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Abstract

Whitefly (Bemisia tabaci) is a polyphagous insect that causes huge damage in several horticultural crops, including tomato,
by sucking nutrients from the phloem and transmitting viruses. Whiteflies are particularly difficult to manage and the use of
chemicals remains the common practice, which causes the development of insecticidal resistance. Thus, there is considerable
interest in the introduction of resistance to whitefly by classical and molecular breeding. Here, we explored the concept of
using an RNA interference construct to silence a v-ATPase gene in whiteflies interacting with transgenic tomato plants that
express siRNA molecules corresponding to a fragment from the B. tabaci vATPase. PCR analyses revealed the presence
of both AATPase and nptil transgenes in all transgenic lines. siRNA expressing lines were challenged against whitefly and
revealed a mortality rate of 57.1% in transgenic line 4.4.1, while in the control the mortality was 7.6%. Mortality of 2nd
instar nymphs was higher on the transgenic plants and the development of 3rd instar nymphs was slightly longer than on the
control plants. Although the attraction of insects was not significantly different between treatments, the number of eggs laid
by the insects on the transgenic plants was significantly lower, compared to the controls. RT-qPCR revealed a decreased
expression level of endogenous v-ATPase gene in whiteflies feeding on transgenic plants. No unexpected effect was observed
on the non-target insects Myzus persicae or Tuta absoluta. Results presented here may form the foundation for the generation
of elite tomato varieties resistant to whitefly, a devastating insect pest.

Key message
Genetically modified tomato was generated to express a vATPase small interfering RNA. Transgenic plantswere tolerant to
whiteflies (Bemisia tabaci) and revealed no effect on Myzus persicae and Tuta absoluta.
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EHAT105 Elizabeth Hood Agrobacterium 105.
hpRNA Hairpin RNA.

TIAA Indole-3-acetic acid.

IBA Indole-3-butyric acid.

MEAMI Middle East Asia Minor — 1 = Biotype B.
miRNA MicroRNA.

mtCOlI Mitochondrial cytochrome oxidase I.
NPTII Neomycin Phosphotransferase II.
PVP Polyvinylpyrrolidone.

RNAi RNA interference.

siRNA Small interfering RNAs.

vATPase  Vacuolar ATPase.

Introduction

Tomato (Solanum lycopersicum) is one of the most impor-
tant vegetable plants in the world, with global production
estimated as 180 million tons (FAOSTAT 2019, http://www.
fao.org/faostat/); due to its nutritional importance as food
and source of health-promoting compounds, and to the bal-
anced mixture of minerals and antioxidants (Dorais et al.
2008). However, its production is affected by a diversity of
insect pests and diseases. Among them, whiteflies (Bemisia
tabaci) and whitefly-transmitted viruses present some of the
most important constraints worldwide.

Whitefly is recognized as a complex of cryptic spe-
cies. It is a polyphagous insect that causes huge damage
in hundreds of host species, including horticultural crops,
such as tomato, lettuce, eggplant, cauliflower, and cucum-
ber (Greathead 1986; Oliveira et al. 2001; Shah and Liu
2013). Besides sucking nutrients from the phloem, which
results in accumulation of toxic molecules leading to plant
breakdown, B. fabaci transmits several plant viruses, such
as begomoviruses (Geminiviridae), criniviruses (Clostero-
viridae), and torradoviruses (Secoviridae) (Jones 2003;
Oliveira et al. 2001; Navas-Castillo et al. 2011) and these
then cause yield losses, even with a low insect population.
In addition, whitefly excretes honeydew on the leaf surface,
which promotes its colonization by Ascomycete fungi, gen-
erally called “sooty mold”, which reduce photosynthesis
efficiency (Byrne and Bellows Junior 1991; Perring et al.
2018). Whiteflies are particularly difficult to manage, due
to their diversity, adaptability, rapid reproduction lifecy-
cle, extensive host range, and the ability to quickly select
populations resistant to insecticides, and also to transmit
several viruses. Numerous management methods have been
employed, such as biological control and agricultural prac-
tice strategies. However, the use of chemicals remains the
common practice, which causes the development of insec-
ticidal resistance. Consequently, there is considerable inter-
est in the introduction of whitefly resistance into plants by
classical and molecular breeding.
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RNA interference (RNAi) has evolved as an important
defense mechanism in eukaryotes against viruses and trans-
posable elements (Obbard et al. 2009). In insects, RNAi
have been reported in species from Lepidoptera, Coleop-
tera, Diptera, Hemiptera, Hymenoptera, Dictyoptera, Isop-
tera and Orthoptera orders (Swevers and Smagghe 2012).
Three RNAi pathways have been identified mediated by
different small RNA molecules playing a role in defense
against viruses and transposons (via siRNA), regulating gene
expression (via miRNA) and suppression of germ-line trans-
poson expression (via piRNA) (Yan et al. 2020).

