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defense to this insect pest
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Abstract

Plant defense to pests or pathogens involves global changes in gene expression
mediated by multiple signaling pathways. A role for the salicylic acid (SA) signaling
pathway in Mi-1-mediated resistance of tomato (Solanum lycopersicum) to aphids was
previously identified and its implication in the resistance to root-knot nematodes
is controversial, but the importance of SA in basal and Mi-1-mediated resistance of
tomato to whitefly Bemisia tabaci had not been determined. SA levels were measured
before and after B. fabaci infestation in susceptible and resistant Mi-1-containing
tomatoes, and in plants with the NahG bacterial transgene. Tomato plants of the
same genotypes were also screened with B. tabaci MEAM1 and MED species, before
known as B and Q biotypes, respectively). The SA content in all tomato genotypes
transiently increased after infestation with B. tabaci albeit at variable levels.
Whitefly fecundity or infestation rates on susceptible Moneymaker were not signifi-
cantly affected by the expression of NahG gene, but the Mi-1-mediated resistance to
B. tabaci was lost in VFN NahG plants. Results indicated that whiteflies induce both
SA and jasmonic acid accumulation in tomato. However, SA has no role in basal
defense of tomato against B. tabaci. In contrast, SA is an important component of
the Mi-I-mediated resistance to B. tabaci in tomato.

Keywords: salicylic acid (SA), jasmonic acid (JA), Mi-1, Bemisia tabaci, Solanum
lycopersicum

(Accepted 29 April 2015; First published online 2 June 2015)

Introduction

The whole theory of plant-pathogen interactions was sup-
ported for many years by the ‘gene-for-gene” hypothesis (Flor,
1971). However, this concept is being reformulated in the con-
text of recent advances in understanding how plant resistance
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(R) genes recognize pathogen effectors. Earlier data suggested
that plant resistance usually results from a biochemical path-
way wherein pathogen specificity is controlled only by a few
components (Beynon, 1997). More recent investigations reveal
that plant resistance has evolved by an integration of biochem-
ical processes in a general network of responses induced by
pathogen/pest attack. So, plant defense responses to patho-
gens and pests are mediated by multiple signaling pathways
including those regulated by the well-known defense hor-
mones salicylic acid (SA), jasmonic acid (JA) and ethylene
(ET) as well as other signaling pathways (Robert-Seilaniantz
et al., 2011). These pathways do not work independently
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from each other as an interconnected interaction network ex-
ists (reviewed by Pieterse et al., 2012). Pathogens and phloem-
feeding insects have evolved strategies to avoid plant defense
responses through manipulation of signaling network
(Anderson et al., 2010; Alba et al., 2011; Hogenhout & Bos,
2011; Elzinga & Jander, 2013). Among these plant hormones,
SA is involved in many biological processes including fast ac-
tivation of defense responses mediated by a subset of R genes,
the induction of local defenses to stop the pathogen invasion
and activation of systemic acquired resistance (SAR) (re-
viewed by Kunkel & Brooks, 2002; Fu & Dong, 2013).
Arabidopsis thaliana (Arabidopsis) mutants affected in the SA
pathway have been used to identify this hormone as a signal-
ing molecule in resistance to pathogens (reviewed by Vlot
et al., 2009).

Accumulation of SA after aphid feeding and the induction of
SAR against aphids by SA or its analogs have been observed in
crops such as wheat (Triticum spp.), barley (Hordeum vulgare L.)
and tomato (Havlickova et al., 1998; Chaman et al., 2003; Cooper
et al., 2004). A study in Arabidopsis showed that, although
SA-regulated gene transcript levels increased after whitefly
feeding, this hormone was not essential in defense against
this piercing-sucking insect (Zarate et al., 2007). Similarly, a
number of reports have shown that, although SA-regulated
gene transcript levels increased in Arabidopsis after aphid feed-
ing, using SA biosynthetic and signaling mutants no clear role
for SA in Arabidopsis aphid defense have been identified (re-
viewed in Louis & Shah, 2013).

