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Supplemental Figures and Tables 

 
Supplemental Figure S1 
SARS-CoV-2 epidemic at the divisional level in the U.S. (A, C, E, G) Number of daily COVID-19 Cases 
in 2020 per 100,000 persons normalized to the 2019 estimated population in each sub-region. (B, D, F, H) 



Number of daily COVID-19 Deaths in 2020 per 100,000 persons normalized to the 2019 estimated 
population in each sub-region. (A-B) Northeast divisions of Middle Atlantic and New England. (C-D) 
Southern divisions of West Central, East Central, and Atlantic. (E-F) Western divisions of the Pacific and 
Mountain. (G-H) Midwestern divisions of West Central and East Central. Each division is colored 
respectively with dotted red lines indicating the separation of Phases. Population and date of first COVID-
19 case in each sub-region is report in Supplemental Table S1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplemental Figure S2 
Proportion of SARS-CoV-2 genomes in each GISAID clade. The proportion of sequences observed during 
each month in 2020 based on the GISAID assigned Clades was calculated. The dotted red lines indicate the 
separation of Phases 1, 2, and 3. Data were accessed 18-December-2020 whereby any sequences submitted 
or collected by 15-December-2020 were considered. Clades G, GH, and GR represented the majority of all 
sequences by Phase 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplemental Figure S3 
Genetic distance over time in 2020 for GISAID clades and Variants of Concern. (A) Average pair-wise 
distance (APD) was calculated per month for sequences within each clade. Time points with less than 10 
sequences were excluded. Three randomized subsamples of 50 sequences each were analyzed and the APD 
was calculated to ensure consistency between each subsampling. If there were 11-50 sequences for a clade 
at a given month, no subsampling was performed. A standard linear regression was run for clades G, GH, 
and GR. The rate of change in %APD over time is noted in the figure with the goodness-of-fit (R2) reported. 
The %APD was plotted according to each respective month. The rate of change was 6.50x10-3 APD/month 
(clade G), 9.51x10-3 APD/month (clade GH), and 7.39x10-3 APD/month (clade GR); which corresponded to 
1.95 nt/month (clade G), 2.85 nt/month (clade GH), and 2.22 nt/month (clade GR) based on the SARS-CoV-
2 genome of ~30,000 bp. (B) Comparison of the %APD between the VOCs and the G-based Clades. A box 
and whister plot of the %APD of the G-based clades in the U.S. during 2020 is shown. The median (solid 
line) is marked within the interquartile range, with the whiskers as the minimum and maximum. The VOC 
sequences sampled in the U.S. were accessed through GISAID.org with the collection date between 1-
November-2020 to 31-March-2021. For the Delta VOC, all U.S. high quality sequences deposited until 27-
July-2021 were selected. Total APD was calculated for the VOCs with a randomized subsampling of 2,500 
sequences for the Delta VOC.  
 
 
 
 
 
 
 
 
 



 
Supplemental Figure S4 
Phylogenetic analysis of SARS-CoV-2 in the U.S. Maximum-likelihood phylogeny of U.S. and reference 
sequences. The phylogeny is rooted on the Wuhan-Hu-1 Reference genome and includes the first collected 

Wuhan-Hu-1 Reference
hCoV-19/USA/WA1/2020 EPI_ISL_404895

2.0x10-4 sub/site

Clade G

Clade GH

Clade GR

Alpha VOC

Beta VOC

Gamma VOC

Delta VOC

Epsilon VOC



U.S. SARS-CoV-2 genome (USA/WA1/2020 EPI_ISL_404895). Branches are colored according to either their 
associated GISAID Clade nomenclature or by VOC. The scale is set to 2.0x10-4 substitutions/site. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplemental Figure S5 
Determining number of sequences of sampling at a given probability to detect variant frequency. To 
determine the number of sequences required to detect at a certain mutation frequency with a given 

probability, follows the quotient: 𝑁 =
( )

