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The assembly of the avian body plan: a 160 million year long process

Andrea CAU

A. Cau, Museo Geologico e Paleontologico “Giovanni Capellini”, Via Zamboni 63, I-40126 Bologna, Italia; cauand@gmail.com

SUPPLEMENTARY ONLINE MATERIAL

Nexus file of the phylogenetic data matrix (for character list, see Cau et al., 2017, supplementary information).

#NEXUS
begin data;
dimensions ntax=132 nchar=1781;
format missing=? symbols=”0~1”;
matrix

Euparkeria
100000000000000001000000100000010001000000000000000000?001000100000?0000000000000001000010000000000?00000000000100?000000000
?000000000?0000000000000000000000000000100000000000000000000000000000000?00000000010000000?0000000000000?0000001000000?00000
000000010001000000000000000000000000000?000????10?0000000000?00?0????000000?????0???????????00000?00000000000000000000000000
00000000000000000000000000000000?0000000100000000000000000000000000?000000000000?000000?000000000000000000000000000011000000
000000000000??????????1000000010??0?0000001000?000?10?0?00000011000000?010000000?0?00001000000??0??00000000000?00?000000000?
000000000??000?00?000000000?10000?000000?00?010000?00000?0100?001000000000000000??0??00?00000000000000000?000?000?0000000000
0010?000?00000000000000000000?000000?0000?00000?000?0000000000?00??0?0000??00000?0?000?00?00?00000000??0000000000?0000000000
000?00000000000000000000000000??00??00?000000?000000?????000000?0?????????00000?0?0000000?0000000000?000?00000000?0000000000
000000000000000?0000???00???00?00??000000000???0???00?000000?000???00?0?0000000?0000000000000000000000001000??00000???????00
0?0?000000000000???0?0?0000000000000000?0000000?0000000000?0000000000??0?0?000000000000???0?00000000?00100000?0000000?000000
00000?000?0?00??0??000000000000?00000000000000?00000?????000??0000001000?0??00000??0010000000000?000?0???0?0000000000000000?
0?000000??0?????0?0?????00??0?00??00000???0?0????????00?0?????0??0?0??00??0?0??000000?0000???00?????????0???????0???0?0?00??
???00?0????0??0???0000??00???0?0??0????0???00????????????????????0???0?????0?????????????????????0???0??????????????????00??
?0??????0????????????????????0???????0????0?0???000??????????????????????????00?????????????0?00000000??00?0??00?????0?0????
?0????????????????????00??0000???????0????0??

Acrocanthosaurus
1000000100011001010011001010000010000010001001110000101111100010011?10001000?0010011000101100001000???000001000000001?01100?
?10?10???00?????1?1010?10100000000000?0110?00001???1010??00?0000111?1110?101101111110?1100??011100?0010110000000100100100???
011110010101?0010?110000101000001010001?0011?011010110110001?00?0?0??0?101?00?0???1001????????1?0?10?00?0100?010010000101000
?000111?11?0?101?0000???00010?11??011011?00100100101111001111100111100001101????011010?0??1??1?01???1??01000010000001?000?0?
101?0000?01?????????0000100001100?001010000????100001?00?0???0001110??000000110000?000?01000?000?000000000????010101?0010?00
000??11?01?111?110100?1?00001101??1??01100??01110???00?0?11????0?0000?000?010011??0000011?0??0??0000??0?01000?000001??1?1?00
11??01?00?01?0??111???0001?01000?000?0??0?11000???0101000000000????10??010001?11000010100000?000?00000?10??0?0????0???0?10?0
000?000000000100000?0????000001000??00????????101001?1?1000??01?0?????????001??00?011?11?10?1000?0?0???0?????0?0??00??01??0?
010?11100?1?000100?11?0?0?01?0??100?1110?00????0?001?00100110???00010?1???0??10101??0?000?0??1?00??1???0?000??0?00000?001?0?
?0???0101010?011??00000??????00010??0011?1?00?001????1?10?0?0?1?????0?10?00010???00000100??010??0000?00????00??1?10?0010??0?
0??0?0?????0?????????????????1000???0??000??0??00?000????0????00????01110?0?00??0101101010?010?11000??01?00111110?000????0?0
00?01000??0???00??????000???01?00????00110110111000000000???000??00?01010011010?00110000???00??0?01?000001101??1?00??00100??
10000?010?00000??000000000???1000?00??0?0??0?010?0?110????????100?01?1?0010011???011?1???00?1??11??101000?001011????0?0000??
000000?00??0?????????????0?0?0?0??????????????00000100?????????1000?011000??0??0?????000????0?110000000?00000?100??000?0?000
?0?0???000000000101?0?1000??1?0?000??0??0000?

