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ABSTRACT: SARS-CoV-2, responsible for the current COVID-19 pandemic that claimed over 5.0 million lives, belongs to a class of enveloped
viruses that undergo quick evolutionary adjustments under selection pressure. Numerous variants have emerged in SARS-CoV-2, posing a
serious challenge to the global vaccination effort and COVID-19 management. The evolutionary dynamics of this virus are only beginning to be
explored. In this work, we have analysed 1.79million spike glycoprotein sequences of SARS-CoV-2 and found that the virus is fine-tuning the
spike with numerous amino acid insertions and deletions (indels). Indels seem to have a selective advantage as the proportions of sequences
with indels steadily increased over time, currently at over 89%, with similar trends across countries/variants. There were as many as 420 unique
indel positions and 447 unique combinations of indels. Despite their high frequency, indels resulted in only minimal alteration of N-glycosylation
sites, including both gain and loss. As indels and point mutations are positively correlated and sequences with indels have significantly more
point mutations, they have implications in the evolutionary dynamics of the SARS-CoV-2 spike glycoprotein.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), responsible for the currently ongoing pandemic of
coronavirus disease 2019 (COVID-19),! has infected more
than 246 million people and killed over 5.0 million.? Related
coronaviruses — SARS-CoV-1 and Middle East respiratory
syndrome coronavirus (MERS-CoV') — have also caused pan-
demics in the recent past.

SARS-CoV-2 belongs to the general class of enveloped
viruses (which include influenza and human immunodefi-
ciency viruses, among others) that show great plasticity and
immune evasiveness due to a protective lipid bilayer and
embedded glycoproteins that are heavily N-glycosylated and
used as a ‘glycan shield’.>> The lipid bilayer envelope of these
viruses is particularly sensitive to desiccation, heat and deter-
gents.® However, the envelope glycoproteins of many envel-
oped viruses are known to be particularly variable and found
to evolve quickly under selection pressure. As a result, the pat-
terns and drivers of envelope glycoprotein variations in these

viruses have been studied keenly.*7- Yet, as the ‘enveloped
viruses’is a broad category, the key features that lead to differ-
ences in infectivity and antigenicity among different mem-
bers, for example HIV-1 versus SARS-CoV-2, is of particular
interest.’

Given the nature of the pandemic, the genomic architecture
and its evolutionary dynamics are being keenly explored in
coronaviruses!®!! and SARS-CoV-2 in particular.’>"> Pachetti
et al'® have shown the emergence of mutations in the SARS-
CoV-2 genome and RNA-dependent-RNA polymerase as a
mutational hotspot. Mercatelli and Giorgi!” have analysed
48635 SARS-CoV-2 complete genomes and found 7.23 muta-
tions per sample on average. Given its importance as a key
interactor of angiotensin-converting enzyme 2 (ACE2) for
host cell entry and as a target for neutralising antibodies, spike
glycoprotein in the envelope of SARS-CoV-2 is special and
therefore its variants are keenly watched (https://www.gisaid.
org/hcovl9-variants/). D614G was found to be a prevalent
spike mutation. However, its precise effect is unclear as it was
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known to increase infectivity!® as well as increase susceptibility
to neutralisation.!” Numerous other mutations in the spike gly-
coprotein have also been documented.??

Studies on variants of SARS-CoV-2 mainly focus on point
mutations. This is because there is a massive prevalence of sin-
gle-nucleotide polymorphisms (SNPs) compared to short
indels, which only account for 0.8% of mutations.!” A key rea-
son for indels being less common is that they are more deleteri-
ous due to frame-shifting than SNPs.21-23 As SARS-CoV-2
has been shown to accumulate indels,” we are only beginning
to explore them and appreciate their myriad roles. For example,
Chrisman et al>* have looked at indels in the SARS-CoV-2
genome and mapped it to regions of discontinuous transcrip-
tion breakpoints. Lee et al*® have shown a novel indel in nucle-
ocapsid (N) gene leading to negative results for N gene-based
RT-PCR that was approved by US/FDA and EU/CE-IVD.
Their work also emphasised the genetic variability and rapid
evolution of SARS-CoV-2.2

