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Abstract
Molnupiravir and Paxlovid are the only antivirals approved for COVID-19 treatment. Previous studies have
evaluated their e�cacy, tolerability, and viral clearance, but little is known about SARS-CoV-2 evolution
under their pressure. Here the dynamics of genomic evolution of SARS-CoV-2 in 8 Molnupiravir-treated, 7
Paxlovid-treated and 5 drug-naïve individuals at 4 time-points (Day 0, Day 2, Day 5 of treatment and Day
7) were in-depth investigated. SARS-CoV-2 strains under Molnupiravir pressure were characterized by a
higher genetic diversity compared to Paxlovid and no-drug pressure (mean ± SE: 18.66x10− 4±2.06x10− 4

vs. 3.34x10− 4±0.84x10− 4 vs. 3.10x10− 4±0.84x10− 4, P = 0.0003), with a peak between Day 2 and Day 5.
Molnupiravir drove the emergence of more G-A and C-T transitions than other mutations (P = 0.031),
regardless of SARS-CoV-2 genes. SARS-CoV-2 under Molnupiravir pressure did not show selective
evolution different than that under Paxlovid or no-drug pressure, with the only exception of orf8 (dN > dS,
P = 0.001); few amino acid mutations were enriched consistently at speci�c sites. No evidence of RdRp or
Mpro mutations conferring resistance to Molnupiravir or Paxlovid was found.

This proof-of-concept study de�nes the SARS-CoV-2 within-host evolution during antiviral treatment,
con�rming the higher in vivo variability induced by Molnupiravir respect to Paxlovid and controls, albeit
not resulting in selection of resistance mutations.

Introduction
Two oral small antiviral drugs have so far been authorised by EUA for the treatment of Coronavirus
Disease 2019 (COVID-19) in adults who do not need supplemental oxygen and who are at high risk of
progressing to severe COVID-19: Molnupiravir and Paxlovid (1,2).

Molnupiravir is a bioactive isopropylester prodrug of the ribonucleoside analogue β-D-N4-hydroxycytidine
(NHC, EIDD1931) used as a broad-spectrum antiviral agent and originally developed against
alphaviruses. Following administration, Molnupiravir is converted into active NHC in the plasma by host
esterases and is then intracellularly phosphorylated by host kinases, leading to its triphosphate form
(NHC-TP) (3). In this form, it can act as an alternate and competitive substrate for the SARS-CoV-2 RNA-
dependent RNA polymerase (RdRp), interfering with viral replication. Similar to other mutagenic
nucleotides, NHC-TP can affect base pairing in various ways, due to the existence of different tautomeric
forms: in its hydroxylamine form, NHC-TP acts like cytosine (C), thus leading to base pairing with guanine
(G), while in its oxime form acts like uracil (U), leading to adenine (A) base pairing. During the sequential
steps of RNA replication, the RdRp incorporates NHC-TP into the negative or positive sense genomic RNA
(-/+gRNA) of SARS-CoV-2 as NHC-monophosphate (NHC-MP) (4,5). When present as NHC-MP, both
tautomeric forms coexist, resulting in the incorporation of GTP and ATP, causing an increase in G to A
and C to U transitions in the �nal + gRNA template. As the viral RNA genome is ampli�ed in the cell, the
effects of this accumulation of mutations comprise mutagenic transcription and translation products,
ultimately yielding non-functional genomes, in a process which is known as lethal mutagenesis or error
catastrophe (6). Differently from what happens for the other nucleoside analogue Remdesivir, whose



Page 4/26

translocation barrier can in part be eliminated by the proofreading activity of the Nsp14 exonuclease (7),
the mutations induced by Molnupiravir are not corrected, due to the stability of the M:G and M:A base
pairs formed by the NHC-MP (8), thus resulting in higher antiviral activity.

Paxlovid (PF-07321332) is a co-packaged combination of Nirmatrelvir, a novel main protease (Mpro)
inhibitor, speci�cally designed to block the activity of the SARS-CoV-2 Mpro, and Ritonavir, a strong
cytochrome P450 (CYP) 3A4 inhibitor (9,10). Paxlovid works intracellularly by binding to the highly
conserved main protease of the SARS-CoV-2. By this mechanism, Paxlovid inhibits viral replication at the
polyprotein maturation step, which occurs before viral RNA replication.

Data resulting from clinical trials have con�rmed both Molnupiravir and Paxlovid antiviral e�cacy and
tolerability, highlighting their e�cacy in reducing hospitalization and death in non-hospitalized adults
with mild-to-moderate COVID-19, and reporting the absence of any major adverse effects (11,12).

From a virological point of view, a signi�cantly decrease in the time required for viral RNA clearance and a
higher proportion of overall viral RNA clearance was observed in participants treated with Molnupiravir
compared to those not treated (13). Similar data are predicted for Paxlovid (14).

