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Abstract 22 

RNASwift is an inexpensive, versatile method for the rapid extraction of RNA. 23 

Existing RNA extraction methods typically use hazardous chemicals including 24 

phenol, chloroform and formamide which are often difficult to completely remove 25 

from the extracted RNA. RNASwift uses sodium chloride and sodium dodecyl 26 

sulphate to lyse the cells and isolate the RNA from the abundant cellular 27 

components in conjunction with solid phase extraction or isopropanol precipitation to 28 

rapidly purify the RNA. Moreover, the purified RNA is directly compatible with 29 

downstream analysis. Using spectrophotometry in conjunction with ion pair reverse 30 

phase chromatography to analyse the extracted RNA, we show that RNASwift 31 

extracts and purifies RNA of higher quality and purity in comparison to alternative 32 

RNA extraction methods. The RNASwift method yields approximately 25 µg of RNA 33 

from only 108 Escherichia coli cells. Furthermore, RNASwift is versatile; the same 34 

simple reagents can be used to rapidly extract RNA from a variety of different cells 35 

including bacterial, yeast and mammalian cells. In addition to the extraction of total 36 

RNA, the RNASwift method can also be used to extract double stranded RNA from 37 

genetically modified E. coli in higher yields compared to alternative methods. 38 

 39 

 40 

 41 

 42 

 43 

 44 
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Introduction 45 

Ribonucleic acid (RNA) is chemically-labile and susceptible to endo- and exo-46 

nuclease mediated degradation. Therefore the extraction, purification and 47 

downstream storage of RNA are challenging. A variety of methods have been 48 

employed for the extraction of RNA from bacterial cells, however these methods can 49 

often result in low yields or low quality total RNA [1]. One of the earliest RNA 50 

extraction methods used guanidinium isothiocyanate to lyse cells and denature 51 

proteins in conjunction with ultracentrifugation with a caesium chloride cushion to 52 

separate RNA from cellular components [2]. Alternative methods utilizing hot phenol 53 

replaced caesium chloride gradients [3] but yielded RNA that was not consistently of 54 

high quality [4]. Methods that combined guanidinium isothiocyanate and phenol to 55 

extract RNA improved the RNA quality [5]. 56 

For many RNA downstream processing applications, the preservation of RNA 57 

integrity during RNA extraction is paramount. The accurate quantification of mRNA 58 

used for gene expression profiling depends on the integrity of extracted RNA. The 59 

use of RNA of poor quality during quantification of mRNA levels may compromise 60 

the accuracy of gene expression results [6, 7]. Therefore, concerted efforts have 61 

been made over the years to develop RNA extraction methods that will yield quality 62 

RNA for various applications. RNA extraction methods are often limited by either the 63 

toxicity of the reagents used, the complexity of the procedure, poor quality of RNA 64 

generated or by the isolation of only a subset of the total RNA present. For instance, 65 

most existing methods which extract RNA of sufficient quality use phenol and 66 

chloroform in their procedures. In addition, extracting both low molecular weight 67 

RNAs (such as tRNAs and short RNAs) as well as the abundant larger RNA remains 68 

a significant challenge. Furthermore, a large number of these methods are complex, 69 
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either involving multiple transfer steps or requiring cumbersome precautions to avoid 70 

RNA degradation. 71 

 72 

The lysis of E. coli cells with the aid of SDS-based buffers is not entirely new, but is 73 

often combined with phenol or phenol/chloroform extractions in order to separate the 74 

RNA from other cellular components [8]. Further developments have included the 75 

use of a hot-SDS/hot phenol RNA method in conjunction with DNase treatment to 76 

remove DNA [9]. RNA extractions  using  this approach  have been shown to 77 

generate high quality RNA from E. coli [9]. The increasing concern over the toxicity 78 

of phenol or phenol/chloroform means that the method suffers the same 79 

disadvantage as all the phenol-chloroform based RNA extraction methods [3, 9]. 80 

Moreover, the hot-SDS/hot phenol method is time-consuming, requiring overnight 81 

incubation at -80 °C [9].  82 

A variety of alternative RNA extraction methods have been developed and optimised 83 

for extracting specific RNA species or extracting RNA from specific cell types or 84 

tissues. Formamide-based RNA extractions were developed to efficiently extract 85 

total RNA from bacterial cells [10]. This single-step method termed RNAsnapTM, 86 

generated similar quality and yield compared to the commercial guanidium 87 

isothiocyanate - phenol/chloroform based methods [10]. RNA extractions centred on 88 

guanidium thiocyanate in conjunction with histidine and arginine affinity 89 

chromatography have been developed for the purification of RNA from prokaryotic 90 

and eukaryotic cells [11, 12]. Additional  methods include, LogSpin,  an RNA 91 

extraction method based on guanidium hydrochloride and spin column purification 92 