While indels have been explored predominantly at the genomic
level,217 they were less emphatically examined at the proteomic
level and even less so in the spike glycoprotein. Despite their rarity,
indels accelerate protein evolution,?® and could be especially inter-
esting and important in the spike glycoprotein. For example, indels
can be beneficial as recurrent deletions in SARS-CoV-2 spike gly-
coprotein are shown to drive antibody escape and accelerate anti-
genic evolution.?” Garry and Gallaher?® have explored naturally
occurring indels in multiple coronavirus spike proteins and pro-
vided evidence against a laboratory origin of SARS-CoV-2. Garry
et al? have also shown that the mutations in ‘variants of concern’
(VOC) commonly occur near indels. Despite these revelations,
given an accumulating wealth of SARS-CoV-2 genomic data,
large-scale patterns of indels in spike glycoproteins have not been
tully explored and appreciated.

With this background, we sought to answer some of the
open questions: (1) What is the prevalence and pattern of
indels in the spike protein? (2) What are the evolutionary
dynamics of sequences with indels? (3) Is there any relationship
with point mutations? and (4) What is the effect of indels on
N-glycosylation sites? We analysed a large set of 1.79 million
SARS-CoV-2 spike protein sequences and showed that over
50% contained 1 or more indels. The proportion of sequences
with indels has risen sharply, and currently over 76% of unique
sequence variants and 89% of total sequences have indels.
Indels and point mutations are positively correlated and
sequences with indels seem to have more point mutations over-
all. Further, indels had minimal effect on N-glycosylation sites.
We discuss these findings in the context of the evolutionary
dynamics of the viral protein.

Materials and Methods

Spike sequences and metadata

The SARS-CoV-2 spike protein sequences and related meta-
data were obtained from the GISAID website (https://www.

gisaid.org/; accessed on June 3, 2021).3° The spike protein
sequences were based on the translation of the genome after
alignment to the reference hCoV-19/Wuhan/WIV04/2019
(EPI_ISL_402124) and were in the fasta format. The associ-
ated tsv metadata included date of sample collection, loca-
tion/country of origin, and clade/lineage information of the
virus, among other details.

Sequence analyses

There were a total of 1790224 sequences in the database at the
time of access. However, as there were numerous quality issues
with the data,3! many sequences were filtered out. For example,
465419 sequences containing X (on average of 82.4 X per
sequence) that arose from the translation of low-quality regions
and/or ambiguous bases in the genome were excluded.
Incomplete sequences based on missing N-terminal and/or
C-terminal codons were ignored. As our interest was to look
for the pattern of short indels,?? disproportionately short
sequences (eg, 3744 sequences were very short —less than 1000
residues in length) that were missing internal parts possibly
due to sequencing/annotation issues were ignored. Finally,
sequences with incomplete metadata on the date of sample col-
lection were also excluded.

In the final set of 1311545 spike protein sequences, there
were a total of 49118 unique sequences based on 100%
identity cut-off*? that included all possible variants. Average
identity (based on CD-HIT, http://weizhong-lab.ucsd.edu/
cd-hit/) of sequences was 99.47% (median=99.53%). For
each sequence, a pair-wise alignment with the reference
(EPI_ISL_402124) was done using Biopython.?® The
BLOSUMSG62 was used as the substitution matrix, and gap
open and extension penalties were set at 11 and 1, respec-
tively.3* Any gap in the query sequence was considered a
deletion and a gap in the reference was considered an inser-
tion.?! Finally, a mismatched residue was considered a point
mutation (or substitution).

To see the temporal dynamics, the proportions of sequences
with indels were plotted against the date of sample collection
(month-wise). Based on the sequence metadata, country and
clade/lineage-specific dynamics of indels were also plotted. For
each alignment, the number of indels was enumerated, and the
positions of indels were mapped to the reference sequence.
Further, potential N-glycosylation sites were identified based
on the regular pattern of tripeptide sequons NXS or NXT
where N is asparagine, S is serine, T is threonine and X is any
amino acid residue, and compared with potential
N-glycosylation sites found in the reference sequence (Table 1
and Supplemental Table S1).4%35 Multiple sequence align-
ments, where required, were done using Clustal Omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/).  All

analysis and data handling, where specifically not mentioned,

sequence

were performed in Python; and visualisation/graphs were cre-
ated in Microsoft Excel.
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Table 1. List of N-glycosylation site variants due to indels in SARS-CoV-2 spike protein.