The role for SA in defense processes in tobacco and tomato
was evaluated mainly by the use of transgenic lines constitutive-
ly expressing NahG, a bacterial enzyme that degrades SA to cat-
echol (Gaffney et al., 1993; Delaney et al., 1994). Experiments
with NahG transgenic plants have demonstrated a role for SA
in various pathogen defense, such as in basal defense to the
fungal pathogen Botrytis cinerea (Audenaert et al., 2002), the
pathogenic bacterium Pseudomonas syringae and aphids Myzus
persicae and Macrosiphum euphorbiae (Thaler et al., 2010) in to-
mato, and to the powdery mildew fungus Oidium neolycopersici
in tobacco (Achuo et al., 2004). Exogenous treatment of suscep-
tible tomato plants with a SA analog (BTH) induces transient
resistance to B. tabaci (Nombela et al., 2005), but the role for
SA in basal defense of tomato to this insect was unknown.

NahG tomato plants have been also used to determine the
involvement of SA in the resistance mediated by R genes such
as Cf-2 and Cf-9 against the fungal pathogen Cladosporium ful-
vum (Brading ef al., 2000). Similarly, NahG transgene have been
used to test the requirement of SA in Mi-1-mediated resistance
to nematodes and aphids (Branch et al., 2004; Li et al., 2006;
Bhattarai et al., 2008). The Mi-1 gene, present in many cultivars
of tomato, confers resistance to three species of root-knot ne-
matodes Meloidogyne spp. (Roberts & Thomason 1986) and
to insects such as the potato aphid, M. euphorbiae (Rossi et al.,
1998), and the B and Q biotypes of B. tabaci (Nombela et al.,
2003). In studies with NahG plants, SA involvement in the re-
sistance mediated by the Mi-1 gene against aphids was de-
monstrated (Li et al., 2006), but the requirement for SA in
nematode resistance remains controversial (Branch et al.,
2004; Bhattarai et al., 2008).

In the first part of the present work, SA and JA levels were
measured in leaves of both susceptible and Mi-1-bearing re-
sistant tomato plants, as well as in transgenic tomato plants ex-
pressing NahG, before and after B. tabaci infestation. Hormone
levels were assessed at two different time points in both com-
patible and incompatible tomato—whitefly interactions.

Moreover, the same tomato transgenic lines and wild-type
parents were used in whitefly screens to determine the role
for SA in basal defense and in the Mi-1-mediated resistance
to B. tabaci.

Materials and methods
Plant material

The tomato cultivars (cv.) used in this study were: VFN
(Mi-1/Mi-1) and Moneymaker (mi-1/mi-1), the transgenic
Moneymaker expressing NahG gene (Brading et al., 2000),
and VEN expressing NahG (VFN NahG) introduced by cross-
ing Moneymaker NahG with VEN (Bhattarai et al., 2008).

For all assays, surface sterilized seeds were sown in seed-
ling trays filled with autoclaved vermiculite number 3
(Projar, Spain). Tomato seeds were allowed to germinate in
the dark in a growth chamber at 25°C. Seed germination of
NahG plants was slower than the parental cvs, so they were
sown 3 days earlier. After germination, seedlings were main-
tained in the growth chamber at 25 : 20°C, 70% relative humid-
ity (RH) and a 16 h light and 8 h dark cycle under low light
intensity at 41-42 umol m~2s™". Plants were irrigated once
every other week with a 3 gr 1! solution of the nutritive com-
plex 20-20-20 (Nutrichem 60, Miller Chemical, Hanover, PA,
USA). Two weeks after germination, plants were transplanted
to 12 cm diameter plastic pots filled with the same vermiculite
substrate and maintained under the same conditions. Eight
week-old plants were used in all assays.

Whitefly infestations

Adult female whiteflies (B. tabaci) from both the B- and
Q-biotypes were used. A population of each biotype was ini-
tially obtained from a single female captured from the field
with horticultural crops and it was separately reared on to-
mato cv. Marmande plants for more than 50 generations.
Biotype identification was initially assessed and periodically
confirmed for each population with random amplified poly-
morphic DNA (RAPD-PCR) technique (Guirao et al., 1997).
However, this biotype nomenclature is no longer used since B.
tabaci is presently considered a complex of 24 species (Dinsdale
et al., 2010; De Barro et al., 2011), with the B- and Q-biotypes
corresponding, respectively, to the Middle East-Asia Minor 1
(MEAM1) and Mediterranean (MED) species. This new ter-
minology is used from now on, throughout this article.

