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INTRODUCTION

#*$&:$3&+%$;<$+&)=&!"#$%&'(+$;:>&)*+,"-.+$(?23@A&=)BC&@&
B$A@:<D$AE&+C@AA&F2:&$@+<AE&B$;)G3<H@FA$&GB)2%&@C)3G&:*$&@%%B)IJ
<C@:$AE&6-55&+%$;<$+&)=&!"#$%&'(/K3@%%&'&L$AG@+)3M&6..!0>&
N$CF$B+&)=&!/(+$;:>&)*+,"-.+$(@B$&*$BF+&@3O&D<3$+&=)23O&<3&:*$&
23O$B+:)BE&)=&B@<3=)B$+:+&@3O&;A)2O&=)B$+:+&=B)C&+)2:*$B3&N$I<;)&
:)&()A<D<@M&@3O&@B$&O<+:<3G2<+*$O&FE&<3=A)B$+;$3;$+&$C$BG<3G&
=B)C&:*$&A$@=&@I<A+M&;)3<;@A&@3O&B2G)+$&=B2<:+&<3&C@3E&+%$;<$+M&
@3O&23<=)A<@:$&+EC%)O<@A&23<:+&/P<G>&6Q8R0>&S3=A)B$+;$3;$+&<3&
!"#$%&'(@B$&:*)2G*:&:)&F$&C)B%*)A)G<;@AAE&:$BC<3@AM&F2:&<3&+$;:>&
)*+,"-.+$&=2+<)3&)=&%$:<)A$M&+:$CM&@3O&<3=A)B$+;$3;$&:<++2$+&B$J
+2A:&<3&<3=A)B$+;$3;$+&:*@:&@%%$@B&:)&F$&@I<AA@BE&/?@3$B:M&6.T!U&
V*<AOM&6.!.0>&N)+:&!"#$%&'(+%$;<$+&*@D$&GA)F)+$&=B2<:+&W<:*&
+C)):*&+2B=@;$+>&RA)F)+$&=B2<:+&@B$&=)23O&<3&+)C$&+%$;<$+&)=&
+$;:>&)*+,"-.+$M&F2:&C)+:&*@D$&+*@B%AE&%)<3:$O&=B2<:+&B@3G<3G&
=B)C&+C)):*&:)&O<+:<3;:AE&B2G)+$>&Q+&@&B$+2A:&)=&<:+&C)B%*)A)G<J
;@A&%$;2A<@B<:<$+M&!/(+$;:>&)*+,"-.+$(*@+&F$$3&;)3+<O$B$O&:)&F$&
+)C$W*@:&<+)A@:$O&W<:*<3&!"#$%&'(@3O&W<:*&$3<GC@:<;&@==<3<:<$+&
/B$D<$W$O&<3&K3@%%&'&L$AG@+)3M&6..!0U&*)W$D$BM&B$;$3:&C)A$;2J
A@B&$D<O$3;$&+2GG$+:+&:*@:&<:(<+&@&C$CF$B&)=&:*$&<3=)BC@AAE&3@C$O&
X):@:)&;A@O$&/()*+M&455-U&Y$$+$&'&()*+M&455!0>

Z%$;<$+&)=&!/(+$;:>&)*+,"-.+$(*@D$&$<:*$B&+<C%A$&)B&;)C%)23O&
A$@D$+>&#*$&+<C%A$JA$@D$O&+%$;<$+&/!/($%0+12M&!/($%3&2*-$#$*&'M&
!/(-%0&,4&'0&W$B$&3):&;)3+<O$B$O&:)&F$&B$A@:$O&:)&:*$&;)C%)23OJ
A$@D$O&+%$;<$+&23:<A&(<::$B&/6.64M&6.460&GB)2%$O&:*$C&:)G$:*$B&
F@+$O& )3& :*$& @I<AA@BE& %)+<:<)3& )=& :*$& <3=A)B$+;$3;$+>&[:*$B&
C)B%*)A)G<;@A&$D<O$3;$M&<3;A2O<3G&<3=A)B$+;$3;$&+:B2;:2B$M&:*$&

+*@B%AE&%)<3:$O&@3O&B2G)+$&:$I:2B$O&=B2<:+M&@3O&=A)B@A&;*@B@;:$B+M&
+2%%)B:+&:*$&GB)2%<3G&)=&+<C%A$J&@3O&;)C%)23OJA$@D$O&+%$;<$+&
<3&@&+<3GA$&;A@O$&/K3@%%&'&L$AG@+)3M&6..!0>

S3&:*$<B&B$D<+<)3&)=&!/(+$;:>&)*+,"-.+$M(K3@%%&'&L$AG@+)3&
/6..!0&O<D<O$O&:*$&:$3&+%$;<$+&)=&:*$&+$;:<)3&<3:)&:W)&+%$;<$+&
GB)2%+&/#@FA$&60>&#*$&!/(*+,%$*&'(+%$;<$+&GB)2%&<+&;*@B@;:$BJ
<H$O&FE&A@BG$&=A)W$B+&/\6>4&;C&<3&O<@C$:$B0&W<:*&%$:@A+&%A@3@B&
@:&@3:*$+<+&@3O&=A@::$3$O&+$$O+&:*@:&@B$&B$3<=)BC&:)&B)23O$O&
<3&+*@%$&/P<G>&6Q8(0>&N$CF$B+&)=&:*$&!/('-*+&+%$;<$+&GB)2%&
:E%<;@AAE&*@D$&+C@AA$B&=A)W$B+&/C)+:AE&]6&;C&<3&O<@C$:$B0M&
%$:@A+&+:B)3GAE&B$=A$I$O&@:&@3:*$+<+M&@3O&%A2C%M&)D)<O&+$$O+&
/P<G>&6V8R0>&QA+)&23<^2$&:)&:*$&!/('-*+(+%$;<$+&GB)2%&@B$&:*$&
+*@B%AE&%)<3:$OM&;)@B+$AE&B2G)+$&=B2<:+&3):&=)23O&@C)3G&):*$B&
+%$;<$+&)=&!"#$%&'(/P<G>&6?M&P0>

#*$&O<+:B<F2:<)3&)=&!/(+$;:>&)*+,"-.+$( <+&;$3:$B$O&)3&:*$&
$@+:$B3&+A)%$+&)=&:*$&Q3O$+&<3&_;2@O)B&@3O&X$B2M&W*$B$&@AA&
+%$;<$+&F2:&)3$&@B$&3@:<D$&/#@FA$&6U&+$$&+)A@3@;$@$+)2B;$>)BG&
=)B&@OO<:<)3@A&O$:@<A+0>&#*$&B$C@<3<3G&+%$;<$+M&!/(*,-563&'M&
);;2B+&=B)C&N$I<;)&<3:)&3)B:*$B3& $̀3$H2$A@&@3O&<+&:*$&)3AE&
+%$;<$+&)=&+$;:>&)*+,"-.+$(=)23O&<3&V$3:B@A&QC$B<;@>&!"#$%&'(
$%0+12(@3O&!/('-*+(@B$&:*$&C)+:&W<O$+%B$@O&+%$;<$+&<3&:*$&+$;J
:<)3&@3O&$I:$3O&=B)C&:*$&Q3O$+&$@+:W@BO&<3:)&:*$&QC@H)3<@3&
A)WA@3O+M&W<:*&!/($%0+12(B$@;*<3G&:)&:*$&R2<@3@+>&Q++);<@:$O&
W<:*&<:+&A@BG$&B@3G$M&!/($%0+12(*@+&:B$C$3O)2+&D@B<@:<)3&<3&<:+&
+:@:2B$M&%2F$+;$3;$M&%<GC$3:@:<)3M&@3O&=B2<:&+*@%$&@3O&:$I:2B$>&
[3&:*$&):*$B&*@3OM&!/($%3&2*-$#$*&'(@3O&!/(07$'$+1"#68"*,6"%&
*@D$&$I:B$C$AE&3@BB)W&B@3G$+&@3O&@B$&a3)W3&=B)C&)3AE&@&=$W&
C)B%*)A)G<;@AAE&*)C)G$3$)2+&;)AA$;:<)3+>

