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Coronaviruses

*  Enveloped, spherical, positive-sense single-stranded RNA viruses.

*  Very large genome size: 25-32Kb.
5’UTR, at least 6 core ORFs found in all CoVs, a highly variable number of accessory ORFs and a 3’UTR.
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Replication proof-reading mechanism lowers mutation rate and allows for large
genomes.

Capping
Nsp 13( q ’ . NSP 10
Nascent n
Nsp 10
5" m’GpppN e :
WK sp8 3 T
Template 3’ J.LLLLLLLLLLLLLLLLI'I Ly l...;il Nsplz W 5’

Robson et al., 2020; Cell



Mutation rates of viruses
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Evolution by point mutations

« A background mutation rate of 2.9-3.7x10-/nt/replication cycle for SARS-
CoV-2.

« The Spike gene has a mutation rate at least 4-5 times higher than the rest
of the genome.

* Omicron (B1.1.529): 30/50 total mutations in Spike
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Genomic epidemiology of novel coronavirus - Global subsampling
& Built with nextstrain/ncov. Maintained by the Nextstrain team. Enabled by data from (c&f\[8)-

Showing 3545 of 3545 genomes sampled between Dec 2019 and Dec 2021.
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Compiled Nextstrain SARS-CoV-2 resources are available at nextstrain.org/sars-cov-2. Follow @nextstrain for continual data updates.



Evolution by insertions/deletions
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Insertions in SARS-CoV-2 genomes. Distribution of inserts along the genome. Each triangle
represents one insertion event. The level of confidence in each variant is represented by color: dark

green, confirmed by sequencing read analysis; green, monophyletic in the tree, no read data
available; light green, observed multiple times, but not monophyletic; grey, singletons (Supplementary
Table 2). The positions of inserts are marked with grey dashed lines.
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Furin Cleavage Site (FCS)
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Similar inserts are found in other Sarbecoviruses.
Omicron variant bears two mutations (N679K and P681H) at the FCS



The progenitor of SARS-CoV-2 was
already a generalist virus that did not
need many mutations to adapt to its

human hosts.



The SARS-CoV-2 Spike protein has a broad
tropism for mammalian ACE2 proteins
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Many animals can be
infected by SARS-CoV-2.

SARS-CoV-2 did not
undergo significant
positive selection during
the first year of the
pandemic.

Laos bat SARS-CoV-2-like
virus can easily bind to
hACE?2.

The progenitor of SARS-
CoV-2 was already a
generalist virus that did
not need many
mutations to adapt to its
human hosts.



The SARS-CoV-2 Spike protein has a broad
tropism for mammalian ACE2 proteins
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Coronavirus classification
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Evolution by recombination

RNA viruses recombine frequently by template switching

a Unsegmented RNA viruses
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Intratyplc homologous recomblnatlon
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Sarbecovirus(SARS-CoV-2)
Very frequent.
Many analyses for different CoVs have observed many such events. Spike is a
hotspot.

973 intratypic recombination events within 16 different subgenera.
Many of them localized around transcriptional start sites and especially around
the Spike.

Yang et al., 2021; Mol Biol Evol



Intra-SARS-CoV-2 homologous recombination
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Analysis of 1.6 million genomes. 2.7% are recombinant. Many recombination
events localize at the Spike.
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CoV intertypic homologous recombination
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Intertypic CoV homologous recombination

Analyzed recombination events among genomes of different subgenera by:

* Phylogenetic incongruence
* Robinson-Foulds Metric of incongruence
« Tanglegrams

« Similarity Plots

« Shimodaira-Hasegawa test

Nikolaidis et al., 2021; Mol Biol Evol



Robinson-Foulds Metric of incongruence
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Supp. fig. 21:

JORF1ab

—o.1

Incongruence by tanglegrams

Alphacoronavirus ORF1ab - Spike PhyML Tanglegram (Events 5-10)
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Incongruence by tanglegrams,
verified by Similarity Plots

Supp. fig. 24:
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SARS - CoV 2 genome
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Non Homologous recombination

We built 73 protein family profiles of accessory ORFs (AOFs) using PSI-BLAST.

