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$EVWUDFW
9HUWHEUDWHVSRVVHVVDXQLTXHVWUXFWXUHWKHQHXUDOFUHVWZKLFKFRQWULEXWHVFHOOVWRDZLGH
VSHFWUXPRIWLVVXHVDQGRUJDQVDPRQJVWWKHPDUHSLJPHQWFHOOVRUFKURPDWRSKRUHV,Q
PDPPDOVDQGELUGVRQO\RQHW\SHRIFKURPDWRSKRUHLVSUHVHQW±WKHPHODQRF\WHV
+RZHYHUPRUHEDVDODQLPDOV±UHSWLOLDQVDPSKLELDQVDQGILVK±GLVSOD\DQDUUD\RI
VSHFLDOL]HGFKURPDWRSKRUHV'LIIHUHQWDUUDQJHPHQWVRIWKHVHFHOOVSURGXFHDQDVWRQLVKLQJ
PXOWLWXGHRIFRORXUDWLRQSDWWHUQVHVSHFLDOO\LQWHOHRVWILVK
=HEUDILVKVKRZDKLJKO\UHJXODUSDWWHUQRIDOWHUQDWLQJGDUNDQGOLJKWVWULSHVFRPSRVHGRI
WKUHHSLJPHQWFHOOW\SHVEODFNPHODQRSKRUHV\HOORZ[DQWKRSKRUHVDQGVLOYHU\
LULGRSKRUHV7KHIRUPDWLRQRIWKLVSDWWHUQUHTXLUHVFRRUGLQDWHGFHOOPRYHPHQWVDQGFHOO
VKDSHFKDQJHVRISLJPHQWFHOOVGXULQJPHWDPRUSKRVLV,ULGRSKRUHVSOD\DFUXFLDOSDUWLQ
WKLVSURFHVVE\VZLWFKLQJEHWZHHQWKHGHQVHVKDSHRIWKHOLJKWVWULSHVDQGWKHORRVHVKDSH
RIWKHGDUNVWULSHV,WKDVEHHQVXJJHVWHGWKDWKRPRW\SLFLQWHUDFWLRQVUHJXODWHLULGRSKRUH
SUROLIHUDWLRQDQGGLVSHUVDO&RPPXQLFDWLRQZLWK[DQWKRSKRUHVDQGPHODQRSKRUHVRQWKH
RWKHUKDQGUHJXODWHVDVWHUHRW\SLFDOVHTXHQFHRIDJJUHJDWLRQDQGORRVHQLQJZKLFK
HVWDEOLVKHVWKHVWULSHVDORQJGRUVRYHQWUDOD[LV+RZHYHUQRWPXFKLVNQRZQDERXWWKH
PROHFXODUPHFKDQLVPVWKDWPHGLDWHWKHIRUPDWLRQRIWKHDGXOWVWULSHGSDWWHUQ
$QDO\VLQJPXWDQWVREWDLQHGLQVHYHUDOVFUHHQVZHGHVFULEHWZRQRYHOUHJXODWRUVRI
LULGRSKRUHEHKDYLRXU,QWKHschachbrett (sbr) PXWDQWVWKHGDUNVWULSHVDUHXQGXODWLQJRU
EURNHQLQWRVSRWV8VLQJFRQIRFDOPLFURVFRS\DQGWUDQVJHQLFOLQHVZHGHPRQVWUDWHWKDW
sbrLULGRSKRUHVDUHQRWDEOHWRVZLWFKIURPWKHGHQVHVKDSHWRWKHORRVHVKDSHLQDQ
DSSURSULDWHVSDWLRWHPSRUDOPDQQHU$VDUHVXOWGHQVHLULGRSKRUHVLQYDGHWKHGDUNVWULSH
DUHDVGULYHDZD\PHODQRSKRUHVZKLFKOHDGVWRLQWHUUXSWLRQV:HGHPRQVWUDWHWKDWWKH
SKHQRW\SHLVGXHWRWUXQFDWLRQVRI7LJKW-XQFWLRQ3URWHLQD 7MSD=2D $QWLERG\
ODEHOOLQJDQGFKLPHULFDQDO\VLVLQGLFDWHWKDW7MSDLVH[SUHVVHGLQWKHGHQVHLULGRSKRUHV
EXWLVGRZQUHJXODWHGLQWKHORRVHLULGRSKRUHV
7KHmoonstonePXWDQWVGLVSOD\HFWRSLFLULGRSKRUHVLQVLGHWKHWUXQNWKURXJKRXW
GHYHORSPHQW,QWKHDGXOWILVKHFWRSLFLULGRSKRUHVDUHSUHVHQWRQWKHVFDOHVLQWKHILQV
DQGRFFDVLRQDOO\RQWKHH\HV:HGHPRQVWUDWHXVLQJSKDUPDFRORJLFDODQGJHQHWLF
DSSURDFKHVWKDWmoonstone LVDGRPLQDQWDOOHOHRIleukocyte tyrosine kinaseZKLFK
FDUULHVDPLVVHQVHPXWDWLRQLQDFRQVHUYHGSRVLWLRQRIWKHNLQDVHGRPDLQ/RVVRI
IXQFWLRQ]HEUDILVKPXWDQWVLQltkODFNLULGRSKRUHV7KHUHIRUHLWKDVEHHQVXJJHVWHGWKDW



ltk LVUHTXLUHGIRULULGRSKRUHVSHFLILFDWLRQ8VLQJJDLQDQGORVVRIIXQFWLRQltkDOOHOHV
DQGLQKLELWRUWUHDWPHQWVZHVKRZWKDWPXWDQW/WNLVK\SHUDFWLYHDQGWKDW/WNGRHVQRW
RQO\VSHFLILFDOO\UHJXODWHLULGRSKRUHHVWDEOLVKPHQWEXWDOVRSUROLIHUDWLRQDQGVXUYLYDO
8VLQJFKLPHULFDQDO\VLVDQGFRQIRFDOPLFURVFRS\ZHSURSRVHWKDW/WNIDFLOLWDWHVWKH
KRPRW\SLFFRPSHWLWLRQEDVHGFRQWURORILULGRSKRUHSUROLIHUDWLRQEXWGRHVQRWDIIHFW
FRPPXQLFDWLRQZLWK[DQWKRSKRUHVDQGPHODQRSKRUHV
7KHTXHVWLRQRIWKHFRQYHUVDWLRQRIIXQFWLRQVRIWKHJHQHVFRQWUROOLQJSLJPHQWSDWWHUQ
IRUPDWLRQLVRISULPHLPSRUWDQFHLQRWKHUPRGHORUJDQLVPVVXFKDVJXSS\:LWKWKH
H[DPSOHRIWZRJXSS\PXWDQWVgoldenDQGblueZHGHPRQVWUDWHWKHFRQVHUYHGIXQFWLRQV
RIWZRW\URVLQHNLQDVHV±.LWDDQG&VIUD





=XVDPPHQIDVVXQJ
:LUEHOWLHUH]HLFKQHQVLFKGXUFKGLH1HXUDOOHLVWHDXVGDEHLKDQGHOWHVVLFKXPHLQH
YRUEHUJHKHQGHHPEU\RQDOH6WUXNWXUGHUHQ=HOOHQ]XHLQHU9LHO]DKOYRQ*HZHEHQXQG
2UJDQHQLPDGXOWHQ7LHUEHLWUDJHQ6RVWDPPHQXQWHUDQGHUHPGLH3LJPHQW]HOOHQGLH
&KURPDWRSKRUHQDXVGHU1HXUDOOHLVWH
6lXJHWLHUHXQG9|JHOKDEHQQXUHLQH$UWYRQ&KURPDWRSKRUHQGLH0HODQR]\WHQ
%DVDOH:LUEHOWLHUHZLH5HSWLOLHQ$PSKLELHQXQG)LVFKHEHVLW]HQHLQHJU|HUH
%DQGEUHLWHYRQVSH]LDOLVLHUWHQ&KURPDWRSKRUHQ8QWHUVFKLHGOLFKH=XVDPPHQVWHOOXQJHQ
GLHVHU=HOOHQVLQGIUGLH9LHOIDOWGHU)DUEPXVWHUGLHVHU7LHUHYHUDQWZRUWOLFKEHVRQGHUV
EHHLQGUXFNHQGEHLGHQTeleostei
=HEUDElUEOLQJH Dani rerio,]HLJHQHLQVHKUUHJHOPlLJHV0XVWHUDXVDOWHUQLHUHQGHQ
GXQNOHQXQGKHOOHQ6WUHLIHQGDVDXV3LJPHQW]HOOW\SHQJHELOGHWZLUG6FKZDU]HQ
0HODQRSKRUHQJHOEHQ;DQWKRSKRUHQXQGVLOEHUQHQ,ULGRSKRUHQ'LH%LOGXQJGLHVHU
0XVWHUHUIRUGHUWNRRUGLQLHUWH=HOOEHZHJXQJHQXQG=HOOIRUPYHUlQGHUXQJZlKUHQGGHU
0HWDPRUSKRVH'LH,ULGRSKRUHQVSLHOHQGDEHLHLQHEHVRQGHUH5ROOH6LHZHFKVHOQYRQ
HLQHUGLFKWHQ)RUPLQGHQKHOOHQ6WUHLIHQ]XHLQHUORVHQ)RUPLQGHQGXQNOHQ6WUHLIHQ(V
ZXUGHYRUJHVFKODJHQGDVVKRPRW\SLVFKH,QWHUDNWLRQHQ]ZLVFKHQGHQ,ULGRSKRUHQGLH
=HOOWHLOXQJXQG$XVEUHLWXQJUHJXOLHUHQZlKUHQGGLH.RPPXQLNDWLRQPLW;DQWKRSKRUHQ
XQG0HODQRSKRUHQGLH$JJUHJDWLRQE]Z9HUWHLOXQJGHU=HOOHQHQWODQJGHUGRUVR
YHQWUDOHQ$FKVHEHVWLPPWXQGVRPLWGDVVSlWHUH6WUHLIHQPXVWHUIHVWOHJW'LH
PROHNXODUHQ0HFKDQLVPHQGLHGLHVH3UR]HVVHGHU0XVWHUELOGXQJNRQWUROOLHUHQVLQG
ELVODQJQRFKZHQLJYHUVWDQGHQ
,QGHUYRUOLHJHQGHQ$UEHLWZHUGHQ]ZHLQHXH5HJXODWRUHQGHV=HOOYHUKDOWHQVGHU
,ULGRSKRUHQEHVFKULHEHQ,Qschachbrett sbr 0XWDQWHQVLQGGLHGXQNOHQ6WUHLIHQ
XQUHJHOPlLJXQGXQWHUEURFKHQ'XUFKNRQIRNDOH0LNURVNRSLHXQGPLWWUDQVJHQHQ
/LQLHQNRQQWHQZLU]HLJHQGDVVLQsbr0XWDQWHQGLH,ULGRSKRUHQQLFKWLQGHU/DJHVLQG
DPULFKWLJHQ2UWXQG]XUULFKWLJHQ=HLWYRQGHUGLFKWHQLQGLHORVH)RUP]XZHFKVHOQ
'DGXUFKGULQJHQGLFKWH,ULGRSKRUHQLQGLHGXQNOHQ6WUHLIHQHLQVLHYHUWUHLEHQGLH
0HODQRSKRUHQXQGYHUXUVDFKHQ8QWHUEUHFKXQJHQ:LUKDEHQJH]HLJWGDVVGHU3KlQRW\S
GXUFKYHUNU]WHV7LJKW-XQFWLRQ3URWHLQD 7MSD=2D YHUXUVDFKWZLUG
$QWLN|USHUIlUEXQJHQXQGGLH$QDO\VHYRQFKLPlUHQ)LVFKHQGHXWHQGDUDXIKLQGDVV
Tjp1aLQGLFKWHQDEHUQLFKWORVHQ,ULGRSKRUHQH[SULPLHUWLVWmoonstone0XWDQWHQ]HLJHQ



HNWRSLVFKH,ULGRSKRUHQLP5XPSIEHLGHQHUZDFKVHQHQ)LVFKHQWUHWHQGLHVH]XVlW]OLFK
DXFKDXIGHQ6FKXSSHQ)ORVVHQXQGJHOHJHQWOLFKDXIGHQ$XJHQDXI'XUFK
SKDUPDNRORJLVFKHXQGJHQHWLVFKH$QVlW]HNRQQWHQZLU]HLJHQGDVVmoonstoneHLQ
GRPLQDQWHV$OOHOGHUleukocyte tyrosin kinase ltk LVWGDVHLQH0XWDWLRQWUlJWGLH]XP
$XVWDXVFKHLQHV$PLQRVlXUHUHVWHVLQHLQHUKRFKNRQVHUYLHUWHQ3RVLWLRQGHU
.LQDVHGRPlQHIKUW'HU)XQNWLRQVYHUOXVWYRQltkLQshady0XWDQWHQIKUW]XU
$EZHVHQKHLWYRQ,ULGRSKRUHQGDV]HLJWGDVVltkIUGLH6SH]LIL]LHUXQJGHU,ULGRSKRUHQ
QRWZHQGLJLVW'XUFKGLH$QDO\VHGHUXQWHUVFKLHGOLFKHQ$OOHOHVRZLHGXUFKGHQ(LQVDW]
HLQHVSKDUPDNRORJLVFKHQ,QKLELWRUVNRQQWHQZLU]HLJHQGDVV/WNLQmoonstone
K\SHUDNWLYLVW8QVHUH(UJHEQLVVHGHXWHQGDUDXIKLQGDVV/WNQLFKWQXUIUGLH
,ULGRSKRUELOGXQJZLFKWLJLVWVRQGHUQVSlWHUDXFKIULKUH3UROLIHUDWLRQXQGGDV
hEHUOHEHQ8QVHUH8QWHUVXFKXQJHQYRQFKLPlUHQ)LVFKHQZHLVHQGDUDXIKLQGDVV/WNDQ
GHU.RQWUROOHGHU=HOOWHLOXQJGHU,ULGRSKRUHQEHWHLOLJWLVWDEHUQLFKWGLH.RPPXQLNDWLRQ
PLW;DQWKRSKRUHQXQG0HODQRSKRUHQEHHLQIOXVVW
'LHDXVDanio rerioEHNDQQWHQ*HQHGHU3LJPHQWPXVWHUELOGXQJVLQGYRQ%HGHXWXQJIU
GLH8QWHUVXFKXQJYRQDQGHUHQ)LVFKHQXD*XSS\VPoecilia reticulata$P%HLVSLHO
GHUEHLGHQP. reticulata0XWDQWHQgoldenXQGblueKDEHQZLUGLHNRQVHUYLHUWHQ
)XQNWLRQHQYRQ]ZHL7\URVLQ.LQDVHQKitaXQGCsf1aDXIJH]HLJW









/LVWRISXEOLFDWLRQVSUHVHQWHG

 )DGHHY$.UDXVV-)URKQK|IHU+*,ULRQ81VVOHLQ9ROKDUG&   
7LJKW-XQFWLRQ3URWHLQDUHJXODWHVSLJPHQWFHOORUJDQLVDWLRQGXULQJ]HEUDILVK
FRORXUSDWWHUQLQJeLifeGRLH/LIH
 )DGHHY$.UDXVV-6LQJK$31VVOHLQ9ROKDUG&   =HEUDILVK
/HXFRF\WHW\URVLQHNLQDVHFRQWUROVLULGRSKRUHHVWDEOLVKPHQWSUROLIHUDWLRQDQG
VXUYLYDOPigment Cell and Melanoma Research.GRLSFPU
 .RWWOHU9$ )DGHHY$:HLJHO'DQG'UH\HU&  3LJPHQWSDWWHUQ
IRUPDWLRQLQWKHJXSS\Poecilia reticulataLQYROYHVWKH.LWDDQG&VIUDUHFHSWRU
W\URVLQHNLQDVHVGenetics  

&RUUHVSRQGLQJDXWKRU




$EEUHYLDWLRQV
alb – albino/slc45a2
GSI±GD\VSRVWIHUWLOLVDWLRQ
'5*±GRUVDOURRWJDQJOLRQ
kar – karneol/ece2b
leo – leopard/cx41.8
luc – luchs/cx39.4
nac – nacre/mitfa
1&±QHXUDOFUHVW
obe – obelix/jaguar/kir7.1
pfe – pfeffer/csf1r
rse – rose/ednrba
sbr – schachbrett/tjp1a
seu – seurat/igsf11
shd±shady/ltk
6/±VWDQGDUGOHQJWK
slk – sparse-like/kitla
spa – sparse/kita
tra – transparent/mpv17




,QWURGXFWLRQ
3LJPHQWSDWWHUQVLQYHUWHEUDWHV
7KHGLYHUVLW\RIFRORXUSDWWHUQVLQWKHDQLPDONLQJGRPKDVDWWUDFWHGWKHDWWHQWLRQRI
UHVHDUFKHUVIRURYHUDFHQWXU\ 'DUZLQ5DZOHV &RORXUSDWWHUQVVHUYHD
PXOWLWXGHRIUROHVVXFKDVWKHSURWHFWLRQRIRUJDQVIURPKDUPIXOUDGLDWLRQZKLFKLV
DFKLHYHGZLWKGDUNRUUHIOHFWLYHSLJPHQWV 0RVVHet al+DLUVWRQ 7KHPRVW
ZLGHO\NQRZQIXQFWLRQVRIFRORXUSDWWHUQVDUHFDPRXIODJHZKLFKDOORZVWKHSURWHFWLRQ
IURPSUHGDWRUVDQGVH[XDOVHOHFWLRQZKLFKDOORZVDQDQLPDOWRDWWUDFWDSRWHQWLDOPDWH
7KHIRUPHUIXQFWLRQOHDGVDWWLPHVWRDVWRXQGLQJVLPLODULWLHVEHWZHHQWKHSDWWHUQVRI
DQLPDOVIURPGLVWDQWHYROXWLRQDU\JURXSVZKHUHDVWKHODWWHUIRUFHVVHOHFWLRQRIVWULNLQJO\
GLIIHUHQWFRORXUDWLRQLQFORVHO\UHODWHGVSHFLHV (QGOHU6WHYHQV 0HULODLWD
*DOHRWWLet al 0RUHRYHUFRORXUSDWWHUQVPLJKWSOD\DQLPSRUWDQWUROHLQNLQ
UHFRJQLWLRQIRUDQLPDOVEHORQJLQJWRWKHVDPHJURXS 6SHQFH 6PLWK 7KLV
UHVXOWVLQDUDSLGDGDSWLYHHYROXWLRQRIFRORXUSDWWHUQVDVFRPSDUHGWRRWKHUV\VWHPVRI
WKHERG\7KHLPSRUWDQFHRIWKHVHIXQFWLRQVLVXQGHUVFRUHGE\WKHIDFWWKDWDQLPDOVWKDW
KDYHHYROYHGLQOLJKWGHILFLHQWFRQGLWLRQVDUHRIWHQFRORXUOHVV

$QLPDOVKDYHGHYHORSHGDZLGHDUUD\RIVWUDWHJLHVIRUJHQHUDWLQJFRORXU0RVWPDPPDOV
DUHFODGLQGLIIHUHQWVKDGHVRIJUH\RUEURZQRZLQJWRWKHSLJPHQWPHODQLQZKLFKLV
SURGXFHGE\VSHFLDOL]HGFHOOV±PHODQRF\WHV±DQGUHOHDVHGLQWRWKHVNLQRUKDLUV%LUGV
HPSOR\DVLPLODUVWUDWHJ\XVLQJLQDGGLWLRQSLJPHQWVFRQVXPHGZLWKIRRGWRFRORXUWKHLU
IHDWKHUV0RUHEDVDOYHUWHEUDWHV±DPSKLELDQVUHSWLOHVDQGILVK±SRVVHVVVHYHUDOW\SHVRI
FKURPDWRSKRUHVVXFKDV\HOORZ[DQWKRSKRUHVZKLWHOHXFRSKRUHVDQGVLOYHU\
LULGRSKRUHV/RFDWHGLQWKHK\SRGHUPLVRQWKHVFDOHVDQGLQWKHILQVHQVHPEOHVRIWKHVH
FHOOVDUHQRWRQO\DEOHWRSURGXFHGLIIHUHQWSDWWHUQVEHWZHHQLQGLYLGXDOVEXWHYHQ
GLIIHUHQWSDWWHUQVLQWKHVDPHLQGLYLGXDODFFRPPRGDWLQJIRUWKHDQLPDO¶VHQYLURQPHQWRU
PDWLQJVWDWXV 'HQHIOH /HFKDLUH.REHOW /LQVHQPDLU&RRSHU 
*UHHQEHUJ+DZNHV5DZOHV ,QYHUWHEUDWHVDOOFKURPDWRSKRUHV ZLWK
WKHH[FHSWLRQRIWKHSLJPHQWHGUHWLQD RULJLQDWHIURPDVLQJOHVRXUFH±WKHQHXUDOFUHVW
1& 7KH1&LVDWUDQVLHQWVWUXFWXUHFRPSRVHGRIPXOWLSRWHQWFHOOVORFDWHGRQWKH
QHXURHFWRGHUPDOULGJHDQGLWSURGXFHVDODUJHQXPEHURIVWUXFWXUHVLQFOXGLQJSDUWVRI



MDZVDQGVNXOOJOLDQHXURQVDQGJLOOV /H'RXDULQ .DOFKHLP0RQJHUDet al
 

7KHUHDUHVWLOOPDQ\JDSVLQWKHNQRZOHGJHRIWKHPHFKDQLVPVJRYHUQLQJWKHJHQHUDWLRQ
RIFRORXUSDWWHUQV,QVRPHFDVHVWKHSDWWHUQPD\EHDFRQVHTXHQFHRIERG\RUJDQLVDWLRQ
EXWLQPRVWRIWKHFDVHVWKHUHLVQRREYLRXVSUHSDWWHUQIRUSLJPHQWFHOOVWRILOOLQIRU
H[DPSOHWKHVWULSHVRIWLJHUVDQG]HEUDVRUWKHODE\ULQWKLQHSDWWHUQVRIVRPHHHOVZKLFK
GRQRWIROORZDQ\FOHDUDQDWRPLFDOVWUXFWXUHV,QWKHVHH[DPSOHVFRORXUSDWWHUQVDUH
OLNHO\WREHWKHUHVXOWRISLJPHQWFHOOVRUJDQL]LQJWKHPVHOYHVLQWKHVNLQ %DUG
0XUUD\*RGIUH\et al 7KHUHDUHVHYHUDOWKHRUHWLFDOPRGHOVWKDWSURSRVH
PHFKDQLVPVRISDWWHUQIRUPDWLRQDQGDQXPEHURIJHQHVDIIHFWLQJWKHYDULRXVDVSHFWVRI
SLJPHQWFHOOELRORJ\KDYHEHHQGHVFULEHG+RZHYHULQPRVWRUJDQLVPVSLJPHQWSDWWHUQ
IRUPDWLRQLVDOOEXWLPSRVVLEOHWRVWXG\GXHWRORQJGHYHORSPHQWWLPHVDQGLQFUHDVLQJO\
ODUJHERG\VL]HV)XUWKHUPRUHWKHSDWWHUQIRUPDWLRQLQPDPPDOVDQGELUGVRFFXUVZKLOH
WKHLQGLYLGXDOVDUHSURWHFWHGLQWKHPRWKHU¶VZRPERUHQFORVHGZLWKLQDQHJJ,QGHHGLWLV
KDUGWRFRQFHLYHRIGLUHFWH[SHULPHQWVWRVWXG\PDPPDOLDQRUDYLDQSDWWHUQIRUPDWLRQ

$VDUHVXOWILVKEHFDPHDSULPHIRFXVRISLJPHQWSDWWHUQIRUPDWLRQVWXGLHVLQSDUWLFXODU
WKH]HEUDILVKDanio rerio$VKRUWJHQHUDWLRQWLPH PRQWKV VPDOOVL]HH[WHUQDO
IHUWLOLVDWLRQDQGHDVHRIREVHUYLQJDQGPDQLSXODWLQJDGHYHORSLQJHPEU\RKDYHPDGHWKH
]HEUDILVKDPRGHORIFKRLFHIRUPDQ\GHYHORSPHQWDOSURFHVVHVLQFOXGLQJSLJPHQW
SDWWHUQIRUPDWLRQ,WLVDOVRDQH[FHOOHQWPRGHOIRUVWXG\LQJWKHIXQGDPHQWDOJHQHWLFVDQG
PROHFXODUPHFKDQLVPVRISDWWHUQIRUPDWLRQRZLQJWRLWVKLJKO\UHJXODUSDWWHUQRI
ORQJLWXGLQDOGDUNDQGOLJKWVWULSHV$QRWKHUPRGHOILVKWKHJXSS\Poecilia reticulateRQ
WKHRWKHUKDQGGLVSOD\VDQDVWRXQGLQJYDULDWLRQRIPDOHSDWWHUQVEHWZHHQHFRW\SHV
ZKLFKSURYLGHVLQVLJKWVLQWRWKHPHFKDQLVPVRIWKHUDSLGHYROXWLRQRIDSLJPHQWSDWWHUQV

=HEUDILVKFRORXUSDWWHUQ
=HEUDILVKGLVSOD\WZRSLJPHQWSDWWHUQVDUHODWLYHO\VLPSOHODUYDOSDWWHUQDQGDQDGXOW
RQHGHYHORSLQJGXULQJPHWDPRUSKRVLVIURPWRZHHNVSDVWIHUWLOLVDWLRQ7KHODUYDO
SDWWHUQLQWKHWUXQNLVIRUPHGE\WKHSLJPHQWFHOOVWKDWDUHGHULYHGGLUHFWO\IURPHDUO\
QHXUDOFUHVWFHOOVWKDWPLJUDWHLQHDUO\HPEU\RJHQHVLV 6LQJK 1VVOHLQ9ROKDUG
.HOVKet al ,WLVFRPSULVHGRIGRUVDOYHQWUDODQGODWHUDOVWULSHVRIGDUN



PHODQRSKRUHVFRQWDLQLQJPHODQLQDQGVFDWWHUHG\HOORZ[DQWKRSKRUHV,ULGRSKRUHVDUH
RUJDQL]HGLQWKHGRUVDODQGYHQWUDOVWULSHVZLWKDERXWRQHLULGRSKRUHSHUVHJPHQW,Q
DGGLWLRQDOD\HURILULGRSKRUHVFRYHUVWKHGHYHORSLQJVZLPPLQJEODGGHU .HOVKet al
 

7KHDGXOWSLJPHQWSDWWHUQSUHVHQWVDOWHUQDWLQJGDUNDQGOLJKWORQJLWXGLQDOVWULSHVLQ
WKHWUXQNDQDODQGFDXGDOILQVRIWKHILVK7KHVWULSHVLQWKHERG\DUHPXOWLOD\HUHG
DUUDQJHPHQWVRISLJPHQWFHOOVLQWKHK\SRGHUPLV0HODQRSKRUHVDUHSUHVHQWRQO\LQWKH
GDUNVWULSHV7KH\KDYHDFRPSDFWDUUDQJHPHQWZLWKDOPRVWQRVSDFHEHWZHHQWKHP$W
OHDVWWKUHHGLIIHUHQWFODVVHVRIVLOYHU\LULGRSKRUHVDUHGLVWLQJXLVKDEOHVLOYHU\ZKLWHGHQVH
6LULGRSKRUHVEOXHORRVH6LULGRSKRUHVDQG/LULGRSKRUHV$OOLULGRSKRUHVFRQWDLQVPDOO
GHQVHO\SDFNHGJXDQLQHSODWHOHWVZKLFKGLIIUDFWOLJKWDQGJHQHUDWHLULGHVFHQWFRORXUV
'HQVHLULGRSKRUHVDUHWLJKWO\SDFNHGFHOOVLQWKHOLJKWVWULSHV/RRVHLULGRSKRUHVDUH
ORFDWHGRQWRSRIPHODQRSKRUHVLQWKHGDUNVWULSHVDVDORRVHQHW/LULGRSKRUHVDUHORQJ
VSLQGOHOLNHFHOOVXQGHUO\LQJPHODQRSKRUHV<HOORZ[DQWKRSKRUHVFRQWDLQLQJSWHULGLQHV
FRYHUWKHZKROHERG\RIWKHILVKDQGGHYHORSDFRPSDFWEULJKWRUDQJHRU\HOORZ
DSSHDUDQFHRQWRSRIWKHGHQVHLULGRSKRUHVLQWKHOLJKWVWULSHV,QWKHGDUNVWULSHV
[DQWKRSKRUHVDUHSUHVHQWRQWRSRIPHODQRSKRUHVIRUPLQJDQHWRIVWHOODWHSDOH\HOORZ
FHOOV +LUDWDet al)URKQK|IHUet al0DKDOZDUet al6LQJKet al
 ,QWHUHVWLQJO\DOOWKUHHFHOOW\SHVDUHPL[HGWRJHWKHU GRQRWIRUPVWULSHV LQDGDUN
ORQJLWXGLQDOEDQGRQWKHGRUVXPRI]HEUDILVK 6LQJK 1VVOHLQ9ROKDUG 

,QDGGLWLRQWRWKHWUXQNFKURPDWRSKRUHVDUHDOVRSUHVHQWLQWKHILQVVFDOHVH\HVDQG
YLVFHUDRI]HEUDILVK,QPRVWRIWKHVHORFDWLRQVQRVWULSHVDUHIRUPHGKRZHYHUWKHFDXGDO
DQGDQDOILQVGLVSOD\KRUL]RQWDOVWULSHVFRQVLVWHQWZLWKWKHWUXQNVWULSHV,QWKHVHILQVWKH
RUJDQLVDWLRQRIFKURPDWRSKRUHVLVGLIIHUHQWIURPWKHRQHLQWKHWUXQN7KHILQSDWWHUQLV
FRPSRVHGRIDFRQWLQXRXVVKHHWRI[DQWKRSKRUHVVDQGZLFKHGEHWZHHQWZROD\HUVRI
PHODQRSKRUHVLQWKHGDUNVWULSHUHJLRQV,ULGRSKRUHVDUHWKLQO\GLVWULEXWHGDORQJWKHILQ
UD\VLQWKHOLJKWVWULSHUHJLRQVRIWKHILQV2QWKHVFDOHVDOOWKUHHSLJPHQWFHOOW\SHVDUH
SUHVHQWDQGLQWHUPLQJOHWRIRUPDEHOWDORQJWKHGLVWDOHGJHRIDVFDOH +LUDWDet al 