So far, limited information is available about Molnupiravir and Paxlovid mutagenic potential in patients,
as well as about the risk of drug resistance emergence. It has been proposed that Molnupiravir could
have a high genetic barrier to resistance (15,16), due to the random accumulation of mutations
throughout the genome, together with its short-term use, which suggests a low likelihood for the
appearance of resistance as recently con�rmed by the AGILE phase IIa clinical trial (17). Regarding
Paxlovid, cell culture systems revealed the selection of Nirmatrelvir resistant Mpro variants characterized
by high �tness and by weakness in Nirmatrelvir-Mpro binding (18).

In such a rapidly evolving pandemic, real-world data are now demanded to understand the SARS-CoV-2
evolution under small antiviral agents’ pressure. In this light, the main objective of this proof-of-concept
study is to de�ne the dynamics of the evolution of SARS-CoV-2 genome in infected individuals across the
�ve days of small antiviral drug treatment (Molnupiravir or Paxlovid), focusing the attention on the
emergence of single nucleotide polymorphisms (SNPs) in the whole genome, and their persistence after
the end of treatment (Day 7). Results are compared with the SARS-CoV-2 evolution observed in drug-naïve
individuals.

Material And Methods

Study population
This retrospective observational proof-of-concept study initially included 24 individuals diagnosed for
SARS-CoV-2 infection at Azienda Ospedaliero-Universitaria Policlinico of Modena and Bambino Gesù
Children Hospital IRCCS from March 2022 to May 2022. Of these, 10 individuals started SARS-CoV-2
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antiviral treatment with Molnupiravir, 9 with Paxlovid, and 5 individuals received no treatment (drug-
naïve), depending on physicians’ discretion.

For each individual with nasopharyngeal swabs available, SARS-CoV-2 viral load and genomic variability
were retrospectively analyzed at 4 time points: before SARS-CoV-2 antiviral treatment start (Day 0), 2
days after SARS-CoV-2 antiviral treatment start (Day 2), 5 days after SARS-CoV-2 antiviral treatment start,
i.e. end of treatment (Day 5), and 2 days after treatment end (Day 7). The same data were obtained at 4
comparable time points for the 5 drug-naive individuals (Supplementary Fig. 1).

Based on availability of samples at each time point, results on SARS-CoV-2 viral load quanti�cation and
whole-genome SARS-CoV-2 sequencing, 20 individuals were �nally selected for the study, and divided in
three study groups according to treatment as follows: 8 Molnupiravir-treated, 7 Paxlovid-treated and 5
drug-naïve individuals.

Demographic, epidemiological, and clinical data were obtained retrospectively from pseudonymized
electronic medical records.

Ethics
The study protocol was approved by local Research Ethics Committee of the Azienda Ospedaliero-
Universitaria Policlinico of Modena and Bambino Gesù Children hospitals (prot. 396/2020/OSS/AOUMO
and prot. 2384_OPBG_2021). This study was conducted in accordance with the principles of the 1964
Declaration of Helsinki. Informed consent was waived in accordance with the hospital regulations on
retrospective observational studies.

SARS-CoV-2 viral load quanti�cation and sequencing
Total RNA was extracted from 280 µl of nasopharyngeal swabs using QIAamp viral RNA mini kit (Qiagen)
following manufacturer’s instruction. SARS-CoV-2 RNA was quanti�ed by means of the QX200™ Droplet
Digital™ PCR System (ddPCR, Bio-Rad Laboratories, Inc.) using home-made protocols targeting three
different RdRp regions and the RNAseP housekeeping gene (19). Quantitative results were then
normalized in number copies/mL of swab.

Whole genome sequences of SARS-CoV-2 were generated with a 50 ng viral RNA template, by using the
QIAseq DIRECT SARS-CoV-2 Kit according to the manufacturer’s protocol (20,21). Libraries were then
sequenced on a MiSeq instrument (Illumina, San Diego, CA, USA) with 2 × 150-bp paired-end reads. Raw
reads were trimmed for adapters and �ltered for quality (average q28 threshold and read length > 135 nt)
using Fastp (v0.20.1) (22). First and last 15 nucleotides were also removed from all reads. Reference-
based assembly was performed with BWA-mem algorithm (23), aligning against the GenBank reference
genome NC_045512.2 (Wuhan, collection date: December 2019). SNPs variants were called through a
pipeline based on samtools/bcftools (24), and all SNPs having a minimum supporting read frequency of
2% with a depth ≥ 20 were retained. Consensus was generated using the github freely distributed
software vcf_consensus_builder (https://github.com/peterk87/vcf_consensus_builder).
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Genetic distance and Phylogenetic analysis
SARS-CoV-2 lineages of the SARS-CoV-2 consensus sequences obtained were assigned according to
Pangolin application (Pangolin v4.1.1, https://github.com/cov-lineages/pangolin/releases). Sequences
were aligned using MAFFT v7.475 and manually inspected using Bioedit. The �nal alignment comprised
65 sequences of 29,184 nucleotides of length. The within-host viral genetic distance over all time points,
and between time points intervals (Day 0-Day 2; Day 2-Day 5; Day 5-Day 7) was calculated with MEGA
(v11) (25) under the Tamura-Nei model (26). Differences in average SARS-CoV-2 genetic distance among
study’s groups was then evaluated by Kruskal-Wallis test. Differences in viral genetic distance between
time points intervals within each study group were assessed by Wilcoxon signed-rank test.