Allosaurus_fragilis
100000010000110101001100100100001001001010100010000010111110010001?010011000000000110000100000010100010010010000000111111000
0101100001010101001010010000100000000000100010010101000100110000101111101101111010010011000100100010000101010000000100100000
00111001010100010011000000100000101000000001?0110101101100011001000110?101?00101??1001??????01110000010000000000110000101000
1000111011101100011101000001001111011010000100100100111001101100111000001101?0110110100011101100111110001000010000001?100100
101100000110????????00001000011001001000001001?10110100000000000111010000000110000?00000000000011000000000000000010100000000
000001111100100100100010000011010?1000100010011000000000?0101?000100000000000011??001001110000000001000001000?00110111111000
110001000101001011100010010000000000?0000011100000010100000000001011000010011011000010100000?000100000?101000110100011000000
000?000000000100000110000000001000??00?000000100000?01100000001?0????????000100000101000110110000000000010000000000110000000
01001110001000000000?0010?0000001000011000000??0000000010011001000010010000001000100001000000100000000?00000?001000000001000
00?1000001?00001?00000000?10?000100001000010000000000000000000100000001100001010?0000010000010000000000000000?0101000010?00?
000000001?0000000000???00?00111010?00100000000?000?00??0?0????0000?001000010000000000110000000111000?001?0001010000000000000
00?00000??0???0000000?0001?000000000000000000110000000000000000??000010100010100001100000100100?00??000001101101000??0110000
10000?01000000000000000000000??0000000?00000000000000000000100100100?0?10??000???011?10??00??10110?1000000000010?000000000?1
000000?0000001000010?0000000?1?00??000000?0010000001000111011010000?0110000?000011?0?000000000110000000?0000001000?00000?000
00?000000010100011??0?1000100000000000?00000?

Alvarezsaurus    
????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????0?0???????????10000000?100??0????01????????????????????
??1?100??????0?00????0?????????????????????????????????????????????????????????????001????????1?1000??00???????0001110??0?00
1??011100000010?00000??0?0111?100????????????????????????11001000???????0????????11??0???1?01?01?1111?00?10?010???0010?01000
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????100?01???????????1??????????????????????????1???????????0?1?11?0??????????00???0????1??????1??01????0?0??0???00?0???????
?10?0???0??????0?0???0????????????1?????????0?????0?0??????????0??0?0??????????????????1???????????????00???????????????1???
???0?????????????1??????????????????????????????????1??0?01?????0????????????????0?????????0??????????????????????????????00
10???????????????????????????0?????????0?????????0????1??0??????0???????????????????????0?1?????0?0?????????????1???????????
??????1?????????0???????1????00???0????0??0??????0????????????0????????1?00??????????????????????0???0?0??01?000???????????0
???????????1??????????0???????0????????????????????1?0?????????????????????????????????????0??????????0?????????????????????
????????????????????????????????????????????0??0???????????????0??????????????????????????0??????????????????0??????1???????
?0????????0???10?????????????1???????????????????000??????????0???000????????????????1???????????????0??????????00??????????
????????????01?00????000???????????0???????0?0????0??????????????????????????????????00?????00???????????0????1??????0??????
????00??????????????????0??????0??????????????????????????????????????????????????????????????11000000???????0??00??????????
????00????????????????????????????0?0????000?

Anchiornis_type  
????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????0?????????????????????????????????????0????????0???0???
??101??????00??1???????11?0??0??0?????0?0001?011?111111???0101?11101?0??11?0??????1?????????01?????????????1??????1??0????0?
?0??1010101101?00010011?10?10?110?????????????01100??00????????????????????????????????????????????????011????0??01011?0?0??
10?1?01?101?????????0?????????????0???????1??1?00?1????????????????0????????????????????1???????????0?????0???00????1??????0
0???0????????????????0????????????1??01????0?????????????????????0?0???????????????0?????????????????????1??????????????????
??????????????????????????????????????00??????????01?????????10???????????????????0??00??0??????????????????????????????????
??????????????????????????????1?00???????0?0?????????0?0???????????????????????0????????????????????????????????????????????
????0?????????????????????0???????????1?????0????0?????1??????1???????????0??????????????????????0??11????01?0??0??01??00???
?0????????????????????0???1?????????????????????????????1????????????0??????????????????00?0???????0???????????????????0????
?????1?????????????????????????????????????????0????0??????????0????????0???????????????????????????????????????????????????
??????????0???00???00????????1??00??????????0????1???????????0?????10?????????0??????????????????????0??????????????????????
??????????0??0?01????00?????0????????????????????????????????????????????????????????????????0????????????????10????????????
?????????????????????????????????????????????0???????????????????????????????????0?11000??????????????0???1??010??000??1????
???????????????????????0??1?????????01????0??

