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The 29,903 nucleotides that have been causing all this trouble

U UUUAUACCUUCCCAGGURAC CCAACUUUCGAUCUCUUGUAGAUCUGUUCUCUARACGAACUUUARAAUCUGUGUGGCUGUCACUCGGCUGCAUGCUUAGUGCACUCACGCAGUAUARUURAURACUARUUACUGUCGUUGACAG GAGUAACUCGUCUAUCUUCUGCAGGCUGCUUACGGUUUCGUCCGUGUUGCAGCCGAUCAUCAGCACAUCUAGGUUUCGUCCGEGUGUGACE UAAGAUGGAGAGCCUUGU
CCCUGGUUUC; 'GUCC. 'UCAGUUUGCCUGUUUUACAGGUU GACGUGCUCGUACGU! UUU 'UCCGU UCUUAUCAG: CGUC. UCUU: U 'UUGUGGCUUAGU; GUUUU 'UCAACUU CAGCCCUAUGUGUUCAUC; \CGUUCGGAUGCU( \UGGUCAUGUUAUGGUUGAGCUGGUAGC. .CUCG: CAUUCAGUACGG
UCGUAGUGGUCAGACACUUCGUGDCCUUGUCCOUEAUGUGACARAUACCAGUGGCUUACCECARGGUDCOUCOD Gon UAAUAAAGGAGCUGGUGGCCAUAGUUAC UCUAAAGUCAUUU CUUAGGCGACGAGCUUGGCACUGAUC UUAU UUUU UGGAACACU. U UGGUGUU; CCGUGAACUCAUGCGUGAGCUUAAC GGGCCAUACACUCGCUAUGUCGAURRCAACUUCUG
UGGCCCUGAUGGCUACCCUCUUGAGUGCAUUARAGACCUUCUAGCACGUGCUGGUAAAGCUUCAUGCACUUUGUCCG. UGGACUUUAUUGACAC JGUAUACUGCUGCCGUGAACAUGAGCAUGAARUUGCUUG GAACGUUC UAUGAAUUGCAGACACCUUUUGAAAUUARAUU UUUUGUAUUUCCCUUAAAUUC
uc GGGUL UUGAUGGCUUUAL JUCGAUCUGUCUAUCCAGUUGCGUCAC e e e T A centionay CACUUGCGAAUUUUGUGGCACU UuU CACUACUUGUGGUU. UUACCCCAAAAUGCUGUUGUUAAN\UUUAUUGUCCAGCAUGUCACAAUUCRGA

UAGUCUUGCCGAAUACCAUAAUGAAUCUGGCUU CCAUUCUUCGY UCGCACUAUUGCCUUUGGAGGCUGUGUGUUCUCUUAUGUUGGUUGCCAUAACAAGUGUGCCUAUUGGGUUCCACGUGCUAGCGCUAACAUAGGUUGUAACCAUACAGGUGUUGUL JUCCGAAGGUCUUAAUGACAACCUUCUUGAAAUACT UUGUUGGU
UGAAGAGAUCGCCAUUAUUUUGGCAUCUUUUUCUGCUUCCACMGUG UUUUGUG UGUG. UUUGGAUUAU. UUC; UUGUUGAAUCCUGUGGUAAUUUUARAGUU: CUGGAAUAUUGGUGAAC UCAAUACUGAGUCCUCUUUAUGCAUUUGCAUCAGAGGCUGCUCGUGUUGUACGAUCARUUUUCUCT CUCUUGAAACUGCUCN\AAUUCUGUGCGUGUUUUACA
Gi GUAUUCACUG 'UCAUUGAUGCUAUGAUGUUCACAUCUGAUUU 'UACU: \UCUAGUUGUAAUGGCCUACAUU; GUGGUGUUGUUCAGUUGACUUCG UGGCU: 'UAACAUCUUUGGCACUGUUUAU 'UCi ‘GUCCUUGAUUGGCUU ;UUU; U UUU nrv GACGGUUGGGAAAUUGUU: \UUUAUCUC]
e TNt uu UGUUCAGACAUUCUUUAAGCUUGUAAAUAAAUUUUUGGCUUUGUGUGCUGACUCUAUCAUUAUUGGUGGAGCUARACUUAAAGCCUUGAAUUUAGGU AUUUGUCACGCACUCAAAGGGAUUGUAC. JGUUARAUCC uccccuAcucAuemv UARRAGC! UUAUCUUCUL mucccAc

UGUU; JUGUCUUG: UGGUGAUUU. UUAG CUACUAGUGAAGCUGUUGAAGCUCCAUUGGUUGGUACACCAGUUUGUAUUAACGGGCUUAUGUUGCU uc CAC; UACUGUGCCOUUGCACCURRUAUGAUGGU: CAAUACCUUCACACUCAAAGGCGGUGCAC! UUACUUUUGGUGAUGACACUGUGAU. UGU
UUUUGAACIHV‘ U GGAUUGAU; \GUACUUAAU( UGCUCUGCCUAUA( UUG! U UAC. U, Ut UUCGCCUGUGUUGU GAUGCUGUCAU; UUUGCAACCAGUAU U UUACUU; CC: ,CAUUGAUUU; s JAUGGCUACAUACUACUUAUUUGAUGAGUCUGGUGAGUUU: HH UUCACAUAUGUAUUGUUCUUUCUACCCUCCAGAUGAGGAUGAAGAAGAAGGUGA
UUUG UCAACUCAAUAUGAGUAUGCUACUGAAGAUGAUUACCAAGGUARACCUUUGAAUUUGGUGCCACUUCUGCUGSUCUICAACCT IUGGUUAGAUGAUGAUAGUC CUGUUGGUCAAC; GGCAGUGAGGACAAUCAGACAACUACUAUUC UUGUUGAGGUU! uC; GUUGUUCAGACUAUT UAGUUU
H 4"H UUAUUU: \CUUACUGAC UGUAUACAUU; UGC: UUGUC U GGl C ' UGGUUGUUAARUGCAGC .UGUUU: UU; CAL JGUUGC! \UAAGGCUACUAACAAUGCCAUGC! UL UCUGAUGAUU; \UAGCUACUAAUGGAC! UU; GUI UGGUAGUUI H(‘HHHH (‘r‘r‘ HCUUG Ui CACUGU! UUCAUGUUGUCGGCCCAAA
UGUU: GGUI GACAUUCAACUUCUU UGCUUAU \UUUUAAUC CGi ”UCUACUUGCACCAUUAU” \UCAGCUGGUAUUUUUGGUGCUG 'UAUACAUUCUUU; JGU. H CUGUUCGCAC; \UGUCUACUUAGCUGUCUUUGAU: \UCUCUAU( CUUGUUUC UUUUU o Xl UUC
UAUAACUG U CCUUL UUGAAC: UGAU: uc. ,CUUGUGUU UCU U ;UUCCUC CUUGUUACUUUAUAUUGACAUUAAUGGCAAUCUUCAUC UUCUGCCACUCUUGUUAGUG: UUGACAU: UUUCUU: \UGCUCCAUAUAUAGUGGGUGAUGUUGUU! GAGGGUGUUUU 'UGCUGUGGUUAUACCUACU: UGG
UGG 'UACUG! UGCUAG! GCUUU o Ci UUAUAU: JU; r‘r‘f‘ﬂCAGGGUU” UGGUU U GUGCUUAAARAAGUGU U 'UUUUACAUUCUACCAUCUAUUAUCUCUAAU Gi \UUCUUGG, 'UGUUUCUUGGAAUUU( UGC U CGC. \UUAAUGCCUGUCUGUGUGG: CCAUAGUUUC
AACUAUACAGCGU, UAU; UAUU: UAC: JGGUUGAUUAUGGU! UAGAUUUUACUUUUACACP GU: CAACUGUAGCGUCACUUAUC; CUU UCU U CUCUUGUUACARUGCCACUUGGCUAUGU: UGGCUU. UuC 'UGCUCGGUAUAUGAGAUCU! UCAAAGUGC GCU: ;UUUCUGUUUCUUCH 'UGAUGCUGUUACAGCGUAU: Hr‘(‘HH H!‘UUACUUCUUC
UUCUAA}\F\CACCUGA}\GAACAUUUUAUUGAAACCAUCUCACUUGCUGGUUCCUAUAAAGAUUGGUCCU?\UUCUGGRCF\AU(‘” CU: UAU \UUUCUU; UGAU SUGUAUAUUACACUAGUAAUCCUACCACAUUI CCU: UGGUG! UUAUCAC! ”UUGACAAU 'UUAAG! 'UUCUUUCUUT 'UAUUAAGGUGUUUAC; UAG] UU: U CAC: GUUGUGGACAU

GUCARUGAC: CAACAGUUUGGUCCAACUU. UGUUACU: CUCAUAAUUCACAU( U UUUUAUGUUUUACCUAAUGAUGACACUCUACGUGUUGAGGCUUUUGAGUACUACCACACAACUGAUCCUAGUUUUCUGGGUAGGUACAUGUCAGCAUUARAUCACACU: U UACCC UUAAUGGUUUAACUUCUAUUAAAUGGGCAGAU; CUGUUAUCUUGCCACUGC
ATCETUARGAGHE UAGAGUUGAAGUUUARUCCACCUGCUCUACAAGAUGCUUAUUAC GOGCUGEUGAAGCUGCUAACUUUUGUGCACUUAUCUUAGCCUACUGUAAUARGACAGUAGSUGAGUUAGGUGAL UGAGUUACUUGUUUCAACAUGCCARUOUAGAUUCU GAGUCUUGAACGUGGUGUGU; UUGU CAG CCCUUAAGGGUGUAGAAGCUGUUAUGU G
CACACUUUCUUAUGAACAAUUU; UGUUCAGAUACCUUGUACGUGUGGU: UAUCUAGUAC: UCACCUUUUGUUAUGAUGU CCACCUGCUCAGUAUGAACUU! UGGUACAUUUACUUGUGCUAGUGAGUACACUGGU. UGUGGUCACUAU; UAUAACUUCU. UUUGUAUUGCAU; GUGCUUUACUUACAAAGUCCUCAGAAUAC: UCCUAUUACGGA
UGUUUUCUAC; UUACAC: U rnUACUUAUAMUUGGAUGGU UUGUUUGU: uu UAAGUUGGACAARUUAUUAU. UUCUUAUUUCACAGAG! UUGAUCUUGU; cC: UAUCCARACGCAAGCUUCGAUAAUUUUAAGUUUGUAUGUGAUAAUAUCARAUUUGCUGAUGAUUU: GUUAACUGGUUAU: CCUGCUU
AUUUUUCCCUGACUUAAAUGGUGAUGUGGUGGCUAUUGAUUAL. UCUUUU; UAAAUUGUUACAU; UAUUGUUUGGCAUGUUAACAAUGCAACUARUAAAGCCACGUAUARACCAARUACCUGGUGUAUACGUUGUCUUUG c. uU UCARAUUCGUUUGAUGUACUGAAGUCAGAGGACGCGC JARUCUUGCCUGCGAAGAUCUAAAACCAGUCUCU U

G UAC GACGUUCUUGAGUGUAAUGUG! UACCGAAGUUGU: UUAUACUU: UAAUAGUUU; uU; U C UCUAAUGGCUGCUUAUGUAGACAAUUCUAGUCUUACUAUU. CCUAAUGAAUUAUCUAGAGUAUU. c CUCAUGGUUUAGCUGCUGUUAAUAGUGUCCCUUGGGAUACUAUAGCU;

LD OAA A0 DU AU A AR CUACURACAACU AR CeaD TR CC AU OACUR AT DA UATGEE U A DDLU A UG CCURCARDUCOCURCDTOURCUACARC UUC UCUAUGCCGACUACUAUAGC. A A e R R R

GUUU UAGGUUCUUUAAUCUACUC 'UGCUUU; UGUUUUAAUGUCUAAUUUAGGCAU! 'UUCUUACUGUACUGGUU: UAUUU f'UCUACURAUGUCACUAUUGCAACCUACUGUACUGGUUCURUF\CCUUGUAGUGUUUGUCUUAGU ,UUUAGAUUCUUUAG! 'UAUCCUUCUUUAG. UAUAC, \UUACCAUUUCAUCUUUU, UGGGAUUU "UGCUUUUGGCUURGUUGCAGAGUGGUUUUUGGC
AUAUAUL7CUUUUCACUAGGUUUUUCUAUGUACUUGGAUH ,CUGCAAUCAUGCAAUUGUUUUUC, 'UAUUUUC GUACAUUUU; HH \GUAAUUCUUGGCUUAUGUGGUUAAUAAUUAAUCUUGU: CGAUUUL ,CUAUGGUUAGAAUGU: UCUUCUUUGCAUCAUUUUAUUAUGUAU! JGUL UGUUGU: CGGUUGUAAUUCAU( \CUUGUAUGAUGUGUU!

UUUUAUGUCUAUGCUAAUGGAGGU! UUUU CU; UUGGAAUUGUGUUAAUUGUGAUACAUUCUGUGCUGGUAGUACAUUUAUUAGUGAU UUGCG. UUGUCACUACAGUUU; G UAAAUCCUACUG! UCUUCUUACAUCGUUGAUAGUGUU. U UGGUUCCAUCCAUCUUUACUUUGAUAAAGCUGGU! UU; rvr‘
UUCUCUCUCUCAUUUUGUUAACUUAGACAACCUGAGAGCUAAUAACACUAAAGGUUCAUUGCCUAUUAAUGUUAUAGUUUUUGAUGGUAAAU UGUGAAGAAUCAUCUGCAAAAUCAGCGUCUGUUUACUACAGUCAGCUUAUGUGUCAACCUAUACUGUUACUAGAUCAGGCAUUAGUGUCUGAUGUUGGUGAUAGUG GUUGCAGUUAAAAUGUUUGAUGCUUACGUUAAUACGUUUUCAUCAACUUUUAACGU: U U
Ci UAGUUGCAACUG GCUGAACUUGC JGUCCUUAGACAAUGUCUUAUCUACUUUUAUUUCAGCAGCUCGGC: UUUGUUGAUUCAGAUGU: U, UGUUGUUGAAUGUCUUAAAUUGUCACAUCAAUCUGACAU: GUUACUGGCGAUAGUUGUAAUAACUAUAUGCUCACCUAU GUU CAU CCCCGUGACCUUGGUGCUUGUAUUGACUGUAGUGCGCGUCAUAUUAARUGCGCA
GGU: GUCACAACAUUGCUUUGAUAUGGAACGUUAAAGAUUUCAUGUCAUUGUCUG: CUACGAAAACAAAUACGUAGUGCUGCU. UAACUUACCUUUUAAGUUGACAUGUGCAACUACUAGACAAGUUGUUAAUGUUGUAAC. GAUAGCACUU. UGGUAAAAUUGUUAAUAAUUGGUUGAAGCAGUUAAUUAAAGUUACACUUGUGUUCCUUUUUGUUGCUGCUAUUUUCUAUUUAAUAACACCUGUUCAUGY
CAUGUCUAAACAUACUGACUUUUCAAGUGAAAUCAUAGGAUACAAGGCUAUUGAUGGUGGUGUCACUCGUGACAUAGCAUCU: UACUUGUUUUGCU CAUGCUGAUUUUGACACAUGGUUUAGC UGGUGGUAGUUAUACUAAUG UGCCCAUUGAUUGCUGCAGUCAUAAC: JCGGUUUUGUCGUGCCUGGUUUGCCUCGCACGAUAUUACGCACAACUAAUGGUGACUUUUUGCAUUUCUUACCUAGAGU
UUUUAGUGCAGUUGGUAACAUCUGUUAC: uc; UUAUAGAGUACACUGACUUUGCAACAUCAGCUUGUGUUUUGGCUGCUGAAUGUACAARUUUUUAAAGAUGCUUCUGGUAAGCCAGUACCAUAUUGUUAUGAU; R OA AR CET0C DU ECU IR AR AU TR CEECCTOR CACAE A G CCTCADACAT ST AT UA AR TR ERCCTR a0 UUCUGUUAGAGUGGU: CUUUUGAUUC
UGAGUACUGUAGGCACGGCACUUGUGAAAGAUCAGAAGCUGGUGUUUGUGUAUCUACUAGUGCUAGAUGGGUACUUAACAAUGAUUAUUACAGAUCUUUACCAGGAGUUUUCUGUGGUGUAGAUGCUGUAAAUUUACUUACUAAUAUGUUUACACCACUARUUCAACCUAUUGGUGCUUUGGACAUAUCAGCAUCUAUAGUAGCUGGUGGUAUUGUAGCUAUCGUAGUAACAUGCCUUGCCUACUAUUUUAUGAGGUUU: UUUUGGUGAAU;
CAGUCAUGUAGUUGCCUUUAAUACUUUACUAUUCCUUAUGUCAUUCACUGUACUCUGUUUAAC! \GUUUACUCAUUCUU: 'UGGUGUUUAUUCUGUUAUUUACUUGUACUUGACAUUUUAUCUUACUARUGAUGUUUCUUUUUUAGC: \UAUUCAGU( \UGGUUAUGUUCAC. 'UUUAGU: UUUCUL \UAACAAUUGCUUAUAUCAUUUGUAUUUCCAC UUUCUAUUGGUUCUUUAGUAAUUACCU: GUGUAGUCUU

UGGUGUUUCCUUUAGUACUUT UGCGCUGUGCACCUUUUUGUUARAUARAGAAAUGUAUCUAAAGUUGCGUAGUGAUGUGCUAUUACCUCUUACGCARUAUAAUAGAUACUUAGCUCUUUAUAAUAAGUACAAGUAUUUUAGUGGACCAAUGGAUACAACUAGCU; GCUGCUUGUUGUCAUCUCG GCUCUCAAUGACUUCAGUAACUCAGGUUCUGAUGUUCUUUACCAACC CCUCURUCACCUCAGS

UGUUUUGCAGAGUGGUUUU; UGGCAUUCCCAUCUGGUAAAGUUGAGGGUUGUAUGGUACAAGUAACUUGUGGUACAACUACACUUAACGGUCUUUGGCUUGAUGACGUAGUUUACUGUCCAAGACAUGUGAUCUGCACCUCUG: UGCUUAACCCUAAUUAUGAAGAUUUACUCAUUCGUAAGUCUAAUCAUAAUUUCUUGGUACAGGCUGGUAAUGUUCAACUCAGGGUUAUUGGACAUUCUAUX UUGUGUACUU;

GUUGAUACAGCCAAUCCU: CCUAAGUAUAAGUUUGUUCGCAUUCAACC: GACUUUUUCAGUGUUAGCUUGUUACAAUGGUUCACCAUCUGGUGUUU UGUGCUAUGAGGCCCAAUUUCACUAUU: UUCAUUCCUUAARUGGUUCAUGUGGUAGUGUUGGUUUUAACAUAGAUUAUGACUGUGUCUCUUUUUGUUACAUGCACCAUAUGGAAUU. CUGGAGUUCAUGCU acOOotAa
ACCUUUUGUUG! GCi CAAG UGGU: CAC] 'UAUUACAGUUAAUGUUUUAGCUUGGUUGUACGCUGCUGUUAU GUGGUUUCUCAAUCGAUUUACCH 'UCUUARUGACUUU: 'UUGUGGCUAUGAAGU! UUAUC CCUCU; CAAG] \UGUUG, \UACUAG 'UCUUUCUGCUC; 'UGGAAUU( ;UUUU; \UAUGUGUGCUUCAUU; \UUACUGC; \UGGUAU

\UAUUGGGUAGUGCUUUAUUAGAAGAU UUUACACCUUUUGAUGUUGUUAGACAAUGCU! GUGUUACUUUCC: UGCAGU! U GGGU. .CACCACUGGUUGUUACUCACAAUUUUGACUUCACUUUUAGUUUUAGU GUACU: MUGGUCUUUGUUCUUUUUUUUGUAUGAAAAUGCCUUUUUACCUUUUGCUAUGGGUAUUAUUGCUAUGUCUGCUUUUGCMUGAUGUUUGUCAAACAUAA

GCAUGCAUUUCUCUGUUUGUUUUUGUUACCUUCUCUUGCCACUGUAGCUUAUUUUAAUAUGGUCUAUAUGCCUGCUAGUUGGGUGAUGCGUAUUAUGACAUGGUUGGAUAUGGUUGAUACUAGUUUGUCUGGUUUUAAGCUAAAAGACUGUGUUAUGUAUGCAUCAGCUGUAGUGUUACUAAUCCUUAUGAC; GUGUAUGAUG, UGAAUGUCUUGACACUCGUUUAUAAAGUUUAUUAUGGU.

UGCUUU; UC. 'CAUUUCCAUGUGGGCU! UUAUAAUCUCUGUUACUUCUAACUACU GGUGUAGUUAC. 'UGUCAUGUUUUUGGC! GUAUUGUUUUUAUGUGUGUUGAGUAUUGCCCUAUUUUCUUCAUAACUGGUAAUACACUU AGUGUAUAALVGCUAGUUUAUUGUUUCUUAGGCUAUUUUUGUACUUGUUACUUUGGCCUCUUUUGUUUACUCAACCGCUACUUUAGACUGACUCUUGGUGUUUAUGAUUACUUAGUUUCUACACA
UL, \UAUAUGAAUU .GGGACUACUCCCAC! UAGAU 'UUC] U CAUUARAUUGUUC UGUUGGU( CCUUGUAUC: UAGCCACUGUACAGUCU: UGU( UGU; U CAUCAGUAGUCUUACUCUCAGUUUUGC! UCU; \UUGUGGGCU( GUGU \CAUUCUCUU;

GGUUUCACUACUUUCUGUUUUGCUUUCCAUGCAGGGUGCU H Gi r‘ U, CAAGCUUUGUI UGCU( CAG CCUUA( GCUAU. 'UCAGAGUUUAGUUI 'UUCCAUCAUAUGC:! UUUUGCUACUGCUC: ,CUUAU! GGCUGUUGCUAAU nr‘ HW‘H r‘nw‘mv U UL U urwr' U w‘(‘r‘u m‘w‘ UUUGACCGUGAU! (‘AGCCAU r‘(‘vv UUC i
GGCUGAUL GCUAUGACCC. {UGUAU: GGCU; UCUGAG! GAGG GUUACUAGUGCUAU( GACARUGCUUUU 'UAUGCUUAGAAAGUU( UAAUGAU( CUC: Ci UUAUCAACAAU GAGAUGGUUGUGUUI VUG \UAAUACCUCUUACAAC. GCCi 'UAAUGGUUGUCAUAC! CUAU; UAU; UACGUGUGAUGGU: CAUUUACUUAUGCAUCAGCAUUGUGGGA
AAUCCAACAGGUUGUAGAUGH UAGU: .UUGUUC: UUAGUX UUAGUAU! CAAUU 'CUAAUUU. V‘AUGGCCUC"H UUGUAACAGCUUUAAGGG .UUCUGCUGUCAAAUU GAAU; GCUUAGUCCUGUUGCACUACG! UGUCUUGUGCUGCH UACUAC, .CUGCUUGCACUGAUGACAAUGCGUUAGCUUACUACAAC. C JUUGUACUUGCACUGUUAUCCGAUUUACAGGA
yuo UAGAUUCCCU; UGAU UGGUACUAUCUAUACAGAACUGGAACCACCUUGUAGGUUUGUUAC CCURAAGGUCCUAAAGUGAAGUAUUUAUACUUUAUU] uU; cCu; GUAUGGUACUUGGUAGUUUAGCUGCCACAGUACGUCUACAAGCUGGUAAU GUGCCU UUCAACUGUAUUAUCUUUCUGUGCUUUUGCUGUAGAUGCUGCU:

UCUAGCUAGUGG CAAC \UCACUARUUGUGUU: UGUUGUGUACACACACUGGUACUGGUCAGGCAAUAACAGUU ACCGGAAGC UAU \UCAAGAAUCCUUUGGUGGUGCAUCGUGUUGUCUGUACUGCCGUUGCCACAU; UCAU UCCU: GGAUUUUGUGACUU: GGU: UAUGUAC, .UACCU: 'UUGUGCUAAUGACCCUGUGGGUUUUACACUU; CACAGUCUGUACCGU! UGCGGUAUGUG

UUAUGGCUGUAGUUGUGAU! \CUC GAAC UGCUU UCAGCUGAU CAAUCGUUUUU; GGGUUU UGU. U GC UCUUAC; UGCGC GGCACUAGUACUGAUGUCGUAU: GGCUUUUGACAUCU} UGAU; UAGCUGGUUUUGCU} \UUCCU: CUAAUUGUUGUCGCUU Ut \UUUAAUUGAUUCUUACUUUGUAGUU: Ci uuuc

