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Abstract 25 
 26 
RNA viruses use CpG reduction to evade the host cell defense, but the driving 27 
mechanism is still largely unknown. To address this, we used rapidly growing genomic 28 
dataset of SARS-CoV-2 with relevant metadata information. SARS-CoV-2 genomes 29 
show a progressive increase of C-to-U substitutions resulting in CpG loss over just a 30 
few months. This is consistent with APOBEC-mediated RNA editing resulting in CpG 31 
reduction, thus allowing the virus to escape ZAP-mediated RNA degradation. Our 32 
results thus link the dynamics of target sequences in viral genome for two known host 33 
molecular defense mechanisms, the APOBEC and ZAP proteins. 34 
 35 
 36 
Introduction 37 
 38 
Viruses utilize numerous mechanisms to avoid the host cell defense. One such 39 
mechanism is the CpG dinucleotide reduction observed in many single stranded RNA 40 
viruses1. Low CpG abundance is typically a consequence of two factors: constraints of 41 
amino-acid conservation and selection pressure from diverse host cell defense 42 
mechanisms targeting CpG2. 43 
 44 
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Prior to involvement of the host immune system, the infected cells have to rely on their 45 
own antiviral restriction factors. These factors are mostly proteins induced by interferon 46 
signaling cascade3. The antiviral proteins directly involved in the restriction of viral 47 
replication and transcription are zinc antiviral protein (ZAP) and Apolipoprotein B Editing 48 
Complex (APOBEC)4. The defensive role of ZAP on HIV-1 manifestation in the host cell 49 
has been extensively studied5. ZAP selectively binds to viral CpG regions and recruits 50 
RNA exosome complex resulting in viral RNA degradation6,7. Recently, ZAP was shown 51 
to restrict SARS-CoV-2 production upon the induction by interferons8. 52 
 53 
The APOBEC protein family is another example of host antiviral enzymes. Seven 54 
human APOBEC proteins are known for catalyzing cytosine to uracil deamination in 55 
foreign single-stranded DNA (ssDNA) and RNA (ssRNA)7,9–11. Enzymatic target motifs 56 
for most of the APOBEC enzymes have been experimentally identified, among which 57 
the most common were 5'-[T/U]C-3' and 5'-CC-3' for DNA/RNA substrates9–13. Some 58 
members of APOBEC proteins inhibit replication of human coronavirus, HCoV-NL63, 59 
but their role in hypermutation of the viral genome is not clear14. However, it was 60 
recently suggested that the SARS-CoV-2 undergoes genome editing by host-dependent 61 
RNA-editing proteins such as APOBEC (C>U) and ADAR (A>G)15-16. mRNA 62 
transcriptional response data from COVID-19 patients demonstrated that APOBEC3A 63 
(A3A) belongs to one of the most expressed genes in response to SARS-CoV-2, and 64 
the highest among APOBEC family17. 65 
 66 
SARS-CoV-2 is an enveloped positive sense ssRNA virus, belonging to Coronaviridae 67 
family, which is characterized by large genomes (~30K nucleotide long), high 68 
recombination frequencies and genomic proofreading mechanism18. SARS-CoV-2 is 69 
believed to have zoonotic origin and show high genetic similarity to bat-related 70 
coronaviruses19. The COVID-19 pandemic brought intensive scientific attention to the 71 
virus, and thousands of viral genomic sequences with metadata became publicly 72 
available20,21. Given the large amount of available data and the relatively low mutation 73 
rate of the virus22, we aimed to monitor its genomic evolution on a very brief time scale 74 
during the COVID-19 pandemic. We show progressive C>U substitutions in SARS-CoV-75 
2 genome within the timeframe of less than five months. We highlight the role of C>U 76 
substitutions in the reduction of CpG motifs, and hypothesize that this progressive 77 
decrease in CpG motifs is driven by host APOBEC enzymes.  78 
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Main 79 
 80 

