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The first generation transgenic crops used strong constitutive promoters for transgene expression.
However, tissue-specific expression is desirable for more precise targeting of transgenes. Moreover,
piercing/sucking insects, which are generally resistant to insecticidal Bacillus thuringiensis (Bt) proteins,
have emerged as a major pests since the introduction of transgenic crops expressing these toxins.
Phloem-specific promoters isolated from Banana bunchy top virus (BBTV) were used for the expression
of two insecticidal proteins, Hadronyche versuta (Blue Mountains funnel-web spider) neurotoxin (Hvt)
and onion leaf lectin, in tobacco (Nicotiana tabacum). Here we demonstrate that transgenic plants
expressing Hvt alone or in combination with onion leaf lectin are resistant to Phenacoccus solenopsis
(cotton mealybug), Myzus persicae (green peach aphids) and Bemisia tabaci (silver leaf whitefly).

The expression of both proteins under different phloem-specific promoters resulted in close to 100%
mortality and provided more rapid protection than Hvt alone. Our results suggest the employment

of the Hvt and onion leaf lectin transgenic constructs at the commercial level will reduce the use of
chemical pesticides for control of hemipteran insect pests.

Chemical pesticides have been used world-wide at a large scale for several decades to control insect pests'. Many
of these insecticides not only pollute the environment, but also affect other non-target insects and vertebrates,
including humans?. Additionally, chemical pesticides have a high potential to leach from the site of application to
neighboring terrain or into underground water supplies®. Plants depend on animals for 75% of their pollination?,
and 80% of this pollination is carried out by insects, in particular bees’. Agricultural insecticides show enormous
direct and indirect impacts on non-target beneficial insects including changes in the biochemical pathways®”,
development®?, adult longevity'® and fecundity''. Behavioral modifications have also been observed in beneficial
insects. They tend to have navigation problems and cannot perform their functions in a proper manner when pes-
ticides affect their nervous systems!!~13. It has also been reported that the feeding behavior of insects is changed by
either the repellent action of pesticides, antifeedant properties, or inability to locate food due to reduced olfactory
capacity after exposure to the pesticides*-'¢. Although, only 2% of pesticides were found to affect vertebrates at
agriculturally relevant concentrations, they nevertheless can have developmental, survival, genotoxic, cytotoxic,
immunotoxic, and neurobehavioural effects'”'8. These effects can be direct (e.g. exposure during application)!*2
or indirect (exposure through the consumption of food products exposed to the pesticides)* 2.

Given the profound environmental damage that can be caused by chemical pesticides, there is a clear need to
develop new strategies, both to cope with highly resistant insect species and to avoid the secondary effects caused
by agrochemicals. One approach is to produce transgenic crops expressing insecticidal toxins, such as genetically
engineered potato, corn, and cotton expressing 6-endotoxins from the soil bacterium Bacillus thuringiensis (Bt
toxins)?*. This bacterium, or its encoded Bt toxin, is the globally most commonly used biopesticide?. Due to the
extensive use of Bf genes in many crops, several insect species have developed resistance?. Nevertheless, this tech-
nology has already exceeded the predicted time span that typically passes in the field before resistance emerges to
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most conventional neurotoxic pesticides®®-28. A variety of long-term strategies are being developed to avoid the
development of insect resistance to Bt toxins. One successful approach is to pyramid the expression of several Cry
genes, which encode the production of different Bf toxins, in crop plants®*.

Although constitutively expressed Bt genes have been very successful, in some cases tissue-specific expression
is a better option, for example in epidermal cells, which first come under attack from insects, or in the phloem for
sap-sucking insects®!. Hemipteran insects cause crop damage by taking up phloem sap and also serve as vectors
for more than 200 plant viruses®. As many hemipteran insects feed exclusively from the phloem, effective resist-
ance to these insects can be limited to the phloem cells by expressing genes under phloem-specific promoters.
Using this approach, the expression of resistance genes in non-target parts and tissues can be avoided, thereby
reducing the metabolic load on the transgenic plants. Implementation of this approach necessitates the identifi-
cation and characterization of efficient phloem-specific promoters.

Over the past few years, several phloem-specific promoters have been utilized to develop genetically superior
plants®. Two such promoters are RSsI (isolated from rice) and rolC (isolated from Agrobacterium rhizogenes
strain A4). RSs1 has already been used to regulate the expression of 3-glucuronidase (GUS)*, Galanthus nivalis
agglutinin (GNA)***, and Allium sativum leaf agglutinin (ASAL)* in a phloem-specific manner. The rolC pro-
moter has been used for the phloem-specific expression of the GUS gene in transgenic tobacco®”*® and rice®.

Banana bunchy top virus BBTV, the type member of the genus Babuvirus in the family Nanoviridae, has a
phloem-limited nature. This virus, which is transmitted by the green peach aphid (Myzus persicae), has a multi-
partite genome consisting of six circular ssDNAs (each ~1.1kb), individually encapsulated within separate icosa-
hedral virions (each ~18-20 nm in diameter). Each of the six Babuvirus genome components encodes a different
protein in the sense strand of the virus. These include a rolling-circle replication initiator protein, Rep (encoded
on DNA-R), a protein with unknown function (encoded on DNA-U3), a capsid protein (CP; encoded on DNA-S),
a movement protein (MP; encoded on DNA-M), a cell-cycle-link protein (Clink; encoded on DNA-C) and a
nuclear shuttle protein (NSP; encoded on DNA-N)*'-#4. The intergenic regions of the nuclear shuttle protein and
coat protein coding genes serve as promoters and can be used for expression in plant phloem cells*>°.