Anchiornis_LPMB00169 
00101????0????1??????1????1?????0??1???0?10????????????0????1???1????????????????????????????????0???0??????????????????????
????????????????????????0??0?1001?1??????????????????1?????????1?????0?????????????????????????????????????0?????0??0???0???
??10???????00??1???????11?0??1??0?????0?0001?011?111111???0101011101?0??11?0??????101???????01?????????????1??????1??0????0?
???01010101001?01010011?10?10?110?????????????011???0?0????????1???????????????????????????????????????011????0??0?011?0?0??
10?1?01?101?111111110????0?11?????000???1?1????00?1????????????????0????????????????????1???????????0?1???0???00????1???1?00
0???0????????????????0????????????10?01????0?????????????????1???0?0???0?????0?????0?????????????????????1??????????????????
???????????????0?????????????0???1????00???????????1??????0?0100???????0??????????0??001?0????????????????????????0?????????
0??0?????10???????1?????????0?1?00???????0?0?????????0?00????0?????????????????00?????????????0??0????00???0??????????00????
?0??????1?????????????????00?????0????1???0?0??0???????100????1???????????0?????????0?0?00???????0?1111?0????00?0??????00???
?0????0???????0???????0???1??01??0??????????1???????0????????????????0??????1???????????00?0?0??0??0?0??????????????????????
00???1???0??????????????0???????????????000????0????0??????????0????1?0?0?1?00????????00?0?000????????????????????????????01
???1?0?0??????00???00?11?????1??00?????????????????????????????????10?11????1?0?011???01?????00??????0??????????????????0???
??????????0?0?0?1??00000000?0?1???0????????0?????????????????????10???0??????????????????1?010???????0????????10????????0???
0??????????0????????0????????1???????????????01????????????????????????????1????10??1000????0?????????0?00?0001010000??1????
?0??????????????????0?1???1?????????01????0?1

Anzu             
1100?11111?00???0???000???1111111?100??00??0?????????????0??????11??????????????????????????????1???0?1?????0??00????0??1???
??????????????????1?????0??0???1?????????01111101?0000????0?111?1101?0?1?????????????1????1??1?????11?011????????????????1??
0??????????????????????0??0??0??0?1???0?000????1????????????0?0?1?0??0?????????????1110010????10?010????0????1????0??00?00?1
0??01?10???01???001000???1?00??100011?11????0?11000?000??11011??0??????????1?????????????0?0???11???1?10????????????????????
???????????1????????00?????0????????????0?1?00?0??1????1??0?0???????????10?????0??10????10??????011??0???00?????????0???????
0????11?0??1???????????????????0????????0??0?1?1???????????????????0??0??0??????00?????11??1????100????????0?0??????????????
??0010?1?????????1?????????????????0??0????????1??00?0????00?11??????????0???0????0????1?0?????????????????1?????00?????????
0???1??1????0?????01?????0?????00??????????00????0????1000?????????????????????0??1??????????????0???????0?????????????0????
00????0??????????????????????0????????1?????1??0????????00????1????1???1?????????0????0???1??11????0????0???????0???????1???
?????????????0???????0????1??0??0???????????1???????????????????????10???????????????1??0?????01???????????0??0?0?????????0?
?1??????????????????01????0?????????????1?00???????????????????????00???????00?????????1?????0??1????????????1??011?10??0?0?
0?????0?0?????00???????????????00???????????????????0?????????????????00?????????01?????0?????0???????????????????????0?0???
??????????0????????1100????1?0?0????????????0?????????0???????????0????0??????1????????1?????0??????????????????????1???1???
???????????0?????????0????????????????0?????????00???????????????0111?????????????????????????11100000?????1???0??1??0??????
10??????????????????1??1?????????????0????0??