/)0%$',1$23)4"#$%&'(#)%*)!"#$%&'.+',-.)()*+",-*$.56%$2(2,'2'7)2(8)
-"')1-9$9-#)%*):;6<<)023='3+)9()3'+%$>9(&)3'$2-9%(+"94+)20%(&),$%+'$#)
3'$2-'8)+4',9'+
?39,)@.)A'4'BCD)E)F#(()G%"+B

6& 9+1$,*'+%*(":(;-"#"36<(=>?(!"&*7(@ABB(C$2*<(D%-4+,2-*6(":(D*$7<(!$#*(E$F+(G-*6<(D*$7(HA@@=IBHAB<(D/!/J/
4& 9+1$,*'+%*(":(;-"#"3-0$#(!0-+%0+2<(K@A(L-+4+207#(M$##<(D%-4+,2-*6(":(G-%0-%%$*-<(G-%0-%%$*-<(N7-"(A>==@<(D/!/J/
Q2:*)B&=)B&;)BB$+%)3O$3;$7(E6%%(;"72<(8"72O8-"#"36/&*$7/+.&

Abstract !"#$%&'(+$;:>&)*+,"-.+$&<+&@&A<3$@G$&)=&:$3&+%$;<$+&)=&3$):B)%<;@A&*$BF+&@3O&D<3$+&W<:*&@&;$3:$B&)=&O<+:B<F2:<)3&<3&:*$&
$@+:$B3&Q3O$@3&+A)%$+>&S:&<+&@&C$CF$B&)=&:*$&X):@:)&;A@O$&)=&!"#$%&'M&@&GB)2%&:*@:&<3;A2O$+&:*$&%):@:)&/!/(*&8+,"2&'0&@3O&:)C@:)&
/!/(#60"1+,2-0&'0>&N$CF$B+&)=&!/(+$;:>&)*+,"-.+$&@B$&;*@B@;:$B<H$O&FE&<3=A)B$+;$3;$+&:*@:&$C$BG$&=B)C&:*$&A$@=&@I<A+&@3O&B2G)+$M&
+*@B%AE&%)<3:$O&=B2<:+&<3&C)+:&+%$;<$+>&#*$&@<C&)=&:*<+&+:2OE&<+&:)&<3=$B&%*EA)G$3$:<;&B$A@:<)3+*<%+&@C)3G&+<I:$$3&+%$;<$+&)=&!"I
#$%&'M&<3;A2O<3G&@AA&:$3&+%$;<$+&)=&!/(+$;:>&)*+,"-.+$M(2+<3G&?bQ&+$^2$3;$&O@:@&=B)C&:*$&;*A)B)%A@+:&*,%PI*,%Q&@3O&=<D$&32;A$@B&
B$G<)3+7&S#ZM&:*$&GB@32A$&F)23O&+:@B;*&+E3:*@+$&G$3$&/R(ZZS&)B&R$S60M&@3O&:*B$$&V)3+$BD$O&[B:*)A)G)2+&Z$:&SS&/V[ZSS0&C@Ba$B+>&
c$+2A:+&%B)D<O$&+:B)3G&+2%%)B:&=)B&:*$&C)3)%*EAE&)=&!/(+$;:>&)*+,"-.+$(@3O&=)B&<:+&+<+:$B&GB)2%&B$A@:<)3+*<%&:)&!/(+$;:>&M+,162*-07&'>&
!"#$%&'('-*+M&)3$&)=&:*$&C)+:&W<O$+%B$@O&@3O&C)B%*)A)G<;@AAE&D@B<@FA$&+%$;<$+&<3&:*$&+$;:<)3M&<+&3):&C)3)%*EA$:<;>&(@E$+<@3&
@3@AE+$+&2+<3G&@&:):@A&$D<O$3;$&;)3;@:$3@:$O&@%%B)@;*&@3O&@&;)@A$+;$3:&@%%B)@;*&<C%A$C$3:$O&<3&(_Z#&%B)O2;$O&A@BG$AE&;)3GB2J
$3:&:)%)A)G<$+>&#*$&:):@A&$D<O$3;$&:B$$+M&*)W$D$BM&W$B$&C2;*&C)B$&*<G*AE&+2%%)B:$O&:*@3&:*$&(_Z#&:B$$+>&QA:*)2G*&3):&2+$=2A&
<3O<D<O2@AAE&<3&!/(+$;:>&)*+,"-.+$M&:*$&:*B$$&V[ZSS&C@Ba$B+&W$B$&$@+E&:)&@C%A<=EM&%B)D<O$O&;A$@3&+$^2$3;$+M&@3O&W$B$&:B$C$3J
O)2+AE&2+$=2A&<3&<3;B$@+<3G&B$+)A2:<)3&@3O&+2%%)B:&@C)3G&:*$&;A)+$AE&B$A@:$O&+%$;<$+&)=&!/(+$;:>&)*+,"-.+$(<3&;)CF<3$O&@3@AE+$+>

Keywords (@E$+<@3&$+:<C@:<)3&)=&+%$;<$+&:B$$+&/(_Z#0U&V$3:B@A&QC$B<;@U&V[ZSS&C@Ba$B+U&%*EA)G$3EU&!"#$%&'(+$;:<)3&
)*+,"-.+$U&Z)2:*&QC$B<;@
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#*$&G)@A+&)=&:*<+&+:2OE&@B$&:)&G$3$B@:$&@&C)A$;2A@B&%*EJ
A)G$3$:<;&*E%):*$+<+&=)B&!"#$%&'(+$;:>&)*+,"-.+$(<3&)BO$B&:)&
/60&@++$++&:*$&C)3)%*EAE&)=&:*$&+$;:<)3&@3O&:*$&%*EA)G$3$:<;&
B$A@:<)3+*<%+&@C)3G&<:+&+%$;<$+U(/40&$I@C<3$&:*$&$D)A2:<)3&)=&
C)B%*)A)G<;@A&=$@:2B$+&+2;*&@+&*@F<:M&=B2<:&C)B%*)A)GEM&@3O&
A$@=&;)C%A$I<:E&<3&@&%*EA)G$3$:<;&;)3:$I:M&@3O&/"0&$D@A2@:$&:*$&
2:<A<:E&)=&V)3+$BD$O&[B:*)A)G)2+&Z$:&SS&/V[ZSS0&+$^2$3;$+M&@&
B$A@:<D$AE&3$W&;@:$G)BE&)=&C@Ba$B+M&=)B&%*EA)G$3$:<;&<3=$B$3;$>&
V[ZSS&C@Ba$B+&@B$&@&+$:&)=&+<3GA$J;)%EM&)B:*)A)G)2+&C)A$;2A@B&
C@Ba$B+&=)23O&:*B)2G*)2:&:*$&32;A$@B&G$3)C$&:*@:&;@3&;)3:@<3&

D@BE<3G&@C)23:+&)=&<3:B)3+&@3O&$I)3+&@3OM&;)3+$^2$3:AEM&*@D$&
@&W<O$&B@3G$&)=&D@B<@F<A<:E&@3O&%):$3:<@A&2:<A<:E&@:&C@3E&:@I)J
3)C<;&A$D$A+>&Y2&'&@A>&/455T0&O$D$A)%$O&3$@BAE&"555&%B<C$B&
%@<B+&=)B&V[ZSS&C@Ba$B+&=)B&2+$&W<:*<3&:*$&Q+:$B<O&;A@O$M&@3O&
+2F+$:+&)=&:*$+$&*@D$&F$$3&2+$O&+2;;$++=2AAE&=)B&%*EA)G$3$:<;&
+:2O<$+&)=&+$D$B@A&GB)2%+&W<:*<3&:*$&Z)A@3@;$@$&/d$D<3&'&@A>M&
455.U&c)OBeG2$H&'&@A>M&455.0>&L$B$&W$&;)CF<3$&:*B$$&)=&:*$+$&
V[ZSS&C@Ba$B+&W<:*&:*B$$&)=&:*$&C@Ba$B+&2+$O&C)+:&+2;;$++J
=2AAE&=)B&%*EA)G$3$:<;&<3=$B$3;$&<3&:*$&Z)A@3@;$@$7&:*$&32;A$@B&
S#Z&@3O&R(ZZS(/)B&R$S60M&@3O&;*A)B)%A@+:&*,%PI*,%Q>