Scientists searching for new insecticidal proteins and neurotoxins are attracted by the molecular and chemical
diversity of spiders*’. The most important constituents of many spider venoms are 4-10kDa ligand peptides that
are tightly folded by means of intramolecular disulfide bridges, and which include a great diversity of antagonists
acting on membrane ion channels***. Some of these peptides have the ability to block ion channels at the neu-
ronal level. One such example is w-atracotoxin®, a specific antagonist of insect calcium channels that was recently
isolated from Australian funnel web spiders by screening their venom for activity against cotton bollworms
(Helicoverpa armigera)>“** (see supplementary data Figure S5 for mode of action). Hvt, when expressed from a
bacterial expression system, was topically toxic to insects. In feeding experiments with the chewing herbivores
H. armigera and Spodoptera littoralis (Egyptian cotton leafworm), insects on transgenic plants expressing Hvt
from the 35S promoter were dead within 24 h>-56,

Lectins can be found in all kingdoms of life, ranging from viruses to bacteria and animals. The classical plant
lectins are often found at high concentrations in certain plant tissues (e.g. seeds, bark, and bulbs). However, the
precise function of these proteins is yet to be elucidated. High concentrations in source tissues suggest that lectins
also serve as storage proteins. Additionally lectins can serve as defensive molecules against insect herbivores and
pathogens®”. The first plant lectin shown to be active against Hemiptera was snowdrop lectin (Galanthus nivalis
agglutinin; GNA), which is one of the most extensively studied plant lectins and is easy to purify for investigating
the mode of action®**%>°. The most likely mechanism for the entomotoxic activity involves the interaction of lectin
with different glycoproteins and glycan moieties of insect gut. Lectin binding to likely targets, numerous enzymes
and glycans in the insect body, can interfere with different physiological processes®. Under normal conditions,
when insects take up plant lectins during feeding, the first proteins that come into contact with lectins will thus be
located in the digestive tract. Upon binding, the lectin is able to pass through the gut epithelium barrier®®. GNA
has been shown to bind to the midgut epithelium of Nilaparwata lugens (brown plant hopper) and cause disrup-
tive morphological changes® (see supplementary data Figures S3 and $4).

Cotton, the main cash crop of Pakistan, is threatened by a variety of sucking pests, including whiteflies,
aphids, jassids, thrips and mealybugs. Our longer-term goal is to develop effective strategies for controlling
phloem-feeding insects by gene pyramiding, as well as tissue-specific expression of insecticidal genes in cotton.
Here we show that the expression of Hadronyche versuta (Blue Mountains funnel-web spider) w-atracotoxin (Hvt)
and onion (Allium cepa) leaf lectin from phloem-specific promoters provides protection against three species of
phloem-feeding insects, Phenacoccus solenopsis (cotton mealybug), M. persicae, and Bemisia tabaci (silver leaf
whitefly).

Results

Cloning and GUS expression assay. We successfully amplified the BBTV nuclear shuttle protein (NSP)
promoter (352bp), coat protein (CP) promoter (540 bp), Hvt (117 bp) and onion leaf lectin (333 bp). Constructs
were cloned and sequenced. Homology of all of the sequences was checked by performing BLAST comparisons.
The Hvt gene sequence showed 100% identity to H. versuta spider neurotoxin® and the lectin gene sequence
showed 100% identity to the A. cepa mannose-binding insecticidal leaf lectin®.

Nicotiana tabacum leaves were infiltrated with GUS constructs to test promoter function. The Cauliflower
mosaic virus 35S promoter was used as a positive control and empty-vector, pGreen0029, as negative control, to
assess the BBT V-promoter expression. As the 35S promoter is a constitutive promoter, it showed GUS expression
in whole inoculated patch (Fig. 1a). In contrast, the pGreen0029 (—ve control) did not show GUS gene expression
(Fig. 1b). Both BBTV promoters, NSP and CP, showed GUS expression only in the vascular cells (Fig. 1¢c,d), but
expression from the NSP promoter was stronger than that from the CP promoter (Fig. 2). These results indicate
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Figure 1. GUS-histochemical staining assay for BBTV promoter expression (a) Positive control 2X cauliflower
mosaic virus 35S promoter (b) Negative control pGreen 0029 (¢) BBTV nuclear shuttle protein (NSP) promoter
(d) BBT'V capsid protein (CP) promoter.
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Figure 2. Quantification of GUS expression in Nicotiana tabacum using Image]J 1.50. The four bar graphs
show: pGreen0029 (—ve control), GUS expression from the empty vector; 35S-GUS (+ve control), GUS
expression under 35S promoter; CP-GUS, expression of GUS under BBTV-Coat protein promoter; and NSP-
GUS, GUS expression under BBTV-Nuclear shuttle protein promoter. Each bar represents the mean +/—
standard error of three measurements; dpi = days post infection.

that expression of GUS from both CP and NSP promoters is phloem-limited, making these promotors suitable for
phloem-specific expression of Hvt and onion leaf lectin insecticidal transgenes.
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Figure 3. qPCR analysis for toxin gene expression in transgenic Nicotiana tabacum (a) Hvt gene expression (b)
Lectin gene expression. Different letters above the bars indicate P < 0.01, ANOVA followed by Tukey’s HSD test.
Each bar represents the mean +/— standard deviation of five plants for each line.

Figure 4. Representative pictures of bioassays performed with P. solenopsis feeding on transgenic and control
tobacco plants (a) Plant expressing Hvt protein (b) Plant expressing both HVT and lectin proteins (c) Insect
reproduction on non-transformed N. tabacum.

Transgene Analysis. Transgenic tobacco plants were confirmed to carry Hvt and lectin genes at the T, stage
by PCR. PCR-positive plants were further processed for the extraction of RNA and cDNA synthesis. Quantitative
reverse transcriptase-PCR (qQPCR) showed a single peak in each of the melt curves for the genes of interest, Hvt
and lectin, indicating that there was no non-specific amplification (see Supplementary data Figure S6). To allow
later comparison to insect resistance traits, relative transgene expression levels were quantified in six independ-
ent transgenic lines, two single gene HVT constructs and four double gene constructs (DGC) with both Hvt and
lectin (Fig. 3). In case of the Hvt gene, all of the plants showed good expression. DGC 15 was the most highly
expressing line (relative expression = 1.00), expressing Hvt almost two-fold higher than the H 22 (0.682). DGC 6
is the second most highly expressing line (0.704), while in case of DGC 5, 9 and H 21 the gene was expressed at a
very low level and relative expression was almost the same (0.234, 0.288 and 0.265 respectively) (Fig. 3a).

