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Supplementary Table 1. Vaccine antigen candidates examined in this study^ and published status of vaccine development (shaded boxes). 

ANTIGEN 
Pre-
clinical Phase I Phase II 

Proof of 
concept Phase III Reference 

M protein: N-terminal peptide (30-valent)           Dale et al 201130 

M protein: C-terminal peptide (J8)           Batzloff et al 200331 

M1 protein: (whole protein)           Fox et al 197379 

M protein: C-terminal peptide (StreptInCor)      Guilherme et al 200632 

Trigger factor (TF)#           Henningham et al 201210 

Group A carbohydrate (GAC)           Sabharwal et al 20068 

C5a peptidase (ScpA)+#           Ji et al 199751 

Fibronectin-binding protein A (FbaA)           Ma et al 200980 

Fibronectin-binding protein 54 (Fbp54)           Kawabata et al 200181 

Streptococcal fibronectin binding protein I (SfbI)      Guzman et al 199982 

Serum opacity factor (SfbII/SOF)           Courtney et al 200383 

Streptococcal pyrogenic exotoxin A (SpeA)           Ulrich et al 200884 

Streptococcal pyrogenic exotoxin C (SpeC)           McCormick et al 200085 

Cysteine protease (SpeB)      Kapur et al 199486 

Serine protease (SpyCEP)*#      Zingaretti C et al 201087 

Serine protease (SpyCEP): S2 peptide            Pandey et al 201633 

Adhesion and division protein (SpyAD)+*      Bensi et al 201250 

Streptolysin O (SLO)*#           Bensi et al 201250 

Serine esterase (Sse)           Liu et al 200788 

Arginine deiminase (ADI)#           Henningham et al 201210 



 
 Davies et al 2019: Atlas of GAS vaccine candidates compiled using large scale comparative genomics 

Footnotes: 
^All query sequences were based on the M1 GAS strain MGAS5005 as a query reference sequence (if present). Otherwise, query sequences 
from original published reference were used.  
*Components of the Novartis (GSK) combination vaccine (Bensi et al 2012)50 
+Components of the Spy7 combination vaccine (Reglinski et al., 2016)93 
#Components of the Combo#5 vaccine (Rivera-Hernandez et al., 2016)94 
 

Rib-like cell wall protein (R28)           
Stalhammar-Carlemalm et 
al 199989 

Streptococcal hemoprotein receptor (Shr)      Huang et al 201190 

Streptococcal immunoglobulin-binding protein 35 (Sib35)      Okamoto et al 200591 

Streptococcal protective antigen (Spa)      Dale et al 199992 

Oligopeptide-binding protein (OppA)+      Reglinski et al 201693 

Putative pullulanase (PulA)+      Reglinski et al 201693 

Nucleoside-binding protein (Spy0942)+      Reglinski et al 201693 

Hypothetical membrane associated protein (Spy0762) +      Reglinski et al 201693 

Cell surface protein (Spy0651) +           Reglinski et al 201693 
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Supplementary Table 2. GAS strains used in this study. 

 

See separate Excel file  

 

Supplementary Table 3. List of 890 core GAS genes identified as having recombinogenic signatures as defined by fastGEAR16. 

 

See separate Excel file  

 

Supplementary Table 4. List of 416 "non-recombinogenic" core GAS genes and markers of selection pressue (ratio of non-synonymous [dN] to 

synonymous [dS] codon subsititutions [dN/dS]).  

 

See separate Excel file  
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Supplementary Table 5: Strain and genome characteristics of 30 new globally sampled GAS reference genomes.  
 
Strain ID Country of 

isolation 
Site emm-

subtype 
Other 
emm-
subtype 

M-
cluster 

MLST genome 
size (bp) 

CDS 
(no.) 

plasmid 
size (bp) 

Prophage 
(no.) 

GenBank 
Accession 

GAS13475 New Zealand Throat 197.0 - AC2 998 1797172 1800  3 CP035455 
NS178 Australia Skin 54.1 166.2 D1 302 1742565 1708  1 CP035454 
20123V1I1 Fiji Blood 100.0 167.0 D2 119 1839531 1864  3 CP035453 
31010V3S1 Fiji Skin 123.0 205.0 D3 325 1768816 1708  10 CP035452 
NS5694 Australia Skin 230.0 - D4 205 1826832 1813  4 CP035451 
31165V2S1 Fiji Skin 93.4 174.1, 

156.0 
D4 814 1701466 1642  10 CP035450 

NS5958 Australia Skin 56.0 205.0 D4 115 1825427 1833  3 CP035449 
31041V2S1 Fiji Skin 70.0 174.1 D4 10 1826467 1818  3 CP035448 
K23890 Kenya Soft 

