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Abstract RNA interference (RNAi)-based trans-
genic technologies have evolved as potent biochem-
ical tools for silencing specific genes of plant
pathogens and pests. The approach has been demon-
strated to be useful in silencing genes in insect species.
Here, we report on the successful construction of
RNAi-based plasmid containing an interfering cas-
sette designed to generate dsSRNAs that target a novel
v-ATPase transcript in whitefly (Bemisia tabaci), an
important agricultural pest in tropical and sub-tropical
regions. The presence of the transgene was confirmed
in Ty and T, generations of transgenic lettuce lines,
segregating in a Mendelian fashion. Seven lines were
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infested with whiteflies and monitored over a period of
32 days. Analysis of mortality showed that within five
days of feeding, insects on transgenic plants showed a
mortality rate of 83.8-98.1%. In addition, a reduced
number of eggs (95 fold less) was observed in flies
feeding on transgenic lettuce plants than insects on
control lines. Quantitative reverse transcription PCR
showed decreased expression level of endogenous
v-ATPase gene in whiteflies feeding on transgenic
plants. This technology is a foundation for the
production of whitefly-resistant commercial crops,
improving agricultural sustainability and food secu-
rity, reducing the use of more environmentally
aggressive methods of pest control.

Keywords ATPase - Genetic engineering -
Horticultural crop - Insect resistance - RNA
interference - siRNA

Introduction

Whitefly (Bemisia tabaci Gennadius) is a highly
polyphagous insect pest that causes great damage in
several crops with a host range of over 600 plant
species, including cotton, soybean, potato, common
bean, cassava, eggplant, cucumber, pepper and tomato
(CABI 2017). Besides sucking plant nutrients from
phloem, which results in accumulation of toxic
molecules leading to plant breakdown, B. tabaci
transmits several viruses to plant species (Li et al.
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2011; Brown et al. 2015). Crop yield losses due to
whitefly-transmitted begomoviruses alone are
between 20 and 100% (Brown and Bird 1992; Cathrin
and Ghanim 2014).

The most widely used cultural practice of controlling
the insect is application of insecticides (Karatolos et al.
2010). The activities of natural enemies of B. tabaci
have been employed as a means of biological control,
leading to the production of parasitoids (Rivnay and
Gerling 1987; Gerling et al. 2001). Furthermore,
pathogenic fungi have been used to generate mycoin-
secticide (Faria and Wraight 2001; Cuthbertson and
Walters 2005; Cuthbertson et al. 2005). Despite the
progress made in developing alternative methods of
control, the use of insecticides remains the common
practice. However, due to its rapid reproduction lifecy-
cle, the pest can easily overwhelm crops prompting
farmers to applying high doses of insecticides even
when the number of flies per plant is low. This has, over
the years, led to the emergence of resistance (Wang et al.
2010), which underscores the need to develop new
methods for control, including the use of RNA interfer-
ence technologies. The demonstration that double-
stranded RNAs (dsRNAs) supplied in artificial diet
trigger RNA interference (RNAI) in several coleopteran
species, resulting in larval stunting and mortality, is an
indication of the potential RNAi holds (Baum et al.
2007; Scott et al. 2013). RNA interference has evolved
as a natural cellular defense mechanism in eukaryotes
against viruses and genomic confinement of retrotrans-
posons (Fire et al. 1998; Ibrahim and Aragao 2015). Itis
an effective tool for silencing genes in various organ-
isms, including insects. Its usefulness in insect pest
control was highlighted with the demonstration of gene
silencing in tritomid bug (Rhodnius prolixus) (Araujo
et al. 2006) and light brown apple moth (Epiphyrsu
postvittana) (Turner et al. 2006). Transgenic plant-
mediated approaches using RNAL to target insect genes
have been reported in experiments showing silencing of
genes in western corn rootworm (Diabrotica virgifera)
(Baum et al. 2007), cotton bollworm (Helicoverpa
armigera) (Mao et al. 2007), brown plant hopper
(Nilaparvara lugens) (Zha et al. 2011) and tobacco
hornworm (Manduca sexta) (Kumar et al. 2012) among
others. The demonstration that tissue-specific mRNAs
of different genes in whitefly may be preferentially
silenced, or the expression thereof reduced, using
RNAi-based strategy has provided evidence of its
effectiveness in controlling the insect (Ghanim et al.
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2007; Yu et al. 2012). The development of a method for
the delivery of dsSRNA and siRNA into whitefly through
oral route has led to silencing and knocking down the
expression of its important genes (Upadhyay et al.
2011). Recently, researchers have reported the use of
transgenic tobacco, (Nicotiana tabacum) to generate
dsRNAs against aquaporin and alpha glucosidase
genes, responsible for osmoregulation, which when
silenced in whitefly led to 70% mortality (Raza et al.
2016). Similarly, acetylcholinesterase (AChE) and
ecdysone receptor (EcR) genes of whitefly were used
to induce mortality of up to 90% in tobacco (Malik et al.
2016). Of the candidate genes targeted for silencing in
insects, v-ATPase has consistently featured among the
most potent (Upadhyay et al. 2011; Thakur et al. 2014).
Since v-ATPase affects such diverse cellular processes
as intracellular membrane transport and the processing
and transport of neurotransmitters, as well as regulation
of the entry of microorganisms like viruses, it is
expected that silencing its gene will be lethal (Davies
etal. 1996; Dow et al. 1997; Beyenbach and Wieczorek
2006; Forgac 2007).