With these profiles we searched for presence/absence of protein families in the
various representative CoV genomes.

Very distinct AOF architectures in the 4 genera and even in different subgenera
of the same genus.

No AOF was present in all four genera.
Three AOFs were present in some subgenera of both a- and 3-CoVs.
Three AOFs were present in subgenera of both y- and d-CoVs.

Interestingly, three of these intergenus AOFs are localized in the neighborhood
of the Spike ORF.

Nikolaidis et al., 2021; Mol Biol Evol



Non Homologous recombination

We also searched in the Non-redundant NCBI database for presence of these
families in other viruses or hosts (HGT).

We found homologs for 7 AOFs in:

Toroviruses

Reoviruses

Influenza C/D (hemagglutinin esterase)
Avian Rotavirus-g

Human Astrovirus 5

Hosts (Whales, rodents)

Three of these HGTs are at the borders of Spike ORF.

Nikolaidis et al., 2021; Mol Biol Evol



Alphacoronavirus
1
A

o]

NC D261
K170 |

NG D1E871
Jagaerz

NG 11523

Non Homologous recombination

Cross genus
occurence

& spke dupli event

() Membrane duplicafion svent

Cyps lectin (4.50-34)

Influenza C,DTorovinus Hemagglutinin ssterase |

Ei
Rninacodivel s

Gaisort
L ol NG to0zsz
B 160

GZAMOL220Z8LN

Betacoronavirus

€440 AG3d

SN GYE0ZOIN

BGSN GHE0ZLIN

AGSN”GYE0ZLIN

EEIO AIDL

AEI08S08E6M

£AUO™ZLr6r8d

z
sl
s
£
©
N}
el
3
3

z
3
s
8
£
&
'z
a2
8

4
g
S
o
2
3
o

2440718820 ON

ZSNTGESLLONI

ST
ROEE R as,

QSN ZL268600

0ISN 2126860

PERORC ]

£4407SHIN

84O 872£20AM

4O~ Z01280 ON

XAUO OY2EL0AN

BISNTELEZYION

4407 AFBL

ALANOTL9ELLYOD

AIXETZ6Z080 ON

64H0 /22028 1IN

k|
it

Fip

i Y

SR Sk SR
RSt Saa

ZSNTAHW

24407212520 ON

FHAHW

€E4M0 ZA0D-SHYS

AEIO SUTS

PENTORNE 1]

Er4H0 SHIN

4O SHIN

EENORNE )

PO AHN

GO AHN

94UO ZACD-SHYS

©/4HO0 ZAO0-SHYS

Q4H0 ZAOD-SHYS

84UO ZACD-SHYS

24M07 /12620 ON

8O £12520 ON

010 ZA0D SHYS

©/SNG1559043

ALSN 91569043

0ld 8690SE LW

(3.880-22)

e

qi

Gammacoronavirus
0 v v
KR902510)
AY641576
1BV NC_001451
EU022525
KR822424
E LNB10099
FN430414)
- KY626044)
|- MKss1202
EU817497
E JX195177
KPE62631
L Mns4s286
- KC008600
E MNO96598
EU637854
- KF460437
JF893452
IE JF705860
MK423877
I MN199463
; : |_ KF411040/
AY319651
KM454473
NC_046965
100
c ; | MN690608
Unc.owese | | | | | | | | |
% ® Z Z ¥ " 3 ¥ Z Z £ £ X2 X X 2 Z 2 S X Z
2Eo8 523200 22222222¢850
OOEE%BOOEE%88%88g8§§E
23838283 3232322282833 g 52
AP - T T T = = R T = = S = =L R~
§ 888808 EFI 020208
o o e ©C o % B o b 6 B B 6 ° 3L
x 3 X X o o @ & N @ © = x
I a a2 4 § & § g = 25
L SO 3
Deltacoronavirus
o1 4 ‘ v
MG812378
MG812375
MH532440
LC364346
POCOV NC_039208.
NC_016992
NC_011550
NC_016993
LC364344.
LC364343
LC364342
NC_016991
NC_011547
FJ376620
NC_011549
NC_016996
Herdecovirus NC_016994
NC_016995
o = a3 = @ B = z z z
5 § s§ & 2 g8 & & & B
S x 2 ? 2 < < o
< = g ) o ] S 2 2
| 8 2 2 2 e 2 2 2 3
z S 54 g E S 8 2 2 2
% 3 | 8 PR g 8 8 g
Ed ! =z | & z I \0‘ \u‘ \0‘
K @ -4 7] z = z o
E s g a g 4 g 2
L s = B B g

