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Abstract: Some of the key pests of tomatoes are virus vectors, such as whiteflies, green peach aphids,
and thrips, mainly because there is a lack of full resistance to the transmitted viruses. Alternatives
to reduce this problem include the use of a push-and-pull strategy. Hence, this work assessed the
association between Solanum habrochaites P1 1344117, used as a companion plant, and commercial
tomato varieties over tomato virus vectors and the yield quality and quantity. Field and greenhouse
trials were run during the 2015, 2016, 2018, and 2019 seasons. The treatments were BRS Tospodoro
and BRS Tyao cultivated as monocrops and associated with PI-134417. The number of these insects
was assessed by directly counting ten plants per plot and using captures on yellow sticky traps
settled in the center of the plots. The yield and the number of irregularly ripening fruits (a symptom
caused by whiteflies) were also measured. Both commercial cultivars gained from the protective
effect of P1 134417, expressed by the significant reduction in the virus vectors on the plants. It was
also noticed that there was a reduction in the number of irregularly ripening fruits, improving the
fruit quality. These results encourage the use of wild and commercial tomato genotypes in association
with implementing strategies to control tomato virus vectors, reducing the need to rely only on a
chemical control.

Keywords: Solanum lycopersicum; plant-arthropod resistance; insect behavior

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most significant solanaceous crops,
and it is grown both in open fields and protected environments [1]. Improvements in
production systems have led to an enhanced significance of tomatoes, a great source of
vitamins and mineral salts [2].

Tomato cultivation is limited, though, by key pests, such as the virus vectors white-
fly (Bemisia tabaci Gennadius (Hemiptera: Aleyrodidae)) [3], green peach aphid (Myzus
persicae Sulzer (Hemiptera: Aphididae)) [4], and onion thrips (Thrips tabaci Lindeman
(Thysanoptera: Thripidae)) [5]. Direct damage from these pests includes sap feeding and
honeydew excretion, a substrate for black sooty mold that reduces photosynthesis and
decreases yield [6]. However, the most significant damage comes from the transmission of
viruses to tomatoes [6].
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As Ong [7] stated, B. tabaci is a vector of several virus families: Geminiviridae, Betaflex-
iviridae, Closteroviridae, and Potyviridae. The green aphid can transmit Potato virus Y
(PVY), Potato leafroll virus (PLRV), and Pepper yellow mosaic virus (PepYMYV) [8], and onion
thrips are a vector of orthotospoviruses, such as Tomato spotted wilt virus (TSWV) and Tomato
yellow ring virus (TYRV) [5]. Most viruses are controlled by host resistance or a vector
control; in tomatoes, this involves spraying insecticides against the vectors based on their
presence on the plants [9]. The harmful effects of the indiscriminate use of insecticides
are the contamination of the environment and human beings [10], the depletion of natural
enemies [11], and the selection of populations resistant to insecticides [12]. Addition-
ally, protective vector control measures, such as insecticides, are not an option for many
nonpersistent plant viruses, since infection is too quick [13].

Sources of pest resistance previously detected in the Solanum germplasm highlight the
significance of the S. habrochaites accession PI 134417 as a source of resistance to Leptinotarsa
decemlineata Say (Coleoptera: Chrysomelidae), Spodoptera exigua Hiibner (Lepidoptera:
Noctuidae), B. tabaci, M. persicae, and Keiferia lycopersicella (Walsingham) (Lepidoptera:
Gelechiidae) [14]. Despite these findings, these authors also highlight that no tomato
commercial genotype possesses insect resistance. In this situation, a viable way to gain
some protection against these pests includes the associated cultivation between suscep-
tible commercial genotypes and resistant wild genotypes. This scheme is an associative
resistance [15], although it can also be considered as a modality of the push-and-pull
strategy [16], where the wild genotype works as the push component and the commercial
cultivars work as the pull component. In any case, the term associational resistance will be
adopted throughout the text as a way to encompass a broader concept.