In order to further explore the within-host and within-group evolution of SARS-CoV-2, a maximum
likelihood (ML) phylogeny tree was performed with IqTree2 (v2.1.3) (27) with 1000 bootstrap replicates,
using the best-�t model of nucleotide substitution TN + F + G4 inferred by ModelFinder (28). Annotation of
the phylogenetic tree, including information about study group, lineages, SARS-CoV-2 viral load and
timepoints, was performed with iTOL (29).

Non-synonymous and synonymous substitution rate
estimation
We further analyzed genetic variability across all the 33 SARS-CoV-2 genes for evidence of purifying
selection or neutral selection. Genes and their overlapping open reading frames (ORFs) were considered
according to the reference genome (GenBank accession number NC_045512) and Jungreis et al. 2021
(30). The rates of synonymous (dS) and non-synonymous (dN) mutations per each SARS-CoV-2 gene
were computed on MEGA (v11), using the Nei-Gojobori method (Proportion) (31), by removing all the
constitutive SNPs and using the bootstrap method with 500 replicates. If genes evolve under neutral
selection, the SNPs are likely to distribute equally at each codon position and the difference between non-
synonymous substitution and synonymous substitution tends to be not signi�cant (P > 0.05). On the
contrary, positive (dN > dS) or negative (dN < dS) selection suggests that the SNPs are not equally
distributed at each codon position and the difference between non-synonymous substitution and
synonymous substitution tends to be signi�cant (P ≤ 0.05). In order to identify single sites under
purifying selection (P ≤ 0.1) the Fixed Effects Likelihood (FEL, Kosakovsky Pond and Frost 2005b) was
applied (32).

Statistical analysis
Descriptive statistics are expressed as median values and interquartile range (IQR) for continuous data
and number (percentage) for categorical data. To assess signi�cant differences, chi-squared test for
trend and Kruskal–Wallis were used for categorical and continuous variables, respectively. Jonckheere-
Terpstra test was used to de�ne differences in viral load, viral load decay and SARS-CoV-2 genetic
variability at different time-points among study groups.
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The presence of SNPs at the different time points, together with the information about the type of
mutation (synonymous vs non-synonymous), the type of nucleotide substitution (G-A, C-T or other), and
their relative abundance, were graphically represented as circus plots using the Circos package v0.69-9
(33).

Statistical analyses were performed with SPSS software package for Windows (version 23.0, SPSS Inc.,
Chicago, IL). A two-sided p-value < 0.05 was considered statistically signi�cant.

Results

Samples characteristics
From March 2022 to May 2022, nasopharyngeal swabs at four different time points (Day 0, Day 2, Day 5
and Day 7) were available from 19 adult subjects treated with either Molnupiravir or Paxlovid at the
Azienda Ospedaliero-Universitaria Policlinico of Modena, and from 5 drug-naïve paediatric subjects at the
Bambino Gesù Children Hospital IRCCS in Rome. Eleven individuals (55.0%) were male, and 18 (90.0%)
had at least one comorbidity. For both Molnupiravir and Paxlovid, treatment was started at Day 0 and
ended at Day 5. Complete follow-up or SARS-CoV-2 whole genome sequencing at each time point was
available for 20 individuals (8 for Molnupiravir, 7 for Paxlovid and 5 for drug-naïve) (Supplementary
Fig. 1). Samples characteristics are reported in Table 1.
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Table 1
Samples’ characteristics of the 20 individuals enrolled in the study against study groups.

  Overall

N = 20

Study group

Molnupiravir
treated

N = 8

Paxlovid
treated

N = 7

Drug Naïve

N = 5

p-
value

Sex, Male* 11 (55.0) 5 (62.5) 3 (42.8) 3 (60.0) 0.723

Age (years) * 51 (18–62) 58 (51–69) 61 (46–63) 7 (2–11) 0.005

Presence of at
least one
comorbidity*

18 (90.0) 8 (100.0) 7 (100.0) 3 (60.0) 0.036

Start of
Symptoms*

02 May 2022
(27 Apr 2022–
12 May 2022)

02 May 2022
(02 May 2022–
12 May 2022)

30 Apr 2022
(27 Apr 2022–
26 May 2022)

01 Apr 2022
(23 March
2022–21 Apr
2022)

0.150

First positivity* 02 May 2022
(28 Apr 2022–
11 May 2022)