The results obtained from lectin qPCR are distinct from the Hvt results. In case of lectin, the highest level
of expression was observed in DGC 6 (relative expression = 1.000). The lectin expression in DGC 6 was almost
2-fold higher than in the rest of the lines DGC 5, 9 and 15 (i.e. 0.609, 0.666 and 0.662 respectively) (Fig. 3b). The
relatively high expression level was predicted to make the DGC 6 construct more toxic towards insect pests.

Insect Bioassays. Bioassays were performed in order to assess the effectiveness of the toxin proteins against
P solenopsis, M. persicae, and B. tabaci, all of which are not only major threats to cotton but also feed on tobacco.

Phenacoccus solenopsis. Transgenic plants expressing toxins were exposed to P. solenopsis, with each plant
receiving fifteen P. solenopsis individuals. The mortality data of the insects were collected every 24 h and insects
were observed for the behavioral changes due to toxin ingestion. During the initial 24 h, insects became adapted
to the new environment and settled to feed on transgenic plants. No remarkable changes were observed in the
behavior of the insects. The typical effects of the toxin, in particular slower movement of P. solenopsis, were
observed after 48 h. Almost 28% of the nymphs feeding on DGC 6 and 15 and 10% on DGC 5 and 9 were found
dead, but no mortality was recorded on the plants expressing the single gene construct (SGC), plants 21 and 22.
After 72h, 65% of the insects feeding on DGC 6 and 15 were found dead, followed by 35% mortality on DGS 5
and 9. After feeding for 72 h, approximately 15% of the insects were dead on the SGC 21 and 22 plants. After 96 h,
almost 100% of the insects were killed on DGC 6 and 15 (Fig. 4b), whereas 80% mortality was recorded on DGC
5 and 9. In the case of the SGC 21 and 22 plants, approximately 38% of the insects were found dead. After 120h
feeding, there was 100% insect mortality on DGC 5 and 9 followed by approximately 77% mortality on SGC 21
and 22 (Fig. 4a). The insects feeding on SGC lines were allowed to feed on plants for another 24h, at which time
97% of the insects were found dead (Fig. 5). Only a few adult insects were found alive.
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Figure 5. Graph showing mean percent mortality of P. solenopsis due to the effects of Hvt (SGC 21 and 22)
and combined HVT and lectin toxins (DGC 6, 15, 5, and 9) over time. No insect mortality was observed on
non-transgenic control plants. Different letters above the bars indicate P < 0.01, ANOVA followed by Tukey’s
HSD test. Each bar represents the mean value of the mortality data collected from five plants during three
replicates of the bioassay experiment. The error bars show the standard deviation of the mean values.

The insects feeding on control plants were found to be normal in all aspects. They fed on plants in the usual
manner, gained weight, and multiplied enormously. They were normal in their body movements and spread over
the whole plant when allowed to feed for longer time period (Fig. 4c).

Mpyzus persicae.  After testing the transgenic plants with P. solenopsis, the same plants were exposed to the
M. persicae, to determine whether there are similar toxic effects. To allow recovery from any possible stress due
to insect feeding, plants were left uninfested for 3 to 4 weeks prior to M. persicae exposure. After 24 h feeding,
behavioral changes, particularly very slow movement, were observed in M. persicae feeding on the transgenic
plants DGC 5, 9 and SGC 21, 22. In the case of DGC 6 and 15, there was a remarkable difference in the behavior
and survival of the insects. Approximately 40% of the individuals, mainly nymphs, were found dead on DGC 6
and 15. None of the nymphs feeding on DGC 6 and 15 survived until the next day. After 48 h feeding, almost 80%
mortality was recorded on DGC 6 and 15. Almost 35% of the insects feeding on DGC 5 and 9 were found dead,
whereas very low (7-8%) mortality rate were recorded on SGC plants. After 72 h feeding, 100% of the insects were
dead on DGC 6 and 15, followed by 70% mortality on DGC 5 and 9 and approximately 40% mortality on SGC 21
and 22. Insects feeding on transgenic plants exhibited the typical effects of toxin uptake, including weight loss,
lack of food uptake, lack of movement, jerky movements in the body, and inability to multiply (Fig. 6a,b). On the
DGC 5 and 9 lines, 100% of the insects were found dead when they were allowed to feed on for 96 h, followed by
almost 70% deaths on SGC 21 and 22. Almost 100% of the insects were dead when allowed to feed on SGC 21 and
22 for another 24 h (Fig. 7). On control plants, M. persicae fed normally, gained weight, nymphs moved to the next
growth stage, and multiplied rapidly (Fig. 6¢). A few exoskeletons were also found on the control plants showing
that the insects had molted to the next instar stage (Fig. 6d).

Bamisia tabaci.  Plants were left uninfested for 30-40 days, before being infested with Bemisia tabaci. B. tabaci
took very little time to acclimatize to the plant growth room conditions. After 24 h feeding, almost 50% of the
insects feeding on DGC 6 and 15 were found dead. The rest of the insects showed notable behavior changes. In
comparison to P. solenopsis and M. persicae, the toxin effects in B. tabaci were quite strong and easily noticed.
B. tabaci were found with abnormal jerky and shaky movements, abnormal stretching in the body, and other
symptoms after 48 h of feeding. There was 100% mortality rate on plants DGC 6 and 15 (Figs 8 and 9) after 48h,
followed by approximately 56% mortality on DGC 5 and 9 and 55% in SGC 21 and 22. The insects were allowed
to feed for another 24 h and were found to be dead on all transgenic plants. In case of control plants, the insects
remained alive and active, laid eggs, and grew in a regular manner.

All of the tested insects showed similar physical responses to plants expressing Hvt and lectin, including loss
of body mass, browning of bodies over time, and stretching of legs inwards in case of DGC or outwards in case
SGC, as has been observed previously for neonicotinoid insecticides®>®*. Insects that spent more time on plants
also showed some developmental changes as they moved from one growth stage to the next. In case of M. persi-
cae, some individuals shed their exoskeletons and moved to the next growth stage, and exoskeletons were found
on the plants. P. solenopsis stayed on the plants for a longer time, in particular the adult individuals. However, B.
tabaci did not show such changes, perhaps due to the short time that they spent on the plants.

