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Abstract 17 

Phosphodiester bonds in the backbones of double-stranded (ds)RNA and single-stranded 18 

(ss)RNA are known to undergo alkaline hydrolysis. Consequently, dsRNA agents used in emerging 19 

RNA interference (RNAi) products have been assumed to exhibit low chemical persistence in solutions. 20 

However, the impact of the duplex structure of dsRNA on alkaline hydrolysis has not yet been evaluated. 21 

In this study, we demonstrated dsRNA undergoes orders-of-magnitude slower alkaline hydrolysis than 22 

ssRNA. Furthermore, we observed dsRNA remains intact for multiple months at neutral pH, 23 

challenging the assumption that dsRNA is chemically unstable. In systems enabling both enzymatic 24 

degradation and alkaline hydrolysis of dsRNA, we found increasing pH effectively attenuated 25 

enzymatic degradation without inducing alkaline hydrolysis that was observed for ssRNA. Overall, our 26 

findings demonstrated, for the first time, that key degradation pathways of dsRNA significantly differ 27 

from those of ssRNA. Consideration of the unique properties of dsRNA will enable greater control of 28 

dsRNA stability in emerging RNAi technology and more accurate assessment of its fate in 29 

environmental and biological systems, as well as provide insights in broader application areas including 30 

dsRNA isolation, detection and inactivation of dsRNA viruses, and prebiotic molecular evolution. 31 

 32 

Synopsis:  33 

Slow hydrolysis of dsRNA molecules, including those used in RNAi products, may contribute 34 

to their chemical persistence in environmental and biological systems.  35 
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Introduction  36 

RNA interference (RNAi) is a biological process in which double-stranded RNA (dsRNA) 37 

directs the degradation of homologous messenger RNA (mRNA), preventing the synthesis of a specific 38 

target protein.1 In recent years, RNAi has been utilized in numerous applications across several fields. 39 

In medicine, dsRNA and shorter duplex RNA known as small interfering RNA (siRNAs) have been 40 

developed as therapeutic agents with antitumor and antiviral properties.2,3 In agriculture, several RNAi-41 

based products have been developed using dsRNA as active agents (i.e., dsRNA pesticides) to protect 42 

crops from pests, including insects and fungi.4 These agricultural RNAi-based products include both 43 

dsRNA generated by dsRNA-expressing genetically modified crops5 and dsRNA produced in vitro or 44 

by dsRNA-expressing bacteria prior to application via spray or irrigation water.6-9 45 

The application of RNAi-based products raises the importance of developing a fundamental 46 

understanding of the chemical stability of dsRNA molecules. Like single-stranded RNA (ssRNA), 47 

chemical degradation of dsRNA may in principle occur by hydrolysis of the phosphodiester bonds that 48 

comprise the backbone of both molecules, in particular under alkaline conditions.10 However, the 49 

double-helix structure of dsRNA has been proposed to impede phosphodiester bond hydrolysis,11 in 50 

agreement with evidence that self-complementary regions in ssRNA resist hydrolysis catalyzed by 51 

certain chemicals (e.g., lead, polyvinylpyrrolidone).12-16 These studies are limited in their application to 52 

dsRNA products because the duplex self-complementary regions in ssRNA are usually short (< 20 base 53 

pairs, bp) and often contain mismatched base pairs. Consequently, the effect of the duplex structure of 54 

dsRNA generated from long (e.g., > 100 bp)17 complementary ssRNA strands on alkaline hydrolysis 55 

rates has yet to be experimentally validated. 56 

 As dsRNA stability has yet to be directly characterized, the possibility for the structure of 57 

dsRNA to alter its reactions relative to ssRNA is frequently neglected in discussions of the application 58 

and risk assessment of RNAi products. For example, dsRNA pesticides are thought to be less effective 59 

in insect species with high gut pH18,19 due to presumed alkaline hydrolysis.20-26 In addition, following 60 

established protocols to store ssRNA products to avoid alkaline hydrolysis,27-31 dsRNA products 61 

typically are also stored in solutions at circumneutral pH.32,33 The assumption that chemical hydrolysis 62 
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contributes to rapid dsRNA degradation in biological and environmental solutions is also pervasive in 63 

the assessments of the potential risks posed by dsRNA products to humans and other non-target 64 

organisms. The United States Environmental Protection Agency (EPA) Scientific Advisory Panel on 65 

