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Abstract: The genetic potential of accessions from Solanum section Lycopersicon (S. lycopersicum L., S. lycopersicum var. cerasiforme, S
pimpinellifolium L., and S. habrochaites Knaap & Spooner) for breeding tomato taste has been studied in three environments with clonal
replicates. The environment clearly affected the accumulation and level of variation of sugars and acids and derived variables through
a direct effect. It seems that photosynthetically active radiation would exert a major effect on sugar accumulation while in the case
of organic acids the effect of temperature might be more important. Even more, important genotype x environment interactions can
considerably modify the real value of germplasm, being considerably higher in wild species. The environment affected not only mean
contents but also the levels of variation. Thus, the need to develop multienvironmental screening programs is suggested to identify
solid sources of variation. An important intraaccession variability was also found in wild germplasm, emphasizing the need to analyze
a high number of plants per accession in order to identify sources of variation. Accessions with a significant genotypic contribution to
the accumulation of sucrose within the Lycopersicon group were identified and may be interesting to analyze the regulation of vacuolar
invertase. Accessions with different genotypic contributions to citric, malic, and glutamic acid accumulation have also been identified.
These accessions will be valuable for the development of breeding programs considering the acid component of taste. Additionally, these
genetic resources will be interesting to study the regulation of the tricarboxylic acid cycle and the gamma-aminobutyric acid shunt.

Key words: Environment, genotype x environment, organic acids, organoleptic quality, sugars

1. Introduction
Concerns regarding the loss of tomato taste became
evident in the 1990s (Bruhn et al, 1991), but these
complaints are still concerning researchers (Bennett,
2012). The special emphasis placed on high yield during
selection had negative side effects on fruit quality, as well
as the introgressions from wild species and the use of genes
such as uniform ripening (u), or those related to delayed
ripening (nor, rin), or even the replacement of alleles
associated with the biosynthesis of key flavor volatiles
(Bertin et al., 2000; Causse et al., 2003; Powell et al., 2012;
Tieman et al., 2017). Other common practices by farmers
or consumers, such as the harvest of mature green fruits
(Kader et al., 1977) or refrigeration after purchase, have
also contributed to this degeneration in flavor.

In this context, great interest has been placed in
increasing organoleptic quality in tomato. Considering the
difficulty existing in the improvement of aroma (with more
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than 20 important compounds and their relationships and
background notes contributing to this trait), most efforts
have focused on improving tomato taste. Stevens et al. in
1977 had already revealed that tomato taste is significantly
determined by the concentration of sugars, acids, and
the relation between them. Among sugars, at the red ripe
stage, the concentrations of sucrose are negligible and the
most important are fructose and glucose. Nevertheless,
as sucrose sweetening power is a common reference it
is usual that concentrations of sugars are expressed as
sucrose equivalents multiplying the concentrations of
each sugar by the relative sweetness compared to sucrose
(Koehler and Kays, 1991). In fact, this derived variable is
highly correlated with sweetness perception in sensory
panels (Baldwin et al., 1998).

Citric and malic acids are the most prominent organic
acids in tomato. The concentration of citric acid is usually
higher and the balance between both of them is variety-
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dependent (Davies and Hobson, 1981). It is more difficult
to determine the relative contribution of each acid to
sourness, as it depends on pH, concentrations, and other
variables. Nevertheless, at pH close to 4.5 (quite standard
for tomato), malic acid may be perceived as sourer (De
Bruyn et al,, 1971). The amino acid glutamic acid does
not seem to play an important role in the perception of
sourness, but some researchers have pointed out that a
high ratio between sucrose equivalents and glutamic acid
may be convenient to improve tomato taste (Bucheli et
al., 1999; Fulton et al., 2002). Nevertheless, more insight
is required regarding the role of glutamic acid in tomato
taste.

Wild species of tomato have been used to improve
different traits in tomato ever since the 1930s (Rick, 1986).
In the case of organoleptic quality, several wild species have
been used in the improvement of fruit quality (Fernie et al.,
2006). In fact, important genes altering the carbohydrate
metabolism have been identified in wild germplasm. For
example, Solanum chmielewskii (C. M. Rick, E. Kesicki,
J. E Fobes & M. Holle) D. M. Spooner, G. ]J. Anderson &
R. K. Jansen accumulates sucrose instead of hexoses in the
fruit, though side effects such as a reduction in fruit weight
and yield of ripe fruits are found (Chetelat et al., 1995).
Solanum habrochaites Knaap & Spooner also accumulates
low levels of hexoses, but with a high ratio of fructose to
glucose (>1.5:1), though it does not increase total sugar
content in tomato (Schaffer et al., 1999). Solanum pennellii
Correll has offered better results in increasing total sugar
content in tomato. One of the detected mutations in the
catalytic site of the apoplastic invertase LIN5 (Fridman et
al., 2000) facilitates increased invertase activity in the fruit,
leading to a higher capacity to take up sucrose from the
phloem and increased levels of hexoses in the ripe tomato
fruit (Matsukura, 2016).

