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ABSTRACT. Acyl sugars present in the tomato Solanum lycopersicum
‘LA-716 accession confer good levels of resistance to arthropod pests.
The objective of the present study was to select F, plants from the
interspecific cross Solanum pennellii ‘LA-716’ x Solanum lycopersicum
‘Redengdo’ to assess resistance to spider mites (7etranychus urticae)
based on the leaf acyl sugar content and repellence tests. Four genotypes
were selected with high leaflet acyl sugar content (RVTA-2010 pl#31,
RVTA-2010 pl#75, RVTA-2010 pl#83, and RVTA-2010 pl#94), and
an additional three genotypes with low acyl sugar content were also
selected (RVTA-2010 pl#33, RVTA-2010 pl#39, and RVTA-2010
pl#73). The results from the in vivo tests used to confirm the selection
of plants resistant to mites indicated that the genotypes with high acyl
sugars content did not differ from the resistant parent LA-716. The
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negative correlation between acyl sugar content and the distance run
by the mite along the leaflet surface confirmed the association between
high and low allelochemical content and resistance. The medium
degree of dominance (MDD) was estimated (MDD = -0.83), indicating
that the high acyl sugar content was due to incomplete dominance of
a recessive allele. A value of 81.85% was found for the broad sense
heritability estimate, which suggests that most among-plant variation
in the F, generation is genetically based. Furthermore, 0.69 genes were
estimated, which presumably confirms monogenic inheritance. Thus,
indirect selection was an efficient method used to obtain industrial
tomato plants that are resistant to spider mites.

Key words: Solanum lycopersicum; Solanum pennellii; Allelochemicals;
Plant breeding; Genetic resistance

INTRODUCTION

Chemical pest control in tomato crops requires excessive applications of wide-
spectrum products. In addition to high production costs (Embrapa, 2009), the improper
use of agricultural pesticides damages the environment, harms human health, and en-
courages the appearance of more aggressive biotypes. Considering these aspects, the
use of resistant cultivars is the safest and most viable alternative for pest management.
Tetranychus urticae is considered one of the most important species of spider mite pest world-
wide because it has a large number of hosts (Moraes and Flechtmann, 2008). Spider mites have
high potential for damage to tomato crops, and they can cause heavy losses to the producers.

Sources of resistance to tomato pests have been identified in species of Solanum,
which have the potential for use in genetic breeding programs to develop resistant cul-
tivars (Gongalves Neto et al., 2010; Maluf et al., 2010; Maciel et al., 2011). For instance,
resistance obtained from S. pennellii has been associated with the presence of allelochemi-
cals called acyl sugars. These sugars confer a sticky aspect to the leaf surface that serves
as a natural trap, interferes in oviposition and feeding, and has a deleterious effect on the
development of certain arthropod stages (Gillardon et al., 2001; Resende et al., 2009).
The introduction of resistance to spider mites in S. [ycopersicum tomato genotypes from
a wild species (S. pennellii) is an effective way to obtain cultivars with high acyl sug-
ar content in the leaflet and consequently a good resistance level (Maciel et al., 2011).
In the tomato breeding programs conducted in Brazil that are used to obtain pest resistant cul-
tivars, indirect selection predominates the development of genotypes with high allelochemical
leaflet contents associated with resistance (Resende et al., 2008). In general, indirect selection
for high allelochemical content has led to increased pest resistance more efficiently than direct
selection techniques. Studies emphasize the correlation between the concentration and char-
acterization of each allelochemical present in the wild accessions and their respective control
level of specific pests. However, there is little research related to tomato genotypes that are
destined for industrial processing. This emphasizes the importance of breeding programs to
obtain tomato cultivars for industrial processing that are resistant to the main pests. The objec-
tive of the present study was to select F, plants with high acyl sugar content from the interspe-
cific cross S. lycopersicum L. ‘Redengdo’ x S. pennellii ‘1LA-716’ to assess resistance to spider
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mites (7. urticae), and to confirm the heredity of acyl sugar content variation.
MATERIAL AND METHODS

The experiment was conducted in 2010 and 2011 in Guarapuava, PR, Brazil
(25°41'12"S latitude and 51°38'45"W longitude, mean altitude 1100 m).