03 May 2022
(02 May 2022–
12 May 2022)

01 May 2022
(29 Apr 2022–
27 May 2022)

01 Apr 2022
(26 March
2022–28 Apr
2022)

0.033

Lineages: *          

BA.2 4 (20.0) 1 (12.5) 2 (28.6) 1 (20.0) 0.739

BA.2.9 10 (50.0) 7 (87.5) 0 (0.0) 3 (60.0) 0.002

BA.2.12/BA.2.12.1 3 (15.0) 0 (0.0) 3 (42.8) 0 (0.0) 0.047

BA.2.3/BA.2.3.15 3 (15.0) 0 (0.0) 2 (28.6) 1 (20.0) 0.283

SARS-CoV-2 RNA
at

Day 0§

7.2 (6.5–7.7) 7.1 (6.5–7.3) 7.2 (6.5–7.7) 7.7 (7.4-8.0) 0.134

SARS-CoV-2 RNA
at

Day 2§

5.1 (4.0-6.3) 4.8 (3.4–5.8) 5.4 (4.2–5.8) 6.5 (5.0-7.9) 0.193

SARS-CoV-2 RNA
at

Day 5§

4.3 (3.5-6.0) 3.6 (1.6–4.5) 5.4 (3.5-6.0) 6.4 (5.1-7.0) 0.008

Data are expressed as median (IQR), or N (%). *Two-sided P-values were calculated by Kruskal-Wallis
test, or Chi-square test, as appropriate. § Two-sided P-values were calculated by Jonckheere-Terpstra
test. SARS-CoV-2 RNA was expressed as log10 copies/mL.
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  Overall

N = 20

Study group

Molnupiravir
treated

N = 8

Paxlovid
treated

N = 7

Drug Naïve

N = 5

p-
value

SARS-CoV-2 RNA
at

Day 7§

4.0 (0.0-5.5) 3.1 (0.0-4.5) 4.8 (3.5–5.4) 5.5 (3.4–6.6) 0.083

Data are expressed as median (IQR), or N (%). *Two-sided P-values were calculated by Kruskal-Wallis
test, or Chi-square test, as appropriate. § Two-sided P-values were calculated by Jonckheere-Terpstra
test. SARS-CoV-2 RNA was expressed as log10 copies/mL.

Whole genome sequencing analysis revealed that all SARS-CoV-2 infections belonged to Omicron Clade,
BA.2 sublineage. Half of them (N = 10, 50%) belonged to lineage BA.2.9, followed by pure BA.2 (N = 4,
20%), BA.2.12/BA.2.12.1 (N = 3, 15%) and BA.2.3/BA.2.3.15 (N = 3, 15%). Median (Interquartile range, IQR)
date of symptoms’ start, and �rst positivity were 2 May 2022 (27 April 2022–12 May 202) and 02 May
2022 (28 Apr 2022–11 May 2022), respectively.

Among differences among the 3 study groups, age and prevalence of comorbidities were higher in
Molnupiravir and Paxlovid treated individuals respect to drug-naïve (P = 0.005 and 0.032). Molnupiravir-
treated and Paxlovid-treated patients had a �rst positivity date more recent respect to drug-naïve
individuals (P = 0.033), and the prevalence of the sublineage BA.2.9 was more prevalent in Molnupiravir-
treated and drug-naïve individuals compared to Paxlovid-treated patients (P = 0.002) (Table 1).

SARS-CoV-2 RNA decay
Looking at SARS-CoV-2 load decay across time points in the three study groups, Molnupiravir-treated
patients displayed a trend of greater viral load decrease from Day 0 to Day 7 with respect to Paxlovid-
treated and drug-naïve individuals (median [IQR] -4.3 [-2.4;-6.2] vs. -3.0 [-1.6;-3.7] vs. -2.5 [-1.1;-3.2] log10

copies/mL respectively, P = 0.056), highlighting a more rapid decay kinetics with nucleoside analogue
than what seen in Paxlovid-treated and drug-naïve individuals (Fig. 1).

Viral load observed at each time point was summarized below. At the beginning of Molnupiravir and
Paxlovid treatment (Day 0), median SARS-CoV-2 nasopharyngeal load was 7.2 (IQR: 6.5–7.7) log
copies/mL, and no signi�cant differences were observed among Molnupiravir-treated, Paxlovid-treated
and drug-naïve individuals (Table 1 and Fig. 1).

At Day 2 of treatment, median SARS-CoV-2 load decreased to 5.1 (IQR: 4.0-6.3) log10 copies/mL without
signi�cant differences among Molnupiravir-treated, Paxlovid-treated and drug-naïve individuals,
respectively (Table 1 and Fig. 1).
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At Day 5 of treatment, median SARS-CoV-2 nasopharyngeal load was 4.3 (IQR: 3.5-6.0) log10 copies/mL,
and signi�cant lower viral load amounts were found in Molnupiravir-treated with respect to Paxlovid-
treated and drug-naïve individuals (median [IQR] 3.6 [1.6–4.5] vs. 5.4 [3.5-6.0] vs. 6.4 [5.1-7.0] log10

copies/mL, P = 0.008) (Table 1 and Fig. 1).

At Day 7 (two days after the end of treatment), median SARS-CoV-2 nasopharyngeal load was 4.0 (IQR:
0.0-5.5 log10 copies/mL), and a trend of lower SARS-CoV-2 amounts was detected in Molnupiravir-treated
compared to Paxlovid-treated and drug-naïve individuals (median [IQR] 3.1 [0.0-4.5] vs. 4.8 [3.5–5.4] vs.
5.5 [3.6–6.6] log10 copies/mL, P = 0.083) (Table 1 and Fig. 1).