Although some insect species are insensitive to RNAi
through feeding, gene silencing is usually triggered by sup-
plying exogenous dsRNA by topical applications, such as
foliar spray, micro-injection, root dipping and seed treat-
ment, and expression of dsRNA in transgenic plants (for a
review see Yan et al. 2020). The effectiveness of RNAI as
a tool to generate transgenic crops resistant to insect pests
has been demonstrated (Baum et al. 2007; Mao et al. 2007,
Gordon and Waterhouse 2007) and is now a reality with
the development of some commercial products (Head et al.
2017).

RNAi-mediated gene silencing has been demonstrated
in whiteflies. For example, silencing of genes (Cyp315al,
Cypl8al, EcR and E75) from the ecdysone pathway through
leaf-mediated dsRNA feeding assays had a limited effect
on the survival and fecundity of adult whiteflies, while in
nymphs, gene silencing reduced survival and delayed devel-
opment (Luan et al. 2013). Raza et al. (2016) reported 70%
insect mortality in transgenic tobacco (Nicotiana tabacum)
engineered to express dsRNAs for silencing insect aquaporin
and alpha glucosidase genes. Similarly, acetylcholinester-
ase (AChE) and ecdysone receptor (EcR) genes from white-
fly were used to induce mortality of up to 90% in tobacco
(Malik et al. 2016). Thakur et al. (2014) showed mortality
of 34 to 85% among insects feeding on transgenic tobacco
leaf discs expressing a v-ATPase gene target. Experiments to
express a 370-bp fragment from the green fluorescent protein
gene (dsGFP) in transgenic tomato plants revealed its partial
non-specific degradation when ingested by the insects (Luo
et al. 2017). However, most of the degradation of dsGFP was
when it was orally co-administrated with dsRNA against
insect dsRNases. In addition, the insect mortality reached
50% over 6 days on artificial diets stacking dsRNA against
B. tabaci dsRNases, and two insect coding genes, aquaporin
(AQP1) and sucrase (SUC1) (Luo et al. 2017). Recently, Xia
et al. (2021) reported resistance in transgenic tomato plants
modified to silence the BtPMaT] gene by impairing whitefly
ability to detoxicate plant phenolic glucosides.

We have previously shown mortality of 83-98 % in
adult whiteflies and 95% reduction in the number of eggs
of whiteflies feeding on transgenic lettuce expressing
dsRNA corresponding to a vATPase gene (Ibrahim et al.
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2017). Since transmembrane ATPases are crucial for sev-
eral functions in the cell metabolism, intracellular mem-
brane transport, and their processing, and transport of
neurotransmitters, they seem to be promising candidates
for engineering RNAi-based resistance to whiteflies in
transgenic plants (Beyenbach and Wieczorek 2006; Upad-
hyay et al. 2011; Thakur et al. 2014; Ibrahim et al. 2017).
However, since vATPase genes present some similari-
ties among insect species, the effect of gene silencing on
non-target organisms might be a constraint that should be
investigated. Here we report the generation of transgenic
tomato lines engineered to express dsSRNA molecules tar-
geting a B. tabaci vATPase gene. We hypothesized that
the expression of this vATPase intron-hairpin construc-
tion would interfere in insect survival, generating tolerant
tomato plants.

