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IHE MAME £ gct. RNA Hiolg{aA= cCiekst B0l S0|
7|50 AMME=E Ho|ME HAb Hlo|2 A2
ZMoz FHE 5 Uct olmf, A HH Ml/AA X FHOM F
o] M3t open reading frameO| 3= == H AN (compensatory)
shift =#o|7} wdg £ don{ RNA HPo[2{A JRHEHAA Z5HA
Ct. 2MA frameshift E#H0|= Ch=2e| ofo| =it AE0| SA| ote|
M xlato| ol&ESt= 7[EL AHE A WHE2
Mel =55t ofo| it ME x|t Hatnt ERE ASE =Y
. EAMA frameshift 291810|= RNA H}O| =

| =2 M7YUE T sttoloi, RNA Hio|z{A2o] HEEHHM 24

2{sliof & §atolct

7| ¥ =: RNA H}O|2{A | Frameshift &9110]
06975 Aj2A EXIT SN2 84, ZYL) ST ML Bt
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RNA Hio|2{A0o| w2 Z3} £

RNA wlol#] At w7l (ss) RNA HE o] F7FEH(ds) RNAR FAE 44
', F B AES XF g JAIYES SFE Aol T Atk (Gilbert et al.,
2019; Roossink, 2012; Shi et al., 2016; Shi et al., 2018). ¢lztoll 7+d3le] AW S Ao 7]+= RNA

Hlolg A2 e Aojupn]E Ao Zg ontolg XA(poliovirus), T (measles)e] HUolo] I

7HAAL e, QIzkat

=

S Ay H

A

dhebe] supol 2] 2 (paramyxovirus),  HHE  frdete lEFAAMbel 2l 2 (influenza  virus),
ToRAEF7T T (SARS) SR vlele] =4k 5-19(Covid-19) 9] 110 ¥

3

s Zurlol 2] 2 (coronavirus) 5°] Ath(Wu et al., 2020). RNA ®lo]zo] 213 AW ES EA 517
ate] ThFdt A s At WAls et wgol YANH, A 3do] P IR ubbol el A3 S-195
gk SARS-CoV-2 upolef2=o] ofofa & A%ol, RNA wpolg =& #2 7|7t thekst A2

e
HolA dlo|g] AR W2 HFste] 7)o w8& FEIAH(Cao et al., 2022; Starr et al.,

0
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2022) .

RNA wpolezeo] whE X3t $x5 ddste ¥4 wWAUFSEZE, vig =2 97 A9 X3
=dd¥ols, ME v fdAd Y AxH, FAAE FAEEe =S¥ B AT Tl
9 th(Bent ley and Evans 2018; McDonald et al. 2016; Peck and Lauring, 2018). "% =& 7] A4
A8 EAWel &S HolE off=, RNA wbelElx FHAC] HAIE ©EEs RNA SJEF RNA
%3+ a 4 (RNA-depenedent RNA-polymerase) = RdRpE &4 &FE 1 AHSI+= 7|5 (proofreading) "%
oksl7] wjE-o]th(Barr and Fearns, 2010). RNA Hlo]lg]A2E= U2 EA] w¢jol] Hj&] ¢ =2 7]

A% EdWol &S Holwd, 1 ;e A7l AT 10004 10" =R ALE ATk (Drake, 1999;
Sanjuan et al., 2010).

RNA mlolg] 27} whEAl R3ke 4= gle vE @9loz= RNA F-44 9 A7]9 B s & &
9th. RNA ¥} sjsld oz EolAslal RdRpe wA 7]%o] oFsle] Zddwoelrt HA AR
RNA mpol&]2o] FAAl= dwbi o= o 10 kb o8k RNA &A= g% o] Slth(Sanjuan, 2012).

¢

FZupdtol 2] 2= RNA vlolH a2 & EolshAl oF 30 kb AEe FHA A7]E FASt=H, 1 olf+
Auides 43 wA 7S AYa 7] wiEolth(Robson et al., 2020). FAA =79k 97
A 23 EdHo)lge, 13 13 o], RNA Hlolg]Z, DNA ulolg]~, HlH|glo}(Bacteria) %

A A= (Eukaryotes) oAl 2] Z#BAIE el Ao=2 434 th(Gago et al., 2009; Lynch,
2010). olx= FAA] AVI7F FEFF A SEF Wl o AL Alzke] FolAd 7] MG A3

seluols} w2 Ausel 41 5 Y] grow fa8 & A,

107 o
+ Viroids
= 10 1
2
EE' 104 ey
o5 . RNA viruese
S o o
w— on
.54:3 10° = A
= c ssDNA viruses
2% 107 1 v
.% g ‘Yq dsDNA viruses
S 10° =
o3 Bacteri
LE 100 - e ®  Eukaryotes
[%a]
o A s a" =
2 101+ - -
10" T T T T T T v y