/DUYDOFKURPDWRSKRUHVGLUHFWO\GLIIHUHQWLDWHIURPPLJUDWLQJQHXUDOFUHVWFHOOV7KH
SLJPHQWFHOOVWKDWIRUPWKHDGXOWSDWWHUQZKLOHDOVRQHXUDOFUHVWGHULYHGDULVHGXULQJ



PHWDPRUSKRVLVZKHQWKHQHXUDOFUHVWKDVDOUHDG\GLVDSSHDUHG$GXOW[DQWKRSKRUHVKDYH
EHHQVKRZQWREHDSURGXFWRISUROLIHUDWLRQRIODUYDO[DQWKRSKRUHV 0DKDOZDUet al
 0HODQRSKRUHVKDYHEHHQVKRZQWRFRPHIURPDVPDOOSRSXODWLRQRIVWHPFHOOV
VFDUFHO\PRUHWKDQRQHSHUKHPLVHJPHQW RIGRUVDOURRWJDQJOLD '5*V ZKLFKDUH
GHSHQGHQWRQ.LWDVLJQDOOLQJ0HODQRSKRUHSURJHQLWRUVPLJUDWHDORQJWKHVSLQDOQHUYHV
DQGHPHUJHLQWKHVNLQPRVWO\RYHUWKHGRUVDODQGYHQWUDOP\RWRPHV2QFHLQWKHVNLQ
WKH\UDUHO\GLYLGHDQGGRQRWPLJUDWHIDU 6LQJKet al%XGLet al'RROH\et
al 6LPLODUO\LULGRSKRUHVDUHVKRZQWRFRPHIURPVHJPHQWDOO\RUJDQLVHG
PXOWLSRWHQWSUHFXUVRUVZKLFKUHVLGHLQ'5*V,ULGRSKRUHVPLJUDWHWKURXJKWKH
KRUL]RQWDOP\RVHSWXPDQGXQOLNHPHODQRSKRUHVDUHFDSDEOHRIH[WHQVLYHSUROLIHUDWLRQ
DQGPLJUDWLRQ 6LQJKet al 

2QFHLQWKHVNLQDWWKHRQVHWRIPHWDPRUSKRVLVSLJPHQWFHOOVEHJLQWKHSURFHVVWKDW
XOWLPDWHO\OHDGVWRVWULSHIRUPDWLRQ,ULGRSKRUHVDSSHDUDVVPDOOFOXVWHUVEHORZWKH
KRUL]RQWDOP\RVHSWXPDQGEHJLQWRSUROLIHUDWHNHHSLQJWLJKWFRQWDFWVZLWKHDFKRWKHU
(YHQWXDOO\FOXVWHUVPHUJHIRUPLQJDURXJKVWULSHFRPSRVHGRIGHQVHLULGRSKRUHVZLWK
FHOOVIURPGLIIHUHQWVHJPHQWVPL[HGWRJHWKHU([SHULPHQWVSHUIRUPHGLQRXUODERUDWRU\
VXJJHVWWKDWWKHH[SDQVLRQRILULGRSKRUHVRULJLQDWLQJIURPWKHVDPHVHJPHQWDORQJWKH
DQWHULRUSRVWHULRUD[LVLVUHJXODWHGE\KRPRW\SLFFRPSHWLWLRQZLWKLULGRSKRUHVRI
QHLJKERXULQJVHJPHQWV :DOGHULFKet al., LQUHYLHZ 6XEVHTXHQWO\WKHERUGHUVRIWKH
IRUPLQJVWULSHDUHVKDUSHQHGDQGWKHILUVWOLJKWVWULSH ; IRUPV'HQVHLULGRSKRUHV
FRQWLQXHWRSUROLIHUDWHDQGVWDUWWRORRVHQWKHLUFRQWDFWVZLWKHDFKRWKHURQWKHERUGHUVRI
WKHOLJKWVWULSHDQGDFTXLUHWKHORRVHVKDSH7KH\PLJUDWHWRZDUGWKHYHQWUDODQGGRUVDO
DVSHFWVRIWKHILVKRYHUUHJLRQVZKHUHPHODQRSKRUHVDUHEHJLQQLQJWRDULVHDQGIRUPWKH
ILUVWWZRGDUNVWULSHV 'DQG9 ,QWKHGDUNVWULSHVLULGRSKRUHVIRUPDORRVHQHW
:KHQWKH\UHDFKWKHERUGHUVRIWKHGDUNVWULSHVWKH\DJJUHJDWHDJDLQLQWRDGHQVHVKHHW
WRIRUPWKHQH[WWZROLJKWVWULSHV ;'DQG;9 7KLVVHTXHQFHRIUHSHDWHGGLVSHUVDO
DQGDJJUHJDWLRQSUHILJXUHVWKHIRUPDWLRQRIWKHGDUNVWULSHVLQWKHWUXQNRIWKHILVK
6LQJKet al)URKQK|IHUet al 7KHRULJLQDQGIXQFWLRQRI/LULGRSKRUHV
KDYHQRWEHHQLQYHVWLJDWHGEXWLWLVWKRXJKWWKDWWKH\GRQRWSOD\DSLYRWDOUROHLQVWULSH
IRUPDWLRQDVWKH\DSSHDURQO\DIWHUWKHSDWWHUQLVODLGRXW )URKQK|IHUHWDO 
;DQWKRSKRUHVZKLFKFRYHUWKHZKROHIODQNRIWKHILVKDFTXLUHHLWKHUDSDOHVWHOODWHRUD




EULJKWURXQGVKDSHGHSHQGLQJRQZKHWKHUWKH\DUHORFDWHGRQWRSRIDGDUNRUDOLJKWVWLSH
0DKDOZDUet al 


=HEUDILVKSLJPHQWSDWWHUQPXWDQWV
2QHRIWKHGHFLVLYHDGYDQWDJHVRIWKH]HEUDILVKDVDPRGHORUJDQLVPIRUSDWWHUQ
IRUPDWLRQLVWKHDYDLODELOLW\RIPXWDQWV,QUHFHQW\HDUVIROORZLQJWKHHVWDEOLVKPHQWRID
UHOLDEOHJHQRPHDVVHPEO\PXOWLSOHUHYHUVHJHQHWLFVWHFKQLTXHVKDYHEHHQHVWDEOLVKHG
LQFOXGLQJPRUSKROLQRV 1DVHYLFLXV (NNHU 7$/(1V +XDQJet al6DQGHU
et al DQGPRVWUHFHQWO\WKH&5,635&DVV\VWHP +ZDQJet al +RZHYHU
WKHPDMRULW\RIRXUNQRZOHGJHRI]HEUDILVKELRORJ\FRPHVIURPPXWDQWVWKDWKDYHEHHQ
DFTXLUHGXVLQJIRUZDUGJHQHWLFVWHFKQLTXHVVXFKDVUDQGRPLQVHUWLRQVUDGLDWLRQ
WUHDWPHQWRUFKHPLFDOVPRVWQRWDEO\N(WK\ON1LWURVRXUHD (18  +DIIWHU 1VVOHLQ
9ROKDUG+DIIWHUet al$PVWHUGDPet al0XOOLQVet al'ULHYHU
et al $OWKRXJKPRVWRIWKHPXWDQWVDFTXLUHGDUHV\VWHPLFWKLVDSSURDFKKDV
SURYHQLQGLVSHQVDEOHIRUWKHLGHQWLILFDWLRQRIPDQ\VSHFLILFSKHQRW\SHVIRUH[DPSOHno
tailGHILFLHQWLQWKHIRUPDWLRQRIWKHQRWRFKRUG 6WHPSOHet al acerebellar,
DIIHFWLQJWKHIRUPDWLRQRIWKHPLGEUDLQKLQGEUDLQERXQGDU\DQGWKHFHUHEHOOXP %UDQGet
al another long finDIIHFWLQJWKHVL]HRIWKHILQV YDQ(HGHQet al ,QD
VLPLODUZD\DODUJHFROOHFWLRQRIPXWDQWVWKDWDUHDIIHFWHGLQSLJPHQWSDWWHUQIRUPDWLRQ
KDYHEHHQDVVHPEOHG +DIIWHUet al2GHQWKDOet al.HOVKet al
-RKQVRQet al 6HYHUDORIWKHVHPXWDQWVFRUUHVSRQGWRJHQHVZKLFKZHUH
FRQILUPHG RUDOUHDG\NQRZQ WREHLPSRUWDQWIRUWKHFRORXUDWLRQRIRWKHUYHUWHEUDWHVDV
ZHOOVXFKDV6R[0LWID 0LFURSKWDOPLDDVVRFLDWHGWUDQVFULSWLRQIDFWRUD PHPEHUVRI
.LWDQGHQGRWKHOLQSDWKZD\V .HOVKet al0LZDet al/LXet al
*XQQDUVVRQet al*HLVVOHUet al3DULFK\et alD =HEUDILVKSURYLGHVD
XQLTXHRSSRUWXQLW\WRVWXG\WKHIXQFWLRQRIWKHVHDQGRWKHUJHQHVDVWKHWHOHRVWJHQRPH
ZDVGXSOLFDWHGDQGPDQ\JHQHVH[LVWLQWZRFRSLHVZLWKIXQFWLRQVIUHTXHQWO\GLYHUJLQJ
$PRUHVet al $VDUHVXOWPDQ\PXWDWLRQVZKLFKDUHOHWKDOLQRWKHUYHUWHEUDWHV
DUHWROHUDEOHLQILVK,WZDVDOVRVXJJHVWHGWKDWWKHJHQRPHZLGHGXSOLFDWLRQLVZKDWLQ
IDFWDOORZHGIRUWKHHPHUJHQFHRIWKHGLYHUVHFRORXUSDWWHUQVLQWHOHRVW %UDDVFKet al
 




0XWDQWVDIIHFWHGLQSLJPHQWSDWWHUQIRUPDWLRQFDQEHVHSDUDWHGLQWRWZRODUJHJURXSV
7KHILUVWJURXSRIPXWDQWVLVDIIHFWHGLQWKHHVWDEOLVKPHQWRIRQHRUPRUHSLJPHQWFHOO
W\SHV7KHVHFRQGSURGXFHVDEHUUDQWSDWWHUQVZKLOHDOOWKUHHSLJPHQWFHOOW\SHVDUH
SUHVHQW

2QHRIWKHEHVWH[DPSOHVRIWKHILUVWJURXSRIPXWDQWVLVcolourless, HQFRGLQJ6R[
ZKLFKLVUHTXLUHGIRUWKHGHYHORSPHQWRIPRVWRIWKHQHXUDOFUHVWGHULYHGWLVVXHV,QWKLV
PXWDQWQRSLJPHQWFHOOVDUHSUHVHQW 'XWWRQet al 2ISDUWLFXODULQWHUHVWDUH
PXWDQWVWKDWODFNDVLQJOHW\SHRISLJPHQWFHOOFRPSOHWHO\7KHVHPXWDQWVIDFLOLWDWHGWKH
JHQHWLFDQDO\VLVRIWKHFRQWULEXWLRQRIDSDUWLFXODUFHOOW\SHWRSLJPHQWSDWWHUQIRUPDWLRQ
nacre/mitfa PXWDQWVGLVSOD\DFRPSOHWHODFNRIPHODQRSKRUHV EHVLGHWKRVHLQWKHH\H 
DQGUHVXOWLQDORVVRIVWULSHVDOWKRXJKLULGRSKRUHVVWLOOVKRZDGHQVHORRVHGLPRUSKLVP
DOEHLWLQDVHHPLQJO\UDQGRPIDVKLRQ /LVWHUet al sparsekitaDQGsparse-likekitla
PXWDQWVHVWDEOLVKHG.LWDVLJQDOOLQJDVDUHTXLUHPHQWIRUWKHGHYHORSPHQWRIODUYDO
PHODQRSKRUHVDVZHOODVDVXESRSXODWLRQRIPHWDPRUSKLFPHODQRSKRUHV7KHUHLVDOVRD
SRSXODWLRQRIPHWDPRUSKLF.LWDLQGHSHQGHQWPHODQRSKRUHVDVsparseDQGsparse-likeGR
QRWKDYHDQ\PHODQRSKRUHVEHIRUHPHWDPRUSKRVLVZKHQWKH\VXEVHTXHQWO\DSSHDULQ
UHGXFHGQXPEHUVXOWLPDWHO\OHDGLQJWRDQDGXOWSKHQRW\SHZLWKOHVVWKDQKDOIRIWKHZLOG
W\SHPHODQRSKRUHQXPEHU,WLVLPSRUWDQWWRQRWHWKDWWKHVHPXWDQWVVWLOOSURGXFHVWULSHV
-RKQVRQet al3DULFK\et al'RROH\et al pfeffercolony stimulating
factor receptor a &VIUD UHJXODWHVWKHPLJUDWLRQDQGVXUYLYDORI[DQWKRSKRUHV7KH
PXWDQWH[KLELWVDUHGXFWLRQLQWKHQXPEHURIPHODQRSKRUHVDQGDQH[SDQVLRQRIGHQVH
LULGRSKRUHDUHDV 3DULFK\et alE0DGHUVSDFKHU 1VVOHLQ9ROKDUG3DULFK\
7XUQHU /HXNRF\WH7\URVLQH.LQDVH /WN KDVEHHQVXJJHVWHGWRUHJXODWHWKH
HVWDEOLVKPHQWRILULGRSKRUHVDVLQGLFDWHGE\WKHshadyltkPXWDQWZKLFKODFNVDOO
LULGRSKRUHVH[FHSWVPDOOFORQDOSDWFKHV /RSHVet al (QGRWKHOLQVLJQDOOLQJLV
UHTXLUHGIRUWKHSURSHUH[SDQVLRQDQGSRVVLEO\DJJUHJDWLRQRILULGRSKRUHVLQWKHVNLQDV
HYLGHQFHGE\WKHPXWDQWVZLWKSHUWXUEHG(QGRWKHOLQUHFHSWRUE rose DQG (QGRWKHOLQ
FRQYHUWLQJHQ]\PH karneol  3DULFK\et alD.UDXVVet al 
transparent/mpv17HQFRGHVDPLWRFKRQGULDOSURWHLQUHTXLUHGIRULULGRSKRUHVXUYLYDO
.UDXVVet al $OOLULGRSKRUHPXWDQWVIRUPRQO\WKHILUVWWZRGDUNVVWULSHVZLWK
UHGXFHGPHODQRSKRUHQXPEHUVIUHTXHQWO\EUHDNLQJXSLQWRVSRWV,QPLOGFDVHV
UXGLPHQWVRIDGGLWLRQDOGDUNVWULSHVFDQEHREVHUYHG7KHVHSKHQRW\SHVKDYHEHHQVKRZQ



WREHDUHVXOWRIWKHDEVHQFHRIGHQVHLULGRSKRUHVQHFHVVDU\IRUPHODQRSKRUHVXUYLYDO
&RQVHTXHQWO\WKHQXPEHURIPHODQRSKRUHVLVUHGXFHG )URKQK|IHUet al3DWWHUVRQ
3DULFK\6LQJKet al 

7KHVHFRQGFODVVRISLJPHQWSDWWHUQPXWDQWVLVFRPSULVHGRIPXWDQWVWKDWSUHVHQWDOO
WKUHHFHOOW\SHVEXWGRQRWIRUPQRUPDOVWULSHV7KHILUVWGHVFULEHGPXWDQWRIWKLVW\SHLV
leopardconnexin41.8,ZKLFKIRUPVVSRWVRIYDU\LQJVL]H GHSHQGLQJRQWKHDOOHOH 
LQVWHDGRIVWULSHV,WIDFLOLWDWHVFRPPXQLFDWLRQEHWZHHQDQGZLWKLQPHODQRSKRUHVDQG
[DQWKRSKRUHV 0DGHUVSDFKHU 1VVOHLQ9ROKDUG:DWDQDEHet al,ULRQet
al 5HFHQWO\luchs/connexin39.4 ZDVLGHQWLILHGDVDQHQKDQFHURIWKHleopard
SKHQRW\SH7KHDQDO\VLVVXJJHVWVWKDWWKHVHWZRFRQQH[LQVIRUPKHWHURPHULFJDS
MXQFWLRQVUHTXLUHGIRUFHOOFHOOLQWHUDFWLRQDQGFRPPXQLFDWLRQ ,ULRQet al $
VLPLODUSKHQRW\SHLVGLVSOD\HGE\seuratimmunoglobulin superfamily member 11
PXWDQWV7KHVHPXWDQWVDUHSURSRVHGWREHDIIHFWHGLQPHODQRSKRUHPLJUDWLRQVXUYLYDO
DQGFHOODGKHVLRQ (RPet al 2WKHUPXWDQWVRIWKLVJURXSLQFOXGH
obelixjaguar/kir7.1DQGdalitetraspannin 3c PXWDQWVZKLFKGLVSOD\EURDGHUDQGIHZHU
VWULSHV ,QRXHet al,ZDVKLWDet al obelixjaguarHQFRGHVDQLQZDUGO\
UHFWLI\LQJSRWDVVLXPFKDQQHO .LU ZKLFKLVUHTXLUHGLQPHODQRSKRUHVIRUWKHLU
FRPPXQLFDWLRQZLWK[DQWKRSKRUHV 0DGHUVSDFKHU 1VVOHLQ9ROKDUG,ZDVKLWD
et al,QDEDet al ,WZDVVXJJHVWHGE\in vitroH[SHULPHQWVWKDWERWKPXWDQWV
GHPRQVWUDWHDEQRUPDO[DQWKRSKRUHPHODQRSKRUHFRQWDFWUHVSRQVHKRZHYHULPSOLFDWLRQV
RIWKHVHILQGLQJVDUHXQFOHDU ,QDEDet al 

7KHDQDO\VLVRIWKHSKHQRW\SHVRIPXWDQWVGRXEOHPXWDQWVDQGFKLPHUDVREWDLQHGE\
EODVWRPHUHWUDQVSODQWDWLRQVHVWDEOLVKVHYHUDOLPSRUWDQWSRLQWV,ULGRSKRUHVDWWUDFW
[DQWKRSKRUHVDQGORFDOO\LQKLELWPHODQRSKRUHVXUYLYDOZKLOHSURPRWLQJPHODQRSKRUH
VXUYLYDODWDGLVWDQFH;DQWKRSKRUHVDQGPHODQRSKRUHVH[KLELWVKRUWUDQJHUHSXOVLRQ
KRZHYHUPHODQRSKRUHVUHTXLUH[DQWKRSKRUHVDWDGLVWDQFH0RVWLPSRUWDQWO\LQWKH
DEVHQFHRIWKHRWKHUWZRSLJPHQWFHOOW\SHVWKHUHPDLQLQJFHOOW\SHWHQGVWRVSUHDG
XQLIRUPO\RYHUWKHILVKIODQNLQGRXEOHPXWDQWV)XUWKHUPRUHLQWKHDEVHQFHRIHYHQRQH
VLQJOHSLJPHQWFHOOW\SHRQO\DUXGLPHQWDU\SDWWHUQLVIRUPHG7DNHQWRJHWKHUWKHVH
ILQGLQJVVXJJHVWWKDWDOOWKUHHFHOOW\SHVDUHUHTXLUHGIRUWKHQRUPDOVWULSHGSDWWHUQWR




IRUP )URKQK|IHUet al0DGHUVSDFKHU 1VVOHLQ9ROKDUG3DWWHUVRQ 
3DULFK\1DNDPDVXet al 

,QWHUHVWLQJO\WKHPXWDQWchoker GLVSOD\VDQDEQRUPDOLQLWLDOSRVLWLRQLQJRISLJPHQWFHOOV
LQWKHVNLQGXHWRWKHDEVHQFHRIWKHKRUL]RQWDOP\RVHSWXP$VDUHVXOWSLJPHQWFHOOV
IRUPDSDWWHUQRIPHDQGHULQJVWULSHVWKRXJKWKH\DUHQRUPDOLQZLGWKDQGRUJDQLVDWLRQ
)URKQK|IHUet al :LWKWKHIDFWWKDWPDQ\NQRZQSLJPHQWSDWWHUQPXWDWLRQVRI
WKHVHFRQGFODVVDIIHFWFHOOFHOOLQWHUDFWLRQPROHFXOHVDVWURQJFDVHFDQEHPDGHWKDWWKH
]HEUDILVKSDWWHUQLVDUHVXOWRIFHOOFHOOFRPPXQLFDWLRQDQGWKHVXEVHTXHQWUHRUJDQLVDWLRQ
RUPLJUDWLRQRISLJPHQWFHOOV7KLVQRWLRQLVIXUWKHUVXSSRUWHGE\WKHIDFWWKDWWKHDFWLYH
PLJUDWLRQDQGFHOOVKDSHFKDQJHVRILULGRSKRUHVDUHQHFHVVDU\IRUSDWWHUQIRUPDWLRQ
6LQJKet al 7KLVPHFKDQLVPRIFRORXUSDWWHUQIRUPDWLRQLQ]HEUDILVKLVGLIIHUHQW
IURPWKHRQHLQWKHEXWWHUIO\ZLQJVZKLFKLVDUHVSRQVHRIVWDWLRQDU\FHOOVWRVLJQDOOLQJ
PROHFXOHVZKLFKSURYLGHSRVLWLRQDOLQIRUPDWLRQ 0RQWHLURet al2WDNL
6HUIDV &DUUROO 

,QWULJXLQJO\WKHVDPHDSSURDFKHVWKDWIDFLOLWDWHWKHLQYHVWLJDWLRQRIWUXQNSLJPHQWFHOO
LQWHUDFWLRQVVXJJHVWWKDWSDWWHUQLQJLQWKHILQVLVJRYHUQHGE\DGLIIHUHQWVHWRI
PHFKDQLVPV0RVWQRWDEO\LULGRSKRUHGHILFLHQWPXWDQWVGLVSOD\QRUPDOVWULSHSDWWHUQVLQ
WKHDQDODQGFDXGDOILQVZKLOHH[KLELWLQJGHJUDGHGSDWWHUQVLQWKHWUXQN7KLVVXJJHVWV
WKDWLULGRSKRUHVDUHQRWLQYROYHGLQILQSDWWHUQLQJ .UDXVVet al/RSHVet al
)URKQK|IHUet al3DULFK\et alD.UDXVVet al6LQJKet al 7KH
VDPHKROGVWUXHIRUWKHchokerPXWDQWZLWKLWVPHDQGHULQJWUXQNSDWWHUQDQGGRXEOH
PXWDQWshadysparse-likeZKLFKKDVDOPRVWQRPHODQRSKRUHVLQWKHWUXQN 6LQJK 
1VVOHLQ9ROKDUG 0RUHRYHUluchs GLVSOD\VLQWDFWVWULSHVLQWKHILQVEXWVSRWVLQ
WKHWUXQN ,ULRQet al 7DNHQWRJHWKHUWKHVHGDWDVXJJHVWWKDWWKHUHLVDQ
LQGHSHQGHQWSDWWHUQLQJPHFKDQLVPIRUWUXQNDQGILQVWULSHIRUPDWLRQ

&RORXUSDWWHUQVLQRWKHUWHOHRVWVSHFLHV



0XOWLSOHDanio VSHFLHVSUHVHQWDFRORXUSDWWHUQWKDWLVUHPDUNDEO\GLIIHUHQWIURPWKDWRI
]HEUDILVK7KHILQSDWWHUQVDUHDOVRVWULNLQJO\GLYHUVHDQGGRQRWQHFHVVDULO\IROORZWKH
WUXQNSDWWHUQ)RUH[DPSOHDanio albolineatus GRHVQRWIRUPVWULSHVH[FHSWIRURQHOLJKW
DQGRQHGDUNVWULSHDWWKHSRVWHULRUHQGRIWKHWUXQNDQGRQHGDUNVWULSHLQWKHDQDOILQ



DaniochopraeDQGDanio erythromicron GLVSOD\YHUWLFDOEDUVDanio nigrofasciatus KDV
RQO\WZRGDUNVWULSHVLQWKHERG\DQGFDXGDOILQDQGVSRWVLQWKHDQDOILQDanio
margaritatus KDVDVWULNLQJSDWWHUQRIOLJKWVSRWVRQWKHGDUNEDFNJURXQG+RZHYHUDOORI
WKHVHVSHFLHVGHYHORSODUYDOSDWWHUQVYHU\VLPLODUWRWKHRQHRIDanio rerio.2EVHUYDWLRQV
RIWKHVHILVKWDNHQWRJHWKHUZLWKWKHNQRZOHGJHRIPROHFXODUPHFKDQLVPVRIVWULSH
IRUPDWLRQLQ]HEUDILVKRSHQH[FLWLQJSRVVLELOLWLHVIRUVWXG\LQJWKHHYROXWLRQRISDWWHUQ
IRUPDWLRQDPRQJDanioVSHFLHV .HOVKet al3DULFK\ -RKQVRQ0F&OXUH
 )RUH[DPSOHLWKDVEHHQK\SRWKHVL]HGWKDWWKHSDWWHUQRIDanio nigrofasciatus,
ZKLFKLVVLPLODUWRWKDWRI]HEUDILVKLULGRSKRUHPXWDQWVLVGXHWRDQDEHUUDQWSDWWHUQHG
DJJUHJDWLRQRILULGRSKRUHV 6LQJK 1VVOHLQ9ROKDUG Danio albolineatus PLJKW
RZHLWVSDWWHUQWRDQLQFUHDVHGH[SUHVVLRQRI&6)OHDGLQJWRHDUO\[DQWKRSKRUH
GLIIHUHQWLDWLRQZKLFKLQWXUQVXSUHVVHVGDUNVWULSHIRUPDWLRQ 3DWWHUVRQ 3DULFK\
0F0HQDPLQet al 
0DQ\WHOHRVWILVKGLVSOD\DIDVWHYROXWLRQRISLJPHQWSDWWHUQVIRUH[DPSOHJXSSLHVDQG
FLFKOLGV7KHLQVLJKWVREWDLQHGLQ]HEUDILVKDUHYDOXDEOHIRUVWXG\LQJSLJPHQWSDWWHUQ
IRUPDWLRQLQWKHVHILVKDVZHOO)RUH[DPSOHWKHIRUPDWLRQRIHJJVSRWVLQFLFKOLGVLV
VXJJHVWHGWRUHTXLUHWKHDWWUDFWLRQRI[DQWKRSKRUHVE\LULGRSKRUHVVLPLODUWR]HEUDILVK
6DQWRVet al)URKQK|IHUet al3DWWHUVRQ 3DULFK\ *XSSLHV
Poecilia reticulataDUHWKRXJKWWREHDPRQJWKHPRVWFRORXUSRO\PRUSKLFYHUWHEUDWHV
ZLWKVWULNLQJGLIIHUHQFHVHYHQEHWZHHQJHRJUDSKLFDOO\FORVHHFRW\SHV (QGOHU 
+RZHYHUERWKIRUZDUGDQGUHYHUVHJHQHWLFVVWXGLHVDUHFKDOOHQJLQJLQJXSSLHVGXHWR
LQWHUQDOIHUWLOLVDWLRQOLIHEHDULQJUHODWLYHO\VPDOOEURRGVL]HDQGWKHDELOLW\RIIHPDOHVWR
VWRUHVSHUP +RXGH 7KHNQRZOHGJHRIPROHFXOHVLQYROYHGLQSLJPHQWSDWWHUQ
IRUPDWLRQLVLQYDOXDEOHIRUDFDQGLGDWHJHQHGULYHQDSSURDFKLQVWXG\LQJJXSS\SDWWHUQ
IRUPDWLRQ






5HVXOWVDQGGLVFXVVLRQ



3XEOLFDWLRQ
)DGHHY$.UDXVV-)URKQK|IHU+*,ULRQ81VVOHLQ9ROKDUG&   
7LJKW-XQFWLRQ3URWHLQDUHJXODWHVSLJPHQWFHOORUJDQLVDWLRQGXULQJ]HEUDILVKFRORXU
SDWWHUQLQJ
eLifeGRLH/LIH
&RUUHVSRQGLQJDXWKRU
/HVLRQVLQ]HEUDILVKtight junction protein 1aUHVXOWLQDVSRWWHGSDWWHUQ
&RORXUSDWWHUQIRUPDWLRQLQ]HEUDILVKUHOLHVRQWKHSUHFLVHVSDWLRWHPSRUDOFRQWURORIFHOO
EHKDYLRXUWKDWLVSURYLGHGE\DIOH[LEOHDQGG\QDPLFQHWZRUNRISLJPHQWFHOOLQWHUDFWLRQV
ZLWKHDFKRWKHUDQGWKHLUVXUURXQGLQJV 3DWWHUVRQ 3DULFK\6LQJKet al
0DKDOZDUet al)URKQK|IHUet al1DNDPDVXet al<DPDQDND 
.RQGR0DGHUVSDFKHU 1VVOHLQ9ROKDUG 7KHPXWDQWVWKDWGLVSOD\DOO
WKUHHSLJPHQWFHOOW\SHVEXWIRUPDQDEHUUDQWSDWWHUQDUHSDUWLFXODUO\XVHIXOLQ
HOXFLGDWLQJWKHPROHFXODUQDWXUHRIWKHVHLQWHUDFWLRQV,QWKLVVWXG\ZHIRFXVRQWKHFHOO
EHKDYLRXUUHVSRQVLEOHIRUWKHIRUPDWLRQRIWKHDGXOWSDWWHUQRIWKHschachbrett sbr 
PXWDQW7KHVHILVKGLVSOD\DQXQFKDQJHGDUUDQJHPHQWDQGZLGWKRIWKHVWULSHVEXWWKH
GDUNVWULSHVXQGXODWHRUIRUPLQWHUUXSWLRQV )LJXUH$ 7KHILUVWDOOHOHsbrtnh009bZDV
LGHQWLILHGDVDUHFHVVLYHKRPR]\JRXVYLDEOHPXWDQW0HLRWLFPDSSLQJDQGDOOHOHVFUHHQV
DOORZHGXVWRLGHQWLI\PRUHDOOHOHVDOORIZKLFKFRQWDLQHGQRQVHQVHPXWDWLRQVLQtight
junction protein 1a WKHSURGXFWRIWKLVJHQHLVQDPHG=2LQPDPPDOV  .LHQHUet al
  GHPRQVWUDWLQJLWDVDJHQHOHVLRQVLQZKLFKOHDGWRWKHVSRWWHGDSSHDUDQFHRIWKH
ILVK )LJXUH$' 
7KHVSRWWHGSDWWHUQLQschachbrettLVQRWFDXVHGE\DUHGXFHGQXPEHURI
PHODQRSKRUHV
$VWKHSDWWHUQLVXQDIIHFWHGLQPXWDQWODUYDHZHLQYHVWLJDWHGWKHPHWDPRUSKLFVWDJHVRI
WKHPXWDQWGHYHORSPHQW,QPXOWLSOHVHULHVRIUHSHDWHGGDLO\LPDJLQJZHDVVHVVHGWKDW
WKHSKHQRW\SHEHFRPHVDSSDUHQWDWDERXWPP6/,WPDQLIHVWVDVPHODQRSKRUHVSRWV
ZLWKGHQVHLULGRSKRUHVDQG[DQWKRSKRUHVDUUDQJHGEHWZHHQWKHPLQDPDQQHUYHU\