[13], modified TRIzol-based methods for extraction of RNA from polyethylene glycol-93 
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based hydrogels [14], methods that utilise RNase inhibitors combined with different 94 

protocols using guanidium thiocyanate–phenol extraction [15] and modified Lithium-95 

based protocols for extraction of viral dsRNA from plants [16, 17].  96 

 97 

In this study the aim was to develop a simple, versatile method for the rapid 98 

extraction of high quality RNA from bacterial cells without the use of toxic reagents 99 

such as phenol/chloroform. In addition, the developed method should be amenable 100 

for large scale extractions and directly compatible with downstream analysis such as 101 

ion pair reverse phase chromatography and RT-PCR. The developed method termed 102 

RNASwift results in higher purity RNA compared to alternative methods and is 103 

suitable for the extraction of high quality total RNA from a wide range of organisms 104 

including E. coli, yeast and mammalian cells. In addition, the method is effective for 105 

extraction of long-chain dsRNA and does not require modification in the procedure or 106 

reagents for different cell types. The method is simple, time-effective and efficient in 107 

isolating RNA that is consistently of high quality. RNASwift is also an inexpensive 108 

method, using reagents consisting of small quantities of cheap and less-hazardous 109 

chemicals, such as, sodium chloride, SDS, isopropanol and ethanol. 110 

 111 

 112 

 113 

 114 

 115 
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Materials and Methods 116 

Chemicals and reagents 117 

Synthetic genes were synthesised by GeneArt® Gene Synthesis (Invitrogen Life 118 

Technologies). Ampicillin sodium salt, tetracycline hydrochloride, Isopropyl β-D-1-119 

thiogalactopyranoside (IPTG) ≥99%, sodium dodecyl sulphate (SDS), 99% , sodium 120 

chloride (NaCl), 99% were all obtained from (Sigma-Aldrich, Poole, UK), TRIzol® 121 

Max™ Bacterial RNA Isolation Kit with TRIzol®, Max Bacterial Enhancement 122 

Reagent (Life Technologies) and the Ribopure™ bacterial RNA extraction kit (Life 123 

Technologies) were used for RNA extractions.  124 

Expression of dsRNA gene using E. coli HT115 (DE3). 125 

The E. coli strain, HT115 (DE3) [18] was obtained from Cold Spring Harbor 126 

Laboratory, NY, USA. A plasmid pCOIV that contains an in-house designed 765 bp 127 

sequence flanked on both sides with T7 promoter was ordered from Gene Art® 128 

Gene synthesis (Invitrogen).   The E. coli HT115 (DE3) cells were transformed with 129 

pCOIV. A colony from the transformed cells was inoculated into 5 mL LB media 130 

containing 10 ng/mL tetracycline and 100 µg/mL ampicillin and incubated overnight 131 

at 37°C. This was followed by seeding 2 mL of the overnight culture into 50 mL LB 132 

media containing the same concentration of antibiotics, incubated at 37°C and 133 

allowed to reach an OD600 nm of 1. Then IPTG was added to the culture to 1 mM final 134 

concentration followed by further incubation at 37 °C for 3 hours.  135 

Cell growth 136 

For  E. coli growth a single colony from a fresh plate was inoculated into 5 mL LB 137 

media and was grown with shaking at 37°C to OD600 nm 0.4 (3.2 x108 mL-1) and 138 
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aliquoted into an Eppendorf tube. A colony of Saccharomyces cerevisiae strain 139 

S288C from a fresh plate was inoculated into 5 mL YPD media and incubated 140 

overnight at 30 °C. The culture was diluted and aliquoted 107 cells per Eppendorf 141 

tube. Chinese hamster ovary cell line (CHO-S derived Herceptin like IgG producer, 142 

Cobra Biologics) was grown in CD-CHO media supplemented with 8 mM L-143 

glutamine, 2 mM HT and 12.5 µg/ml puromycin. Cells were grown in 30 ml cultures 144 

in a dry shaking incubator at 140 rpm, 5% CO2 at 37 °C and counted daily using a 145 

