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Jawed vertebrates have inner ears with three semicircular canals, the presence of which 
has been used as a key to understanding evolutionary relationships. Ostracoderms, the 
jawless stem gnathostomes, had only two canals and lacked the lateral canal. Lampreys, 
which are modern cyclostomes, are generally thought to possess two semicircular canals 
whereas the hagfishes—which are also cyclostomes—have only a single canal, which used 
to be regarded as a more primitive trait. However, recent molecular and developmental 
analyses have strongly supported the monophyly of cyclostomes, which has left the 
evolutionary trajectory of the vertebrate inner ear unclear. Here we show the 
differentiation of the otic vesicle of the lamprey Lethenteron camtschaticum and inshore 
hagfish Eptatretus burgeri. This is the first time, to our knowledge, that the development 
of the hagfish inner ear is reported. We found that canal development in the lamprey starts 
with two depressions—which is reminiscent of the early developmental pattern of the 
inner ear in modern gnathostomes. These cyclostome otic vesicles show a pattern of 
expression of regulatory genes, including OTX genes, that is comparable to that of 
gnathosomes. Although two depressions appear in the lamprey vesicle, they subsequently 
fuse to form a single canal that is similar to that of hagfishes. Complete separation of the 
depressions results in anterior and posterior canals in gnathostomes. The single depression 
of the vesicle in hagfishes thus appears to be a secondarily derived trait. Furthermore, the 
lateral canal in crown gnathostomes was acquired secondarily—not by de novo acquisition 
of an OTX expression domain, but by the evolution of a developmental program 
downstream of the OTX genes. 
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ŶŰŜ;ő>�Ĝłňġ Úň�ņÛíAŃĳŁňĻŖĮĬġıřň
�·Ņ¨lłĦŗġà�,¦Ň

Ą-Ň�6ņĪħŁňœŃœŃġč)ŔęĊŇCúŜ3WĵŘ]çkíAŃĳŁ$¬ĳĻ�ăłĦŘĢ

ŶŰŔţšƂġŧžŅńŇě4ĜņĪħŁňġ0`BŃ­`BņĦŘkí}łč)Ŝġ�.ìÊņĦŘ

kí}łęĊŇCúŜk¿ĵŘĢ�.ìÊňġ'.ìÊġb.ìÊġ�].ìÊŃħĨ 3 ĿŇ.ìÊ
īŖŅŘƇ�z�ƈĢıřŖ 3ĿŇ.ìÊňĹřĺř¥Éņkí}Ŝ;őãMĊŜœĽġ�ħņº�ĵŘ
ıŃł����:ŇCúŜ+«·ņk¿ĵŘĢ¬¯ŇŎŃŝńŇà�,¦Ň Úň�.ìÊŜœĿĬġ

ěŜœĻŅħà�,¦łĦŘſŮžŠűŤġųŬŠűŤňĹŇ�LŃĳŁ¿ŖřŁħŘĢ 
  ıřŏłďħĐġſŮžŠűŤň
.ìÊġųŬŠűŤň�.ìÊŜœĿŃĲřŁĭĻƇ�z��V�ƈĢ
5�·ņňġųŬŠűŤĬ
Ňà�,¦ņ�ĂĵŘ§eƇÜĞġ¼ŇƃƅūġÄÑIÐÞŅńƈŜ�ĮŃ

ĲřŁĭĻıŃœĦŗġųŬŠűŤňſŮžŠűŤŜ;ő
Ňà�,¦ŕŗ'ņ%[ĳĻŃØĩŖřŁĭĻĢ

ŏĻġůźƅÍŇ-À¤ěĜłĦŘ²¸ĜƇostracodermsƈœġ
.ìÊŇ ÚŜœľŁħĻŖĳħ
ƇJanvier, 1996; Gai et al., 2012ƈĢĵŅśĽġà�,¦Ň Ú`lņĿħŁġųŬŠűŤŇŕĨŅ�.ì
ÊĬÃ�·łĦŗġ�ħł
.ìÊġĲŖņ�.ìÊŃħĨŋĨņġà�,¦ ÚņŐŖřŘ.ìÊŇ

|ň 1Ġ2Ġ3 ŃJ*ĳĻŇļŚĨŃħĨŨűƁŢĬ3į�řŖřŁĭĻƇMazan et al., 2000; �{c��
c89+ƈĢŃıŚĬġĀ^Ň%QÌÓT·Ņï�ņŕŗġųŬŠűŤŃſŮžŠűŤňě4ĜŇPO×