VLPLODUWRWKDWRIWKHOLJKWVWULSHV+RZHYHUDVHDUO\DVPP6/PHODQRSKRUHVLQWKH
sbrILVKDSSHDUDVGRWVZKHUHDVZLOGW\SHPHODQRSKRUHVDUHH[SDQGHG )LJXUH$ 
7KHUHLVQRGLIIHUHQFHLQPHODQRSKRUHQXPEHUVEHWZHHQZLOGW\SHDQGPXWDQWILVKIURP
WRPP6/KRZHYHUPHODQRSKRUHQXPEHUVGLYHUJHDWPP6/ZKHQWKHVSRWWHG
SKHQRW\SHKDVDOUHDG\EHHQHVWDEOLVKHG )LJXUH$% $QDGGLWLRQDOLQGLFDWLRQWKDWD
UHGXFHGPHODQRSKRUHQXPEHUGRHVQRWH[SODLQWKHVSRWWHGSKHQRW\SHFRPHVIURPWKH
REVHUYDWLRQVKRZLQJWKDWsparsePXWDQWVKDYHVLJQLILFDQWO\UHGXFHGPHODQRSKRUH
QXPEHUV -RKQVRQet al \HWVWLOOIRUPXQLQWHUUXSWHGVWULSHV,QDGGLWLRQGRXEOH
PXWDQWVIRUspa;sbrGLVSOD\ERWKSKHQRW\SHVDUHGXFHGQXPEHURIPHODQRSKRUHVDQG
VSRWV )LJXUH& 7DNHQWRJHWKHUWKHVHILQGLQJVVXJJHVWWKDWWKHGDUNVWULSH
LQWHUUXSWLRQVLQsbrDUHQRWFDXVHGE\DUHGXFWLRQLQPHODQRSKRUHQXPEHUDQGWKDWWKH
SDOHSKHQRW\SHLVDUHVXOWRIDQDEQRUPDOVL]HRUSLJPHQWDUUDQJHPHQWUDWKHUWKDQD
UHGXFHGQXPEHURIPHODQRSKRUHV
,ULGRSKRUHVGLVSOD\DQDEQRUPDOEHKDYLRXUDWPLGPHWDPRUSKLFVWDJHVLQ
schachbrett
7KHSUHVHQFHRILULGRSKRUHVLQWKHGDUNVWULSHDUHDVFDOOHGIRUDQLQYHVWLJDWLRQRI
LULGRSKRUHEHKDYLRXU7RWKLVHQGUHSHDWHGFRQIRFDOLPDJLQJRIZLOGW\SHDQGsbr
LQGLYLGXDOVZDVSHUIRUPHG7KHILVKWKDWZHXVHGFDUULHGWKHTg(TDL358:GFP)WUDQVJHQH
DORQHRUWRJHWKHUZLWKTg(sox10:mRFP)Tg(TDL358:GFP) ODEHOVLULGRSKRUHVDQGJOLD
ZLWK*)3 /HYHVTXHet al DQGTg(sox10:mRFP)ODEHOVDOOQHXUDOFUHVWGHULYDWLYHV
ZLWKPHPEUDQHERXQGP5)3 )LJXUHVDQG 7KHUHVXOWVRIRXUWLPHVHULHV
GHPRQVWUDWHWKDWLULGRSKRUHVGRQRWGHODPLQDWHIURPWKHGHQVHLULGRSKRUHVKHHWDIWHU
IRUPLQJWKHILUVWOLJKWVWULSHEXWLQVWHDGFRQWLQXHWRH[SDQGLQWRWKHSUHVXPSWLYHGDUN
VWULSHVDWWKHPP6/VWDJH6XEVHTXHQWO\PRVWRIWKHVHLULGRSKRUHVEHFRPHORRVHDQG
QRUPDOO\SDWWHUQEXWVRPHUHPDLQGHQVHDQGIRUPLQWHUUXSWLRQVLQWKHGDUNVWULSHV7KLV
VXJJHVWVWKDWWKHsbrPXWDWLRQVSHUWXUEWKHSURFHVVHVWKDWDOORZIRUWKHVSDWLRWHPSRUDOO\
DSSURSULDWHWUDQVLWLRQRILULGRSKRUHVIURPWKHGHQVHVKDSHWRWKHORRVHVKDSHDQG
VXEVHTXHQWLULGRSKRUHGLVSHUVDO2FFDVLRQDOO\H[WHQVLRQVRIGHQVHLULGRSKRUHVLQWRWKH
GDUNVWULSHVFDQEHREVHUYHGLQWKHZLOGW\SHILVKEXWWKLVDSSHDUVWREHFRUUHFWHGIRU
ODWHU,QWHUUXSWLRQVLQDGXOWZLOGW\SHVWULSHVDUHYHU\UDUHEXWGRRFFXU,Qsbr
LULGRSKRUHLQYDVLRQVRFFXUDORQJWKHHQWLUHOHQJWKRIWKHGDUNVWULSHVZKLFKUHVXOWVLQ
UDQGRPLQWHUUXSWLRQVRIWKHGDUNVWULSHV,QWHUHVWLQJO\/LULGRSKRUHVZKLFKDUHUHVWULFWHG



WRWKHGDUNVWULSHDUHDVLQZLOGW\SHDUHSUHVHQWLQDQGHYHQWUDYHUVHWKHOLJKWVWULSHVLQ
WKHDGXOWsbrILVK
7KHSDOHDSSHDUDQFHRIPHWDPRUSKLFPXWDQWILVKLVFDXVHGE\WKHSHUVLVWHQW
PLJUDWRU\VKDSHRIPHODQRSKRUHV
7KHILVKFDUU\LQJWKHWUDQVJHQHTg(kita:mCherry)ZKLFKODEHOVPHODQRSKRUHV $QHOOLet
al ZDVXVHGWRLQYHVWLJDWHPHODQRSKRUHEHKDYLRXU,QPXWDQWVLQGLYLGXDO
PHWDPRUSKLFPHODQRSKRUHVPRYHDZD\IURPLQYDGLQJGHQVHLULGRSKRUHVRUGLVDSSHDULI
WKH\EHFRPHVXUURXQGHGE\GHQVHLULGRSKRUHVDWWKHVWDJHVPP6/ )LJXUH 7KLV
REVHUYDWLRQRIIHUVDQH[SODQDWLRQIRUWKHGRWOLNHDSSHDUDQFHRIPXWDQWPHODQRSKRUHVDW
WKHVHVWDJHV )LJXUH$ VLQFHPLJUDWRU\PHODQRSKRUHVKDYHWKHLUSLJPHQWFRQFHQWUDWHG
LQWKHFHQWUHRIDFHOO
schachbrett LVFHOODXWRQRPRXVWRLULGRSKRUHVZLWKUHJDUGWRSLJPHQWSDWWHUQ
IRUPDWLRQ
$QDO\VLVRIFKLPHUDVZKLFKZHUHREWDLQHGE\EODVWRPHUHWUDQVSODQWDWLRQVZLWKsbr
HPEU\RVDVGRQRUVDQGnacreRUpfefferDVUHFLSLHQWVDOORZHGXVWRFRQFOXGHWKDW
PHODQRSKRUHVDQG[DQWKRSKRUHVDUHQRWDIIHFWHGLQWKHPXWDQWDQGFDQSDUWLFLSDWHLQ
QRUPDOSDWWHUQIRUPDWLRQ )LJXUH +RZHYHUZKHQsbrshdKRVWVODFNLQJLULGRSKRUHV
ZHUHVXSSOLHGZLWKLULGRSKRUHSURJHQLWRUVIURPnacre;pfefferGRQRUVZKLFKKDYHRQO\
WKLVW\SHRISLJPHQWFHOOWKHFKLPHULFDQLPDOVH[KLELWHGUHJLRQVZLWKDQRUPDOVWULSH
SDWWHUQ7KLVFRQILUPHGWKDWsbrLVUHTXLUHGFHOODXWRQRPRXVO\LQLULGRSKRUHVDQGGRHV
QRWGLUHFWO\DIIHFW[DQWKRSKRUHVRUPHODQRSKRUHV)XUWKHUVXSSRUWIRUWKLVQRWLRQFRPHV
IURPWKHIDFWWKDWLQWKHGRXEOHPXWDQWVsbrnacreDQGsbrpfeffer GHQVHLULGRSKRUHV
H[SDQGIDUWKHUWKDQWKH\GRLQVLQJOHPXWDQWVnacre DQGpfeffer,QFRQWUDVWshdDQG
sbrshdZKLFKERWKODFNLULGRSKRUHVGLVSOD\LQGLVWLQJXLVKDEOHSKHQRW\SHV )LJXUH 
 schachbrett LVH[SUHVVHGLQGHQVHEXWQRWLQORRVHLULGRSKRUHV
7ZRSRO\FORQDODQWLERGLHVZHUHJHQHUDWHGDJDLQVWWKHSDUWVRI7MSDIODQNLQJWKH
QRQVHQVHPXWDWLRQLQWKHsbrtnh009b6XEVHTXHQWDQWLERG\VWDLQLQJDOORZHGXVWR
GHPRQVWUDWHWKHSUHVHQFHRI7MSDLQHSLWKHOLDOFHOOVLQERWKZLOGW\SHDQGPXWDQWILVK
ODUYDH7KLVLQGLFDWHVWKDWWKH7MSDSURWHLQLVUHWDLQHGLQWKH sbrtnh009bPXWDQWVDQGLV
DEOHWRQRUPDOO\ORFDOLVHZKLFKVXJJHVWVWKDWWKHPLVVLQJGRPDLQV =8DQGSRVVLEO\



SDUWVRIDIDGLQDQGDFWLQELQGLQJUHJLRQV %DXHUHWDO DUHFUXFLDOIRUWKHIXQFWLRQRI
7MSDLQLULGRSKRUHV6WDLQLQJVHULHVSHUIRUPHGRQWKHPHWDPRUSKLFILVKFDUU\LQJWKH
LULGRSKRUHPDUNHUTg(TDL358:GFP)GHPRQVWUDWHGWKHSUHVHQFHRI7MSDLQGHQVH
LULGRSKRUHVEXWQRWLQORRVHRU/LULGRSKRUHV )LJXUH 

:HVWDLQHGWKHVNLQRInac;pfeĺsbr;shdFKLPHUDVWKDWVKRZHGDZLOGW\SHSDWWHUQZLWK
WKHDQWLERG\UHFRJQL]LQJRQO\ZLOGW\SH7MSD7KHVLJQDOZDVGHWHFWHGLQWKHGRQRU
GHULYHGLULGRSKRUHVEXWQRWLQWKHHSLWKHOLXP7KLVUHVXOWFRQILUPVVXSSO\LQJZLOGW\SH
LULGRSKRUHVLVVXIILFLHQWIRUWKHIRUPDWLRQRIDZLOGW\SHSDWWHUQ
3RVVLEOHIXQFWLRQDOUHGXQGDQF\RItjps
$QWLERG\VWDLQLQJGHPRQVWUDWHGWKHSUHVHQFHRI7MSDLQPXOWLSOHWLVVXHVWKURXJKRXW
GHYHORSPHQWVXFKDVEORRGYHVVHOVDQGHSLWKHOLXPZKLFKLVLQDJUHHPHQWZLWKHDUOLHU
UHSRUWVRQ]HEUDILVKDQGPLFH %OXPet al$QGHUVRQ ,WDOOLH 8QOLNHWKH
sbrPXWDQWVPLFHGHILFLHQWLQ7MS =2 DUHHPEU\RQLFOHWKDO .DWVXQRet al 
7KLVFDQEHH[SODLQHGE\WKHIDFWWKDWWKHUHDUHWKUHH7MSV  LQPDPPDOVEXWILYHLQ
]HEUDILVK DDQGEDDQGE ZKLFKLVGXHWRWKHZKROHJHQRPHGXSOLFDWLRQHYHQW
WKDWRFFXUUHGLQWHOHRVWHYROXWLRQ $PRUHVet al 7KHODFNRIDIXQFWLRQDO7MSDLV
OLNHO\FRPSHQVDWHGE\LWVSDUDORJXH7MSEDVLQGLFDWHGE\WKHDQJLRJHQHVLVEORFN
ZKLFKZDVSURGXFHGE\PRUSKROLQRPHGLDWHGNQRFNGRZQRItjp1bLQDsbrEDFNJURXQG
7KHPLOGQHVVRIWKHsbrSLJPHQWSDWWHUQSKHQRW\SHVXJJHVWVWKDW7MSDDQG7MSEPLJKW
KDYHUHGXQGDQWIXQFWLRQVLQFRORXUSDWWHUQLQJ'HSHOHWLRQRI=27-3LQPDPPDOLDQ
FHOOFXOWXUHVOHDGVWRWKHUHFUXLWPHQWRI=27-3WRFHOOPHPEUDQHVZKLFK
FRPSHQVDWHVIRUWKHDEVHQFHRI=2IXQFWLRQ 8PHGDHWDO ,ULGRSKRUHVSHFLILF
GHSOHWLRQRIERWK7MSDDQGEPLJKWLQKLELWWKHWUDQVLWLRQIURPWKHGHQVHWRWKHORRVH
VKDSHFRPSOHWHO\
3RWHQWLDOPHFKDQLVPVRI7MSDFRQWURORYHUFHOOVKDSH
6HYHUDO]HEUDILVKPXWDQWVVXFKDVleopard/connexin 41.8 +DIIWHUHWDO:DWDQDEH
HWDO luchs/connexin 39.4 ,ULRQet al DQGseurat/immunoglobulin
superfamily member 11 (RPHWDO H[KLELWVSRWWHGSDWWHUQVZKHUHLULGRSKRUHV
VHHPWRLQYDGHWKHGDUNVWULSHDUHDVluchsDQGleoDUHUHTXLUHGLQPHODQRSKRUHVDQG
[DQWKRSKRUHV 0DGHUVSDFKHU 1VVOHLQ9ROKDUG,ULRQHWDO 7KLVOHDG



,ULRQet alWRVXJJHVWWKDW&[DQG&[IRUPKHWHURPHULFJDSMXQFWLRQVZKLFKIDLO
WRSURSHUO\IXQFWLRQLQWKHPXWDQWVOHDGLQJWRDEQRUPDOLWLHVLQPHODQRSKRUHDQG
[DQWKRSKRUHFRPPXQLFDWLRQ$VDUHVXOWWKHVHFHOOVPLJKWIDLOLQJLYLQJDSSURSULDWH
JXLGDQFHFXHVWRLULGRSKRUHV,QWHUHVWLQJO\&[DQG,JVIFRXOGEHWKHSRVVLEOH
LQWHUDFWLQJSDUWQHUVRI7MSVDVWKH\KDYHSXWDWLYH3'=GRPDLQELQGLQJPRWLIVRQWKHLU
H[WUHPH&WHUPLQL +XQJ 6KHQJ6X]Xet al ,QGHHG\HDVWWZRK\EULG
DVVD\VFRQILUPHGWKHSRVVLELOLW\RI7MSDLQWHUDFWLRQZLWKERWK&[DQG&[
+RZHYHUERWKFRQQH[LQVDUHVSHFLILFWRPHODQRSKRUHVDQG[DQWKRSKRUHV,WLVSRVVLEOH
WKDWWKHUHDUHLULGRSKRUHVSHFLILFFRQQH[LQVWKDWIDFLOLWDWHLULGRSKRUHFRPPXQLFDWLRQZLWK
PHODQRSKRUHVDQG[DQWKRSKRUHV

,QWKHDEVHQFHRIDQ\RIWKHRWKHUSLJPHQWFHOOW\SHGHQVHLULGRSKRUHVH[SDQG
)URKQK|IHUet al DQGEHFDXVHRIWKLVLWLVSODXVLEOHWKDWLULGRSKRUHVUHPDLQLQ
WKHLUGHQVHVKDSHLQWKHDEVHQFHRIVLJQDOVGLUHFWLQJWKHPWRWUDQVLWLRQ7MSDLQ
LULGRSKRUHVPD\EHLQYROYHGLQFRPPXQLFDWLQJWUDQVLWLRQVLJQDOVIURPPHPEUDQH
SURWHLQVWRXQNQRZQGRZQVWUHDPSDUWQHUVHLWKHUGLUHFWO\RUE\HVWDEOLVKLQJDQ
LQWHUDFWLRQSODWIRUP7KLVLGHDLVFRUURERUDWHGE\WKHLQFUHDVHGVWUHQJWKRIWKHVSRWWHG
SKHQRW\SHVLQWKHGRXEOHPXWDQWVleosbrDQGlucsbr )LJXUH .,WLVZHOOHVWDEOLVKHG
WKDWDVVFDIIROGSURWHLQV7MSVXWLOL]HWKHLUPXOWLSOHSURWHLQSURWHLQLQWHUDFWLQJGRPDLQV
IRUH[DPSOHFRQQH[LQVPRVWO\LQWHUDFWZLWK3'=GRPDLQV WRIRUPH[WHQVLYH
FRPSOH[HVLQWKHSUR[LPLW\RIFHOOPHPEUDQHVWKDWDUHDVVRFLDWHGZLWKWLJKWDGKHUHQV
DQGJDSMXQFWLRQV %DXHUet al:LOORWWet al.DXVDO\Det al)DQQLQJ
et al,NHQRXFKLet al8PHGDet al %HFDXVHWKHsbrtnh009bDOOHOH\LHOGV
DSURWHLQWKDWLVQRUPDOO\ORFDOLVHGLWLVSODXVLEOHWKDWWKHSKHQRW\SHLVFDXVHGE\WKH
DEVHQFHRIWKH=8GRPDLQZKLFKLVWUXQFDWHGLQDOORIWKHDOOHOHV7KLVPDNHVWKH
SRWHQWLDOLQWHUDFWLQJSDUWQHUVRIWKLVSRRUO\LQYHVWLJDWHGGRPDLQSDUWLFXODUO\LQWHUHVWLQJ
$SRVVLEOHFDQGLGDWHIRUVXFKDSDUWQHULV&GFHIIHFWRUNLQDVH05&.ȕ P\RWRQLF
G\VWURSK\NLQDVHUHODWHG ZKLFK=2VSHFLILFDOO\GLUHFWVWRWKHOHDGLQJHGJHRI
PLJUDWLQJFHOOVUHJXODWLQJDFWLQP\RVLQPHGLDWHGFHOOPLJUDWLRQ +XRet al
8QEHNDQGW 2OVRQ ,WZDVVKRZQWKDWNQRFNGRZQVRIHQGRJHQRXV=2LQ&26
FHOOVFRXSOHGZLWKWKHH[SUHVVLRQRIWKH=2YHUVLRQODFNLQJWKH=8GRPDLQUHGXFH
WKHZRXQGKHDOLQJUHVSRQVHLQVFUDWFKDVVD\V +XRet al +RZHYHUNQRFNRXWVRI
=2LQ(SKFHOOVGRQRWDIIHFWPRWLOLW\ZKLFKVXJJHVWVWKDWWKHUHLVGLIIHUHQWLDO



UHJXODWLRQRIFHOOVE\=2 8PHGDet al ,Q69FHOOFXOWXUHVORQJWHUP
H[SUHVVLRQRIWUXQFDWHG=2FKDQJHVFHOOVKDSHIURPDFRQIOXHQWKH[DJRQDOOLNHVKDSH
WRDORRVHILEUREODVWOLNHVKDSH 5\HRPet al 7KLVVKDSHFKDQJHLVUHPLQLVFHQWRI
WKHWUDQVLWLRQRILULGRSKRUHVIURPWKHGHQVHVKDSHWRWKHORRVHVKDSHGXULQJVWULSH
IRUPDWLRQ7RJHWKHUWKHVHUHSRUWVVXSSRUWDSRVVLELOLW\WKDWWKH=8GRPDLQZKLFKLV
DEVHQWLQWKHsbrPXWDQWVLVPHGLDWLQJWKHIXQFWLRQRI7MSDLQLULGRSKRUHV

+RZHYHURQHFDQQRWH[FOXGHRWKHUPHFKDQLVPVLQWKHGHOD\LQWKHFHOOVKDSHWUDQVLWLRQ
VLQFH7MSVDUHNQRZQWRFRQWUROPDQ\DVSHFWVRIFHOOELRORJ\VXFKDVMXQFWLRQDVVHPEO\
FHOOSUROLIHUDWLRQDQGJHQHH[SUHVVLRQ ;Xet al5\HRPet al%DOGD 
0DWWHU 

,QVXPPDU\ZHKDYHGHPRQVWUDWHGDFUXFLDOUROHRIFHOOVKDSHDQGRUJDQLVDWLRQFKDQJHV
LQWKHVWULSHGSLJPHQWSDWWHUQIRUPDWLRQRI]HEUDILVKDQGLGHQWLILHG7MSDDVDQRYHO
UHJXODWRURIWKLVSURFHVV7KHUHJXODWLRQRILULGRSKRUHVKDSHWUDQVLWLRQVE\7MSDPLJKW
FRQWULEXWHWRWKHYDULHW\RISDWWHUQVREVHUYHGLQWHOHRVWV)RUH[DPSOH Danio kyathit
GLVSOD\VDVSRWWHGRUXQGXODWLQJSDWWHUQTXLWHVLPLODUWRsbrLQDSSHDUDQFHDQG
YDULDELOLW\7KHYLDELOLW\RIWKHsbr PXWDQWVSUHVHQWVH[FLWLQJRSSRUWXQLWLHVIRUVWXG\LQJ
WKHEHKDYLRXURI7MSGHILFLHQWFHOOVin vivo.
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pigment cell organisation during zebrafish
colour patterning
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Abstract Zebrafish display a prominent pattern of alternating dark and light stripes generated by
the precise positioning of pigment cells in the skin. This arrangement is the result of coordinated cell
movements, cell shape changes, and the organisation of pigment cells during metamorphosis.
Iridophores play a crucial part in this process by switching between the dense form of the light
stripes and the loose form of the dark stripes. Adult schachbrett (sbr) mutants exhibit delayed
changes in iridophore shape and organisation caused by truncations in Tight Junction Protein 1a
(ZO-1a). In sbr mutants, the dark stripes are interrupted by dense iridophores invading as coherent
sheets. Immuno-labelling and chimeric analyses indicate that Tjp1a is expressed in dense iridophores
but down-regulated in the loose form. Tjp1a is a novel regulator of cell shape changes during colour
pattern formation and the first cytoplasmic protein implicated in this process.
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Introduction
One of the most fascinating features of vertebrates is their display of remarkable colour patterns in
skin, fur, or plumage, frequently varying strikingly between closely related species. Teleost fish exhibit
a particularly high diversity of patterns formed by several types of pigment cells distributed in
a multilayered arrangement in the hypodermis (Singh and Nüsslein-Volhard, 2015). Adult zebrafish
display a conspicuous pattern of alternating dark and light stripes; remarkably different from
a relatively simple larval pattern, which is generated directly from neural crest cells migrating during
embryogenesis (Kelsh et al., 1996). The adult pattern is formed from neural crest-derived progenitors
during metamorphosis (3–6 weeks of development). Metamorphic iridophores (silvery cells containing
reflective guanine platelets) and melanophores (dark cells containing the black pigment melanin) arise
from neural crest-derived stem cells associated with the peripheral nervous system, whereas
metamorphic xanthophores (yellow–orange cells containing pteridine based pigments) originate from
proliferating larval xanthophores (Budi et al., 2011; Dooley et al., 2013; Mahalwar et al., 2014;
McMenamin et al., 2014; Singh et al., 2014). Several adult viable zebrafish mutants displaying
abnormal adult pigment patterns have been described (Haffter et al., 1996; Kelsh et al., 1996;
Lister et al., 1999). One class of genes primarily affects the formation of one of the three cell types.
For example nacre/mitfa mutants lack melanophores, pfeffer/csf1ra/fms mutants lack xanthophores,
and in shady/ltk iridophores are compromised (Lister et al., 1999; Parichy et al., 2000; Lopes et al.,
2008). Genetic analyses and regeneration studies revealed that interactions between all three cell
types are necessary for proper stripe formation in the trunk of the fish (Maderspacher and NüssleinVolhard, 2003; Nakamasu et al., 2009; Frohnhöfer et al., 2013; Patterson and Parichy, 2013).
Long-term in vivo imaging has shown that stripe formation involves intricate cell shape and density
changes of metamorphic pigment cells (Mahalwar et al., 2014; Singh et al., 2014). Iridophores take
a lead in stripe formation: they appear along the horizontal myoseptum, proliferate and spread as
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eLife digest The striking horizontal striped pattern of the zebrafish makes it a decorative
addition to many home aquariums. The stripes are a result of three different pigment cells interacting
with each other, and first begin to emerge when the animal is two to three weeks old. At that time,
iridescent cells called iridophores begin to multiply and spread in the skin. In the light-coloured
stripes, the iridophores are compact and ‘dense’; in the dark stripes the cells change into a ‘loose’
shape and organisation. Black-pigmented cells fill in the dark stripes, and a third cell type with
a yellow hue condenses over the light stripes. How the three types of cell work together to make the
striped pattern is not fully understood.
Fadeev et al. examined a zebrafish variant with a genetic mutation that disrupts the function of
a protein called Tight Junction Protein 1a (or Tjp1a)—a fish variant of a mammalian protein called ZO1. This protein helps cells to interact with each other. The mutant fish appear spotted rather than
striped, because light regions containing sheets of the dense iridophores interrupt the dark stripes.
Experiments using fluorescent markers showed that Tjp1a is produced in much lower amounts in
the loose iridophores in the dark stripes than in the dense iridophores of the light stripes. This led
Fadeev et al. to suggest that the transition from the dense to the loose shape is dependent on the
presence of Tjp1a in the cell.
Tjp1a is likely to regulate how colour patterns form by controlling how iridophores interact with
other types of pigment cell. The Tjp1a mutant fish provides the first glimpse into the machinery
inside cells that underlies colour pattern formation, and will help to identify other components and
cues responsible for cell interactions.
DOI: 10.7554/eLife.06545.002

a dense sheet in the skin to form the first light stripe. At the margins of this first light stripe, the dense
iridophores undergo a transition into a loose form and spread over the dark stripe region. Past the
presumptive dark stripe, they change into the dense form again and aggregate into sheets forming
new light stripes (Singh et al., 2014). The first two dark stripes form dorsally and ventrally of the first
light stripe by melanoblasts migrating along spinal nerves into the skin in the presumptive dark stripe
region. They initially appear as stellate cells with the pigment located in the centre of the cells but
later expand into the stationary rounded form (Dooley et al., 2013; Singh et al., 2014). Metamorphic
xanthophores originate from larval xanthophores, they compact over the dense iridophores of the
light stripe and change into a pale stellate shape above the loose iridophores and melanophores of
the dark stripe (Mahalwar et al., 2014). A different type of iridophores—L-iridophores—underlie the
melanophores of the dark stripe. L-iridophores appear only after the first two dark stripes are formed
and do not participate in laying out the pattern (Frohnhöfer et al., 2013; Hirata et al., 2003, 2005).
Interestingly, iridophore-deficient mutants are not affected in the stripe pattern of the fins, suggesting
differences in the mechanisms involved in patterning of the trunk and fins (Frohnhöfer et al., 2013).
Mutants in which all three chromatophore types develop, but stripe formation is impaired, are of
particular interest, as they can provide insights in the molecular mechanisms of cell–cell interactions
underlying stripe formation. Several mutants have been described in which dark stripes are broken
into spots. leopard/Cx 41.9, luchs/Cx39.4 encode components of gap junctions involved in cell–cell
communications (Maderspacher and Nüsslein-Volhard, 2003; Watanabe et al., 2006; Irion et al.,
2014). In the absence of leo or luc, iridophores fail to change to the loose form and suppress
melanophores. leo and luc presumably form heteromeric gap junctions among and between
melanophores and xanthophores, instructing iridophores to change shape in a spatially controlled
manner (Irion et al., 2014).
In this study, we present the mutant schachbrett (sbr) (German for checkerboard) that exhibits
interruptions in dark stripes by light stripe regions. sbr encodes Tight Junction Protein 1a (Tjp1a/ZO-1).
Immunostaining revealed that Tjp1a is expressed in dense iridophores but neither in loose iridophores
nor any other pigment cell type. Analysis of double mutants and chimeras shows that sbr is
cell-autonomously required in iridophores. During metamorphosis, dense iridophores invade the
dark stripe regions and temporarily suppress the expansion of melanophores, suggesting that
Tjp1a is required to regulate the transition of dense iridophores into the loose shape and their
organisation.
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Results
schachbrett encodes Tight Junction Protein 1a
Adult sbr fish display an unchanged arrangement and approximately normal width of stripes,
however, the dark stripes are interrupted and undulating (Figure 1A). The allele sbrtnh009b was isolated
during a screen for ENU-induced recessive, homozygous viable mutants affecting adult pattern
formation. The mutation was mapped to the region 29.6–32.5 Mb of chromosome 7 (Ensembl
Zebrafish release 72) (Figure 1B). Using a candidate approach, we sequenced tjp1a cDNA of sbrtnh009b
and detected a nonsense mutation leading to Y1143Stop change in the C-terminal part of the protein
(Figure 1C). To confirm the suggestion that this mutation is causative for the sbr phenotype, we
performed a screen for additional alleles. ENU-mutagenized Tü males were crossed to sbrtnh009b
females; the progeny was raised to the adulthood and screened for the sbr phenotype. Four new

Figure 1. schachbrett encodes Tjp1a. (A) All alleles of sbr exhibit interrupted, undulating dark stripes of normal arrangement and width when compared
to wild type, but no other obvious defects. Scale bar: 5 mm. (B) Scheme of meiotic mapping of sbr. Marked are z-markers and contigs on which SNPs were
found with their genomic and genetic (where applicable) coordinates. The numbers of recombinants among all fish tested are given in red and blue.
The right-most bar shows genes on the ends of the final mapped region. The dotted region is not to scale and contains multiple genes. (C) DNA sequence
traces for four alleles of sbr. Red rectangles mark the mutated residues. Red asterisks stand for stop codons. (D) Scheme of Tjp1a protein. Purple rounded
squares indicate regions corresponding to polypeptides used for antibody generation. Red diamonds show the positions of stop codons in the mutants.
DOI: 10.7554/eLife.06545.003
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alleles not complementing the original allele were isolated. We identified novel stop codons in
positions of the tjp1a gene corresponding to the N-terminal part of the protein in all four new alleles.
The phenotype is variable, and no qualitative differences between the alleles could be recognized.
Individual fish of the sbrtnh009b allele with the C-terminal truncation may show a weaker phenotype
not seen in the other alleles, therefore, we cannot exclude that it may have residual function.
In subsequent crosses, we never observed a segregation of the sbr phenotype and the tjp1a mutant
alleles. These results show that the loss of Tjp1a function causes the sbr phenotype.

