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Abstract

RNA interference (RNAi) has been widely applied for uncovering the biological functions of numerous genes, and has been envisaged as a pest
control tool operating by disruption of essential gene expression. Although different methods, such as injection, feeding, and soaking, have been
reported for successful delivery of double-stranded RNA (dsRNA), the efficiency of RNAi through oral delivery of dsRNA is highly variable among
different insect groups. The German cockroach, Blattella germanica, is highly sensitive to the injection of dsRNA, as shown by many studies
published previously. The present study describes a method to demonstrate that the dsRNA encapsulated with liposome carriers is sufficient to
retard the degradation of dsRNA by midgut juice. Notably, the continuous feeding of dsRNA encapsulated by liposomes significantly reduces the
tubulin expression in the midgut, and led to the death of cockroaches. In conclusion, the formulation and utilization of dsRNA lipoplexes, which
protect dsRNA against nucleases, could be a practical use of RNAi for insect pest control in the future.

Video Link

The video component of this article can be found at https://www.jove.com/video/57385/

Introduction

RNAi has been demonstrated as an effective method to knockdown gene expression through a mechanism of a post-transcriptional silencing
pathway triggered by dsRNA molecules in many eukaryotes1. Over the past decade of study, RNAi has become a useful tool to study the
functions of genes from development to behavior by depleting the expression of specific genes via injection and/or feeding of dsRNA in various
taxa of insects2,3. Due to the specificity and robustness of the depleting effect, the application of RNAi is currently being considered as a potential
strategy for pest control management4,5. However, the efficiency of RNAi varies widely between insect species, depending on the different
genes being targeted and the delivery methods. A growing body of evidence suggests that the instability of dsRNA, which is degraded by
ribonucleases, is a critical factor in the limited efficacy of RNAi5,6. For instance, the low RNAi sensitivity in Manduca sexta has been explained by
the fact that the dsRNA mixed with hemolymph was quickly degraded within 1 hour7. Similarly, the presence of alkaline nucleases in the midgut,
which efficiently degrade ingested dsRNA, is strongly correlated with low RNAi efficiency in different insect orders8,9,10.

The oral delivery of dsRNA is particularly interesting for the application of RNAi in a pest control strategy, but a method to retard the degradation
of dsRNA by the nucleases in the midgut has not yet been developed, which would have the potential to ensure effective RNAi through
feeding. However, the unresponsiveness of RNAi to oral delivery of dsRNA has been reported by feeding large amount of dsRNA, e.g. 50 µg
in Bombyx mori, or continuously feeding for 8 days (8 µg dsRNA in total) in the locust species. The German cockroach, Blattella germinica, is
highly sensitive to RNAi by the injection of dsRNA11,12,13,14, but is not responsive to dsRNA through feeding. Recently, Lin et al. (2017) have
demonstrated that the dsRNA encapsulated with liposome carriers results in successful RNAi to knockdown the α-tubulin gene expression in the
midgut and trigger significant mortality of the German cockroach15. As the degradation of dsRNA in the midgut is the limiting factor for oral RNAi,
the liposome carriers serve as a vehicle to protect dsRNA from degradation, which is readily applicable in other insects with strong nuclease
activities in the gut. Of note, the reason for choosing the particular transfection reagent (see Table of Materials) we used as liposome carrier
in the current protocol is that it has been tested for insect cell line transfection with less toxicity, according to the manufacturer's instructions.
According to the comparison of different liposome transfection systems in Gharavi et al. (2013)16, the efficiency of transfecting small interfering
RNA (siRNA) is approximately the same between this and other commercially available systems that have been used for dsRNA delivery
systems in other insects17,18.Furthermore, our feeding method is careful enough to ensure the proper amount of dsRNA is ingested by each
cockroach, and that the results are robust and confirmed. In summary, the present protocol and results demonstrate that using dsRNA lipoplexes
improves dsRNA stability and opens the door to the design of the strategy oral delivery of RNAi, which is a promising approach for pest control in
the future.
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Protocol

1. Synthesis and Preparation of dsRNA

1. Identify the dsRNA target sites in the 3' untranslated region of the target genes. The dsTub is used for targeting the α-tubulin (tub) gene
(GenBank accession number: KX228233), and dsEGFP as a negative dsRNA control is designed from the sequence of enhanced green
fluorescence protein (EGFP; GenBank accession number: LC311024).

2. Perform standard PCR amplification to synthesize the dsRNA templates with gene-specific primers containing the T7 promoter sequence (5'-
TAATACGACTCACTATAGGG-3'). The PCR amplification conditions and primer information used are those reported by Lin et al. (2017)12

(see Table of Materials).
3. Proceed with dsRNA preparation using a T7 Transcription Kit (see Table of Materials), following the manufacturer's instructions.