 81 
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Figure 1. (A) SNV events observed between individual SARS-CoV-2 sample 82 
sequences (n=22,164) and the reference genome. (B) Number of C>U substitutions 83 
across sample dates. The average number of substitutions for each sampling day are 84 
plotted (blue line, left y-axis) with plus/minus one standard deviations as error bars. The 85 
number of samples for each day is shown as red bars (right y-axis). (C) Number of UpC 86 
gains and losses over time. The average number of gains and losses relative to the 87 
reference genome are shown as circles for each sampling day (x-axis). Error bars 88 
denote plus/minus one standard deviation. (D) Number of CpG gains and losses over 89 
time. Non-C>U corresponds to all the nucleotide substitution changes for both cytosine 90 
and guanine. (E) Comparison of early and late 5'-UCG-3' (left) and 5'-UUG-3' (right) 91 
motif frequencies. The median, interquartile ranges and upper adjacent values is shown 92 
as the white circles, thick and thin black lines, respectively. (F) Folding potential of 93 
positions with C>U changes (see supplementary Methods). P-values from Fisher's 94 
exact test are shown above bars. 95 
 96 
GISAID data of viral sequences including their date of collection allowed us to analyze 97 
viral nucleotide change dynamics over time. We have analyzed 22,164 SARS-CoV-2 98 
genomes from GISAID deposited from December 24th 2019 to May 23rd, 202020 (Figure 99 
S1 & S2; Table S1). By aligning these genomes to the SARS-CoV-2 reference 100 
(GenBank accession: NC_045512), we observed a total of 9,210 single nucleotide 101 
variations (SNVs) with C>U being the most abundant substitution and representing 102 
almost a third of all substitution events (Figure 1A). As almost half of the C positions in 103 
the reference are substituted to U in at least one sample, we expect a high degree of 104 
saturation. Downsizing the number of samples resulted in a consistent increase in C>U 105 
frequencies (Figure S3). The reported C>U frequency is therefore most likely an 106 
underestimate. Over this period of time we find a steady increase in C>U substitutions 107 
(Figure 1B). One potential driver behind this increase could be the recently proposed 108 
APOBEC-mediated viral RNA editing15-16.  109 
 110 
As mentioned earlier, the majority of APOBEC enzymes preferentially acts on a 5'-UC-3' 111 
(5'-TC-3' for DNA substrate) motif9–13. We analyzed the context of genomic sites 112 
undergoing C>U changes, and noticed a preference for 5'-UCG-3' motifs (Table S2). 113 
Next, we examined the 5'-UCG-3' motif by following the dynamics of UpC and CpG 114 
losses and gains over time (Figure 1C&D). We observe a progressive loss of both UpC 115 
and CpG dinucleotides due to C>U changes, but not other nucleotide changes (Figure 116 
1C&D). The observed losses do not appear to be related to samples from specific 117 
continents (Figure S4). Plots for all dinucleotides are available in Figure S5. Further, the 118 
frequency of the full 5'-UCG-3' motif is found to be significantly lower in "early" (<70 119 
days) compared to "late" (>120 days) samples (Figure 1E, left), while the frequency of 120 
5'-UUG-3' motif is increased (Figure 1E, right). 121 
 122 
Since APOBEC3 family members display a preference for RNA in open conformation as 123 
opposed to forming secondary structures23, we calculated the folding potential of all 124 
genomic sites that include C>U substitutions (Figure 1F). Positions with C>U changes 125 
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are more often located in regions with low potential for forming secondary RNA 126 
structures. These observations are in agreement with the notion that members of the 127 
APOBEC family are the main drivers of cytosine deamination in SARS-CoV-2, thus 128 
contributing to the extensive viral genome editing15-16. 129 
 130 
Our CpG net gain analysis showed progressive decline, indicating that the number of 131 
total CpG losses override their gain (Figure 1C). The observed CpG decline could 132 
indicate the ongoing adaptation of the virus to the new host or tissues where antiviral 133 
proteins targeting foreign CpG regions are differently expressed24. It was recently 134 
shown that synonymous substitutions disrupting CpG dinucleotides appear to contribute 135 
to the increased virulence of attenuated poliovirus25, and we observe that little more 136 
than half of the C>U substitutions disrupting CpG dinucleotides were synonymous which 137 
is in agreement with Di Gioacchino and colleagues26 (Figure S6). In the future, the 138 
SARS-CoV-2 virus may level up its CpG frequency with its host, achieving so called 139 
host-cell mimicry27, but the observed continuous CpG loss suggests that equilibrium 140 
between gains and losses have not yet been reached.  141 
