using a standard curve (Baldwin et al., 2010).

AROMA VOLATILE ANALYSES. Tomato volatile compounds
were identified and quantified using head space analysis by gas
chromatography [GC (model 8500, Perkin Elmer)] as in previous
studies (Baldwin et al., 1991, 1998, 2004; Maul et al., 2000)
using a headspace-sampler (HS-6, Perkin Elmer) equipped with
a polar column [0.53 mm · 30 m, 1.0 mm film thickness
(Durowax; J&W Scientific, Folsom, CA or Stabilwax; Resteck
Corp., Bellefonte, PA)] and a flame ionization detector (FID),
and in later years after purchasing an new GC system in 2006,
using a different GC (model 6890, Agilent) (Bai et al., 2011)
equipped with a polar (Stabilwax) and a nonpolar (low bleed)
column [0.53 mm · 30 m, 1.5 mm film thickness (HP-5,

Agilent)], where the flow was split equally between the two
columns, and the detector was an FID. Since direct headspace
volatile samples were not readily detectable by mass spectrom-
etry (MS) (Song et al., 1997), confirmation by MS was accom-
plished by either a solvent extraction with ethyl ether as reported
by Baldwin et al. (1991) for direct injection (for 2003–05
samples) or solid-phase micro extraction [SPME (50/30 mm
DVB/CAR/PDMS; Supelco, Bellefonte, PA)] method (for 2007–
10 samples) as reported by Wang et al. (2015). The instruments
and settings were: for solvent direct injection: GC-MS (model
5890 GC + model 5970B MS; Hewlett-Packard, Norwalk, CT)
with a 50-mwide-bore (0.31–0.32mmfilm thickness) fused silica
column of cross-linked 5% phenylmethyl silicone. For the SPME
injection: GC-MS (6890 GC + 5973N MS; Agilent) with a non-
polar column [0.25 mm · 60 m, 0.50 mm film thickness (DB-5,
Agilent)]. Volatile compounds were identified by the comparison
of retention indices (RI) and mass spectra with library entries
(NIST/EPA/NIH Mass Spectral Library version 2.0; National
Institute of Standards and Technology, Gaithersburg, MD). The
GC peaks for the aroma volatile compounds were quantified in
microliters per liter using standard curves as determined by
enrichment of bland tomato homogenate for both GC systems
(Bai et al., 2011; Baldwin et al., 1991, 2004).

FRUIT COLOR ANALYSIS. Fresh homogenate was measured in
a cuvette for color using a chromameter (CR-300; Minolta,
Tokyo, Japan) calibrated to a white plate using the CIE L*, a*, b*
system including chroma and hue (Baldwin et al., 1991).

STATISTICAL ANALYSES. SAS (version 9.3; SAS Institute,
Cary, NC) was used for data analysis. Analysis of variance
(ANOVA) was performed by using the general linear model
(GLM) procedure for all individual measurements, including
sensory panel, color values, sugar and acid contents, and
volatiles where 23 to 58 individual panelists (replicates) were
used in sensory panel attributes, and three to four replicates for
all other chemical/physical measurements. For the analyses of
each attribute, a randomized incomplete block split-split plot
model was used with genotype (line) as the main plot factor,
season as the subplot factor, and year as the sub-subplot factor.
The main effects and the two-way interactions of each factor
were included in the model. Multiple regression analysis
(PROC REG) with two predictor variables was used to de-
termine enhancement or suppression effects of individual
volatile components to sweetness, sourness, or flavor. Cluster
analysis (PROC CLUSTER) was used to test the distances
between genotypes. All correlation analyses were conducted by
using PROC CORR. For examination of the difference between
the two most tested cultivars, FL 47 and Fla. 8153, the two
independent-sample t test (PROC TTEST) was used. Principal
component analysis (PCA) was conducted by using XLSTAT
(Addinsoft, New York, NY) with standardized data.

Results and Discussion

Some of the genotypes evaluated in this study were
genetically related (such as parental lines of ‘Fla. 8153’) while
others were tested because they had high sugars and/or in-
teresting flavor notes [as determined by the breeder in the field
(Table 1)]. These were compared with well-established culti-
vars that were grown or store bought (Table 1).

SENSORY ANALYSIS. There were differences for sweetness by
genotype; sourness by genotype and season, and interactions

J. AMER. SOC. HORT. SCI. 140(5):490–503. 2015. 493

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-07-14 via free access



for genotype by season, genotype by year, and season by year;
and for overall flavor ratings by genotype, season, and year, and
a genotype by year interaction (Table 2). Sweetness scores
ranged from 3.1 to 5.6, sourness from 2.9 to 5.3, and flavor from
3.3 (store-bought cluster tomato) to 5.7 (genotypes Fla.: 8630,
8153, 7907, and 5836) (Table 3). Also rated low in flavor were
store-bought ‘Ugly Ripe’ and field-grown Fla. 8787, Fla. 8735,
Fla. 8413, and industry standard ‘Florida 47’. ‘Fla. 8153’, later
trademarked as Tasti Lee� (Scott et al., 2008), was rated in
almost every panel over the 7 years as was industry standard
‘Florida 47’ (Table 1). Comparing these two cultivars, ‘Fla.
8153’ rated relatively high for sweetness (5.1), intermediate for
sourness (4.3), and was in the highest group for flavor (5.7)
compared with the industry standard, ‘Florida 47’ (3.8, 4.1, and
4.1 for sweetness, sourness, and flavor, respectively), averaged
over 414 and 384 panelists, for ‘Fla. 8153’ and ‘Florida 47’,
respectively.