RNAi technology based their analysis of the stability of dsRNA in the guts of non-target organisms on 66 

the assumptions that “RNA is an intrinsically unstable molecule even in normal aqueous conditions no 67 

matter what structural conformation (single-stranded or double-stranded) it assumes”34 and that “both 68 

acidic and basic conditions can drive intra-strand hydrolysis of RNA chains irrespective of the structural 69 

conformation of that molecule.”34 The chemical degradation of dsRNA pesticides in receiving 70 

environments (e.g., soil and surface water) has also been assumed to reduce their potential to result in 71 

adverse ecological impact,34,35 including one study that indicated chemical degradation of dsRNA 72 

pesticides might exceed biological degradation in surface water.35 73 

In this study, we provide the first characterization of the chemical stability of dsRNA at neutral 74 

and alkaline pH directly applicable to the fate of dsRNA products at environmental and biological 75 

systems. We first evaluated the impact of the duplex structure of dsRNA on its alkaline hydrolysis 76 

relative to ssRNA and corroborated our results using several complementary techniques. Next, we 77 

tested the degradation of both ssRNA and dsRNA molecules at circumneutral pH. Finally, we evaluated 78 

the overall degradation rates of ssRNA and dsRNA due to both alkaline and enzymatic hydrolysis as a 79 

function of pH to determine the pH of optimum stability for both molecules. We discussed the 80 

implications of our findings for RNAi technology development and risk assessment, as well as wide-81 

ranging contexts, including RNA isolation protocols, dsRNA virus quantification and inactivation, and 82 

prebiotic molecular evolution. 83 

 84 

Materials and Methods  85 

Materials 86 

Chemicals, kits, and supplies used in this study are described in Section S1. We synthesized 87 

dsRNA (100 and 1000 bp) and ssRNA (106 and 1006 nucleotides, nt) using the in vitro T7 polymerase 88 

reaction. The ssRNA molecules have the same sequence as the sense strand of dsRNA molecules, with 89 
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the exception of one experiment using the antisense ssRNA (Fig. S8), but have an additional 6 nt 90 

sequence (GGGAGA) in the 5’-end. The synthesis method and sequence of these RNA molecules are 91 

indicated in Section S2.  92 

RNase-free Protocol 93 

We conducted our experiments while minimizing the presence of RNase (details provided in 94 

Section S3). At all stages, we used RNase-free disposable supplies (e.g., tubes and pipettor tips), 95 

glassware baked at 450 ºC for 4 h, or reusable plasticware treated with 0.1% diethylpyrocarbonate 96 

(DEPC). Buffers were prepared with ultrapure water, autoclaved, and aliquoted before storage at 4 °C 97 

(for less than a week) or at -80°C. RNA was synthesized and handled in a laminar hood prior to analysis.  98 

RNA Incubation 99 

RNA was incubated in 20 μL solutions (exception: 100 μL for HPLC analysis) containing 20 100 

mM NaCl and 3 mM of buffer salt selected based on the experimental pH (MOPS for pH 7.0-8.0, borate 101 

for pH 9.0, bicarbonate for pH 10.0-11.0, and phosphate for pH 12.0-12.4). We used 1.5 mL Protein 102 

LoBind tubes for experiments because dsRNA negligibly adsorbs to the tube walls.36  103 

When indicated, formamide was used to denature dsRNA immediately prior to agarose gel 104 

electrophoresis.37 We mixed the dsRNA solution with pure formamide at a volume ratio of 2:3 in a 105 

chemical fume hood and heated the mixture at 65 °C for 2 min, followed by chilling at 5 °C for 5 min. 106 

The addition of formamide increased the sample volume from 20 μL to ~50 μL, of which 20 μL was 107 

then loaded on agarose gels for analysis. 108 

For experiments using human saliva RNase, we collected the saliva (~1 mL) in 1.5 mL Protein 109 

LoBind tubes at 0.5 h after brushing teeth. To separate RNase from mucus,38,39 we centrifuged the saliva 110 

at 21,100 g for 5 min and collected the supernatant (the top ¾ by volume) for a total of 3 cycles. The 111 

resultant liquid was stored at -20 °C until use. For experiments using soil solution RNase, we mixed a 112 

slurry prepared with 50 g fine sandy loam soil (characterized previously40) and 50 mL sterile water in 113 

an uncovered 250 mL Erlenmeyer flask using a stir bar (1000 rpm) at 24 °C for 2 days. We then 114 

centrifuged the slurry at 21,100 g for 1 min and collected the supernatant. The supernatant was stored 115 

at 4 °C for < 24 h before used as soil solution RNase.  116 
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Analysis of ssRNA and dsRNA 117 

Concentrations of intact ssRNA and dsRNA were determined by measuring ultraviolet (UV) 118 

light absorbance using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific), which can 119 

quantify nucleic acid concentrations above 2 ng/μL according to the manufacturer. To convert UV 120 

absorbance at 260 nm to concentration, we applied extinction coefficients of 0.0214 and 0.0266 (ng/μL)-121 

1⋅cm-1 for dsRNA and ssRNA, respectively.41 The difference in their extinction coefficients also 122 

allowed us to determine conditions that resulted in dsRNA denaturation by detecting an increase in UV 123 

absorbance (Fig. S9).  124 

The loss of intact ssRNA and dsRNA was analyzed by agarose gel electrophoresis (followed 125 

by gel image analysis, Section S4) to measure changes in RNA length without pretreatment (e.g., 126 

removal of organic matter). Quantitative reverse transcription polymerase chain reaction (RT-qPCR) 127 

was used as a supplementary analytical method for intact ssRNA and dsRNA (Sections S5). In both 128 

cases, the RNA type for standards corresponded to the type of the samples. Product analysis was 129 

conducted using high-performance liquid chromatography (HPLC) with UV detection (Section S6). 130 