The sbr phenotype is not caused by a decrease in melanophore number
The larval pigment pattern is unaffected in sbr mutants (Figure 2A, 6.5 mm). Repeated photography
of individual fish revealed that mutants can be distinguished from wild-type siblings at stage 7.5 mm
SL (Standard Length [Parichy et al., 2009]) (about 4 weeks post fertilisation) shortly after the first
metamorphic melanophores appear (Figure 2A). At this and following stages, melanophores in the
mutants appear as small dots when compared to melanophores of wild type, giving the metamorphic
fish a pale appearance (Figures 2A, 9.0–10.2 mm). Later (11 mm SL), the melanophores acquire

Figure 2. Abnormal behaviour of sbr mutant melanophores. (A) Pigment pattern during metamorphosis in the mid-trunk of individual wild type and sbr
mutant fish. Arrowheads: forming interruptions. White arrowheads: disappearing melanophores (N = 6). Scale bar: 1 mm. (B) Average number of
melanophores per segment in the first two dark stripes in wild type and mutant fish plotted against standard length. Red circles—individual wild type fish;
blue squares—individual sbr fish. Inset shows the area where melanophores were counted. Distributions of melanophore numbers in mutants and wild
type fish do not differ significantly until the 10 mm stage as shown by Kolmogorov–Smirnov statistics. At 10–14 mm stages the distributions are different
with p-values < 0.05. (C) Close-ups of mid-trunk regions of adult wild type, sbr, spa and spa;sbr and melanophore numbers in a dark stripe dorsal to the
first light stripe of adult fish. Red lines—standard deviation. Scale bar: 2 mm.
DOI: 10.7554/eLife.06545.004
The following figure supplement is available for figure 2:
Figure supplement 1. Width of the first light stripe in sbr and wild type fish.
DOI: 10.7554/eLife.06545.005
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a shape similar to wild-type cells (Figure 2A, 11.6 mm). The melanophore numbers in mutant and
wild-type fish do not differ significantly until 10 mm SL (Figure 2B), when the pale phenotype is
already established. In older mutant fish, there is a slight decrease in the average number of
melanophores, likely due to the interruptions of the stripe areas (Figure 2C, wt, sbr). To assess the
impact of melanophore number on stripe integrity, we compared sbr to sparse (spa) mutants, which
have decreased numbers of melanophores (Johnson et al., 1995). spa mutants have only about
a third as many melanophores as wild-type fish (Figure 2C, plot); however, these cells form
uninterrupted stripes (Figure 2C, spa). Double mutants sbr;spa display a combination of both
phenotypes (Figure 2C, sbr;spa). This indicates that the pale appearance of the mutant metamorphic
fish is caused by an abnormal size, shape, or pigment arrangement rather than a reduced number of
melanophores.

sbr iridophores fail to undergo shape change during early stripe
formation
In early metamorphic mutant fish, but not in adults, the width of the first light stripe, composed of
dense iridophores covered by compact yellow xanthophores, is increased compared to wild type
(Figure 2A, 11.6 mm; Figure 2—figure supplement 1).
After 10 mm SL, dense S-iridophores and xanthophores can be observed in the dark stripe region
in sbr mutants (Figure 2A, arrowheads) and melanophores disappear from these areas (Figure 2A,
white arrowheads), ultimately leading to the interruptions. To investigate iridophore behaviour, we
performed repeated imaging of wild-type and sbr individuals over a period of 2 weeks. To allow
a more detailed visualisation of the cell shapes, we imaged fish carrying the Tg(TDL358:GFP)
transgene (labelling iridophores and glia with cytosolic GFP [Levesque et al., 2013]) alone (Figure 3)
or together with a second transgene, Tg(sox10:mRFP) (Figure 4), which labels neural crest derivatives
with membrane-bound mRFP. In both, wild type and mutants, iridophores appeared in segmental
clusters during early metamorphosis (about 7 mm SL), they increased in number and merged to form
the first light stripe (Figure 3A, Figure 4A). In wild type, iridophores proceeded to define the edge of
the light stripe, there they delaminated and formed loose iridophores, which spread dorsally and
ventrally over the dark stripe regions (Figure 3A, 8.9 mm; Figure 4; Singh et al., 2014). Dense
iridophores occasionally spread too far from the horizontal myoseptum (Figure 3B, wt), but later
formed sharp light stripe borders. However, in the mutants the dense iridophores did not delaminate
but continued to spread over the metamorphic melanophores as a coherent sheet (Figure 3A, sbr 8.9
mm; Figure 4, sbr, 8.3 mm). At later stages, eventually some of them switched to the loose form
(arrowheads in Figure 3B; Figure 4A) and occasionally seemed to disappear from the dark stripe
regions at a time point, which coincided with expansion of melanophores (10.5 mm SL,
Figure 3—figure supplement 1). When this retreat did not happen, the iridophores persisted in
interruptions of the dark stripes (Figure 2A, 11.6 mm). The failure to precisely form the boundary
between light and dark stripes might be a cause for another anomaly observed in sbr mutants:
L-iridophores, which are restricted to dark stripe areas in wild type, were observed in light stripes of
adult sbr mutants (Figure 3—figure supplement 2).
Analysing fish carrying the transgene Tg(kita:GalTA4:UAS:mCherry), which labels melanophores
(Anelli et al., 2009), we observed that in sbr mutants individual melanophores moved away from
invading dense iridophores, while maintaining a migratory stellate shape, or they disappeared after
being trapped (Figure 5, Figure 5—figure supplement 1). This is in agreement with the observed
reduction in the number of melanophores in sbr during later stages of development (Figure 2B).

Tjp1a is required in iridophores for pattern formation
To investigate in which cell type sbr function is required, we analysed sbr in combination with mutants
lacking one of the three pigment cell types. Both shady mutants, lacking iridophores (shd, Figure 6C,
Figure 6—figure supplement 1A) and shd;sbr double mutants (Figure 6D, Figure 6—figure
supplement 1B), display the shd phenotype with no detectable differences, suggesting that sbr
function is only required in iridophores. In contrast, the phenotypes of double mutants with nacre (nac,
no melanophores, Figure 6E) or pfeffer (pfe, no xanthophores, Figure 6G) differ from the single
mutants. Both pfe and nac alone exhibit expanded areas of dense iridophores. In combination with
sbr, both double mutants show a further expansion of these dense iridophore regions (Figure 6F,H),
covering most of the body. This phenotypic enhancement suggests that the cell type affected in sbr is
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still present in nac and pfe mutants, again
pointing to iridophores. To confirm these findings, we created chimeric animals by blastomere
transplantations. Experiments with sbr donors
and nac or pfe recipients revealed that sbr
melanophores and xanthophores can participate
in normal pattern formation (Figure 6I,J). When
we used shd;sbr double mutants as recipients
(Figure 6D) and nac;pfe (Figure 6K) as donors,
which can provide only iridophores, we observed
regional restoration of the striped pattern in the
chimeric fish (Figure 6L). This indicates that sbr is
required cell autonomously in iridophores and
confirms that mutant sbr melanophores and
xanthophores can contribute to the normal
pattern when confronted with wild-type
iridophores.
The fins of sbr mutants are striped, although
we detect branching and supernumerary stripes
to various extents in the caudal fins of some sbr
mutant fish but not in their anal fins suggesting
that there is no systematic defect in fin patterning. This is in agreement with the finding that
iridophores are not required for striping the fins
(Hirata et al., 2005; Frohnhöfer et al., 2013;
Krauss et al., 2013).

Tjp1a is expressed in dense
iridophores but not in loose
iridophores nor other pigment cells

Figure 3. Behaviour of sbr mutant iridophores during
metamorphosis. (A) Repeated imaging of Tg(TDL358:
GFP) wild type and mutant metamorphic individual (N =
5 each, one shown). Scale bar: 300 μm. (B) Same
individuals with another magnification. Empty patches in
the light stripe of wild type fish are caused by
variegation of the transgene expression. Arrowheads:
loose iridophores. Scale bar: 300 μm.
DOI: 10.7554/eLife.06545.006
The following figure supplements are available for
figure 3:
Figure supplement 1. Invading sbr iridophores
occasionally retreat.
DOI: 10.7554/eLife.06545.007
Figure supplement 2. L-iridophores in wt and sbr.
DOI: 10.7554/eLife.06545.008
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We raised two polyclonal antibodies in rabbits
specific to zebrafish Tjp1a (Figure 1D). α-Tjp1aN
was designed to recognize both, truncated
sbrtnh009b and wild-type Tjp1a protein, whereas
α-Tjp1aC would only bind to the wild-type
protein. Both antibodies allow the detection of
Tjp1a in epithelial cells of larval and adult zebrafish
skin (Figure 7—figure supplements 1, 2). This
staining is absent in mutants with stop codons in
the N-terminal part of tjp1a but present in
sbrtnh009b mutants stained with α-Tjp1aN
(Figure 7—figure supplement 1). We also
detected expression of Tjp1a in blood vessels
during larval and adult stages (Figure 7—figure
supplement 2), corroborating earlier reports on
the expression of Tjps in zebrafish and mice
(Anderson and Itallie, 1995; Blum et al., 2008).
Immunostaining of skin in metamorphic fish
carrying
the
Tg(TDL358:GFP)
transgene
(Figure 7A) shows that Tjp1a is expressed in
dense iridophores of the light stripe. Intriguingly,
delaminated loose iridophores still express GFP,
but no Tjp1a is detectable (Figure 7B). This
indicates that Tjp1a is down-regulated during
delamination of loose iridophores from the dense
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sheet in the light stripe. In adult skin preparations, the signal can be observed in dense
iridophores of the light stripes but not in
xanthophores, melanophores, L-, or loose iridophores (Figure 7C). Together with our observation that the loss of tjp1a function in sbr mutants
compromises the transition of iridophores from
dense to loose state, these results suggest that
Tjp1a is a component of the molecular switch
that regulates iridophore shape changes during
their dispersal.
Additionally, we analysed chimeras obtained
by transplanting blastomeres from sbrtwl4embryos, where transplanted cells were labelled
with expression of the ubiquitous Tg(H2A:GFP)
transgene, into blastula stage wild-type embryos.
Double stainings with α-Tjp1aN and α-GFP antibodies show that the donor-derived sbr dense
iridophores integrate with the wild-type recipient
iridophores but do not express Tjp1a
(Figure 7D). This suggests that the sbr phenotype is not caused by over-proliferation of
iridophores, since they do not produce large
clusters. We stained skin of nac;pfe/shd;sbr
chimeras with α-Tjp1aC and detected Tjp1a in
donor-derived iridophores but not in the epithelium, suggesting that loss of Tjp1a function in the
epithelium does not affect pattern formation
(Figure 7—figure supplement 3).
Figure 4. Behaviour of sbr mutant iridophores during
establishment of the first dark stripes. (A) Tg(TDL358:
GFP); Tg(sox10:mRFP) wild type and sbr metamorphic
fish (N = 4 each, one shown). Arrowheads point to
delaminating loose iridophores. Arrow shows dense
iridophores failing to delaminate. Scale bar: 150 μm.
(B) Close-ups of Tg(TDL358:GFP); Tg(sox10:mRFP) wild
type and sbr metamorphic fish 8.3 SL. Note difference in
iridophore shapes in wild-type. Scale bar: 50 μm.
DOI: 10.7554/eLife.06545.009

sbr enhances connexin mutant
phenotypes

To investigate the genetic interactions between
tjp1a and potential partners, cx39.4 and cx41.8,
we evaluated the phenotypes of double mutants
with luct32241 and leot1 (Figure 8). luc mutant fish
display meandering and broken stripes, whereas
in leot1 the stripes are broken into spots. In the
double mutants with sbr, we observe considerably stronger patterning defects than in the
single mutants. In the case of sbr;luc, an almost
complete loss of melanophore clustering is observed; the upper part of the body is covered with
a layer of dense iridophores. In the case of sbr;leo, the melanophore spots are even smaller and the
dense iridophore-free areas around them are narrower. These results suggest that connexins and
tjp1a do not act in a linear pathway affecting pigmentation. To investigate whether zebrafish Tjp1a
can interact directly with connexins, we performed yeast two-hybrid assays (Figure 8—figure
supplement 1). We observed interactions between Cx41.8 and all three PDZ domains of Tjp1a and
between Cx39.4 and PDZ-2 and 3 in this assay.

Discussion
We show that Tjp1a-deficient fish develop multiple interruptions of the dark stripes in the trunk by light
stripe structures composed of dense iridophores covered by compact xanthophores. In sbr mutants,
dense iridophores of the light stripe spread during metamorphosis as a coherent sheet invading dark
stripes rather than loosening up and dispersing. Melanophore expansion into the stationary rounded
form is temporarily suppressed. However, clustered melanophores later expand and seem to repulse
iridophores in a process, which is similar to the one involved in smoothening of stripe boundaries
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Figure 5. Two closely positioned melanophores in sbr
(arrowheads), are migrating away from the iridophores
in posterior and anterior directions. Scale bar: 100 μm.
DOI: 10.7554/eLife.06545.010
The following figure supplement is available for figure 5:
Figure supplement 1. Melanophores trapped in the
mass of iridophores are disappearing in sbr.
DOI: 10.7554/eLife.06545.011

(Frohnhöfer et al., 2013; Singh et al., 2014). The
location of the interruptions seems to be random.
Genetic mosaics, double mutant analysis, as well
as immunostaining indicate that Tjp1a is
expressed and required in dense iridophores
but not in melanophores or xanthophores. We
show that, surprisingly, Tjp1a-deficient iridophores do display a dense shape and organisation, however, intriguingly, they fail to undergo
the transition to the loose shape. This suggests
that the cell shape of loose iridophores is not
determined by the absence of Tjp1a per se. In
contrast, a reduction in the levels of Tjp1a may be
read by iridophores as a trigger for the transition
or the cell shape change might result in a downregulation of Tjp1a. In the absence of Tjp1a, other
Tjps might take over the role in cell compaction
but may not be able to properly respond to cues
guiding the transition to the loose shape.

Gene duplication and redundancy of Tjps functions in zebrafish
One surprising finding of this study is that Tjp1a-deficient zebrafish are viable unlike embryonic lethal
Tjp1−/− mice (Katsuno et al., 2008). There are three tjp genes (1–3) in mammals and five in zebrafish
(1a–b, 2a–b, 3), due to the whole genome duplication in teleosts (Amores et al., 1998). The lack of
Tjp1a function in epithelial cells in sbr mutants might be compensated for by other Tjps, for example,
Tjp1b, which does not exist in mammals. This is supported by the observation that morpholinomediated knockdown of tjp1b in sbr mutants, but not wild-type embryos, results in impaired blood
flow and death at 5 dpf (Videos 1–3). This suggests that Tjp1b and Tjp1a have redundant functions at
least in the vasculature epithelial cells. This notion is supported by experiments with mammalian cell
cultures showing that absence of ZO-1 leads to increased recruitment of ZO-2 to cell membranes,
which is suggested to compensate for the absence of ZO-1 (Umeda et al., 2004).

Tjp1a-induced cell shape transition during colour pattern formation
Our data show that in sbr dense iridophores fail to switch to the loose form in dark stripe regions. In
wild type, dense iridophores normally stay restricted to developing light stripes, but occasionally
spread into the prospective dark stripe areas. This irregularity is usually corrected and sharp stripe
boundaries are formed. However, in sbr, the invasion of dense iridophores occurs along the whole
length of stripes. Not all dense iridophores persist in dark stripe regions in sbr mutants. In summary,
we hypothesize that the loss of Tjp1a impairs the ability of iridophores to recognise the (as yet
unknown) cues defining the dark stripe areas or their ability to react to them efficiently. So far, only
a rather small number of molecules have been identified, which are involved in the various interactions
between chromatophores. Tjp1a is the first for which a molecular distribution and cell type specific
expression has been shown.

Tjp1a might interact with connexins/gap junctions
Several zebrafish mutants including leopard (Haffter et al., 1996; Watanabe et al., 2006), luchs (Irion
et al., 2014), and seurat (Eom et al., 2012) exhibit a spotted pattern formed by ingressions of
iridophores into the dark stripe area. luc and leo encode Connexin41.8 (Cx41.8) and Connexin39.4
(Cx39.4), respectively, which are, in contrast to sbr, required in melanophores and xanthophores
(Maderspacher and Nüsslein-Volhard, 2003; Irion et al., 2014). Irion et al. suggest that Cx39.4 and
Cx41.8 form heteromeric gap junctions, promoting interactions of melanophores and xanthophores
that result in the appropriate patterning of iridophores. In the absence of xanthophores or
melanophores, dense iridophore regions are expanded (Frohnhöfer et al., 2013), suggesting that
Tjp1a in iridophores may be involved in cell communication with xanthophores and/or melanophores.
However, the downstream cytoplasmic partners of the transmembrane proteins shown to be involved
in patterning in melanophores and xanthophores are unknown as well as transmembrane molecules in
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Figure 6. tjp1a is required in iridophores, but not melanophores or xanthophores. (A) Wild type fish. (B) sbr fish.
(C) shady (shd) mutant, which lacks iridophores. (D) shd;sbr mutant is indistinguishable from shd. (E) nacre (nac)
mutant, which lacks melanophores. (F) nac;sbr double mutant exhibiting expanded dense iridophore areas in
comparison to nac alone. (G) pfeffer(pfe) mutant, which has no xanthophores. (H) pfe;sbr double mutant exhibiting
expanded dense iridophore areas in comparison to pfe alone. (I) Chimeras, obtained from transplantation of sbr
blastomeres into nac recipient blastulas, show clonal rescue. (J) Chimeras obtained from transplantation of sbr
blastomeres into pfe recipient blastulas, show clonal rescue. (K) nac;pfe fish have only one type of pigment
cells—iridophores. (L) Chimeras obtained from transplantation of nac;pfe blastomeres into shd;sbr recipient
blastulas, show clonal rescue. Scale bars: 5 mm.
DOI: 10.7554/eLife.06545.012
The following figure supplement is available for figure 6:
Figure supplement 1. Phenotypes of shd and shd;sbr mutants.
DOI: 10.7554/eLife.06545.013

iridophores that are responsible for the interactions. Another mutant displaying a spotted pattern is
seurat, encoding the transmembrane protein immunoglobulin superfamily member 11 (Igsf11) (Eom
et al., 2012). Interestingly, Cx41.8 and Igsf11 are possible interacting partners of Tjps since they have
putative PDZ-binding motifs on their extreme C-termini (Hung and Sheng, 2002; Suzu et al., 2002).
The multiple protein–protein interacting domains in Tjps allow for many interacting partners and
facilitate formation of large complexes in proximity of cell membranes that are associated with tight,
adherens, and gap junctions. These provide a link between transmembrane proteins and the
cytoskeleton and were shown to participate in regulation of many cellular processes such as junction
assembly, cell proliferation, and differentiation (Balda and Matter, 2000; Bauer et al., 2010;
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Figure 7. Tjp1a is expressed in dense iridophores. (A) Double antibody staining of metamorphic Tg(TDL358:GFP) fish with α-Tjp1aC and α-GFP
antibodies. Note: not all iridophores are expressing GFP due to transgenic line variegation. Scale bar: 100 μm. (B) Loose iridophores migrating over the
dark stripe in 8.3 mm metamorphic Tg(TDL358:GFP) fish express GFP, but not Tjp1a, although the epithelial staining is still visible. Scale bar: 30 μm. (C) αTjp1aC staining in skin of adult wild type fish. The protein is detected in the sheet of dense S-iridophores of the light stripe, but not in L-iridophores (black
arrowheads), loose iridophores (white arrowheads), melanophores or xanthophores. Scale bar: 100 μm. (D) Double antibody staining with α-Tjp1aC and
α-GFP of skin of adult chimera, obtained by transplanting sbr;Tg(H2A:GFP) blastomeres into wild type blastula. Either GFP or Tjp1a was detected in cells,
never both. Some sbr cells express no GFP due to variegation of the transgene expression. Scale bar: 30 μm.
DOI: 10.7554/eLife.06545.014
The following figure supplements are available for figure 7:
Figure supplement 1. Tjp1a stainings in wild type and sbr.
DOI: 10.7554/eLife.06545.015
Figure supplement 2. Characterization of the Tjp1a expression domain.
DOI: 10.7554/eLife.06545.016
Figure supplement 3. Correlation between clonal rescue of sbr phenotype and Tjp1a expression.
DOI: 10.7554/eLife.06545.017

Xu et al., 2012; González-Mariscal et al., 2014). Our results show that sbr enhances the phenotypes
of both luc and leo mutants. This suggests that Tjp1a and connexins do not act in a linear pathway to
regulate pattern formation, but most likely work through different mechanisms. One possible
explanation is that Tjp1a is required for spatially and temporally controlled reaction of iridophores
in response to melanophores (directly or through xanthophores). Absence or truncation of Tjp1a
results in a delayed switch to the loose form, which in turn forces melanophores to reorganize
according to the presence of dense iridophores in normally iridophore-free regions. In luchs and
leopard, the melanophore and xanthophore autonomous mutations also affect patterning of
iridophores, likely due to the failure to properly guide iridophores (Irion et al., 2014). The
combined effect of failure of melanophores and xanthophores to provide cues to iridophores, and
the delayed reaction of iridophores might be responsible for the enhanced phenotypes in the
double mutants.
Interestingly, Tjp1a and Cx39.4 and Cx41.8 can interact in a yeast 2-hybrid assay. As in the fish they
are required in different pigment cell types, this may point to the existence of other, as yet unknown,
connexins, similar to the Cx41.8 and Cx39.4, that are expressed in iridophores and interact with Tjp1a.
ZO-1 was shown to regulate gap junction assembly, localization, and regulate plaque size in
mammalian cell cultures (Hunter et al., 2005; Laing et al., 2005; Rhett et al., 2011). Defective Tjp1a
in sbr might affect proper interaction of iridophore connexins with their counterparts in melanophores
and xanthophores, compromising cell–cell communication and recognition.
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Figure 8. Genetic interactions between luc, leo and sbr. (A) luchst32241 (luc) mutant affects Cx39.4 and results in
meandering and broken stripes. (B) luchst32241;sbrtwl4 mutant exhibits complete loss of stripes and expansion of
dense iridophore area. (C) leopardt1 (leo, cx41.8) stripes are broken into spots. (D) leot1;sbrtnh009b double mutant
displays decrease in the size of the spots. Scale bars: 5 mm.
DOI: 10.7554/eLife.06545.018
The following figure supplement is available for figure 8:
Figure supplement 1. Interaction of PDZ domains of Tjp1a with connexins.
DOI: 10.7554/eLife.06545.019

Tjp1a as a regulator of cell shape
Iridophore-specific connexins or other molecules, responsible for communication between pigment
cells, might also transmit signals via Tjp1a, controlling iridophore migration or shape change in
a spatiotemporally appropriate manner. Immunostainings show that Tjp1a is expressed in dense
iridophores, but not in loose iridophores. Intriguingly, the absence of Tjp1a does not obviously affect the
morphology of dense iridophores, which display normal shape and organisation. In vitro studies of the
past decade have demonstrated a function of ZO-1 in organisation of confluent cell layers.
Counterintuitively, ZO-1 −/− Eph4 cells polarize and form tight junctions morphologically indistinguishable from those of ZO-1 +/+ cells, but the formation is delayed. These cells do not exhibit abnormal
growth or motility in scratch assays (Umeda et al., 2004). However, knockdown of endogenous ZO-1 in
COS-7 cells hampers delamination and migration of cells to fill the wound area in scratch assays (Huo
et al., 2011). These data suggest that epithelial cells of different origin may react differently to the
absence of ZO-1. Our Tjp1aN antibody shows that the non-functional truncated protein is at least
partially retained and normally localized in sbrtnh009n mutants, suggesting that the missing domains (ZU-5
and possibly parts of afadin- and actin-binding regions [Bauer et al., 2010]) are crucial for the function of
Tjp1a in iridophores. It was shown that absence of the ZU5 domain of ZO-1causes defective
delamination and migration of COS-7 cells (Huo et al., 2011). Furthermore, mis-expression of truncated
ZO-1 in the presence of the wild-type protein in CE culture leads to the expression of mesenchymal
markers and to an epithelial–mesenchymal transition (EMT) (Ryeom et al., 2000). Taken together with
our findings, these data suggest a role of ZO-1 in
regulating and fine-tuning of cell shape and state.

Video 2. 50 hpf wild type embryo injected with

Video 1. 50 hpf wild type embryo. Note normal blood
flow.
DOI: 10.7554/eLife.06545.020

Fadeev et al. eLife 2015;4:e06545. DOI: 10.7554/eLife.06545

morpholino against Tjp1b. Note normal blood flow (N
= 53/53). The result shows non-toxicity of morpholino.
No defects are observed in the injected fish (observed
until adulthood).
DOI: 10.7554/eLife.06545.021
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We show that transitions in cell shape and
organisation are crucial for the arrangement of
pigment cells in stripes and identify Tjp1a as
a regulator of this process. It appears that the
presence of Tjp1a allows iridophores to change
into the loose form at the appropriate positions.
This suggests that Tjp1a is required for interaction
of iridophores with other pigment cells (for
Video 3. 50 hpf sbr embryo injected with morpholino example through controlling assembly of gap
against Tjp1b. No blood flow is observed, possibly due junctions) and/or appropriate reaction of iridoto disrupted angiogenesis (N = 30/38). None of the 30
phores to perceived cues (through control of
individuals without blood flow survived past 5 dpf.
delamination and cell shape). The spatial and
DOI: 10.7554/eLife.06545.022
temporal regulation of iridophore shape transitions by Tjp1a might underlie the generation of
a variety of patterns observed in teleosts. Moreover, the viability of sbr mutants presents exciting opportunities for studying the behaviour of Tjp1
deficient cells in vivo.

Materials and methods
Zebrafish maintenance
Fish were bred and maintained as described (Nüsslein-Volhard and Dahm, 2002). Fish of the
following genotypes were used: Tü, WIK, TE wild-type strains (Tübingen zebrafish stock centre),
luchst32241(Irion et al., 2014), leot1 (Watanabe et al., 2006), nacrew2 (Lister et al., 1999), pfeffertm236b
(Odenthal et al., 1996), shadyj9s1 (Lopes et al., 2008), sparseb134 (Kelsh et al., 1996), Tg(TDL358:
GFP) (Levesque et al., 2013), Tg(kdrl:GFP) (Jin et al., 2005), Tg(kita:GalTA4:UAS:mCherry) (Anelli
et al., 2009), Tg(sox10:mRFP) (M Levesque; CN-V laboratory), Tg(H2A:GFP) (A Mongera; CN-V
laboratory). Fish were staged according to the normal table of zebrafish development (Parichy et al.,
2009).

Mutagenesis
The original allele sbrtnh009b was identified in a screen for mutants induced with N-ethyl-N-nitrosourea
(N5809, Sigma-Aldrich, St. Louis, Missouri) in Tü wild-type background. Mutagenesis was carried out
as described previously (Rohner et al., 2011). Subsequently, fish were crossed to TE and later
maintained in homozygosity by regular outcrossing. Four new alleles were isolated by crossing
mutagenized Tü males to sbrtnh009b females and screening the adult progeny for the sbr phenotype.