Vi-Cell.     146 

 147 

Development of RNASwift 148 

E. coli cells were harvested by centrifugation at 4500 rpm at 4°C for 10 minutes. 149 

Approximately 108 E. coli cells, 107 yeast cells or 107 Chinese hamster ovary cells 150 

were suspended in pre-warmed 100 µl LB1 lysis reagent (4% SDS pH 7.5, 0.5 M 151 

NaCl) or LB2 lysis reagent (4% SDS pH 7.5, 0.5 M NaCl, 2% DMSO). For E. coli and 152 

mammalian cells, lysis was achieved by pipetting and incubating for 3 minutes. 153 

However, for optimisation of RNA yield from yeast and E. coli cells expressing 154 

dsRNA, the suspended cells were heated for 4 minutes at 90°C and homogenised by 155 

pipetting. The lysate was then centrifuged for 4 minutes at 13,000 rpm and the 156 

supernatant transferred to a new 2 mL Eppendorf tube. 250 µL of 1.0 M guanidine 157 

hydrochloride (Gu-HCl) (Thermo Scientific), 40 µL 5 M NaCl and 250 µL Isopropanol 158 

were added prior to purification using solid phase extraction (SPE). These 159 

extractions are termed either RNASwift+Gu-HCl or RNASwift+Gu-HCl+DMSO for 160 

clarity. For the SPE, the sample mix was applied to a silica-membrane column 161 

(Qiagen/Invitrogen) and centrifuged at 13000 rpm for 1 minute. The flow through was 162 
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discarded and 700 µL wash buffer, (15 mM TRIS-HCl, 85% ethanol, pH 7.4) added 163 

followed by centrifugation at 13000 rpm for 1 minute. The flow through was 164 

discarded and the dry column was re-centrifuged. The RNA was eluted with 100 µL 165 

RNase-free water (Ambion). 166 

 167 

RNASwift extraction 168 

For RNASwift RNA purification, 100 µL of pre-warmed LB1 lysis reagent (4% SDS 169 

pH 7.5, 0.5 M NaCl) was used to lyse cells as described previously.  After lysis, 50 170 

µL of 5 M NaCl was added. The lysate was then centrifuged for 4 minutes at 13,000 171 

rpm and the supernatant transferred to a new 2 mL Eppendorf tube. 500 µL 60% 172 

Isopropanol was added prior to purification using a silica-membrane column (Qiagen 173 

or Invitrogen). After loading the column was centrifuged at 13000 rpm for 1 minute. 174 

The flow through was discarded and 700 µL wash buffer (15 mM TRIS-HCl, 85% 175 

ethanol, HCl-final pH 7.4) was added followed by centrifugation at 13000 rpm for 1 176 

minute. The flow through was discarded and the dry column was re-centrifuged. The 177 

RNA was eluted with 100 µL RNase-free water (Ambion). 178 

 179 

Extraction with TRIzol® MaxTM Bacterial RNA Isolation and RibopureTM 180 

bacterial RNA  181 

The Ribopure bacterial RNA extraction kit (Ambion) and TRIzol Max Bacterial RNA 182 

Isolation kit (Invitrogen) were used to extract total RNA following the manufacturer’s 183 

instructions. Steps described as optional but that may improve quality or yield of 184 

RNA were followed and every effort made to ensure that the extracted RNA using 185 
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each method met the manufacturer’s guidelines, including the number of E. coli cells 186 

used for the extractions. However, no DNAse I treatment was performed for any 187 

RNA sample used in this study. For TRIzol® Max Bacterial RNA Isolation, RNA 188 

pellet was dissolved in 100 µL RNase-free water (Ambion). For Ribopure™ bacterial 189 

RNA extraction, the RNA was eluted in 100 µL RNase-free water (Ambion). 190 

 191 

Analysis of RNA quality and quantity 192 

The quality and quantity of RNA was determined using a NanoDrop™ 2000c 193 

spectrophotometer (Thermo Scientific). RNA concentrations were determined by 194 

absorbance at 260 nm. In order to determine the dsRNA yield, total RNA amount 195 

was first determined by multiplying the total RNA concentration from NanodropTm 
196 

measurement (40 ng cm/µl) with the total volume of eluted RNA. This value was then 197 

multiplied by the ratio of dsRNA peak area: total RNA peak area derived from IP RP 198 

HPLC trace. The A260/280 nm and A260/230 nm ratios were obtained using the 199 

NanoDrop™ instrument. RNA quality was determined by performing ion-pair reverse 200 

phase chromatography using a 10 µl injection from the 100 µl of eluted/re-201 

suspended RNA. Subsequently, ribosomal RNA (rRNA) percentage and 23S:16S 202 

rRNA ratios were determined using the chromatographic RNA peak areas. The 203 

percentage (%) degradation index was calculated from the IP RP HPLC 204 

chromatogram by dividing the sum of the peak areas within the region where the 16S 205 