Statistical Tests 131 

Each data point represents an independently prepared sample, with the number of samples 132 

prepared per time point indicated in the figure captions. Differences in hydrolysis rates and RNA 133 

concentrations were evaluated for statistical significance using GraphPad Prism 7.04 and Excel 134 

(Version 1911, unpaired Student’s t-test), respectively, with a confidence level was set as p ≤ 0.05. 135 

 136 

Results and Discussion 137 

1. Alkaline hydrolysis of ssRNA and dsRNA  138 

The primary structure of RNA consists of ribonucleotide monomers connected by 139 

phosphodiester bonds. Phosphodiester bonds undergo alkaline hydrolysis (also known as base-140 

catalyzed hydrolysis or hydroxide-mediated hydrolysis) upon deprotonation of 2’-hydroxyl group (pKa 141 

= ~13) to generate a nucleophilic 2’-oxyanion (Fig. 1A).42,43 The 2’-oxyanion attacks the electrophilic 142 

phosphorus atom, leading to the cleavage of the phosphodiester linkage.43 Degradation of ssRNA is 143 
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well-established to occur via alkaline hydrolysis;10,44 however, the possibility for dsRNA to degrade via 144 

a similar pathway has not been experimentally studied to date. We hypothesized that the rigidity of the 145 

dsRNA duplex may hinder the requisite intramolecular attack from initiating cleavage of the 146 

phosphodiester linkage. 147 

To evaluate how the duplex structure of dsRNA affects its alkaline hydrolysis, we first 148 

compared the degradation rates of 100 bp dsRNA and 106 nt ssRNA at pH 12.0 (Fig. 1B). We confirmed 149 

that dsRNA didn’t denature at this pH using UV absorbance (Fig. S9). The ssRNA molecules used 150 

throughout this study are identical to the sense strand of the dsRNA molecule, with the exception of 151 

additional 6 nt due to the synthesis method (Section S2). To assess the loss of the intact molecule, we 152 

used gel electrophoresis, which distinguishes products of ssRNA or dsRNA degradation that are shorter 153 

than ~70%-80% of their initial length from the intact molecules (Section S4). Using this method, we 154 

observed that the 106 nt ssRNA degraded following apparent first-order kinetics with an observed rate 155 

constant (kobs) of 2.5(±0.2)×10-3 min-1 over a period of 4 hours (Fig. 1C). In contrast, the 100 bp dsRNA 156 

did not undergo observable degradation over the same time period, resulting in an observed rate constant 157 

(kobs = 1.8(±1.0)×10-4 min-1) that was not significantly different from zero (p = 0.09). Comparing the 158 

rate constant for dsRNA hydrolysis to that for ssRNA hydrolysis indicates that dsRNA was more 159 

resistant to alkaline hydrolysis than ssRNA (p < 0.0001). 160 

The dsRNA active agents used in RNAi technologies can be up to an order of magnitude larger 161 

than the 100 bp molecule tested above (Table S2). To evaluate whether longer dsRNA molecules would 162 

also show enhanced stability against alkaline hydrolysis relative to ssRNA, we completed similar 163 

experiments as detailed above using 1000 bp dsRNA and 1006 nt ssRNA (Fig. 1D). We observed that 164 

1006 nt ssRNA degraded following apparent first-order kinetics (kobs = 2.39(±0.06)×10-2 min-1) (Fig. 165 

1E) and was below the lowest quantifiable concentration of this method (3.1 ng/μL) after 80 min. The 166 

1006 nt ssRNA degraded approximately an order of magnitude faster than the 106 nt ssRNA, likely 167 

corresponding to the 10-fold greater number of phosphodiester bonds. We also determined that the 168 

complementary ssRNA strand also hydrolyzes with a comparable rate constant (kobs = 1.75(±0.18)×10-169 

2 min-1) (Fig. S8). In contrast, the 1000 bp dsRNA remained significantly more stable than ssRNA (p < 170 
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0.0001), indicating that the increased stability of dsRNA against alkaline hydrolysis may be consistent 171 

across common sizes of dsRNA products (Fig. 1). This result was replicated using dsRNA generated 172 

by annealing the individual complementary ssRNA strands (Fig. S8), indicating that the resistance of 173 

dsRNA to alkaline hydrolysis was independent of the synthesis method.  174 

These results provided the first evidence that dsRNA is more resistant to alkaline hydrolysis 175 

than ssRNA. Notably, due to pH- and temperature-dependent folding,45,46 ssRNA often contains some 176 

double-stranded regions, which have been most commonly studied under physiological conditions (i.e., 177 