The association of two genotypes that vary in their susceptibility to pests makes it
possible for the susceptible genotypes to gain from the protection conferred by the resistant
genotype through the liberation of stimuli that change the pest behavior, modifying its
abundance and distribution [17]. This is possible because the companion plants generally
synthesize deterrent and repellent compounds [17]. Concerning the S. habrochaites accession
PI134417, it is considered a valuable source of insect resistance due to the repellent and toxic
effects [18], and the different foliar trichomes involved in the chemical and morphological
basis of resistance [19]. Therefore, it is hypothesized that this genotype could be efficiently
used in association with commercial cultivars to control B. tabaci, M. persicae, and T. tabaci
in tomatoes.

In addition, according to the philosophy of integrated pest management, integrating
multiple tactics should reduce the need to interfere with the pest population through
chemical control, and the protection gained by the association of the plants with varying
degrees of resistance can contribute to achieving that. For instance, the association of
susceptible and resistant plants or genotypes [20] can either (1) attract pests to a more
susceptible plant (pull effect) or (2) repel pests from the susceptible genotypes (push effect)
because of the presence of repellent or toxic chemicals. This strategy must be considered
with pests that present control failures and are challenging, such as B. tabaci, M. persicae,
and T. tabaci.

Hence, this work aimed to assess the association between Solanum habrochaites PI
1344117, used as a companion plant, and commercial tomato varieties over tomato virus
vectors and their influence on the yield quality and quantity.

2. Materials and Methods
2.1. General Conditions

The trials were run during four different seasons: 2015, 2016, 2018, and 2019. All
cultivations were located at “Fazenda Agua Limpa”, Vargem Bonita, Brasilia, Distrito
Federal, Brazil. In the 2015 and 2016 seasons, trials were run under field conditions, while
in the 2018 and 2019 seasons, they took place in a greenhouse, with plants cultivated in 5 L
polyethylene pots containing one plant per pot.
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Seedlings were produced at Embrapa Hortalicas facilities, located at Rodovia BR 060
Km 9, Distrito Federal, Brazil, using 128-cell foam trays filled with the substrate Plantmax®
(Plantmax, Eucatex Agro®, Paulinea, Sao Paulo, Brazil). These seedlings were transplanted
30 days after planting when they had three to four true leaves. The treatments were
Solanum Iycopersicum cv. BRS Tospodoro (Tospodoro) and S. lycopersicum cv. BRS Tyao
(Tyao) monocropped and cultivated with the S. habrochaites accession PI 134417. In both
trials (field and greenhouse trials), there were isolated (monocrop) plots cultivated with
the S. habrochaites accession PI 134417. However, these plots were not included in the
comparisons because, as a wild-resistant genotype, PI 134417 is not infested with insects;
when infested, the insects die fast. Also, the plants do not yield fruits that have any
commercial value.

2.2. Field Trials

Each field had 850.5 m? (27 x 31.5 w x 1) and was fertilized with cattle manure at
800 Kg ha~!, 4-30-16 (N-P-K) at 1200 kg ha~!, and ammonium sulfate at 350 kg ha=!. Ad-
ditionally, two top-dressing fertilizations with 4-30-16 (N-P-K) at 1200 Kg ha~! were made
29 days after transplanting (DAT) and during the flowering period. The drip irrigation
system supplied the water demand, and weeds were manually grazed in the area.

The experimental design was composed of completely randomized blocks with four
replicates, and each experimental plot had six rows of three meters in length. Treatments
were the commercial varieties of industrial tomatoes, BRS Tospodoro and BRS Tyao, cul-
tivated as monocrops and associated with PI 134417. Each plot adopted a buffer zone
(without any plants) of 2 m (w x 1) to avoid treatment interference. Monocrop plots had the
whole area cultivated with only one genotype (BRS Tospodoro or BRS Tyao) (Figure 1B,D),
while in the plots developed in association, the BRS Tospodoro and BRS Tyao plants were
surrounded by PI 134417 (Figure 1A,C). The surroundings were arranged by the cultivation
of PI 134417 in the first and last rows, and the first 0.40 m of the initial and final four re-
maining rows (Figure 1A,C), which resulted in the plots surrounded in the whole perimeter
by one line of PI 134417.

2.2.1. Surveys

Field evaluations were performed at 36, 43, 52, 64, 71, 78, 85, 92, 99, and 106 days after
planting (DAP) in 2015, and 28, 35, 41, 49, 56, 63, and 71 DAP in 2016 by directly counting
the number of nymphs and adults of B. tabaci biotype B, M. persicae, and T. tabaci found
on ten BRS Tospodoro and BRS Tyao plants per plot. Sampled plants were located on the
central rows (four midrows positioned at the center of the plots, excluding the first and
final 1 m of the rows).