( )
. Where (N) is the number of sequences of any given sample 

that is required to be sampled to determine (f), the frequency the mutant detected, at a given (p), the 
probability of detecting the mutation at the provided frequency. 
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Supplemental Figure S6 
Mutations in G clades that are located in MHC-II HLA-DR T-cell and B-cell epitopes. Nucleocapsid 
MHC-I/II T-cell and Spike B-cell epitopes with detected mutations are shown. Nonsynonymous mutations 
were detected in Clades GH and GR starting in Phase 2 through Phase 3 (highlighted). The amino acid 
position of the epitope is denoted next to N (Nucleocapsid) and S (Spike). The U.S. frequency of detection 
relative to the Clade is noted for each Phase. Epitopes examined are defined by Supplemental Table S2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Clade Gene (amino acid position) Phase U.S. Frequency Description of epitope
L L L L D R L N Q L E S K M S

1 . . . . . . . . . . . . . . F 1.58%
2 . . . . . . . . . . . . . . F 11.29%
3 . . . . . . . . . . . . . . F 22.01%

A L T G I A V E Q D K N T Q E F A Q V
1 . . . . . . . . . . . . . . . . . . . 0%
2 . . . . . . . . . . . . . . Q . . . . 0.04%
3 . . . . . . . . . . . . . . Q . . . . 15.98%

L D S K T Q
1 . . . . . . 0%
2 . N . . . . 0.12%
3 . N . . . . 8.75%

Y Q T Q T N S S P R R A R
1 . . . . . . . . . . . . . 0%
2 . . . . . . . . H . . . . 0.12%
3 . . . . . . . . H . . . . 7.50%

Epitope

G N (221-235) T-cell MHC-II HLA-DR

GH S (776-785) IgG/IgA and B-cell antibody

GR

S (110-115) B-cell antibody

S (673-684) B-cell antibody



 
 
Supplemental Figure S7. Selection pressure and epitopes detected in Nucleocapsid. Mutations detected 
5% in Nucleocapsid are reported with non-synonymous changes in red. Selection pressure measured by 
dN/dS across positions in Nucleocapsid for each clade and phase are noted. B-cell antibody and MHC-I/II 
T-cell epitopes were examined. MHC-II (HLA-DR) allotypes included: DRB*01:01, DRB*03:01, DRB*04:01, 
DRB*07:01, DRB*11:01, and DRB*15:01. Amino acid residues within epitopes that are bold and underlined 
indicate where the mutation is located within the mapped epitope region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 2 3 1 2 3 1 2 3
A35A <1 <1 <1 >1 <1 <1 <1 <1
P42P <1 <1 <1
T43T >1 >1
P67S >1 >1 >1 >1
A152S <1 >1 >1
S183Y >1 >1 >1 B-cell SRGGSQASSRSSSRSRNSSRNSTPGSSRGTS
S190I >1 >1 >1 >1 >1 >1 B-cell SRGGSQASSRSSSRSRNSSRNSTPGSSRGTS
S194L <1 >1 >1 >1 >1 B-cell SRGGSQASSRSSSRSRNSSRNSTPGSSRGTS
P199L >1 >1 >1 >1 >1 B-cell SRGGSQASSRSSSRSRNSSRNSTPGSSRGTS
S235F >1 >1 >1 >1 >1 MHC-II LLLLDRLNQLESKMS

B-cell KSAAEASKKPRQKRT
MHC-I KRTATKAYNVTQAFGRRGP

D377Y >1 >1 >1 >1 >1 >1 >1 MHC-II FPPTEPKKDKKKKADET
P383F >1 <1 <1 <1 <1 <1 <1

Epitope

K261K <1 <1 <1

Mutation
G GH GR

Restriction if known



Supplemental Table S1 

Demographics and Regional Division based on the U.S. Census Bureau. The 2019 estimated residential 
population for each State is reported. The first reported confirmed plus probable cases of COVID-19 are 
included (https://covidtracking.com/). The U.S. is generally divided into the Northeast, South, West, and 
Midwest. Where each major region can be divided into sub-regions. These estimated populations were then 
used to normalize the incidence of COVID-19 cases and deaths in the U.S. at the sub-regional level. 