37 °C, neutral pH). The ssRNA molecules used herein might also fold (Fig. S2).47 However, despite 178 

this potential for ssRNA molecules to include some double-stranded regions, we still observed very 179 

different hydrolysis rates for ssRNA and dsRNA, potentially due to hydrolysis occurring in single-180 

stranded loop regions within the ssRNA molecule that are not present in dsRNA.  181 

We next conducted additional experiments to further confirm that individual strands within the 182 

dsRNA molecules remained intact throughout the duration of our experiment. Because the dsRNA 183 

molecules were not denatured during analysis, the dsRNA strands could conceivably hydrolyze but 184 

remain held together by hydrogen bonds between the two strands, resulting in migration into the gel to 185 

the same distance as the initial molecule. To test if the strands of dsRNA were both intact, we denatured 186 

the dsRNA using formamide (confirmed in Fig. S10)37 after the alkaline incubation but before gel 187 

analysis. The measured concentrations of denatured strands of the 1000 bp dsRNA molecule remained 188 

approximately constant for the duration of the experiment (Fig. 1D), indicating degradation of the 189 

individual strands was not detected by gel electrophoresis. 190 

To confirm that dsRNA degraded more slowly than ssRNA, we applied a complementary 191 

approach, RT-qPCR. Whereas common applications of qPCR analysis (e.g., relative quantification of 192 

gene expression level analysis)48,49 typically require short amplification regions (e.g., 75-150 bp)50 so 193 

that the PCR amplification efficiency can be assumed to be 100% (e.g., to apply the 2−ΔΔCt method)51, 194 

we applied RT-qPCR for absolute quantification with a standard curve analyzed with each measurement, 195 

which has no requirement on amplification efficiency. Hence, we were able to amplify the entire 196 

sequence (i.e., the sense strand of the 1000 bp dsRNA as well as the entire 1006 nt ssRNA excepting 197 
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the 6 nt cap). Consequently, whereas the gel electrophoresis method requires the degradation products 198 

to be 20-30% shorter than the intact molecule, the RT-qPCR method is expected to detect degradation 199 

even if only a few nucleotides are lost. In addition to being more sensitive than gel electrophoresis, RT-200 

qPCR also provides additional confirmation beyond our formamide experiments that the two strands in 201 

the dsRNA molecule remain intact. At pH 12.0, the degradation kinetics of both ssRNA and dsRNA 202 

molecules were substantially more rapid when quantified using RT-qPCR than the gel electrophoresis 203 

(Fig. 1). After 1006 nt ssRNA was degraded for 60 min, only 9.5(±1.0)% remained when measured by 204 

RT-qPCR (Fig. 1F), whereas 23.5(±2.3)% remained after the same time period when measured by the 205 

gel electrophoresis approach (Fig. 1D). In addition, whereas the degradation of dsRNA was not detected 206 

by gel electrophoresis, the intact molecules were reduced to 74.5(±7.4)% of their initial values after 60 207 

min when analyzed by RT-qPCR. This finding may indicate the ends of the dsRNA molecule are more 208 

susceptible to degradation than the interior of the molecule, as degradation of the ends would be 209 

detectable by RT-qPCR but not gel electrophoresis.  210 

Whereas the above methods all demonstrated that dsRNA degrades more slowly than ssRNA, 211 

they only monitor loss of the intact molecule and do not provide direct evidence that alkaline hydrolysis 212 

is the specific pathway responsible for this difference. To investigate the specific mechanism that differs 213 

between the two molecules, we analyzed the generation of the final end products, nucleotide monomers 214 

(nucleoside monophosphate), using HPLC (Fig. 1G). Alkaline hydrolysis of RNA leads to the 215 

production of 2’,3’-cyclic monophosphate nucleotide52 that further hydrolyzes to 2’ and 3’-216 

mononucleotides at a ratio of 0.85 (2’:3’).53 In contrast, enzymatic hydrolysis generates the 3’-217 

mononucleotide as the sole product.52,54,55 We identified 2’ and 3’-adenosine monophosphate (AMP) in 218 

the hydrolysates of 1006 nt ssRNA and 1000 bp dsRNA at pH 12.0 (Fig. 1G). At the end of the 219 

hydrolysis reaction (92 h), the ratios of 2’-AMP to 3’-AMP in hydrolysates were 0.86(±0.03) and 220 

0.80(±0.05) for ssRNA and dsRNA, respectively, supporting alkaline hydrolysis as the dominant 221 

degradation reaction for both molecules. Even after 92 h of incubation at pH 12.0, only a small fraction 222 

of the AMP in the RNA molecules (i.e., 3.7% total AMP in ssRNA) was recovered as nucleoside 223 

monophosphate. The low yield of hydrolysis products relative to the loss of the intact molecule 224 
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(e.g., >87.5 % loss of intact 1006 nt ssRNA at 2 h, Fig. 1D) was likely a consequence of the fact that 225 

several hydrolysis reactions were required to generate the nucleoside monophosphate product. 226 