Despite these advances, today, the search for sources
for variation targeted to the improvement of tomato taste
still represents a continuous necessity. The objective of
the present study is to evaluate the potential of different
accessions from tomato and wild relatives as donors of
traits related to tomato taste perception. Previous studies
with functional compounds suggested that the genotype x
environment (G X E) interactions may interfere with the
consistency and reliability of screening programs (Leiva-
Brondo et al., 2012, 2016). Therefore, for this work the
number of species and accessions was sacrificed to enable
the evaluation of the specific contribution of genotype
and environment. This information enabled the analysis
of the difficulties that arise in this kind of screening
programs. Specifically, several landraces of cultivated
tomato (Solanum lycopersicum L. and S. lycopersicum L.
var. cerasiforme) and accessions from the tomato ancestor
species Solanum pimpinellifolium L. were included. They
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were selected as their close phylogenetic relation with
tomato would make it easier to exploit their potential in
breeding programs. One accession from S. habrochaites
was also included to represent the more distant green-
fruited species.

2. Materials and methods

2.1. Plant material and cultivation

Thirteen accessions from different species were evaluated,
including materials from S. lycopersicum L., S. lycopersicum
var. cerasiforme, S. pimpinellifolium, and S. habrochaites
(Table 1). Three modern tomato cultivars with normal
levels of sugars and acids were included as controls:
CDP8779 (experimental line), Cambria (a commercial
hybrid), and Gevora (a processing tomato variety).

The accessions were evaluated during 1 year in three
different environments at two Spanish sites: Valencia and
Turis. Cultivation at Valencia was carried out in autumn-
winter and spring-summer cycles in a glasshouse with
automated climate control. Cultivation at Turis took place
in the spring-summer cycle in the open air.

In protected cultivation, heating systems were used in
the autumn-winter cycle when required, while progressive
shadowing and cooling was used in the spring-summer
cycle. In all cases, fertigation was scheduled daily, and
plants were staked and pruned. Air temperature and
photosynthetically active radiation (PAR) were recorded
every 10 min using WatchDog weather stations (Spectrum
Technologies Inc., Aurora, IL, USA) equipped with
temperature and quantum light PAR sensors and a data
logger. Fertigation was adapted for each cycle considering
crop necessities.

As wild accessions may be composed of different
genotypes, 3 clones were obtained from each plant and
grown in each of the three environments. Consequently,
an exact clonal replicate was used in each environment and
block, enabling a precise evaluation of the contribution
of genotypes and environment. A randomized complete
block design was used with 4 blocks per environment, 16
plots per block (one per accession), and 8 plants per plot.
Clones from the shoot apex were obtained and propagated
in vitro following the procedure described by Cano et al.
(1998).

2.2. Sampling and analysis of sugars and acids
Uniformly ripe, healthy fruits at the final-ripe stage
(maximum color intensity) were harvested per plant. The
number of representative fruits harvested (5-20) varied
depending fruit weight. Fruits were collected only from
the first three trusses to minimize intraplant variability.
The fruits of each plant were ground and blended with a
homogenizer (Diax 900, Heidolph, Schwabach, Germany).
Thus, each sample represented the biological mean of a
single plant, and it was stored at -80 °C until analysis.
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Table 1. Characteristics of the accessions evaluated.