UCUAACUACC] U UUUAUARUUUACUU: GAUUGU( GCUGUUGCU: \CAUGACUUCUUUAAGUUU UGACAUGGUACCACAUAUAUCACGUI .CGUCUUACU: U UGGt .CCUCGUCUAUGCUUU GCAUUUUGAUI JUAAUUGU( .CAUU: \UACUUGUCACAU; UUGUUGUGAUGAUGAUUAUUU U; UGGUAUGAUUUUGU: C U
AUAUUACGCGUAUACGCCAACUUAGGUGAACGUGUACGCCAAGCUUUGUU: UACAAUUCUGUGAUGCCAUGCGARAUGCUGGUAUUGUUGGUGUACUGACAUUAGAUAAUCAAGAUCUCAAUGGUAACUGGUAUGAUUUCGGUGAUUUCAU; cG UAGUGGAGUUCCUGUUGUAGAUUCUUAUUAUUCAUUGUUARUGCCUAUAUURACCUU GGGCUUUAACUGCAGAGUCACAUGUUGACACUGACUU] G
CCUU: UUAAGUGGGAUUUGUU: UAU( 'UUCACH JU; \CUCUUUGACCGUUAUUUU: \UAUUC \UCAGACAU; CCCi \UUGUGUU: UGUUUL \UGACAGAU f‘AUUCUGCAUUGUGCAAACUUUAAUGUUUUAUUCUf‘" CAGUGUUCCC; 'UACAAGUUUUGGACC, UAUUUGUUGAUGGUGUUCCAUUUGUAGUUU 'UGGAUACCACUUC, GCU: ,UGUUGU: \UAAU
CAGGAUGUAAACUUACAUAGCUCUAGACUUAGUUUU; UUACUUGUGUAUGCUGCUGACCCUGCUAUG UGCUUCUGGUAAUCUAUUACUAGAUARACGCACUACGUGCUUUUCAGUAGCUGCACUUACUAACARUGUUGCUUUUCARACUGUS UAAUUUU: ComCR T UhCaT AT A e aTCa: JUCUGUUGAAUU; UUCUUCUUUGCUCAGGAUGGUAAUGCUGCU

uc, UUAUGACUACUAUCGUUAUAAUCUACCAACAAUGUGUGAUAUCAGACAACUACUAUUUGUAGUUGAAGUUGUUGAUAAGUACUUUGAUUGUUACGAUGGUGGCUGUAUUAAUGCU: R T R S UAGACUUUAUUAUGAUUCAAUGAGUUAUGAGGAUCAAGAUGCACUUUUCGCAUAUAC; GUAAUGUCAUCCCUACUAUAACU

AAUCUUAAGUAUGCCAUUAGU( GAAU; UCGCACCGUAGCUGGUGUCUCUAUCUGUAGUACUAUG] UAGACAGUUUCAU UUAUUGAAAUCAAUAGCCGCCACU: UACUGUAGUAAUUG GCARAUUCUAUGGUGGUUGG UGUU: CUGUUUAUAGUGAUGU. UCACCUUAUGGGUUGGGAUUAUCCUAARUGUGAUAG. UGCCUAACAUGCUUAGAAUUAUGGCCUCA
CUUGUUCUUGCU CAUACAACGUGUUGUAGCUUGUCACACCGUUUCUAUAGAUUAGCUAAUGAGUGUGCUCAAGUAUUGAGUGAAAUGGUCAUGUGUGGCGGUUCACUAUAUGUUAAACCAGGU! UCAUC; CACAACUGCUUAUGCUAAUAGUGUUUUUAACAUUUGUCAAGCUGUCACGGCCARUGUUAAUGCACUUUUAUCUACUGAUGGUAACAAAAUUGCCGAUAAGUAUGUC UUUACAACACAGACUUUAU
GAGUGUCUCUAU U UGUUG GACUUUGUGAAUGAGUUUUACGCAUAUUUGCGU UUUCUCAAUGAUGAUACUCUCUGACGAUGCUGUUGUGUGUUUCAAU: UUAUGCAUCUCAAGGUCUAGUGGCUAGCAU: CUUUAAGUCAGUUCUUUAUUAU CAAUGUUUUUAUGUCUG; UGUUGGACUGAGACUGACCUUACUAAAGGACCUCAUGAAUUUUGCUCUCAACAUACARUGCUAGUU:
CAGGGUGAUGAUUAUGUGUACCUUCCUU. GAUCCAUCAAGAAUCCUAGGGGCCGGCUGUUUUGUAGAUGAUAUCGU; CAGAUGGUACACUUAUGAUUG UUCGUGUCUUUAGCUAUAGAUGCUUACCCACUUACUARACAUCCUAAU GUAUGCUGAUGUCUUUCAUUUGUACUUACAAUACAU. UACAUGAUGAGUUAACAGGACACAUGUU. UGUAUUCUGUUAUGCUUACUAAUGAUAACACUUCAAGG
UAUU CCUGAGUUUUAU UAUGU! CCGCAUACAGUCUUACAGGCUGUUGGGGCUUGUGUUCUUUGCAAUUCACAGACUUCAUUAAGAUGUGGUGCUUGCAUACGU; UUCUUAUGUUGUAAAUGCUGUUACGACCAUGUCAUAUCAACAUCACAUAAAUUAGUCUUGUCUGUUAAUCCGUAUGUUUGCAAUGCUCCAGGUUGUGAUGUCACAGAUGUGACUCAACUUUACUU; GGUAU UAUUAUUGUAAAUCACAU

CCCAUUAGUUUUCCAUUGUGUGCUAAUGGACAAGUUUUUGGUUUAUAU: UACAUGUGUUGGU; UAAUGUUACUGACUUUAAUGCAAUUGCAACAUGUGACUG UGCUGGUGAUUACAUUUUAGCUAACACCUGUACUG UCAAGCUUUUUGCAGCAGAAACGCUCAAAGCUACU UUUAAACUGUCUUAUGGUAUUGCUACUGUACGUGAAGUGCUGUCUGAC, UUACAUCUUUCAUGGG.

GUUGGUAAACCU! CACCACUUAACCGAAAUUAUGUCUUUACUGGUUAUCGUGUAACU. Ui U. Ui UACACCUUUI UGACUAUGGUGAUGCUGUUGUUUACCGAGGU CAACUUAC UUAAAUGUUGGUGAUUAUUUUGUGCUGACAUCACAU; UAAU UUAAGU( CUACACUAGUGC GAGCACUAUGUU! UUACUGGCUUAUAC CUCAAUAUCUCAGAUGAG
UUUUCUAGCARUGUUGCARAUUAUC: UUGGUAU GUAUUCUACACUCCAGGGACCACCUGGUACT JCAUUUUGCUAUUGGCCUAGCUCUCUACUACCCUUCUGCUCGCAUAGUGUAUACAGCUUGCUCUCAUGCCGCUGUUGAUGCACUAUGU UUAAAAUAUUUGCCUAUAGAUARAUGUAGUAGAAUUAUACCUGCACGUGCUCGUGUAGAGUGUUUUGAUAAAUUCAAAGUGAAUUCAACAUUAGAACAG
UAUGUCUUUUGUACUGUAAAUGCAUUGCCU: CGAC UAUAGUUGUCUUUGAU UUUCAAUG UUAUGAUUUGAGUGUUGUCAAUGCCAGAUUACGUGCU. CUAUGUGUACAUUGGCGACCCUGCUCAAUUACCUGC: CAUUGCUAACU; CACACU; cC UAUUUCAAUUCAGUGUGUAGACUUAU UAUAGGUC AGACAUGUUCCUCGGAACUUGUCGGCGUUGUCCUGCUGM

UUGUUGACACUGUGAGUGCUUUGGUUUAUGAUAAUAAGCUUAAAGCACAUARAG, UCAGCUCAAUGCUUUAAAAUGUUUUAU. UGUUAUCACGCAUGAUGUUUCAUCUGCAAUU; GCCACARAUAGGCGUGGUAAGAGAAUUCCUUACACGUAACCCUGCUU UGUCUUUAUUUCACCUUAUAAUUCACAGAAUGCUGUAGCCUC: UUUUGG CUGUUGAUUCAUCACAGGGCUCAG:
UAUGACUAUGUCAUAUUCACUCAAACCACUGAAACAGCUCACUCUUGURAUGU: UUUAAUGUUGCUAUUACCAG] GU; UACUUUGCAUARUGUCUGAUACAGACCUUUAUGACAAGUUGC AAUUUACAAGUCUUGARRUUCCACGU UGUGGCAACUUUACAAGCU UGU: U AA AU EU RGO GCORA TR e U ACaU e A DCCTAC ccu: CCUCAGUGUUGACACUAAA

JUUAUGUGUUGACAUACCUGGCAUACCUAAGGACAUGACCUAUAGAAGACUCAUCUCUAUGAUGGGUUUUAAAAUGAAUUAUCAAGUUAAUGGUUACCCUAACAUGUUUAU GCUAUAAGACAUGUACGUGCAUGGAUUGGCUUCGAUGUC UGUCAUGCUACUAGAGAAGCUGUUGGUACCAAUUUACCUUUACAGCUAGGUUUUUCUACAGGUGUUAACCUAGUUGCUGUACCUACAGGUUAUGUU

CAUACACCUAROARUACAGAIUUUCCACACUUAGUCCDARACCACEGCDGOACATCARUUOAAACACOUCADACACUUADGURG UUCCUUGGAAUGUAGUGCGUAU. AR AR G AAC A ACAC T UCUCUCUGACAGAGUCGUAUUUGUCUUAUGGGCACAUGECUUUGAGUUGACAUCUAUGAAGUAUUUUGU u: CUGAGCGCACCUGUUGUCUAUGUGAUAGACGUGCCACAUGCUUUUCC

CUGCUUCAGACACUUAUGCCUGUUGGCAUCAUUCUAUUGGAUUUGAUUACGUCUAUAAUCCGUUUAUGAUUGAUGUUC. UGGGGUUUUACAGGUAACCUAC. CCAUGAUCUGUAUUGUCAAGUCCAUGGUAAUGCACAUGUAGCUAGUUGUGAUGCAAUCAUGACUAGGUGUCUAGCUGUCCACGAGUGCUUUGUUAAGCGUGUUGACUGGACUAUUGARUAUCCUAUAAUUGGUGAUGAACU! UU; GCUUGU; G
GUUCAACACAUGGUUGUU. UGCAUUAUUAGCAGH UUCCCAGUUCUUCACGACAUUGGUAACCCUARAGCUAUUAAGUGUGUACCUCAAGCUGAUGUAGAAUGGAAGUUCUAUGAUGCACAGCCUUGUAGUGAC: UUAURARAL. AU UCUAUUCUUAUGCCACACAUUCUGACAAAUUC ACAGAUGUGUAUGCCUAUUUUGCARUUGCAAUGUCAUAGAURUCCUGCUARUUCCAUUGUUUGUAGAUUU UAGA
GUGCUAUCU: 'UUAACUUGCCUGGUUGUGAUGGUGG! UUUGUAUGU: \Uj UGCAUU .CAC] 'UUUUGAU! ;UGCUUUUGUUAAUUU UUACCAUUUUUCUAUUACUCUG UCCi HGUGAGUCU(‘ U UAGUGU( UAU: \UU; U ;UCUGCUACGUGUAUAAC; ;UUGCAAUUU; UGGUGCUGUCUGUAGACAUCAUGCUAAU( UACAGAUUGUAUCUCGAUGCU
UAUAACAUGAUGAUCUCAGCUGGCUUUAGCUUGUGGGUUU. CAAUUUGAUACUUAUAACCUCU CACUUUUAC 'UUCAGAGUUU; \UGUGGCUUUUAAUGUUGU: Ui CACUUUGAUGGAC, UACCAGUUUCUAUCAUUAAUAACACUGUUUAC, GUUGAUGGUGUUGAUGU: JUGUUL U UUACCUGUUAAUGU. "AUUUGAGCUUUGGGCUAAGCGCAACAUU

GUACC. UACUCAAU; JGUGGACAUUGCUGCUAAUACUGUGAUCUGGGACU: JGCUCC; UAUAUCUACUAUUGGUGUUUGUUCUAUGACUGACAUAGCCAAGAAACCAACUG; UUUGU CUCACUGUCUUUUUUGAUGGUAGAGUUGAUGGUCAAGUAGACUUAUUU: UGCCCGUAAUGGUGUUCUUAUD: \GGUAGUGUU; UUU; CAUCUGUAGGU
ccc GCUAGUCUUAAUGGAGUCACAUUAAUUGGAGAAGCCGU. CACAGUUCAAUUAUUAU: UUGAUGGUGUUGUCCAACAAUUACCUGAAACUUACUUUACUCAGAGU: UUU; UUUARACCCAGGAGUCAAAU UUGAUUUCUUAGAAUUAGCUAUGGAUGAAUUCAUUGAACGGUAUARAUUAGAAGGCUAUGCCUUCGAACAUAUCGUUUAUGGAGAUUUUAGUCAUAGUCAGUUAGGUGGUUUACAY

CUACUGAUUGGACUAGCU: ;UUUU; \UCACCUUUUGAAUUAGAAGAUUUU! nm‘r‘n U CAGU: UU; 'UAUUUCAU: GAU C: ;UUCAUCU: r‘VVr‘(Vf‘TVGUGUUCUGUUAUUGAUUUAUUAC””F \UGAUUUUGUU UAAU: UCCH UUUAUCUGUAGUUUCURAGGUUGU GUI 'UAUUGACUAUACAG: \UUUCAUUUAUGCUUUGGUGU: U CAUGUAG: CAUUUUAC
CCARARUUACAAUCUAGUC UGGC: GGUGUUGCUAUGCCUAAUCUUU: GC. UGCUAUU; UGUGACCUD UUAUGGUGAUAGUGCAACAUUACCU; UGAAUGU UAUACUCAACUGUGUCAAUAUUUAAACACAUUAACAUUAGCUGUACCCUAUAAUAUGAGAGUUAUACAUUUUGGUGCUGGUUCUGAU: GUUG GGUACAGCUGUUUUAAGACAGUGGUUG
CCU GGUACGCUGCUUGU! \UUCAGAUCUUAAUGACUUUGUCUCUGAUGCAG. HUCMCUUU UUGGUGAUUGUGC: 'UGUACAU; UAAU UCUCAUUAUUAGUGAUAUGUACGACCCUARAGACU: .UGUU: U UCU JUUUUUCACUUACAUUUGU( UUUAU 'UAGCUCUU! GGUU UGGCUAU: Ui CAUUCUUGGAAUGCUGAUCUUUAURAG
CUCAUGGGACACUUCGCAUGGUGGACAGCCUUUGUUACUAAUGUGAAUGCGUCAUCAUCUGAAGCAUUUUUARUUGGAUGUARUUAUCUU cC; CAAAUAGAUGGUUAUGUCAUGCAUGCAAAUUACAUAUUUUGGAGGAAU, UCCARUUCAGUUGUCUUCCUAUUCUUUAUUUGACAUGAGUAAAUUUCCCCUUARRUUAAGGGGUACUGCUGUUAUGUCUUU. UCAAAUCAAUGAUAUGAUUUUAUCUCUUCUU

GU: 'UUAUAAUU GAGUUGUUAUUUCUAGUGAUGUUCUUGUU U \UGUUUGUUUUUCUUGUUUUAUUGCCACUAGUCUCUAGUCAGUGUGUUAAUCUU; CAG] U UU; UGCAU UAAUUCUUUCAC. UGGUGUUUAUUACCCUC \GUUUUCAGAUCCUCAGUUUU: \UUC 'UCAGG! (‘HUGUUCUH 'UUUCUUUUCCAAUGUUACUUGGUUCCAUGC
UAUACAUGUCUCUGGGACCAAUGGUACU: UUUGAUAACCCUGUCCUACCAUUUAAUGAUGGUGUUUAUUUUGCUUCCACUGAGAAGUCUAACAUAAU. UGGAUUUUUGGUACUACUUUAGAUUCGAAGACCCAGUCCCUACUUAUUGUUAAUAACGCUACUAAUGUUGUUAUUAAAGUCUGUGAAUUUCAAUUUUGUAAUGAUCCAUUUUUGEGUGUUUAUUACCAC, GUUGGAU! JGAGUU JUU;
UUCUAGUGCGAAUAAUUGCACUUUUGAAUAUGUCUCUCAGCCUUUUCUUAUGGACCUU! GGGUAAUUUC; UCUU JGUGUUUAAGAAUAUUGAUGGUUAUUUU; UAUAUUCUAAGCAC, UAUUAAUUUAGUGCGUGAUCUCCCUCAGGGUUUUUCGGCUUUAGAACCAUUGGUAGAUUUGCCAARUAGGUAUU UCACUAGGUUUC! UUU. rnU UUUACAU; UUAUUUGACUCCUGGUG:
UUCUUCUUCAGGUU CAGCUGGUGCUGH 'UUAUUAUGUGGGUUAUCUUC: 'UAGGACUUUUCUAUU: UAUAAU( \if UUAC. \UGCUGU: CUGUGH 'UUGACCCUCUCUC C: \GUGUACGUUG: UCCUU 'UGU \UCUAUC: \CUUCUAACUUU: GUCC. CAGAAUCUAUUGUUAGAUUUCCUAAUAUU .CUUGUGCCCUUUUGGUGAAGUUUUUAACGC CAG
AUUUGC}\UCUGUUUAUGCUUGGAACF\GGAAGAGRF\UCAGCARCUGUGUUGCUGAUUAUUCUGUCCUAUAUAAUUCCGCAUCAUUUUCCACUUUUAAGUGUUAUGGAGUGU 'UCCUACU! UU; \UGAUCUCUGCUUUACUAAUGUCUAUGCAGAUUCAUUUGUAAUU UGAUC GUCAG: UCGCU( GGGC. U .UUGCUGAUUAUAAUUAU; UU UGAUUUU; GGCUGCGUUAU 'UUGGAAUUCUAA
CAAUCUUGAUUCUAAGGUUGGUGGUAAUUAUAAUUACCUGUAUAGAUUGUUU U CCUUUI JUUC. UG \UCUAUCAGG! UAGC: 'UUGUAAUGGUGUUGAAGGUUUUAAUUGUUACUUUCCUUU; \UCAUAUGGUUUCCH CUAAUGGUGUUGGUUACCAACCAUACAGAGUAGUAGUACUUUCUUUUX 'UUCU: .UGCACC: CUGUUUGUGGACCU: GUCUACU:
UUUGGUUAAAAACAARAUGUGUCAAUUUCAACUUL \UGGUUUAAC; W‘HGUUCUUACU UCU ””UCUGCCUUUCCARCAAUUU GAG, \UUGCUG. 'UACUGAUGCUGUCCGUGAUCC: CUU UUCUU UUAC. VVFHUCUUUUGGUGGUGUC}\GUGUV7 \UAACAC! C \UACUUCU: GGUUGCUGUUCUUUAUCAGGAUGUUAACUGCACAGAAGUCCCUGUUGCUAUUCA
UGCAGAUCAACUUACUCCUACUUGGCGUGUUUAUUCUACAGGUUCUARUGUUUUUCAAACACGUGCAGGCUGUUL UGAACAU CAACUCAUAUGAGUGUGACAUACCCAUUGGUGCAGGUAUAUGCGCUAGUUAUCAGACUCAGACUAAUUCUCCUCGGCG UAGUGUAGCUAGUCAAUCCAUCAUUGCCUACACUAUGUCACUUGGUGC: UUCAGUUGCUUACUCUAAUAACUCUAUUGCCAUACCCACARAUUU
UACUAUUAGUGUU CAGAAAUUCUACCAGUGUCUAU( GACAUCAGUAGAUUGUACAAUGUACAUUUGUGGUG: UUCMCUGMUGCAGCMUCuUUUGUUGCMU;.\UGGCAGUUUUUGURCACMUUMACCGUGCuuumcn UAGCUGUUGAAC! GAAGUUUUUGCACAAGUC UuU; Ci U UUUUGGUGGUUUUAAUUUUUC, UAUU; CAGAUCCAUCMA

cc. GAGGUCAUUUAUUGAAGAUCUACUUUUC: GUGACACUUGCAGAUGCUGGCUUCAUC; UAUGGUGAUUGCCUUGGUGAUAUUGCUGCU: CCUCAUUUGUGCAC GCCUUACUGUUUUGCCACCUUUGCUCACAGAUGAAAUGAUUGCUCAAUACACUUCUGCACUGUUAGCGGGUACARUCACUUCUGGUUGGACCUUUGGUGCAGGUGCUGCAUUACARAUACCAUUUGCUAUGCAAAT

UAGGUUUAAUGGUAUUGGAGUU: GAAUGUUCUCUAU c UUGAUU: CCAAUUUAAUAGUGCUAUUGGCAAAAUUCAAGACUCACUUUCUU COARGUGCACUOCEARAACUD UGUGGUCAACCAAAAUGCACAAGCUUU: UUGUU: CUUAGCUCCAAUUUUGGUGCAAUUUCAAGUGUUUUAAAUGAUAUCCUUUCACGUCUUGACAAAGUUGAGGCUGARGUGCARAUUGAUAGGUUGAU
CACAGGCAGACUUCAAAGUUUGCAGACAUAUGUGACUC. UUAAUUAGAGCUGCAGAAAUCAGAGCUUCUGCUAAUCUUGCUGCUACUARAAUGUCAGAGUGUGUACUUGGACAAUC JUUU UAUCAUCUUAUGUCCUUCCCUCAGUCAGCACCUCAUGGUGUAGUCUUCUUGCAUGUGACUUAUGUCCCUGC: UUCACAACUGCUCCUGCCAUUUGUCAUGAU CACUUUCC
UCGU UGUCUUUGUUU UGGCi UGGUUUGUAAC UUUUUAUG: UCAUUACUAC, CACAUUUGUGUCUGGUAACUGUGAUGUUGUAAU: UUGUCAAC, GUUUAUGAUCCUUUGCAACCL UCAUUC: JUAGAUAAAUAUUUUAAGAAUCAUACAUCACCAGAUGUUGAUUUAGGU AUCUCUGGCAUUMUGcUUCAGUUGUMACAUUCAAAAAGAMU
UGACCGCCUCAAUGAGGUUGCCAAGAAUUUAAAUGAAUCUCUCAUCGAUCUCC: VU VAU UAUAUAAAAUGGCCAUGGUACAUUUGGCUAGGUUUUAUAGCUGGCUUGAUUGCCAUAGUAAUGGU UUAUGCUUUGCUGUAUGACCAGUUGCUGUAGUUGUCUC CUGUUGUUCUUGUGGAUCCUGCU UUUGAUGAAGACGACUCUGAG
CUUAUGGAUUUGUUUAUGAGAAUCUUCACAAUUGGAACUGUAACUUU GGUGARAUC; UGCUACUCCUUCAGAUUUUGUUCGCGCUACUGCAACGAUACCGAUACAAGCCUCACUCCCUUUCGGAUGGCUUAUUGUUGGCGUUGCACUUCUUGCUGUUUUUCAGAGCGCUUCCARRAUCAURRCCC) UAGCACUCUCCAAGGGU v1vvhAcuuuGuUUeCAACuuGcvGUUGUUGUUUGUAACAGUUUACUCA
CACCUUUUGCUCGUUGCUGCUI CUUGH 'CCUUUUCUCUAUCUUUAUGCUUUAGUCUACUUCUUGC: U, UAAUG, ,CUUUGGCUUUGCUI UGCCGUUCC: UUACUUUAUGAUG CUAUUUUCUUUGCU( UACUAAUUGUUACH 'UAUUGUAUACCUU \UAGUGU: 'UUCUU \UUGUCAUUACUUCAGGUGAU!