SUGARS AND ACIDS. There were differences for genotype,
season, and year as well as genotype by season, genotype by
year, and season by year interactions for SS, TS, glucose, fructose,
SE, TA, SS/TA, citrate, malate (interaction for genotype by season
only), and pH (Table 4). It is interesting that chemical sugar data
were significant for season and year, while the sensory data were
not (Table 2). This is likely due to the higher variation in the
sensory than in the chemical data. Comparing just ‘Florida 47’ and
‘Fla. 8153’, ‘Florida 47’ had lower SS, TS, glucose, fructose, SE,
SS/TA ratio, and pH while having higher TA, citrate, and malate
(Table 5). This suggests that ‘Fla. 8153’ was generally sweeter
than ‘Florida 47’, agreeing with the sensory ratings for sweetness,
although the sensory panel did not rate ‘Florida 47’ higher than
‘Fla. 8153’ in sourness as the generally higher levels of acids for
‘Florida 47’ would indicate.

INTERNAL COLOR. There were differences for chromameter
‘‘L’’ (lightness), ‘‘a’’ (green to red color), ‘‘b’’ (blue to yellow
color), chroma (brightness), and hue (lower values indicate red
color) for genotypes, seasons, years, and all interactions
between genotypes, seasons, and years (Table 4). Comparing
‘Florida 47’ and ‘Fla. 8153’, ‘Florida 47’ had higher L, lower a,
and chroma and higher hue values (indicating less red color).
There was no difference between these cultivars for b values
(Table 5). This is not surprising as ‘Fla. 8153’ is a high lycopene
(red color pigment) cultivar (Scott et al., 2008) as a result of the
crimson (ogc) gene (Thompson et al., 1965).

AROMA VOLATILES. For volatile research, only 29 genotypes
listed in Fig. 1 were used. Twenty-nine volatiles were analyzed

over the years and seasons (Table 6) including acetaldehyde,
hexanal, trans-2-pentenal, cis-3-hexanal, trans-2-hexenal, 2 +
3-methylbutanal, trans-2-heptenal, phenylacetaldehyde,
methional, benzaldehyde, citral, trans-2, trans-4-decadienal,
acetone, 1-penten-3-one, 1-octen-3-one, 6-methyl-5-hepten-
2-one, b-damascenone, geranylacetone, b-ionone, 2-furanone,
methanol, ethanol, 2 + 3-methylbutanol, cis-3-hexenol,
2-isobutylthiazole, linalool, 2-phenylethanol, methylsalicylate,
and 1-nitro-2-phenylethane. There were differences between
genotypes, seasons, years, and genotype by season interactions
for 27 volatiles, except for citral (no difference for season) and
b-ionone (only differences for genotype) (Table 6). There were
also interactions for genotype by year and season by year for 18
volatiles (the 11 exceptions included hexanal, trans-2-pentenal,

Table 2. F values and significant levels from ANOVA on sweetness,
sourness and overall flavor of 38 tomato genotypes over 7 years,
and one to three harvest seasons per year.z

F value and significance

df Sweetness Sourness Overall flavor

Genotype (G) 37 5.45 ***y 4.1 *** 7.08 ***
Season (S) 2 1.61 5.42 ** 8.96 ***
Year (Y) 6 1.28 2.02 1.07 ***
G · S 18 1.13 1.97 ** 1.22
G · Y 10 0.96 2.18 * 1.42 *
S · Y 3 0.04 3.12 * 0.74
z38 genotypes listed in Table 1; 2003–05 and 2007–10; March, June,
and December.
y*, ** and *** indicates significance at P # 0.05, 0.01, and 0.001,
respectively.

Table 3. Sensory ratings for 38 tomato genotypes over 7 years with one
to three harvest seasons per year.z

Genotype Panel number

Sweetnessy Sourness Flavor

Mean SD Mean SD Mean SD

8630 100 5.0 2.0 5.2 1.6 5.7 1.9
‘Fla. 8153’ 414 5.1 2.0 4.3 1.9 5.7 2.2
7907 148 5.6 1.9 4.5 1.6 5.7 1.9
5836 35 5.2 2.0 4.3 1.7 5.7 2.0
8735·8059 30 5.1 1.7 4.8 1.6 5.6 2.2
7907·8630 73 5.0 1.8 4.2 1.9 5.6 1.8
8059·8629 73 4.7 1.8 4.9 2.1 5.5 1.8
8629 103 4.9 1.9 4.7 1.8 5.5 2.1
8792 30 5.0 1.9 4.4 1.5 5.5 2.4
8408 52 4.7 2.0 4.2 1.8 5.4 2.1
8485 45 4.2 2.0 4.6 1.8 5.4 2.1
8393 29 4.5 2.0 5.3 1.9 5.4 2.2
Italx 45 5.4 1.8 3.5 1.5 5.4 2.1
8214 96 5.2 1.9 2.9 1.3 5.3 2.1
2366 51 5.0 1.9 3.6 1.6 5.3 1.9
7907·8629 73 4.5 1.8 4.3 1.9 5.2 2.0
8570 35 4.3 2.0 4.5 1.9 5.1 2.1
8280 26 5.0 1.7 4.3 2.2 5.1 1.7
9250 100 4.5 1.8 4.1 1.7 5.0 2.0
8309 23 4.5 2.0 4.6 2.0 5.0 2.1
802 35 4.1 2.2 4.5 2.0 4.9 2.5
8298 23 4.4 1.8 3.9 1.7 4.8 2.0
925 35 4.1 2.0 3.9 1.9 4.8 2.2
8059 99 4.6 1.9 4.1 1.9 4.8 2.1
800 35 4.0 2.2 4.7 2.3 4.7 2.2
803 35 4.1 1.9 4.5 2.0 4.7 2.2
8610 45 4.1 1.8 4.5 1.8 4.6 2.0
‘Sanibel’ 95 4.1 2.1 3.8 1.9 4.4 2.3
‘Florida 91’ 23 4.5 2.0 4.4 1.7 4.3 2.1
‘Solar Set’ 26 4.2 2.2 3.9 1.9 4.3 1.9
‘Solar Fire’ 76 4.4 2.0 3.6 2.0 4.3 2.1
6153 35 3.7 1.8 3.3 1.8 4.1 2.4
‘Florida 47’ 384 3.8 1.6 4.1 1.8 4.1 1.9
8413 45 4.4 2.1 3.3 1.7 4.0 2.2
8735 30 4.2 1.9 3.2 1.4 4.0 1.8
8787 30 3.9 1.3 4.1 1.6 4.0 1.3
‘Ugly Ripe’x 82 3.4 1.6 3.7 1.8 3.5 1.8
Clusterx 58 3.1 1.6 3.6 2.0 3.3 2.0
z2003–05 and 2007–10; March, June, and December.
y9-point scale with 1 = least sweet, sour, or flavorful and 9 = most
sweet, sour, or flavorful.
xStore-bought.
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cis-3-hexanal, 2 + 3-methylbutanal, benzaldehyde, citral,b-ionone,
2-furanone, ethanol, cis-3-hexenol, and 1-nitro-2-phenylethane, for
one or both interactions). Comparing ‘Florida 47’ and ‘Fla.
8153’ (Table 7), ‘Fla. 8153’ had higher levels of nine volatiles
(acetaldehyde, 2 + 3-methylbutanal, citral, methional, 6-methyl-
5-hepten-2-one, geranylacetone, b-ionone, 2 + 3-methylbutanol,
and linalool), while ‘Florida 47’ had higher levels of four
compounds, all C-6 aldehydes and one corresponding C-6
alcohol (cis-3-hexenal, trans-2-hexenal, trans-2-heptenal, and
cis-3-hexenol). From this information, it would seem that

