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/0.C34.0!53!.-?->1/10D3>75-341/;12-/27?.51430046>7?!05!1>E!I+NOU@!#13!05! EXE!+NOTP
&,0.01234D0/80481,0435;C-2B>75-34.1214160! 5,0! 234.0A70420.! 3<!:-<<0/045!>0D0>.! 3<!
?3>027>101/-5-341.72,11.1472>035-:01@-43! 12-:. @!8040035,91;. @! 146-3>38-21>!
<7425-34N?->1/-5-015840 >0D0>! ?1;! 435! 60! >-4=0:!9-5,! 35,0/! O0M>4.51420@!
:-<<0/045! ?7515-34.! -41 5,0! .1?0! 8040.! 214! ,1DO0! :-<<0/045! C,08352Z320.!
L(3.046>7?105! 1*RIONE!234D0/8045!6-3>38-21>1<7425-34.1?1;1435!60!5,0!/0.7>5!3<!5,0!
.1?70!74:0/>;-4818040lL(3:1!05!1>E!+NOX@!Y,148!05!18E488QMMA:15/14.2/-C53?-2!
141>;.0.13<11:1C5-D0!234D0/8045!0D3>75-3410416>0!7.153!-:045-<;18043?-2!/08-34.!-4D3>D0:!
-41C,0435;C-215/1-5.114:1<7/5,0/12>1..-<;!3 XP3/:-48153!5,0-/1<7425-321&91;. @ 4!
-450/125-3419-5,135,0/!/08-B4:13!05!1>E!+HOTP

">1..-2I0H1?C>0.13<1234D0/8045!1:1C5-D0!0B32¥5:40!21C12-53/!<>-8/816-/.. @!
-4.025.161804:1C50/3:125;1."13!114:\-41+N+N@!*1-.,!05! 1 >E! @N@E>3215-34!-41615.!



[*($MII*&()G]"&J)* !

14:1?1/-40!?17?1>.1 LM-7!105!1>E!+@I4R5-34153!5,0171/-40104D-/34?045!-4171??1> !
L",-=-41!105/1>E!+N@ZP'U!C,353.;45,0.-.1-4!C>148"1/-.5-4!105!1>E!+NNTP

(081/:-48! 234D0/8045! 0D3>75-34@! 5,0! ?014-48! 3<! 5,0! 5@238M0/80420! 14:!
C1/1>>0>@AD0!600406150:!<3/1?14;1;01/.1L.(3.046>7?105!1>E!+NOU@!#13!05! E>E!+NOTP
&93!:-<<0/045!7.180.!,1D0!6008t7<3/!5,0.0!50/?.2 340! :-.5-487-.,-48!5,0?!61.0:134!
C,;>380405-2! /0>150:40..! LC1/1>>0>-.?! 60-48! :0<-4@1-4:0C04:045>;! 0D3>D0:!
C,0435;C0!-412>3.0>;1/0>150:151H1!14:1234D0/8B#A00LCD4:045>;!0D3>D0:!C,0435;CO0!
-41:-.5145!51H}B3/4/OTNS®!14:15,85,04:-.5-487-.,-48!5, 161.0:13415,0!74:0/>;-48!
?3>027>1/1702,14-.?1L.C1/1>>0>-.?160-48!:0<-40:!1.!.-?->1/-5-0.1/0.7>5-48!</3?!5,0!.1?0!
?3>027>1/'61.-.!114:1234D0/80420! 60-48!:0<-40:11.! .-?->1/-5-0.1/0.7>5-48! </3?! :-<<0/045!
?3>027>1/161R-_1=0!05!1>E!+NKD%0!C/0.045!5,0.d1@%-40!234D0/8045!0D3>75-34!1.!
14;10D3>7341/;!1C/320.15,15!>01:.153! C,0435,C-2! .-?->1/-5-0.1-41:-<<0/045! 0D3>75-341/;!
51H114:! :3! 435! :-.5-487-.,! 6059004! 234D0/80420! 14:! C1/1>>@H/?E!-42>7:-48!
C,0435;C-2!13/1?73>027>1/1234D0/80420!1/0!7.0:!<3/1?3/0!2>1/-5;E

“06*%. (,"HH). "HSY6& Yo () 0%oH" (1/9%2

HSYG &L H Y

'4D-/34?0451>12,1480.1214!/0:720!3/10>-7-4150!1!. 87I24504.-33<!.0>025-34!5,15!91 .!
<3/?0/>;!-4D3>D0:!-415,0171-45041420!3<!1!C,04 35, G/A505!3<!1..32-150:15/145..!
C,04370434!-.150/?0:!10>1H0:!.0>0254341,5-!05! 1>E!+NNT@!_0/5,0-?!05! ERED¥+NOSP
/0>01.0!</3?1.0>025-D0!234.5/1-4512141-?C125!1413/8154(2.!-41:-<<0/045!91:415,0!
?3.510H5/0?-/27?.51420. @+025-3218,5! 60! 237C>050>;! /0?3[@H 75! ?3/0! 3<504!
/0>1HO0:!.0>025-34!1937>:!,1D0! 1!:-/025-341>!-?C125! 3/!.-?C>;!,1D0! 11901=0/! .516->-a-48
-?7C12841<-540L1.00M1,5-105 I>ENNK3/!11/0D-0 P

">1..-21 0H1?C>0-450/C/050:! 1.1 /0.7>5-48! </®211HO0:! .0>025-34! -42>7:0! 5,0! >3..! 3<!
0;0.-8,5!-4114-?1>.1>-D-430/?14045>:415,0! : 1/=IL\0O<<0/;! +NNS@! #-417H! 05! 1>E! +NOX@
(b517H!14:1"1.140!'+NOX®:11>50/0145-C/0:153/!60,1D-34/5,0!16.0420!3<!C/0:153/.!
LFc>>0/114:136de@al1?3!+NO+@![0<</3;I05!1>E!+NOS@!":91/..105'E>E!+N+OP



"HS%&'()F

&,0!.37/20!3<!.0>025-34!1214!60! 0>-?-4150:! 3/1901=040:!<3/! ?3/845!1802-014:!
/0.7>541.-?->1/11:1C5-D0!C,0435}€10012,!3<!5,0E1J4!5,-.121.0@!5,0!?3>027>1264!-.
60!-4D0.5-8150:16045-<;-48,0!80437-2!/08-34.!10H,-648.-84.13<!/0>1HO0:1.0>02584!
.C02-0.1,39-48! 5,0! 234D0/8045! C,0435;C045,0! C/@45!/0.01/2,@! 5,0! 234D0/8045!
0D3>75-341/(01C34.0!53!1D-141<>-8,5>0..40..191.1.57:-0:16;!-:045-<;-48!5,018040.!74:0/!
/0>1H0:1.0>025-3%48,5>0..!.C02{0.E

SS(0+-1" (H) R+,
IHSH VS& (H* (+SH" HSH Y SE (&, - -&- $H# (

$?-43112-:.11/0L.C02-<-06;!?3/0!5,14!340P(*$! 23:34@4:11.111234.0A704#235!1>>!
472>035-:0! .76.5-575-34.! /0.7>8?-4B! 12-1/0C>1207085/,434,?37. ! 472>035-:0!
.76.5-575-34.! ,1DO0! 48<<0234! 5,0! 1?-43! 12-:! .0A7042(@B<! C/350-49,0/01.!
434.;434;?37.1.76.5-575-34.120.0! 1?-43! 12-:12,1480E! $.14157/1>! .0>025-34! 3C0/150.!
?1-4>;11515,0!C/350-4!>00)0@15-D0!/150134!14134,737. L. P14:1,,434,?37. IL-P
.76.5-575-3¥014160!7.0:153!-4<0/!.0>025-D0! C/QLg/?.7/1'OThHEX,0!/15-3!ij: 1 B!
214607.0:153!?01.7/0!15,0!61>1420!6059004! C3.-5-DO@¥AOYE//><;-48! .0>025-B4E

W 425-341>M@55/1>117-43112-:12,1480->>160!<-H0:!115!5,0!.1?0!11BOOHC0250:!6;!
2,1420R.!.;434,?37.1.76.5-575-341/0.7>5-48!-4!11ijjOENJ4!5,0!21.0!3<!C7/-<;-481.0>025-34@!
4157/1>025-103J0..7/0.1234.5/1-41.76.5-575-34.1/0.7>5/480415-0M7 25-348<1?-43!
12-:12,1480.E!&,-.+0>:.111ikO!1.15,047760/!13<!434.,434,?37.1.76.5-575-34%.1>390/!
5,1415,0147760/! 3<! .;434,?37.! .76.5-575-34.E! %3.-5-D0! .0+0P5&43@//01 9,04! 14!
1?7-43! 12-:! 2,1480!C/3D-:0! 1! .0>025-DO0! 1:D145180E! J4! 5,18424.(434,;?37.!
.76.5-575-341/0 <-HO:! 15! 1! ,-8,0/1 /150! 5,141%02=8/374! .;434,?37.! .76.5-575-34!
/0.7>5-48!-4111ilQIm148!14:11-0>19.=-!-NNE!

&,0! 1/15-31214160!12376-40:19-5,!C,;>380405-2!-4<3/?15-34114:121>27>150:1<3/!14;123:34!
.-5@5,0/0.7>5-48/142,Q-50173:0>.214160!7.0t53!:050261H0:!1.0>02543%15,0!>-40180!
>0D0h148!+NNE&E3!.57:;15,01?3>027>1/161.-.13<!1!1C,0435;C0!5,15!-.160>-0D6;EH3!60!
C/3:725! 340>1BI! .0>025-34@! 340! 214! 23?8,0/61HHB, 15! OH,-6-5! 5,0! C,0435;C0! 3<!
-450/0.5!148,3.0!15,15!:3!1435@>1H0:!.0>025-34!-.12,1/1250/-a0:! 6;! 1!/0:725-34!-415,0!
0<<-2-0434-4504.-5;!13<!635,!IC7/-<;-48114:!C3.-5-D0!.0>023;34D5!11 >E+NNT@!_0/5,0-?!
05! 1>E! +NEOY&R.! C,04370434! -.1 36.0/D0:! 9,0423:34! .-50.! 9-5,! .?1>>0i! ' D1>70.!