Consistent with the loss of the intact molecule, the formation of AMP from dsRNA was much slower 227 

than ssRNA across the experiment duration, leading to the total combined AMP generated from dsRNA 228 

alkaline hydrolysis that was 4.4-fold lower than from ssRNA after 92 h.  229 

2. Hydrolysis of ssRNA and denatured dsRNA at alkaline pH. 230 

At extremely alkaline pH, dsRNA is expected to denature to generate two ssRNA molecules, 231 

which we hypothesized will hydrolyze at a similar rate as ssRNA synthesized directly. Using the fact 232 

that ssRNA has a 24% higher extinction coefficient compared to dsRNA at 260 nm,41 we found that 233 

both the 100 and 1000 bp dsRNA molecules denatured rapidly when the pH was increased from 12.0 234 

to pH 12.4 (Fig. S9), slightly above the pH (~11.8) reported for DNA denaturation.56,57 We compared 235 

the apparent first-order rate constants for hydrolysis of synthetized ssRNA to that of ssRNA generated 236 

by dsRNA denaturation for both size ranges at pH 12.4 (Fig. 2) using the gel electrophoresis approach. 237 

At this higher pH value, ssRNA hydrolysis rate constants increased by ~3-4 fold in comparison to rate 238 

constants measured at pH 12.0 (Fig. 1C & 1E), consistent with a 3-fold increase in hydroxide ion 239 

concentration. As observed at pH 12.0, the hydrolysis rate constants of longer ssRNA were about an 240 

order of magnitude higher than those of the shorter ssRNA molecules at pH 12.4 (Fig. 2). We observed 241 

that, for both sizes, the hydrolysis rate constant for ssRNA generated by dsRNA denaturation was within 242 

27% of the hydrolysis rate constant for directly synthesized ssRNA. This result indicates that the 243 

different hydrolysis rates of ssRNA and dsRNA at pH 12.0 were caused by the double helix structure 244 

of dsRNA, rather than their sequence or synthesis procedure, and is consistent our observations that 245 

hydrolysis at pH 12.0 is sequence- and synthesis-independent (Fig. S8). Given our findings that dsRNA 246 

resists hydrolysis at high pH values, the stability of dsRNA at high pH values appears to be limited 247 

predominantly by denaturation rather than hydrolysis. 248 

3. Hydrolysis of ssRNA and dsRNA at neutral pH. 249 

We applied our novel findings regarding the ability of dsRNA to resist alkaline hydrolysis to 250 

assess the potential rates of dsRNA hydrolysis at circumneutral pH conditions relevant to many 251 
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environmental and biological systems. In contrast to pervasive assumptions that dsRNA hydrolysis 252 

contributes to rapid dsRNA degradation at these conditions,34,35 we hypothesized that two factors we 253 

observed at high pH would in fact lead to very slow hydrolysis of dsRNA at circumneutral pH. Firstly, 254 

as we observed by comparing ssRNA hydrolysis at pH 12.0 to 12.4, the hydrolysis rates of 255 

phosphodiester bonds are strongly dependent on pH. Because the concentration of hydroxide ions at pH 256 

7.0 would be 5 orders of magnitude lower than at pH 12.0, the 1006 nt ssRNA molecule, which degraded 257 

at pH 12.0 with an apparent rate constant on the order of ~10-2 min-1, would degrade with an apparent 258 

rate constant on the order of ~10-7 min-1 at pH 7.0, corresponding to a half-life of a decade. Secondly, 259 

any hydrolysis of the phosphodiester bonds that could occur at circumneutral pH would be further 260 

slowed by the duplex structure of dsRNA. 261 

To test our hypothesis that dsRNA hydrolysis will be extremely slow at circumneutral pH, we 262 

measured the fraction of dsRNA that remained intact as quantified by our gel electrophoresis approach 263 

after incubation at pH 7.0 for 74 days (Fig. 3). We determined that neither the 100 bp dsRNA molecule 264 

nor the faster-hydrolyzing 1000 bp dsRNA molecule degraded to a measurable extent during the 265 

experiment duration. To evaluate whether the stability of dsRNA resulted from slow hydrolysis of RNA 266 

at circumneutral pH regardless of structure or the specific stability of dsRNA resulting from its duplex 267 

structure, we compared the stability of dsRNA to that of ssRNA at the same experimental conditions. 268 

Like the dsRNA molecules, the ssRNA molecules remained intact for the duration of the experiment 269 

(Fig. 3). These experiments indicate that hydrolysis is slow for both dsRNA and ssRNA at neutral pH. 270 

Furthermore, in contrast to prior reports of rapid abiotic degradation of dsRNA products measured by 271 

hybridization occurring over days in sterile water,35 dsRNA molecules in circumneutral solutions free 272 

of RNase or other catalyzing agents should be expected to remain intact for long periods of time.  273 

Because neither ssRNA nor dsRNA degraded to a measurable extent at circumneutral pH, we 274 

measured the loss of both molecules at moderately alkaline conditions and higher temperatures (pH 275 