Discussion

We have presented results from the expression of two insecticidal proteins in a phloem-specific manner in
tobacco. This approach was specifically used to control sap-sucking insects, which take up the toxic proteins
when they are feeding. In the case of a constitutive promoter like the CaMV 35S promoter, there is expression in
almost all cells of the plant during all developmental stages®. Although expression from this promoter is reported
to be low in the phloem cells compared to the other plant tissues®, expression levels for our GUS constructs with
the 35S and phloem-specific BBTV promoters was similar. Expression of transgenes from the 35S promoter can
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Figure 6. Representative pictures of bioassays performed with M. persicae feeding on transgenic tobacco plants (a)
Plant expressing the Hvt gene (b) Plant expressing both Hvt and lectin genes, (c) Alive and multiplying M. persicae
on non-transgenic tobacco (d) M. persicae exoskeletons indicating growth on non-transgenic tobacco.
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Figure 7. Graph showing mean percent mortality of M. persicae due to the effects of Hvt (SGC 21 and 22)
and combined HVT and lectin toxins (DGC 6, 15, 5, and 9) over time. No insect mortality was observed on
control plants. Different letters above the bars indicate P < 0.01, ANOVA followed by Tukey’s HSD test. Each bar
represents the mean value of the mortality data collected from five plants during three replicates of the bioassay
experiment. The error bars show the standard deviation of the mean values.

be used to control phloem-feeding insects®. However, a potential drawback is that continuous overexpression of
insecticidal proteins in multiple tissue types is more likely to cause deleterious effects in the plants.

We used a gene pyramiding technique, both to limit the escape of the insects and for more efficient control. We
found significant mortality, and the dead insects showed interesting physical changes. Insects on plants express-
ing a single protein (Hvt, a neurotoxin) had a low mortality rate when they were examined on a 24-hour basis.
Dead insects showed decreased body mass and browning of the bodies, along with their legs being stretched
outwards (Figs 4a, 6a and 8a). In contrast, the insects feeding on DGC plants also exhibited a mass decrease
and brown bodies, were killed more efficiently, but exhibited different physical characteristics, with their legs
folded inward (Figs 4b, 6b and 8b). The differing physical changes of dead insects, in particular the legs being
stretched inwards or outwards, are likely due to the effect of the toxins expressed in the host plants. In case of the
Hvt, an antagonist of a calcium gating neurotransmitter, the insect nervous system is affected and we observed
the stretched insect body>%>%. In the case of the double protein treatment, a neurotoxin along with a lectin, the
lectin acts upon the digestive tract of the insect. That may explain why, along with jerky and shaky movement of
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Figure 8. Representative pictures of bioassays performed with B. tabaci feeding on transgenic tobacco plants
(a) Plant expressing the Hvt protein, (b) Plant expressing both Hvt and lectin proteins, (c) B. tabaci feeding on
non-transgenic tobacco, (d) Eggs laid by B. tabaci on non-transgenic tobacco.
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Figure 9. Graph showing mean percent mortality of B. tabaci due to the effects of Hvt (SGC 21 and 22) and
combined HVT and lectin toxins (DGC 6, 15, 5, and 9) over time. Different letters above the bars indicate

P <0.01, ANOVA followed by Tukey’s HSD test. Each bar represents the mean value of the mortality data
collected from five plants during three replicates of the bioassay experiment. The error bars show the standard
deviation of the mean values.

the insects, the legs were observed folded inward toward the body. The fecundity of insects was also affected due
to feeding on toxin-producing plants®?¢*. Insects were observed multiplying on the control plants, but not on
the toxin-producing ones. Some of the B. tabaci laid eggs on controls, whereas M. persicae and P. solenopsis were
found to develop into the next instars.

In summary, our results show that expression of genes in target tissues and gene pyramiding are efficient tech-
niques for controlling insect pests. Future research can be directed toward the identification of other promoters
for tissue-specific expression and targeted control of other insect pest species.

Methodology

Promoter identification and cloning. To express the insecticidal genes, phloem-limited promoters were
cloned from a Pakistani BBTV isolate. Two viral components, the capsid protein (CP) and the nuclear shuttle
protein (NSP) were chosen for amplifying the promoters. The intergenic region (IR) was considered as the pro-
moter and sequence-specific primers (Table 1 in supplementary data) were used to amplify the whole IR by PCR.
The deleted part of the NSP intergenic region was used as reported®. The PCR reaction mixture was prepared
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using the Thermo Scientific, USA Taq polymerase kit, containing 1X reaction buffer, MgCl,, 2mM dNTPs,
10 pmol of each primer, 10 ng of template and 0.5 units of Taq polymerase. The PCR reaction was run with the
following temperature profile: initial denaturation temperature 94 °C for 5min, 1 cycle; followed by 35 cycles of
94°C for 30sec, 50 °C for 30sec, 72 °C for 45 sec; and final extension at 72 °C for 10 min. Sacl and HindIII restric-
tion sites were used for cloning into the pJIT166 expression vector®, replacing the 2X 35S promoter upstream of
the GUS reporter gene. In the next step, the complete expression cassette from pJIT166 was excised and cloned
into the pGreen0029 binary vector® at restriction sites Sacl and Xhol, which makes the construct ready for fur-
ther cloning of genes under this promoter.

Agrobacterium transformation.  One pg of the cloned and confirmed plasmid was transformed into Agrobacterium
tumefaciens strain GV3101 by electroporation®. Transformed cells carrying the construct were selected on
LB agar plates containing antibiotics (rifampicin 25 pug/mL, tetracycline 10 pg/mL and kanamycin 50 pg/mL).
Different colonies were picked and the presence of the promoter was confirmed by PCR. A single-colony culture
was prepared from a PCR-positive colony in 50 mL LB containing antibiotics (rifampicin 25 pg/mL, tetracycline
10 pg/mL and kanamycin 50 pg/mL) in a 250 mL conical flask. The medium was incubated at 28 °C and 1.8 RCF
(relative centrifugal force) for 48 h. After 48h, the culture was pelleted by centrifugation in a 50 mL Falcon tube.
The pellet was resuspended in 10 mM MgCl,, 20 uM acetosyringone was added, and the sample was kept over-
night at 4 °C. Nicotiana tabacum (tobacco) plants were infiltrated with the activated culture and kept under con-
trolled conditions of 28 £2°C and 16L/8D for 4-5 days.

