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The whiteﬂy Bemisia tabaci (Gennadius) is a devastating polyphagous pest that causes signiﬁcant losses in
several economically important crops worldwide. Although chemical control is the fastest management
strategy, insecticide resistance development poses a greater constraint in whiteﬂy management. In this study,
we used RNA interference (RNAi) technique to understand the role of target of rapamycin (TOR) gene in
whiteﬂy. In insects, TOR plays a crucial role in cell growth, metabolism, proliferation, and reproduction.
Although sequence analyses of TOR revealed 95 nucleotides different in TOR gene sequence compared to
predicted sequence (GenBank accession no. XM019060193.1), but this led to synthesis of only two different
amino acids at positions 1448 and 1768. Phylogenetic analysis of amino acid sequence revealed that TOR gene
of B. tabaci, Acrythosiphum pisum and Nilaparvata lugens were more closely related to each other and were
clustered together. Oral feeding of artiﬁcial diet containing dsRNA viz 2.0, 1.0, 0.5, 0.1 lg/ll corresponding to
TOR gene to adult whiteﬂy resulted in 42.5% adult mortality, reduced fecundity i.e. 36.57 eggs per female, and
62.50% total nymphal mortality in the next generation. The qRT-PCR analysis conﬁrmed the downregulation
of TOR gene expression in adult whiteﬂies upon dstor feeding. These results suggest that TOR gene signiﬁcantly regulates the survival and reproduction in whiteﬂy and can be a potential RNAi target for insect
management.
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1. Introduction
The whiteﬂy Bemisia tabaci (Gennadius) has emerged
as a pest of serious concerns in various agricultural
and horticultural crops worldwide. It is considered as a
species complex of at least 44 cryptic species (Kanakala and Ghanim 2019). It is a cosmopolitan and
polyphagous pest feeding on almost 900 host species
inﬂicting enormous damage to plants both directly by
feeding on plant phloem, honey-dew contamination
leading to fungal growth on plants and reducing
photosynthetic activity, and indirectly by transmitting
more than 117 plant viruses particularly begomoviruses (Czosnek et al. 2017; Kanakala and Ghanim 2018; Jones 2003). Although chemical
insecticides are the fastest route to control whiteﬂy
http://www.ias.ac.in/jbiosci

population, but there are several reports showing
resistance development to carbamates, organophosphates, neonicotinoids and insect growth regulators
(Horowitz et al. 2020). The insensitiveness of whiteﬂies and other sucking pests to Cry toxin produced by
transgenic crops expressing Bacillus thuringiensis (Bt)
has made this strategy not fruitful (Chougule and
Bonning 2012). Also, biocontrol has shown some
good results, but is not proving as a suitable measure
for reducing the pest densities to avoid economic
damage (Yang et al. 2011). Additionally, numerous
biological attributes of whiteﬂies including wide host
range, multivoltine nature, capacity to migrate, hightemperature tolerance, and vector of various diseases
have added trouble in creating robust and ecologically
effective management strategies (Naranjo 2011). Thus,
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it is imperative to have an incentive to develop
alternative management strategies to suppress the
population of whiteﬂies.
RNA interference, a reverse genetic tool which
involves the site-speciﬁc degradation of mRNA by the
action of exogenously delivered double-stranded
RNA, was earlier demonstrated in Caenorhabtidis
elegans (Fire et al. 1998). Because of its targetspeciﬁc property, its potential in different insect orders
like diptera, coleoptera, hymenoptera, lepidoptera and
hemiptera has been intensely investigated. Several
RNAi-based reports have revealed that target gene
knockdown could result in disastrous effects on insect
biology including its impeded growth, development,
and mortality (Christiaens et al. 2020). At the ﬁeld
level, this technique can be harnessed by producing
genetically modiﬁed (GM) crops that express doublestranded RNA against target insect species. Transgenic plants expressing dsRNA corresponding to
genes involved in osmoregulation showed success in
causing whiteﬂy mortality (Raza et al. 2016). Alternative dsRNA delivery methods have also been used
which include oral delivery of dsRNA, root drenching, spray of dsRNA, trunk injection, and seed
soaking (Taning et al. 2020). dsRNA delivery via oral
path seems to be more effective, less traumatic, easy,
less time consuming, and inexpensive approach which
can be utilised for functional genomics studies.
However, the selection of right candidate gene and
method of dsRNA delivery are vital for the effective
deployment of RNAi-based pest management strategy
(Gu and Knipple 2013). Different studies have
underscored the practical utility and prospects of
RNAi for insect pest control (Baum et al. 2007; Pitino
et al. 2011).
The success of genome sequencing of B. tabaci
MEAM1, MED/Q, and Asia II 1 has led to the availability of the number of annotated genes (Xie et al.
2017; Chen et al. 2019; Hussain et al. 2019). RNAi
technique has given the way for screening of right
candidate genes with greater potential for being used in
pest management (Scott et al. 2013). The functions of
various genes viz., AQP, AGLU, v-ATPase, AChR-a,
Tre1, Tret and Hsp 70, actin, drosophila chickadee-like
gene, BtGATAd¸ BtSnap, actin ortholog, ADP/ATP
translocase, a-tubulin, RPL9,V-ATPase, and jhe have
been successfully studied through RNAi in whiteﬂy
(Grover et al. 2018).
Target of rapamycin (TOR) is serine/threonine highmolecular-weight kinase, which enables the cell
growth and proliferation (Laplante and Sabatini 2012).
Several studies in Drosophila melanogaster have