‘Florida 47’ had higher levels of ‘‘green’’ notes (Table 7)
denoted by the C-6 aldehydes and alcohols, and ‘Fla. 8153’
had higher levels of fruity floral notes from acetaldehyde, citral,
6-methyl-5-hepten-2-one, geranylacetone, b-ionone, and linal-
ool as determined from spiking or GC-olfactometry (GC-O)
studies (Baldwin et al., 2004; Tandon et al., 2000, 2001). There

Table 4. F values and significant levels from ANOVA on sugar, acid,
and color values of 38 tomato genotypes over 7 years, and one to
three harvest seasons per year.z

df

F value and significance

Soluble
solids (SS)

Total
sugar Glucose

Genotype (G) 37 11.15 ***y 25.55 *** 23.55 ***
Season (S) 2 94.43 *** 112.65 *** 123.68 ***
Year (Y) 6 6.19 *** 38.63 *** 42.95 ***
G · S 7 8.62 *** 15.07 *** 20.89 ***
G · Y 20 3.75 *** 8.12 *** 12.11 ***
S · Y 4 6.14 *** 20.02 *** 6.55 ***

df Fructose Sucrose equivalents TA
G 37 17.35 *** 23.39 *** 23.26 ***
S 2 77.35 *** 104.23 *** 30.05 ***
Y 6 22.67 *** 32.80 *** 7.37 ***
G · S 16 10.04 *** 13.22 *** 19.25 ***
G · Y 7 4.07 *** 6.35 *** 7.63 ***
S · Y 4 27.47 *** 25.34 *** 14.66 ***

df SS/TA ratio Citratex Malatex

G 16 x 11.74 *** 23.69 *** 16.75 ***
S 2 x 9.79 *** 191.87 *** 342.17 ***
Y 2 x 9.85 *** 8.35 *** 13.29 ***
G · S 11 x 15.06 *** 4.23 *** 3.70 ***
G · Y 2 x 4.41 *** 14.07 *** 1.50 NS
S · Y 0 x 12.02 *** -w -w

df pH Color L* Color a*
G 37 27.12 *** 17.93 *** 29.34 ***
S 2 60.09 *** 46.88 *** 45.33 ***
Y 6 56.15 *** 7.92 *** 64.03 ***
G · S 16 22.45 *** 9.43 *** 6.3 ***
G · Y 7 3.19 ** 2.87 *** 4.24 ***
S · Y 4 63.39 *** 9.32 *** 6.06 ***

df Color b* Chroma Hue angle
G 37 22.14 *** 38.34 *** 5.75 ***
S 2 65.45 *** 85.86 *** 5.51 **
Y 6 12.66 *** 57.35 *** 18.09 ***
G · S 16 13.09 *** 13.71 *** 2.82 ***
G · Y 7 3.42 ** 3.54 ** 4.31 ***
S · Y 4 11.90 *** 7.44 *** 6.09 ***

TA = titratable acidity.
z38 genotypes listed in Table 1; 2003–05 and 2007–10; March, June,
and December.
y*, ** and *** indicates significance at P # 0.05, 0.01, and 0.001.
x2008–10 data only.
wNo interaction was calculable.

Table 5. Comparison of quality attributes between ‘Fla. 8153’ and
‘Florida 47’ tomatoes over 7 years, and one to three harvest seasons
per year.z

Fla. 8153 Florida 47 t testy

SS (%) 5.05 4.68 ***
Total sugar (%) 2.32 1.93 ***
Glucose (%) 1.11 0.96 *
Fructose (%) 1.20 0.99 ***
Sucrose equivalents (%) 2.91 2.41 ***
TA (%) 0.36 0.40 *
SS/TA ratio 13.79 12.44 ***
Citrate (%)x 0.31 0.34 *
Malate (%)x 0.04 0.07 ***
pH 4.32 4.27 **
Color L* 44.96 46.64 **
Color a* 32.28 30.11 ***
Color b* 27.98 28.38
Chroma 44.16 43.60 **
Hue angle (�) 40.42 43.58 ***

SS = soluble solids; TA = titratable acidity.
z2003–05 and 2007–10; March, June, and December.
y*, **, and *** indicates significance at P # 0.05, 0.01, and 0.001,
respectively.
xMeasurements were done only in 2008–10 samples.

Fig. 1. Cluster analysis based on sensory and chemical data of 29 tomato
genotypes over 6 years with one to three harvests per year. Vertical red-dashed
line indicates significant cut-off for clusters.
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were 16 volatiles that showed no difference between these two
genotypes (Table 7).