 

Note: To yield high quantity dsRNA, mix two reactions in one tube (in total 40 µL), and incubate at 37 °C overnight.
4. Add 2 µL of DNase (see Table of Materials) into dsRNA samples for 15 min at 37 °C to digest DNA templates.
5. Add 200 µL extraction reagent (see Table of Materials) and 40 µL chloroform, then vortex.
6. Centrifuge for 10 min at 13,000 x g at 4 °C, then collect supernatant (150 µL) in a new microcentrifuge tube.
7. Precipitate dsRNA by adding 150 µL isopropanol and incubating for 15 min on ice.
8. Centrifuge for 15 min at 13,000 x g at 4 °C, then remove supernatant.
9. Add 200 µL of the 70% ethanol to wash dsRNA pellets. Centrifuge for 10 min at 13,000 x g at 4 °C.
10. Remove the ethanol and repeat the ethanol wash steps.
11. Remove the ethanol and dry dsRNA pellet by centrifugal vacuum concentrators for 3 min, then resuspend dsRNA with RNase-free water.
12. Determine the quantity of the purified dsRNA using a micro-volume UV-Vis spectrophotometer (see Table of Materials) according to the

manufacturer's instructions and adjust to the desired concentration (e.g., 0.25 µg/µL for preparation of dsRNA lipoplexes).
13. Store the dsRNA samples at -20 °C for up to 3 months.

2. Preparation of dsRNA Lipoplexes

1. Dilute 4 µL of the transfection reagent (see Table of Materials) by adding 4 µL of 5% glucose solution. Dilute 4 µL of the dsRNA (1 µg) by
adding 4 µL of 5% glucose solution.

2. Add the diluted liposome reagent solution immediately into the diluted dsRNA solution all at once. Vortex briefly to mix them, then incubate for
15 min at 25 °C.
 

Note: Do not mix the solutions in the reverse order.
3. The dsRNA lipoplexes are ready for use. Use within 1 hour of preparation, and discard after 1 hour.

 

Note: According to the manufacturer's instructions, the lipoplexes should be used as soon as possible.

3. Collection of Extracellular Enzymes from Hemolymph and Midgut Juice

1. Insect saline buffer (10x stock)
1. Mix 900 mL double distilled water with 109.3 g NaCl, 15.7 g KCl, 6.3 g CaCl2, and 8.3 g MgCl2·6H2O.
2. Adjust pH to 6.8, and fill up to 1,000 mL.

2. Hemolymph collection
1. Anesthetize the cockroaches on ice until they do not move for 3 min.
2. Hold the cockroach with two fingers (thumb and index finger), and turn the ventral side of the cockroach up.
3. Use the dissecting scissor to cut off the tip of a coxa of a hind leg off.

 

Note: Cut the connected intersection between the coxa and trochanter. The excision of the other part of coxa was less efficient to
collect hemolymph.

4. Squeeze the abdomen gently with middle finger, and collect the hemolymph bleeding from the incision with a 10 µL micropipette.
5. Pool the hemolymph from several cockroaches (5 individuals) in a microcentrifuge tube.

 

Note: Keep the microcentrifuge tubes on ice to prevent melanization. The average volume of hemolymph obtained from a male
cockroach is 2 - 3 µL.

6. Spin down the hemolymph briefly with a benchtop centrifuge for 10 s.
7. Transfer desired volume of hemolymph (i.e., 10 µL), and mix it with 50 µL of 1x insect saline buffer.
8. Centrifuge for 10 min at 1,000 x g at 4 °C to spin down hemocytes. Transfer the supernatant to a clean microcentrifuge tube.
9. Quantify the total protein concentration using a micro-volume UV-Vis spectrophotometer by measuring A28015.
10. Adjust each sample to have the same protein concentration (6 mg/µL of total protein).

3. Midgut juice collection
1. Anesthetize the cockroaches on ice. Fix the cockroaches ventral side up on the dissection plate with cold 1x insect saline buffer using

insect pins.
2. Dissect the abdomen with fine tweezers. Remove the entire gut (including the front, mid, and hind gut) to a fresh dish with 1x insect

saline buffer.
3. Remove the front and hind gut, and quickly transfer the midgut to a microcentrifuge tube that contains 100 µL insect saline buffer.
4. Pool the midguts from six cockroaches in the same tube, and vortex for 10 s.
5. Centrifuge for 10 min at 1,000 x g at 4 °C to spin down the hemocytes and gut tissues. Transfer the supernatant to a clean

microcentrifuge tube.
6. Quantify the total protein concentration using a micro-volume UV-Vis spectrophotometer by measuring A28015.
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7. Adjust each sample to have the same protein concentration (6 mg/µL of total protein).

