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Within 4 months of the ongoing COVID-19 pandemic caused by SARS-CoV-2, more than 250 nucleotide mutations have been detected in ORF1ab of the virus isolated from infected persons from different parts of the globe. These observations open up an obvious question about the rate and direction of mutational pressure for further vaccine and therapeutics designing. In this study, we did a comparative analysis of ORF1a and ORF1b by using the first isolate (Wuhan strain) as the parent sequence. We observed that most of the nucleotide mutations are C to U transitions. The rate of synonymous C to U transitions is significantly higher than the rate of non-synonymous ones, indicating negative selection on amino acid substitutions. Further, trends in nucleotide usage bias have been investigated in 49 coronaviruses species. A strong bias in nucleotide usage in fourfold degenerate sites toward uracil residues is seen in ORF1ab of all the studied coronaviruses: both in the ORF1a and in the ORF1b translated thanks to the programmed ribosomal frameshifting that has an efficiency of 14 – 45% in different species. A more substantial mutational U-pressure is observed in ORF1a than in ORF1b perhaps because ORF1a is translated more frequently than ORF1b. Mutational U-pressure is there even in ORFs that are not translated from genomic RNA plus strands, but the bias is weaker than in ORF1ab. Unlike other nucleotide mutations, mutational U-pressure caused by cytosine deamination, mostly occurring during the RNA plus strand replication and also translation, cannot be corrected by the proof-reading machinery of coronaviruses. The knowledge generated on the mutational U-pressure that becomes stronger during translation of viral RNA plus strands has implications for vaccine and nucleoside analog development for treating COVID-19 and other coronavirus infections.

Keywords: COVID-19, SARS, MERS, mutational pressure, cytosine deamination


INTRODUCTION

The current COVID-19 pandemic caused by SARS-CoV-2 has claimed more than 0.25 million human lives with nearly 3.5 million reported infections globally and still this number is increasing day by day (WHO, 2020). The virus was first detected in a wet market in Wuhan, China, in December 2019. It bears a close similarity to bat coronaviruses, and similar viral species have been detected in pangolin. This led to the speculation that the virus may have originated in bats with pangolins acting as intermediate hosts. Since then, the virus has spread and infected people in each and every country. The infections are characterized by sore throat, fever, cough, body pains, breathlessness, severe pneumonia, and death due to multi-organ failure involving kidneys and lungs (Perlman and Netland, 2009; Lauber et al., 2012).

Coronaviruses have an exceptionally large genome of around 30 kb. A huge part of the genome, at the 5′ end, around 20 kb, harbors a replicase gene that codes for around 16 non-structural proteins (nsps) that are cleaved from the long precursor (Snijder et al., 2016). The rest of the genome, near the 3′ end, codes for the structural (spike, envelope, membrane, and nucleocapsid) and several accessory proteins (Nga et al., 2011). The replicase gene (ORF1ab), according to numerous descriptions in GenBank, includes two subunits, ORF1a and ORF1ab expressing the polyproteins pp1a and pp1ab, respectively. A slippery sequence and ribosomal frameshifting caused by an RNA pseudoknot ensure the translation of both polyproteins from the same genome (Brierley et al., 1989; Baranov et al., 2005). Actually, ORF1b is never translated alone, but only as a part of ORF1ab if frameshifting is successful. If frameshifting is not successful, once ORF1a is translated, ribosome reaches the terminal codon and dissociates from RNA. Pp1a has nsps 1–11 whereas pp1ab has nsps 1–16 (Ziebuhr et al., 2000). The nsps form the viral replicase complexes. Here both genomic and subgenomic viral RNAs get synthesized through negative-strand intermediates. Subgenomic RNAs code for structural and accessory proteins. Those proteins are not translated from the genomic RNA plus strand, but only from subgenomic RNAs.

Variations in viral sequences have an important role in viral propagation and pathogenesis. They may help change the viral phenotype allowing it to evade host immune system and also acquire drug resistance. These variations may arise from copying errors during genome replication (Bass, 2002). RNA viruses have low replicative fidelity; hence are more prone to mutations than DNA viruses. Around 10–4 to 10–6 errors per nucleotide are seen in RNA viruses, which is equivalent to approximately one mutation per genome per replication cycle. This allows the viruses to maintain mutations that are beneficial for them in adapting to new environments (Sanjuan et al., 2010). Sometimes, a specific nucleotide mutation occurs more frequently than others, which is called directional mutational pressure. Mutational pressure changes the nucleotide composition of the genome irreversibly and may be caused by different factors: by error-prone polymerase, by RNA editing, by oxidative damage to amine bases. Moreover, the direction of mutational pressure may not be similar along the entire length of the genome (Khrustalev et al., 2017). Coronaviruses are known as slowly mutating RNA viruses since they perform proof-reading during replication (Bouvet et al., 2012).

Cytosine to Uracil transitions can occur spontaneously through oxidative damage by free radicals or enzymatically through the action of apolipoprotein B mRNA editing catalytic subunit (APOBEC) family of cytidine deaminases. RNA-editing enzymes from APOBEC family bind single-stranded viral RNA and deaminate cytosine residues (Sharma and Baysal, 2017; Smith, 2017). Single nucleotide transitions mostly result in synonymous mutations – though synonymous codons, i.e., codons that code for same amino acid, don’t occur equally in different organisms; these organisms are said to have a codon usage bias. Fourfold degenerate codons can tolerate any nucleotide substitution at the wobble or the third position, which doesn’t change the amino acid sequence, but just contributes into the codon usage bias. But even a single changed nucleotide in the RNA may sometimes affect the RNA structure and interference (Khrustalev et al., 2017).