Fig. 1 Molecular analyses of

transgenic lines. a Schematic a
representation of the T-DNA

region of the pC2300ATPase LB

Materials and methods
RNAIi construct

The RNAIi cassette was cut from the vector pBtAT-
PaseC3300 (Ibrahim et al. 2017) with Hind III and Eco RI
and transferred to pCambia2300, generating pC2300ATPase
(Fig. 1a), used to transform tomato. In addition, pC2300AT-
Pase has the nptll gene that confers tolerance to kanamycin,
used to select the transgenic plants. The interfering cassette
containing the v-ATPase sequence hairpin will be referred to
hereafter as AATPase (Fig. 1a). It is composed of a fragment
of 545 bp from the B. tabaci vacuolar ATP synthase cata-
lytic subunit A gene (Ibrahim et al. 2017) cloned in sense
and antisense orientations into the vector pSIU (Tinoco
et al. 2010), flanked by the intron 3 of the malate synthase
gene from Arabidopsis thaliana (Atms-i3) and driven by a
double 35 S cauliflower mosaic virus (35SCaMV) promoter
plus a leader sequence from Alfalfa mosaic virus (AMYV)
(Datla et al. 1991).
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Tomato genetic transformation

Plant genetic transformation was carried out according to
Sun et al. (2006) with modifications. Mature tomato seeds
(cv. MicroTom) were surface disinfested at 70% ethanol for
1 min and 2% sodium hypochlorite for 5 min, followed by
five rinses with autoclaved distilled water. Seeds were then
dried out on filter paper and transferred to half-strength MS
medium. Germination was carried out for a period of 6 days
under dark conditions, followed by 2 to 4 days at 16 h-pho-
toperiod at 25+2 °C. Cotyledons from germinated seedlings
were transversely cut in two halves, and the explants (distal
and proximal) were immersed in an agrobacterial suspension
for 30 min. Explants were dried out on filter paper and trans-
ferred to co-culture medium (MS medium salts, BS medium
vitamins, 200 mg/L PVP, 200 mg/L MES, 5 uM BAP, 0.1
UM IAA, 200 uM acetosyringone, 400 mg/L cysteine, 3%
sucrose, 0.6% agar, pH 5.2) with the abaxial surface fac-
ing downwards, for 48 h in the dark at 25+2 °C. After two
days, explants were transferred to MS medium supplemented
with 200 mg/L PVP, 200 mg/L MES, 2 mg/L silver nitrate,
5 uM zeatin, 0.1 uM TAA, 2% sucrose, BS medium vita-
mins, 100 mg/L Timentin, 200 mg/L cefotaxime, 50 mg/L
kanamycin and 0.6% agar, pH 5.7. After 3 to 4 weeks, the
concentration of kanamycin was reduced to 25 mg/L and the
explants were sub-cultured every 15 days, until formation of
plantlets. Emerging shoots were transferred to an elongation
medium (MS medium salts supplemented with 3% sucrose,
BS5 medium vitamins, 100 mg/L Timentin, 200 mg/L cefo-
taxime, 25 mg/L kanamycin and 0.6% agar, pH 5.7). Well-
developed and elongated shoots were transferred to a rooting
medium (MS medium salts, B5S medium vitamins, 1 mg/L
IBA, 100 mg/L Timentin, 200 mg/L cefotaxime, 25 mg/L
kanamycin and 3% sucrose, 0.6% agar, pH 5.7). With the
full development of the roots, plants were acclimated in a
greenhouse and allowed to set seeds. Agrobacterial suspen-
sion was prepared cultivating Agrobacterium tumefaciens
EHA105 on solid AB medium (Chilton et al. 1974) contain-
ing 100 mg/L rifampicin and 100 mg/L kanamycin for 2 to 3
days at 28 °C. Then bacterial culture was suspended in liquid
co-culture medium and diluted to ODg,, = 0.5.

Screening of transgenic plants

Regenerated plants were screened for the presence of the
neomycin phosphotransferase I (NPTII) using the Immu-
noStrip (Agdia, USA), according to the manufacturer’s
recommendations. DNA from leaves was isolated using a
modified version of Doyle and Doyle (1987) and amplified
by PCR analyses using the primer pairs ATPXS1 (TTC
TAGAGCTCTATCACACTATCTGAGTAC) / ATPSK1
(GGTACCACTAGTGGGAAGTTTTTATCGTAG) for the
detection of AATPase and NPTII 60 (GAGGCTATTCGG
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CTATGACTG) / NPTII 470 (TCGACAAGACCGGCTTCC
ATC) for the detection of the nptIl gene. PCR was carried
out according to Bonfim et al. (2007). The reaction was sub-
jected to 95 °C (5 min) for denaturation, and amplified by 35
cycles (95 °C for 1 min, 55 °C for 1 min, 72 °C for 2 min)
with a final elongation cycle of 7 min at 72 °C.