Comparing sensory and chemical data for the 29 genotypes
over 6 years, with one to three seasons per year, showed
correlations between chemical compounds and sensory percep-
tion of sweetness, sourness, and overall tomato flavor (Table 8).
Many chemical compounds had significant and positive correla-

tions with perception of sweetness (P $ 0.05) including sugar
measurements, as expected (SS, TS, glucose, fructose, SE, SS/TA),
and also many volatiles (acetaldehyde, hexanal, trans-2-hexenal,
1-penten-2-one, 6-methyl-5-hepten-2-one, geranylacetone,
b-ionone, 2+ 3-methylbutanol, cis-3-hexenol, andmethylsalicylate),
although only SS, TS, glucose, fructose, and SE had coeffi-
cients (r values) greater than 0.4. Quite a few compounds

Table 6. F values and significant levels from analysis of variants (ANOVA) on 29 volatiles of 29 tomato genotypes over 6 years, and one to three
harvest seasons per year.z

df Acetaldehyde Hexanal E-2-Pentenal Z-3-Hexanal E-2-Hexenal

Genotype (G) 28 17.01 ***y 45.35 *** 4.4 *** 16.61 *** 390.8 ***
Season (S) 2 34.84 *** 19.58 *** 30.62 *** 20.12 *** 4,814.7 ***
Year (Y) 5 11.14 *** 49.52 *** 9.8 *** 16.6 *** 2,796.68 ***
G · S 16 9.95 *** 9.26 *** 4.43 *** 3.96 *** 464.39 ***
G · Y 7 2.29 * 1.48 1.93 1.91 13.13 ***
S · Y 3 11.19 *** 57.25 *** 0.28 20.31 *** 367.68 ***

2-/3-Methylbutanalx E-2-Heptenal Phenylacetaldehyde Methional Benzaldehyde
G 16x 5.59 *** 7.73 *** 22.87 *** 46.28 *** 13.82 ***
S 2x 44.73 *** 12.26 *** 28.43 *** 61.61 *** 35.39 ***
Y 2x 9.48 *** 22.54 *** 62.34 *** 53.05 *** 59.03 ***
G · S 11x 3.49 *** 2.77 *** 8.17 *** 20.43 *** 5.48 ***
G · Y 2x 0.58 4.52 *** 2.97 ** 5.31 *** 1.22
S · Y 0x w 48.54 *** 17.12 *** 164.03 *** 6.66 ***

Citralx E-2, E-4-Decadienalw Acetone 1-Penten-3-one 1-Octen-3-one
G 20w 22.58 *** 60.06 *** 9.44 *** 21.5 *** 16.54 ***
S 2w 1.54 29.78 *** 66.46 *** 57.66 *** 68.7 ***
Y 2w 77.47 *** 156.73 *** 26.46 *** 36.31 *** 16.82 ***
G · S 6w 2.61 ** 27.53 *** 10.35 *** 15.76 *** 19.11 ***
G · Y 2w 0.24 3.93 * 2.67 * 2.26 * 7.27 ***
S · Y 1w -v 464.33 *** 5.99 *** 10.17 *** 49.56 ***

6-Methyl-5-hepten-2-one b-Damascenonex Geranylacetone b-Ionone 2-Furanonex

G 28 12.76 *** 13.7 *** 54.09 *** 2.49 *** 9.78 ***
S 2 44.56 *** 167.37 *** 653.35 *** 1.01 11.05 ***
Y 5 12.01 *** 96.1 *** 121.4 *** 2.16 41.04 ***
G · S 16 8.63 *** 14.49 *** 66.61 *** 0.5 9.48 ***
G · Y 7 2.82 ** 7.16 ** 2.24 * 0.09 0.2
S · Y 3 42.83 *** -v 253.93 *** 1.91 -v

Methanol Ethanol 2 + 3-Methylbutanol Z-3-Hexenol 2-Isobutylthiazole
G 28 24.42 *** 14.72 *** 15.95 *** 4.76 *** 84.34 ***
S 2 13.7 *** 55.21 *** 45.45 *** 20.32 *** 102.55 ***
Y 5 30.67 *** 3.52 ** 32.14 *** 6.79 *** 310.41 ***
G · S 16 13.17 *** 9.9 *** 13 *** 1.98 * 23.67 ***
G · Y 7 5.37 *** 1.84 4.63 *** 0.53 3.98 ***
S · Y 3 44.25 *** 16.9 *** 24.35 *** 3.94 ** 117.83 ***

Linalool 2-Phenylethanol Methylsalicylate 1-Nitro-2-phenylethanex

G 28 81.23 *** 31.8 *** 21.96 *** 25.39 ***
S 2 141.84 *** 45.02 *** 286.3 *** 31.61 ***
Y 5 366.2 *** 71.11 *** 57.17 *** 26.64 ***
G · S 16 18.73 *** 13.16 *** 25.4 *** 4.51 ***
G · Y 7 3 ** 4.57 *** 2.25 * 0.31
S · Y 3 67.82 *** 56.51 *** 87.36 *** -v
z29 genotypes listed in Fig. 2; 2003–05 and 2008–10; March, June, and December.
y*, ** and *** indicates significance at P # 0.05, 0.01, and 0.001, respectively.
x2008–10 data only.
w2003–05 data only.
vNo interaction was calculable.
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Table 7. Concentration of volatiles emitted from ’Fla. 8153’ and ’Florida 47’ tomatoes tested over 6 years and one to three harvest seasons per
year.z

Compound
Chemical Abstracts
Service (CAS) no.

