Accession Number Virus Accession Number Virus
MK581202 IBV/Poland/80/1989 MN996532 BtCoV/RaTG13
KF294380 RnCoV/Lucheng-19 MN908947 SARS-CoV-2
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AY567487 HCoV-NL63 MG772934 BtCoV/ZXC21

MN611517 229Er-CoV/Ra5425 MG772933 BtCoV/ZC45
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MF094687 SADSr-CoV/141388 AY700211 MHV-A59
MF094681 SADS-CoV/FarmA KF686346 HCoV-HKU1
MF094688 SADSr-CoV/162140 NC_046954 RfMfCoV-2/1L2014
MF094686 SADSr-CoV/8495 MH687976 VZ-BetaCoV/22084-1
KC869678 Ne°f/°:5/ :;g;: HE- NC_026011 RnCoV/HKU24
JX869059 MERS_CoV KY370052 RtMmCoV-1/IM2014
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Figure S1. Accession humbers of viral sequences analyzed




A B

BCoV HCoV-0C43 PHEV ECoV-NC99 RbCoV/HK... 162140 141388 HKU2 FarmA 8495 8462 160660  RfYN2012

BCoV 97.5% 97.3% 97.8% 90.9% 162140 99.3% 97.6% 99.5% 99.3% 97.6% 95.3% 94.4%
HCoV-0C43 97.5% 97.7% 96.8% 90.5% 141388 99.3% 97.8% 99.2% 98.8% 98.0% 95.3% 94.5%
PHEV 97.3% 97.7% 96.6% 90.7% HKU2 97.6% 97.8% 97.6% 97.4% 98.4% 95.1% 94.8%
ECOV-NC99 97.8% 96.8% 96.6% 90.3% FarmA 99.5% 99.2% 97.6% 99.1% 97.7% 95.1% 94.4%
RbCoV/HKU14 90.9% 90.5% 90.7% 90.3% 8495 99.3% 98.8% 97.4% 99.1% 97.4% 95.2% 94.3%

8462 97.6% 98.0% 98.4% 97.7% 97.4% 94.9% 94.2%

160660 95.3% 95.3% 95.1% 95.1% 95.2% 94.9% 94.6%

C RfYN2012 94.4% 94.5% 94.8% 94.4% 94.3% 94.2% 94.6%

SARS-CoV-2  RmYNO2 RaTG13  PangolinC...

SARS-CoV-2 98.4% 97.8% 91.3%
RmYNO2 98.4% 97.4% 91.4%
RaTG13 97.8% 97.4% 90.7%
PangolinCoV/GD19 91.3% 91.4% 90.7%

Figure S2. Distance tables of full-length RdRp coding region of Orf1ab. A) Distance table for Betacoronavirus-1 RdRp
sequences, as well as RbCoV/HKU14. B) Distance table for SADSr-CoV RdRp.C) Distance table for RdRp coding region of
SARS-CoV-2-like viruses.
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Figure S3. 3CIPro and Helicase phylogenetic trees. A) Schematic showing position of Orf1ab regions encoding 3CIPro,
RdRp, and Helicase B) Maximum-likelihood phylogenetic tree of 3CIPro-encoding region. C) ML tree of helicase-encoding

region of Orf1ab.



A 3CIPro
BCOV  HCoV-OC43  PHEV  ECOV-NC99 RbCoV/HK...