Here we report the cloning of a novel v-ATPase
gene fragment from whitefly that was used to generate
an intron-hairpin construct, and was expressed in
genetically engineered lettuce, an important leafy
crop. We hypothesized that the expression of this
construction, with the consequent production of
siRNA, would silence the whitefly endogenous gene,
interfering in the insect life cycle and generating
resistant plants.

Materials and methods
Plant and insect culture

Whiteflies (Biotype B) were kindly provided by Dr.
Josias Correa de Faria of Embrapa Arroz e Feijao
(Santo Antonio de Goias, Brazil), from a known non-
viruliferous colony maintained in greenhouse. The
insects were released on potted cotton plants in
Embrapa Recursos Genéticos e Biotecnologia (Brasi-
lia, Brazil).

RNAI construct

A 647 bp sequence corresponding to a fragment from
whitefly v-ATPase gene was amplified by PCR from
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genomic DNA using the primers ATPaF1 (5'-
GAGGGTGACATGGCCACCATCCAGGT-3’) and
ATPaR1  (5-GACRTCRGAGTTGGAGTACTTG-
GACAG-3'), and cloned in the pGEMTEasy vector
(Supporting Information). These primers were based
on conserved regions of available insect v-ATPase
genes from the related species: cotton bollworm
(Helicoverpa zea), silkworm (Bombyx mori), Culex
quinquefascitatus, Asian corn borer (Ostrinia fur-
nacalis), tobacco hornworm (Manduca sexta) and
cotton leaf worm (Spodoptera littoralis). The 647 bp
fragment was used as template for amplification of a
sequence of 545 bp using the primers ATPXS (5'-
TTCTAGAGCTCGCATCCGAAAGCGCCGGGAA
TG-3'; including the sites for Xba I [underlined] and
Sac 1 [in bold]) and ATPSK (5-GGGTACC
ACTAGTCGGCGACCCTGTACAGCGAAC-3/;
including the sites for Kpn I [underlined] and Spe I [in
bold]). PCR was carried out according to Bonfim et al.
(2007). This fragment was cloned in sense and
antisense orientations in the vector pSIU (Tinoco
et al. 2010), generating the vector pBtATPase. The
interfering cassette was removed with Hind III and
Eco RI from the vector pBtATPase and cloned into the
pCAMBIA3300 vector, which contains the bar gene
(that confers tolerance for the herbicide glufosinate
ammonium), generating the vector pBtATPaseC3300.
The interfering cassette containing the v-ATPase
sequence hairpin will be referred to hereafter as
AATPase (Fig. 1a).