[*($MII*&()G]"&J)* !

LC7/-<;-48!.0>025-34@!6>70! RWAHEED!612=8/374:1>-40186,0!.C02-0.!5,15!:31435!
OH,-6-5!516/1-513<!-450/B4401.0!5391/:1340!L4075/1>P!-415,0!<3/08/374:1>445) 3.
OH,-6-5-48!5,015/1-5!3<!-45@0/HR.!5,0!i !D1>70.18/0150/!5,14!340!-4!5,0!1612=8/374:!
>-40180.!LC3.-5-D0!.0>025-34@!/0:3A1D2KH!.0! -4!15,0! <3/08/374:! >-40130.&0!
35,0/1,14:@!-<!5,80!74:0/'C7/-<;-48!.0>025-34!,1D0!.?1>>0/! DM B0 <3/08/374:!
>-40180.!145,0! .-50 74:0/! C3.-5-D0! .0>025-34! ,1D0! 8/@B870-4! 5,0! <3/08/374:!
>-40180.15,0!.0>025-34!-.1234..-:64504.-<-0:|LWcBE

Background lineages

Foreground lineages

Figure 1: Relaxed and intensified selections. Sites under positive selection are shown in red and
sites under purifying selection are shown in blue. Intensified selection results in all ! categories
being pushed away from neutrality (!=1) and relaxed selection resul ts in all ! categories being
pushed toward neutrality. (Redrawn after Wertheim et al. 2015).

/01)-.20(32$1&-.$#)4"(/)-0

_,0 41>-40180.!.,39! 1:1C5-D0! 234D0/8045! 0D3>75-34!1 5391/:15,0! .1?0! C,0435;CO0! -5! -1
O0HCO0250:15,15!.0>025-340025150:3,C34!5,0!.1?0!80404!012,!>-4018D!>01:-48!53!5,0!
.-84157/0!3<1234D0/8045!0D3>75-341/;1/150!15!5,0.G8804Q24a;=!05! 1 >E!+ B THD!
5,0!18040.Y4:0/>;-485,0! C,0435;C-2!2,1480!.,39!234D0/8045! .,-<5!-415,0! 47?60/! 3<!

n



"HS%&'()F

472>035-:013/11?-43112-:1.76.5-575-34.1C0/!74-5!3<!5-701217.0:16;!5,0!/0:720:13/1-42/01.0:!
.0>025-D0!234.5/114%5-48!34!5,0285,!1:1C515-34114:1/0>1H15-34!1/0!C/0:-250:153!/0.7>5!
-411123/0!/1C-:1/150!3<AJ0420!0D3>75L34£-41105! 1>E! +NESAB0<3/0 @B 26-4-48!
804370!:151!19-5,1234D0/8045! C,043543(8/?15-3414160!7.0:153!-:045-<;151/805.! 3<!
234D0/8045!.0862419391>2a;=!05!1>E!+BOTP

J4! C/125-20@.5! 3<!8040! 5/00.! L3/! C/350-4!5/00.! 3/15/00.! <(331-484/08-34.R!!
8040/150:114:@!<3/1012,!5/00@!6/142,!>0485,.!L-EOE!5,0!47?60/!3<!.76.5-575-34.P!1/0!7.0:11.!
1! C/3H;k3/5,01/150! 3<!?3>0278DB>75-34E13:8,0! .C02-0.!.,39-485,01234D0/8045!
C,0435;C0!0H,-6-5!1411220>0/150:!3/1:020>0/150:!0D3>75-341/;!/150!23?C1/0:!53!5,0!35,0/!
.C02-0.@! 5,0! 8040! -.! 234.-:0/0833:! 214:-:15053! 60! -4D3>D0:! -4! 5,0! 234D0/8045!
C,0435;COE!

J415,0!C/0.045!/0.01/2,@!5,0/0>15-D0!0D3>75-341/;1/150.!13<!D352@H1/43<40880.!
90/0!1237C1/0:1-415,37.14:.13<!C/350-4.114:1-45/34.153!-:048437-2108-34.!-4D3>D0:!
-411D-14!<>-8,5>0..40..E

5&H#6-.$#)1(.%7)6-($8(%&-)- G+

_,0413/814-.2.11/0!/0>01.0:1</3?!.0>025-D0!234.5/1-45.@!-5!-.!10HC0250:!5,15!5,0!C7/-<;-48!
.0>025-34!1125-48!3415,0! 74:0/>;-48! 8040.! 9=>(:!BOOE! [040.! 1..32-150:!9-5,! 5,15!
0D3>7341/;1C/320..1?71;!5,0/0<3/01227?7>1588/0! 1?-43!12-:/0C>120704%0217.0!
472>035-:027515-34.! 9->>! 435! 60! <->50/0:! 5,/378,! .0>025-D0! C/&,0/0xBE0@!
-:045-<;-48!5,018040.121//;-48!<7428380/-4BP-43!12-:1/0C>1207045.IL?7515-34; P!
,0>C!151/805-48!5,0!80437?-2!/08-3€1250:16;!5,15!.0>025-DOE-<5

)40191;153!'1..0..15,0!-?7C125! 3<! 11 C/350-4! D1/-145! -.153! 23?C1/0! -5! 9-5,! <¥425-341>

, 3?73>3837.!C/350-4.E!&,0!1..7?7C5-34!1-.15,15!11D1/-15-34!5,15!/0:720.!.-?->1/-5-0.19-5,15,0!
<7425-341>!,3?333B-.! ?3/0! >-=0>;! 53! 217.0! 1! :1718-48! 0<<0Z5! 05! 1>E! +NB+P
&,0/0<3/0@!340! 2A34>025!1!.05!3<!,3?3>3837.1C/350-4.!/0>150:153! 1! C/350-4! 3<!-450/0.5@!
1>-8415,0?7@!14:11..0..15,0!<7425-341>!-7C125!3<!012,!D1/-15-34!61.0:134!5,0!1>-84?045E

J4!5,0!C/0.045!/0.01/2]1@C35,0.-a0!5,15!5/14.38153! <>-8,5>0..40..1/0.7>5.1-41/0:720:!
C7/-<;-48!.0>025-341125-4813418040.!1..32-150:19-5,!<>-8,5!9,-2,11/0!5,0/0<3/0! ?3/0!>-=0>;!



[*($MII*&()G]"&J)* !

53123451-41<74260380/-48P-43!12-:12,1480El;!1..0..-48!5,0!<7425-341>!-?C125! 3<!
5,37.14:.13<!C/350-4!D1/-145:045<-0:B040.!5,15!.,39!0D-:0420!3<!/0:720:!C7/-<;-48!
.0>025-34!-41<>-8,5>0..1.C02-0.E

2,-3"0L"*(JA(-+*/+ ~(

"34D0/8045!C,0435;CA37>:1C>17.-660!1..32-150:19-5,11?7-43112-:1C3.-5-34.15,15!1/0!
-4<0//0:153!,1D0!2,1480:!-4!1.C02-0.!0H,-6-5-48!5,0! C,@135]c450/0190.41/:!1 05! 1>E!
+NNT@!V1/-61.1=!05! 1>E! +NO+@! (0;! OBKL ZPEHIBORB! <380437?-2!/08-34.15,15!
C/0.045!.-50.1%!5,0!.170! D1/-15-34!1L.3/! D1/-15-34.1-4D3>D-48!17-43! 12-:.19-5,! .-?->1/!
6-32,0?7-21>! C/3C0/5-0.P! -4! .C02-8,! 234D0/8045! C,0435,;CP14! ,0>53! -:045-<;!
/08-34.13<!-450/0.5E

J415,0!C/0.045!/0.01/2,@!5,37.14:.13<!C/350-4!1>-847045.190/0!.2/0040:15304804334 D
17-43112-:1.76.5-575-34.15,15!937>:1-?7C125!5,0!C/350-4!<7425-34!1-41<>-8,5>0..1.C02-0.E

25$##"-1"("+-'6"$(/O+-1'("#")*+,-

_-5,15,01/1C-:1:0D0>3C?045! 3<!?3>027>1/!6-3>38;@! 14:!5,0!>1742,! 3<!?7>5-C>0! 80437
C/3K025.1.72,!1.1IONg!LI-/:!'ON@NNN![04370.! %/ 5 @B60ON=E804 3?7241
L5,0!"1/5,!1-3[043?0!%/3K025P!14:!-S=ILVOAA@MR-D0!&,37.14:1$/5,/3C3:1[043?0.@!
,55CnBB-S=E8-5F@E-3B:-0.! 34! 5,0! 80405-2! ?702,14-.?.1 3<1234D0/8045! 0D3>75-34!,1DO!
0HC14:0:!1234.-:0/16>"",/-.5-4!105!1>E!+NON@!#13!05! EESNOTHOHC14.-34!11/3.0!
409!?05,3:3>38-21>12,1>>0480.!53!:01>19-5,15:0B>1/161.-.13<1234D0/80420!15!1!>1/80!
21>QIV12=534114:1">1/=1+NENWB/!-4.51420@!F04:0./05NeKF3-45!375!502,4-21>16-1.!
1..32-150:!1 9-5,! 8040! 5/00! :-.23/:1420E! V76.5-575-34! /150! 3<! :-.23/:145! 8040.! ?1;! 60!
?-.141>;.01-<P34-:0/0: 1-415,0!123450H5!3<!1!.-48>0@!<-H0:!.C02-0.15/00! 14:1>01:153!<1>
C3.-5-D0.!-4150/?.13<1.0>025-D0!C/0..7/0E

004=15!03BL+NORR90:!5,1 3C,;>380405-2!50.5.!13<!1:1C5-D0!0D3>75-341234.-:0/!5,15!
012,1472>035-:0!.76.5-575-3413227/.1-4:0C04:045>;E!1#390D0/@!.57:-0.!, B (4<8,26!!
5,15!15,0!G*$!/0C>-215-3410//3/.115!1:K12045!.-50.!, 2G(0038505,14!5,0!612=8/374:!
[150E!&,-.1214).7>541?7>5-472>03520515-34.ILF*F.P!114:1>01:!153!<1>.0!1.7CC3/5!<3/!
C3.-5-D0!.0>025-34!-4120/51-418020-:0/!05!1>EI+NOO@!V1/-61.1=!05EL.>E!+NO+P



