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eMethods

Polymutants. GISAID is continuously receiving and archiving viral sequences globally, along with
sample-specific metadata. Besides date and location of collecting viruses, the pertinent data to this
project are extracted substituting amino acids (known as “AA.substitutions”), from aligning nucleotide
sequence and translating nucleotides to amino acids by GISAID. Upon obtaining the text string on all
substituting amino acids, we process all individual samples, and align all substitutions in a matrix form.
In comparison with amino acids in the reference sequence, we convert the amino acid substitution
matrix into a matrix of binary indicators (0, 1) for wildtype and mutant type, respectively. Note that
most amino acids are monomorphic, some take one mutant type, and very few amino acids may have
more than two substituting mutants. We call an amino acid a polymutant if it includes three or more
mutating amino acids in the study population. While being conceptually straightforward, converting
text strings of AA.substitutions into polymutant matrix and a matrix of binary polymutant indicators
enables computations required by Statistical Learning Strategy (SLS).

Modeling Temporal Trends. Each polymutant has a specific temporal expansion pattern. Let binary
indicator Vi (=1 or 0) denote the presence or absence the of mutant type, respectively, observed at
time t for the jth polymutant. To model the non-linear temporal expansion, we applied a generalized
additive model (GAM) to regress the mutant indicator over sample collection time via the following

probability model,
1

1+ exp[-a —s,(1)]

Pr(y, =1|t)= (1)
where a is a constant coefficient and sj(t) is a non-linear function of time t, and both are estimated by
the restricted maximum likelihood method®. Upon completing the estimation, the above function is
used with the estimated coefficient and non-linear function to compute the probability of observing
mutating amino acid at the time t, yielding a p-value that measures if the function sj(t) deviates from

zero. Also produced is the maximum proportion as F, = max[Pr(y, =1[7)]. The function “gam” was

max
used to fit the GAM (R packages MGCV 2). The smoothing parameter k = 7 was chosen.

Upon fitting the GAM, SLS can use the fitted values to compute locally averaged mutation
percentage (LAMP) daily from the first to the last reporting day. The temporal pattern of LAMP can be
used to describe the temporal expansion of the jth polymutant. By using p-value, SLS calls a polymutant
with a significant trend, if p-value < 0.05, and with a substantial presence if the maximum proportion
(Pmax) is greater than 10%.

Haplotype Analysis. SARS-COV-2 is an RNA virus, i.e., a single strand, and thus multiple polymutants
from the same virus share the same haplotype. Once two or more polymutants are identified, SLS
converts polymutant matrix to a vector of polymutant haplotypes and computes their haplotype
frequencies as part of the haplotype analysis. When confining the analysis to viruses of a specific
variant, SLS can generate variant specific haplotype frequencies, denoted as (% | variant).
Bayes’ Prediction Probability. When predicting variant type based on viral sequences or polymutant
haplotype (H), the haplotype-based artificial intelligence (HAI) relies on the following posterior
probability:

f(H =h|Variant = V) p(Variant = V")
ZV f(H =h|Variant = V) p(Variant = V)’

in which the summation is over all possible variants, f(H = h| Variant =V") is an empirically

Pr(V |H =h) = (2)

estimated haplotype frequency of a specific viral variant, and p(Variant =V") is the proportion of the

variant. Note that HAI treats variant-unassigned viruses as a separate class. On each virus, HAI
computes an array of variant-specific prediction probabilities. If a prediction probability exceeds 0.99,
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HAI predicts the corresponding variant. If the prediction probability for the variant-unassigned viruses
exceeds 0.99, HAI predicts that the corresponding viruses do not have any known variant assignment,
i.e., unpredictable (UP). Otherwise, HAI predicts that viruses include a mixture variant (MV) of two or
more variant-specific haplotypes. Note that the posterior probability above (2) is strictly derived under
the assumption that all variants are exclusive of each other, but, when dealing with recombinants, the
quantity on the right hand side (2) is preferably interpreted as a risk score, in which the summation in
the denominator serves as a normalizing factor so that the summation of all risk scores equals one.
Post-prediction modification. Among those MV predictions, their polymutant haplotypes include
polymutants of two or more variants, some of which are recombinants. To tease out which MVs are
recombinants, HAI utilizes a post-prediction modification. It extracts variant-specific polymutants. We
call a MV recombinant if the polymutant includes mutating amino acids from two variants. For all other
MVs, they will be re-assigned to be of specific variants.

Statistical Software. The statistical package R (version: R 4.2.1) and RStudio (Release 782775e, 2022-07-
22) are used to implement all computational procedures in the HAL.
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eTable 1. A List of Known Variants Assigned by GISAID

Fourteen variants established at GISAID and their basic annotations: WHO nomeclaure, clade/lineages
assigned by phylogenic analysis, location(s) where the variant is first reported, and current designation

by CDC
ID WHO Clade/Lineages First Detectin Variant
1 Alpha B.1.1.7+Q.* United Kingdom VOC
2 Beta GH/501Y.V2 (B.1.351+B.1.351.2+B.1.351.3) South Africa VOC
3 Delta GK (B.1.617.2+AY.*) India voC
4 Epsilon GH/452R.V1(B.1.429+B.1.427) USA/California VOl
5 Eta G/484K.V3 (B.1.525) UK/Nigeria Vol
6 Gamma GR/501Y.V3(P.1+P.1.%) Brazil/Japan VvOoC
7 GH/490R (B.1.640+B.1.640.%) Congo/France VUM
8 lota GH/253G.V1 (B.1.526) USA/New York VOl
9 Kappa G/452R.V3(B.1.617.1) India Vol
10 Lambda GR/452Q.V1(C.37+C.37.1) Peru VOl
11 Mu GH (B.1.621+B.1.621.1) Colombia VOI
12 Omicron GRA (B.1.1.529+BA.*) Botswana/South Africa/Hong Kong VOC
13 Theta  GR/1092K.V1(P.3) Philippines VOl
14 Zeta GR/484K.V2 (P.2) Brazil VOl
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eTable 2. Haplotype Frequencies Among Alpha Viruses

alpha. Haplotype frequencies of core haplotypes associated with alpha-specific polymutants, for those
haplotypes with 0.1% haplotype frequency.

ID Count Freq S z2zzzzz86858885888zzz=z=2z=
mONl\mO‘_'O#HgoNﬁ N < un
RS EPEE I E YR

1293153 51.06% 17 | DT P L KYDGHI AHI C K R F

2 105858 18.44% 18 . . . . R

3 67800 11.81% 18 . . . L .

4 36990 644% 17 . . . . . . . . . . . . . . . . . P

5 4410 077% 16 . . | . . . . .

6 4203 073% 16 . . . . . . N . . . . . . . . . .

7 3217 056% 16 . . . . . . . . . . . . . . . D. ..

8 2174 038% 15 . . . . . . . . . . . . . . . . RG.

9 2081 036% 17 . . | . . R . .

10 1904 033% 17 . . . . . R N.

11 1777 031% 17 . . . L . . N.

12 1524 0.27% 17 . . | Ce e e e e e

13 1361 024% 17 . . . . . . . . . . . . . . . . EP

14 1226 021% 16 . . . . . . . . . . . . . R

15 1086 019% 16 . . . . P . . . . . . . . . . . ...