Lettuce genetic transformation

The plasmid vector pBtATPaseC3300 was trans-
formed into Agrobacterium tumefaciens strain
EHA105 which was then co-cultured with cut pieces
of lettuce cotyledons, according to the method of Dias
et al. (2006). Briefly, lettuce seeds (cv Verdnica) were
surface sterilized by immersion in Tween 20 0.01%
followed by NaOCl 2.5% for 7 min. The seeds were
then rinsed three times in sterile distilled water and
germinated in a Petri dish containing MS media
solidified with agar 0.8% for 48 h. Cotyledons cut
from seedlings were co-cultured with bacterial sus-
pension (O Dggg of 0.5-1.0) in MS media containing
acetosyringone 0.5 M and glucose 3% for 15 min. The
explants were dried on autoclaved filter paper and
incubated in an MS medium containing sucrose 3%,

naphthalene acetic acid 0.05 mg/L (NAA) and 6-ben-
zylaminopurine 0.2 mg/L (BAP) at 25 + 2 °C for
48 h. The explants were then sub-cultured into the
same medium with addition of glufosinate ammonium
4 mg/L. Proliferating calli arising from the explants
were subcultured into the same fresh medium every
week. Emerging shoots were individualized and
cultured on MS medium containing sucrose 3%,
kinetin 0.5 mg/L, zeatin 0.5 mg/L and glufosinate
ammonium 4 mg/L. The explants were sub-cultured
on a weekly basis until they were fully grown, and then
they were transferred to rooting medium containing
MS basal medium and glufosinate ammonium 4 mg/
L. With the development of roots, explants were
acclimatized in plastic cups containing 50:50 ratio of
soil and vermiculate in a humidity chamber made of a
plastic sac and rubber band. When fully hardened, the
plants were transferred to large pots. With the
emergence of seeds, these were collected and planted
in plastic cups for further screening and analyses.

Screening of transgenic plants

Regenerated plants were first screened using the
immunochromatographic strip test, method of
TraitChek ™ (Romer Labs) based on the manufac-
turer’s recommendation for the detection of PAT
protein. DNA from leaves was isolated using a
modified version of Doyle and Doyle (1987), and
used for PCR analysis using the primer pairs ATPXS/
ATPSK for the detection of AATPase. For the
detection of bar gene, the primers BarF (5'-AAACC-
CACGTCATGCCAGTT-3')/BarR (5-CATCGAGA-
CAAGCACGGTCA-3") were used PCR conditions
were set according to Bonfim et al. (2007).

Progeny analysis

Seeds of the first generation (T;) of self-pollinated
plants were germinated and analyzed for the presence
of AATPase by PCR, as previously described. Pear-
son’s Chi squared (x?) was used to determine whether
or not the observed segregation ratio was consistent
with a Mendelian ratio (3:1 or 15:1), at 95% level of
confidence. For Lines 1, 3, 4, 6, 19 and 25, the sample
sizes were 30 each. For Line 31, where the sample size
small, Yates’s correction factor was used.
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Fig. 1 a Diagram of the vector pBtATPaseC3300 showing the
AATPase interfering cassette The 545 bp fragment of the
whitefly v-ATPase gene was directionally cloned in order to
generate sense and antisense arms flanking the malate synthase
gene intron 3 from Arabidopsis thaliana (Atms-i3) The cassette
was cloned into the pCAMBIA3300 vector, generating the
pBtATPaseC3300, which was used to transform lettuce. b PCR
analysis of 17 transformed lines for detection of the AATPase

Whitefly toxicity assay

The toxicity assay was performed using 20 emerging
(synchronized) young whiteflies inoculated on
4-week-old potted T; plants in plastic cups, which
were then transferred into plastic jars with cover. The
covers were perforated at the top and the hole sealed
with cotton wool to allow air circulation. The popu-
lation of the flies was monitored on a daily basis. The
number of whiteflies per plant was recorded over a
period of 2 weeks until all the whiteflies had died off.
During the third week after inoculation, emerging
eggs, crawlers (nymphs), pupae and adults were
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(upper gel) and the bar gene (lower gel), used for selection of
transformed plants with glufosinate ammonium) C1 is a non-
transgenic plant and C+ is the positive control (vector).
¢ Immuno-chromatographic analyses of PCR-positive plants
for the expression of the bar gene (presence of PAT protein)
showing plants displaying strong (++ and +++) and weak (4)
signals C is a non-transgenic plant