100 10* 104 107 1060 107 108 100 10"
Genome size (nt)

o
I
ol

a9 1. FAAY Ao 9] Ad XE EdHo) &9 BA. (Gao et al., 20099 1
HAMHA frameshift &2 O]

RNA Hlo]#{ 2= RdRpe] W &9 WA 7|53 RNA FAe Eestezel 54 9 og EA4
714 o] @7] Ad 23 ZAMol ST olygt 979l At (insertion) ® A (deletion)
ZdWol g w3 =4 YeEFAGTH(Chrisman et al., 2021; Elena et al., 2008). A+¢l/Z 2 (indel)

Ed¥ol7l whld I A <F(coding sequence)o A HAE A9 open reading frame(ORF)©]



2023 gt st — EAH frameshift 2 EEHO0|0| 2|$H RNA HO|2{A 9| Zs} 3

E

75‘5]-‘:— frameshift EAWolE FHstt;. W42 frameshift Aol @A A& 279
] A

al., 2012; Park and Hahn, 2021; Yourno, 1970).

TLKTIGQGRTI QTTLT
wild type ACACTCAAAATTCAAGGTCGCCAGACTCTGACC

FCLELEEE TEEEEEEEL e
mutant  ACACTCAAA-TTCAAGGTCGCCAGACTCTGACC —» truncated protein
{del)TLKAFKVARL*

}

T L K L T
wild type  ACACTCAAAATTCAAGGTCGCCAGAC-TCTGACC
|| LELEEE EREEEERETEErrer e Terrrr
variant  ACACTCAAA-TTCAAGGTCGCCAGACCTCTGACC => functional protein
(del+ins) TLK F KV ARUP LT
A A
frameshifted segment
(multiple amino acid substitutions)
IOy 2. dA&5"E A/ AA Eddolo od HAA frameshift Aol v, Wl A7y A2

it
2
o

wol: A AAY, A9 B

Aol

ps

S
Mo

B frameshift EAWl&
of 2] Jhe] opnlizito] FAlo] X FH = A h g
Je AA/AY EdRelE BAHAA TIedes BRow IHATI= HAFA BN oiyE, b
oful:eqt M 23S fkete] wig- wE dwd stE sk 9 o Ath(Hastings et al.,
2004; Park and Hahn, 2021). X734 frameshift &Aool wlolegjx, whe|glo}, dF, &8 &
c}okdl AME| A B % RTH(Biba et al., 2022; Colgrove et al., 2016; Jennings and Fane, 1997;
Kihara et al., 1996; Sharma et al. 2016).

HMA frameshift S ®EO0|9| 2 HFHL S

BH4A frameshift =AWol7E WAsy] feirs Ha F W] AY/Z2A ARzt dastofof

(e 3). RNA mpelgf=e] A5 RdRpel =A 7o wA 7] ofat7] wEel F o
/A4 sdwoel7l HAsts A2 (one-step) A ofs TS 7ol doy, FEHOR

- =& Zolth. F W AY/AA EAWolrt FAAoR WA= T

BAA frameshift SWol7 HASHA, FAHOZ frameshift S0

g FAAZE SEE ARE FoF AEsHAA HAE 5 qlojof g

o]
Ak oz mloje] X

¢

= 2]
A} (quasispecies) AHE <5 ZF9AZ1h(Andino and Domingo, 2015; Domingo et al., 2012;
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Sanjuan and Thoulouze, 2019). RNA H}o]#]~9] RdRpxe ZZ Ao 2 &x /7l WAy Hi1, &/
712k W o AES A7) wiitel, ApE wlolE 29 FHAES thdd WolAl®R A=
ol floemz AAAYGA FARES FHE FASA du. #ARS AES] RNA uke]g{ s wWolA
Tells SAA ® A4 AuAgel  dojywA FE W (complementation)  HEE
A (interference)S Yo 71t} (Ciota et al., 2012; Perales et al., 2007; Vignuzzi and Lopez,
2019). =<d®olo o&f 7e& A RNA vlol# & ®olAl= sAlo] g A4 RNA wpo] =7}
A2kgk RdRpst vt Il E o) Ao H S S fFdAle] HAek A7l 7hsstth(Aaskov et al.,
2006; Diaz-Muiioz et al., 2017). webA 3 W Ad/A4d =dWols 7kl wlolelx FHA=

"l (helper) wpole 29 Ao H od] EAHE st 7 owAe] AY/Ad Edwolvt
WSt 7)1 5S 3 &3 BHAA frameshift AWl A R A3t 4= (2™ 3).