Progeny analysis

Seeds of the first generation (T,) of self-pollinated plants
were germinated and analyzed for the presence of AATPase
by PCR, as described. Pearson’s Chi squared (X?) was used
to determine whether the observed segregation ratio was
consistent with a Mendelian ratio of 3:1, at 95% level of
confidence. Yates’s correction factor was used when one of
the frequencies was less than 5, or when the total value of
plants evaluated was less than 20.

Analysis of siRNAs

Total RNA from tomato transgenic (in homozygosis) and
non-transgenic lines was extracted with Trizol (Invitrogen)
as recommended by the manufacturer. The siRNA analy-
sis was carried out as described by Bonfim et al. (2007).
Hybridization was performed using a DNA probe corre-
sponding to the vATPase PCR fragment amplified using the
primer pair ATPXS1/ATPSK1 labeled with a*?P dCTP and
the DecalLabel DNA Labeling Kit (Thermo Fisher Scien-
tific), according to the manufacturer’s instructions. Hybrid-
ization and post-hybridization washes were conducted as
described by Yoo et al. (2004). Oligomers (18, 25 and 39
nucleotides) were used as molecular size markers. The bands
were visualized with a fluorescent image analyzer (FLA-
3000; Fujifilm).

Whitefly mortality, development and preference
assays

Bemisia tabaci colonies have been maintained in common
beans in a screenhouse at Embrapa Arroz e Feijdo, in Santo
Antonio de Goias, Goias state, Central Brazil, for over ten
years. Care has been taken to avoid inbreeding depression
by introducing new specimens regularly into the colony.
The whitefly population in our colony was identified as B.
tabaci MEAM1 (=biotype B) and it has been monitored by
sequencing the mitochondrial cytochrome oxidase I (mtCOI)
gene.

Whitefly mortality was evaluated on 4-week-old plants
from the following transgenic tomato lines: 4.4.1, 6.8.4,9.2
and control (non-transgenic plants). Three plants of each line
were submitted to whitefly oviposition for 2 h. After that,
the adult whiteflies were removed and plants were isolated in
individual cages (68 cm x 27 cm x 27 cm) in the greenhouse.
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Insects developed from eggs into adults, and adult mortal-
ity was registered after 5 to 7 days. Plants were placed over
a black plastic canvas, so dead insects were easily found
inside the cage. On the seventh day, the number of living
and dead insects was counted, as the insects were removed
from the cages using an insect aspirator. Then, the number
of empty pupa cases on the leaves was counted under ster-
eomicroscope. To calculate the percentage of mortality, the
number of empty pupa cases was used as the total number of
adult insects in each replicate. This experiment was repeated
twice.

Insect development from egg to adult was evaluated on
10 individual eggs per plant on tomato line 4.4.1 and the
control (non-transgenic plants), with 5-8 replicates. For that,
4-week-old plants were exposed to whitefly oviposition for
1 h, the adults were removed. When the 1st instar nymphs
became sessile, their spots on the leaf were circled and num-
bered using a permanent marker, taking care not to damage
the plant or the insect. Plants were maintained at 25 + 1°C,
with 70-80 % relative humidity and 16 h/8 h light/dark con-
ditions. The nymphal stage of each individual was recorded
daily, until adult emergence, using a stereomicroscope. Mor-
tality in each stage was also recorded.

A free-choice experiment was carried out to evaluate
preference and attraction of adult whiteflies to the transgenic
tomato lines. For that, 4-week-old plants of the line 4.4.1 and
control plants (10 replicates per treatment) were intercalated
in a circle, in a whitefly-free screenhouse and then, 300 adult
insects were released in the center of the circle. After 48 h,
the number of adults in each plant was counted, by carefully
looking at the leaves. After five days, the number of eggs per
plant was counted using a stereomicroscope.