Fig. .)PA)W$B+M&=B2<:+M&@3O&*@F<:&)=&+$A$;:$O&C$CF$B+&)=&!"#$%&'(+$;:>&)*+,"-.+$>&A,&PA)W$B+&)=&!/(*+,%$*&'U&B,&=B2<:+&)=&!/(-%0&,4&'(/<CC@:2B$0U&
C,&*@F<:&)=&!/(07$'$+1"#68"*,6"%U&D,&=B2<:+&)=&!/(07$'$+1"#68"*,6"%U E, =B2<:+&)=&!/(*,-563&'(/%*):)&FE&Z>&Z:$B30U&F, =A)W$B+&@3O&=B2<:+&)=&!/($%I
0+12U&G,&=A)W$B+&@3O&=B2<:+&)=&!/(0"%-0&'>&b):$&:*$&+*@B%AE&;)3<;@A&=B2<:+&<3&!/($%0+12(@3O&!/(07$'$+1"#68"*,6"%M&@3O&:*$&B2G)+$&:$I:2B$&)=&:*$&
=B2<:+&<3&!/(-%0&,4&'M&!/(07$'$+1"#68"*,6"%M&@3O&$+%$;<@AAE&<3&!/($%0+12>



!"-

#$%$&'&()*+&,&!"#$%&'(#)%*)!"#$%&')+',-.)()*+",-*$!"#$%&-.&/"0&,&123$&45657&!""8!9"

MATERIALS AND METHODS

Taxon sampling. —&#W$3:EJ$<G*:&@;;$++<)3+&@B$&<3;A2O$O&
<3&:*<+&+:2OE&=)B&6T&+%$;<$+&)=&!"#$%&'M&<3;A2O<3G&@AA&:$3&+%$;<$+&
)=&!"#$%&'(+$;:>&)*+,"-.+$(B$;)G3<H$O&FE&K3@%%&'&L$AG@+)3&
/6..!U&#@FA$&60>&Y*$3&@D@<A@FA$M&C2A:<%A$&@;;$++<)3+&W$B$&+$J
^2$3;$O&=B)C&O<==$B$3:&%@B:+&)=&@&+%$;<$+f&B@3G$M&<3;A2O<3G&@;J
;$++<)3+&)=&!/($%0+12(@3O&!/('-*+(=B)C&()A<D<@M&_;2@O)BM&@3O&
X$B2&@3O&!/(*+,%$*&'(=B)C&_;2@O)B&@3O&X$B2>&S3&@OO<:<)3&:)&+$;:>&
)*+,"-.+$M&W$&<3;A2O$O&)2:GB)2%+&B$%B$+$3:<3G&@AA&)=&:*$&C@g)B&
;A@O$+&W<:*<3&:*$&X):@:)&;A@O$&/Z%))3$B&'&@A>M&6.."U&Y$$+$&'&
()*+M&455!U&_>1>&#$%$&'&d>&()*+M&23%2F>&C@32+;B<%:0&<3;A2O<3G&
B$%B$+$3:@:<D$+&)=&!"#$%&'(+$;:<)3+&J%$,,7-07"'+%&'((<::$B(
/!/(8,+4-:"#-&'(?23@A0M&;$2$,*7,&'(/(<::$B0&(<::$B(/!/(0$,-1+%2+(
?23@A0M&M+,162*-07&'((<::$B(/!/(+4"#4&#-:"#-&'(RB$$3C>(@3O&
!/(17$2+"#"-.+2(X)A>0M&E60"1+,2-0"%(/N<AA>0&Y$::+:>(/!/(#60"1I
+,2-0&'(d>0M(@3O&)+*"*$(?2C)B:>&/!/(8&#8"0$2*$%&'(?23@A0>

Molecular methods. —&?bQ&W@+&$I:B@;:$O&=B)C&=B$+*&)B&
+<A<;@JOB<$O&A$@D$+&2+<3G&:*$&?b$@+E&%A@3:&C<3<&$I:B@;:<)3&a<:&
/h<@G$3M&S3;>M& @̀A$3;<@M&V@A<=)B3<@M&i>Z>Q>0>&N@3E&+%$;<$+&)=&
!/(+$;:>&)*+,"-.+$&@%%$@B&:)&*@D$&+)C$&+$;)3O@BE&;)C%)23O+&
:*@:&@;:&@+&XVc&<3*<F<:)B+>&P)B&:*$+$&O<==<;2A:&+@C%A$+M&W$&@:J
:$C%:$O&:)&B$C)D$&+)C$&)=&:*$&%B)FA$C@:<;&;)C%)23O+&FE&
2+<3G&$<:*$B&:*$&@OO<:<D$+&:)&:*$&h<@G$3&%B):);)A&+2GG$+:$O&FE&
L)B3$&'&@A>&/4559U&+)O<2C&C$:@F<+2A=@:$&@3O&O<:*<):*B$<:)A&O2BJ
<3G&?bQ&$I:B@;:<)30&)B&@&4j&V#Q(&F2==$B&<3&%A@;$&)=&h<@G$3f+&
QX6&F2==$B&/RB$$3&'&@A>M&6...0>

XVc&@C%A<=<;@:<)3&=)AA)W$O&:*$&%B);$O2B$+&O$+;B<F$O&<3&
Y*<:$&'&@A>&/6..50&@3O&̀ @BG@+&'&@A>&/6..k0&=)B&:*$&<3:$B3@A&:B@3J
+;B<F$O&+%@;$B&/S#Z0U&#@F$BA$:&'&@A>&/6..60&=)B&*,%PI*,%QU&@3O&

d$D<3&'&@A>&/455-M&455T0&=)B&R(ZZS>&($;@2+$&:*$+$&:B@O<:<)3@A&
C@Ba$B+&O<O&3):&%B)D<O$&+2==<;<$3:&32CF$B+&)=&;*@B@;:$B+&=)B&
W$AAJB$+)AD$O&:B$$+M&W$&2+$O&+$^2$3;$+&)=&:*B$$&V[ZSS&C@Ba$B+&
/Y2&'&@A>M&455TU&Z[d&R$3)C<;+&b$:W)BaM&WWW>+G3>;)B3$AA&
>$O20&+*)W3&:)&*@D$&$I;$AA$3:&%*EA)G$3$:<;&B$+)AD<3G&%)W$B&<3&
:*$&B$A@:$O&!"#$%&'&+$;:>&)+*"*$&/c)OBeG2$H&'&@A>M&455.0>&#*$&
:*B$$&C@Ba$B+&2+$O&<3&:*<+&+:2OE&W$B$&<3<:<@AAE&B$;)CC$3O$O&:)&
2+&FE&P>&c)OBeG2$H&/%$B+>&;)CC>0&@3O&W$B$&+%$;<=<;@AAE&+$A$;:$O&
F$;@2+$&:*$E&@C%A<=<$O&$@+<AEM&%B)O2;$O&+<3GA$JF@3O$O&XVc&
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#$%$&'&()*+&,&!"#$%&'(#)%*)!"#$%&')+',-.)()*+",-*$!"#$%&-.&/"0&,&123$&45657&!""8!9"

45590M&+)&:*B)2G*)2:&:*<+&+:2OE&W$&;)3+$BD@:<D$AE&;)3+<O$B$O&
+2%%)B:$O&3)O$+&:)&*@D$&F):*&*<G*&XX&/<>$>M&+:@:<+:<;@A&+2%%)B:&)=&
5>.-&@3O&@F)D$0&@3O&*<G*&(X&/.5&@3O&@F)D$0>

Z<3;$&+)C$&@;;$++<)3+&W$B$&C<++<3G&@AA&)B&%@B:&)=&)3$&)B&
C)B$&C@Ba$B+M&W$&@A+)&@3@AEH$O&@&B$O2;$O&6"J@;;$++<)3&O@:@+$:&
<3&)BO$B&:)&C<3<C<H$&:*$&%):$3:<@A&$==$;:+&)=&C<++<3G&O@:@>&#*$&
B$O2;$O&O@:@+$:&<3;A2O$O&)3$&@;;$++<)3&%$B&+%$;<$+M&$I;$%:&=)B&
!/('-*+(=)B&W*<;*&W$&<3;A2O$O&:W)&@;;$++<)3+&+<3;$&:*<+&+%$;<$+&
W@+&3):&C)3)%*EA$:<;&<3&@3@AE+$+&)=&:*$&;)C%A$:$&O@:@&C@:B<I>&
#*$&:*<B:$$3&@;;$++<)3+&;*)+$3&=)B&:*$&B$O2;$O&O@:@+$:&W$B$&
:*)+$&W<:*&:*$&C)+:&;)C%A$:$&O@:@&=)B&@AA&B$G<)3+>&P)B&!/('-*+(
W$&<3;A2O$O&)3$&@;;$++<)3&=B)C&$@;*&)=&:*$&+$%@B@:$&;A@O$+&)=&
:*<+&+%$;<$+>&($;@2+$&!"#$%&'(+$;:>&M+,162*-07&'(W@+&+<+:$B&:)&
+$;:>&)*+,"-.+$&<3&@AA&@3@AE+$+&)=&:*$&=2AA&4kJ@;;$++<)3+&O@:@+$:M&
!/(+4"#4&#-:"#-&'(@3O&!/(17$2+"#"-.+2(W$B$&2+$O&@+&:*$&)2:GB)2%&
<3&:*$&6"J@;;$++<)3&O@:@+$:>