revealed that TOR pathway plays a major role in tissue development, metabolism, aging, feeding behaviour, autophagy, and protein synthesis (Bateman and
Mcneill 2004; Partridge et al. 2011; Wang et al. 2009;
Tettweiler et al. 2005; Teleman et al. 2008). TOR is
inhibited by rapamycin which has immunosuppressive
and anti-tumor properties (Eng et al. 1984; Martee
et al. 1977). TOR is typically regulated at the interface
of lysosomal membrane by several major extracellular
and intracellular cues mainly growth factors (insulin/
IGF), energy status (ATP), stress, oxygen, DNA
damage, and amino acids (Long et al. 2005; Sancak
et al. 2007). It is also considered as the main component of the nutrient signaling pathway in insect
body. Reduction in body sizes of larval and adult
Drosophila and extended pre-adult development were
reported due to the suppression of TOR pathway
(Colombani et al. 2003). TOR pathway modulates
several major processes including mRNA translation
(Richter and Sonenberg 2005), ribosome biogenesis
(Hannan et al. 2003), nutrient metabolism (Peng et al.
2002), and autophagy (Meijer and Codogno 2004).
The role of TOR pathway in regulating yolk protein
synthesis in insects is well documented. Yolk protein
synthesis initiates the reproduction in insects. This
pathway contributes in reproduction by regulating
vitellogenesis and juvenile hormone synthesis in A.
aegypti and American cockroach, Periplaneta americana (Hansen et al. 2005, 2004; Pérez-Hedo et al.
2013; Shiao et al. 2008; Zhu et al. 2020). In Nilaparvata lugens fecundity is reported to be regulated by
TOR pathway via vitellogenesis where silencing of
NlTOR resulted in reduced fecundity which depicted
the signiﬁcance of TOR in reproduction (Zhou et al.
2017). Although TOR is evolutionary conserved in
most of the insect species, it has been sequenced and
characterized in some insects like Bactrocera dorsalis,
Bombyx mori, Nilaparvata lugens, Aedes aegypti,
Haemaphysalis longicornis, Tenebrio molitor (Suganya et al. 2010; Zhou et al. 2010; Zhou et al. 2017;
Hansen et al. 2004; Umemiya-Shirafuji et al. 2012; Jo
et al. 2016).
For the ﬁrst time, we elucidate the role of TOR in
the reproduction and biology of B. tabaci through
RNAi by oral delivery of dsRNA. We investigated
the adult mortality, fecundity and nymphal instar
mortality of next generation. Moreover, we also
determined the full nucleotide sequence of TOR and
comprehended the relationship of TOR in whiteﬂy
with other hemipterans through phylogenetic analysis. The results of the present study suggest that oral
delivery of dsRNA can cause effective silencing of
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Table 1. Primers used in the study
Sr. no. (primer pair)

Forward primer

Primers used for TOR gene ampliﬁcation
1.
BtTOR F1
2.
BtTOR F3
3.
BtTOR F6
4.
BtTOR F7
5.
BtTOR F15
6.
BtTOR F8
7.
BtTOR F9
8.
BtTORF10
9.
BtTOR F2
10.
BtTOR F2
Primers used for dsRNA synthesis
1.
BtTOR-F
2.
GFP2-F
3.
BtTOR-T7-F11
4.