Mapping and alleles testing
sbrtnh009b/WIK fish were incrossed and used for meoitic mapping as described previously (NüssleinVolhard and Dahm, 2002). The mutation was mapped to the region between microsatellite markers
z4706 (36.7 cM) and z52932 (41.4 cM) on chromosome 7. Further, the interval was narrowed to the
region 29.6–32.5 Mb of chromosome 7, between contigs CR356242 and BX3235912 (Ensembl
Zebrafish release 72). The following primers were used:
CR356242_F GTAGTATATGGATATGGATG
CR356242_R CCACCGCTGCATACCCTGC
BX3235912_F CTTGCACAGGGAATGTGT
BX3235912_R CTGCAGTGTTCTCACGCT
To check for presence of lesions in tjp1a, RNA was extracted from blastema of adult wild-type and
sbr fish using TRIzol reagent (15596, Thermo Fisher Scientific, Waltham, Massachusetts). cDNA was
obtained using Omniscript RT kit (205111, Qiagen, Netherlands). Four overlapping regions of the
coding region of tjp1a (ENSDART00000148347) were amplified using Taq polymerase S (M3001.0250,
Genaxxon, Germany) and the following primers:
tjp1a_1F 5′-GACTGCGGGATTTCAGTTGT-3′
tjp1a_1R 5′-CACTATTCGCCGGTACACATC-3′
tjp1a_2F 5′-GCAGAAGAAGAAAGATGTGTAC-3′
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tjp1a_2R 5′-ATGTGAACCGTCCGCCTTG-3′
tjp1a_3F 5′-CAACCATCATCTCTTCACAGCCACT-3′
tjp1a_3R 5′-GATTTTCTCCACTGACTCTGCTCTGG-3′
tjp1a_4F 5′-CTGGATCAAGAGAAGACCTTTAGAACTC-3′
tjp1a_4R 5′-TCCCTGCAGTCTCAGAGGTT-3′.
PCR products were cloned into pGEM-T Easy (A360, Promega, Fitchburg, Wisconsin) and
sequenced using Big Dye Terminator v3.1 kit (4337455, Thermo Fisher Scientific).

Generation of polyclonal antisera
Two parts of the tjp1a cDNA corresponding to 992–1143 a.a. (α-Tjp1aN) and 1293–1397a.a.
(α-Tjp1aC) of Tjp1a (ENSDART00000148347) were cloned both into pET28-nusA (Novagen) and
pOPT-GST-Kan (gift from U Irion and O Perisic) plasmids to produce 6xHis-nusA and GST-tagged
fusions. The following primers were used to amplify these regions:
tjp1aN_F 5′-CATATGTACAAGAAGGATATCTACCGACCC-3′
tjp1aN_R 5′-GGATCCTTAGGAAGGCCTTTGGG-3′
tjp1aC_F 5′-CATATGAAACCCTCCACACAGCTGACAC-3′
tjp1aC_R 5′-GGATCCTTAGCTGGACGTGGCAG-3′.
Obtained constructs were used to transform BL21-CodonPlus DE3-RIPL (230280, Agilent
Technologies, Santa Clara, California) cells. The cells were grown in 1 ml of 2xTY medium containing
20 mM glucose and 15 μg/ml kanamycin for 3 hr on 37˚C, 220 rpm. This culture was used to inoculate
50 ml of the same medium and was grown overnight on 20˚C, 220 rpm. His-tagged polypeptides were
purified using HiTrap IMAC FF 1 ml (17-0921, GE Healthcare, UK) charged with Ni2+ and 250 mM
imidazole in the elution buffer. GST-tagged polypeptides were purified using GSTrap FF 1 ml (17-5130,
GE Healthcare). In all cases, the samples of eluted proteins were loaded on NuPage Novex 4–12% BisTris gel (NP0322BOX, Thermo Fisher Scientific) and stained with Coomassie Brilliant Blue G-250 to
assess the purity. The polypeptides were dialyzed in PBS using Slide-A-Lyzer Dialysis Cassettes 10K
MWCO (66383, Thermo Fisher Scientific). The protein concentrations were assessed using Bradford
method. His-tagged polypeptides were used to immunize rabbits with Freund’s complete adjuvant
(F5881, Sigma-Aldrich) as immunopotentiator. GST-tagged polypeptides were bound to HiTrap NHSactivated HP columns (17-0716, GE Healthcare) and used to purify the corresponding antibodies from
rabbit serum, using PBS as binding buffer and 100 mM glycine pH 2.3 as elution buffer. The purified
antibodies were neutralized with Tris-HCl pH 9.5 and mixed 1:1 with glycerol.

Immunohistochemistry
Antibody staining was performed as described previously (Singh et al., 2014) omitting methanol
hydration/rehydration and HCl steps. Antibodies used were mouse α-E-cadherin (610181, BD
Biosciences, Franklin Lakes, New Jersey), mouse α-GFP (11814460001, Roche, Germany), goat
α-rabbit coupled with Cy3 (111-165-003, Dianova, Germany), goat α-mouse AlexaFluor 488 (A21131,
Molecular Probes, Eugene, Oregon). All antibodies were used in 1:400 dilution, except α-Tjp1aN and
α-Tjp1aC, which were used in 1:100 dilution.

Transplantations
Chimeras were produced as described (Nüsslein-Volhard and Dahm, 2002) using mid-blastula stage
(1000 cell stage) embryos, transplanting 30–60 cells.

Image acquisition
We used Zeiss LSM 780 NLO confocal microscope and Canon 5D Mk II camera to obtain images. Fiji
(Schindelin et al., 2012), Adobe Photoshop, and Adobe Illustrator CS6 were used for image
processing and analysis. Maximum intensity projection was made for fluorescent channels of confocal
scans. For bright-field images, we used ‘stack focuser’ plugin or a single slice on an appropriate
depth. For adult fish photos, multiple RAW camera images were taken in different focal planes and
auto-align and auto-blend functions of Photoshop were used. Repeated imaging of metamorphic fish
and anaesthesia were performed as described previously (Singh et al., 2014).

Melanophore counts
Melanophores in metamorphic fish were counted in five segments in the middle 70% of
myotome starting with the one above the first ray of the anal fin and proceeding posteriorly.
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A Kolmogorov–Smirnov test was conducted in SciPy (Jones et al., 2001) to compare the distributions
of melanophore counts in mutant vs wild-type fish. An initial comparison was conducted on fish of
4–6 mm SL. Sample sizes were then increased to include the melanophore counts of fish of 6–7 mm SL,
and each subsequent data set was formed in a similar fashion by 1 mm increment. The null hypothesis
of the samples being drawn from the same distribution was rejected with a p-value of 0.011 when
a data set composed of 4–10 mm SL fish was used.

Light stripe width quantification
For measuring the first light stripe width, the light stripe was defined as an area taken by dense
iridophores. The width of the stripe was measured along five lines, perpendicular to the lateral line
and drawn from the bases of each second fin ray in the anal fin starting with the first. The body height
was measured along the first line.

Morpholino injections
The knockdown was performed as described before (Nüsslein-Volhard and Dahm, 2002) using 3 ng of
tjp1b-MO (CGAGTATGTGATCAGTCTTACTGCA), obtained from Gene Tools, LLC, Philomath, Oregon.

Yeast two-hybrid assay
The PDZ domains of ZO-1 were amplified by RT-PCR from wild-type zebrafish RNA with the following
primer pairs:
T878: 5′-CATATGGTGACTCTTCACAGGGCACC-3′
T879: 5′-GGATCCTTCCGCTTCCTGCGGATAG-3′
T880: 5′-CATATGGTCACACTCGTCAAGTCCCGC-3′
T881: 5′-GGATCCTTCATCTCTCTGCACCACCAT-3′
T882: 5′-CATATGAAGTTTAAGAAAGGGGAAAGTG-3′
T883: 5′-GGATCCTTTCTTCTTCTGCGCAAGGATGG-3′
and cloned in the vector pGBKT7 (Takara, Japan) via NdeI and BamHI.
Similarly, the C-termini of Cx39.4, Cx41.8, and Cx43 were amplified by RT-PCR with the following
primer pairs:
T886: 5′-CATATGCTTCAGTTGGTGATAAC-3′
T887: 5′-GGATCCTCAAACATAATGTCTCGGTTTG-3′
T884: 5′-CATATGGCATGGAAGCAGTTGAGG-3′
T885: 5′-GGATCCTATACCGCAAGGTCGTCCGG-3′
T888: 5′-CATATGCTCTTCAAACGAATCAAGGACC-3′
T889: 5′-GGATCCTAGACGTCCAGGTCATCAGG-3′
and cloned into the vector pGADT7 (Clontech) via NdeI and BamHI.
The plasmids were transformed into the yeast strain Y2HGold (Clontech) by standard procedures,
and we screened for positive interactions using X-α-Gal and His as markers.

Acknowledgements
We thank A Mongera and M Levesque for providing transgenic lines; A Singh for discussions,
expertise, and valuable comments on the manuscript; M Sonawane and D Gilmour for discussions and
comments on the manuscript; O Perisic for providing plasmids; R Neher for help in melanophore
count statistics. We thank H-M Maischein for help with blastomere transplantations, C Liebig for
support in light microscopy, B Walderich and the fish facility, W Antonin and the rabbit facility for
great support. This work was financially supported by the Max-Planck Society for the Advancement of
Science and by ZF-HEALTH grant (Project number 242048).

Additional information
Funding
Funder
Max-Planck-Gesellschaft
(Max Planck Society)

Fadeev et al. eLife 2015;4:e06545. DOI: 10.7554/eLife.06545

Grant reference

Author
Christiane NüssleinVolhard

14 of 17

Research article

Cell biology | Developmental biology and stem cells
Funder

Grant reference

Author

European Commission (EC)

ZF-HEALTH grant (Project
number 242048)

Christiane NüssleinVolhard

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions
AF, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or
revising the article; JK, Identification of twl4, twl1, twc2 alleles, Conception and design, Analysis and
interpretation of data; HGF, Isolated tnh009b allele; UI, Acquisition of data, Analysis and
interpretation of data, Drafting or revising the article; CN-V, Conception and design, Analysis and
interpretation of data, Drafting or revising the article
Ethics
Animal experimentation: All animal experiments were performed in accordance with the rules of the
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Anelli V, Santoriello C, Distel M, Köster RW, Ciccarelli FD, Mione M. 2009. Global repression of cancer gene
expression in a zebrafish model of melanoma is linked to epigenetic regulation. Zebrafish 6:417–424. doi: 10.
1089/zeb.2009.0612.
Balda MS, Matter K. 2000. The tight junction protein ZO-1 and an interacting transcription factor regulate ErbB-2
expression. The EMBO Journal 19:2024–2033. doi: 10.1093/emboj/19.9.2024.
Bauer H, Zweimueller-Mayer J, Steinbacher P, Lametschwandtner A, Bauer HC. 2010. The dual role of zonula
occludens (ZO) proteins. Journal of Biomedicine & Biotechnology 2010:402593. doi: 10.1155/2010/402593.
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3XEOLFDWLRQ
)DGHHY$.UDXVV-6LQJK$31VVOHLQ9ROKDUG&   =HEUDILVK/HXFRF\WH
W\URVLQHNLQDVHFRQWUROVLULGRSKRUHHVWDEOLVKPHQWSUROLIHUDWLRQDQGVXUYLYDO
Pigment Cell and Melanoma Research.GRLSFPU
&RUUHVSRQGLQJDXWKRU


7KH$/./7.VXEIDPLO\RIW\URVLQHNLQDVHV
0DQ\DVSHFWVRIWKHVSHFLILFDWLRQSUROLIHUDWLRQDQGVXUYLYDORIFKURPDWRSKRUHVDUH
UHJXODWHGE\VSHFLILFUHFHSWRUOLJDQGSDLUV ZLWKWKHUHFHSWRUEHLQJH[SUHVVHGLQWKH
SLJPHQWFHOO 2QHVXFKUHFHSWRULVshady/leukocyte tyrosine kinase ltk ZKLFKLV
VXJJHVWHGWRUHJXODWHWKHHVWDEOLVKPHQWRILULGRSKRUHV/RVVRIIXQFWLRQPXWDQWVRIltk
ODFNRILULGRSKRUHVWKURXJKRXWDOOVWDJHVRIGHYHORSPHQW /RSHVet al 
'XHWRWKHVLPLODULWLHVRIWKHLUNLQDVHGRPDLQV/WNDQG$ON DQDSODVWLFO\PSKRPD
NLQDVH FRPSULVHDVXEJURXSRIWKHLQVXOLQUHFHSWRUVXSHUIDPLO\=HEUDILVK/WNDQG$ON
SRVVHVVDGRPDLQVWUXFWXUHVLPLODUWRWKDWRIPDPPDOLDQ$ONEXWQRW/WN )LJXUH& 
/RSHVet al3DOPHU +DOOEHUJ7R\RVKLPDet al&LVPDVLXet al
)DVVet al 0DPPDOLDQ/WNDQG$ONDUHPDMRUIDFWRUVLQWXPRULJHQHVLVDQG
DQXPEHURIDFWLYDWLQJPXWDWLRQVLQ$/.KDYHEHHQUHSRUWHGLQKXPDQFDQFHUV &DUpQet
al0RVVpet al0DUWLQVVRQet al&KHQet al*HRUJHet al
 7KHPXWDWLRQV),6/LQWKHNLQDVHGRPDLQDUHIUHTXHQWLQQHXUREODVWRPD
WLVVXHVHVSHFLDOO\LQUHODSVHGWXPRXUV 'H%URXZHUet al0DUWLQVVRQet al 
/7.PXWDWLRQVKDYHEHHQIRXQGLQYDULRXVKXPDQFDQFHUV &DWDORJXHRI6RPDWLF
0XWDWLRQVLQ&DQFHUKWWSFDQFHUVDQJHUDFXN)RUEHVHWDO )PXWDWLRQVLQ
KXPDQ$/.DQGWKHFRUUHVSRQGLQJPXWDWLRQLQ/7. )/ ZHUHVKRZQWRFDXVH
OLJDQGLQGHSHQGHQWDFWLYDWLRQRIWKHVHNLQDVHV &KDQGet al-DQRXHL[/HURVH\et
al5ROO 5HXWKHU&KHQet al*HRUJHet al0DUWLQVVRQet al
 +RZHYHUGHVSLWHWKHLPSRUWDQFHRIWKH$ON/WNIDPLO\IRUFDQFHUUHVHDUFKWKHLU
HQGRJHQRXVSK\VLRORJLFDOIXQFWLRQVXQGHUQRUPDOFRQGLWLRQVDUHSRRUO\XQGHUVWRRG




moonstone LVDJDLQRIIXQFWLRQDOOHOHRIleukocyte tyrosine kinase
7KHGRPLQDQW]HEUDILVKPXWDQWmoonstone mne ZDVLGHQWLILHGGXULQJDQ(18LQGXFHG
PXWDJHQHVLVVFUHHQIRUDGXOWSLJPHQWSDWWHUQSKHQRW\SHV )LJXUH$& 7KHPXWDQW
ODUYDHH[KLELWWKHQRUPDOQXPEHURILULGRSKRUHV )LJXUH/ ZKLFKDUHDUUDQJHGLQ
YHQWUDODQGGRUVDOVWULSHV,QDGGLWLRQWKH\GLVSOD\HFWRSLFLULGRSKRUHVORFDWHGLQVLGHWKH
ERG\$GXOWVGLVSOD\DQRUPDOVWULSHGSDWWHUQEXWDQLQFUHDVHGQXPEHURILULGRSKRUHVRQ
WKHVFDOHVDQGLQWKHILQVZKLFKJLYHVWKHILVKDJUHHQEOXHVKHHQ )LJXUH$&)* 
(FWRSLFLULGRSKRUHVKHHWVDUHDOVRREVHUYHGLQWKHYLVFHUDDQGRFFDVLRQDOO\LQWKHH\H
)LJXUH+, 0HLRWLFPDSSLQJGHPRQVWUDWHGWKHOHVLRQWREHORFDWHGLQDUHJLRQ
LQFOXGLQJltkshady/ltkORVVRIIXQFWLRQPXWDQWVODFNLULGRSKRUHVDQGWKHUHIRUHD
FDQGLGDWHJHQHDSSURDFKZDVXVHG6HTXHQFLQJRIltkF'1$UHYHDOHGDPLVVHQVH
PXWDWLRQWKDWOHDGVWRWKHVXEVWLWXWH),LQDKLJKO\FRQVHUYHGSRVLWLRQRIWKH/WN
NLQDVHGRPDLQ )LJXUH 7KH)SRVLWLRQFRUUHVSRQGVWR)LQKXPDQ$/.DQG
)LQKXPDQ/7.
6HULHVRIWUHDWPHQWVZLWK7$( 7$(DQ$/.LQKLELWRUWKDWKDVEHHQVKRZQWRLQKLELW
]HEUDILVK/WNDVZHOO 5RGULJXHVet al DOOHYLDWHGmneSKHQRW\SH )LJXUH$ 
'RXEOHKHWHUR]\JRXVltkmne/+ltkshd/+ DQLPDOVGHPRQVWUDWHGDZHDNHUSKHQRW\SHWKDQ
mne/+DQLPDOVVXJJHVWLQJWKDWWKHVWUHQJWKRIWKHSKHQRW\SHLVDIXQFWLRQRI/WNDFWLYLW\
)LJXUH( 7DNHQWRJHWKHUWKHVHGDWDFRQILUPWKDWltk LVmoonstone7KHPXWDQWZLOOEH
UHIHUUHGWRDVltkmneIURPQRZRQ
7KHQRYHOUROHRIltk
ltkmne OHDGVWRDQLQFUHDVHGQXPEHURILULGRSKRUHV±DSKHQRW\SHRSSRVLWHWRWKDWRIWKH
ORVVRIIXQFWLRQPXWDQWshdZKLFKLVVXJJHVWHGWRODFNLULGRSKRUHSUHFXUVRUV /RSHVet
al 7KHUROHRI/WNLQLULGRSKRUHHVWDEOLVKPHQWZDVFRQILUPHGE\H[SHULPHQWVLQ
ZKLFKILVKZHUHWUHDWHGZLWK7$(IURPWRKSI'RLQJWKLVUHVXOWHGLQDFRPSOHWH
ORVVRILULGRSKRUHVLQERWKPXWDQWDQGZLOGW\SH )LJXUH% ,QWHUHVWLQJO\ZKHQGSI
ILVKZHUHWUHDWHGZLWKWKHLQKLELWRUWKHQXPEHURILULGRSKRUHVZDVUHGXFHG )LJXUH+, 
LQERWKZLOGW\SHDQGPXWDQWILVK7KLVUHVXOWVWURQJO\VXJJHVWVWKDW/WNLVUHTXLUHGQRW
RQO\IRUVSHFLILFDWLRQEXWDOVRIRUVXUYLYDORILULGRSKRUHV,PSRUWDQWO\XQWUHDWHGILVKGLG
QRWGLVSOD\VLJQLILFDQWGLIIHUHQFHVLQWKHLULGRSKRUHSUROLIHUDWLRQUDWHEHWZHHQZLOGW\SH
DQGPXWDQWDQLPDOV




ltk VSHFLILFDOO\UHJXODWHVLULGRSKRUHV
1RHIIHFWRQ[DQWKRSKRUHVRUPHODQRSKRUHVZDVREVHUYHGLQWKHPXWDQWDVFRQILUPHGE\
FRXQWVRI[DQWKRSKRUHVLQHDUO\ODUYDH GDWDQRWVKRZQ DQGPHODQRSKRUHVDWPP6/
VWDJHV )LJXUH& $GGLWLRQDOO\GRXEOHPXWDQWVIRUspaltkmneGLVSOD\VXSHUSRVLWLRQVRI
ERWKPXWDQWSKHQRW\SHVWKHQXPEHURIPHODQRSKRUHVWKDWLVW\SLFDOIRUspa OHVVWKDQ
KDOIRIWKHZLOGW\SHQXPEHU DQGDQLQFUHDVHGQXPEHURILULGRSKRUHVRQWKHVFDOHV
ZKLFKLVW\SLFDOIRUltkmne7KHVHUHVXOWVLQGLFDWHWKDWVXSHUQXPHUDU\LULGRSKRUHVLQltkmne
DUHQRWSURGXFHGDWWKHH[SHQVHRIPHODQRSKRUHV )LJXUH 7DNHQWRJHWKHUWKHVHGDWD
VKRZWKDW/WNIXQFWLRQLVVSHFLILFWRLULGRSKRUHV
ltkmneGLVSOD\VDQRUPDOVWULSHSDWWHUQGHVSLWHWKHSUHVHQFHRIHFWRSLF
LULGRSKRUHVLQWKHVNLQRIPHWDPRUSKLFILVK
5HSHDWHGLPDJLQJRIWKHVNLQRIPHWDPRUSKLFILVKXVLQJFRQIRFDOPLFURVFRS\ZDV
SHUIRUPHG )LJXUH$ 7KHILVKFDUULHGWKHTg(TDL358:GFP)DQGTg(sox10:RFP)
WUDQVJHQHVZKLFKODEHOLULGRSKRUHVDQGQHXUDOFUHVWGHULYDWLYHVUHVSHFWLYHO\,PDJLQJ
DOORZHGXVWRGHWHFWHFWRSLFLULGRSKRUHVWKDWDSSHDUHGLQWKHGRUVDODQGYHQWUDOUHJLRQVRI
WKHERG\7KHVHLULGRSKRUHVGLYLGHDQGIRUPFOXVWHUV,QDGGLWLRQLULGRSKRUHVLQltkmne
WUDQVLHQWO\IRUPFOXVWHUVRIGHQVHLULGRSKRUHVLQWKHSUHVXPSWLYHGDUNVWULSHDUHD,QWKH
schachbrettPXWDQW VHH3XEOLFDWLRQ WKHSUHVHQFHRIGHQVHLULGRSKRUHVLQWKH
GHYHORSLQJGDUNVWULSHVOHDGVWRLQWHUUXSWLRQVLQWKHGDUNVWULSHVZKLFKLVOLNHO\GXHWRDQ
DEHUUDQWFRPPXQLFDWLRQEHWZHHQLULGRSKRUHVDQGRWKHUSLJPHQWFHOOW\SHV,Qltkmne
KRZHYHUWKHQRUPDODUUDQJHPHQWRIWKHWZRILUVWGDUNVWULSHVLVHVWDEOLVKHGE\PP
6/DQGWKHVWULSHVRIDGXOWltkmneILVKGLVSOD\DQRUPDOZLGWKDQGDSSDUHQWO\QRUPDO
LULGRSKRUHQXPEHUV )LJXUH. 7KHVHUHVXOWVVXJJHVWWKDWltkmneLULGRSKRUHVDUHDEOHWR
UHDFWWRFXHVSURYLGHGWRWKHPE\[DQWKRSKRUHVDQGPHODQRSKRUHVDQGXOWLPDWHO\
HVWDEOLVKDQRUPDOSDWWHUQ
(FWRSLFLULGRSKRUHVRQWKHVFDOHVDUHDFFRPSDQLHGE\PHODQRSKRUHV
$QLQFUHDVHGQXPEHURIPHODQRSKRUHVZDVREVHUYHGRQWKHVFDOHVEXWQRWLQWKHERG\RI
WKHltkmne ILVK.0HODQRSKRUHVDUHSUHVHQWRQWKHVFDOHVORFDWHGFHQWUDOO\DORQJWKHGRUVR
YHQWUDOD[LVZKLFKDUHQRUPDOO\GHYRLGRIPHODQRSKRUHV )LJXUH 7KHUHLVDODUJHU
QXPEHURIHFWRSLFLULGRSKRUHVLQWKHKRPR]\JRXVPXWDQWV,WFDQEHVSHFXODWHGWKDWVLQFH




WKH/WNIXQFWLRQLVVSHFLILFWRLULGRSKRUHVWKHHIIHFWRQVFDOHPHODQRSKRUHVLVVHFRQGDU\
DQGWKH\PHUHO\IROORZFXHVSURYLGHGE\WKHVXSHUQXPHUDU\LULGRSKRUHV
/WNDQG(GQUEDUHJXODWHGLVWLQFWDVSHFWVRILULGRSKRUHEHKDYLRXU
7KHrose rse/HGQUED PXWDQWVGLVSOD\DVWURQJUHGXFWLRQLQWKHRYHUDOOLULGRSKRUH
QXPEHUDQGODFNGHQVHLULGRSKRUHVZKLFKUHVXOWVLQWKHIRUPDWLRQRIRQO\WZRGDUN
VWULSHVZLWKUHGXFHGPHODQRSKRUHQXPEHUV )URKQK|IHUet al6LQJKet al
3DULFK\et alD 'RXEOHPXWDQWVIRUltkmnerseGLVSOD\DFRPELQDWLRQRIltkmneDQG
rseSKHQRW\SHV±LQFUHDVHGQXPEHUVRILULGRSKRUHVDQGPHODQRSKRUHVRQWKHVFDOHVDQG
UHGXFHGQXPEHUVRIWUXQNPHODQRSKRUHVDQGLULGRSKRUHV )LJXUH 7KHVHUHVXOWV
LQGLFDWHWKDWWKHVHWZRJHQHVDUHDIIHFWLQJVHSDUDWHDVSHFWVRILULGRSKRUHEHKDYLRXU,WLV
UHDVRQDEOHWRVXJJHVWWKDW/WNUHJXODWHVLULGRSKRUHSUROLIHUDWLRQZKLOH(GQUEDKDVD
SULPDU\UROHLQHVWDEOLVKLQJGHQVHLULGRSKRUHV
ltkmneLULGRSKRUHVIRUPRYHUJURZWKVLQWKHZLOGW\SHHQYLURQPHQW
,QRUGHUWRDVVHVVWKHEHKDYLRXURIltkmneFHOOVLQWKHZLOGW\SHHQYLURQPHQW
WUDQVSODQWDWLRQVRIltkmneEODVWRPHUHVLQWRalbinoKRVWVZHUHSHUIRUPHG,QWKHPDMRULW\RI
WKHFDVHVWKHUHVXOWLQJGRQRUGHULYHGFOXVWHUVGLVSOD\HGDVKHHQRQWKHVFDOHVZKLFKLV
FKDUDFWHULVWLFRIltkmneDQGWKHZLOGW\SHSDWWHUQVSDQQLQJDQWHULRSRVWHULRUO\DORQJ
VHJPHQWVLQWKHWUXQNDVLVW\SLFDOIRUVXFKWUDQVSODQWDWLRQV :DOGHULFKHWDOLQUHYLHZ 
+RZHYHULQVRPHFDVHVDQDEQRUPDOVSUHDGRILULGRSKRUHVZDVREVHUYHGZKLFKFDQEH
GHVFULEHGDVLULGRSKRUHRYHUJURZWK±DSKHQRW\SHWKDWLVQRWREVHUYHGLQPXWDQWV )LJXUH
 ,QDGGLWLRQWKHH\HVRIWKHFKLPHUDVZHUHIUHTXHQWO\RYHUJURZQZLWKLULGRSKRUHVWKLV
SKHQRW\SHLVDOVRREVHUYHGLQWKHPXWDQWVDOEHLWQRWDVIUHTXHQWO\,WKDVEHHQVXJJHVWHG
WKDWLULGRSKRUHSUROLIHUDWLRQLVFRQWUROOHGE\KRPRW\SLFFRPSHWLWLRQ,QFKLPHULFDQLPDOV
ZLOGW\SHGHULYHGLULGRSKRUHVLQshdKRVWVVSUHDGIDUWKHUDORQJDQWHULRUSRVWHULRUD[LVLQ
WKHDEVHQFHRIFRPSHWLQJLULGRSKRUHVFRPSDUHGWRH[SHULPHQWVZLWKZLOGW\SHKRVWV
:DOGHULFKHWDOLQUHYLHZ ,QWKHltkmnePXWDQWVDOOLULGRSKRUHVEHKDYHVLPLODUO\
ZKHUHDVLQWKHZLOGW\SHHQYLURQPHQWWKHltkmnePXWDQWLULGRSKRUHVRXWFRPSHWHltk+
LULGRSKRUHVDQGWKHLUEHKDYLRXUUHVHPEOHVXQFRQWUROOHGWXPRXURXWJURZWK7KHVHUHVXOWV
VXJJHVWWKDW/WNSDUWLFLSDWHVLQWKHKRPRW\SLFLQKLELWLRQRILULGRSKRUHJURZWK
,QVXPPDU\ZHVKRZWKDWWKHJDLQRIIXQFWLRQSRVVLEO\FRQVWLWXWLYHO\DFWLYHDOOHOHRI
ltk, moonstoneFDXVHVHPHUJHQFHRIHFWRSLFLULGRSKRUHV7KHVHHFWRSLFLULGRSKRUHVDUH



VWLOODEOHWRSDUWLFLSDWHLQQRUPDOVWULSHSDWWHUQIRUPDWLRQLQWKHVNLQKRZHYHUWKH\GLYLGH
DQGVSUHDGLQDEQRUPDOORFDWLRQVLIWKRVHDUHIUHHRIFRPSHWLQJLULGRSKRUHV:KHQ
VXUURXQGHGE\ZLOGW\SHSLJPHQWFHOOVPXWDQWLULGRSKRUHVSURGXFHODUJHRYHUJURZWKV
7KHUHIRUHZHVXJJHVWWKDW/WNSOD\VDUROHQRWRQO\LQHVWDEOLVKPHQWEXWDOVR
PDLQWHQDQFHDQGFHOOFHOOLQWHUDFWLRQVRILULGRSKRUHV0DPPDOLDQltkDQGalkWKDWFDUU\
VLPLODUPXWDWLRQVLQWKHVDPHFRQVHUYHGSRVLWLRQGLVSOD\WXPRULJHQLFSURSHUWLHV7KH
ltkmneSKHQRW\SHLVUHDGLO\YLVLEOHLQODUYDOILVKDQGLVVXSSUHVVHGE\WKHWUHDWPHQWZLWK
GUXJVWKDWVSHFLILFDOO\LQKLELWW\URVLQHNLQDVHUHFHSWRUV
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Summary
The zebraﬁsh striped pattern results from the interplay among three pigment cell types; black melanophores,
yellow xanthophores and silvery iridophores, making it a valuable model to study pattern formation in vivo. It
has been suggested that iridophore proliferation, dispersal and cell shape transitions play an important role
during stripe formation; however, the underlying molecular mechanisms remain poorly understood. Using gainand loss-of-function alleles of leucocyte tyrosine kinase (ltk) and a pharmacological inhibitor approach, we show
that Ltk speciﬁcally regulates iridophore establishment, proliferation and survival. Mutants in shady/ltk lack
iridophores and display an abnormal body stripe pattern. Moonstone mutants, ltkmne, display ectopic
iridophores, suggesting hyperactivity of the mutant Ltk. The dominant ltkmne allele carries a missense mutation
in a conserved position of the kinase domain that highly correlates with neuroblastomas in mammals. Chimeric
analysis suggests a novel physiological role of Ltk in the regulation of iridophore proliferation by homotypic
competition.