 142 
Previously, from a comparative analysis of different coronaviruses, Woo and colleagues 143 
concluded that CpG reduction and cytosine deamination are two independent selective 144 
forces that shape coronavirus codon bias28. Although selective forces may act 145 
differently upon motifs resulting from C>U changes, our results suggest a direct link 146 
between cytosine deamination and CpG reduction in SARS-CoV-2. 147 
 148 
Previous studies reported that a reduced number of CpG motifs in HIV and other 149 
viruses played important role for the viral replication inside the host cell, thus escaping 150 
ZAP protein activity6. Given the high expression levels of APOBEC and ZAP genes in 151 
COVID-19 patients17, the involvement of ZAP-mediated restriction of SARS-CoV-28, and 152 
our observations, we hypothesize that as a consequence of APOBEC-mediated RNA 153 
editing, SARS-CoV-2 genome may escape host cell ZAP activity. Both APOBEC and 154 
ZAP are interferon induced genes which act preferentially on ssRNA in open 155 
conformation3,23,29. Initially, APOBEC and ZAP enzymes may have overlapping 156 
preferred target motifs for their enzymatic functions (Figure 2). The catalytic activity of 157 
APOBEC on 5'-UC-3' leads to cytosine deamination which destroys ZAP’s extremely 158 
specific acting site (CpG)30. The conversion of C>U allows viral RNA to escape from 159 
ZAP-mediated RNA destruction. Our analysis strongly supports the proposed model, 160 
but it merits future experimental validation. Since APOBEC enzymes can act on both 161 
RNA and DNA sequences, it is tempting to speculate that some other viruses may 162 
undergo CpG reduction similarly to SARS-CoV-2.  163 
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   164 
Figure 2. A model for the consequences of host-driven evolution by APOBEC enzymes 165 
on viral CpG dinucleotide composition. 166 
 167 
In summary, the rapidly growing genomic data from SARS-CoV-2 (that importantly 168 
includes relevant metadata) and the moderate mutation rate of the virus has allowed us 169 
to observe a progressive increase of C-to-U substitutions resulting in CpG loss over a 170 
brief period of time. Our results thus link the dynamics of target sequences in viral 171 
genome for two known host molecular defense mechanisms, the APOBEC and ZAP 172 
proteins.  173 
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Materials and Methods 174 
 175 
Samples and recording of substitutions 176 
Samples were downloaded from GISAID20 (https://www.gisaid.org/) on May 23rd, 2020. 177 
Only samples with available collection date and with no more than 500 N's in the 178 
assembled sequence were used. December 24th 2019 was set to day 1. Assembled 179 
virus genomes were separately aligned to the reference genome (GenBank accession: 180 
NC_045512) using mafft31, and mismatches were collected. Alignments with more than 181 
500 gaps in the sample (due to incomplete assembly) and any alignments with gaps in 182 
the reference sequence were discarded. This resulted in 22,164 alignments. Only non-183 
ambiguous bases and only mismatches without gaps in 3 positions up- and downstream 184 
were kept. To exclude alignment artifacts, mismatches in the first and last 100 positions 185 
in the reference genome were discarded.  186 
The total number of substitutions is recorded from the combined set of pair-wise 187 
alignments, and a substitution at a given position in the reference is counted once 188 
regardless of the number of samples in which it is found. The timeline analysis of 189 
dinucleotide gains and losses were inferred from each sample's individual alignment to 190 
the reference.  191 
 192 
Nucleotide motifs 193 
For all di-, tri-, and tetra-nucleotide motifs containing C in the reference genome, the 194 
number of motifs with a C-to-U substitutions and the total number of the motifs were 195 
noted. The ratio between these two measures was compared to the expected ratio, 196 
defined as the number of C's with a C-to-U substitution divided by the total number of 197 
C's in the genome. The probability was calculated using a binomial distribution. All 198 
statistical tests were performed using Rstudio v. 1.1.41432,33.  199 
 200 
Folding potential 201 
The reference sequence was divided into overlapping 500-nucleotides windows, each 202 
shifted by 10 nucleotides. These sequences were folded using RNAfold34. For each 203 
position in the reference genome the number of windows in which the position were 204 
predicted to form a base-pair in a secondary structure was recorded. The folding 205 
potential of a position was defined as the fraction of windows with predicted base-206 
pairing of that position. Hence, a position predicted to participate in a base-pair in all 207 
500-nt windows has a folding potential of 1.  208 

