
!"#!$%&'$()*+,-.*/,.*&+)01)234,+)5676+8*+)9:;<),+5)=6.=&-1->*+)
#%$<?<)
)
)
!"##$#%&'$'()*&+,-.&/#0&!12.3.&$#4$5$'&67!621892:&

&

!
"#$%&!'()*+&,-./&0121!3,-#$+!4&%52161!7$*&#)5%$!85#9$%61:1!395;!<-&*9&2161:1!=(+(&%!>(?1!@&A.B!

<C!D.(%;2161E1!F95;*5!<C!'()*+&,-./0121E!

!

!
0F$G&*;9$%;!.H!I-$95,;*+!&%)!J5.A-$95,;*+1!K-$!L-5.!<;&;$!M%5/$*,5;+1!I.#(9B(,1!LN!:620O1!

M<3!

2P%H$A;5.(,!F5,$&,$,!P%,;5;(;$1!K-$!L-5.!<;&;$!M%5/$*,5;+1!I.#(9B(,1!LN!:620O1!M<3!

6F$G&*;9$%;!.H!Q5A*.B5&#!P%H$A;5.%!&%)!P99(%5;+1!I.##$R$!.H!Q$)5A5%$1!K-$!L-5.!<;&;$!

M%5/$*,5;+1!I.#(9B(,1!LN!:620O1!M<3!

:F$G&*;9$%;!.H!8$;$*5%&*+!J5.,A5$%A$,1!I.##$R$!.H!8$;$*5%&*+!Q$)5A5%$1!K-$!L-5.!<;&;$!

M%5/$*,5;+1!I.#(9B(,1!LN!:620O1!M<3!

?'$+!>&B.*&;.*+!.H!Q$)5A&#!Q.#$A(#&*!85*.#.R+!SQL"TUNITI3Q<V1!<A-..#!.H!J&,5A!Q$)5A&#!

<A5$%A$1!&%)!<-&%R-&5!P%,;5;(;$!.H!P%H$A;5.(,!F5,$&,$!&%)!J5.,$A(*5;+1!<A-..#!.H!W(B#5A!N$&#;-1!

X()&%!M%5/$*,5;+1!<-&%R-&5!2OOO621!I-5%&!

!

E3(;-.*,!H.*!A.**$,G.%)$%A$Y!Z()*+&,-./C0[.,(C$)(!&%)!@&A.BCD.(%;[.,(9AC$)(!

!

!

@61)A&=58B!<3\<]I.8]21!5%%&;$!599(%5;+1!)$H$%,5%,1!-(9&%!%$(;*.G-5#!G$G;5)$!NUW01!
*$;*.A+A#5%!\I]0O0!!

! !

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2021. ; https://doi.org/10.1101/2021.05.27.445985doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.27.445985
http://creativecommons.org/licenses/by-nc-nd/4.0/


! 2!

"C!D#"%D)
<$/$*$!&A(;$!*$,G5*&;.*+!,+%)*.9$!A.*.%&/5*(,!S<3\<]I.8V]2!5,!&%!$%/$#.G$)!/5*(,!*$,G.%,5B#$!

H.*! ;-$!IL8PF]0^!*$,G5*&;.*+!)5,$&,$!G&%)$95AC!=-5#$! 5%)(A;5.%!.H!&)&G;5/$!&%;5/5*&#! 599(%5;+!

/5&!/&AA5%&;5.%!-.#),!G*.95,$! H.*!A.9B&;;5%R! ;-$!G&%)$95A1! ;-$!$9$*R$%A$!.H!%$_!G.;$%;5&##+!

9.*$! ;*&%,95,,5B#$! &%)! /&AA5%$]*$,5,;&%;! /&*5&%;,! .H! <3\<]I.8]2! 5,! &%! $/$*]G*$,$%;! ;-*$&;C!

K-(,1!5;!*$9&5%,!$,,$%;5&#!;.!B$;;$*!(%)$*,;&%)!5%%&;$!599(%$!9$A-&%5,9,!;-&;!&*$!&A;5/$!&R&5%,;!

;-$! /5*(,C! L%$! A.9G.%$%;! .H! ;-$! 5%%&;$! 599(%$! ,+,;$9! _5;-! B*.&)! &%;5]G&;-.R$%1! 5%A#()5%R!

&%;5/5*&#1!&A;5/5;+!5,!&!R*.(G!.H!A&;5.%5A!599(%$!G$G;5)$,!;$*9$)!)$H$%,5%,C!K-$!)$H$%,5%,`!&B5#5;+!