Independent no-choice assays with each the MEAM1 and
MED species of B. tabaci were carried out. In a first no-choice
assay, 15 eight-week-old tomato plants from each genotype
(Moneymaker, Moneymaker NahG, VEN and VFN NahG)
were infested with five adult female whiteflies (MED) con-
fined in a plastic clip-cage (Mufiiz & Nombela 2001). Every
clip-cage was attached to the abaxial surface of a leaflet per
plant (fig. 1a). Assays were performed in a growth chamber
under low light intensity (4142 umol m™?s™") to avoid for-
mation of necrotic spots on tomato NahG plants due to the ac-
cumulation of catechol. Healthy plants were maintained at a
constant temperature of 25°C, with a photoperiod of 16 h
light and 8 h dark and 68-75% RH. Females were allowed to
oviposit for 6 days and, then, all females and clip-cages were re-
moved from plants. The eggs laid on plants were immediately
counted. The eggs were allowed to develop into instars (N) for
approximately 21 more days (day 27th after whitefly infest-
ation) until the new adults started to emerge from pupae.
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Fig. 1. Methods used for whitefly infestations: (a) a clip-cage used
in the assays for the role of SA in basal defense and in the Mi-1
mediated resistance to B. tabaci. (b) Modified Falcon tube used in
the assays for hormone quantification.

Then, the numbers of N3, N4 and new adults (detected as
empty pupal cases) on every plant were counted and total num-
ber of insects (N3 + N4 + adults) were calculated. Plants losing
their clip-cages or damaged for any reason during the assay
were discarded.

In another no-choice assay, 24 eight-week-old tomato
plants from each genotype were infested with five adult fe-
male whiteflies (MEAM1) confined in a clip-cage attached to
one leaflet (fig. 1a). Temperature for this no-choice assay
was maintained constant at 24°C. After a 6-day oviposition
period, the clip-cages and females were removed from all
plants. The eggs laid on 12 plants from each genotype were
counted and these plants were subsequently eliminated.
Eggs on the remaining 12 plants per genotype were allowed
to develop for 21 more days, until new adults started to
emerge. Insect counts were performed as described for the
MED population assay. Every assay was repeated at least
twice.

Statistical analysis

Data from every assay were logyo (x + 1) transformed, ex-
cept for percentages which were arcsine transformed (P/100)
1/2. Data were compared among genotypes by a one-way
ANOVA and Tukey HSD test for unequal N (Statsoft, 1994)
for the percentages of adults, while the percentages of N3
and N4 were analyzed by Mann-Whitney as data were not
normalize.

Insect infestation for hormone analysis

An additional no-choice assay was performed to obtain leaf
material for SA and JA quantification before and after whitefly
infestation. A constant temperature of 25°C was maintained
during this assay to fit the insect development to that de-
scribed by Bonato et al. (2007). The remaining environmental
conditions were the same as described for the MED species
assay. Twenty MED females were confined into each of modi-
fied 50 ml Falcon tubes (fig. 1b). Every tube was attached to a
well-expanded leaflet in the medium-high area of a tomato
plant. Three tubes per plant and three plants per genotype
were used. For control, empty tubes were attached to other
plants. After 2 days, all tubes were removed. During this in-
festation, additional plants were similarly infested to evaluate
whitefly infestation rates. Expected differences, as determined
in the previous bioassays, were found in whitefly infestation
levels among the tomato genotypes. Two leaf tissue collection
times (2 and 12 days post-infestation; 2 dpi and 12 dpi, re-
spectively) were established, each corresponding to a specific
time of whitefly development and infestation at this tempera-
ture (Bonato et al., 2007). These time points were chosen to
evaluate the impact of female feeding and oviposition at 2
dpi and the feeding and movement caused by the first instar
(N1) at 12 dpi. This instar is the mobile and most active white-
fly nymphal stage, commonly called crawler, uses its stylet to
puncture cells to find a suitable feeding site to become immo-
bile and molt. Accordingly, three different treatments were
considered: (1) control or non-infested plants (C), obtained 2
days after placement of the empty tubes. (2) 2 dpi, to evaluate
the impact of female feeding and oviposition. (3) 12 dpi, at
which time most eggs have developed to the N1 stage. Each
sample consisted of three leaflets, collected from each of
three plants from the same genotype/treatment. Two repli-
cates from each sample were measured. After every sampling
time, used plants were discarded. Each sample was wrapped
in aluminum foil packages, frozen in liquid nitrogen and
stored at —80°C prior processing for SA and JA quantification.