The life cycle of coronaviruses is rather complicated. After entering the cell, the process of genomic RNA plus strand translation begins and usually (at least, for SARS-CoV-1) ends at the stop codon of ORF1a (the ribosome/RNA complex is disassembled). Sometimes the ribosome slips into a new reading frame at a programmed ribosomal frameshift sequence and translation of ORF1ab proceeds until the stop codon of the ORF1b. It means that ORF1b is translated less frequently than ORF1a, while the rest of the RNA is not translated at all. Before translation, the RNA plus strand exists as a complex of folded RNA with viral nucleoprotein. Single stranded RNA forms secondary structure due to canonical and non-canonical intramolecular base pairing (Sato et al., 2009). These stem-loops and G-quadruplexes must be unwound before the translation. Both translation factors [with RNA helicase activity (Fidaleo et al., 2016; Díaz-López et al., 2019)] and ribosome itself are able to unwind mRNA (Xie and Chen, 2017). It means that during translation RNA exists in a single-stranded (unwound) state and in that moment its amine bases can be damaged by oxidative agents at much higher probability than in the non-translated state. According to our hypothesis, the higher the rate of translation for a region of genomic RNA-plus strand, the stronger should be the mutational pressure (and nucleotide usage bias) inside it.

Since its first appearance in December, 2019, four hundred full-length sequences of ORF1ab of SARS-CoV-2 have become available on GenBank. In this study, a comparative analysis of ORF1a and ORF1b has been carried out, taking the first isolate (GenBank ID: NC_045512) as the parent sequence. Further, trends in nucleotide usage bias have also been investigated in various coronaviruses in ORF1a and ORF1b, as well as in short ORFs coding for spike, envelope glycoprotein, membrane protein, and nucleocapsid. There are no approved drugs or vaccines for human coronaviruses yet. With alarmingly increasing damage caused by COVID-19 to human lives and global economy, there is a pressing need for its prevention and treatment strategies through vaccines or potential drugs. This knowledge on direction of mutational pressure may help design more effective vaccines and nucleoside analogs. If one knows the direction of mutational pressure in regions that code for neutralizing epitopes, then fragments of coding regions with the least number of mutable nucleotides in non-synonymous sites should be chosen for vaccine development. In this case the chance of immune escape will be minimal, since antibodies will be developed against the less mutable epitopes.



MATERIALS AND METHODS


Data/Nucleotide Sequence Retrieval

The nucleotide sequences of ORF1ab from genomes of 49 coronaviruses were retrieved from GenBank. These include only reference genomes from different species of Alphacoronaviruses, Betacoronaviruses, Gammacoronaviruses, and Deltacoronaviruses including coronaviruses that caused an epidemic in 2003 (SARS-CoV), in 2013 (MERS-CoV), and an ongoing pandemic that started in December 2019 (SARS-CoV-2), available through NCBI Taxonomy data base. The IDs of those genomic sequences in GenBank are provided in the Supplementary Material.



Nucleotide Usage Bias Analysis

The nucleotide usage biases along the length of ORF1ab from each virus were calculated in sliding windows 150 codons in length, with a step of a single codon. The “VVTAK SW” algorithm (chemres.bsmu.by) was used for the calculations. Among other indices, the algorithm calculates nucleotide usage in fourfold degenerate sites, in which all nucleotide mutations are synonymous. ORF1b in each sequence was “opened up” by the addition of “A” nucleotide into the “AAA” motif of the ribosome slippage sequence. The location of this motif has been determined with the help of GenBank description of each sequence. So, the length of complete ORF1ab for SARS-CoV-2 is equal to 7097 codons. This includes ORF1a equal to 4406 codons (until the stop-codon), and the ORF1b of 2696 codons. Nucleotide usages in the fourfold degenerate sites of ORF1a and ORF1b (the one before the “AAA” motif of the ribosome slippage sequence, and the one after that motif) were compared for all 49 viruses. Coefficients of correlations between ΔU4f and ΔA4f, between ΔU4f and ΔC4f, between ΔU4f and ΔG4f, as well as between ΔA4f and ΔC4f, were calculated.

Average nucleotide usage levels in fourfold degenerate sites have been calculated in all short ORFs from 49 genomes of coronaviruses included in this study with a help of VVTAK Protective Buffer algorithm (chemres.bsmu.by). The values of nucleotide usage indices for four genes present in all 49 species of coronaviruses (spike, envelope protein, membrane protein, and nucleocapsid protein) have been compared with those for ORF1a and ORF1b with a help of two-tailed paired t-test.

There are eight amino acid residues (Ala, Gly, Val, Thr, Pro, Leu, Arg, Ser) that are encoded by codons with fourfold degenerate sites in their third positions. Interestingly, Leu, Arg, and Ser are encoded by six codons each, so just four of those codons contain fourfold degenerate sites. Taken together, there are 32 codons with fourfold degenerate sites in their third positions, that is one half of all possible codons. The percent of fourfold degenerate sites among sites from third codon positions is equal to 43.85% in ORF1a and 41.56% in ORF1b in SARS-CoV-2 reference genome.