~10.0, 50 °C), at which ssRNA would degrade. We determined that 1000 bp dsRNA was not measurably 276 

degraded over 5 h, while 1006 nt ssRNA degraded with a rate constant of 3.5(±0.3)×10-3 min-1 (Fig. 277 

S11), consistent with our findings at highly alkaline pH.  278 
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4. pH-Dependent abiotic and enzymatic hydrolysis of ssRNA and dsRNA 279 

Because dsRNA resists chemical hydrolysis at neutral and alkaline pH values, its degradation 280 

is likely controlled by enzymatic degradation in most environmental and biological systems. In this 281 

final experiment, we sought to determine if the unique persistence of dsRNA at alkaline conditions 282 

could be exploited to prevent unintended dsRNA degradation by RNase. Here we investigated dsRNA 283 

degradation by RNase from two sources: human saliva and agricultural soils. Human saliva is often 284 

considered as a source of RNase contamination due to saliva droplets generated by talking and 285 

coughing.58-60 In addition, RNase in agricultural soils may contribute to the unintended degradation of 286 

dsRNA pesticides, in particular during extraction prior to analysis.40  287 

We first measured the hydrolysis of 1006 nt ssRNA and 1000 bp dsRNA (25 ng/μL) in the 288 

presence and absence of human saliva RNase during incubation at 24 °C for 1 h (Fig. 4A,B). To enable 289 

comparable degradation extents of both ssRNA and dsRNA, we were required to dilute human saliva 290 

RNase by 400-fold to degrade ssRNA and only 20-fold to degrade dsRNA. The different dilution factors 291 

required suggest that human saliva RNase may be more selective to ssRNA than dsRNA, consistent 292 

with RNase from other sources (e.g., human pancreas).61 Therefore, dsRNA may be more resistant to 293 

both enzymatic and alkaline degradation relative to ssRNA. When we compared ssRNA degradation 294 

across pH values in the presence of human saliva RNase, we observed that residual ssRNA 295 

concentration increased from 8.0(±2.0) ng/μL to 14.4(±2.2) ng/μL (p = 0.05) when the pH is increased 296 

from 8.0 to 10.0 (Fig. 4A). This was likely caused by the decreased saliva RNase activity at higher pH, 297 

consistent with RNase sourced from rat serum and insect gut.62,63 Over the same pH range, ssRNA was 298 

not degraded in the absence of RNase. When the pH was increased from pH 10.0 to pH 12.4, the RNase 299 

activity decreased further, resulting in higher residual ssRNA concentrations at the higher pH values 300 

(Fig. 4A). However, the residual ssRNA concentration decreased from below the lowest quantifiable 301 

concentration (3.1 ng/μL) when the pH was increased from 10.0 to pH 12.4 in both the presence and 302 

absence of RNase, likely due to the significant increase in alkaline hydrolysis rate above pH 10.0. 303 

Therefore, in alkaline conditions, abiotic alkaline hydrolysis dominated ssRNA hydrolysis relative to 304 

enzymatic hydrolysis.  305 
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In the absence of human saliva RNase, dsRNA was stable across all pH values below the pH 306 

required for dsRNA to denature to ssRNA (i.e., values ≤ 12.0) (Fig. 4B). As expected, increasing the 307 

pH further to 12.4 led to rapid hydrolysis of the ssRNA molecules generated from denatured dsRNA, 308 

which degraded to below the lowest quantifiable concentration (3.1 ng/μL) like the synthesized ssRNA 309 

(Fig. 4B). The addition of saliva RNase decreased the residual dsRNA concentration relative to the 310 

RNase-free controls to values ranging from 6.9(±1.7) ng/μL to 9.1(±1.2) ng/μL from pH 7.0 to 10.0. 311 

Increasing the pH from 10.0 to 12.0 more than doubled the residual concentration of dsRNA from 312 

7.7(±0.6) ng/μL to 16.6(±0.3) ng/μL (p = 0.005). The greater residual dsRNA at higher pH values 313 

suggests that dsRNA-degrading RNase in saliva may lose activity at elevated pH values. Whereas 314 

ssRNA was degraded rapidly at high pH by alkaline hydrolysis despite the loss of RNase activity, the 315 

ability of dsRNA to resist alkaline hydrolysis resulted in greater stability at high pH than at 316 

circumneutral pH in systems where abiotic and enzymatic reactions co-occur.  317 

To test if our findings using human saliva RNase apply to RNase from other sources, we 318 

conducted similar experiments using RNase collected from soil at pH 7 (corresponding to the soil pH40) 319 

and pH 11 (corresponding to conditions used to extract dsRNA from soils40) at 24 °C (Fig. 4C and 4D). 320 