recorded on the leaves by visualizing individual leaves
of each plant under stereomicroscope. Two types of
controls were used; transgenic plants expressing bar
gene with no interfering cassette, and non-transgenic
plants. Emergence of eggs, crawlers (nymphs, all
instar stages), pupae and adults was monitored during
a cycle of 32 days. The system was kept in a 16 h
photoperiod and 25 + 2 °C. Plants were irrigated by
means of hypodermic syringe and carefully removed
using a metal grip for counting of eggs, crawlers,
pupae and adults after every 4 days, starting 11 days
after inoculation. Day 11 after inoculation was con-
sidered day 1 for egg to adult analysis. Seven
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transgenic lines containing the v-ATPase-LEG frag-
ment were used for the bioassay in addition to the two
control lines. For each line, 12 biological repetitions
were used and their mean values used for Tukey
analysis using Prism software, version 5.0.

Analysis of siRNAs

Total RNA from lettuce was isolated using miRNeasy
mini kit (Quiagen) as recommended by the manufac-
turer. The siRNA analysis was carried out as described
by Bonfim et al. (2007). Hybridization was performed
using a DNA probe corresponding to the v-ATPase
PCR fragment amplified using the primer pair
ATPXS/ATPSK labeled with o’’P dCTP and a
random primer DNA labeling kit (Amersham Phar-
macia Biotech.), according to the manufacturer’s
instructions. Hybridization and post-hybridization
washes were conducted as described by Yoo et al.
(2004). Oligomers (18 and 24 nucleotides) were used
as molecular size markers. The bands were visualized
with a fluorescent image analyzer (FLA-3000; FUJI-
FILM). Three independent autoradiographs, corre-
sponding to three biological replicates (individual
plants) were used.

Quantitative real-rime PCR

The transcription level of the endogenous v-ATPase
gene in B. tabaci interacting with transgenic lettuce
leaves (T generation) was determined by quantitative
reverse transcription. RNA isolation and qRT-PCR
were performed as described by Andrade et al. (2016).
Fifty (50) whiteflies were released into bioassay
systems containing lettuce lines 1, 3, 4, 6, 19, 25, 31
and control as described above (whitefly toxicity
assay). After 48 h, total RNA was extracted from the
surviving insects, of which 200 ng from each of the
samples was used to synthesize cDNA using Promega
GoScript™ Reverse Transcription System (Promega,
A5000) as recommended by the manufacturer. Three
biological repetitions of each of the lines were used
for the cDNA synthesis. The primers for the endoge-
nous v-ATPase (TCTTTCCCTCAAACTCCAGC and
AGGCACGATCACCAAGATG) and actin (GACCA
GCCAAGTCCAAACGA and CCTTTGTGGTAGA
GGTCTCAGTT) genes were designed using the

PrimerQuest Tool (IDT Integrated DNA Technolo-
gies, Inc.). Products from the PCR were separated by
agarose gel electrophoresis and sequenced to confirm
their identities. The relative v-ATPase transcription
levels in different RNA samples were normalized with
respect to the internal standard actin gene. Triplicate
quantitative assays were performed on each cDNA
sample. The relative level of the expression was
calculated using the Livak method (Livak and Sch-
mittgen 2001). Results were compared by one-way
ANOVA with Dunnett’s posttest (o = 0.05) to verify
differences between insect groups interacting with
each RNAI expressing lettuce line compared to the
control using Prism software, version 5.0.

Results
Generation of transgenic lettuce lines

In order to assess the effectiveness of RNAi technol-
ogy in generating lettuce plants resistant to whitefly,
we designed and engineered an intron-hairpin con-
struct (AATPase) into which a fragment of a novel v-
ATPase gene from the insect was directionally cloned
to produce sense and antisense arms (Fig. 1a).

A total of 17 independent lines of transgenic lettuce
plants were obtained. All primary transformants (Tg)
appeared normal, and PCR analysis confirmed the
presence of both AATPase and bar cassettes (Fig. 1b).
Progenies of the transgenic lines were analyzed for
determination of the segregation pattern screened for
the presence of PAT protein, using the immunochro-
matographic method. Seven lines revealed a Men-
delian segregation pattern of 3:1 (Line 1: %> = 0.2,
P =0.61; Line 3: y>=0.5, P=0.60; Line 4:
x> = 1.6, P = 0.2; Line 6: y* = 0.5, P = 0.48; Line
1.9: %> = 0.5, P = 0.49; Line 25: 3> = 0.2, P = 0.62
and Line 31: x2 = 0.7, P = 0.41; 1 df); and showed a
strong PAT protein signals (Fig. 1c). Based on these
results, these seven lines were selected for further
analyses.

