
In summary, our phylogeny-free approach, together with other recent studies, strongly 
supports the proposed model. To our knowledge, this is the first study linking the dynamics 
of viral genome mutation to two known host molecular defense mechanisms, the APOBEC 
and ZAP proteins.
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Introduction

Methods

RNA viruses use CpG reduction to evade the host cell defense, but the driving mechanism is 
still largely unknown. To address this, we used a rapidly growing genomic dataset of SARS-
CoV-2 with relevant metadata information. Remarkably, by simply ordering SARS-CoV-2 
genomes by their date of collection, we find a progressive increase of C-to-U substitutions 
resulting in CpG loss over just a few months. This is consistent with APOBEC-mediated RNA 
editing resulting in CpG reduction, thus allowing the virus to escape ZAP-mediated RNA 
degradation. Our results thus link the dynamics of target sequences in the viral genome for two 
known host molecular defense mechanisms, mediated by the APOBEC and ZAP proteins.

- Samples (n=22,164 (Fig1A-D); and n=4,229,150 (Fig1E,F)) with available collection dates and 
with no more than 500 N’s were downloaded from GISAID on May 23rd, 2020 (Fig1A-D) and 
October 23rd, 2021 (Fig1E,F). December 24th, 2019 was set to day 1 (Fig1C). Genomes were 
aligned to the reference genome (NC_045512) using MAFFT, and mismatches were collected.

- Folding potential: The reference sequence was divided into overlapping 500-nucleotide 
windows, each shifted by 10 nucleotides. These sequences were folded using RNAfold.

Results

Table 1. The most enriched motifs 
undergoing C>U changes. 
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Given the high expression levels of APOBEC and ZAP genes in COVID-19 patients [6], 
the direct interaction of APOBEC with viral RNA [7], and our observations, we 
hypothesize that as a consequence of APOBEC-mediated RNA editing, SARS-CoV-2 
genome may escape host cell ZAP activity (Fig.2). Both APOBEC and ZAP are interferon-
induced genes that act preferentially on ssRNA in open conformation [8, 3].

Initially, APOBEC and ZAP enzymes may have overlapping preferred target motifs for their 
enzymatic functions (Fig.2). The catalytic activity of APOBEC on 5′-UC-3′ leads to 
cytosine deamination, which destroys ZAP’s specific acting site (5′-CG-3′). The 
conversion of C>U allows viral RNA to escape from ZAP-mediated RNA destruction. 
Therefore, uracil editing is more likely to become fixed at UCG positions due to the 
selective advantage this conveys to subvert ZAP-mediated degradation.

Figure 2. A model for the consequences of host-driven evolution by 
APOBEC enzymes on viral CpG composition.
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F. During the first 4 month of viral evolution there was a rapid increase in 
UCG>UUG changes (Fig.1C and 1F), which leveled up in August 2020. This 
might suggest that equilibrium of UCG motifs has been established in the viral 
genome. We looked into sequence motif dynamics of variant of concerns 
(VOC) such as Beta and Delta, but haven’t observed a significant differences in 
UCG>UUG or C>U conversions.

Model
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A. C>U is the most abundant single-nucleotide change. (Fig.1A)

B. The number of C>U substitutions steadily grow across sample dates 

(Fig.1B). When we looked into the context of genomic sites 
undergoing C>U changes, it is enriched for UCG motif (Table 1).


C. There is a progressive change (∼1% over a 5-month period) of 5′-
UCG-3′ to 5′-UUG-3′, whereas no such pattern is observed for the 
other trinucleotides. (Fig.1C)


D. Since APOBEC3 family members display a preference for RNA in 
open conformation as opposed to forming secondary structures 
(McDaniel et al., 2020), we calculated the folding potential of all 
genomic sites that include C>U substitutions (Fig.1D). Positions with 
C>U changes are more often located in regions with low potential for 
forming secondary RNA structures.


E. Since there is still ongoing submission of viral sequence to GISAID 
database, we have decided to repeat our analysis with larger number 
of sequences and over a longer period of time. Currently, there are 
more than 4.2 million sequences available as for October 23, 2021. 
The number of C>U changes is still continuously grows across 
sample dates when compared to initial Wuhan genome.

Figure 1. APOBEC-driven C>U substitutions in the SARS-CoV-2 genome contribute to CpG loss.
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The apolipoprotein B editing complex (APOBEC) protein family 
members are host antiviral enzymes known for catalyzing cytosine to 
uracil (C>U) deamination in foreign single-stranded DNA (ssDNA) and 
RNA (ssRNA) [1-2]. Enzymatic target motifs for most of the APOBEC 
enzymes have been experimentally identified, among which the most 
common ones are 5′-[T/U]C-3′ and 5′-CC-3′ for DNA/RNA substrates 
[2-3]. It was recently suggested that SARS-CoV-2 undergoes genome 
editing by host-dependent RNA-editing proteins such as APOBEC [4].

Given the large amount of available data and the relatively low mutation rate of the SARS-
CoV-2 virus [5], we aimed to monitor its genomic evolution on a very brief time scale during the 
COVID-19 pandemic. Here, we demonstrate progressive C>U substitutions in SARS-CoV-2 
genome within the timeframe of 5 months. We highlight the role of C>U substitutions in the 
reduction of 5′-UCG-3′ motifs and hypothesize that this progressive decrease is driven by host 
APOBEC activity.
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