BCoV 96.6% 95.3% 99.2% 87.9%
HCoV-0C43 96.6% 94.7% 96.7% 87.8%
PHEV 95.3% 94.7% 95.2% 86.7%
ECoV-NC99 99.2% 96.7% 95.2% 88.1%
RbCoV/HKU14 87.9% 87.8% 86.7% 88.1%
B Helicase
BCoV HCoV-0C43 PHEV ECoV-NC99 RbCoV/HK...
BCoV 97.4% 95.6% 92.3% 88.6%
HCoV-0C43 97.4% 96.0% 91.5% 88.5%
PHEV 95.6% 96.0% 90.3% 87.7%
ECoV-NC99 92.3% 91.5% 90.3% 92.5%
RbCoV/HKU14 88.6% 88.5% 87.7% 92.5%
C 3CIPro
SARS-CoV-2 RmYNO2 RaTG13 PangolinC...
SARS-CoV-2 96.9% 95.9% 93.8%
RmMYNO2 96.9% 95.8% 93.1%
RaTG13 95.9% 95.8% 92.9%
PangolinCoV/GD19 93.8% 93.1% 92.9%
D Helicase
SARS-CoV-2 RmYNO2 RaTG13 PangolinC...
SARS-CoV-2 97.5% 98.1% 92.2%
RmYNO2 97.5% 97.8% 92.1%
RaTG13 98.1% 97.8% 92.2%
PangolinCoV/GD19 92.2% 92.1% 92.2%
E 3CIPro
162140 141388 HKU2 FarmA 8495 8462  BtCoV/16... RfYN2012
162140 99.8% 98.8% 99.3% 99.9% 99.3% 97.0% 95.6%
141388 99.8% 98.7% 99.1% 99.9% 99.1% 97.0% 95.4%
HKU2 98.8% 98.7% 98.6% 98.8% 98.6% 96.6% 95.3%
FarmA 99.3% 99.1% 98.6% 99.2% 99.8% 97.2% 95.5%
8495 99.9% 99.9% 98.8% 99.2% 99.2% 97.1% 95.5%
8462 99.3% 99.1% 98.6% 99.8% 99.2% 97.2% 95.5%
BtCoV/160660 |  97.0% 97.0% 96.6% 97.2% 97.1% 97.2% 95.3%
RfYN2012 95.6% 95.4% 95.3% 95.5% 95.5% 95.5% 95.3%
F Helicase
162140 141388 FarmA HKU2 8495 8462  BtCoV/16... RfYN2012
162140 99.0% 99.1% 98.7% 95.6% 96.2% 95.1% 93.9%
141388 99.0% 99.8% 98.4% 96.3% 96.3% 95.1% 93.5%
FarmA 99.1% 99.8% 98.4% 96.2% 96.4% 95.1% 93.4%
HKU2 98.7% 98.4% 98.4% 95.9% 96.3% 95.6% 94.3%
8495 95.6% 96.3% 96.2% 95.9% 96.4% 94.1% 93.1%
8462 96.2% 96.3% 96.4% 96.3% 96.4% 94.1% 93.1%
BtCoV/160660 |  95.1% 95.1% 95.1% 95.6% 94.1% 94.1% 94.5%
RfYN2012 93.9% 93.5% 93.4% 94.3% 93.1% 93.1% 94.5%

Figure S4. 3CIPro and Helicase genetic distance tables. A and B) Distance tables for BetaCoV1 viruses. C and D) Distance
tables for SARS-CoV-2-like viruses. E and F) Distance tables for SADSr-CoVs.



Region Po::::;';(in %identityto | L B| AST hit (% identity)
sequence) IR
PangolinCoV/GD19 RR1 21,431-22,321 64.2% MG772934.1 — BtCoV/ZXC21 (80.4%)
BtCoV/RmYNO2 RR1 21,424-24,102 62.5% KY417145.1 - BtCoV/Rf4092 (73.8%)
BtCoV/RmYNO2 RR2 27,700-28,078 51.9% AY515512.1 - civetSARS-CoV (81%)
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Figure S5. Breakpoint and phylogenetic analysis of SARSr-CoV. A. Table showing boundaries of divergent
recombinant regions in PangolinCoV/GD19 and BtCoV/RmYNO2 with nucleotide identity to SARS-CoV-2 and the
top BLAST hit in GenBank. B-H) Maximum-likelihood phylogenetic trees of breakpoint-defined regions in
PangolinCoV/GD19 and BtCoV/RmYNO2, demonstrating changes in topology due to recombination. “Up” and “Dn”
regions reflect the 500 nt upstream and downstream of 5’ and 3’ breakpoints, respectively.
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Figure S6. Breakpoint and phylogenetic analysis of Betacoronavirus-1. A. Table showing boundaries of
divergent recombinant regions in ECoV and PHEV with nucleotide identity to BCoV and the top BLAST hit in
GenBank. B-H) Maximum-likelihood phylogenetic trees of breakpoint-defined regions in ECoV. I-K) ML-
phylogenetic trees of PHEV-RR and 500 nucleotide stretches flanking the 5’ and 3’ breakpoints. ECoV and PHEV
regions in black type are conserved among BetaCoV1 (not of recombinant origin) and demonstrate changes in tree
topology and/or branch length due to recombination.
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Figure S7. BetaCoV-1 IDPlot results with alternative reference sequences. A) The IDPIlot output for
Betacoronavirus-1 displayed in Figure 4 of the main text. B) The IDPIot output from a run using the same sequences
but with OC43 as the reference rather than BCoV.