(or 18S as the case may be) and the 5S rRNAs elute by the total RNA peak area and 206 

then multiplying by 100.  207 

 208 
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Ion pair-reverse phase high performance liquid chromatography (IP-RP HPLC)  209 

All samples were analysed by IP-RP-HPLC (WAVE HPLC system, Transgenomic, 210 

San Jose, USA) using a Proswift RP-1S Monolith column (4.6 X 50 mm I.D., 211 

ThermoFisher). Chromatograms were acquired using UV detection at 260 nm with a 212 

column temperature of either 50 °C or 75 °C. The chromatographic analysis was 213 

performed using the following conditions: solvent A 0.1 M triethylammonium acetate 214 

(TEAA) pH 7.0 (Fluka, UK); solvent B 0.1 M TEAA, pH 7.0 containing 25% 215 

acetonitrile (ThermoFisher). RNA was analysed using the following gradients. 216 

Gradient (1) starting at 25% B the linear gradient was extended to 27% B in 2 217 

minutes, followed by a linear increase to 57% B over 15 minutes, followed by a linear 218 

increase to 70% B over 2.5 minutes at a flow rate of 1.0 ml/min. Gradient (2) starting 219 

at 25% B the linear gradients were extended to 30% B in 2 minutes, then to 65% 220 

buffer B over 15 minutes, and to 80% B over 2.5 minutes at a flow rate of 1.0 ml/min. 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 

 230 

 231 

 232 

 233 
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Results and Discussion 234 

Development of RNAswift for the extraction of RNA from bacterial cells 235 

A wide range of RNA isolation methods are suitable for the extraction of total RNA 236 

but are limited by the presence of hazardous and or toxic chemicals in the RNA 237 

extraction reagents. In addition, residual chemicals from these extraction reagents 238 

often contaminate the RNA and may interfere with the downstream processing or 239 

analysis. RNA precipitation steps utilised as part of RNA extraction methods are 240 

often ineffective at removing these potential contaminants and are associated with 241 

low yields of certain species of RNA. In order to address these problems, we 242 

developed a less-hazardous, rapid and versatile RNA purification method that 243 

separates RNA from the bulk of the DNA and proteins without a phenol-chloroform 244 

extraction step and in conjunction with a solid phase extraction (SPE) step to purify 245 

the RNA.  246 

In developing RNASwift we took advantage of the chemical properties of sodium 247 

dodecyl sulphate (SDS), an anionic surfactant known for its ability to aid in the lysis 248 

of cells and denature proteins. Additionally, sodium chloride (NaCl) facilitates cell 249 

lysis by exerting osmotic pressure which ruptures cell membrane and is also known 250 

to promote binding of SDS to proteins. Initial work focused on optimising cell lysis 251 

using SDS and NaCl, in conjunction with ensuring minimal RNA degradation through 252 

denaturation of cellular ribonucleases. 253 

Following lysis of the bacterial cells using the NaCl-SDS reagent and centrifugation 254 

to remove the majority of cell debris containing proteins, genomic DNA and other 255 

insoluble cellular material, the RNA was subsequently purified using SPE. However, 256 

it was observed that excess SDS precipitates in the presence of the organic solvents 257 



12 

 

necessary for binding the RNA to the silica columns used in the SPE, resulting in 258 

lower yield of RNA. By adding 4 M guanidinium-HCl we were able to solubilize the 259 

SDS prior to purification of the RNA using SPE. Following purification of the total 260 

RNA from bacterial cells using the above method, the RNA was analysed using IP 261 

RP HPLC (see Fig. 1a). The results show the purification of high quality total RNA 262 

using this approach. No significant degradation of the rRNA was observed. Further 263 

optimisation was performed using additional reagents/denaturants in an attempt to 264 

further improve the yield and quality of total RNA extracted. Fig. 1b shows the total 265 

RNA purified with the addition of 2% dimethyl sulfoxide (DMSO) to the lysis buffer. 266 