The F, and F, generations were obtained from the interspecific cross between S. lyco-
persicum ‘Redencao’ and S. pennellii ‘LA716’. Redengdo is a commercial cultivar developed
by the Pernambuco Agronomic Institute - IPA for industrial processing, and is resistant to
geminivirus and tospovirus (Ferraz et al., 2003). LA716 is a wild accession with high acyl
sugar content, and it is a source of pest resistance. In a greenhouse, 496 plants were cultivated
in pots: 34 S. pennellii plants (parental with high acyl sugar content), 26 S. [ycopersicum plants
(parental with low acyl sugar content), 40 F, generation plants, and 396 F, plants.

A colorimetric assessment was carried out in the laboratory 50 days after transplanta-
tion to pots to quantify the acyl sugar content in the leaflets. Quantification was based on six
leaf disc samples collected from the upper third of the plant in triplicate, and the methodology
was based on that proposed by Resende et al. (2002a). Plants selected from the F, population
exhibited high acyl sugar content, which was comparable or superior to the mean content
found in S. pennellii leaflets. Furthermore, F, plants with low acyl sugar content were also
selected, and the content was comparable or lower than the average content found in S. /yco-
persicum leaflets.

Genetic parameters of the acyl sugar content

The mean and variance values of acyl sugar content of S. [ycopersicum and S. pennel-
lii in the F| and F, generations were calculated and used to estimate the following parameters
according to Ramalho et al. (1993) genetic variance (& G) broad sense heritability (hb) and
the environmental variance (G E) (i.e., the variance of the ‘Redenc¢do’ cultivar).

The main parameters were estimated following the methodology of Mather and Jinks
(1984), which uses the weighted minimum square method where the inverse ratio of the vari-
ance of the mean of each population serves as the weight. The parameters m, [a], and [d] were
estimated from the available population means (parents, F , and F,). The chi-square test was
conducted to validate the genetic model assumed. In the case of non-rejection of the model,
the medium degree of dominance (MDD) was estimated: MDD = [a]/[d]. The expressions by
Burton (1951) were used to estimate the number of genes.

Bioassays of the genotypes selected with spider mites (7. urticae)

The responses of the genotypes selected for comparing acyl sugar content were used
to assess T. urticae infestation. Resistance was quantified following the repellence test pro-
posed by Western and Snyder (1990). The spider mites were collected from naturally infected
beans (Phaseolus vulgaris L.), and were identified in an entomology laboratory.

The four F, genotypes selected with high acyl sugar content and the three F, genotypes
with low acyl sugar content were assessed. The parents, S. pennellii (high acyl sugar content)
and S. lycopersicum (low acyl sugar content), and the F, generation (intermediate acyl sugar
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content) were used as controls. In the pre-flowering phase, similar sized opened leaflets were
removed from the upper third of the plants selected. Each leaflet was fixed with a 9 mm diameter
drawing pin in the central region, with the adaxial surface upwards, on a sheet of white paper on
a styrofoam block. Leaflets representing each genotype were placed randomly on the styrofoam,
and four replications were made. The trials were conducted in a chamber at 16° + 1°C with 64
+ 4% relative humidity. Ten female spider mites were transferred to the center of each drawing
pin using a fine brush. The mean distance run by the spider mites (mm) on the surface of each
leaflet from the center of the drawing pin were measured after 20, 40, and 60 min of exposure.
Those that remained on the drawing pin were recorded as zero. Short distances run by spider
mites on the upper surface of the leaflet indicated greater levels of resistance.

The data were analyzed using analysis of variance (ANOVA) tests, and the means
were compared using the Tukey test at 5% probability. Differences among the treatments with
high and low acyl sugar content were estimated to obtain better inferences regarding the rela-
tionship between acyl sugar content and resistance levels. The correlation estimates between
the acyl sugar content and the distances run by the spider mites on the leaflet surface were
tested with the Student #-test. The Genes computer package was also used (Cruz, 2001).