ACCESSION ID LEN SITE ALIGNMENT?
EPI_ISL_959416 1274 N149 145-YHKNNNKSWMES
145-YHKNN-KSWMES
EPI_ISL_1134689 1274 N149 145-YHKNNNKSWMES
145-YHKNN-KSWMES
EPI_ISL_1164478 1271 N. . # 242-L ALHN=2LTPGD
242-LALHRSYLTPGD
EPI_ISL_1167125 1273 N149 145-YHKNNKKSWMES
N438 145-YHKNNK-SWMES

433-VIAWNSTNNLD
433-VIAWNS-NNLD

145-YHKNNKKSWMES
145-YHKNNK-SWMES

EPI_ISL_1167127 1273 N149

EPI_ISL_1272919 1274 N149 145-YHKNNNKSWMES

145-YHKNN-KSWMES
EPI_ISL_1359859 1268 N. . .# 239-LALHN--LTPGD
242-LALHRSYLTPGD

EPI_ISL_1591625 1274 N1134 1130-IGIVNNNTVYDP
1130-IGIVNN-TVYDP
EPI_ISL_1791465 1278 N. . .# 157-FRVINTTCYSS

157-FRV-----YSS

EPI_ISL_1843929 1269 N17 13-SQCVN-TTRTQ

13-SQCVNLTTRTQ

EPI_ISL_1922075 1278 N. . .# 867-DEMINFETISAQ
867-DEMI----- AQ
EPI_ISL_2013547 1274 N61 57-PFFSNSVEWFHA

57-PFFSN-VTWFHA

EPI_ISL_2091257 1272 N1074 1070-AQEKN-STAPA
1070-AQEKNFTTAPA
EPI_ISL_2102041 1270 N. . # 283-TDDGNITDAAL
286-TD---AVDCAL
EPI_ISL_2102044 1270 N17 13-SQCVNL---TQ
N. . # 13-SQCVNLTTRTQ

23-PAYTNYINSFT

26-PA---YTNSFT
EPI_ISL_2262279 1267 N17 13-SQCVNF=:TQ
13-SQCVNLTTRTQ
EPI_ISL_2269445 1271

N1134 1127-IGIVNNNTVYDP

1130-IGIVNN-TVYDP

COUNTRY DATEP CLADE LINEAGE FREQ°
Bangladesh ~ 20-01-2021 GR B.1.1.25 2
USA 13-02-2021 GH B.1.2 3
Turkey 15-02-2021 GR B.1.1.189 2
Senegal 27-01-2021 (0] B.1 1
Senegal 02-02-2021 (0] B.1 1
USA 25-02-2021 GH B.1.2 1
France 27-01-2021 GRY B.1.1.7 1
VOC Alpha
Mexico 25-03-2021 GR B.1.1.222 2
USA 18-01-2021 GH B.1.2 2
Germany 10-04-2021 GRY B.1.1.7 1
VOC Alpha
Turkey 12-03-2021 GH B.1.469 1
USA 08-04-2021 GH B.1.429 1
VOI Epsilon
Mexico 12-04-2021 S A.2.5 1
Turkey 09-03-2021 GRY B1.1.7 1
VOC Alpha
Turkey 09-03-2021 G B.1.36.17 1
Germany 10-05-2021 GH B.1.351 1
VOC Beta
USA 10-05-2021 GRY B1.1.7 1
VOC Alpha

# — New site not present in the reference sequence. Representative Accession IDs (based on the earliest date of sample collection) are arranged in ascending order. An

additional list of loss of sites due to deletions is given in Supplemental Table S1.

aGain of sites is highlighted in green, loss of sites in blue, altered sites in orange, original sites in yellow and non-sites in grey.

bDate of sample collection.
°Frequency out of 1311545 sequences.