 



Supplemental Table S2 

SARS-CoV-2 T-cell and B-cell epitopes in Spike and Nucleocapsid. Epitopes demonstrating cross-
reactivity other human coronaviruses are denoted (#). In some studies, specific HLA alleles were examined 
for MHC-I/II. MHC-II HLA-DR allotypes included: DRB*01:01, DRB*03:01, DRB*04:01, DRB*07:01, 
DRB*11:01, and DRB*15:01 ($) 

Epitope Location Restriction Reference 
MKDLSPRWYFYYLGTGPEAG Nucleocapsid MHC-II 

[71, 72] 
 

SKLWAQCVQLHNDIL Nsp7 MHC-II 
HNDILLAKDTTEAFE Nsp7 MHC-I 

MEVTPSGTWL Nucleocapsid MHC-I (HLA-B*40) 
LTDEMIAQY Spike MHC-I (HLA-A*01) 

[72] 

KTFPPTEPKK Nucleocapsid MHC-I (HLA-A*03) 
ATEGALNTPK Nucleocapsid MHC-I (HLA-A*03) 
QYIKWPWYI Spike MHC-I (HLA-A*24) 

KDGIIWVATEGALNT Nucleocapsid MHC-II (HLA-DR$#) 
GTWLTYTGAIKLDDK Nucleocapsid MHC-II (HLA-DR$#) 
RWYFYYLGTGPEAGL Nucleocapsid MHC-II (HLA-DR$#) 
ASWFTALTQHGKEDL Nucleocapsid MHC-II (HLA-DR$#) 
ASAFFGMSRIGMEVT Nucleocapsid MHC-II (HLA-DR$#) 
IGYYRRATRRIRGGD Nucleocapsid MHC-II (HLA-DR$#) 
LLLLDRLNQLESKMS Nucleocapsid MHC-II (HLA-DR$#) 
ITRFQTLLALHRSYL Spike MHC-II (HLA-DR$#) 

KYFKNHTSP Spike B-cell 

[73] 

TTKR Spike B-cell 
YYHKNNKSWM Spike B-cell 

ASTEK Spike B-cell 
AWNRKR Spike B-cell 
EQDKNTQ Spike B-cell 
GTNTSN Spike B-cell 

KYNENGT Spike B-cell 
LDSKTQ Spike B-cell 

PKKS Spike B-cell 
YQTQTNSPRRAR Spike B-cell 

VLTESNNKFLPFQQFGRDIA Spike B-cell 
[74] KPSKRSFIEDLLFNKVTLAD Spike B-cell 

ELDSFKEELDKYFKNHTSPD Spike B-cell 
SDSTGSNQNGER Nucleocapsid B-cell 

[75] 

TNSSPDD Nucleocapsid B-cell 
SRGGSQASSRSSSRSRNSSRNSTPGSSRGTS Nucleocapsid B-cell 

SGKGQQQQG Nucleocapsid B-cell 
KSAAESKKPPQKRT Nucleocapsid B-cell 

FPPTEPKKDKKKKADET Nucleocapsid B-cell 
GDGKMKDLSPRWYFYYLGTGPEAGLPYGANKD

GIIWVATEG 
Nucleocapsid MHC-I 

RMAGNGGDAALALLLLDRLNQLES Nucleocapsid MHC-I 
KRTATKAYNVTQAFGRRGP Nucleocapsid MHC-I 

QFAPSASAFFGMSRIGMEVTPSGTWLTYTG Nucleocapsid MHC-I 
GGDGKMKDLSPRWYFYYLGTGPEAGLPYGAN

K 
Nucleocapsid MHC-II 

NGGDAALALLLLDRLNQLESKMSGKG Nucleocapsid MHC-II 
RQGTDYKHWPQIAQFAPSASAFFGMSRI Nucleocapsid MHC-II 



Supplemental Table S3. 

Non-associated Clade G mutations that either persisted or emerged during 2020. Data were extracted 
where, during at least one Phase period, the frequency of a particular mutation was 5% compared to the 
clade Phase 1 majority consensus. The mutation specifies the nucleotide change as well as the amino acid 
change with coordinates of the gene and its product. Non-synonymous mutations are shown in red.  