Total RNA from the seven lines was used for
northern blot analysis to detect the transgene-derived
siRNA in leaves (Fig. 2). Results revealed siRNA
strong bands of expected size range in all transgenic
plants. There was no siRNA signal in the non-
transgenic plants.
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Fig. 2 Detection of the siRNAs isolated from AATPase-
transformed lettuce lines (1, 3, 4, 6, 19, 25 and 31) Ethidium
bromide stained RNA serves as the loading control nt
= nucleotides; C = non-transgenic plants

loadin
contro

Transgenic lettuce plants expressing v-ATPase
siRNA induced high mortality in whitefly

A feeding experiment was performed in which trans-
genic lettuce plants expressing v-ATPase siRNA were
challenged with newly emerged adult whiteflies and
their mortality monitored over a period of 32 days.
Within the first three days, there was a sharp decrease
in the number of whiteflies feeding on all transgenic
lines (Fig. 3). This decrease was significantly lower
and slower in the two controls used (P < 0.05). On day
five, several flies were visible on the control, while
there were only a few on the transgenic lines.

100 * K x * X

- C2
Line 1
Line 3

— Line 6

— Line 19
Line 25
Line 31

50

Mortality (%)

12 3 4 5 6 7 8 9 10 1
Days

Fig. 3 Toxicity of transgenic lettuce plants producing
v-ATPase siRNAs against whiteflies All AATPase-transgenic
plants (Lines 1, 3, 4, 6, 19, 25 and 31) induced higher mortality
than internal control [non-transgenic plants (C1) and plants
transformed with the vector pCAMBIA3300, without the
AATPase cassette (C2)] All transgenic lines were similar and
statistically different from controls in all days (*P < 0.05,
n = 12) Bars represent £ SD
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Whiteflies fed with transgenic plants presented statis-
tically significant higher mortality rate when com-
pared to insects fed with non-transgenic plants or with
transgenic plants expressing only the bar gene
(P < 0.05). Death by ingestion of the siRNA from
the leaves appears to start from the first three days after
interacting with transgenic plants, when more than
50% of the earlier inoculated adults were dead,
whereas only 5% of the population was reduced in
control lines (Fig. 3). On day three, there were
between 15 and 17 insects (corresponding to
76.3—85.0%) on the control lines, while there were
between 6 and 11 (30-546%) insects on the test plants.
This may be translated to a mortality of between 56.4
and 70% in transgenic plants within the first three
days. On day five, this numerical relationship stood at
11 and 12 insects (56.3-56.7%) on the control lines
and 2 and 3 (9.6-16.3%) on the transgenic plants,
corresponding to a mortality of between 83.8 and
98.1% on the test plants (Fig. 3). By the tenth day, the
number of whiteflies was near zero on all the
transgenic plants expressing v-ATPase siRNAs, while
control lines still had a little below 5% of the original
population.

v-ATPase siRNAs in transgenic lettuce promote
low oviposition and delay pupation in whitefly

The cycle of the whiteflies feeding on lettuce plants
was evaluated to monitor the emergence of eggs,
crawlers, pupae and adults. Generally, lower number
of all stages was recorded in flies feeding on the test
plants than on the control lines. Monitoring oviposi-
tion by 20 whiteflies feeding on transgenic lettuce
plants showed that flies on the test plants produced a
lower number of eggs than both controls (P < 0.05).
On the 12th day (day 1 of this count) after inoculation,
the 20 whiteflies deposited between 227 and 231 eggs
and produced between 107 and 125 crawlers in control
lines; while those feeding on the transgenic test plants
produced between 24 and 66 eggs and between 13 and
52 crawlers, respectively (Fig. 4a). The number of
eggs fell in all transgenic lines and in the control
throughout the 32 days of analysis. However, in the
control lines, this fall was sharper within the first nine
days from the counting of eggs. It then slowed down
and fell sharply by the 17th day, when it suddenly
started to rise again. This new rise correlates with the
increasing number of emerging adults. In the test
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Fig. 4 Effect of AATPase dsRNA on oviposition (a), emer-
gence of crawlers (nymphs) (b), emergence of pupa (c) and re-
emergence of adult whiteflies (d) derived from the initial
population of 20 whiteflies feeding on transgenic lettuce lines

plants however, this fall was much slower. Although
insects in lines 3 and 31 appeared to stabilize in
number of eggs over the first week, they all tended to
converge with the remaining transgenic test lines to
show a steep fall by day 9 through day 13. In addition,
several eggs appeared to have been aborted.