Quantitative real-time PCR

The transcription level of the endogenous v-ATPase gene
in B. tabaci interacting with transgenic line 4.4.1 and non-
transgenic tomato leaves was determined by quantitative
reverse transcription. RNA isolation and RT-qPCR were
performed as described by Andrade et al. (2016). White-
flies were released into bioassay systems containing tomato
plants as described above for the whitefly mortality assays.
After 48 h, total RNA was extracted from 150 surviving
insects per replicate, of which 200 ng from each of the sam-
ples was used to synthesize cDNA using Promega GoScript
Reverse Transcription System (Promega) as recommended
by the manufacturer. Reactions were performed using the
StepOnePlus Real-Time PCR System (Thermo Fisher Sci-
entific) with SYBR-green detection. The primers for the
endogenous vVATPase (GGTGGAGACTTGTACGGTATTG
and TGACAGTACCTTTGGCTTTAGG) and actin (GAC
CAGCCAAGTCCAAACGA and CCTTTGTGGTAGAGG
TCTCAGTT) genes were designed using the PrimerQuest

Tool (IDT Integrated DNA Technologies, Inc.). The relative
vATPase transcription levels in different RNA samples were
normalized with respect to the internal standard actin gene.
Triplicate quantitative assays were performed from three
biological samples. The relative level of the expression was
calculated using the Livak method (Livak and Schmittgen
2001).

Effect on non-target organisms

In order to determine whether the transgenic tomato plants
present negative effects on non-target insects that interact
with tomato plants, two assays were carried out: the first
one with Myzus persicae (Hemiptera: Aphidae), which has
the same feeding habit as the whitefly, and the second with
Tuta absoluta (Lepidoptera: Gelechiidae).

M. persicae fourth instar nymphs were transferred to
tomato plants (50 insects per plant), and aphid numbers were
counted after seven days of feeding. Plants were maintained
at 25 + 2°C, with 70-90 % relative humidity, under green-
house conditions without additional illumination. Six trans-
genic and non-transgenic plants were used. M. persicae were
collected from naturally occurring colonies on weed plants,
and kept on tomato plants until used for these experiments.

Tuta absoluta (three L1 to L3 instar caterpillars per leaf)
were transferred to five leaves detached from transgenic and
non-transgenic tomato plants maintained in two-compart-
ment Petri dishes. After 27 days, the number of emerging
adults was recorded, expressed as the percentage of nor-
mal adults related to the total number of caterpillars. Insect
colonies were obtained from tomato plants cultivated under
greenhouse conditions at Embrapa Hortali¢as (Brasilia, DF).

Statistical analysis

The experiments were carried out in a completely rand-
omized design. Data were analyzed by one-way ANOVA.
Percentage data were transformed by arcsine square root
before analysis. Levene’s test was applied to check for the
homogeneity of variance. Mean comparisons were per-
formed by Dunnett’s test, as implemented in GraphPad
Prism 6.0 software. Mortality of B. tabaci nymphs devel-
oped on the tomato transgenic line was compared to the con-
trol line using a chi-square test (p<0.05), for each nymphal
stage. The Shapiro-Wilk normality test was conducted to test
for the normality of data and when data was not in a normal
distribution, a non-parametric Wilcoxon rank sum test with
continuity correction was applied for mean comparisons.
The mean number of adults sitting on the plants and eggs
laid, in the attraction and preference assays with B. tabaci,
was compared between treatments using the t test (p<0.05).
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Results

To determine the effectiveness of siRNA to produce tomato
plants tolerant to whitefly by silencing vATPase, nine inde-
pendent transgenic lines were generated with the pC2300AT-
Pase vector, containing the intron-spliced hpRNA interfer-
ing cassette (AATPase) (Fig. 1a). PCR analyses revealed the
presence of both AATPase and nptll transgenes in all trans-
genic lines (Fig. 1b). Progenies were analyzed for the pres-
ence of the neomycin phosphotransferase II protein (NPT
II) using the immunochromatographic method (Fig. 1c). A
strong signal was observed in lines 6.8.4, 6.10.3, 9.8 and 8.9.
However, lines 10.20 and 4.12.1 presented a weak signal,
while no NPT II band was observed for lines 4.4, 9.2, 10.5
and non-transgenic plants (control) (Fig. 1c).

Except for the line 6.10.3, primary transformants (T,)
were cultivated in the greenhouse and presented normal
phenology and phenotype (plant height, number of leaves,
number of branches and number of flowers and fruits). Line
6.10.3 presented several fruits without seeds and a signifi-
cantly lower number of seeds per fruit (average of 1.3 seeds/
fruit) when compared to the other transgenic lines and con-
trol plants (average of 27.9 seeds/fruit). Line 6.10.3 was not
used for further studies.

Based on the PCR analyses, the chi-squared test revealed
that both AATPase and nptll transgenes co-segregated in the
T, generation (self-pollinated), closely fitting the Mendelian
ratio of 3:1, as expected for one integration locus (Table 1).

