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ABSTRACT
Double-stranded RNA (dsRNA) triggers RNA interference (RNAi), leading to the directed silencing of specific 

genes. This mechanism has become significant and recognized as a sustainable tool in crop disease and pest-

management applications. In vivo transcription of dsRNA in bacterial cells and in vitro transcription using kits are 

two methods of dsRNA production at laboratory scale. Design and testing of dsRNA at laboratory-scale requires 

efficient dsRNA production that yields large and high-quality dsRNA in a relatively lower price. In this report, 

we present an optimized protocol for production of double-stranded RNA (dsRNA) from bacterial cultures, achieving 

significantly higher yields compared to existing laboratory methods by five-fold (on average). Post extraction 

enzymatic digestion experiment revealed that the extracted dsRNA is pure and contains no trace amount of 

genomic DNA or single-stranded RNA (ssRNA) contamination. This study holds significant implications for 

RNAi-mediated gene silencing in agricultural biotechnology, particularly in crop protection.
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INTRODUCTION

RNA interference (RNAi) is a simple and rapid method of 
transcriptional as well as post-transcriptional gene silencing 
triggered by double-stranded RNA (dsRNA). This response 
leads to the reduction of expression and even suppression of 
specific genes either by breaking down their respective mRNA 
or by obstructing the translation process [1]. Ever since its 
initial identification in 1998 in the nematode Caenorhabditis 
elegans, RNAi has undergone significant development, 
evolving into a powerful molecular technique that can 
precisely inhibit gene expression [2]. It has extensive 
applications across various organisms. In addition to its 
fundamental role in gene function studies through RNAi-
mediated gene silencing, RNAi is also being used for a wide 
range of practical applications. Spray Induced Gene Silencing 
(SIGS) technology is being developed as a potential bio-friendly 
alternative to the Virus Induced Gene Silencing (VIGS) and 
Host-Induced Gene Silencing (HIGS). For the field application 

of the exogenous dsRNA, either naked or nanoparticle mediated 
dsRNA can be applied onto the host species.

SIGS based RNAi technology has the potential to reduce the 
reliance on synthetic chemicals for controlling crop diseases and 
pests. Because of its potential, this technology has attracted the 
attention of environmentalists and investors in different 
companies such as Syngenta, Bayer as well as Greenlight 
Biosciences [3]. When proof of concept of the product is 
completed, a scale up and chemically producing the ribonucleic 
acids at large scale is economical. Such exogenous dsRNA 
treatments require 2-10 g of dsRNA per hectare [4]. This dosage 
may vary depending on the specific target organism, the crop, 
and other environmental factors. However, during R & D 
process, when the dsRNA molecules are being designed, 
produced, and tested at the laboratory scale, large scale 
production is not economical. R&D Laboratories uses either in 
vivo or cell-free methods (https://www.greenlightbiosciences.com, 
accessed on Jan 2, 2024)  for the production of dsRNA to enable 
their design, development, and testing of their dsRNA.
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have a role in growth, development, Deoxynivalenol (DON) 
production and pathogenicity of the pathogen. These genes 
include MGV1, RAS1, YCK1, CAK1 and FgPp2A [16-19]. Firstly, 
we utilized the NCBI taxonomy browser to access the 
information on the Fusarium gramineraum strain PH-1. 
Subsequently, we navigated to the gene section and applied a 
filter by entering the gene ID to retrieve each of the gene 
sequences. The sequences were then subjected to a BLAST 
analysis against the Fusarium graminearum PH-1 (Taxid: 229533) 
genome database to identify potential homologous genes. For 
each gene, a 600-700 bp of the coding sequence was used to 
analyze and selection of the best regions for designing dsRNA. 
We analyzed the coding sequence by using the pssRNAit 
pipeline [20]. The search parameters applied to the pssRNAit 
were set to identify a 100-300 region with maximum numbers of 
predicted siRNA sites in Fusarium graminearum genome. The best 
predicted region by using pssRNAit pipeline, that is expected to 
yield several siRNA sites with high efficiency, was selected for 
cloning and in vivo transcription procedures. We further blasted 
the predicted regions for potential off-targets in the wheat 
genome as well as in human genome and confirmed no off-
target sites in human and wheat.

