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 9 

Nucleoside analogs are a major class of antiviral drugs. Some act by increasing the viral 10 

mutation rate causing “death by mutagenesis” of the virus. Their mutagenic capacity, however, 11 

may lead to an evolutionary safety concern. We define evolutionary safety as a probabilistic 12 

assurance that the treatment will not generate an increased number of epidemiologically 13 

concerning mutated virus progeny. We develop a mathematical framework to estimate the 14 

total mutant load produced with and without mutagenic treatment. We predict rates of 15 

appearance of virus mutants as a function of the timing of treatment and the immune 16 

competence of patients, employing various assumptions about the vulnerability of the viral 17 

genome and its potential to generate undesired phenotypes. We focus on the case study of 18 

Molnupiravir, which is an FDA-approved treatment against COVID-19. We estimate that 19 

Molnupiravir is narrowly evolutionarily safe, subject to the current estimate of parameters. 20 

Evolutionary safety can be improved by restricting treatment to individuals with a low 21 

clearance rate and by designing treatments that lead to a greater increase in mutation rate. 22 

We report a simple rule to determine the fold-increase in mutation rate required to obtain 23 

evolutionary safety which is also applicable to other pathogen-treatment combinations. 24 

 25 



Introduction 26 

Nucleoside analogs are molecules similar in shape to naturally occurring nucleosides used by 27 

living organisms and viruses for nucleic acid synthesis. They are therefore readily incorporated 28 

into nascent DNA or RNA chains by viral polymerases. Many nucleoside analogs differ from 29 

natural nucleosides in key aspects which usually prevents further viral genome chain elongation. 30 

Such nucleoside analogues lack a 3’OH group which makes the viral polymerase unable to attach 31 

the next nucleoside to the growing chain.  Others, such as lamivudine, are D-enantiomers of 32 

natural nucleosides, and cause steric hindrance upon incorporation into the DNA or RNA chain 33 

(Seki, 2020).   34 

Other nucleoside analogues do not prevent viral transcription. Instead, they have the capacity to 35 

ambiguously base pair with several nucleosides. Therefore, they cause erroneous incorporation 36 

of nucleosides during the transcription process, thereby increasing the virus mutation rate up to 37 

the point of “death by mutagenesis”, a mechanism with foundations in quasispecies theory. This 38 

theory describes populations of replicating genomes under mutation and selection (Eigen and 39 

Schuster, 1977; McCaskill, 1984; Nowak, 1992; Nowak and Schuster, 1989; Summers and Litwin, 40 

2006; Swetina and Schuster, 1982). 41 

Repurposing mutagenic antiviral drugs to treat COVID-19 has been suggested early on in the 42 

pandemic (Jensen et al., 2020). Molnupiravir, one such example, seems to act exclusively through 43 

mutagenesis. Its incorporation into nascent RNA genomes by the viral polymerase does not result 44 

in chain termination: in fact, the viral RNA polymerase has been shown to successfully elongate 45 

RNA chains after the incorporation of Molnupiravir (Gordon et al., 2021; Kabinger et al., 2021; 46 

Zhou et al., 2021). Molnupiravir switches between two tautomeric forms: one is structurally 47 

similar to a cytosine, the other is structurally similar to a uracil. Hence, Molnupiravir can base 48 

pair, depending on its form, either with guanosine or with adenosine (Gordon et al., 2021; 49 

Kabinger et al., 2021). SARS-COV2 is a positive-sense single-stranded RNA virus and its RNA 50 

replication proceeds in two steps. First, the negative-sense RNA is polymerized based on the plus 51 

strand, and the negative strand then serves as a template to synthetize positive-sense RNA 52 

molecules (V’kovski et al., 2020). Hence, the incorporation of Molnupiravir during the first step 53 



of RNA synthesis gives rise to an ambiguous template: positions where Molnupiravir was 54 

incorporated can be read by the RNA-dependent RNA polymerase as either guanosine or 55 

adenosine. This causes mutations in the progeny RNA compared with the parental RNA, possibly 56 

up to the point of the “error catastrophe” and death of the virus (Gordon et al., 2021; Kabinger 57 

et al., 2021; Zhou et al., 2021).   58 

While considerable theoretical basis describes death by mutagenesis, a theoretical treatment is 59 

still missing to describe quantitatively the potential of emergence of variants of concern (VoC) 60 

upon mutagenesis. For example, in the context of the COVID-19 pandemic, the mutagenic 61 

potential of Molnupiravir naturally causes concerns about accelerating SARS-COV2 evolution. 62 

The evolution of resistance of SARS-COV2 against vaccination or existing treatments as well as 63 

enhanced transmissibility or lethality is a major concern, which has given rise to an impressive 64 

number of studies12-27 that have been founded on a long history of modelling the emergence of 65 

resistance against treatment in other viruses (Canini et al., 2014; Dobrovolny and Beauchemin, 66 

2017; Hadjichrysanthou et al., 2016; Handel et al., 2007; Ke et al., 2021; Kim et al., 2021; Luciani 67 

and Alizon, 2009; Stilianakis and Schenzle, 2006; Wodarz, 2014) and epidemiological models for 68 

disease spread (Ashcroft et al., 2021; Komarova et al., 2020, 2021; Lehtinen et al., 2021).  69 

As noted before, the intended antiviral activity of Molnupiravir resides in its capacity to induce 70 

mutagenesis and hence reduce virus load. Yet, this very property which confers to Molnupiravir 71 

its desired antiviral effect might also enhance the capacity of the virus to develop drug resistance, 72 

immune evasion, infectivity or other undesired phenotypes. Thus, a mathematical analysis 73 

should weigh the desired and potentially deleterious effects of mutagenesis drugs in general, and 74 

of the present virus and drug in particular.  75 

In this paper, we analyze the case study of the increase of the evolutionary potential of a virus 76 

(here: SARS-COV2) under mutagenic treatment (here: Molnupiravir treatment). In particular, we 77 

ask if the wanted effect of limitation of virus load by the drug could be accompanied by an 78 

unwanted enhancement in the rate of appearance of new VOCs due to increased mutagenesis. 79 

We construct a mathematical framework describing the increase and decrease of the virus load 80 

after infection and derived expressions for the total amount of wild-type and mutant produced 81 



by individuals during the course of an infection. We use empirical data on COVID-19 and 82 

bioinformatic data on SARS-COV2 to estimate key parameters, including infection progression 83 

within the body amidst response of the immune system and the number of potentially lethal 84 

positions in the genome.  85 

We find that the Molnupiravir-SARS-COV2 couple is situated in a region of the parameter space 86 

which is narrowly evolutionarily safe. Evolutionary safety increases with decreasing clearance 87 

rate in treated patients and with higher number of viral genome positions that are lethal when 88 

mutated. Crucially, evolutionary safety could be improved by obtaining higher increases in the 89 

mutation rate under treatment which provides a clear direction for drug improvement. We 90 

suggest a simple mathematical formula which determines the evolutionary safety of a drug given 91 

the pathogen’s mutation rate with and without treatment and the number of positions in the 92 

pathogen’s genome that are lethal when mutated. 93 

Description of the model  94 

After infection with SARS-COV2, virus load increases exponentially until it reaches a peak after a 95 

median of about 5 days (Ejima et al., 2021). During this growth phase the action of the immune 96 

system is insufficient to counterbalance viral replication. Subsequently the immune response 97 

gains momentum and infection enters a clearance phase. Now virus load decreases exponentially 98 

until the virus becomes eliminated about 10-30 days after initial infection (Ejima et al., 2021; Ke 99 

et al., 2021). In some immunocompromised individuals, viral clearance can take many weeks 100 

(Choi et al., 2020; Leung et al., 2022). However, some argue that the isolation of infectious virus 101 

is rare after 20 days post-infection (van Kampen et al., 2021).   102 

In our mathematical formalism, we describe the evolution of a virus within the body of a single 103 

human host by following the abundance of two viral types: wild type, 𝑥, and concerning mutants, 104 𝑦. Concerning mutants are those that can lead to undesirable viral evolution, for example to 105 

escape from vaccination (Nowak et al., 2021) or toward higher virulence or infectivity. Later we 106 

broaden the definition of variable 𝑦 to include any viable mutant, as these may subsequently 107 

facilitate epistatic tracks towards to VOCs. Both 𝑥 and 𝑦 replicate with birth rate 𝑏 and replication 108 

quality 𝑞 =  1 − 𝑢, where 𝑢 is the mutation rate per base. The mutation rate can be altered by 109 



the administration of a mutagenic drug. The virus genome contains 𝑚 positions, all of which must 110 

be maintained without mutations in order to generate viable progeny. We consider 𝑛 positions, 111 

such that even a single mutation in one of them gives rise to a concerning mutant virion, 𝑦.  As 112 

common in mutagenesis and also in the specific mechanism of action of Molnupiravir, transition 113 

mutations are more likely than transversion mutations (see Figure 1A). Our model can be 114 

extended to consider situations where the mutagenic drug increases the probability of mutation 115 

for a subset of all possible mutations (see Methods). Both 𝑥 and 𝑦 are cleared at same rate 𝑎𝑗 116 

with the subscript 𝑗 indicating the presence or absence of an adaptive immune response. During 117 

the growth phase 𝑗 = 0 and during the clearance phase 𝑗 = 1. We have 𝑎0 < 𝑏 < 𝑎1. Virus 118 

dynamics (Nowak and May, 2000) in an infected patient can be described by the system of 119 

differential equations 120 

 
�̇� = 𝑥(𝑏𝑞𝑚+𝑛 − 𝑎𝑗) �̇� = 𝑥𝑏𝑞𝑚(1 − 𝑞𝑛) + 𝑦(𝑏𝑞𝑚 − 𝑎𝑗)  