Tissue 
97.1 - D5 283 1812090 1774  1 CP035447 

Bra006 Brazil Throat 68.2 - E2 989 1747924 1691  1 CP035446 
30109V1T1 Fiji Throat 92.0 - E2 1026 1758778 1718 3453 1 CP035445 
14GA0958 New Zealand Blood 90.5 - E2 184 1764969 1703  8 CP035444 
NS365 Australia Blood 58.0 236.1 E3 176 1888806 1902  4 CP035443 
31132V1S1 Fiji Skin 25.0 159.0 E3 1032 1835714 1832  2 CP035442 
A1268 India Blood 1.0 - E3 28 1834762 1841  3 CP035441 
NS7124 Australia Throat 124.0 - E4 199 1790668 1759  1 CP035440 
NS5128 Australia Throat 77.0 149.2 E4 588 1806314 1782  1 CP035439 
A995 India Skin 22.8 - E4 360 1950616 1960 3626 4 CP035438 
GAS02198 New Zealand Throat 78.3 - E1 1000 1806521 1767  1 CP035437 
31143V3S1 Fiji Skin 89.14 236.2 E4 380 1806344 1797 3043 2 CP035436 
Bra010 Brazil Throat 64.3 205.1 E5 1008 1779766 1769  2 CP035435 
NS20 Australia Skin 75.1 170.0 E6 607 1887700 1870  2 CP035434 
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K3534 Kenya Blood 65.0 - E6 716 1789855 1734  1 CP035433 
GAS11291 New Zealand Throat 11.0 202.1 E6 547 1809631 1793  2 CP035432 
31034V1S1 Fiji Skin 105.0 - M105 954 1800116 1757 2645 1 CP035431 
NS4972 Australia Skin 55.0 - M55 100 1899479 1908  4 CP035430 
NS7259 Australia Throat NA 138.0 NA 612 1788166 1788  3 CP035429 
K17300 Kenya Soft 

Tissue 
stg866.1 166.1 NT 450 1816007 1786  1 CP035428 

14GA0287 New Zealand Throat 74.0 156.0 M74 120 1861037 1873  5 CP035427 
31034V4S1 Fiji Skin 57.0 166.1 M57 1025 1756622 1718 6485 1 CP035426 



 
 Davies et al 2019: Atlas of GAS vaccine candidates compiled using large scale comparative genomics 

 

Supplementary Table 6: Frequency, size (length) and relative rates of recombination within 

36 PopPUNK phylogroups. 

 

See separate Excel file  

 

Supplementary Table 7: Top 5 k-mers associated with invasiveness as determined by 

pyseer27. 

Gene/Locus Tag Product k-mer Coordinates Log10(p-value) 
M5005_Spy1733 Hypothetical protein 1696410..1696509  7.987 

Intergenic  1810451..1810550   7.410 

M5005_Spy1061 LacI family transcriptional 
regulator 

1032656..1032755  7.261 

M5005_Spy0554 
(ezrA) 

Cell division regulation 545543..545642  7.257 

M5005_Spy1723 
(isp) 

immunogenic secreted protein 1687402..1687501  7.146 

 

Supplementary Table 8: Position of amino acid variants within the Streptolysin O protein 

(SLO) and the consensus sequence of the SLO mature protein (as plotted in Fig 3a and 3c). 

 

See separate Excel file  

 

Supplementary Table 9: Position of amino acid variants within the C5a peptidase (ScpA) 

protein and the consensus sequence of the ScpA mature protein (as plotted in Fig 3a and 3d). 

 

See separate Excel file  
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Supplementary Table 10: Mutation sensitivity analysis of amino acid variants within the 

mature Streptolysin O protein. 

 

 

 

 

 
 

Footnotes: 
aa (amino acid) . 
& Diversity hotspot as determined by a minor amino acid frequency of >10% in the mature 
enzymatic protein (amino acids 103-501). Relative location is plotted in Figure 3c. 
$ Number in brackets refers to the total number of 2,083 GAS genomes carrying the 
respective amino acid. 
# Determined using the SuSPect37 platform (ranked between 1-9; 1 representing “very low” 
and 9 as “very high” mutational sensitivity). Sensitivity being a measure of likely functional 
consequence of the observed amino acid mutation. 
 

 

 Amino acid position within Streptolysin O protein   

hotspot& HS1 HS2 HS3 HS4 HS5 

aa position 172 182 324 450 470 

major aa$ R(1242) N(1305) E(1204) T(1843) Q(1260) 

minor aa$ M(841) D(778) D(879) S(240) R(823) 

mutational 
sensitivity 

(minor aa) # 

M=6 D=2 D=1 S=2 R=2 
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Supplementary Table 11: Mutation sensitivity analysis of amino acid variants within the mature C5a peptidase protein. 