In vivo transcription

Our approach for in vivo transcription involved cloning of the 
coding sequence of predicted region into an expression vector 
first. We used the plasmid vector, L4440- Addgene 1654. This 
vector was developed by Andrew Fire and Craig Mello as a 
revolutionary contribution to the field of RNA interference 
(RNAi) in the nematode Caenorhabditis elegans [2]. We used 
L4440 vector containing an ampicillin resistance gene and 
double T7 promoters in inverted orientation, flanking the 
multi-cloning sites [2]. For our design, we used restriction 
enzymes PstI and KpnI (New England Biolabs, MA). The 
recombinant L4440 vector harboring the coding sequence of 
predicted regions of each gene was transformed into the RNase 
III-deficient Escherichia coli strain HT115 (DE3) following the 
standard transformation procedure [21].

Induction of dsRNA

A single fresh colony of bacteria after transformation was 
inoculated into 3 mL LB+antibiotic (100 µg/mL ampicillin, 
12.5 µg/mL tetracycline) and was grown to nearly stationary 
phase. Such culture was again inoculated to new LB media and 
was cultured overnight including antibiotics at 37 C with 
shaking overnight. Culture was further diluted to 1:100 with a 
final volume of 400 mL in LB+antibiotics and grown to 
OD600=0.4 with the shaking speed of 225 rpm. Such 400 ml 
was divided into four technical replicates each having 100 ml 
during the final dsRNA extraction. Bacterial cultures were 
induced to produce dsRNA by adding sterile IPTG to 0.5 mM 
[22]. After 2.5 hours, additional IPTG was added to a final 
concentration of 1 mM along with antibiotics (100 µg/mL AMP 
and 12.5 µg/mL/TET) and incubated at 37ºC with shaking 
additional 2.5 hours. Induced bacterial cultures were used for 
the purification of dsRNA following our optimized protocol.
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Research on the exogenous application of the dsRNA for the 
plant disease management as well as gene function studies have 
been increased in the past years. For the laboratory scale, one 
way to do such studies is to use the commercially available kits 
such as Megascript kit or use of T7 RNA polymerase. Such 
options are highly expensive (Price for Megascript ~is    600 for 20 
reactions) and thus therefore are not feasible for the repeated 
experiments. One of the best alternatives to such the expensive 
kits is microbial dsRNA production using bacteria in vivo. A key 
requirement for the success of RNAi applications is efficient 
production of dsRNA. Although, previous researchers have 
developed and proposed few protocols for the in vivo production 
and extraction of the dsRNA from bacterial cultures [5-9] 
improvement of dsRNA production and extraction protocol in a 
cost effective and reproducible manner is always in demand.

The in vivo synthesis strategy is more likely to reduce dsRNA 
production costs and increase yields in the future [10]. The 
dsRNA produced in engineered bacteria cannot be secreted 
directly outside the cell. Therefore, lysis, extraction and 
purification are required to obtain dsRNA. The lysis of cells can 
be performed by ultra-sonication, enzymatic lysis, boiling lysis, 
while Sodium Dodecyl Sulfate (SDS) can be used to enhance the 
lysis [11]. After the cell wall is broken, the nucleic acid can be 
released to obtain a crude extract of RNA. However, with the 
use of RNase A prior to TRIzol reagent pure dsRNA can be 
obtained. However, extracting, and purifying dsRNAs are 
relatively complicated and need to be further optimized.

Fusarium Head Blight (FHB) is a devastating fungal disease of 
hexaploid wheat (Triticum aestivum) caused by Fusarium 
graminearum. Availability of Resistant (R) genes against the 
Fusarium graminearum in wheat is limited to Fhb1 shown to 
provide a reasonably high level of genetic resistance against 
FHB, and lately Fhb7 which was shown to only decrease 
Deoxynivalenol (DON) content in grains post-infection [12-15]. 
This makes dsRNA induced gene silencing one of the 
alternative mode of resistance when R genes are rare such as 
Fusarium wilt in the tomato eggplant, bean, and watermelon.

This method is exactly what we adopted in our previous study in 
which the dsRNA production for RNAi was used for two genes-
MGV1 and RAS1 in wheat against Fusarium graminearum [3]. Our 
previous study used the surface-functionalized graphene 
quantum dots (GQDs) as carriers to deliver double-stranded 
RNA (dsRNA) where the dsRNA-GQD conjugation was 
effective for the control of Fusarium graminearum. This method 
paper covers the detailed experimental approaches for five genes 
during the production of dsRNA for RNAi studies.