(1) 

We ignore back mutation from mutant to wild type(Eigen and Schuster, 1977; Nowak and May, 121 

2000; Nowak and Schuster, 1989). In the growth phase, without treatment, we have 𝑏𝑞𝑚+𝑛 >122 𝑎0  since both 𝑥 and 𝑦 grow exponentially. In the clearance phase, without treatment, we have 123 𝑏𝑞𝑚 < 𝑎1  since both 𝑥 and 𝑦 decline exponentially. The system is linear and can be solved 124 

analytically (see Methods). The biological reactions are presented schematically in Figure 1B. In 125 

our simple approach, there is a sudden onset of adaptive immunity which happens at time 𝑇. We 126 

relax this assumption in a model extension. 127 

Estimating parameters 128 

Estimation of mutation rates 129 

All parameters and methods for their estimation are summarized in Table 1. Each parameter can 130 

be estimated from existing literature. We denote by 𝑢0 the mutation rate without mutagenic 131 

treatment and by 𝑢1, which is greater than 𝑢0, the mutation rate with mutagenic treatment. 132 

The typical mutation rate for other positive single-strand RNA viruses is 10−5 (Peck and Lauring, 133 

2018). The mutation rate of SARS-COV2 has been hypothesized to be lower because of a 134 



proofreading capability (Smith et al., 2013).  The per-base mutation rate has been estimated at  135 𝑢0 = 10−6 by proxy with the related beta-coronavirus MHV (Bar-On et al., 2020; Sanjuán et al., 136 

2010). An in vitro study of experimental evolution of SARS-COV2 has reached the estimate 𝑢0 =137 3.7 ∙ 10−6 (Borges et al., 2021). Another study measuring the mutation rate of SARS-COV2 in vitro 138 

has estimated 𝑢0 = 2.5 ∙ 10−5 (Zhou et al., 2021). For our analysis, we use 𝑢0 =  10−6. 139 

The mutation rate of SARS-COV2 under Molnupiravir treatment has been measured in vitro to be 140 

2 to 5-fold higher than without treatment (Zhou et al., 2021). The fold-increase in mutation rate 141 

under treatment can also be estimated from sequencing viral samples from treated patients. A 142 

2-fold increase in the mutation rate in RNA-dependent RNA polymerase sequence in patients 143 

treated with Molnupiravir has been observed during its phase 2a clinical trial (Fischer et al., 144 

2021). This estimate comes with the caveat of neglecting potentially rare, severely deleterious 145 

mutants since those are less likely to be sequenced. Hence, we estimate 𝑢1 to be 2 to 5 times 146 

higher than 𝑢0. Mutation rate estimations for different pathogen-drug combinations are 147 

available in the literature, and result in even higher estimates for the virus mutation rate under 148 

treatment (Crotty et al., 2001). In our analysis we explore a wide range of 𝑢1 values, because it is 149 

our expectation that future mutagenic treatments might achieve higher increases of the virus 150 

mutation rate. 151 

Estimations of viral birth and clearance rates  152 

The average lifetime of an infected cell is about 8 hours (Bar-On et al., 2020). Hence, without 153 

infection of new cells we would obtain a clearance rate of 𝑎0 = 3 per day. From the current 154 

literature, we know that the virus load grows by about 10 orders of magnitude within 5 days 155 

(Ejima et al., 2021; Sender et al., 2021). Hence, for the viral growth rate we obtain 𝑏 = 7.61. For 156 

the clearance phase, a decrease by 4 orders of magnitude in 10 days results in a death rate of 157 𝑎1 = 8.76 per day reflecting high immunocompetence. The same decrease over 120 days results 158 

in a death rate of 𝑎1 = 7.69 per day reflecting low immunocompetence (see Methods). These 159 

estimates are approximations as they ignore loss by lethal mutants. 160 



Estimation of the number of viral genome positions that are either lethal or potentially 161 

concerning when mutated 162 

The distribution of fitness effects of random, single mutations has been studied in a different 163 

single-stranded RNA virus, the vesicular stomatitis virus (VSV) (Sanjuán et al., 2004). This 164 

distribution seems to be similar among single-stranded RNA viruses but could differ between 165 

species (Sanjuán, 2010). According to these studies, the proportion of viral genome positions that 166 

are lethal when mutated is about 40% and the proportion of highly deleterious mutations, 167 

defined as those that reduce the viral fitness by more than 25%, represents about 30%. Note that 168 

the small mutation rate allows us to approximate the number of lethal positions as 1/3 of the 169 

total number of possible mutations, taking into account that each position can be mutated to 170 

three different destinations. SARS-COV2 genome has a length of 29,900 nt. Hence, we have 𝑚 =171 11,960 when considering lethal mutations only and 𝑚 = 20,930 when considering both lethal 172 

and highly deleterious mutations. Hence, the realistic range for 𝑚 is between 11,960 and 20,930. 173 

For completeness, we also explore unrealistically low values of 𝑚 such as 1,500, which is the 174 

number of positions in the coding genome that are one nucleotide way from a STOP codon.  175 

In order to estimate the number of positions that could give rise to new variants of concern when 176 

mutated (denoted by 𝑛), we used empirical data collected by (Starr et al., 2020, 2021). Starr et 177 

al. conducted deep mutagenesis scans of the receptor-binding domain of the SARS-COV2 spike 178 

protein. For each of the generated mutants, Starr et al. measured the mutant’s binding affinity 179 

to ACE2 which is the receptor used by SARS-COV2 to enter the human cell. In a subsequent study, 180 

Starr et al. also measured each mutant’s affinity to antibodies in order to assess the ability of 181 

each mutant to escape the adaptive immune response and antibody treatments. Both escape 182 

from antibody and increased affinity to ACE2 are phenotypes beneficial for SARS-COV2. We 183 

identified 484 amino acid substitutions that result in antibody escape and 314 distinct amino acid 184 

substitutions that result in increased binding to ACE2 (see detailed information in the Methods). 185 

For each position coding for the receptor-binding domain of the spike protein, we counted how 186 

many mutations can give rise to the identified set of beneficial substitutions (we corrected for 187 

the overlap of substitutions found in both categories). We found that the resulting estimate 188 

(divided by 3 to take into account all possible destinations, see Methods) was 𝑛 = 87 when 189 



considering all possible mutations and 𝑛 = 75 when considering only transition mutations, i.e. 190 

when taking into account the specific mechanism of action of Molnupiravir.  191 

Of course, mutations that are advantageous for the virus could occur also outside of the receptor-192 

binding domain of the spike protein. More broadly, any neutral and even slightly deleterious 193 

mutation can be undesirable since they could represent an evolutionary “stepping-stone” to a 194 

multiple-mutation variant due to epistasis. Hence, we also explore how considering a very large 195 

number of positions that could give rise to new variants of concern when mutated, up to the 196 

length of the SARS-COV2 genome minus the 𝑚 positions that are lethal when mutated.  197 

Abundance of mutant virus for various treatment regimes 198 

 199 

In Figure 2, we show the dynamics of total virus and mutant over the course of an infection. We 200 

consider four times for the start of mutagenic treatment: at infection; at day 2 after infection, 201 

which corresponds to the beginning of symptoms; at day 5 after infection, which corresponds to 202 

the peak of the virus load; and at day 7 after infection. We observe that treatment always 203 

decreases the abundance of wild type virus. The dynamics of mutant follows that of the wild type. 204 