"HS%&'()F

"34D0/8045!0D3>75-341?1;13227/'5,/378,!C.07:3804-a18!8B@>75-341/;!C,043704 34!
9,0/06;!1!18040!>3.0.1-5.1<7425-34@!12277?7>150.177515-34.@!14: 6733804 04!
5,0!121.013<1234D0/8045!/0>1H0:1.0>025-34!-41?7>5-@0!€D226-341>16-1.13<!8040!>3..!
21413<504!160!36.0/D0:15,15!-.1217.0:16;!5,@p23-415-34"13<!8080%,-.! 7014.!.3?0!
8040.1>3.0!5,0-/1<7425-34160217.0!5@;£7425-341>>;! >14410-. 5-425!C15,9153!1!
/0>1HO0:18040$>61>15!14:1"1e0.5/3!+NEDZP.!1?1;1217.01234<7.-3419,04!51/805-48!5,0!
8040.!1..32-150:19-5,111.C02-<-2!104D-/34?0451>1234.5/1-45E

3* '0()4#5)6*,'0(*%22#9%22

75",0+1+-',8$3+$-8#+15*

M-D-48! 4031D42>7:0! ?3/0! 5,14 ON@NNN! 0H5145! .C02-0.! 1/374:1 5,01 93/>:! -41 ?14;!
:-<<0/045!,16-513/7.1550!05!1>E!+R@®&R >73.5!74-D0/.1>1<0157/0!3<!5,-.1:-D0O/.-5;!-.11!
/0>-1420!34!10/-1>!<>-8,5E!&,0!3/-8-4.13<!1D-14!<>-8,5!1/0!.5->>1:06150: @!675!-5!-.1439!9-:0>;!
1220C50:15,15!408).11/0!:0.204:0:1</3?1?14-/1C53/14!5,0/3C3:1:-43.17/.114:15,15!01/>;!
6-/:.114:15,0-/'2>3.0.5!/0>15-D0.!90/0!.?1>>@!9-480: @! <015,0/0:! 14:!>-8,590-8,5! 14-?1>.!
LI/7.1550!05!1>E+RB3,3>38;!1..32-150:19-5,!<>-8,51?3.5!C/3616>;!3/-8-4150:!-415,-.!
8/37CLq7! 05! 1>E! +NED&IP! 3>:0.5! <3..->.11..32-150:! 9-5,! 5,-.1 >-40180! : 150! </3?! 5,0!

F-::>0 M1501\7/1..-2!L1/374:!102QSN!?->>-341;01/.1183B10</3-5!05!1>E!+HOXP

V57:-0.1234:7250:1341?3/C,3>38-21>10D3>75-34161.0:134!<3..->I0D-:0420!.,390:15,15!6-/:.!
:0D0>3C0:1>150/1>>;13/-0450:1>1/80!14:1/367.5!<3/0>-76.11>348!9-5,!11>1/80!0H504.-34!3<!5,0!
.50/477?L5,8=00P14:!1C390/<7>IC0253/1>1?7.83:1B21=0!<>1CC-48!S¥CB..-6>0(335.!
+NNZ@!q7!05! 1>EEIMUF63:0.11>.31602170!.?71>>0/!114:1.5/017>-4@&7/40/! 05! 1>E!
+NNHR4:!5,0-/16340.114:1?7.2>0.12,1480:! 53! 3<<0/! C390/! <>-8,5! <3/!1/0:720:! 90-8,5!

L(335. +NNH&PI-/:.! 90/0! 1>.3! .76K025! &37/3>38-21>! 1:1C515-34! JOA7-/0:! <3/! <>-8,5!
-42>7:4811404>1/80:1<3/06/1441>143<<!05!1>EHENOXP

W>-8,51141040/805-21>>;1:0?14:-48320..9,-2,11CC01/.153!60!14|0HC>1415-34!<3/15,0!
/0>15-D0>;!,-8,!?05163>-2!/150!-416-/:.123?7C1/0:!153!/0C5->0.114:1?LF21411+NNZ@!
Fc>>0/! +NNERN3/!-4.51420@! 1! 6-/:' OHCO04:.! 1/374:1 hSs! ?3/0! 0@M81;! 5,141 1!
50//0.5/-1>1?1??1>13<!.-?->1/! . 4aB1-41!+NNERI4!3/:0/153!?1-451-411!,-8,1 70516 3>-2!
/150!6-/:.1C30.. 1,-8,>;! 0<<-2-048}:-/025-341>@!234.5145!D32F3M!9,-2,13H;804!



[*($MII*&()G]"&J)* !

C1..0.15,/378,!81.10H2,1480!5-..70.1:7/-48!1-4,1>15-34114:10H,1>15-34!>-4=0:153!11237C>0H!
..50?13<11-/1.12.1L1/7.1550!05!1>E!+KIOSP1>.3!,1D0!1!>1/80/!,01/5!5,1417177?1>.13<!
-?->1/1.-a0L[/766! OTRXB3!.7CC3/5! 3H;804!:0?14:1:7/-48! C01=! 125-DXH'6G/F48.!
3H;804!53!5,0! ?7.2>0.1 14:1 ?1-451-4.1 11 234.5145! 507C0/157/0! ®BB!'--4.514 20
/0A7-/0:1<3/',-8,11>5-57:0!<518V2355!14:1F->.3?!+NNZ@!V235E!+NOOP

O#+15+#" ((4+0&(

&,01:0?14:.13<!<>-8,5184-<-2145>;1-?C125%3(0CT, 3 >38-21t4:!C,;.-3>38-21>12,1/1250/ !
-416-/:. IL">>-355!05 NEEI4:008,-.116->-5;1,1.111.76.5145048/805-28.5!9,-2,!>01.:.!
531714,1234.5/1-81-4150/?.13<!163:;!.-a0@D-8,5@!/0C/3:725-34@!.,1AHASPEIOTTUEP
V72,2345/1-45:0?14:! 023>38-21>I5/B0&B!-4!14!104D-/34?7045!9,0/0!<>-8,5!:30.!1435!
C/3D-:0!11.-84-<-2145!6048%-8,5>0..40..1214160!C3.-5-D0>;!.0>0250:E!

&/14.-5-34.153!<>-8,5>0..40..11/0!234.-:0/0:1/1C-:114:!-//0DOLB2ZA6! OTTUL@! V>-=1.!
05!1>E!+NN+@! g-/2,?14' W*ININTHDO! 3227//0t-4:0C04:045>;!-41?3/0! 5,14/ 0H-14
<1?->-0.Lg-/2,714! +NO+H W3/! -4.51420@! 5,0! /15-50.! L3.5/-2,0.@! =-9-.@! 0?7.tP@! >34
5,378,5!153!10D3>D0!</3?!1!.-48>0!<>-8,5>0..11420.53/@!57/40:!1375!53!60!1!C33;C,;>05-2!¢
2,1/1250/-a0:16;!?7>5-C>0!-4:0C04:045!>3..13<1¢448,514!05!1>EINR@!%,->>-C.!05!1>E!
+NONEPW>-8,5>0..40..14004136.0/D0:41714;!- .>14:.1.C02-0.114!5,-.1-.1-450/C/050:!1.!
1410<<025!3<13,6-51%,15C/3?350.!5,0!91>=-481023>1385,!>-55>0! 3/143! C/0:1@8A!
>-?-50:1.05!3<!11D1->16>0!/0.37/20.114:15,0! 18-=3318D! 9-5,375! <>-8)5. 34! OThX@!
F2*16!0TTU6@!+NN+@!_/-8,5+0N 0 HS.111234.0A7042@-/:.!1/0!/0>01.0:1</3?!5,0!
400:1<3/1<>-8,5153!805!<33:13/153!10Z0AG3/E! /-8,5!05!1>EtNOER9 0:15,15!-34:.!
9-5,1/0:720:1/1C53/1.C02-0.1/-2,40..114:1431?1?7?1>-14!C/0:153/DA6-/:.19-5,1.71>>0/!

<>-8,5! ?7.2>08,-2, !-.1234.-.5045! 9-5,0>025-34! <3/! <>-8,5>0..40..! 3227//-48}.14!
04D-/34?045&,0!>3..13<!<>-8,5!/0?3D0.!714,!234.5/1-45.1-4150/?.1 3<! 9085 3:;!
.-a0!>01:-48!53!.-84-<-2145! ?3/C,3>38-21>! 2 N1MIBD0a0;! +NIEXW 3/!-4.51420@! ?14;!
<>-8,5>0..!6-/:.18/09!>1/80/!5,14!5D3+146>15-D0.E!&,0!?3.5!C/3?-4045!0H1?C>0.!1/0!
5,0!13.5/-2,0.19,-2,! .514:1 +ES! ?050/.! 14:15,0!/02045>;! OH5-425! V375,! J.>14:18-145! ?31!
L.#*$#.0'$*1,0),0 R@!7C!53!+!?050/.1,-8,E*0D0/5,0>0..@!<>-8,5>0..1.C02-0.!,1D0!1!8/015!.-a(
/1480E!V3?0!3<!5,0?!1/0!.?1>>123085%3!5,0-/!<>;-48!/0>15-D0.!>-=0!5,0! C3B&3L?
J41220..-6>0!J.>14:1/12%8%#).0.%' $*3MI0335.! +NNZR4:!5,0! 5-4;! p?3:0.571/1->!1 3<!
",15,1?13.>14:1L.&/09-2=!10TTEP



"HS%&'()F

HHSO'AS(+(,8'8H+ 15" (((+-'4+0&("