GFP-T7-F

Primers used for qRT-PCR
1.
BtTOR-Q-F
2.
HSP90-F

Sequence

Reverse primer

catcgcaaaatgtctaatactctgatg
actcggaacaaggctgctaa
aggcactcatgcttcgactt
cgagccgtaagacttgaagc
tgcttgtcaatatgggttcttc
cttgctgcgtgttttgactc
caagaacgatggcatgagaa
tactgttcctgcggtggag
catgttagagcgaggacctcaaa
catgttagagcgaggacctcaaa

BtTOR
BtTOR
BtTOR
BtTOR
BtTOR
BtTOR
BtTOR
BtTOR
BtTOR
BtTOR

aatctttggatcgcagccta
gtgcaggagaggaccatctt
ggatcctaatacgactcactatag
gaatctttggatcgcagccta
gaattgtaatacgactcactatagggt
gcaggagaggaccatctt

BtTOR-R
GFP2-R
BtTOR-T7-R11

gttgtcaaaccgtacaaccaatac
atcgccaaatctggaactaaagc

BtTOR-Q-R
HSP90-R

the TOR and could be a potential gene for consideration in RNAi based pest management strategy.

2. Material and methods
2.1 Maintenance of B. tabaci culture in the screen
house
The Bemisia tabaci (Asia II-1) population was maintained on Bt hybrid cotton plants (RCH 773) in screen
house at Entomological Research Farm, Punjab Agricultural University, Ludhiana.

2.2 Sequencing of TOR
Total RNA was isolated from 100 adult whiteﬂies using
Nucleo Spin RNA kit (Macherey Nagel) following
standard protocol. The integrity of RNA was analysed
on agarose gel electrophoresis and quantiﬁed on
Biospectrometer, (Eppendorf). RNA (1lg) was subjected to ﬁrst strand cDNA synthesis using Super
Scriptase III First strand synthesis system (Thermo
Fisher Scientiﬁc) following the manufacturer’s procedure. The predicted sequence of TOR in whiteﬂy was
retrieved from NCBI (GenBank accession no.
XM019060193.1) and a total of nineteen forward and
reverse primers were designed using Primer 3 software

R3
R1
R6
R7
R15
R8
R9
R10
R5
R17

GFP-T7-R

Sequence
atagccacgttcccactgag
ccttttaagggcaggtactgtgac
ggctgcgatccaaagattta
tgtacgggacgcatttgata
ggagttcagagcaagattcg
tgccccacttctgatttacc
caaaccaaagggtgagcaat
cagggacatatgagccaggt
tagcagttgcctgctgaatg
aaattgctcggccaagatag
catgcgtgcactctgttctt
ttgtcggccatgatgtatac
ggatcctaatacgactcactatag
gcatgcgtgcactctgttctt
gaattgtaatacgactcactatag
gttgtcggccatgatgtatac
agcataccaagtagccgaatg
gtgttttgagacgactgtgacggtg

(table 1). Different combinations of forward and
reverse primers were used to amplify 10 overlapping
fragments of TOR using Phusion High-Fidelity DNA
Polymerase kit (Thermo Fisher Scientiﬁc). The PCR
proﬁle consisted of initial denaturation at 98°C for 30 s
(1 cycle), followed by 35 cycles of denaturation at
98°C for 10 s, annealing at 55°C for 30 s and extension
at 72°C (30s/1kb) and ﬁnal extension (1cycle) at 72°C
for 10 min. The ampliﬁed PCR products were run on
agarose gel and bands were visualised under UV rays
(ﬁgure 1). PCR products were gel-puriﬁed by using
NucleoSpin Gel and PCR puriﬁcation Kit (Macherey
Nagel) following the manufacturer’s protocol. The
puriﬁed gene fragments were custom sequenced
through the services provided by ‘‘M/S Xcelris,
Ahmedabad’’ for nucleotide sequencing. The nucleotide sequences from puriﬁed DNA products were edited by using CLC sequence viewer program. Three to
four replications of each fragment were used for
sequence editing. All the replications were compared
and viewed together in software to check the misread
by the instrument and the most common nucleotide
among the replications was included in the ﬁnal
sequence. The ﬁnal edited nucleotide sequence of TOR
was aligned against the predicted sequence of TOR and
observed for any kind of change. The nucleotide
sequence was translated to corresponding amino acid
sequence and aligned against the predicted amino acid
sequence.
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Figure 1. Ampliﬁcation of different regions of TOR gene M1: 50bp DNA ladder (SMOBIO), M2: 1kb DNA ladder
(SMOBIO). Lane 1 to 10 PCR ampliﬁcation corresponding to overlapping fragments of TOR gene of sizes * 813 bp 1443
bp 1122 bp 1200 bp, 700 bp 1256bp, 1219bp, 800 bp 1445 and 1500 bp respectively.