Northern analyses were carried out to detect the AATPase
siRNA in leaves from phenotypically normal lines of trans-
genic and non-transgenic tomato. Results revealed the pres-
ence of siRNA bands of expected size range for transgenic
lines 4.4.1, 6.8.4, 9.2, 10.20, 8.9, 10.5, and 4.12.1. Lines
4.4.1, 6.8.4 and 9.2, which presented strong, intermediate

Table 1 Segregation analysis of self-pollinated transgenic plants in
the T, generation

Lines Positive® Negative x* pb
4.4.1 15 5 0.00 1
6.8.4 16 4 0.47 0.61
9.2 7 2 0.26 0.85
9.8 7 5 1.44 0.18
10.20 14 8 1.52 0.22
8.9 23 11 0.98 0.32
10.5 7 5 1.44 0.18
4.12.1 15 4 0.34 0.69
6.10.3 12 2 1.23 0.35

®Data are based on PCR analyses for the AATPase and nptll
transgenes

®P is the probability that the observed ratios reflect the segregation
ratio of 3:1
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and weak signals, respectively (Fig. 2), were used for the
mortality assays. No signal was observed in non-transgenic
plants. No direct correlation was observed between nptll
gene expression (Fig. 1c) and AATPase expression (amounts
of siRNA) (Fig. 2).

Line 4.4.1, which presented higher siRNA amounts in
the Northern analyses, was chosen for the whitefly feed-
ing experiments. Lines 6.8.4 and 9.2, which presented
weaker signals, were also chosen as an attempt to establish
the cause-effect relationship between insect tolerance and
amounts of siRNA produced by the host. Tomato plants were
challenged with newly emerged adult whiteflies and their
mortality recorded after five to seven days (Fig. 3a). The
results revealed that whiteflies that were fed on the trans-
genic line 4.4.1 presented statistically significant higher
mortality rate (57.1%), when compared to insects fed on
lines 6.8.4 (23.5% mortality), 9.2 (27.5% mortality), and
non-transgenic control (7.6% mortality) plants (P<0.05)
(Fig. 3a). Quantitative real-time PCR was carried out to
quantify the transcription level of the endogenous v-ATPase
gene in B. tabaci feeding on the transgenic tomato leaves
from line 4.4.1. The results showed that vATPase expression
was significantly lower (by 50.2%; P<0.05) in insects inter-
acting with the transgenic plants, when compared to the level
observed in insects interacting with non-transgenic plants
(Fig. 3b). Insect developmental time on tomato line 4.4.1
was similar to that on the non-transgenic control plants,
except for the 3rd instar, which was significantly longer on
the transgenic plant (P<0.05) (Fig. 3c), suggesting a slight
delay in their nymphal stage development. Insect mortality
was significantly higher on the transgenic line 4.4.1 than on
the control plants only for the 2nd instar (Table 2). In the
preference assay, the number of adult insects per plant did
not differ between treatments. However, the number of eggs
per plant was significantly lower in the transgenic plants
(Table 3).

Y
N
A\
q

Loading
control

Fig.2 Northern blot analysis for detection of the small interfering
vATPase siRNA isolated from transgenic tomato lines. SYBR Safe-
stained RNA serves as loading control. NT non-transgenic line
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Table 2 Insect mortality by
nymphal stage on tomato line

4.4.1, compared to the control Tomato line/Nymphal stage

Number of dead nymphs / total number of nymphs (% mortality)

1st instar 2nd instar 3rd instar 4th instar

tomato plants
44.1

Control
Chi-square analysis (p<0.05)

2/90 (2.2%)
3/38 (7.9%)
N.S.

15/90 (16.7%)
0/38 (0%)
#p=0.00739

3/90 (3.3%)
3/38 (7.9%)
N.S.

1/90 (1.1%)
0/38 (0%)
N.S.