Aorun            
?0001???00?0?0?00?001101??1????0100100??0?1????????????1?1??1101110?????????????????????????00??00??????00?0????????????????
????????????????????????0?0000000?000?00????0000???1?1?????1???0?????1???????????101001000?10?????????1?????0??0000?????????
0????????????????????????????????????????????0????0110??01?101?10?01?0??11?0???1??1000??????????????????????????????????????
??????????????????????????????????01110??00???????????????????????????????0??????1?01???????1??1????????1?0?01????0111?0?110
?0111000011???????????????1?????0?1?????????????0??0?00???0????0???0?????0???1?001???????0????0?????????0?????0?0?????1?0?10
?0??0????0???0???0??0???0????1?0??10??10?0???1????1?000?1?1????0??????????1???????0????11???0????00??????1????00???1??1?????
??1?0?????????1???????1?????00????00?000??0???0????10??0??????0????0???0???00??????0101?0?????0???????0?????0?????1?????0???
??1?0?00?00?????000????00??????0?????0??10???0?0?????0?0????????????????????10?00??0?0????????0???????????????????????0?????
01?????????????0??0?????0?000????????????????????????????0???????????????00??1??????0?????0???0?00?1??0?????????0????00?1??0
10???????0?0???????00????????0??????0?????????0?????????????????????????????1??????0????100???00????????????1???????????????
00?????????????????????????????0????????0???0???????????????????????0???0?1?0??0???????0?????0??1??0??????????0????0???????0
00????00??????00??????00??????000??0??0????????????????00??????????10?01???10???0011000??????0???????0??0???????0???????????
??????????0????101?10????00?000????????????????????????????????0??0???0??????????????1?????????1?0??????????????????????0???
??????????????????????????????????????????????0???????????????????0?????????????????????????0?????????0?00?0???0?????001????
?0????????????????????1??????????????????????

Apsaravis        
1?????????????????????????????????????????????????????????????????????????????????????????????????1?????????????????????????
????????????????????????00?0??11??????????11???0?????0???????????????0?1??????????100???????????1?????0?????0?????0??????1??
??11111011?000111010101110?110100110110?010?1011?111100???????1???1??????1????????1???101?????1??10011?11??10?????0?????0110
?0?11110000???????0?????00010??0?0010?010?1?1111000?0?01011001??0111?1??0???????????????????1?????????11??00110??10011?0111?
????1001001????????????11??1????0?0???????1???000??????????????????0??10??????11???1???0???0?????11?0???0010???0????????0???
100???????????????????????????????1??01?????????1???0??????????1?0000?0?0???????????????????0?????0?????0?00??????1?????????
?????????????????1???????????????0????????????0???0???1???10?????????????????????1???10?0???0???????????????????????????????
??????????????????0???????0100?1????0??0???????????????0?1????0?0??????????????0??????????1?????????????????????1???????1?1?
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???????????1111?0???????????111???????1?????11???1????0????????????1?????????1???0???????????????0???0?0??1???01111?1???01??
?0??1??????1????????????????????????0?????0???1?????????1??????????????????????????????????????????0????????????????????????
?????1??????????????????????????????????????00?1?010?????0?100?0???????????????????????0????????????????????????????1???????
????????111?00?????1?????????1??0???????????0????0???????????1??01110????????????0???????????????????1????????????????0?????
???0???????????0??????0???0?1???1???????0??0??????1??????110????0?????????????1??????????1??0????10????????0???0????????????
???000???????????????????????????0100???10???????????????????????????????11??????????1111?????11111110????????10??0????01???
????0??????????????0??????????????0?00????1??

Archaeopteryx    
101000010000?0100?0011001011??00100000101100000101001101100011111100?1?00?00?0100001?0?0?????100100??001?01?00011?0000110101
010010?01011?11?1?1010??0000010010?11??00?00000???01?1001000?0001?00001??0??????0?010?1000?1??10001?0?01??000?0001010???00?0
001011?011?0000100100001100000000010000?00010011?1111010?0010101111110??10?00100??1011??????011???00??0111010??10?10?0??0000
101010101000000?011001111101011?00011?010000000111100101011?010?010??10?0000???1???00010?0?11?011111101011000?0?110011?01101
10111010011011101?1100??10?0?0?00?000?0?101?01?001110101???00?1?0111??00100???0?1??0?0?01010?00?0101001?0?110000010?10101100
000?001100?010?000?000??00?0?1000?10001?011001??0???000??01???10?0000000000?00??0000???11????00?00?????101000?000?01????1???
?????0?10?00?0??1110??0???00000001?0?10110?00?00??011000101?0110???0???010001????000110100?0??10??00?10?0?01???0?000??1?00?1
1?0?001??000000?001????0?001001000??000000?01110?0?0?01000??0?000???????????1000?????000000?000??000???0??????001?000??00?01
0100010?1?0?000000??011???00?00??0???110??0???01?000??0100110?000111?0???00?010??0?00?0???0?????00?1?010000?00010??01??1??00
?0??0?0??????0???1?0000???1??01??00?00?00???1?0????00???1?0?????????0??????01?????????0?00?0????0??0?0????0?0??1?01????0??0?
000??1110110111??1??????????????????0?00000000?00?000000??00?00000000?0?0?0?00????0???00?00000?11??????00?0??0???0001?????11
?0?1?001??1???0000?10?10010001?000?0??0??0??0????001?0000?00?00????10111??11011?01110?01?1?0??0????0000?????????00???00?00??
???0?0?0??00000010000000000?11100?0????0000??0????0???????0??0??010??00????00????????01??1?000?01??1???????0??101??????00???
00?000??0??0??1?10??00???????1?0?00000000??0?0100001?0???????0??000?0????0?0???010?110000???0?110000000?001000101?000000??0?
?0?00????????????0??0?10??1?????0?00000??0001