Introduction
Vertebrates display an astounding variety of colour
patterns in their skin, fur or feathers that often strikingly
differ even between closely related species. Teleost ﬁsh
show a particularly high diversity of patterns, which are
formed by pigment cells distributed in superimposed
€sslein-Volhard, 2015; Irion
layers in the skin (Singh and Nu
et al., 2016). In the zebraﬁsh Danio rerio, a characteristic
pattern of alternating dark and light stripes is produced by

three pigment cell types: melanophores (dark cells
containing the black pigment melanin), xanthophores
(yellow-orange cells containing pteridine-based pigments)
and iridophores (silvery cells containing reﬂective guanine
platelets) in the ﬂank of the body (Kirschbaum, 1975;
Kelsh et al., 2009; Hirata et al., 2005; Hirata et al., 2003).
Cell–cell interactions between all the three pigment cell
types are essential for appropriate stripe pattern forma€sslein-Volhard, 2003;
tion (Maderspacher and Nu
€fer et al., 2013; Patterson and Parichy, 2013;
Frohnho

Signiﬁcance
Development of the striped pattern in zebraﬁsh is a complex process involving three pigment cell types. It
has been shown that light-reﬂecting pigment cells – iridophores – are crucial for the repetition of stripe
pattern. We describe a mutant in leucocyte tyrosine kinase (ltk) containing a lesion highly similar to those
implicated in human cancers, especially neuroblastoma, and conﬁrm the role of Ltk in establishing the
iridophore population in zebraﬁsh. We describe a new role of Ltk in the control of iridophore survival and
maintenance. Aggressive behaviour of mutant cells with hyperactive Ltk in chimeric animals suggests that
Ltk is involved in homotypic competition-dependent iridophore proliferation.

ª 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Nakamasu et al., 2009). It has been suggested that
homotypic competition regulates pigment cell proliferation and dispersal, whereas heterotypic interactions
regulate cell shape transition (Irion et al., 2016; Walderich
et al., 2016; Fadeev et al., 2015; Irion et al., 2014).
Zebraﬁsh develops two patterns. It has a relatively
simple larval pattern comprised of a dorsal, ventral and
lateral stripe of melanophores and scattered xanthophores (Kelsh et al., 2009). Iridophores are organized
in a dorsal and ventral stripe, comprising about one
iridophore cell per segment. These pigment cells are
derived directly from neural crest cells migrating during
€sslein-Volhard, 2015;
early embryogenesis (Singh and Nu
Kelsh et al., 1996). The adult zebraﬁsh pattern arises
during metamorphosis (3–6 weeks post-fertilization).
Recent studies underscored a key role of iridophores
in stripe formation (Fadeev et al., 2015; Singh et al.,
€fer et al., 2013; Patterson and Parichy,
2014; Frohnho
2013). However, despite recent advances not much is
known about the establishment and regulation of
iridophores. Clonal analysis revealed that adult iridophores are derived from multipotent stem cells
located at the dorsal root ganglia of the peripheral
nervous system. At the onset of metamorphosis, they
appear along the horizontal myoseptum, proliferate and
spread as a dense sheet in the skin to form the ﬁrst
light stripe. At its borders iridophores start to spread as
a loose sheet over the dark stripe region. Past the
presumptive dark stripe they aggregate to form new
light stripes (Singh et al., 2014). Melanoblasts migrate
along spinal nerves into the skin to form dark stripes
(Singh et al., 2014; Dooley et al., 2013a; Budi et al.,
2011), whereas metamorphic xanthophores are a product of proliferation of larval xanthophores (Mahalwar et
al., 2014; McMenamin et al., 2014). Interestingly,
iridophores do not participate in the stripe pattern of
the ﬁns, but are lined along the ﬁn rays, suggesting
differences in the mechanisms involved in patterning of
€fer et al., 2013). The midthe trunk and ﬁns (Frohnho
dorsum is covered by a longitudinal band of melanophores.
On the scales, all three cell types form a belt of
intermingled pigment cells along the posterior edge of the
scale, with pigment cell numbers decreasing along the
dorso-ventral axis (Kirschbaum, 1975). Scale iridophores
share a lineage with stripe iridophores (Singh et al.,
2014), but otherwise still virtually nothing is known about
the establishment and interactions of this pigment cell
population.
Several genes have been described that affect the
development and/or maintenance of iridophores. In shady
(shd) mutants, which are deﬁcient in the gene encoding
Leucocyte tyrosine kinase (Ltk), both larval and adult
iridophores are missing (Lopes et al., 2008). Other
iridophore mutants, such as are rose (rse, endothelin
receptor ba) and karneol (endothelin-converting enzyme
2), lead to a severe reduction of the number of dense
2

iridophores in adult ﬁsh (Parichy et al., 2000; Krauss et al.,
2014). transparent (MpV17 mitochondrial inner membrane protein) mutants display loss of iridophores
throughout larval and adult stages (Krauss et al., 2013).
It has been suggested that shd/ltk is required for the
establishment of iridophores and affects fate speciﬁcation of iridoblasts from multipotent neural crest cells. shd/
ltk mutants are devoid of all types of iridophores, although
sometimes they develop clonal patches of iridophores in
the adult pattern that are several segments wide and are
likely due to a single escaping progenitor that proliferates
in the absence of competing iridophores (Singh et al.,
€fer et al., 2013). The
2014; Lopes et al., 2008; Frohnho
creation of chimeras by blastomere transplantation has
revealed that shd/ltk is autonomously required in iri€fer et al., 2013).
dophores (Lopes et al., 2008; Frohnho
Clusters of donor-derived iridophores in a wild-type
environment are conﬁned along the antero-posterior axis
to two to four segments, whereas in shd/ltk mutant
recipients they have a tendency to spread laterally over
several segments (Walderich et al., 2016). This indicates
that the rate of iridophore proliferation in wild-type ﬁsh is
controlled by homotypic cell competition between iridophores.
Based upon similarities of their kinase domains, Ltk and
Alk (Anaplastic lymphoma kinase) form a subgroup of the
insulin receptor superfamily of receptor tyrosine kinases.
There is only one protein of this class in Drosophila (dALK)
n et al.,
and C. elegans (SCD-2) (Liao et al., 2004; Lore
2001), but both proteins are present in zebraﬁsh and
mammals (Ben-Neriah and Bauskin, 1988; Bernards and
de la Monte, 1990; Shiota et al., 1994). This suggests that
the divergence is unique to vertebrates. Mammalian LTK
and ALK display highly similar kinase domains, but only a
few similarities in their extracellular domains, beside
glycine-rich regions (Toyoshima et al., 1993; Cismasiu et
al., 2004; Fass et al., 1997). In contrast, both zebraﬁsh Alk
and Ltk possess domain structures similar to mammalian
ALK, for example MAM domains (meprin/A5-protein/
PTPl), thought to mediate homophilic cell adhesion
function (Lopes et al., 2008; Palmer and Hallberg, 2015;
Cismasiu et al., 2004). In addition, unlike mammalian LTK,
which was shown to be expressed in pre-B and B
lymphocytes and in the adult brain (Ben-Neriah and
Bauskin, 1988; Bernards and de la Monte, 1990),
zebraﬁsh Ltk is expressed in neural crest (Lopes et al.,
2008), sharing this characteristic with mammalian ALK
(Dirks et al., 2002), and making it an attractive model for
studying physiological functions of human ALK (Challa
and Chatti, 2013).
Both ALK and LTK in humans were shown to be major
factors in tumorigenesis. A number of activating mutations
n et al., 2008;
in ALK were reported in human cancers (Care
 et al., 2008; Chen et al., 2008; George et al., 2008).
Mosse
Speciﬁcally, mutations F1174I/S/L were shown to be
frequent in neuroblastoma samples, especially in relapsed
post-treatment tumours (De Brouwer et al., 2010; Marª 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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tinsson et al., 2011). It was shown that expression of
F1174L ALK in mice leads to tumour formation (Heukamp
et al., 2012; Chen et al., 2008). LTK mutations were found
in various human cancers (Catalogue of Somatic Mutations
in Cancer, http://cancer.sanger.ac.uk/, Forbes et al., 2015),
and high expression levels of LTK have been demonstrated
to correlate with an increased risk of metastasis in non€ller-Tidow et al., 2005). F1174
small cell lung cancer (Mu
mutations in hALK and a corresponding mutation in hLTK
(F568L) were shown to cause ligand-independent activation of these kinases (Chand et al., 2013; Janoueix-Lerosey
et al., 2008; Roll and Reuther, 2012; Chen et al., 2008;
George et al., 2008; Martinsson et al., 2011).
In this study, we describe moonstone, ltkmne, a
dominant allele of shd/ltk in zebraﬁsh. It contains a
F993I mutation in the kinase domain, which corresponds
to human ALK residue F1174. Homozygous and heterozygous zebraﬁsh ltkmne mutants display ectopic iridophores
inside the trunk at larval stages, and an increased number
of iridophores on scales and ﬁns, giving the ﬁsh a strong
green-blue sheen. Treatment with ALK inhibitors causes a
decrease in the number of iridophores in both wild-type

and mutant ﬁsh during larval stages as well as metamorphosis. This suggests that Ltk is continually required
during iridophore development and maintenance. When
presented with an ltk+ wild-type environment in chimeric
animals, ltkmne iridophores can massively overgrow in the
surrounding skin. Our data indicate that the phenotype is
a result of an increase in Ltk activity. Our gain-of-function
and loss-of-function analysis allows us to conclude that
Ltk plays an instructive role in the establishment of
iridophores and to propose a role for Ltk in regulating
proliferation in post-embryonic ﬁsh through homotypic
competition.

Results
moonstone encodes Leucocyte tyrosine kinase
The dominant mutant moonstone (mne) was isolated
during a screen for ENU-induced mutants affecting adult
pigment pattern formation (Fadeev et al., 2015) due to the
striking glow of the adult ﬁsh. Adult mutants display a
strong green-blue sheen on the body owing to an
increased number of iridophores on the scales (Fig-
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ltkmne/ltkmne
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wt

B

ltkmne/+

Figure 1. moonstone mutants exhibit an
increase in iridophore numbers. (A–C)
moonstone, ltkmne, adults show a strong
green-blue sheen, owing to supernumerary
iridophores on the scales, especially dorsally.
Scale bars: 5 mm. (D) Phenotype of ltkshd
(shady), a loss-of-function mutant for Ltk. Scale
bar: 5 mm. (E) Transheterozygous ltkmne/ltkshd
ﬁsh exhibit ltkmne phenotype comparable to or
weaker than ltkmne/+. Scale bar: 5 mm. (F, G)
ltkmne mutant ﬁsh exhibit increased iridophore
numbers in dorsal, anal and caudal ﬁns. Scale
bars: 2 mm. (H) Overgrowth of eye iridophores
onto pupils in ltkmne ﬁsh. (I) Ectopic iridophore
clusters can be observed in ltkmne adults next
to spinal column on sagittal sections
(arrowhead). The inner side of abdominal cavity
is also covered by iridophores in ltkmne. (J) The
nomenclature of adult stripes. All light stripes
start with X (for xanthophore), with X0 being
the ﬁrst interstripe, and 1D and 1V are the ﬁrst
dark stripes. (K) The width of adult light and
dark stripes is not affected in adult ltkmne when
compared to wild type. Each line represents
average for one ﬁsh. (L) six dpf mne larvae
exhibit ectopic iridophores, as compared to
wild-type larvae.
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ure 1A–C). The number of iridophores on the ﬁns is
increased as well, as to form almost an uninterrupted
sheet of iridophores in the space between ﬁn rays in the
light stripes (Figure 1F,G), as opposed to single iridophores in wild type (Hirata et al., 2005). The mutant
is homozygous viable, and its phenotype is stronger in
homozygous ﬁsh.
Occasionally, homozygotes show an overgrowth of
iridophores in one or both eyes (Figure 1H), covering the
pupil. Further, the abdominal cavity of adult mne ﬁsh is
completely covered by a dense sheet of iridophores
(Figure 1I).
Adult mne display an apparently normal striped pattern
in the skin, albeit at times the dark stripes display rough,
undulating borders. To assess the width of the dark and
light stripes, 4 different stripes were measured in three
consecutive segments – the ﬁrst two dark stripes (1D
and 1V), the ﬁrst light stripe (X0) and the second light
stripe (X1V) located ventrally to 1V (Figure 1J and
€fer et al., 2013). These measurements indicate
Frohnho
that there is no signiﬁcant change in the width of the
light and dark stripes in the trunk of heterozygous and
homozygous mutant ﬁsh when compared to wild type
(Figure 1K).
In larvae, iridophores are arranged in a dorsal and a
ventral stripe – on average one iridophore per segment.
In addition, mne mutant larvae display scattered clusters
of ectopic iridophores, located inside the body (Figure 1L).
The mutation was mapped to the region of chromosome 17 between markers z9831 (43.5 cM, 26.5 Mb)
and z11202 (48.8 cM, 38 Mb, according to Ensembl
Zebraﬁsh release 82). shady, a recessive mutant
exhibiting loss of iridophores in larvae as well as adults
(Kelsh et al., 1996) encodes Leucocyte tyrosine kinase
(Ltk) (Lopes et al., 2008). ltk is located in the middle of
the mapping region (31.4 Mb) (Figure 2A). We
sequenced ltk cDNA from mne mutants and detected
an F993I change in the kinase domain of the protein
(Figure 2B,C), which is highly conserved throughout the
tyrosine kinase family (Figure 2D). In subsequent
crosses, no segregation of the mne phenotype and
the ltk lesion was detected. This suggests that the
supernumerary iridophores in the dominant mne phenotype are caused by a gain-of-function mutation in the ltk
gene. Subsequently, the mutant allele will be referred to
as ltkmne.
To investigate the phenotype in the absence of a
functional ltk allele, transallelic ltkmne/- animals were
produced. ltkmne/ltkshd individuals exhibit a phenotype
close to wild type, only a slight increase of iridescence in
dorsal scales is observed, weaker than in heterozygous
ltkmne/+ animals (Figure 1E). Homozygous ltkmne ﬁsh
exhibit a stronger phenotype than heterozygous animals,
suggesting that the ltkmne allele encodes a hyperactive
Ltk, and the strength of the phenotype depends on the
overall Ltk activity.
4

A

B
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D

Figure 2. mne encodes Ltk. (A) Scheme of meiotic mapping of
ltkmne. Marked are z-markers with their genomic and genetic
coordinates. The numbers of recombinants among all ﬁsh tested are
given in red and blue. (B) DNA sequence traces of ltk from mutants
and wild type (Ensembl transcript ID: ENSDART00000061547). Red
rectangles mark the mutated residues. (C) Scheme of Ltk protein of
Danio rerio (UniProt ID: F1QVU0) and human ALK (Q9UM73) and LTK
(P29376). SP – signal peptide, MAM – MAM domain, TM –
transmembrane region, KD – tyrosine protein kinase catalytic domain.
Red diamond – position of F993 in Dr Ltk, and corresponding
phenylalanine in human proteins. (D) Multiple protein alignment of
kinase domains of zebraﬁsh Ltk and human ALK and LTK. Intensity of
colour corresponds to the conservation level. Red square – F993 in
Danio rerio and corresponding phenylalanine.

Ltk regulates speciﬁcation, survival and proliferation
of iridophores
Further evidence that mne is a shd allele comes from the
sensitivity of the phenotype to inhibitor treatment.
TAE684 (TAE) has been shown to be a speciﬁc inhibitor
of zebraﬁsh Ltk and Alk (Colanesi et al., 2012; Rodrigues
et al., 2012). To test whether it affects the ltkmne
phenotype, we grew wild-type and ltkmne/ltkmne larvae
in a medium containing TAE from 82 to 105 hpf (N = 5;
Figure 3A). Numbers of iridophores in TAE and
ª 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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mock-treated wild-type larvae did not differ signiﬁcantly,
whereas TAE treatment lead to a reduction of iridophore
numbers in mutants. When ﬁsh were treated from 9 to
72 hpf with daily changes of the medium, the effect was
much stronger, resulting in complete disappearance of
iridophores (N = 7; Figure 3B,C). In this experiment
iridophores were labelled with Tg(TDL358:GFP) and Tg
(sox10:RFP), the former driving expression of GFP in
iridophores and the latter labelling neural crest-derived
tissues. These results indicate that Ltk is required for the
maintenance of iridophores.
Larval wild-type and ltkmne ﬁsh did not show a significant difference in numbers of clusters of iridophores in
the ventral or dorsal stripes of the body (entopic
iridophores, found in both wild type and mutant) (Figure 3C, mock treatment). Ectopic iridophore clusters in
the mutants were frequently found close to or in contact
with dorsal root ganglia (DRG) in four dpf ﬁsh (six of 10
clusters in 11 ﬁsh, Figure 3D). Some ectopic iridophores
are located in ventral parts of the larvae and might give
rise to the sheet of iridophores covering the abdominal
cavity (Figure 1I). These data point to an instructive role of
Ltk in speciﬁcation of iridophores from the neural crest
and subsequent neural crest-derived iridophore progenitors. It is plausible that in ltkmne mutants additional
precursors for ectopic iridophores are produced, although
the possibility that these arise from entopic iridophores
moving to abnormal positions cannot be excluded.
Ectopic iridophore clusters inside the body persist and
increase their size in metamorphic (Figure 3E) and adult
ﬁsh (Figure 1I, arrowhead). The increase of iridophore
number in these clusters is achieved, at least partially, by
cell division as shown by BrdU incorporation experiments
on three dpf ltkmne/+ larvae (Figure 3F). Four dpf ltkmne
larvae exhibit larger entopic clusters, as compared to wild
type, suggesting larger number of cells (Figure 3G). BrdU
incorporation showed that in three dpf ltkmne/+ larvae 9 of
93 entopic iridophore clusters contained dividing cells
(9.6%), in a contrast to 1 of 24 clusters in wild-type
animals (4.1%). Interestingly, four dpf mutant larvae
exhibited proliferation in only 4/89 clusters, whereas in
wild type no division was observed in 61 clusters. This
suggests a gradual decrease in iridophore proliferation
during larval development. To estimate the effect of
ltkmne on iridophore proliferation during the formation of
the ﬁrst light stripe, we quantiﬁed the change in the
number of iridophores during a time-window of 24 h at
the onset of metamorphosis in 14 dpf ﬁsh carrying both
Tg(TDL358:GFP) and Tg(sox10:RFP) transgenes (N = 7;
Figure 3H). ltkmne did not show a signiﬁcant difference in
iridophore proliferation rate as compared to wild type
(Figure 3I). These data suggest that Ltk controls iridophore ability to divide, but not the division rate,
because ltkmne iridophores continue to proliferate when
their wild-type counterparts cease to do so.
TAE treatments suggest that the iridophore lineage
requires Ltk for survival during metamorphosis as well as
ª 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

larval stages: wild type and ltkmne display reduction in the
numbers of metamorphic iridophores after 24 h of treatment with TAE (Figures 3H,I).
Thus we suggest that the overall increase in iridophore
numbers in mutants is due to a combination of increased
number of iridophore progenitors, enhanced survival of
iridophores and retention of proliferation activity.
ltkmne iridophores display normal cell–cell
interactions during body stripe patterning
To assess the behaviour of iridophores during metamorphosis, Tg(TDL358:GFP);Tg(sox10:RFP) transgenic ﬁsh
were imaged repeatedly during the formation of the ﬁrst
dark stripes (7–12 mm Standard length (SL). In early
metamorphosis, the distribution of the iridophores in both
wild type and ltkmne was similar – clusters of iridophores
appeared along the horizontal myoseptum and merged to
form the ﬁrst light stripe (Figure 3H). However, at 7 mm
SL iridophores in ltkmne extended further ventrally compared to wild type, instead of restricting themselves to
the borders of the developing ﬁrst light stripe (Figure 4A).
Subsequently, at 8 mm SL additional clusters of iridophores appeared dorsally and ventrally (arrowheads).
By the 9 mm stage, the borders of the ﬁrst light stripe
started to sharpen and look similar to wild type. In some
cases, dense iridophores in the dark stripe area could be
observed until 10–11 mm SL (Figure 4A, arrowheads). At
10 mm SL, the scales dorsal to the 1D stripe exhibited
large numbers of iridophores. By 12 mm SL, the ltkmne
stripe pattern is indistinguishable from wild type. However, increased numbers of iridophores and melanophores persist on the dorsal scales (Figure 4A). These
data are corroborated by the observation of ectopic
iridophores on the trunk in bright-ﬁeld images (Figure 4B).
Our observations indicate an increase in iridophore
numbers during early metamorphosis, which is regulated
later to achieve a normal cell density in the adult pattern.
To test whether ltkmne is affecting the number of
melanophores during metamorphosis, the average number of melanophores per segment was assessed in
developing metamorphic ﬁsh (Figure 4C). When compared to wild type, neither homozygous, nor heterozygous ltkmne showed signiﬁcant differences in
melanophore numbers. Meaningful comparison of the
number of iridophores in metamorphic ﬁsh has proven to
be challenging due to the substantial variation in iridophore numbers even in the adjacent myotomes of the
same ﬁsh; however, the stripe width measurements
suggest a number within a normal range.
Adult ﬁsh have increased number of iridophores and
melanophores on scales
The green sheen of mutant ﬁsh seems to be largely
derived from supernumerary iridophores on the scales
and dorsum. Scales isolated from heterozygous ltkmne/+
ﬁsh along the dorso-ventral axis display an increased
area occupied by iridophores when compared to their
5
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Figure 4. Development of the ltkmne adult
phenotype. (A) In ltkmne/+ mutants a larger area
in the skin is covered by iridophores after stage
8.0 mm SL, when in wild-type iridophores form
the ﬁrst light stripe and start to disperse across
the forming dark stripes. Dorsally, ectopic
clusters of iridophores in the skin can be
observed. At 9.0 mm ltkmne/+ loose
iridophores can be seen above stripe 1D,
coming from ectopic clusters as well as from
the ﬁrst light stripe. Green signal – Tg(TDL358:
GFP), labelling iridophores, red – Tg(sox10:
RFP), marking neural crest derivatives. Scale
bar: 200 lm. (B) An increased number of
iridophores can be observed in bright-ﬁeld
images of mutants. Iridophores form long
streaks along the myotomes at 8.5 mm SL
(arrowheads). (C) The number of metamorphic
melanophore number in the skin is not affected
in ltkmne. Presented is the average number of
melanophores in ﬁve mid-trunk segments of
ltkmne and wild type, plotted against standard
length.

C

wild-type counterparts (Figure 5A). The iridophores also
seem to be packed more densely in the mutants
(Figure 5A, dorsal). In homozygous ltkmne ﬁsh, the coverage of scales with iridophores is increased even further

(data not shown). Melanophores on the dorsal scales are
present in larger numbers and co-localize with iridophores. This effect is even more profound in homozygous ﬁsh (Figure 5B). It is plausible that melanophores on

Figure 3. Ltk inhibitor TAE684 partially rescues the ltkmne phenotype and decreases the number of iridophores. (A) The number of iridophores is
reduced in ltkmne/+ larvae treated with ALK inhibitor TAE684 from 82 to 105 hpf. N = 5. (B) A massive reduction in iridophore numbers is observed
in wild-type and ltkmne/+ larvae, treated with TAE684 from 9 to 72 hpf. Green signal – Tg(TDL358:GFP), labelling iridophores, red–Tg(sox10:RFP),
marking neural crest derivatives. Arrowheads: ectopic iridophores in ltkmne larvae. N = 8. Scale bar: 100 lm. (C) The increased number of
iridophores in three dpf ltkmne/+ larvae is due to ectopic iridophores. Continuous TAE treatment (B) abolished all iridophores both in wild type and
ltkmne/+. Shown is the number of single iridophores and iridophore clusters posterior to the developing swim bladder. N = 7–9. (D) Clusters of
ectopic ltkmne iridophores (arrowhead) are frequently located close to or in direct contact with DRG (arrows, shown are three individual four dpf
larvae). Green – Tg(-8.4ngn1:GFP) driving the expression of GFP in DRG neurons, red – Tg(sox10:RFP). Scale bar: 25 lm. (E) Larval ectopic
iridophores inside the trunk continue to proliferate and stay clustered in metamorphic ﬁsh. Scale bar: 200 lm. (F) ltkmne iridophores in ectopic
clusters are able to divide, as shown by BrdU incorporation in ﬁsh carrying Tg(TDL358:GFP). Scale bar: 25 lm. (G) ltkmne ﬁsh exhibit larger entopic
iridophore clusters (arrowheads) as compared to wild type. Shown is antibody staining against GFP of ﬁsh carrying Tg(TDL358:GFP). Scale bar:
10 lm. (H) TAE684 treatment for 24 h causes a reduction in iridophore numbers in metamorphic ﬁsh. N = 7. Scale bar: 50 lm. (I) ltkmne
metamorphic iridophores do not divide at a signiﬁcantly different rate, when compared to wild type. Plotted is the ratio of metamorphic iridophore
numbers after/before treatment with TAE for 24 h.
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Figure 5. Adult ltkmne ﬁsh exhibit increased numbers of iridophores
and melanophores on scales. (A) All ltkmne/+ scales exhibit large
areas covered by iridophores, which are accompanied dorsally by
melanophores. Dorsal – dorsal-most scale, X1D, 1V, 2V – stripe
covered by a scale. Scale bar: 200 lm. (B) All ltkmne/ ltkmne scales
exhibit increased number of melanophores. Evaluated were 3–8
scales for each group from 1 to 2 individuals. The error bars represent
standard deviation.
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Figure 6. ltkmne acts independently of sparse and rose. (A) Double
mutants of ltkmne;spa and ltkmne;rse exhibit superpositions of the
corresponding phenotypes. Scale bar: 5 mm. (B) Dorsal view. Scale
bar: 1 mm.
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Ltk speciﬁcally regulates iridophores
As discussed above, the major ltkmne adult phenotype is
increased numbers of iridophores on the scales. To test if
this is due to the formation of excess iridophores at the
expense of other pigment cell types, we studied the
genetic interaction between ltkmne and sparse (spa).
Mutations in spa/kita affect a subset of melanophores
and display a strong reduction in the number of
ª 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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melanophores on the scales and on the dorsum (Johnson
et al. 1995). If increased iridophores in ltkmne develop
from spa-dependent precursors, then ltkmne;spa double
mutants should display a spa phenotype and decreased
numbers of iridophores in the dorsum and the trunk. We
do not observe this, despite the expected reduction in the
number of melanophores in ltkmne;spa, the excess
iridophores remain (Figure 6). This suggests that the Ltk
speciﬁcally regulates iridophores.
Ltk and Ednrba regulate distinct aspects of iridophore
behaviour
During stripe pattern formation, iridophores undergo
proliferation, dispersal and cell shape transitions; at the
genetic level, these processes are regulated by two main
signalling receptors – Ednrba and Ltk. Mutations in rose
(rse)/ednrba lead to a severe reduction in iridophore
numbers, speciﬁcally a reduction in dense iridophores.
Due to the lack of dense iridophores melanophores are
restricted to the two early stripes (1D and 1V) in both shd
and rse, and their numbers are much reduced. If the
primary defect in rose is a reduced number of iridophores,
then supplying excess iridophores should revert the
phenotype. However, if it is due to a primary function of
rse during the cell shape transitions of iridophores, then
we should observe no rescue even when excess
iridophores are supplied. To distinguish between these
two possibilities, we generated double mutants ltkmne;
rse, which display a combination of ltkmne and rse
phenotypes – increased numbers of iridophores and
melanophores on scales and reduced numbers of trunk
melanophores and iridophores (Figure 6). Taken together
with the results of BrdU incorporation experiments, this
observation suggests that rse and ltkmne affect
iridophores independently: Ltk regulates iridophore proliferation, whereas Ednrba might have a primary function in
iridophore cell shape transition.
ltkmne iridophores may have a growth advantage
over wild-type iridophores
Recently, it has been shown that iridophore proliferation
and coverage of the skin is regulated by homotypic
competition between iridophores (Walderich et al., 2016).
Our data indicate that Ltk regulates iridophore numbers
by promoting iridophore establishment, proliferation and
survival. This suggests that the hyperactive Ltk might
provide a selective advantage to ltkmne iridophores

Figure 7. ltkmne iridophores lead to overgrowth in an ltk+
environment. (A) Blastula transplantations from ltkmne into albino
hosts resulted mostly in a normal striped pattern in the chimeras.
Scale bar: 5 mm. (B) In some cases ltkmne/albino chimeras developed
large overgrowths of iridophores (B1-B4), which persisted when
scales were removed from affected area (B2’). Frequently such
overgrowths were spreading out further along the antero-posterior
axis on the ventral and dorsal sides (arrowheads). Overgrowths of
iridophores in the eyes and heads (B5, B6). Scale bar: 2 mm.