* Significantly different (p<0.05)
N.S. Non-significant

Table 3 Attraction and oviposition preference of adult whiteflies on
tomato lines in a free-choice experiment, expressed as the number of
adult whiteflies sitting on tomato lines and the number of eggs laid on
the plants after 48 h

Average number of adult insects ~ Tomato line

or eggs per plant (+ st error)

44.1 Control
Adults 2 (+0.8) 39 (x1.4)
Eggs 22.75 (£11.4)* 154.5 (+61.8)

*Means are significantly different (n=10, p<0.05)

Due to the similarities in vATPase gene sequences among
insects, two insect species [M. persicae (Hemiptera: Aphi-
dae) and T. absoluta (Lepidoptera: Gelechiidae)], which
closely interact with tomato leaves, were chosen for a non-
target assay. Results showed no difference in the progeny
number of M. persicae and percentage of emerging adults
of T. absoluta after feeding on transgenic line 4.4.1 (Fig. 4),
as compared to the insects that fed on the non-transgenic
plants. The results suggest that the siRNA produced by the
expression of the AATPase transgene did not significantly
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Fig.4 Non-target assays using a b
transgenic t.omato plar.lts to feed © 400- _100-
Myzus persicae (Hemiptera: 8 2
Aphidae) or Tuta absoluta ‘® ;;
(Lepidoptera: Gelechiidae). S 5
a Progeny average of 50 M. per- °~ g
sicae adults per replicate (plants = © 50
of line 4.4.1). b Percentage of re) §
emerging adults of 7. absoluta 5 8
on detached leaves of transgenic e <Q
line 4.4.1 (*p < 0.05, n=5) E ©
~
4 0-

Control

impair the expression of endogenous ATPase coding genes
in M. persicae and T. absoluta.

Discussion

Whiteflies are among the most important insect pests that
impair the production of vegetable crops worldwide, espe-
cially in tropical regions, where their control is even more
challenging. In high-incidence regions, their control is
essentially based on the use of insecticides, with partial effi-
cacy, negative environmental effects, reduction of abundance
and diversity of natural enemies, and selection of pesticide-
resistant whitefly populations. Thus, the best way to manage
this pest in the field is to develop plant genetic resistance or
tolerance. The concept of using RNA interference (RNA1)
constructs to silence key genes in insect pests promotes the
development of novel approaches toward plant protection in
a sustainable way (Yan et al. 2020).

Several target genes have been proposed for engineering
insect resistance in plants using plant-mediated RNAL strat-
egies. vATPase coding genes are among the most promis-
ing targets for gene silencing, which has been applied to
some model plants and commercial crops (Yan et al. 2020;
Liu et al. 2020; Ibrahim et al. 2017). In the present study,
we showed that the expression of siRNA corresponding to
sequences of a vATPase gene from B. tabaci conferred tol-
erance to this insect pest in genetically modified tomato. In
addition, a significant reduction in endogenous gene expres-
sion was observed, revealed by RT-qPCR analysis, associ-
ated with 57% mortality in adult insects. Previously, we had
expressed vATPase siRNA in lettuce plants and observed
whitefly adult mortality between 83.8 and 98.1% within 5
days of feeding on transgenic plants (Ibrahim et al. 2017).
Although the percentage of insect mortality was lower, our
present results with this tomato line suggest a reasonable
level of tolerance to the target insect pest, which might rep-
resent a promising tool to be used along with other manage-
ment strategies. Baum et al. (2007) demonstrated that vAT-
PaseA dsRNA supplied in an artificial diet, and expressed in
transgenic maize, triggered RNA interference in Diabrotica