RESULTS AND DISCUSSION
Acyl sugar content quantification

The mean and variance values for the acyl sugar content of the plants in the assessed
populations are shown in Table 1.

Table 1. Means and variances of acyl sugar contents in the leaflets of Solanum lycopersicum, S. pennellii, and
F, and F, generation tomato plants.

Genotype No. of plants evaluated Mean content of acyl sugar (nmol/cm?) Estimated variance (nmol/cm?)
S. lycopersicum 26 58.43 103.82
S. pennellii 34 109.15 643.55
Generation F, 40 62.83 85.67
Generation F, 396 71.47 572.02

The wild accession, S. pennellii, exhibited medium acyl sugar content that was mea-
sured at 109.15 nmol/cm?, which is approximately 1.87-fold greater than S. lycopersicum
(58.44 nmol/cm?). The mean acyl sugar content of the F| generation plants (62.84 nmol/cm?)
was lower than that of the parents and similar to that found in S. lycopersicum. Comparable
results were obtained by Resende et al. (2002a) where S. lycopersicum had medium acyl sugar
content (28.26 nmol/cm?) that was lower than S. pennellii (63.75 nmol/cm?), and the F, gen-
eration exhibited an average of 32.87 nmol/cm?.

The estimated value of the broad sense heritability for acyl sugar content was 81.85%
(Table 2). This value indicates that most of the variation among plants in the F, generation was
genetically based, with the possibility of selective gains of individuals with high acyl sugar
content in segregant generations. The broad sense heritability estimate of 48% was reported
by Resende et al. (2002b), which shows the difficulty of environmental control with an as-
sessment system that not only includes the plant, but also the arthropod pest. The broad sense
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heritability estimates of the allelochemical contents in interspecific crossings were high in the
studies conducted by Barbosa and Maluf (1996) for 2-tridecanona (4°, = 0.60) and Freitas et
al. (2002) for zingiberene (h*, = 0.67), and these estimates indicate that most of the factors
responsible for allelochemical presence are heritable. Therefore, it is expected that they could
be successfully used as characteristics of indirect selection for pest resistance.

Table 2. Estimates of genetic parameters for the average acyl sugar content in the leaflets of F, generation
tomato plants from the cross between Solanum lycopersicum and S. pennellii.

Parameter Estimate
Phenotypic variance 572.0222
Environmental variance 103.8255
Genotypic variance 468.1966
Broad-sense heritability (%) 0.8185
Number of genes 0.6900

The number of genes estimated was 0.69 (Table 2) under the assumption that a single
genetic locus is responsible for the genetic control of the acyl sugar content in the interspecific
S. lycopersicum and S. pennellii cross.

The number of genes (1.36) estimated by Resende et al. (2002b) and confirmed by
Gongalves et al. (2007) suggested that monogenic heredity is involved in the genetic control
of this characteristic. The MDD value was estimated at -0.82. The additive dominant model
was not rejected by the chi-square test (Table 3), revealing the presence of a recessive locus
in S. pennellii with incomplete dominance that is responsible for the high acyl sugar content.
Similar results were obtained by Resende et al. (2002b) who reported an MDD value of -0.74.
Because of the incomplete dominance of the allele that controls the acyl sugar content, Maciel
etal. (2011) obtained hybrids that were resistant to arthropod pests by crossing lines with high
and low acyl sugar content.

Table 3. Estimates of mean components and the chi-square test of validity using the Mather and Jinks (1984)
model of interspecific tomato crossing (Solanum lycopersicum x S. pennellii) based on the acyl sugar content.

Generation Mean (observed) Mean (estimated) Deviation
S. lycopersicum 58.4358 57.9082 0.5276
S. pennellii 109.1529 106.6038 2.5491
F, 62.8380 62.2613 0.5767
F, 71.4786 72.3025 0.8239
m 82.2510 1.0471
[d] -19.9897 1.2461
[a] 24.3528 1.5115
Medium degree of dominance MDD = [d] / [a] -0.8200

b 0.9800"

"“Not significant.