Mutational Pressure Analysis in SARS-CoV-2

Nucleotide sequences of the complete ORF1ab of SARS-CoV-2 were retrieved with the help of NCBI BLAST algorithm. The reference genome of SARS-CoV-2 (GenBank ID: NC_045512) was used as a target. 400 full length sequences of ORF1ab belonging to different isolates of SARS-CoV-2 from all over the globe were obtained from GenBank on the 15th of April 2020. Description of sequences (including their IDs in GenBank) can be found in the Supplementary Material, as well as a UPGMA dendrogram built for them using LogDet (Tamura-Kumar) method by the MEGA X software. Those sequences have been obtained from persons suffering from COVID-19. The majority of sequences are from United States, while numerous researchers from other countries have also contributed into this set.

As it was expected, all sequences belong to the same strain of SARS-CoV-2, and the maximal number of nucleotide mutations between the ORF1ab from the reference (parental) genome and its offspring is equal to seven. So, there were no recombination events with other species of Coronaviruses detected. Those mutations happened in different sites for different isolates. That is why the maximal number of mutations between two isolates (between the offspring) is equal to 13.

The numbers of sites with all possible types of nucleotide mutations in this alignment relative to the reference sequence were calculated. Similarly, the number of sites available for each type of nucleotide mutation was calculated in the reference sequence. The rate of nucleotide mutation of a certain type is equal to the number of sites with a given mutation divided by the total number of nucleotides available for this kind of mutation. For example, the rate of C to U mutations is equal to the number of sites with C to U mutations over the number of C residues. The rates of mutations have been compared with each other with the help of unpaired t-test.

The rates of synonymous and non-synonymous mutations for C to U mutations were calculated. The sites in which C to U mutation is synonymous and those in which it is non-synonymous in the reference ORF1ab sequence of SARS-CoV-2 were determined. To calculate the rate of synonymous C to U transitions, the number of sites with (non)synonymous C to U mutations were divided by the number of sites in which C to U mutations are (non)synonymous. The rates of mutations for ORF1a and ORF1b were calculated separately.



Analysis of ORF1a MERS Fragments With Different U4f Levels

To check the origin of a fragment of ORF1a from MERS (Betacoronavirus England 1) with relatively decreased U4f we performed nucleotide BLAST analysis of that fragment (codons 1400 – 2600) and the remaining fragment of ORF1a in the 3′ direction with relatively higher U4f (codons 2601 – 4460). There were 29 sequences of complete genomes of related Betacoronaviruses found with a help of “more dissimilar sequences (discontiguous megablast)” search for both sequences. Sequences that belong to the same species (MERS related Betacoronaviruses) were excluded from the search. Two alignments have been made (for each fragment of ORF1a) using a PAM (Point Accepted Mutation) method from MEGA X program. Phylogenetic trees (UPGMA dendrograms) have been constructed based on amino acid distances calculated by the LogDet (Tamura-Kumar) method and checked by the bootstrap method. Bootstrap consensus trees are provided in the Supplementary Material, as well as names and accession numbers of sequences.



Statistical Analysis

The Student’s t-test was used for calculating the statistical significance: we used paired or unpaired t-test, were it was appropriate. P-values < 0.05 were considered as statistically significant. Coefficients of correlation have been calculated using MS Excel.



RESULTS


Mutational Pressure in SARS- CoV-2 ORF1ab

As on the 15th of April 2020, a total of 400 full-length sequences of ORF1ab belonging to different isolates of SARS-CoV-2 were available in GenBank. The first full-length genome of SARS-CoV-2 appeared in GenBank toward the end of December 2019, followed by the other sequences. Therefore, the first reported genome of the virus can be considered as the initial (parental) sequence, while the others can be regarded as its offspring that mutated during the ongoing pandemic. If each offspring sequence is compared with the initial one, the number of mutations may seem to be relatively small (up to 7). However, when all those 400 sequences are considered, there are already 250 sites with mutated nucleotides (ignoring ambiguous results of sequencing) in this rather long ORF that consists of 21227 nucleotides.

To find out the preferable direction of those nucleotide mutations, the numbers of sites with each type of nucleotide substitution were calculated and divided by the usage of a corresponding nucleotide in a reference sequence (Khrustalev et al., 2019). Calculated frequencies of nucleotide mutations were compared with each other. Since there is a ribosome slippery sequence in the ORF1ab, we performed calculations separately for ORF1a and ORF1b, before and after the slippery site, respectively. There is a clear and strong mutational U-pressure in both ORFs (Table 1). The most frequent type of nucleotide mutation in SARS-CoV-2 ORF1ab during 4 months of the pandemic was cytosine to uracil transition (C to U). The rate of this mutation was found to be more than 6 times higher than the rate of an opposite U to C mutation in ORF1a and more than four times higher in ORF1b. The difference between the rate of C to U transitions and the rate of U to C transitions is significant (P < 0.05) for both ORFs. Interestingly, the rate of C to U transitions is also significantly (1.7 times) higher in the ORF1a than in ORF1b. The most frequent cause of this kind of mutation is cytosine deamination, the product of which is uracil. This mutation may be spontaneous or enzymatic. In the latter case, RNA-editing enzymes from APOBEC family may be responsible for it (Sharma and Baysal, 2017; Smith, 2017). These enzymes bind single-stranded viral RNA and deaminate cytosine residues. Spontaneous deamination occurs via oxidation of cytosine by free radicals (Gros et al., 2002). The rate of this process is higher for single-stranded RNA than for double-stranded RNA (Hendriks et al., 2010).


TABLE 1. Rates of nucleotide mutations (in substitution per site with a corresponding nucleotide) in ORF1ab of SARS-CoV-2: before (ORF1a) and after (ORF1b) the ribosome slippage sequence.