;.!%$(;*&#5a$!$%/$#.G$)!&%)!%.%]$%/$#.G$)!/5*(,$,!&%)!;.!5%&A;5/&;$!%(9$*.(,!B&A;$*5&#!;.b5%,!

A.**$#&;$! _5;-! ;-$5*! &B5#5;+! ;.! G*.9.;$! ;-$! (%H.#)5%R! .H! ;-$*9.)+%&95A&##+! G#5&B#$! G*.;$5%,C!

3AA.*)5%R#+1!_$!H.(%)!;-&;!-(9&%!%$(;*.G-5#!c])$H$%,5%!NUW0!&%)!*$;*.A+A#5%!\I]0O0!)$,;&B5#5a$!

<3\<]I.8]2!<G5Z$!G*.;$5%!&%)!5%;$*H$*$!_5;-!<G5Z$]9$)5&;$)!9$9B*&%$!H(,5.%!&%)!<3\<]I.8]

2!5%H$A;5.%!5%!A$##!A(#;(*$C!=$!,-._!;-&;!NUW0!B5%),!;.!<G5Z$!_5;-!,(B95A*.9.#&*!&HH5%5;+C!3#;-.(R-!

B5%)5%R!.H!NUW0!;.!,$*(9!&#B(95%!5,!9.*$!;-&%!2O]H.#)!_$&Z$*1!,$*(9!*$)(A$,!;-$!&%;5]<3\<]

I.8]2!&A;5/5;+!.H!NUW0C!3;!-5R-!A.%A$%;*&;5.%,!.H!NUW01! 5;,!&B5#5;+! ;.! 5%&A;5/&;$! ;-$!/5*(,!_&,!

G*$,$*/$)!$/$%!5%!;-$!G*$,$%A$!.H!,$*(9C!K-$,$!*$,(#;,!,(RR$,;!;-&;!,G$A5H5A!c]!&%)!d])$H$%,5%,!

9&+!B$!/&#(&B#$!;..#,!5%!)$/$#.G5%R!<3\<]I.8]2!5%H$A;5.%!G*$/$%;5.%!,;*&;$R5$,C!
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! 6!

E:D#FGH%DEF:)
IL8PF]0^!59G.,$,!&%!$b;*&.*)5%&*+!-$&#;-!;-*$&;!_-.,$!,A&#$!&%)!,$/$*5;+!A&%!B$!A.9G&*$)!

.%#+!;.!;-&;!.H!;-$!<G&%5,-!H#(!G&%)$95A1!_-5A-!*&R$)!./$*!&!-(%)*$)!+$&*,!&R.C!K-$!IL8PF]0^!

G&%)$95A!/5/5)#+!$bG.,$)!;-$!_$&Z%$,,!.H!;-$!R#.B&#5a$)!_.*#)!;.!%$_!a..%.;5A&##+!;*&%,95;;$)!

/5*(,$,1!_-5A-!$9$*R$!_5;-!&#&*95%R!*$R(#&*5;+!S$CRC1!2OO6!<$/$*$!3A(;$!\$,G5*&;.*+!<+%)*.9$!

A.*.%&/5*(,!<3\<]I.8! 01! 2OO^! 5%H#($%a&!3!N0U0! 21! 2O02!Q5))#$!"&,;!\$,G5*&;.*+!<+%)*.9$!

A.*.%&/5*(,! Q"\<]I.8! 6VC! 3#;-.(R-! ,$/$*&#! $HH$A;5/$! <3\<]I.8]2! /&AA5%$,! -&/$! B$$%!

R$%$*&;$)!5%!&%!(%G*$A$)$%;#+!,-.*;!;59$!H*&9$1!-5R-!#$/$#,!.H!;*&%,95,,5B5#5;+!&%)!9.*;&#5;+!.H!;-5,!

/5*(,!e*$/5$_$)!5%!:f1!-$,5;&%A+!;._&*),!/&AA5%&;5.%!H*.9!&!#&*R$!H*&A;5.%!.H!;-$!_.*#)!G.G(#&;5.%1!

&%)!;-$!$9$*R$%A$!.H!/&AA5%$]*$,5,;&%;!/&*5&%;,!*$g(5*$!&))5;5.%&#!)$/$#.G9$%;!.H!%.%]/&AA5%$!

;-$*&G5$,!&R&5%,;!<3\<]I.8]2C!