Y$&@3@AEH$O&:*$&6"J@;;$++<)3&;)CF<3$O&O@:@+$:+&<3&:W)&
O<==$B$3:&W@E+7&2+<3G&@&;)3;@:$3@:$O&O@:@+$:M&@3O&@&;)@A$+;$3:&
@%%B)@;*&2+<3G&(@E$+<@3&_+:<C@:<)3&)=&Z%$;<$+&#B$$+&/(_Z#&
D>4>"U&d<2M&455k0>&c@:*$B&:*@3&;)3+<O$B<3G&:*$&+$%@B@:$&C@BaJ
$B+&:)G$:*$B&@+&<3&@&;)3;@:$3@:$O&@3@AE+<+M&(_Z#&+<C2A:@3$J
)2+AE&G$3$B@:$+&G$3$&:B$$+&=B)C&:*$&<3O<D<O2@A&C@Ba$B+&@3O&
@&+%$;<$+&%*EA)G$3E&F@+$O&)3&:*$&<3O<D<O2@A&G$3$&:)%)A)G<$+>&
(_Z#&@3@AE+$+&W$B$&;)3O2;:$O&2+<3G&:*$&+@C$&C)O$A+&=)23O&
=)B&$@;*&:@BG$:&B$G<)3&@+&@F)D$M&@3O&W$B$&B23&=)B&65M555M555&
G$3$B@:<)3+&W<:*&=)2B&;*@<3+M&W<:*&@AA&):*$B&%@B@C$:$B+&a$%:&
@+&:*$&%B)GB@C&O$=@2A:+>&#*$&F2B3J<3&D@A2$+&W$B$&O$:$BC<3$O&
@3O&;)3+$3+2+&:B$$+&;)3+:B2;:$O&<3&(_Z#&2+<3G&:*$&+2C%&@3O&
+2C:&;)CC@3O+>&($;@2+$&C<++<3G&O@:@&;@3&B$+2A:&<3&+%2B<)2+&
B$+2A:+&=B)C&(@E$+<@3&@3@AE+$+&/_>1>&#$%$M&%$B+>&)F+>0&W$&O<O&
3):&B23&(_Z#&)3&:*$&4kJ@;;$++<)3&;)CF<3$O&O@:@+$:&:)&@D)<O&
%):$3:<@AAE&C<+A$@O<3G&B$+2A:+>

($;@2+$&)2B&@3@AE+$+&O<O&3):&B$;)D$B&:*$&+@C$&+%$;<$+&
GB)2%+&=)23O&FE&K3@%%&'&L$AG@+)3&/6..!0M&W$&;)C%@B$O&23J
;)3+:B@<3$O&:B$$+&)=&:*$&+<IJC@Ba$B&4kJ@;;$++<)3&O@:@+$:&:)&
:*)+$&<3&W*<;*&C$CF$B+&)=&$@;*&)=&:*$&:W)&+%$;<$+&GB)2%+&W$B$&
;)3+:B@<3$O&:)&F$&C)3)%*EA$:<;&W<:*&:*$&Z*<C)O@<B@JL@+$G@W@&
:$+:&/ZLU&Z*<C)O@<B@&'&L@+$G@W@M&6...0&)%:<)3&<3&XQiXq&2+J
<3G&c_dd&F)):+:B@%&W<:*&6555&%+$2O)B$%A<;@:$+&@3O&:*$&+@C$&
C)O$A&%@B@C$:$B+&@+&@F)D$>&#*$&A)GJA<a$A<*))O&+;)B$+&)=&:*$&
;)3+:B@<3$O&:B$$+&W$B$&;)C%@B$O&:)&:*)+$&)=&:*$&23;)3+:B@<3$O&
NX&:B$$+M&65&B@3O)CAE&;*)+$3&%)+:JF2B3J<3&(S&:B$$+M&@3O&:*$&
(S&;)3+$3+2+&:B$$>

RESULTS

V)C%A$:$&+$^2$3;$+&W$B$&)F:@<3$O&=)B&C)+:&)=&:*$&44&<3J
GB)2%&@3O&+<I&)2:GB)2%&@;;$++<)3+&=)B&C)+:&)=&:*$&+<I&C@Ba$B+&
/:):@A&C<++<3G&O@:@&;@>&">9nU&Q%%$3O<I0>&QAA&;)3;@:$3@:$O&@3O&
(_Z#&@3@AE+$+&+:B)3GAE&+2%%)B:&:*$&C)3)%*EAE&)=&!"#$%&'(
+$;:>&)*+,"-.+$M&@3O&)=&@AA&+%$;<$+&W<:*&C2A:<%A$&@;;$++<)3+&
$I;$%:&=)B&!/('-*+&/P<G+>&4&@3O&"Q8P0>&#*$&:W)&@;;$++<)3+&)=&
!/('-*+(=B)C&()A<D<@&/4!-5M&"5690&@B$&@AW@E+&B$+)AD$O&@%@B:&
=B)C&:*$&@;;$++<)3+&=B)C&_;2@O)B&@3O&X$B2&/4"T9M&"T4!0>&!"#$I
%&'(+$;:>&M+,162*-07&'M&B$%B$+$3:$O&*$B$&FE&!/(+4"#4&#-:"#-&'(
@3O&!/(17$2+"#"-.+2M(W@+&+:B)3GAE&+2%%)B:$O&@+&+<+:$B&:)&!/(+$;:>&

)*+,"-.+$(<3&@3@AE+$+&)=&:*$&4kJ@;;$++<)3&;)3;@:$3@:$O&O@:@J
+$:&/6>5&XXM&655&(XU&P<G>&40M&@3O&<3&:*$&;)3;@:$3@:$O&4kJG$3$&
O@:@+$:+&)=&S#Z&t&R(ZZS&t&*,%PI*,%Q&@3O&:*$&V[ZSS&C@Ba$B+&
;)CF<3$O&/5>k686>5&XXM&!58655&(XU&P<G>&Z6&<3&:*$&_A$;:B)3<;&
Z2%%A$C$3:&:)&:*$&)3A<3$&D$B+<)3&)=&:*<+&@B:<;A$0>&#*<+&B$A@:<)3J
+*<%&W@+&@A+)&+2%%)B:$O&FE&<3O<D<O2@A&@3@AE+$+&)=&S#ZM&R(ZZS&
@3O&*,%PI*,%Q(/5>!.86>5&XXM&T"8655&(X0M&F2:&3):&<3&:*)+$&O$B<D$O&
=B)C&:*$&<3O<D<O2@A&V[ZSS&C@Ba$B+&/P<G>&Z4&<3&:*$&_A$;:B)3<;&
Z2%%A$C$3:0>&?$:@<A+&)=&:*$&@3@AE+$+&@B$&%B$+$3:$O&<3&#@FA$&4>