Code | Accession Species Fruit characteristics Origin

1 CDP8779 1 Large, light red Valencia, Spain, X

2 Cambria 1 Medium-sized, red Almeria, Spain (Seminis Vegetables Seeds), X
3 Gevora 1 Medium-sized, red Badajoz, Spain, X

4 LA3538 1 Medium-sized, intense red, high lycopene University of California, Z
5 LA1563 1 Large, red, high SSC University of California, Z
6 CDP2178 1 Medium-sized, red Piura, Peru, X

7 CDP7632 1 Medium-sized, red Loja, Ecuador, X

8 CDP2087 1 Large, red Gran Canaria, Spain, X

9 CDP6957/A |1 Small, yellow Alicante, Spain, X

10 CDP6957/R 1 Small, red Alicante, Spain, X

11 CDP4777 2 Small, orange-brownish Ipala, Guatemala, X

12 CDP7090 3 Very small, dark red Piura, Peru, X

13 CDP1568 3 Very small, dark red Piura, Peru, X

14 CDP9822 3 Very small, dark red Piura, Peru, X

15 CDP9999 3 Very small, yellow Lambayeque, Peru, X

16 CDP4941 4 Very small, green Loja, Ecuador, X

1, Solanum lycopersicum; 2, S. lycopersicum var. cerasiforme; 3, S. pimpinellifolium; 4, S. habrochaites. X, Supplied by COMAYV, Spain; Z,

Supplied by Tomato Genetics Resource Center, USA.

The sugars (fructose, glucose, and sucrose) and the
organic acids (malic, citric, and glutamic) were quantified
by capillary zone electrophoresis following the method
described by Cebolla-Cornejo et al. (2012). Capillary
electrophoresis was performed with an Agilent 7100
capillary electrophoresis system (Agilent Technologies,
Waldbronn, Germany).

2.3. Statistical analysis

Sucrose equivalents, a variable highly correlated with
sweetness perception (Baldwin et al, 1998) were
calculated by adding up glucose, fructose, and sucrose
contents multiplied by 0.74, 1.73, and 1, respectively.
Following the same approximation, acid equivalents
were calculated considering the relative sourness of each
compound, summing up the contents of citric acid and
malic acid multiplied by 1 and 1.14, respectively (Stevens
etal., 1977). Several authors pointed out the importance of
the ratios of sugar to acid (Stevens et al., 1977; Baldwin et
al., 1998). Consequently, the ratios of sucrose equivalents
to citric acid, glutamic acid, and acid equivalents were also
calculated.

To obtain deeper insight into the contribution of
the growing environment (E), genotype (G), and their
interaction (GE) to the phenotypic expression (Y) of each
taste-related component, we used the following mixed
linear model considering the i genotype, j environment,
and k block (B) inside each environment:

Y,= p+Gi+Ej+GEU+ By, te

All the factors were considered as random and
predicted using the adjusted unbiased prediction method.
Standard errors of the statistics were obtained by jackknife
procedures and two-tailed t-tests were performed for
testing the significance of parameters obtained. All the
data analyses were performed with QGAStation (v. 2)
software (Bioinformatics Institute, Zhejiang University,
China).

MANOVA biplots were used to study the level of
variation within accessions in each environment, providing
the results of Turis spring-summer as an example.
Univariate Bonferroni confidence circles were added to the
group markers. Significance of the difference between two
accessions-environments can be inferred if the projections
on a variable vector do not overlap. MultBiplot, a software
free-licensed by Professor Vicente Villardon (http://biplot.
usal.es/ClassicalBiplot/index.html), was used for these
calculations. Coefficients of variation for each analyte and
environment were also calculated.

3. Results

3.1. Environmental effects

Only the ratio of malic to citric acid showed null general
environmental contributions. In this case, the environment
affected the phenotypic value mainly via G x E interactions
(Figure 1).
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Figure 1. Estimated contribution of the environment to the phenotypic accumulation of sugars and acids and to
derived variables. MAL: malic acid; CIT: citric acid; GLUT: glutamic acid; FRU: fructose; GLU: glucose; SUC: sucrose;
EQS: sucrose equivalents; EQA: acid equivalents. V a/w: Valencia autumn/winter; V s/s: Valencia spring/summer; T
s/s: Turis spring/summer.*: Significant effect, P = 0.05. **: Significant effect, P = 0.01.

Of the three environments, Valencia with an autumn- In this environment, the environmental contribution
winter growing cycle in a glasshouse had a clearly negative to the accumulation of citric acid was positive, resulting in
contribution to the accumulation of both fructose and a positive contribution to acid equivalents. As result, the
glucose. Only accessions with small fruits presented contributions to the ratios between sucrose equivalents
quantifiable amounts of sucrose (Tables 2-4). and the different acids were negative, as well as the
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environmental contributions to the ratios of glutamic to
citric acid and fructose to glucose.