For the parameters used in Figure 2, treatment decreases the abundance of mutant virus – with 205 

exception of a brief transient period soon after the start of therapy, which is almost invisible in 206 

the figure.  207 

We are now interested in calculating the total number of mutant virus produced over the course 208 

of infection. This number can be computed as the integral of the abundance of mutant virus over 209 

time (see Methods). We consider two scenarios: in the first, the patient begins treatment when 210 

their virus load reaches its peak; in the second, the patient begins treatment when they become 211 

infected (following exposure to an infected individual).  212 

Treatment begins at (or near) peak virus load 213 

In Figure 3, we show the cumulative mutant load, 𝑌(𝑢1), as a function of the mutation rate 𝑢1 214 

for the case where treatment starts at peak virus load. To understand this function, we introduce 215 

the parameter 𝜂 = 𝑥𝑇/𝑦𝑇, with 𝑥𝑇  and 𝑦𝑇 denoting respectively wildtype and mutant virus load 216 

at peak, which is reached for each strain at a time. If 𝜂 > 𝑛/𝑚 then 𝑌(𝑢1) is a declining function. 217 



In this case, any mutagenic treatment is evolutionarily safe in the sense of reducing the 218 

cumulative mutant virus load. If on the other hand 𝜂 < 𝑛/𝑚 then the function 𝑌(𝑢1) attains a 219 

single maximum at  220 

 𝑢∗ = 𝑎1 − 𝑏𝑚𝑏 𝑛 − 𝜂𝑚𝑛 + 𝜂𝑚 (2) 

If 𝑢0 > 𝑢∗ then any increase in mutation rate is beneficial as it actually decreases the chance of 221 

appearance of VOC compared to evolution of the virus under no treatment. If 𝑢0 < 𝑢∗ then a 222 

small increase in the mutation rate can increase the chance of appearance of VOC under 223 

treatment, and thus be evolutionarily unsafe; in this case there needs to be a sufficiently large 224 

increase in mutation rate to make the treatment evolutionarily safe (see Figure 3 for details). We 225 

notice that increasing estimates of 𝑚 or decreasing 𝑎1 reduces the value of 𝑢∗ and therefore 226 

increases the range of 𝑢0 for which mutagenic treatment is evolutionarily safe. In particular, the 227 

more immunocompromised a patient is (lower 𝑎1), the lower the value of 𝑢∗. In Figure 3, we 228 

notice that only for low 𝑚 and high 𝑎1 we find 𝑢∗ > 𝑢0. For all other cases, 𝑢∗ > 𝑢0, and death 229 

by mutagenesis is both evolutionarily safe and evolutionarily desired, because it reduces the 230 

abundance of both wild type and mutant.  231 

 232 

Treatment begins at (or soon after) infection 233 

In Figure 3, we also show the cumulative mutant load, 𝑌(𝑢1), as a function of the mutation rate 234 𝑢1 for the case where treatment starts at infection. We find that this function attains a maximum 235 

at a value which is given by the root of a third order polynomial (see Methods and 236 

Supplementary Figure 1). Using the notation 𝑘 = [𝑏(2𝑏 − 𝑎0 − 𝑎1)]/[(𝑏 − 𝑎0)(𝑎1 − 𝑏)] and 237 ℎ = 𝑏𝑇, we can approximate 𝑢∗ as follows: 238 

 

if 𝑘 > ℎ then 𝑢∗ ≈ 1/(𝑘𝑚) 

if 𝑘 = ℎ then 𝑢∗ ≈ 0.52138/(ℎ𝑚) 

if 𝑘 < ℎ then 𝑢∗ ≈ 1/(ℎ𝑚) 

 

(3) 



Again if 𝑢0 > 𝑢∗ then any increase in mutation rate is beneficial. If 𝑢0 < 𝑢∗ then a small increase 239 

in the mutation rate can be evolutionarily not safe, but a sufficiently large increase in mutation 240 

rate can make the treatment evolutionarily safe (see Figure 3 for more details). 241 

 242 

Exploring the parameter space for evolutionary safety 243 

In Figure 4, we show the fold-increase in virus mutation rate that mutagenic treatment has to 244 

achieve to be evolutionarily safe. We vary first the number of lethal mutations 𝑚 in the viral 245 

genome and the clearance rate 𝑎1. For treatment starting at peak virus load (Figure 4A), we find 246 

that increase in mutation rate is evolutionarily safe if 𝑚 > 22,000 or 𝑎1 < 7.8 (green region). 247 

Evolutionary safety becomes an issue for small values of 𝑚 and larger values of 𝑎1. For 𝑚 =248 12,000 and 𝑎1 = 9  we need at least a 10-fold increase in mutation rate before the drug attains 249 

evolutionary safety. When treatment begins at infection (Figure 4B) the evolutionarily safe area 250 

becomes smaller, but the minimum increase in mutation rate required for evolutionary safety is 251 

lower. For example, for 𝑎1 = 9 and 𝑚 = 12,000, we need only a 3-fold increase. We show the 252 

same figure, but for an extended range of 𝑚 values in Supplementary Figure 2. 253 

 254 

Evolutionary risk factor (ERF) and infectivity risk factor (IRF) 255 

We define the “evolutionary risk factor” (ERF) of mutagenic treatment as the ratio of cumulative 256 

mutant virus load with treatment compared to without treatment (see Methods). The condition 257 

for evolutionary safety of mutagenic treatment is that ERF is less than one. Denote by 𝑌𝑖𝑗 the 258 

cumulative mutant load with the subscript 𝑖 indicating the presence (𝑖 = 1) or absence (𝑖 = 0) of 259 

treatment during the growth phase, and the subscript 𝑗 indicating the presence (𝑗 = 1) or 260 

absence (𝑗 = 0) of treatment during the clearance phase. Therefore, 𝑌00 is the cumulative mutant 261 

load without treatment, 𝑌01 is the cumulative mutant load with treatment in the clearance phase, 262 

and  𝑌11 is the cumulative mutant load with treatment in both growth and clearance phase. For 263 

treatment that starts at peak, 𝐸𝑅𝐹 = 𝑌01/𝑌00. For treatment that starts at infection, 𝐸𝑅𝐹 =264 𝑌11/𝑌00. An evolutionary risk factor below one signifies that treatment reduces the mutant load, 265 



and hence treatment can be even encouraged from an evolutionary perspective. An evolutionary 266 

risk factor above one implies that treatment increases the mutant load. 267 

In addition, we define the “infectivity risk factor” (IRF) which quantifies the efficacy of the 268 

treatment. The IRF is the ratio of the total cumulative viral load, mainly governed by the wild-269 

type, with treatment compared to the total cumulative viral load without treatment. IRF is always 270 

below 1.  271 

In Table 2, we computed some values for the cumulative mutant load with and without treatment 272 

and the cumulative total virus load with and without treatment, as well as the corresponding ERF 273 

and IRF. We notice that ERF increases (hence evolutionary safety decreases) with clearance rate, 274 𝑎1.  However, both the cumulative mutant viral load with and without treatment decrease with 275 

clearance rate. Hence, although the ERF is higher for more immunocompetent individuals, the 276 

absolute quantity of mutant produced is lower. We also notice that the IRF increases with 277 

immunocompetence, indicating that the benefit of treatment is smaller for more 278 

immunocompetent individuals who clear the virus rapidly.  279 

In Figure 5 and Supplementary Figure 3, we explore the ERF for wider regions of the parameter 280 

space. We vary each pair of parameters, while fixing others at their most probable value. The ERF 281 

exceeds 1 when the number of positions that would be lethal when mutated is much lower than 282 

our minimum estimate (𝑚 < 12,000). As 𝑚 decreases treatment induces less death by 283 

mutagenesis and thus provides more opportunity for mutants to be generated and to survive. 284 

Again, we observe that evolutionary safety decreases with the clearance rate, 𝑎1. Delaying 285 

treatment, especially past the peak of the virus load, brings ERF closer to 1. Hence, early 286 

treatment for high enough 𝑚 should be encouraged since it can substantially decrease the 287 

abundance of mutant. Overall, we notice that most regions of the parameter space are 288 

evolutionarily safe.  289 

In Supplementary Figure 4, we explore the ERF for lower and higher values of the birth rate 𝑏 290 

and the clearance rate 𝑎0 in the growth phase. We adjust the values of 𝑏 and 𝑎0 such that the 291 

net growth rate is conserved (ignoring lethal mutations). We observe that smaller values of 𝑏 and 292 𝑎0 lead to an increase in ERF, while larger values to a decrease. 293 