Reaction of tomato genotypes to infestation with the 7. urticae

The mean distances run by the spider mites on the leaflet surfaces of the selected F,
genotypes with high acyl sugar content (RVTA-2010 pl#31, RVTA-2010 pl#75, RVTA-2010
pl#83, and RVTA-2010 pl#94) did not differ significantly from the distances run on the surface
of the leaflets of the S. pennellii genotypes (P > 0.05) (Table 4).
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Table 4. Average distances traveled by mites (Tetranychus urticae) after 20, 40, and 60 min of exposure on the adaxial
surface of Solanum lycopersicum, S. pennellii, and F| and F, generation leaflets from plants selected. Estimates of
the contrasts between genotypes and the correlations of medium distances with the level of acyl sugar are shown.

Genotype Acyl sugar Distances (mm) traveled by
(nmol/cm?) mites on leaflet surface®
20 min 40 min 60 min

S. lycopersicum 58.44 20.00° 25.68¢ 26.75¢
S. pennellii 109.15 1.05° 0.63* 0.38°
F, 62.84 4.75 2.13¢ 4.23®
RVTA-2010pl#33 (= low 1) 40.92 4.63° 8.40% 11.13b
RVTA-2010pl#39 (= low 2) 42.17 8.80% 12.35° 13.80¢
RVTA-2010pl#73 (= low 3) 41.75 6.30° 8.53® 12.30
RVTA-2010pl#31 (= high 1) 196.34 3.00° 4.75% 4.28®
RVTA-2010pl#75 (= high 2) 196.81 1.13¢ 2.78 3.40®
RVTA-2010pl#83 (= high 3) 221.54 1.10° 3.30% 3.00°
RVTA-2010pl#94 (= high 4) 179.89 2.65° 4.43 4.68"
Contrasts of interest

C, =S. lycopersicum vs high F, genotypes -18.03* -21.86% -22.91*

C, = High F, genotypes vs low F, genotypes -4.60 -5.95 -8.57*
Linear correlations
Distances traveled by mites vs acyl sugar contents in F, genotypes -0.60 -0.59 -0.69*!

“Means followed by the same letter do not differ from each other according to the Tukey test (P = 0.05). *Significant
based on the F test (P = 0.05) and 'significant based on the Student #test (P = 0.05).

In general, it was evident that high acyl sugar content in the leaflet inhibited spider
mite walking on the leaflet surface (contrasts C1 and C2 in Table 4). Genotypes selected for
high acyl sugar content inhibited spider mite locomotion on the leaflet surface after 40 and
60 min exposures compared to low content genotypes. These results were consistent with the
conclusions of Resende et al. (2002b), Gongalves et al. (2006), and Maluf et al. (2010) where
acyl sugars were the main mechanisms of resistance after 20 and 40 min exposures; however,
the differences among these genotypes were significant after 60 min (Table 4).

The methodology of Western and Snyder (1990) was used by Gongalves et al. (2006)
who reported that higher zingiberene content was associated with high levels of resistance to
spider mites in populations derived from the S. lycopersicum and Lycopersicon hirsutum var.
hirsutum cross. Moreover, using the same methodology, Resende et al. (2002b, 2008), ob-
served correlations between the acyl sugar content and spider mite resistance in materials from
the interspecific S. lycopersicum and S. pennellii cross. The values of the linear correlations
(Table 4) indicate that the distances run by the spider mites on the selected genotypes were in-
versely proportional to the acyl sugar content present in the leaflets. After 60 min of exposure,
the distances run on the surface of the leaflets of the F, selected genotypes were significant, and
they were negatively correlated with the acyl sugar content (-0.69). Therefore, the increase in
resistance to spider mites was an indirect response to selection for high acyl sugar content.