2.2.2. Traps

The Bemisia tabaci biotype B, M. persicae, and T. tabaci densities were also assessed in
two periods with regard to the 2015 season (at 44 and 71 DAT), and three periods concerning
the 2016 season (49, 63, and 78 DAT), using yellow sticky panels (30 x 10 cm) having two
sticky sides and fixed on wood sticks of a height of 1.50 m. These traps were placed in
the center of the plot, removed after 14 days, wrapped in PVC transparent film, and taken
to the Plant Protection Laboratory at the University of Brasilia (UnB) for insect counting
under a stereomicroscope (40 x magnification) (Coleman®, Santo André, Sao Paulo, Brazil).
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Figure 1. Experimental plot schemes for field (A,B) and greenhouse trials (C,D). The red color
represents commercial genotypes of tomatoes and the green color represents Solanum habrochaites PI
134417 plants. L1_¢—rows of plants in field trials; P;_s—pots of plants in greenhouse trials.

2.2.3. Fruit Evaluation

The fructification of the plants was also visually monitored until ripening; at this time,
ten plants per plot were randomly chosen. Fruits from these plants were harvested, sorted
(typical or showing irregular ripening disorder), and weighed for yield estimation. Based
on these data, the percentage of distinctively ripening fruits was calculated.

2.3. Greenhouse Trials

In these trials, the experimental plot was formed by 25 black plastic pots (5 rows
with 5 pots in each row), and the space between the plots was 0.50 m and 0.60 m between
the blocks. In the associated plots, commercial cultivars were surrounded by the wild
species PI 134417. Hence, these plots had nine pots of commercial cultivars (three rows
with three pots in each row), and in the first and last of these rows, there were six pots of PI
134417. Moreover, two other lines of PI 134417 (five pots each) were located at the initial
and final plots (Figure 1C). Monocrop plots had the whole plot cultivated with one of the
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commercial cultivars, BRS Tospodoro or BRS Tyao (Figure 1D). Treatments were designed
as completely randomized blocks with three replicates. Fertilization practices were similar
to the field trials.

Adults of B. tabaci biotype B used in the 2018 and 2019 trials came from Embrapa
Vegetables mass-rearing facilities. Each year, 5000 viruliferous adults of B. tabaci biotype B
were released. PCR tests were run in the Virology Laboratory of Embrapa Vegetables to
test the viruliferous condition of these insects.

2.3.1. Surveys

Plant inspections were done at 29, 35, 43, 50, 56, 64, 71, 78, and 85 DAT in 2018, and 28,
35,42, 49,57, 63, and 71 DAT in 2019, by counting the number of nymphs and adults of
B. tabaci biotype B, M. persicae, and T. tabaci found on five BRS Tospodoro and BRS Tyao
plants per plot. The surveys were done on four midrow plants, excluding the first and last
1 m of the row.

2.3.2. Insects Caught on Traps

Bemisia tabaci biotype B, M. persicae, and T. tabaci were also assessed in the 2018 season
(at 43,50, 57, 64,71, 78, 85, 92, 99, 105, and 113 DAT) and the 2019 season (at 28, 35, 42,
49, 57, 63, and 71 DAT) using yellow sticky panels (30 x 10 cm) fixed on wood sticks of
a height of 1.50 m and having two sticky sides. These traps were placed in the center of
the plot, removed after seven days, wrapped in PVC transparent film, and taken to the
Plant Protection Laboratory at the University of Brasilia (UnB) for insect counting under a
stereomicroscope (40 x magnification) (Coleman®, Santo André, Sao Paulo, Brazil).

2.3.3. Fruit Evaluation

The fruit of the plants was visually monitored from their emergence until ripening by
sampling ten plants per plot randomly assigned and located at the same position used to
monitor the insects on the plants. At the mature fruiting stage, the fruits were harvested and
classified according to the number and weight of regular and irregular ripening disorders
(caused by whiteflies), and weighed on a precision scale (LG 0.01 g, Bel®, Piracicaba, Sao
Paulo, Brazil). The percentage of distinctively ripening fruits was calculated.