P%;$*$,;5%R#+1! )$,G5;$! ;-$! -5R-!9.*;&#5;+! *&;$1! &,!9(A-! &,! :2h! .H! 5%H$A;$)! 5%)5/5)(&#,! &*$!

&,+9G;.9&;5A!A&**5$*,!.H!<3\<]I.8]2!?]i!,(RR$,;5%R!;-&;!;-$!/5*(,!A&%!B$!$HH$A;5/$#+!A.%;*.##$)!

B+!;-$!-(9&%!5%%&;$!599(%$!,+,;$9!jC!\$A$%;#+1!G*.]!&%)!&%;5/5*&#!&A;5/5;5$,!.H!5%;$*H$*.%]5%)(A$)!

;*&%,9$9B*&%$!G*.;$5%,!SPXPKQ,V!5%!<3\<]I.8]2!5%H$A;5.%!-&/$!B$$%!)$,A*5B$)!^]00C!>5Z$_5,$1!

.;-$*! 5%;$*H$*.%],;59(#&;$)! R$%$,1! ,(A-! &,! IN2?N1! >+k"1! K$;-$*5%1! &%)! 43W! -&/$! B$$%!

)$9.%,;*&;$)!;.!-&/$!5%-5B5;.*+!$HH$A;,!.%!<3\<]I.8]2!*$G#5A&;5.%!5%!/5;*.!02]0kC!3%.;-$*!59G.*;&%;!

&%)!G*.95,5%R!A#&,,!.H!5%%&;$!599(%5;+!$HH$A;.*,!5,!)$H$%,5%,C!K-$,$!G$G;5)$,!&*$!&A;5/$!&R&5%,;!

,$/$*&#! /5*(,$,1! 5%A#()5%R! -(9&%! 599(%.)$H5A5$%A+! /5*(,! SNP8V1! -$*G$,! ,59G#$b! /5*(,! SN<8V1!

5%H#($%a&1!&%)!<3\<]I.8!0i1!0jC!!

J&,$)! .%! ;-$5*! ,;*(A;(*&#! A-&*&A;$*5,;5A,1! 9&99&#5&%! )$H$%,5%,! &*$! ,$G&*&;$)! 5%;.! ;-*$$!

,(BH&95#5$,!A&##$)!c]1!l]1!&%)!d])$H$%,5%,!0^]22C!N(9&%,!$bG*$,,!c]!&%)!l])$H$%,5%,1!_-5#$!A+A#5A!

d])$H$%,5%,!&*$!G*.)(A$)!.%#+!B+!%.%]-(9&%!G*59&;$,!26C!3#;-.(R-!-(9&%!d])$H$%,5%!R$%$,!&*$!

;*&%,A*5B$)1!&!G*$9&;(*$!,;.G!A.).%!G*$A#()$,!;-$5*!;*&%,#&;5.%!2:C!P%;*5R(5%R#+1!-(9&%!A$##,!*$;&5%!

;-$! &B5#5;+! ;.! G*.)(A$! ;-$! A+A#5A! d])$H$%,5%! G$G;5)$,! (G.%! ;*&%,H$A;5.%! .H! ;-$! ,+%;-$;5A!

m-(9&%5a$)m! d])$H$%,5%! R$%$,! A&##$)! *$;*.A+A#5%,! S\IV! 2?C! W.;$%;! &%;5/5*&#! &%)! &%;5]B&A;$*5&#!

&A;5/5;+!261!2k]2j!5%!A.9B5%&;5.%!_5;-!#._!A+;.;.b5A5;+!&%)!$bA$G;5.%&#!,;&B5#5;+!2^1!6O!5)$%;5H5$)!\I,!&,!

G*.95,5%R!;.G5A&#!95A*.B5A5)$,!6O]62C!

c])$H$%,5%!-(9&%!%$(;*.G-5#!G$G;5)$,!0]:!SNUW0]:V!&*$!-5R-#+!-.9.#.R.(,!)59$*5A!A&;5.%5A!

&9G-5G-5#5A! G$G;5)$,! 661! &9.%R!_-5A-!NUW0! 5,! ;-$!9.,;! &B(%)&%;C! NUW0! ,-._,!G.;$%;! &%;5]

B&A;$*5&#! 6:]6i1! &%;5]H(%R&#! 6j1! 6^1! &%)! &%;5/5*&#! &A;5/5;5$,! &R&5%,;! $%/$#.G$)! &%)! %.%]$%/$#.G$)!

/5*(,$,! S*$/5$_$)! 5%! :OVC! 3%;5/5*&#! 9$A-&%5,9,! .H! )$H$%,5%,! S*$/5$_$)! 5%! :0V! &*$!9(#;5H&A$;$)1!