F3>027>1/1C/320..0.11..32-150:19-5,!5,0! 16->1§358D0!6004!.57:-0:411147760/! 3<!
1D-141>-4018W3/!-4.51426@?,1:3!05!1>E+NOERDO0.5-8150:15,0!1..32-15-34!16059004!
634030>150:18040.114:15,0!3/-8-413<!1<>-8,5!7.-48! G*$! .0A70420.!</3?!6-/:.@!?1??1>.!
14:1/0C5->0.E!&!837415,1523.5!3<!5,0!C3.-5-D0>;!.0>0250:!8048/:.11/0!>-4=0:19-5!
<7425-341>!C15,91,.1/0>0D145!53!C390/!<>-8,5!>-=0!6340.@!?7.2>0.@!14:!,01/5!:0D0>3C?045E!
&93!8040.!1..32-150:19-5,!6340!?-40/1>1:04.-5;114:16340!/0?73:0>>-48!90/0!<374:153!C>1;!
14! -?C3/5145! /3>0! -4! <>-8451! | L$>C,QGFVE@>;23C/30-4P14:! 6789: ! L%+q!
C7/-4320C53/HiP7/81!05E!1»NORRDO0.5-8150:15,0!80405-2!C15,91;!53!<>-8,5>0..40..!-4
5,0 [1>1C183.! 23/?3/14516;%&%-$*-*$%26$$.6E! &,0;! 1..0..0:! 5,0! ?3>027>1/!
234.0A70420.!3<!80405-2!:-<<0/0420.! 6063604154 ! <>-8,5>0..1.C02-0.114:1:050250:!
:0>050/-37.1.76.5-575-34!-41 864081 <<025!>-76!:0D0>3C?04 %714 .19,04! ?75150:E!
&,0;1:050/?-40:15,15!1<7425-33>50/-48!D1/- 14597 '75Q-=0!#370363H! GR. 1!
.5/348!214:-:150!53!12345/-6750! 53! >3..! 3<142HZ3/1451.1 11 ?77515-34!-415,-.18040!
/0.7>5.1-41.0D0/0!9-48!5/74215432,-2=04

W1/>-0105EHMNONP0/<3/?0:15/14.2/-C5370!141>;.- BT U$*@ %.,0'0ARB?6 167:.!
53!-4D0.5-8150!5,0!80405-2!?02,14-.?.1/087>15-48!5,0! :0D0>3C?045! 3<!5,0!D0.5-8-1>1 077!
9-48E&,0!53@14=0:18040!-:045-<-0:15,/378,!5,-.1141>t91.1 5,021/:-12!5/14.2/-C5-34!
<12530D97BE *g+!#3?0363H!SE

J41.50170/!:72=1F%-;G"$"0'0AR®B!8043T®-:0!1..32-15-341141>;.-.16059004!<>;-48!14:!
<>-8,5>0..16-/:.1.,390:15,15!5,0!8048BD?2 ILG71>VC02-<-2-5;!&;,/3.-40'%,3.C,3/;>15-34!
(087>150:1g-41.0!0%®-2,!-.! -4D3>D0:!-418/395,!114:16340!?3/C,38040.-.!-.11..32-150:!
9-5,1<>-8,5>0..40L117C1841!05!1>E!+RBOR 7?1?3/C,3>38;!-.1,-8,>;123//0>150:19-5,!
<>-8,5!14:11-2=>0;!14:!M3814NOUP?34.5/150:15,15!5,0!1?3:7>15-34RASE | L& H!
&/14.2/-C5-34IW1253013€/0..-34!-.1-4D3>D0:!-4111:02/01.0!3<!5,0!.50/4 719! 481 .-a0!
-415,0!0?7E3/03D0/@!5,0;!.,390:15,15!1!:394.5/01?!51/80FFBE @!5,80407!J?K !
LW-6/36>1.5![/395,!W1253/@8P4!?75150:!<3/?.111?37.0!19-5,375!<3/0>EH0OE !-.!
,390D0/1<7>>;1<7425-341>1-415,0!9-48>0 L¥PB404!05! 1>E!+NEOUPR-534!05!L»>HOTP
.,390:15,15!5,01234D0/8045!0D3>75-34!3<!/087>153/;!/08-34.1C>1,.114!1-?C3/5145!/3>0!1-4!5,0!
?7>5-C>0!1-4:0C04:045!>3..13<I<>/85HBA 3.5/-2,0.@!=-9-.@!5-41?737.114:10?7.PE!&,0;!

0]]



[*($MII*&()G]"&J)* !

1>.31-:045-<-0:15,37.14:.13<1234.0/D0:!1@83t-48!/08-34.15,15!237>:160!1..32-150:19-5,!
8040!0HC/0..-34!-415,0!:0D0>3C-48!<3/D>-?6E

OTTUHER.1?-532,34:/-1!C/3D-:0!5,0!?1K3/IC1/5!3<!5,0!040/8;!3<!5,@E>=@*;!C>1;!
14!1-?C3/5145!/3>0!-416-/:1>323?35-D0! 16->-5;E! V,Q4RBHAT1G! hZ! ?-532,34:/-1>!
804370.153237C1/0901=>;!<>;-48!14:1<>-8,5>0..16-/:.153//1C-:>;!<>;-48!6-/:.E!&,0;!<374:!
5,15>-8,5!:08040/180b-/:.11227?7>150?3/01434.;434,?37.1.76.5-575-34.1/0.7>5-48!
-4118/0150/ 1 B-415-8F-532,34:/-1>! G*$! 3<1901=}>323?735-D0!.C02-0.! 0HC0/-0420.!

C33/! C7/-<;-48! .0>025-34! 53! ?1-451-4! 0<<-2-045! 040/8;! ?05163>-.?! 23?C1/0:! 53
?-532,34:/-1>1G*$!3<!.5/348>;1>323735-D0!.C02-0.E!&,-.!1C,043?0434!-.10HC>1-40:16;!5,0!
<125!5,15!901=>;1>323?735-D0!-4:-D-:71>.11/0!?3/0!>-Z@~¥B1!:0>050/-37.1?7515-34!
5,141.5/348>;1>323?735-D0!-4:-D-: 711> E!

IS+ 3" (< I SHH+ &S =

&,0!/1->.13/1(1>>-:10/0!11<1?->;13<!6-/:.15,15!-42>7:0.11/374:!0XN!.C02-0.11?7348!9,-2,!
3DO0/I XN! 1/0! L3/1 90/0! <3/! OH5-425! .C02-0.P! 4:A\35840?14! OTTS@! &/09-2=! OTTh@!
g-/2,7141+NO+@![1/2-(1 05! 1>E! +N@&&B;!,1D0! 6004!:0.2/-60:!11.11!1 C,0435;C-21>>;!
:-D0/.01<1?->;13<I€1/->;150//0.5/-1>16-/:.19-5,16->150/1>>;123?C/0..0:!63:-0.@!/0>15-D0>;!
.,3/5151->.@!.,3/5@!/374:0:19-48.114:1.5/348@!D1/-16>;!0>34816C*6::051 1>E!OThh@!
&1;>3/'OTTR@!M-D0a0;!HRBNXPL->.11/01=4394!<3/!5,0-/!.501>5,;!?3D0?7045!5,/378,!
:04.0'D080515-34114:1/0>7251420!53!51=0!<>-8,5!9,0/01.!11!<09!.CDA-8:] &.CFP!
<3/180!7491/->;13413C04!91804:D0a0;! +NEX P! 3/-8-4!3<!/1-#51.0:1341141>; .- 13<!
?-532,34:/-1>18043?701511830.!1612=IUN!?->>-341,01/.1:7/-48!5,0!'32040/2w (!05!
1>E!+NGBP.C-50!5,80//0.5/-1>1>-<0.8=(3.5/1->.@5,!<>-8,5!?3.5>;11..32-150:19-5,!
C/0:153/11D3-:14P0&/09-2=! +NO@F5,0;/39! 1! 9-:0! :-.5/-675-34! 1/374:15,0! 93/>:E!
Wa3..->1/023/:.1.,390:15,15!,7714123>34-.15-34.1217.0:11!>1/80!47?60/13<1%>0-.532040!14:!
#3>32040!0H5-425-34!19-5,-415,-.18I37501: 714! +NNAR,,0! ?1K3/-5;! 3<!5,0! <>-8,5>0..!
6-/:.19-5,-415,-.1<1?->;11/0!04:0?-2!53!.-48>0!-.>14M-D0a0;!+NEXE-.!1?014.15,15@!-4!
?3.5121.0.@!5,0-/11420.53/.1,1:15308% 1453!/012,!9).01,16-51581.!1?3.513<!5,0!-.>14:.!
90/0!40D0/123440250:15312345-40451 %312, 21 4!1+NNTH!

O«



"HS%&'()F

[1/2-1105!'134EINOUB90: @!61.0134!C,;>380405-2!141>;.-.138040.!L")J @' ZH@!0ZV@A!
W[@!($] @r5,15!/1->.11/0!.0C1/150:!-453!®@8E0ONY,&.- % @%@ . +@*$A;G$.1D!
8%& & @B SLYoHENM %) " $Y @& & .-$114:! 8%&EHF3.5! 3<!15,0.0!>-40180442>7:0!
5/14.-5-3453! <>-8,5>0..40..@! 0.COBY&Z, A4 9,-2,1 11 8/015! 47760/! 3<C02-0L1/0!
<>-8,5>0.E!

789%.(,$%2)4#5P6&$,%)

&,0!?1-4136K025-138!5,-1/0.01/2,!-.153!-42/01.0!5,0!3D0/1>>!=439>0:80!33t=0Q7>1/!
61.-.160,-4:15,0!10D3>783<!3/814-.7.K3!:31.3@}5.57:;!<327.0.134!-4D0.5-815-48!5,0!
0D3>7341/;!C/320..0.1-4D3>D0:!-4!5;81.13<I<>-8 48/1->B, ,-.1<1?->;1-42>7:0.1,74:/0:.!
3<16-/:1.C02-(@!14t?7348!5,0?@DO0/1>!-4:0C04:045:3.5!5,0!16->-5;!58%2;!?1=0.!

5,0 /1->1 11 833:! ?3:0>! 58.57:;! 1D-14! <>-8,5>0..408E0! 234D0/8045! 0D3>75-34! 3<!
<>-8,5>0..40..!C/3D-:0.174-A70!3CC3/574-5-0.1<3/1.57:;-48029)11/0!1<<0250:16;!5,15!
5/14.-5-34! 14:! ;39! 804370.! 0423:0! 5,15! C,0435tA0EL45! 53! 7.0! 8043?-2! 14:!
?3/C,3>3821>!:1151153123?C1/0!<>-8,5>0..!114:1D3>145!.C02-0.!-4!1!C,;>380405-2!123450H5!14:!
:05025!:-<<0/042@!5,0!10D3>384/;!1C/320..0.1125-48!34!5,08£0!?1-4!,,C35,0.-. I-.!