[image: Table 1]Since ORF1a is translated more frequently than ORF1b, the rate of C to U transitions should be higher in ORF1a because of co-translational deamination of unwound RNA. Those mutations are controlled by negative selection, and we confirm this statement in the next section. Indeed, the process of translation often ends near the ribosome slippery sequence at a stop codon if the ribosome fails to slip to the -1 reading frame (Baranov et al., 2005). Therefore, ORF1b is not unwound as frequently as ORF1a. The difference between the rates of G to A and A to G transitions was not found to be significant for both ORFs. However, the rate of G to A transitions themselves is significantly higher in ORF1a than in ORF1b (Table 1). The rate of G to U transversions is significantly higher than the rate of U to G transversions in both ORFs (Table 1). The rate of G to U transversions is, of course, significantly lower than the rate of C to U transitions. However, both of these mutations do contribute to the mutational U-pressure in this viral gene. The rates of other transversions are rather low (Table 1). Their preferable directions can be determined only after some time when the virus acquires more mutations. Even now, after the first 4 months after the breaking of the interspecies barrier between pangolin and human by this virus (if the hypothesis of its appearance is correct), it is clear that the most frequent mutations in its ORF1 are C to U transitions.



The Rate of Synonymous C to U Mutations Is Higher Than the Rate of Non-synonymous Ones in SARS-CoV-2 ORF1ab

The number of C to U mutations observed in SARS-CoV-2 ORF1ab is enough to consider the type of natural selection. To make such conclusions, the numbers of sites with synonymous and non-synonymous C to U mutations in ORF1a and ORF1b were calculated (Chi et al., 2015). After that, we divided those numbers by the numbers of sites for synonymous and non-synonymous C to U mutations in corresponding ORFs of the reference SARS-CoV-2 genome. A comparison of those rates is given in Table 2. As evident from Table 2, the rate of synonymous mutations of C to U direction is significantly higher than the rate of non-synonymous mutations of the same direction in both ORFs. The rate of synonymous C to U mutations is similar in both ORFs. In contrast, the rate of non-synonymous C to U mutations is significantly higher in ORF1a than in ORF1b.


TABLE 2. Description of C to U transitions in ORF1ab of SARS-CoV-2: before (ORF1a) and after (ORF1b) the ribosome slippage sequence.

[image: Table 2]The number of sites for synonymous C to U mutations is 2.7 (ORF1a) and 2.5 (ORF1b) times lower than the number of sites for non-synonymous C to U mutations. So, the increase of the rate of C to U mutations in ORF1a relative to ORF1b is caused by the increase of the rate of non-synonymous mutations. The reason for this growth maybe both in the higher rate of their occurrence and in the weaker negative selection. Indeed, proteins that are cleaved from the part of pp1ab polyprotein encoded by ORF1b (RNA-dependent-RNA polymerase and helicase, 3′-to-5′ exonuclease, endoRNAse, 2′-O-ribose methyltransferase) seem to be more conservative than proteins that are cleaved from its first part. An interesting fact is that the number of sites with synonymous C to U mutations is lower than the number of sites with non-synonymous C to U mutations (32 vs 51) for ORF1a, while for ORF1b it is vice versa (17 vs 13). As usual, these numbers must be normalized by the number of sites available for those mutations before the comparison.



Nucleotide Usage Biases in ORF1ab of SARS-CoV-2, SARS-CoV, and MERS

Nucleotide usage biases in genes are formed during long-term process of fixation of certain nucleotide mutations in numerous generations (Sueoka, 2002). As one can see in Figure 1A, the usage of uracil in fourfold degenerate sites of ORF1ab from SARS-CoV-2 is quite high: 53.6 ± 0.2% in the ORF1a and 49.0 ± 0.2% in the ORF1b implying that the rates of C to U transitions and G to U transversions have been much higher than the rates of opposite mutations for a very long time in predecessors of the current virus. Nowadays, almost one-half of nucleotides in fourfold degenerate sites of SARS-CoV-2 ORF1ab are uracil residues. Interestingly, in ORF1b, the usage of uracil is still significantly lower than in the ORF1a. It means that the tendency observed during the mutagenesis of SARS-CoV-2 in human cells is the same as during its mutagenesis in cells of its former hosts.


[image: image]

FIGURE 1. Nucleotide usage in fourfold degenerate sites along the length of ORF1ab of (A) SARS-CoV-2, (B) SARS-CoV-1, (C) Betacoronavirus England 1 (causative agent of MERS). The length of a sliding window is equal to 150 codons. Borders of proteins (according to the uniport annotations) that are cleaved from the long polypeptide are shown at the bottom of each graph, the border between ORF1a and ORF1b is shown as the start of a new stairway-like sequence of proteins (at the bottom). U4f is the usage of uracil in fourfold degenerate sites; A4f is the usage of adenine in fourfold degenerate sites; C4f is the usage of cytosine in fourfold degenerate sites; G4f is the usage of guanine in fourfold degenerate sites.


Adenine is the second most common/frequent nucleotide to occur in the fourfold degenerate sites (Figure 1A). This shows that C to U transitions are frequent in RNA minus strands of the virus as well. However, they are not as frequent as those in its RNA plus strands. This fact may be interpreted as the evidence that viral RNA plus strand is a target for APOBEC editing soon after the entry into the host cell. If an infection is successful, coronavirus suppresses expression of host proteins with its early protein nsp1 (Shen et al., 2019), and its RNA minus strands formed later are not edited by APOBEC. The level of A4f is significantly higher in the ORF1b than in ORF1a.