 294 

The evolutionary risk factor is a slowly declining function of the number of concerning 295 

mutations 296 

 297 

So far, we have used the parameter 𝑛 to denote the number of mutations which would result in 298 

variants of concern (VOCs) that is variants with increased transmissibility, virulence or resistance 299 

to existing vaccines and treatments. However, in the broad sense, any treatment which increases 300 

the standing genetic variation of the virus could favor the emergence of new variants of concern 301 

by enabling epistatic mutations. Therefore, we now extend the interpretation of 𝑛 to include any 302 

viable mutation in the viral genome. 303 

In Figure 6, we show that the ERF is a declining function of 𝑛. Thus, the more opportunities the 304 

virus has for concerning mutations (the larger 𝑛), the higher the advantage of mutagenic 305 

treatment. The reason for this counter-intuitive observation is that for large 𝑛 the cumulative 306 

mutant virus load is high already in the absence of treatment, while mutagenic treatment reduces 307 

the mutant load by forcing additional lethal mutations. ERF decreases with the number of 308 

positions 𝑛 also for lower birth rate 𝑏 (Supplementary Figure 5).  309 

 310 

Advantageous mutants do not substantially affect the evolutionary safety compared to 311 

neutral mutants  312 

 313 

Concerning mutants could have an in-host advantage compared to wild type, such as faster a 314 

reproductive rate or a lower clearance rate. In Supplementary Figure 6, we evaluate a mutant 315 

with a 1% selective advantage in birth rate. As expected, we observe that the advantageous 316 

mutant reaches higher virus load than a neutral mutant. But we also observe: if there is a 317 

minimum increase in mutation rate that is required for evolutionary safety, then it is lower (or 318 

slightly lower) for the advantageous mutant. Therefore, a treatment that is evolutionarily safe 319 

for a neutral mutant is also evolutionarily safe for an advantageous mutant.  320 

 321 



Gradual activation of the immune system 322 

 323 

So far, we have considered a sudden activation of the adaptive immune response by switching 324 

the clearance from 𝑎0 to 𝑎1 at time 𝑇 resulting in a two-phase model of immunity.  In reality, the 325 

immune response intensifies gradually over the course of the infection (Nowak and May, 2000). 326 

We explore a more gradual onset of the immune response in Supplementary Figure 7, where we 327 

add an intermediate phase during which the clearance rate is the arithmetic average of 𝑎0 and 328 𝑎1. We find that the ERF value for the three-phase immunity is very close to and bounded by the 329 

ERF values found for corresponding two phase simulations.  330 

 331 

 332 

 333 

A simple approach captures the essence of mutagenic treatment and evolutionary safety  334 

 335 

We further simplify our mathematical framework to obtain quantitative guidelines about the 336 

evolutionary safety of a mutagenic drug. We find that focusing on virus dynamics in the growth 337 

phase can be used to approximate the full infection dynamics, especially if the clearance rate is 338 

large. Note that clearance rates leading to infections which last longer than 100 days remain 339 

exceptions, and hence most individuals have a high clearance rate 𝑎1. The simplified approach is 340 

presented in the Methods. The agreement between the simplified and the full model is shown in 341 

Supplementary Figure 8.  342 

The eventual goal of all mutagenic treatments would be to prevent the exponential expansion of 343 

the virus even before the onset of adaptive immunity. Using the SARS-COV2 estimates, 𝑚 =344 20,000, 𝑏 = 7.61 and 𝑎0 = 3, we find that mutagenic treatment would have to achieve 𝑢1 >345 4.65 ∙ 10−5, which is a 50-fold increase of the natural mutation rate of the virus. If the mutagenic 346 

drug is less powerful, then it does not prevent the establishment of the infection, but it could still 347 

reduce both wild type and mutant abundance. The mutant virus load at time 𝑇 is a one-humped 348 

function of the mutation rate with a maximum that is close to 𝑢∗ = 1/(𝑏𝑇𝑚). For 𝑚 = 20,000, 349 



𝑏 = 7.61 and 𝑇 = 5 we find 𝑢∗ = 1.32 ∙  10−6. This value is close to the estimate of the natural 350 

mutation rate of the virus, 𝑢0 = 10−6. If 𝑢0 was greater than 𝑢∗ then any increase in mutation 351 

rate would be evolutionarily safe. Otherwise, we need to calculate the condition for evolutionary 352 

safety. Let us introduce the parameter 𝑠 with 𝑢1 = 𝑠𝑢0. The condition for evolutionary safety in 353 

the simplified model is  354 

𝑚 > log 𝑠𝑏𝑇𝑢0(𝑠 − 1) (4) 

As before 𝑏 = 7.61, 𝑇 = 5 and 𝑢0 = 10−6. For 𝑠 = 3 fold-increase of mutation rate induced by 355 

mutagenic treatment, we get 𝑚 >  14,455. Since evolutionary safety improves with decreasing 356 

clearance rate 𝑎1 (in the full model) we can interpret inequality (4) as a sufficient condition or as 357 

an upper bound.  The agreement between the analytical formulas and the numerical 358 

computation of the model is shown in Supplementary Figure 9. For the simplified model, we also 359 

find that ERF is a declining function of the number of concerning mutations, 𝑛 (see 360 

Supplementary Figure 10).  361 

 362 

Discussion 363 

 364 

We provide a mathematical framework to compute the evolutionary risk factor of death caused 365 

by mutagenic drugs and apply it to Molnupiravir, SARS-COV2 and COVID-19. For our current 366 

estimates of the parameter space, Molnupiravir treatment appears to be evolutionarily safe and 367 

can be encouraged for individuals with low clearance rates. For individuals with high clearance 368 

rates, the treatment might increase the rate of emergence of new VOCs by a few percent. 369 

However, the excess of mutant produced by immunocompetent individuals upon treatment is 370 

small in absolute amount due to the relatively smaller cumulative mutant virus load generated 371 

in such individuals.  372 

Mutagenic treatment acts to decrease the total virus load by causing lethal mutations. It can also 373 

decrease the mutant load since (i) it eliminates the ancestors of viable mutants and (ii) it 374 

accelerates the demise of their offspring by inducing lethal mutations. In immunocompromised 375 



individuals, for which the cumulative virus load without treatment is high, mutagenic treatment 376 

can substantially reduce the amount of mutant virus generated over the course of an infection. 377 

In immunocompetent individuals, the positive effect of mutagenic treatment on reducing virus 378 

load is smaller and the abundance of mutant virus can even be increased. A graphical summary 379 

of this intuition is shown in Figure 7. 380 

Our knowledge about SARS-COV2 is still evolving. Hence, estimates for key parameters, such as 381 

the number of positions that are lethal when mutated, could change. If new estimates were to 382 

show that the value of m is below 12,000, then we predict that the evolutionary risk factor of 383 

Molnupiravir exceeds 1 and hence the treatment could increase the rate of appearance of new 384 

VOCs. We therefore advocate caution when drawing conclusions about Molnupiravir’s safety. 385 

However, our analysis has also identified parameters which will not affect appreciably the 386 

assessment of evolutionary safety of Molnupiravir, such as the number of positions that are able 387 

to give rise to new variants of concern.  388 

Our analysis has also provide a simple rule (Eq. 4) for evolutionary safety of mutagenic treatment. 389 

We anticipate that additional “death by mutagenesis” drugs will emerge, and their evolutionary 390 

safety will need to be assessed before making them available for treatment.  391 

The safety concerns that emerge from the use of a mutagenic drug extend beyond the increased 392 

rate of appearance of new VOCs. Additional deleterious effects of Molnupiravir may include the 393 

mutagenesis of the host DNA following metabolic conversion of the drug into 2′-394 

deoxyribonucleotide (Zhou et al., 2021) and putative toxic effects on transcription of the host 395 

RNA. In addition, mutagenic treatment can have off-target effects in the event of coinfection with 396 

several pathogens. These other toxic effects are outside the scope of the current study.  397 

Finally, the framework presented here is general enough for the assessment of evolutionary 398 

safety of this and other mutagenic drugs, in the treatment of other infectious diseases and their 399 

pathogens. Our analytical and simulation code is available on-line for further explorations (see 400 

Code Availability). 401 



Data availability 402 

Our code for mathematical simulations is available at 403 

https://github.com/gabriela3001/molnupiravir_evol_safety. No biological data were generated 404 

during this project.  405 
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 549 

Methods 550 

We denote by 𝑥 and 𝑦 the abundances of wild type and mutant virus in an infected person.  551 

Evolutionary dynamics can be written as  552 

 
�̇� = 𝑥(𝑏𝑞𝑚+𝑛 − 𝑎𝑗) �̇� = 𝑥𝑏𝑞𝑚(1 − 𝑞𝑛) + 𝑦(𝑏𝑞𝑚 − 𝑎𝑗)  

(5a) 

(5b) 