MATERIALS AND METHODS

Gene selection and vector construction

This protocol was developed in the context of biocontrol of 
Fusarium head blight disease of wheat caused by fungus Fusarium 
graminearum. We selected genes that were previously  shown  to
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• LB Broth Miller, fisher bioreagents, Lot: 225589
• Sodium dodecyl sulfate (Lauryl), Thermo Scientific, Ref:

28364, Lot: YB361182
• TRIzol Reagent, Invitrogen, Catalog number: 15596026
• Ethylenediamine tetraacetic acid (EDTA), Invitrogen by

Thermo Scientific, PH 8.0, Lot: 01269799, Ref: AM9260G
• Tris-HCl, Invitrogen by Life Technologies, UltraPure 1M Tris-

HCI, pH 8.0, Ref: 15568-025, Lot: 2517922
• Isopropyl-β-D-thiogalactopyranoside (IPTG) (Dioxane-free),

Fisher BioReagents, Lot: 220900, CAS: 367-93-1
• RNase A, Thermo Scientific, REF: R1253
• Ampicillin Sodium Salt, Fisher BioReagentsTM

• Tetracycline, Thermo fisher scientific, Cas no: 60-54-8
• DNase I (RNase-free), New England Biolabs, Catalog#M0303S
• DNase I Reaction Buffer, New England Biolabs,

Catalog#B0303S
• Ambion™ RNase III, Thermo fisher scientific,

Catalog#AM2290 (10X Reaction Buffer included)

Buffer recipes

RNAse A buffer: Add 2.5 mL of 1M Tris-HCl and 1 mL of 0.5M 
EDTA, add autoclaved milli-Q water up to 50 mL.

Detailed extraction procedure

• Fill 50 ml of bacterial culture to the falcon tube, 
centrifuge@8000 RCF for 10 minutes@RT, discard the 
supernatant, and repeat the same procedure for the remaining 
50 mL of culture.

• Add 5 mL of 0.25% SDS in the falcon tube either shake 
gently or use wide bore 5 mL pipette tips for the resuspension 
of the pellet.

• Boil the resuspended culture tube with SDS in 85°C for 5 
minutes and incubate at RT for 10 minutes.

• Add 1.5 mL of RNAse buffer in each tube and add 10 ul of 
RNAse A solution in each tube.

• Incubate the solution in 37°C for 30 minutes. Again, incubate 
at 4°C for 10 minutes.

• Add 5 mL of TRIzol in each tube, mix and add 3 mL 
of chloroform, vortex gently and incubate at 4°C for 3 
minutes.

• Centrifuge at 4°C for 15 minutes@8000 RCF.
• Pipet out upper layer (9 ml-10 ml) and add 6 mL of

isopropanol and mix up and down for 4-6 times.
• Incubate at -20°C overnight, again centrifuge for 15 minutes

at 4°C centrifuge@8000 RCF.
• Wash the pellet with 10 ml of 70% cold ethanol, centrifuge

for 2 minutes at 4°C centrifuges@8000 RCF.
• Air dry the pellet for 30 minutes and re-suspend the pellet

adding 10 mL of autoclaved ultrapure Milli-Q water, store in
4°C for short term storage and -20°C for long-term storage.

RESULTS AND DISCUSSION

Production and validation of the dsRNA

This report presents an optimized protocol for production of 
dsRNA from bacterial cultures. The successful production of 
high-quality dsRNA across multiple and diverse sequences 
demonstrates the efficacy of the protocol. Extraction results of 
the dsRNA for five different dsRNA along with their quantity 
(µg of dsRNA/mL of bacterial culture) are presented in Figure 1. 
The quality parameters of all extracts for A260/280 ranged 
between 1.9 and 2.1 and the A260/230 parameters ranged 
between 1.7 to 2. Our results show the fast and straightforward 
production of dsRNA from the bacterial culture while 
maintaining higher yields without compromising the quality as 
well.
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Post-extraction enzymatic validation

This experiment was conducted to validate and confirm the 
absence of trace amount of genomic DNA or single-stranded 
RNA (ssRNA) in the extracted dsRNA. The dsYCK1 and 
dsFgPp2A extracts were subjected to DNase I (New England 
Biolabs) and RNase III (Thermo fisher scientific) treatment for 
further validation of product purity and quantification. With the 
treatment of DNase I, we aimed to remove any genomic DNA 
and with RNase III treatment, we aimed to confirm the presence 
of dsRNA in the samples. To do so, 7.5 microgram (μg) of each 
the dsYCK1 and dsFgPp2A were diluted in nuclease free water to 
a final volume of 25 μL for enzymatic treatments. Diluted 
samples were treated with either DNase I, RNase III, or both 
enzymes as per the manufactures’ instruction, and products were 
visualized with the samples receiving no enzymatic treatments on 
a 1.5 % agarose gel.