Because RNase activity from the soil was lower than from human saliva, we used a lower initial ssRNA 321 

and dsRNA concentration (12.5 ng/μL) and lower dilution factor for the RNase (4-fold to degrade 322 

ssRNA and 1.25-fold to degrade dsRNA). Notably, like saliva RNase, soil RNase also appeared to be 323 

more selective to ssRNA than dsRNA. We also increased the incubation time from 1 h to 4 h to match 324 

the extraction time used for dsRNA quantification in agricultural soils.40 Under these conditions, the 325 

addition of soil RNase at pH 7 decreased the amount of intact ssRNA remaining from 12.9(±0.1) ng/μL 326 

to 6.0(±0.6) ng/μL (Fig. 4C) and intact dsRNA remaining from 13.2±0.0 ng/μL to 6.5(±0.5) ng/μL 327 

(Fig. 4D). At pH 11, ssRNA degraded to a similar extent regardless of the presence or absences of soil 328 

RNase, resulting in residual concentrations of 5.8(±0.1) ng/μL and 6.8(±0.2) ng/μL, respectively (Fig. 329 

4C). Whereas ssRNA degradation at these conditions was dominated by enzymatic hydrolysis at pH 7, 330 

alkaline hydrolysis appears to limit ssRNA stability even in the absence of RNase at pH 11. In contrast, 331 

dsRNA remained intact regardless of the inclusion or absence of RNase (12.4±0.6 ng/μL and 332 
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12.4±1.5 ng/μL, respectively) (Fig. 4D). Consequently, soil RNase, like saliva RNase, appears to be 333 

inactivated at high pH, allowing dsRNA to be protected from enzyme degradation without undergoing 334 

abiotic alkaline hydrolysis.  335 

5. Environmental implications 336 

In this study, we demonstrated that the unique duplex structure of dsRNA alters its reaction 337 

rates and mechanisms relative to ssRNA at alkaline conditions. The slower alkaline hydrolysis rates of 338 

dsRNA relative to ssRNA may result from dsRNA adopting a more rigid secondary structure that 339 

prevents the intramolecular reaction required for hydrolysis to proceed. As acidic conditions also may 340 

catalyze the hydrolysis of phosphodiester bonds (albeit at slower rates than alkaline conditions),64 341 

dsRNA may also undergo slower acid-catalyzed hydrolysis than ssRNA. However, co-occurring 342 

reactions (e.g., depurination) that occur at acidic conditions require additional consideration.65 343 

Our finding that dsRNA remained intact in RNase-free and neutral aqueous conditions over 344 

months suggests that dsRNA products resist abiotic degradation and should not be assumed to degrade 345 

rapidly due to inherent chemical instability. This result challenges previous statements that dsRNA is 346 

intrinsically unstable,34 which should be re-evaluated within the context of the ongoing ecological risk 347 

assessment of dsRNA pesticides. Because RNase or other catalyzing agents are required to result in 348 

dsRNA degradation in environmental and biological systems, reported dissipation of dsRNA 349 

dissipation in autoclaved surface water on the timescale of days35 might have resulted from RNase 350 

contamination, especially considering that some RNases regain activity after autoclaving.66 351 

Consequently, RNase activity towards dsRNA in receiving environments or tissues63 likely dominates 352 

dsRNA degradation in environmental and biological systems relative to abiotic factors.67  353 

Our finding that dsRNA is substantially more stable at high pH than ssRNA enables improved 354 

handling, storage, and isolation of dsRNA products used across disciplines. Because ssRNA hydrolyzes 355 

faster than dsRNA at elevated pH, incubation at alkaline conditions provides a simple method to remove 356 

ssRNA in ssRNA-dsRNA mixture (e.g., during the isolation of viral dsRNA from host cells). In addition, 357 

as dsRNA is relatively insensitive to alkaline hydrolysis, unintended dsRNA loss by contaminant RNase 358 

may be slowed by working in solutions with alkaline pH, contrary to common suggestions that alkaline 359 
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conditions should be avoided for RNA products.27-31 This strategy may be particularly helpful when 360 

there is a risk of RNase contamination, but low-temperature preservation options are not available (e.g., 361 

during transportation). Furthermore, when an extraction step is required to transfer adsorbed dsRNA to 362 

solution phase prior to quantification,40 extraction at elevated pH may support increased dsRNA 363 

extraction efficiency40 while suppressing RNase degradation of dsRNA. Extraction at high pH is not 364 

applicable to ssRNA in soils due to its vulnerability to alkaline hydrolysis.  365 

Our experimental characterization of ssRNA and dsRNA stability has broad relevance beyond 366 

dsRNA products. Some pathogenic waterborne RNA viruses in wastewater could be inactivated by 367 

ammonia (NH3), which in principle may pass through the protein capsid68,69 and catalyzes RNA 368 

hydrolysis via a mechanism analogous to RNA alkaline hydrolysis.70 Our finding that dsRNA is 369 

resistant to chemical hydrolysis relative to ssRNA may explain the finding that dsRNA viruses are less 370 

susceptible to this inactivation process than ssRNA viruses.71 Beyond viral inactivation, our findings 371 

on RNA stability may benefit the detection and quantification of virus genetic markers (e.g., ssRNA or 372 

dsRNA) that can persist much longer than the infectious viruses in wastewater.72 Detection of viral 373 