16 1013 018% 14 . . . . . . . . . . . . . . . . RGS

17 947 016% 17 . . . L . . . . . . . . . . . D.

18 942 0.16% 17 . . . . . R . . . . . . . . . D.

19 87 015% 16 . . . L . . . . . . TS

20 810 014% 17 . . . . . . . . . . . .Y

21 786 014% 18 . . . . . R . . . R . . . . .

22 719 013% 16 . . . . . R. . . . . . . RY

23 710 0.12% 15 . . . . . . . . . . . . . RY

24 677 0.12% 16 . A . . . . . . L. ..o

25 677 012% 16 . . . . . . . . . . . . . . . . . .S

26 647 0.11% 16 T . . . . . . . . . . . .

27 631 011% 18 . . . L . . . . . . . .Y

28 617 011% 15 . . . . . . . . . . TS e e

29 592 0.10% 14 . . . . . . . . . . . . . . . DRG.

30 587 010% 16 . . . . . R . . . . TS
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eTable 3. Haplotype Frequencies Among Beta Viruses

Beta. Haplotype frequencies of core haplotypes associated with variant-specific polymutants, for those
haplotypes with 0.1% haplotype frequency.

IDCountFreq S Z zzzzzz 838853585 Fzzwzz
0
~N S ™ o0 n N o < — N

TEER  EEEE R PR
1 33231578% 15 1 S NNRL TLAGNKYGVHLTULII
2 2770 13.16% 16 . F
3 1733 8.23% 16 L
4 1703 809% 17 . . . S . . . F . L.
5 1411 670% 17 . . . . . . | . . . . . . . . . . . L
6 982 466% 17 . . . . . . . F . . . . . . . . . . L
7 933 443% 16 . . . . . H . e
8 38 183% 13 . . . . . . . . . . . EN. . . . . .
9 372 177% 16 . . . . . . . . . . . . . . . . . oL
10 276 131% 18 . . . S . . . F . . . . . . . . . . L
1 270 1.28% 16 . . . . . . | . . . . . .
12 241 114% 14 . . . . . . . F . . . E N
13 220 1.04% 13 . . . . . . . . D D e e e
14 209 099% 17 . L . . . . . . . . . . . . . . . .L
15 195 093% 14 . . K . . . | . . . K . . . . . S . L
16 187 08% 15 . . . . . . | . . . K . . . . . S . L
17 118 056% 15 . . . S . . . F . . . E N
18 115 055% 14 . . . . . . . . . D . . .
19 106 050% 14 . L . . . . . . . . . EN. . . . . .
20 98 047% 15 . . . . . . | . . . . EN. . . . . L
21 9% 046% 14 . . . . . . . . . . . . . . . . S
22 95 045% 15 . . . . . . . F . . . . . . . . S . .
23 93 044% 17 . . . . . H . F . . . . . . . . . . L
24 83 039% 14 . . . . . . . . . . . E
25 77 037% 14 . . . . . . . . . . K . .
26 72 034% 14 . . . . . H. F . . . EN. . . . . . .
27 71 034% 14 . . . . . . . . . . ... .. a 0T
28 70 033% 15 . . . . . . . F . . K . . . . . .
29 65 031% 10 . . K . . . . . DD. . . . A . S
30 61 029% 15 . . K . . . . F A
31 60 028% 12 . . K . . . . . E N .
32 5 027% 15 . . . . . . . F E N . L
33 54 0.26% 14 . . . . . . . . . . EN. L
34 54 026% 10 . . . . . . . . D DK E N.
35 52 0.25% 14 . . K . . . . . . . . L. e
36 49 023% 14 . . . . . . . . . . . . . . o.0Q. ..
37 48 023% 14 . . K . . . | . . . . EN. . . . . L
38 42 020% 16 . . K . . . | . . . . . . . . . . . L
39 42 020% 12 . . . . . . . . DD. . . . . . . P
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eTable 4. Haplotype Frequencies Among Delta Viruses

Delta. Haplotype frequencies of core haplotypes associated with variant-specific polymutants, for those
haplotypes with 0.1% haplotype frequency.

NN <
ID Count Freq S Z2Z22Z22Z2ZZ2Z22Z2zZ2Z2Z28883883888382=222z=z=z=
i

wmﬁgﬁl\mm o mn < NoOoNqoowS O o MmN~

R N N I e P R R L L R

I2aax<SIFESd0a<FlPodc<YIlcaadeSEEozoan
1482881 22.55% 27 S PLSALAI AVLSLVRTDGARKGRNLTAI I GMCY
2 276071 12.89% 29 Vv I

o -

3 233724 10.92% 26
4205786 9.61% 28 . . . . . . . . . . . ... Coe . . . .
5 74239 347% 22 ALPP. VVTTA...A. ... V.........T..G.

6 64840 3.03% 27 . . . .. .. .. ... ...1G.

7 50506 2.36% 30 V. .

8 37778 176% 28 . . . . V. I G.

9 37472 175% 27 . . . . V. . . ... .. .. G. ..

10 33301 156% 21 ALPP. VVTTA. . .A. G. V T G
11 30783 144% 25 . . . . . . . . . . . . ... .GE. .00 s
12 15479 072% 21 ALPP. VVTTA. . .A. . ... ... .. ....T..G¢G.
13 11681 0.55% 26 . . P. .

14 10633 050% 25 . . . ... ... ... ....G. ... . .D. .. ...
15 10548 049% 20 ALPP. VVTTA. . .A..G. .. ........T..G.
16 10494 049% 26 . . . . . . . . . . . ... ... E. e

17 8398 039% 24 . . . .. . . . ... .. ...G. ... ... .VT. . .

18 7751 036% 24 . .. ... ..........G......D.....D.

19 6618 031% 28 . . . . V.. ... .G. . .| . ... .. ...

20 6330 030% 25 . . . . . . . .. ..o oo VT

21 6227 029% 28 . . . . . . . . . F. e

22 6076 0.28% 27 . . . . V. .. VT

23 5657 026% 26 . . . . V.. ... ... ...GE. . ... ...

24 5648 026% 23 . . ... ... ... .....GE. .. ... .. VT.

25 5640 0.26% 27 . . . . . . . . . .. .o ooV

26 5437 025% 27 . . . . . . . . . . . ... b CEC o000

27 4911 023% 26 . . . . . . . . Lo oo eV

28 4782 022% 28 . . P. V. . . ... ... 10

29 4736 022% 26 . . . . ... . ... ... .1 GE.

30 4657 022% 26 . . . P . . . . . ..o oo

31 4533 021% 26 . . . . . . . . . . . ... ... ... ...D.

32 4517 021% 25 . . . . . . . . . . . ... .G D

33 4437 021% 26 . . . . . . . . . ... ... 01 G. .. .. .D.

34 4261 020% 28 . . . . V. ... ... ..o 0 CEC o000 000000
35 4184 02017 ALPP.V.TT..GPA. .. ... ........T..G.
36 4060 019% 27 . . P. V. . . ... G. . .| ..o

37 3911 018% 26 . . . . V. . .. ... ... 0.0 0000 VTT.

38 3793 018% 19 ALPP. VVTTA...A. . GE. ... ......T..G.
39 3778 018% 24 . . . . . . . . . ... ... .G. . LT.
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eTable 5. Haplotype Frequencies Among Epsilon Viruses
Epsilon. Haplotype frequencies of core haplotypes associated with variant-specific polymutants, for
those haplotypes with 0.1% haplotype frequency.