Structural analyses

The positions of indels and N-glycosylation sites were visual-
ised on the 3D structure of SARS-CoV-2 spike glycoprotein
(PDB ID: 6VXX or 6XR8) using the Visual Molecular
(VMD) (https://www.ks.uiuc.edu/

Research/vind/). To see if indels have any preference for

Dynamics programme

sequence/structural/functional features such as surface-exposed

regions, solvent accessible surface area (SASA) information
was obtained using the DSSP programme, which calculates an
accessibility score (ranged from 0 to 277) from the 3D struc-
ture (http://swift.cmbi.ru.nl/gv/dssp/).3¢ Protein disorder was
calculated (values ranged from 0 to 0.41) using DISpro (http://
scratch.proteomics.ics.uci.edu/), and shorter disorder regions
known as molecular recognition features (MoRF) were quanti-
fied (values ranged from 0.21 to 0.8) using MoRFCHiBi_Web
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Figure 1. (A) Distribution of sequences with indels in SARS-CoV-2 spike
glycoprotein (n=1311545). Over 50% of sequences (inset pie chart) have
at least 1 indel, with sequences containing 3 deleted residues being very
frequent. The pattern is similar (open bars) even if only unique sequences
(n=49118) are considered. (B) Proteins/sequences with indels clearly
seem to have a selective advantage as their proportion has risen sharply
over time and currently (May 2021) represents 89.3% of all sequences.
(C) Month-wise proportions of variants of concern/interest coming from
sequences with indels compared to that of without indels.

(https://morf.msl.ubc.ca/index.xhtml).3” Finally, information
on different functional domains of SARS-CoV-2 spike glyco-
protein was obtained from the literature/UniProt (https://
www.uniprot.org/) and residue overlap coefficient was enu-
merated (Supplemental Table S2).38

Statistical analyses

Where required, a 1-proportion Z-test was used to check if the
observed proportion was significantly different from the
expected. A chi-square test for independence was performed to
check whether (multiple) sample proportions were significantly

different.3® Correlations between indels and other variables
(such as point mutations, accessibility scores, etc.) were meas-
ured using a more robust Kendall t coefficient. The significance
of correlation coefficient was tested using cor.test(), which is
based on #distribution or approximation. A #-test was used to
compare the means of 2 groups (eg, mutations in sequences
with or without indels). Where required, the P-values were cor-
rected for multiple comparisons using Benjamini-Hochberg
(BH) method.* All statistical tests were done using R.

Results
Distribution of sequences with indels

The SARS-CoV-2 spike glycoprotein reference sequence
(EPI_ISL_402124) contains 1273 amino acid residues. The
distribution of sequences with short indels was plotted based on
the number of sequences in each length category and shown in
Figure 1A as a bar diagram. Overall, the distribution is similar
for all sequences (n=1311545, filled bars) and unique sequences
(n=49118, open bars). Over 50% of all sequences (inset pie
chart) had at least 1 indel. Sequences with deletions (50.5%)
were far more common than sequences with insertions (0.07%).
Further, sequences containing 3-residue deletions were very fre-
quent. A small number of sequences (0.16%) had deletions of
more than 3 residues. However, these proportions (36.4%,
0.33% and 1.35%) are significantly different (x?>=6991.5, P=0)

if only unique sequences were considered.

Dynamics of sequences with indels

The proportions of sequences with indels over time (month-
wise) are given in Figure 1B, which shows an increasing trend.
For example, in August 2020 the proportion of sequences with
1 to 3 deletions were about 1.4% which increased to 89.3% in
May 2021. The proportions of sequences with insertions, and
deletions of more than 3 residues also increased (Supplemental
Figure S1A). A similar increasing trend is seen even if only
unique sequences were considered (Supplemental Figure S1B).
In May 2021, 76.3% of unique sequences have 1 to 3 deletions,
and 1.8% of unique sequences with deletions of more than 3
residues. This increasing trend of sequences with indels holds
true across countries (Supplemental Figure S1C). Almost all
sequence variants currently present in the United Kingdom
and South Africa have indels. On the other hand, only a small
proportion of sequences from Brazil currently have indels. It
should be noted that some patterns were a bit noisy due to
small sample sizes (Supplemental Figure S2A), for example, in
early months and/or country-wise trends. The proportions of
sequence contributions from many countries that have reported
variants of concern such as India, Brazil, South Africa and
Nigeria were very small (Supplemental Figure S2B). In par-
ticular, just 0.74% of sequences were from India. However, it
becomes 2.7% if only unique sequences were considered