TN

rr

One-step TLKTIGQGRU QTTLT Two-step
el ntinthuiumniting
wild type  ACACTCAAAATTCAAGGTCGCCAGACTCTGACC
T L K T Q GR QT LT
deletion
T LKIGQGRI QTTLT
deletion _ wild type  ACACTCAAAATTCAAGGTCGCCAGACTCTGACC
& complementation FUCELEEE TXEEEEEEEE Ry
insertion mutant  ACACTCAAA- TTCAAGGTCGCCAGACTCTGACC

del) T L K F K V A R L *
A

insertion

T LK LT

e T T T T
[1]]

variant  ACACTCAAA-TTCAAGGTCGCCAGACCTCTGACC

del+sinsy T L K F K V A R P, L T
A A

a3 3. BAA frameshift 2ol WA HAYZE.

RNA BFO|2{A 9| EAMN frameshift &R 0|2 Of

RNA wlo] ] 2o A B2 frameshift EAWolo] o5 thF ofmil AHd A3 A4S AW <lsH/
UehtE Aoz Ba¥drt(Colgrove et al., 2016; Park and Hahn, 2021). 997] A& FALE7F 97%
o] A4Sl RNA Hlolels WA fHR IS FRste] BAS A, 2 2,747 FA] oF 7.07%
st 1947004 Aol dput o] o] BAFA frameshift EAWe]7F W A vH(Park and Hahn,
2021). 4= 59, #HA FEgulolg] = (Porcine rubulavirus)el "MEZA(matrix) A 74
RefSeq®l NC_009640.1 A<d3} H2FPLS wf, 1-nt 223 1-nt Yo <ol BAA  frameshift
Aol 7 B Mdo] Jrk(2d 44). 1 AFRE 6719 opwmat Mol sAlo] AFEJrt. H®
2 JZ2%, AZFAA A vlo]¥2=(Influenza A virus)®] 3|vlb=FE|d(hemagglutin) 2 9]
739 RefSeqQl NC_007362.1 A &d3 vlugls w, Al 7He] M2 thE Ao A 9 I-nt el <3l
B2 frameshift &dWol7} WA Zlo=m AAHHJT(2H 4B). 1 AH(=E 12709 ofr| =4t
Mol sl vE 13719 obmAil Ad = X SHE Qv RNA wiole & whii oA AR B A4
frameshift EARolol ola Aghe opmitbe] dol= HA H/dlA Hdl 87/i7bA3len, 8717}
28t A7t 7 9= 7F ke (Park and Hahn, 2021)

fl
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A. Porcine rubulavirus, matrix protein (YP_001331032.1)

NC_009640.1 550 ACACTCAAAATTCAAGGTCGCCAGAC-TCTGG 580 181 CPTTLKIQGRQTLATVRA 198
KYlees71l.1 ACACTCAAAATTCAAGGTCGCCAGAC- TCTGE CPTTLKIQGRQTLATVRA
KTa37es3.1 ACACTCAAA-TTCAAGGTCGCCAGACCTCTGGE — CPTTLKFKVARPLATVRA
KTe7272e.1 ACACTCAAA-TTCAAGGTCGCCAGACCTCTGG translation CPTTLKFKVARPLATVRA
KTe72721.1 ACACTCAAA-TTCAAGGTCGCCAGACCTCTGGE CPTTLKFKVARFPLATVRA

A A

B. Influenza A virus, hemagglutinin (YP_308669.1)

NC_©a7362.1 1612 ACAGTG-GCGAGTTCCCTAGCACTGGCAATCATGGTAGC-TGGT-CTATCT 1659 534 SIYSTVASSLALAIMVAG-LSLWMC 557
AY5B85363.1 ACAGTG-GCGAGT TCCCTAGCACTGGCAATCATGGTAGC -TGGT -CTATCT — SIYSTVASSLALATIMVAG-LSLWMC
LGe18241.1 ACAGTG- GCGAGT TCCCTAGCACTGGCAATCATGETAGC -TGGT -CTATCT translation SIYSTVASSLALAIMVAG-LSLWMC
Fl45582@.1 ACAGTGTGCGAGT TCCCTAGCACTGGCAATCATGETAGCCTGGT TCTATCT SIYSTVCEFPSTGNHGSLVLSLWMC
Fl682817.1 ACAGTGTGCGAGT TCCCTAGCACTGGCAATCATGGTAGCCTGGTTCTATCT SIYSTVCEFPSTGNHGSLVLS LWMC
Flee2868.1 ACAGTGTGCGAGT TGCCTAGCACTGGCAATCATGETAGCCTGGTTCTATCT SIYSTVCELPSTGNHGSLVLSLWMC