11440 596970 ON

Gross genus
ocourence

[l s cortimedt

[1] motastn unconfimed

‘ Urkdine kinass (1.676-30)

& rman st somss 4707

‘Rmavims G NSP1-1 (1.165-10)



Main Conclusions

Most of the intertypic homologous recombinations among different subgenera
occur at the Spike ORF.

These events are not single-crossover but double crossover recombinations
(cassette-like).

Genera and subgenera have very distinct AOF architectures. Single crossover
sites would generate incompatible AOF combinations.

We did not observe intertypic events in Beta-CoVs, but this could be a matter of
sampling and time.

Nikolaidis et al., 2021; Mol Biol Evol
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Mutations of highly infectious VoCs
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Fold reduced neutralizing susceptibility to monoclonal antibodies under
Emergency Use Authorization(EUA)

26 out of 29 existing monoclonal antibodies (mAbs) that target the receptor binding motif (RBM) cannot neutralize
Omicron in vitro, although some mAbs that target antigenic sites outside of RBM still can.

BAM ETE - BAMETE © CAS IMD © CAS/IMD ~ CIL TIX® CILUTIX® SOT © REG

Alpha 11 16 ¢ 124 147 0.6 17 14 106 175 0.84 3y 14
Beta 0.6 50 1.3 4 1g 13, 14
Gamma 0.4 14 15 055 0.7 124
Delta 0.6 1 1, 084 154 1, 1.3, 0.6 126
Omicron

Monoclonal antibody mAb) abbreviations:
BAM: Bamlanivimab/LY-CoV555,

CAS: Casirivimab/REGN10933,

IMD: Imdevimab/REGN10987,

CAS/IMD: Casirivimab+imdevimab/REGN-COV2,
ETE: Etesevimab/LY-CoV016/)JS016/CB6,
CIL: Cilgavimab/COV2-2130/AZD1061,
TIX: Tixagevimab/COV2-2196/AZD8895,
TIX/CIL: Tixagevimab+Cilgavimab,
BAM/ETE: Bamlanivimab+Etesevimab,
SOT: Sotrovimab/Vir-7831/S309,

REG: Regdanvimab/CT-P59.
Coronavirus Antiviral & Resistance Database




Fold reduced neutralizing susceptibility to monoclonal antibodies under
Emergency Use Authorization(EUA)

Convalescent  mRNA-1273 BNT162b2 AZD1222  Ad26.COV2.S SputnikV BBIBP-CorV

103

102

Neutralization (1/ID50)

101

0
——T—717 717 17 T T T T T T T T T T T T 1

Wu o Wu B o Wu B o Wu B o Wu o Wu o Wu o
(D614G) (D614G) (D614G) (D614G) (D614G) (D614G) (D614G)

Neutralization of Omicron SARS-CoV-2 VSV pseudovirus by plasma from COVID-19 convalescent and vaccinated
individuals. Plasma neutralizing activity in COVID-19 convalescent or vaccinated individuals (mMRNA-1273,
BNT162b2, AZD1222, Ad26.COV2.S (single dose), Sputnik V and BBIBP-CorV).

a, Pairwise neutralizing antibody titers (ID50) against Wuhan-Hu-1 (D614G), Beta and Omicron VOC. Vero E6-
TMPRSS2 used as target cells. Shown one representative experiment out of 2.

Cameroni et al., 2021; Nature



¢ Showing 3545 of 3545 genomes sampled between Dec 2019 and Dec 2021.