Fla. 8153 Florida 47

t testy
Sensory descriptor

(mL�L–1) In water In ethanol/methanol In tomato homogenate

Higher in ‘Fla. 8153’
Acetaldehyde 75-07-0 0.96 0.75 * Sweet tomato/musty/

tropical/floralt

2 + 3-Methylbutanalx 96-17-3/590-86-3 0.53 0.15 *** Bug spray/alcohols Nutty/glue/alcohols Stale/rottenv, nutty/stalet

Citralx 5392-40-5 0.41 0.19 *** Citrusy/fruityu

Methional 3268-49-3 0.81 0.40 *** Potato/pungentu

6-Methyl-5-
hepten-2-one

110-93-0 0.15 0.04 *** Raw greens/nuttyv Alcohol/paintv Sweet/floralv,
sweet floralt

Geranylacetone 3796-70-1 0.46 0.10 *** Sweet/citrus/esteryt

b-Ionone 14901-07-6 0.27 0.10 *** Floral/sweett

2-/3-Methylbutanol 137-32-6/123-51-3 0.36 0.28 ** Earthy/watermelon
rindv

Alcoholv Sweet/freshv, pungent/
earthyu

Linalool 78-70-6 0.15 0.11 ** Citrus/fruity/sweet tastet

Higher in ‘Florida 47’
Z-3-Hexenal 6789-80-6 10.06 14.15 * Grass/tomato-likev Alcohol/

tomato-likev
Tomato/citrusv, viny/

green/grass/tomatot

E-2-Hexenal 6728-26-3 1.18 1.54 ** Floral/grass/applev Fruity/almond/vinev Stale/green/vinev, green/
grass/vine/staleu

E-2-Heptenal 18829-55-5 0.06 0.11 *** Dried fruitsu

Z-3-Hexenol 928-96-1 0.08 0.13 *** Leafy/cut grassv Fresh cut grassv Green/celeryv, processed
tomato/green/celeryu

Not significantly different
Phenylacetaldehyde 122-78-1 0.09 0.07 Green, pungent,

honey-likes

E-2, E-4-Decadienalw 25152-84-5 0.69 0.60 Earthy/mustyu

Hexanal 66-25-1 1.51 1.95 Grassy/greenv Rancid/stale oilv Stale/grassy/greenv,
green/grass/mintt

E-2-Pentenal 1576-87-0 0.26 0.15 Strawberry/fruit/
tomator

Benzaldehyde 100-52-7 0.07 0.08 Peaches/fruityv

Acetone 67-64-1 0.54 0.52 Glue/alcoholv Sweetv Greenw, fruity/greenu

1-Penten-3-one 1629-58-9 0.18 0.13 Glue/oil/pungentv Pungent/rancidv Fresh/sweetv, fresh/
sweet/ fruity
taste/grassyt

b-Damascenonex 23696-85-7 0.07 0.05 Apple. rose, honeyr

1-Octen-3-one 4312-99-6 0.05 0.05 Mushroom/earthy/soilv

2-Furanonex 497-23-4 0.11 0.11 Floral/sweet taste/fruity
tastes

Methanol 67-56-1 166.39 141.23 Earthy/stalev

Ethanol 64-17-5 6.66 5.71 Earthy/stalev Sweet tasteu

2-Phenylethanol 60-12-8 0.04 0.03 Floral/rosesv Fruity/green/leafyv Alcohol/nuttyv,
alcohol/nuttyr

2-Isobutylthiazol 18640-74-9 0.13 0.16 Fermented/plasticu Acetone/medicineu Pungent/bitterv,
pungent/medicinalr

1-Nitro-2-
phenylethanex

6125-24-2 0.06 0.07 Floral/spicer

Methylsalicylate 119-36-8 0.10 0.09 Pepper mintr

z2003–05 and 2008–10; March, June, and December.
yt test, when next to data: *, ** and *** indicate significance at P # 0.05, 0.01, and 0.001, respectively.
xCompounds detected in 2008–10 samples only.
wCompounds detected in 2003–05 samples only.
vTandon et al., 2000.
uTandon et al., 2001.
tBaldwin et al., 2008.
sUniversity of Florida, 2015.
rAcree and Heinrich, 2004.
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showed significant correlations to perception of sourness in-
cluding acid measurements (positively to TA and negatively to
SS/TA ratio) and volatiles (acetaldehyde, hexanal, trans-2-
pentenal, phenylacetaldehyde, benzaldehyde, genanylacetone,
b-ionone, 2 + 3-methylbutanol, 2-isobutylthiazole, linalool, and
methylsalicylate), with only TA and SS/TA showing an absolute
value above 0.4. For linear relationships (all positive) to perception
of overall tomato flavor, all the soluble compound measurements
were significantly correlated (SS, TS, glucose, fructose, SE, TA,
and SS/TA ratio) as well as many volatiles (acetaldehyde, hexanal,
cis-3-hexenal, trans-2-hexenal, 1-penten-3-one, 6-methyl-5-
hepten-2-one, geranylacetone, b-ionone, 2 + 3-methylbutanol,
cis-3-hexenol, and methylsalicylate) with only SS and SS/TA
ratio having r values greater than 0.4.

Multiple regression was then used to determine the contri-
bution of aroma volatiles for enhancement or suppression of
perception of sweetness, sourness, or overall tomato flavor in
a 2-predictor model (Table 9). For perception of sweetness, SE
was chosen as the companion variable for prediction of the
perception of sweetness, since it encompasses both sugars
weighted for sweetness and was highly correlated to sweetness
(Table 8). Perception of sweetness was significantly (P = 0.002)
enhanced by SE (Table 8) along with the volatiles hexanal, trans-

2-hexenal, 1-penten-3-one, geranylacetone, 2 + 3-methylbutanol,
cis-3-hexenol, 2-phenylethanol, and methylsalicylate at P <
0.05, in some agreement with Bartoshuk et al. (2013), while
2-phenylethanol suppressed perception of sweetness (P # 0.05).
The sourness model included TA, since it measures general acids
(titratable acids) and was highly correlated (P = 0.0001) with
sourness (Table 8), which along with trans-2-hexenal, geranyla-
cetone, 2 + 3-methylbutanol, 2-isobutylthiazole, and methylsali-
cylate enhanced sourness perception, while methional and
6-methyl-5-hepten-2-one significantly (P < 0.05) suppressed
perception of sourness. For overall tomato flavor, SS/TA was
the chemical variable used, since it encompasses both sugars and
acids andwas highly correlated (P= 0.002)with flavor (Table 8), and
along with acetaldehyde, hexanal, cis-3-hexenal, trans-2-hexenal,
1-penten-3-one, geranylacetone, ethanol, 2 + 3-methylbutanol, cis-
3-hexenol, and methyl salicylate, enhanced perception of overall
tomato flavor at P # 0.05. If P # 0.1 were to be used for
significance, as is acceptable for sensory data (Meilgaard
et al., 1991), then benzaldehyde, 6-methyl-5-hepten-2-one,
and 2-isobutylthiazole also enhanced flavor perception. It is
interesting that most of the volatiles that enhanced sweetness
or sourness also enhanced overall flavor. Also interesting was
that several of the volatiles that enhanced sweetness (with SE)