Within-host SARS-CoV-2 genetic diversity and correlation
with treatment
SARS-CoV-2 sequences obtained at different time points from Molnupiravir-treated, Paxlovid-treated and
drug-naive individuals were subjected to phylogenetic analysis in order to de�ne the SARS-CoV-2
evolution across time points and against treatment (Fig. 2).

ML tree �rstly revealed that all sequences belonging to the same patient correctly clustered together,
without intermixing, excluding cross-contamination among samples (Fig. 2). ML tree also con�rmed that
all sequences belonged to Omicron clade, sublineage BA.2.

Overall, the mean (± SE) within-host SARS-CoV-2 genetic diversity was 9.20x10− 4(± 1.31x10− 4) nucleotide
per site. More pronounced SARS-CoV-2 within-host evolution was observed in Molnupiravir-treated with
respect to Paxlovid-treated and drug-naïve individuals, as con�rmed by the mean within-host genetic
distance, which was signi�cantly higher in individuals treated with Molnupiravir (18.66x10− 4 ± 2.06x10− 

4) compared to Paxlovid-treated and drug-naive individuals (3.34x10− 4±0.84x10− 4 and 3.10x10− 

4±0.84x10− 4, respectively), (P = 0.0003) (Table 2 and Fig. 2).
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Table 2
Within-host genetic distance according to study groups.

Study group Patient Within-host genetic
distance

Within-host genetic distance according
to study’s group

P-
value*

Mean Standard
error

Mean Standard error

Molnupiravir 8 0.00180 0.00021 18.66x10− 4 2.06x10− 4 0.0003

9 0.00085 0.00019

10 0.00078 0.00021

11 0.00209 0.00028

12 0.00151 0.00017

13 0.00187 0.00020

14 0.00486 0.00025

15 0.00081 0.00014

Paxlovid 1 0.00045 0.00011 3.34x10− 4 0.84x10− 4

2 0.00029 0.00006

3 0.00039 0.00009

4 0.00002 0.00002

5 0.00027 0.00007

6 0.00061 0.00011

7 0.00022 0.00008

Drug naive 17 0.00034 0.00012 3.10x10− 4 0.84x10− 4

18 0.00048 0.00009

19 0.00020 0.00007

20 0.00028 0.00007

21 0.00025 0.00007

* Two-sided P-value was calculated by Jonckheere-Terpstra test.

The genetic variability induced by Molnupiravir had a peak between Day 2 and Day 5 (median [IQR]
genetic distance: 16.2x10− 4 [8.5-32.9x10− 4], P = 0.043), and remained stable between Day 5 and Day 7
(median [IQR]: 20.9x10− 4[8.5-29.2x10− 4], P = 0.144). No signi�cant differences in genetic distances
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between different time points were observed in the Paxlovid and drug-naïve study groups (Supplementary
Table 1 and Fig. 2).

Number of SNPs against type and treatment
The higher SARS-CoV-2 genetic variability induced by Molnupiravir with respect to the other two study
groups, was well represented by the higher number of SNPs observed across time points in Molnupiravir-
treated compared to Paxlovid-treated and drug-naïve individuals (Fig. 3).

According to its mechanism of action, Molnupiravir drove the appearance of more G to A and C to T
transitions (Fig. 3 Panel A, SNPs in red and orange, respectively) than other mutations (Fig. 3A, SNPs in
green) (median number [IQR]: 18[9–40] vs 7[5–15], P = 0.031), irrespectively of time-points and SARS-
CoV-2 proteins (Supplementary Fig. 2).

Regardless of SNPs type, and in line with what was observed for the genetic distance, the SNPs induced
by Molnupiravir started to appear at Day 2 (median [IQR]: 24 [4–34]), increased at Day 5 (45 [21–68]) and
remained stable at Day 7 (45 [24–64]) (P = 0.110) (Fig. 3 Panel A).

During Paxlovid treatment and in absence of drug pressure, no differences were found in the number of
SNPs across time points (median [IQR] at Day 2, 5, 7: 7 [3–9] vs. 9 [1–12] vs. 8 [4–10], P = 0.600 for
Paxlovid and 8 [2–14] vs. 5 [0–9] vs. 2 [0–4], P = 0.297 for drug-naive) (Fig. 3, Panels B and C). No
differences in the number of G to A and C to T transitions compared to other mutations were also found
(P > 0.05). Thus, the variability of the viral genome in Paxlovid-treated patients is similar to the natural
variability observed in not-treated patients, and far lower than that found during Molnupiravir treatment

Positive selection and missense amino acid mutations
All the 33 SARS-CoV-2 proteins evolved under a neutral selection (P > 0.05) across study groups, except
for three proteins that seemed to evolve under a purifying selection in Molnupiravir-treated individuals (P 
≤ 0.05) (Table 3). A negative selection (dN < dS) was observed in the structural protein N (P = 0.05) and
the non-structural protein nsp9 (P = 0.03), known to be involved in replication-transcription complex and
autophagosome inhibition (34–37) (Table 3). The negative selection characterizing the evolution of these
proteins during Molnupiravir treatment probably re�ects the low number of non-synonymous mutations
detected across time points. In particular, 17/33 (51.5%) and 4/11 (36.4%) SNPs observed in N and nsp9
induced missense mutations. None of these SNPs was detected in more than one time point, and none of
the mutated codons was under purifying selection.
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Table 3
Codon-based Neutrality for each SARS-CoV-2 gene against study groups.