ŇĤ!4ĜĥŃħĨ/ÌÓ×ŜŅĵıŃĬÂĲřĻĢıŇÌÓđ�ň�ĀŇ`lT·ġ¶¯T·ÁÇł

œztĲřŁħŘĬġ8�ņġà�,¦ņĪįŘ ÚŇĄ-ŨűƁŢň��ŃŅľĻƇJanvier, 2007; �
{c��c89+ƈĢ 
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  ŏĻġě4Ĝ ÚŇ`lĄ-ņĪįŘMĭŅşŸƅŰŇ 1Ŀņġ�].ìÊŇªcĬĦŘĢě4Ĝņ
ĪįŘ�æÁÇīŖġ�].ìÊŇªcņňÚÞŇLâ�ŌŇ Otx1 Ň¶¬ĬđśŘŃĲřŁħŘ
ƇMazan et al., 2000ƈĢĹŇ�rŇ 1ĿňġOtx1 ŴŭťŞŠŰŻŠŪĬ�].ìÊŜ�ĮıŃłĦŘĢå<
¢ħıŃņġıŇŻŠŪłň�].ìÊņYgĵŘkí}Ƈ�]ãMĊÆƈœ¡NĵŘĬġ0`BŇ�

ĊĬsMĳŁ³o·ņą(Ņkí}Ŝ¯ĴġıřŜzċĵŘÄÑ�Ĭ¬řŘƇFritzsch et al., 2001ƈĢ�
æÁÇňġOtxƉŴŭťŞŠŰŻŠŪŃſŮžŠűŤņĪįŘ ÚÄÑ%[ŵŬƆƅĬ�äĵŘŃĳŁġ
Otx1 ŴŭťŞŠŰŻŠŪňſŮžŠűŤŇè¬F�#ƇphenocopyƈłĦŘŃuyĳĻƇFritzsch et al., 2001ƈĢ
ıŇ�æÁÇł�]ãMĊÆŃ»8ļŃĲřĻŇĬġſŮžŠűŤņŇŐSEĵŘ�ß��Ňkí}

dorsal maculałĦŘƇFritzsch et al., 2001ƈĢŃıŚĬġdorsal maculaňĹŇ9ŇĂŗ ÚŇÜ�ņSE
ĳġ�]ãMĊÆŃň`lT·�Öđ�ĬMĭĮ³ŅŘŃħĨ@ĚĬ�ĲřŁħĻĢ 
 
  �ñŇ@ĚŜï�ĳġ!4ĜŇ/ÌÓhņHŀħŁ ÚŇĄ-ŨűƁŢŜwUĵŘĻŒņġnģň
!4ĜņĪįŘ ÚŇ¶¯ąÅņ½¹ĳĻĢĿŏŗġ¶¯ŷƄŦƀŽŇKĈŜd�ĳġà�,¦ņĪį

Ř ÚŇĄ-ŨűƁŢŜwUĵŘĻŒņġ¶¯ąÅŜ�üĳĻĢě4Ĝ ÚŇ¶¯ąÅņĿħŁň�

ü·ŕĮÁÇĲřŁĪŗġ Ú1HŇ�¸�ăłĦŘÚÞņRĬ¯ĴġþÔņÊáĬ2ŗ�ĲřŘŃħ

ĨžţŲūŽņŕŗ.ìÊĬ`mĲřŘĢĹıłġ�ÁÇłňm�Ň Ú`lŜ�üĵŘŇŐŅŖĶġ!