Hormone extraction and quantification

Leaf samples were lyophilized with a lyophilizer Heto FD
1.0 prior to processing according to a standard protocol
adapted from Durgbanshi et al. (2005).

Samples were analyzed by high-performance liquid chro-
matography coupled to mass spectrometry (Alliance 2695,
Waters Corp, Milford, MA). The chromatographic separation
was performed with a column C18 (Kromasil® 100 A, 5 um sil-
ica particle diameter, 100 x 2.1 mm) using a lineal gradient of
metanol and water supplemented with 0.01% acetic acid, with
a flow of 300 ul min~'. Both SA and JA were detected and
quantified by means of their specific transitions in a mass spec-
trometer of triple quadrupole (Quattro LC, Micromass Ltd.,
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Fig. 2. Quantification of the salicylic acid (SA) content
(mean + standard error) in tomato leaves from non-infested
8-week-old tomato plants. Different letters indicate significant
differences (P < 0.05) among tomato genotypes by the Tukey test.

Manchester, UK). Values were obtained by averaging those re-
corded from three equivalent samples.

Results

SA and JA levels in tomato leaves before and after infestation by
B. tabaci

SA levels were measured in tomato leaves of susceptible cv.
Moneymaker (mi-1), transgenic Moneymaker expressing
NahG (mi-1; Moneymaker NahG), resistant cv. VEN (Mi-1)
and in VFN expressing NahG (Mi-1; VFN NahG). Plant main-
taining at low light intensity resulted in healthy NahG plants
without the presence of any necrotic spots.

Results of the SA quantification of non-infested tomato
leaves are shown in fig. 2. Tomato cvs Moneymaker and
VEN displayed similar constitutive SA levels. These SA levels
were significantly higher than those in the corresponding gen-
otypes expressing NahG (fig. 2).

Changes in the SA levels in the leaves of the non-infested
plants (control) and plants infested with B. tabaci (MED spe-
cies) at 2 and 12 dpi are shown in fig. 3a, separately for each
tomato genotype. At 2 dpi, the resistant tomato VFN dis-
played a dramatic increase in SA content, compared with
VEN non-infested control plants (C). At the same time point,
SA levels increased significantly, but to a much lesser extent, in
the susceptible cv. Moneymaker and Moneymaker NahG,
compared with the corresponding non-infested plants. In con-
trast, SA content in the VFN NahG plants did not change sig-
nificantly at 2 dpi compared with non-infested plants of this
genotype. At 12 dpj, a significant decrease in SA content was
detected in all analyzed tomato genotypes, especially in those
expressing NahG where the SA levels were even lower than in
the non-infested plants (fig. 3a).

The JA contents were also evaluated in the same leaf sam-
ples. The JA levels were almost 0 and practically undetectable
in all non-infested control plants. These values were compared
with those in the infested plants, separately for each tomato
genotype (fig. 3b). The JA content in all tomato genotypes in-
creased after infestation with B. tabaci at both 2 dpi and 12 dpi.
Except for Moneymaker NahG, the increase in JA content was
significantly highest at 2 dpi in all genotypes tested and sig-
nificantly decreased at 12 dpi. Conversely, the increase in JA
levels in the Moneymaker NahG plants was not significant
at 2 dpi but was at 12 dpi. At 12 dpi, levels in Moneymaker
NahG were similar to those in Moneymaker and VFN
NahG. At 12 dpi, JA levels in all tested genotypes were signifi-
cantly greater than those in non-infested control plants.

(a)so000
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2 6000 — VFN
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Fig. 3. Changes in the SA (a) and JA (b) contents of tomato leaves,
due to infestation by B. tabaci (MED species). Values were obtained
from non-infested control plants (C) and from infested plants at 2
and 12 days post-infestation (2 dpi and 12 dpi, respectively).
Different letters in the same tomato genotype indicate significant
differences (P <0.05) among treatments by the Tukey test.
Statistical comparisons among tomato genotypes were not made.

The role of SA in basal defense to B. tabaci

Plants of all four tomato genotypes were infested with
adult whiteflies of either MEAM1 or MED and evaluated for
female oviposition and infestation (fig. 4).