The parameter 𝑏 denotes the birth (or replication) rate of the virus. The parameter 𝑎𝑗 denotes 553 

the death (or clearance) rate of the virus. The subscript 𝑗 indicates the absence (𝑗 = 0) or 554 

presence (𝑗 = 1) of an adaptive immune response. We have 𝑎1 > 𝑏 > 𝑎0. The accuracy of viral 555 

replication is given by 𝑞 = 1 − 𝑢, where 𝑢 is the virus mutation rate per base. The number of 556 

lethal (or highly deleterious) positions in the viral genome is given by 𝑚. The number of positions 557 

in the viral genome leading to concerning mutations is given by 𝑛. Therefore, 𝑦 measures the 558 

abundance of concerning mutants in a patient. At first, we assume that those mutations are 559 

neutral in the sense of having the same parameters 𝑏 and 𝑎𝑗  as the wild type virus in the patient 560 

in which they arise. We note that in Eq. (5) the mutant is mildly advantageous because 𝑞𝑚 >561 𝑞𝑚+𝑛. We assume that the adaptive immune response begins  𝑇 days after infection, at which 562 

time the clearance rate of the virus increases from 𝑎0 to 𝑎1. Therefore, peak virus load is reached 563 

at time 𝑇. For exponential increase in virus load during the growth phase, which occurs during 564 

the first 𝑇 days of infection, we require 𝑏𝑞0𝑚+𝑛 > 𝑎0. For exponential decrease in virus load 565 

during the clearance phase, we require 𝑏𝑞0𝑚 < 𝑎1.  566 

Using 𝑣 = 𝑥 + 𝑦 for the total virus abundance we obtain 567 

 �̇� = 𝑣(𝑏𝑞𝑚 − 𝑎𝑗) (6) 

Eq (6) is the same as Eq (5a) but 𝑚 occurs instead of 𝑚 + 𝑛. In the following we derive results for 568 𝑣. The corresponding results for 𝑥 are obtained by replacing 𝑚 with 𝑚 + 𝑛. Results for 𝑦 are 569 



given by 𝑣 − 𝑥. During the growth phase, we have �̇� = 𝑣(𝑏𝑞𝑚 − 𝑎0). For initial condition 𝑣 = 1 570 

we get 571 

 𝑣(𝑡) = 𝑒(𝑏𝑞𝑚−𝑎0)𝑡 (7) 

The cumulative amount of virus produced until time 𝑇 is  572 

 𝑉+ = ∫ 𝑣(𝑡)𝑑𝑡𝑇
0  ≈  1𝑏𝑞𝑚 − 𝑎0 𝑒(𝑏𝑞𝑚−𝑎0)𝑇 (8) 

The growth phase ends at time 𝑇, at which point the virus abundance is 573 

 𝑣𝑇 = 𝑒(𝑏𝑞𝑚−𝑎0)𝑇 (9) 

We use 𝑣𝑇  and the corresponding quantities 𝑥𝑇  and 𝑦𝑇 as initial conditions for the clearance 574 

phase. For the clearance phase, which starts at time 𝑇, we have �̇� = −𝑣(𝑎1 − 𝑏𝑞𝑚).  Using initial 575 

condition 𝑣𝑇  we obtain 576 

 𝑣(𝑡) = 𝑣𝑇  𝑒−(𝑎1−𝑏𝑞𝑚)𝑡  (10) 

The cumulative virus during the clearance phase is given by 577 

 𝑉− = ∫ 𝑣(𝑡)𝑑𝑡∞
𝑇 = 𝑣𝑇𝑎1 − 𝑏𝑞𝑚 = 1𝑎1 − 𝑏𝑞𝑚 𝑒(𝑏𝑞𝑚−𝑎0)𝑇 (11) 

For the cumulative virus load of growth plus clearance phase we obtain 578 

 𝑉 = 𝑉+ + 𝑉− = ( 1𝑏𝑞𝑚 − 𝑎0 + 1𝑎1 − 𝑏𝑞𝑚)𝑒(𝑏𝑞𝑚−𝑎0)𝑇 (12) 

Let us use 𝑉𝑖𝑗 to denote the cumulative virus during the entire infection where 𝑖 = 0 or 𝑖 = 1 579 

indicates absence or presence of treatment during the growth phase and 𝑗 = 0 or 𝑗 = 1 indicates 580 

absence or presence of treatment during the clearance phase. We have 581 

 𝑉𝑖𝑗 = ( 1𝑏𝑞𝑖𝑚 − 𝑎0 + 1𝑎1 − 𝑏𝑞𝑗𝑚)𝑒(𝑏𝑞𝑖𝑚−𝑎0)𝑇 (13) 

The corresponding equation for the cumulative wild type virus is 582 

 𝑋𝑖𝑗 = ( 1𝑏𝑞𝑖𝑚+𝑛 − 𝑎0 + 1𝑎1 − 𝑏𝑞𝑗𝑚+𝑛)𝑒(𝑏𝑞𝑖𝑚+𝑛−𝑎0)𝑇 (14) 

The corresponding equation for the cumulative mutant virus is given by the difference 583 



 𝑌𝑖𝑗 = 𝑉𝑖𝑗 − 𝑋𝑖𝑗 (15) 

Without any treatment the cumulative mutant virus is 𝑌00. If treatment starts at at time 𝑇 the 584 

cumulative mutant virus is 𝑌01. If treatment starts at time 0 the cumulative mutant virus is 𝑌11. 585 

Mutagenic treatment increases the mutation rate of the virus from 𝑢0 to 𝑢1 and therefore 586 

reduces the replication accuracy from 𝑞0 to 𝑞1. We have 𝑢0 < 𝑢1 and 𝑞0 > 𝑞1. 587 

 588 

Evolutionary risk factor 589 

 590 

We define the evolutionary risk factor, 𝐸𝑅𝐹, of mutagenic treatment as the ratio of cumulative 591 

mutant virus load with treatment over the cumulative mutant virus load without treatment.  For 592 

treatment that starts at time 𝑇, we have 𝐸𝑅𝐹 = 𝑌01/𝑌00. For treatment that starts at time 0, we 593 

have  𝐸𝑅𝐹 = 𝑌11/𝑌00. The 𝐸𝑅𝐹 quantifies how safe or unsafe a mutagenic treatment is. If 𝐸𝑅𝐹 <594 1 then the treatment is evolutionarily safe. 595 

 596 

Infectivity risk factor 597 

 598 

We define the infectivity risk factor, 𝐼𝑅𝐹, of mutagenic treatment as the ratio of cumulative virus 599 

load with treatment over the cumulative virus load without treatment.  For treatment that starts 600 

at time 𝑇, we have 𝐼𝑅𝐹 = 𝑉01/𝑉00. For treatment that starts at time 0, we have 𝐼𝑅𝐹 = 𝑉11/𝑉00.  601 

 602 

Treatment starts at peak virus load, 𝑡 = 𝑇 603 

 604 

The cumulative virus during the clearance phase with treatment is 605 

 𝑉− = 𝑣𝑇𝑎1 − 𝑏𝑞1𝑚 (16) 

The cumulative wild type virus during the clearance phase with treatment is 606 

 𝑋− = 𝑥𝑇𝑎1 − 𝑏𝑞1𝑚+𝑛 (17) 



The cumulative mutant virus during the clearance phase with treatment is 607 

 𝑌− = 𝑉− − 𝑋− = 𝑣𝑇𝑎1 − 𝑏𝑞1𝑚 − 𝑥𝑇𝑎1 − 𝑏𝑞1𝑚+𝑛 (18) 

We use from above 𝑣𝑇 = 𝑒(𝑏𝑞0𝑚 − 𝑎0)𝑇 and 𝑥𝑇 = 𝑒(𝑏𝑞0𝑚+𝑛 − 𝑎0)𝑇. Clearly, 𝑦𝑇 = 𝑣𝑇 − 𝑥𝑇. Let 𝜂 =608 𝑦𝑇/𝑥𝑇. The function 𝑌−(𝑢1) has the following behavior: 609 

(1) If 𝜂 > 𝑛/𝑚 then 𝑌−(𝑢1) is a declining function. In this case, mutagenic treatment is always 610 

beneficial. 611 

(2) If 𝜂 < 𝑛/𝑚 then 𝑌−(𝑢1) has a single maximum which is attained at 612 

 𝑢∗ = 𝑎1 − 𝑏𝑚𝑏 𝑛 − 𝜂𝑚𝑛 + 𝜂𝑚 (19) 

If 𝑢0 > 𝑢∗ then any mutagenic treatment is beneficial. If 𝑢0 <  𝑢∗ then mutagenic treatment 613 

needs to be sufficiently strong to be beneficial; in this case, we need 𝑌−(𝑢0) > 𝑌−(𝑢1).  For 614 

small 𝑢0 the condition 𝜂 >  𝑛/𝑚 is equivalent to 𝑏𝑇 > 1/(𝑚𝑢0). 615 

 616 

Treatment starts at infection, 𝑡 = 0 617 

 618 

For relevant parameters, the cumulative mutant virus load 𝑌11(𝑢1) – given by Eq. (15) - as a 619 

function of the mutation rate during treatment attains a single maximum at a value 𝑢∗. If 𝑢0 >620 𝑢∗ then mutagenic treatment is always beneficial. If 𝑢0 < 𝑢∗ then mutagenic treatment needs to 621 

be sufficiently strong to be beneficial; specifically, we need 𝑌11(𝑢0) > 𝑌11(𝑢1).  We obtain 𝑢∗ as 622 

follows. Let 𝜇 = 𝑚𝑢. We find 𝜇∗ = 𝑚𝑢∗ as the solution of the polynomial: 623 

 𝐹(𝜇) = ℎ + 𝑘 − 𝜇(ℎ2 + 𝑘2) − 𝜇2ℎ𝑘(2ℎ + 𝑘) − 𝜇3ℎ2𝑘2 (20) 