Congruence of datasets. —& c$+2A:+& )=& :*$& XL#& :$+:+&
;)C%@B<3G&@AA&C@Ba$B+&@3O&@AA&4k&@;;$++<)3+&@:&)3;$&<3O<;@:$O&
+<G3<=<;@3:&<3;)3GB2$3;$&/)(]&5>560>&d<a$W<+$M&%@<BW<+$&;)CJ
%@B<+)3+&)=&S#ZM&R(ZZSM&@3O(*,%PI*,%QM&@3O&)=&:*$&V[ZSS&C@BaJ
$B+&W$B$&@A+)&<3;)3GB2$3:&@;;)BO<3G&:)&:*$&XL#&:$+:&/)(]&5>560>&
N)+:&C@Ba$B+& :@a$3& @A)3$& B$+2A:$O& <3& %))BAE& B$+)AD$O& @3O&
%))BAE&+2%%)B:$O&:B$$+&@3O&3)&:W)&)=&:*$&+<I&C@Ba$B+&%B)O2;$O&
:*$&+@C$&:)%)A)GE>&S3&3)&;@+$&O<O&:W)&:B$$+&=B)C&:*$&+$%@B@:$&
@3@AE+$+&)=&$@;*&C@Ba$B&+*@B$&:*$&+@C$&W$AAJ+2%%)B:$O&<3;)3J
GB2$3;$&/:@a$3&*$B$&@+&@&3)O$&W<:*&XX&s&5>.-&@3O&(X&s&.50&
B$A@:<D$&:)&:*$&:)%)A)GE&+*)W3&<3&P<G>&4>&V)C%@B<+)3&)=&:*$&
:B$$+&O$B<D$O&=B)C&<3O<D<O2@A&@3@AE+$+&)=&S#ZM&R(ZZSM&@3O&
;)+.(&+*)W$O&3)&<3+:@3;$+&)=&W$AAJ+2%%)B:$O&<3;)3GB2$3;$&
:)&:*$&:)%)A)GE&<3&P<G>&4>&#*$&*,%PI*,%Q(:B$$&*@O&+2%%)B:&=)B&@&
+<+:$B&B$A@:<)3+*<%&F$:W$$3&!/(-%0&,4&'(@3O&!/($%0+12&t&!/($%I
3&2*-$#$*&'&t&!/(07$'$+1"#68"*,6"%&t&!/(0"%-0&'&t&:*$&Q3O$@3&
@;;$++<)3+&)=&!/('-*+(/@;;$++<)3+&4"T9&@3O&"T4!U&6>5&XXM&.T&(XU&
P<G>&Z40>&#*$&;)+6V&:B$$&*@O&@&;A@O$&;)C%)+$O&)=&)3$&@;;$+J
+<)3&)=&!/($%0+12(/4!.5@0M&!/(0"%-0&'M&!/($%3&2*-$#$*&'M&@3O&
!/(07$'$+1"#68"*,6"%(/6>5&XXM&.!&(X0M&@3O&:W)&3)O$+&W<:*<3&
@&;A@O$&;)3:@<3<3G&@3):*$B&@;;$++<)3&)=&!/($%0+12(/"T4T0&@3O&
:*$&:W)&@;;$++<)3+&)=&!/(*+,%$*&'&/6>5&XXM&.9&@3O&..&(XU&P<G>&
Z40>&P<3@AAEM&;)+66&*@O&+:B)3G&+2%%)B:&=)B&@&A@BG$&;A@O$&:*@:&
;)3:@<3$O&@AA&+%$;<$+&)=&!/(+$;:>&)*+,"-.+$&$I;$%:&=)B&!/($%3&2I
*-$#$*&'M&!/(07$'$+1"#68"*,6"%M&@3O&!/(*,-563&'&/P<G>&Z40>&
($;@2+$&;)C%@B<+)3&)=&:*$&<3O<D<O2@A&:B$$+&B$D$@A$O&D$BE&=$W&
<3+:@3;$+&)=&*@BO&<3;)3GB2$3;$&/B$A@:<D$&:)&:*$&:):@A&32CF$B&
)=&3)O$+0M&@AA&4k&@;;$++<)3+&W$B$&<3;A2O$O&<3&@&;)3;@:$3@:$O&
@3@AE+<+&)=&S#ZM&R(ZZSM&*,%PI*,%QM&;)+6VM&;)+.(M&@3O&;)+66&
/P<G>&40>&S3&)BO$B&:)&;)C%@B$&:*$&B$A@:<D$&@C)23:+&)=&B$+)A2:<)3&
@3O&+2%%)B:&%B)D<O$O&FE&;)CF<3@:<)3+&)=&:*$&D@B<)2+&C@Ba$B+M&
W$&@A+)&@3@AEH$O&:*$&:*B$$&V[ZSS&C@Ba$B+&:)G$:*$B&@3O&:*$&
:*B$$&B$G<)3+&S#ZM&R(ZZSM&@3O&*,%PI*,%Q&:)G$:*$B>

All six markers. —&!"#$%&'&+$;:>&)*+,"-.+$(W@+&+:B)3GAE&
+2%%)B:$O&@+&C)3)%*EA$:<;&<3&@AA&;)3;@:$3@:$O&@3O&(_Z#&@3@AEJ
+$+&/6>5&XXM&655&(XU&P<G+>&4&@3O&"Q8(0>&S:+&C)3)%*EAE&W@+&C)OJ
$B@:$AE&:)&+:B)3GAE&+2%%)B:$O&<3&C)+:&@3@AE+$+&)=&:*$&<3O<D<O2@A&
C@Ba$B+&/5>!.86>5&XXM&T"8655&(X0M&$I;$%:&=)B&;)+6V&<3&W*<;*&
!/(+$;:>&)*+,"-.+$($C$BG$O&<3&@&%)AE:)CE&W<:*&!/(+4"#4&#-:"#-&'M&
@3O&;)+66&<3&W*<;*&+$D$B@A&+%$;<$+&)=&+$;:>&)*+,"-.+$(W$B$&3$+:$O&
W<:*<3&:*$&)2:GB)2%&/P<G>&Z40>&#*$&3)O$+&+$%@B@:<3G&:*$&+%$;<$+&
)=&!/(+$;:>&)*+,"-.+$(<3&:*$&;)+66&:B$$M&*)W$D$BM&W$B$&%))BAE&
+2%%)B:$O>&Z%$;<$+&W<:*&C2A:<%A$&@;;$++<)3+&W$B$&C)3)%*EA$:<;&
<3&:*$&+<IJC@Ba$B&4kJ@;;$++<)3&@3@AE+$+&/<>$>M&@AA&C@Ba$B+&;)3J
;@:$3@:$O0M&$I;$%:&=)B&!/('-*+&/P<G+>&4&@3O&"Q8(0>&#*$&()A<D<@3&
@;;$++<)3+&)=&!/('-*+(/4-!5M&"5690&W$B$&C)O$B@:$AE&:)&+:B)3GAE&
+2%%)B:$O&@+&+<+:$B&:)&!/(-%0&,4&'(B@:*$B&:*@3&:)&:*$&:W)&Q3O$@3&
@;;$++<)3+&)=&!/('-*+(=B)C&_;2@O)B&@3O&X$B2&/4"T9M&"T4!U&P<G>&40>&



!"k

!"#$%&-.&/"0&,&123$&45657&!""8!9"#$%$&'&()*+&,&!"#$%&'(#)%*)!"#$%&')+',-.)()*+",-*$

#B$$+&=)B;<3G&@AA&@;;$++<)3+&)=&!/('-*+(<3:)&@&+<3GA$&;A@O$&W$B$&
+<G3<=<;@3:AE&O<==$B$3:&=B)C&:*$&23;)3+:B@<3$O&(S&@3O&NX&@3O&
:B$$+&/)&]&5>560&@;;)BO<3G&:)&:*$&ZL&:$+:>&?$:@<A+&)=&C@Ba$B+&
@3@AEH$O&<3O<D<O2@AAE&@B$&G<D$3&F$A)W>

#*$&(S&@3O&NX&;)3+$3+2+&:B$$+&=B)C&:*$&+<IJC@Ba$B&4kJ@;J
;$++<)3&@3@AE+$+&W$B$&*<G*AE&;)3GB2$3:&@3O&O<==$B$O&)3AE&<3&
B$+)A2:<)3&/P<G>&4M&@BB)W+0M&@3O&<3&:*$&%)+<:<)3&)=&!/(&#+$%&'M(
W*<;*&NX&%A@;$O&<3&@&GB@O$&F$:W$$3&!/(*+,%$*&'(@3O&:*$&B$+:&)=&
:*$&+%$;<$+&)=&!/(+$;:>&)*+,"-.+$&/(X&]&-50M&@3O&!/(2$4$%-##+%2+M&
W*<;*&NX&%A@;$O&@+&+<+:$B&:)&:*$&B$+:&)=&+$;:>&)*+,"-.+$(/(X&
p&-60>&#*$&=)AA)W<3G&O<+;2++<)3&<+&F@+$O&)3&:*$&B$+2A:+&)=&(S&
@3@AE+$+M&F$;@2+$&:*$&NX&B$+2A:+&D@B<$O&)3AE&+A<G*:AE>