Both cytosine and guanine are extremely rare in fourfold degenerate sites of SARS-CoV-2 ORF1ab (Figure 1A). However, there are still several areas with C4f level around 20% both in ORF1a and ORF1b.

In the reference strain of SARS-CoV-1 (responsible for the 2002–2003 SARS epidemic), the difference in nucleotide usage levels between ORF1a and ORF1b is even more noticeable than in that from the reference strain of SARS-CoV-2 (Figure 1B). In ORF1a, the level of U4f is 49.3 ± 0.2%, while in ORF1b, it is 42.9 ± 0.2%. The values of U4f for SARS-CoV-1 ORF1ab are significantly lower than those for SARS-CoV-2. As to the values of A4f, they are equal to 26.7 ± 0.2 and 32.7 ± 0.2% for SARS-CoV-1 and 28.3 ± 0.2 and 31.5 ± 0.2% for SARS-CoV-2 ORF1a and ORF1b, respectively. So, the magnitude of change in A4f usage before and after the ribosome slippage site is higher for SARS-CoV-1 than for SARS-CoV-2. It means that one may expect the highest rate of successful ribosome slippage for evolutionary predecessors of SARS-CoV-2 than for those of SARS-CoV-1.

Nucleotide usage biases in fourfold degenerate sites along the ORF1ab of one of the MERS viruses (namely, in Betacoronavirus England 1 strain) are shown in Figure 1C. The usage of U4f is distributed almost identically along the length of ORF1a (49.2 ± 0.2%) and ORF1b (50.5 ± 0.2%). A slight decrease of U4f in ORF1a is because of the area between codons #1400 and #2600, where U4f is lower than in other parts of the same ORF. The difference between A4f in ORF1a and ORF1b is insignificant (22.4 ± 0.1 and 22.2 ± 0.2%). There are areas with relatively elevated C4f usage in this ORF, while G4f is always somewhere near the point of 10%. Due to the absence of changes in nucleotide usage biases before and after the ribosome slippage sequence, one may speculate that this event (ribosome slippage) was almost always successful for evolutionary predecessors of the MERS virus, while the lack of difference in U4f between ORF1a and ORF1b is more likely the consequence of a recombination event (see “Discussion” section). It is essential to check whether MERS virus is rather an exception or a rule among different coronaviruses.



Nucleotide Usage Biases Along the Length of ORF1ab From Alpha-, Beta-, Gamma-, and Deltacoronaviruses

Nucleotide usage biases along the length of ORF1ab have been determined in 46 more completely sequenced coronaviruses. From the data given in Table 3, it can be concluded that there is a mutational U-pressure in all those known species. However, the average value of U4f in fourfold degenerate sites varies from 39 to 71%, while the average value of A4f varies from 16 to 40%. Once again, U4f is always significantly higher than A4f in all species of coronaviruses, in both ORF1a and ORF1b. If we take all 49 species of coronaviruses together, U4f is significantly higher in ORF1a than in ORF1b, while A4f and C4f are significantly lower in ORF1a than in ORF1b. The level of G4f is the same in both ORFs. A similar trend is observed when only Alphacoronaviruses or Betacoronaviruses are considered. However, in Deltacoronaviruses, the differences in U4f and C4f between two ORFs are still significant, while the difference in A4f is not significant.


TABLE 3. Average values of nucleotide content in fourfold degenerate sites for ORF1a and ORF1b (ORF1ab after the ribosome slippage sequence) for 49 species of coronaviruses.

[image: Table 3]There are several exceptions from the rule among studied viruses, in which the value of U4f is significantly lower in ORF1a than in ORF1b. They are 3 out of 19 Alphacoronaviruses; 2 out of 18 Betacoronaviruses; 3 out of 10 Deltacoronaviruses (Table 3). There are at least two causes of the existence of those exceptions. At first, coronaviruses are prone to recombination with each other and with other viruses (Su et al., 2016). That is how some fragments of ORF1ab may be exchanged during recombination, and a newly acquired fragment of ORF1ab will possess an outstanding bias in fourfold degenerate sites. After a certain number of generations, nucleotide usage levels in fourfold degenerate sites will become almost identical through the whole length of ORF1a and ORF1b again. From this point of view, there may be such half-homogenized fragment in the ORF1a of MERS (Figure 1C). The “homogenization” of biases in twofold degenerate sites from third codon positions takes longer time than their “homogenization” in fourfold degenerate sites (Khrustalev et al., 2020). Biases in first and second codon positions will be “improved” after an even more extended period of time (Khrustalev et al., 2012).

Second, the quality of a regulatory element responsible for ribosome slippage should be different in different coronaviruses (Baranov et al., 2005). As one can see in Figure 2A, the difference in average values of U4f in two parts of ORF1ab may reach more than 8%, or it may be equal to just 1%. Interestingly, there is a correlation between the difference in U4f and the difference in A4f between two parts of ORF1ab (R = −0.66). Indeed, the higher the difference in U4f, the higher (by module) the difference in A4f. The same relationships are there between the difference in U4f and the difference in C4f between two parts of ORF1ab (R = −0.72). The difference in A4f, however, shows no correlation on the difference in C4f (R = 0.11). It means that in some viruses, U4f in the ORF1a is increased mostly because of the decrease of A4f, while in others, it is increased mostly because of the decrease of C4f. Both SARS-CoV-2 and SARS-CoV-1 belong to the group in which U4f is growing mostly because of the decrease of A4f. The chance of success for ribosome slippage is one of the key factors of viral pathogenesis (Plant et al., 2013). According to Figure 2A, evolutionary predecessors of SARS-CoV-2 were likely to be able to synthesize more RNA-dependent-RNA-polymerase at the onset of infection than those of SARS-CoV-1.