The results show that the yield and purity of the total RNA extracted with the addition 267 

of DMSO was not significantly affected by the addition of DMSO. 268 

Further analysis of IP RP HPLC chromatograms of the extracted RNA revealed only 269 

low amounts of the small RNAs (5S/tRNAs) in the total RNA fraction were recovered 270 

using this approach (see Fig. 1c). In addition, although the extraction methods were 271 

effective in isolating high quality total RNA, the addition of guanidinium-HCl (4 M) 272 

was necessary during the procedure. As our objective was to minimize the use of 273 

potentially hazardous chemicals and expensive reagents, without compromising 274 

RNA yield and quality, we therefore further modified the extraction method.  Further 275 

optimisation of the RNA extraction method was performed in an attempt to both 276 

retain the small RNAs and remove the requirement for guanidinium-HCl prior to SPE 277 

purification of the RNA. 278 

 279 

We observed that precipitation of the SDS/NaCl solution increased as a function of 280 

increasing total SDS and NaCl concentration indicating the formation of SDS 281 
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micelles and their aggregation. This effect of inorganic salts on ionic surfactants has 282 

been extensively studied and is explained by the increased stability of hydrophobic 283 

interactions involving the aliphatic C12 groups in a solution at high ionic strength 284 

together with inter-micellar binding via ion-dipole interactions between neutralised 285 

sulfate groups and sodium ions [19]. It has been observed that NaCl enhances 286 

cooperative binding of SDS to proteins [20] which would also explain the partitioning, 287 

via hydrophobic interactions, of proteins into the SDS micelles. Therefore during cell 288 

lysis in the presence of sodium chloride, SDS and heating, the 289 

hydrophobic/neutralised genomic DNA is denatured and subsequently binds with 290 

denatured proteins coated with SDS molecules. The high concentration of sodium 291 

ions in the neutralization buffer induces precipitation and therefore in addition to the 292 

cell debris the genomic DNA/proteins can be removed by centrifugation [21]. The 293 

RNA remains in the supernatant and is further purified. 294 

Taking into consideration the dissociation of NaCl and SDS ions in solution, the total 295 

molality of NaCl and SDS (m) and the mole fraction of SDS (x) can be defined by the 296 

equations, m =2m1 + 2m2 and x = 2m2/ m = m2/(m1 +m2) where m1 and m2 is the 297 

molality of NaCl and SDS, respectively [11]. Following lysis of the cells using the 298 

SDS-NaCl buffer, the lysate with initial 0.5 M NaCl, was adjusted to 2.25 M NaCl, 299 

centrifuged at 14000 rpm for 4 minutes and the supernatant transferred to a new 300 

tube. Subsequently, 500 µL of 60% isopropanol was added to the supernatant and 301 

RNA purified using SPE. No precipitation was observed with addition of isopropanol, 302 

which suggests significantly lower SDS content in the supernatant and that SDS is 303 

salted and therefore precipitates along with insoluble cell material. The eluted RNA 304 

was subsequently analysed by IP RP HPLC (see Fig. 2a/b). The results show the 305 

purification of high quality total RNA using this approach. No significant degradation 306 
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of the rRNA was observed, similar to previous analysis (see Fig. 1). In contrast to 307 

previous analysis using guanidinium-HCl (4 M) prior to SPE where poor recovery of 308 

small RNAs was observed, the IP RP HPLC analysis shows the representative 309 

recovery of high quality total RNA including the small RNAs.  By adding adequate 310 

amounts of isopropanol to the recovered supernatant we are able to increase the 311 

binding of smaller RNA to silica columns thereby achieving a more representative 312 

recovery of all RNA species (compare Fig. 1C and 2B).   313 

 314 

Analysis of RNA quality, purity and yield extracted using RNASwift 315 

Following optimisation of RNA extractions using RNASwift, further assessment of the 316 

purity, quality and yield of RNA extracted from bacterial cells was compared to a 317 

number of alternative RNA extraction methods. RNA extracted using RNAswift was 318 

compared against RNA extracted using RibopureTm and TRIzol® max. Analysis was 319 

performed using UV spectrophotometry in conjunction with IP RP HPLC. A number 320 

of metrics were used, including A260/280 nm and A260/230 nm measurements. In 321 

addition, IP RP HPLC was used to measure the integrity of the total RNA using a 322 

combination of the rRNA percentage, 23S/16S rRNA ratio and degradation index. 323 

A summary of the comparative UV spectrophotometry analysis is shown in Table I 324 

and Table II. The results show that for all extraction methods the A260/280 nm ratios 325 

of the extracted total RNA was approximately 2. An A260/280 nm ratio of 1.8 - 2.0 is 326 

indicative of minimal protein contamination. In contrast, the A260/230 nm ratio 327 

measurements demonstrate differences between the different extraction methods. 328 

An A260/230 nm ratio of < 1.5 was obtained for Ribopure and TRIzol max. However, 329 

an A260/230 ratio of > 2 was obtained for the RNASwift. An A260/230 ratio of >2.0 is 330 
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indicative of minimal contamination from chemicals that absorb at 230, including 331 