To evaluate a role for SA in the basal defense to B. tabaci,
whitefly fecundity, expressed as the number of eggs layed
by females during a 6-day oviposition period, was compared
with Moneymaker and Moneymaker NahG plants (fig. 4).
Whitefly females laid a slightly lower number of eggs on
Moneymaker NahG than on Moneymaker, especially the
MEAM]1 species, but these differences were not statistically
significant. Similarly, no significant differences were observed
in the total numbers of insects of either whitefly species on
Moneymaker NahG and Moneymaker at the end of the assays
(day 27th after infestation). In general, oviposition numbers
and, consequently, the final infestation values of the
MEAM]1 were higher than those of MED on both tomato gen-
otypes (fig. 4). Based on the final infestation values shown in
fig. 4, the rate of insect development was calculated for each
tested tomato genotype (table 1), represented by the percent-
age of individuals in the late developmental stages N3, N4 and
new adults, relative to the total number (N3 + N4 + adults)
at the end of the assays. These results indicated that MED
population suffered a slight retarded development on
Moneymaker NahG plants compared with Moneymaker. In
contrast, MEAMI species developed at a slightly faster rate
on Moneymaker NahG compared with Moneymaker.
However, the small differences in the percentages of the white-
fly developmental stages between Moneymaker NahG and
Moneymaker plants were, in general, not statistically signifi-
cant (table 1).
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Fig. 4. B. tabaci no-choice assays on tomato genotypes
Moneymaker, Moneymaker NahG, VEN and VFN NahG.
Independent experiments were performed for MEAM1 (a) and
MED (b) species. Eight-week-old plants from each tomato
genotype were exposed to five B. tabaci females in insect
clip-cages for 6 days. Numbers of eggs were recorded at 6th day
post-infestation (6 dpi) and numbers of total individuals
(N3 + N4 + new adults) were recorded at the end of the assays
(27 dpi). For each of these parameters, data are means + standard
errors, and different letters indicate significant differences
(P <0.05) among tomato genotypes by the Tukey test.

The role of SA in the Mi-1-mediated resistance to B. tabaci

To test if SA is required for the Mi-1-mediated resistance to B.
tabaci, we compared VFN NahG and parental cv. VEN and
Moneymaker NahG with MEAM1 and MED species of B. tabaci
in two independent assays (fig. 4). On the VEN NahG plants,
the Mi-1-mediated resistance to both MEAM1 and MED species
of B. tabaci was lost. Both female oviposition and final infestation
values on VEN NahG plants were significantly greater than on
the resistant parent VEN, but not significantly different from
those on the susceptible parent Moneymaker NahG (fig. 4).

To check if whitefly development was altered on VEN NahG
plants, the percentages of N3, N4 and new adults, relative to the
total number of individuals recorded at the end of the assay,
were compared with those on the parental genotypes VFN
and Moneymaker NahG (table 1). For the MED species, approxi-
mately 60% of the insects on the Mi-1-lacking Moneymaker
NahG plants were adults; this percentage was lower than 50%
on the Mi-1 plants (VFN and VEN NahG), although this differ-
ence was not statistically significant. Consequently, a slight in-
crease in the percentages of individuals in the nymphal instars
N3 and N4 was observed on both VEN and VFN NahG. The dif-
ference for N3 between Moneymaker NahG and VFN NahG
plants was statistically significant.

In general, MEAM1 development was slower than that ob-
served for MED (table 1). MEAM1 whiteflies developed
slower on Mi-I-containing plants, as the percentage of new
adults was lower and, conversely, the percentages of N3 and

Table 1. Percentage of N3, N4 and new adults in relation to the
total number of individuals per plant of B. tabaci (MEAMI and
MED species) recorded at the end of the assays (27 dpi).

Means + standard errors are presented.

% N3 % N4 % New adults
MEAMI1
Moneymaker 25.77+0.62a  28.18+2.11ab 46.06 +2.17ab
Moneymaker 20.13+1.43b  2347+1.81b  56.39+2.49a
NahG
VEN 24.63 +1.60ab 29.05+1.26ab 46.32+2.13ab
VEFN NahG 24.38+1.38ab 32.86+1.82a 42.76+2.73b
MED
Moneymaker  6.28 +0.85a 21.82+1.76a 71.36 = 1.65a
Moneymaker  7.63+1.44a 33.28+11.07a 59.08 +10.35a
NahG
VEN 13.29+4.77ab 38.61+6.97a  48.10+9.79a
VEN NahG 1349+1.22b 3676 £3.75a  49.75+3.72a

Means followed by the same letter in a column for each whitefly
species do not differ significantly (P < 0.05) by Tukey HSD test
for unequal N (% of adults) and by Mann-Whitney test (% of N3
and N4).