(_Z#&@3@AE+<+&)=&:*$&+<IJC@Ba$B&6"J@;;$++<)3&O@:@+$:&B$J
+2A:$O&<3&@&W$AAJB$+)AD$O&:)%)A)GE&:*@:&W@+&A@BG$AE&;)3GB2$3:&
W<:*&@3@AE+$+&)=&:*$&;)3;@:$3@:$O&O@:@+$:&2+<3G&(S>&#*$&+<3GA$&
O<==$B$3;$&<3&:)%)A)GE&F$:W$$3&:*$&;)3;@:$3@:$O&@3O&(_Z#&
@3@AE+$+&W@+&:*$&%A@;$C$3:&)=&!/(0"%-0&'(/P<G>&"Q&D+>&"(0>&
Z2%%)B:M&*)W$D$BM&W@+&;)3+<O$B@FAE&A)W$B&:*B)2G*)2:&:*$&(_Z#&
:B$$>&#*$C$+&;)CC)3&:)&@AA&)=&:*$&+<IJC@Ba$B&6"J@;;$++<)3&

@3@AE+$+&<3;A2O$O&;A)+$&B$A@:<)3+*<%+&F$:W$$3&!/(-%0&,4&'(@3O&
:*$&()A<D<@3&@;;$++<)3&)=&!/('-*+M&@3O&!/(*+,%$*&'&@+&+<+:$B&:)&@&
;A@O$&;)3:@<3<3G&!/($%0+12M&!/($%3&2*-$#$*&'M&!/(07$'$+1"#6I
8"*,6"%M&!/(0"%-0&'M&!/(*,-563&'M&!/(&#+$%&'&@3O&:*$&Q3O$@3&
@;;$++<)3&)=&!/('-*+>&[:*$B&;)CC)3&:*$C$+&<3;A2O$O&@&;A)+$&
B$A@:<)3+*<%&F$:W$$3&!/($%0+12(@3O&!/(&#+$%&'M&@3O&F$:W$$3&
!/($%3&2*-$#$*&'M(!/(07$'$+1"#68"*,6"%M&@3O&!/(*,-563&'>&#B$$+&
;)3+:B@<3$O&:)&;)3=)BC&:)&:*$&!/(*+,%$*&'(@3O&:*$&!/('-*+&+%$J
;<$+&GB)2%+&<O$3:<=<$O&FE&K3@%%&'&L$AG@+)3&/6..!0&W$B$&3):&
+<G3<=<;@3:AE&O<==$B$3:&=B)C&23;)3+:B@<3$O&:B$$+&/)(p&5>5.85>60>

ITS, GBSSI, and trnT-trnF sequence data. —&#*$&32CF$B+&
)=&%@B+<C)3EJ<3=)BC@:<D$&/XS0&;*@B@;:$B+&W$B$&*<G*&B$A@:<D$&
:)&:*$&V[ZSS&C@Ba$B+&=)B&S#Z&/65.0&@3O&R(ZZS(/65"0M&@3O&A)W&
<3&*,%PI*,%Q&/"-U&#@FA$&40>&L)W$D$BM&G<D$3&:*$&A$3G:*+&)=&:*$&
+$^2$3;$+&:*$&%$B;$3:@G$+&)=&XS&;*@B@;:$B+&W$B$&A)W$B&:*@3&
:*$&V[ZSS&C@Ba$B+&=)B&R(ZZS(/9>Tn0&@3O&*,%PI*,%Q&/4n0M&F2:&
*<G*$B&=)B&S#Z&/69>Tn0>&X*EA)G$3$:<;&@3@AE+$+&)=&:*$+$&C@BaJ
$B+&<3O<D<O2@AAE&B$+2A:$O&<3&<3;)3GB2$3:M&%))BAE&B$+)AD$O&@3O&
%))BAE&+2%%)B:$O&:)%)A)G<$+&/P<G>&Z40>&!"#$%&'(+$;:>&)*+,"-.+$(

!"#$%&'(!"#$)(*+,-"./,$

!"#$)(0%$--1.21"',%&'!"#$%&'()*+(,-

!"#$)(3$4$-+1-&'!"#./%(0&12&

!"#$)(562"7,-4.2"%!"#+3.*0&%2(.,-
!"#$)(*,+"+$!"#$,+$*./24/1,-

!"#$)(8,-764+.21&'
!"#&'*+',+()*+(,-
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W@+&C)3)%*EA$:<;&<3&:*$&<3O<D<O2@A&@3@AE+$+M&@+&W$B$&!/(*+,I
%$*&'M(!/(*,-563&'(@3O&:*$&()A<D<@3&@;;$++<)3+&)=&!/('-*+>&!"I
#$%&'(&#+$%&'(W@+&3$+:$O&@C)3G&@;;$++<)3+&)=&!/($%0+12(<3&
@3@AE+$+&)=&R(ZZSU&@;;$++<)3+&)=&!/($%0+12(W$B$&<3&@&%)AE:)CE&
W<:*&):*$B&+%$;<$+&<3&S#Z&@3O& *,%PI*,%Q>&!"#$%&'(&#+$%&'(
W@+&C)3)%*EA$:<;&<3&:*$&S#Z(@3O&*,%PI*,%Q(O@:@+$:+M&F2:&3):&<3&
R(ZZS>&QAA&):*$B&+%$;<$+&W<:*&C2A:<%A$&@;;$++<)3+&W$B$&%@B:+&)=&
%)AE:)C<$+&W<:*&):*$B&+%$;<$+>&():*&:*$&R(ZZS(@3O&*,%PI*,%Q&
:B$$+&+2%%)B:$O&@&;A)+$&B$A@:<)3+*<%&F$:W$$3&!/($%3&2*-$#$*&'(
@3O&!/(07$'$+1"#68"*,6"%>

#*$&B$+2A:+&)=&;)3;@:$3@:$O&@3O&(_Z#&@3@AE+$+&=)B&:*$&
;)CF<3$O&6"J@;;$++<)3&S#Z&t&R(ZZS&t&*,%PI*,%Q&O@:@&/P<G>&"V8&
?0&W$B$&<3;)3GB2$3:&W<:*&$@;*&):*$B&@3O&W<:*&:*$&@3@AE+$+&
)=&@AA&C@Ba$B+&;)CF<3$O&/P<G>&"Q8(0>&!"#$%&'(0"%-0&'(W@+&
+2%%)B:$O&@+&+<+:$B&:)&!/($%0+12(t&!/(&#+$%&'(<3&:*$&;)3;@:J
$3@:$OM&F2:&23+2%%)B:$O&<3&:*$&(_Z#&@3@AE+<+>&#*$&%A@;$C$3:&
)=&!/(2$4$%-##+%2+M&!/(*+,%$*&'M&@3O&!/(*,-563&'&@A+)&O<==$B$O&
F$:W$$3&:*$&:W)&@3@AE+$+>&#*$E&W$B$&%A@;$O&<3&@&GB@O$&+<+:$B&
:)&:*$&B$+:&)=&!/(+$;:>&)*+,"-.+$&2+<3G&(_Z#U&<3&;)3:B@+:M&:*$&

;A@O$&=)BC$O&FE&!/(-%0&,4&'(t&()A<D<@3&!/('-*+&W@+&+<+:$B&:)&:*$&
B$+:&)=&:*$&+$;:<)3&<3&:*$&;)3;@:$3@:$O&@3@AE+<+>&L)W$D$BM&:*$&
%)+<:<)3+&)=&:*$+$&+%$;<$+&W$B$&%))BAE&+2%%)B:$O&<3&@AA&@3@AE+$+&
)=&:*$&S#Z&t&R(ZZS&t&*,%PI*,%Q(O@:@+$:>