Histochemical staining assay. GUS (3-glucuronidase) was used as a reporter gene to check promoter efficiency.
Five days post infection (dpi) leaves were detached and vacuum infiltrated with 50 mM sodium phosphate
buffer pH 7.0, containing ethylene-diaminetetraacetic acid (EDTA), Triton-X100 and X-Gluc (a substrate for
B-glucuronidase)’. Leaves were kept in buffer overnight and incubated at 37 °C. Afterwards the incubation buffer
was discarded and leaves were bleached with 100% ethanol until all the chlorophyll was removed and blue GUS
staining was clearly visible. GUS expression in leaves was quantified by using Image] 1.5 software’"72. The leaf area
showing GUS expression was selected and subjected for the quantification.

Insecticidal gene constructs. The Hvt (GenBank accession number AJ938032) gene was amplified by PCR
using gene specific primers (Table S2 in the supplementary data) and cloned under the NSP promoter of BBTV in
the pGreen0029 vector, using restriction sites HindIII and Xbal.

For double gene constructs, two individual cassettes were synthesized by Bio Basic Inc., Canada. One cas-
sette contained the NSP promoter, Hvt, and the CaMV terminator, whereas the other consisted of the CP pro-
moter, lectin (GenBank accession number DQ255944), and the CaMV terminator. Both cassettes were cloned in
pGreen0029 using restriction sites Sacl and Xhol.

Plant transformation. The final construct in the binary vector pGreen0029 was transformed into
Agrobacterium tumefaciens strain GV3101 by electroporation. A single colony culture, after confirmation by PCR,
was prepared in 50 mL LB containing antibiotics (50 pg/mL kanamycin, 10 pg/mL tetracycline, and 25 ug/mL
rifampicin) at 28 °C and 1.8 RCF for 48 h. Nicotiana tabacum was transformed with the leaf disc method,
using a modified version of a published protocol”. For selecting transformants, MS medium was supple-
mented with 50 mg/L kanamycin, 250 mg/L cefotaxime, 250 pg/L 1-napthalene acetic acid (NAA) and 1 mg/L
6-benzylaminopurine (BAP). The putative transformants were shifted to soil for further analysis.

Transgene Analysis. Seeds collected from T, plants were germinated on kanamycin so all of them have
at least one copy of transgene. These plants were not tested for homozygosity. DNA was extracted from fresh
leaves of transgenic plants at the T, stage using the cetyltrimethylammonium bromide (C-TAB) method”* and
confirmed for the presence of toxin genes and promoters by PCR using sequence specific primers and also by
sequencing.

RNA extraction and cDNA synthesis. Fresh samples were taken from transgenic plants after washing
with diethylpyrocarbonate (DEPC) and kept in liquid nitrogen. Total RNA from transgenic plants at the T, stage
was extracted by using Plant RNA Purification Reagent (Invitrogen catalog number 12322-012) following a
standard published protocol”. Freshly extracted RNA was quantified using a Nanodrop (Thermo Scientific, USA)
and was used to synthesize cDNA with the cDNA Synthesis Kit (Thermo Scientific, USA). Two g of total RNA
was used as a template for the synthesis of cDNA.

Real-time PCR for transgene analysis. Real-time PCR or quantitative PCR (QPCR) was performed to
check the relative expression of transgenes. Here, SYBER Green technology was used to study the gene expression
in transgenic plants. All of the optimization and experiments were carried out using iQ™S5 iCycler (BioRad)
equipment. The 18S ribosomal RNA gene was used as a reference gene and its expression was compared with
the expression of transgenes. Finally, the six best lines were selected for analysis by qPCR, four from double gene
construct (DGC) transgenes and two from single gene construct (SGC) or Hvt transgenes. Three plants from each
line were selected for gene expression analysis.

The reaction mixture (25pL) consisted of 12.5pL of 1X iQ SYBER Green Supermix, 50 ng of sample cDNA,
and gene specific primers (Table S2 in the supplementary data). The PCR reactions were carried out in a 96-well
optical plate in an iQ™S5 iCycler (BioRad) and all of the samples were run in triplicate. PCR was carried out using
the profile: 1 cycle at 94 °C for 5min followed by 40 cycles, each consisting of 94 °C for 30 sec, 52 °C for 30 sec and
72°C for 45 sec. The melt curve analysis was started from 52 °C, with an increase in temperature of 0.5 °C/min.
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Insect rearing. Three sucking pests, P. solenopsis, M. persicae and B. tabaci were used to check the effect of
toxic proteins. Insects were collected from the field and were allowed to feed and multiply on cotton plants in a
glass house under controlled conditions of 37 £2°C, 16L/8D and ~60% humidity. The insects settled very well
on cotton and multiplied enormously.

Insect bioassays. Transgenic plants were grown in a growth room under controlled conditions of 26 +2°C
and 16L/8D. After confirmation by PCR, 8 lines of the DGC and 5 lines of the SGC were grown under controlled
conditions in the T, stage. Four lines of the DGC and two lines of the SGC with the strongest transgene expres-
sion were used for insect bioassays. Five plants of each line at the 34 leaf stage were used for bioassays. Different
phloem feeding insects infested on transgenic plants under controlled conditions. Fifteen individuals of P. sole-
nopsis, 20 individuals of M. persicae and 20 of B. tabaci of mixed populations, consisting of both nymphs and
adults, were allowed to feed on plants to check the effects of toxic proteins. Equal numbers of control plants (wild
type N. tabacum) with equal numbers of insects were also used to get comparable mortality data. The percent
mortality was calculated by the following formula: (number of insect pests found dead on the plant/(number of
the pests allowed to feed on the plant — number of insects that absconded)) x 100.