N4 were greater than those on Moneymaker NahG. Only the
difference between Moneymaker NahG and VFN NahG in the
percentage of N4 was statistically significant. As a whole,
these results denoted a slight retardation in the speed of white-
fly development due to the Mi-1 gene, for both MEAM1 and
MED species.

Finally, no significant differences between VFN and VFIN
NahG genotypes were observed for any whitefly developmen-
tal stages (table 1), which indicated that the presence of the
NahG gene had no effect on the rate of MEAM1 and MED spe-
cies development on Mi-1 plants.

Discussion

Basal levels of SA and JA and efficiency of NahG gene in
degrading SA in adult tomato plants

Quantification of SA in uninfested leaves showed similar
basal levels of this hormone in Moneymaker (Mi-1) and VEN
(Mi-1), and significantly lower levels in Moneymaker NahG
(Mi-1) and VEN NahG plants (Mi-1). These results demon-
strate the efficiency of salicylate hydroxylase, encoded by
NahG, in degrading SA to catechol in leaves of fully developed
8-week-old tomato plants. This reduction in NahG containing
lines is approximately 50% from baseline SA levels in the re-
spective wild-type parent cvs Moneymaker and VEN. The dif-
ference in SA levels between Moneymaker NahG and
Moneymaker is similar to those obtained by Thaler et al.
(2010) from much younger plants, with only two true leaves,
of the same genotypes but, according to our information, this
is the first time this difference is quantified in 8-week-old
plants. Bhattarai et al. (2008) evaluated SA levels in roots of
5-week-old tomato plants and showed a similar decrease
(60%) in SA levels in plants containing NahG (Moneymaker
NahG and VFN NahG) compared with the respective wild-
type genotype. Interestingly, a higher reduction of about
90% in SA content was obtained in monoxenic hairy root cul-
tures of Moneymaker NahG tomato, transformed using
Agrobacterium rhyzogenes, suggesting that NahG was expressed
at higher levels in this plant growth/transformation system
(Branch et al., 2004).
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The JA foliar content was extremely low in the uninfested
plants. Similar low levels of JA have been reported previously
in uninfested leaves of different tomato cvs at different plant
developmental stages (Li et al., 2005; Thaler et al., 2010; El
Oirdi et al., 2011). Consequently, the low content of JA in un-
infested plants of the present work supported the assumption
that the modified Falcon tubes used in the whitefly infestations
did not trigger any mechanical damage.

Whitefly infestation increases the SA content in leaves

Infestation of Moneymaker and Moneymaker NahG plants
with adult females of B. tabaci (MED species) increased SA le-
vels. At the early infestation time point (2 dpi), the increase in
SA level due to whitefly feeding and/or oviposition was sig-
nificant and similar in both Moneymaker and Moneymaker
NahG. This result is contrary to what has been reported for in-
fections with the viral pathogen tobacco mosaic virus (TMV)
or the bacterial pathogen P. syringae pv. tomato DC3000,
which significantly increase the levels of SA in Moneymaker
but not in Moneymaker NahG plants at 7 days after pathogen
inoculation (Thaler ef al., 2010). Similarly, Li et al. (2006) have
observed that SA levels in Moneymaker NahG plants did not
increase significantly after infection with the P. syringae pv.
syringae. However, they did not include cv Moneymaker in
their analysis, which did not allow a comparison of SA levels
between Moneymaker NahG and Moneymaker.