2.3 Phylogenetic relationship
The full length of amino acid sequence of TOR was
aligned, and comparison was done with the sequences
of the following insects (GenBank accession numbers
are given in parentheses): N. lugens (JQ793898.1),
Pediculus humanus corporis (XP_002426707), Acrythosiphon pisum (XP_001948118.2), B. mori isoform 1
(NP_001171774.1),
B.
mori
isoform
2
(NP_001171774.1), Danaus plexippus (EHJ65030.1),
A. aegypti (AAR97336.1), Ceratis capitata
(XP_004531450.1), D. melanogaster (CCB63108),
Blatella germanica (ACH47049), Solenopsis invicta
(EFZ20258), Megachile rotundata (XP_003699312.1),
Bombus terrestris (XP_003399034.1), Apis mellifera
(XP_625130.2) and Apis cerana (XP_016909071.1).
Phylogenetic tree was constructed based on amino acid
sequence of target of rapamycin (TOR) gene by Maximum Likelihood method based on the JTT matrixbased model using MEGA 7 software (Jones et al.
1992; Kumar et al. 2016).

2.4 Double-stranded RNA (dsRNA) synthesis
A set of forward and reverse primers having T7 RNA
polymerase promoter site (ggatcctaatacgactcactatagg)
corresponding to partial TOR and green ﬂuorescent
protein (gfp) genes were designed using Primer 3
software (table 1). gfp served as a negative control gene
for bioassays. Combinations of primer set having
speciﬁc primers and primers with T7 promoter site
were used to amplify the partial TOR (239bp) and gfp
(231bp) for dsRNA synthesis. gfp was ampliﬁed using
mGFP plasmid as a template. Both the forward and
reverse strand of ssRNA corresponding to TOR and gfp
were synthesized using MEGAscript T7 transcription
kit (Thermo Fisher Scientiﬁc) following the manufacturer’s protocol. Both the strands were incubated at
37°C for 16 h. The ssRNAs (sense and antisense

strands) were mixed in a tube and placed in hot water
(75°C) which were allowed to cool slowly up to room
temperature for annealing and synthesis of dsRNA.
The integrity of dsRNA was analysed by subjecting it
to horizontal agarose gel (1%) electrophoresis and
concentration was measured using Biospectrometer
(Eppendorf) (ﬁgure 2).
2.4.1 Preparation of dsRNA incorporated artiﬁcial
diet and leaf cages: Oral feeding method was used to
deliver dsRNAs to whiteﬂies (Grover et al. 2018;
Upadhyay et al. 2011). Brieﬂy, for preparing the leaf
cages, 50 ml plastic conical tubes were cut into smaller
cylinders with the help of sharp knife. The measurements of the cylinder were: 2.5 cm length and diameter
of 3 cm. Five circular holes were cut out from the sides
of the cylinder at an equal distance. Four holes were of
same size (0.75 cm dia) and the ﬁfth one was of bigger
size (1cm dia). Smaller holes were covered with muslin
cloth using glue to facilitate aeration and the bigger
hole was left open for releasing whiteﬂies into it.
Afterwards this hole was plugged with cotton swab. A
ﬁne transparent sheet was pasted on one side of the
tube. Artiﬁcial diet (200 ll) containing dsRNA corresponding to TOR (viz 2.0, 1.0, 0.5, 0.1 lg/ll) was
prepared in 20 per cent sucrose solution. Similarly,