Phylogeny
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Showing 2730 of 2730 genomes sampled between Dec 2019 and May 2022.
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Genomic epidemiology of novel coronavirus - Global subsampling
‘ Built with nextstrain/ncov. Maintained by the Nextstrain team. Enabled by data from (GE{[)-
Showing 3545 of 3545 genomes sampled between Dec 2019 and Dec 2021.
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Compiled Nextstrain SARS-CoV-2 resources are available at nextstrain.org/sars-cov-2. Follow @nextstrain for continual data updates.
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Implications for vaccine design and development

More than twenty COVID-19 vaccines have received Emergency Use Authorization
in at least one country, with efficacies in the range of 66-95%

Two major categories:
* Inactivated virus.

+ Spike DNA/mRNA or Spike protein (higher efficacies).

Omicron (B.1.1.529) VoC with an unusually high number of mutations located at
the Spike region raises great concern about the efficacies of current vaccines
against this VoC.

Pan-coronavirus vaccines based on Spike.
Nucleocapsid based vaccines. Three have reached Phase 2.

Vaccines against the early-transcribed replication transcription complex (RTC).



Implications for vaccine design and development

Mutations in Spike vs Nucleocapsid
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Wuhan-Hu-1 vs ancestral Alpha
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Five scenarios for the evolution of SARS-CoV-2

Scenario 1: Structural constraints limit any further evolution of the SARS-CoV-2 Spike.
Omicron shows that this scenario is not strongly supported.

Scenario 2: Point Mutations, insertions/deletions, and/or intra-SARS-CoV-2 recombination events lead to
the evolution of novel SARS-CoV-2 strains.

A

Omicron
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Amoutzias et al., 2021; submitted in Viruses



Five scenarios for the evolution of SARS-CoV-2

Scenario 3: Intratypic recombinations between SARS-CoV-2 and other Sarbecoviruses
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Amoutzias et al., 2021; submitted in Viruses



Five scenarios for the evolution of SARS-CoV-2

Scenario 4: Intertypic recombination between SARS-CoV-2 and viruses from other Beta-CoV subgenera
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Five scenarios for the evolution of SARS-CoV-2

Scenario 5: Accessory ORF acquisition by non-homologous recombination of SARS-CoV-2
with other coronaviruses or even other viruses/hosts or even via de novo gene birth.

o
S0 2
ORF1p EJdR 3
ORF1a Spike IMENR
SARS - CoV-2 IS .. L | B N
]
genome T
(@) [e]e)
py) pps)
m mm
‘. /B
New accessory ..
ORF
OR
Duplication T T -
event Horizontal
gene

transfer OR

Mutations
De novo gene birth .

Amoutzias et al., 2021; submitted in Viruses



 Cell

REVIEW | VOLUME 184, ISSUE 19, P4848-4856, SEPTEMBER 16, 2021

The origins of SARS-CoV-2: A critical review

Edward C. Holmes 2 = * Stephen A. Goldstein * Angela L. Rasmussen * ... Kristian G. Andersen
Robert F. Garry * Andrew Rambaut 2 =1 * Show all authors

Published: August 18, 2021 * DOI: https://doi.org/10.1016/j.cell.2021.08.017

“We contend that although the animal reservoir for SARS-CoV-2 has not been identified
and the key species may not have been tested, in contrast to other scenarios there is

substantial body of scientific evidence supporting a zoonotic origin.

Although the possibility of a laboratory accident cannot be entirely dismissed, and may
be near impossible to falsify, this conduit for emergence is highly unlikely relative to the
numerous and repeated human-animal contacts that occur routinely in the wildlife

trade.”



October 30, 2021 World
1:50 PM CMT+3
Last Updated 7 months ago

U.S. spy agencies say origins of
COVID-19 may never be known

By Mark Hosenball and Patricia Zengerle

“WASHINGTON, Oct 29 (Reuters) - U.S. intelligence agencies said on Friday they may never be
able to identify the origins of COVID-19, as they released a new, more detailed version of their
review of whether the coronavirus came from animal-to-human transmission or leaked from a
lab.

The Office of the U.S. Director of National Intelligence (ODNI) said in a declassified report that a
natural origin and a lab leak are both plausible hypotheses for how SARS-COV-2 first infected
humans. But it said analysts disagree on which is more likely or whether any definitive
assessment can be made at all.
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