Comparatively, this environment was characterized by
amuch lower irradiance and lower temperatures during the
second half of the growing cycle (Figure 2). Between both
variables, the effect of irradiance was more accentuated,
as when accumulated PARmax and temperatures were
considered the difference between irradiance is much
higher than in terms of temperature (e.g., differences
in accumulated temperature during the last part of the
cultivation period with open-air cultivation in Turis were
limited).

The environment of Valencia with cultivation in a
glasshouse during the spring-summer cycle had a positive
contribution to the accumulation of acids and sugars,
especially of the latter (Figure 1). In the case of organic
acids, the contribution to the accumulation of glutamic
acid was much higher than to citric or malic acid, and a
positive contribution to the ratio glutamic to citric acid was
detected. Consequently, there was a positive contribution
to the ratios of sucrose equivalents to citric acid and a
negative one to the ratio sucrose equivalents to glutamic
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acid. On the contrary, a small negative contribution to the
ratio fructose to glucose was observed. This environment
was characterized by a higher irradiance compared to the
autumn-winter cycle, much higher temperatures, and
higher temperature ranges (Figure 2).

The environment of Turis, with higher irradiance
levels, lower temperatures, and intermediate temperature
ranges (Figure 2), had a negative contribution to the
accumulation of acids and a positive contribution to the
accumulation of sugars. In this last case, the contribution
to glucose contents was lower than the corresponding one
to fructose and lower than the one detected in Valencia in
the same growing cycle. This led to a positive contribution
to the fructose to glucose ratio. The imbalance between
the contributions to the accumulation of sugars and acids
resulted in positive contributions to the ratio between
sugars and acids. This environment had a negative
contribution to the glutamic to citric acid ratio, similar to
the one detected in Valencia during the autumn-winter
cycle.

The analysis of coefficients of variation revealed that
the environment presented a significant effect on the level
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Figure 2. Climatic data recorded during the study. V a/w: Valencia autumn/winter; V s/s: Valencia spring/summer; T s/s: Turis spring/

summer.
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of variation in the accumulation of all the compounds,
except for sucrose (Tables 2-4). The lowest coefficients
of variation were detected in Valencia in autumn-winter
followed at a distance by Turis in spring-summer.

3.2. Genotypic and G x E interaction effects

The specific contributions of genotype and G x E
interactions were analyzed to identify the accessions
with higher genotypic contributions (Figures 3 and 4).
Accessions CDP4941 and CDP7090 showed the highest
genotypic contribution to the accumulation of citric acid.
For CDP7090 the contribution in Valencia in autumn-
winter would be higher, while for CDP4941 Turis spring-
summer would have a higher effect. This last accession also
stood out for malic acid accumulation, showing positive
interactions with the environments of Valencia.

The two accessions with the highest contribution
to citric acid accumulation showed a distinct acid
accumulation profile. CDP4941 showed a significant
positive correlation between citric and malic acids (R =
0.41), while the relationship between citric and glutamic
and malic and glutamic was negative or null (R = -0.36
and R = 0.03, respectively). In the case of CDP7090 only
malic and glutamic acids were significantly correlated
(0.54).

Regarding the malic to citric acid ratio, two different
profiles were identified. One was formed by accessions
with smaller genotypic contributions, similar to the
controls Cambria and CDP87779, and another was
formed by CDP9822, CDP9999, CDP6957/R, CDP2178,
and CDP4941, with a profile similar to Gevora. The
interaction contribution was especially noticeable in the
accessions with high genotypic contribution. Among
them, the performance was different, as CDP9822 and
CDP9999 showed a considerably negative contribution in
Turis while CDP2178 and Gevora showed a considerable
positive interaction in the same environment.

Something similar happened with the glutamic to
citric acid ratio. This time LA1563, CDP2078, CDP6957/R,
and CDP9822 showed high and similar genotypic
contributions, like the control Gevora, generally doubling
those of the rest of accessions. Interestingly, those were not
exactly the same accessions as in the case of the malic to
citric acid ratio.

The genotypic contribution of the studied accessions
to glucose and fructose accumulation was not remarkable.
Only accession CDP9999 showed high genotypic
contributions, but only when it was cultivated in the
open field. On the other hand, an important genotypic

Table 2. Phenotypic content (mean + SD, g kg™' fresh weight) of sugars and organic acids and mean coefficient of variation
(CV) from accessions evaluated in Valencia autumn-winter. Different letters for CV means represent significant differences

(Tukey test, P = 0.05).