5%A#()5%R!)5*$A;!;&*R$;5%R!.H!$bG.,$)!G*.;$5%,!.%!/5*&#!$%/$#.G$,!&%)!A&G,5),1!)5,*(G;5.%!.H!/5*&#!

H(,5.%1! 5%-5B5;5.%!.H!G.,;]$%;*+!G*.A$,,$,1!.*!&HH$A;5%R! *$A$G;.*,!.%! ;-$!-.,;!A$##!,(*H&A$C!<(A-!
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*$9&*Z&B#$!/$*,&;5#5;+!5,!G&*;5&##+!$bG#&5%$)!B+!;-$!&B5#5;+!.H!)$H$%,5%,!;.!)5,*(G;!9$9B*&%$,!6:1!B(;!

&#,.!B+!;-$5*!&B5#5;+!;.!5%)(A$!(%H.#)5%R!.H!9&*R5%&##+!,;&B#$!G*.;$5%,1!G&*;5A(#&*#+!B&A;$*5&#!;.b5%,!

&%)! /5*&#! G*.;$5%,! :2]::C! <(,A$G;5B5#5;+! .H! ;&*R$;! G*.;$5%,! ;.! )$H$%,5%]5%)(A$)! )$,;&B5#5a&;5.%1!

(%H.#)5%R1! &%)! (#;59&;$#+! 5%&A;5/&;5.%! 5,! *$#5&%;! .%! ;-$5*! A.%H.*9&;5.%&#! G#&,;5A5;+1! _-5A-! .H;$%!

A.**$#&;$,!_5;-! ;-$*9.#&B5#5;+! S*$/5$_$)! 5%! :?VC!3,!$/.#(;5.%&*+!)$*5/&;5/$,!.H!c])$H$%,5%,! 261!d]

)$H$%,5%,!S&%)!*$;*.A+A#5%,1!5%!G&*;5A(#&*V!9&5%#+!*$A&G5;(#&;$!;-$5*!&A;5/5;+!:kC!F$H$%,5%,!&*$!&#,.!

*$A.R%5a$)! &,! A-$9.Z5%$,! ;-&;! 9.)(#&;$! ;-$! 599(%$! *$,G.%,$! B+! B5%)5%R! ;.! A$##! ,(*H&A$!

*$A$G;.*,!&%)!5%;$*H$*5%R!_5;-!A$##(#&*!,5R%&#5%R!:0C!3AA.*)5%R!;.!&!*$A$%;!,;()+1!$%;$*5A!-(9&%!c]

)$H$%,5%! NF?! B5%),! ;.! -(9&%! &%R5.;$%,5%]A.%/$*;5%R! $%a+9$! 2! S&CZC&C! -3I"2! *$A$G;.*V! .%!

$%;$*.A+;$,!.B,;*(A;5%R!<3\<]I.8]2!<G5Z$!B5%)5%R!,5;$1!_-5A-!*$,(#;,!5%!5%-5B5;5.%!.H!<3\<]I.8]

2! <G5Z$! G,$()./5*5.%! 5%H$A;5.%! :iC! "%A.(*&R$)! B+! ;-5,! *$G.*;1! _$! $b&95%$)! ;-$! $HH$A;,! .H! &!

%$(;*.G-5#!c])$H$%,5%1!NUW01!&%)!*$;*.A+A#5%1!\I]0O01!.%!<3\<]I.8]2!5%H$A;5.%C!

!

#I!HJD!)":G)GE!%H!!EF:)
9:;<),+5)#%$<?<)*+2*0*.)!"#!$%&'$()!K*L6$465*,.65)4640=,+6)738*&+),+5)K8635&.1K65)
/*=38)*+76-.*&+))
<3\<]I.8]2! -.9.;*59$*5A! <G5Z$! R#+A.G*.;$5%! B5%),! ;.! ;-$! -3I"2! *$A$G;.*! .%! ;-$! -.,;! A$##1!

9$)5&;5%R!9$9B*&%$!H(,5.%!&%)!/5*(,!$%;*+!:jC!J$5%R!$bG.,$)!.%!;-$!,(*H&A$!.H!/5*5.%,1!<G5Z$!5,!

;-$!9&5%!;&*R$;!H.*!%$(;*&#5a&;5.%!.H! ;-$!/5*(,!B+!&%;5B.)5$,C!Q$9B*&%$!H(,5.%!&A;5/5;+!.H!<G5Z$!