Figure 2. dsRNA synthesis corresponding to TOR and gfp
gene fragments resolved on agarose gel (1.5%). M: 100bp
DNA Ladder (SMOBIO). Lane 1: dsRNA corresponding to
TOR gene (dilution factor-1:10), lane 2: dsRNA corresponding to TOR gene, lane 3: dsRNA corresponding to gfp gene
(dilution factor 1:10), Lane 4: dsRNA corresponding to gfp
gene.
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dsgfp was also prepared for the concentrations 1.0, 0.5,
0.1 lg/ll. The artiﬁcial diet was placed on ﬁnely
stretched paraﬁlm attached on cage and the diet was
sandwiched by stretching another paraﬁlm over the
diet. Sucrose solution (20%) served as control. The
artiﬁcial diet was freshly prepared at room temperature
just before the initiation of feeding bioassay.
2.4.2 Oral feeding bioassay: Oral feeding bioassay
was done thrice in which ﬁrst two bioassays were done
with dsRNA concentrations of 1.0, 0.5, 0.1 lg/ll and
in the last bioassay, additional concentration at 2 lg/ll
of dstor was included to test the effect of higher concentration on whiteﬂy. The adult whiteﬂy pairs of *
24 h old were allowed to feed on dsRNA-mediated
artiﬁcial diet for 48 h in cages for all the treatments and
then adult mortality was recorded. To test the overall
effect of TOR silencing on whiteﬂy survival, we used
both the males and females in this study. The total
number of live females were also recorded. The cages
containing remaining alive whiteﬂies were shifted on
cotton leaves and were allowed to feed and oviposit on
the leaf surface for 72 h. The detailed observations
were recorded daily on different biological parameters
under microscope. After 72 h of oviposition, whiteﬂy
adults were again shifted to another new leaf and
allowed to oviposit. The total number of eggs and ﬁrst
nymphal instars were observed from the older and new
leaves and fecundity per female was calculated. The
area under the leaf cage where oviposition took place
was marked. Twenty nymphs were marked and
observed daily under stereomicroscope binocular (40X)
to study the biology of whiteﬂy. The duration of
nymphal instars and pupae, total nymphal mortality
including ﬁrst, second and third nymphal instar mortality, and pupal mortality were calculated. Adult
emergence from the survived pupa was also recorded.
2.5 qRT-PCR analysis
qRT-PCR study was conducted in two sets. In the ﬁrst
set, the expression of TOR gene was analysed when
adult whiteﬂies were fed on dstor for 48 h and in the
second set, adult whiteﬂies were fed on dstor for 96 h.
Total RNA from immobilized adult whiteﬂies fed on
dstor at 1.0, 0.5, 0.1 lg/ll for 48 h , dstor at 2.0, 1.0,
0.5, 0.1 lg/ll for 96 h and dsgfp at 1.0 ll/lg (negative
control) was isolated using Nucleo Spin RNA kit
(Macherey Nagel) for each treatment separately. 500ng
of total RNA was used for cDNA synthesis using
Superscript III Reverse transcriptase kit following the
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manufacturer’s procedure. The qRT-PCR was performed in duplicates for two biological replicates using
PowerUp SYBR Green Supermix (Applied Biosystems) on Roche light cycler PCR machine. The 15ll
reaction mixture contained 1ll of cDNA (with 1:10
dilution factor), 10 ll of SYBR Green, 1ll of forward
and reverse (10 lM) primers, and 2 ll of nuclease-free
water. The cycling proﬁle consists of 40 cycles each
consisting of an initial holding at 94°C for 3 min,
denaturation at 94°C for 10s, and annealing at 55°C for
30s followed by a melt curve analysis. Relative gene
expression of TOR was analysed using DDCt (Livak and
Schmittgen 2001). Heat shock protein 90 (hsp 90) was
used as an internal control gene to normalize the level
of mRNA. Expression of TOR was calculated by
comparing the normalized mRNA level of TOR gene in
whiteﬂies fed on different concentrations of dsRNA
with respect to dsgfp at 1.0 lg/ll fed whiteﬂies.
2.6 Statistical analysis
The per cent mortality viz., adult mortality, nymphal
mortality, and pupal mortality data was transformed
using arcsine root transformation. The data about different bioassay parameters were analysed by using oneway analysis of variance (ANOVA) in PROC GLIMMIX
in SAS 9.4 (2013) (SAS Institute, Cary, NC). Pairwise
comparison of the mean of every treatment was done by
applying Tukey’s Kramer adjustment (p\0.05).
3. Results
3.1 Sequence analysis of TOR gene
and phylogenetic relationship with other insects
The full-length sequence of TOR was generated by
amplifying ten overlapping fragments of TOR and the
nucleotide sequence was conﬁrmed by using the
BLAST tool offered by National Centre for Biotechnology Information (NCBI) which showed 98.66 per
cent homology with predicted Bemisia tabaci TOR
sequence (GenBank Acc. No. XM_019060193.1). The
resulting sequence is of 7311 bp which encodes a
protein of 2437 amino acids (GenBank Acc. No.
MT90978). Pair alignment of two sequences revealed
that ninety-ﬁve nucleotides were different. Two different amino acids at two positions in the gene as
compared to the predicted sequence were reported i.e.
threonine at position 1448 was replaced by asparagine
(ﬁgure 3A-a) and tryptophan at position 1768 was
replaced by arginine (ﬁgure 3A-b). For explaining the
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3. (A) Alignment of protein sequence of Target of
rapamycin
with
predicted
sequence
of
TOR
(XM019060193.1) in B. tabaci. Encircles highlights changes
in amino acids at position at 1448 and 1768. (B) Phylogenetic tree using amino acid sequence of target of rapamycin
(TOR) gene for different insect by maximum likelihood
method based on the JTT matrix-based model.