UUGGUGGUUAUACU U uct CUGUUGOADUACACAGUUACUUACUDCACACUAUDACCAGOUSOACDOAACU CAAUDGAGUAL CUGGUGUUGAACAUGUUACCUUCUUCAUCUACAARUAAAAUUGUUGAUGAGCCUG: UGUCCARAUUCACACAAUCGACGGUUCAUC U AR RGO ARG ECAR A CA AR e CDscuAccanccetToay
GCUGAUt U CUUAUGUACUCAUUCGUUUCH GGUACGUUAAUAGUUAAU: UACUUCUUUUUCUUGCUUUCGUGGUAUUCUUGCUAGUUACACUAGCCAUCCUUACUGCGCUUCGAUUGUGUGCGUACUGCUGCAAUAUUGUU: 'UGAGUCUUGUAAAACCUUCUUUUUACGUUUACUCUCGUGUU: UCU \UUCUUCUAGAGUUCCUGAUCUUCUGGUCU; CU; \UAUUAUAUUAGUUUUUCUGUUUG
GAACUUUAAUUUUAGCCAUGGH yuce UACUAUUACCGUU! GCUU. GCUCCUU CAAU CCUAGUAAUAGGUUUCCUAUUCCUUACAUGGAUUUGUCUUCUACARUUUGCCUAUGC! Ci U JUUUUGUAUAUAAUUAAGUUAAUUUUCCUCUGGCUGUUAUGGCCAGU. 'UUUAGCUUGUUUUGUGCUUGCUGCUGUUU U UC; UGGAAUUGCUAUCG! UGGCUUGUCUUG
UAGGCUUGAUGU 'UCAGCUACUUC HH 'UUCUUUC, UGUUUGCGCGUAC UUCCAUGUGGUCAUU! UCCAG, 'UAACAUUCUUCUC UGCCACUC UGGCACUAUUCUG, GACCGCUUCU; Ul 'UCGUAAUCGG: UGUGAUX nm‘r‘nr .UCUUCGUAUUGCU! CCAUCUAGGACGCUGUGACAU! GGACCU( U \UCACUGUUGCUACAU ‘GAACGCUUUCUUAUUACAAAU
UGGGAGCUUCGCAGCGUGU. UG UYUUGCUGCAUACAGUCGCU UUGGCAACUAUAAAUUARAC CAUUCCAGUAGCAGUGACAAUAUUGCUUUGCUUGUACAGUAAGUGAC: UGUUUCAUCUCGUUGACUUUCAGGUUACUAU GAUAUUACUAAUUAUUAU CUUUURAAGUUUCCAUUUGGARUCUUGAUUACAUCAUARACCUCAUAADU UUUAUCUAAGUCACUAACU U

UAUUCUCAAUUAGAU( CCARU U UUAUUCUUUUCUUGGCACUGAU. UCGCUACUUGUGAGCUUUAUCACU: GAGUGUGUUAGAGGU. UACUUUUAAAAGAACCUUGCUCUUCUGGAACAUACGAGGGCAAUUCACCAUUUCAUCCUCUAGCUGAU: UUUGCACUGACUUGCUUU; UCARUUGCUUUUGEUUGUCCUGACGECCUARACACGUCUAUCAS

UUACGUGCCAGAUCAGUUUCACCUAAACUGUUCAUCAGACAAGAGGAAGUUCAAGAACUUUACUCUCCAAUUUUU 'UUAUUGUUGCGGCAAUAGUGUUUAUAACACUUUGCUUCACACU! GARUGAUUG! 'UUUCAUUAAUUGACUUCUAUUUGU: UUUUUAGCCUUUCUGCUAUUCCUUGUUUUAAUUAUGCUUAUUAUCUUUUGGUUCUCACUUGAA UGC] UC; U i
UUCUUGUUUUCUUAGGAAUCAUCACAACUGUAGCUGCAUUUL UUUACAGUCAUGUACUC; UCAACCAUAUGUAGUUGAUGACCCGUGUCCUAUUCACUUCUAUUCU; \UGGUAUAUU U \UCAGCACCUUUAAUUGAAUUGUGCGU 'UGGUUCU; \UCACCCAUUCAGUACAUCGAUAU \Uj GUUUCCUGUUUACH HUUUACAAUH uur‘m‘ CCU: U
GUAGUCUUGUAGUGCGUUGUUCGUUCUAU( CUUUUU; (‘H UCAUGACGUUCGUGUUGUUUUAGAUUUCAUCU: CU UGUCUGAUAAUG 'CCCAAAAU CG \UGCACCCCGCAUUACGUUUGGUGG 'CUCAGAUUCAACUGG! UAACC U GCAGUGH U U .CAACGUCGGCCC UUU; UAAUACUGCGUCUUGGUUCAC UCUCACUCAAC UGG G

GACCUUAARUUCCCUCGAG GGCGUUCCAAUU; CAAUAGCAGUCCAGAUGACCAAAUUGGCUACU: UUCGUGGUGGUGACGGUAAAAUGAAAGAUCUCAGUCCAAGAUGGUAUUUCUACUACCUAGGAACUGGGCCAGAAGCUGGACUUCCCUAUGGUGCUAAC UCAUAUGGGUUGCAACUS CUUGAAUAC; GAUCACAUUGG UCCUGCU; UGC
UGCAAUCGUGCU. CUUCCUL GG UUGC GGCUUCUACGC] GCGG U AAGCCUCUUCUCGUUCCUCAUCA UAGUCH GUU U 'UCC] CAGU: CUUCUCCUGCU. UGGCU! UGG UGAUGCU! UCUUGCUUUGCUGCUG 'UUGAC UUGAAC; 'UUGAG. HGU 'UGGU: Ci (‘ r‘(‘ CUGU UAA
GARAUCUGCUGCUGAGGCUUCUARAGAAGCCUCGGC: GUACU( Ui \UAC: Ci 'UUUCGG! Ci JUGH CAGG. UAAUC, GGi 'UGAUUAC, UUG \UUGCACAAUUU CCAG 'UUCAC UUCUUCC UGUCGC \UUGGCAU GUC, CG UGGUUGACCT GCCAU \UUGGAUGA
CAAAGAUCCAAAUUUCAAAGAU GUCAUUUUGCUGAAUAAGCAUAUUGACGCAU r‘ HH CC: {‘(‘ GCCU: UGAU CUC. 'CUUACCH GAG] CUGUGACUCUUCUUCCUGCUGH U \UGAUUUCU CAAUUGCAACAAUCCAUG UGCUL U CU f‘CUAAACUCAUGCAGACCACACAAGGCAGAUGGGCUAUAUAAACGU
UUUCGCUUUUCCGUUUACGAURUAUAGUCUACUCTUGUS UGAAUUCUCGUAACUACAU; UGUAGUUAACUUUARUCUCACAU. UCUUUAAUCAGUGUGUAACAUT UUGARAG CACAUUUUCACC! CGCGGAGUACGAUCGAGUGUACAGUG UGCU UGCCUAUAUGH CCURAUGUGUARAAU UAUCCCCAUGUGAUUUUAAUAG

CUUCUUAGG

What can evolution tell us about this?
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Molecular Biology Review

Central Dogma of Molecular Biology Translation

newly born protei

DNA (long term information storage) i acids

large subunit

Four nucleotides A, C, G, T

l transcription

mRNA (short term intermediary) sSRNA virus
i =~ € retends t

Four nucleotides A, C, G, U (U=T) pretends to

be mRNA

l translation

protein (does the work)
20 amino acids (A, R, D, ...)

4

Ribosome finds AUG (usually first) “start codon’
* Moves along mRNA 3 nucleotides at a time

3 nucleotides = 1 codon = 1 amino acid

Stop at UAA, UAG, or UGA “stop codon”

* One mRNA -> one kind of protein

Genetic Code Svnonymous Mutations * Interval from AUG to stop codon with no stops
in between = Open Reading Frame = ORF

* 64 codons -> 20 amino acids

* Genetic code is redundant

* Different codons can encode the same amino acid
* Silent Synonymous mutations preserve amino acid




SARS-CoV-2 Phylogeny

SARS-CoV-2: positive-stranded RNA virus responsible for COVID-19 pandemic

. NC_045512_SARS_CoV_2_Wuhan_Hu_1 /
Realm:  Riboviri Sarbecovirus T\ oo SAns ooy
ealm: IDOVIria NC. 014470_Bat_CoV_BM48_51 BGH™
NC_025217_Bat_Hp_betaCoV_Zhejiang2013 S A RS
. . NC_009021_Bat_CoV_HKU9_1
. NC_030886_Rousettus_bat_CoV_GCCDC1_356
KI ngd Om . O rth O rn aVI ra e * NC_019843_Middle_East_respiratory_syndrome_CoV.
NC_038294_BetaCoV_England_1
NC_034440_Bat_CoV_PREDICT_PDF_2180

. 1 1ri NC_009019_Bat_CoV_HKU4 1
Phylum: Pisuviricota C-000019 Bat_Cov_HKU4 1
Beta NC_039207_BetaCoV_Erinaceus_VMC_DEU_174_GER_20 M E RS
. e e . NC_001846_Mouse_hepatitis_ MHV_A59_C12_mutant
Class: Pisoniviricetes NG 012056 Ral_CaV. Parker
NC_006213_Human_CoV_OC43_ATCGC_VR_75
NC_017083_Rabbit_CoV_HKU14

. i i NC_026011_BetaCoV_HKU24_HKU24_R05005I
O rd er. N I d ovira l es L———k-NC_006577_Human_CoV_HKU1
NC_001451_Avian_infectious_br iti
F . | C .. d 4 :NS:M 0800_Turkey_CoV cov s
. NC_010646_Beluga_Whale_CoV_.
ami y oronaviridae NC_011547. Bulbul_CoV. HKUT1. 934

NC_011549_Thrush_CoV_HKU12_600
. NC_011550_Munia_CoV_HKU13_3514
Gen us Beta CO ronaV| rus NC_016993_Magpie_robin_CoV_HKU18
¢ NC_016992_Sparrow_CoV_HKU17
NC_039208_Porcine_CoV_HKU15_HKU15_155
NC_016991_White_eye_CoV_HKU16
NC_016996_Common_moorhen_CoV_HKU21
NC_016994_Night_heron_CoV_HKU19
NC_016995_Wigeon_CoV_HKU20
NC_032730_Lucheng_Rn_rat_CoV_19
NC_034972_CoV_AcCoV_JC34
NC_035191_Wencheng_Sm_shrew_CoV_Xingguo
NC_002306_Feline_infectious_peritonitis
NC_028806_Swine_enteric_CoV_ltaly_213306
NC_038861_Transmissible_gastroenteritis
NC_023760_Mink_CoV_WD1127

Common
Cold

Subgenus: Sarbecovirus

Species: Severe acute Alpha

respiratory syndrome-
related coronavirus

Strain: Severe acute

respiratory syndrome
coronavirus 2
(SARS-CoV-2)

NC_005831_Human_CoV_NL63
NC_032107_NL63_related_bat_CoV_BtKYNL63_9a
NC_009988_Bat_CoV_HKU2
NC_028824_BtRf_AlphaCoV_YN2012
NC_003436_Porcine_epidemic_diarrhea
NC_009657_Scotophilus_bat_CoV_512
NC_022103_Bat_CoV_CDPHE15_USA_2006
NC_010437_Bat_CoV_1A
NC_010438_Bat_CoV_HKU8
NC_018871_Rousettus_bat_CoV_HKU10
NC_028814_BtRf_AlphaCoV_HuB2013

55 Coronaviridae

x Infect Humans



Coronaviruses

Positive strand RNA virus
Enclosed in roughly spherical lipid bilayer envelope
Surface projections “spikes”

Four structural proteins
— spike protein (S),

S1: viral attachment to host-cell ACE2 receptor
S2: membrane fusion, viral entry

— envelope protein (E),

— membrane protein (M),

— nucleocapsid protein (N)

— Common to all coronaviruses

— These are packaged with genomic RNA to make new virions

Genome is ~30,000 nucleotides, very long for an RNA virus
Genome looks like an mRNA

0 5000 10000 15000 20000 25000 29903
- >eap 7a7b
—  Poly-A tail il ORF1a | ORF1b u S SEEMG 8N SAXAIR

Encodes around 30 proteins
Kim et al. bioRxiv 2020 https://doi.org/10.1101/2020.03.12.988865

Questions:
— How does one “mRNA” encode so many proteins (usually only 1)?
—  How does viral RNA genome get copied (usually RNA is copied from DNA)?



Expression and replication

0 5000 10000 15000 20000 25000 29903 Y S AAAAA.,

L 1 1 1 1 1 ] 3a l AAAAA
7a7b == F = AARAA.,

L ORF1la ORF1b S 3aEM6|/8N 3' UTR s M B AARAA..
% AAAAA. 6= AAAAA
& il 7al AAAAA.

TRS-L TRS-B TRS-B 7b = AAAAA..
8B AMAAA

ONI AAAAA..

First, ORFla is translated

Cellular proteins cleave ORF1a into several proteins
- One of them is 3CLP™ which cleaves more.

- ORF1la is cleaved into 11 “non-structural proteins” (nspl-nsp11)
Sometimes, programmed frameshift occurs during ORF1a translation
ORF1la + ORF1b is translated, cleaved -> nsp1-10 + nsp12-16
nspl12 = RNA-dependent RNA polymerase (RdRp) which copies RNA
nsp14 = ExoN does proofreading = low coronavirus mutation rate
Other nsps involved in:

—  helicase

— assembly

—  suppression of host cell and immune system function
How are proteins in the rest of genome translated?
RdRp transcribes genomic RNA to negative strand RNAs

Programmed Frameshift

..UUU UUA AAC GGG UUU GCG GUG UAA (end of ORFla)
AAA CGG GUU UGC GGT GUA AGU GCA..

* Bunched RNA slows down ribosome

* Ribosome sometimes moves back one nucleotide

* Continues translating in a different reading frame

* Bypasses the stop codon

* Five codons translated in two different reading frames

— Some are full length. These are then transcribed back to positive strand RNA to replicate genomic RNA

—  Others stop transcription at transcription-regulating sequences (TRS) and join to TRS in leader for leader-body fusion
Transcribed back to a nested set of positive strand subgenomic RNAs (sgRNAs) for translation of other genes

subgenomic RNAs are translated to create:

—  Structural proteins: spike protein (S), envelope protein (E), membrane protein (M), and nucleocapsid protein (N)
—  Also several “accessory proteins” with less well characterized function (ORFs 3a, 6, etc.)

One other bit of coronavirus biology:

— Recombination is common in coronaviruses when two viruses infect the same cell
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l‘nl\nl‘{"wl'l‘{‘r'n'w‘r"l'l‘{‘l\n 'r'r‘ ACCTCATGGTCATC TGTCCTTGTCCCTC AATACCAGTGGCTTACCGCAAGGTTCTTCTTCGTAAGAACGGTAATAAAGGAGCTGGTGGCCATAGTTACGGCGCCGATCTAAAGTCATTTGACTT

AGGC..ACGAGCTTGGCACTGATCCTTATPA AGAAAAC! GGAA i i i

&ns 'GCA‘IACACTCGCTATGTCGAT \CAACTTC! GTGGCCCTGATGGCLSP]' SIOWS down InfeCtEd Ce” prOdUCtlon Of own prOteInS AACAACTGGACTTTA‘ITGACACTMGAGGGGTGTATACTGC1‘GCCGTGAACATGAGCATGAAATTGCTTGGTACACGGAACGTTC’ GAAAAGAGCTATGAATT 3CAGACACCTTTTGAAA
'TGACACCTTCAATGGGG: AAATTTTGTATTTCCCTTAAATTCCATAATCAAGACTATTCAACCAAGGGTTGAAAAGAAAAAGCTTGATGGCTTTATGGGTAGAATTCGATCTGTCTATCCAGTTGCGTCACCAAATGAATGCAACCAAATGTGCCT! "TCTCATGAA( GTGTI CATTGTGG 'GAAA( TGGCAGACGGGCGA
CTACTTGTGGTTACTTACCCC. Ci CAGMGTAGGACCTGAGCATAGTCTTGCCGAATACCATAATGAATCTGGCTTGAAMCCATTCTTCGTMGGG 'GGTCH TATTGCCTTTGG C 'GTGTGTTCTCTTAT

ﬂSSﬁﬂSﬁiﬁﬂﬁﬁﬁﬁiﬂ%SmiiﬁﬁﬁEE&%&ESEE&%E&&XH&@Im&igimﬁéﬁﬁﬁﬁaSﬂﬁﬂﬁﬁﬁﬁéé%ﬁEﬁﬁﬁﬁ‘iﬁaﬂaﬁﬁiiﬁmﬁﬂ%ﬂ%ﬁﬂ%ESS PR R R e e TR RRGRREEECERIRARKATACR

AGATGGAATTTCA 'GAGACT A1uATGTTCACATCTGATTTGGCTACTAACAATC AGTTGTAA' TTACAGGTGGTGTTGTTCAGTTGACTTCGCAGT n52 Assouated with endosome-formm 'GAA( AGAAGTTTAAGGAAGGTGTAGAGTTTCTTAGAGACGGTTGGGAAATT
AR AT O ARG O OO AR PTG TC COTCOACARRT TGl CACCT O G AR RGO ARAT TR AGCRCAGT G T T CAGACR T ORI T ARG DR EAARTARA = e e S BTG CACGCACT CAAACGOAT SOTACAGARA TAAATCCAGAGAAGAAA
CTGgCCgIéCTCé"‘ME"‘ CC“ E“S;S“a;;;a;g& ;”TTCTTAGAMGAGAAACACTTCCCACAGAAGTGTTAACAGAGGAAGTTGTCTTGAAAACTGGTGATTTACAACCATTAGAACAACCTACTAGTGAAGCTGTTGAAGCTCCATTGGTTGGTACACCAGTTTGTATTAACGGGCTTATGTTGCTCGAAATCAAAGACACAGAAAAGTACTGTGCCCTTMACCTM
TATGATGGTAACAAACAATACCTTCA( T
Inep3:s AACAAAGGTTACT T TTGGTGATCACACTG GATAGAAGTGCAGGTTACARGAGTCTGARTATCACTTTTGAACTIGATCAAAGGATICATAAAGTACTIAATGAGAAGTGCTCTGCCTATACAGT TGAACTCGOTACAGAAGTARATGAGTTCGC CCAGATGCTGTCATAAARACTTTCCAACCAGTATCTGARTTACTTACACCACTOGACA

'TG. TTTAGATGAGT TACATACTACTTATTTGATGAGTCTGGTGAGTT! 'TGGCTTCi CATATGTATTGTTCTTTCTACCCTCCA,,ATGAGGATG \GAAGAAGGTG. AGAAGAGTTTGAGCCATCAACTCAATATGAGT. 'TGA TTACCAAGGTAAACCTTTGGAA ‘GTGCCACTTCTGCTGCTCTTCAACCTGAAGA
AGAGCAAGAAGAAGATTGGTTAGATGA! A AACAAAC'1‘GT‘1‘GGTCAACAAGACGGCAGTGAGGACAATCAGACAACTACTATTCAAAC 'GTTGAGGTTCAACCTCAATTAGA( ATGGAAC TACACCAGTTGTTCACACTATT s AAGTGAATAGTTTTAGTGGT" TAAAACTTACTGACAA

G AACACT OO TGT T AR OCACOC AR PO T ACC T T AR A AT GOACC RGO CT G ACGACCC T T AR AT A RGO TACTAAC AR CCCATGCRAGTTCARTCTCATGATTACA TAGCTACTAR G RCCACTTANAGTCGCTOCTAGTTCTCITTTAAGCOCACACAATCTTGCTARACACTTC
TTCTTMGAGTGCTTAT‘;AAAATTTTAATCA GCACGAA( GTTCTACTTGCACCATTATTATCAGFTGGTATTTTTGGTGCTGACCCTATACATTCTTTNAGAGTTTGTGTAGATACTGTTC ‘CACAAATH ""‘TACTTAGCTG1&,; 'AAACTTGTTTCAAGCTTTTTGGAAATGAAG! 'GJ C.
s AGGAA 'AAGCCA! AAACCTTCA( GTTGAACAGAGAAAACAAGATGA 'AAGAAAATCAAAGCTTGTGTTGAAGAAGTTACAACAACTCTGGAAGAAACTAAGTTCCTCACAGAAAACTTGTTACTTTATA ,TGGCAATCTTCATCCAGALLLL&.LACTCTTGTT’ 'TGACATCACTTTCTTAAAGAAAGATGCTCCATATATA
GTGGGTGATGTTGTTCMGAGGGTGTTTTAALTGCTGT GTTATACCTACTAAARAGGCT GCACmcmmmcmsccmccTMGAGAAAAGTGCCAACAGACAATN TATAACCACTTALCCGGGTCAGGGTTTAAA DT ACACTGTAGAGCAGECAARGACACT GCTTRARARGE AARAGTGCCITITACATICTACC? O TP ATCTOTAR TOAGARGE
AAGAAATTCTTGGMCTGTTTCTT 'TGCGAGAAATGCTTGCACATGCAGAAGAAA! GCAAATTAATGCCTGTCTGTGTGGAAA( TAGTTTCAACTATACAGCGTAAATATAAGGGTATTAAAATACAAGAGGGTGTGGTT! ATTATGGTGCTAGATTTTAC T TACACCAGTAA. "AACTGTAGCGTCACTTATCAA lf‘l\l"'f"I‘AACGATCTAMTGA
TCTTG! GCCACTTGGCTATGTAACACATG( ,CTTAAAT" TTGGAAGAAGCTGCTCG"TATATGAGATC 'CTCAAAGT! GCCAGCTACAGTTTCTGTTTCTTCACCTGAT('"’I‘("I‘TRCAGCGTATAATGGTTATCTTAL11 TCTTCTAAAACACCTGAAGAACATTTTATTGAAACCATCT! CALTTGCTGGTTCC ATAAAGATT! 'CCTATTCTGGACAATCTACA
AR GGTATAGAATTTCTTAAGAGAGGTGATAAAA AT AT ACACTAGTAATCCTACCACAT T CCACCTAGATOTGAAGTTATCACCT TTGACAATCITAAGACACT TCTTICITTGAGAGAAGTCACGACTATIAAGGTG TTACAACAGTAGACAACATTAACCTCCACA..GCAAGTTGTGGACATGTCAATGACATATGGACN ‘CCAACTTATTTGG
TG T CTTAACACTCCARCAAATACAGTTCARGTT I ‘A?:'S‘QISS‘%GCTCTﬁ‘éK%ﬁ%ES%KEﬁSﬁ: A A CEGC T GG RGO G TARCT T T T QT CCACT TR TC T IAGCCTACTGRARTA e L - ARCGIGCTGTGTAARACTTCTGOR
TGCATTGTTAACACTCCAA! AAATA s AGT T ‘TTTAAT GC 'GGTGi A AR CGTGGTGTGT. C A
CAACAGCAGACAACCCTTAAGGGTGTAGAAGCTGTTATGTA GGGCACACMTCMMGMCAMMMGAn ;.AGATACCTTGTACGTGTGGTAAACAA CTACAAAATATCTAGTANSP CutS |OOSe V|ral protems aIters hOSt protelns remove uquUItln tags TGAGTACALT GTAATTACC,
ACTAT_AACATATMCTTCTAMGAMCTTTG 'ATTGCATAGACGGTGCTTTACTT 'CAGAATACAA ' TCCTATTACGGATGTTTT! AAAG CAGTTA(‘ CAACAACCATERA 2 Az el 2 1A 2 AR ACAR CAATTCTTATT 'CACAGAGCAACCAATTGA
TCTTGTACCAAACCAACCATATC CGCAA(;CTTCGATAATTTTAAGTTTGTATGTGATAATATCAAAl TTGCT GATTTAAACCAGTTAACTGGT 'CTGCTTCAA( GAGCTTAAAGTTACATTTTTCCCTGAC TAAATGGTGATGTGGTGGCTATTGATTATAAACACTACACACCCTCTTTTAAGAAA AGH TTAC TAAACCTATTGTT
O CA TG r TR ACAR OO ACT AR T AR GOCRCOTA TR AR CCAR AT ACCT GO T GTATACTTOTCHT T COAGCACAARA CAGTTGAAACATCAAATTCGTTTGATGTACTGAAGTCAGA GACGCGCAGEGAATGCATAATCTTGCCTGCGARGATCTARAACCAGTCTCTGAAGAAGTAGTGEAARATC AccuAcmchcemcucm CIAATGTGARAACTACCS
AAGTTGTAGGAGACATTATACT! TAAACC \GCAZ _ATAATAGTTTAAAAATTACAGAAGAGGTTGGCCACACAGATCTA..TGGCTGCTTATGTAG \CAATTCTAGTCTTACTATTAAGAAACCTAATGAATTATCTAGAGT: """"“("l‘TGCTACTCATGGTTTAGCTGCTGTTAATAGTGTCCCTTGGGATACTATAGCTAAT 'TTAACAA
AGTTGTTAGTACAACTACTAACATAGTTACAC 'ACTTTATTGCTACAATTGTGTACTTTTACTAGAAC GTACAAATTCTAGAATTAAAGCATCTATGCCGAC 'ACTATAGCAAAGAATACTGTTAAGA! GTGTCGGTAAATTTTGTCTAGAGGCTTCATTTAATTATTTGAAG CACCTAATTTTTCTAAACTG
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GTACATCTTCTTTGCATCATTTTATTATGTAT! ATGTGCATGTTGTAGACGGTTGTAATTCATCAACTTGTATGATGTGT! GTAATAGAGCAACAAGAGTCGAATGTACAACTATTGTTAATGGTGTTAGAAGGTCCTTTTATGTC TATGCTAATGGAGGTAAAGGCTTTTGCARACTACACAATTGGAATTGTGT TAATTGTGATACATTCTGTGCTGGT
AGTACATTTATTAG' GATGAAGTTGCGAGAGACTTGTCACTACAGTTTAAAAGACCAATAAATCCTACTGACCAGTCTTCTTACATCGTTGATAGTGTTACAGTGAAGAATGGTTCCATCCATCTTTACTTTGATAAA GGTCAAAAGACTTATGARAGACATTCTCTCTCTCATTTTGTTAACTTAGACAACCTGAGAGCTAATAACACTARAGGTTCATTGCCTATTAATG
TTATAGTTTTTGATGGTARATCAAAATG! CTGCARAATCAGCGTCTGTTTACTACAGTCAGCTTATGTG! TATACTGTTACTAGATCAGGCATTAGTGTCTGATGTTGG! GIGCGGAAGTTGCAGTIAAAATCTTICATGCTTACGTTAATACCITTTCATCARCTTTTAACGTACCAATCGARAAACTCAARACACTAGTTGCAACTGCAGARGE
TGAACTTH CAAAGA_‘.TGTGTCCTTAGACAATGTCTTATCTACTTTTATTTCAGC GCTCGGCAAGGGT" TGTTGATTcAGATGTAGAAACTAAAGATGTTGTTGAATGTCTTAAATTGTCACATCAATC GACATAGAAGTTACTGGCGATAGTTGTAATAACTATATGCTCACCTATAACAAAGTTGAAAACATGACACCCCGTGACC GCG
CGTCATATTAATGC GCAARARGTCACAACATTGCTTTGATATGEARCGTTARAGATTTCATGTCATTGTCTGAACAACTACGARARCAARTACGTAGTGCTGCTAARARGRATARCTTACCTITTAAGTTGAC O GOARCTACTAGACAAGTTGITAATOTTGIAACAACARRCATAGCACT TAAGGGT