5,15! 5,01 234D0/8045! C,0435;C-2! 0D3>75-34! 3<! <>-8,5>0..40..! -4! /1->.1/0.7>5.1 </3?! 5,0!
?3>027>1/10D3>75-34!3<!5,0!.1?0!8040.E! $>5,378,@!5,0!,;C35,0.-.1 3<!11>-40180! .C02-<-2!
?3>027>1/10D3>75-34!-.11>.3!-4D0.5:8150:E!

&3!1.57:;15,01?3>027>1/161.-.13<!<>-8,5>0..40..131?3.5>; B8248>0!23C;!C/350-4!23:-48!
8040.!L.00!",1C50/.1 X!53! ZPE!J51043/0!435!1!23?C/0,04.-D0! 141>;.-.11.15,0! 23:-48!
/08-34.1/0C/0.045!34>;111.?1>>1</125-3413<15,0!8043?70!14:11!18/39-48!47760/!3<!.57:-0.!
1/0!.,39-48!5,01/3>0!3<!4823:-48!/08-34.!-41C,0435;C-2!5/1-61'D37/- 105! 1 NN @!1 7/81!
05!1>E!I+NOh@!V12=534!05E1¥E1+NBTH0!23:-48!/08-34.1-.1,390D0/!1!833:!<-/.5!.50C!
5317423D0/!5,0!8043?-2!/08-34.!-4D3>D0:!-4!1<>-8,5>0..40..11.15,0.0!/08-34.1 1/0! .5/1-8,5!
<3/91/:153!/05/-0D0! </3?!11..0?6>0:!1804370.! 14:1/367.5! ?05,%3! 50.5! 5,0!.0>025-34!
125-48!34!5,0?!1/0'1D1->165D48!+NNh@!_0/5,0-?!05!1>E!+NOS@!9g391>2a;=Bb!1>E!+NOTP
%/0>-?-41/;1/0.7>5.116375!234D0/8045!0D3>75-84334813d8-34.114:1C8045-1>1<757/0!
/0.01/2,'1D04701/0!C/0.0450:!-415,0![040/1>!G-.27..-B4E



[*($MII*&()G]"&J)* !

J4!.,3/98b,-.1 .57:;1,1.15,/00! ?1-4! 831>.n! LOBB0/?-4015,0 C,0435;C-2! 0<<025.! 3<!5,0!
5/14.-5-341</3R3>1453!<>-8,5>@!L+P!8040/150!.7<<-2-045!80437-24MH1353150!5,0!
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0%6#$0)+4-/IRK (63 S8 LAAGS))4*&! 4$%4$'$02'1 1-08! $6)*52()0-4&! 4$*-2() DEREHO!
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TH(+#2*$" =(ARX(6$ $&! 2ML:1"4$:(,G! 2 W=:1 H5=)1-0.! 142#54! LAA?:! >))2'l LAAM:!
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4$'5*2) 11 24864(0,(%-*1,)/%)0$02!-0-*&' (FRIl :I'$$I2#$B,2()01=$*):SI2)+$0$4-2¢
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2:)11(4'21.(/$0'00") 11! FHI 7

A*-*&*"1&!

Q2-2(2(,-*1-0-*&": $4946$41)4/$.1(015R>IH)AS!"$-/ILAP\IR24S!, 4(%2!(1-6-(*-=*$!(O!
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678,$&" #-| Rb$,G! $2! -*71 LAPMS(4'2! 9%4(0,(%-*! ,)/%)0$02! -0-*&'('! RFHIS! )0! AA!
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'%S$,($7T #$1=).&1 "L+ 4A-0'1)4/$.1 -1 2#$).(24(=52()01 ) 11 2#-21 24-(2! ;-1 0) 2!
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06#&*)+$0$2(, I (+0-*:-'1<5-02(1($.15'(0+Y*)/=$'10 I'2-2('2(IRY*)/=$4+I$21-*7ILAA@S
H(H# 1$2(-28124B1%#E&*)+$O$2(, ' (HBO+! 248) 4%6#)*)+(,-* 124-(216-4(-0,$14$*-2(6$!
2)1-01$3%$,2-2()0!50.$41-1Y4):0(-01/)2()0! 05**!/).$*1)11$6)*52()d7! b! 6-*5$1 *$"!
2#-01)0$! (/%($'1 2#-21 4$*-2(6$'1 45 $/=*$I$- #1) 24$41*$"1 245011 =$! $3%$,2$.50.$4!
Y4):0(-01/)2()01$6)*52()0! -,4)" 124$!,-0.(.-2$124$$7!

Il FHI 1)0! 2M81ZL1"%S, ($.-2-'$2!:-19%$41)4/$.1-12$MA$%6*-, (02H#HMS/-(0(0+!/("(0+!
B-*5'1: (2#(012#5!/-24(32H# 1 2#$1-6$4-+$16-+5$1) LI 2#$1-6-(*-=*$! .-2-11)41$- #1 243127
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Figure 1: Scatter plot matrix of 10 traits (corrected by body length) from 75 rail species, 49
volant and 26 flightless. The upper part of the diagonal shows the coefficient of determination
(r2) for flightless (red) and volant (black) species. Two traits are considered highly correlated
when the coefficient is close to one. The lower part of the diagonal shows the scatter plots for
each pair of traits and the diagonal shows the distribution of the values for each group.
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Figure 2 : Principal component analysis (PCA) plot showing the two first dimensions of the
multivariate variation among 52 rail species in terms of morphological traits. Vectors indicate
the direction and strength of each trait contribution to the overall distribution. Black triangles
represent volant species and red dots are flightless species. 95% confidence ellipses are
displayed (red for flightless rails, black for volant rails), a larger ellipse is associated with a high
group variance.
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Table 1: Variance explained by each of the first three dimensions in the principal component
analysis. The variance test implies a null hypothesis that the two groups (volant and flightless)
have the same variance. An F-test is used when the distribution is normal (Dimensions 1 and
3) and LeveneOs test when the distribution is not normal (Dimension 2)

! "HSUORH(&!) "HSWEH(&IF  "HSY&'H(&F
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Table 2: Variance explained by each variable in the principal component analysis. @oord.O Is
the coordinate that indicates (from O to 1) the correlation between the variable and the principal

component; @ontrib.O is the ontribution and indicate the percentage of how much each trait

explains the variance; cos2 (= Coord. * Coord.) is used to estimate the quality of the

representation.
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Table 3: Logistic regression performed on a 52 species dataset showing the relationship
between 10 morphological traits and the ability to fly. Asterisks show significance of P-values; *
p < 0.05, ** p <0.01, *** p < 0.001. A p-value under 0.05 for the normality test (Shapiro-Wilk)
indicates a rejection of the null hypothesis that the sample is normally distributed. BlombergOs K
measures the phylogenetic signal, if it is <0.5 the variable is phylogenetically independent.
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Figure 3 : Comparison of ratio values for volant (black) and flightless (red) groups. Ratios were
created by dividing the trait values from the upper part of the body (sternum depth and wing
length) by the trait values from the lower part of the body (pelvis width and femur length) and
body mass. Body length divided by body mass, wing length divided by body mass, sternum
depth divided by sternum length and sternum depth divided by body mass are shown as well.
P-values below 0.05 indicate a significant group difference (T-test).
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Figure 4: Flying ability and distribution (island or continent) mapped on a 52 rail species
Maximum Likelihood phylogenetic tree.
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Figure 5: Phylomorphospace. Projection of the 52 rail species Maximum Likelihood
phylogenetic tree within the two first dimensions of a PCA performed on 10 morphological traits.
Black dots indicate volant species and red dots indicate flightless species. Black lines indicate
phylogenetic relationships between species.!
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L (2, %$-41+4)5%! *5'2$4()01(4/(0+! 2#$! $3('2$0,$!)2124)0+! *(0G! =$2;$$0! 1*(+#2!
-=(*(2&!-0.19%#%$0)28%(,! $6)*52()0! (OIRX {68! LAA@BH(' %#$0)/$0)0!#-'1 0);!
=$$0!)='$46$.! (OB6$4-* =(4.] 1-/(*($"! RI(-/)0.1 2/2:1 O5"$G*))! -0.1 H5=)! LA?@:!
Y-G$41$21-+*7ILAP\S



HKacJ>0Ja"|BK>FIKXKO8HIX!JcKXd"8Ka !

S$'5%2'1 14)/1%)+(2(,! 4$+4$"()0I5++$'2! 2412#$! 24-0'(2()0! 14)B)*-02 2)! 1*(+#2*$"!
(06)*6$'1-14$.5,2()0!) 11 2#$!'2$405/). $%2#1-0.1*$0+ 241 2) + $2#SAHRERSO (0L 24!
O+ * SO+ 24TV EX(+#25$"1 4-(*'1-*') | $3H(H(BH %$+6$'1-0.1 1$/)4- L:#(,#1 (1,)0'(12$02!
{(2#12#31(01)4/-*1.$' 4(%2() 01 (+#2*$"1=(4."1-1%S$, ($'1: (2#!=(++$41 1$$2: 1*$+1-0. 1*$+!
/5! *$'12)1'50696)42!-1#$-6($41=).8>))2' LAANIBES! %6-22$40$6$-+$.1 =@#H$) +('2(,!
4$+43"()0-49-*))="$46$.1)0 1248 HI! +4-%# RE(LBH#$4AS1 2#$1('2(0,2()0! =$2;$$0!
+4)59%'1('1/)' 2*&1%A$'SOBI2#$!'S,)0.1.(/$0'()0IR,)6$4(0+IL@7\_1)112#$16-4(-0,$S7!"#S!
6-4(-=*9 (01*5$0,(0+12#316-4(-0,$!:(2#(0! 224 0$02! -4$:=81)4.$41)11(/%)42-0,$
'2$405/! $%624:1' 25405/ 10+ 24:1 1$/541:(. 241 (0+1*$0+24:1=) . &1/-"1-0.1%6$*6 ('L (. 247!
"HOIC) )0'(2$028 (2#12#51(01$4$ @B 2:1(014-(*:12#$124-0'(2()012) 1+ (+#2*$"0$"1(06) *6$'
-01(0,4$-'$!(0=).&1'C$: 1=).&!/-":1%6$*6('1-0.1,4-0(5/"'C$!-1:$*+1-'1-14$.5,2()0! (O!
*$0+2#'1)11;(0+'1-0.1'2$405/I'($ IRK(6$ SULAA@BES! 1-, 212#-21=) . &V/-" -%%$-1)!
=$1-"),(-28.1 (28 1*(+#2*$"0$"(0! 2#$! FHI! =52110)21'2-2('2(,-**&(+0(1(,-02! (0! 2#$!
H+('2(,1 45+43"()0! (1 %4)=-=*&! .5$! 2)! 24$! #(+# 6-4(JURH-2! 24-(30!$S$.:')/$ !
T(+#2*$ 8- (* 1$34(=(25*- 26984 #1=).&1/-"  IRB,a-=12"\:1>))2'ILAAMS=52)24$4!
-4$) /5, #1347 80! a$:! q$-+-0.1 1)4! $3-/1%*$:! 2#$! 1*(+#2*$"! 2-G-B$H678%"$
7178} *ARLTWGHS! (1 -=)521 \ZAl 2(/$'! #$-6($4! 2HHI* (+#2%$ HH-28-/1 4-(*
<-,,"%-,,)&'3%4/8*) 8RMAES