4ĜŇ ÚŇ¶¯ąÅņœ½¹ĳŁĹŇ`lĪŕŊĉ�Q¶¬ŜîXĳġě4ĜŃ�üĳĻĢ§ņų

ŬŠűŤ ÚŇ¶¯ņĿħŁňıřŏłņñýĲřĻıŃňŅĮġ�ÁÇł&ŒŁîXŜæľĻĢ 
 

56�-a�( 

  ňĴŒņġ Ú1HłĦŘÚÞŇH�·ŅŵŬƆŲƅŦŜ�üĵŘĻŒņġÚÞŇ'bûġÜâû
Ŝ�UĵŘĉ�Q¶¬ŜîXĳĻĢě4ĜłňġTbx1 ĬÚÞŇb�ġPatched ĬÚÞŇâ�ņ¶¬ĳġ
Ĺřĺř'bûġÜâûŜ�UĵŘıŃĬ¿ŖřŁħŘĢıřŖŇ»8ĉ�QŜſŮžŠűŤ

Lethenteron camtschaticumŃųŬŠűŤEptatretus burgerił/ėĳġÚÞłŇ¶¬ŜîXĳĻĢĵŘŃġ
ıřŖŇŵŬƆŲƅŦĉ�Qňġ!4Ĝłœ8�Ň¶¬ŜÂĳĻŇłġĉ�Q¶¬ĬìUĵŘÚÞŇ

�hňĵōŁŇà�,¦ł�ĂłĦŘıŃĬ%īľĻĢłňġ�ĂŇĉ�Q¶¬ŵŬƆƅŜœľĻÚ

ÞīŖġńŇŕĨņĳŁ³ŅŘ`lŇ ÚĬ¯ĴŘŇļŚĨīĢıŇ´@Ŝï�ĵŘĻŒņňġÚÞīŖ

.ìÊĬ`mĲřŘąÅŇ`lT·ŅŵŬƆƅŜſŮžŠűŤġųŬŠűŤŃě4Ĝł�üĵŘfêĬ

ĦŘĢ 
  ŏĶnģňġıřŏłďħĐġ
.ìÊłĦŘŃĲřŁĭĻſŮžŠűŤm�Ň ÚŜ{ŒŁôÐņ
îXĳĻĢĵŘŃĝĮōĭıŃņġſŮžŠűŤŇ ÚœųŬŠűŤ8�ņ�.ìÊŃŐŘōĭłĦŘŃ%

īľĻĢŅĸŅŖġſŮžŠűŤņŇŐSEĵŘĤÕ�GĥĊ%Ŝ2ŗĒħŁÊŇĊ%ŇŐņ½¹ĵŘŃġ

/�ŰƆƀŪ¨Ň.ìÊļŃŐŅķŘīŖłĦŘƇ�|ƈĢŅĪġıřŏł
.ìÊļŃĲřŁĭĻŇňġ

ſŮžŠűŤŇ ÚĬé|�:ŇCúŜk¿ĵŘ�ßŜœĿīŖłĦŘĬġ/�Ň.ìÊŜĤqŗ�İ

ŘĥıŃłıřŜĆmĳŁħŘŇłĦŘĢĹŇĨĩġě4Ĝłň'b 2 ĿŇ.ìÊŜĿĮŘRĬ common 
crus łĔŁŖřŁħŘŇņYĳġ!4ĜųŬŠűŤġſŮžŠűŤņň»_ĵŘ�ăĬŅħŇłġŔňŗ
!4ĜŇ Úň`lT·ņň�.ìÊļŃħĩŘƇ�|ƈĢ 
  ŃıŚĬġųŬŠűŤŃſŮžŠűŤņĪįŘ ÚŇ¶¯ąÅŜîXĳĻŃıŚġ�ÙŃœm�łň/
�ŰƆƀŪ¨Ň.ìÊŜœĿņœđśŖĶġųŬŠűŤňºv 1 ĿŇŐRŜ`mĵŘŇņYĳġſŮžŠ
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űŤň��·ņ 2ĿŇRŜ`mĳŁġıřŖĬµ7ĵŘŃħĨ¶¯ąÅŜÑŁħĻƇ�}ƈĢ 
  ��īŖġà�,¦ņĪįŘ ÚŇĄ-ŨűƁŢŜöŐïĮıŃĬłĭŘĢ ÚŇ¶¯ąÅłġųŬŠ
űŤň 1 ĿŇŐġſŮžŠűŤň 2 ĿŇRŜ`mĳġě4Ĝœ��·ņ 2 ĿŇRŜ�ŘƇ�}ƈĢıřŖ
Ň,¦ŇÌÓđ�ņHŀĮŃġ�ËÎ·ņňġà�,¦Ň�ĂÃ�ň 2ĿŇRġĿŏŗ 2ĿŇ.ìÊ
ŜĤ�ŗĨŘĥ¶¯ŷƄŦƀŽŜœľŁħĻŃØĩŖřŘƇ�}ƈĢŃĵřŉġ1 ĿļįRĬ¯ĴŘ¶¯ąÅňġ
ųŬŠűŤĜņ�¯·Ņ`ùłĦŘŃwUłĭŘĢ 
 