Reagents and equipment
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Figure 1: Concentration of dsRNA from bacterial culture for 
five genes of Fusarium graminearum per OD600 ml. The 
standard errors are based on four technical replicates each 
containing 100 mL of bacterial cultures. Note: 
Bacterial culture-(           )



times greater than the average of productions in previous 
reports (Figure 3).

The challenges and proposed modifications

Several methods have been devised for the extraction of dsRNA 
produced by bacteria, intended for applications in various 
research areas such as crop protection, vector control, and 
functional genomic analysis [5,7,11,27]. These protocols typically 
rely on commercially available phenol–guanidine-based reagents, 
such as TRIzol Reagent, which provide a comprehensive solution 
encompassing cell lysis, protein denaturation, and 
theinactivation of nucleases using the chaotropic agent 
guanidinium thiocyanate, combined with phenol. Among these 
methods, the protocol established by Ongvarrasopone and 
colleagues has consistently demonstrated superior results for 
dsRNA yield and purity [5]. A recent study has proposed an 
alternative approach by substituting TRIzolTM with a more cost-
effective chemical mixture, P/C/I (25:24:1) at a slightly acidic 
pH range of 4.5-5. This alteration resulted in a higher incidence 
of co-purified bacterial RNAs and genomic DNA [28]. This 
situation necessities for the continued use of the TRIzol 
based dsRNA extraction protocol in laboratory scale although 
being slightly more expensive than the above-described 
chemical synthesis method.

Cell lysis represents an essential step in the process of extracting 
dsRNA produced by bacteria since failure to achieve proper lysis 
could result in the loss of dsRNA. Previous approaches have 
demonstrated that pretreating cells through sonication, heating, 
or enzymatic digestion can enhance the yield of dsRNA 
extraction. Nevertheless, it has been observed that dsRNA 
extracted from sonicated samples exhibits weaker bands and 
background smearing, indicating potential dsRNA degradation 
[7,25].

Our optimized dsRNA production protocol combines the 
factors from the conventional control and heating method with 
the use of TRIzol We have demonstrated that boiling 
bacterial cells in an optimized volume and concentration 
of the previously used SDS buffer effectively achieves cell 
lysis while maintaining both the quantity and quality of 
dsRNA (Figures 1 and 2) [5]. The use of 0.25% SDS and heat 
treatment at 85ºC for 5 minutes followed by incubation at 
room temperature is likely effective in lysing bacterial cells 
and denaturing proteins, facilitating the release of dsRNA. 
This eliminates the necessity for additional cell lysis 
treatments. In addition, high activity of RNase A can be 
obtained in the pH range of 7.6-8.0. Therefore, we changed the 
pH range to 8 instead of 7 (EDTA>PH 8.0, Tris-HCl>pH 8.0). 
The volume of TRIzol is one of the important factors in 
our extraction as deviation from that reduced the yield. 
Other modifications are incubation times and 
centrifugation parameters (see detailed extraction procedure 
section).
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In enzymatic validation experiments performed for only two out 
of five genes, when dsRNAs were treated with DNase I, the 
results showed no trace amount of gDNA (Figure 2). However, 
when dsRNAs were treated with RNase III, a small sized fused 
band was seen for both genes, indicating the degradation of 
dsRNAs by the act of RNase III enzyme into the small RNA 
fragments producing small sized fused bands. RNase III family 
members bind with the dsRNA and cleave into two staggered 
sites eventually breaking the phosphodiester bonds of substrates 
and generate small sized fragments [23]. When both DNase I and 
RNase III were applied, fused bands were seen which were 
similar to the bands treated with RNase III only (Figure 2). 
Similar intensity and size of the RNA bands in the DNase I 
treated, and control samples indicates that no genomic DNA was 
present in the sample and the intense band represents the 
presence of the dsRNA.