COSII sequence data. —&#*$&32CF$B+&)=&XS&;*@B@;:$B+&<3&
:*$&V[ZSS&C@Ba$B+&D@B<$O&=B)C&T9&:)&.-&;)BB$+%)3O<3G&:)&9n&:)&
65>kn&)=&@A<G3$O&+$^2$3;$&A$3G:*&/#@FA$&40>&V)+.(&*@O&@&!kT&F%&
<3+$B:<)3&<3&!/(0"%-0&'&@3O&@&T-"&F%&<3+$B:<)3&<3&)3$&@;;$++<)3&
)=&!/(&#+$%&'(/4!450M&A)W$B<3G&:*$&%$B;$3:@G$&)=&XS&;*@B@;:$B+&
=)B&:*@:&C@Ba$B&;)3+<O$B@FAE>&Y<:*)2:&:*$+$&:W)&<3O$A+M&:*$&XS&
;*@B@;:$B+&<3;B$@+$O&=B)C&9n&:)&.>.n&=)B&;)+.(>&S3:B)3<;&;)3J
:$3:&=)B&:*$&V[ZSS&C@Ba$B+&B@3G$O&=B)C&TTn&:)&.6n&/TTn8k"n&
W*$3&:*$&:W)&A@BG$&<3+$B:<)3+&<3&;)+.(&@B$&)C<::$O0>
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(S&<3O<D<O2@A&@3@AE+$+&)=&;)+.(&/XX&6>50M&F2:&3):&<3&;)+6V&)B&
;)+66&/P<G>&Z4&<3&:*$&_A$;:B)3<;&Z2%%A$C$3:0>&!"#$%&'($%0+12(<+&
C)3)%*EA$:<;&<3&@AA&V[ZSS&<3O<D<O2@A&@3@AE+$+&$I;$%:&=)B&;)+6V&
<3&W*<;*&@;;$++<)3+&W$B$&B$+)AD$O&<3&:*B$$&+$%@B@:$&;A@O$+>&
QAA&):*$B&+%$;<$+&=)B&W*<;*&W$&*@D$&C2A:<%A$&@;;$++<)3+&@B$&
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!"#/18,24(/+/4,-

!"#.5/-/&0*+3$*4%3*1

!"#4%(738,-#.#$1

!"#.*1(.,-

!"#-(4&#!.20

!"#/1.&02#!2$3

!"#,+&/1,-#.#!3

!"#4&%1/4,-#..1#

!"#(1.,%',-#!!10

!"#-(4&#!"#$

!"#2/'/1(++&12&

!"#05/2&*+*(6&2

!"#&'*+',+()*+(,-

/>$

$>""

$>3.

$>11

$>3.

$>"3

/>$

!"#/1.&02#!2$3

!"#,+&/1,-#.#!3

!"#.*1(.,-

!"#/18,24(/+/4,-

!"#.5/-/&0*+3$*4%3*1

!"#4%(738,-#.#$1

!"#-(4&#!.20

!"#4&%1/4,-#..1#

!"#(1.,%',-#!!10

!"#-(4&#!"#$

!"#2/'/1(++&12&

!"#05/2&*+*(6&2

!"#&'*+',+()*+(,-

/>$

/>$

/>$
/>$

/>$

/>$

/>$

$>11

012345#/$"5/$"62

!"#/1.&02#!2$3

!"#,+&/1,-#.#!3

!"#(1.,%',-#!!10

!"#-(4&#!"#$

!"#2/'/1(++&12&

!"#.*1(.,-

!"#-(4&#!.20

!"#4&%1/4,-#..1#

!"#/18,24(/+/4,-

!"#.5/-/&0*+3$*4%3*1

!"#4%(738,-#.#$1

!"#05/2&*+*(6&2

!"#&'*+',+()*+(,-

$>1!

$>1!

/>$

$>#2

$>11

$>2/

/>$
/>$

$>1/

/>$

!"#/1.&02#!2$3

!"#,+&/1,-#.#!3

!"#.*1(.,-

!"#/18,24(/+/4,-

!"#.5/-/&0*+3$*4%3*1

!"#-(4&#!.20

!"#4%(738,-#.#$1

!"#4&%1/4,-#..1#

!"#2/'/1(++&12&

!"#(1.,%',-#!!10

!"#-(4&#!"#$

!"#05/2&*+*(6&2

!"#&'*+',+()*+(,-

$>3

$>13

/>$

$>10

$>13

$>13

$>2!

$>#3

/>$

/>$

72/882+29/:;":!
<12345#/$"5/$"62
723=>??29/:;":!

312345#/$"5/$"62
72?@>A2BC>>?A2+-%;<+-%=

C12C<>@2
72/882+29/:;":!

D12C<>@2
723=>??29/:;":!

E12C<>@2
72?@>A2BC>>?A2+-%;<+-%=

!"#/1.&02#!2$3

!"#,+&/1,-#.#!3

!"#/18,24(/+/4,-

!"#.5/-/&0*+3$*4%3*1

!"#4%(738,-#.#$1

!"#.*1(.,-

!"#-(4&#!.20

!"#4&%1/4,-#..1#

!"#-(4&#!"#$

!"#(1.,%',-#!!10

!"#2/'/1(++&12&

!"#05/2&*+*(6&2

!"#&'*+',+()*+(,-

$>1/

$>3

$>#"

$>10

$>"!

/>$

!"#/1.&02#!2$3

!"#,+&/1,-#.#!3

!"#/18,24(/+/4,-

!"#.5/-/&0*+3$*4%3*1

!"#-(4&#!.20

!"#.*1(.,-

!"#(1.,%',-#!!10

!"#-(4&#!"#$

!"#4%(738,-#.#$1

!"#4&%1/4,-#..1#

!"#2/'/1(++&12&

!"#05/2&*+*(6&2

!"#&'*+',+()*+(,-

/>$

/>$

$>20$>12

$>2.

$>3/

$>"/



!95

!"#$%&-.&/"0&,&123$&45657&!""8!9"#$%$&'&()*+&,&!"#$%&'(#)%*)!"#$%&')+',-.)()*+",-*$

C)3)%*EA$:<;&)B&23B$+)AD$O>&[:*$B& :*$C$+&@%%@B$3:& <3& :*$&
<3O<D<O2@A&@3@AE+$+&@B$&@&;A)+$&B$A@:<)3+*<%&F$:W$$3&!/(-%0&,I
4&'(t&()A<D<@3&!/('-*+M&!/($%3&2*-$#$*&'(t&!/(07$'$+1"#68"*I
,6"%M&@3O&@&:$3O$3;E&=)B&:*$+$&:W)&+%$;<$+&:)&=)BC&@&;A@O$&W<:*&
!/(*,-563&'>

V)3;@:$3@:$O& @3O&(_Z#& @3@AE+$+& )=& :*$& 6"J@;;$++<)3&
V[ZSS&C@Ba$B&O@:@+$:&O<==$B$O&+:B<a<3GAE&=B)C&$@;*&):*$B&/P<G>&
"_8P0>&#*$&(_Z#&@3@AE+<+&C)+:&B$=A$;:$O&:*$&C@g)B&:B$3O+&<3&
:*$&):*$B&@3@AE+$+M&F2:&W<:*&D$BE&%))B&+2%%)B:&=)B&C)+:&3)O$+&
/P<G>&"P0>&#*$&;)3;@:$3@:$O&V[ZSS&:)%)A)GE&<+&:*$&C)+:&O<J
D$BG$3:&)=&@AA&@3@AE+$+U&*)W$D$BM&C)+:&3)O$+&@B$&3):&W$AA&+2%J
%)B:$O&$I;$%:&=)B&:*)+$&)F+$BD$O&<3&:*$&):*$B&@3@AE+$+M&+2;*&@+&
!/($%0+12(t&!/(&#+$%&'M&!/($%3&2*-$#$*&'(t&!/(07$'$+1"#68"*I
,6"%(t&!/(*,-563&'M&@3O&!/(-%0&,4&'(t&()A<D<@3&!/('-*+&/P<G>&"_0>