 
�|ywpvhrja�c<)�/c	:bY\f�>7E�c,BWH

H

 
�}y'56` �]_<)�/bY\f	:c��"
clrxiWH

 
  �ņġě4ĜņĪħŁġ'b 2 ĿŇ.ìÊŕŗbņªcĲřĻ�].ìÊņĿħŁ�ðĳĻĢ��
·ņňġÚÞņĪįŘ Otx1 Ň�ìŅ¶¬ņŕľŁ/Ïņ�].ìÊŇªcŜõ�łĭŘīŜ�òĵ
ŘĻŒġſŮžŠűŤŃųŬŠűŤł Otx1Ň»8ĉ�Q OtxA ŜĹřĺř/ėĳŁÚÞłŇ¶¬ŜîX
ĳĻĢ!4Ĝň�].ìÊŜœĻŅħŇłÚÞņň OtxAĬ¶¬ĳŅħŃ	jĳĻĬġÒ�ġOtxAňſ
ŮžŠűŤŃųŬŠűŤŇÚÞŇâ�ņ¶¬ĳĻƇ�~ƈĢĵŘŃġOtx Ň�ìŅ¶¬ņŕŗ�].ìÊĬ
ªcĲřĻŃ/ÏņØĩŘıŃňłĭŅĮŅŘĢőĳŚġOtx Ň¶¬ň�].ìÊņ�ZĵŘkí}Ƈ�
]ãMĊÆƈŇ¶¯ņđśŘŃħĨw÷œmŗÈĿĢĹŇ®±ňġOtx1 ŴŭťŞŠŰŻŠŪłň�].ì
ÊĬ¡NĵŘ��ġ�]ãMĊÆň0`B}ĬsMĳĻ³o·Ņkí}ŃĳŁ`mĲřŘīŖłĦŘ

ƇFritzsch et al., 2001ƈĢ 
  Ĺıł Fritzsch et al. (2001) Ĭ�]ãMĊÆŃ»8łĦŘŃÂ?ĳĻġſŮžŠűŤm�Ň dorsal 
maculaŇ¶¯ąÅŜîXĳĻĢ'āŇŕĨņġſŮžŠűŤŇ dorsal maculaňĹŇ9ŇĂŗ ÚŇÜ�
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ņSEĳġ�]ãMĊÆŃň`lT·�Öđ�ĬMĭĮ³ŅŘĻŒġ¶¯ąÅıĹĬ»8hŜ�ðĵ

ŘĻŒŇpĬīŗŃŅŘĢVĕņň	jĂŗġdorsal maculaň�]ãMĊÆŃ8Ĵ`lT·�Öđ�Ŝ
ÂĵŬşżƅŦĬĦŗġÄÑŇ%[ŵŬƆƅœ�äĳŁħĻĢųŬŠűŤÝłœ8�ņîXŜæľĻŃıŚġ

dorsal maculaŔ�]ãMĊÆŃ�äĵŘ`lT·ŵŬƆƅŜœĿkí}Ŝ�Ļņë$ĳĻĢĵŅśĽġ
!4Ĝň�].ìÊŜœĻŅħĬġ�]ãMĊÆņ»8Ņkí}ŜœĿŇłĦŘĢ 
  ıřŖŇÒ�īŖġà�,¦Ň�ĂÃ�Ň�ēł�ņÚÞņ OtxĬ¶¬ĳġīĿ 3ĿŇkí}Ŝ�
ĩŁħĻŃwUłĭŘƇ�}ƈĢĵŅśĽġě4ĜņĪįŘ�].ìÊŇªcňġOtx Ň�ì¶¬łňŅ
ĮġĹŇ� ĉ�Q×ŇK-ņŕŘŃØĩŘıŃĬ®ņīŅĨĢ
�ġ�].ìÊņYgĵŘ�$Ał