énsg4:G.,TAAAA AATA e COTSOAAGCAGTTART TIACACTTGIGTTCCT T TTGTTGCTGCTATITTCTATITAATAACACCTGTTCATGTCATGTCTAAACATACTGACT T TTCAAGTCARAT CATAGGATACAR GG CTATTGATGGTCGTGTCACTCGTGACATAGCATCTACAGATACT TG T ITTGCTAACAAACRTGCTGATTITGACACATGGTTTA
CC: GCGTGGTGGTAGTTATACTAATGACAAAGCTTGCCCATTGATTGCTGCAGTC GGGTTTTGTCGTGCCTGGTTTGCCTG TTTAGTGCAGTTGGTAACATCTGTTACACACCATCAARACTTATAGAGTACACTGACTTTGCAACATCAGCTTGTGTTTTGGCTGC
TGAATGTACAA' AR AGATOCTT T GOTARGOCAGTACCATATTOTTATOATACC AATOTACTACAAGOTT CTO I T GOT TATCARAGT TTACOCCCTORCACACG T ATCT GOTCATOOAT GGAmE N AT vt 3 AACTTTTGATTC’I'GAGTACTGTAGGCACGGCACTTGTGAAAGATCAGAAGCTGGT
TG RGO ACTAGT OO AGAT GGG TACT T AR CARTGATT AT T ACAGA TP T COAGOACT T T T CT OGO ACATCCT G TR AT TAC DT ACT AR TAT GETEACACOACT AR TTCAACC 4: Builds bubbles to f | | I
ACAGICATGTAGITGCCTTTARTACTTTACTATTICCTTATGTCATTCACTGTACTCIGTTTAACACCAGTTTACTCATTCITACCTGGTGTTTATICTGITATTTACT IGTACTIGACATITTAT ns| uilds bubbles to form new viral molecules [¢57 ConTCTac A'rnnrnn"r'rn CRARGCA
TTTCTATTGGTTCTTTAGTAATTACCTAAAGAGACGTGTAGTCTTTAATGGTGTTTCCT! AGAAGCTGCGCTGTGCACC T AATAAAGAAATGTATCTAAAGTTGC TAAGTACA. AA(‘TAGCTACAGAGAAGCTGCT
GTT"TCATCTCGCAAAGGCTCTCAATGACTTCAGTAACTCAGGTTCTGATGTTCTTTACCAACCACCACAAACCTCTATCACCTCAGCTGTTTTGCAG

nsp5 : AGTGGTTTTAGAAAAATGGCATTCCCATCTGGTAAAGTTGAGGGTTGTATGGTACAAGT; TCCTACAACTACACTTAACCGICTITCGCTTGATGAC TGICCAAGACATGTGATCTGCACCTCTGRAGACATGCTTARCCCIAATTATCAAGATITACTCATTCGTARGICIAATCATARTTTCTTGETACACGCTGOTARTGITCARCTCAGSG
R CACATT AT GCARAR T TGO TACTT ARGCTTARCOR GATACAGCcmu'cCTAAGACACCTAAGTATAAGMTGMCGCM:TCAACCA CCAATGTGCTATGAGGCCCAATTTCACTATTAAGGGTTCATTCCTTAATGGTTCATGTGGTAGTGTTGGTTTTAACATAGATTATGA
CIGIGTCTCITITIGTTACATGCACCATATGGAATIACCARCTCGAGTICA GCACAGACTTAGAAGGTAACTTITATGGACCTTTTGTTGAC nsp5/3CL-PRO: Cuts loose other nsp protem TTTTAGCTTGGTTGTACGCTGCTGTTATAAATGGAGACAGGTGGTTTCTCAATCGATTTACCACAACTCTTAATGACTTTMCCTTGTG
GO AT ARCTACAR FTATGARCOTCTARCACAACACCATCT T CACATACTACOACCTCT T T CTGCTC AAACTGCARTT TTTACACC

nsj .AGTGCAGTGAAMGAACAATCAAGGGTACACACCACT"GTTGTTACTCACAATTTTGACTTCACA TTAGTCC. 'TCAATGGTCTTTGT! — ""n"'f"‘"""'f‘“"‘"'TTGC TGA' GTTTGTCMACATAAGCATGCATTTCTCTGTTTGTTTTTGTTACCTTCTCTTGCCA
TG C C

TATATGCCTGC TTGTCTGGTTTTAAGCT GA g ‘ TGATGGTGCTAGGAGAGTGTGGACACTTATGAATGTCTTGA
AR TOCT T TACA T CA RGO AT O e e OOT T AT AR CT T GREACTTCTARCTACECAGOT GT A G T ACAAC TG CATGPT T SGGCCACRGOTAT TR RANSP6: Works with NSP3 and NSP4 to make factor bubbles [CH A e AT Te o T T PACECT AT T T T TG TAC T TOTTACT PTG CCOTCT T T CT P PACTCARCCOC
TACTF%S’;%%&A% R TR TR PO TR T T OC O T CA AT CTGTCCAGT T ACACAR TOACAT T CTCTTAGOT AAAGATACTACT A AGCCTT TCARR ALY GOTTECACTA LTI TCTGTTTTGCTTITCCATGE ATAAACAA AGAAATGCTGG

ns GCTTT
ACRRCAGGECARCORT nsp7: Makes RNA copies (with NSP8 and NSP12)

[nsp8: GCTA’I‘AGCCTCAGA" GAGCAGGCTGITGCTARIGGIGATICIGAAGTTIGTICTT GTGATGCAGCCATGCAACGTAAGTTGGd
ACGACAAGAGGGCAARAGTTACTAGTGCTATCCACACAATGCTTTTCACTATCCITACAAAGTTGGATANTCATCCACTCAA CARTGCAAGAGATGGTT 9: C h | h Il ] A A RS ARARSE 5% nsp8: Makes RNA copies (with NSP7 and NSP12
AATCCMCAGGTTGTAGATGCAGATAGTAAAA; TGTTCAACTTAGTGAAAT ACMTTCACCTAATTTAGCATGGCCTCTTATTGTMCAGCTTTMGGGCCM nsp reates cha n n e S in OSt cell nucleus

'AATGAGCTTAGTCH CACAACA CC ACTGGTACTATCTATACAGAACTGGAACCACC

ARCTTACICA SNy
J3‘“’KC‘“3I‘C‘JT““‘G‘“C"T’W‘GnsplO Camouflage viral genes to avoid detection (with NSP16) FGCCACAGTACGTCTACM] -
[nspl‘nsplll x - no function known’

812 (Pol) : TCAGCTGATGCACAATCGTTTTTAAA

C

TTIGCGETCTAR 1 GTGCAGCCCGTCTTACACCGTGéGGCK(I:AGGCACTAGTACTGATGTCGTATACAGGGCTTTTGACATCTACAATGATMAGTAGCTGGTTTTGCTAAATTCCTAAAAACTMTTGTTGTCGCTTCCAAGAAAAGGA AAT! GATT ACTTARGAGACACACTITCTCTAACTACCAACATGAAGARACAATTTATA
ATTTA TT. ‘CAGCTGTTGCTAAAC: TGACA ACGT CAAu.,lL,11ACTAAATACACAATGGCAGACCTCGTCTATGCTTTAAGGCATTTTGATGAAGGTAATTGTGACACATTAAAAGAAATACTTGTCACATACAATTGTTGTGATGATGATTATTTC 'AAAAAGGACTGGTATGATTTTGT
CCCAGATATATTACGCGTATACGCCAACTT GTGAACGTGTACGCCAAGCTTTGT S AARCAGTACRATTC CATGCGAAATGC rnnrnmrwnwrrnnr TTC TT ATACAAACCACGCCAGGTAGTGGAGTTCCTGTTGTAGATTCTTATTATTCATTGTTAATGCCTATA
TTAACCTTGACCAGGGCT 'AACTGCAGAGTCACATGTTGACACTGACTTAACAAAGCCTTACATTAAGTGGGAT) AGACATACCACCCAAATTG' AC T CAGATGCATTCTGCATT 'AC. CCAC
CTACAAGTTTTGGACCACTAG GAGAAAAATATTTGTTGATGGTGTTCCATTTGTAGTTTCAACTGGATACCACTnsplZ(Pol): Polymerase, makes new viral coples ACTTAGTTTTAAGGAATTACTTGTGTATGCTGCTGALuL1bhlnTGCALl,l.,lbullLluul TCT. ATTACTAGATAAACGCACTACGTGCTTTTCAGTAGCTGCACT
TACTAACAATGTTGCTTTTCAAACTGTCAAACCCGGTAAT ACT' TCTATGACTTTGCTGTGTCTAA CTATC, ATAATCTACCAACAATGTGTGATATCAGACAACTACTATTTGTAGTTCAAGTIGTIGATAAGTAC
TTAATGCTAACCAAGTCATCGTCAACAACCTAGACAMTCA AGGCTAGAC AAGATGCACTTTTCGCATATACAAAACGTMTGTCATCCCTACTATAACTCAAATGMTF’I‘TA AAAGA TCGCACCGTAG
CTGGTGTCTCTATCTGTAGTACTATGACCAATAGACAGTTTCA’I‘CAAAAATTATTGAAATCAATAGCCGCCACTAGAGGAGCTACTGTAGTAATTGGAACAAGCAAATTCTATGGTGGTTGGCACAACATG TAAAAACTGTTTATAGTGA' ACCCTCACC 'CCTAAAT c TGCCTAACATGCTTAGAATTATGGCCTCACT
TGTTCTTGCTCGCAAACATACAACGTGTTGTAGCTTGTCACACCGTTTC f'f"l‘TCACTATATGTTAAACCAGGTGGAACCTCATCAGGAGATGCCACAACTGCTTATGCTAATAGTGTTTTTAACATTTGTCAAGCTGTCACGGCCAATGTTAATGCACTTTTATCTACTGATGGTAACAAA
ATTGCCGATAAGTATGTCCGCAATTTACAACACAGACTTTATGAGTGTCTCTATAGAA ACAGAC TTGTGMTGAGTTTTACGCATATTTGCGTAMCATTTCTCAATGATGATACTCTCTGACGATGCTGTTGTGTGTTTCAATAGCACTTATGCATCTCAAGGTCTAGTGGCTAGCATMAGMCTTTAAGTCAGTTCTTTATTATCAAAA TTT
TTATGTCTGAAGCAAAATGT! GGACTGAGACTGACCTTACTAAAGGACCTCATGAATTTTGCTCTCAACATACAATGCTAGTTAAAC TGATGATTATGT CTTCCTTACCCAGATCCA! TCAAGAATCCTAGGGGCCGGCTGTTTTGTAGATGATATCG AAAAACAGI ACTTATGATTGAACGGTTCGTGTCTTTAGC TTACCCACTTACTAA

ACATCCTAATCAGGAGTATGCTGATGTCTTTCATTTGTACTTACAATACAT TACATGATGA ACA ACA i CTTACTAATGATAACACTTCA ACACCGCATACAGTCTTACAG
J‘ 813- AATTCACAGAC‘TTCATTAAGATGTGGTGCTTGCAT EGTCATATCAACATCAC: TAAATTAGTCTTGTCTGTTAA CCGTATGTTTGCAAT',C 'CCAGGTTGTGATGTCACAGAT TGACTCAACTTTACTTAGGAGGTATGA‘ CTATTATTGTAAATCACATAAA
CA CCATTAGTTTTCCATTGTGTGCTAATGGACAAGTTTI 'GGTTTATATAAAAATACATGTGTT] GTGACTGGACAAATGC 'GGTGATTACATT! 'TAACACCTGTACTGAAAGACTCAAGCTTTTTGC. GCAGAAACGCTCAAAGCTACTGAGGAG 'TTAAACTGTCTTATGGTATTGCTACTGTAC
'AGAGAATTACATCT! TGGTAAACCTAGACCACCACTTAS RRERTTA = = RACTARZ TA\:GAGAGTACACCTT AAA TATGGTGATGCTGTTGTTTACCGA FTACAACAACTTACAAA TGATTATTTT('TGCTGACATCACATAC GTAAT
ATTAAGTGCACCTACAC,,AGTGCCACMGArrAr AGAATTACTGGCTT'LTACCCAACACTCAATATCT"AGATGAGTTTTCTAGCAATGTTGCAAATTA ,CAAAAGGTTGGTA, CAAAAGTATTCTACACTCCAGGGACCACCTGGTACTGGT. T TCT cm;c-mu_‘_, TCTGCTCGC: TGCTCTCAT
'TGAT! CTATGTGAGAAGH 'TTGCCTATAGATAAATGTAGTAGAATTATACCTGCACG FFTFGTGTAGAGTGTTTTGATAAATTCAAA ‘TGAATTCAACATT: AGAACAGTATGTCTTTTGTACT AAATGCATTGCCTGAGACGACAGCAGA' ATAGTTGTCTTTGA GAAATTTCAATGGCCACAAATTAT GATTTGAGTGTTGTCAATGCCA

TCAATTACCTGCACCACGCACATTGCTAACTAAGGGCACACTAGAA 'TTCAATTCAGTGTGTAGACTTATGAAAACTATAGGTCCAGACATGTTCC! GAACTT"TCGGCG TGTCCTGCTGAAATTGTTGACACTGTGAGTGCTTTGGTTTATGATAATAAGCT! CAAAT!
AATGTTTTATAAGGG! TGATGTTTCATCTGCAATTAACAGGCCACAAATAGGCGTGC .ARFAPMTTCCTTACACGTAACC IGCTTGGAGAAAAGCTGTCTTTATTTCACCTTATAAT! GAATGCTGTAGCCTCAAAGATTTTGGGACTACCAACTCAAAC um“\_ATCACAuuuu\_ﬂGA TATGTCATATTC
CTCAAACCACTGAAACAGCTCACTCTTGTAATGTAAACAGATTTAATGTTGCTATTACCAGAGCAAAAGTA ATACTTT CACCTTTATE CTTGAAATTCCACGTAGGAATGTG CAACTTTAC 1

ns; 14 Gc'f‘r'u ATGTAACAGGACTCTTTAAAGATTGTAGTAAGGTAATCACTGGGTTACATCCTACACAGGCACCTACA ATACCTGGCATACCTAAGGANW ACTCATCTC' TGAATTATCAAGTTAATGGTTACCCTAACATGTTTAT ACCCG
T TTCGA' 2 c
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GAA TATAA( C. .CTACTAGAGAAGC mum\_cmﬂspl‘]'(EXON) Error-correction exonuclease A AATAATAC GATTTTTCCAG. GTTAGTGCTAAACCACCGCCTGGAGATCAATT TAC.
ACGACTRCOT TATAAAGATTGTACARATGTTAAGTGACACACTTAAAAATCTCTCTGACAGAGTCGTA AAAATAGGACCTGAGCGCACCTGTTGTCTA GTGATAGACGTH E‘CACATGC1‘TTTCCACTGCTTCAGACACTTATGCCTGTTGGCA AT TCTATTGGAT
GATTACGTCTATAATCCGTTTATGATTGATGTTCAACA TTTTACAGGTAACCTACAAAGCAACCATGATCTGTATTGT! CAAGTCCATGGTAATGCACATGTAGCTAGTTGTGATGCAATCATGACTAGGTGTCTAGCTG CCACGAGTGCTTTGTTAAGCGTGTTGACT! TCCTATAATTGGTGATGAACTGAAGAT CGGCTTGTAGAAA
GTTCAACACATGGTTGTTAAAGCTGCATTATTAGCAGACAAATTCCCAGTTCTTCACGACATTGGTAACCCTARAGCTATTAAGTGTGTACCTCARGCTGATGTAGAATGGAAGTTCTATGATGCACAGCC T AT AN ARTAGARGARTT AR CTATTOR TR FFACACATTCTGACAAATTCACAGATGGTGTATGCCTATTTT‘ ATTGCAATGTC
AARGTCTOCT z'x' E-,é&ﬁﬁﬁ’éﬁggﬁgﬂiﬁﬁégﬁ" TAGACATCATGOTAATC AGTAEnS 15(Uridylate): Cuts viral RNA to hide from infected cell viral defense EgAACCTCTGGAACREAi"iiAC:};gﬁ‘c‘;;g G GTCTCATCGARARCAAGTAGTCTCAGR TRTGTACCAC
< T GGTGCTGTCT GJ
& S S IRGTD GCTTTTAATGTTGTAAATAAGGGACACTTTGATGGACAACAGGGTG, p Y TACCTGTTAATGTAGCATTTGAGCTTTGGGCTAAGCGCAACATTARACCAGTACCAGAGGTGAAAATACTCAATAATTTGGGT
TG ACMmcrGCTAATACTGTGATCTGGGACTACAmmGAGA GO CCAGCACATATATCTACTATTCOTGTTTGTTICTATGACTGACATAGCCARGARACCAACTGARACGATTTGTGCACCACTCACTGTCTT T T TGATGGTAGACT T GATGGTCAAGTAGACT TATT TAGAAATGCCCGTARTGGTG T TCTTATTACAGAAGGTAGT CTTARAGGTTTACAACCATCIG

TAGGTCCCAAACAAGCTAGTCTTAATGGAGTCACATTAATTGGAGAAGCCGTAAAAACACAGTTCA AGTTGATGGTGTTGTCCAACAATTA ’GCTATGGATGAATTCATTGAACGGTATAAATTAGAAGGCTATGCCTTCGA
CATATCGTTTATGGAGATTTTAGTCATAGTCAGTTA; TC: ACTGATTGGACTAGCTAAACGTTTTAAGGAATCACCTTTTGAATT GAAGATTTTAT nsp16(2 -0O- m) Camouflage viral genes to avoid detection (w|th P14) I AATAATAAAATCCCAAGATTTA

TCTGTAGTTTCTAAGGTTGTCAAAGTGACTATTGACTATACAGAAATTTCATTTATGCTTTGGTGTAAAGATGGCCATGTAGAAACATTTTACCCAAAATTACAA

Q
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Spike(S): Spike roteln attaches to ACEZ receptor to enter cell ACGRACA[Spike (S) : ATGTTTGTTTTTCTTGTT
TTATTGCCACTAGTCTCTAGTCAGTGTGTTAATCTTACAACCAGAACTCAATTACCCCCTGCATACACTAATTCTTTCACACGTGG TCTCAGTT TTCTITTCCARTGTIACTTGGTTCCATGCIATACATGTCTCTGOGACCAATGGTACTAAGRGTTTGATARCCCTGTCCTAC
AT TAATGATGGTGTITATITICCTTCCACTGAGARGTCTACATAATAAGRGGCTGEA GGTACTACTTTAGATTCGAAGACCCAGTCCCTACTTATTG T TAATAACGCTACTARTGTTGT TAT TAARGTCTGTGAATTTCAAT T TTGTAATGATCCATTT ‘CACAAARACAACAARAGT! GGAAAGTGAGTTCAGAGTTTATTCTAGTGC
CTTTTGAATATGICICICAGCCTTIICTTATGGACCTIGARGEARA, ARTTICAARAATCTIAGCGAATTTCTGTTTAAGAATATTGATGOTTATTITAAAATATATI ARG ACACG OO AR T T T AT OC O AL OO T CA G OO T TP T CGOC T TG ACC AT D GG T AGAT T T QCCAR A GO AT S ARCATCACEACCTTT CARRCETIR
e RF7a: Cuts supplly of tetherin, all k
TCATTLGIRATTAGRGE: GTCAGACARATCGCTCCAGH TTGCIGATTATAATTATARATTACCACATCATTTTACAGCCTGCGTTATAGCTTGL ATCTTGAT! a: Cuts supply of tetherin, allowing more virus to escape, triggers apoptosis
AGCACACCTTGTAA' ACOTT T AR T T O TTACT IO T TACARTC CCCACTAATGGTGTTGGTTACCAACCATACAGAGTAGTAGTACTTTCT! P ACATGCACCA chcr'"r'rmmcaccmmnmc ACTAATTTGGTTAAAAACAAATGTGTCAATTTCAACTTCAATGGTT CAGGTGTTCTTACTGAGT
TTCTGCCTTTCCAACAATTTGGCAGAGACAT ,CTGACACTACTGA"GCTGTCCGTGATCCACAGACAC ‘GAGATTCTTGACATTACACCATGTTC
GCGTGTTTATICTACACGTTICIARTGITITTCARACACOTCCA CTCATATGAGTGIGACATACCCATIGOTGE CAGACTARTICICCTCGECGEACACOTAGIGTAGCTACTCAATCC, TGCCTACACTATGTCACT
AP DGCCATACCCACAARTTTTACT AT ACTOTTACC ACACARADTCTACCAGEE CTA"GACCAAGACATCAGTAGATTGTA TGT: GTGGTGATTCAACTGAATGCAGCAATCTT CAATT; A AGCTGITGARCARGA ACCCAAGAAGT'
AAACACCACOAR T ARG T T P COTCOTT PTAATTT T CACARATAT TACCAGATCCATC, GAGGTCATMATTGAAGMCTACMMCAACAAA GACACTTCCAGATGCT OO ARACAR AT OO AT TGO O TGO AT AT ECT O TAGACACC TR P T TGl GCACA AR AT TR RCOGCCTTACTGT
AATGATIGCICARTACACTICIGCACTGITAGCOGGIACARTC CTTCTGGTTGGACCTTTGGTGCA GTGCIGCATTACARATACCATTTGCTATG GTTACACAGAATGTTCTCTATGAGAACCAAARATTGATTGCCAACCAATTTA TATTGGCARARTTCAAGACICA
ARACTTCAAGATGTGGTCAACCAAAATGH R CGCTT GE T ARA AR CTTAGOT GO AR T P COTCCAA T T TCARGT G T TR ART GA T AT COT T TCACC RO TORCARR G TEACCOT CARCTGOAR GATCACAGGCAGACTTCAAAGTTTGCAGACATAT TTAATTA CAG]
DGO AT AR AR SO ARG T GT T AC TS COACAR IO AR AR ARG T AT T T O GO AR AGOEC T A AT R OO T O SR TG A GEACOT G GO G A D OT T TGO AT T AT A DO OO TGO ACAR G AR AGAA T CAC A CTGC T COTOCC AT G AT A TCGAARAGCACRCTT1 CCTCGTGAAGGTG’ ARATGGCA
'GTA. A A 'TGTC. CAACAC. ‘TATTT""\’II‘ ATCATACATCACCAGATGTTGATTTAGGTGACATCTCTGGCATTAATGCTT! GTTGTmCATTC

CTAARATGTCAGAGTGTGTACTTGGACARTCAARAAGAGTTGATITTTGTGGAAAGGGCTATCATCTTATCTCCT
AAAT i jon | aaaTceccatcGiORF3c: Novel, viroprotein transmembrane domain frecrrrec CCAGTTGC! TTGICTCAAG GATCCTGCRGCARATTTGATGAAGACG
\CTCT! ggcRmESa CUtS Ce” membrane to IEt VlrUS esca e trl ers |nﬂammat|0n 'TTCACAATTGGAACTGT.: mmvmmﬁemxww}—rvmmmcmmwaCGCGCTAC [GCAACGATACCGATACAA( 'TCACTCCC! LWATGGCTTA 'TGTTGGCG' GCACT 'CTTGCTGTTTT
'CAGA FFTTCCAAAATCATAA+]CCCTCAAAMG GATGGC CTAGCACT TCCMGGGTGTTCACTTTGTTTGCMCT GCTGTTGT 'GTTTGTAAC. GTTTACTCACACCTTTTGCTCG TGCTGCTGGCCTTGAAGCC(‘CTTTTCTCTATCTTTATGLTTTAGTCTACT'! TT CAGAGTATIUU\! TAATAATGAGGCTTTH 'TGCTGGAAATGCC
' TTCCAAAAACCCATTACTTTATGATGCCAACTATTTT! 'GTAACTTCTTCAATTGTCATTACTTCAGGTGATGGCACAACAAGTCCTATTTCTGAACE ,TGACTACCAG TTGGTGG' 'GAAAAAT! 'GGAGTAAAAGACT! ' TTGTATTACACAGTTACNICACTTCAGACTATTA
CCAGCTGTACTCAZ CTCBATTGAGTACAGACACTGGT yTTGMCATMembrane (M) Outer coat Qf V|ru S TGAAGAACATGTCCAAA TCACACAATCGACGGTTCATCCGGAGTTGTTMTCCAGTM CAATTTATGATGAACCGACGACGACTACTA CGTGCCTTTGTAA 3CAC, /CTGATGAGTACGAACTT e e (E) :ATGT
ACTCATTCGTTTCGGAAGAGACAGGTACGTTAATAGTTAAT, \CTAGCCATCCTTACTG yCGCTTCGATTGTGTGCGTACTGCTGCAATATTGTT \CGTGA C 'TGT: AAAACCTTCTTTTTACGTTTACTCTCGT.,TTAAAAATCTGAA 'CTTCTRGAGTTCCTGATCTTCTGH Ct \CTAAA
TWT(‘MTGGMCTTTAATTTTA GCC [MembraneéM% ATGGCAGATTCCMCGGTACTATTACCGTTGMGAGCTTAMMGCTC _TTGAACAATGH 'AATAGGTTTCCTATTCCTTACATGGATTTGTCTTCTACAATTTGCC! GGAATAGGTTTTTGTATATAATT. GTTMTTTTCCTCTGGCTGTTA 'GGCCAGTAAC
TTTAGCTTGTTTT 'AGAA! G GGAATTGCTATCGCAAlbbhllblLAA GCTACTTCATTGCTTCTTTCAGACTGTTTGCGCGTACGCGTTCCA’I"'TGGTCATTCAATCCAGAAACTAACATTCTTCTCMCGTGCCACTCCATGGCACTA 'CTGACCAGACCGCTTCTAGAAAGTGAACTCGTA
ATCGGAGCTGTGA' CCT GTGGACATCTTCGTATTGCTGGACACCATCTAGGA TGACAT! ACCT AA AAATCALJ(:LLULLACATCACGAALuLxlu. 'AAATTGGGAGH LJ.II C i l-u l .CATACAGTCGCTAC. \CACAGACCATTCCAGTAGCAGTGACAATATTG
CTTTGCTTGTACAGT. GTGACAACA( F6: ATGTTTCATCTCGTTGACTTT] 'TATTATGAGGACTTTTAAAGTTTCCATTTGGAATCTTGATTA( 'CA! AATTAAAAATTTATCTAAGTCACTAACTGA AAATATTCTCMTTAGATGMGA C CCAATGGAGATTGATTAA ACGAAC ORF7a:A
'GAAAATTATTCTTT TGGCACTGAT CACTCGCTACTTGTGAGCTT‘I‘ATCAoRFS' NO knOWn fUnCtIOn GTAC‘ITTTAAAAGAACCTTGCTCTTCTGGAACATACG%%GG CACCATTTCATCCTCTAGCTGA‘I‘AACAAAT‘I‘TGCACTGACTTGCTT‘I‘AGCACTCAATTTGCTTTTGCT%%%C 'Gi C.
ACTTTGCTTCAC, ARA

CT' A .CAGGCA
AGTGTTATMCACCAGGAALAAATAC 'CTAACCAGGT T GCTGTTCTTT.J.‘CAGGATGTTMCTGCACAGAAGTCCCTGTTGCTATT .TGCAGATCAACTTACTCCTACTTG
C. 'TGGTGCAGAAAARTCAGTTGCTTACTCTAATAACTCT

nn

ﬂ

\GTCAAACAAATTTACA
ECEETGCTCACAGATGA
'CAGAGCTTCTGCTAATCTTG
CACACTGGTT

CAAG: TCAGCACCTTTAATTGAATTGTGCGTGGAT

(N)' Packages and protects RNA genome, long spiral wrapplng conllng RNA RGCTAGTCTIGTAGTGCGT () - ATGTCTGATANTGGACCCCAANATCA
AACGTTGGCCCCA. "ACCC., Gt AR 'AGTCCAGATGACCAAATTGGCTACTAC

CGAAGAGCTAC GACGAATTCGTGGT"GTGACGG RF9C Not a roteln OVerIa In N TAGGAACTGK,GCCAGAAGF 'GGACTTCCC! 3GTGC! CAAAGACGGCATCATATGGGTTGCAACTGAGGGAGCCTTGAATACACCAAMGATCACATTGGCACCCGCMTCCTGCTAACMTGC GCMTCGTGC'"ACAACTTCCTCAAGG C

CATTGCC. GCTTCTACGCAGAAGGGAGCAGA! . ‘CAACAGTTCAAGAAATTCAACTCCAGGCAGCAGT: s AACTTCTCCT! AGAATGGCTGGCAATGGCGGTGA‘I‘GCTGCTC‘I‘TGC‘I‘TTGCTGC‘I‘GCTTGACAGATTGAACCAGCT GTAAAGGCCAACAACAA(

AACTGT! AAATCTGCTGCTGAGGCTTCTAAGAAGCCTCGGCAAAAACGTACTGCCACTAAAGCATACAATGTAACACAAGCTTTCGGCAGACGTGGTCCAG CCCAAGGAAATTT AG GAACTAATCAGACAAGGAACTGATTACAAACATT AAATTGCACAATTTGCCCCCAGCGCTTC GCGTTCTTC AATGTCGCGCATTGGCATG

Gi
52J0RF6: Blocks signals to immune system, blocks cell's virus-fighting proteins |5 380:424ORF7b: No known function|icearaiaiacic s iEEdORF10: Not a protein CA,TA,GEEnveIope (E): Forms Qily Bubble of virus, binds regulators

ﬂ




Improving SARS-CoV-2 gene annotations

e But, wait. It’s a tiny viral genome. Surely all the genes are known.
Is there room for improvement?