Accession Citric acid Malic acid Glutamic acid Fructose Glucose Sucrose
CDP8779 6.7+t1.2 1.8£0.5 1.9+0.9 11.7+£ 1.7 10.9£25 n.d.
Cambria 8.3+£0.9 1.7£0.8 23x0.7 154+£2.1 154+£22 n.d.
Gevora 48+ 1.7 2.0+£0.5 3415 104 +£2.7 9.0£29 n.d.
LA3538 7.6+1.2 22+04 1.2+0.6 12.1+£23 11.5+2.0 n.d.
LA1563 7.0+ 1.9 1.6 £ 0.5 29+1.7 15.6+3.8 158+3.3 n.d.
CDP2178 50+1.3 1.8 £0.6 38+1.2 14.1£2.1 128+ 14 n.d.
CDP7632 7.7+ 1.5 1.7+£0.3 1.9+£0.8 12615 13.0+29 n.d.
CDP2087 6.8+ 1.5 1.8+ 0.5 1.8+ 0.6 126 £2.0 12.8 £2.0 n.d.
CDP6957/A 10.3+2.2 26+1.2 33+0.8 16.2+2.6 13.7+25 1.3+0.8
CDP6957/R 74+ 1.1 3.1+0.8 46+1.6 154 +3.1 14.8 £ 2.8 1.1+1.8
CDP4777 14.6 +4.3 20+0.7 1.7+£0.7 11.1+2.8 9.7+28 23+0.8
CDP7090 248+ 1.8 22+0.8 49+19 52+19 3513 0.7£0.3
CDP1568 142 +22 24+0.5 55+1.8 4724 4514 21+£15
CDP9822 9.7+18 25+0.8 49+13 10.6 £3.2 13.1+14 1.0£0.5
CDP9999 13.0+34 51+£29 0.8+0.3 13.7+54 9.8 £4.1 14+1.6
CDP4941 193 +4.7 7.8+£2.1 22+1.7 6.2+2.2 3.6t1.7 20.2+124
Cv environment 19.8* 31.7% 39.8* 23.8* 23.8% 69.2%
n.d.: Not detected.
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Table 3. Phenotypic content (mean + SD, g kg™ fresh weight) of sugars and organic acids and mean coefficient of variation
(CV) from accessions evaluated in Valencia spring-summer. Different letters for CV means represent significant differences

(Tukey test, P = 0.05).
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Accession Citric acid Malic acid Glutamic acid Fructose Glucose Sucrose
CDP8779 54+26 1.4+04 2.7+ 1.8 15.5+£5.0 14.5 £ 6.6 n.d.
Cambria 8.1+5.0 1.5+1.1 32+29 19.3+6.2 18.2+6.9 n.d.
Gevora 7.8+ 1.0 1.6 £0.7 33+£22 16.0 £ 5.1 14.6 £ 5.6 n.d.
LA3538 6.4+25 1.8+ 0.6 20+13 17.5+5.0 17.1£5.7 n.d.
LA1563 4.8+3.8 1.2+£0.5 38+24 20.0 £ 4.6 18.8 £ 5.6 n.d.
CDP2178 49+2.1 14+£0.6 29+19 189+5.3 17.1£5.2 n.d.
CDP7632 72+33 1.3£0.6 2.7+2.0 17.1£5.1 15.7+54 n.d.
CDP2087 7.5+3.3 1.6 £0.7 22+1.1 19.8 +5.8 18.6 +5.7 n.d.
CDP6957/A 8.1+4.2 1.9+1.0 56 +4.4 20.3+£5.0 17.7 £5.1 1.8+ 1.5
CDP6957/R 9.6 +6.0 35+1.8 7.65+4.9 222 +8.1 20.8 £ 8.4 1.7+13
CDP4777 11.7 £ 4.6 1.3+1.0 3.1+24 16.2 £4.0 13.5+39 35+15
CDP7090 14.2 £ 4.0 58+2.2 71x24 15.8+5.8 12.8 +4.8 48 +2.8
CDP1568 14.0+£5.5 28+19 59+27 8.2+48 6.1+39 27+13
CDP9822 11.6 £ 4.0 6.1 +2.8 10.5+5.1 122 +4.7 11.6 £ 5.1 27+27
CDP9999 15.0 £ 3.6 44+25 1.2+04 16.5+4.6 14.5+4.7 1.9+ 1.6
CDP4941 17.0+3.7 6.5+27 39+22 6.7+3.6 5.6+3.2 245+ 14.2
Cv environment 41.9° 48.7° 59.7° 33.2° 38.1° 64.5

n.d.: Not detected.