Table 8. Pearson correlation coefficient (linear relationship, Pearson’s r) between sensory hedonic ratings and flavor chemical contents for 29
tomato genotypes tested in one to three seasons over 6 years.z

Pearson correlation coefficients

Sweetness Sourness Flavor

Coefficient P Coefficient P Coefficient P

Soluble solids (SS) 0.482 <0.0001 0.027 0.683 0.453 0.000
Total sugar 0.518 0.001 –0.025 0.710 0.381 0.006
Glucose 0.531 0.000 –0.065 0.325 0.366 0.012
Fructose 0.479 0.006 0.001 0.982 0.381 0.006
Sucrose equivalents 0.540 0.002 –0.019 0.773 0.384 0.005
Titratable acidity (TA) –0.164 0.329 0.576 <0.0001 0.082 0.002
SS/TA ratio 0.351 0.021 –0.548 <0.0001 0.462 0.002
Acetaldehyde 0.264 0.013 0.191 0.004 0.279 0.006
Hexanal 0.179 0.006 0.160 0.015 0.233 0.000
E-2-Pentenal 0.044 0.504 0.138 0.035 0.038 0.561
Z-3-Hexenal 0.052 0.428 0.081 0.219 0.232 0.045
E-2-Hexenal 0.147 0.025 0.148 0.024 0.264 0.013
E-2-Heptenal 0.034 0.608 –0.018 0.783 0.064 0.334
Phenylacetaldehyde 0.081 0.220 0.233 0.000 0.045 0.491
Methional –0.003 0.970 –0.098 0.136 0.035 0.597
Benzaldehyde 0.183 0.207 0.204 0.002 0.183 0.205
Acetone 0.257 0.391 0.078 0.235 0.146 0.490
1-Penten-3-one 0.254 <0.0001 0.150 0.022 0.276 <0.0001
1-Octen-3-one –0.025 0.705 0.052 0.432 –0.024 0.711
6-Methyl-5-hepten-2-one 0.147 0.048 0.014 0.826 0.198 0.013
Geranylacetone 0.147 0.025 0.194 0.003 0.162 0.014
b-Ionone 0.228 0.038 0.186 0.005 0.210 0.044
Methanol 0.072 0.274 –0.036 0.587 0.071 0.282
Ethanol 0.071 0.283 0.104 0.114 0.097 0.140
2 + 3-Methylbutanol 0.193 0.003 0.259 <0.0001 0.236 0.000
Z-3-Hexenol 0.131 0.047 0.055 0.404 0.165 0.012
2-Isobutylthiazole 0.109 0.099 0.288 <0.0001 0.076 0.252
Linalool 0.104 0.113 0.251 0.000 0.154 0.413
2-Phenylethanol –0.124 0.060 –0.033 0.615 –0.078 0.236
Methylsalicylate 0.176 0.007 0.157 0.017 0.164 0.012

Bold numbers imply significance at P < 0.05.
z29 genotypes listed in Fig. 2; 2003–05 and 2008–10; March, June, and December.
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also enhanced sourness (with TA) including trans-2-hexenal,
geranylacetone, 2 + 3-methylbutanol, and methylsalicylate.
Stevens et al. (1977) found that sweetness and sourness were
related and concluded that a higher level of acidity was necessary
for tomatoes to have consistent sweetness. Perhaps these volatiles
enhanced acidity and thus indirectly enhanced sweetness. Table 7
shows descriptors for the various volatile compounds analyzed
in this study, showing how their descriptors change depending
on the matrix (water, alcohol, or deodorized tomato homoge-
nate). Some of the volatiles that enhanced perception of
sweetness are sweet or fruity in a tomato matrix (acetaldehyde,
2 + 3-methylbutanol, geranylacetone, and 1-penten-3-one).
On the other hand, methylsalicylate has been described as
wintergreen mint, and the C-6 aldehydes and alcohol are all
described as green (hexanal, trans-2-hexenal, cis-3-hexenal,
and cis-3-hexenol). The aroma volatiles that enhanced sourness
included the sulfur volatile unique to tomato, 2-isobutylthiazole,
and a C-6 aldehyde and alcohol (cis-3-hexenal and cis-3-
hexenol, respectively) as well as methylsalicylate, which give
green/mint notes along with the somewhat sweet/earthy 2 +
3-methylbutanol. The potato/earthy methional and sweet/floral
6-methy-5-hepten-2-one (in tomato matrix) appear to have
detracted from sour perception.