(Supplemental Figure S2C). The distribution of proportions of
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Figure 2. (A) Map of indels (insertion in green and deletion in red) in SARS-CoV-2 spike glycoprotein. Incidence of indels along the sequence. The first
panel shows the frequency (scale at right indicates the number of unique sequence variants) and the second panel shows the occurrence of indels. As
many as 420 indel positions (142 insertion and 358 deletion positions) are present. Three-residue deletion of 69, 70 and 144 is the most common
combination, but there are as many as 447 unique combinations of indels. (B) Multiple sequence alignment (using Clustal Omega, https://www.ebi.ac.uk/
Tools/msa/clustalo/) shows 17 combinations of deletions present in Delta (B.1.617.2) and Kappa (B.1.617.1) variants (representative sequences based on

the earliest date of sampling).

#Previously ‘Delta; but ‘None’ in the latest update of Pango v.3.1.14 2021-09-28. See also Supplemental Figure S3.

sequences with indels over time (Figure 1B and Supplemental
Figure S1B) is heavily influenced by the dominant variant
Alpha (Supplemental Figure S1D). However, the proportions
of sequences with indels are also increasing in all other variants
(Supplemental Figure S1D — lower panel).

It is interesting to note that a far higher proportion of vari-
ants of concern/interest (that have been sharply increasing in
the past 6 months) come from sequences with indels compared
to sequences without indels (0.793 vs 0.093, P= 0, 2-propor-
tion Z-test). A month-wise trend is shown in Figure 1C.
Overall, 84.1% of unique sequences from VOC/I have 1 or

more indels.

Incidence of indels along the spike sequence

Figure 2A shows the map of indels along the spike glycopro-
tein sequence. Supplemental Figure S3A-C individually show
the maps of indels for sequences with deletions (n=18560),
zero net indels (sequences that contained equal numbers of 1
or more insertions and deletions, n=92) and insertions
(n=161). While the average number of insertions (2.1,n=161
unique sequences with insertions) and deletions (2.8,n=18 560
unique sequences with deletions) were small, there were as

many as 420 unique indel positions (142 insertion and 358
deletion positions, 80 common positions with insertion or
deletion) (Supplemental Table S2). However, it may be noted
that indels were far less common (odds=0.47) in the
C-terminal half of the spike protein sequence. Further, indels
were frequent only in a few residue-positions. For example,
there were just 14 residue-positions (69-70, 140-144, 156-
157, 241-243 and 246-247) with 100 or more instances of
deletion and only 2 residue-positions (216 and 217) with 100
or more instances of insertion. Nevertheless, there were as
many as 447 unique combinations of indels (ranging from 1 to
15 indels) — for example — insertions at 6, 144, 214-216, etc.,
and deletions of 69-70, 144, 69-70, 144, 156-157, 241-243,
etc. Among 3-residue deletions, deletion of 69 (amino acid H),
70 (V) and 144 (Y) was the most common combination that
has emerged very early in the major lineage B.1.1.7 (VOC
Alpha). However, as seen in multiple sequence alignment
(Supplemental Figure S3D), there is variability in the position
of 3-residue deletion leading to the emergence of new deletion
variants. Figure 2B shows the multiple sequence alignment of
Delta (B.1.617.2) and Kappa (B.1.617.1) variants that contain
as many as 17 combinations of deletions (deletion of residues

156 (E) and 157 (F) being the most common). It may be noted
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Figure 3. Indels versus point mutations. Bar plot shows the average number of point mutations (mean = SD) in sequences with indels compared to
sequences without indels. Point mutations are significantly more (t-test with BH correction) in sequences with indels across clades and lineages of
variants of concern/interest. They are not significant (ns, or opposite as in clade V) when the sample size and/or proportion of sequences with indels are

too small (lower panel of bar plot and sample size).

that 79% of sequences from Delta and Kappa variants of con-
cern/interest (n=9133, currently represent 0.7% of the total)
contain 1 or more deletions.