2.4. Data Analysis

Direct counting from field and greenhouse trials was reduced to the means per plant.
In contrast, data coming from yellow sticky trap capture were reduced to the means per
trap per day, and both were expressed as the percentages of increase or decrease in the
insect densities in the monocrop plants compared to the plants growing in association
with PI 134417. The absolute densities and standard error mean were also presented. Data
coming from field evaluations were pairwise-compared—monocrops versus commercial
genotypes growing with PI 134417—by repeated measures ANOVA [21] at p < 0.05 to seek
the treatment effects on different evaluation days. This procedure was adopted because
the measures on the same plants in different weeks of the same season were related and
nonindependent. Data from the yellow sticky traps, and the yield quality and quantity,
were also pairwise-compared for the treatment effects on each evaluation date or at harvest
by one-way ANOVA [21] at p < 0.05. In all situations, only significant data were represented.

3. Results

Densities of M. persicae were greater in the BRS Tospodoro monocrop than in BRS
Tospodoro surrounded by P1 134417 at 71 DAT in the 2015 season (Figure 2a). This trend
was also observed for the B. tabaci biotype B adults at 63 DAT in the 2016 season, with the
BRS Tospodoro and BRS Tyao monocrops having 335% and 84% more infestation than the
plants cultivated in the association (Figure 2b). Additionally, BRS Tyao were ~650% and
320% more infested at 35 and 85 DAT in the 2018 season, respectively, when compared to
BRS Tyao in association with PI 134417 (Figure 2c). The absolute densities, followed by
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the SEM and the comparisons according to the ANOVA by repeated measures, are also
represented in the legend (Figure 2).
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Figure 2. (a) Percentage of increase (mean +SEM) in Myzus persicae densities in unaccompanied
“BRS Tospodoro” tomato plants at 71 days after transplanting (DAT) (2015 field experiment); mean
densities: (F;3 =24.02; p = 0.0163), BRS Tospodoro + PI 134417 = 0.73 £ 0.03 B, BRS Tospodoro =
0.97 £ 0.08 A; (b) Percentage of the increase in Bemisia tabaci biotype B densities in unaccompanied
“BRS Tospodoro” and “BRS Tyao” at 63 DAT (2016 field experiment) (F; 3 = 18.31; p = 0.0234), BRS
Tospodoro + PI 134417 = 0.77 £ 0.04 B, BRS Tospodoro = 1.30 &= 0.14 A; (F; 3 = 23.12; p = 0.0171), BRS
Tyao + P1134417 = 0.77 £ 0.06 B, BRS Tyao = 1.14 £ 0.05 A; (c) Percentage of the increase in B. tabaci
biotype B densities in unaccompanied “BRS Tyao” at 35 and 85 DAT (2018 greenhouse experiment);
35 DAT: (Fq» = 117.69; p = 0.0084), BRS Tyao + P1 134417 = 1.53 & 0.42 B, BRS Tyao = 2.62 £ 0.47 A;
85 DAT: (F;, = 24.33; p = 0.0387), BRS Tyao + PI 134417 = 1.10 + 0.20 B, BRS Tyao = 1.65 £ 0.30 A.
Insects were evaluated through direct counting on the plants. The percentages were estimated by
comparing unaccompanied “BRS Tospodoro and BRS Tyao” and “BRS Tospodoro and BRS Tyao”
surrounded by Solanum habrochaites f. glabratum PI134417. * indicate differences according to the
F-test at & = 0.05.

There was a significant increase from ~300 to 400% in B. tabaci biotype B adults
collected on yellow sticky traps settled in the monocrop plots of BRS Tospodoro cultivated
in the field and sampled at 49, 63, and 78 DAT compared to the plots surrounded by PI
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134417 (Figure 3a). A similar trend was observed for BRS Tyao sampled at 49 and 78 DAT,
with ~400 to 700% increases under the same environmental conditions (Figure 3a). When
tomatoes were cultivated in the greenhouse, the number of B. tabaci biotype B adults
trapped in the yellow sticky panels was ~75% and ~2500% greater on the monocrops of BRS
Tyao sampled at 43 DAT and BRS Tospodoro sampled at 64 DAT, respectively, compared
to the plants cultivated in association with PI 134417 (Figure 3b). The absolute densities,
followed by the SEM and the comparisons according to the one-way ANOVA, are also
represented in the legend (Figure 3).