AN N ™M
s 585552222544
IDCountFreq S Zzzzz3888zzz=z=
™ o N o n 3
By P2pg8888RE
111106 3092% 10 | VL PYI CRGHAVI M
2 7653 21.30% 12 . L |
3 6205 17.27% 10 | .
4 2642 7.35% 11 I \
5 716 199% 11 . . .
6 605 168% 9 . . P . . .
7 497 138% 9 . . . . . S . . . . .
8 443 123% 10 . I . L . . W. . .V
9 321 08% 9 . I . L . S . . . . . . . .
10 304 08% 11 . . P . . . . . . . . L . 1
1 272 076% 112 . . . . . S . . . . . L . 1
12 262 073% 9 . | . .
13 256 071% 9 . | P L . . . .
14 236 066% 9 . . . . . . W.
15 169 047% 9 . . . . . . . L . . . . . .
16 158 044% 11 . . . . . . W. . . . L . 1
17 148 041% 10 . | P L . . . . . .V
18 148 041% 8 . | P . . . . . . . . .
19 141 039% 112 . . . . . . . L . . . L
20 117 033% 11 . . . . . . . . . .V
21 108 030% 9 . I . L. SWwW. . . V. .
22 107 030% 9 . . . . . . . . . . . .7
23 98 027% 9 . | . L . . W.
24 9% 027% 8 . . . . . S W. . . .
25 8 023% 10 . I . L . . . L . . V. . .
26 79 022% 11 . | . . . . . . . . . L .1
27 78 022% 8 . I . L . S W.
28 74 021% 8 . . . . DS .
29 71 0.20% 10 P L |

31 64 0.18% 9
32 54 0.15%

30 70 019% 10 . I . L . S . . . .V
I

A . W .o .

33 52 014% 10 . . . . . SW. . . . L

34 51 0.14% 9 D .

35 46 0.13% 8 . WL

36 44 0.12% 8 I S .o
37 41 0.11% 8 | Q .
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eTable 6. Haplotype Frequencies Among Eta Viruses
Eta. Haplotype frequencies of core haplotypes associated with variant-specific polymutants, for those
haplotypes with 0.1% haplotype frequency.

m o™ g 8 Q O O O U O
5 555522222
ID Core Haplotypes Coun Freq S ZZ2Z2ZZ P00 w=22
A N m o < < n
SRR R R E
1 IKFKRVKGHLFTGI 2188 46.41% 12 | K F K RV K G HUL F T G I
2 IKFRRVKGHLFTGI 536 11.37% 13 . R
3 IRFKRVKGHLFTGI 425 9.02% 13 R .
4 IKFKQVKGHLLTGI 338 7.17% 10 . . . . Q . . L
5 IKFKRVKGHLLTGI 204 433% 11 . . . . . . . . . . L . . .
6 IKFRRVKGHLFTAT 149 316% 11 . . . R . . . . . . . . AT
7 IKFKQVKGHLFTGI 90 191% 11 . . . . Q.
8 IKFKRAKGHLFTGI 61 129% 11 . . . . . A . . . . . . . .
9 IKFKRVKGHLFTGT 50 1.06% 11 . . . . . . . . . . . . . T
10 IKFKRVKGHLFTAI 49 104% 11 . . . . . . . . . . . . A
11 IKFKRVEGHLFTGI 35 074% 11 . . . . . . E
12 IKFKQAKGHLFTGI 25 053% 10 . . . . QA . . . . . . .
13 IKFKRVKGHLFTVI 21 045% 12 . . . . . . . . . . . .V
14 IKFKRVKGHFFTGI 20 042% 112 . . . . . . . . . F
15 TKFKRVKGHLFTGI 19 040% 11 T . . . . . . . . ...
16 IKFRRVKGHLFTGT 17 036% 12 . . . R . . . . . . . . . T
17 IRFKQVKGHLLTGI 17 036% 11 . R . . Q. . . . . L
18 IRFKRVKGHLLTGI 15 032% 12 . R . . . . . . . . L . . .
19 IKFKRVKGHLLTGT 14 030% 10 . . . . . . . . . . L . . T
20 IRFKRAKGHLFTGI 11 023% 12 . R . . . A . . . . . . . .
21 IRFKRVKGHLFTGT 11 023% 12 . R . . . . . . . . . . . T
22 IKFKQAEGHLFTGI 100 021% 9 . . Q A E
23 IRFKQVKGHLFTGI 10 0.21% 12 . R Q . .
24 IKFKQVKGHLLTGT 9 019% 9 Q . L T
25 IKFKQVKGHLLTVI 9 019% 10 . . . . Q. . . . . L Vv
26 IKFKRAKGHLLTGI 9 01% 10 . . . . . A . . . . L . . .
27 IKFKRVEGHLFTGT 8§ 017% 10 . . . . . . E . . . . . T
28 TKFKRVKGHFFTAI 8§ 017% o9 T . . . . . . . . F . . A
29 TKFKRVKGHLFTAI 8§ 017% 10 T . . . . . . . . . . . A
30 IKFKQVKGHFFIGI 7 015% 9 . . . .. Q. . . . F . 1 . .
31 IKFKRVEGHFFTGT 7 01% 9 . . . . . . E . . F . . . T
32 IRFKRVEGHLFTGI 7 015% 12 . R . . . . e e
33 TKFKRVKGHLLTAT 7 01% 8 T . . . . . . . . . L . AT
34 IKFKRVKGHLLTVI 6 013% 12 . . . . . . . . . . L .V
35 IKFKRAKGHLFTAI 5 011% 10 . . . . . A . . . . . . A
36 IKFKRVEGHLLTGI 5 011% 10 . . . . . . E . . . L . .
37 IKFKRVKGHFFTAI 5 011% 10 . . . . . . . . . F . . A .
38 IKFKRVKGHFFTGT 5 011% 10 . . . . . . . . . F . . T
39 IKFKRVKGHLFTGV 5 011% 12 . . . . . . . . . . . . .V
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eTable 7.Haplotype Frequencies Among Gamma Viruses
Gamma. Haplotype frequencies of core haplotypes associated with variant-specific polymutants, for
those haplotypes with 0.1% haplotype frequency.