Statistical Analysis. ANOVA and Tukey’s SD test were used to assess significance in the mortality data using
the statistical software program SPSS-207°.

References

1. Simon-Delso, N. et al. Systemic insecticides (neonicotinoids and fipronil): Trends, uses, mode of action and metabolites. Environ.
Sci. Pollut. R. 22, 5-34 (2015).

2. Moretto, A. & Colosio, C. Biochemical and toxicological evidence of neurological effects of pesticides: The example of Parkinson’s

Disease. Neurotoxicology 32, 383-391 (2011).

. Bonmatin, J.-M. et al. Environmental fate and exposure; neonicotinoids and fipronil. Environ. Sci. Pollut. R. 22, 35-67 (2015).
4. Klein, A.-M. et al. Importance of pollinators in changing landscapes for world crops. Proc. R. Soc. Lond., B, Biol. Sci. 274, 303-313

(2007).

. Morse, R. A. & Calderone, N. W. The value of honey bees as pollinators of US crops in 2000. Bee Culture 128, 1-15 (2000).

6. Papaefthimiou, C. & Theophilidis, G. The cardiotoxic action of the pyrethroid insecticide deltamethrin, the azole fungicide
prochloraz and their synergy on the semi-isolated heart of the bee Apis mellifera macedonica. Pestic. Biochem. Physiol. 69, 77-91
(2001).

7. Bendahou, N., Bounias, M. & Fleche, C. Toxicity of cypermethrin and fenitrothion on the hemolymph carbohydrates, head
acetylcholinesterase, and thoracic muscle Na*, K*-ATPase of emerging honeybees (Apis mellifera mellifera. L). Ecotoxicol. Environ.
Saf. 44, 139-146 (1999).

8. Zanuncio, T. V,, Serrio, J. E., Zanuncio, J. C. & Guedes, R. N. C. Permethrin induced hormesis on the predator Supputius cincticeps
(stal, 1860) (heteroptera: Pentatomidae). Crop Prot. 22, 941-947 (2003).

9. Van Erp, S., Booth, L., Gooneratne, R. & O’Halloran, K. Sublethal responses of wolf spiders (Lycosidae) to organophosphorous
insecticides. Environ. Toxicol. 17, 449-456 (2002).

10. Schmuck, R. Effects of a chronic dietary exposure of the honeybee Apis mellifera (hymenoptera: Apidae) to imidacloprid. Arch.
Environ. Contam. Toxicol. 47, 471-478 (2004).

11. Paul, S. K., Ghosh, H. & Sahu, C. Toxic effects of insecticides in the histomorphology of tests of Diacrisia obliana walker (Arctidae
lepidoptera). Ann. Entomol. 9, 55-60 (1991).

12. Zhang, S. W,, Lehrer, M. & Srinivasan, M. V. Honeybee memory: Navigation by associative grouping and recall of visual stimuli.
Neurobiol. Learn. Mem. 72, 180-201 (1999).

13. Wickers, F. & Lewis, W. A comparison of color, shape and pattern learning by the hymenopteran parasitoid Microplitis croceipes. J.
Comp. Physiol. A 184, 387-393 (1999).

14. Delabie, J., Bos, C., Fonta, C. & Masson, C. Toxic and repellent effects of cypermethrin on the honeybee: Laboratory, glasshouse and
field experiments. Pestic. Sci. 16, 409-415 (1985).

15. Jervis, M. & Kidd, N. Insect natural enemies, practical approaches to their study and evaluation. 63-161 (Chapman & Hall, London,
1996).

16. Polonsky, J., Bhatnagar, S. C., Griffiths, D. C,, Pickett, J. A. & Woodcock, C. M. Activity of quassinoids as antifeedants against aphids.
J. Chem. Ecol. 15, 993-998 (1989).

17. Gibbons, D., Morrissey, C. & Mineau, P. A review of the direct and indirect effects of neonicotinoids and fipronil on vertebrate
wildlife. Environ. Sci. Pollut. R. 22, 103-118 (2015).

18. Sanchez-Bayo, F. Insecticides mode of action in relation to their toxicity to non-target organisms. J. Environment. Analytic. Toxicol.
22/5/2016 (2012).

19. Prosser, P. & Hart, A. Assessing potential exposure of birds to pesticide treated seeds. Ecotoxicology 14, 679-691 (2005).

20. Mineau, P. Barking up the wrong perch: Why we should stop ignoring non dietary routes of pesticide exposure in birds. Integr.
Environ. Assess. Manag. 7, 297-299 (2011).

21. Sotherton, N. & Holland, J. Indirect effects of pesticides on farmland wildlife. In: Hoffman, D. J., Rattner, B. A., Allen Burton, G. &
Cairns, J. (eds) Handbook of ecotoxicology, 2nd edn. CRC Press Ltd, USA, pp 1173-1196 (2002).

22. Morris, A. J., Wilson, J. D., Whittingham, M. J. & Bradbury, R. B. Indirect effects of pesticides on breeding yellowhammer (Emberiza
citrinella). Agric. Ecosyst. Environ. 106, 1-16 (2005).

23. Boatman, N. D. et al. Evidence for the indirect effects of pesticides on farmland birds. IBIS 146, 131-143 (2004).

24. Peferoen, M. Progress and prospects for field use of Bt genes in crops. Trends Biotechnol. 15, 173-177 (1997).

25. Dutta, S. Biopesticides: An ecofriendly approach for pest control. WJPPS 124, 250-265 (2015).

26. Bates, S. L., Zhao, J.-Z., Roush, R. T. & Shelton, A. M. Insect resistance management in GM crops: Past, present and future. Nat.
Biotechnol. 23, 57-62 (2005).

27. Tabashnik, B. E., Gassmann, A. J., Crowder, D. W. & Carriére, Y. Insect resistance to Bt crops: Evidence versus theory. Nat. Biotechnol.
26, 199-202 (2008).