The emergence of crawlers followed a similar
pattern to the deposition of eggs, with the number of
crawlers being much lower (Fig. 4b). The difference
between the control and the test lines in terms of
population of nymphs becomes very clear when we
consider the fact that day 1 is the peak day for their
production. Whereas the control lines recorded
between 107 and 125 crawlers, the highest number
of crawlers generated on the transgenic lines on this
day was 48 (Line 4), with the lowest being 14 (Line 6).

Both controls produced pupae earlier and at higher
rates than test plants (Fig. 4c) On day 5, between 5 and
6 pupae emerged on the control lines, whereas there
was no evidence of such an emergence on any of the
transgenic lines. The peak day for the emergence of
pupa on both control and tests plants was day 13.
However, whereas there were between 24 and 25 on

Bars represent == SD *P < 0.05, n = 12, related to controls
(C1 = non-transgenic plants; C2 = plants transformed with the
vector pPCAMBIA3300, without the AATPase cassette

controls, the highest number of pupae from transgenic
plants was 15 (line 4) with the lowest (<2) being
common to Lines 6 and 19.

New adults started to emerge by the 18th day after
infestation in all the control lines. However, this
emergence was delayed by at least 2 days in the
transgenic systems monitored. While the peak for the
emergence of adults for all control lines was on day 17
(with 11 to 13 flies on the day), the peak for the test
plants was on day 13, with the highest number of
adults being 2 only. From then on, adult emergence
diminished on all the transgenic lines (Fig. 4d). This
places emergence in the transgenic line at about 78%
lower than in control. On any given day, there were
more flies per leaf of each of the control lines than in
the transgenic lines. While counting of adult flies was
done at intervals of four days, emerging adults
sometimes died before they were counted. Carcasses
of the flies were clearly visible at different stages over
the period of 32 days.

Again, at the level of eggs, several aborted eggs
were observable. It is not clear if the feeding triggered
the systemic RNAi pathway and was responsible for
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this abortion, or indeed if the molecules acted at
different stages in the development of the whitefly.
What became apparent was that the death of emerging
whiteflies often took place 3 days after they started to
feed on the crop.

Bt v-ATPase was down-regulated in insects
feeding on transgenic lettuce lines

Analyses were carried out to quantify the transcription
level of the endogenous v-ATPase gene in B. tabaci
interacting with transgenic lettuce leaves from seven
different lines (T, generation). Results showed that it
was significantly lower in all the transgenic events
expressing v-ATPase-related siRNA, when compared
to the two types of controls (Fig. 5). There were no
statistical ~ differences among transgenic lines
(P < 0.05). Insects interacting with both control lines
(non-transgenic and transformed with the backbone
vector) presented higher expression levels of the
endogenous v-ATPase when compared with RNAi
expressing lettuce lines.

Discussion

The impetus for the development of whitefly-resistant
plants derives from early reports showing that siRNAs
can effectively interfere with the physiology of insects
leading to impaired growth of larvae, disruption of
feeding habit and ultimately death (Baum et al. 2007;
Mao et al. 2007). In the pioneering work of Baum et al.
(2007), 14 genes were identified and knocked out
using low concentrations of dsRNA, leading to death