Figure 2: Enzymatic digestion of produced dsRNA with DNase I, 
RNase III or both enzymes, compared with the dsRNA without 
enzymatic digestion for two genes YCK1 as well as FgPp2A

Comparing dsRNA yields with existing methods

Using a review of the literature, we classified existing production 
protocols into three groups: conventional (phenol/chloroform) 
method heating method and sonication method [5-9,24-26]. The 
study by Ahn and colleagues shows that the estimated total 
dsRNA isolated by sonication was 488 µg per 25 mL culture (19.5 
µg/mL), whereas heating and conventional were 239 µg per 25 
mL culture (9.6 µg/mL) and 97 µg per 25 mL culture (3.9 µg/mL), 
respectively [7]. Another protocol resulted in significantly higher 
nucleic acid amounts as determined by spectrophotometric 
analysis (17.7 ± 1.24 µg/OD600 mL) following the modified 
heating and conventional method. One of the original studies on 
the dsRNA extraction by TRIzol method is a heating method and 
produced the 13.2 ± 1.00 µg/OD600 mL [5]. We used a modified 
SDS with heating method that resulted in production of 
approximately 63 µg/mL (averaged across five different dsRNAs in 
Figure 1) of the bacterial cultures, which is  approximately  five 
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kits are more cost-effective compared to chemical synthesis, with 
the commercial MEGAscriptTM kit allowing the production of 1 
gram for $3000 within a few hours [25]. Although in vitro 
transcription kits utilizing purified RNA polymerases and 
nucleotides have been widely used in laboratory experiments, 
but the high cost limits the large-scale application in the field 
[36,37].

Limitations of the study

Since RNA can be produced at very low cost by chemical 
synthesis, not all the researchers will have the access to the 
chemical synthesis, which is not also viable to produce for the 
small-scale laboratory studies. Large scale commercial 
application of the exogenous dsRNA cannot be reached by in 
vivo production systems using the large amounts of expensive 
chemical TRIzol, thereby also producing critical amounts of toxic 
organic waste. However, to make this economically viable, 
improvements in production and purification techniques are 
necessary to maximize dsRNA yield and quality in long run.

Additional considerations

• Extraction of the dsRNA on the same day after the
completion of induction produces good yields and quality.

• RNA pellets should not be air-dried for more than one hour
to prevent the possible degradation of dsRNA.

• Mixing and incubation with iso-propanol should not exceed
24 hours to prevent possible salt formation.

CONCLUSION

In this study, we present an optimized protocol for the 
laboratory scale dsRNA production from bacterial cultures using 
Fusarium graminearum genes as examples. Efficient production of 
dsRNA is a critical factor in the success of RNAi-based 
approaches, and our work addresses the need for cost-effective 
and high-yield methods for dsRNA production for such 
approaches. Our study explicitly provides a protocol to produce 
dsRNA with no contamination from the traces of genomic 
DNA as well as single stranded RNA. The significance of our 
work lies in its potential to enhance the feasibility of using 
RNAi-based approaches for crop protection, which aligns with 
the increasing demand for sustainable and pesticide-free 
agricultural practices, making our findings highly relevant to the 
agricultural biotechnology field.
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Significance of study

The significance of this study lies in facilitating laboratory scale 
dsRNA-based gene silencing, especially in the context of 
agricultural biotechnology and crop protection solutions. The 
ability to produce large quantities of high-quality dsRNA from 
bacterial cultures is a critical step in research and development 
phases of RNAi-based approaches for crop protection and trait 
development. The growing demand for pesticide-free crop 
production has increased the viability of using RNAi technology 
to address current agricultural and economic challenges [29]. 
Microbial dsRNA synthesis is generally considered as a potential 
strategy for reducing production costs in the future [10]. Use of 
dsRNA for the control of pathogens has already been successful 
in the fungal pathogens like Fusarium graminearum bacterial 
pathogens like Pectobacterium carotovorum, and viral pathogens 
like Tomato yellow leaf curl virus [3,30-32]. This approach can 
be extended to the other crops and pathogens including 
Fusarium wilt in the tomato eggplant, bean, and watermelon 
where numbers of R genes are limited and hard to deploy for 
providing the host resistance.

While dsRNA is environmentally safe and eco-friendly, the main 
challenge in utilizing it for agricultural purposes is the cost of 
large-scale production [33]. The expense associated with 
producing RNA presents a significant challenge to the 
widespread use of dsRNA spray technology. Current methods 
for dsRNA production include chemical synthesis, in vitro 
transcription and microbial fermentation. Chemical synthesis 
offers advantages such as producing a high yield of pure siRNA 
and a wider range of available modifications [34,35]. However, 
drawbacks include the cost and relatively lengthy turnaround 
times, typically ranging from 4 to 12 days, depending on 
synthesis and purification options. In Vitro Transcription (IVT) 

Figure 3: The concentrations of dsRNA produced and 
reported by other studies in comparison to the yields obtained 
in the current report. On average the yields in our report are 5-
times greater than the average of earlier studies. Note: 
Bacterial culture-(          )
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