[ J
YeS! 10 Kb} {wuhCoH
))))))))))))))))))))))))))‘)))))))))))))))))))))))) )))))))))))))))»)))))))))))) I I
NCBI genes |.
|
| |
33353353553533353553>333>>)> ‘>>>>>>>>>>>>>>>>>>>> . 1
UniProt full genes >> -
*  SARS-COV-2 (NC_045512) accessory genes * Wuetal. 2020. Nature.

— UniProt + ORF3b

— NCBI annotations has 6 unnamed genes:
— Refersto9b as9a; 9c as 9b

*  ORF3a, ORF6, ORF7a, ORF7b, ORF8, ORF10
. . — Most recent GenBank record lacks 7b, 9b, 9c
— UniProt annotations has 2 more:

«  ORF9b, ORF9c Lu et al. 2020. Lancet.
* Both overlap nucleocapsid in a different frame —  Missing 10 but includes 9c.

— Other proposed genes — Refersto3aas3,6as7,7aas8,7bas9,
- ORF3b, ORF3c, ORF3d, ORF3d-2, ORF2b, ... 8 as 10b, 9b as 13.



Techniques for distinguishing protein-coding regions...

Nanopore direct RNA sequences to find sgRNAs
— Evidence of transcription but not translation

Ribosome profiling (Ribo-Seq) detects RNA being translated
— Cycloheximide immobilizes ribosomes
— Use ribonucleases to digest RNA
— RNA inside ribosome is protected and not digested
— Digest proteins of ribosome
— Sequence the RNA fragments that were protected by the ribosome
— Ribosome binding does not guarantee stable protein creation

Proteomics / Mass spectrometry
— Imperfect sensitivity
— Does not indicate protein is functional
Comparative genomics/Evolutionary signatures
— Evidence of functional proteins

— But, cannot detect recently evolved proteins or recent loss
— Doesn’t tell us when translation occurs or why



Outline

SARS-CoV-2 basics
Evolutionary signatures

SARS-CoV-2 gene content
Mutation impact
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Evolutionary Sighatures

e Basicidea: Conserved = Functional

e Step 1: Align homologous regions of genomes
(homologous = descended from same region of ancestor genome)
* Step 2: See which nucleotides changed less than expected
— Changes to these nucleotides must break something
— Organisms with changes in those nucleotides were less likely to survive

ZNF710

| i
I ZNF710-AS1
>umm ZNF710-AS1

A1 l

et Mttt gt A g T R e g e gt

1U7
-4.88

Cons 100 Verts

-4.5

* Example: human gene ZNF710

* Blue rectangles are exons
— Thick parts are protein-coding open reading frame

 Green rectangles are non-protein-coding gene
* Bottom graph: how well each nucleotide is conserved among 100 vertebrates

* Conservation matches protein-coding pretty well, but not perfect
— Some protein-coding regions are not well conserved
— Some well conserved regions are not protein-coding

* Can we find signature that is specifically for protein-coding?

13



Neighborhood of stop codon

Is there an evolutionary signature specific to protein-coding?

of mouse gene Rnfl170

Homologous regions __

in other vertebrates

GAC
GAT
TAR
TAG
TGA
ATG
GA-
GAC
<6
[1]

No Change
Synonymous
Conservative
Radical

Ochre Stop Codon
Amber Stop Codon
Opal Stop Codon
In-frame ATG
Indel
Frame-shifted
Splice Prediction
Exon Break

No alignment

|

Single-nucleotide substitution Stop codon

Mouse aa L L L I Y I S I M Y R E V I T 9 R L T R * K K I 8§ L L E Y P S L Y I
['AC ATC TCC ATT ATG TAT CGA GAA GTG ATA ACC CAA AGA CTA ACT AGG TGA AAR AAA ATT AGT TTA CTA GAA TAT CCG AGC TTA TAT ATA
AT ATC TCT ATT ATG TAT CGA GAA GTG ATA ACC CAA AGG CTA ACT AGA TGA AAR GAA ATG AGT TTA ACT AGA TAT CTG AGC TAA GGC ATA
TAC ATC TCT ATT ATG TAC CGA GAA GTG ATA ACC CAA AGG TTA ACC AGA TGA AAA CGC ATG AGT TTA CTA GAG CAT CTC AGT TAA TGT ATA
Human TTA TTG CTT ATC TAC ATC TCT ATT ATG TAT CGA GAA GTG ATA ACC CAA AGG CTA ACT AGA TGA AAA AGA ATG AGT TTA CTA GGA TAT CTG AGC TAA TGT AGA
Chimp TTA TTG CTT ATC TAC ATC TCT ATT ATG TAT CGA GAA GTG ATA ACC CAA AGG CTA ACT AGA TGA AAA AGA ATG AGT TTA CTA GGA TAT CTG AGC TAA TGT AGA
Orangutan TTA TTG CTT ATC TAC ATC TCT ATT ATG TAT CGA GAA GTG ATA ACC CAA AGG CTA ACC AGA TGA AAR AGA ATG AGT TTA CTA GGA TAT CTG AGC TAA TGT AGA
Rhesus TTA TTG CTT ATC TAC ATC TCT ATT ATG TAT CGA GAA GTG ATA ACC CAA AGG CTA ACC AGA TGA AAA AAA ATG AGT TTA CTA GGA TAT CTG AGC TAA CGT AGA
Marmoset TTA TTG CTT ATC TAC ATC TCA ATT ATG TAT CGA GAA GTG ATA ACC CAA AGG CTA ACC AGA TGA AAA ARA ATA AGT TTA CTA GGA TAT CTG AGC TAA TGT GTA
Bushbaby TTG CTG CTC ATC TAC ATC TCT ATT ATG TAT CGA GAA GTG ATA ACC CAA AGG CTA ACC AGA TGA AAA CAG TCG AGT TTA CTG GAG TAT CTG AGC TCA TGT AAA
TreeShrew CTG TTG CTT ATC TAT ATC TCC ATT ATG TAC CGA GAA GTG ATA ACC CAA AGG CTA ACC AGA TGA GAA AA- ~TG AGT TTA CTG GAC TGT CTG AGC TAA TGT ATA

Shrew TTG TTG CTA ATC TAC ATC TCT ATT ATG TAC CGA GAA GTG ATA ACA CAG AGA CTA AAC AGA TGA ACA AAC --- AAT TTA CTA AAA TAT TTG & D e I et on
'ATGT GTG

Dog TTG TTG CTC ATC TAC ATC TCT ATT ATG TAT CGA GAA GTG ATA ACA CAA AGA CTA AAC AGG TGA AAA AGT GTG AGT TTA CTA AAA TAT TTC AGC C
Cat TTG TTG CTC ATC TAC ATC TCT ATT ATG TAT CGA GAG GTG ATA ACA CAG AGA CTA AAC AGG TGA ATA AAT GTG AGT TTA CTA AAA TAT TTC AGC TAA TAC GTG
Horse TTG TTG CTT ATC TAC ATC TCT ATT ATG TAC CGA GAA GTG ATA ACA CAG AGA CTG AAC AGA TGA --A AAT CAA TGT TTA CTG AAG TAT TAG AGC TAA TGT GTA
Cow TTG TTG CTC ATC TAC ATC TCT ATT ATG TAT CGA GAA GTA ATA ACA CAG AGA CTA AAC AGA TGA AAA AAC ATG AGT TTA CTA AAA TGT CTG AGC TGA TGT ATA
Armadillo TTG TTG CTT ATT TAC ATC TCT ATT ATG TAC CGT GAA GTG ATA ACA CAG AGG CTA AAC AGA TGA AAA ATA -AT GGC TTA CTA GAA TAT TTG AGT TCA TG~ ~TA
Elephant CTG TTG CTT ATT TAC ATT TCT ATT ATG TAT CGA GAA GTG ATA ACG CAG AGG TTA AAC AGA TGA AAA AAA ~TG GGG TTA CCA GAA TAT TTG AAT TAG TGT GTA
Tenrec CTG TTG TTT ATT TAC ATC TCT ATT ATG TAC CGA GAA GTG ATA ACA CAG AGG CTG AAT AGA TGA GGA AAA ~AT GGC TTA CTA GAA TAT TTG AAC TAG TGT TTA
Opossum TTA TTG CTT ATA TAC ATC TCT ATC ATG TAT CGA GAA GTG ATA ACA CAA AGG CTA AAC AGA TGA AAT AAA TTA ATG TTG CT- --- --- ~TG AGC TTA TGT GGA
Platypus CTG CTG CTT ATT TAC ATC TCT ATC ATG TAT CGA GAG GTA ATA ACG CAA AGG CTT GAC AGA TGA AAA AA- ~GA GGA TGA ATA AGA TGC TTG A-C TAT TTT ATA
Chicken CTT CTG CTG ATA TAT ATT TCC ATC ATG TAC CGA GAA GTG GTA ACC CAG CGG CTG AAT AGA TGA AAT GGC ~TG AAA TCA CCC AGA CAC A-~ —-- -GA GAT GGA
Lizard CTG CTG CTC ATA TAT ATA TCT ATC ATG TAC CGA GAG GTG GTA ACT CAG AGG CTG AAT CGA TGA A-- GGC ATG AAT ATA TTC AGG ACC ATT AA- GGG CAG GGG
Frog TTA TTA CTA ATA TAC ATC TCC ATT ATG TAT CGA GAA GTG GTG ACA CAG AGA TTG TAT AGA TGA AAT ACT GGG GGT TTT GTT TTA TAC TTG GGT TAA CAT GCA
Tetraodon CTG CTG CTC GTC TAC ATC TCC ATC ATG TAC AGA GAG GTG GTG ACG CAG AGA CTCAAC GGTTGA « + v + e v s ve ses tan svn sus sannen sns sanoenans
Fugu CTG CTG CTC GTC TAC ATC TCC ATC ATG TAC AGA GAA GTG GTG ACG CAGAGACTCA. .+ +ev vvv ..
Stickleback CTT CTG TTC GTG TAC ATC TCT ATC ATG TAC AGA GAG GTG GTT ACA CAG AGG CTG AAT GGC TAGA.
Medaka CTT CTG TTT GTG TAC ATC TCA ATC ATG TAC AGA GAG GTG GTC ACT CAA AGA CTG AAC GGA TAG G-
Zebrafish CTG CTC TTC ATA TAC ATC TCC ATC ATG TAC CGC GAG GTG GTC ACG CAG CGG CTG GCC GGA TGA C—

~CA TG~ --A TGA GAA AAT CTG CAT CAT AGA GGA
~TG TGT TTA TGA GTA GGT GTG TGT GTG TGT GT .

Museaa L L L I Y I § I M Y R E V I T 0 R L T R * K K I § L L E Y P § L Y I
Mouse TTG TTG CTT ATT TAC ATC TCC ATT ATG TAT CGA GAA GTG ATA ACC CAA AGA CTA ACT AGG TGA AAA AAA ATT AGT TTA CTA GAA TAT CCG AGC TTA TAT ATA
Guinea_Pig TTG TTG CTT ARG BAR ATC BGH ATT ATG TAT CGA GAA GTG ATA ACC CAA BGG CTA AcT HGA TGA AAA GAA ATG AGT TTA ACT AGA TAT CTG AGC TAN G6C ATA

Rabbit TTG TTG cTT BHE TAC ATC [i6H ATT ATG G CGA GAA GTG ATA Acc cAA HEE A BGE RGH Tca ArA[TEE ATG AGT TTA CTA GRG [T [l AGH TAA HNep ATA

Human 88 TTG cTT BEE TAC ATC HGH ATT ATG TAT CGA GAA GTG ATA ACC CAABGG CTA AT BGA TGA AnA NS ATG AGT ETA

Dog TTG TTG 686 AFE Tac ATc [i6H ATT ATG TAT CGA GAA GTG ATA HEH caa Aca cTa ¥R Ace TcA Ana [XER [ AGT TTA CTA ]

Cat TTG TTG GG BTG TAC ATC IEH ATT ATG TAT CGA BAG GTG ATA BCA GAG Aca cTa ¥ ace Tea BRI ¥R [ELe AcT TTA cm@ TarEYe Acc TAA- ’
Horse TTG TTG CTT G TAC ATC 6T ATT ATG BAG CGA GAA GTG ATA ACA CAG Aca 16 [¥¥e BGA TcA —-A AAT cAA TGT T4 CTG AAG TAT TAG AGE TAA TGT GTA
Cow TTG TTG GG ARG Tac ATc [i68 ATT ATG TAT CGA GAA GHA ATA BEH BAG Aca cra [¥Xe BEH Tca Ara¥NE ATG AGT TTA CTA [N e [SHE AGC TGA WG ATA

a [¥X BGA Tca Aaa R -AT G [TA CTA GAR AT 776 AGH rca TG- brA

- TGA AAA ARA ~TG (GGG TTA CCA GAR TAT TG AAT FAG TCT 672
e[S ana -AT Gcc TA B BB AT TTc AAc TAG T6T FTA
rcaf¥% ana fER Ac BTG c1- - ——- TG AGE TTA TCT GEA
TGA AAA AA- ~GA (GGA TGA ATA AGA TGC TTG A-C AT TFT ATA

----TCC-ATG-CGAGAAGTGACC- [&aat) & EiNan ] co PRI realccdacalcad SN A 1l
AR ATA FCT ATE ATc FAC coa GAE crc [N BeR [66H TGa A-- GGC ATG AAT ATA TTC AGG ACC ATT AR~

BE# TAC ATC TCC ATT ATG TAT CGA GAA GTG [Ehle AGA TG [0 AGA TG ¥ FYel: GGG GGT TTT GTT TTA TAC TG GGT TAA caT GeA

|66 B Tac aTc ch-ATG---GTG@- AGA-! TGAL ..
ATG

—CA TG- --A TGA GAA AAT CTG CAT GAT AGA 66A
~7G TGT TTA TGA BHE B8R GTG TGT GTG TGT GT.

Protein-coding region (before stop codon)
- Most substitutions are synonymous (light green)
- Avoids frame-shifting insertions and deletions (orange)
Non-coding region (after stop codon)
— Many amino acid changing substitutions (red and dark green)
- Frame-shifting insertions and deletions (orange)
- Stop codons (yellow, cyan, magenta)

Codon coloring by
CodAlignView
the Codon Alignment Viewer

14



Coding and non-coding models of evolution

Given a species tree and an alignment of homologous sequences, distinguish protein-coding regions
dN/dS test compares rates of synonymous and non-synonymous changes
We can do better:
— Amino acid changes that preserve biochemical properties are more likely
- Among synonymous codons, some are more common
Step 1: Make protein-coding and non-coding models of of codon evolution:
- Rate at which any codon changes to any other
- Likelihood of any particular codon in the ancestor
- Train on all known protein-coding or non-coding codons in human genome
- Does not explicitly consider synonymous vs. non-synonymous
- Implicitly distinguishes conservative vs. radical amino acid changes, codon frequencies, ...
Step 2: Compute likelihood of an alignment under each models
— Log likelihood ratio tells us if alignment is more likely under coding or non-coding model of evolution
- PhyloCSF — Phylogenetic Codon Substitution Frequencies

Symmetric 64x64 matrix with substitution Exam 9|e
rate for every pair of codons

AAA AAC AAG

Human AAC
AAA 0.857 21.4 Mouse AAG
Dog CAG

AAC 0.857 0.243

AAG 21.4 0.243

Human Mouse Dog

* We know codons at leaves
* We don’t know codons at ancestral nodes.

64-vector with ancestral codon frequencies Likelihood =y, Freq(XXX)Y, = Prob,(XXX,YYY)Prob,(YYY,AAC)Prob,(YYY,A4G)Prob, (XXX CAG)
AAA | AAC | AAG | AAT * Where:
— Sums are over all possible codons XXX and YYY
0.018 0.024 0.037 0.023 — Freq(XXX) is the ancestral frequency of codon XXX

— Prob,(UUU,VVV) is the probability that UUU changes to VVV in the i'th branch
(Depends on branch length)
* Compute using Felsenstein algorithm
— Dynamic programming
— Like Forward algorithm for HMMs but for trees
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PhyloCSF - Phylogenetic Codon Substitution Frequencies

Species Tree

PhyloCSF: a comparative genomics method to distinguish

protein coding and non-coding regions

Michael F. Lin'-2*, Irwin Jungreis'-2 and Manolis Kellis'-2*

Discovery of high-confidence human protein-coding
genes and exons by whole-genome PhyloCSF helps *

elucidate 118 GWAS loci

Jonathan M. Mudge,'-? Irwin Jungreis,®** Toby Hunt,' Jose Manuel Gonzalez,’ —
James C. Wright,* Mike Kay,' Claire Davidson,' Stephen Fitzgerald,® Ruth Seal,"®
Susan Tweedie,' Liang He,?* Robert M. Waterhouse,”* Yue Li,>* Elspeth Bruford,'"®
Jyoti S. Choudhary,* Adam Frankish, and Manolis Kellis**

Multi-species Alignment

Mumanaa E T Y L K K K R V Y * V K L S P N N P L R F S
Human GAA ACT TAC TTA AAA AAG ARG CGA GTA TAC TGA GTT AAG CTC TCT CCT-- AAT AAC CCC CTA AGG TTC TCT
Chimp GAA ACT TAC TTA AAA AAG AAG CGA GTA TAC TGA GTT AAG CTC TCT CCT-~ AAT AAC CCC CTA AGG TTC TCT

Rhesus GAA ACT TAC TTA AAA AAG AAG CGA [Blif TAC TGA GTT AAG CTC TCT CCT-~ AAT AAC CCC CTA AGG TTC TCT

TTA ARA ARG AAG CGA 66 TAC AR 61

% Ana ARG ARG B8 GTA TAC A

I -
aaa BB AaG coa BiE TAC TGA GTT ARG CTC TCT CCT-~
[BEE rac TTA AAR ARG AAG CGA GG TAC TGA GTT AAG R TCT CCT--

regions of
genomes
ot o . . 1 o o
‘ Coc!ir:igt L Non-c'oding
. Depends on the kind of substitutions rather than the number

Distinguish
protein-coding

- Neutral to overall level of nucleotide conservation

. For SARS-CoV-2 we used human-trained matrices

Score individual Open Reading Frames, or

— Not perfect, but result is not very sensitive to species

. Visualize protein-coding constraint in genome browser

. Smoothed with HMM

Evolutionary Dynamics of Abundant Stop Codon Readthrough

Irwin Jungreis,*"'? Clara S. Chan,"” Robert M. Waterhouse,'** Gabriel Fields,” Michael F. Lin,® and

«l2

Manolis Kellis

PhyloCSF+1
PhyloCSF+2
PhyloCSF+3
PhyloCSF-1

PhyloCSF-2

PhyloCSF-3

-15
CG14339 =i - - A - - T - - -

Scale

chraL: |

15

15

-1
|
;

-15

5
5
5

1,109,000 |

1,109,500 |

1 kbt {
1,110,000 | 1,110,500 | 1,111,000 |

dmé
1,111,500 |
wiilh

1,112,000 | 1,112,500 |

Browser tracks score every codon in 6 reading frames

walil

WWWMMWMJWFHWWMWMWMMWWWWWWWMWWMMWW

Public “PhyloCSF” track hub in UCSC or Ensembl Genome browsers
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Excess Synonymous Constraint

C

A A A A U G U C A U C A G C A A A

FRESCo: Finding Regions of

M

e Viral (and other) genomes sometimes have overlapping genes
 These translate the same region in two different reading frames
* This imposes constraint different from PhyloCSF model
* Conservation of one amino acid sequence suppresses synonymous substitutions in other frame
 Lower synonymous substitution rate can also result from other overlapping function:
— RNA structures, binding sites, translation regulation, ...