a)1$6(.$0,$!)1!-01-"),(-2()01=$2;$$0124#$!, 4-0(-*124-(2'1-0.12#$!-=(*(2&12) ! 1*&1)50. !
(O124#F)+('2(,14$+A4$" )00 I 2#GFHI 14$'5*271"#(1,)01(4/ ' 1)541$3%$,2-2()012#-21 2#$'S!
H-4- 2$41-4$D)21.(4$,2*&1*(0G$.12)1 1*(+#21)41:-*G (0+I$11 (/8P 3024-4&1(01$4$0,$!
)1IX(6$$& RLAABG $*&!1 4$1%$,2''G5*1'($1=$(0+!,)01)50.$.!;(2#1=).&!'('$!-0.10)2
)A4$,2$.11)41-1(01)541-0-*& (Al *2#)5+#1:$10)2$12#122-01)4.(0-*1*$6$4' G5**I'($1-0.!
2H$1-=(*(2&12) 19U $2) =$(OGIRH5=)1-0. 142454 AAD5"$G*))-0.IH5=)ILA? @B
E$/54$0+241-+)1)$'10)21(+0(1(,-02*QMA4$*-2$!; (211 * (4#Do-, (2&# (*$1$/541;(.2#!

)$ 1 $3%4%"S1 2#3$! *(0G! =$2;$$0! 1$/54! ,455,2()0-*! -4$-1 -0.! =).&! /"]
R"4$:(,GI?"MH

DS$I1(0.! 2#-2#4$$1%652-2(6$*&I1*(+#2*$" 18HH UoH)¥)+(,-* 24-(2'12H-26%$-41,%)'$4]
2)124#9)*-02U- ("I R2HS! 2H4HH1 ) 2'1 2#-2 151, (2#(@HARZ_1,)01(.$0,$1$** (%G1 24$!
6)*-02U-(*'1 (OE(+54%$! BSHSAS! (1*(/(2$.1(01)4/-2()01)0! 2431 $,))+&!1 ) 1+%63 "4$6&" &
B,-*#"2'>] -1%/=""#/6*-1-0.] <-,"%b-, )&"H#&" HWRE(+ THE-, "%-, )&"#&" #'&-1=$$0!
$A(S. 11 )24 21 TX(+#2*5$" IR .$419)&)1 $2! +71 LAZAB! 0)2! 1*(+#2*$ O (**-4.!

\?



HOIF"J>I"DK !

2AMWE-'$.1)0124#$IFHII4$'5+2":1-0. 1+ (6$0124#-2150,$42-(BR&IZS$-, G1) 11(01)4/-2()Q!
)O$!,-01-"5/$12#-2 12#$&1#-6$1=$$0!-"(+0$.12)1 24$!:4)0+1+4)BUERI /(+#21-*)1=$ |
NO'($A$.1- 196-421)11-01 (02$4/$.(-2$! +AYEYEE. (0-+! 24! f-*/)'21 1*(+#2*$" gDI5, #! -
+4)5%!)5*1-*)1(0,*5.$! C),-(/$%6#"& 1-&*-H#I$S@/#*IRES0*&! 16)*-02!'%$, ($'R#-2!
1-+¢)52(.$12#9,)01(.$0,3!$*(%'BO.L*)'S 42)12#$1 1*(+#2*$" 1+ AYBYE (+54$!L-8. I("!
$4(=$.1-"1 -1;$-GIT*&SR"-&*) 4 PMUEDS! 1(0. 12#-21 (6(.(0+2#$1 4-(£2- 1(02)1 2#4$$!
-28H)A(SI RL*&(0+:1 1*(+#2*$"1-0.1-*/)' 21 1*(+H2*ABAB/)6(0+! +%3 "4$68."&' 6,-+/#"2'
>/ -1%/="#/6*- 1-0.1 <-, "%%-,)&"H#&" #18) 10)2!'(+0(1(,-02*&! #-0+$I24$5*R..-2-10)2!
'#):0S7!

Q/(*-4*&! 2))2#$4! =(4.1 1-/(($'! RH5=)! -0.1 142#541 LAAPE)*-02 4-(*1 . $6$*)%! 24$(4!
1)4$%(/="11)4$ 12#-01 2H$(A1H#(0.%(/="1 -'1 2H$& -*;-&' $3H(=(2+-U+$M-2()! :#$0! 24-(2"
),(-28.1 5 (2#) TH(+#2! R; (0+! *$0+24:1'2$405/! $%2#1 0.1 *$04-285.(6(.$.! =&! 24-(2!
),(-28.1:(2# G0+ | R%$*6('! ;(.280.! 1$/54! *$0+2HRE (+TBTH(' 4$1%$,2'l 243!
(11$4$02! '$*$,2(6$! %4$"54$' - 2(0+! )0! 6)*-02! -0.! 1+(+#2+$NEA(@#IR) 4$<5(4$"!
06);$415*1%$,2)4-*I/5' *$:#( #1$3%*-(0'124#$!=(++$4!;(0+'1-0.1'2$40-1(016)*-021'%$, ($'7!
S+-4.(0H4 24! *$+'1] $IH&YO)2HS' (B! 24-21 2H#S! :S(+#2! )0'24-(02!-"), (-2$.1 ; (24! 1+(+#2!
[-(02-(0"12#$1#(0.*(/=1-0.12#$196$*6(, 1+(4.*$12)1-14$.5,$.I'( $!(016)*-02I'%$, ($'1=521)0,$!
DHEIT*(+#21,)02821('145/)6S.:14-(* 1$6)*6FI=(++$A*$+71801)24$41:)4.":12#$1.(11$4$0,$!
(01*$+1'245,254$'1=$2;$$0!6)*-02!-0.1 1*(+#2*$"14-(*'1-4$1/) 21*(G$*&! . 5$12) 12#$14$*$-'$!) 1!
*(+HE).&Y-" 1)0'24-(02!(0!11*(+#2%$"14-(*1-0.10)212)124$1 1 -, 212#-216)*-021' % B @ |-
*$" 7

11,+$-41.(11$4$0,$!()='$46%.1=$2;$$01+4)5%'(012#$!'2$405/. $%2#n'2$405/1*$0+2#14-2()!
RE(+@7!80.$86)*-024-(*1#-6$!-1. $$%$41-0:)0+$A2$405/1-+*): (0+12#$1(0'$42()0!) 1!
96):$415*1%6$,2)4-*1 /5 *$'1 (06)*6$.! (0! L¥(+H#271 "#S! LH(+H#2*$"1 4-(*'1 96)"S44) - 41

'2$405/! 4$+-2(BR)12#S(4$0+27 "#(' (1 0)2! '54%4('(0£$,-5'$1'2$405/! 4$.5,2()0! (!
)="$46$.1 (0! /-0&! 1*(+#2*$" =(4."1 ' 2#(1 =)0$! (1 -"),(-28.1 :(2#! 1*(+#2/5' *$!
RX-/=$42"1-0.IF$44&ILATER/$-0'1  2#-212;)1/$-'54$/$02') 11 2#$!'-/$1=)0$! -0 !
+(6$!-01(0.(,-2()01 4$+-4.(0RS$! 1*&(0+!-=(*(2&! ) 11-'%RB{ G*$&!-0.!X)+-0! LAYS

"B (+#21=$15'$15%1 (0R#$)02$32! L Do-+$)02)%)+(,-H4$'$-4, #1: #5451 (21('10)21%)" (=*$!
2)1.(4$,2*&1-"$"1%$,2)4-*1/5' *$1/-"  T8PH-"1=$$0!5'$.1 (01 245! %-'212)! (06$'2(+-2$! 2#$!
-=(*(2&12)11%&1)11-0,($021'%6$, ($'1=-'$.1)0! 1) 1RD);:-4.12AM\:1"4$:(,GI2MW=S!

\L



HKacJ>0Ja"|BK>FIKXKO8HIX!JcKXd"8Ka !