[image: image]

FIGURE 2. The dependence of the difference in A4f (A) and C4f (B) on the difference in U4f between ORF1a and ORF1b for 49 species of coronaviruses. Dots corresponding to SARS-CoV-2 are in blue circles, dots corresponding to SARS-CoV-1 are in violet circles, dots corresponding to Betacoronavirus England 1 (MERS) are in green circles. U4f is the usage of uracil in fourfold degenerate sites; A4f is the usage of adenine in fourfold degenerate sites; C4f is the usage of cytosine in fourfold degenerate sites.




Nucleotide Usage Biases in Short ORFs of Alpha-, Beta-, Gamma-, and Deltacoronaviruses

Short ORFs situated downstream of the long ORF1ab of coronaviruses are quite variable. There are just four out of thirty-eight described ORFs that are mapped and named in all species of coronaviruses. The purpose of those small ORFs is always under question, since in most of the cases they are predicted by a gene finding software, and the presence of corresponding proteins is not confirmed experimentally. One of the criterions for their description in GenBank reports is the presence of specific transcription start sites upstream (Zúñiga et al., 2004). Those sites are quite sensitive to mutations in regions of RNA situated nearby (Sola et al., 2005), and they can easily mutate themselves, since the core of transcription regulatory sequence contains two residues of Cytosine (ACGAAC). For example, there is ORF10 described for SARS-CoV-2 in the 3′ end of the genome. The same ORF exists in the closest relative of SARS-CoV-2 that has been found earlier in bats (Bat coronavirus RaTG13), while it is not described in the GenBank report as protein coding sequence. Homologous sequence is there in the genome of SARS-CoV-1 as well, but the reading frame contains a single stop codon in the middle. So, we analyzed just permanent ORFs encoding spike (surface) glycoprotein (S), envelope protein (E), membrane glycoprotein (M), and nucleocapsid phosphoprotein (N).

For all the 49 species of coronaviruses taken together, the level of U4f in the spike ORF is significantly higher than the level of A4f (51.78 ± 2.33% vs 22.93 ± 1.37%, respectively, P < 0.001). So, there is mutational U-pressure in the spike gene as well. The level of U4f in spike ORF is significantly lower than the one in ORF1a (53.53 ± 2.01%), but the difference is not significant if we compare it with ORF1b (50.75 ± 1.86%). The level of C4f is significantly higher in spike ORF, than in both ORF1a and ORF1b (16.46 ± 1.44; 13.96 ± 1.26; 15.16 ± 1.08%, respectively), if we compare all the viral species together. The values of A4f, U4f, G4f, and C4f for spike ORF of each studied species are provided in the Supplementary Material.

Gene coding for envelope protein is also enriched by uracil residues in its fourfold degenerate sites. However, the level of U4f in that short ORF (41.59 ± 3.22%) is significantly lower than in both ORF1a and ORF1b. At the same time, levels of A4f, G4f, and C4f are significantly higher inside envelope protein ORF, than in both ORF1a and ORF1b.

The same tendency is there in membrane protein and nucleocapsid phosphoprotein ORFs. The level of U4f is still the highest one (40.08 ± 2.41 and 46.02 ± 2.45%, respectively), but the levels of C4f (19.98 ± 1.57 and 20.71 ± 1.45%, respectively), are getting close to the values of A4f (25.87 ± 1.88 and 24.23 ± 1.55%, respectively).

Mutational U-pressure is seen in all the four short permanent ORFs. Since corresponding mRNAs are transcribed from small subgenomic RNA minus strands, one cannot judge the influence of their expression levels on nucleotide usage biases. All mutations that happen in both minus and plus strands of subgenomic RNAs are not directly inherited by viral offspring. Since small ORFs are not translated from genomic RNA plus strands, and there is still mutational U-pressure in them, one can conclude that the most of C to U mutations are not happening during translation, but during replication. On the other hand, the values of U4f in 3 out of 4 small ORFs are significantly lower than in both ORF1a and ORF1b, while levels of C4f are significantly higher in all of them. It means that mutational U-pressure existing in the whole genome of each coronavirus is enhanced in those regions that serve not just as genomic RNA, but also as mRNA at the early steps of infection.



DISCUSSION

Determination of the mutational pressure direction should be a starting point in any vaccine design study (Khrustalev et al., 2020). If the most frequent type of nucleotide mutation is known, one may try to choose “cold” spots for this mutation as targets for future vaccine development instead of “hot” spots. Based on our study, we suggest that fragments of RNA of SARS-CoV-2 that have a higher level of U in first and second codon positions and a higher level of C in synonymous sites for C to U mutations should be chosen for vaccine designing.

It has been shown that the genome of SARS-CoV-2 is subject to nucleotide usage bias toward A + U in its ORFs, including ORF1 (Kandeel et al., 2020; Sheikh et al., 2020). In this study, we examined the usage of U and A separately, since A = U and G = C parity rules do not work in these viruses. Nucleoside analogs have been suggested as anti-COVID-19 drugs (Agostini et al., 2019). Based on the results of this study, uracil analogs would be more effective in treating COVID-19 than analogs of cytosine and guanine nucleosides. Adenine analogs should be capable of effectively inhibiting the synthesis of RNA-minus strands. Therefore, they may also prove to be good therapeutic strategy but mostly during the early stages of infection on a cellular level, when A-rich RNA minus strands are synthesized. Though care should be taken that any nucleoside analog used to treat COVID-19 wouldn’t be recognized by the proof-reading machinery of the virus (Agostini et al., 2019) or the drug will be rendered ineffective.