b Figure

evolutionary link of TOR gene in B. tabaci, we constructed a phylogenetic tree for 18 insects based on the
amino acid sequence of TOR using Maximum likelihood method. The phylogenetic tree indicated that
hemipterans i.e. B. tabaci, A. pisum and N. lugens were
more closely related to each other than those of other
insects (ﬁgure 3B). The Phylogenetic tree conﬁrmed
the correct identity of TOR gene. This also suggested
that TOR has similar sequence and function in other
hemipterans like A. pisum and N. lugens.
3.2 Knockdown of TOR results in reduced whiteﬂy
survival and fecundity
The feeding of artiﬁcial diet containing dstor has
resulted in signiﬁcant effect on adult mortality as
compared to control (sucrose and dsgfp treated
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whiteﬂies). In the pooled result of ﬁrst two bioassays,
knockdown of TOR has caused 42.50% adult mortality
at dstor at 0.1 lg/ll which was statistically at par with
dstor at 1.0 and 0.5 lg/ll (40.83% and 41.66%) and
signiﬁcantly higher than control (ﬁgure 4A). When the
concentration was increased to 2 lg/ll in the last
bioassay, 26.25 per cent adult mortality was recorded
which was signiﬁcantly higher than control (ﬁgure 4B).
Fecundity was adversely affected when whiteﬂies were
fed with dstor as compared to control. The minimum
eggs (36.57 per female) were recorded at dstor at 1.0
lg/ll which was at par with dstor at 2.0, 0.5, and 0.1
lg/ll. dstor treatments recorded signiﬁcantly lower
fecundity as compared to control (ﬁgure 4C).
3.3 Knockdown of TOR in whiteﬂy adults
increased nymph mortality, but didn’t affect
the developmental period
Total nymphal mortality was highest (56.91 and 62.50
%) as observed at dstor at 1.0 and 2.0 lg/ll in pooled
bioassay and the last bioassay with higher concentration
respectively (ﬁgure 5A & 5B) which was signiﬁcantly
higher than control. The calculations of instar-wise

Figure 4. Bemisia tabaci adults were fed on different concentrations of dstor-mediated artiﬁcial diet for 48 h: (A-B) per cent
adult mortality after 48 h , (C) mean number of eggs laid per female. Different alphabets above the bars designate values that
are signiﬁcantly different from each other (P\ 0.05, Tukey’s test). Error bars represent ± SE.
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Figure 5. Effect of dstor silencing in whiteﬂy adults on the next-generation (A-B) nymphal mortality and (C-D) ﬁrst instar
nymphal mortality. Different alphabets above the bars designate values that are signiﬁcantly different from each other
(P\0.05, Tukey’s test). Error bars represent ± SE.

mortality revealed that a signiﬁcant difference in total
nymphal mortality is only due to the ﬁrst instar nymphal
mortality. The ﬁrst instar nymphal mortality was maximum (42.16 and 49.25 per cent) at dstor at 0.1 lg/ll and
2.0 lg/ll which was signiﬁcantly higher than control
(ﬁgure 5C and D). No difference was observed for second and third instar nymphal mortality in all the treatments. No signiﬁcant effect of silencing of TOR was
observed in the case of pupal mortality, nymphal duration, and pupal duration. Hundred percent adult emergence was seen in all the treatments (data not shown).