Here ℎ = 𝑏𝑇 and 𝑘 = [𝑏(2𝑏 − 𝑎0 − 𝑎1)]/[(𝑏 − 𝑎0)(𝑎1 − 𝑏)]. Exact solutions can be obtained 624 

but include complicated expressions. Approximate solutions can be found as follows. Consider 625 

fixed ℎ and declining 𝑘. As 𝑘 declines 𝜇∗ increases. There are 5 regions: 626 

1. if 𝑘 ≫ ℎ then 𝜇∗ = 1/𝑘 627 

2. if 𝑘 = ℎ then 𝜇∗ = 0.52138/𝑘 = 0.52138/ℎ 628 



3. if ℎ > 𝑘 > 0 then 𝜇∗ < 1/ℎ 629 

4. if ℎ > 𝑘 = 0 then 𝜇∗ = 1/ℎ 630 

5. if ℎ > 0 > 𝑘 then 𝜇∗ > 1/ℎ (but 𝜇∗ stays close to 1/ℎ) 631 

Therefore one can approximate as follows 632 

1. if 𝑘 > ℎ then 𝜇∗ ≈ 1/𝑘 633 

2. if 𝑘 > ℎ then 𝜇∗ ≈ 0.52138/ℎ 634 

3. if 𝑘 < ℎ then 𝜇∗ ≈ 1/ℎ 635 

See Supplementary Figure 1 for validity of those approximations. 636 

 637 

Evolutionary safety in a simplified setting 638 

 639 

We now consider the effect of mutagenic treatment in a setting that uses further simplification. 640 

We only study the amount of virus that is generated during the growth phase with and without 641 

mutagenic treatment. As before we have: 642 

 
�̇� = 𝑥(𝑏𝑞𝑚+𝑛 − 𝑎) �̇� = 𝑥𝑏𝑞𝑚(1 − 𝑞𝑛) + 𝑦(𝑏𝑞𝑚 − 𝑎)  

(21a) 

(22b) 

For the total virus, 𝑣 = 𝑥 + 𝑦, we have: 643 

 �̇� = 𝑣(𝑏𝑞𝑚 − 𝑎) (23) 

We use 𝑞 = 𝑞0 = 1 − 𝑢0 to denote absence of treatment and 𝑞 = 𝑞1 = 1 − 𝑢1 to denote 644 

presence of treatment, with 𝑢1 > 𝑢0. In the absence of treatment, we assume 𝑏𝑞0𝑚+𝑛 > 𝑎 645 

which means the wild type can expand.  646 

Clearly, the aim of mutagenic treatment is to eradicate the infection, that is to prevent the 647 

exponential expansion. Thus, mutagenic treatment succeeds if 𝑏𝑞1𝑚 < 𝑎. In other words, the 648 

mutation rate induced by mutagenic treatment should satisfy  649 

 𝑢1 > log(𝑏/𝑎)𝑚  (24) 



Using our SARS-Cov2 estimates, 𝑚 =  20,000, 𝑏 = 7.6 and 𝑎 =  3, we obtain 𝑢1 > 4.65 ∙650 10−5. If the natural mutation rate is 10−6 then - ideally - we are looking for a mutagenic drug 651 

that achieves a 50-fold increase in mutation rate. 652 

If the mutagenic drug is less powerful, then it does not prevent the infection, but it could still 653 

reduce both virus load and mutant virus load. In this case a more complicated calculation is 654 

needed. For initial condition 𝑣 = 1 (𝑥 = 1 and 𝑦 = 0) we obtain at time 𝑇 655 

 𝑣(𝑇) = 𝑒(𝑏𝑞𝑚−𝑎)𝑇 (25a) 

 𝑥(𝑇) = 𝑒(𝑏𝑞𝑚+𝑛−𝑎)𝑇 (25b) 

 𝑦(𝑇) = 𝑒(𝑏𝑞𝑚−𝑎)𝑇 − 𝑒(𝑏𝑞𝑚+𝑛−𝑎)𝑇  (25c) 

We need to understand how 𝑦𝑇 behaves as a function of the mutation rate. For this analysis, 656 

the parameter 𝑎 is irrelevant, because we can write 657 

 𝑦(𝑇) = 𝑒−𝑎𝑇(𝑒𝑏𝑇𝑞𝑚 − 𝑒𝑏𝑞𝑚+𝑛𝑇) (26) 

We find that 𝑦𝑇(𝑢) is a one-humped function with a single maximum near 658 

 𝑢∗ = 1𝑏𝑇𝑚 (27) 

This approximation holds for 𝑚𝑢∗ <<  1. Increasing 𝑏, 𝑇, or 𝑚 reduces the value of 𝑢∗. If 𝑢0 is 659 

greater 𝑢∗ then any increase mutation rate reduces the amount of mutant virus. Using our SARS-660 

Cov2 estimates, 𝑚 = 20,000, 𝑏 = 7.6  and 𝑇 =  5, we obtain 𝑢∗ =  1.31 ∙ 10−6. This value is 661 

very close to the estimate for the normal mutation rate 𝑢0 = 10−6. If 𝑢0 is less than 𝑢∗ then we 662 

need to calculate the ERF to evaluate if the treatment reduces the amount of mutant virus. We 663 

have 664 

 𝐸𝑅𝐹 = 𝑒(𝑏𝑞1𝑚−𝑎)𝑇−𝑒(𝑏𝑞1𝑚+𝑛−𝑎)𝑇𝑒(𝑏𝑞0𝑚−𝑎)𝑇−𝑒(𝑏𝑞0𝑚+𝑛−𝑎)𝑇  (28) 

Notice that 𝑎 cancels out and the parameters 𝑏 and 𝑇 appear as the product ℎ = 𝑏𝑇. We obtain 665 

 𝐸𝑅𝐹 = 𝑒ℎ𝑞1𝑚−𝑒ℎ𝑞1𝑚+𝑛𝑒ℎ𝑞0𝑚−𝑒ℎ𝑞0𝑚+𝑛  (29) 

Using the approximation 𝑞𝑚+𝑛 =  (1 −  𝑢)𝑚+𝑛 ≈  1 −  𝑢(𝑚 +  𝑛), we get 666 



 𝐸𝑅𝐹 = 𝑒−ℎ𝑚𝑢1(1−𝑒ℎ𝑛𝑢1)𝑒−ℎ𝑚𝑢0(1−𝑒ℎ𝑛𝑢0)  (30) 

For small ℎ𝑛𝑢 we can approximate 𝑒−ℎ𝑛𝑢 ≈  1 −  ℎ𝑛𝑢, and therefore 667 

 𝐸𝑅𝐹 = 𝑢1 𝑒−ℎ𝑚𝑢1𝑢0 𝑒−ℎ𝑚𝑢0  (31) 

We find 𝐸𝑅𝐹 <  1 if  668 

 𝑢1𝑒−ℎ𝑚𝑢1 < 𝑢0𝑒−ℎ𝑚𝑢0  (32) 

Which means 669 

 𝑚 > log 𝑠ℎ𝑢0(𝑠 − 1) (33) 

The key parameter, ℎ = 𝑏𝑇, is the number of replication events between the infecting virion 670 

and those virions that are present at the time of evaluation; using 𝑏 = 7.61 and 𝑇 = 5 we have 671 ℎ = 38.05. For 𝑢0 = 10−6 and 𝑠 = 3 fold-increase induced by mutagenic treatment, we get 672 𝑚 >  14,455. For 𝑠 = 2 we get 𝑚 >  18,217. 673 

Defining the infectivity risk factor, 𝐼𝑅𝐹, as 𝑣1(𝑇)/𝑣0(𝑇) we obtain 674 

 𝐼𝑅𝐹 = 𝑒(𝑏𝑞1𝑚−𝑎)𝑇𝑒(𝑏𝑞0𝑚−𝑎)𝑇 = 𝑒ℎ𝑞1𝑚𝑒ℎ𝑞0𝑚 = 𝑒ℎ(𝑞1𝑚−𝑞0𝑚) (34) 

Using the approximation 𝑞𝑚 = (1 −  𝑢)𝑚  ≈  1 −  𝑚𝑢 we have 675 

 𝐼𝑅𝐹 = 𝑒−ℎ𝑚(𝑢1−𝑢0) (35) 