"H#$1 2-0'(200! 2)! 1*(+#2*$"0$"! (0! 4-(H);'1 '(I(*-4(2($'! :(2# 2#$! 24-0'(2()0! 2)!
TH(+#2*$"0$"1 (01)2#$41 =(4.1 1-/(*($;#(#,)5*.(0.(,-2$!-1,)06$4+$02! $6)*52()0!)0! -!
15, #1=4)- $H%H#EX)+$0$2(, !, -*$T3-/(0-2()0N 11'#-%$!.(11$4$0,$'(B)*-02!(*-0.1=(4.!
06)%5*-2()05++$'2'1-12$0.$0,82)! #-0+$I'#-%$!(0!-1:-&12#-21 ) 06$4+$''5=225;1 4. |
2H$! 1*(+#2*$") 1URDA(+#2! -0.! Q2%$-./-0! LA?IZ8 0! $0$4+&! -*¥),-2()0! 14)/! 2#$!
1)A$*(/="12)12#$1#(0.*(/="1(1) ='$46$.(01/)'21(*-0.1=(4.") RDA(+#2!$21-*7ILADMS
),(-28.1; (24 S TH(+#21/5' *$ RDA(+#21-0.1Q2$-./-0! LA? T 24#9%#$0) 2896 (!
H-O+E 1), (-28.15(2#  12#51%)" ) 11 1*(+4251*$124$.5,2()01) 11'$*$, 2(6$1964%$" 51U #1
C12#$12$0.$0, & 1V (+#2+$"1=(4 2) $3#(=(21*-4+$d*6$:D.)' G5+ RH5=)1-0.11 42454
LAA?:105"$G*))!-0.1H5=)ILA?@'B0+5(0"1-0.1/-0&! 1*(+#2*$"1.5,G'.)10)21#):$6$4:!
24(,2%&) 1)**);l 24#$! IS [)A%H)*)+&! 24$0.'1 -1 2#$(4! %$,2)4-*! [5' *$'| -4$! 0)2!
'(+0(1(,-02*&14%$.5,$.1,)/%-4%$.12)11*&(0+!=(%:3,-5'$1) 11 -9%62-2()011)41-<5-2(, Ir 1*&(D+p
RB,a-=1?"M\S7!

5%1"4$") 1%/)-*>4"2&#4)

EX(+#2*$"0$"#-"1 $6)*6$.1/5%2(%*$! 2(/$"1 (0! 4-PRE(+V1-0.1 ZS!-0.1-'1/)'21)11 24!
TX(+#2%$"1'%6$, ($'1-4$! $0.$/(,12)! (*-0.:1 (MB-0' | H$&! -**1#:-16)%-02-0,$'2)4' ;#)!
(%S$4'$.12)124'$1('*-0. "RD(4,#/-0ILAANIO-4, (V>1$21-*7ILA XS HSA$1 ) 4RHS!+) 1) 1
T¥(+#21%4)=-=*&),, 544%$.1--0&12(/$'1- 2HSABI- AB(+#2*$" %S, ($'(012#S106#&*) +$0$2( !
248RE(+7¥S

"H$10-, )& ! *-.$1(0,*5.$'1-1/-C)A(281) LI 1H(+#2*$"1'06$, (' #( #I(+#2! =$1 24$1 4$'5*21) 1!
24! '-/1%*(0+ R:$!/-&1 #-6$1 /)A$! .-2-1)0! 1*(+#2*$"1 =(4."1 2#-01)06)*-02)0$'S! 41 24!
)0'$<5$0,$!)1124#$1$32(0,2()01)11/)'21) 11 2465+-02-0,$'2)4' TRI('L*)! %)" (=*$!12#-2!-]
1$:11*&(0+1-0,$'2)4',)%)0('$.- 0&L.(11$4%$02!(*-0.14$'5*2(0+PBHE*)+$0$2(,!,*5'2$4
)1 $6$4-H*(+#2*8*-0.150.$/(,'%$,($1-0.)0%&-11$;!  6)*-02)0$' IRI(-/)0.127?S 7!
E(0-*&:1F-02%(0$-+$!/-& 10)2'06$,(-28)14$-.(*&!-1 241 1*(+#2*$")0$=$,-5'S1 2#$&!
-4$10)2!-14$)+4-%6#(,-GE.(6(.$./R"4$:(,G:12MW10-4, (TT>1$21 -7 LAPRIESS! *-4+$!
05/=$41) 11 1*(+#2* %S, ($1;(2#(01 2#99-, )& *-.$! /(+#21%)2$02(-+*&1(024).5,$!-1=(-"
(0! 245! NA%H)*)+(,-*! -0-+&'('7! 80.$B.2#$! %6#$0)2&%(,! 24$0."1)='$46%.! (0! 1*(+#2*$"!
'%S$,($'1,)5+.14$1%$, 21 24#$1)6$4-1=) &I H-%$!) LRHIR. | *-.$14-2#$412#-01,)06$4+$02!
$6)*52()01;(2#(0) 1*(+#2*$" 479);: $6$4: 12H#SVOHE*) +$0S2(, 1 (+0-*1 28R, 2#('1 ('
0)212#$!,-'F!

\@



HOIF"J>I"DK !

"#31%H#&*))A%#H) Y- BIRE(ZB!'H);' 12#-R#B)*-021L*(+#2*$"1%-(4")1!,*)'$*&!14$*-23.!
'%3%,($'!,-0! =3 )4%#)*)+(,-**&! 6$4&! .('2-027! "#("! %#30)/$0)BI%#-'('$' | 2#-22#3!
NA%#)*)+&!1)114-(*1R)41-21*$-"212#$! /) 4%#)*) +(,-*! #-4-,28F$,23. /(01 2#("1-0-*&'('S!
(1)49%'-11$,2%.1=&! 2#$!-=(*(2&!2)! 1*&! 2#-0! =& ! 2#3$! %o # &H)HKOQ VL (4/$.! =& 2#3!
%#&*)+$0$2(,!'(+0-*1-0-*&'(''R"-E 7!80.$$.:10) 0$!) 112#3$V/)4%#)*)+(,-*124((B) *6$.!
(012#('1'25.&!'#); ' I-I'(+0(1(,-02P0#&*)+$0$2(#0-*IRY*)/=$4+p'l bt -*;-&'lo 73

H(AS-0T 2#$1%#$0)28&%$! ,-0!=$!,)44$*-2$.!;(2#! 2#$! -=(*(2&! 2)! 1*&! =521 0) 2! ; (2#! 2#$!
%#&*)+$0RH (' 14$'5%2!('1(0!,)0,)4.-0,%;(2#' K*)0 IR?A"WI@EB.$',4(=$ .12#$!1*(+#2*$"!
,)0.(2()0!-'1-14-9%(.1$6)*52()0! 2#-Mvolves little genetic modificatiaand is without

major phylogenetic significande.

EX(+#21 (06)*6$' '24(,2! %6#&'(,-*! )0'24-(02'! (01'2$4I =).&! '($:1 #-%$! -0.! ;$(+#2!
RC(,-50)!-0.1E-4(t-1 277 19)0$1$21-+7I LAAUSH # 1(/%*($'12#-21/)'216)*-02=(4." (0!
28('1-0-*&'(H-6S!'(/(*-41'#-%$ |R2H)5+#'($1/-&1.(L1$ASTIE*(+#2*$"14-(1)01 24$!) 24$4!
#-0.14):1:($4)6$4-*+  16-4(-2()0IR(+7IF"#('1/-&=$! *(0G$.1 2P#S+$0$2(()*-2()O!
),(-28.1; (241 2! (*-0.1#-=(2-2(0) 1H(+#2*$"1 4-F #$(4! $6)*52()00 1=$! (02$0'$*&!
)0'24-(0$.! =&¥),-*1'$*$,2(6$! %4$"54%-.(0+ 2)! 4-%(.1 ) A%#)+$0$' (0! 4$'%)0'R)!
2#$! $06(4)0/$02-*1 ,)0.(2()0'RO-4,(\>! $2! *71 LATES)A! $3-/%*$8 *)'$ *& 4$*-2$.!
'%S$,($'1)1K-,,"%-,,)&)0! 2H8H#-24-/18*-0. ' I'#-4$14$.5,2()0!(01'2$405/1'( $!=521'#):!
6$48&!.(11$4$02! 4$'%)0'$'! (0! =).&!'($!-0.14$*-2(6$! =$-G ! FEOHREG! P WFSHS!
6-4(-2()0" :(2#(0! 2#$! 1*(+#2*$"1 +4)5961 (B),-28' | 24#-24851 )| )11 1*(+#2! 4$'5HD!
H-0+$'1 2#-2,-01 4$'5%21 (0! /-0&! .(11$4$02! $6)IB24&! 24-C$,2)AWEASS.! 14)/! 2#$!
)0'24-(021) 11 1*(+#36$4-*1(11$4$0E="$$,)*)+(,-*!)%%)4250(2($)4! 24466)*52()0
J-&I$I$A+$ TD(2#)52124864#8 ()*)+(,-*.$/-0.)1  11*&(0+19)%5*-2()PDI$6)*6$!-1-!
150,2()01) 11249, )*)+(,-*1)%%6)4250(2($'1-6-(*-=*$12) | 248§ 5+2(0+! (0!-1: (.$414-0+$!) 1!
%6#$0)2&%(,)52,)/$'1-N0+'%$, ($'IR"4$;(,GI2 MW 212#$!'06$, ($'1*$6$*:1.(4$,2()0-*!
$6)*52()0(1'2(**1 (06)*6$.:1 =BHS0! -+ 1*(+#2*$"1'0%6$, ($'1-4$! )0'(.$4% 245! 4-0+$1) 1!
$,)%)+(,-* )52,)/$14$'552'1(0!- 1:(.$ 1%6#$0)2&%U:4(-0,$71801)2#$41;)4.":1 54(0+1 2#$!
24-0'(2()0! 2)! 1*(+#2*$"0$"! ))4%H)*)+(,-*1 24-(2'1 ,-01 .(6$4+$! (0! /-0&! .(11$4$02! ;-&'!
=$,-5'S RHSAMF)ABI6(-=*$)%2() 0 1-14$'5*21) S 1'24(, 21/) 4%H)*)+(,-*1,)0'24-(02'F

80!,)0,*5'()0 :12#('1'25.&!1,)01(4/' 243! ,)06$4+$021$6)*52() G2 (%6*B)4%6H) %) +(,-*!
24-(2(DI1*(+H2* B (*THS'SI=(4. 1$3H(=(21'#) 428 (0+D. I/-*+1 '2$401-'1;$1-"1:(.$!
0%$*6$'1-0.1 1$/)44 :#$ 4$-'16)*-02'%6$($'1#-6$! ¥)0+1;(0+1 .$$%'2$40-10. I'/-+*$4!

\\



HKacJ>0Ja"|BK>FIKXKO8HIX!JcKXd"8Ka !

1$/)4-1-0.1%$*6$'TD $!10.10)!$6(.$0,$12#-24-0(-*124-(2'4$!, ) 44$*-2$.1; (22HS!-=(*(2&!
)1, 717IX(6$IBAA@S:1-0.12#( 1 *(GH*&IA$1*$, 2'1 2#$) ) 44$*-2() L ASATH] $!