In contrast to SA, the increase of JA levels at 2 dpi with B.
tabaci was high in Moneymaker but, surprisingly, this increase
was not statistically significant in Moneymaker NahG plants.
Similarly, it was previously shown that infection with P. syrin-
gae pv. tomato DC3000 also caused an increase in JA levels in
young plants of both genotypes, though less pronounced in
Moneymaker NahG than in Moneymaker (Thaler et al.,
2010). In contrast, TMV infection did not increase the content
of JA in either of these two tomato genotypes. It is widely
known that JA and ET signaling pathways usually work syn-
ergistically while SA and JA/ET pathways are antagonists
(Kunkel & Brooks, 2002; Spoel et al., 2003), although positive
coordination between these pathways have been reported
(Schenk et al., 2000; Rojo et al., 2003; Bostock, 2005; Mur et al.,
2006). Most studies of piercing-sucking insects have focused
on interactions with aphids (Thompson & Goggin, 2006;
Walling, 2008; Louis & Shah, 2013). During aphid infestations,
both SA- and JA-regulated responses are induced in tomato
(Martinez de Ilarduya et al., 2003; Li et al., 2006; Bhattarai
etal.,2007).The present work demonstrates that B. fabaci infest-
ation causes accumulation of both SA and JA hormones in sus-
ceptible tomato plants, with a relatively greater increase in JA
levels. Taken together, our data indicates the absence of a strict
negative cross talk between SA and JA in tomato, since a plant
with a functional salicylate pathway would have a weak abil-
ity to induce the jasmonate pathway (Thaler et al., 2010). In
contrast to tomato, antagonistic relationship between the JA
and SA pathways has been demonstrated in Arabidopsis—
Bemisia interactions with induction of SA-regulated genes
and repression of genes JA/ET-regulated genes (Kempema
et al., 2007; Zarate et al., 2007).

The increase in JA levels by whitefly infestation is not likely
due to stylet injury since whitefly feeding on susceptible to-
mato plants induced expression of JA-dependent pathogenesis-
related genes but not expression of JA-dependent wound
responsive genes (Puthoff et al., 2010). These data suggest
that the whitefly stylet is not perceived by the plant as a

mechanical stress to activate JA-dependent wound responses
(Walling, 2008). This is in contrast to responses triggered by
chewing herbivores (Pautot ef al., 1993; Li et al., 2002; Ament
et al., 2004) and some aphids (reviewed by Thompson &
Goggin, 2006), where JA-regulated wound induced genes
are up-regulated in both susceptible and/or resistant plants.

The largest increases in the contents of SA and JA caused by
feeding and oviposition of B. tabaci females in this study were
detected in the resistant VEN plants. Specifically, the SA con-
tent in this genotype at 2 days of infestation was more than 10
times higher than in the respective non-infested plants.
Another significant increase in SA levels of VEN have also
been observed in younger plants during infection of hypersen-
sitive reaction causing P. syringae pv. syringae (Li et al., 2006).
Other works that had quantified the levels of this phytohor-
mone in resistant tomato plants did not analyze the changes
that occurred after the attack of an organism (Branch et al.,
2004; Bhattarai et al., 2008) or used only susceptible infested
plants (O’Donnell et al., 2003; Thaler et al., 2010). The propor-
tional increase in JA levels in the VEN plants in our study was
similar to that observed for SA confirming absence of negative
cross talk between these phytohormones in tomato.

As expected, an increase in SA level was not detected in VEN
NahG plants at 2 dpi by B. tabaci. Similarly, infection of VFIN
NahG plants with P. syringae pv. syringae did not increase SA
content (Li et al., 2006). In contrast, JA levels were high in
VEN NahG plants at 2 dpi with B. tabaci, although to a lesser
extent than in VEN plants, indicating that the increase in JA con-
tent in VFN NahG is not due to the presence of NahG and nega-
tive cross talk between these two hormonal pathways.

The increased levels of SA and JA observed in the present
study after infestation by B. tabaci, leads us to hypothesize that
perhaps this increase in both phytohormones could be the rea-
son for the induced resistance to aphids previously demon-
strated in susceptible tomato plants following an earlier
infestation by B. tabaci (Nombela et al., 2009).

The increase in SA and JA levels due to B. tabaci infestation
was transient, as the levels detected at 2 dpi decreased at 12
dpi in all tomato genotypes, except for the JA content in
Moneymaker NahG which was only slightly elevated. In con-
trast to our data, B. tabaci infestation of bean plants had re-
sulted in a decrease in SA levels at 3 dpi. However, this
effect also proved to be transient, as SA levels increased at 7
dpi which was the last time point tested (Zhang et al., 2009).
This information indicates that although the timing of SA ac-
cumulation varies, B. tabaci infestation induces SA accumula-
tion in a number of plant species.

Taken together, our results showed that feeding and ovi-
position of adult whitefly females, activities associated with
2 dpi, cause a greater accumulation of SA and JA than the
N1 activities associated with 12 dpi, in almost all of tomato
genotypes tested. Previous works with whiteflies have fo-
cused on SA- and JA-dependent gene expression caused by
adult feeding and oviposition on tomato (Puthoff et al.,
2010), or on hormone levels affected only by the activities of
N2-N3 nymphs on Arabidopsis (Zarate et al, 2007).
Therefore, these previous works could not draw conclusions
on the effect of adult and nymphal activities on the same host.