DO YT D YYYYLYLYLYLYLYYYY oo
D Freqq % # 22222 338822585388828%222z-¢=
O~ < M o 0 o~ = <R m on <
PEREEEREEREEEEEER R
1 36853 61.22% 21 L QS L DFNSYSTIKYGY 1l F P KIZ RIKR
2 7567 12.57% 22 N .
3 1626 2.70% 20 R .
4 1400 2.33% 19 R S €
5 1375 2.28% 20 . . . . . . . . D . .
6 1365 2.27% 20 G,
7 1005 1.67% 19 . . . . . . . . . . . E N . . .
8 324 0.54% 20 e
9 263 0.44% 20 e
10 259 0.43% 20 e e I Y
11 246 0.41% 18 . . . . E . 0T . . . . . . . . . . . E
12 230 0.38% 21 .. .. N . . . . . D . .
13 220 0.37% 21 . . N . . . . . . . K . o000
14 205 0.34% 20 A
15 203 0.34% 21 .o N T
16 181 0.30% 20 S .. .
17 173 0.29% 17 L e e E N R G
18 166 0.28% 18 .. . . . . . . . R E N
19 157 0.26% 20 S S
20 137 0.23% 19 o BV
21 135 0.22% 20 e VA
22 133 0.22% 21 S
23 124 0.21% 20 . . . . . . . . . . . . N
24 122 0.20% 19 .. . . . . . . . R K
25 100 0.17% 16 P D R
26 91 0.15% 18 .. P
27 90 0.15% 20 oK o
28 90 0.15% 17 . . . . . L T P . R . .o
29 83 0.14% 18 . . . . . . . . . R . .. . 0. . . . . . R G
30 72 0.12% 19 . . . . . . . . D . K . . ..
31 72 0.12% 20 e |
32 68 0.11% 20 S
33 67 0.11% 20 . T
34 66 0.11% 20 e
35 64 0.11% 20 . .. N . . . . . . . . E N L. ..
36 62 0.10% 19 . . . . . . . . D . . . . . . . . E
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eTable 8. Haplotype Frequencies Among GH/490R Viruses
GH/490R. Haplotype frequencies of core haplotypes associated with variant-specific polymutants, for
those haplotypes with 0.1% haplotype frequency.

MRS R T
IDFreq % # 22222222222383888888%822 ==
m‘—'NHr'Y\\u:‘—iNmka o o o o v 0
S ONES539 8882533888385
1 781810% 20 L G G F S FHI AQRLQSTNRYHI SYAQ
2 69 16.01% 19 L. A
3 37 8.58% 21 S HH . Y A
4 35 8.12% 22 H H A .
5 22 5.10% 18 . . . . ..o A D
6 17 394% 18 . . . . . . . . . . . . . . .Y A .
7 13 3.02% 19 . . . . . . . . . . . . . . .Y
8 12 2.78% 18 . . . . . . . . . . . . . R . L.
9 10 232% 9 . . E L ASRTV. . . . .1 S D A . E
10 9 209% 15 . . . . . . . . . . . . E R I A D
11 7 162% 17 . . . . . . . . . . . . . R A .
12 6 1.39% 20 . . . . ..o vV . .
13 5 116% 8 . . E L ASRTV. . . . . 1 YS . D A . E
14 5 116% 16 . . . . A . . . . . . . . R . . .. A .
15 5 116% 19 . . . . . S . . . . . . . . . . . %
16 4 093% 8 . . EL ASRTV R 1 S D A
17 4 093% 10 . . E L A S T V | S D .
18 4 0.93% 18 A . A
19 4 0.93% 19 A . .. .
20 4 093% 18 . . . . Lo R . A
21 4 093% 21 . S . . . . . . . HMH R . A
22 3 070% 9 . . ELASRTV. . . . RI S D . E
23 3 070% 16 . . . . . . . . . . . . E R D
24 3 070% 19 . . . . . S . . . . ... L.
25 3 070%18 . . . L A. . . . HH. . . .Y A .
26 3 070920 . S . . . . . . . HH. . RI . . . . . A
27 2 046% 5 . . ELASRTV. . . ERI . S. DTATPDE
28 2 046% 17 . . . . . . . ... . . . . . . . A D.
29 2 046% 19 . . . . . . . . . . . . . . . . . . . . . Db
30 2 046% 17 . . . L A . . . . . . ... A .
31 2 046% 17 . S . . . . . . . HH. . RI1 Y FN A .
32 2 046% 17 P . . A D
33 1 023% 7 . . E ASRTV. . P. RI . S D A . E
34 1 023% 15 . . E L . . . . . . . . . . .Y A .
35 1 0.23% 14 A . E R I A D
36 1 0.23% 14 A . R | A D E
37 1 0.23% 17 A . R | .
38 1 0.23% 17 A . o A .
39 1 0.23% 18 A . . E
40 1 0.23% 17 A . Y A
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eTable 9. Haplotype Frequencies Among lota Viruses
lota. Haplotype frequencies of core haplotypes associated with variant-specific polymutants, for those
haplotypes with 0.1% haplotype frequency.

I ICIC I IR R R

ID Freq % # 2222%%%%%%%%22222222
28] NN o o ~N 3

587 8.,88335585585 p25¢
1 10264 47.21% 15 Il PLHFI GSKGVQLHLI PLSI
2 5329 24.51% 16 N E A R F LPRM
3 1395 6.42% 15 N E
4 902 4.15% 14 L. .. . E . .
5 296 1.36% 15 . . . . . . . NE. AR LPRM
6 279 1.28% 14 T Y
7 178 0.82% 14 R
8 152 0.70% 15 . . . . . . . NE.A. . . F.LPRM
9 105 0.48% 14 A
10 101 0.46% 14 e Qs
11 87 0.40% 14 S
12 84 0.39% 14 . .. . . . . D. .. ..
13 83 0.38% 14 . . . . . . . NE. A . . ..
14 77 0.35% 13 A . . T . .
15 74 0.34% 15 . AR. P R M
16 72 0.33% 15 . . . . L. . NE AR. L PR M
17 55 0.25% 13 . . . . . . . NE A .. T PR M
18 53 0.24% 13 .. P AL
19 49 0.23% 13 . . . . L. . . E. .
20 46 0.21% 15 . .. .. Q. . . NE A R L PR M
21 43 0.20% 15 . . . . . . . NE ARP L PR M
22 43 0.20% 16 e e .. .
23 41 0.19% 14 . . . . L. . NE. AR. . .. PR M
24 38 0.17% 14 . . . . . . . . E.AR. ... LPRM
25 37 0.17% 13 e~ |
26 36 0.17% 16 e e .o
27 33 0.15% 15 . .. . . .DNE. AR. . F. LPRM
28 29 0.13% 14 L.
29 29 0.13% 14 oo P
30 28 0.13% 15 . . . . . . . NE. AR. . FTLPRM
31 26 0.12% 13 . . . . . . . . E. A.
32 26 0.12% 13 .....QL . . .
33 24 0.11% 13 . . . . . . D. A
34 24 0.11% 13 . . . . . . .NE.A. . . . T.
35 24 0.11% 13 A I
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eTable 10. Haplotype Frequencies Among Kappa Viruses
Kappa. Haplotype frequencies of core haplotypes associated with variant-specific polymutants, for
those haplotypes with 0.1% haplotype frequency.