1000 .
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r e 1 49 DAT
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Figure 3. Percentage of increase (mean + SEM) of Bemisia tabaci biotype B adults captured in yellow
sticky traps in unaccompanied “BRS Tospodoro” and “BRS Tyao” tomato plants at 49, 63, and 78 days
after transplanting (DAT) in the 2016 season; 49 DAT: (F; 3: 121.0; p = 0.0016), BRS Tospodoro + PI
134417 = 2.25 £ 0.63 B, BRS Tospodoro = 7.75 £ 0.85 A; (Fq 3: 25.00; p = 0.0154), BRS Tyao + P1 134417 =
2.25 + 0.48 B, BRS Tyao = 9.75 £ 1.38 A; 63 DAT: (F; 3: 10.8; p = 0.0462), BRS Tospodoro + PI 134417 =
1.00 & 0.71 B, BRS Tospodoro = 4.00 & 0.82 A; 78 DAT: (F; 3: 37.8; p = 0.0087), BRS Tospodoro + PI
134417 = 1.25 4 0.48 B, BRS Tospodoro = 6.50 £ 0.87 A; (F; 3: 24.03; p = 0.0162), BRS Tyao + PI 134417
=0.50 £ 0.29 B, BRS Tyao = 7.25 £ 1.31 A (a), and at 43 and 64 DAT in the 2018 season; 43 DAT: (Fy »:
27.00; p = 0.0351), BRS Tyao + P1 134417 = 5.33 £ 1.86 B, BRS Tyao = 8.33 £ 1.45 A; 64 DAT: (Fy 5:
18.75; p = 0.0494), BRS Tospodoro + PI 134417 = 7.00 & 4.51 B, BRS Tospodoro = 27.00 + 8.74 A (b).
The percentages were estimated by comparing the unaccompanied “BRS Tospodoro and BRS Tyao”
and “BRS Tospodoro and BRS Tyao” surrounded by Solanum habrochaites PI134417. * and ** indicate

the differences according to the F-test at « = 0.05 and & = 0.01, respectively.

Adults of Thrips tabaci captured on the yellow sticky traps at 71 DAT in the 2018 season
were 250% greater in the BRS Tyao monocrop than in the BRS Tyao associated with PI
134417 (Figure 4a). A similar trend was observed at 77 DAT in the 2019 season, with an
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increase of 350% in thrips trapped (Figure 4b). The number of T. tabaci nymphs trapped at
78 and 92 DAT in the 2018 season in the monocrops of BRS Tospodoro was ~50% greater
than BRS Tospodoro + PI 134417 plots (Figure 4c). A similar trend was observed for BRS
Tyao at 71 and 92 DAT in the 2018 season, with increased rates of ~100 to 250% in monocrop
plots (Figure 4b). Absolute densities followed by SEM and the comparisons according to
one-way ANOVA are also represented in the legend (Figure 4).

500
(a) 2018 - greenhouse ‘ (b) 2019 - greenhouse
== BRS Tydo S—— -
400 | AR [
(&) - o B
g ws £ A \
IS * AT
g 300 | T B
S R
S 200 | 7&
B2
=]
he)
2
100 |
0 : :
71 DAT 77 DAT
500
(c) 2018 - greenhouse
== BRS Tyzo
5 400 - [ BRS Tospodoro
g *
®
& 300t l
o
=
k]
® 200 |
ol
o
g *%
Z 100 | . =
0 : : :
71 DAT 78 DAT 92 DAT