-0. IRHYBSA-+T($I)LI2HSI=(4. 1 #( #151,)44$,2%.11)471d' (0+1(0.$%$0. $O2#8*)+$0$2(,!
2= L) 24-24-(2N)1ITH(+#2+$"14-4310)26=C$, 2! b#&*)+FRR(,!,)0'24-(02452!
4-28B04$1%5, 21-1/)A%H)*)+(,-*1,)06$4+$02!-.-962-2()012) 1 2451%)") LI 14(+#27!

4'%''5".3'#.3.%06!!

Q5%%*$/$02-4&/-2$HNMES!1)50.1)01.4&-.! #22%'Nhh.)(7)4+h?A7ZAM?h.4&-.7. JAUG%4"
-0.1(0'1%%$0.($'7"

"(7*+830,9 0:0*%9

"H(125.81;-1'5%9%)42$.1=&12#%1a$;1g$-*-0.1B-4'. $0IE50.1H)50, (*114)/10) 6$40/$02!
150.(0+:1/-0-+$. 1=&1>)&-*1Q),($2&!"$!1%ud-0+(;!+4-02!BId?MA?!2)|OHO7!

20:080*(0$!

1*$3-0.$4:! >71 B7! 2MU7! IFR(/$! +(-02'N! 2#$! *-4+$'2! -0(/-*'1 -0.! 2#$(4! %4)=*3N7!
F-*-$)02)*)+&!c)*5/$N\?:IF-42IMNI?L@R\Z7
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Figure 1: Maximum likelihood (RAXML V.8) phylogeny of three volant (black) and five flightless
(red) rail lineages (Aves: Rallidae) based on 10 concatenated nuclear genes (ADNP, BEGAIN,
INO80OD, KBTBD8, NCOA6, RHOBTB1, S1PR3, SPECCI1L, ZNF618, ZNF654) analysed with
Balearica regulorum crane (Aves: Gruidae) (grey) as outgroup; the genes were selected from a
set of universal nuclear protein-coding loci markers for avian phylogenetics (Liu et al. 2018);
bootstrap supports are indicated for each node.
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Table 1: DNA concentration and sampling information including the location and time of collection
as well as museum ID (when known)
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Table 2: Fastp outputs after the sequencing of four rail species indicating the number of reads
before and after filtering as well as the quality assessment
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Figure 2: K-mer frequency in four rails from Aotearoa New Zealand. K-mer (nucleotide sequence
of a certain length) were 57, 61, 61, 87 for G. australis, G. philippensis, P. melanotus and P.
hochstetteri respectively. In each distribution, two main peaks correspond to the genomic K-mers
for the heterozygous (left) and homozygous (right) parts of the genome. The single main peak of
P. hochstetteri indicates high homozygosity. Low depth peaks corresponding to erroneous K-mer
populations have been masked for clarity. Icons indicate flightless and volant species.
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Figure 3: Average heterozygosity at 20 randomly selected genes from four newly assembled and
annotated rail genomes (average total length 266,456 bp). Heterozygosity is the proportion of total
nucleotide sites per individual site having two bases. Icons indicate flightless and volant species.
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Figure 4: BUSCO V4 results (mode: genome) using the aves_odb10 dataset. Total number of
genes (Benchmarking Universal Single-Copy Orthologs): 8338. Complete: ortholog is present in
the genome in a single copy (Complete single) or in two copies (Complete double), Fragmented:
gene is only partially present, Missing: no significant match in the genome.
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Table 3: De novo genome assembly metrics among 8 rail species and one crane (B. regulorum)
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Figure 5: Completeness of CDSs retrieved from eight rail genomes compared to the reference crane
B. regulorum genome that has a total of 15,035 annotated CDSs. Colours indicate the proportion of
genes retrieved from a sample at various scales of completeness.
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Background lineages

Foreground lineages

Figure 1 : Relaxed and intensified selection. Sites under positive selection are shown in red and sites
under purifying selection are shown in blue. Intensified selection results in all | categories being pushed
away from neutrality (I=1) and relaxed selection results in all ! categories being pushed toward
neutrality. (Redrawn after Wertheim et al. 2015).
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Figure 2: Maximum likelihood (RAXML V.8) phylogeny of three volant (black) and four flightless (red)
rails (Aves: Rallidae) based on 45 concatenated nuclear gene sequences selected from a set of
universal nuclear protein coding loci markers for avian phylogenetics (Liu et al. 2018). Bootstrap support
is indicated for each node. The grey crowned crane Balearica regulorum root species is not shown on
this tree. Red terminals branches symbolise the independent emergence of flightlessness.
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Figure 3: Pipeline of methods used to generate and screen thousands of coding sequence alignments
for selection signal in flightless species.!
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Figure 4: Likelihood ratio test (LRT) results for 11,577 CDS alignments. Four branch-site model
comparisons were tested with four flightless Oforeground@ils and three volant Obackground@ails.
Alternating colours indicate putative chromosomal positions of the genes estimated from Balearica
regulorum chromosome level genome assembly (GCA_011004875.1) arranged with chromosome 1
(left) to Z (no W Chromosomes were found as most specimens were males) and non-assigned genes
on the right. LR = 2*(likelihood model 1 - likelihood model 2).!a) LRT results between MO and M2
models, genes above the dashed line present significant differences between the models indicating
evidence of selective pressure in flightless rails for that gene. b) LRT results between M1 and BS1
models, if not further rejected in favour of BS2, all the genes above the dashed line are inferred to be
under relaxed selection in flightless rails. ¢) LRT results between BS1 and BS2 models. Genes above
the dashed line in both M1-BS1 and BS1-BS2 show evidence of positive selection in flightless rails; LR
values were log transformed for clarity. d) LRT results for RELAX v3.1. Genes above the dashed line
show evidence of relaxed or intensified selection in flightless species; LRT values were log transformed

for clarity. The genes named on the plots show high LR values in multiple likelihood ratio tests and/or
are further discussed in the text.!
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I
Figure 5: Variable association matrix between CodeML and HyPhy tests results. A positive Phi-
coefficient (red) indicates an association between two test results and a Phi-coefficient close to zero

indicates an absence of association.
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Figure 6: Venn diagrams showing the overlapping of CodeML and HyPhy test results; a) comparison
between MO-M2 (different selective pressure) and genes under relaxed selection; b) comparison
between M0-M2, genes under positive and intensified selection. Genes with Incomplete Lineage Sorting
(ILS) are included in these diagrams.
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Table 1: Number of genes under different types of selective pressures according to CodeML, HyPhy
and Approximately Unbiased (AU) test results. The average length is the CDS alignment length after
quality filtering.!

Number of genes ILS (percentage) Average length (bp)
MO-M2 791 61 (7.77%) 1145
CodeML relaxed 388 28 (7.21%) 1290
Positi ve 24 3 (12.50%) 980
HyPhy relaxed 481 28 (5.85%) 1284
Intensified 407 33 (8.11%) 1171
AU test 802 - 487
All genes 11557 802 (6.94%) 1080
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Figure 7: Comparison of gene length difference in relation to CodeML, HyPhy and AU test results.

@*,./$0,)'03"-8, &)™, %&+)&#&./$0,

8.)! '$)&&)6&)0)#+*04'H0* &)02,*0! 3'&! &),+9)1! /)#)0D! %6#*1#0%3%)1! /)#)0! +#1! [)#)0! 2#1)&!
0),)-*06'#! =FREQAO.'4)1!-'(6),,%#/!  )$%1)#-)!'3)#&%-.(#*! 3, 11 +#1":0)&$)1 596)-*)1!
$+,2)0+*.'2/. 1+,('0% ##)1'31 %) GH! *)&(0!)9.%:%*)1! 0%/#%3%-+#*! &)02,*0! 3'&! *)! J+,0)!
P%0-'$)&5! @+*)IP@A =>66)#1%-JOKO! 8+:)0 SD! QD! +#IH B.)! /)#)! '#* /5!
'$)&.&)6&)0)H*++00'# D) 11 * .+ J#)01 24#1)&! &),+9) 11 0),)-+06'#! - #*-+%6#) 11 ) #&Y%-. ()#* 3'&!
32400+, | -+ QIBYOHH! + 06/ 4),1 4%*.1 *)I )96)-*)1K&+%*! )$' 2*06'#! +00'-%+*)11 4%*.

3,%1.* )00#)0ER-.1+0[20-,) 11)$),'60#* 132#-*0%%W#1-%&-2,+*&5105080%/ 7 GH!*)&(0!
+00'-%+%)11 4%*.1*.)1 %((2#)! 050! ()(&5 D!$%02+,!6)&-)6rH %o##)&!)+&! 1)$),'6()#*!
=>66)#1%80!8+:,)ISA)&)!+ 0'#&%-.) LB)#)012#1)&1%#+)1#0%3%)110),)-*%'#1%6#13,%/.*,)00!&+%,0
£)&)#8%-.)113' BH!*)&(01* +*1 106 11#G))(1*'1:)1 19%8&)-*,51+00'-%+*) 11 4%+ 19§, 2+ 06 #1'3)



"bHaM8cHZ!HJ!KHPcZG! @"GcHZd

3,%1.*)00#)00166)#19BIKO!8+: ) Q!18.)1#2(:)&!'31/)#)012#1)&16'0%+%3$)!0),)-*%'#1 =QOAI4+0!
141 38 20%1'$)8&)6&) 0+ #IGHETH0!)196)-*) 1 D! /)#)000%/H%3%-+#* 3 & *EFER
$)0*1)&)! J#&%-.) 1! 31D%(% HBH! *)&(0! +01)%* )&)! &),+9)11&!*.)! %#*)#0%IVH)13! /)#)0!
=66)#19IKO!I8+: )ITA



KC>L8"@!JHM@

Figure 8: Hierarchical tree graph of overrepresented GO terms for relaxed genes on flightless rail lineages. Coloured nodes represent significantly enriched
categories with node diameter inversely proportional to the FisherOs exact tesp-value. Categories displayed were restricted to those with enrichment greater
than two fold and associated with at least 4 genes. Node colours correspond to GO categorical function groups. Small grey nodes are not part of the enriched
GO terms but show the GO pathways to enriched terms. !
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