SARS-CoV-2 proteins Molnupiravir Paxlovid Drug Naive

nsp1 v=-1.37 p = 0.17 v=-0.22 p = 0.83 v=-0.67 p = 0.51

nsp2 v=-1.36 p = 0.18 v=-1.04 p = 0.30 v=-1.39 p = 0.17

nsp3 v=-1.37 p = 0.17 v = 0.19 p = 0.85 v = 1.77 p = 0.08

nsp4 v=-1.23 p = 0.22 v=-0.07 p = 0.94 v = 0.89 p = 0.14

Mpro (nsp5) v=-0.59 p = 0.56 v=-1.35 p = 0.18 v=-0.66 p = 0.51

nsp6 v=-1.25 p = 0.21 v=-1.51 p = 0.13 v = 1.85 p = 0.07

nsp7 v = 1.08 p = 0.28 v = 0.0 p = 1.00 v=-0.67 p = 0.50

nsp8 v=-0.67 p = 0.50 v=-1.56 p = 0.12 v = 1.07 p = 0.29

nsp9 v=-2.15 p = 0.03 v = 0.0 p = 1.00 v = 1.06 p = 0.29

nsp10 v=-1.36 p = 0.18 v=-1.04 p = 0.30 v = 1.04 p = 0.30

nsp11 v = 0.00 p = 1.00 v = 0.00 p = 1.00 v = 0.00 p = 1.00

RdRp (nsp12) v=-1.19 p = 0.24 v=-1.73 p = 0.09 v = 1.05 p = 0.29

nsp13 v=-1.55 p = 0.12 v = 0.94 p = 0.33 v=-0.72 p = 0.47

nsp14 v=-1.20 p = 0.23 v=-1.66 p = 0.10 v=-1.19 p = 0.24

nsp15 v=-1.96 p = 0.052 v = 1.47 p = 0.15 v=-1.12 p = 0.27

nsp16 v=-0.86 p = 0.39 v=-0.82 p = 0.41 v=-1.07 p = 0.29

S v=-0.98 p = 0.33 v=-0.45 p = 0.66 v = 0.05 p = 0.96

orf2b v = 0.50 p = 0.62 v = 1.05 p = 0.30 v = 0.00 p = 1.00

orf3a v = 0.24 p = 0.81 v=-1.05 p = 0.30 v=-0.201 p = 0.84

orf3b v = 0.00 p = 1.00 v = 1.02 p = 0.31 v = 1.024 p = 0.31

orf3c v=-0.83 p = 0.41 v=-0.97 p = 0.34 v=-0.97 p = 0.34

orf3d v=-0.96 p = 0.34 v=-0.97 p = 0.33 v=-0.93 p = 0.36

Codon-based Test of Neutrality for each SARS-CoV-2 protein against study group. The test statistic
(dN - dS) is reported as V, where dS and dN are the numbers of synonymous and nonsynonymous
substitutions per site, respectively. The variance of the difference was computed using the bootstrap
method (500 replicates). The probability of rejecting the null hypothesis of strict-neutrality (dN = dS) is
shown as P-values (P). P-values less than 0.05 are considered signi�cant at the 5% level and are
highlighted. Analyses were conducted using the Nei-Gojobori method. All ambiguous positions were
removed for each sequence pair (pairwise deletion option). Evolutionary analyses were conducted in
MEGA11.
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SARS-CoV-2 proteins Molnupiravir Paxlovid Drug Naive