Figure 4. Percentage of increase (mean + SEM) of Thrips tabaci adults and nymphs captured in
yellow sticky traps in unaccompanied “BRS Tyao” tomato plants at 71 and 77 days after trans-
planting (DAT) in 2018 (a); 71 DAT: (Fy »: 18.75; p = 0.0494), BRS Tyao + PI 134417 = 2.00 & 1.15 B,
BRS Tyao =7.00 & 2.00 A; in 2019 (b); 77 DAT: (F; »: 22.23; p = 0.0422), BRS Tyao + P1 134417 = 2.00 +
2.00 B, BRS Tyao = 7.67 £ 3.18 A; and in the unaccompanied “BRS Tospodoro” and “BRS Tyao” at
71,78, and 92 DAT in the 2018 season (c); 71 DAT: (F; 5: 26.18; p = 0.0361), BRS Tyao + P1 134417 =
30.00 # 12.00 B, BRS Tyao = 69.67 + 16.50 A; 78 DAT: (F; »: 281.19; p = 0.0035), BRS Tospodoro + PI
134417 = 156.00 + 6.08 B, BRS Tospodoro = 258.00 & 12.12 A; 92 DAT: (Fy »: 612.89; p = 0.0016), BRS
Tospodoro + PI1 134417 = 89.33 £ 15.86 B, BRS Tospodoro = 133.00 £ 17.62 A; (Fy : 379.11; p = 0.0026),
BRS Tyao + PI 134417 = 100.33 4 20.04 B, BRS Tyao = 198.33 £ 15.90 A. All plants were cultivated in
greenhouse. The percentages were estimated by comparing unaccompanied “BRS Tospodoro and
BRS Tyao” and “BRS Tospodoro and BRS Tyao” surrounded by Solanum habrochaites P1134417. * and
** indicate differences according to F-test at & = 0.05 and o = 0.01, respectively.

The yield of BRS Tyao associated with PI 134417 in a field trial in the 2015 season
was the lowest compared to the remaining treatments that did not differ among them
(Figure 5a), while in the 2016 field trial, both BRS Tospodoro and BRS Tyao cultivated
in association with PI 134417 showed the lowest yield compared to the monocrop plots
(Figure 5b). Nonetheless, the most significant proportion of the irregular ripening of fruits
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found in the greenhouse trial in the 2018 season was observed in the BRS Tospodoro
monocrop when compared with BRS Tospodoro associated with PI 134417 (Figure 6).

120,000 (a) 2015
100,000 | a C— Monocrop
’ T —= Associated crop
80,000
g
£ 60,000 | b
he]
g [
40,000 a
a T
20,000 -
0 T T
BRS Tyao BRS Tospodoro
120,000
(b) 2016
a a
100,000 I T
—~ 80,000 -
®
= b
(=]
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X
< 60,000
o T Il
Q
~ 40,000 |
20,000 [
O T T
BRS Tyao BRS Tospodoro

Figure 5. Yield (Kg/ha) (mean + SEM) of unaccompanied “BRS Tospodoro” and “BRS Tyao” plants
(monocrop), and “BRS Tospodoro” and “BRS Tyao” surrounded by Solanum habrochaites P1134417
(associated crop), in the 2015 (a) and 2016 (b) field seasons. Means followed by the same letters do
not differ by the F-test (p < 0.05).

100 ¢
8
[} a
z [
s 80y b
[@)]
: i
g 60r
8
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2 40|
£
g 20t
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@
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Figure 6. Percentage yield (Kg/ha) of the irregular ripening fruits in unaccompanied “BRS Tospodoro”
(monocrop) and “BRS Tospodoro” surrounded by Solanum habrochaites P1 134417 (associated crop) in
the greenhouse trial in the 2018 season. Means followed by the same letter do not differ by the F-test
(p < 0.05).
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4. Discussion

The primary sources of resistance to virus vectors are wild species of tomato. The
chemical causes of this resistance are acylsugars from Solanum penelli [22,23], sesquiter-
penoids, such as methyl ketones and zingiberenes, from S. habrochaites [24], which are
allelochemicals conferring resistance of these wild species to B. tabaci biotype B [25], M.
persicae [26], and T. tabaci [24].