To compare all the sensory and chemical data, PCA analysis
was used, which explained 71.18% of the sensory and chemical
data variation in two principal components (F1 and F2), and

revealed that there were genotype and seasonal effects (Fig. 2).
Dividing the figure into quadrants, quadrant A had relatively
high loadings for component F2 and low loadings for F1,
quadrant B had high loadings for components F1 and F2,
quadrant C had low loadings for F1 and 2, while quadrant D had
low loadings for component F2 and high for F1. Quadrants A
and C were devoid of flavor descriptors and flavor chemical
components including all volatiles due to low loading on F1.
All of the ‘Fla. 8153’ samples and related genotypes through its
parents (Fla. 7907 and Fla. 8059) were in B and D quadrants,
associated with high loadings for sourness, sweetness, and
flavor perception as well as all volatiles, (total) sugars (TS =
total sugars: fructose, glucose), and moderate for SE and acid
(TA), with higher pH in opposite quadrant measurements.
Contrarily, almost all of the ‘Florida 47’, and several other
low-scoring genotypes (‘Ugly Ripe’, Cluster, ‘Sanibel’, ‘Solar
Fire’) were in quadrants A and C which had low loadings for
most chemical and sensory measurements including sourness,
sweetness, flavor, volatiles, sugars, or acids. Other than a few
outliers (‘Florida 47’ June 2008 and 2009 and ‘Sanibel’ June
2010, which were just over into quadrant D), most of the
March- and June-harvested samples were in quadrants C and D
(mostly D) with high loadings on component F1 for flavor and
sweetness perception as well as some volatiles and all sugar
measurements (SS, glucose, fructose, SS/TA, sucrose equiva-
lents, total sugars). December-harvested fruit (highlighted in

Table 9. Multiple regression analysis for volatiles to determine the contribution of a volatile to enhance/suppress hedonic sensory ratings of
overall flavor, sweetness, and sourness based on a two-predictor model. Samples were from 29 tomato genotypes tested in one to three seasons
per year over 6 years.z

Dependent variabley
Sweetness Sourness Flavor

Sucrose equivalents TA SS/TA ratiox

Basic independent variable t P t P t P

Acetaldehyde 1.6100 0.1084 0.4100 0.6807 2.8300 0.0050
Hexanal 2.1400 0.0330 0.4700 0.6399 3.1900 0.0016
E-2-Pentenal 0.3500 0.7266 1.0200 0.3067 0.9400 0.3479
Z-3-Hexenal 0.5900 0.5541 –1.3200 0.1866 2.3600 0.0191
E-2-Hexenal 2.3400 0.0199 2.7800 0.0059 2.7600 0.0062
E-2-Heptenal –0.3900 0.6992 –1.3100 0.1912 1.1800 0.2376
Phenylacetaldehyde 0.6200 0.5331 1.0200 0.3075 0.7100 0.4810
Methional –0.4800 0.6308 –2.0500 0.0409 1.1200 0.2625
Benzaldehyde 0.6100 0.5395 0.7500 0.4560 1.7300 0.0855
Acetone 0.3200 0.7482 –1.3500 0.1768 1.4000 0.1614
1-Penten-3-one 3.4200 0.0007 1.3000 0.1948 4.4200 <0.0001
1-Octen-3-one –0.7500 0.4534 0.5100 0.6096 0.2800 0.7820
6-Methyl-5-hepten-2-one –0.5100 0.6126 –2.0300 0.0436 1.6600 0.0976
Geranylacetone 3.1200 0.0020 3.6300 0.0003 2.6100 0.0096
b-Ionone –0.0300 0.9790 0.6500 0.5182 0.2600 0.7985
Methanol –0.1700 0.8671 –0.7100 0.4783 1.4100 0.1600
Ethanol –0.0400 0.9690 –0.4900 0.6212 2.0100 0.0451
2 + 3-Methylbutanol 2.7500 0.0064 2.2000 0.0285 3.8900 0.0001
Z-3-Hexenol 2.2400 0.0257 –0.3300 0.7422 2.4600 0.0147
2-Isobutylthiazole 1.7600 0.0797 2.3200 0.0212 1.7700 0.0774
Linalool 1.7400 0.0826 1.9500 0.0526 1.5100 0.1311
2-Phenylethanol –2.3300 0.0208 0.9300 0.3554 0.5500 0.5849
Methylsalicylate 3.8600 0.0001 3.1000 0.0021 2.7300 0.0067

TA = titratable acidity.
Bold numbers imply significance at P < 0.05.
z29 genotypes listed in Fig. 2; 2003–05 and 2008–10; March, June, and December; t = parameter estimate/SE.
ySensory rating (1–9 scale).
xSoluble solids/titratable acidity ratio.
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blue) were mostly found in quadrant B, followed by A, with
a few in C and D, with B having high loadings for some
volatiles, sourness perception, and acid measurements (TA),
opposite of higher pH (in the opposite quadrant) on components
F1 and F2, and quadrant A being devoid of any sensory
descriptors or chemical components.

Cluster analysis was calculated based on all chemical and
sensory data for the genotypes (Fig. 1). High flavor-scoring
genotypes (Table 3), including ‘Fla. 8153’, parent Fla. 7907,
and related genotypes clustered together along with ‘Fla.
8153’s other parent (Fla. 8059, midrange in flavor scores),
while low flavor scoring genotypes, such as ‘Florida 91’ and

‘Florida 47’, were significantly sep-
arated from ‘Fla. 8153’ and related
genotypes by cluster analysis. The
group that had the largest distance
units (4.1748) from the group that
included ‘Fla. 8153’ included 9250,
Cluster tomatoes, ‘Sanibel’, 8393,
8787, ‘Solar Fire’, ‘Ugly Ripe’, and
‘Florida 47’ (Fig. 2), which except
for 9250 and 8393, generally had
low flavor scores (Table 3).

When comparing only ‘Florida
47’ and ‘Fla. 8153’ using PCA (Fig. 3),
85.98% of the variation for all
chemical and sensory data was
explained in two PC components
(F1 and F2). Quadrants B and D
contained almost all the volatiles,
most of the ‘Fla. 8153’ and June
samples, and were associated with
flavor and sweetness perception as
well as (total) sugars and other sugar
measurements (sugars = TS, glu-
cose, fructose and SE). Quadrants
A and C had most of the ‘Florida 47’
and December (highlighted in blue)
samples (March samples being in-
terspersed between December and
June), and were associated with
sourness perception and TA, as well
as a lack of aroma volatiles. The few
‘Fla. 8153’ samples found in Quad-
rants A and C were all from Decem-
ber harvests.