N :
Genome Biology
METHOD Open Access

FRESCo: finding regions of excess synonymous
constraint in diverse viruses .
B Synonymous Constraint

FRESCO finds regions of significantly fewer synonymous substitutions mascalees
— Designed specifically for individual viral genes with limited training data
— Relative to average per gene
— Inputis alignment and tree topology
— Estimates maximum likelihood branch lengths from alignment
— Fit Muse and Gaut model of codon evolution to whole gene

Probability of single-nucleotide substitution from codon i to codon j is:

q, = th x (x if transition o.w. 1) x (R if nonsynonymous o.w. 1)

where 1 is frequency of target base at the changed codon position
— Null model allow nonsynonymous rate different from gene rate
— Alternate model allows different nonsynonymous and synonymous rates
— Likelihood ratio test finds windows where alternate model is significantly better
* Use on 9-codon windows to find Synonynous Constraint Elements (SCEs)

* Use on 1-codon windows to evaluate Single Nucleotide Variants (SNVs) 17




Outline

SARS-CoV-2 basics

Evolutionary signatures
SARS-CoV-2 gene content
Mutation impact
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Choosing an appropriate set of genomes

* Need set of genomes that:
— Have enough substitutions to be informative

— Are close enough to have conserved function
* Much less than 1 substitution per branch

— No near duplicates in which not enough time to suppress slightly
deleterious mutations

* Goldilocks clade:
— SARS-CoV-2 sequences are too close
— Betacoronaviruses are too far
— Sarbecovirus is just right

* 44 Sarbecovirus complete genomes from NCBI
— About 3 substitutions per neutral site
— Comparable to 12 flies and 29 mammals

— Actually, all are in the same species: SARSr-coronavirus
* Don’t know how results will generalize to rest of Sarbecovirus subgenus



Phylogenetic Trees

Sarbecovirus s

IC_045512_SARS_CoV_2_Wuhan_Hu_1
NC_004718_SARS_CoV

NC 014470 Bat CoV BM48 31 BGR 2008
NC_025217_Bat_Hp_betaCoV_Zhejiang201
NC_009021_Bat_ _HKU9_1

<]
<

3
NC_030886_Rousettus_bat_CoV_GCCDC1_356
INC_038294_BetaCoV_England
NC_034440_Bat_CoV_| PHEDICT PDF_2180
NC_009019_Bat_CoV_HKU4_1
NC_009020_Bat_CoV_HKU5_1

Beta

NC_003045_Bovine_CoV

NC_006213_Human_CoV_OC43_ATCC_VR_759
NC_017083_Rabbit_CoV_HKU

14

NC_026011_BetaCoV_| HKU24 HKU24_R05005I

———k-NC_006577_Human_CoV_HK
NC,001451,Avian,infectious,bronchitis

4 EN C_010800_Turkey_CoV
NC_010646_Beluga_Whale_CoV_SW1

Alpha

NC_002306_Feline_infectious_peritonitis
NC_028806_Swine_enteric_CoV_ltaly_213306_2009
NC_038861_Transmissible_gastroenteritis
NC_023760_Mink_CoV_WD1127
NC_030292_Ferret_CoV_NL_2010
NC_028811_BtMr_AlphaCoV_SAX2011
NC_028833_BtNv_AlphaCoV_SC2013

_Bat_CoV_HKU2 -
NC_028824_BtRf_AlphaCoV_YN2012
NC_003436_Porcine_epidemic_diarrhea
NC_009657_Scotophilus_bat_CoV_512

NC_022103_Bat_CoV_CDPHE15_USA_2006
NC_010437_Bat_CoV_1A

NC_018871_Rousettus_bat_CoV_HKU10
NC_028814_BtRf_AlphaCoV_HuB2013

55 Coronaviridae
* [nfect Humans

% NC_019843_Middle_East, resplratory syndrome_CoV

NC_039207_BetaCoV_Erinaceus_VMC_DEU_174_GER_20
NC_001846_Mouse_hepatitis_ MHV_A59_C12_mutant
NC_012936_Rat_CoV_Parker

Even Bat Hp betacoronavirus is too far
No homology for ORF 6, 7a, 7b, 8

NC_045512_SARS_CoV_2_Wuhan_Hu_1
MN996532_Bat_CoV_RaTG13
MG772933_Bat_SARS_like_CoV_bat_SL_CoVZC45

MG772934_Bat_SARS_like_CoV_bat_SL_CoVZXC2
NG_004718_SARS_CoV

KT444582_SARS_like_CoV_WIV16
KY417146_Bat_SARS_like_CoV_Rs4231
MK211376_CoV_BtRs_BetaCoV_YN2018B
KY417151_Bat_SARS_like_CoV_Rs7327
KY417152_Bat_SARS_like_CoV_Rs9401
KY417144_Bat_SARS_like_CoV_Rs4084
KF367457_Bat_SARS_like_CoV_WIV1
KU973692_UNVERIFIED_SARS_related_CoV_F46
KY417145_Bat_SARS_like_CoV_Rf4092
KJ473816_BtRs_BetaCoV_YN2013
KY770858_Bat_CoV_Anlong_103
KY417143_Bat_SARS_like_CoV_Rs4081
KY417149_Bat_SARS_like_CoV_Rs4255
MK211378_CoV_BtRs_BetaCoV_YN2018D
FJ588686_Bat_SARS_CoV_Rs672_2006
MK211377_CoV_BtRs_BetaCoV_YN2018C
KY417142_Bat_SARS_like_CoV_As6526
KY417147_Bat_SARS_like_CoV_Rs4237
KY417148_Bat_SARS_like_CoV_Rs4247
~MK211375_CoV_BtRs_BetaCoV_YN2018A
DQ071615_Bat_SARS_CoV_Rp3
KP886808_Bat_SARS_like_CoV_YNLF_31C
KJ473815_BtRs_BetaCoV_GX2013
KF569996_Rhinolophus_affinis_CoV_LYRa11
JX993988_Bat_CoV_Cp_Yunnan2011
MK211374_CoV_BtRI_BetaCoV_SC2018
KJ473814_BtRs_BetaCoV_HuB2013
DQ412043_Bat_SARS_CoV_Rm1
KY938558_Bat_CoV_strain_16BO133
DQ412042_Bat_SARS_CoV_Rf1
DQ648856_Bat_CoV_BtCoV_273_2005
KJ473812_BtRf_BetaCoV_HeB2013
KY770860_Bat_CoV_Jiyuan_84
-JX993987_Bat_CoV_Rp_Shaanxi2011
GQ153542_Bat_SARS_CoV_HKU3_7
DQ022305_Bat_SARS_CoV_HKU3_1

—L e

GQ153547_Bat_SARS_CoV_HKU3_12

KY352407_SARS_re Ialed:CoV_slrai n_BtKY72
NC_014470_Bat_CoV_BM48_31_BGR_2008

44 Sarbecoviruses
SARS-CoV-2 + SARS-CoV + 42 bat viruses

Note: Trees are based on whole-genome alighnments. Some regions could be different



Nucleotide Identity

04

How much do these genomes diverge?

0.8

0.0

—— MN996532_Bat_CoV_RaTG13 KY938558_Bat_CoV_strain_16B0O133
— MG772934_Bat_SARS_like_CoV_bat_SL_CoVzZXC21 NC_014470_Bat_CoV_BM48_31_BGR_2008
NC_004718_SARS_CoV —— NC_025217_Bat_Hp_betaCoV_Zhejiang2013

T

J

| fab s ISaIIIMII74|8I N_]

6 7b

T T T T T T T
0 5000 10000 15000 20000 25000 30000
Genome Position

Fraction of nucleotides that differ from SARS-CoV-2
— 100-nucleotide windows with 30-nucleotide overlap

RaTG13 is closest, differs in 4% of positions
SARS-CoV differs in about 21%
Outgroup betaCoV-Zhejiang2013 differs in more than half
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Strong PhyloCSF signal in named genes

15,000/ 20,000

NCBI genes

UniProt full genes

PhyloCSF frame 1
PhyloCSF frame 2

PhyloCSF frame 3 -
Synonymous constraint [l 1 | I} (O L LT T I 1 P ey wfinon i

PhastCons
PhyloP

Next slide

Strong PhyloCSF Signal in correct frame for all named genes (ORF1lab, S, E,
M, N)

Change of frame at frameshift site

Signal of fast evolution at start of S could be due to wrong tree

22



PhyloCSF signal for accessory genes

1 kb} | wuhCor1
| 26,000| 26,500| 27,000 27.500] 8 28,500/ 29,000/ 29,500
NCBI genes >>>>>>>>>>>>>>>>>>>> . E » >>>>>>>>>>>>>>>>>>>>>>:m>>>>>>>>>>> .
>;,>> >> > 10
55> )ﬁ —
33555 OB 5555555555 >>E> b
UniProt full genes 32] BEE > E]> >
Novel € sore | T !
ovel Conserve
Other Candidate ORFs P 53 | 1
] 3a K
rol SARS1 3b) o el [ i
Mapped SARS-CoV genes = - EEE 1 !
o - >>> BI85 8 ]
- P L..My 8a) =5 Ln-n--_uﬁJ
- [ = A
PhyloCSF frame 1 W— thode o |t dn o bt s | :
I ) |
PhyloCSF frame 2 i ot —_— - -
o " L
PhyloCSF frame 3 Pl - = bttt
Synonymous constraint ] [ LN
Phascons I
Phylop i i e T

* Clear PhyloCSF signal for ORFs 3a, 6, 7a, 7b

* (Qverview of other cases:

* Adequate PhyloCSF for ORF8 despite no nucleotide conservation
— Frameshifting indel in ORF8 in some isolates of SARS-CoV makes fragments 8a/8b

* No evolutionary signature for ORF10 despite high nucleotide conservation
* No evolutionary signature for dual coding region ORF9c

e Some evolutionary signature for dual coding region ORF9b

* No evolutionary signature for ORF3b and ORF3d

* ORF3c novel conserved protein-coding gene
23



ORF8 is coding despite low nucleotide-level conservation

insertion

| 28’00()' 28,1 00| 28’200| 28,3( NC_045512 wWuhan_seafood market pneumonia virus aa L E Y H D V R V v L
NCBI genes T < TR TR TR KC_045512_wuhan_seafood market pneumonia_wvirus TTAGAG TAT CATGACGTTCGTGTTGT---TTTAG--
MN996532_Bat_coronavirus_RaTG13 TTAGAG TAT CAT GAC GTT CGTGTTGT. TTA G-~
¥G772933_Bat_SARS_like_coronavirus_covzcss BBE cac BRE car cac B cer e BEEEEE ToA G-
Mapped SARS-CoV genes ki ’m >>>> MG772934_Bat_SARS_like_coronavirus_covzxc2i B8R cac BB caz cac R cererr GEEENE 7o = o7C ATC AN acc 2aclill cra aaa
NC_004718_SARS_ coronavxrusEM@EEM-W--mmmmmmmn‘Am
KT444582 SARS like coronavirus WIV16 ATGGAG "A"-G}\C GITCGTGTITE A A A
m KY¥417146_Bat SARS like coronavirus Rs4231ATGGAGTAT - GACGITCGIGTITE
MK211376_Coronavirus_BtRs_BetaCoV_YN2018B ATG GAG TAT Bl GAC GTT CGTGTTGT
Ph | CSF f 1 KY417151 Bat_SARS_ like_coronavirus_Rs7327 ATG GAG TA' GACGITCGTGTTET
\ o rame K¥417152 Bat_ SARS like corcnavirus_Rs9401 A’GG}\G"A".G}\CG’.’.‘CG"‘G:’:G" -G--A:":':‘CATC!‘M A A2
KY417144_Bat SARS like coronavirus Ra4084E“"— mgm-wm mmmmmmmcmm
PhyloCSF frame 2 = KF367457_Bat_SARS_like_coronavirus_WIV1ATGGAGTAT Bl GAC GTT CGT GTT GT---7 B8R G--AT T7C ATC BAR ACG AAC A2A CTA A2A

Y T G5 GG 5 AAG A GG G BN B

__“_@ KU973692_UNVERIFIED SARS related coronavirus F46 ee ev) oo oo ool rres
PhleCSF frame 3 K¥417145 Bat SARS like coronavirus R£4092 mmmﬁmm : TAR
KJ473816_BtRs_BetaCoV_YN2013 Tvs ot oor oo cord rvws NG o Gouusy 658 coocs 50T AAR TAR HEE HAE HAd 05 Bl

K¥770858_Bat_corconavirus_aAnlong 103m E_mmgm- - GTTGT TTT AAA TAR ACG AAC AAA C14 Aaa
PhastCons K¥417143_Bat_SARS like coronavirus Rs4081ATGGAG TAT Bl GAC GTTCGTGT2 @ .
K¥417149_Bat_SARS like coronavirus Rs4255 ATG GAG TAT CATGACGTTCGTGTTGT

MK211378_Coronavirus_BtRs_BetaCoV_YN2018D ATG GAG TAT Bl GAC GTT CGTGTTGT

PhyloP iy MWMW%%W FJ588686_Bat_SARS_CoV_Rs672_2006 ATG GAG TAT B GAC GTT CGT GTT G’
MK211377_Coronavirus_BtRs_BetaCoV_¥N2018C ATG GAG TAT B GAC GTT CGTGTTGT

KY417142 Bat SARS like coronavirus As6526 ATGGAG TAT CATGACGTTCGTGTTGT
K¥417147_Bat_SARS_like_ coronavirus_Rs4237 ATG GAG TAT Bl GAC GTT CGTGTTE
xY417148,BatisARsi1ike"coronavirusiksiz47A‘xﬂ:‘a -GACG:‘:'CG:‘G:‘:‘G:‘
MK211375_Coronavirus_BtRs_BetaCoV_¥N2018A B8 cac ~a~ Bl cac corcererrer
DQ071615_Bat_SARS_coronavirus_Rp3 mG}\GﬂCA"GﬁCG’.’.‘CG"‘G:’:G"
KPG86803,Bat75M571Lxe,coxonavxrus,n'LFj1C““mmmgm-wmmmm!ﬂﬂEMﬂAMMﬂﬂﬂra
KJ473815_BtRs_BetaCoV GX2013 e ot en ey mm-_.g--mmmmmmmcmm
KF569996_Rhinoleophus_affinis_coronavirus_LY¥YRall EGAG:‘A‘:-GACGTTCG:‘G:‘:‘G:‘--
JX993988_Bat_corcnavirus_Cp_Yunnan2011 EGAG:’A‘:.GACG:’.‘CG:‘G:’:G:‘
MK211374_Coronavirus_BtR1_BetaCoV_SC2018 ATG GAG TAT CAT GAC GTT BN GTT G
KJ473814_BtRs_BetaCoV_HuB2013 S GAG B BRE cac cor BB e er
DQ412043_Bat_SARS_coronavirus_Rmi S GAG B cAT Gac @88 ceTeTT 6T A
KY938558_Bat_corcnavirus_strain JSMIJSNEE_QM”-A-‘!-- -mmmm mmm
DQ412042_Bat_SARS_coronavirus Rflm“m_mm mumrmmmmmmm---mnam
DQ648856_Bat_coronavirus_BtCoV_273_2005 pues st es cor o ryes NGH S1s ATACAT 0] GATCT 623 o7 TAR HEE - HAE 55l Bl
KJ473812_BtRf_BetaCoV_HeB2013 fues e es cers e rews NGH S¥s ATACAC ‘7o) GATCT 659 G779 TAR HEE -~ HEg il s
KY770860_Bat_corcnavirus_Jiyuan | a4m“m3mm-5umﬂmmmmmm AACTTA AAA

JX993987 Bat_coronavirus_Rp shaannzollmGAGﬂCA"‘GACG"‘"CG"G""G" 2
GQ153542_Bat_SARS_coronavirus_HKU3_7 [Erg) GAG ¥l CAT GAC GTT CGTGTT 6T
DQ022305_Bat_SARS_coronavirus_HKU3_1Tres GAG LW CAT GAC GTT CGTGTTGT

ORF8 stop codon

*  Note that ORF8 is split in SARS-CoV
* Adequate PhyloCSF signal to show it is a conserved protein-coding region
*  Almost no nucleotide-level conservation detected by PhyloP and PhastCons

* Insertion near end shows that local tree is different from species tree
— Insertion is scattered through tree instead of in neighboring species

*  PhyloP and PhastCons are very sensitive to tree, but PhyloCSF is not
*  ORF8 has high substitution rate even when using the local tree
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ORF8 was pseudogenized within SARS-CoV population

SARS-CoV has two fragments of ORF8 in different frames
ORF8a is 39 amino acids and shares initial ATG

ORF8b is 84 amino acids and shares most of 3’ end
Alignment of SARS-CoV-2 to 7 isolates of SARS-CoV

Indel is present in only 5 SARS-CoV lineages

Arose within SARS-CoV population

SARS-CoV-1

SARS-COV-2 NC_045512_SARS_Cov_2_Wuhan_Hu_1 [T} 5%} GCH [0 GTA (S (%% GAC 66 rcT cor ) (ONe Lute pve: pess o TGG Ry

NC_045512_SARS_CoV_2_Wuhan_Hu_1 ATG AAA [0 G [Eh0: poge A [ [NTe AT [&¥ caaTcTaGT [

NC_045512_SARS_CoV_2_Wuhan_Hu_1 ACA GTTTCCTGTTTA [STe0 Lug} ACA ATT

AYSG853975AR57C0V7GZ04017aa1 M XK L L I V L T ¢ I s L €C s C€C I R T v V. 0 R C A S
AY568539_SARS_CoV_GZ0401 ATG AAA CTT CTC ATT GTT TTG ACT TGT ATT TCT CTA TGC AGT TGC ATA CGC ACT GTA------ GTA CAG CGC TGT GCA TCT
AY545915_SARS_CoV_HC_S%_DM1_03 ATG AAA CTT CTC ATT GTT TTG ACT TGT ATT TCT CTA TGC AGT TGC ATA CGC ACT GTA-—---— GTA CAG CGC TGT GCA TCT
NC_004718_SARS_CoV ATG AAA CTT CTC ATT GTT TTG ACT TGT ATT TCT CTA TGC AGT TGC ATA {i{ele ACT GTA~ GTA CAG CGC TGT GCA TCT
AY463060_SARS_CoV_ShanghaiQXC2 ATG AAA CTT CTC ATT GTT TTG ACT TGT ATT TCT CTA TGC AGT TGC ATA [fle ACT GTA- GTA CAG CGC TGT GCA TCT
AY559097_SARS_CoV_Sin3408L ATG ARA CTT CTC ATT GTT TTG ACT TGT ATT TCT CTA TGC AGT TGC ATA [Jele ACT GTA- GTA CAG CGC TGT GCA TCT
AY772062_SARS_CoV_WH20 ATG ARA CTT CTC ATT GTT TTG ACT TGT ATT TCT CTA TGC AGT TGC ATA [ele ACT GTA----—— GTA CAG CGC TGT GCA TCT

or EREE

AY568539_SARS CoV Gz0401 aa N K P H V F E D P C P T G Y Q P E W N I R Y K T R
AY568539_SARS_CoV_GZ0401 AAT AAA CCT CAT GTG TTT GAA GAT CCT TGT CCT ACT GGT TAC CAA CCT GAA TGG AAT AITA AGG TAC AAA ACT AGG
AY545915_SARS_CoV_HC_SZ_DM1_03 AAT AAA CCT CAT GTG 6} GAA GAT CCT T
NC_004718_SARS_CoV AAT AAA CCT CAT GTG [S44i GAA GAT CCT TG
AY463060_SARS_CoV_ShanghaiQXC2 AAT AAA CCT CAT GTG [Shili GAA GAT CCT TG

AY559097_SARS_CoV_Sin3408L AAT AAA CCT CAT GTG [Siill GAA GAT CCT TG
AY772062_SARS_CoV_WH20 AAT AAA CCT CAT GTG [Siili GAA GAT CCT TG

MV

AY568539_SARS CoV Gz0401 aa G N T Y S T A W L ¢ A L G K V L P F H R W H T
AY568539_SARS_COV_GZ0401 GGT AAT ACT TAT AGC ACT GCT TGG CTT TGT GCT CTA GGA AAG GTT TTA CCT TTT CAT AGA TGG CAC ACT ATG GTT
AY545915_SARS_CoV_HC_SZ_DM1_03 GGT AAT ACT TAT AGC ACT GCT TGG CTT TGT GCT CTA GGA AAG GTT TTA CCT TTT CAT AGA TGG CAC ACT ATG GTT
NC_004718_SARS_cov GGT AAT AcT il B8 ACT GeT TeE CTT T6T GCT CTA GA AAG GTT TTA 6T 171

AY772062_SARS_CoV_WH20 GGT AAT AcT [l B8 ACT GCT TGG CT'T TGT GCT CTA GGA AAG 6Tt Tra Cot rrr BRl

NC_045512_SARS_CoV_2_Wuhan_tu_1 FYCE FXEV FCT) [ETeT) S O (2 ST ([T (Tl Y [T (7 7 e[ e

AY568539_SARS_CoV_Gz0401_ aa @ T C T P N VT I N C Q D P A G G A L I A R C W Y
AY568539_SARS_CoV_GZ0401 CAAACA TGC ACACCT- AAT GTT ACT ATC AAC TGT CAA GAT CCA GCT GGT GGT GCG CTT ATA GCT AGG TGT TGG TAC
AY545915_SARS CoV_HC_SZ_DM1_03 CAAACA TGC ACA CCT- AAT GTT ACT ATC AAC TGT CAA GAT CCA GCT GGT GGT GCG CTT ATA GCT AGG TGT TGG TAC

NC_004718_SARS_CoV CAAACA TGC ACA CCT========= AAT GTT ACT ATC AAC TGT CAA GAT CCA GCT GGT GGT GCG CTT ATA TGT TGG TAC
AY463060_SARS_CoV_ShanghaiQXC2 CAA ACA TGC ACA CCT========= AAT GTT ACT ATC AAC TGT CAA GAT CCA GCT GGT GGT GCG CTT ATA B8 TGT TGG TAC
AY559097_SARS_CoV_Sin3408L CAA ACA TGC ACA CCT-- AAT GTT ACT ATC AAC TGT CAA GAT CCA GCT GGT GGT GCG CTT ATA B8 TGT TGG TAC
AY772062_SARS_CoV_WH20 CAA ACA TGC ACA CCT-- AAT GTT ACT ATC AAC TGT CAA GAT CCA GCT GGT GGT GCG CTT ATA| TGT TGG TAC

[ anrrofSlncritdcralord e B red rrd

AY568539_SARS_CoV_Gz0401 aa L. H E G H Q0 T A A F R D V L V V L T K R T N *
AY568539_SARS_CoOV_GZ0401 CTT CAT GAA GGT CAC CAA ACT GCT GCA TTT AGA GAC GTA CTT GTT GTT TTA ACT AAA CGA ACA AAT TAR
AY545915_SARS_CoV_HC_SZ_DM1_03 CTT CAT GAA GGT CAC CAA ACT GCT GCA TTT AGA GAC GTA CTT GTT GTT TTA BVt AAA CGA ACA AAT TAR
NC_004718_SARS_CoV CTT CAT GAA GGT CAC CAA ACT GCT GCA- - GAC GTA CTT GTT GTT TTA AAT AAA CGA ACA AAT TAA
AY463060_SARS_CoV_shanghaiQXC2 CTT CAT GAA GGT CAC CAA ACT GCT GCA - - GAC GTACTT GTT GTT TTA AAT AAA CGA ACA AAT TAA
AY559097_SARS_CoV_Sin3408L CTT CAT GAA GGT CAC CAA ACT GCT GCA - - GAC GTACTT GTT GTT TTA AAT AAA CGA ACA AAT TAA
AY772062_SARS_CoV_WH20 GTT CAT GAA GGT CAC CAR ACT Get Gea [l Bl GAC GTA CTT GTT GTT TTA AAT AAA CGA ACA AAT TAR

NC_045512_SARS_CoV_2_Wuhan_Hu_1 330408 (cc ST GTT TTA G-- ATT TCA TCT AAA CGA ACA AAC TAR

[ A EiS N L) ECEE N ochre Stop Codo:
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ORF10 is not a conserved protein-coding ORF

>35>

2,600] 29 700|

NCBI genes 1 TRS? Start codon Premature stop in most genomes  Stop codon

Mapped SARS-CoV genes

X N Y I AQUVDVUVDNTFHNTLT*
SARS-CoV NC_045512_SARS_CoV_2_Wuhan_Hu_1 Gq - G 2 caG \C TAC ATA GCA CAA GTA GAT GTA GTT AAC TTT AAT CTC ACA [l 22

e acT Gre il cz

16772933 _Bat_SARS_like Cov_bat_SL_Covacds AT GGC TAT ATA AAC GIT TTC GCT ITT CCG T ACG ATATAT AGT CTA CTC TG TGC AGA ATG AN TCT CGT ;
16772934_Bat_SARS Like Cov_bat SL Covaxca1 e A 6 GG 177 CCG M ACG ATA TAT AGT CTA CTC TG TGC AGA ATG ART TCT CGT ARG AC ATA GCA CAA GTA GAT GTA GIT AAC TTT AT C1C ACA [l e o

NC_004718_SARS_CoV [60A TAAA
KT444582_SARS_Like_Cov_wIv16 (66l MARAC AT car

Phy|oCSF frame 1 KY417146_Bat_SARS_like_CoV_Rs4231 [60H HAAG 2CT 2
MK211376_CoV_BtRs_BetaCoV_yN2018B [l #AAAC ~c7 ca
KY417151_Bat_SARS_like_CoV_Rs7327 608 TAAAC ACT CA
KY417152_Bat_SARS_! hke _CoV_Rs9401 668 TAAAC ACT C:
PhyloCSF frame 2 KE417144_bat AR ke oy ha409s BN AR cr ox0
_Cov_ -
KY417145_Bat SARS like CoV_RE£4092 B0A TAAAC AC

PhyloCSF frame 3
K¢770855_Bat_Cov_Anlong_103 66 HAAAC

KY417143_Bat_SARS_like_CoV_Rs408 180 BARAC ACT
KY417149_Bat_SARS_like_CoV_Rs4255 B0 HAAAC ACT C
PhastCons MK211378_CoV_BtRs_BetaCoV_yN2018D B0 HARAG ACT CAT
FJ588686_Bat_SARS_CoV_Rs672_2006 B FAAAC AT CA
MK211377_CoV_BtRs_BetaCoV_yN2018c B8 FAAAC AT cA
lw K¥417142_Bat_SARS_like_CoV_As6526 B8 WARAC ACT
P hyl oP KY417147_Bat_SARS_like_CoV_Rs4237 [ FARAG ACT C;
KY417148_Bat_SARS_like_Cov_Rs4247 (B0 BAAAC ACT C:
MK211375_CoV_BtRs_Betacov_yN2018A[BEA FARAC ACT A
DQO71615_Bat_SARS_Cov_Rp3 [80 HARAG AT