Table 4. Phenotypic content (mean + SD, g kg™ fresh weight) of sugars and organic acids and mean coefficient of variation
(CV) from accessions evaluated in Turis spring-summer. Different letters for CV means represent significant differences

(Tukey test, P = 0.05).

Accession Citric acid Malic acid Glutamic acid Fructose Glucose Sucrose
CDP8779 45=x1.1 1404 0.9+0.5 13.8 £2.1 124+£2.6 n.d.
Cambria 48+1.4 1.7+1.2 1.7+£0.3 16.0£2.3 142 +2.1 n.d.
Gevora 40z 1.5 1.8£0.8 1.9£0.8 14.6 £4.2 129 £ 3.8 n.d.
LA3538 4.8+3.0 2.6+£0.9 1.0+ 0.5 174 +£9.0 13.1£58 n.d.
LA1563 32+1.1 1.5+0.7 2.1+0.6 174+£39 144+43 n.d.
CDP2178 31+13 1.6 £0.8 1.5+0.5 132+24 12.0+£29 n.d.
CDP7632 43=+1.1 1.4+04 1.1+04 14.7 £2.6 13.1+£3.2 n.d.
CDP2087 49+4.0 l.6+1.1 1.2+£0.7 17.5+8.1 159+7.6 n.d.
CDP6957/A 54+14 21+1.2 22+1.2 19.9£5.0 152 +5.0 0.3+0.5
CDP6957/R 3.8+1.0 1.9+£0.8 22+0.8 15.7+34 149 £ 6.8 0.1£0.3
CDP4777 8.2+2.0 1.1+09 14+£0.8 16.2 £ 4.6 13.5+2.7 1.1+0.7
CDP7090 155+3.8 2.0+0.7 36+19 185+ 6.6 153 £5.6 2.5+0.9
CDP1568 135121 1.3+£04 25+13 13.6 £3.1 10.8 £2.4 2.6£0.9
CDP9822 114+1.9 1.7£04 3.6+ 0.5 219+5.1 19.2+£5.0 24+£09
CDP9999 12.7 £ 4.1 3.0+23 1.0+ 0.3 26.7£6.2 232+55 1.5+ 0.5
CDP4941 22.0+5.0 46+ 1.0 1.5+ 1.1 7.7+3.5 57+35 345+ 14.1
Cv environment 32,7° 45.7> 41.4* 27.7% 31.3% 73.0°

n.d.: Not detected.
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Figure 3. Predicted total genotypic (1 + G) and interaction (G x E) effects for organic acids and sugars in three environments. V a/w:
Valencia autumn/winter, V s/s: Valencia spring/summer, T s/s: Turis spring/summer. The first three accessions are controls. Significant
departures from zero (t-test) are indicated with + (P < 0.1), * (P < 0.05), and ** (P < 0.01).

contribution to sucrose accumulation was only observed
in CDP4941. However, these levels were obtained at the
expense of hexoses accumulation and the genotypic
contribution to sucrose equivalents was rather standard.
Much lower variation was found regarding the genotypic
contribution to the fructose to glucose ratio, where only
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CDP4941 (S. habrochaites) showed higher values. CDP4941
in certain environments showed a sum of genotypic and G
x E interaction leading to ratios close to 1.75.

The intraaccession variation was analyzed to evaluate
the genotypic differences between plants of one accession,
using a MANOVA biplot to summarize the results. For
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Valencia spring/summer, T s/s: Turis spring/summer. The first three accessions are controls. Significant departures

from zero (t-test) are indicated with + (P < 0.1), * (P < 0.05) and ** (P < 0.01).

Figure 4. Predicted total genotypic (it + G) and interaction (G x E) effects for derived variables in three environments. V a/w: Valencia

autumn/winter, V s/s
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this purpose, only data for Turis are presented, though
similar conclusions would be extracted from the rest
of the environments. The F1 hybrid Cambria showed a
considerable level of variation, suggesting an important
level of variation due to microenvironmental differences.
In general, a higher level of variation was detected in
wild accessions, especially in those with the highest
accumulation of certain compounds, such as CDP4941
(Figure 5, genotype code 16) or CDP7090 (Figure 5,
genotype code 12).