Archaeorhynchus  
111??1?10110?????????1???111??001?011??????000??10?1?????0?????????????0??00?000100?????????????0?0???0??0????????????????0?
??????????????????11????0??0??11??????????0????????????0?1?????????????????????????????????????010??????????0???????1???0??0
??101??011?0??010?1?0011100??0100010??0?01011011?111101???010111101000??11?01?????1???111111111????01??1??????????????????1?
?????????????????????????1?????????10?1??10?1???100???????????????????????0??1?????1?11?????1??11???1?11?00???0??0?011?0100?
??????0?011??1111?0????????1???00?0???????1???0?101??01???????1????0??00?0????????1??0?????1???????10?1???????00?0?????0???1
?00?0????????????????0??????????1111?01????0?1?????????????????0?0?00??0????0???010????1????????00???????1?0????0???????????
????01?0?????0??????????????0?????????001??0??0????0???0?????11?????????????1????0?0100?00??????????????0??1??????1?????????
??1??0?????0???????????????10?110000???????????0?????0100???????0???????????1??0??0????????????0?0?1????????????1???????0???
????????1????00?0?????????0?????????????????11???1?0??01???????????1??????0??1??????????????????0??1?????????0??1???????????
?0????????????????????0??????0??????????????????????????????????????????????1???????????0???????0??0????????1?????????????0?
0????1??????????????????????????????????11???0?1??100?0?10???0?0????????0?????????????00?1???0??????????????????????????????
???1?01?11?1???????10?1?????????01???????????????0??0????????1?0???10?1???????0??01???????????0??????0????????????????0?0???
??????????1????????11?0?0???????????????????????????????????????????????????0???????????11????0????1???????????0????????????
?????0??????????????00??????1????00??000???0??????????0??????????????????????????01?0?????????1111000010???0?010???00??00???
??0???????????????????????1??????????0????1??

Archaeornithura  
????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????0??????????????????????0??0
??10???????001?1??1000?1??1??0?00?1???0?010??011?1111?????01?1111???????11?0??????100011?1??111????????1???1?????????????11?
????1???????0??????????????????????11?0???1???001?0?0?0????????????????????0?????????1?????????????????11????????1?011???1??
??11?00?01???1111001????????????0?0???????1?????1?11?0?????????????????????????????????????????????10?????????00????????????
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?????0?????01??????111??????????00???????????????????????????1?0??110?1????1??0?001????1???????????0??????????????????0?0???
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??1??????????????????????????????????0???????
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?????????????????????????0?0?110001????00????????????0???????????????0?????????????????0?0????1??0????0?????0???????????????
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???????????????????????????????????????????????????????????????????????????0?????01?000???????????????0?00????10???00??1????
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Rahonavis        
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Sacisaurus       
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????????????????????????0??0?11000010?10???000??????????????????????????????????????????????????????????????????????????????
??1?00?100?1????????????????????????????????????????????????????????????????????????????????????????????????????????????????
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??0?0??????????001??1??????0????????0??0???????0??????????????????????????????????0???????????????????????????????????1?????
??????????????????????????????????????0???????????????????????0?????????????????????????0??????????0????????????????????0???
??????????????0???????????1???????????????????????????????0??????????????????????????????0??????1????11?????????????????????
????????????????????????????????????????0???0?????????????????????????????0????????????0??????0???0????????????????0???????0
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Sanjuansaurus    
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??????????????1???0??????????????????????????????0??0?????????0????????????????????0????1??????????????1??0??????????0??????
??????????????????????????11?0?????????1????????1?????0????????????????????????0??1??????????????????????????0??0???????????
???????????0?????????????????0?????????????????????????????1???????01?1?????????????0?????0??11???????????????0?0?0?????1???
???????????0?0??????????????????0????????0???0???????????????????????????????????????0?????????????0????????????????????????
????????????????????????????????????????????0????????????????????????????????????????????????????????1??????????????????????
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Sapeornis        
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????????????????????????00?1110100?11???00100?00???1?000??????0?10???0????????????0???10???????010?????????00??00?0?????00?0
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