We note that IRF is always less than 1. 676 

 677 

 678 

 679 

Treatment increases the mutation rate only in a fraction 𝑓 of positions 680 

 681 

Molnupiravir is molecularly similar to a cytosine, however it can base-pair equally efficiently with 682 

both adenosine and guanosine. Hence, the probability of certain possible mutations will be 683 



increases more than others. Specifically, in the case of molnupiravir, transition mutations will be 684 

more frequent, but transversion mutations are not expected to increase. If the mutagenic drug 685 

increases the mutation rate in a fraction 𝑓 of positions, evolutionary dynamics can be written as  686 

 �̇� = 𝑥(𝑏𝑞0(𝑚+𝑛)(1−𝑓)𝑞1(𝑚+𝑛)𝑓 − 𝑎𝑗 �̇� = 𝑥𝑏𝑞0𝑚(1−𝑓)𝑞1𝑚𝑓 (1 − 𝑞0𝑛(1−𝑓)𝑞1𝑛𝑓) + 𝑦(𝑏𝑞0𝑚(1−𝑓)𝑞1𝑚𝑓 − 𝑎𝑗) 

(36) 

Let 𝑞2 = 𝑞01−𝑓𝑞1𝑓. Hence, we have: 687 

 �̇� = 𝑥(𝑏𝑞2𝑚+𝑛 − 𝑎𝑗) �̇� = 𝑥𝑏𝑞2𝑚(1 − 𝑞2𝑛) + 𝑦(𝑏𝑞2𝑚 − 𝑎𝑗) 
(37) 

which is equivalent to Eq. 5. Hence all the subsequent derivations hold.  688 

 689 
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 698 

 699 



Main text figures 700 

 701 

Figure 1. A: Mechanism of action of molnupiravir. SARS-COV2 has a positive-sense single-702 

stranded RNA genome, represented schematically in (1). Its replication proceeds by two steps: 703 

first, the synthesis of a negative-sense template strand (2), which is then used to synthesize a 704 

positive-sense progeny genome (3). Molnupiravir (designated by M) is incorporated against A or 705 

G during the synthesis of the negative-sense template strand (2). When the template strand is 706 

replicated, M can be base-paired with either G or A. Hence, all A and G in the parent genome 707 

become ambiguous and can appear as A or G in the newly synthetized positive-strand genome; 708 

see position 1 in (3). C and T are not affected by molnupiravir during the synthesis of the template 709 



strand, (1) to (2), but can be substituted to M during the synthesis of the progeny genome from 710 

the template strand; see (2) to (3). As previously, M can then base-pair with A or G when used as 711 

a template; see (3) to (4), which can cause A->U and U->A transitions in the final progeny genome 712 

(5). B: Virus dynamics within an infected person.  Wildtype (𝑥) and the mutant (𝑦) replicate at 713 

rate 𝑏 and quality 𝑞 = 1 − 𝑢. The per base mutation rate, 𝑢, is increased by treatment with 714 

molnupiravir. Both the wildtype and the mutant need to maintain 𝑚 positions to remain viable. 715 

Mutating any of 𝑛 positions in the wildtype results in a mutant.  In the beginning of the infection, 716 

the adaptive immune response is weak, and the virus is cleared at a rate 𝑎0 which is less than 𝑏. 717 

After some time, 𝑇, the adaptive immunity is strong, and the virus is cleared at the higher rate 718 𝑎1 which is greater than 𝑏. 719 

 720 
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 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 



 732 

Figure 2. Time series of virus (𝒗 = 𝒙 + 𝒚) and mutant (𝒚) virus with and without treatment. We 733 

consider four starting points for treatment: (A) at infection, at day 0; (B) before reaching peak 734 

virus load, at day 2; (C) at peak virus load, day 5; and (D) after peak virus load, day 7. The red 735 

arrow and dotted line indicate the beginning of treatment. Virus load increases during the first 5 736 

days when the death rate is 𝑎0. Virus load subsequently decline when the death rate is 𝑎1. We 737 

observe that treatment with a mutagenic drug reduces the total abundance of virus. The higher 738 

the mutation rate induced by treatment, the higher is the decrease in virus load. The abundance 739 

of mutant virus can increase transiently after the start of treatment, but subsequently declines 740 

compared to the case of no treatment.  Parameters: 𝑎0 = 3, 𝑎1 = 7.7, 𝑏 = 7.61, 𝑢0 = 10−6, 741 𝑚 = 20,000, 𝑛 = 1. Initial condition:   𝑥0 = 1 and 𝑦0 = 0. 742 
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 750 
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 752 



 753 

Figure 3. Cumulative mutant virus load versus mutation rate, 𝒖𝟏, during treatment. The 754 

cumulative mutant virus load increases with mutation rate 𝑢1 before reaching a peak and then 755 

decreases to low values. If the peak is reached at a mutation rate that is less than the natural 756 

mutation rate, 𝑢0 (red dotted line), then any increase in mutation rate reduces the cumulative 757 

mutant load. If the peak is reached for a mutation rate greater than 𝑢0, then the increase in 758 

mutation rate caused by mutagenic treatment must exceed a threshold value (blue dotted line) 759 

to reduce the cumulative mutant virus load. (A) Treatment starts at peak virus load. (B) Treatment 760 

starts at infection. The red arrow indicates the mutation rate at the error threshold of the growth 761 

phase. Parameters: 𝑏 = 7.61, 𝑎0 = 3, 𝑛 = 1, 𝑇 = 5,  𝑚 and 𝑎1 as shown. 762 



 763 

Figure 4. Evolutionary safety of mutagenic treatment. In the green parameter region, any 764 

increase in mutation rate reduces the cumulative mutant virus and is therefore evolutionarily 765 

safe. In the red shaded region, we indicate the minimum fold increase in mutation rate that is 766 

required to reduce the cumulative mutant load. Contour lines for 3-fold and 10-fold increase are 767 

shown. (A) Treatment starts at peak virus load. (B) Treatment starts at infection. Parameters: 𝑏 =768 7.61, 𝑎0 = 3, 𝑛 = 1, 𝑇 = 5, 𝑢0 = 10−6. 769 



 770 

Figure 5. Evolutionary risk factor (ERF) for a grid of pairs of selected parameters. For each pair 771 

of parameters, we numerically compute the ERF for a range of values, while all other parameters 772 

are fixed. We observe that the value of 𝑛 has little effect on the ERF. Evolutionary risk factors 773 

above 1 are only observed for low values of the number of lethal positions, 𝑚. The ERF decreases 774 

with early treatment, high viral mutation rate under treatment, and large number of lethal 775 

positions. Initial condition:   𝑥0 = 1 and 𝑦0 = 0. 776 

 777 
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 780 

 781 



 782 

Figure 6. The evolutionary risk factor (ERF) versus the number of concerning mutations.  The 783 

ERF of mutagenic treatment is the ratio of the cumulative mutant virus load with and without 784 

treatment. Here we show ERF versus the number 𝑛 of potentially concerning mutations in the 785 

viral genome. We explore all values of 𝑛 subject to the constraint that 𝑚 + 𝑛 remains below the 786 

length of the SARS-COV2 genome. We observe that the ERF decreases as function of  𝑛. (A) 787 

Treatment starts at peak virus load. (B) Treatment starts at infection. Parameters: 𝑎0 = 3, 𝑏 =788 7.61, 𝑢0 = 10−6, 𝑢1 = 3 ∙ 10−6, 𝑇 = 5. Initial condition: 𝑥0 = 1 and 𝑦0 = 0. 789 
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 795 

Figure 7: Graphical summary of the influence of mutagenic drugs on the cumulative number of 796 

produced mutant. The evolutionary risk factor is the ratio of the amount of undesirable mutant 797 

produced with treatment to the amount of undesirable mutant produced without treatment. 798 

When the mutation rate is low, few undesirable mutants are produced, but also few lethal 799 

mutants are produced. Most mutations occur when the virus load is already high hence they have 800 

little influence on subsequent generations. When the mutation rate is intermediate, the 801 

probability that mutations will occur earlier is higher. Hence, both the amount of lethal mutations 802 

and of undesirable mutants increases. When the mutation rate is high, it is more probable that 803 

lethal mutations will occur early in the replication and hence significantly reduce the virus load. 804 

A smaller virus load translates to fewer opportunities for an undesirable mutant to arise. 805 

Moreover, a high mutation rate also increases the probability of lethal mutations in an 806 

undesirable mutant.  807 
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 819 

Supplementary Figures 820 

 821 

 822 

Supplementary Figure 1. Validity of approximations for 𝒖∗ when treatment starts at infection. 823 