Based on the correlation, indels showed a low (but signifi-
cant) preference for surface-exposed regions (t=0.054 and
P=.027 for insertions, and 1=0.104 and P=1.2E-5 for dele-
tions). Correlation with overall protein disorder was not sig-
nificant (t= 0.155 and P=.56 for insertions, and t=0.091 and
P=.66 for deletions), possibly because long disordered regions
were very few and far apart. Correlation with shorter disor-
dered regions (MoRF) was low but significant (t= 0.122 and
P=6.7E-8 for insertions, and 1=0.107 and P=7.1E-7 for dele-
tions). On the 3D structure of SARS-CoV-2 spike glycopro-
tein (Supplemental Figure S4), indels were prevalent in much
of the outer side of the N-terminal domain (NTD). This was
reflected in the domain analysis wherein NTD and terminal
regions showed a high overlap coefficient (Supplemental Table
S2). Deletions, in particular, were also more frequent at the
flanks of the receptor-binding domain (RBD), but were far less
common in the S2 subunit region and were almost absent at

the inner side of the subunits (Supplemental Figure S4).

Indels versus point mutations

The spike sequences with indels had more (over 1.81 times;
7.9 £2.1vs 4.3 +2.5, mean * standard deviation) point muta-
tions than sequences without indels. Similar patterns were seen
even when different GISAID clades or lineages were taken
separately (Figure 3). However, they were not significant (#-test
with BH correction) in some groups when the proportion of

sequences with indels was very small or due to a small sample
size. Overall, VOC/I had more point mutations compared to
non-VOC/I, but in both groups sequences with indels had sig-
nificantly more point mutations.

The distribution of point mutations along the sequence is
shown in Supplemental Figure S5. Sequences with indels had,
apart from D614G, 6 more prevalent mutations. There were 96
positions in sequences with indels (n=18813) and 101 in
sequences without indels (n=30305, scaled to the number of
sequences with indels) that had 100 or more instances of point
mutations. Overall, the N-terminal region had longer stretches
of residues with more than 100 occurrences of point mutations.
There was a small but significant positive correlation (t=0.224,
P=4.0E-25) between the distribution of indels and point
mutations along the primary sequence (t=0.136, P=1.9E-9
for insertions; 1=0.22, P=5.5E-24 for deletions). Many point
mutations in VOC Delta were differentially abundant (2-pro-
portion Z-test with BH correction) in sequences with indels
compared to sequences without indels (Supplemental Figure
S5C) and were more common in the N-terminal half where
indels are also present (Figure 2B).

Effect of indels on N-glycosylation sites

Based on the occurrence of sequons, there are 22 potential
N-glycosylation sites (7 NXS and 15 NXT) in the SARS-
CoV-2 spike glycoprotein reference sequence (EPI_
ISL_402124). Despite indels being present in over 50% of the
total 1311545 sequences, there was remarkably minimal
effect on N-glycosylation sites due to indels. The list of 67



Rao et al

A

N1TT

NLtt=T

NftteT NnKS-31541,7-2
ieYT l ntt l \Lﬁ ¢Ns'g

[ + (D -
ALT-9 NCE
RlT-15
nlt-7

N£sT
¢ﬁ NnT-2
maia

C-terminal—p

Figure 4. (A) Alteration of N-glycosylation sites due to indels. The panel shows potential N-glycosylation sites (NXS sequons in orange and NXT in blue)
along the sequence and the effect of indels (gain of site in green, loss of site in red, and altered site in black). Altered residues (compared to reference
sequence) are shown in lower case letters with insertions underscored, and deletions struck through. Multiple instances of the same type of change are
numbered after hyphen. The gains of sites were more scattered, while the losses of sites were mostly at the N-terminal part of the sequence. (B) Cartoon
and (C) space-fill structures of SARS-CoV-2 spike glycoprotein showing the positions of N-glycosylation sites. Some key sites are indicated by arrows and
numbers. Of the 6 gains of sites, 3 sites (at 290, 437 and 871) are completely buried in the 3D structure.