@ Springer

Control

Transgenic

virgifera, resulting in larval stunting and mortality. Thakur
et al. (2014) reported a 34 to 85% mortality among whiteflies
feeding on leaf discs from transgenic tobacco expressing
siRNA from a v-ATPase. Our results showed higher mortal-
ity of 2nd instar nymphs and a slight delay in the develop-
ment of 3rd instar nymphs feeding on the tomato line 4.4.1,
suggesting that the development of 2nd and 3rd instars was
impaired by the transgenic line. Additionally, although the
attraction of insects was not significantly different between
treatments, the number of eggs laid by the insects on the
transgenic plants was significantly lower, corroborating the
results obtained with the lettuce transgenic plants carrying
the same RNAIi construct as we used in the present work
(Ibrahim et al. 2017). In phloem feeders, host plant selection
starts with olfactory cues, meaning that the insects assess
the suitability of a host plant mainly by the plant volatiles
(Powell et al. 2006). Our data shows that the number of
adults settling on the transgenic plants did not differ from
the conventional control plants, suggesting that the volatiles
produced by both plants might be similar. However, other
works have shown that even when the attraction of adults
does not change among different treatments, a reduction
in the oviposition might occur (Jiao et al. 2012; Li et al.
2017), suggesting that attraction of adults and preference
for oviposition are not necessarily correlated. The host plant
selection for oviposition by insects might be affected by dif-
ferences in nutritional and defensive chemistry (Bernays
and Chapman, 1994), such as the amount of wax on the
leaves, presence of trichomes and glucosinolate, salicylic
acid accumulation or the contents of nitrogen, carbohydrate,
and phenolic compounds or chlorophyl, for example (Ori-
ani and Vendramim, 2010; Jiao et al. 2012; Moshitzky and
Morin, 2014; Ueda et al. 2019; Jafarbeigi et al. 2020; Abbasi
et al. 2020). Moreover, treating plants with chemicals, such
as essential oils, amino acids or insecticides, for example,
can potentially reduce the preference of whiteflies for ovi-
position (Prabhaker et al. 1999; Hammad et al. 2001; Baldin
et al. 2007; Yang et al. 2010), suggesting that oviposition
might be reduced when the females perceive a potential haz-
ard to the progeny (Moshitzky and Morin, 2014), or in other
words, oviposition preference correlates with host suitability
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for their offspring performance (preference—performance
hypothesis) (Jaenike, 1978). Therefore, several factors might
lead to a reduction in insect oviposition, and so we cannot
rule out the potential effect of silencing a gene involved in
many cellular processes, as the vATPase. Further research
will be conducted in the future to investigate this hypothesis.

Luo et al. (2017) have shown that transgenic tomato
plants engineered to express a dsRNA 370-bp fragment
from the green fluorescent protein gene (dsGFP) was par-
tially degraded when ingested by B. tabaci. In addition, they
demonstrated that most of the dsGFP degradation was sup-
pressed when it was orally co-administrated with dSRNA
targeting insect dsRNases. Although the co-suppression
of insect RNases genes could prevent the degradation of
dsRNA for target genes, high levels of silencing could be
achieved by higher expression levels of the intron-hairpin
constructs (Luan et al. 2013, Thakur et al. 2014, Raza et al.
2016, Malik et al. 2016, Ibrahim et al. 2017 and Xia et al.
2021).

Since vATPase sequences share up to 83% nucleotide-
sequence identities among insect pest and beneficial insect
genomes, negative effects on the life cycle of non-target
insect species may occur (Lundgren and Duan 2013). It may
not be a problem in pest management (Yan et al. 2020) but it
could affect the commercial approval of genetically modified
crops. We tested transgenic tomatoes against two non-target
insects, M. persicae and T. absoluta, which closely interact
with tomato leaves. Despite similarities in the vATPase gene
sequences of 83% and 85% for M. persicae and T. absoluta,
respectively, we observed no negative effect on insect repro-
duction, survival and development. However, although the
draft genome assembly of T. absoluta (Tabuloc et al. 2019)
is available, only a few incomplete ATPase sequences are
currently available in the NCBI GenBank. In silico compari-
son with M. persicae using the si-Fi Software (Liick et al.
2019) revealed just a few putative sequences presenting
potential similarity for an unexpected gene silencing effect
on this non-target insect species. Nevertheless, biosafety
studies should be further carried out under field conditions
to determine the effect of this tomato transgenic line on a
greater number of insect species.

Although a correlation between siRNA amounts found
in tomato leaves and tolerance has been established, no cor-
relation was observed between the expression of the nptl]
selective gene and the AATPase transgenes. Similarly, in
the transgenic common bean engineered to express dSRNA
targeting the rep gene from Bean golden mosaic virus, no
correlation was found between the amount of rep siRNA and
the ahas gene expression, used for selection of transformed
plants (Aragao et al. 2013).

RNAI efficiency is dependent on the siRNA (or dsRNA)
dose (Vogel et al. 2019). In this study, the double 35 S
CaMV promoter was used to control AATPase. Better

promoters might be identified to promote higher levels of
transcription and consequently greater amounts of dSRNA
into tomato leaves.

Collectively, the results presented here demonstrated the
generation of whitefly-tolerant tomato plants mediated by
the RNAI strategy. A correlation between the amount of
siRNA vATPase and the insect tolerance was observed for
the transgenic line 4.4.1. RT-qPCR analysis established the
cause-effect relationship between silencing of the endog-
enous BtvATPase gene and adult mortality. Results presented
here may form the foundation for the generation of elite
tomato varieties resistant to whitefly, a devastating insect
pest for horticultural crops.
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