$%&B#$,!H(,5.%!.H!;-$!9&99&#5&%!A$##,!$A;.G5A&##+!G*.)(A5%R!<G5Z$!_5;-!-3I"2]G.,5;5/$!A$##,!5%;.!

9(#;5A$##(#&*! ,+%A+;5&! :^C! <(A-! ,+%A+;5&! *$G*$,$%;! &! A.%/$%5$%;! 9.)$#! ;.! ,;()+! <G5Z$T-3I"2!

5%;$*&A;5.%!&%)!;.!;$,;!)5HH$*$%;!&R$%;,!5%!)5,*(G;5%R!;-5,!5%;$*&A;5.%C!3%.;-$*!&GG*.&A-!;-&;!).$,!

%.;! *$g(5*$! ,;*5%R$%;! B5.,&H$;+! #$/$#! 6! SJ<>6V! A.%)5;5.%,! 5,! ;.! (,$! *$G#5A&;5.%]*$,;*5A;$)!

G,$().;+G$)!/5*(,$,!$%A.)5%R!<3\<]I.8]2!<G5Z$C!!

=$!$bG#.*$)!B.;-!.G;5.%,!;.!;$,;!_-$;-$*!NUW0!&%)!\I]0O0!A&%!5%;$*H$*$!_5;-!;-$!<3\<]

I.8]2!<G5Z$!5%;$*&A;5.%!_5;-!-.,;!A$##,C!I.];*&%,H$A;5.%!.H!-(9&%!.,;$.,&*A.9&!M2L<!A$##,!_5;-!

<G5Z$!&%)!9I-$**+!G*.9.;$)!;-$5*!H(,5.%!_5;-!3I"2]G*.)(A5%R!-(9&%!#(%R!I&#(]6!A$##,1!#$&)5%R!

;.!9(#;5%(A#$&*!9I-$**+]G.,5;5/$!,+%A+;5&!SX5RC!03VC!P%!;-$!&B,$%A$!.H!,$*(91!;-$!&))5;5.%!.H!NUW0!

.*! \I]0O0! ;.! ;-$! A.]A(#;(*$! .H! <G5Z$]! &%)! 3I"]2]G.,5;5/$! A$##,! ,;*.%R#+! 5%-5B5;$)! ,+%A+;5&!

H.*9&;5.%!SX5RC!031JVC!M%)$*!;-$,$!A.%)5;5.%,1!B.;-!)$H$%,5%,!5%)(A$)!;-$!H.*9&;5.%!.H!N.$A-,;]

%$R&;5/$! G*$A5G5;&;$! /5,5B#$! .%#+! 5%! ;-$! G-&,$]A.%;*&,;! A-&%%$#1! _-5A-! $bA#()$,! 95A*.B5&#!

A.%;&95%&;5.%C! P%!&R*$$9$%;!_5;-!G*$/5.(,!*$G.*;,!6i1!?O1!,$*(9!&B*.R&;$)!;-$!)$H$%,5%`,!$HH$A;!

SX5RC!0IVC!!

U$b;1! -(9&%! #(%R! N02^^! A$##,! _$*$! 5%H$A;$)! _5;-! NP8]B&,$)! *$G.*;$*! /5*(,]#5Z$! G&*;5A#$,!
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G,$().;+G$)!_5;-!<3\<]I.8]2!<G5Z$C!W,$()./5*(,! 5%H$A;5.%!_&,!9.%5;.*$)!(,5%R!&! ,$A*$;$)!

U&%.>(A!#(A5H$*&,$!SU#(AV!*$G.*;$*C!W*$];*$&;9$%;!.H!;-$!A$##,!_5;-!NUW0!.*!\I]0O0!G*5.*!;.!;-$!

5%H$A;5.%!)5)!%.;!&HH$A;!;-$!G,$()./5*(,!5%H$A;5.%!$HH5A5$%A+!SX5RC!0F1"VC!P%!A.%;*&,;1!G*$]5%A(B&;5.%!

.H!;-$!G,$()./5*(,!G&*;5A#$,!_5;-!;-$!)$H$%,5%,!H.*!0!-.(*!,5R%5H5A&%;#+!5%-5B5;$)!;-$!5%H$A;5.%!SX5RC!

0XVC!K-$,$!*$,(#;,!,(RR$,;!;-&;!NUW0!&%)!\I]0O0!A&%!5%;$*H$*$!_5;-!;-$!/5*&#!5%H$A;5.%!B+!&A;5%R!
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