A A A

2% 4. RNA ®lo]2] =9 HAMA frameshift &Aool o, (Park and Hahn, 20219 Z1¥HS +4)

B frameshift SHH0|0 ofgh S5 CT Zapot AS 20| OXE By

e gl doe
O}Uli/‘P Ag Z3 v&S o] g3t 131‘/} BHAA frameshift %?ﬂ‘i‘io = Al v opn| =4t
AqEe] A3 EAWolE fstnz 9] Ad AF vE&ES A x2¥ysteE ofuxal A9 A3

AAHE &A XIod B =
2 AEe opvmAt A A g HE2 ?——l‘?}@‘ﬂ 037] G i]fé‘roﬂ o) gk H]%Oﬂ H)3le] A
fe 7 B

H4A frameshift &AWolol] o3k g ofw] =2t A

rl
o
K=
i=)
I
2
S
s
ﬂ

O

2,
~
>

s
N
riot
=2,
lo
b
L

d XE Ee &5 dwd 3
ANEZFAMA} A vpolg 9] FutZFEW Gl oo &1% 4 k(1 5). ¥ 5A9 1
5BE dvb=EFEld whild {7 232] RefSeq@l NC_007362.1 A E3 97%2] 7] A€ FAIEE Ho|
niolel 2~ ®olx AMEE 7] Add did Adm Ahd" ASTFolvk. BAA frameshift
& 7R HoAlES BT Y Alss olFn low, s FAE 7HA A
s 2lew AAgEdet. o o §7] MD ASet opit HE
7hA1 o] Aol 7b otu At D AlEFol A doiF o R wlg- AAl FAEHE s &=
T Atk ol BAA frameshift &dAWol7F #28 thF ofw|:=At Wol7t A 97 MY
il%oﬂ ofgh ofmat ME A Fo =z ALEHSY] wiolth., wEbA] BAAA frameshift &<
Bel=, T AFolA SolAow MY Hgto] waA oAy, &
Als v‘f‘xl??} /\]730] AAETG Hd Aor o2l #4d 4 .
I

ol o =\

=
ro
>~
>
2
)
0
o
5
r1r

< AEge WolA AYE
= v, 037] /‘1%‘ 74]%"’? gl A AEF A, 7]Fo] HE RefSeq
WHol x| 74A o] AFH A, F 471 AE A (nucleotide distance, Dn)<t
g 9 A (protein distance, Dp)E AXFete] ARAAS ez A 19 509 7o)
Yeldch, BAA frameshift EdWol7l Qs Wo A S Dnd Dpol Fho] IAE vH&=2 v g 3te
EXZE HoAth(a¥ 509 #AA HE). 23y BAA frameshift EAHo|SZ 713 Ho|HEL w-$-

ulasshe] SHeld 4
7_1'-
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H 37 = [e) = o . =
sdojz FXE Holm, {FAgE Dn #h& Holve BAA frameshift7b fl= ®olAef BluslglS of
= = o -7 =
445 2 Dp e BATHIY 5ol WP HE). F, HFE ohnmit Ad AP =g
AoR AAFAY. W, frameshift7} ol F34S ALstz AFFE FAsIH 29 5D9F 7o)