instances of N-glycosylation sites that have been altered by
the indels (in 65 unique sequences) is given in Table 1
(Supplemental Table S1), and their positions are shown in
Figure 4A to C.There were 7 instances of gain of sites (Table
1, green) — due to insertions (eg, near position 27, A---YT to
AYTNYT), or deletions with substitution (eg, near position
246, RSYLT to N---LT). There were also many more
instances of loss of sites (Table 1, blue) — mostly due to dele-
tions (eg, at position 17, VNLT to V--T), but also due to
insertions (eg, at position 61, N-VT to NSVT). While the
loss of sites occurred mostly at the N-terminal part of the
spike, the gain of sites was a bit more scattered. It is impor-
tant to note that all gains of sites were of NXT types. However,
3 sites (at around 290, 437 and 871) were completely buried
in the 3-D structure (Figure 4B and C). There were also a few
alterations of existing sites due to insertions or deletions
(Table 1, orange). It may be noted that these indel-based
N-glycosylation site alternations occurred in sequences
belonging to many clades/lineages — many of them were of
variants of concern (Table 1 and Supplemental Table S1).

Discussion
There was great interest and urgency to unravel the architec-
ture of the SARS-CoV-2 genome.! Given the severity of the
pandemic, there is currently an explosion of viral sequencing
bringing along the concerns of data accessibility and owner-
ship,:4? data integrity/quality,3! and inequality of sequencing
effort/data collection among countries.*>* Nonetheless, the
availability of a vast amount of sequences has allowed the sci-
entific community to track the changes in the SARS-CoV-2
genome as the pandemic is progressing. Numerous studies have
shown the emergence and dynamics of new variants, although
the main emphasis was on non-synonymous substitutions at
the genomic leve].12.1416,18,2029

Indel variants were underexplored and unappreciated due to
their relative rarity,>1723 but it is becoming evident that they
play key roles in the SARS-CoV-2 genome.?4?* Indels are even
less explored at the proteomic level because they are primarily
found in untranslated regions.?? In this work, we showed that
there is an incursion of short indels at numerous positions in

the SARS-CoV-2 spike glycoprotein. Of these, 2 very common
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deletions (AH69/AV70, primarily found in UK variants) were
well known and shown to have recurrent emergence and trans-
mission.* While deletions facilitate antibody escape, it was
found that BN'T162b2 vaccine-elicited sera can still neutralise
69/70 deletion variant.*® One reason could be concurrent sub-
stitutions that offset this effect. For example, D614G substitu-
tion, also found in the deletion variant (clade G, prevalent in
Europe), was shown to increase SARS-CoV-2 susceptibility to
neutralisation.!” Some independent deletions of 5 to 7 residues
were known to occur in and near the furin-like cleavage site
(around residue position 681). It was hypothesised that those
deletions might be involved in viral infection.*” However, at
present, the functional implications of numerous other indels
are completely unexplored/unknown.

The proportion of proteins/sequences with indels has risen
sharply over time. Currently, 78.4% of the viral variants have
indels; and while A69-70 and A144 were present in the major-
ity of the variants, there also seems to be an increasing trend for
longer indels. Thus, indels seem to have a selective advantage,
although random drift cannot be ignored. Recurrent deletions
in the SARS-CoV-2 spike glycoprotein are known to drive
antibody escape.?” For example, recurrent deletions (A141-144
and A146, and A243-244) in spike N-terminal domain (NTD)
abolished its binding with neutralising antibody 4A8, and
A140 caused a 4-fold reduction in neutralisationtitre.*® The
emergence of novel indels leading to variants of concern could
be a challenge to vaccines and COVID-19 management.*->1
This could be further exacerbated as sequencing efforts in
many (developing) countries were minimal,** but there seem
to be disproportionally more variants, for example, in India.
The viral diversity/variants may only be fully appreciated if
there is better sequencing effort in these countries, many of
which are reporting the emergence of variants of concern. For
example, Resende et al* have found convergent indels in the
NTD of spike/SARS-CoV-2 lineages with mutations of con-
cern circulating in Brazil, while Tegally et al>3 found A242-244
in the SARS-CoV-2 variant of concern in South Africa. The
recurrent emergence of insertions (between R214 and D215)
in the NTD, and their progressive increase in multiple lineages,
including VOC have been recently documented.** It is impor-
tant to note that many indel positions are highly variable due to
independent/multiple origins of indels?”>3 and/or nearby sub-
stitutions that affect alignment. Indels have special relevance as
they can fine-tune the 3D structure beyond point mutations
and are known to occur in surface-exposed loops.?® As the
SARS-CoV-2 will be with us forever,” there is a need, equita-
bly across countries to monitor the dynamics of variants,
including indels.