4. Discussion

The environment had an important effect on the
accumulation of sugars and acids and derived ratios
and variables, both via its main effect and the G x E
interaction. Regarding the main effect, the accumulation
of sugars seemed to depend to a larger extent on the PAR
rather than on the temperature, whereas in the case of the
acids, the temperature seemed to exert a major effect. A
major effect of PAR on sugar accumulation was expected,
considering that it may limit the photosynthetic activity of
the plant. Consequently, during the autumn-winter cycle,
the lower PAR radiation would have a major impact on
sugar accumulation. Several studies have analyzed the
effect of shading or season on the accumulation of taste-
related compounds. Regarding shading studies, Gautier et
al. (2008), comparing fruits grown under light or shaded

conditions at different temperatures, also observed lower
reducing sugars content in shaded fruits and higher
titratable acidity. Comparing mesh-protected cultivation
to open air (26.7% lower PAR), we previously found a
decrease in fructose and glucose contents and similar
levels of organic acids (Cebolla-Cornejo et al., 2011). On
the other hand, in greenhouse conditions, comparing
100% radiation with 50% and 75% shading, Riga et al.
(2008) found a higher correlation between cumulative
mean temperature and soluble solids, suggesting that the
effects of temperature on fruit quality were higher than
those of PAR. In this case, a moderate correlation between
titratable acidity and cumulative temperature (r = 0.38)
was found.

Regarding seasonal fluctuations, Toor et al. (2006),
evaluating soluble solids content and titratable acidity
throughout the year, found that irradiance and temperature
did not have a significant effect on titratable acidity, while
soluble solids were higher in samples collected during
summer than during spring. Hernandez et al. (2008) found
for several cultivars that in the autumn-winter cycle less
malic and higher citric acid contents were found compared
to the spring-summer cycle, whereas higher soluble solids
were found in the latter. In our case, the environmental
effect of the winter campaign was negative, reducing the
accumulation of sugars, suggesting a prominent effect of
PAR. On the other hand, the environmental contribution

°
o
I

Axis 2 - ( 16.9292% )
o
|

05—

2

Axis 1 - (74.9407% )

Figure 5. MANOVA biplot of the data from Turis with open-air cultivation (genotype codes in Table 1).
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to acid accumulation was negative in Turis open-air
cultivation, with higher PAR but lower cumulative
temperature. In this case, the differences between spring-
summer and autumn-winter cultivation in Valencia were
limited, while differences in PAR were considerable. It
should be pointed out though that the high positive effect
on the accumulation of glutamic acid found in Valencia
would suggest that for this amino acid the impact of
PAR would be important. Nevertheless, an increase of
temperature would be required to increase the levels of
glutamic acid, as increasing only irradiance (Turis spring-
summer) would limit this effect. The differential behavior
of glutamic acid would explain the high environmental
effects on the ratio between this and other acids and
between sucrose equivalents and glutamic acid.

Interestingly, the environment affected not only the
accumulation of taste-related compounds but also the level
of variation. It seems that the diffuse irradiance typical of
autumn-winter conditions would limit shading effects
within the greenhouse. On the other hand, during the
spring-summer season the lower variation found in the
open air would probably be related to the lack of shading
effects of the structure and cover of the greenhouse.

The environment also exerted its influence via G x
E interactions. These can be considerably high in the
accumulation of both sugars and acids. The importance of
the interactions has been emphasized in tomato regarding
the accumulation of functional compounds, especially
vitamin C (Leiva-Brondo et al., 2012), and to a lower extent
carotenoids (Leiva-Brondo et al., 2016). This differential
behavior may lead to overestimating or underestimating
the value of an accession and consequently emphasizes the
need to perform screening studies in multienvironmental
designs. The identification of consistent genotypic
contributions would save time, avoiding studies of
heritability and genetic control studies in materials
extremely sensitive to environmental conditions.

Regarding these designs, the number of plants per
accession should also be reconsidered, as an important
intraaccession variation has been found. Consequently, we
should not refer to interesting accessions, but to interesting
plants within accessions. These screening programs are
still necessary. It is true that huge advances have been
obtained through the evaluation of several introgression
lines that have been developed from accessions of wild
species related to tomato, including red-fruited species
belonging to the Lycopersicon group S. pimpinellifolium
or green-fruited species belonging to the Neolycopersicon,
Eriopersicon, or Arcanum groups (mainly S. pennellii
and S. habrochaites) (Fernie et al., 2006). However, the
production of introgression lines is expensive and time-
consuming, and therefore only one or a few accessions
have been used in each case as parents in the program,
limiting the full exploitation of the potential of the section

Lycopersicon of the genus Solanum. Nevertheless, the
considerable drop in the genotyping costs of introgression
lines makes it easier and cheaper to continue to exploit the
information provided by these materials (Barrantes et al.,
2016).