N ML WL
feoanoaacsSPLL888y 2w
ID Freq % # 2222222288888 858882522=z=z=
2. 282, 88,95033858c0na, 88
SRR NP EER R R R R
1 67917.36%% 20 | ALCI PRAI DKRQGRHHLSASDMY
2 228 5.83% 21 S .
3 165 4.22% 19 G S T I .LY
4 145 3.71% 18 G ST . D
5 126 322% 18 . . . . . . . .. G. .. ..Q...
6 9 245%15 . .. G...STG. .. ..QD. I
7 8 228%19 . . . . . . ... .E.
8 78 199% 18 . . . . . . . .. GE
9 65 166%19 . . . . .. ...G. .
10 65 1.66% 17 G . ST . . D. |
11 57 1.46% 17 .. . TGE .
12 57 1.46% 17 G . T .. .. | ..
13 49 1.25% 16 G . STG. . QD | Y .
14 40 1.02% 15 G . . T GE. |
15 38 0.97% 14 G . STGE QD. |
16 37 0.95% 18 . TG. o .
17 34 0.87% 18 G . ST . . CY L.
18 34 0.87% 16 G . STGE .D. . L. .
19 34 0.87% 18 G . STG. .D. I . LY.
20 33 0.84% 15 G . . TG. Q. . |
21 32 0.82% 16 G . STG. D . .
2 29 0.74% 18 G . ST . E .D. I . LY.
23 26 0.66% 15 G . STGE DL
24 23 059% 17 . . . G. STG. DL L.
25 23 059% 19 T . .
26 22 0.56% 17 . . . . . . . . GE . Q
27 22 056% 200 . . . . . S. . . . E. .. .
28 21 0.54% 14 G . . TGE . Q. |
29 21 0.54% 16 G . TG. . |
30 21 0.54% 17 G . STGE . D. I . LY.
31 20 0.51% 16 G . STGE . D. | Y.
32 18 046% 19 . . . . . . . VS, Q
33 18 046% 19 . . . . . S . GE.
34 18 046% 20 . . . . . S . G
35 18 046% 20 T . . . . S . ..
36 17 043% 19 . . . . . . v
37 17 043% 19 . . . . . Q.
38 6 041% 17 . . . G. . . ST . E. . . . . D. I . L.
39 15 038% 16 . . . . . . . . TGE. . . .Q.......
40 15 038% 17 . . . G. . . STG. . . . . . D. 1 . . Y.
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eTable 11. Haplotype Frequencies Among Lambda Viruses Lambda

Haplotype frequencies of core haplotypes associated with variant-specific polymutants, for those
haplotypes with 0.1% haplotype frequency.

copTyLSLeeeYYy,

ID Freq % # 2222222%%%%%%%522222
2§§°°$m2m©$‘”83$3m2883
SIS T8I I

128855657% 18 | S VPI SLVI NQSGNALAKRTEC

2 472 9.25% 17 . D

3 401 7.86% 17 . .. @G . . .. )

4 323 633% 20 . . . . . . . . . . . . . .5 .pP

5 137 269% 16 . . . . . . . GT . . . . . . . .

6 104 204% 19 . . . . . . . . . D. . . . S . P

7 5 106% 19 . . . . . . . . . . . . . . . . P

8 40 078% 16 . . . . . G. . . D.

9 3 071% 15 . . . . . . . GGT D . . . . . .

10 30 0.59% 17 . . . . . . . . . . . . . . P . . ..

11 27 053% 15 . . . . . . . . . D. . . . . . . R G.

12 23 045% 16 . P . . . . . . . D. . . . . ..

13 23 045% 18 . . . . . . . . . D. . . . . P . . .

14 23 045% 16 . . . . . . . . . . . . . . . . . RG.

15 20 0.39% 18 . . . . . . . . . . . . . . . . . . .5

6 18 03%% 15 . . . . . G . G T . . . . . . . . .

17 17 033% 17 . . . . . . . . . . . . . . . . . R

18 17 033% 17 . . . . . . . . . . . . .7

19 12 024% 17 . P . . . . . . . . . .

20 11 0.22% 17 . . . . . . . . . . . F . . ..

21 11 0.22% 18 . . . . . . . . . . . . . . . F

22 10 0.20% 14 . . . . . G . G T D.

23 9 018% 16 . . . . . . . . . .

24 7 014% 14 . P . . . . . . . DL F . . . . .

25 7 014% 19 . . . . . G. . . . . . . .S . P

26 7 014% 17 . . . . . . . G . . . .

27 6 012% 15 . P . . . . . . . . L F . . . . . . . .

28 6 012% 17 . . . . . . . . . D. . . . . . . . .S

29 6 012%% 14 . . . . . . . . . D. . . . . . . RGG

30 6 012% 19 . . . . . . . . . . . . . . . . S5

31 6 012% 19 . . . . . . . . . . . . . .S
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eTable 12. Haplotype Frequencies Among Mu Viruses Mu

Haplotype frequencies of core haplotypes associated with variant-specific polymutants, for those
haplotypes with 0.1% haplotype frequency.

POy e T T 00 99999 Y Y e e

Direq % # 2222222222225 525350800082822282222,
(o)}
N N O N dH O [C) At 4 O o N O

DR CEPCOE 35 823288558888 :33¢
11406 1796% 21 A I N T I R LY ESPSI S NKKYGHNI HLI NVKSF/I
2 667 8.52% 27 D | . S L H L
3 561 7.16% 24 C D M
4 482 6.16% 22 . . . . . ... ... F
5 405 517% 22 . . . . . . . . . . S . . ..
6 238 304% 19 . . . . . . . . . . . . . YY
7 224 28% 20 . . . . . . . . . . . . ¥
8 210 2.68% 22 . . . . . . . C oo s s
9 140 1.79% 26 . . DI . . . . . . SL . . . . . . . . . . . . . HL
10 125 160% 20 . . . . . . . . . . . . . . . . . . . . B
11 110 140% 22 . . . . . . . C . . . . . . . . . . . . B . .
12 % 1.23% 2 . . . . . . .. CcD. . L . . . . . . . . . M.
13 92 1.17% 20 . . . . . . . . . . . ..
14 8 103% 21 . . . . . . . . . . S N Y .
15 75 096% 21 . . . . . . . . . . . Y . F
6 64 082% 212 . . . . . . . . . . S Y .
17 62 079% 20 . . . . . . . . . . . . . TY . . . . ..
18 5 07% 21 . . . . . . . . . .S . . . . . . . . . B . .
19 5 073%23 . . . . . . . CD. . . . . . . . . . . B M. .
20 49 063% 21 . . . . . . . . . . . . . . . . . . . . B . . F
21 4 05%6% 23 . . . . . . . CD. . . .XX . . . O . . . M.
22 42 054% 23 . . . . . . .. CD. . . . . . . . . . . . M.
23 42 054% 18 . . . . . . . . . . . . TYY . . . .
24 37 047% 19 . . . . . . . . . . . . . . . . EN. . . . ..
25 37 0.47% 21 . . . . .. ..o, F
26 36 046% 21 . . . . . . . C . . . . X . . ..o
27 31 040% 19 . . . . . . . . . . . . . . . . . . . . D. .
28 26 03% 22 . . . . . . . cD. . . .Y . . . . . . M.
29 26 0.33% 19 . . . . .. ...
30 25 032% 21 . . . . . . . . . .S . . TY . .o.o.LLL L.
31 24 031% 18 . . . . . . . . . . . . .Y . . . .. .. ..V
32 24 0.31% 21 . . . .. ..o S s
33 22 028% 26 . . DI . . . . . .S . . . . . . . . . . . . . . HL
34 212 027% 23 . . . . . . . CD. . . . TY . . . . . . M.
35 21 027% 20 . . . . . . . . . . . . . . . . . . . . D.
36 20 0.26% 23 . . . . . . . C D . . ..o,
37 20 0.26% 20 . . .. ... s s s ..oy
38 20 0.26% 20 . . . . . . P .o e
39 9 024% 2s . . bt . . . . . .. S, . .Y . . . . . . . . . . H
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eTable 13. Haplotype Frequencies Among Omicron Viruses

Omicron. Haplotype frequencies of core haplotypes associated with variant-specific polymutants, for

those haplotypes with 0.1% haplotype frequency.