o > = =] — —
RE WAt 47] A g3 ohulnit A Aol melshs fAbE BEE BT, &, gd
v = .
ol =2t ME X3 £ 5 B frameshift Ed®olo] o3 ZAAdS & 4 ).
A. Nucleotide tree B. Protein tree
NC_887362.1/YP_30E669.1 f NC_087362.1/YP_308669.1
AFBAGREE. 1 b AYEASI6T.1
BB|\499| f GUB52097.1 AYS85359.1
94" LG@18741.1 F1455828.1
AY585359.1 o i F1602826.1
F1455820. 1 9 F1602822.1
99 6. L_I 1602817.1 F1602820.1
‘ Fle2816.1 Fle02823.1
% - F1602823.1 £1602824.1
96 [~ Fl&02828.1 Fle02827.1
95 FlEoz819.1 Fl602828.1
FlEoz822.1 F1602868.1
FIE02825.1 0'5[ F1682816.1
FIG02826.1 F1682817.1
Flee2g27.1 Fle@2819.1
— FIG22868.1 65 Flef2825.1
[~ F1682824.1 [ AFB46038.1
— ri602820.1 7 : LGO18241.1
AYSE5363.1 L GUAS2897.1
AF216713.1 AF216713.1
r AFS81234.1 AF5@1234.1
__{—— AYGI0405.1 AYGITA05.1
23 997268, 1 DQIaTI68. 1
AFAERA3T.1 I AYRTS030.1
L G0184328.1 L { AY585362.1
a7 AYBTS030.1 " CYaza9s7.1
—q; | i AYSES362.1 GUB52185.1
CYB28957.1 Fr AFAGEE37.1
GUas21es.1 GQ184328.1
ABRSST747.1 78 ABS57747.1
77 DO997163.1 i — DQ997163.1
AYSES3T5.1 AYS85375.1
CYB28960.1 CY028960.1
AY585377.1 i AY585377.1
e DQ397355.1 DM4AT6494. 1
DM476494.1 r— DQoB0e922.1
DQasgez2.1 DQas73s5.1
DQ97182.1 DQFa7182.1
L 4 e |
0.5 @.8a58
C. Nucleotide vs protein distances D. Nucleotide vs protein distances (frameshifted segments removed)
— M = M
5 &
y 3
5 5 n
e B
- -
£ k=3
g ]
a_‘? 7 § 0
L
-
..... A .
ra L ]
> .. ¥
& &
02 0.03 0.04 0.05 2 0.04 5
Nucleotide distance (Dn) Nucleotide distance (Dn)
a3 5. AZFdAE A nlolE 22 Fw HoaE o] WA frameshift EdAWol. (A) E7]
2~ 2~
Ad Asse. B) 9Hd Ad ﬁl%f. ©) €71 Mgy 94 /‘1"1‘4 Aol Axtkd
= . N . = -
WolA 5o AEsA Ao Ex%. (D) EAE frameshift EdWo] 7+ A esta #A T

N
-

AZGo) A AitE WolA S AETH Age BXw, w7} AT, E*o“—q. frameshift EA W]
3)

A
W3 %A (Park and Hahn, 20219 2¥8S +4
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BgA frameshift Ed®olol o3 g ofviedt A Ag SEe @il NE Aers

g RNA mlole o] Ag &4 AAoM FASI A (clade) BHS 2T = Avk. S

o]-&
Eo] ML Q2 AZEIHlo] 8] ~(Seoul orthohantavirus)® T LA = (nucleocapsid) T A o] A
BAE HAA frameshift EAROI7F JAH(2® 6A). A7 AE AT d¥d ME ASTE

<
%
WA HAA frameshift EUWo)E Hol= WHolA| 59 AvfAETo] Edetde & & . d7
4 N

H 2,
D ATSF(a2H 6Bl E BAA  frameshift EAWolA]l AT (W=d xS wWolrt gle
RefSeq¥l NC_005236.1 Al (=54 A2 Avlats AP (REER] AA= e 97), vE
BAA frameshift EAWOI7E Qi WolAES SHA AT (37 AxHS JAdTh. upebA
HAA frameshift =AW ol RefSeq9l NC_005236.1 A5 ¥X4¥ Alsolr @3t soz F4HT

I g7t spAg). 2y A Hqd AESo s B34 frameshift 7}
ubx] ] Al (A /3 A2 AAFE UERUY ) BA3A frameshift EdWolA= HHA <
AFT (e Aoz FAHANE2ES] A% gh2 100).