Amino acid position within C5a peptidase protein 
hotspot HS1 HS2 HS3 HS4 HS5 HS6 HS7 HS8 HS9 HS10 HS11 HS12 
aa position 110 146 247 346 348 350 376 448 450 451 605 637 
major aa$ Q(1745) T(1634) R(1921) A(1367) Q(1229) D(1711) M(1553) D(1534) P(1351) Q(1381) K(1709) H(1948) 
minor aa$ H(338) A(360) I(150) D(622) H(420) A(346) T(530) E(549) S(617) K(692) T(374) L(131) 
 

 
S(89) K(12) E(93) K(434) G(19) 

  
L(98) P(10) 

 
Y(4) 

 
   

V(1) 
 

N(7) 
  

R(11) 
   

 
        

F(6) 
   

mutational 
sensitivity 

(minor aa) # 

H=2 A=2 
S=2 

I=1 
K=3 

D=3 
D=2 
V=2 

H=2 
K=2 

A=2 
G=3 
N=3 

T=3 E=1 S=5 
L=5 
R=6 
F=6 

K=2 
P=3 

T=1 L=1 
Y=2 

 
Amino acid position continued 

hotspot& HS13 HS14 HS15 HS16 HS17 HS18 HS19 HS20 
aa position 665 669 671 679 697 942 959 999 
major aa$ V(1878) A(1963) R(1804) Q(1952) T(1111) T(1671) V(1775) A(1679) 
minor aa$ I(200) V(120) Q(279) P(131) K(972) A(412) I(308) G(404) 
  A(5)               
mutational 
sensitivity 

(minor aa) # 

I=1 
A=3 

V=2 Q=1 P=1 K=2 A=2 I=1 G=1 

Footnotes: 
aa (amino acid) 
& Diversity hotspot as determined by a minor amino acid frequency of >10% in the mature enzymatic protein (amino acids 97-1032). Relative 
location is plotted in Figure 3d 
$ Number in brackets refers to the total number of 2,083 genomes carrying the respective amino acid 
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# Determined using the SuSPect37 platform (ranked between 1-9; 1 representing “very low” and 9 as “very high” mutational sensitivity). Sensitivity 
being a measure of likely functional consequence of the observed amino acid mutation.  
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Supplementary Table 12: Theoretical global coverage of combination vaccines based on the genome database presented in this study.  

  Theoretical Vaccine Coverage 
Vaccine  Vaccine antigens Europe Oceania North 

America 
South 

America 
Asia East Africa TOTAL 

    (n = 242) (n = 906) (n = 474) (n = 51) (n = 79) (n = 328) (n = 2080) 
3-component  SLO+ 98% >99% >99% >99% 97% 98% >99% 
 (GSK)50 SpyCEP+ 99% >99% 99% >99% 99% >99% >99% 
  SpyAD+ >99% >99% >99% >99% >99% >99% >99% 
  any antigen >99% >99% >99% >99% >99% >99% >99% 
Spy793 Spy0651+ >99% >99% >99% >99% >99% >99% >99% 
  Spy0762+ >99% >99% >99% >99% >99% >99% >99% 
  Spy0942+ >99% >99% >99% >99% >99% >99% >99% 
  PulA+ >99% >99% >99% >99% 99% 99% >99% 
  OppA+ >99% >99% 99% >99% 99% 99% >99% 
  SpyAD+ >99% >99% 99% >99% 99% 99% >99% 
  ScpA+ 90% >99% 96% >99% 99% 99% 98% 
  any antigen >99% >99% >99% >99% >99% >99% >99% 
Combo #594 TF+ >99% >99% >99% 98% >99% >99% >99% 
  ScpA+ 90% >99% 96% >99% 99% 99% 98% 
  SpyCEP+ 99% >99% 99% >99% 99% >99% >99% 
  ADI+ >99% >99% 99% >99% 99% 99% >99% 
  SLO+ 98% >99% >99% >99% 97% 98% >99% 
  any antigen >99% >99% >99% >99% >99% >99% >99% 
StreptInCor32 B cell epitope@ 39% 25% 15% 12% 34% 14% 22% 
  T cell epitope@ 8% 17% 3% 2% 4% 9% 11% 
  common epitope@ 35% 16% 14% 10% 30% 11% 18% 
  any epitope 39% 26% 15% 12% 34% 17% 23% 
S2 - J8.033 S2@ >99% >99% >99% >99% >99% >99% >99% 
  J8$ 45% 41% 31% 31% 57% 25% 37% 
  any epitope >99% >99% >99% >99% >99% >99% >99% 
30-valent30 30 emm families& 71% 33% 75% 53% 73% 28% 48% 
30-valent  30 emm families& 71% 33% 75% 53% 73% 28% 48% 
with Mrp40 MrpI@ 8% 9% 12% 4% 5% 4% 8% 
  MrpII@ 6% 13% 6% 18% 6% 3% 9% 
  MrpIII@ 5% 4% 7% 4% 9% 6% 5% 
  any antigen 77% 51% 83% 59% 83% 33% 60% 
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Footnotes: 
+ Defined by BlastN as 70% homology over 70% length of the nucleotide sequence. 
@ Peptide sequence carriage is defined by BlastP at 95% homology over 95% of query length. 
$ Defined as clustering at 90% of the J8 allelic database (encompasses J8.0, J8.57 or J8.59) by CD-HIT EST. 
& Defined at the emm family level (irrespective of emm sub-type). 
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