The insect resistance of the S. habrochaites accession PI 134417 has been reported in the
literature for more than 50 years, and one of the first records was provided by Gentile and
Stoner [27]. Priyadarshan [28] pointed out that finding a resistance source is the first step to
developing a resistant cultivar. At the same time, the next step involves transferring these
characteristics using appropriate approaches and breeding methods [29]. Despite the great
accumulated knowledge on the sources and mechanisms of the resistance of tomato wild
species to B. tabaci biotype B, M. persicae, and T. tabaci, resistant cultivars still need to be
made available [30]. Most of this is caused by the incompatibility between resistant traits
and agronomical characteristics. Also, vector management through insecticide sprays is
limited by the existence of trade-offs between the low densities used as thresholds—the
presence of the insects—and the expected efficacy [31], reported insecticide resistance [32],
and the low number of modes of action available to control this group [33]. Hence, the
control of tomato virus vectors by insecticide sprays and the adoption of resistant varieties
are still not practicable [3]. In this context, Midega et al. [34] endorse that an alternative way
to manage these pests is the push-and-pull strategy, exploiting companion plants” stimuli
to change the pests” abundance and survival in the agroecosystems.

In an overview of this research, it is possible to notice that B. tabaci biotype B, M.
persicae, and T. tabaci have their densities reduced by the association of PI 134417 with
BRS Tospodoro and BRS Tyao. This could be explained by the repellent effects of this
wild species [18], caused by the chemical and morphological factors present in the foliar
trichomes of PI 134417 [19]. Two methyl ketones, 2-tridecanone and 2-undecanone, present
in trichomes found in this species are responsible for antibiosis and antixenosis effects
on several pests, reducing their feeding, oviposition, and survival [35]. Previous studies
found that PI 134417 not only proportionated low survival, reduced the growth index, and
increased the development time from egg to adult of psyllids, but also reduced the adult
feeding time by 98% [36], increasing the chances of the adults to abandon the plants [37]
or emigrate.

These effects explain the protection conferred by this wild species when used in
association with tomato-susceptible commercial cultivars, independently of seasons (2015,
2016, 2018, and 2019) and environments (field or greenhouse). It is worth noticing that
the protection gained from the association with a wild species was diminished under a
greenhouse environment, probably due to the high initial whitefly population (5000 adults)
and the protection promoted by the greenhouse environment from biotic and abiotic
mortality factors acting with the high inside temperatures, both of which contribute to
population increase. Similar findings were observed by Conboy et al. [20], who noticed that
the addition of Calendula officinalis plants after an increase in the T. vaporariorum population
was ineffective in reducing pest infestation on tomato plants.

Although the yield of commercial cultivars was diminished in the 2015 season for
BRS Tyao, and in the 2016 season for both BRS Tyao and Tospodoro, it is essential to
point out that, even if subjected to these hazardous conditions, the association with PI
134417 was advantageous to commercial plants because BRS Tospodoro + PI 134417 had
fewer irregularly ripening fruits compared to the BRS Tospodoro monocrop. The reduction
in the yield was probably a result of the vigorous growing of PI 134417 compared to
the commercial cultivars. The wild PI 134417 was not bred for possessing commercial
attributes. Because of that, it kept growing in height and diameter, presenting a significant
vegetative growth, confirmed by a greater leaf area and the accumulation of dry matter
compared to other commercial and wild genotypes [38]. Therefore, the commercial plants
associated with PI 134417 probably suffered more with the established competition, which
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was reflected in a reduced yield. Further effort to design a proper row spacing should be
done. Keeping a higher distance between the wild and commercial genotypes when they
grow in association, or managing PI 134417 through pruning, are some possibilities.

The variation in the yield of BRS Tospodoro between the 2015 and 2016 seasons was
probably due to the enrichment of the soil fertility from one year to the next. In 2015, the
tomatoes were growing for the first time in the area. Then, in the subsequent year, the
plants benefited from the enrichment proportionated to the soil, where they were growing
for the second time and which was fertilized with mineral and organic fertilizers, as seen
for other crops [39]. However, despite the difference on the yield between seasons, the
relevant data here are that the increase in the yields allowed the differentiation between
monocrops and plants growing in association with PI 134417, something not noticed when
the yield was lower in 2015.

National yield averages of industrial tomatoes range from 34.6 to 70.4 t/ha, varying
with the region where the tomatoes are growing inside of Brazil [40], and worldwide
averages, without a distinction between fresh and processing tomatoes, are 37.1 t/ha [41].
Based on these averages, the yields obtained in the associated plots are not considered so
low, mostly when no additional intervention was taken to control the virus vectors.