BCoV
PHEV
ECoV

0C43 "HW I\ |

P4
<05 4—p <

2.1 2.2 2.3 2.4 25 2627
0
0 kb 1kb 2kb 3 kb 4 kb 5kb 6 kb 7 kb
MHV-A59 MHV-A59
E ,— RbCoV/HKU 14 E ———— RbCoV/HKU14
ECoV-NC99 ECoV-NC99
| 82 100
HCoV-0C43 HCoV-0C43
99 100
R2.1 BCoV R2.2 BCoV
319-952 9 953-3,001 4
PHEV PHEV
0.05 0.05
ECoV-NC99 BCoV HCoVv-0C43 PHEV RbCoV/HK... ECoV-NC99 BCoV HCoV-0C43 PHEV RbCoV/HK...
ECoV-NC99 67% 68% 67% 68% ECoV-NC99 81% 81% 81% 67%
BCoV 67% 93% 97% 70% BCoV 81% 96% 97% 69%
HCoVv-0C43 68% 93% 94% 71% HCoV-0C43 81% 96% 97% 68%
PHEV 67% 97% 94% 71% PHEV 81% 97% 97% 68%
RbCoV/HKU14 68% 70% 71% 71% RbCoV/HKU14 67% 69% 68% 68%
MHV-A59 MHV-A59
RbCoV/HKU14 RbCoV/HKU14
- 100 E
ECoV-NC99 ECoV-NC99
PHEV PHEV
100
R2.4 o BCoV R25 HCoV-0C43
31494'51794 HCoV-0C43 5’795_671 81 BCoV
0.05 0.05
ECoV-NC99 BCoV HCoV-0C43 PHEV RbCoV/HK... ECoV-NC99 BCoV HCoV-0C43 PHEV RbCoV/HK...
ECoV-NC99 77% 77% 78% 93% ECoV-NC99 86% 85% 86% 86%
BCoV 77% 97% 94% 77% BCoV 86% 98% 94% 82%
HCoVv-0C43 77% 97% 94% 77% HCoVv-0C43 85% 98% 94% 82%
PHEV 78% 94% 94% 78% PHEV 86% 94% 94% 82%
RbCoV/HKU14 93% 77% 77% 78% RbCoV/HKU14 86% 82% 82% 82%
MHV-A59
MN514962.1 — DrCoV/HKU23
- RbCoV/HKU14 ECoV R2.1 (69.8)
ECoV-NC99 ECoV R2.2 LCL%%)_ BCOV
97
PHEV CoovRoa | ANB74562.1 — RbCoV/HKU14
R2.7 s (€0
: BCoV JN874560.1 — RbCoV/HKU14
6,659-6,783 7 ECoV R24 (92.9)
B HCoV-0C43 ECoV R2.5 MG518518.1 —(8\17\/)ater Deer CoV
0.05
ECOV-NC99  BCoV  HCOV-OC43  PHEV  RbCOV/HK... ECoV R2.6 JN874561.1 — RbCoV/HKU14
ECoV-NC99 90% 89% 88% 79% o . (87.9)
BCoV 90% 98% 95% 79% VFO33 1151 — PHEV
HCoVv-0C43 89% 98% 94% 77% .1l -
PHEV 88% 95% 94% 79% ECoV R2.7 (91 4)
RbCoV/HKU14 79% 79% 77% 79% .

MHV-A59
RbCoV/HKU 14
-1 100
ECoV-NC99
HCoV-0C43
R2 3 100
. BCoV
3,002-3493
002-3,
PHEV
0.05
ECoV-NC99 BCoV HCoV-0C43 PHEV RbCoV/HK...
ECoV-NC99 62% 63% 62% 80%
BCoV 62% 97% 96% 56%
HCoVv-0C43 63% 97% 95% 56%
PHEV 62% 96% 95% 56%
RbCoV/HKU14 80% 56% 56% 56%
MHV-A59
RbCoV/HKU 14
-1 97|
ECoV-NC99
PHEV
88
R2 6 HCoV/OC43
- 0,
6,182-6,658 Bcov
0.05
ECoV-NC99 BCoV HCoV-0C43 PHEV RbCoV/HK...
ECoV-NC99 57% 57% 56% 88%
BCoV 57% 96% 88% 57%
HCoVv-0C43 57% 96% 90% 57%
PHEV 56% 88% 90% 56%
RbCoV/HKU14 88% 57% 57% 56%

Figure S8. Recombination analysis of ECoV R2. A) IDPIlot of ECoV Region 2 B-H) ML phylogenetic trees and
distance tables for each putative sub-region of ECoV R2. I) BLAST analysis of ECoV R2 sub-regions.
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Figure S9. Phylogenetic analysis of SADSr-CoV recombination. A) ANI plot of SADSr-CoVs including indication of
recombinant regions identified by GARD and validated by our phylogenetic analysis. B-D) Maximum likelihood phylogenetic trees
of conserved (non-recombinant origin) SADSr-CoV regions. MTase NTD is the furthest 3’ region upstream of the first breakpoint
surrounding SADSr-CoV spikes. M is downstream of several recombinant regions and upstream of recombinant regions
encompassing 3’ structural and accessory genes. E-Q) ML phylogenetic analysis of SADSr-CoV recombinant regions.
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Figure S10. Breakpoint and nucleotide identity analysis of SADSr-CoV recombination. A) Breakpoint analysis of SADSr-
CoVs including nucleotide identity to reference sequence and top BLAST hits. BLAST result accession numbers with an
asterisk indicate the entry is a partial spike sequence only. B -C) Distance tables for MTase NTD, and M genes shows high
nucleotide identity across SADSr-CoVs upstream and downstream of spike-encompassing recombinant regions.
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Figure S11. GARD Simulations. A-C) ANI plots showing sequence divergence at 3%, 6%, or 9% randomly introduced error rates
D) Histograms showing even breakpoint distribution for each simulation.
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