g g
=} o

Relative v-ATPase
expression level
-
o

* * *
Nad e
C1 C2 L1 L3 L4 L6 L19 L25 L31
Lines

°

Fig. 5 Relative expression of endogenous B tabaci v-ATPase
in insects feeding on leaves of transgenic lettuce lines for 48 h,
determined by quantitative real-time RT-PCR Data represent
means of three replications (+ SD) *P < 0.05,n = 9, related to
controls (C1 = non-transgenic plants; C2 = plants transformed
with the vector pPCAMBIA3300, without the AATPase cassette
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of Western corn rootworm larvae. With the demon-
stration that tissue-specific mRNAs of different genes
of whitefly could be preferentially silenced by up to
70%, a critical point was reached in the development
of whitefly-resistant plants (Ghanim et al. 2007).
However, any method that seeks to control whitefly
via RNAi must take into account the means by which
siRNAs and/or dsRNA are delivered. Since it is
impracticable to inject every whitefly in the field, oral
delivery and uptake of dsSRNA in the gut have become
imperative (Upadhyay et al. 2011). Indeed, the use of
this approach led to significant mortality of whiteflies
based on artificial diet prepared from dsRNA corre-
sponding to five different genes including v-ATPase
Although Upadhyay et al. (2011) reported a similarity
in the pattern of toxicity of siRNA diets based on the 5
genes, dsSRNA from the A subunit of ATPase was
found to be most effective, with a mortality of more
than 80% over 6 days. In the present work, insect
mortality of between 83.8 and 98.1% was observed
within 5 days of feeding on transgenic lettuce
expressing v-ATPase siRNA (Fig. 3). This represents
an improvement on all the reports so far on silencing of
v-ATPase gene. The improvement is indeed further
enhanced because the method developed in this study
does not only dispense with the preparation of artificial
diets containing siRNA/dsRNA, but also eliminates
the necessity of monitoring mortality under conditions
that may not be easily controlled and therefore require
the use of complex population dynamic parameters for
analysis. The effect of siRNA v-ATPase on a bioassay
employing the use of leaf discs from transgenic
tobacco showed a mortality rate of between 15 and
38% on day 2 and between 34 and 85% on day 6
following infestation (Thakur et al. 2014). A feeding
experiment using dsRNAs that targeted genes within
the molting hormone-ecdysone synthesis and signal-
ing pathway showed low survival and delayed devel-
opment of whitefly during nymphal stages (Luan et al.
2013). An alternative strategy in which glutathione
synthase transferase, coding for GST, an enzyme
known to detoxify insecticides, might be silenced by
siRNAs designed to block its synthesis is quite
attractive. Indeed, it has recently been demonstrated
that dsSRNAs synthesized based on whitefly GST, and
fed to the insect in dietary form, resulted in a mortality
rate ranging from 40 to 77.43% over a period of 72 h
(Asokan et al. 2015). In addition, dsRNAs that target
aquaporin and alpha glucosidase genes have been
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reported to cause 70% mortality (Raza et al. 2016).
The same group showed a 90% mortality when
dsRNAs designed to target AChE and EcR genes of
B. tabaci were expressed in tobacco (Malik et al.
2016).

Although the methods employed in evaluating the
effect of siRNA on mortality of whiteflies by Upad-
hyay et al. (2011) and Thakur et al. (2014) are different
from that used in this study, insect mortality in the
three studies may be averaged within the range of
75-85%. In all cases, mortality was recorded in the
first 10 days of inoculation, irrespective of the number
of whiteflies inoculated or the bioassay system used.
However, the method developed in this work may be
considered superior to the previous two studies in two
aspects: (1) For the first time, RNAi-based strategy
that employs a transgenic crop was used to silence v-
ATPase; (2) it led to the development of a bioassay
system using simple, cheap and reproducible materi-
als, without the need either to synthesize siRNA/
dsRNA for use in feeding experiment or to prepare
diets for the same purpose.

A key factor in monitoring the mortality of
whiteflies as developed in this method is the hetero-
geneity of the freshly emerged adults. While care was
taken in introducing relatively synchronized and only
emerging adult whiteflies of approximately the same
age into the bioassay system, some factors may have
interfered with the overall toxicity of the siRNAs. For
example, physiological barriers, behavioral factors
and geographical orientation of individual whiteflies
on the leaves may have influenced the overall toxic
effect of the siRNA consumed by the insects. In almost
all of the bioassay units used in this study, the
whiteflies tended to colonize the lower leaf of the host
plant with the remaining leaves left non-colonized.
With the subsequent emergence of crawlers and new
adults, they migrated to the youngest available leaf, to
repeat the cycle all over again. Although previous
experience of whiteflies may vary among populations,
behavioral changes in terms of host preference,
oviposition and feeding may arise depending on the
host plant (Shah and Liu 2013). At any rate, this
observation may lead to the use of lower leaves as baits
in a similar bioassay or diet-based analysis to allow for
more stringent control and monitoring of the whitefly
cycle.