.CC-BY-NC-ND 4.0 International license(which was not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprintthis version posted June 19, 2020. . https://doi.org/10.1101/2020.06.19.161687doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.19.161687
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplementary Material 209 

 210 
Figure S1. Number of samples from different time points. December 24th 2019 is set to 211 
day 1. Samples are colored according to their geographic region. 212 
 213 

 214 
Figure S2. Number of samples in which the substitutions are observed. 215 
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 216 
Figure S3. The inverse relationship of C>U frequency and the number of samples. 217 
Down-sizing the number of samples leads to higher C>U frequency (0.1 on the axis 218 
means 10% of the total samples). The blue dots are the individual simulated data sets, 219 
and the boxes denote their distribution.  220 
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 221 
Figure S4. TpU (left) and CpG (right) dynamics across continents.222 
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 223 
Figure S5. Number of dinucleotide gains and losses over time.  224 
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 225 
Figure S5 (cont.). Number of dinucleotide gains and losses over time.  226 
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 227 
Figure S5 (cont.). Number of dinucleotide gains and losses over time.  228 
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 229 
Figure S5 (cont.). Number of dinucleotide gains and losses over time.  230 
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 231 
 232 
Figure S6. Plots showing the number C positions (top) and CpG positions (bottom) in 233 
the reference genome (black bars) and the number of these that have C>U changes 234 
(grey bars). Numbers are shown for different codon positions as indicated below the 235 
plots. CpG positions are defined as the position of the C in the motif, and positions with 236 
no changes are defined as either synonymous or non-synonymous based on the effect 237 
of a potential C>U change. The percentage of bases and motifs that have C>U changes 238 
are shown as open circles (right y-axis).  239 
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Table S2. The most enriched motifs undergoing C>U changes. 240 
 241 

C>U 

motif 

motifs with    
C-to-U 

change/total 
number of 

motifs odds-ratio 
uncorrected 

p-value 
  UCG 72/113 1.30 0.0012387 
 UUCG 27/39 1.41 0.0088244 
   CG 257/439 1.19 4.56E-05 
   CGG 55/76 1.47 3.19E-05 
   
CGGA 13/16 1.65 0.0088056 
   
CGGU 22/29 1.54 0.0030566 
      
GUGC 75/113 1.35 0.0001577 
 UGCU 148/255 1.18 0.0026032 
   CUA 307/561 1.11 0.0044054 
      
UUAC 137/241 1.16 0.0096264 
UGAC 87/137 1.29 0.0004834 
CAAC 112/194 1.18 0.0098096 
UAAC 88/135 1.33 0.00012 

242 
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