ª 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

compared to wild-type iridophores. To assess the
behaviour of ltkmne cells in a wild-type environment, we
performed blastomere transplantation. As recipients,
we used albino mutants, which lack pigment in
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melanophores but are normal otherwise (Dooley et al.,
2013b), thereby allowing easy identiﬁcation of clones
(Figure 7A). In most of the cases (28/46), chimeric ﬁsh
exhibited mixed donor-derived melanophore and iridophore clusters spanning 2–5 segments and spreading
vertically, contributing to all stripes along the dorsoventral axis, typical for such transplantations (Walderich
et al., 2016). These clusters displayed the characteristic
scale pattern of ltkmne, indicating cell-autonomous function of ltk in iridophores. However, in some cases (12/46)
a novel phenotype, which can be described as iridophore
overgrowth, was observed in the clusters (Figure 7B).
They displayed a sheet of iridophores that spread out over
several segments along anterior–posterior axis especially
in the ventral or dorsal region of the chimeric ﬁsh
(Fig. 7B3, 4, arrowheads). These clones presented
obscure stripe borders and contained fewer donorderived melanophores (compare Figure 7A and B2), in
some cases only 10–20 melanophores (Figure 7B2-B4).
After removal of scales, the green sheen was lost, but the
overgrowth phenotype persisted (Figure 7B2, B2’) indicating that overgrowth of iridophores occurred in the skin,
along with increased iridophore numbers in scales. In
some cases (10/46), extensions of iridophore sheets over
the pupils were observed (Figure 7B5, 7B6). This phenotype was also occasionally observed in the ltkmne mutants
(Fig 1H). However, an overgrowth in the skin has never
been observed in mutants. These data suggest that when
presented with an environment with normal Ltk activity,
the iridophores expressing the overactive ltkmne allele
exhibit overgrowth behaviour due to a growth advantage.

Discussion
Moonstone ﬁsh exhibit ectopic iridophores inside the
body during larval stages and entering in the skin at the
onset of metamorphosis. Adults display a normal striped
pattern but an increased number of iridophores on the
scales and ﬁns, which gives the ﬁsh a striking green-blue
sheen. Ectopic iridophore sheets are also observed in the
viscera and occasionally in the eye. No effect on other
pigment cell types was observed, besides an increase of
melanophore numbers on scales. We show that moonstone is a gain-of-function allele of ltk carrying a mutation
in a highly conserved position of the kinase domain. An
inhibitor of ALK – TAE684, shown to inhibit zebraﬁsh Ltk
as well, alleviated the ltkmne phenotype and caused a
reduction in the number of iridophores in metamorphic
mutants and wild-type ﬁsh. Transallelic ltkmne/- animals
display the phenotype weaker than or comparable to
ltkmne/+, suggesting that Ltk acts in a dosage-dependent
manner. Intriguingly, in an ltk+ environment, ltkmne
mutant iridophores sometimes produce large homogeneous overgrowths in the skin.
Several genes were shown to regulate different
aspects of iridophore development, such as establishment, proliferation and cell shape transition. schachbrett/
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tjp1a is expressed in iridophores and required for proper
transition of iridophores from the dense to the loose form
(Fadeev et al., 2015). It has been reported that endothelin
signalling regulates iridophore number (Parichy et al.,
2000). However, mutations of rose (ednrba) and karneol
(ece 2) speciﬁcally abolish dense iridophores, as loose
iridophores can still be observed even in the strongest
mutant alleles. This suggests that the endothelin pathway
has a function in iridophore shape transitions. ltkmne does
not rescue the rose phenotype, and double mutants show
the superposition of the two phenotypes, indicating
independent roles in iridophore development for both
genes. We conﬁrm the requirement for ltk in iridophore
establishment and suggest a novel role in proliferation
and survival, as gain-of-function ltkmne leads to increased
iridophore numbers, and speciﬁc inhibitors cause disappearance of existing iridophores.
We propose a role for Ltk in iridophore homotypic
interactions (Walderich et al., 2016), as ltkmne iridophores
can form large clusters in an ltk+ environment, outcompeting wild-type iridophores. In addition, ltkmne displays
supernumerary iridophores in regions devoid of iridophores on anterior regions of scales and in the eye.
However, interactions with other pigment cells do not
seem to be affected, as ltkmne iridophores are able to
participate in a normal striped pattern. It is possible that
MAM domains, present in the extracellular part of hALK
and zebraﬁsh Ltk and Alk (Fig 2C), mediate homotypic
iridophore interactions in zebraﬁsh. MAM domains have
been shown to participate in homotypic interactions in
insect cell culture (Cismasiu et al., 2004; Zondag et al.,
1995; Brady-Kalnay and Tonks, 1994).
Data on the physiological functions of ALK and LTK in
vertebrates are scarce, studies mostly concentrating on
their tumorigenic properties. LTK and ALK mutations in
mice and humans at the same conserved position as in
ltkmne have been shown to be involved in several types of
cancer (De Brouwer et al., 2010; Martinsson et al., 2011;
Heukamp et al., 2012; Chen et al., 2008). Notably,
knockdown of ALK lead to a decreased proliferation rate
 et al., 2008), supporting
of neuroblastoma cells (Mosse
our suggestion for a role of the Ltk tyrosine kinase
receptor in proliferation control of iridophores. We
describe the function of Ltk in particular aspects of
cellular behaviour in the context of pigment cells in an
in vivo system. We suggest that the ltkmne larvae can
provide an easily detectable readout in drug screens for
Alk and Ltk inhibitors.

Methods
Zebraﬁsh maintenance
Fish were bred and maintained as described (Brand et al., 2002). Fish
of the following genotypes were used: Tu, WIK, TE wild-type strains
€bingen zebraﬁsh stock centre), shadyj9s1 (Lopes et al., 2008),
(Tu
€fer et al., 2013),
sparseb134 (Kelsh et al., 1996), rosetLF802 (Frohnho
albinob4 (Dooley et al., 2013b), Tg(TDL358:GFP), Tg(sox10:mRFP) (M.
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Levesque; C.N-V. laboratory), Tg(-8.4ngn1:GFP) (Blader et al., 2003).
Fish were staged according to the normal table of zebraﬁsh
development (Parichy et al., 2009).

Mutagenesis
The allele mnedtwc3/WIK was identiﬁed in a screen for mutants
induced with N-ethyl-N-nitrosourea (N5809, Sigma-Aldrich, Louis,
€ wild-type background. Mutagenesis was carried out
MO, USA) in Tu
as described previously (Rohner et al., 2011). Subsequently, ﬁsh
were crossed to TE ﬁsh and later maintained by regular outcrossing.

Melanophore counts
Melanophores in metamorphic ﬁsh were counted in ﬁve segments in
the middle 70% of the myotome starting with the one above the ﬁrst
ray of the anal ﬁn and proceeding posteriorly.

Multiple alignments
Multiple protein alignment was obtained using MUSCLE (Edgar, 2004)
and visualized using JALVIEW (Waterhouse et al., 2009).

TAE treatment
Mapping and alleles testing
mnedtwc3/WIK ﬁsh were incrossed and used for meiotic mapping as
described previously (Geisler 2002). The mutation was mapped to the
region between microsatellite markers z9831 (43.5 cM) and z11202
(48.8 cM) on chromosome 17. To check for the presence of lesions in
ltk, RNA was extracted from ﬁn blastema of adult wild type and
heterozygous mne ﬁsh using TRIzol reagent (15596, Thermo Fisher
Scientiﬁc, Waltham, MA, USA). cDNA was obtained using Omniscript
RT kit (205111, QIAGEN, Venlo, the Netherlands). For amplifying and
sequencing the ltk coding sequence, the following primers were used:

Tue1013
Tue1014
Tue1015
Tue1016
Tue1017
Tue1018
Tue1430
Tue1431
Tue1432
Tue1433

ATGAAGACACCAAGCTCATC
GCTGGATCAGGATTTGACG
AGACATCGCTCTTGGCTGTC
CCATGCTCCAGAAGTAGTTC
GACCAGGACAAGTCAAAAGG
CGTCCAAAGCTCTCTAGGAC
ACTGGAGGAGACTGGTTTATC
TGTTCTTCAGAGTTGTGCC
TGGGGATTTCAATGGAACAG
TCAGCAAAGGAAGTGGTTG

Taq polymerase S (M3001.0250, Genaxxon, Ulm, Germany)
was used for ampliﬁcation, and products were cloned into
pGEM-T Easy (A360, Promega Fitchburg, WI, USA) and
sequenced using Big Dye Terminator v3.1 kit (4337455, Thermo
Fisher Scientiﬁc).

TAE684 (NVP-TAE684) (HY-10192, MedChem Express) was diluted
in dimethylsulphoxide (DMSO; Sigma-Aldrich Louis, MI, USA) to a
ﬁnal concentration of 7.5 mM. Fish were treated in the ﬁsh medium
containing 50 lM gentamycin (NH09, Carl Roth GmbH + Co. KG,
Karlsruhe, Germany) and 0.8% DMSO with 6 lM TAE or without for
controls. Thirty embryos were treated in 40 ml of the medium in a
30 mm Petri dish. Larvae were treated individually in 10 ml of the
medium in six well plates.
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Pigment Pattern Formation in the Guppy, Poecilia
reticulata, Involves the Kita and Csf1ra Receptor
Tyrosine Kinases
Verena A. Kottler,*,1 Andrey Fadeev,† Detlef Weigel,* and Christine Dreyer*,1

*Department of Molecular Biology and †Department of Genetics, Max Planck Institute for Developmental Biology,
72076 Tübingen, Germany

ABSTRACT Males of the guppy (Poecilia reticulata) vary tremendously in their ornamental patterns, which are thought to have evolved
in response to a complex interplay between natural and sexual selection. Although the selection pressures acting on the color patterns
of the guppy have been extensively studied, little is known about the genes that control their ontogeny. Over 50 years ago, two
autosomal color loci, blue and golden, were described, both of which play a decisive role in the formation of the guppy color pattern.
Orange pigmentation is absent in the skin of guppies with a lesion in blue, suggesting a defect in xanthophore development. In golden
mutants, the development of the melanophore pattern during embryogenesis and after birth is affected. Here, we show that blue and
golden correspond to guppy orthologs of colony-stimulating factor 1 receptor a (csf1ra; previously called fms) and kita. Most excitingly,
we found that both genes are required for the development of the black ornaments of guppy males, which in the case of csf1ra might
be mediated by xanthophore–melanophore interactions. Furthermore, we provide evidence that two temporally and genetically
distinct melanophore populations contribute to the adult camouﬂage pattern expressed in both sexes: one early appearing and
kita-dependent and the other late-developing and kita-independent. The identiﬁcation of csf1ra and kita mutants provides the ﬁrst
molecular insights into pigment pattern formation in this important model species for ecological and evolutionary genetics.

T

HE guppy (Poecilia reticulata) is thought to be among
the most color-polymorphic vertebrates (Endler 1983).
Male guppies have an outstanding degree of variation in
their ornamental patterns, which are shaped by a complex
interplay between natural and sexual selection in wild populations. Along with introduction experiments, studies on
guppy life-history traits, mate choice behavior, and predator–
guppy as well as guppy–environment interactions have
demonstrated that guppy populations can adapt rapidly to
new environments (for an overview, see Magurran 2005).
Copyright © 2013 by the Genetics Society of America
doi: 10.1534/genetics.113.151738
Manuscript received March 27, 2013; accepted for publication April 27, 2013
Available freely online through the author-supported open access option.
Supporting information is available online at http://www.genetics.org/lookup/
suppl/doi:10.1534/genetics.113.151738/-/DC1.
Data for File S1 and File S2 are available at ftp://ftp.tuebingen.mpg.de/ebio/
csf1ra_kita_mutants
Sequence data from this article have been deposited under GenBank accession nos.
KC143122 (csf1ra); KC143123 (csf1ra blue allele); KC143124 (kita); KC143125
(kitla); and KC143126
(part of kita genomic locus in golden mutants).
1
Corresponding authors: Max Planck Institute for Developmental Biology, Department
of Molecular Biology, Spemannstr. 35-39, 72076 Tübingen, Germany. E-mail: verena.
kottler@tuebingen.mpg.de; E-mail: christine.dreyer@tuebingen.mpg.de

The guppy is therefore a prime model organism for the study
of “evolution in action.”
Despite our wealth of knowledge about the ecological
importance of coloration, the genes and developmental
pathways underlying guppy pigment pattern formation are
unknown. Both forward and reverse genetic studies are
hampered by the fact that guppies are livebearers with
internal fertilization, an average gestation period of 3–4
weeks, and a relatively small brood size (Houde 1997). The
genetic basis of sex determination is highly variable within
the Poeciliid family, to which the guppy belongs. The guppy
itself has incipient X and Y chromosomes that include a nonrecombining part (Traut and Winking 2001). Only males develop highly polymorphic ornaments during puberty, which
are under hormonal control (Houde 1997). The genetic analysis of male guppy ornaments ﬁrst attracted attention .80
years ago, when Winge described a total of 18 putative
ornamental loci, of which 17 showed sex-linked inheritance
and 9 were strictly Y-linked (Winge 1922, 1927). Many more
pigment pattern loci, which can be Y-linked, X-linked, XYlinked, or autosomal, have since been described (Lindholm
and Breden 2002). Ornamental traits linked to the sex
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chromosomes are typically expressed only in males, but females
can develop some male color patterns when treated with testosterone (Clemens et al. 1966; Lindholm and Breden 2002).
An analysis of quantitative trait loci (QTL) has conﬁrmed that
most male color traits are controlled by multiple genes, including genes on autosomes (Tripathi et al. 2009b). In contrast to
the sex-speciﬁc genes, several autosomal color factors behave
as ordinary Mendelian recessive genes and are expressed in
both sexes (Goodrich et al. 1944; Dzwillo 1959; Lindholm
and Breden 2002).
The pigment pattern of the guppy consists of three to four
different types of neural crest-derived chromatophores:
black melanophores, yellow/orange to reddish xanthophores,
blue iridescent iridophores, and, possibly, white leukophores
(Takeuchi 1976; Tripathi et al. 2008). Guppy embryos are
staged according to the differentiation of their eyes. In the
middle-eyed stage, the retina is fully pigmented and the ﬁrst
melanophores differentiate on the head above the midbrain
(Martyn et al. 2006). More melanophores appear during the
late-eyed stage and form dark stripes along the lateral midline, on the back, and on the belly (Martyn et al. 2006). In the
very late-eyed stage shortly before birth, a rhombic reticulate
pattern consisting of melanophores emerges on the trunk
(Martyn et al. 2006). It has also been referred to as a ground,
diamond, or camouﬂage pattern (Goodrich et al. 1944; Martyn
et al. 2006; Tripathi et al. 2008). All pigment cell types are
present in wild-type embryos at birth and contribute to the
newborn pattern (Figure 1A); e.g., the yolk is partially covered by iridophores and melanophores, while xanthophores
are widely dispersed (Martyn et al. 2006).
The reticulate pattern of very late-eyed embryos and
newborn guppies appears to persist into adulthood (Tripathi
et al. 2008). This pattern is expressed in both sexes, but
becomes overlain in males by male-speciﬁc ornaments (Figure 1, B–E). Two different melanophore types occur in adult
wild-type guppies: large, roundish corolla and more heterogeneously shaped dendritic melanophores (Goodrich et al.
1944). The reticulate pattern is composed of corolla melanophores in deep skin layers, which are additionally arranged
irregularly over the whole body, whereas dendritic melanophores are distributed superﬁcially and are associated with
the scales (Figure 1E) (Goodrich et al. 1944; Winge and
Ditlevsen 1947).
Two autosomal color loci that are expressed in male and
female guppies are blue and golden [also known as fredlini
(Haskins and Druzba 1938; Winge and Ditlevsen 1947) and
not to be confused with the zebraﬁsh (Danio rerio) golden
locus (Lamason et al. 2005)]. The mutations in both genes
occurred spontaneously and act recessively (Goodrich et al.
1944; Dzwillo 1959). Blue mutants lack orange pigmentation in their skin, indicating a xanthophore defect (Figure 1)
(Dzwillo 1959).
In golden mutants, the development of the melanophore
pattern during embryogenesis and after birth is affected
(Haskins and Druzba 1938; Goodrich et al. 1944; Winge
and Ditlevsen 1947). Golden guppies of both sexes lack
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melanophores in the skin at birth and have only a few peritoneal melanophores above the swim bladder (Figure 1A),
but eventually develop an incomplete reticulate pattern,
which gives them a “coarsely mottled appearance” (Goodrich
et al. 1944; Winge and Ditlevsen 1947). Corolla melanophores are restricted to the reticulate pattern in golden
mutants, which also have only a very few dendritic melanophores (Figure 1E) (Haskins and Druzba 1938; Goodrich
et al. 1944; Winge and Ditlevsen 1947). golden mutant
females have only half of the normal number of melanophores in total (Goodrich et al. 1944). golden mutant males
develop male-speciﬁc ornaments (Figure 1, B and C) (Haskins
and Druzba 1938).
Among teleost ﬁsh, pigment pattern formation has been
most extensively studied in zebraﬁsh. Zebraﬁsh undergo
a complex pigment pattern metamorphosis during the
transition from the embryonic/early larval to the juvenile/
early adult stage (Johnson et al. 1995; Parichy and Turner
2003a,b; Kelsh et al. 2009; Parichy et al. 2009; Budi et al.
2011). The two type III receptor tyrosine kinases encoded by
kita and its ancient paralog colony-stimulating factor 1 receptor a (csf1ra; previously called fms) (Braasch et al. 2006)
play key roles during the establishment of the adult zebraﬁsh pigment pattern: early metamorphic melanophores require kita for their development, while late metamorphic
melanophores depend on csf1ra and endothelin receptor b1a
(ednrb1a) (Parichy et al. 1999, 2000a,b; Parichy and Turner
2003b). Csf1ra is also crucial for xanthophore development
(Parichy et al. 2000a; Parichy and Turner 2003b). In other
teleost species, the functions of kita and csf1ra are less well
understood; comparative studies including interspecies
hybrids suggest some functional diversiﬁcation of both
receptor tyrosine kinases even within the Danio genus
(Quigley et al. 2005; Parichy 2006; Mills et al. 2007).
Here, we present evidence that golden and blue correspond to guppy orthologs of kita and csf1ra. Both an early
kita-dependent and a later-appearing kita-independent melanophore population contribute to the adult reticulate pattern in this species. In contrast to zebraﬁsh, csf1ra is not
required for the development of the late-appearing kitaindependent melanophores. Csf1ra, however, is essential
for xanthophore development and the formation of the
male-speciﬁc melanophore pattern, which also requires kita.

Materials and Methods
Fish husbandry

All ﬁsh were maintained at 25 in a 12-hr light and dark
cycle and fed 6 days a week with Artemia. No more than eight
ﬁsh were kept per 1.5-liter tank. We used virgins for crosses,
as guppy females are capable of storing sperm.
Strains

Guppies of the following inbred strains were used in this
study; available phenotypes other than wild-type are shown
in parentheses: Maculatus (MAC) (golden) (Tripathi et al.

Figure 1 Blue and golden phenotypes.
(A) Dorsal aspect of newborns. (B) Lateral aspect of adult males. (C) Dorsal
aspect of adult males. (D) Lateral aspect
of adult females. (E) Details of areas
boxed in D showing the reticulate pattern. (F) Ventral view of the caudal peduncle of females (indicated by white
arrows in D). golden mutants of both
sexes lack a ventral black stripe and have
only a few melanophores on the anterior head, including the choroid of the
eyes. Golden females lack the female
pigment spot above the anal ﬁn (white
asterisks in D). Individuals shown are
from the BDZW1 (wild type, golden)
and BDZW2 (blue) background. Bars:
(A) 1 mm; (B and C) 2 mm; (D) 5 mm;
(E and F) 0.5 mm.

2008); BDZW1 (golden, golden blue) and BDZW2 (blue
only) (Dzwillo 1959); Armatus (golden) (Winge 1927);
Guanapo and Quare6 (Reznick and Endler 1982); Quare6
family II 215-3 (Tripathi et al. 2008); and Cumaná (Alexander
and Breden 2004). Maculatus, BDZW1, BDZW2, and Armatus
are domesticated strains that have been bred in captivity for
.50 years [in our laboratory since 2003 (Maculatus, BDZW1)
and 2011 (Armatus, BDZW2)]; the others are derived from
wild individuals caught in Trinidad (Guanapo and Quare rivers) and Venezuela (Cumaná region). Quare and Cumaná
guppies were obtained in 2003 and Lower Guanapo (Twin
Bridge) ﬁsh in 2009. All guppy strains are kept separately in
small groups, usually consisting of two to three females and
four to ﬁve males per tank and are allowed to reproduce
freely, except for the Guanapo ﬁsh that are inbred by
brother–sister mating.
blue was found in two strains that likely both were derived from the original population of blue mutants described
by Dzwillo in 1959. We renamed them BDZW1 and BDZW2
for clarity. BDZW1 was obtained under the name “Blau” and
comprised individuals heterozygous for golden and blue;
BDZW2 (“Dzwillo 1959 Blau”) ﬁsh were all homozygous
for blue.
Phylogenetic analyses

Only unambiguously annotated sequences were used for the
analyses (ORF begins with a start codon; number of exons
are as predicted for other species; and introns begin and end

with splice sites). Sequences were aligned with Clustal Omega
(v1.1.0) (Goujon et al. 2010; Sievers et al. 2011). Maximumparsimony and maximum-likelihood phylogenetic trees were
constructed by the PhylipParsimony algorithm (Felsenstein
1989) via the SplitsTree4 (v4.12.8) interface (Huson and
Bryant 2006) and by PhyML (Guindon et al. 2010), respectively. The topologies of the maximum-likelihood trees were
not fully resolved (therefore not shown), but, as the maximumparsimony trees, they suggest that the sequenced guppy ORFs
are most similar to kita, kit ligand a (kitla), and csf1ra of other
teleost species.
Complementary DNA analyses

We used polymerase chain reaction (PCR) to amplify genes
of interest from ﬁrst-strand complementary DNA (cDNA).
Total RNA was extracted from 10 to 15 pooled early to verylate eyed embryos with TRIzol (Invitrogen) according to the
manufacturer’s instructions. Total RNA was then directly
used for ﬁrst-strand cDNA synthesis using PrimeScript
Reverse Transcriptase (TaKaRa) and the oligo(dT) primer
59-ATTCTAGAGGCCGAGGCGGCCGACATGT(18)VN-39. We
added 1 U/ml SUPERaseIn RNase Inhibitor (Ambion) to
each reaction. First-strand cDNA was used as template for
PCR, which was carried out with Advantage 2 Polymerase
Mix (Clontech) according to the manufacturer’s instructions.
PCR program was 10 cycles touchdown [95 for 15 sec, Tm
(melting temperature) of primers (lower one) + 5 20.5/
cycle for 30 sec, 68 for 2–5 min) followed by 27 cycles
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without touchdown (95 for 15 sec, Tm for 30 sec, 68 for
2–5 min]. Elongation time was adapted to the length of the
expected product (1 min/kb). Primer sequences and methods used for full-ORF ampliﬁcation of candidate genes are
listed in Supporting Information, Table S1. PCR products
were analyzed by gel electrophoresis, puriﬁed with MinElute Gel Extraction Kit (QIAGEN), and subsequently cloned
into pGEM-T Easy vector (Promega) following the manufacturer’s instructions. Plasmid DNA was puriﬁed with Wizard
Plus SV Minipreps DNA Puriﬁcation System (Promega)
according to the instruction manual and sequenced.
To investigate whether the kita transcripts V1–V6 cosegregate with the golden phenotype, we prepared ﬁrst-strand
cDNA from adult individuals as described before. Total RNA
for cDNA synthesis was extracted separately from liver tissue of the parental male and the parental female and from
pooled liver tissue of seven wild-type N2 ﬁsh and 11 golden
N2 ﬁsh. Liver tissue was used as total RNA isolated from
liver usually is of very high quality (personal observation).
We used primers in exon 5 (forward: 59-GATGCTGGGAGT
TACAAATGCGTAG-39) and exon 9 (reverse: 59-AAACAGT
ATGTAGGCTTGCTCTCC-39) for PCR ampliﬁcation with
Advantage 2 Polymerase Mix (Clontech) and cloned the products into pGEM-T Easy vector (Promega). We sequenced the
puriﬁed plasmid DNA of 24 colonies per parent and N2 pool
to identify wild-type and golden mutant kita transcripts.

a forward primer in exon 6 (59-TGTCTCTGAACGTTAG
CATGGAG-39) and a reverse primer in exon 7 (59-ACACG
GAGAAGTTCTGCTTTACC-39) of kita (elongation time:
5 min). To test whether kitainsert and the golden phenotype
are associated, we designed PCR assays for kitainsert and
kitawt using Phusion High-Fidelity DNA Polymerase (New
England Biolabs) according to the manufacturer’s instructions. Details can be found in Table S3. PCR products were
analyzed by gel electrophoresis. PCR products of csf1rawt and
csf1raindel were puriﬁed with 0.2 U/ml FastAP Thermosensitive
Alkaline Phosphatase (Fermentas) and 2 U/ml exonuclease I
(Fermentas) (37 for 15 min, 85 for 15 min) and subsequently sequenced. Primer sequences are given in Table S3.

Real-time quantitative PCR

Photos of whole embryos or details of adult ﬁsh were taken
with a Leica MZFLIII dissecting microscope connected to
a Zeiss AxioCam HRc color camera and processed with
AxioVision Software Release 4.7.2. Photos of ﬁsh after birth
and adult ﬁsh were taken with a Canon EOS 10D digital
camera using a Canon Macro Photo Lens MP-E 65 mm or
Canon Macro Lens EF 100 mm. Adult males were at least 4
months old to ensure that their pigment pattern was fully
developed. All photos were taken under incident light conditions. Fish were anesthetized in 0.1% (w/v) tricaine (ethyl 3aminobenzoate methanesulfonate salt) solution (pH 7) before
imaging. The background of most images was equalized with
Adobe Photoshop software version 12.1; all original images are
available upon request.

Total RNA for real-time quantitative PCR was prepared as
described above from skin of adult wild-type, golden, and
blue females that were 6–9 months old. Following DNaseI
treatment, ﬁrst-strand cDNA was prepared from 830 ng of
total RNA primed with oligo(dT)18 using the RevertAid First
Strand cDNA Synthesis Kit (Thermo Scientiﬁc) according to
the manufacturer’s instructions. First-strand cDNA was diluted 10-fold for real-time quantitative PCR that was conducted with Platinum SYBR Green qPCR SuperMix-UDG
(Invitrogen) on a CFX384 Touch Real-Time PCR Detection
System (Bio-Rad) according to the instruction manuals provided by the manufacturers. PCR program was 95 for 3 min,
40 times (95 for 10 sec, 60 for 10 sec, 72 for 5 sec), and
95 for 10 sec. Expression of csf1ra, csf1rb, kita, and kitb was
determined by using three biological replicates with three
technical repetitions each. Expression of the target genes
was normalized to glyceraldehyde-3-phosphate dehydrogenase
expression. Standard deviation and normalized expressions
(DDCq) were calculated with CFX Manager software. Primer
sequences and efﬁciencies (Pfafﬂ 2001; Vandesompele et al.
2002) are given in Table S2.
Genomic DNA analyses

Genomic DNA was prepared with DNeasy Blood and Tissue
Kit (Qiagen) from trunk tissue of adult guppies. We used
100 ng of DNA per PCR reaction. If not mentioned otherwise, Advantage 2 Polymerase Mix (Clontech) was used
to carry out the PCRs. Kitainsert was ﬁrst ampliﬁed using
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Sequence analysis

Puriﬁed plasmid DNA and PCR products were sequenced
with BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) on a DNA Analyzer ABI Prism 3730XL (Applied
Biosystems). Sequences were analyzed using the Staden
package (Pregap4 v1.5 and Gap4 v4.10; http://staden.
sourceforge.net/) and inspected manually. Exon–intron
structures were predicted according to the gene structure
of kitla, kita, and csf1ra of other teleost species (for species,
see Table S1; exon–intron structure was inferred from http://
www.ensembl.org).
Imaging

Analysis of melanophores

To analyze melanophore pattern development, photos of the
same ﬁsh were taken every 3 days (day 1–40 after birth).
Each ﬁsh was kept separately in a 1.5-liter tank. Fish were
brieﬂy anesthetized in 0.04% tricaine solution before imaging. Their siblings were kept as control; none of the imaged
ﬁsh showed retarded development. Newly arising melanophores were detected by comparing consecutive images to
each other.
To analyze the number of melanophores, ﬁsh were
immersed in standard E2 solution (Nusslein-Volhard and
Dahm 2002) containing 2.4 mg/ml epinephrine for 5 min
to contract melanosomes. Afterward, ﬁsh were anesthetized,
and the right side under the dorsal ﬁn, as well as the complete

ﬁsh, were imaged. Melanophores were counted manually utilizing Adobe Photoshop software version 12.1. The number of
melanophores was plotted against the area in square millimeters using Microsoft Excel for Mac 2011 version 14.2.3.