genetic markers in wastewater has been applied during outbreaks (e.g., SARS-CoV-2)73 to enable 374 

surveillance, or potential advance notice, of community infection.74-76 The persistence of viral genetic 375 

markers beyond the loss of the infectious viruses may differ between ssRNA and dsRNA due to the 376 

different stability of these molecules, such that detection of ssRNA viruses may have a negative bias 377 

relative to dsRNA viruses during wastewater surveillance.  378 

Our finding that dsRNA is resistant to alkaline hydrolysis may also allow more accurate 379 

evaluations of conditions that could lead to the origin of life. The potential for prebiotic early molecular 380 

evolution at alkaline hydrothermal vents (pH 9-11)77 has been questioned due to the assumed 381 

degradation of RNA molecules at alkaline conditions.78 The insensitivity of dsRNA to alkaline 382 

hydrolysis raises the potential that prebiotic RNA in a duplex structure may persist under conditions 383 

present in hydrothermal vent conditions. 384 
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Fig. 1. Hydrolysis of ssRNA and dsRNA at alkaline pH. (A) Alkaline hydrolysis of phosphodiester 604 

bonds.10 B represents nucleotide base moieties (A, U, G, or C). The generated 2’,3’-cyclic phosphate 605 

terminus will then hydrolyze to 2’ and 3’-phosphate termini. (B-E) RNA loss (initial concentration = 606 

25 ng/μL) in solutions containing 20 mM NaCl, and 3 mM phosphate at pH 12.0 and 24 °C measured 607 

by agarose gel electrophoresis. Reactions were ended by adjusting the sample to neutral pH. Two 608 

independent samples were prepared for each time point. (B, D) Lines were generated by fitting all the 609 

data in the same group. The slopes of the best-fitted lines and their standard errors are indicated as 610 

hydrolysis rate constants and error bars in (C) and (E), respectively. In the 1000 bp dsRNA formamide 611 

group, the incubation was the same as the 1000 bp dsRNA group, but a formamide treatment was added. 612 

The hydrolyzed 1006 nt ssRNA concentration at 100 and 120 min was lower than the lowest 613 

quantifiable concentration (3.1 ng/μL). (F) RNA loss (initial concentration = 1 ng/μL) in identical 614 

solutions as above analyzed by RT-qPCR. Lines in the figures connect the averages of four independent 615 

samples. (G) Product formation from RNA (initial concentration = 25 ng/μL) in identical solutions as 616 

above analyzed by HPLC. Lines in the figures connect the averages of two independent samples. 617 

[AMP]max denotes the AMP concentration when RNA molecules were fully hydrolyzed to nucleoside 618 

monophosphate. To calculate the proportion to [AMP]max, we used the average value (17.48 μM) for 619 

ssRNA and dsRNA, which have [AMP]max values of 17.04 and 17.92 μM, respectively.   620 
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 621 

Fig. 2. Hydrolysis rate constant of ssRNA and denatured dsRNA at pH 12.4 and 24 °C. The RNA 622 

hydrolysis reaction contained 25 ng/μL RNA, 20 mM NaCl, and 3 mM phosphate. Reactions were 623 

ended by adjusting the sample to neutral pH. RNA concentration after hydrolysis was measured by 624 

agarose gel electrophoresis. Rate constants and their standard errors (indicated as error bars) were 625 

determined from two individual samples for timepoints ranging from 1-30 min (A) and 0.5-6 min (B) 626 

(visualized in Fig. S12).  627 
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 629 

Fig. 3. Analysis of ssRNA and dsRNA by agarose gel electrophoresis after 74 days of incubation at pH 630 

7.0 and 24 °C. The reaction contained 25 ng/μL RNA, 20 mM NaCl, and 3 mM MOPS. Error bars 631 

represent the standard deviations of measurements from eight independently prepared samples. The 632 

initial RNA concentration refers to the nominal value. 633 
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 635 

Fig. 4. Analysis of 1006 nt ssRNA (A, C) and 1000 bp dsRNA (B, D) by agarose gel electrophoresis 636 

after incubation at 24 °C for 1 h (A, B) or 4 h (C, D). The RNA hydrolysis reaction (20 μL) contained 637 

25.0 ng/μL (A, B) or 12.5 ng/μL (C, D) RNA, 20 mM NaCl, and 3 mM buffer salt (MOPS for pH 7.0-638 

8.0, borate for pH 9.0, bicarbonate for pH 10.0-11.0 and phosphate for pH 12.0-12.4). Human saliva 639 

RNase was 400-fold (A) or 20-fold (B) diluted. Soil solution RNase was 4-fold (C) or 1.25-fold (D). 640 

Two independent samples were prepared for each condition. Lines in the figures connect the averages. 641 

Reactions were ended by storing (for ~10 min) the samples in a pre-cooled (-20 °C) cooler before 642 

loading them into gels. The lowest quantifiable concentration was 3.1 ng/μL RNA in gels. The initial 643 

RNA concentration refers to the nominal value. 644 