The findings of the study show
that there is much yearly and sea-
sonal variation for tomato flavor
quality as seen by variation in sen-
sory perception (Tables 2 and 3; Fig. 2)
backed up by variation in levels of
various chemical flavor components
(Tables 4 and 6; Fig. 2). This is evident
for all the genotypes investigated gen-
erally, and for the two cultivars with
the most data, ‘Fla. 8153’ and ‘Florida
47’ (Tables 3, 5, and 7; Fig. 3). From
these data, insight into seasonal effects
and chemical drivers of tomato flavor
can be gained.

The trials represent a diversity of
growing environments. In general, spring crops (June harvest)
go from shorter to longer days with increasing temperatures and
solar radiation; fall crops (December harvest) go from longer to
shorter days with decreasing temperatures and solar radiation;
and winter production would tend to be under short days with
relatively lower temperatures and solar radiation. Seasonal
differences were evident, despite the yearly and seasonal
variations, in that flavor chemical components and flavor
perception (overall flavor and sweetness) were more associated
with June followed by March and least associated with
December harvest seasons (Figs. 2 and 3). This was confirmed
by the fact that June harvests were more associated with sugars,

Fig. 2. Principal component analysis biplot based on sensory and chemical data of 29 tomato genotypes over 6
years with one to three harvests per year.
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followed by March and lastly December (Figs. 2 and 3). The
precise cause of increased sugars in June is not known although
solar radiation, daylength, and temperatures were all higher at
that time of year (Table 10). This likely relates to increased
photosynthesis resulting from increased solar radiation over
long days. Georgelis et al. (2006) showed significant line ·
season (fall, spring) interaction in Florida for inheritance of
sugars, with sugar levels being generally higher in spring for
genotypes with genetically increased sugars, and suggested that
this was due to higher solar radiation in spring than in fall. Early
reports also showed that higher solar radiation was associated
with higher sugars (Davies and Hobson, 1981; Winsor and
Adams 1976). Our results do support the earlier findings, but
possible effects of temperature and perhaps daylength could
also play a role.

Despite the yearly and seasonal
variation, drivers of tomato flavor
were distinguishable and not sur-
prisingly included sugars, acids,
and aroma volatiles in general. In
particular, the volatile aldehydes
(especially green–note C-6 alde-
hydes and a related alcohol, cis-3-
hexenol); fruity ketones and unique
volatiles like the sulfur compound,
2-isobutylthiazole; the sweet-note
alcohol, 2 + 3-methylbutanol; and
the citrusy terpene alcohol, linalool
and the terpinoid aldehyde, citral
(which comprises the cis-/trans-
lemony isomers of geranial and
neral) seemed to play important
roles. Tieman et al. (2012) had sim-
ilar findings relating aroma volatiles
to consumer preferences. Differ-
ences between the more flavorful
‘Fla. 8153’ and ‘Florida 47’ were
also evident over the noise of seasons
and years. The lower flavor ratings
for ‘Florida 47’ compared with ‘Fla.
8153’ may have been caused by
lower sugars and higher acids, but
also aroma volatiles with the former
having a lower sugar/acid ratio, more
green notes (C-5 and C-6 aldehydes
and related alcohol), and fewer
fruity/floral notes (Table 7), mostly
ketones (6-methyl-5-hepten-2-one,
geranylacetone, b-ionone); other al-
dehydes (acetaldehyde); and alcohol
(2 + 3-methylbutanol) and terpenes

(citral and linalool). However, ‘Fla. 8153’ also had higher
sweetness ratings and sugar levels, which are highly correlated
to overall flavor (Table 8) (Malundo et al., 1995). It is therefore
difficult to determine the effect of the aroma volatiles alone. A
strong point within this dataset suggests that the volatiles as
measured over so many seasons and locations, delivering
significant differences, rising above the environmental noise,
probably relate to the flavor differences in the two cultivars.
Thus, the data provide volatiles and volatile levels for tomato
breeders to target in their flavor improvement work. Further
work is needed to verify the importance of this suite of volatiles,
which will not be a trivial task; however, these data offer
a manageable number of volatiles on which to focus. In addition,
more was learned in this study about flavor perception. Many of
these same volatiles were positively correlated with perception of

Fig. 3. Principal component analysis biplot based on sensory and chemical data of ‘Florida 47’ and ‘Fla. 8153’
tomatoes over 6 years and 10 harvests.

Table 10. Summary of weather data over the 2 weeks before harvest for the three tomato growing environments used in this study.

Location-seasonz Trials (no.)

Temperature (�C)
Total rainfall (cm) Solar radiation (W�m–2)Mean Minimum Maximum

(mean ± SE)

GCREC, June 6 25.5 ± 0.68 20.2 ± 0.77 31.9 ± 0.87 7.47 ± 2.55 245.89 ± 16.13
TREC, March 3 21.1 ± 1.07 15.9 ± 1.07 26.4 ± 0.81 0.97 ± 0.57 187.65 ± 12.40
GCREC, Decemberz 3 16.7 ± 0.77 11.2 ± 0.5 22.8 ± 0.87 1.67 ± 0.84 125.03 ± 1.02
zGCREC = Gulf Coast Research & Education Center, Wimauma, FL; TREC = Tropical Research & Education Center, Homestead, FL.
y2003 data not available.
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sweetness (acetaldehyde, 1-penten-3-one, 6-methyl-5-hepten-2-
one, geranylyacetone, b-ionone) or enhanced sweetness in
combination with sugars (1-penten-3-one, geranylacetone), or
enhanced overall flavor in combination with the sweet/sour SS/
TA ratio (acetaldehyde, hexanal, cis-3-hexenal, trans-2-hexenal,
benzaldehyde, 1-penten-3-one, 6-methyl-5-hepten-2-one, gerany-
lacetone, ethanol, 2 + 3-methylbutanol, cis-3-hexenol, 2-isobu-
tylthiazole, and methylsalicylate) (Table 9). In summary, it
appears that tomato flavor quality is based on a balanced volatile
profile (less green and more fruity volatiles) with moderate acid
levels and relatively high levels of sugars.
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