28. Roush, R. & Tabashnik, B. E. Pesticide resistance in arthropods. (Springer Science & Business Media, 2012).

29. Kurtz, R. W,, McCaffery, A. & O’Reilly, D. Insect resistance management for Syngenta’s VipcotTM transgenic cotton. J. Invertebr.
Pathol. 95, 227-230 (2007).

30. Magbool, S. B. et al. Expression of multiple insecticidal genes confers broad resistance against a range of different rice pests. Mol.
Breed. 7, 85-93 (2001).

w

w

SCIENTIFIC REPORTS | 6:34706 | DOI: 10.1038/srep34706 9



www.nature.com/scientificreports/

31.
32.
33.
34,
35.

36.

37.
38.
39.
40.
41.
42,
43.
44.
45.
46.
47.
48.

49.
. Fletcher, J. 1. et al. The structure of a novel insecticidal neurotoxin, w-atracotoxin Hvl, from the venom of an Australian funnel web

51.
52.
53.
54.
55.
56.

57.
. Hilder, V. et al. Expression of snowdrop lectin in transgenic tobacco plants results in added protection against aphids. Transgenic Res.

59.
60.
61.
62.
63.
64.
65.
66.
. Guerineau, E, Mullineaux, P. & Croy, R. Plant transformation and expression vectors. Plant Mol. Biol. 121-147 (1993).

68.

69.
. Jefferson, R. A., Kavanagh, T. A. & Bevan, M. W. Gus fusions: Beta-glucuronidase as a sensitive and versatile gene fusion marker in

71.
72.

73.

DeVilliers, S. M. & Hoisington, D. A. The trends and future of biotechnology crops for insect pest control. Afr. J. Biotechnol. 10,
4677-4681 (2011).

Bajaj, S. & Mohanty, A. Recent advances in rice biotechnology towards genetically superior transgenic rice. Plant Biotechnol. J. 3,
275-307 (2005).

Shi, Y. et al. Use of the rice sucrose synthase-1 promoter to direct phloem-specific expression of 3-glucuronidase and snowdrop
lectin genes in transgenic tobacco plants. J. Exp. Bot. 45, 623-631 (1994).

Rao, K. et al. Expression of snowdrop lectin (GNA) in transgenic rice plants confers resistance to rice brown planthopper. Plant J.
15, 469-477 (2008).

Sudhakar, D. et al. Expression and immunolocalisation of the snowdrop lectin GNA in transgenic rice plants. Transgenic Res. 7,
371-378 (1998).

Dutta, I., Majumder, P., Saha, P., Ray, K. & Das, S. Constitutive and phloem specific expression of Allium sativum leaf agglutinin
(ASAL) to engineer aphid (Lipaphis erysimi) resistance in transgenic Indian mustard (Brassica juncea). Plant Sci. 169, 996-1007
(2005).

Schmiilling, T., Schell, J. & Spena, A. Promoters of the rolA, B, and C genes of Agrobacterium rhizogenes are differentially regulated
in transgenic plants. Plant Cell 1, 665-670 (1989).

Sugaya, S., Hayakawa, K., Handa, T. & Uchimiya, H. Cell-specific expression of the rolC gene of the TL-DNA of Ri plasmid in
transgenic tobacco plants. Plant Cell Physiol. 30, 649-653 (1989).

Matsuki, R., Onodera, H., Yamauchi, T. & Uchimiya, H. Tissue-specific expression of the rolC promoter of the Ri plasmid in
transgenic rice plants. Mol. Gen. Genet. 220, 12-16 (1989).

Amin, I, Qazi, ., Mansoor, S., Ilyas, M. & Briddon, R. W. Molecular characterisation of Banana Bunchy Top Virus (BBTV) from
Pakistan. Virus Genes 36, 191-198 (2008).

Beetham, P. R, Hafner, G. J., Harding, R. M. & Dale, J. L. Two mRNAs are transcribed from Banana Bunchy Top Virus DNA-1. J.
Gen. Virol. 78, 229-236 (1997).

Burns, T. M., Harding, R. M. & Dale, J. L. The genome organization of Banana Bunchy Top Virus: Analysis of six ssDNA components.
J. Gen. Virol. 76, 1471-1482 (1995).

Karan, M., Harding, R. M. & Dale, J. L. Association of Banana Bunchy Top Virus DNA Components 2 to 6 with Bunchy Top Disease.
Mol. Plant Pathol. 12/11/2014 (1997).

King, A. M., Adams, M. J., Lefkowitz, E. J. & Carstens, E. B. Virus Taxonomy: IXth report of the international committee on taxonomy
of viruses. 9 (2011).

Dugdale, B., Beetham, P. R., Becker, D. K., Harding, R. M. & Dale, J. L. Promoter activity associated with the intergenic regions of
Banana Bunchy Top Virus DNA-1 to -6 in transgenic tobacco and banana cells. J. Gen. Virol. 79, 2301-2311 (1998).

Dugdale, B., Becker, D., Beetham, P., Harding, R. & Dale, J. Promoters derived from Banana Bunchy Top Virus DNA-1 to 5 direct
vascular-associated expression in transgenic banana (Musa spp.). Plant Cell Rep. 19, 810-814 (2000).

Quistad, G. B. & Skinner, W. S. Isolation and sequencing of insecticidal peptides from the primitive hunting spider, Plectreurys tristis
(simon). J. Biol. Chem. 269, 11098-11101 (1994).

Olivera, B. M., Miljanich, G., Ramachandran, J. & Adams, M. E. Calcium channel diversity and neurotransmitter release: The w
-conotoxins and w-agatoxins. Annu. Rev. Biochem. 63, 823-867 (1994).

Grishin, E. Polypeptide neurotoxins from spider venoms. Eur. J. Biochem. 264, 276-280 (2001).

spider. Nat. Struct. Mol. Biol. 4, 559-566 (1997).

Atkinson, R., Vonarx, E. & Howden, M. Effects of whole venom and venom fractions from several Australian spiders, including Atrax
(Hadronyche) species, when injected into insects. Comp. Biochem. Physiol. C Pharmacol. Toxicol. Endocrinol. 114, 113-117 (1996).
Atkinson, R. K., Howden, M. E. H., Tyler, M. L. & Vonarx, E. ]. Zeneca Limited. Insecticidal toxins derived from funnel web (Atrax
or Hadronyche) spiders. United States Patent US 5763568 A. Jun 9 1998.