In the insect-plant interaction, the growth of phytophage insect populations is gener-
ally inhibited by biochemical and morphological characteristics of the host plant, which affect
insect performance or metabolism and reduce the level of harm caused to the plant (Lara,
1991). In this sense, in the first 20 and 40 min of exposure, the distances run by the spider
mites were not significant because of two factors. The first is the host recognition process, in
which the mite identifies the host by test sucking after receiving suitable stimuli. The second is
the acceptance or rejection of the host, depending on the compounds found (Lara, 1991). The
genotypes that exhibited high acyl sugar content on the leaflet surface presumably released
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the chemical compound that paralyzed spider mite movement, which resulted in significant
differences after 60 min of exposure.

Over time, the spider mites displayed the paralyzing effects on their movements
along the surface of the high acyl sugar content leaflets and on S. pennellii, thus proving
resistance to 7. wurticae. In genotypes selected for low acyl sugar content and in S.
lycopersicum, the spider mites found no movement difficulty. According to several studies,
the acyl sugars act as antibiosis-type resistance mechanisms for many arthropod pests,
revealing indirect genetic gains for resistance when direct selection is used for high leaflet
acyl sugar content (Goffreda et al., 1989; Hawthorne et al., 1992; Rodrigues et al., 1993;
Juvik et al., 1994; Liedl et al., 1995; Resende et al., 2002b). Studies on other allelochemicals
(2-tridecanona and zingiberene) and the control of tomato arthropod pests and resistant
sources present in wild Solanum accessions have also been reported (Maluf et al., 1997,
2001; Labory et al., 1999; Gongalves et al., 1998; Freitas et al., 2002; Azevedo et al., 2003).
The acyl sugar content in tomato genotypes derived from S. lycopersicum and S. pennellii
are sufficiently efficient in increasing the resistance levels to 7. urticae, and may explain
the acceptable resistance levels found in the F, generation. Saeidi et al. (2007) attributed
resistance to the spider mites found in heterozygote F| genotypes to other factors besides the
acyl sugars also present in S. pennellii. However, the fact that S. pennellii presents a high level
of resistance to spider mites compared to genotypes with high low or intermediate acyl sugar
content indicates that other factors present in S. pennellii may also contribute to the high levels
of resistance to spider mites in this accession.

The method used to determine the acyl sugars was satisfactory in distinguishing the
genotypes selected for high and low acyl sugar content. Studies have been conducted via the in-
direct selection of resistant plants and by using a colorimetric method to quantify the acyl sug-
ars in the tomato leaflet, which is cheap and relatively easy to apply (Resende et al., 2002a). The
results reinforced previous studies (Goffreda et al., 1989; Hawthorne et al., 1992; Rodrigues et
al., 1993; Juvik et al., 1994; Liedl et al., 1995; Resende et al., 2006; Saeidi et al., 2007; Silva et
al., 2009; Maluf et al., 2010) where acyl sugars derived from S. pennellii were mostly associ-
ated with high pest resistance. Therefore, selection for high acyl sugar content indeed increased
pest resistance compared to the genotypes selected for low acyl sugar content.

Although they are not the only factors that confer pest resistance to S. pennellii, acyl
sugars may indeed be an important component of resistance. Furthermore, they are inherited
simply (Gongalves et al., 2007), and high acyl sugar content can be easily introduced in geno-
types in industrial tomato breeding programs. The genetic gains for resistance to arthropod
pests were shown when direct selection was made for high acyl sugar content.

CONCLUSIONS

The results obtained in current study showed the following: 1. The direct selection
method for high acyl sugar content in plants of the F, generation was efficient in obtaining
plants resistant to the 70 urticae spider mite (RVTA-2010 pl#31, RVTA-2010 pl#75, RVTA-
2010 pl#83, and RVTA-2010 pl#94). 2. Average distances run by the 7. urticae spider mite
were inversely proportional to the acyl sugar content present in the leaflets. 3. Resistance to the
spider mite is conditioned by a single gene, and the action of a recessive allele with incomplete
dominance results in high acyl sugar content. 4. The causes of among plant variation in the F,
generation are genetically based.
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