DISCUSSION

Comparative utility of the six molecular markers. —&#*$&
V[ZSS&C@Ba$B+&W$B$&*<G*AE&D@B<@FA$&@3O&%B)D<O$O&32C$B)2+&
%@B+<C)3E&<3=)BC@:<D$&;*@B@;:$B+&:)&)2B&O@:@+$:>&V[ZSS&C@BaJ
$B+&*@D$&@A+)&%B)D$3&2+$=2A&<3&:*$&;A)+$AE&B$A@:$O&!"#$%&'(+$;J
:<)3+&E60"1+,2-0"%(@3O&)+*"*$(/c)OBeG2$H&'&@A>M&455.0&@3O&
<3&E60-&'(/@A+)&Z)A@3@;$@$U&d$D<3&'&@A>M&455.0>&#*$&V[ZSS&
C@Ba$B+&2+$O&<3&:*<+&+:2OE&W$B$&;*)+$3&F$;@2+$&)=&:*$<B&A$3G:*M&
:*$<B&*<G*&<3:B)3<;&;)3:$3:M&@3O&F$;@2+$&:*$E&%B)O2;$O&+<3GA$J
F@3O$O&XVc&%B)O2;:+>&#*$&%$B;$3:@G$+&)=&XS&;*@B@;:$B+&<3&:*$&
V[ZSS&C@Ba$B+&2+$O&*$B$&W$B$&<3D$B+$AE&;)BB$A@:$O&W<:*&B@W&
+$^2$3;$&A$3G:*&@3O&W$B$&3):&O<B$;:AE&B$A@:$O&:)&:*$&%$B;$3:&
<3:B)3<;&;)3:$3:&/#@FA$&40>&QAA&:*B$$&V[ZSS&C@Ba$B+&*@O&C2;*&
*<G*$B&%$B;$3:@G$+&)=&XS&+<:$+&:*@3&$<:*$B&R(ZZS()B&*,%PI*,%Q(
/W*$3&;)+.(&<+&;)3+<O$B$O&W<:*)2:&:*$&:W)&A)3GM&@2:@%)C)BJ
%*<;&<3+$B:<)3+0M&F2:&A)W$B&:*@3&S#Z&/#@FA$&40>&L)C)%A@+E&/@+&
C$@+2B$O&FE&:*$&;)3+<+:$3;E&<3O$I0M&*)W$D$BM&W@+&C2;*&*<G*$B&
<3&S#Z&:*@3&<3&:*$&V[ZSS&C@Ba$B+>&[D$B@AAM&R(ZZS&*@+&:*$&*<G*J
$+:&32CF$B&)=&D@B<@FA$&;*@B@;:$B+M&F2:&:*<+&B$G<)3&<+&A)3G&@3O&
C2+:&F$&+$^2$3;$O&<3&:W)&+$GC$3:+&:)&@;*<$D$&=2AA&;)D$B@G$&
W<:*&B$@+)3@FA$&)D$BA@%>&S3&;)3:B@+:M&:*$&V[ZSS&C@Ba$B+&W$B$&
$@+E&:)&@C%A<=EM&+$^2$3;$O&;A$@3AEM&;)2AO&F$&+$^2$3;$O&<3&@&
+<3GA$&%@++&W<:*&;)C%A$:$&)D$BA@%&<3&C)+:&;@+$+M&*@O&B$A@:<D$AE&
A)W&*)C)%A@+EM&@3O&*$A%$O&%B)O2;$&@&W$AAJB$+)AD$O&@3O&*<G*AE&
+2%%)B:$O&%*EA)G$3E&/P<G>&40>&#*$&V[ZSS&C@Ba$B+&<3O<D<O2J
@AAE&@3O&;)CF<3$O&W<:*&$@;*&):*$B&%B)O2;$O&:B$$+&:*@:&W$B$&
$<:*$B&%))BAE&B$+)AD$OM&%))BAE&+2%%)B:$OM&)B&:*@:&W$B$&A@BG$AE&
<3&;)3=A<;:&W<:*&:*$&:B$$+&%B)O2;$O&FE&S#Z&t&R(ZZS&t&*,%PI*,%Q(
/P<G>&Z6&<3&:*$&_A$;:B)3<;&Z2%%A$C$3:0M&)B&FE&@AA&+<I&C@Ba$B+&
;)CF<3$O&/P<G>&40>&#*2+M&:*$&V[ZSS&C@Ba$B+&@AA)W$O&2+&:)&$=J
=<;<$3:AE&<3;B$@+$&:*$&32CF$B&)=&C@Ba$B+&@3O&XS&;*@B@;:$B+&
<3&)2B&O@:@+$:M&F2:&W$B$&C)+:&2+$=2A&)3AE&W*$3&@3@AEH$O&<3&
;)CF<3@:<)3&W<:*&S#ZM&R(ZZSM&@3O&*,%PI*,%Q>

S3;)3GB2$3;$&@C)3G&<3O<D<O2@A&C@Ba$B+&;@3&B$+2A:&=B)C&
C$:*)O)A)GE&)B&F<)A)GE>&N$:*)O)A)G<;@A&=@;:)B+&:*@:&;@3&B$+2A:&
<3&C<+A$@O<3G&:)%)A)G<$+&<3;A2O$&+@C%A<3G&$BB)BM&:*$&WB)3G&
C)O$A&)=&+$^2$3;$&$D)A2:<)3M&A)3G&FB@3;*$+M&@&C<I&)=&A)3G&
@3O&+*)B:&FB@3;*$+M&23O$:$;:$O&%@B@A)GEM&)B&<3;)BB$;:&@A<G3J
C$3:&/L2+)3&'&(BE@3:M&455TU&(@2CM&455!U&c)OBeG2$H&'&@A>M&
455.0>&[:*$B&=@;:)B+&a3)W3&:)&@==$;:&%*EA)G$3$:<;&@3@AE+$+&

:*@:&@B$&3):&:*$&B$+2A:&)=&O<==$B<3G&*<+:)B<$+&)=&:*$&C@Ba$B+&<3J
;A2O$&*)C)%A@+EM&D@B<@:<)3&)=&+$^2$3;$&A$3G:*&@3O&XS&+<:$+M&
@3O&3)3J<3O$%$3O$3;$&)=&32;A$):<O$&+2F+:<:2:<)3+&/Z2AA<D@3M&
6..TU&QD$B)=&'&@A>M&4555U&Z@3O$B+)3&'&Z*@==$BM&45540>&S=&:*$&
O<+;)BO@3;$&@C)3G&:*$&<3O<D<O2@A&:)%)A)G<$+&<+M& <3&=@;:M&O2$&
)3AE&:)&C$:*)O)A)G<;@A&<++2$+M&:*$3&:*$&*<G*AE&B$+)AD$O&@3O&
*<G*AE&+2%%)B:$O&:B$$&=B)C&:*$&;)3;@:$3@:$O&+<IJG$3$&4kJ@;;$+J
+<)3&@3@AE+$+&/P<G>&40&C@E&F$&:*$&B$+2A:&)=&*<OO$3&%*EA)G$3$:<;&
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O<+:<3G2<+*$O&@3O&@B$&:*)2G*:&:)&*@D$&3)3$&)=&:*$&:@I)3)C<;&
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455TU&XB)*$3+&'&@A>M&455TU&Z%))3$BM&455.0>&P2B:*$BC)B$M&:*$&
%)++<F<A<:E&)=&%)AE%A)<OE&=)B&:*$&@;;$++<)3+&<3;A2O$O&*$B$&<+&
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Higher level relationships. —&!"#$%&'&+$;:>&M+,162*-I
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<+&+2%%)B:$O&@+&C)3)%*EA$:<;&<3&:*$&+<IJC@Ba$B&4kJ@;;$++<)3&
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Phylogenetic relationships within Solanum sect. Pteroi-
dea. —&QAA&)=&:*$&+%$;<$+&)=&!/(+$;:>&)*+,"-.+$(=)B&W*<;*&W$&
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<:&<+&%)++<FA$&:*@:&!/('-*+(C@E&;)3:@<3&;BE%:<;&+%$;<$+&)B&<3;)CJ
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$D$3&C)B$&W<O$+%B$@O&!/($%0+12M&F2:&)2B&+@C%A<3G&<+&;2BB$3:AE&
A<C<:$O&:)&@;;$++<)3+&=B)C&_;2@O)BM&X$B2M&@3O&()A<D<@>

#*$&B$+2A:+&%B$+$3:$O&*$B$&@B$&<3;)3;A2+<D$&B$G@BO<3G&:*$&
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@F)D$&C@E&*@D$&$D)AD$O&@:&A$@+:&:W<;$M&)B&$D)AD$O&)3;$&@3O&W@+&
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Morphological evolution within Solanum sect. Pteroi-
dea. —&[3$&)=&:*$&G)@A+&)=&:*<+&+:2OE&W@+&:)&$I@C<3$&:*$&$D)A2J
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