4. dsRNA Degradation Assay

1. Freshly prepare 4 µL of the naked dsRNA or dsRNA lipoplexes (1 µg).
2. Mix dsRNA solutions with 10 µL of insect saline buffer (control), extracted enzymes from hemolymph, or midgut juice.
3. Add 2 µL of either EGTA (20 mM) or RNase-free water to separate samples as controls for inhibition of enzyme activities.
4. Incubate for 1 hour or longer (6, 12, or 24 hours) at 25 °C.
5. Add 200 µL extraction reagent and 40 µL chloroform, then vortex.
6. Centrifuge for 10 min at 13,000 x g at 4 °C, then collect supernatant (150 µL) in a new microcentrifuge tube.
7. Precipitate dsRNA by adding 150 µL isopropanol and incubating for 15 min on ice.
8. Centrifuge for 15 min at 13,000 x g at 4 °C, then remove supernatant.
9. Add 200 µL of the 70% ethanol to wash dsRNA pellets. Centrifuge for 10 min at 13,000 x g at 4 °C.
10. Remove the ethanol and repeat the ethanol wash steps.
11. Remove the ethanol and dry dsRNA pellet by centrifugal vacuum concentrators for 3 min. Resuspend dsRNA with 10 µL RNase-free water.
12. Check the integrity of treated dsRNA via gel electrophoresis on a 1.5% agarose gel.

5. Oral Administration of dsRNA

1. Maintain cockroaches on an ad libitum diet of dry food (dog chow). Deprive water supply from the cockroaches one day before dsRNA
ingestion experiments.

2. Hold a cockroach by grabbing its wings with the flexible forceps (Figure 1, step 5).
 

Note: Do not grab the body parts of cockroaches.
3. Prepare the dsRNA lipoplexes, as well as naked dsRNA, for feeding, as described in section 2.

 

Note: The dsRNA lipoplexes should be prepared freshly before feeding.
4. Feed 4 µL of dsRNA lipoplexes or naked dsRNA (250 ng) with a micropipette.
5. Slowly pipet the droplet of the dsRNA solution close to the mouthparts of cockroaches, and let the cockroaches ingest the droplet completely.
6. Perform the ingestion experiments twice a day (1 h after lights on and 1 h before lights off) for 8 days or 16 days continuously.

 

Note: All cockroaches acquired water only through manual feeding with dsRNA solution or control reagents (e.g., nuclease free water,
glucose solution, and liposome reagent) during ingestion experiments.

7. Provide water bottles to the cockroaches after 16 days of ingestion of dsRNA experiments.

6. Assess Knockdown

1. At chosen time points (2, 9, and 17 days after dsRNA ingestion assay), collect the dsEGFP- and dsTub-treated insects and dissect the
chosen tissues (e.g., midgut).

2. Perform quantitative real-time PCR (qRT-PCR). The qRT-PCR amplification conditions and primer information as reported by Lin et al.
(2017)12.

3. Assess the control and dsRNA-treated insects daily to check mortality and remove the cockroaches that are no longer moving.

Representative Results

A simplified scheme of the protocol for the oral delivery of dsRNA is presented in Figure 1, where the key steps for preparation of dsRNA
lipoplexes are shown.

In order to investigate the protection given by liposome carriers upon dsRNA degradation in the midgut juice of B. germanica, an ex vivo assay
where dsTub lipoplexes were incubated with midgut juice was conducted, and the integrity of the dsRNA was subsequently analyzed on a
1.5% agarose gel. Figure 2 shows that strong RNA nuclease activity was present in the midgut juice of B. germanica (Figure 2A), whereas the
liposome carriers were able to protect dsRNA against degradation at least for 1 hour in the ex vivo incubation (Figure 2A, B). As a result, the
oral ingestion of dsRNA lipoplexes was applied twice a day to increase the susceptibility of midgut tissues to RNAi in the following experiments.

Validation of RNAi response through oral delivery of dsRNA was assessed by measuring the depletion effect of tub mRNA expression in the
midgut at different time points after continuous ingestion of dsRNA (Figure 3A). The tub expression in the midgut was significantly depleted after
continuous ingestion of dsTub lipoplexes for 8 days. While the continuous feeding of dsRNA lasted 16 days, the tub expression in the midgut was
significantly depleted in the naked dsTub and dsTub lipoplexes groups (approximately by 24 and 60%, respectively) in contrast to the controls.
Figure 3B shows a consistent, significant increase of mortality after the oral administration of dsTub lipoplexes for 16 days.
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Figure 1: Simplified scheme of oral delivery of dsRNA lipoplexes for cockroaches. The key steps for preparation of dsRNA lipoplexes are
represented for steps 1 to 4. The feeding technique (step 5) is shown in the photo. Please click here to view a larger version of this figure.