ĦŘ�]ãMĊÆňġÃ�,¦ĬĵłņœľŁħĻkí}Ŝú°ĳŁªcĳĻŃwUłĭŘĢ 
 

 
�~y
�FbY\fKTUJ c20WH

 
  �bņnģňġſŮžŠűŤŇè¬F�#ļŃĲřŁĭĻOtx1ŴŭťŞŠŰŻŠŪņĿħŁ"ïČŜó
ŐĻĢ'āŇŕĨņſŮžŠűŤ Úň common crusŜœĻŅħŇņYĳġOtx1 ŴŭťŞŠŰŻŠŪňıř
Ŝ�tĵŘ£łġ�Ùň`lT·ņ³ŅŘŃħĨ@ĚĬĦŘĢĹıłnģňġůźƅÍŇ-À¤ěĜł

ĦŘ²¸ĜƇostracoderms; ���c89+µņ¹Ŝ:įĻĢ²¸Ĝň¬¯ŇńŇà�,¦Ńœ³Ņŗġ
�].ìÊŜ�ĮĬ common crusŜœĿŇłġſŮžŠűŤłňŅĮġ²¸ĜıĹĬ Otx1 ŴŭťŞŠŰŻ
ŠŪŇè¬F�#ļŃħĩŘƇ��ƈĢĿŏŗġ�].ìÊŇ�¤ņ¹ĬæĭĬĽļĬġ'b 2 ĿŇ.ì
ÊĬ common crus łĔŁŖřŁħŘŃħĨ§eň²¸ĜŜ;őě4ĜŇŐņŐŖřŘĢĵŅśĽġ
common crusňě4ĜŇ ÚŜ§eŀįŘ�ăļŃħĩŘĢĻļĳġcommon crusĬà�,¦Ň�Ă
Ã�łĵłņªcĲřŁĪŗġ!4ĜŇÌÓłNśřĻŇīġŏĻň common crusĬě4ĜŇÌÓł
�ìņªcĲřĻŇīŜwUĵŘŇňDĘłĦŘĢŅĸŅŖġ²¸Ĝ�'ņ%[ĳĻà�,¦Ň-À

ň�S¨lĬiħĻŒņ Ú`lĬ�¾łňŅĮġŏĻġà�,¦Ň¬¯ĵŘL×łĦŘŹſŔűž

ťũŠŢņň ÚŃ=ōŘŕĨŅ�ăĬSEĳŅħĻŒġ ÚŇ`lŜ�üłĭŅħĻŒłĦŘĢ 
 

 
��yKSTRLMQNORP a KTUI tokghquhmc	:c,BWH



 7 

 
  �ÁÇņĪħŁġà�,¦Ň ÚňġıřŏłØĩŖřŁĭĻŕŗœéĖŅ`lK-Ň�6ŜÿľŁ
mÈĳĻıŃĬ%īŗġ ÚĄ-Ň�ĳħŨűƁŢŜxÂĳĻĢà�,¦ņŐŖřŘ.ìÊŇ|ň 1Ġ2
Ġ3 Ń/ÏņJ*ĳĻŇłňŅĮġà�,¦Ň�ĂÃ�Ň�ēł 2ĿŇ.ìÊŜĤ�ŗĨŘĥ¶¯ŷƄŦ
ƀŽŃġ3 ĿŇ.ìÊņYgĵŘkí�¸Ŝ�ĩĻéĖŅ ÚŜĵłņœľŁĪŗġě4ĜłňıřŖ
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