Hardy, M. C,, Daly, N. L., Mobli, M., Morales, R. A. & King, G. E. Isolation of an orally active insecticidal toxin from the venom of an
Australian Tarantula. PLoS One 8, €73136 (2013).

Khan, S. A., Zafar, Y., Briddon, R. W,, Malik, K. A. & Mukhtar, Z. Spider venom toxin protects plants from insect attack. Transgenic
Res. 15, 349-357 (2006).

Shah, A. D. et al. Spider toxin (Hvt) gene cloned under phloem specific RSs1 and rolC promoters provides resistance against
american bollworm (Heliothis armigera). Biotechnol. Lett. 33, 1457-1463 (2011).

Ullah, I, Hagenbucher, S., Alvarez-Alfageme, E., Ashfaq, M. & Romeis, J. Target and non-target effects of a spider venom toxin
produced in transgenic cotton and tobacco plants. J. Appl. Entomol. 139, 321-332 (2015).

Van Damme, E. J., Lannoo, N. & Peumans, W. J. Plant lectins. Adv. Bot. Res. 48, 107-209 (2008).

4,18-25 (1995).

Macedo, M. L. R,, Oliveira, C. E. & Oliveira, C. T. Insecticidal activity of plant lectins and potential application in crop protection.
Molecules 20, 2014-2033 (2015).

Michiels, K., Van Damme, E. J. & Smagghe, G. Plant-insect interactions: What can we learn from plant lectins? Arch. Insect Biochem.
Physiol. 73, 193-212 (2010).

Saha, P. et al. Transgenic rice expressing Allium sativum leaf lectin with enhanced resistance against sap-sucking insect pests. Planta
223, 1329-1343 (2006).

Matsuda, K. et al. Neonicotinoids: Insecticides acting on insect nicotinic acetylcholine receptors. Trends Pharmacol. Sci. 22, 573-580
(2001).

Nauen, R. & Denholm, I. Resistance of insect pests to neonicotinoid insecticides: Current status and future prospects. Arch. Insect
Biochem. Physiol. 58, 200-215 (2005).

Odell, J. T., Nagy, F. & Chua, N.-H. Identification of DNA sequences required for activity of the Cauliflower mosaic virus 35S
promoter. Nature 313, 810-812 (1985).

Grolleau, F. et al. Electrophysiological analysis of the neurotoxic action of a funnel web spider toxin, delta-atracotoxin-Hvla, on
insect voltage-gated Na* channels. J. Exp. Biol. 204, 711-721 (2001).

Soderlund, D. M. & Bloomquist, J. R. Neurotoxic actions of pyrethroid insecticides. Annu. Rev. Entomol. 34, 77-96 (1989).

Hellens, R. P, Edwards, E. A, Leyland, N. R, Bean, S. & Mullineaux, P. M. pGreen: A versatile and flexible binary Ti vector for
Agrobacterium mediated plant transformation. Plant Mol. Biol. 42, 819-832 (2000).
Mattanovich, D. et al. Efficient transformation of Agrobacterium spp. by eletroporation. Nucleic Acids Res. 17, 6747-6747 (1989).

higher plants. EMBO J. 6, 3901 (1987).

Abramoff, M. D., Magalhies, P. ]. & Ram, S. J. Image processing with Image]J. Biophotonics 11, 36-42 (2004).

Pérez-Bueno, M. L., Ciscato, M., Garcia-Luque, I, Valcke, R. & Barén, M. Imaging viral infection: Studies on Nicotiana benthamiana
plants infected with the Pepper mild mottle tobamovirus. Photosynth. Res. 90, 111-123 (2006).

Horsch, R. et al. A simple and general method for transferring genes into plants. Science 227, 1229-1231 (1985).

SCIENTIFICREPORTS | 6:34706 | DOI: 10.1038/srep34706 10



www.nature.com/scientificreports/

74. Stewart, C. N.Jr. & Via, L. E. A rapid C-TAB DNA isolation technique useful for RAPD fingerprinting and other PCR applications.
Biotechniques 14, 748-750 (1993).

75. Amin, I et al. Identification of a major pathogenicity determinant and suppressors of RNA silencing encoded by a south pacific
isolate of Banana Bunchy Top Virus originating from Pakistan. Virus Genes 42, 272-281 (2010).

76. Green, S. B. & Salkind, N. J. Using SPSS for windows and macintosh: Analyzing and understanding data. (Prentice Hall Press, 2010).

Acknowledgements

This work was funded by Higher Education Commission (HEC) Pakistan to carry out research at NIBGE,
and United States Department of Agriculture — National Institute of Food and Agriculture award number
2016-67013-24756 to G.]J.

Author Contributions

S.J. conducted all experiments and wrote first draft. Z.M. and N.A.S. provided Hvt and lectin genes and helped
in analyses. L.A., G.J. and S.M. edited the paper and coordinated the research work. All authors have read and
approved the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Javaid, S. et al. A transgenic approach to control hemipteran insects by expressing
insecticidal genes under phloem-specific promoters. Sci. Rep. 6, 34706; doi: 10.1038/srep34706 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:34706 | DOI: 10.1038/srep34706 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	A transgenic approach to control hemipteran insects by expressing insecticidal genes under phloem-specific promoters
	Introduction
	Results
	Cloning and GUS expression assay
	Transgene Analysis
	Insect Bioassays
	Phenacoccus solenopsis
	Myzus persicae
	Bamisia tabaci


	Discussion
	Methodology
	Promoter identification and cloning
	Agrobacterium transformation
	Histochemical staining assay

	Insecticidal gene constructs
	Plant transformation
	Transgene Analysis
	RNA extraction and cDNA synthesis
	Real-time PCR for transgene analysis
	Insect rearing
	Insect bioassays
	Statistical Analysis

	Additional Information
	Acknowledgements
	References