EDTA, phenol, carbohydrates. In summary, these results demonstrate that each of 332 

the extraction methods generate RNA of high purity with minimal protein 333 

contamination. However the RNASwift extracts RNA with the lowest levels of 334 

contaminants that absorb at 230 nm. It is likely residual phenol from the extractions 335 

was present in the RNA extracted using the RibopureTm and TRIzol® extraction 336 

methods. 337 

The integrity of the total RNA extracted in each of the different methods was 338 

assessed using IP RP HPLC analysis. In each case 100 µL of RNase free water was 339 

used to elute and resuspend the RNA following extraction and 10 µL analysed using 340 

IP RP HPLC (see Fig. 3). A combination of the rRNA percentage, 23S/16S rRNA 341 

ratio and degradation index was used. Based on the ratio of 23S/16S rRNA both the 342 

RNASwift and RibopureTm extraction methods isolate good quality RNA with ratios 343 

>1.2. In contrast, using TRIzol max the 23S/16S rRNA ratio was less than 0.5 344 

suggesting lower quality total RNA. The percentage of 23S and 16S in the total RNA 345 

was above 80% for the RNASwift and 92.13% and 29.17% for Ribopure and TRIzol® 346 

max extraction methods respectively (see Table I). The fact that ribosomal RNA 347 

constitutes more than 80% of the cellular RNA suggests that there was minimal 348 

degradation of rRNA in each of the methods with the exception of TRIzol max.  Also 349 

the degradation index shows a value of 2% (minimal degradation) for all methods 350 

except for TRIzol max whose average degradation index was more than 60%. 351 

For E. coli, the analysis showed an increase in yield of total RNA isolated using 352 

RNASwift compared with the Ribopure bacteria extraction. The data showed the 353 

highest yield was from the TRIzol® max however a significant amount of degraded 354 

rRNA was observed (see Table I).   355 
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Extraction of total RNA from Saccharomyces cerevisiae and Chinese Hamster 356 

Ovary (CHO) cells 357 

Following optimisation of the RNASwift extraction methods for bacterial cells (E. 358 

coli), the versatility of the method was examined by isolating RNA from both S. 359 

cerevisiae and Chinese Hamster Ovary (CHO) cells. Following extraction from the 360 

different cells, the RNA was analysed using IP RP HPLC in conjunction with UV 361 

spectrophotometry (see Fig. 4 and Table II). The results show that the RNASwift 362 

method effectively isolated total RNA from each of the different cells. Furthermore, 363 

consistent with previous extractions from bacterial cells, the result is that RNASwift 364 

recovered all the expected RNA species, including the low MW RNAs (see Fig. 4). 365 

Minimal degradation (<2%) of the rRNA was observed from both Saccharomyces 366 

cerevisiae and CHO cells (see Fig. 5b/c). Furthermore, the 25S rRNA/18S and 28S 367 

rRNA/18S rRNA ratios from RNA isolated from yeast and mammalian cells using 368 

RNASwift was >1.3 (see Table II). Consistent with previous extractions from bacterial 369 

cells an A260/280 nm ratio of approximately 2 was obtained and an A260/230 nm 370 

ratio of > 2 demonstrating the extraction and purification of RNA of high purity and 371 

minimal contamination. 372 

 373 

Extraction of dsRNA from bacterial cells 374 

The potential to synthesize large quantities of dsRNA in both bacterial systems and 375 

via in vitro transcription [22, 23] for RNA interference applications has generated 376 

significant demand for the development and application of high throughput analytical 377 

tools for the rapid extraction, purification and analysis of dsRNA. A number of 378 

alternative approaches have been used for the extraction of dsRNA from bacterial 379 
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cells including methods using phenol/chloroform [18] and a number of non-phenol 380 

chloroform extraction methods have been developed for extraction of dsRNA from 381 

plants and fungi [17, 24].  382 

Therefore, the RNASwift method was used to extract dsRNA from bacterial cells 383 

engineered to express dsRNA. E. coli HT115 (DE3) cells were transformed with 384 

plasmid pCOIV to express a dsRNA (̴756 bps). Following induction and transcription 385 

of the dsRNA we evaluated a number of alternative commercially available extraction 386 

methods including TRIzol Max™ Bacterial RNA Isolation and the Ribopure bacterial 387 

RNA extraction kit to extract the dsRNA. Following extraction of the dsRNA, analysis 388 

was performed using IP-RP HPLC in conjunction with UV spectrophotometry (see 389 

Fig. 5 and Table II). The results show that the dsRNA was not extracted using the 390 