Regarding sugar accumulation, none of the accessions
tested offered an important genotypic contribution,
although CDP4941 from S. habrochaites had a
considerable genotypic contribution to the accumulation
of sucrose. This behavior has already been described in
S. habrochaites, and also in S. chmielewskii, from which
the gene sucr was identified and introgressed in tomato,
although as stated in the introduction negative side effects
were detected. Moreover, when the genotypic contribution
to the level of sucrose equivalents is considered, the interest
of this accession decreases compared to other accessions
from the Lycopersicon group that do accumulate sucrose,
such as CDP9999. Kortstee et al. (2007) concluded that
sucrose synthase and soluble invertase enzyme activities
were higher in the domesticated crop and distributed
throughout the whole fruit, explaining partially the lack
of sucrose accumulation in S. lycopersicum. Thus, these
accessions from the Lycopersicon group accumulating
sucrose may be useful to study the regulation of vacuolar
invertase.

Accession CDP4941 also offered an important
genotypic contribution to the ratio of fructose to glucose.
This ratio is important, considering that fructose has a
considerably higher sweetening power (Baldwin et al.,
1998), and its increase is interesting for example for the
development of lines targeted to ketchup production.
In this case, this effect is probably due to the presence
of the Fgr gene, encoding fruktokinase2, which has
been described in this species (Levin et al., 2004). More
interestingly, accessions CDP6957/A and CDP7090 also
offered high genotypic contributions and they belong to
the Lycopersicon group. These materials are more readily
usable, as the complications derived from linkage drag,
which is quite important in tomato (Haggard et al., 2013),
due to the low recombination rate in wide areas of the
genome (Sato et al., 2012), are less important.

Regarding the potential use for increasing acid
accumulation, Kortstee et al. (2007) concluded that fruits of
wild tomato plants with the exception of S. pimpinellifolium
had higher contents of citric and malic acid. Our results
confirm the higher contents in S. habrochaites, although
we have found high contents of citric acid also in several
S. pimpinellifolium accessions. This result emphasizes the
need to continue screening new sources of variation, as the
metabolic profile of a species is not generalizable. Thus, it
is still possible to find interesting sources of variation.

Apart from differences in the accumulation potential of
acids, different accumulations of citric, malic, and glutamic
acids were identified in the accessions evaluated. These
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different profiles will be useful to deepen the knowledge
of the regulation of the tricarboxylic acid (TCA) cycle and
the gamma-aminobutyric acid (GABA) shunt in tomato.
As an example, CDP6957/R showed low ratios between
the phenotypic values of citric and malic acid and citric
and glutamic acid that were consistent among the three
environments tested. This behavior would be compatible
with an increased accumulation of glutamic acid at the
expense of citric acid, maybe due to an upregulation of the
GABA shunt (Etienne et al., 2013).

On the other hand, CDP9999 and CDP4941 showed
clearly higher ratios between the phenotypic values of
malic and glutamic acid. This behavior was not species-
dependent, as CDP9999 is the only accession of S.
pimpinellifolium showing a ratio so high (around 5-fold the
ratio of the other accessions). In the case of CDP4941, this
was the only accession form of S. habrochaites evaluated.
In both accessions, especially in the case of CDP9999, this
high ratio derives from a low accumulation of glutamic
acid and an increased accumulation of malic acid. These
accessions also showed a clearly higher ratio of citric to
glutamic acid in the three environments. This result may
suggest a downregulation of the GABA shunt resulting in
a decrease of the accumulation of glutamic acid and an
accumulation of citrate (Etienne et al., 2013).

Accession CDP4777 from the former var. cerasiforme of
the cultivated species also had high citric to glutamic and
citric to malic ratios, but the malic to glutamic ratios were
not so high. In this case, a relatively high accumulation of
citric acid was observed, accompanied by a relatively low
accumulation of malic acid, and this profile was consistent
in the three environments. It seems that the cause may be
an increased accumulation of citric acid at the expense of
malic acid, although as the contents of glutamic acid are
not so high, a small contribution via a downregulation
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