The SA pathway is not involved in the basal defense of tomato to
B. tabaci

The lack of difference in both number of eggs and total
number of insects on Moneymaker and Moneymaker NahG
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plants indicates that SA signaling pathway does not play an
important role in the tomato basal defense to both MEAM1
and MED species of B. tabaci. These results are consistent
with those obtained in Arabidopsis against B. tabaci by
Zarate et al. (2007) who used mutant plants to demonstrate
that SA pathway is not associated with basal defense to this
insect. However, Zarate et al. (2007) showed that whitefly de-
velopment was delayed on Arabidopsis NahG plants. On the
contrary, on tomato no statistical differences between
Moneymaker and Moneymaker NahG plants were observed
regarding the development of both MEAM1 and MED white-
fly species. Slight differences in infestation rates and develop-
ment between the corresponding B- and Q- whitefly biotypes
on susceptible tomato genotypes had been previously re-
ported (Nombela et al., 2001).

Our results with B. fabaci also agree with a previous study
showing that SA was not involved in basal defense of tomato
to root-knot nematodes (Bhattarai ef al., 2008), and they are in
contrast with those previously obtained with aphids by Li et al.
(2006), where a role for SA in the basal defense of tomato to
aphids was demonstrated. While SA is required for basal de-
fense to aphids, JA is not required for this basal defense
(Bhattarai et al., 2007). Differences exist between aphids and
whiteflies due to their different feeding habits (van Loon
et al., 2006; Walling, 2008) and presumed differences in elici-
tors in their saliva which may provoke different plant re-
sponses (Walling, 2000).

Although SA is not required for tomato basal defense to B.
tabaci, we had previously shown that exogenous application of
BTH, a SA analog, induces resistance to B. tabaci in susceptible
tomato plants (Nombela et al., 2005). It is known that treatment
with BTH does not cause an increase in SA levels; however, it
induces expression of defense genes (Friedrich et al., 1996).
BTH must be activating SA-nonresponsive defense genes in
tomato and activation of these defense genes might be the rea-
son for the induction of resistance to B. tabaci in susceptible to-
mato plants after treatment with BTH.

The SA pathway has a role in the Mi-1-mediated resistance to
B. tabaci

The results obtained in the present work demonstrate a role
for SA in Mi-1-mediated resistance to B. tabaci. These results
are consistent with a previous study in which the involvement
of SA in resistance mediated by Mi-1 gene to aphids was de-
monstrated (Li et al., 2006). While the role for SA in
Mi-1-mediated resistance to nematodes is controversial
(Branch et al., 2004; Bhattarai et al., 2008), it is clear that
Mi-1-mediated herbivore resistance involves SA. The apparent
difference between the two studies addressing the role of SA in
Mi-1-mediated nematode resistance could be due to the differ-
ent systems used, mono-axenic hairy roots versus entire trans-
genic plants, and more efficient degradation of SA in the
former.

The very low levels of SA observed in the VFEN NahG
plants were associated with a reduction in B. tabaci population
growth similar to levels on Moneymaker NahG plants. This
was in contrast with the negative growth rate on the resistant
cv VEN indicating a significant reduction of the insect popula-
tion in the next generation. Nevertheless, differences in the SA
content of plants carrying the Mi-1 gene (VEN and VFN
NahG) did not apparently modify the developmental rate of
B. tabaci. However, the slight delay (although not significant)
in the development of B. tabaci was solely due to the presence

of the Mi-1 gene. In previous works performed with aphids
and nematodes on these same plant genotypes (Branch et al.,
2004; Li et al., 2006; Bhattarai et al., 2008), the effect on the de-
velopmental rates of these organisms was not analyzed.
Further studies are needed to determine whether other de-
fense hormone signaling pathways may be involved in the to-
mato basal resistance to B. tabaci and/or in the Mi-1-mediated
resistance to this insect pest. These studies could include add-
itional tomato mutants to investigate the role of JA/ET hor-
mones and the interaction between SA and JA/ET pathways,
as described for whitefly—Arabidopsis (Zarate et al., 2007) and
aphid-tomato interactions (Li ef al., 2006; Bhattarai et al., 2007).
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