 

Figure 2: Ex vivo degradation of dsRNA by B. germanica hemolymph (Hemo) or midgut juice. (A) 1 µg of the naked or liposome-cojugated
dsTub was incubated for 1 h with saline buffer and extracted enzymes from hemolymph (hemo) or midgut juice, respectively. The naked
dsTub, but not liposome-conjugated dsTub, was degraded completely when incubated with 1x midgut juice. The different dilution factors of the
original midgut juice (1x) are indicated. The degradation was inhibited by ion chelation due to EGTA treatment as a control. (B) Time-dependent
protection of liposome-encapsulated dsTub (1 µg) against ex vivo degradation in hemolymph or midgut juice. Of note, the liposome-conjugated
dsTub was degraded completely when incubated with midgut juice after 24 h. The hemolymph and midgut juice were used in the original
concentration for different time periods of incubation. The results are adapted from Lin et al. (2017)12. Please click here to view a larger version
of this figure.
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Figure 3: Effects of RNAi response by ingestion of dsRNA on B. germanica. (A) Quantitative real-time PCR (qRT-PCR) for determining the
relative tub expression in the midgut of the German cockroach after different feeding treatments. The expression levels of different treatments
were normalized to the Glucose group at Day 2. Values are the mean ± SE from three independent experiments (n = 3), each with 3 - 5 biological
replicates. Different letters on the bars indicate significant differences at p <0.05 (ANOVA following Tukey's HSD Post Hoc test) among different
treatment groups. (B) Survivorship of the cockroaches that ingested naked dsTub or dsTub lipoplexes for 8 days (8 d) or 16 days (16 d) (each
cohort of 12 - 15 individuals; n = 3 independent experiments). Values are the mean ± SE. Different letters on the treatment group indicate
significant differences at p <0.05 (Kruskal-Wallis test) for the survivorship. The results are adapted from Lin et al. (2017)12. Please click here to
view a larger version of this figure.

Discussion

This protocol presents a method for effective RNAi through oral delivery of dsRNA lipoplexes, involving protection against ribonuclease digestion
in the midgut juice of the German cockroach. As shown in other studies in various insect species, the poor RNAi effect through oral delivery of
dsRNA is mostly accounted for by the degradation of dsRNA8,9,10. This protocol produces liposomes that serve as protective vehicles in oral
delivery of dsRNA against degradation in the gut. In addition, the preparation of dsRNA lipoplexes is simple and readily applicable as oral RNAi,
in particular for insects with strong ribonuclease activity in the gut.

Compared to other studies that feed relatively large amounts of naked dsRNA in different insects10,18,19, this protocol uses oral administration
of a relatively low amount of dsRNA (0.5 µg per day), which causes a significant depletion of target gene expression in the midgut of B.
germanica. Crucial aspects of the protocol include the precise feeding method and accumulated ingestion of small amounts of dsRNA. Firstly, the
feeding technique is suitable for a continuous ingestion assay and minimizes the variation of the ingested dsRNA quantity per individual insect.
Second, the depletion effect of tub expression in the midgut was shown to increase from 40% at day 9 to 60% at day 17 with continuous oral
administration of dsTub lipoplexes (Figure 3A). Although the naked dsRNA was rapidly degraded with ex vivo incubation of midgut juice within 1
h (Figure 2A), the continuous feeding of naked dsRNA for 16 days also resulted in a significant depletion of tub expression in the midgut (Figure
3A). Moreover, the longer period of continuous feeding of dsRNA lipoplexes for 16 days is a requirement to cause a conspicuous lethal effect by
RNAi.

Although the liposome carriers (see Table of Materials) used here were originally for in vitro transfection of DNA into insect cells, there was
no problem applying this liposome reagent as a vehicle of dsRNA for oral delivery in our insect model. Many studies have also successfully
demonstrated the improvement of RNAi silencing in other insect species using different liposome reagents, which are designed for either DNA or
RNA molecules17,20,21. Nevertheless, the mechanism of dsRNA uptake in the insect gut has not yet been completely studied, and the liposome
delivery system might enhance the uptake of dsRNA into the cells, owing to its biocompatibility with phospholipid structure22. Therefore, the oral
delivery of dsRNA encapsulated in the liposomes could be an appropriate strategy to achieve efficient RNAi due to the retardation of degradation
by the RNases (Figure 2).

One disadvantage of this protocol might be the small amount of dsRNA in the liposome carriers, and thus may require longer periods of
continuous feeding. The restriction of such a particular ratio between dsRNA to liposome (0.25 µg:1 µL) is due to the design of the commercial
liposome reagent, as per the manufacturer's suggestion. The formulations in preparation of liposome nanoparticles with larger diameter size, and
the different charge on the lipoplexes surface, are reported to increase the encapsulation of siRNA and RNAi silencing efficiency23,24. Therefore,
the different liposome nanoparticles can be also used to improve feeding procedures.
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