~
o

n

FE009 I8 85555 2 ey,

ID Freq % # 2222222222222222335353353535383535383835358353583538383585883583588835358383583538383832uss52z2z22
o

1 269527 1685% 46 S TRGI TLTLI HVLRVTTAVIDIVDKLPFTDRNKSNKARSRYHKGYKHKYKHKFTI GETLIKRS
2 262537 16.41% 48 R 1 KS L AF I F | C 11 SAT LG. RF A NS G G T N L D R
3 189880 11.87% 45 R L
4 59561 3.72% 42 R . KNG .
5 41552 2.60% 43 P K NG.
6 33570 2.10% 41 GRS SS. AP L
7 28398 177% 41 . . . . . . . . .. . . L. R .. . KNG. L . N L L .
8 20799 1.30% 47 R 1 KSLAFI F. | c. I SAT. LG. RF. ANS . . G. G . T .. N L D . R
9 14333 090% 42 . . . . . . . . .. . o .. . KNG. . . N . . .
10 14131 088% 48 R 1 KS L AF I F. | C. 1 I SAT. LG. RF. ANS . G . G . T N . L Dz R
11 13166 0.82% 47 R 1 KS L AF I F | c. 1 AT . LG. RF. ANS . . G. G . T . N . L D . R
12 11981 0.75% 40 | R . KNG . N .
13 10932 0.68% 44 . . . . . . . . .. . ..o U R L LK . L . .
14 10375 0.65% 40 R 1 KS L AF I F . 1 C.1 1 SAT.LG.RF..ANS.NGSTEQGQNYT. N . L D. R
15 9726 061% 30 . . . . . . .. .. . .. . . ... .L..RSSS...KNGSTEQGQNY. . . . . .
16 9372 059% 47 R 1 KSLAFI F. | C. 1 1 SAT.LG. RF. ANS . NG. G T N . L D . R
17 8908 0.56% 45 . K . .
18 7726 0.48% 44 . R . L P
19 7324 0.46% 40 T R . GaNY.
20 6598 0.41% 41 L R ... ... .GaQNY.
21 6484 0.41% 31 .. L. . SS s KNGSTEQGQNY .
22 6296 0.39% 39 TG. R . GQaQNY .
23 5886 037% 40 . . . . . . . . .. . e T G GaNy. . .o . . .
24 5224 033% 45 R1 KSLAFI F. | C. 1 1 SAT.LG.RF..ANS..G....GQNYT. N . L D . R
25 5081 0.32% 29 L. GRSSS. KNGSTEQGQNY. .
26 4705 0.29% 45 . . R P
27 4598 029% 41 . . . . . . . .. . Sl R .. . KNG. . . . . . .
28 4446 028% 47 R 1 KS L AF I F | C. 1 1 SAT.LG.RF..AN. . G . G . T . N . L D . R
29 4275 027% 42 R 1 KSLAFI F | C. .1 SAT.LGGRSSS. NS. G . .G LT N . LI D . R
30 4047 0.25% 40 R 1 KSLAFI F. 1 C. 11 .AT.LG.RF. G . QGaQNYT. N . L D. R
31 4018 0.25% 47 R 1 KSLAF I . . 1 C. 1 1 SAT.LG.RF..ANS. G . G . T. N . L D. R
32 3955 0.25% 47 I KSLAFI F. 1 C. 1 1 SAT.LG. RF. ANS . . G. G . T. R L D. R
33 3628 0.23% 41 | L KNG . N . .
34 3602 0.23% 44 . R . D.
35 3455 0.22% 45 L .
36 3438 0.21% 44 . G . K .
37 3326 021% 42 . . K. . . . . . . P. Lo KL L . . . D. . .
38 3277 0.20% 47 R 1 KSLAFI F. 1 C. 11 SATGLG. RF. .ANS. . G. .. G. .. T. N . L DZ. R
39 3264 0.20% 35 L. NGSTEQGAQNY .
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eTable 14. Haplotype Frequencies Among Theta Viruses

Theta. Haplotype frequencies of core haplotypes associated with variant-specific polymutants, for those
haplotypes with 0.1% haplotype frequency.

NNNpoYIYeLooOYeEERTEES oo
IDFreq % # 22222222222222%%%%%222222
o O o0V B < N~ ~ ™ 00 1N < 9 o 2 n I
FRSR AR R85 3555808855
11233727% 15 Y GA GF TNPEFLFVKPKYTFAQKIKRT
2 53 16.06% 20 C \Y . R L o
3 19 576% 14 . L .
4 14 424% 19 C . V .o . L R L . . L.
511 333% 18 . S . . . . . L . . . . . . . . .01 . S . E
6 9 273% 13 . . . . . . . . . . . . . . . E N.
7 7 212% 16 . . . . . . . . . . . . . o.L oo
8 6 18% 19 . S . . . . . . . . . . . . . . .01 . s . E
9 5 152% 16 . . . . . | . .
10 5 152% 13 . . . . S . D . . . . ..o
11 3 091% 11 . . . . . . . . . . . . . . . EN. . . . . RG.
12 2 061% 13 . . . . . . . L . . . . . . . . . . V.
13 2 061% 14 . . . . . . . . . . . . . . o FE ..o
14 2 061% 13 . . . . . . . . . . . . . . . . . . . . . . RG.
15 2 061% 16 . . . . . . . ...
6 2 061% 15 . . . . . . . . . . . L . .L . .o
7 2 o061% 10 . . . . . . . . . . . L. . . EN. . . . . RG.
18 2 061% 16 . S . .
19 2 061% 16 . S .. . L . . E NI S E . .
20 1 030%10 C . . D . L L R . E N R G .
21 1 030% 16 C . V D . D P L. RL - |
22 1 030% 12 C . V DLD. PLARTVLTEN. |
23 1 030% 16 C . V . D . PLARL . . . |
24 1 030% 13 C . V . A R. EN. V ..
25 1 030% 19 C . V . R L . . . o
26 1 030% 18 C . V . R L E N. o
27 1 030% 19 C . V . R L E o
28 1 030% 19 C . V . RL . N o
29 1 030% 18 C . V . . R L . R G |
30 1 030% 18 C . V . L ARL . . . o
31 1 030% 17 C . V . L R L E N. o
32 1 030% 18 C . V . R . o
33 1 030% 17 C . V . L ARL .. o
34 1 0.30% 11 D .. E N . ..
35 1 030% 9 D .. E N . R G .
36 1 0.30% 8 D .. E N . R G
37 1 0.30% 9 D D P L E N .
38 1 0.30% 12 D .. E N . .
39 1 0.30% 11 D .. E N . R
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eTable 15. Haplotype Frequencies Among Zeta Viruses

Zeta. Haplotype frequencies of core haplotypes associated with variant-specific polymutants, for those
haplotypes with 0.1% haplotype frequency.