Another relevant fact is that the wild species PI 134417 has resistance to the Tomato
yellow vein streak virus (TYVSV) [42]. Also, epidemics caused by the Alfalfa mosaic virus
(AMV) in canning tomatoes, which is transmitted by aphids, pushed the development
of alternatives; while doing that, it was noticed that PI 134417 possesses the genes that
confer complete resistance to several isolates of the AMV [43]. Therefore, PI 134417 could
be helpful in tomato virus management programs, mainly because managing the virus is
partially dependent on managing the vectors. The management of the viruses through the
management of the vectors, for instance, is highly reliant on a chemical control, which needs
to achieve an efficacy of nearly 100% to avoid the infection of the plants [44]. Therefore, an
alternative is having plants resistant to pathogens and insects in the system, reducing the
chances of population increase and inoculum dissemination.

Because insects infesting PI 134417 show reduced feeding time [37] and increased
chances of emigrating [36], plants that are part of a system together with PI 134417 are
less likely to be infested and infected. For example, Tomato yellow leaf curl virus can be
PCR-detected in the cibarium and midgut of the whitefly after 5 to 40 min of feeding [45].
Therefore, a reduction in feeding can avoid infection with the virus by the insect, and con-
sequently reduce transmission to the plants. In addition, the repellent volatiles discourage
infestation [18]. For those insects that remain and feed on PI 134417, the presence of toxins
that poison the insects [35] will make them more susceptible to other control measures, such
as insecticides, because of the additive effects between plant resistance and insecticides [46],
increasing the chances of achieving the proper control of the population that persists in the
system. All these facts encourage the use of PI 134417 as a part of such systems to manage
the complex involving both categories of pests, viruses, and virus vectors.

The advantages of using PI 134417 as a companion plant to manage tomato virus
vectors are not only justified by the presence of resistant traits; instead, this genotype is
also a perennial species possessing an indeterminate growth habit and wide adaptability,
growing fast even under low temperatures [30]. Like the Desmodium plant used in Africa’s
push-and-pull strategy, the S. habrochaites accession PI 134417 covers the soil and allows
better moisture retention [47]. Additionally, the accession PI 134417 of S. habrochaites is
an autogamous, highly prolific species [48], producing many viable seeds over decades.
Despite that, the risk of this species becoming a weed is primarily low because cultural
practices efficiently manage these plants.

The proposed method described here matches the fourth level of the technology
readiness level (TRL) [49], meaning that the proof-of-concept was demonstrated over four
years in greenhouse and field trials. In these trials, a reduction in tomato virus vectors and
a decrease in irregular ripening disorder fruits in plots containing the association between
the commercial cultivars and the wild genotype PI 134417 were observed. These facts
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encourage the incorporation of this strategy into the management of tomato virus vectors,
reducing the need to depend exclusively on a chemical control.

The following steps of this research will include the validation of this model on a farm
(TRL =5), increasing the number of growers and areas testing the model (TRL = 6), and,
finally, validating this system in different regions and seasons (TRL = 7) [50]. These steps
are essential to determining the most suitable schemes to overcome the slight decrease
in yield when commercial cultivars were associated with PI 134417. Additionally, during
this technology dissemination, other plant species commonly cultivated by horticultural
growers that grow tomatoes can be added to the system. For instance, brassica species,
such as cabbage, kale, and Chinese cabbage, which are not susceptible to the common
viruses vectored by whiteflies and are very attractive to them. Therefore, they can also act
as pull species, attracting adult whiteflies away from commercial tomatoes, which work as
pull species in the current proposed system.

5. Conclusions

Despite the differences in yield seen in this study, where the commercial tomato
cultivars in the associated plots produced less than when cultivated as monocrops, the
most important, especially concerning the integrated pest management approach, is how
often intervention is needed, because it increases the production cost and reduces the liquid
profitability [51]. For insects, such as the virus vectors that are managed based on the
presence on the plants, considerable reductions in the occurrence, as seen in the present
work, may alter the frequency of decision-making and increase the activity’s profitability.
Therefore, the commercial cultivars of tomato, BRS Tyao and Tospodoro, gained from the
protective effect conferred by PI 134417, attested by the significant reduction in the virus
vectors on the plants and the yellow sticky traps. Also, the association proportionated a
reduction in the number of irregularly ripening fruits, improving the fruit quality.
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