KPB86808_Bat_SARS_like_Cov_¥NLF_31c/B0H MARAC -
KF569996_Rhinolophus affinis_CoV LYRall|G0A TAAAC -
. : 7%993988_Bat_CoV_Cp_Yunnan2011 (66 1AA:
nucleotide conservation MK211374_CoV_BER1_BetaCoV_§C2018 B FAAAC ACT C
KJ473814_BtRs_BetaCov_ub2013 [ 1AAAG A7 C
DQ412043_Bat_SARS_Cov_Rm1 (B FARAE acT ca
KY938558_Bat_CoV_strain_16B0133 (B8 BARAC AcT ca
DQ412042_Bat_SARS_Cov_Re1 |6 FARAG AcT A
DQ648856_Bat_CoV_BtCoV_273_2005 |6l FAAAC ACT caT| ATG GGC TAT[SE) AAC GTT TTC - CCGTTTACG A’I‘A AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT AAC AR [NS| GCA CAA GTA o5 48 GTT AAC TTT AAT ACA-
KJ473812_BtRE_BetaCoV_HeB2013 (B8 FAAAC 2cT . anc GrT e GGA R CCG TTT ACG ATA[EE AGT CTA CTC TTG TGC AGA ATG AT TCT CGT AAC AN I\ GCA CAA GTA S U3 GTT AAC TTT AAT s Aca il
K770860_pat_Cov_diyuan_o4 [N HRRAE AcT car BB cac cac aca acc cac /83 anc e e B8RS cce 17T Ace ATA AGT CTA CTC TG TGC AGA ATG AAT TCT CGT AAC AR B oA can o BE B o7 anc T aa [ER8 aca Il
7%993987_Bat._Fov_Rp_Shaanx12011 [N HRAG Ac ac o rec B coo T ace aTal AGT CTA CTC TG T6C AGA ATG AxT TCT Car Aac [ B Goa can cra B B o7 axc ror ant czc aca Bl
c0153542_pat_BARS, cov_ a3 _7 [N HRRRE anc are 7o BRI AGT CTACTO TTG T6C AGA ATG AnT e cor BES BR B ccn can ora BB BB oo anc o aaz crc aca
DQ022305_Bat_SARS_Cov_HKU3_1 [B0H HAAAC ACT C2 B anc err Trc B6H M cce 11T ACG ATARER! AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT IXeH AR I GCA CAA GTA Grr anc Trr Ant cre aca 8 o
GQ153547_Bat_SARS_Cov_HKu3_12 [B8 WAAAG ~cr car aac err rc/888 BB ccc rrr Acc ara B Act cTA CTC TG TGC AGA ATG AaT e coT S AR M cea caa cra BER IR crr aac TrT AnT c1c Aca B
KY352407_SARS_related_CoV_strain_BtKY72 cCc A 2GATG Gac TAT [ cca 1T ACG ATA N AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT AAC [TAR ATA GCA CAA GTA GAT [B0 GTT AAC TTT AAT 08 Aca BB
NC_014470_Bat_Cov_BM48_31_BGR_2008 ccc [l 4G a16 Goe TaT I8 Aac 6Tt e Gr R co6 TrT AcG AT IR AGT A CTC TTG TGC AGA ATG AAT TcT coT Y AR M cea caa 1A Grr aac Trr AnT c1e Aca EEE

G a16 cac Tar R aac crr rrc 888 B coe 1T Ace ATa I AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT AAC TAR I cea caA GTA Grr aac Trr AaT cre aca BB
26 ATG Gec TAT R cce 71T Ac ATAIE AGT CTA CTC TTG TGC AGA ATG AAT TCT caT (XY AR M Gea caa cTa HER I GIT AAC TTT AAT CTC AC
2 ATG 6oe TaT /B Aac G rrc BERIER coe T Ace ATA R AGT CTA CTC TTG T6C AGA ATG AAT TCT coT XS AR N cea can ora SR BN aTT AAC TTT AAT CTC Aca B
2 ATG 6oe TaT /B Aac G rrc BER MR coc T Ace ATa B AGT CTA CTC TTG TGC AGA ATG AAT TCT CoT IYER FAR S GoA cAA GTA Grr aac TrT AnT c1e Aca Bl
a6 ATG Goc TATIE ccG 77T ACG ATA S AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT (XY AN M Gea can GTa SR MSA GTT AAC TTT AAT CTC AC
anc Grr rrc AR ccG TTT ACG ATA/E AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT [Xel AR N GCA CAA GTA GrT AAC TTT ART c1C AcA Bl
anc GrT r7c A M ccG TTT ACG ATA[R] AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT [Xel #AK NN GCA CAA GTA GrT AAC TTT AAT c1C ACA R
B ccG T AcG ATA[S]S AGT CTA CTC TTG TGC AGA ATG AAT TCT coT [XEl FAR YR G caa GTA HE TT ARC TTT AAT CTC AC
©CG TTT ACG ATA [} AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT AAC AR NS GCA CAA GTA e5) U3 GTT AAC TTT AAT CTC AcA [l 7
R cCG TTT ACG ATA S AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT [Xely AR [NSR GCA CAA GTA 8 T ARC TTT AAT CTC Ach [l
cc rrr Ace ATA B AGT CTA CTC TTG TGC AGA ATG AAT TCT coT N AN M Gea can Gra R HBUA GTT AAC TTT AAT CTC AC:
A aac crr - ccerrr Ace ATa R AGT CTA CTC TG TGC AGA ATG AAT TCT co1 XY AR M Gea can GTA Grr anc Trr Ant cre aca BB
26 Are Gec rar A aac err e 688 B ccc rrr Ace aTa IR AcT CTA CTC TTG TGC AGA ATG AAT TCT coT Y #AN M cea can oA MER IR 1 aac TrT AnT c1e Aca R
A ATG coe Tat /R Aac e rrc BEAMER cce Trr ace Ara A AGT CTA CTC TTG T6C AGA ATG AAT TCT coT [N AR S cea can ora SR W a1T Aac TTT AAT CTC Aca B
4G TG GGe TaT G Aac 6Tt Trc GEH M cce 11T AcG ATA IR AGT CTA CTC TTG TGC AGA ATG AAT TCT cGT Xe AR NI Gea caA GTA Grr aac Trr AnT c1e Aca B
4G TG GGe TG AAc 67T T7c BB MR ccG 11T ACG ATA IR AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT el AR I GeA cAA GTA Grr Aac TrT ART c1C AcA Bl
A ATG GeC TAT[EEA Aac GrT 7T BEA M G TTT ACG ATA[IE AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT [Ne8 1AM NI GCA CAA GTA Grr Ac TTT ART c1C ACA B
AG ATG GeC TAT/EEA AaC GTT 7T BEA M cCG TTT ACG AT AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT [Xa8 1AM MG GCA CAA GTA GrT AAC TTT ART c1C ACA Bl
ATG GGC TAT /& AAC 6T TTc GEA M CCG TTT ACG ATA BRI AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT [Nl TAA BYSR GCA CAA GTA | GrT AAC TTT AAT CTC ACA B
GATG GGC AT AAC GTT TTC (§EH [ CCG TTT ACG ATA B! AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT [Nele TAR NS GCA CAA GTA ek JRS) GTT AAC TTT AAT CTC AC:
ccG T AcG ATA [ AGT cTA cTc T B aca At [ TeT cor e FAR S Gca can oTa BE T AAC TTT AAT CTC Ach [l
€CG TTT ACG ATA [ AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT AAC AR [NSR GCA CAA GTA 6 U9 GTT AAC TTT AAT 1308 Aca [l
cc 117 Ace ATA BB AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT AAC AN R Gea can GTa SR IBUA GTT AAC TTT AAT CTC AC:
16 cac rar [ aac crr rrc 888 B coe 1T Ace ATa I AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT AAC TAR IYSH GCA CAA GTA Grr aac Trr Aat cre aca BB
26 ATe Gec AT Aac err e 688 BB ccc rrr Acc aTa I Act cTA CTC TG TGC AGA ATG AaT TCT cor NS AN M cea can oA MER IR 1 anc TrT AnT c1c Aca N
A ATG 6oc TaT /R Aac G r1c BERMER coe T Ace ATA B AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT AAC AR IY GCA CAA GTA EE Grr ac TrT AnT c1e Aca B
2 ATG 6oe TaT /B Aac G rrc BERMER coc 1T AcG ATA B AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT AAC AR IS GCA CAA GTA Grr aac TrT AnT c1e Aca FER
| JUEIEN 'm'r aac B CCG TTTACG mnm AGT CTA CTC TTG TGC AGA ATG AAT TCT CGT AAC FAR B GCA CAA GTA I Grr aac TTT ART c1C ACA R
G ATG GGC TAT

=

Ochre Stop Codo pal Stop CodonlIn—frame ATGlIndellFrame-shiftedl... No alignmentl

. ORF10 is very highly conserved at nucleotide level
— ltis doing something important (part of 3 UTR RNA structure)
. But it isn’t coding for protein
—  No PhyloCSF signal
—  Premature stop in most genomes
—  Almost all substitutions are non-synonymous (red and dark green)
—  Nucleotide-level constraint extends beyond ORF on both sides

. Wu et al 2020 report a partial transcription regulatory sequence (TRS) CUAAAC
— ltis only present in SARS-CoV-2 and Bat RaTG13

. Kim et al. did not find evidence of ORF10 sgRNA in their nanopore sequencing ”



Ribosome profiling evidence for ORF 10?

* Finkel et al. report ribosome footprints in ORF 10
— But nearly all footprints are either in uORF or downstream ORF (18 codons, 5 in most strains)
— No more footprints within unique part of ORF 10 than past the end
— Looks like translational noise
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Dual coding regions in N: ORF9b is coding

i

6 00! 8.800 | 8,900 | 00! | I u 00!
AUG/stop codons I ) ”n i VNH\L(\WT}H Hm”m‘ %ﬂm TR i I N
PhyloCSF Genes iyl fuiiiitita O b ittt il 2
Rejected Genes ! g 0 —
PhyloCSF frame 1 | (%]
1
PhyloCSF frame 2 :—"'-——-'“ 3 o -
1S
PhyloCSF frame 3 : é
Synonymousconstraln}. ey 8 A
. >
D et et O e ()
.: ______________________________ o —
; | Nucleocapsid (N) |
,,,,,,,,,,,,,,,,,,, : [ ORF9b | [ORF9c]|
srrE PhyloCSF+1 ; ;
i PhyloCSF +2+..MM&.-.
: PhyloCSF+3 o :
£ | T T T |
E 0 100 200 300 400
Amino Acid number in Nucleocapsid
* ORF9b: 97 codons

B =

* Evolutionary evidence is mixed:

— Has some synonymous constraint

— But also has regions of accelerated
synonymous substitutions

— Somewhat negative PhyloCSF

—  Perfectly conserved start and stop

* Translation mechanism:

—  Could translate through “leaky scanning”

* There is proteomics evidence

Same region in main reading frame * Experimental evidence in SARS-COV
ConservativeRadical Opal Stop CodonlIn—frame ATGIInde_

* Conclusion: likely protein-coding
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AUG/stop codons

PhyloCSF Genes
Rejected Genes
PhyloCSF frame 1

PhyloCSF frame 2
PhyloCSF frame 3

Synonymous
constraint

Dual coding regions in N: ORF9c not coding

il Wi
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KE417147 Bat_sans_
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Guamnocm'mﬂllﬂcmncuu'rclumc 8 o BB e can o B oca Gea oma o6 cax Bl cre cf

Ncd 5 o S o T S TG jror o

] e o ISR i con ) S 0 8 o B B o v e smmnmnmnm-fmmm

RN
ORF9c
non-synonmous mutations at these residues

BAI VL GrroGTTirEGrvasGRG QA3 NS S AN T TGS TN G THHA LM CwCoCnaaLaLiiLos

88 coc ot 88 co ocr B

et acc coa R T cer

2ac och Bl 60G AGe AGA i e AT aca oo R e cer

8 o B s acc aca B Jocriuc]

2ac oo 688 B Acc Ach i

8o B o o B
e

et acc coa Bl e cer
ic AGc AGT AGG Gaa Il e e

8 Goc 77c 7ac G|

. 2656 AGC AGA GG rere
BB o A aca BB cac acr can coc R
oan Bl Acc AGh 6ac oac|
i

ec 7 sac cea B e e M rercer
R coc 7 zac oo B rca sca ase . e AT acs coa R T cer
LA GAA GGG AGC AGAGGC G i aoc T aca ool e cer

668 o ace NG I B aaal e vt AGG Goa Ml e cer

e acc vt acs ool e cer
e At acs coa R ez cer
c et acc oo R e cer
e vt AGG Goa M e cer

(TG CTA CACFTCCTCAAGGA ACA ACA TTG CCA AR GGC F1C 7aC oA Bl G cc
T CTA CAACET COTCA GGAACA ACA TG CCAAAA G F1C 7AC G Bl 665 02 A
26 coa aaa Goc e ac B caal

Same region in main reading frame

[ ES AN CPECEENOchre Stop Codo opal stop codon|in-frame ATdInde_

v —_
2
T ©
[2])
3
£ N
>
C
o I
S - .5
> |
2] [}
e - 'l l' Synonymous constralnt elements
[ __Nucleocapsid (N) |
[ORFob |  [ORF9c]
PhyloCSF+1 -

T T T T 1
0 100 200 300 400
Amino Acid number in Nucleocapsid

ORF9c: 73 codons
Evolutionary evidence is not good

No synonymous constraint

Has regions of accelerated synonymous substitutions
Poor PhyloCSF

Imperfectly conserved start and stop

Translation mechanism:

No subgenomic RNA
No TRS
Unlikely to translate through leaky scanning

No proteomics evidence

No experimental evidence in SARS-COV
Some isolates have internal stop codons
Conclusion: not protein-coding
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AUG/stop codons,
SARS-CoV-2 ORFs

wincar
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— -~ ———=a= ORF3bis not coding

SARS-CoV ORFs

Nc_004718_sars_cov_sa T

ic_004716_siRs ¢
s ms 14
718

706 req T c1c B
B zco rracro! n!m

ﬂcm

1A ach 676 TCABER ara caa T RGRI
a0

Al

mm.cmc.Q-%mmmE-

o arre

776 777 GCT G B
711 6o coc B
o]

mnm et sn:s ke cwv Assmucm

776 rec T c1c
» e of .cf

RS 7ra v B
ﬂ

REa1375- o —oesapetason v IS ook e ace 76 o oo coc BBl ok ce B e A OTA T
Dooie1s,

carfl xcxﬁmcmancuﬂ
¥ S 5 i 0 R I3 E A o7 ac oAt Amh ac B8R e B I
Kp886803_Bac_sars 109 aro coa acr act e rrr et coc B
k3473815,  cr B o EER

Like._cov_ine
aone, povacor it o TR

688 o B arc acT acr G
T ttinis, cor_cra1t o o MBace ace o e

B v AcT AT ACT ACTGTATAC CaTIR
B e o R scncr e

mem)\csscA o cancacon o e o Ml onsore e ol
) ko
Krsesse shisoloph
935

SARS-CoV has 154-codon ORF3b
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(E i Truncated to 22 in SARS-CoV-2
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names are a mess. (We are fixing.)
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ORF3d is not coding

S — )

AUG/stop codons,
SARS-CoV-2 ORFs

0
NC_045512 SARS Cov 2 Wuhan Bu laalM A ¥ C W R C T s ¢ ¢ F s E/R F o N H N P Q K E M AT S TLOQ®GCSILCLOZLAYVYVYVCNSTLTEL®T®P?FARTLCLCW?*
Alt Alleles, T T T /a2 1 ce T a T T T 1T A

NC_045512_SARS_CoV_2_iWuhan_Hu_1'ATG GCT TAT TGT TGG CGT TGC ACT TCT TGC TGT TTT TCA GAG CGC TTC CAA AAT CAT AAC CCTQ AAC AGT TTA CTC ACA CCT TTT GCT CGT TGC TGC TGG CCT TGA
MN996532_Bat_CoV_RaTG13 ATG GCT TAT TGT 766 caT T6c [N Te Toc Tor T rea [FE coc Tre can M car aac cof a| screc anc AGT TTA CTC ACA B TTT GCT CGT TGC TGC TG [NEA TGA
MG772933_Bat_SARS_like CoV_bat_SL_CoVzC45 ATG GCT el TGT TG c6T Toc [¥% Te Tac rer T Tea [NRE coc Trc NN aar (NN NS AA B 3 0 frerfccrfeddrra) rrcfrcalcrdorrfesidre ool
MG772934_Bat_SARS_like CoV_bat_SL_CoVZXC21ATG GCT Il 16T 766 caT Tcc [ TeT rc Ter TrT rea [¥NE coc rre [N ant VT [N CTT TGT TTG CAA CTT GCT fel e GT'T BB AAC AGT TTA CTC AcA ccT B o Be TGc R TeG
NC_004718_SARS_CoV. A aagjrec e - 00 IR TG CAA [ [NORY e el NN TC'T EDNe Shuy A hos Aca [eR TTT GCrT Fen e TGC e M e
KT444582_SARS_like_CoV_WIV16 T2 aat{rT Joc: Y T S R TG A g N o e aclcar]eiy frrcpXNrelkadesidreccchigsacc]raticea]
KY417146_Bat_SARS_like_CoV_Rs4231 22 lecalerrjcarhuield ¥ rrrfactfccrfecrlarrhidraccarfay frrc XN re ik re fcc ki atlcea]
MK211376_Cov_BtRs BetaCoy TN201B z 5 g ol - : 5 5 5 3o S 1 o 5 o o
KY417151_Bat_SARS_like_CoV_Rs7327 crjrad] B [aad] G 3 = rjccal SR G IS aca o T cer Y [accfra
KY417152_Bat_SARS_like_CoV_Rs9401 ATG GCT e N TGG cGT 7o B TCT TGC TGT TTT TCA GAG CGc NS can Ant (XN e GC' TTGCAA -EETGT- G TGC-
KY417144_Bat_SARS_like_CoV_Rs4084 ATG GCT el N TGG CGT TGC BB TCT TGC TGT TTT TCA GAG CGC N c Ge c: -TGT-ACA-TTT cer e S roc [N e e
KF367457_Bat_SARS_like_CoV_WIV1ATG GCT ep b0 TGG CGT TGC B TCT TGC TGT TTT TCA GAG CGC FX A C: crrieca) [rcrecrecrlarrhiddraclcarfe s frrcptNrc el reccckigdacalraticeal
KU973692_UNVERTFTED, SARS. related cov. 46 anc ccr [l mor Tee cor Tec act Ter roc ror v ENERE coc Trc can G = BT o B o e o 22 o 5 R o B o comc o o I G S A
XE417145,Bat_SARS_11ke, Cov_R£4092 a76 e NN 166 cor rec Act Te1 16¢ Ter 171 7ea B coc e can (X A RS B e = 15 85 S oco B3 e o acn oo B O v R AR
KJ473816_BtRs_BetaCoV_YN2013 ATG GCT el TGT TGG CGT TGC ACT TCT TGC TGT TTT TCA [¥Ne cGe TTC can [Neh (& lcerfredcce | ISR RER rca Rl 6T TG caa BRI G e e ey TGTMTMCTC ACA e [STohs FXe P IXels TGC TGG [
K¥770858_Bat_CoV_Anlong_103 ATG G [l 76T 766 CGT 76C ACT TCT T6C T6T T1T 1eA [N coc rre can N rc2 c E z ad] Mrmcrc ‘aca ccr (S YR B [Xel Tac 166 c

KY417143_Bat_SARS_like_CoV_Rs4081ATG GCT lgl TGT TGG CGT TGC ACT TCT TGC TGT TTT TCA GAG CGC TTC CAA N (ST} baets [rem: beR) A iaclaarkevNrrcfaNTcacrrracchiddiddcar|
KY417149_Bat_SARS_like_CoV_Rs4255 ATG GCT Jlel} TGT TGG CGT TGC ACT TCT TGC TGT 1T TcA N8 coe T can e [0y ac [¥%0 TTA Crc [Se co BeR IeD b e TGC TGG 3

MK211378_CoV_BtRs_BetaCoV_YN2018D ATG GCT Hes joei TeG cat Tec Bl TeT Tec Ter T TCa cac cac BN caa aat ¥ c 2 baclcar]sodrrcfieNrc TTTGCTTGC

FJ588686_Bat_SARS_CoV_Rs672_2006 ATG GCT el TGT TGG CGT TGC ACT TCT TGC TGT T7T TcA [FE cac Tre can XS o B0 rra o Aca co RS RN ks a8 TaC Tac B g
MK211377_CoV_BtRs_BetaCoV_YN2018C ATG GCT feli TGT TGG CGT TGC ACT TCT TGC TGT TTT TCA VY8 cGC TTC CAA [Xeh o C G T ‘ CMTTACTCACACCTTGCTGG =

KY417142_Bat_SARS_like_CoV_As6526 ATG GCT Gl TGT TGG CGT TGC ACT TCT TGC TGT TTT TCA ¥¥E cGc Tre can Mg lcerfra exabitacel rifleNcc G foaclaaTh v NS PRI ccrfacfrrac

KY417147_Bat_SARS_like_CoV_Rs4237 ATG GCT e} TGT TGG CGT TGC ACT TCT T6c TGT 77T TcA ¥ coe Tre can R 8 ca ccdra rlerald¥accl a A o o anc /88 rra cre aca cor v RO R (X Tac o SN MR
KY417148_Bat_SARS_like_CoV_Rs4247 ATG GCT el TGT TGG CGT TGC ACT TCT TGC TGT TTT TCA GAG CGC TTC CAA [N [ e T A (N Y o) o TG'T TTG ChA R GO SToRy N SR o' e BN A N ACA COT [SH N B et TGC TGG
MK211375_CoV_BtRs_BetaCoV_YN2018A ATG GCT lel TGT TGG CGT TGC ACT TCT TGC TGT TTT TCA ¥¥e cGc TTC can e cde R 8 T TG o S o ey ToT N e Ta NS ACA cT [SToh heR s X8 TGC TGG &
DQO71615_Bat_SARS_CoV_Rp3 ATG GCT el TGT TGG CGT TGC ACT TCT TGC TGT TTT TCA NS cac TTC can (e [ et (e c c c o Ve g T SR BV T e ACA T e Yo [ (NS TGC TG
KP886808_Bat_SARS_like CoV_YNLF_31C ATG GCT el TGT TGG CGT TGC ACT TCT TGC TGT TTT TCA F¥YE cGC TTC CAA [Xen [0 Gr G cafa A erlacrlerrhieideacaarhuvtrrcpteNrerfreyaccracchiestiedcaTjcaal
KJ473815_BtRs_BetaCoV_GX2013 ATG GCT el TGT TGG CGT TGC ACT TcT (e TaT T Tea B coc Tre can e V) e [ cadaador d ‘G p 1 ST ST S ST Y [V G e aca ccr o [ [ IR Tac ToG O
KF569996_Rhinolophus_affinis_CoV_LYRall ATG GCT flep UM TGG cGT T6C BMA TCT TGC TGT TTT TCA GAG CGC FINE cAa AT FNN o ccf calorr] C T T N o r FNe FR G e aca BT T o e Tec Toc X
JX993988_Bat_CoV_Cp_Yunnan2011 ATG GeT fel TGT T6G IR TGC AcT TCT T6C T6T TrT eA ¥¥E coc Tre can R 8 G Jccr o XS S ro'r AAc [ TTA cTC Aca corr o IXOR [ e TGC TG [ e
MK211374_CoV_BtR1_BetaCoV_SC2018 ATG GCT [Je TGT TGG CGT TGC ACT ER TGC TGT Bk TC: crjca: T RoRN e P TGT SIS SRV TTA CTC ACA Sk pYelt FNep P a8l TGC TGG
KJ473814_BtRs_BetaCoV_HuB2013 ATG GCT [NEA TGT TGG CGT T A 3 crred CTTGTTTACTCACATGCTGG
D0412043_Bat_SARS_CoV_Rml ATG GCT [Se8 TGT TGG CGT T A = o e X e o S AN TTA CTC ACA R s N s s Tac TG S e
KY938558_Bat_CoV_strain_16BO133 ATG GCT fer k0N b _ cr 9% crrhieidcaclaar] ACA‘TGC TGGTGA
DQ412042_Bat_SARS_CoV_RE1ATG GCT flems U 1 5 lcedredc S¥scrfacrfrrrbiddcaclaarbéiNrrcprrojreracrroacc
DQ648856_Bat_CoV_BtCoV_273_2005 ATG GCT ek FNA TGG CGT 1) m crfzc cered 5 - ﬂﬂ Sdscracrierrhiddoaclanrbery WXrrojrerfacrrrac]
KJ473812_BtRf_BetaCoV_HeB2013 ATG GCT ep MGG TGG CGT 1 G carfec; c-rm_--rcr-rm frod] Acnnmc TGG
KY770860_Bat_CoV_Jiyuan_84 ATG GCT el MEE TGG CGT TGC ACT TCT TGC TGT TTT TCA F¥le o rca] cdcrr] © 3 cal KkccrfacrlerrbitdcaclaarbeeNrrcptedrcrreracrracchieebieec:
JX993987_Bat_CoV_Rp_Shaanxi2011ATG GCT hes A G crc Ircd 2 CT!_TGTTTAACACCTMMTGCTGG.‘

GQ153542_Bat_SARS_CoV_HKU3_7 ATGGCT [an [aad] CTTGTMTTACTC Acaccr TTT‘
DQ022305_Bat_SARS_CoV_HKU3_1 ATG GCT TAT TGT TGG CGT TGC ACT TCT TGC T6T T1T TcA [I¥E cac T

GQ153547_Bat_SARS_CoV_HKU3_12 ATG GCT TAT TGT TGG CGT TGC ACT TCT TGC TGT T TCA f¥¥E cGC T cd ¥ EGCA
KY352407_SARS_related_CoV_strain_BtKY72 ATG GCT TAT TGT TGG cGT TcC NG [ rec Ter T oa NN IR T GCAM pr - TGT v

NC_014470_Bat_CoV_BM48_31_BGR_2008 ATG GCT Bl T6T T6G caT oc [ TeT Tec Tet T Tea e coc | crrT RS S5 e [T S e ChfiE G SR N HNeTe f SINS AGT TTA C'TC SToR S [Nl o el Tec Toc e e rea

[ofo) TSN C Rk ATV EL EReERlOchre Stop Codo: Opal Stop CodonlIn—frame ATGIIndellFrame—shiftedI .. No alignmentl

57-codon ORF
Early stops in all other strains so not conserved in Sarbecovirus
Nonsense SNV in some isolates, so unlikely to be a functional in SARS-CoV-2

Riboseq did not find initiation at start ATG, but did at downstream ATG (33 codons)
— Would need to skip four ATGs to translate by leaky scanning



AUG/stop codons

Novel conserved coding ORF3c  ceigene:

ORF3c

Synonymous constraint

PhyloCSF frame 1

* Ran PhyloCSF on all ORFs >= 10 codons PhyloCSF frame 2

— Included near cognate PhyloCSF frame 3

— Both strands
* ORFs 10 and 9c artificially high: low rate compresses to 0
* Least negative PhyloCSF is 41-codon “ORF3c”
e OQverlaps ORF3a near 5’ end (i.e., start)
* Expect lower score due to overlap
* ORF coincides with Synonymous Constraint Elements
* Most substitutions are synonymous
* ATG conserved except one GTG
* Conserved stop with 1-codon extension in SARS-CoV-2 /RaTG13
* No in-frame premature stop codons in any strain
* Translated by leaky scanning from ORF 3a subgenomic RNA
* Independently discovered by:

— Cagliani et al. and by Firth using synonymous constraint
— Finkel et al. using Ribosome profiling

Scores of real & hypothetical AUG ORFs >= 25 codons

—— Protein-coding
— Novel protein—coding
—— Not protein—coding
3b 9b 3c E 7b N M S

10 6 8 7a 3a 1ab
T T T T

-40 -30 -20 -10 0 10 20
PhyloCSF per codon

Adjusted for evolutionary rate

—— Protein—-coding
—— Novel protein—coding
—— Not protein—coding

3d 9c 3c 8 7a S 1ab M
10 3b 9b 6 7b3a E N

-15 -10 -5 0 5 10
PhyloCSF per codon / Substitutions per site

LLEILBLLEILLE L
]l \Hi‘[ I
S

Novel protein-coding gene

ynonymous constraint matches OR

bt il b kb e JPIE N e T J—

o

T
L Negative PhyloCSF increases to 0'in ORF3c

KC_045512_SARS_Cov_2_uhan_fiy_1_aa

8 ¢
K¥152407_SARS _related_Cov_strain BLKIT
- 014470 Bat_cov_smis 31 8GR 2008

b i 4 ek B b e s b e b L e | 7

7 PP

CAC TCC O TCG GAT GGC TG T1G 176 GCG T«
cac roc crr RGAT GGC TG TG TG 6CO T
cac roc crr B Ga Goc 176 716 TG oc6 Tro BB T

'M'sTIGGCGTTG-TK:CTETMTKMAQCGCM“
88 776 GoG 17 Car I

cac rec crr e
cac roc crr

B cas!
6 vrc axG cza Gl can Bl cAC Tec o TeG G GGC 17 716 776 Ge 776 BRB T 776 C16 17 T1C AvA e 7 B
76 77C ARG CTA CTG A Bl x oc 176 TG roc 776 Cr6 T 7€ A GG e R
ol TC TG CTG T TTC AR 666 c71 R
rormcarceracroca Bl rrc 776 CrG T 7 AvA Go 1 BB

TG TIC ATG CTA CTS CaA mmu Tac ang ccal
1c AnG coa BRR|

nt region between start codons allows
translation by leaky scanning

_Like_Cov_t

KU373692_UNVERIFTED_SARS related_Cov.i
K

KP386905_Bat_sARS_L1
3473815_BtRs_be:
KP569996_Rhinoloph

K¥352407_saRs_rele

T aars e o aite 1 an 20081

‘cerrer cor oenac I o7 cat cer RN e 6 crr rr M Gce T Gea rrT T Gor orr e BB AGC
orrcar MlAcT G oce G cr v Gor Grr B ca Aoc oo B8 A

crrear cer aczccs ce i crc ccT TIC GoA TGG €T GTT G G6c 67 GeA GBI CT GOT G T CA AGC G
oo I e cerFrRcom oo Tt coc oo crrcer Grr rrr B AGC

co I cr cer rc I8l 166 ¢17 G7r g1 GGe 77 GeAEICTT GCT GTT T CA AGC G

Mo crrceatrr, acc

v coc Bl can cec B

B8 et cer cea ac ot R car NS KGR

Same reglon in reading frame of ORF3a

o chanoJSyRORyROUS YIS SR PP lochre Stop CodonMBEENSEBBIGBABNOpa1 Stop CodorTn-frane ArdTndellFrane-shifted




A new reference gene set for SARS-CoV-2

Previ Evoluti ienal of in-codi
Well characterized, present in all coronaviruses - Protein-coding
Candidate SARS-CoV-2 proteins . Novel protein-coding

- Not protein-coding

Spike  3¢3d3b  Membrane Nucleocapsid

la S M 7a N
. 1] S M A § 8 AAA. . 3
Non structural ns1-11 (E] 6]

Non structural ns12-16 Envelope 7 9b 9¢ 10

Not to scale

Conserved protein-coding:

— ORFs 1ab, S, 3a, 3¢, E, M, 6, 7a, 7b, 8, N, and 9b

Not conserved protein-coding (probably not coding at all)
— ORFs 2b, 3d, 3d-2, 3b, 9¢, 10

Consistent with experimental evidence

Gene set affects variant classification



Outline

SARS-CoV-2 basics
Evolutionary signatures

SARS-CoV-2 gene content
Mutation impact
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Can Sarbecovirus conservation inform SARS-CoV-2 variant impact?

Thousands of Single Nucleotide Variants (SNVs) have been found in SARS-CoV-2
Which ones are important?
Guess: ones in Sarbecovirus-conserved position are more likely to be important
If so, would expect Sarbecovirus-conserved positions to be less likely to have SNVs?
How to define Sarbecovirus-conserved?
—  Missense: no amino acid changing substitutions
*  Does not depend on tree
—  Synonymous: use FRESCo 1-codon windows
* synonymous rate < 1.0
*  nominal p-value < 0.034 (FDR 0.125)
* Note: relative to gene average
— Noncoding: no substitutions
Missense variants depleted in conserved amino acids:
— Inconserved amino acids: 607 / 6480, 9.4%
— In non-conserved amino acids: 535 / 3264, 16.4% (p<1019)
Synonymous variants depleted in synonymously-constrained codons:
— In synonymously-constrained codons: 73/1394,5.2%
— In non-synonymously-constrained codons: 555 / 8350, 6.6% (p=0.029)
Surprising excess of variants in conserved non-coding positions: (but not significant)
—  (17.4%vs. 13.7%, p=0.17).

B Missense among conserved amino acids

Missense among non-conserved amino acids

B Among synonymously constrained codons
Among synonymously unconstrained codons
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Analysis of Spike D614G and more

Tracking changes in SARS-CoV-2 Spike: evidence that D614G increases
infectivity of the COVID-19 virus

Korber B'?, Fischer WM', Gnanakaran S', Yoon H', Theiler J, Abfalterer w',
Hengartner N , Giorgi EE', Bhattacharya T', Foley B', Hastie KM?, Parker MD*,
Partridge DG, Evans CM®, Freeman TM“ de Silva TI56, on behalf of the Sheffleld
COVID-19 Genomics Group McDanal C7 Perez LG, Tang H’, Moon-Walker A*%°,
Whelan SP°, LaBranche CC7 Saphire EO3 and Montefiori DC’

A23403G = Spike D614G

11 perfectly conserved
amino acids

NC_045512_SARS_CoV_2 Wuhan Hu 1l aa 7 S N 0 V A V
Alt Alleles

MN996532_Bat_CoV, RaTGl3! TCT AAC CAdr r

 Korber et al. Cell publication and bioRxiv preprint

* Analyzed Spike mUtationS missense mUtationS MG772933_Bat_SARS_like CoV_bat_SL_CovzC45 ACT 7CT [l -GL‘TGTTCT"';--(JATLJTT ’XAC‘TGL-
MG772934_Bat_SARS_like CoV_bat_SL_CovzxC21 AcT rcT el -GLTGTI‘CTT

b D614G NC_004718_SARS_Cov [eeg) [ el

KT444582_SARS like Cov WIVISACI-F T

— Rise in frequency in multiple geographic locations -> increases infectivity x 7 s 1 covnsizss scr ---

MK211376_CoV_BtRs, BetaCoV YN2018B ACT- crrcer crr Il TaT)

KY417151_Bat_SARS_like_CoV_Rs7327 acT il [k R G117 G

— Associated with higher viral load but no difference in severity
— Hou Preprint: “enhances infectivity, replication fitness, and early

transmission.”
— In string of 11 perfectly conserved amino acids
+ evidence of conserved function in bat hosts -> human adaptation

—Hitchhikers or drivers?

[zcd
* Pol P4715L: radical change in conserved amino acid in a highly-conserved region  xv417142_sat_sars_1ixe_cov_ases2c B M
* (C3037T synonymous mutation in nsp3, not synonymously constrained
* (C241T perfectly-conserved non-coding 5'-UTR position, 25 nt 5’ of ORFlab start

* 15 others
—V615I/F and P1263L are in perfectly-conserved AAs

— A831V and A829T/S mostly-conserved in highly-conserved region

— L5F, L8V/W, R21I/K/T, HA9Y, Y145H, Q239K, G476S, V483A
* in non-conserved amino acids
* in poorly-conserved regions of the protein
* less likely to be required for a conserved function

—V367F, D839Y/N/E, D936Y/H

* in moderately-conserved contexts
* ambiguous interpretation

KY417152_Bat_SARS_like_CoV_Rs9401 ac il [l
KY417144_Bat_SARS_like_CoV_Rs4084 AcT [l [l @M crr cor crrlll ra
KF367457_Bat_SARS_like_Cov_wrvi acT [l (el ¥ 77 cor crr B TAT- Gl
KU973692_UNVERIFIED_SARS_related CoV_F4 6 [elegi [ Eder [0 Il cor
KY417145_Bat_SARS_like_Cov_Rf4092 [Eeg W [T
KJ473816_BtRs_BetaCov_yN2013 [Ee
KY770858_Bat_CoV_Anlong_103
KY417143_Bat_SARS_like CoV_Rs4081[E8
KY417149_Bat_SARS_like CoV_Rs4255[8
MK211378_CoV_BtRs_BetaCoV_yN2018D [Eleg Il
FJ588686_Bat_SARS_CoV_Rs672_2006[8
MK211377_CoV_BtRs_BetaCoV_yN2018C|E

KY417147_Bat_SARS_like CoV_Rs4237 [Ee Il
KY417148_Bat_SARS_like CoV_Rs4247 [Ees il
MK211375_CoV_BtRs_BetaCov_yN2018x [Eleg I [
DQ071615_Bat_SARS_CoV_Rp3 [&el 7C cergrrcrr rar[lll ear err aac
KP886808_Bat_SARS_like Cov_YNLF_31c acT[lll B ccrcrr crr R o2l Aac Toc
KJ473815_BtRs_BetaCov_Gx2013 [Eee Wil (T8 7 crr [l TaT]
KF569996_Rhinolophus_affinis_CoV_LyRa11 F¥ N e [0
JX993988_Bat_CoV_Cp_Yunnan201 1 [Eegy [ Fer] Rl Il 7
MK211374_CoV_BtRL_BetaCov_sc2018 AcT [l Bl ccrcrrcrrl

KJ473814_BtRs_BetaCoV_HuB2013 [Eel rc7 e GTT GCT GTT CTT| --l
DQ412043_Bat_SARS_Cov_rm1 [Ee o (el M G Gor G '1'-- GATGTT AAL--‘-- T
KY938558_Bat_CoV_strain_1680133 ac il [l [l ccr crr o [ I car I 2ac roc |2 [ I Y2 X
D0412042_Bat_sARS_cov_Rrf1 ac [ e [ Bl cor e crr [ M car Bl Aac roc ---

DQ648856_Bat_CoV_BtCoV_273_2005 AcT I Lot [yl ccr crr crr [ I car Bl 2ac rcc [ Ry I I Y
KJ473812_BtRf_BetacCov_HeB2013 ac Il Nt Rl ccr crr crr R I oo Bl 2ac roc RS, I R
KY770860_Bat_CoV_Jiyuan_g4 acT Il Eet: B ccr crr crr I o Bl Aac rcc | EE0: I
JX993987_Bat_CoV_Rp_Shaanxi2011 [Ba rcr Y AN cor oo [ IR I car B 2 ac Tec
lezd 2 Bag

DQ022305_Bat_SARS_CoV_HKU3_
G0153547_Bat_SARS_CoV_HKU3_1
KY352407_SARS_related_CoV_strain_BtKY72
NC_014470_Bat_CoV_BM48_31_BGR_2008& laG g cor e Arc R

ConservativeRadical
D614G
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B.1.1.7, a rapidly spreading lineage

1263
ONS data shows that the proportion of the new variant is increasing

Lineage B.1.1.7
.o

° wowo
1,03

8.0E4
6.0E-4

4.0E4

wic 18-Nov wc Oec

Average per site genetic divergence from root

* B.1.1.7 lineage appeared in UK in September
— Also known as VOC 202012/01 - Variant of Concern
— Also known as UK variant or London variant Tow e

18-dun 07-Aug 26-Sep 15-Nov 04-Jan e T -« T O

* Fairly easy to detect candidates from PCR test Spike N501Y

— PCR test uses primer pairs for ORFlab, S, and N

SARS-CoV-2 mutations usually 1-2 per month
— Variant interferes with pairs for S - “S dropout” results

B.1.1.7 has unprecedented 14 lineage-specific amino-acid
— If low Ct value (i.e., lots of RNA), sequence to verify changing mutations[2]

* Quickly became dominant in UK * Could have developed within chronically infected

— 28% of new London cases 18-Nov = 62% 9-Dec immunodeficient SARS-CoV-2 patient
— During UK lockdown 5-Nov -- 12-Dec, B.1.1.7 increased while .
wildtype decreased in 200/244 UK local authorities [1]

* Implication: wildtype-stopping lockdown might not stop B.1.1.7

Includes 8 mutations in Spike
N501Y

— alters key contact residue in the receptor binding domain (RBD)

— Not founder effect: background of 1000s of new cases per day

R ] — experimental data: mutation N501Y increases ACE2 receptor affinity
— Implication: Variant causes faster spread

) o — Also independently in South Africa variant
— 1.4 - 1.8 times as transmissible — Highly variable in Sarbecovirus

¢ No effect on virulence + Could mean unimportant

. . * Alternatively, varies based on host ACE2 receptor
* Probably no effect on vaccine efficacy Y P

* Risk: hospital overload

[1] VOhringer et al, “Lineage-specific growth of SARS-CoV-2 B.1.1.7 during the English national lockdown”, virological.org
[2] Rambaut et al, “Preliminary genomic characterisation of an emergent SARS-CoV-2 lineage in the UK defined by a novel 37
set of spike mutations”, virological.org



SNV-enriched region in N

r===n

1 wuhCort
0l 292001 29

28,845 28,850|
UCGCAACAGU
Q

Region of N
SNVs

Conserved AAs
Syn Constrained

Nucleocapsid region enriched for SNVs disrupting conserved amino acids

— 14 variants disrupting conserved residues in 20-amino-acid region
—  Enriched relative to (already high) number for nucleocapsid
—  p<0.012 after conservative genome-wide multiple-hypothesis correction
—  Selection: positive or relaxed purifying
—  Overlaps a predicted B-Cell epitope
* Positive selection for immune system avoidance?

No other significantly enriched or depleted regions

SNV colors:
e DisTUpts conserved amino acid

Disrupts non-conserved amino acid
Synonymous in constrained codon
™™ synonymous in unconstrained codon

28,875| 28,880]
CAGCAGUAGGGGA

NC_045512_SARS_CoV_2 Wuhan Hu laa R S § S R § R N 8§ § R N § T P G S S R G
Alt AllelesT W cr G T KT T W CT ™ A A aAC

NC_045512_SARS_CoV_2_Wuhan_Hu_1 CGT TCC TCA TCA CGT AGT CGC AAC AGT TCA AGA AAT TCA ACT CCA GGC AGC AGT AGG GGA
MN996532_Bat_CoV_RaTG13 B6E EHE TCA TCA CGT AGT CGC AAC AGT TCA AGA KRG TCA ACT CCA GGC AGC AGT AGG GGA
MG772933_Bat_SARS_like_CoV_bat_SL_CovzC45 66 TCC TCA TCA CGT AGT CGC AAC AGT TCA AGA G TCA ACT CCA GGC AGC AGT AGG GGA
X TCC TCA TCA CGT AGT CGC AAC AGT TCA AGA BAG TCA ACT CCA GGC AGC AGT AGG GGA
NC_004718_SARS_CoV 666 TCC TCA TCA CGT AGT CGC [Eleli V%) TCA AGA AAT TCA ACT B8R GGC AGC AGT AGG GGA
KT444582_SARS_like CoV_WIV16 GGG MG MGG TCA CGT AGT CGC [Sek) [V TCA AGA AAT TCA ACT BCH GGC AGC AGT AGG GGA
KY417146_Bat_SARS_like_CoV_Rs4231 (866 [T BGE TCA CGT AGT CGC [Seks [R! TCA AGA AAT TCA ACT GG GGC AGC AGT AGG GGA
MK211376_CoV_BtRs_BetaCoV_YN2018B (GGG HEH TCA TCA CGT AGT CGC [k [Vt TCA AGA AAT TCA ACT BE GGC AGC AGT AGG GGA
KY417151_Bat_SARS_like_CoV_Rs7327 GGG ECHE TCA TCA CGT AGT CGC [Sepi IVU} TCA AGA AAT TCA ACT BCH GGC AGC AGT AGG GGA
KY417152_Bat_SARS_like_CoV_Rs94018GE MEH TCA TCA CGT AGT CGC [Sefi [N TCA AGA AAT TCA ACT BEH GGC AGC AGT AGG GGA
KY417144_Bat_SARS_like_CoV_Rs4084 GGG MG FEE TCA CGT AGT CGC [Hep [N} TCA AGA AAT TCA ACT BEH GGC AGC AGT AGG GGA
KF367457_Bat_SARS_like_Cov_wIv1GGE HEH TCA TCA CGT AGT CGC [Hel IV TCA AGA AAT TCA ACT [B8H GGC AGC AGT AGG GGA
KU973692_UNVERIFIED_SARS_related CoV_F46 B8@ TCC TCA TCA CGT AGT CGC [Sep IR0 TCA AGA AAT TCA ACT GG GGC AGC AGT AGG GGA
KY417145_Bat_SARS_like_CoV_R£4092 EGE EEH TCA TCA CGT AGT CGC GGC AGC AGT AGG GGA
KJ473816_BtRs_BetaCoV_¥N2013 BEG 6T TCA TCA CGT AGT CGC [Seh 0! TCA AGA AAT TCA ACT[BEE GGC AGC AGT AGG GGA
KY770858_Bat_CoV_Anlong_103B8E TCC TCA TCA CGT AGT CGC [Sley N1 TCA AGA AAT GG AcT BEH GGC AGC AGT AGG GGA
KY417143_Bat_SARS_like CoV_Rs4081 /GGG [GH TCA TCA CGT AGT CGC TCA AGA AAT TCA ACT GG GGC AGC AGT AGG GGA
KY417149_Bat_SARS_like_CoV_Rs4255 GGG MG TCA TCA CGT AGT CGC [Sefi [INWA TCA AGA AAT TCA ACT BEH GGC AGC AGT AGG GGA
MK211378_CoV_BtRs_BetaCoV_YN2018D GGG MG TCA TCA CGT AGT CGC [Slel VUl TCA AGA AAT TCA ACT B GGC AGC AGT AGG GGA
FJ588686_Bat_SARS_CoV_Rs672_2006 GGG MEH TCA TCA CGT AGT CGC [Hell Vi TCA AGA AAT TCA ACT [G6H GGC AGC AGT AGG GGA
MK211377_CoV_BtRs_BetaCoV_YN2018C 666 BGH TCA TCA CGT AGT CGC [Elehi V%) TCA AGA AAT TCA ACT BGE GGC AGC AGT AGG GGA
KY417142_Bat_SARS_like_CoV_As6526 (GGG MGH TCA TCA CGT AGT CGC [Hep [N} TCA AGA AAT TCA ACT BEH GGC AGC AGT AGG GGA
KY417147_Bat_SARS_like_CoV_Rs4237 GGG TCC TCA TCA CGT AGT CGC TCA AGA AAT TCA ACT BEH GGC AGC AGT AGG GGA
KY417148_Bat_SARS_like_CoV_Rs4247 TCA CGT AGT CGC [Set [N TCA AGA AAT TCA ACT BEH GGC AGC AGT AGG GGA
MK211375_CoV_BtRs_BetaCoV_YN2018A GGG MG TCA TCA CGT AGT CGC [Slel VUl TCA AGA AAT TCA ACT Bl GGC AGC AGT AGG GGA
DQ071615_Bat_SARS_CoV_Rp3 GGG G TCA TCA CGT AGT CGC [Sek} [N} TCA AGA AAT TCA ACT BOE GGC AGC AGT AGG GGA
KP886808_Bat_SARS_like CoV_YNLF_31C GG BEH TCA TCA CGT AGT GG [elehi 0! TCA AGA AAT TCA ACT BGH GGC AGC AGT AGG GGA
KJ473815_BtRs_BetaCoV_Gx2013E86 TCC TCA TCA CGT AGT CGC [Fen [V TCA AGa BAE Tca AcT BT GGC AGC AGT AGG GGA
KF569996_Rhinolophus_affinis_CoV_LYRall@B8 TCC TCA TCA CGT AGT CGC [Sen) [V TCA AGA AAT TCA BGA 66T GGC AGC AGT AGG GGA
JX993988_Bat_CoV_Cp_Yunnan2011 888 TCC TCA TCA CGT AGT [¥% Tca AGA AAT TCA ACT BEH GGC AGC AGT AGG GGA
MK211374_CoV_BtR1_BetaCoV_5C2018 E6E G TCA TCA CGT AGT CGC [Sep VU TCA AGA AAT TCA ACT GCH GGC AGC AGT AGG GGA
KJ473814_BtRs_BetaCoV_HuB2013 66 [GH TCA TCA CGT AGT CGC [Sle V! TCA AGA AAT TCA ACT BGE GGC AGC AGT AGG GGA
DQ412043_Bat_SARS_CoV_Rm1 GGG fIGH TCA TCA CGT AGT CGC [ehs [N0s FEE AGA AAT TCA ACT BEH GGC AGC AGT AGG GGA
KY938558_Bat_CoV_strain_ 1680133 B86 TCC TCA TCA CGT AGT GG [Ser V% Tca aca el Tca AcT 88T GGC AGC AGT AGG GGA
DQ412042_Bat_SARS_CoV_R£1 886 TCC TCA TCA CGT AGT CEH /e [N TcA AcA Xl Tca AcT B8R GGC AGC AGT AGG GGA
DO648856_Bat_CoV_BtCoV_273_2005 BBE TCC TCA TCA CGT AGT CGH e 0! Tca AGA el Tca AcT B8F GGC AGC AGT AGG GGA
KJ473812_BtRf_BetaCoV_HeB201386E TCC TCA TCA CGT AGT GG Mo IN%: Tca AGA [N Tca ACT B6F GGC AGC AGT AGG GGA
KY770860_Bat_CoV_Jiyuan_84 B8 TCC TCA TCA CGT AGT GG [Her ¥u: TCA AGA [Nl TCA ACT B8H GGC AGC AGT AGG GGA
JX993987_Bat_CoV_Rp_Shaanxi2011 B6E TCC TCA TCA CGT AGT CGC [Sle V%! TCA AGA AAT TCA ACT BGE GGC AGC AGT AGG GGA
GQ153542_Bat_SARS_CoV_HKU3_7 GGG MGH TCA TCA CGT AGT CGC ek} [V%i TCA AGA AAT TCA ACT BEH GGC AGC AGT AGG GGA
DQ022305_Bat_SARS_CoV_HKU3_1 GG TCC TCA TCA CGT AGT CGC [HE V! TCA AGA AAT TCA ACT B8H GGC AGC AGT AGG GGA
G0153547_Bat_SARS_CoV_HKU3_12 B8E TCC TCA TCA CGT AGT cGc [aen v Tca X aaT Tca acT B8H 6GC AGC AGT AGG GGA
KY352407_SARS_related_CoV_strain_ BtKY72 CGT TCC BGE TCA CGT AGT-IM- aca AT TCA HEG Co X AGT AGE Aea GaT
NC_014470_Bat_CoV_BM48_31_BGR_2008 cGT HeH [N TcA CGT [F6E aca aaT T HEA 66T ¥ acc BGE BGA 66T

ConservativeRadica
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Genes with mismatched missense rates

* Faster-evolving proteins across Sarbecoviruses showed more missense
mutations in SARS-CoV-2 (Spearman 0.70)

e Significant deviations from trend: N, nsp3, S1

0.25
|

0.20
|

AAs with | Expected Nominal
SNV p-value

0.15
|

13% 17% 0.0017
Nsp3 10% 15% .90 <1070 2-
Nucleocapsid 21% 11% +42 <10'8 S g | = namedprotein

® Unnamed nsp
= Unnamed ORF

Fraction of codons with amino-acid-changing SNVs in SARS-CoV-2

0.05
|

fewer SNVs
than expected

T T T T
0.2 0.4 0.6 0.8
Fraction of amino acids that changed in Sarbecovirus

» Excess SNVs for N could be positive or relaxed purifying selection

» Some possible explanation for fewer than expected SNVs in nsp3 and S1:
1. Recent change in mutation rates or selective pressure

2. Adaptation/expansion cycle in which some genes (S1, nsp3) change earlier than others;
most changes would have occurred before reference genome was sampled

3. Recombination increased tree branch length for these genes

* Probably would require recombination outside clade

4. Different distribution of fitness effects for these genes

* Mildly deleterious mutations are eliminated in Sarbecovirus time frame
* Only strongly deleterious mutations are prevented within the pandemic
* Fraction of all possible deleterious mutations that are strongly deleterious could be higher for these genes than other 39
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Furin Cleavage Site
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At the junction of S1 and S2
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Has a role in determining viral infectivity
Not present in closest relatives of SARS-CoV-2

Other coronaviruses also have furin cleavage sites
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