NN
ID Freq % #222%%%2222
i Mmoo < Roam< I
SEPREIISE S
12550 08736 10 VF L K GF S KR I
2 8 00291 9 L .
3 80 0.0274 9 E .
4 21 0.0072 9 vV .. .
5 18 0.0062 9 . .o A .
6 17 0.0058 8 . P E
7 17 0.0058 9 . P .
8 14 0.0048 8 . P Y .o
9 12 0.0041 7 . R GM
10 10 0.0034 8 . R G.
11 10 0.0034 9 . R . .
12 9 0.0031 9 . M
13 8 0.0027 8 . E M
14 8 0.0027 10 . L .
15 4 0.0014 8 A M
16 4 0.0014 8 .V M
17 3 0001 6 L EDV. .
18 3 0.001 8 A R
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eTable 16. Concordance Analysis in the Training Set

Result from the concordance analysis of GISAID assigned variant (columns) with haplotype-based variant
assigment (rows) in the training data set with 4,393,998 viruses (50% of all viruses at GISAID,
downloaded on March 14, 2022).

Predction’ Alpha Beta Delta Epsilon Eta GammaGH/490R lota Kappa Lambda Mu Omicron Theta Zeta UA®  Sub-total

Alpha 573,599 4 3 2,497 576,103
Beta 8,021 90 8,111
Delta 1 1 2,120,806 6 2 1,486 2,122,302
Epsilon 1 9 35,883 1 3 1 145,822 181,720
Eta 1 2 4,695 33 4,731
Gamma 1 59,471 95 59,567
GH/490R 422 422
lota 1 1 18,589 68 18,659
Kappa 1 2 3,796 48 3,847
Lambda 1 5,077 6 5,084
Mu 1 5,634 38 5,673
Omicron 2 1,487,867 704 1,488,573
Theta 148 1 149
Zeta 4 1 12,918 24,546 27,470
MV 385 12,940 19,917 11 16 658 8 3,140 43 92,193 112,137 181 1- 159,272
up? 446 97 1,702 53 3 63 1 12 66 13 2 1,333 1 360,335 364,127

Sub-total 574,435 21,060 2,142,445 35,948 4,714 60,200 431 21,742 3,911 5,100 7,832 1,601,340 330 2,920 543,402 5,025,810
*Posterial probability threshold=0.99; MV for mixture of variants; 2UP for unpredictable variant; “UC for unclassified variant
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eTable 17. Concordance Analysis in the Validation Set

Result from the concordance analysis of GISAID assigned variant (columns) with haplotype-based
variant assigment (rows) in the training data set with 4,393,998 viruses (50% of all viruses at GISAID,
downloaded on March 14, 2022).

Predction' Alpha Beta Delta Epsilon Eta Gamma GH/490R lota Kappa Lambda Mu Omicron Theta Zeta uA? Sub-total

Alpha 1,148,060 1 4 6 1 5218 1,153,290
Beta 15,492 145 15,637
Delta 4 4,246,693 1 11 5 3,184 4,249,898
Epsilon 2 8 24 71,899 1 3 7 3 298,020 369,967
Eta 1 1 5 9,398 92 9,497
Gamma 1 118,898 193 119,092
GH/490R 8 8
lota 2 37,951 143 38,096
Kappa 40 7,558 113 7,711
Lambda 2 10,058 16 10,076
Mu 1 7,348 60 7,409
Omicron 2 1 3,003,288 1,600 3,004,891
Theta 414 1 415
Zeta 3 5 3 12 4 2 5,886 53,014 58,929
MV2 732 26350 35585 56 54 1,399 879 5315 90 12 8518 194,988 211 1 - 292,218
up’ 825 122 3,248 84 3 6 14 98 24 5 3,232 1 | 706,744 714,486

Sub-total 1,149,627 41,981 4,285,605 72,040 9,455 120,405 887 43,287 7,758 10,095 15,878 3,201,518 625 5,888 1,086,571 10,051,620
posterial probability threshold=0.99; MV for mixture of variants; 3UP for unpredictable variant; UA for unassigned variant
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eTable 18. Concordance Analysis in the Prospective Set

Result from the concordance analysis of GISAID assigned variant (columns) with haplotype-based
variant assigment (rows) in the prospective data set with 343,431 viruses, collected after March 14,
2022 and downloaded on May 18, 2022.

Predction® Alpha Delta Epsilon Eta Lambda Omicron Zeta UA* sub-total

Alpha 2 4 6
Delta 171 3 174
Epsilon 0 2 3 5
Eta 0 1 1
Lambda 1 1
Omicron 319,812 567 320,379
Zeta 0 1 1
Y\ 5 22,072 30 22,107
up’® 4 - 524 2,227
Sub-total 2 180 1 343,592 1,126 344,901
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eTable 19. Four Mixture Variants with Omicron-Delta

Four recombinants of Omicron with A) Delta, B) Alpha, C) Zeta and D) Epsilon variants, in which all

observed recombinants include polymutants in their respective variant-specific core haplotypes and

indicator of 1 and 2 corresponded to the variant (1) recombinaned with Omicron (2)

3
Zw=2222zz2z

Omicron

€TVS
v0¢S
€Td
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€9V
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€l
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CETd
ol
681V
99¢T1
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eTable 20. Four Mixture Variants with Omicron-Alpha

Four recombinants of Omicron with A) Delta, B) Alpha, C) Zeta and D) Epsilon variants, in which all

observed recombinants include polymutants in their respective variant-specific core haplotypes and

indicator of 1 and 2 corresponded to the variant (1) recombinaned with Omicron (2)
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eTable 21. Four Mixture Variants with Omicron-Zeta

Four recombinants of Omicron with A) Delta, B) Alpha, C) Zeta and D) Epsilon variants, in which all
observed recombinants include polymutants in their respective variant-specific core haplotypes and
indicator of 1 and 2 corresponded to the variant (1) recombinaned with Omicron (2)

Epsilon- o oo oponsrrrvoodifov ooy vervevrerve e,
Omicron & 22 22 2222222222222 3838383888883 83883883883838383838353588583883883858835858883%%usssz2z2z22
o g ) 0 <

Indicator 21222222222221222222222222222222222122222222222222222212222222212
1 9% R . | S FI1FIH cCvil>s . D GD.FPFANSNK N KA R RYH YKHKY HK.HI1 1 .ETLKR R
2 94 R | | S FIFIH cvil>s D.GD FPFANSNK N KA R RYH YKHKY H K I I .ETLKR.R
3 8R.I .S. . FIFIH..CVIIS. . D.GD.FPFANSNK. . . NKAR.RYH.YKHKY .HK. Il .ETLKRIR
4 8RI I .S . .FIFIH..CVIIS..D.GD.FPFANSNK. NKAR.RYH.YKHKY . .HK. . I I .ETL...R
5 8R .1 .S . .FIFIH..CV.IS..D.GD.FPFANSNK. NKAR.RYH.YKHKY . .HK.HI I .ETLKR.R
6 7R. 1 .S..FIFIH..CV.IS..D.GD.FPFANSNK. NKAR.RYH.YKHKY . .HK. .1l 1l .ETLKRIR
7 6R. I .S. .FIFIH..CVIIS..D.GD.FPFANSN .NKAR.RYH.YKHKY . .HK.HI I .ETLKR.R
8 6R. 1 .S. .FIFIH..CVIIS..D.GD.FPFANSN.. NKAR.RYH.YKHKY . .HK. . Il 1l .ETLKRIR
9 6R. 1 .S..FIFIH..CVIIS..D.G......NSNK. . . NKAR.RYH.YKHKY . .HK.HI I .ETLKR.R
10 6R. 1 .S..FIFIH.VCVIIS..D.GD.FPFANSNK. . . NKAR.RYH.YKHKY .HK. I I .ETLKR.R
11 5RI'l .S. .FIFIH..CVIIS..D.GD.FPFANSNK..NKAR. .YKHKY . HK. I I .ETLKR.R
12 SR. I .S..FIFIH..CVIIS..D.GD.FPFANSNK. . NKAR. ... .YKHKY . .HK. .11 .ETLKRIR
13 4R .1 .S. . FIFIH..CVIIS. .D.GD.FPFANSNK. . NKAR.RYH.YKHKY . .HK.HI I .ZTLKR.R
14 4R .1 .S . . FIFIH..CVIIS. .D.GD.FPFANSNK. . NKAR.RYH.YKHKY.HK. I 1 .ET.KRIR
15 4.1 .R.IT...IHV..V...VIDI .DKLPF...NKS.NKARSRYHKYKHKYZKHKTF .I GETLKR. .
16 3RI'l .S . .FIFIH..CVIIS..D.GD.FPFANS K. .NKAR.RYH.YKHKY .HK. I I .ETLKR.R
17 3RII .S . .FIFIH..CVIIS .D.GD.FPFANS. .NKAR.RYH.YKHKY .HK. Il .ETLKR.R
18 3RI'l .S . .FIFIH..CVIIS .D.GD.FPFANSN. .. .. ... ... .YKHKY . .HK. . II .ETLKR.R
19 3R. 1 .S . . FIFIH..CVII. .D.GD.FPFANSNK. . NKAR.RYH.YKHKY . .HK.HI I .ETLKR.R
20 3R. I .S .FIFIH..CVIIS .D.GD.FPFANS. .NKAR.RYH.YKHKY . .HK.HI I .ETLKR.R
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eTable 22. Four Mixture Variants with Omicron-Epsilon