3.4 dstor feeding suppressed the expression
of TOR in whiteﬂy adults
qRT-PCR analysis was done to check the level of
silencing of TOR in whiteﬂies through RNAi. After
48 h of feeding, reduced expression of TOR gene
was recorded when adult whiteﬂies were fed on dstor
at 1.0, 0.5, 0.1 lg/ll as compared to whiteﬂies fed
with dsgfp at 1.0 lg/ll (ﬁgure 6A). Signiﬁcant
silencing of TOR gene was recorded when feeding
time was increased to 96 h and adults were fed at

Figure 6. Relative expression of TOR gene in Bemisia tabaci fed on different concentrations of dstor-mediated artiﬁcial
diet: (A) 48 h of dsRNA feeding, (B) 96 h of dsRNA feeding.
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dstor at 2.0, 1.0, 0.5, and 0.1 lg/ll, compared with
dsgfp fed whiteﬂies (ﬁgure 6B). We found that when
the whiteﬂies were fed with dstor for longer period,
the expression level of TOR mRNA decreased as
compared to dsgfp. These results conﬁrmed the
silencing of TOR gene in whiteﬂy when dstor was
delivered to whiteﬂies through artiﬁcial diet sandwiched between paraﬁlm layers.

4. Discussion
The major ﬁndings of the current study include: ﬁrst,
the full-length nucleotide sequence of TOR of 7311 bp
encoding protein of 2437 amino acids was identiﬁed
and submitted to NCBI (GenBank Acc. No.
MT90978). Blast comparison analysis of TOR with
predicted sequence (GenBank accession no.
XM019060193.1) showed disparity in homology of 95
nucleotides. Second, the phylogenetic analysis of TOR
in whiteﬂy with other insects revealed that B. tabaci, A.
pisum and N. lugens were more closely related to each
other and were grouped in one cluster. Third, adverse
effect of signiﬁcant downregulation in the expression
of TOR in whiteﬂy was reported when adult whiteﬂies
were fed with artiﬁcial diet containing dsRNA corresponding to TOR leading to higher adult mortality,
reduced fecundity and effect on next generation was
also seen in terms of nymphal mortality. Bioassays
suggested that knockdown of TOR can lead to detrimental effects on the biology of whiteﬂy. Based on the
results, it can be derived that TOR plays signiﬁcant role
in the regulating survival and reproduction of
whiteﬂies.
For the success and effectiveness of RNAi, ﬁrstly, it
is important to deliver the dsRNA molecule into the
insect body effectively to interrupt the expression of
target gene. We have used oral delivery method to
transport dsRNA in whiteﬂy adults and successfully
downregulated the mRNA levels of TOR. Oral delivery
is indisputably a high throughput way for dsRNA
delivery and has more value for insects that are not
fully suitable to microinjections (Scott et al. 2013). In
whiteﬂy, oral delivery has proven great success in
knocking down various genes (Upadhyay et al. 2011;
Vyas et al. 2017; Grover et al. 2019). Secondly, the
optimum concentration of dsRNA is important for
inducing optimal silencing effect in target gene. In this
current study, we used four different concentrations of
dsRNA and interestingly we found that the silencing
effects are independent of dose concentration. Lower
amount of dstor caused silencing effectively and higher
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doses did not increase the silencing effect but remained
same. This is in contrast to the other RNAi study in
whiteﬂies and Rhyncophorus ferrugineus in which
higher doses of dsRNA increased gene silencing (AlAyedh et al. 2016; Grover et al. 2019). Figure 6A and
B shows that the expression of TOR at all the four
different concentrations of dstor lies closely to each
other which correlates with the insigniﬁcant difference
in all treatments of dstor for adult mortality, fecundity
and total nymphal mortality results. Earlier studies
have emphasized that increasing dsRNA concentration
might not help in increasing silencing (Huvenne and
Smagghe 2010). Moreover, copy number of gene also
impacts the concentration of dsRNA required for
silencing. Gene with lower copy number can require
lower dose of dsRNA to cause silencing.
We targeted target of rapamycin (TOR) gene, a key
component of nutrient signaling TOR pathway, for
knockdown in whiteﬂy. TOR pathway plays crucial
part in regulating cell proliferation and protein synthesis through combining different upstream signals
(Yang and Guan 2007). Adult mortality recorded in our
study can be due to the ineffectiveness of TOR to