Sequences obtained from all over the world belong to active viruses that are under the control of negative selection, which can be confirmed by the fact that the rate of non-synonymous mutations is less than the rate of synonymous ones. Indeed, the virus is not under strong immune pressure or the pressure of antiviral drugs at the moment. These stresses are known to cause diversifying (positive) selection of non-synonymous mutations (Nijmeijer and Geijtenbeek, 2019). On one hand, mutagenesis of C to U causes amino acid substitutions that can lead to quite drastic consequences for the fitness of a virus. Therefore, most of them are eliminated. On the other hand, mutations of C to U direction may help in immune evasion, since amino acid replacements caused by those nucleotide substitutions are capable of destroying linear B-cell epitopes more than other types of single nucleotide mutations (Khrustalev, 2010). The reason of this phenomenon is in the properties of genetic code. Namely, C to U transitions cause a lot of substitutions of residues usually situated on a surface of a protein to residues usually buried in its core, such as: Pro to Leu; Ser to Phe and Leu; Thr to Ile and Met; His to Tyr; Arg to Cys and Trp. Because of such replacements linear B-cellular epitopes are becoming shorter since their surface accessibility decreases (Zúñiga et al., 2004).

Nsp1 is a non-structural protein present in Alpha- and Betacoronaviruses, but not in Gamma- and Deltacoronaviruses (Shen et al., 2019). Nsp1 can inhibit the expression of host proteins (Huang et al., 2011; Tanaka et al., 2012). Likely, the expression of non-specific antiviral enzymes belonging to APOBEC and ADAR families are also inhibited by nsp1. If most of the C to U mutations in ORF1a are caused by APOBEC editing of viral RNA during initial steps of infection, then it may be expected that there will be no difference in nucleotide usage levels in fourfold degenerate sites between ORF1a and ORF1b in Gamma- and Deltacoronaviruses. But, as evident from Table 3, the above-mentioned differences still exist in most of the Gamma and Deltacoronaviruses, implying that a significant fraction of C to U mutations is not caused by APOBEC editing, but by oxidative deamination of cytosine residues.

The existence of RNA exonuclease (nsp14) in genomes of coronaviruses may be the cause of the observed mutational U-pressure. If during the post-replicational proof-reading most of the deaminated and oxidized nucleotides are removed, the only product of deamination remaining is a canonical amine base, uracil. As inosine (product of adenine deamination) is a non-canonical amine base, it is removed during proof-reading, whereas, uracil (product of cytosine deamination) being a canonical amine base, is not removed, as proof-reading activity effectively removes mismatched pairs of canonical nucleotides, pairs of canonical nucleotides with non-canonical ones, but it cannot recognize U that has already appeared in place of C on a matrix strand before the replication as a mutated nucleotide. Interestingly, some non-canonical amine bases, like 8-oxo-G (the product of guanine oxidation), can somehow still pass through the proofreading machinery, as several G to U transversions have been detected in this study.

It was shown that coronaviruses that lack their proof-reading machinery accumulate non-canonical nucleotides much better than when functional proof-reading machinery is present (Smith et al., 2013). Indeed, 5-formyl-uracil is paired with adenine in the absence of nsp14 in SARS-CoV-1 and MERS viruses, and it leads to the increase of U to C and A to G transitions since this non-canonical nucleotide can pair with G even better than with A (Smith et al., 2013). So, in the absence of proof-reading, the overall rate of mutations becomes higher, while the bias in their rates becomes weaker.

Taken together, coronaviruses are well known for their low mutation rates achieved due to proof-reading during RNA replication (Bouvet et al., 2012). However, they still cannot repair C to U transitions with this mechanism, as U is a canonical amine base. Moreover, C to U transitions occur before the replication, and the resulting U makes a correct pair with A during the complementary RNA strand synthesis. Therefore, mutational U-pressure is seen in all coronaviruses throughout the whole length of their genomic RNA.

The effectiveness of frameshifting for ORF1ab for different coronaviruses has been reported to be in the range of 20 – 45% (Baranov et al., 2005). For the Mouse hepatitis virus A59, the rate of effective frameshifting is higher (from 48 to 70%) (Irigoyen et al., 2016). For SARS-CoV-1, this rate has been reported as 17.5%, (Baranov et al., 2005). In infectious bronchitis virus, the rate of successful frameshifting is 30 – 40% (Brierley et al., 1989; Dinan et al., 2019). For human coronavirus 229E the rate of successful frameshifting is about 20 – 30% (Herald and Siddell, 1993). Hence, it may be speculated that highly efficient frameshifting leads to the decrease of ΔU4f, and low rate of effective frameshifting causes the increase of ΔU4f, while there is a lack of data on frameshifting effectiveness obtained in the same laboratory by the same method to check this hypothesis.