g0
e
o
|t
‘B
©
i_l'/

A. Seoul orthohantavirus, nucleocapsid (NP_942556.1)

NC_885236.1 197 CCGACAGGATTGCAGCAGGGAAGAACATC-GGGECA 238 63 RQLADRIAAGKNIGQDRDF B1
AF1B78B2.1 CCGACAGGAT TGCAGCAGEGAAGAACATC -GEGECA RQLADRIAAGKNIGQDRDP
FlE83211.1 COGACAGGAT TGCAGCAGGGARAAACATC -GEGCA —- RQLADRIAAGKNIGQDRDF
KY638673.1 CCGACAGGAT TECAGC AGGAAAGAACATC =GEGCA translation  RQLADRIAAGKNIGQDRDP
HC424888.1 CCGACAGA-TTGCAGCAGGGAAGAACATCCGGEGCA RQLADRLQQGRTSGQDROP
M34881.1 CCGAC&GAAT’GC.\! GCAGGEAQGMCATliﬁGGC& RQLADRLOQGRTSGQDROP
B. Nucleotide tree C. Protein tree
‘Jmlﬂlp_!azssﬁ o1 NC_8@5236.1/NP_942556,1
AF329389.1 ABE18116.1
* ,— HCA94660. 1 I0665917.1
97 1801 M34981.1 F1893207.1
ABE1E116.1 AF329389.1
1Q665917.1 AF187882.1
L | AF137882.1 lee KYE39673.1
KYB39673.1 AYE27049.2
a3 AYE2T049, 2 GQ279379.1
F1803207.1 — Flg@izil.1
i GO279379.1 ‘ H— HCA94668. 1
. 0020 F1E83211.1 —_— M34881.1
a.6020
a8 6. AL QARSIEMLo| g~ FEHOMAE Tl Aol BAA frameshift Aol (A) A}
o - . O~ A~
Asdell ojgk BAA frameshift &AWl (B) 7] A4 Ass. (O @A AL Aless. 24
A%, BAA frameshift EAWol7 B33t A 4; v Ax}, BAA frameshift EAWo] A%ST;

g,
o 7, A" B2EFY A% gk, (Park and Hahn, 20219 19S $74)

BAPA franeshil EAWol7l Aol wAse] 97] AL FAE FEI FAHE Pl
17 A9 ABSE Ba ARE AT Bl AT & alvh Ttk AR franeshift EMo]
o) F o Aztel Fstel @] NG Aol HAH FPoli, YA @r] A Ago] o

3 71
ofu] =2t M E X33} HAFA frameshift EA®olo] o3t tf5 olu|Aal Mg X|3to] L& o] ARAAL
E7Fssith. weEtA BAA frameshift SAW
T Ao, ol A Fhe] A el e77E vk steet= A AxT 5 gl
A7 MG AgES BEs] SA457] 9z WHORE opbn At Md AE FR
& Adste W2o] o] &¥rh(Libin et al., 2019). °] W o
Agow glste] 7] Ad AHHol EFAE Aok, oinAbe] A Ad, S FE 799
A4y 7] Ad 23E At & &d8E
7

o
o EASE BHAA frameshift EdWolo] A3t frameshift7F ol F3bo A<
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rot
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4
BHA frameshift AWl SAld B2 G ofvm=At M X85 FdabH, RNA Hpo]2{29
FrAA A EstA LA RNA vlo] Y5 thekgh WolxEo] fAME Ao o R st
Aaetz] wiite], Ay/A4d Edweld o5 VeE AT FAAEE AHAHoR HA|EUA
BHAA frameshift EAWolAZE 2 713]7F vk, vz ofv]=4t A A gho] A3 WolAlo] 7
WA= FoE Voo o], AE AFe] ZAG 7E] AT B4 WS ol &tH A% HolA
w4 ofual AE XF mE FEE AST FAHolg: AEd =gd 4 . BAH
frameshift =AW ol&= RNA wHlolelxe] 5 AHAELEE wW2A =4 F Ade 4 g9 Fa
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Title: Evolution of RNA viruses via compensatory frameshift mutations
Abstract: RNA viruses can infect and replicate in almost all living organisms, thanks to their
remarkable adaptability, which is driven by their rapid evolutionary rate. RNA viruses are known
to undergo rapid nucleotide sequence substitutions due to the weak error correction function of
the RNA-dependent RNA polymerase (RdRp), their small genome size, and fast replication speed.
The error-prone RdRp can induce frameshift mutations caused by insertions or deletions of
nucleotides, leading to the generation of non—functional variants. As RNA viruses infect hosts and
spread as a population of diverse variants, non—functional variants can persistently replicate by
help of functional viruses. In such cases, when a second insertion or deletion occurs near the first
insertion or deletion site, a compensatory frameshift mutation can restore the open reading frame.
Compensatory frameshift mutations are commonly found in RNA virus genomes and induce multiple
amino acid sequence substitutions. The use of traditional phylogenetic analysis methods that rely
on sequence substitutions can lead to erroneous estimation of rapid amino acid substitution rates
and incorrect lineage inference. Compensatory frameshift mutations can be regarded as a major
mechanism of molecular evolution that increases the evolutionary rate of RNA viruses.
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