Geo- and temporal distribution of Epsilon-Omicron recombinants in the world.
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eTable 23. Mixture Variant and Corresponding Lineages
Relationship of mixture variants with their assigned lineages

Lineage
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eTable 24. Unidentifiable Omicron Viruses and Corresponding Lineages

HAl-unpredictable Omicron viruses and their assigned lineages
01 02 03 04 total

BA.1 22 5 55 3 85
BA.1.1 3 54 1 58
BA.1.1.1 4 4
BA.1.1.13 1 1
BA.1.1.18 1 1
BA.1.15 2 2
BA.1.15.2 1 1
BA.1.17 5 5
BA.1.20 1 1
BA.1.9 1 1
BA.2 510 253 323 1086
BA.2.10 9 5 14
BA.2.12 23 13 36
BA.2.12.1 18 6 24
BA.2.18 2 2
BA.2.19 1 1
BA.2.23 35 47
BA.2.3 18 19 1 38
BA.2.3.2 3 3
BA.2.3.3 1 1
BA.2.31 4 2 6
BA.2.32 1 1
BA.2.5 1 1 2
BA.2.6 2 2
BA.2.7 2 2
BA.2.8 2 2
BA.2.9 27 16 9 52
BA.3 1 1 2
BA.3.1 4 4
BA.4 1 1
BA.5 3

Unassigned 131 62 9 202
XE 8 1 9
total 826 399 134 340 1699
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eTable 25. New Mutations Among Variant-Unassigned and Unidentifiable Viruses

Ab initio mutations (excluding all core polymutants of 14 known variants) have been foud to significant
temporal trend
Polymutant cluster p-vlaue LAMP LAMP-max
1 NSP1 F143 O1 3.43E-02 2.25E-02  7.62E-02
2 NSP1 K141  O1 3.43E-02 2.25E-02  7.62E-02
3 NSP1_S142 01 3.43E-02 2.25E-02  7.62E-02
4 Spike_A684 01 1.94E-02 2.00E-02  9.05E-02
5 Spike_168 01 4.10E-02 2.09E-02  1.22E-01
6 NSP2_F356 02 1.04E-02 2.34E-02  1.09E-01
7 NSP6_L105 02 2.76E-04 8.18E-02  2.09E-01
8 NS3_H78 03 3.56E-02 9.53E-02  1.67E-01
9 Spike_L24 04 3.12E-05 3.30E-01  5.33E-01
10 Spike_P25 04 1.66E-05 3.32E-01  5.41E-01
11 NSP6_F108  O5 2.09E-06 4.42E-01  6.02E-01
12 NSP6_G107 O5 4.32E-05 5.20E-01  6.70E-01
13 NSP6_S106  O5 6.73E-05 5.14E-01  6.61E-01

14 N_E31 06 1.99E-02 6.52E-01  7.15E-01
15 N_R32 06 1.70E-02 6.39E-01  7.00E-01
16 N_S33 06 1.03E-02 6.49E-01  7.18E-01
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eFigure 1. Heatmap-representation of selected polymutant temporal profile from January 1, 2020 to
March 14, 2022 within every variant: A) Alpha, B) Beta, C) Delta, D) Epsilon, E) Eta, F) Gamma, G)
GH/490R, H) lota, 1) Kappa, J) Lambda, K) Mu L) Omicron, M) Theta, N) Zeta and O) variant-unassigned
viruses. In each profile, estimated locally-averaged mutation percentages (LAMP) take value from 0 to
1, and are color-coded (the legend), and each row corresponds to a polymutant while each column
corresponds to collection date.
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C) Delta
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D) Epsilon
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E) Eta
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F) Gamma
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G) GH/450R
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H) lota

56
86
116
146
176
206
236
266
296
326
356
386
416

K -
536

566

596

626

656

686

716

Days from Jan 1, 2020

© 2023 Zhao LP et al. JAMA Network Open.

446

476

506

112 PMs



@ & & o o
@ ] <+ - =+

9
121
51
81
1
241
2n
301
33

Days from Jan 1, 2020

© 2023 Zhao LP et al. JAMA Network Open.

o

z

51

601

631

861

691

721

751

417 PMs



J) Lambda

X @ & 2 3 o = = 3 = 3 & o o & o = = I
& & & 8 £ S T 3 5 3 3 8 8 & & 3 = =

Days from Jan 1, 2020

© 2023 Zhao LP et al. JAMA Network Open.

88 PMs



L) Omicron

o
B
2

700
730

Days from Jan 1, 2020

© 2023 Zhao LP et al. JAMA Network Open.

790

820

70 PMs



M) Mu

@
o
w»

@ ©
& il
i w

378
0
498

Days from Jan 1, 2020

© 2023 Zhao LP et al. JAMA Network Open.

818

648

B78

708

738

105 PMs

768



N) Theta

o o o o
x 8 33 © &
£ - = =

Days from Jan 1, 2020

© 2023 Zhao LP et al. JAMA Network Open.

522

552

582

46 PMs



N) Zeta

o o o o o o o o o~ o o
e © © @ o o © = = ~ =3 @
pcl 2 z & & 5 o ) ® b <

Days from Jan 1, 2020

© 2023 Zhao LP et al. JAMA Network Open.

o
©
g

492

522

552

582

812

642

672

61 PMs



0) Unassigned viruses
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eFigure 2. Misclassification errors by haplotype-based variant prediction (HVP), when the prediction
probability threshold value is setat 0.9 to 1

Classifying 4,393,998 viruses in training set
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eFigure 3. Temporal patterns of sixteen polymutants identified from variant-unassigned 524 viruses that
are unpredictable by HAI, excluding those core polymutants of all fourteen variants.
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