 
 
 
 
 
 
 
 
 

Gene Mutation  
Frequency  

(%) 
Net Change  

(%) 
Phase 1 Phase 2 Phase 3 Phase 1à3 

orf1a 

a431c(D144A) 1.72 11.29 21.81 +20.09 
c792t(D264D) 0 7.59 0 0 

g2017a(G673E) 0 16.83 1.54 +1.54 
g3253t(V1085F) 5.1 0.07 0 -5.10 
g3606t(K1202N) 3.21 11.29 21.81 +18.60 
t3666c(V1222V) 1.54 11.04 21.62 +20.08 
c3961t(P1321S) 0.40 8.68 11 +10.60 
c4919t(P1640L) 6.02 0 0 -6.02 
c5407t(P1803S) 0.53 8.82 10.62 +10.09 
c6020t(Y2007Y) 0 1.24 11.20 +11.20 
a6176g(K2059R) 0 0.49 5.02 +5.02 
a7572c(L2524F) 0.40 8.57 10.23 +9.83 
c7875t(S2625S) 0.09 0.49 5.02 +4.93 
t9477c(N3159N) 0.13 17.29 1.54 +1.41 

orf1b 

c69t(Y23Y) 5.01 0.21 0.39 -4.62 
c2550t(F850F) 0.31 9.03 1.35 +1.04 

c4172t(S1391L) 0.40 18.38 1.54 +1.14 
c5019t(L1673L) 0.04 8.54 15.83 +15.79 
c6057t(L2019L) 0 1.2 10.81 +10.81 
g6210t(Q2070H) 0 6.99 7.53 +7.53 
a6588g(E2196E) 0 1.09 6.76 +6.76 
a6801g(L2267L) 25.99 43.9 67.37 +41.38 
c6962t(P2321L) 0 1.13 10.81 +10.81 
c7292t(A2431V) 0 5.75 7.14 +7.14 

S 
t600c(Y200Y) 0 8.57 15.83 +15.83 

t2514c(G838G) 5.5 12.14 18.15 +12.65 
c3156a(F1052L) 0.09 6.67 0 -0.09 

E c12t(F4F) 10.82 0.18 0 -10.82 

N  

c581t(S194L) 17.19 41.78 68.34 +51.15 
c704t(S235F) 1.58 11.29 22.01 +20.43 
c1148t(P383L) 0.13 6.81 0.19 +0.06 

 



Supplemental Table S4. 

Non-associated Clade GH mutations that either persisted or emerged during 2020. Data were extracted 
where, during at least one Phase period, the frequency of a particular mutation was 5% compared to the 
clade Phase 1 majority consensus. The mutation specifies the nucleotide change as well as the amino acid 
change with coordinates of the gene and its product. Non-synonymous mutations are shown in red. 

 

Gene Mutation   
Frequency 

(%)   
Net Change  

(%) 
Phase 1 Phase 2 Phase 3 Phase 1à3 

orf1a 

c70t(R24C) 0.05 5.35 0.23 +0.18 
t568c(F190L) 6.03 3.98 0.91 -5.12 
t794c(I265T) 11.29 7.40 4.19 -7.1 

g2748a(L916L) 0 0 5.18 +5.18 
c3508t(R1170C) 0 0.65 16.36 +16.36 
c4190t(A1397V) 0.03 0 5.18 +5.15 
c6821t(T2274I) 0.02 0.44 16.21 +16.19 

g7818a(M2606I) 0.03 2.16 27.09 +27.06 
c10054t(L3352F) 3.98 21.53 44.67 +40.69 

a10058g(K3353R) 0.19 6.10 8.60 +8.41 
c11651t(S3884L) 4.73 8.26 5.18 +0.45 
g11978a(R3993H) 0 0.02 5.10 +5.1 

orf1b 

t724c(L242L) 0.01 0.67 15.60 +15.59 
c1338t(Y446Y) 0.05 2.19 27.55 +27.5 
t1809a(P603P) 0.01 6.37 5.25 +5.24 
t2100c(S700S) 0 0 5.18 +5.18 
c2187t(D729D) 0.07 0.62 9.59 +9.52 
g2205t(E735D) 0.01 0.05 5.94 +5.93 
c2625t(Y875Y) 0.03 0.11 16.06 +16.03 
c2793t(C931C) 1.04 9.56 20.47 +19.43 
t2958g(L986L) 0.01 5.27 0.23 +0.22 

t3734c(L1245S) 0 0.02 5.02 +5.02 
g4254t(V1418V) 0.03 0.40 5.94 +5.91 
c4954t(P1652S) 0 0 5.02 +5.02 
a4957g(N1653D) 0.04 10.57 42.09 +42.05 
c5410t(L1804L) 6.78 4.38 0.99 -5.79 
g5518t(V1840F) 0.01 0.37 5.78 +5.77 
c7837t(R2613C) 0.06 10.02 40.64 +40.58 