The cumulative mutant virus load, 𝑌(𝑢), is a one humped function which attains a maximum at 824 

mutation rate 𝑢∗.  The figure shows the value of 1/𝑚𝑢∗as function of 𝑎1. We use the notation 825 ℎ = 𝑏𝑇 and 𝑘 = [𝑏(2𝑏 − 𝑎0 − 𝑎1)]/[(𝑏 − 𝑎0)(𝑎1 − 𝑏)]. If ℎ ≪ 𝑘 then 1/𝑚𝑢∗ ≈ ℎ. If 𝑘 ≪ ℎ 826 

then 1/𝑚𝑢∗ ≈ 𝑘. If ℎ ≈ 𝑘 then 1/𝑚𝑢∗ ≈ ℎ/0.52138. We observe good agreement. Other 827 

parameters: 𝑏 = 7.61, 𝑎0 = 3, 𝑚 = 20,000, 𝑛 = 1. 828 
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 841 

Supplementary Figure 2. Evolutionary safety of mutagenic treatment. Same as Figure 4 of the 842 

main text but the parameter m extends to lower values.  (A) Treatment starts at peak virus load. 843 

(B) Treatment starts at infection. Parameters: 𝑏 = 7.61, 𝑎0 = 3, 𝑛 = 1, 𝑇 = 5, 𝑢0 = 10−6. 844 

 845 



 846 

Supplementary Figure 3. Evolutionary risk factor for a grid of pairs of selected parameters. For 847 

each pair of parameters, we numerically computed the ERF for a range of values, while other 848 

parameters were fixed. We observe that the value of 𝑛 has little effect on the ERF. ERFs above 1 849 

are only observed for low values of the number of lethal positions 𝑚. The ERF decreases with 850 

early treatment, high viral mutation rate under treatment, large number of lethal positions. Initial 851 

condition:   𝑥0 = 1 and 𝑦0 = 0. 852 
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 856 

Supplementary Figure 4. Evolutionary risk factor (ERF) for other values of 𝒃 and 𝒂𝟎. Our 857 

estimates for viral birth and death rates in the growth phase are 𝑏 = 7.61 and 𝑎0 = 3. Here we 858 

compute a parameter grid of ERF versus 𝑚 and 𝑎1for two other choices of 𝑏 and 𝑎0, which 859 

maintain the same net growth rate (ignoring lethal mutations). For 𝑏 = 6.61 and 𝑎0 = 2 we 860 

observe slightly higher ERF values. For 𝑏 = 8.61 and 𝑎0 = 4 we observe slightly lower ERF values.  861 
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 875 

Supplementary Figure 5. Evolutionary risk factor versus the number of concerning mutations 876 

for lower value of birth rate, 𝒃. Here the ERF is slightly higher than for Figure 5, which uses b = 877 

7.61, but is still a declining function of the number of concerning positions, 𝑛. Parameters: 𝑏 =878 6.61, 𝑎0 = 2, 𝑢0 = 10−6, 𝑢1 = 3 ∙ 10−6, 𝑇 = 5. Initial condition: 𝑥0 = 1 and 𝑦0 = 0. 879 
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 888 

Supplementary Figure 6. Cumulative mutant load Y versus mutation rate 𝒖𝟏 for the case of an 889 

advantageous concerning mutant. We consider a concerning mutant with a 1% advantage in the 890 

birth rate. As expected, we observe a higher cumulative mutant load for the advantageous 891 

mutant (green line) compared to the neutral mutant (blue line). But the minimum mutation rate 892 

under treatment which is required for evolutionary safety is slightly lower for the advantageous 893 

mutant. Parameters: 𝑏 = 7.61, 𝑏𝑀𝑇 = 7.69, 𝑎0 = 3, 𝑛 = 1, 𝑇 = 5,  𝑚 and 𝑎1 as shown. 894 



 895 

Supplementary Figure 7. Evolutionary risk factor versus the number of lethal positions, 𝒎, and 896 

the clearance rate, 𝒂𝟏, for a three-phase immune response. The values of ERF for a three-phase 897 

immunity scenario – where the clearance rate equals to the arithmetic average of 𝑎0 and 𝑎1 898 

between days 4 and 5 – is bounded from below by the ERF values of two-phase immunity with T 899 

= 5 and is bounded from above by the ERF values of two-phase immunity with T = 4.  Treatment 900 

starts at infection. Parameters: 𝑛 = 1, 𝑢1 = 3 ∙ 10−6. Initial condition:   𝑥0 = 1 and 𝑦0 = 0. 901 
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 918 

Supplementary Figure 8. Comparing the simplified and the full model. In the simplified model, 919 

we only consider the growth phase of the virus, and we use for evaluation the abundance of 920 

mutant virus at time T. (A) Comparison between abundance of mutant virus at the end of the 921 

growth phase (green line) and the cumulative mutant virus load of the full model (orange and 922 

blue lines). The mutation rates at peak are indicated with a dashed line and are very close. (B) 923 

Minimum fold increase of mutation rate which treatment must induce to be evolutionarily safe. 924 

The simple model (green line) is a good approximation for the full model with fast clearance rates. 925 

Parameters: 𝑏 = 7.61, 𝑎0 = 3, 𝑛 = 1, 𝑇 = 5, and  𝑚 = 20,000. Initial condition:   𝑥0 = 1 and 926 𝑦0 = 0. 927 
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 941 

Supplementary Figure 9. Agreement between the analytical formulas for 𝒖∗ and for the 942 

minimum evolutionarily safe mutation rate under treatment considering the growth phase 943 

only. The formulas represented by the purple and blue line correspond to Eqs. 27 and Eq. 33 in 944 

the Methods. We observe perfect agreement.  Parameters: 𝑢0 = 10−6, 𝑢1 = 3 ∙ 10−6, 𝑏 = 7.61, 945 𝑎 = 3, 𝑇 = 5 and 𝑚 as shown.   946 
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 962 

Supplementary Figure 10. The evolutionary risk factor is a declining function of the number of 963 

concerning mutations 𝒏 also in the simplified setting. ERF (as given by Eq. 31 in Methods) is a 964 

declining function of 𝑛. Parameters: 𝑢0 = 10−6, 𝑢1 = 3 ∙ 10−6, 𝑏, 𝑚, and 𝑎 as shown.   965 
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Tables 982 

Symbol Name Value Method of approximation References 

𝑏 
birth rate of infected 

cells 
7.61 

fitted to virus load along time 

measurements in infected 

patients 

(Ejima et al., 2021) 

𝑎0 

clearance rate prior to 

adaptive immune 

response 

 3 

computed from eclipse time of 

SARS-COV2 in infected cells in 

vitro 

(Bar-On et al., 2020) 

𝑎1 

clearance rate during 

adaptive immune 

response 

7.7 − 10 

fitted to virus load along time 

measurements in infected 

patients 

(Choi et al., 2020; 

Ejima et al., 2021; 

van Kampen et al., 

2021; Ke et al., 

2021; Leung et al., 

2022) 

𝑢0 
viral mutation rate 

without treatment 
10−6 

mutation rate measured for 

related MHV 

(Bar-On et al., 2020; 

Borges et al., 2021) 

𝑢1 
viral mutation rate 

during treatment 
2 − 5 ∙ 10−6 

fold-increase in mutation rate 

under treatment measured in 

treated patients and in vitro 

(Zhou et al., 2021) 

𝑚 

number of lethal 

positions in SARS-COV2 

genome 

~12,000 
typical proportion of lethal 

mutations in ssRNA viruses 

(Sanjuán et al., 

2010) ~21,000 

typical proportion of lethal + 

severely deleterious mutations 

in ssRNA viruses 

𝑛 

number of beneficial 

positions in SARS-COV2 

genome 

~100 analysis of mutagenesis data 
(Starr et al., 2020, 

2021) 

𝑇 
time of peak of virus 

load 
3-7 

virus load along time 

measurements in infected 

patients 

(Ejima et al., 2021) 
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Table 1. Summary of parameters with ranges for their values and method of estimation.  984 

 985 



 986 

Table 2. Cumulative virus load, mutant load, infectivity risk factor (IRF) and evolutionary risk 987 

factor (ERF) of mutagenic treatment. (A) Treatment starts at peak virus load. (B) Treatment starts 988 

at infection. We show numerical results for individuals that differ in their immune competence, 989 

which affects the clearance rate, 𝑎1, during adaptive immunity. Patients that are less 990 

immunocompetent benefit more from mutagenic treatment (lower IRF) and also have a lower 991 

ERF. Parameters: 𝑎0 = 3, 𝑏 = 7.61, 𝑢0 = 10−6, 𝑢1 = 3 ∙ 10−6, 𝑚 = 20,000, 𝑛 = 1, 𝑇 = 5. Initial 992 

condition:   𝑥0 = 1 and 𝑦0 = 0. 993 

 994 