Point mutations (or substitutions) tend to accumulate near
indels.’®%7 In fact, indels are the driving forces as heterozygo-
sity of indels was proposed as mutagenic to surrounding
sequences.”® As indels are less constrained and have higher
structural influence than substitutions,’® they are frequently

under positive selection, for example, in cancer.’” While the
spike mutations in ‘variants of concern’ (VOC) were known to
occur near indels,?? here, we showed a large-scale relationship
between indels and point mutations. GISAID clades are based
on a statistical distribution of genome distances in phyloge-
netic clusters.”® They have the evolutionary relationship of
S>L (and O, V)>G>GH>GR (and GV)>GRY.%
Advanced clades seem to have comparatively more mutations.
Overall, mutations were more frequent in sequences with
indels. This relation holds true even in variants of concern that
already have extensive mutations.®! It is interesting and impor-
tant to note that sequences with indels have several differen-
tially abundant point mutations in VOC Delta, posing a global
challenge. Mutations in RBD, in particular, were shown to
affect ACE2 interaction. For example, deep mutational scan-
ning of RBD found that most of the 3804 individual mutations
were deleterious for ACE2 binding.®> However, RBD with
mutations such as V367F, Y453F, and N501Y showed stronger
interaction — faster association and slower dissociation rate —
with ACE263¢4 and possibly had minimal effect on antibody
neutralisation.®® Shah et al.®® showed that insertion of Gly at
482 hinders antibody neutralisation. However, the effect of
indels on RBD and ACE2 interaction is not explored.

Despite numerous instances of indels, there were only a few
instances of alterations of N-glycosylation sites in the spike
protein. While some existing sites were modified, there were a
few more instances of gain and loss of sites. Interestingly, all
gains of sites in spike were of NXT type, which were known to
be preferred by viral glycoproteins.*3>¢7 However, given that
some gains of sites were buried in the 3-D structure, they are
unlikely to get selected/fixed. Proteins of other enveloped
viruses, for example, haemagglutinin (HA) of influenza virus
A/HIN1 (since 1918), A/H3N2 (since 1968), and recent A/
H5NT1 are all accumulating more N-glycosylation sites* and/or
modifying the existing sites.”** It is important to watch the
dynamics of N-glycosylation sites in spike as SARS-CoV-2
transforms the vulnerabilities of its glycan shield.% For instance,
the spike protein has 25% glycans by weight, which shield
approximately 40% of the surface® as against 50% glycans by
weight which shield 71% to 97% in gp120 of HIV-1, counter-
ing vaccine development and/or neutralisation by antibody.”
On the other hand, loss of N-glycosylation sites has a selective
disadvantage as removal of N331 and N343 drastically reduced
infectivity, revealing the importance of glycosylation for viral
infectivity.? While the SARS-CoV-2 spike utilises a glycan
shield, it also modulates conformational dynamics of the recep-
tor-binding domain by glycosylation. For example, deletion of
sites by N165A and N234A mutations reduces spike binding
to its receptor ACE2.3

To mention a key limitation of this study, we looked at the
patterns of indels only in spike protein. Further, we do not give
any explicit mechanistic insights into the emergence/dynamics
of indels and their relationship with substitutions.
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In conclusion, we show that SARS-CoV-2 is fine-tun-
ing the spike with numerous indels. There seems to be a
selective advantage as the proportions of indel variants
steadily increased over time with similar trends across
countries/variants. As many as 420 unique indel positions
and 447 unique combinations of indels were present. Indels
and point mutations are positively correlated and sequences
with indels had significantly more point mutations. Despite
their frequency, indels resulted in only minimal alteration
of N-glycosylation sites.
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