The presence of enzymes in insect gut, including
v-ATPase, may also have determined the toxicity of the

siRNAs. For example, the siRNAs may be degraded in
the gut before they can exert their toxic effect, since
there are detoxifying nucleases that may reduce their
availability for gene silencing (Katoch and Thakur
2012). While in situ studies are required to study the
cellular location and physiological effect(s) of the
siRNAs derived in this study, the pattern of death,
which often took place by the third day of contact with
lettuce plants. It suggests that silencing may be in the
gut of B. tabaci, and it is observable at the adult stage
within the first three days of feeding. Clearly, the
dramatic silencing effect leading to the death of insects
is intimately related to the transgenic plant’s ability to
express hairpin RNA that targets gut v-ATPase at fast
rates (Gordon and Waterhouse 2007). This dosage and
time-dependent effect may explain why some of the
whiteflies reached the next generation unharmed and
were able to lay eggs.

Moving forward, a siRNA profile of the entire lines
generated in this study will provide clues to the level
of the molecules within a large population of individ-
uals from different lines. In addition, microscopic
analysis of the insect gut within the first few days of
feeding may furnish valuable physiological informa-
tion on the effect of the siRNA produced by the
transgenic plants. Experiments targeting acety-
cholinesterase (AchE) gene in cotton bollworm using
dietary siRNA reported reduction in larval growth,
pupal weight loss and malformation and death (Kumar
et al. 2009). Similarly, RNAi was used to express
TLR7 dsRNA of whitefly in recombinant ento-
mopathogenic fungi Isaria fumosorossea on China
rose (Hibiscus rosasinensis) knocking down the gene
and leading to mortality of over 90% in nymphs (Chen
etal. 2015). At the level of gene expression, a decrease
in target mRNA levels was reported in light brown
apple moth (Epiphyas postvittana) (Turner et al. 2006)
and red flour beetle (Tribolium castaneum) (Tomoy-
asu et al. 2008). A 62% decrease in the expression
level of ATPase RNA was reported following feeding
with transgenic tobacco plants (Thakur et al. 2014).

How soon RNAi technology may emerge as an
industrial-scale crop protection strategy against sap-
sucking hemipteran pests such as whiteflies, aphids
and leafthoppers, may ultimately depend on the speed
with which similar approaches to the one described in
this study are optimized (Price and Gatehouse 2008;
Upadhyay et al. 2011). Crucial optimization parame-
ters include such vital components as the siRNA
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delivery system as well as the enhancement of the
tissue accumulation of miRNA, siRNA and dsRNA in
sieve tubes by designing transformation vectors with
phloem specific promoters (Buhtz et al. 2008; Kehr
and Buhtz 2008; Pant et al. 2008; Zhang et al. 2013). In
addition, the mechanisms by which processed and
unprocessed dsSRNA and ssRNA are taken up by insect
cells need to be studied and understood further. This
knowledge is crucial for anticipating possible mech-
anisms of resistance and suppression that may arise
under natural field conditions. Moreover, new candi-
date genes need to be discovered and their amenability
to the approach tested RNAi strategies could be
combined with other biotechnological approaches,
such as the use of bacteria or viruses that might
interfere with the viability of whitefly reproduction
(Faria et al. 2016).

In conclusion, 17 transgenic lines of lettuce
expressing siRNAs derived from v-ATPase were
generated and screened. Northern analysis showed
the presence of siRNA specific to the v-ATPase
hairpin-forming sequence in seven of the lines. When
subjected to bioassay, these lines had protective
effects against whitefly by the induction of high
mortality in adults, reduced oviposition and delayed
conversion of pupae to adults. A quantitative RT-PCR
analysis established the cause—effect relationship
between silencing of the v-ATPase gene induced by
ATPase-specific siRNA produced by the host and
impairment of the insect life cycle. Silencing of genes
for the control of whitefly may form the foundation for
a field trial with the ultimate aim of breeding elite lines
of the crops for protection against whitefly and other
sap-sucking insects.
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