S 
c1623t(F541F) 0.01 0.13 6.01 +6.00 
g2338c(E780Q) 0 0.41 15.98 +15.98 
a2691t(P897P) 0 0.64 16.06 +16.06 

N 

c162t(T54T) 0.01 0.06 5.18 +5.17 
c199t(P67S) 0.03 10.46 39.88 +39.85 

g454t(A152S) 0.01 0.08 6.32 +6.31 
c548a(S183Y) 1.03 9.53 20.70 +19.67 
g569t(S190I) 0.01 6.32 8.37 +8.36 
c596t(P199L) 0.04 10.26 39.80 +39.76 

g1129t(D377Y) 0.14 0.60 13.17 +13.03 

 



Supplemental Table S5. 
Non-associated Clade GR mutations that either persisted or emerged during 2020. Data were extracted 
where, during at least one Phase period, the frequency of a particular mutation was 5% compared to the 
clade Phase 1 majority consensus. The mutation specifies the nucleotide change as well as the amino acid 
change with coordinates of the gene and its product. Non-synonymous mutations are shown in red. 

 
 
 
 

Gene Mutation 
  

Frequency 
(%)   

Net Change 
 (%) 

Phase 
1 Phase 2 Phase 3 

Phase 1à3 

orf1a 

c48t(L16L) 12.50 5.41 4.17 -8.33 
a566g(N189S) 0 0.04 9.17 +9.17 
c671t(T224I) 0.12 1.13 5.83 +5.71 

c1023t(C341C) 0 0.12 8.75 +8.75 
t1297c(C433R) 0 0.54 15.42 +15.42 
g1770t(L590F) 0 1.67 19.17 +19.17 
g2994t(Q998H) 0.30 1.05 5.42 +5.12 
a2997g(T999T) 0 0.08 11.67 +11.67 
t3480c(H1160H) 0 0.08 9.17 +9.17 
t8907c(L2969L) 2.25 1.59 7.92 +5.67 

a10683g(R3561R) 2.25 1.59 7.92 +5.67 
c10712t(A3571V) 0 0.12 7.50 +7.50 
c10785t(V3595V) 0 0.23 8.75 +8.75 
c11409t(Y3803Y) 0.12 0.27 15.42 +15.30 
c11691t(D3897D) 0.06 1.94 18.75 +18.69 
c11760t(S3920S) 3.40 3.31 17.92 +14.52 
c13161t(R4387R) 0 0.23 9.58 +9.58 

orf1b 

c1470t(D490D) 0 0.23 8.75 +8.75 
c2466t(Y822Y) 14.32 26.60 4.58 -9.74 
g3346a(V1116I) 6.13 2.92 0 -6.13 
g3501t(E1167D) 11.95 24.27 4.58 -7.37 
c5544t(D1848D) 0.91 5.02 0 -0.91 
t6372c(N2124N) 22.82 38.12 32.92 +10.1 
c7007t(T2336I) 2.06 5.10 0 -2.06 

S 

g79t(A27S) 0 0.35 5.42 +5.42 
c249t(V83V) 0 0 8.33 +8.33 

g331a(D111N) 0 0.12 8.75 +8.75 
c1221t(V407V) 0 0.12 8.75 +8.75 
c2042a(P681H) 0 0.12 7.50 +7.50 
c2145t(P715P) 3.46 3.62 20.00 +16.54 
a2194g(T732A) 0.18 0.74 7.92 +7.74 

a3312g(V1104V) 0 0.12 7.50 +7.50 
c3342t(I1114I) 0.06 0.31 9.17 +9.11 

M 
g208t(V70F) 2.31 1.63 7.92 +5.61 

a405g(E135E) 0 0.12 7.08 +7.08 

N 
g105t(A35A) 0.55 1.32 8.75 +8.20 
c126a(P42P) 0 0.04 5.42 +5.42 

a783g(K261K) 0 0.23 5.83 +5.83 
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