Here we should state that for all coronaviruses just short sequences of RNA containing ribosome slippery motif and some cis-acting elements as well were studied being expressed in a vector in a certain cell line. Conditions in which the effectiveness of frameshifting has been determined were quite different in different laboratories. That is why one cannot be sure that those determined values are comparable with each other. Also, some trans-acting elements from the rest of those genomes may be responsible of the increase or the decrease of frameshifting success rate. Recently, sequences of frameshift elements have been compared for SARS CoV-1 and SARS CoV-2 (Kelly et al., 2020). Since those sequences showed the same rate of successful frameshifting in the same conditions, it is likely that trans-acting motifs and other factors are responsible of the difference in frameshifting success rates between evolutionary predecessors of those viruses. Another factor that can influence the rate of frameshifting success is the cell type: in HEK293T cells it was around 20% for both SARS CoV-1 and SARS CoV-2 sequences, but in HeLa cells it was around 30% (Kelly et al., 2020). So, the host may be the key factor that determines the effectiveness of frameshifting and so the magnitude of the difference in U4f levels between ORF1a and ORF1b for different species of coronaviruses.

The effectiveness of frameshifting for MERS virus is equal to 14% (Hu et al., 2016), while the level of U4f inside its ORFa is lower than the one in its ORFb. This fact does not support the abovementioned hypothesis. To check another hypothesis that recombination events may disturb the distribution of U4f between ORF1a and ORf1b, we performed BLAST search using the nucleotide sequence coding for the fragment between codons 1400–2600, and the nucleotide sequence coding for the remaining part of the ORF1a of Betacoronavirus England 1 (MERS) starting from the codon 2601. There are 29 genomes of Betacoronaviruses that demonstrate similarity with these two sequences revealed by “discontiguous megablast.” For both amino acid sequences the closest relatives are the same: 4 samples of betacoronaviruses from bats (the closest one is Bat coronavirus isolate NC_034440.1 from Uganda). Differences appear at the longer evolutionary distance. Amino acid sequence of MERS encoded by a fragment with lower U4f (codons 1400 – 2600) demonstrates high similarity with five sequences that belong to Hedgehog coronavirus 1 and its relatives, while other 20 sequences are grouped together on the separate branch of a dendrogram (see Supplementary Material). In contrast, sequences of Hedgehog coronavirus 1 and its relatives are outgroups in a dendrogram built for the amino acid sequence encoded by the fragment with a higher U4f (codons 2601 – 4460), while 20 other sequences (including Bat coronavirus HKU4-1) are grouped together with MERS sequence. These data show that recombination event with one of the Hedgehog betacoronaviruses happened not recently, but before the divergence of MERS with its four closest relatives.

Amine (nitrogenous) bases of both DNA and RNA are prone to oxidative damage (Gros et al., 2002). That damage results in the appearance of purine and pyrimidine derivatives that are not included in the set of four major amine bases, except the situation with cytosine deamination in RNA leading to the appearance of uracil. It has been proven that the rate of guanine oxidation is approximately 2 times higher if guanine is situated in the single stranded fragment of DNA, than in the double stranded one (Joffe et al., 2003). For cytosine deamination in DNA it has been experimentally proven that cytosine is deaminated approximately 140-fold more slowly when present in the double helix than in the single stranded DNA (Frederico et al., 1990). DNA turns to the unwound single stranded state during replication and transcription, while RNA turns to that state during replication and transcription (in viruses with RNA genomes), and also during translation. During replication leading and lagging strands are replicated in different way, and so they accumulate mutations differently, forming characteristic replication-associated nucleotide usage bias (Lobry and Sueoka, 2002; Sueoka, 2002). During transcription transcribed and non-transcribed strands also exist in different conditions, and so accumulate mutations in different way, producing well known transcription-associated nucleotide usage bias (Polak et al., 2010). The same situation is expected in RNA that has regions that are translated at a different frequency and so being unwound (Qu et al., 2012) during shorter or longer periods of time.

Exactly in genomes of Coronaviruses we found out that their overall U4f bias is stronger in highly translated ORF1a than in less frequently translated ORF1b, and in short ORFs that are not translated from the genomic RNA plus strand at all. So, it is likely that “additional” C to U transitions are happening during translation of genomic RNA plus strands.

One of the multiple consequences of mutational U-pressure is the decrease of secondary structure amount in RNAs. However, this decrease is not so strong, as in case of A-pressure, since uracil residues frequently make non-canonical base pairs with G residues (Sato et al., 2009). It was shown that RNA with greater secondary structure is expressed more efficiently because structure increases mRNA half-life while having no effect on translation efficiency (Mauger et al., 2019). From this point of view, relative increase in U4f in ORF1a should not affect the speed of its translation, while it should result in the increased chance of its oxidative damage when it is not translated, compared to ORF1b and small ORFs. In other words, the increase in U4f may in its turn lead to the higher chance of remaining cytosine residues deamination. However, according to our hypothesis, the initial factor that causes increased rate of C to U transitions in ORF1a relative to ORF1b and small ORFs should be the increased rate of translation, while non-translated parts of genomic RNA plus strand are protected from cytosine deamination better, since they are not translated at all.



CONCLUSION

In this study we proved that the rate of C to U transitions and the intensity of U-bias in fourfold degenerate sites are higher in ORF1a of coronaviruses, situated before the ribosome slippery sequence, than in the less frequently translated ORF1b which is situated after the slippery sequence. Moreover, U-bias is weaker in small ORFs that are not translated from genomic RNA plus strands. So, the overall U-pressure observed in all the examined ORFs from different species of coronaviruses is a consequence of proof-reading allowing C to U transitions to happen during replication, while in ORF1a efficiently translated from genomic RNA plus strands U-pressure is stronger.
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