Ribopure bacterial RNA extraction kit (see Fig. 5a). However, the dsRNA was 391 

successfully extracted using both the RNASwift and TRIzol® Max™ methods. 392 

Approximately 20 µg of dsRNA per 108 cells was extracted using these methods, 393 

demonstrating no significant difference in the yield of dsRNA obtained. Consistent 394 

with previous extractions from bacterial cells the RNA extracted using RNASwift 395 

resulted in an A260/280 nm ratio of approximately 2 and an A260/230 ratio of > 2, 396 

demonstrating the high purity of the RNA extracted (see Table II). In contrast the 397 

dsRNA extractions using TRIzol® Max an A260/230 nm ratio of 1.67 was obtained. 398 

 399 

RNASwift is a single-step RNA isolation method 400 

During the development of the RNASwift method for the extraction of RNA from 401 

bacterial, yeast and mammalian cells we used an SPE step to purify the RNA 402 

following cell lysis. Further development of the RNASwift method employed 403 
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isopropanol precipitation as an alternative to SPE. Following RNASwift extraction 404 

from E. coli, yeast and mammalian cells RNA from supernatant was directly 405 

precipitated using isopropanol prior to IP RP HPLC (see Fig. 6 and Table I and 2). 406 

Apart from the A260/230 nm ratio, which reduced to approximately 1.8, the RNA 407 

quality, purity and size distribution obtained using direct RNA precipitation from the 408 

supernatant was not significantly different from the result obtained using SPE column 409 

purification. A260/280 nm ratios of >2 were obtained for all RNA extractions in 410 

conjunction with isopropanol precipitation (see Fig. 4/6, Table I and 2).  This 411 

demonstrates that RNASwift can be used to isolate RNA in conjunction with 412 

isopropanol precipitation without the need for SPE since RNA recovery with the two 413 

methods is similar.  414 

 415 

 416 

 417 

 418 

 419 

 420 

 421 

 422 

 423 

 424 
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Conclusions 425 

RNA extraction methods are often limited by either the toxicity of the reagents used, 426 

the complexity of the procedure, isolation of poor quality RNA and the enrichment of 427 

only a subset of the total cellular RNA present. We have developed a new method 428 

termed RNASwift which is a simple, rapid, effective and reproducible method for 429 

RNA isolation. RNASwift does not require the use of phenol/chloroform and therefore 430 

utilises less hazardous and inexpensive reagents to isolate RNA from a variety of 431 

cell types. RNASwift uses sodium chloride and sodium dodecyl sulphate to lyse the 432 

cells and isolate the RNA from the abundant cellular components in conjunction with 433 

solid phase extraction or isopropanol precipitation to rapidly purify the RNA. RNA 434 

extractions using RNASwift routinely can be completed in less than 20 minutes. 435 

Moreover, the purified RNA is directly compatible with downstream analysis including 436 

IP RP HPLC. RNASwift extracts high quality intact RNA with minimal degradation. 437 

We have shown that the purity of the RNA isolated is superior to a number of 438 

alternative RNA extraction methods based upon a number of metrics including 439 

A260/230 nm measurements. We have also shown that RNASwift efficiently 440 

recovers a wide range of cellular RNAs including both small RNAs and more 441 

abundant larger rRNAs that represent the cellular complement of RNA. Furthermore, 442 

the method is versatile and can efficiently extract total RNA from a wide range of 443 

different cells including bacteria, yeast and mammalian cells. The method is also 444 

suitable for the extraction of dsRNA from bacterial cells and is cost-effective for the 445 

large scale extraction of RNA.  446 

 447 

 448 
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Legends to Fig: 474 

Fig. 1 IP RP HPLC chromatograms of total RNA extracted from E. coli using 475 

RNASwift. a) IP RP HPLC chromatogram of total RNA from E. coli cells extracted 476 

using RNASwift + Gu-HCl. The 23S/16S rRNA ratio = 1.76±0.09 with <2% 477 

degradation index. b) IP RP HPLC chromatogram of total RNA from E. coli cells 478 

extracted using RNASwift +Gu-HCl+DMSO. The 23S/16S rRNA ratio = 1.82±0.07 479 

with <2% degradation index. c) IP RP HPLC chromatogram highlighting the low 480 

molecular weight RNAs extracted using RNASwift + Gu-HCl.  481 

 482 

Fig. 2 IP RP HPLC chromatograms of total RNA extracted from bacterial cells using 483 