orf3d-2 v=-0.93 p = 0.36 v=-0.99 p = 0.33 v=-0.93 p = 0.36

E v=-0.58 p = 0.56 v = 1.47 p = 0.14 v = 0.99 p = 0.33

M v=-0.55 p = 0.58 v = 0.38 p = 0.71 v = 1.06 p = 0.29

orf6 v = 0.69 p = 0.49 v=-0.82 p = 0.41 v = 0.0 p = 1.00

orf7a v = 1.06 p = 0.29 v = 1.04 p = 0.30 v=-1.09 p = 0.27

orf7b v = 1.42 p = 0.16 v=-0.99 p = 0.33 v = 0.00 p = 1.00

orf8 v = 3.20 p = 0.001 v=-0.66 p = 0.51 v = 0.00 p = 1.00

orf9b v=-1.36 p = 0.18 v=-0.46 p = 0.65 v=-0.40 p = 0.69

orf9c v=-1.58 p = 0.12 v = 0.00 p = 1.00 v=-1.00 p = 0.32

N v=-2.01 p = 0.05 v=-0.99 p = 0.32 v = 0.95 p = 0.34

orf10 v = 1.80 p = 0.07 v=-0.94 p = 0.35 v = 1.00 p = 0.32

Codon-based Test of Neutrality for each SARS-CoV-2 protein against study group. The test statistic
(dN - dS) is reported as V, where dS and dN are the numbers of synonymous and nonsynonymous
substitutions per site, respectively. The variance of the difference was computed using the bootstrap
method (500 replicates). The probability of rejecting the null hypothesis of strict-neutrality (dN = dS) is
shown as P-values (P). P-values less than 0.05 are considered signi�cant at the 5% level and are
highlighted. Analyses were conducted using the Nei-Gojobori method. All ambiguous positions were
removed for each sequence pair (pairwise deletion option). Evolutionary analyses were conducted in
MEGA11.

Orf8, known to be involved in immune response evasion (38), seemed to be the only protein evolving
under a positive selection during Molnupiravir treatment (dN > dS, P = 0.001), due to the presence of 7/7
(100%) non-synonymous mutations. Among the mutated amino acid positions, none was under purifying
selection, and only orf8 A27927G-T12A persisted between Day 5 (intra-patient prevalence: 10.3%) and
Day 7 (intra-patient prevalence: 55.8%) of ID10.

When considering RdRp and Mpro, target sites of Molnupiravir and Paxlovid, respectively, no evidence of
evolution under positive selection was reported (Table 3). Among the 39 SNPs inducing amino acid
changes across time-points in Molnupiravir-treated patients, 12 were localized in the �ngers, 9 in the
interface domain, 5 in the palm, and 3 in the thumb domain (Fig. 4). The remaining mutations were
localized in the NiRAN domain and in the hairpin like structure. Among these missense mutations, no
evidence of persistence was reported, except for G13604A-R55H appearing at Day 2 (intra-patient
prevalence: 5.3%) and persisting at Day 5 (intra-patient prevalence: 14.3%) of ID11. No amino acid
change was observed in the RdRp active site residues (39).

Of note, no evidence of extensive missense mutational rate was reported in Mpro during Paxlovid
treatment. No evidence of so far known (18) Mpro mutations conferring resistance to Paxlovid was



Page 15/26

found.

Since the loss of the nsp14 could increase the sensitivity of SARS-CoV-2 to Molnupiravir, we further
investigate the effect of Molnupiravir in inducing variability on the proofreading function of nsp14. No
evidence of evolution under positive selection was reported (Table 3). Among the 23 missense mutations,
only two increased their prevalence from 11.1% and 5.4% at Day 5 to 52.7% and 45.3% at Day 7 of ID10
(nsp14 C18452T-A138V and G18520A-V161I). No amino acid change was observed in the nsp14 active
site residues (40).

Discussion
This proof-of-concept study on the SARS-CoV-2 genomic evolution under small drug pressure indicates
that Molnupiravir induced a higher within-host SARS-CoV-2 variability compared to Paxlovid, �nding
supported by the higher number of SNPs observed across time points. The SNPs induced by Molnupiravir
appeared randomly along the SARS-CoV-2 genome, were most G to A and C to T transitions and showed
their peak at Day 5 of treatment, when the genetic evolution showed its highest value, and the viral load
reached its lowest peak. Two days after the end of treatment (Day 7) the estimates of genetic distance,
number of SNPs and viral load were stable compared to those reported at the end of treatment, probably
re�ecting the fact that, even if the treatment was stopped at Day 5, the antiviral drug was still present as a
pharmacological tail and continued to drive the genetic evolution.

These �ndings are consistent with the known error catastrophe induced by Molnupiravir against the virus
(6) and are in line with recent large-scale data. In the AGILE phase IIa clinical trial (17), an increase in G to
A, C to T and T to C mutations was observed during Molnupiravir treatment, and no amino acid
substitutions were enriched consistently at speci�c sites during the �rst 5 days of treatment.

Since the beginning of the pandemic, it was clear that intra-host variation of SARS-CoV-2 can be
frequently found among clinical samples without any drug pressure, but at the same time these variants
were not observed in the population as polymorphisms, probably suggesting that a bottleneck or
purifying selection was involved (41,42). As well as in drug-naïve samples, SARS-CoV-2 strains under the
Molnupiravir and Paxlovid pressure did not experience strong selective evolution. By calculating the
probability to evolve under purifying selection for each gene, during Molnupiravir-treatment only orf8,
known to be involved in immune response evasion (38), seemed to evolve under a positive selection, as a
consequence of the 7/7 non-synonymous mutations detected randomly along the protein. Among these,
only the orf8 A27927G-T12A persisted between Day 5 and Day 7. No clear information is available about
the role of this amino acid mutation in protein stability or functionality, but in silico prediction suggests
that this mutation might induced a protein stability change (free energy change, ΔΔG, of -1.49 Kcal/mol
compared to wild type, data not shown) (43). Further in vitro insights will be needed to con�rm these in
silico �ndings.