perform its various function upon silencing as it plays
important role in growth signaling pathways (Laplante
and Sabatini 2012). For example, dsNlTOR-treated
males of BPH had signiﬁcantly higher mortality as
compared to dsGFP-fed males (Zhou et al. 2017). The
mortality of whiteﬂy treated with dsgfp and sucrose at
48 h of artiﬁcial diet feeding could be owing to the
unavoidable effects of control (Nunes et al. 2013;
Nunes and Simões 2009). The highly conserved TOR
stimulates the synthesis of vitellogenin in fat bodies
and initiate the activation of egg development. We
reported the decrease in fecundity of whiteﬂy upon
TOR knockdown which implies that regulation of
vitellogenin through TOR probably affected fecundity.
In N. lugens, silencing of TOR resulted in declined
fecundity, which was associated with lower expression
of vitellogenin, thus signiﬁes that TOR is regulating
fecundity (Zhai et al. 2015). Similarly, in A. aegypti,
lesser number of eggs and smaller ovaries were
observed due to TOR silencing (Hansen et al. 2004).
Several studies in different insects, e.g., B. germanica,
Bactrocera dorsalis, A. mellifera, showed the direct
link of vitellogenin with TOR (Maestro et al. 2009;
Suganya et al. 2010; Patel et al. 2007). Also, in male
BPH, NlTOR had complex functions in male fertility.
The impact of dsNlTOR was found to be more tissuespeciﬁc on the accessory gland’s development in males
and the accessory glands were poorly developed and
lost the function of creating seminal ﬂuid (Zhou et al.
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2017). Reduction in fecundity might be due to adverse
effects of dsRNA on male or female reproductive
organs. Future studies are needed to investigate if
knockdown of TOR has more pronounced effects on
one sex over other in whiteﬂies.
The survival of nymphal instars of N. lugens
decreased with the treatment of dsNlTOR as compared
to dsgfp. Spatio-temporal NlTOR gene expression
suggested that this gene might be important for BPH’s
development (Zhou et al. 2017). The initiation of
molting of larval instars is mediated by the presence of
amino acids sensitive pathway in Manduca sexta.
When the TOR inhibitor rapamycin is applied on the
larval stages, the growth of prothoracic glands suppressed relative to the whole body which is further
accompanied by the suppression of ecdysone production in M. sexta. Increased level of rapamycin also
affects the growth rate negatively revealing that the
TOR signaling plays a role in systemic growth
(Kemirembe et al. 2012). Silencing of TOR in adult
whiteﬂies is effective till ﬁrst instar nymphs but ineffective at later developmental stages. It might be possible that the persistence of dsRNA-mediated diet
effects only upto initial development phases of whiteﬂy
progeny, but it was beyond the purview of this study to
examine whether this sort of mortality is due to parental RNAi effects.
Our current study proves that TOR plays an important role in insect biology and reproduction of whiteﬂy.
However, it is not clear that whether TOR disrupts
insect physiology directly or by interfering with other
biochemical pathways in insect. Future studies are
needed to dissect the exact mechanism underlying TOR
in insect physiology. Based on the current results, it is
more likely to produce stronger effects with increased
dsRNA feeding time. These results clearly signify that
dsRNA corresponding to TOR, mediated artiﬁcial diet
delivered orally in whiteﬂies could lead to decline in
transcription level of TOR gene which ultimately affect
the whiteﬂy survival and fecundity. Also, this study
offers that TOR can be possibly considered as potential
gene target for deploying RNAi strategy for whiteﬂy
management. Solid bioassays are required to be performed beforehand at ﬁeld level to optimise the dose of
dsRNA suitable for the synthesis of dsRNA-related
spray along with the evaluation of its effects on nontarget organisms is also imperative. RNAi via expression of dsRNA in transgenic plants also offers a good
potential technology for whiteﬂy control. Since we
have investigated and sequenced TOR of B. tabaci
genetic group Asia II 1, it would be fascinating to study
the homology of mRNA-TOR of other B. tabaci

genetic group prevailing over the world in order to
develop single RNAi-based tactic for the global control
of whiteﬂy.
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