RNASwift. a) IP RP HPLC chromatogram of total RNA from E. coli cells extracted 484 

using RNASwift. The corresponding rRNA is highlighted. The 23S/16S rRNA ratio = 485 

1.82±0.05 with <2% degradation index. b) Enhanced view of the IP RP HPLC 486 

chromatogram highlighting the small RNAs present. 10 µl of extracted total RNA was 487 

analysed using gradient condition 1 at 75°C and 260 nm UV detection.  488 

 489 

Fig. 3 IP RP HPLC chromatograms of total RNA extracted from E. coli. a) IP RP 490 

HPLC chromatogram of total RNA from E. coli cells extracted using Ribopure™ 491 

bacterial extraction kit. The 23S/16S rRNA ratio = 1.55±0.03 with <2% degradation 492 

index. b) IP RP HPLC chromatogram of total RNA from E. coli cells extracted using 493 

TRIzol® Max™ Bacterial RNA Isolation Kit. The 23S/16S rRNA ratio = 0.47±0.21 494 

with >60% degradation index. c) IP RP HPLC chromatogram of total RNA from E. 495 

coli cells extracted using RNASwift. The corresponding rRNA and dsRNA are 496 
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highlighted. The 23S/16S rRNA ratio = 1.82±0.05 with <2% degradation index. 10 µl 497 

of extracted total RNA was analysed using gradient condition 1 at 75 °C and 260 nm 498 

UV detection.  499 

 500 

Fig. 4 IP RP HPLC chromatograms of total RNA isolated from bacterial, yeast and 501 

mammalian cells using RNASwift. a) IP RP HPLC chromatogram of total RNA 502 

isolated from E. coli cells using RNASwift. The 23S/16S rRNA ratio = 1.82±0.05 with 503 

<2% degradation index. b) IP RP HPLC chromatogram of total RNA isolated from S. 504 

cerevisiae cells using RNASwift. The 25S rRNA/18S rRNA ratio = 1.40±0.01 and 2% 505 

degradation index c) IP RP HPLC chromatogram of total RNA isolated from CHO 506 

cells using RNASwift. The 28S/18S rRNA ratio = 1.50±0.01 with <2% degradation 507 

index. 10 µl of total RNA was analysed using gradient condition 1 at 50 °C for E. coli 508 

and CHO cells and gradient 2  for yeast at 50 °C and 260 nm UV detection. 509 

 510 

Fig. 5 IP RP HPLC chromatograms of total RNA extracted from E. coli cells 511 

engineered to express dsRNA. a) IP RP HPLC chromatogram of total RNA isolated 512 

using Ribopure™ bacteria extraction kit from E. coli HT115 (DE3) cells transformed 513 

with plasmid pCOIV following induction with IPTG. b) IP RP HPLC chromatogram of 514 

total RNA isolated using TRIzol® Max™ Bacterial RNA Isolation Kit from E. coli 515 

HT115 (DE3) cells transformed with plasmid pCOIV following induction with IPTG. c) 516 

IP RP HPLC chromatogram of total RNA isolated using RNASwift + Gu-HCl + DMSO 517 

from E. coli HT115 (DE3) cells transformed with plasmid pCOIV following induction 518 

with IPTG. d) IP RP HPLC chromatogram of total RNA isolated using RNASwift from 519 

E. coli HT115 (DE3) cells transformed with plasmid pCOIV following induction with 520 



23 

 

IPTG.  . 10 µl of total RNA was analysed using gradient condition 2 at 50 °C and 260 521 

nm UV detection. 522 

 523 

Fig. 6 IP RP HPLC chromatograms of total RNA isolated from different cells using 524 

RNASwift in conjunction with isopropanol precipitation. a) IP RP HPLC 525 

chromatogram of total RNA isolated from E. coli cells using RNASwift in conjunction 526 

with isopropanol precipitation. The 23S/16S rRNA ratio = 1.62±0.14 with <2% 527 

degradation index. b) IP RP HPLC chromatogram of total RNA isolated using 528 

RNASwift procedure in conjunction with isopropanol precipitation from E. coli HT115 529 

(DE3) cells transformed with plasmid pCOIV following induction with IPTG. c) IP RP 530 

HPLC chromatogram of total RNA isolated from CHO cells using RNASwift in 531 

conjunction with isopropanol precipitation. The 28S/18S rRNA ratio = 1.30±0.02 with 532 

<2% degradation index. 10 µl of total RNA was analysed using gradient condition 1 533 

at 260 nm UV detection at the indicated temperatures. The corresponding rRNA is 534 

highlighted 535 
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