We noted that this amino acid change was detected with other 4 amino acid mutations (the nsp3
G5572A-M951I and T8004C-V1762A, nsp14 C18452T-A138V and G18520A-V161I) at Day 5 of the



Page 16/26

Molnupiravir-treated patient ID10, a renal transplant recipient on tacrolimus-based immunosuppression.
This mutational pathway was selected at Day 5 and spread at Day 7 when an increase of genetic
distance and a post-treatment increase of viral load were detected. Among the mutations observed, the
nsp14 mutations fall in the exonuclease domain, and thus might impair the functionality of the error-
correction mechanism, leading to accumulation of mutations and increase of variability. These
hypotheses require further validation by in vitro studies and docking simulations. The nsp3 G5572A-
M951I mutation falls in the PLpro domain, which plays an essential role in the viral replication and the
innate immune evasion (44,45). If the substitution of methionine to isoleucine in PLpro secondary
structure evoked effect on the protein stability, needs to be investigated.

A progressive SARS-CoV-2 genetic variability over time-points was observed also in ID12, but with
different features. At Day 2 of Molnupiravir-treatment, two nsp14 non-synonymous mutations appeared
(C18511A-P158T and C18647T-P203L) with an intra-patient prevalence of 36.0% and 23.7%, respectively.
These mutations are both localized in the ExoN domain of nsp14, and the P203L was recently suggested
to induce a weakly interaction between nsp14 and nsp10, possibly resulting in reduction of the
proofreading activity of nsp14 (46). As a result, nsp14-P203L variants showed higher nucleotide
substitution rate at population level, and in our patient induced a pronounced genomic evolution,
con�rmed by genetic distance (65.00 [± 3.20]x10− 4) and emergence of 175 minority SNPs (relative
abundance %, median IQR 8.7 [6.5–13.6]) at Day 5.

Understanding the factors underlining the emergence of these mutational pathways in these two patients
and whether they are correlated to health status rather than drug pressure might provide essential
insights into the risk of SARS-CoV-2 evolutionary mechanisms.

By our proof-of-concept study, no clear evidence of RdRp and Mpro mutations that might contribute to
Molnupiravir or Paxlovid resistance was found, even if further insights are needed to de�ne if some of the
enriched mutations might be involved in drug resistance mechanisms.

Looking at the variability of the whole spike protein, no site on positive selection or persistent mutation
were detected. Six non-synonymous SNPs (V327I, C391F, V401I, T430I, L455S and R457K) with a relative
abundance of median (IQR) 9.8 (6.4–14.9) appeared at different time-points in the RBD, but no chance of
further selection or spreading was revealed, suggesting no evident risk of SARS-CoV-2 spike evolution
under Molnupiravir.

Worthy of mention is the potential impact of the Molnupiravir-induced variability on molecular and Ag
diagnostic assays. As already known, SARS-CoV-2 variability in diagnostics target could hamper the viral
load detection or Ag positivity (47). Regarding the antigenic tests, the interference can be observed only in
the presence of non-synonymous mutations, rarely found to persist during Molnupiravir-treatment. With
the molecular tests, the risk of detection failure could be due to SNPs falling in the target region of the
probes or primers, thus interfering with their binding and thus rendering the assays ineffective, but the
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multi-target RT-PCR tests used in clinical practice withdraws this risk. These hypotheses require further
analyses to be in depth assessed and de�ned.

Our study has some limitations. The analysis of negative and positive selection induced by Molnupiravir
and Paxlovid should be interpreted carefully, as the number of SNPs that de�ne the purifying selection is
small and potential errors introduced during reverse transcription, PCR ampli�cation, or sequencing can
slightly impact the results (48). To overcome these problems, only SNPs having a minimum supporting
read frequency of 2% with a depth ≥ 20, and thus expected to provide more robust results, were retained.

The sample-size was relatively small, limiting general considerations. We cannot exclude that denser
sampling would reveal novel patterns of mutations not observed here and further address genetic
variability. The small sample size might have precluded the possibility to detect drug resistance, whose
emergence under small drugs therapies remains a challenge to investigate. The results obtained were
mainly addressed to hospitalized and immunocompromised individuals. This population bias may have
also caused a substantial underestimation of the viral load decay kinetics and a pronounced genomic
variability across time.

In conclusion, this study contributes to de�ne the dynamics of within-host variability of SARS-CoV-2
during Molnupiravir and Paxlovid treatment, con�rming the higher genomic variation induced by this
nucleoside analogue (as its main mechanism of action also in-vivo), and describing in details the effect
of the drug upon the evolution of each different gene constituting the SARS-CoV-2 genome. Molnupiravir
induces a number of SNPs that increase against days of treatment. Due to bottleneck or purifying
selection, these SNPs appear randomly and rarely persist across time points, limiting the potential risk of
selection of viral variants characterized by a �tness advantage during Molnupiravir-treatment. Ad hoc
designed studies are necessary to con�rm our �ndings, provide an extensive overview of SARS-CoV-2
intra-host variability and minority variants description during small drug agents treatment, if and how
these minority variants can spread in the population, and their potential role in virulence and
transmissibility.
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Figure 3
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Figure 4
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