Results
Identiﬁcation of golden as kita:

We used a candidate gene approach to identify golden at the
molecular level. Based on a comparison with zebraﬁsh pigment pattern mutants, we investigated two potential candidates for golden, kita, and kitla (also called stem cell/steel
factor). Kitla is the ligand for the Kita receptor, and together
the two are required for melanophore migration and survival in zebraﬁsh (Hultman et al. 2007). While only one
copy of kit and kitl exists in mouse and humans, two copies
of each gene are present within the Teleostei. These copies
can be considered as “ohnologs” since they are derived from
ancestral kit and kitl genes that were duplicated during the
teleost-speciﬁc whole-genome duplication event (Mellgren
and Johnson 2005; Braasch et al. 2006; Hultman et al.
2007). Mutations in zebraﬁsh kita, as in golden, greatly
reduce melanophore number (Parichy et al. 1999). Kita is
located on guppy autosomal linkage group 4 (Tripathi et al.
2008). Kitla has not been mapped so far.
To amplify the guppy orthologs of kita and kitla, we used
rapid ampliﬁcation of cDNA ends (Table S1). Phylogenetic
analyses demonstrated that the obtained full-ORF sequences
are orthologous to kita (GenBank accession no. KC143124)
and kitla (GenBank accession no. KC143125) of other teleost species (Figure 2A and Figure S1). We also identiﬁed
a potential guppy kitb ortholog by performing BLAST searches
of zebraﬁsh kitb against a preliminary genome and transcriptome assembly of the guppy (E. Sharma, A. Künstner, B. A.
Fraser, M. Hoffmann, V. A. Kottler, G. Zipprich, D. Weigel,
and C. Dreyer, unpublished data) (Figure 2A) (Altschul et al.
1990). We could not determine whether a guppy kitlb ortholog exists, as BLAST yielded no signiﬁcant results.
Golden mutant guppies did not have any obvious polymorphisms in the kitla ORF. In contrast, among cDNAs from
golden ﬁsh of the MAC and BDZW1 backgrounds, we found
a total of six different kita splice variants, none of which was
wild type. Most of these variants contained inserts with
a length of 17, 36, or 53 bp and/or lacked parts of or the
complete exon 6 (Figure 2B and Table S4). Exons 7 and 8
were additionally absent in two variants (Figure 2B and
Table S4). In all cases, these alterations cause frameshifts
and truncate the ORF. These kita variants are likely nonfunctional since the encoded proteins would lack the transmembrane, juxtamembrane, and split kinase domains, all of
which are required for normal protein function (Mol et al.
2003).
Analysis of genomic DNA indicated that kita exon 6 of
golden mutants has an insertion of 1678 bp. This insertion
consists of two potential short exons of 17- and 36-bp length
that surround a 1625-bp intron delineated by 59 GT-AG 39

Figure 2 golden is an ortholog of kita. (A) Maximum-parsimony phylogenetic tree of kita and kitb ORF sequences. Mouse kit was used as an
outgroup. Bootstrap support values from 100 replicates are shown. Accession numbers of sequences are the following: guppy kita, KC143124;
medaka (Oryzias latipes) kita, ENSORLT00000000707; mouse (Mus musculus) kit, NM_021099; platyﬁsh (Xiphophorus maculatus) kita,
ENSXMAT00000013579; platyﬁsh kitb, ENSXMAT00000017731; tilapia
(Oreochromis niloticus) kita, ENSONIT00000003735; tilapia kitb,
XM_003452144; zebraﬁsh kita, NM_131053; and zebraﬁsh kitb,
NM_001143918. Guppy kitb sequence is available upon request. (B)
Exons 5–9 of kita cDNAs sequenced from wild-type and golden mutant
[variants (V) 1–6] backgrounds; exons affected by splicing defects are
shown in dark red. Length in amino acids (aa) of the respective predicted
protein is shown on the left. Numbers above wild type refer to the wildtype kita cDNA sequence deposited at GenBank (KC143124) and demarcate the last nucleotide of each exon. (C) Part of kita genomic locus in
golden mutants (kitainsert) (GenBank accession no. KC143126). Numbers
refer to base pairs. Exons (E), introns (I), and inserted sequence are not
drawn to scale.

canonical splice sites (Figure 2C). The splice sites within the
novel intron seem to be recognized by the spliceosome and
lead to mis-splicing of the kita pre-messenger RNAs (mRNAs)
in the golden mutants. Depending on which splice sites are
used, this leads to short insertions or removal of parts of exon

Guppy kita and csf1ra Mutants

635

6 or of exons 6–8 from the mature transcript. Comparison
with a preliminary genome assembly of the guppy (A. Künstner,
E. Sharma, B. A. Fraser, M. Hoffmann, V. A. Kottler, D. Weigel,
and C. Dreyer, unpublished data) suggests that .50 copies
similar to the 1678-bp insertion, which all include a long terminal repeat of 300 bp, exist (data not shown).
To conﬁrm that kitainsert corresponds to golden, we tested
for genetic linkage. Forty golden mutant ﬁsh from the MAC,
BDZW1, and Armatus (ARM) backgrounds were homozygous for kitainsert and complementation test crosses between
the strains demonstrated allelism (Figure S2B and S1C). In
28 wild-type MAC, BDZW1, and ARM individuals, only
kitawt could be detected. This indicates that kitainsert was
likely introduced into several guppy strains by breeders because of the golden coloration. Next, we investigated whether
kitainsert is also linked to the golden phenotype in a segregating backcross N2 population: we crossed a golden blue doublemutant female of the BDZW1 strain to a wild-type male from
the Guanapo river in Trinidad; F1 males were then backcrossed to produce XBDZW1XBDZW1/XBDZW1YGU N2 individuals.
Forty-six golden and golden blue N2 ﬁsh were homozygous
for kitainsert, while 12 wild-type and blue ﬁsh were heterozygous kitainsert/kitawt. In addition, we could amplify only
kitainsert variants from pooled cDNA of golden mutant N2
offspring. Taken together, all of these results make it very
likely that guppy golden is allelic to kita.
Identiﬁcation of blue as csf1ra:

We hypothesized csf1ra to be a candidate for blue, since blue
mutants lack xanthophores as do csf1ra mutants of zebraﬁsh
(Dzwillo 1959; Parichy et al. 2000a). Csf1ra and csf1rb ohnologs have been identiﬁed in several teleost species (Braasch
et al. 2006). csf1ra has previously been mapped to guppy autosomal linkage group 10 (Tripathi et al. 2008).
Rapid ampliﬁcation of cDNA ends was used to amplify
the guppy csf1ra ortholog (Table S1). Phylogenetic analyses
showed that the sequenced cDNA is closely related to csf1ra
of other teleost species (Figure 3A). We also identiﬁed a presumptive guppy csf1rb ortholog within a preliminary genome and transcriptome assembly of the guppy (E. Sharma,
A. Künstner, B. A. Fraser, M. Hoffmann, V. A. Kottler, G. Zipprich,
D. Weigel, and C. Dreyer, unpublished data) (Figure 3A).
Blue mutant guppies carry a complex change in exon 17
of csf1ra, with a deletion of 5 bp and an insertion of 7 bp
(Figure 3B). This indel causes a frameshift and truncates the
ORF. The predicted protein lacks part of the second half of
the split kinase domain, which is required for the activity of
type III receptor tyrosine kinases (Yarden and Ullrich 1988;
Mol et al. 2003). A similar mutation in zebraﬁsh, fmsj4blue,
inactivates csf1ra and leads to loss of xanthophores (Parichy
et al. 2000a).
We used the same cross as above to test for linkage of
csf1ra and blue. Forty-six blue and golden blue N2 ﬁsh were
homozygous for csf1raindel, while 12 wild-type and golden
N2 individuals tested were heterozygous csf1raindel/csf1rawt.
Consistent with this, 24 golden blue mutant guppies of the
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BDZW1 strain were homozygous for csf1raindel, whereas
only csf1rawt could be identiﬁed in 12 wild-type and golden
ﬁsh of the same population. Another blue strain obtained
from a hobby breeder, BDZW2, was also homozygous for
the csf1raindel allele, and complementation test crosses to
BDZW1 conﬁrmed allelism (Figure S2A). blue is therefore
likely to be the guppy ortholog of csf1ra, with the same
csf1raindel mutation present in both strains tested.
In zebraﬁsh, csf1ra promotes the migration of the xanthophore precursors from the neural crest (Parichy et al.
2000a), and both embryonic and metamorphic xanthophore
populations require csf1ra activity (Parichy and Turner 2003b).
To investigate whether csf1ra mutant guppies entirely lack
xanthophores, we thoroughly inspected 7-month-old golden
blue and blue ﬁsh that shared the same grandparents. In contrast to a previous study (Dzwillo 1959), we found a small
number of xanthophores in 19 of 20 golden blue mutant individuals and in 5 of 17 blue mutants (Figure 3, C and C9). Most
of the xanthophores were arranged on scale margins close to
the dorsal ﬁn. We could not detect any xanthophores on the
lateral or ventral side of adult golden blue or blue ﬁsh or in
blue embryos and newborns (we here refer to guppies as newborns 1–3 days after birth). A small number of xanthophores
can also be found in zebraﬁsh larvae, but not in adults, which
are homozygous for salztl41a or pfeffertm36b, two alleles that fail
to complement fmsj4blue (Maderspacher and Nusslein-Volhard
2003).
Expression of kita, csf1ra, and their ohnologs
in female skin

We could detect kita, kitb, csf1ra, and csf1rb expression in
the skin of adult wild-type, golden, and blue females by
Reverse Transcriptase-PCR (data not shown). To assess
whether Kitb and Csf1rb might be upregulated to compensate for the loss of Kita and Csf1ra function in the golden and
blue mutants, respectively, we investigated the expression
levels of these genes and their a-paralogons by real-time
quantitative PCR. We found that csf1ra expression is downregulated in the skin of blue mutant females compared with
the wild type, while there was no signiﬁcant difference in
the expression levels of csf1rb (Figure S3). In zebraﬁsh,
csf1ra is expressed in the xanthophore, macrophage, and
osteoclast lineages (Parichy et al. 2000a). Our data suggest
that the guppy ortholog of csf1ra is expressed in guppy xanthophores, as the almost complete absence of these cells in
blue skin coincides with a low csf1ra expression level. Additionally, the blue transcript of csf1ra might undergo nonsensemediated mRNA decay triggered by the premature
termination stop codon. In contrast, the expression levels
of kita and kitb were not signiﬁcantly different in golden
skin compared with wild type, respectively (Figure S3),
which suggests that the golden kita transcripts are not subjected to nonsense-mediated decay. In conclusion, no significantly elevated expression of the kit and csf1r b-paralogons
could be detected by real-time quantitative PCR in the skin
of golden and blue mutants (Figure S3). Yet we cannot

Figure 3 blue is an ortholog of csf1ra. (A) Maximumparsimony phylogenetic tree of csf1ra and csf1rb ORF
sequences. Mouse csf1r was used as an outgroup. Bootstrap
support values from 100 replicates are shown. Accession
numbers of sequences are the following: Astatotilapia burtoni csf1ra, DQ386648; A. burtoni csf1rb, DQ386647;
fugu (Takifugu rubripes) csf1ra, U63926; fugu csf1rb,
AF411927; guppy csf1ra, KC143122; medaka csf1ra,
ENSORLT00000006111; medaka csf1rb, XM_004076731;
mouse csf1r, NM_001037859; and zebraﬁsh csf1ra,
AF240639. Guppy csf1rb sequence is available upon request. (B) Partial sequence electropherograms of cDNAs
from wild-type and blue mutant ﬁsh, which carry a deletion
of 5 nt in exon 17 (underlined in wild-type sequence) that
simultaneously contains a 7-nt insertion (underlined in blue
sequence). The length of the predicted protein produced by
blue mutants is 794 aa, with the last 12 new. The wild-type
protein is 978 aa long. The ﬁrst nucleotide of exon 17
corresponds to nucleotide 2392 in the 3084-bp wild-type
csf1ra sequence (GenBank accession numbers of cDNAs:
wild-type, KC143122; blue, KC143123). (C) golden blue
mutant female; white arrow points to detail shown in C9.
(C9) Small patch of xanthophores (X) and melanophore (M)
on the back close to the dorsal ﬁn of the female. Variation
in the number of xanthophores was high in blue and golden
blue mutant ﬁsh. Xanthophores were abundant and evenly
distributed in wild-type and golden mutant females (Figure
1, E and F). Bars: (C) 5 mm; (C9) 50 mm.

exclude that less efﬁcient salvage pathways mediated by
Kitb and Csf1rb compensate for the loss of Kita and Csf1ra
function in the mutants based on these ﬁndings.
Contribution of distinct melanophore populations
to the adult reticulate pattern

Kita-dependent and -independent metamorphic melanophores contribute to the adult pigment pattern in zebraﬁsh
(Parichy et al. 1999; Parichy and Turner 2003b). Additionally,
Kita activity is required for the dispersal of melanoblasts from
the neural crest in zebraﬁsh embryos (Parichy et al. 1999). To
investigate whether temporally and genetically distinct melanophore populations exist in the guppy, we examined golden
mutant guppies at different developmental stages.
First, we explanted wild-type and golden embryos 12
days after last parturition, which corresponds to the middleeyed stage, at which the ﬁrst melanophores differentiate in
the skin above the midbrain in wild-type embryos (Martyn
et al. 2006). golden mutant embryos lacked melanophores
on the head and the trunk at this stage (Figure 4A). Second,
we investigated the development of the pigment pattern
between the 1st and the 40th day after birth by taking photographs of the same individuals every 3 days.
Immediately after birth, golden mutants had few patches
of peritoneal melanophores, as described previously (Goodrich

et al. 1944; Winge and Ditlevsen 1947). Additionally, we
found some melanophores in their skin and close to the
neural tube (Figure 4B). Four and 7 days after birth, few
scattered melanophores were present close to the dorsal
midline and on the head of golden mutants (Figure 4C and
File S1). After 10 days, melanophores had become more
abundant on the dorsal part of golden mutant ﬁsh and formed
an incipient reticulate pattern, which became quite prominent
after 16 days (Figure 4, D and E). The formation of the reticulate pattern seemed to be completed 22 days after birth
in the mutants (Figure 4, F and G), although we detected
a few newly arising melanophores even in 40-day-old golden
individuals (File S1). This suggests that two melanophore
populations that are temporally and genetically distinct contribute to the adult reticulate pattern: one that develops early
and depends on Kita and one that appears late and is independent of Kita. In wild-type ﬁsh, melanophores were abundant and distributed over the whole body from the day of
birth onward (Figure 4, B–G).
Adult golden mutant females have about half the number
of skin melanophores of wild-type females (Goodrich et al.
1944) and lack the pigment spot by the anal ﬁn (Figure 1, D
and E). Additionally, the amount of superﬁcial dendritic
melanophores associated with the scales is strongly reduced
(Haskins and Druzba 1938; Goodrich et al. 1944; Winge and
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Figure 4 Melanophore pattern development in BDZW1
wild-type and golden mutant ﬁsh. (A) Embryos explanted
12 days after last parturition (dap). Yolk sacs were removed and embryos were ﬁxed overnight at 5 in 4%
paraformaldehyde and 1% dimethyl sulfoxide. Insets: Dorsal aspect of the midbrain region with individual melanophores apparent in wild type. (B, C, and G) Lateral, (D–F)
dorsal aspects of the same females over a 3-week time
course (days are after birth). All images taken, including
the ones of males, can be found in File S1. Bars: (A) 500
mm, (insets) 250 mm; (B–G) 1 mm.

Ditlevsen 1947), and black pigment is scarce on the choroid
of the eyes as well as on the anterior head in golden ﬁsh,
indicating that these pigmentation traits depend on Kita
(Figure 1, B–E). The arrangement of the melanophores along
the scales seems to be independent of Kita, as the size of the
reticulate pattern (diameter of rhombi) was similar in golden
and wild-type ﬁsh (data not shown). Onset of puberty in golden
and wild-type males was observed between day 19 and 28 (File
S1); the development of the reticulate pattern in golden males
was similar to that of golden females (File S1).
csf1ra-independent melanophore populations

In zebraﬁsh, early kita-dependent metamorphic melanophores
are independent of Csf1ra, whereas late-differentiating kitaindependent melanophores require Csf1ra and Ednrb1a activity for their differentiation (Parichy et al. 2000a,b; Parichy and
Turner 2003b). kita csf1ra double-mutant zebraﬁsh lack almost all melanophores because of the strong additive effect
of mutations in these two genes (Parichy et al. 2000a). Since
we identiﬁed a kita-dependent and -independent melanophore population in the guppy, we asked whether any of them
requires csf1ra.
Inspection of embryos and newborns revealed no major
differences between the blue mutant and wild-type melanophore patterns (Figure S4A), although we cannot exclude
that a small subset of the early appearing melanophores
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depends on Csf1ra signaling since we could not count these
early cells (see Figure S4 legend). To investigate whether
the late-differentiating melanophores depend on csf1ra, we
compared an area below the dorsal ﬁn in golden and golden
blue adult females (Figure S4, E and E9). We found that both
single- and double-mutant ﬁsh have similar numbers of melanophores per area (Figure S4F). Therefore, unlike in zebraﬁsh, mutations in kita and csf1ra have no additive effect on
the reticulate pattern of the guppy, which is further supported by the observation that the reticulate pattern of blue
mutant guppies develops as in the wild type until at least
day 40 after birth (Figure S4, A–D; File S1). Consequently,
the late-appearing melanophores of the guppy reticulate pattern are independent of both Kita and Csf1ra signaling.
Requirement of Kita and Csf1ra signaling
for male-speciﬁc ornaments

Guppy male-speciﬁc pigmentation patterns vary tremendously within and among populations, yet the withinpopulation variance decreases considerably with inbreeding
(personal observation). To investigate the roles of Kita and
Csf1ra in male color pattern formation, we compared the
ornamental patterns of related wild-type and mutant males.
We crossed golden blue mutant BDZW1 females with wildtype males from the inbred wild-derived Cumaná (CUM),
Guanapo (GU), Quare6 family II 215-3 (QUII), and Quare6

(QU) strains. The phenotypically wild-type F1 males were
backcrossed to golden blue mutant BDZW1 females to produce a N2 generation (Figure 5). As a result of the backcross, the grandfather’s Y chromosome was combined with
an X chromosome of the BDZW1 strain in all N2 males.
Since recombination frequency of sex chromosomes is comparatively low in male meiosis (Tripathi et al. 2009a), this
experimental design minimized the amount of pattern variation caused by X chromosomes derived from different strains,
thereby allowing us to study the inﬂuence of the mutant autosomal genes on the pattern directed by a given Y chromosome. The number of male offspring derived from each cross is
given in Table 1, and all images of the backcrosses can be
found in File S2.
For our analysis, we focused on the most prevalent
characteristic traits of each cross, as seen on the grandfather
and its wild-type male offspring (Figure 6, Figure 7, Figure 8
and Figure 9; Figure S5). Furthermore, we tried to homologize the male ornaments of the different strains based on
their color, shape, and approximate positions. A summary of
all traits and generalization of our results is shown in Figure
9, which should facilitate tracking of single traits within the
complex male patterns. We are, however, aware of the fact
that superﬁcially similar-looking traits need neither be directed by the same developmental pathways nor be derived
from the same putative cell precursor pool.
Regardless of the origin of the Y chromosome, blue mutant N2 males lacked all orange color traits, indicating that
Csf1ra activity is also required for the dispersal or differentiation of male-speciﬁc xanthophores (Figure 6, Figure 7,
and Figure 9). In addition, the location and shape of the black
male-speciﬁc ornaments were modiﬁed in the mutants.
Previous studies of the male-speciﬁc color pattern of the
Cumaná guppy have shown that the blue iridescent spot on
the trunk close to the dorsal ﬁn, the combination of black
and orange on the dorsal ﬁn, and the ventral black lining of
the caudal peduncle constitute strictly Y-linked traits (Figure
6A and Figure 9) (Tripathi et al. 2008, 2009a,b). The malespeciﬁc ventral black lining is more pronounced than the
ventral black stripe of both sexes described in Figure 1F.
Typically, two thicker black horizontal stripes, an anterior
and a posterior one, are present on the trunk of Cumaná
males (Figure 6A and Figure 9). The orange-black lining of
the tail ﬁn, which is often more pronounced on the ventral
margin, is another male-speciﬁc Cumaná trait (Figure 6A
and Figure 9). The prominent ventral black spot on the tail
ﬁn of many Cumaná males (Figure 6A and Figure 9; Figure
S5) is very likely directed by one or more dominant factors
located in the pseudo-autosomal region of the Cumaná sex
chromosomes (Tripathi et al. 2008).
Most Cumaná male-speciﬁc traits were fully developed in
the grandfather, in all F1, and in all wild-type N2 males
(Figure 6, A–C; for the ventral black spot on the tail ﬁn,
see Figure S5). Of the golden mutant N2 males, all but
one showed all of these traits as well (Figure 6D and Figure
9; the pattern of the one exceptional individual might be the

Figure 5 Crossing scheme that was used in the case of the CUM, GU,
QUII, and QU strains. The color patterns of the wild-type, golden, blue,
and golden blue N2 males were analyzed. blue (b) and golden (g) are
located on different autosomes and can therefore recombine freely. “B”
and “G” indicate wild-type alleles. BDZW1 and MAC males were crossed
with females of the same strain (for details see Figure 8).

outcome of a rare recombination event). Comparisons between wild-type and golden males revealed that (i) golden
mutants had less black on the dorsal ﬁn; (ii) the ventral
black lining of the caudal peduncle was shifted upward and
was often discontinuous in golden ﬁsh; (iii) the posterior
black stripe of golden mutants was shifted downward and
was often discontinuous (Figure 6D and Figure 9). In addition, a concise posterior orange spot on the caudal peduncle
was absent in 94% of the golden mutants (Figure 6D). The
anterior black stripe, the anterior orange spot, the blue iridescent spot, the orange-black lining, and the ventral black spot
on the tail ﬁn were not obviously changed by the mutation in
kita (Figure 6D and Figure 9). The blue mutant N2 males not
only lacked all orange traits, but also lost the black components of the orange-black lining of the tail ﬁn, whereas the
ventral black spot persisted (Figure 6E and Figure 9). Other
defects of the blue mutant ﬁsh were the following: (i) the
anterior black stripe was absent or very diffuse; (ii) the posterior black stripe was shifted downward and seemed more
diffuse, and small incoherent patches of melanophores were
often found on the dorsal trunk; (iii) in only 43% of the blue
males a comparatively small blue iridescent spot was visible
close to the dorsal ﬁn (Figure 6E and Figure 9). The phenotype of the golden blue mutant N2 males resembled the blue
mutant ﬁsh, but they showed fewer melanophores on the
dorsal ﬁn and trunk (Figure 6F).
The pattern of the Guanapo grandfather was characterized by several black crescents forming a labyrinthine pattern
in proximity to the gonopodium (Figure 6G and Figure 9).
The melanophores on the proximal and distal parts of the tail
ﬁn were concentrated on the ventral half of the ﬁn, and an
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Table 1 Male offspring obtained from each cross
N2

Male parent

F1

Cumaná (CUM)
Guanapo (GU)
Quare6 family II
215-3 (QUII)
Quare6 (QU)

55
30
34

Wild type
39
24
16

Golden
33a
25
16

43

17

18

Blue
52
18
11

Golden blue
53
21
10

25

14

F2
BDZW1
Maculatus (MAC)
a

24
12

Wild type
56
30

Golden
18
13

Actual number was 34, but one male had a BDZW1 instead of a CUM-like color
pattern (see text).

orange spot was located close by (Figure 6G and Figure 9).
The anterior and posterior black horizontal stripes, the ventral black lining of the caudal peduncle, and the anterior and
posterior orange spots on the trunk appeared weaker compared with the Cumaná male (Figure 6G). The posterior black
stripe approximately demarcated the lateral midline in the
Guanapo grandfather.
All of the F1 and wild-type N2 males showed the Guanapo traits described above, but only 41% of the wild-type
males had an anterior orange spot (Figure 6, H and I). Furthermore, the F1 and wild-type N2 males tended to have
more complex black labyrinthine ornaments close to the
gonopodium than the Guanapo grandfather, suggesting that
cofactors derived from the autosomes or X chromosome of
the BDZW1 strain modulate this trait (Figure 6, H and I).
The black pigment pattern of the golden mutant N2 males
was substantially changed in the following ways: (i) black
pigment in the dorsal ﬁn was reduced; (ii) the labyrinthine
black ornaments close to the gonopodium were mostly lost;
(iii) black pigment in the proximal part of the tail ﬁn was
concentrated dorsally; (iv) anterior and posterior black stripes
were often discontinuous; and (v) the ventral black lining was
shifted upward (Figure 6J and Figure 9). The orange ornaments persisted, and an anterior orange spot was found in
32% of the golden N2 males (Figure 6J and Figure 9). The
blue mutant N2 males had an even more severe phenotype: (i)
only one to two round black spots were present on the trunk
that were in most individuals not located near the gonopodium; (ii) as in golden N2, the black in the proximal part of
the tail ﬁn was located dorsally, and several males had black
tail-ﬁn margins; and (iii) the anterior black stripe was absent
or diffuse (Figure 6K and Figure 9). The golden blue mutant
N2 males had fewer melanophores on the ﬁns and trunk than
the blue mutants (Figure 6L).
The pigmentation traits of the Quare6 family II 215-3
grandfather are shown in Figure 7A. Compared with the
Cumaná grandfather, the black pigment on the dorsal ﬁn
and the ventral black lining of the caudal peduncle of the
Quare6 family II 215-3 grandfather appeared weak. It had
a black spot associated with its anterior black horizontal
stripe, which we found in 83% of its wild-type and in 56%
of its golden N2 male offspring (Figure 7, A–D). We found
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that golden mutant N2 males of this backcross had (i) less
black on the dorsal ﬁn, (ii) a more diffuse posterior black
horizontal stripe, (iii) an upwardly shifted or no ventral
black lining of the caudal peduncle, and (iv) a slightly upwardly shifted central black spot (Figure 7D and Figure 9).
In blue mutant N2 males, black ornaments on the trunk were
mostly reduced to a few spots, and in some individuals a spot
appeared at an unusual position just behind the operculum
(Figure 7E).
Fewer black ornaments on the dorsal ﬁn were also observed
in golden mutant males of the highly inbred BDZW1 and Maculatus strains (Figure 8). The black spot in the dorsal ﬁn of the
Maculatus strain is considered to be a strictly Y-linked trait
(Winge 1922), which illustrates that the expression of such
traits nevertheless depends on autosomal cofactors. Wild-type
males of the BDZW1 strain have a creamy-black margin of the
tail ﬁn and a prominent black-and-white eye spot on the caudal
peduncle (Figure 8, A–C, and Figure 9). The colors of the
creamy-black tail-ﬁn margin were intermingled or switched
in golden mutant BDZW1 males, and, instead of the eye spot,
they had black spots at a more dorsal position on the trunk or
ventral position on the tail ﬁn (Figure 8, D–F, and Figure 9;
occasionally two spots were present). Hence, the position of
the eye spot is more variable in golden mutant BDZW1 males
compared with the wild type. The posterior black horizontal
stripe of golden BDZW1 males was often diffuse (Figure 8, D–
F, and Figure 9), while it was curved, absent, or diffuse in
golden Maculatus males (Figure 8, G, K, and L, respectively,
and Figure 9). The ventral black lining of the caudal peduncle
was shifted upward (BDZW1, Figure 8, D–F, and Figure 9) or
absent (MAC, Figure 8, G, K, and L, and Figure 9). golden
mutant Maculatus males showed dorsal or ventral black spots
on the tail ﬁn as well, which were only rarely seen in wild-type
males (Figure 8, G–L).

Discussion
How the extreme variation in colorful ornaments satisﬁes the
conﬂicting demands of predator evasion and mate attraction
in male guppies has fascinated scientists for almost a century
(Winge 1922, 1927; Lindholm and Breden 2002; Magurran
2005). Importantly, despite the extreme interindividual differences, many color traits are highly heritable, and sons greatly
resemble their fathers (Winge 1922, 1927; Dzwillo 1959;
Lindholm and Breden 2002). A better understanding of these
issues requires better knowledge of the ontogeny of guppy
pigmentation. This has unfortunately been challenging, due
to the intrinsic difﬁculties of working with a livebearer for
which many standard techniques that can be utilized in model
organisms are not available. Here, we have exploited the
power of forward genetics to advance the understanding of
pigmentation in guppies. We have discovered that mutations
in the two type III receptor tyrosine kinase genes kita and
csf1ra underlie the guppy golden and blue phenotype, respectively, and have studied the effects of the mutations
on both the reticulate pattern shared by females and males

Figure 6 Ornaments in golden and blue mutant males
from the Cumaná and Guanapo backgrounds. (A–F) Cross
between a golden blue mutant BDZW1 female and a wildtype Cumaná male (A). Representative F1 (B) and N2 males
with different phenotypes (C–F) are shown. Cumaná traits
are highlighted in A. White arrows in E show incoherent
patches of melanophores described in the text. (G–L)
Cross between a golden blue mutant BDZW1 female
and a wild-type Guanapo male from a F5 Guanapo laboratory inbreeding population (G). Representative F1 (H)
and N2 males with different phenotypes (I–L) are shown.
Guanapo traits are highlighted in G and H. I–L lack the
anterior orange spot. Orange arrows in K show the black
margins of the tail ﬁn described in the text. Traits are
labeled with numbers that correspond with numbers used
in Figure 9: 1, 2, and 3: anterior, central, and posterior
orange spot; 4 and 5: anterior and posterior black horizontal stripes; 6: ventral black lining of caudal peduncle;
7: black pigment on dorsal ﬁn (in CUM in combination
with orange); 8: central black spot near gonopodium; 9:
blue iridescent spot; 10: orange-black lining of tail ﬁn; 11:
ventral black spot on tail ﬁn; 12: black crescents forming
a labyrinthine pattern close to the gonopodium; and 13:
orange spot and ventrally concentrated melanophores on
tail ﬁn. N2 males shown for each backcross are siblings or
cousins. All photos taken from the backcrosses can be
found in File S1. Bottom left in each panel: generation
(P, grandfather; F1; N2) and phenotype. Top right in each
panel: Y chromosome origin. Bars: 2 mm.

and the male-speciﬁc ornaments. We found that the mutations in kita and csf1ra have strong effects on the expression
of male-speciﬁc color patterns. In general, the mutation in
kita made none or only minor changes in orange ornaments
and affected the male melanophore pattern more subtly and
in a more reproducible manner than the mutation in csf1ra.
The salient feature of the csf1ra mutant males was the absence of all orange traits, with concomitant severe changes
in black ornaments.
In many teleost species, including zebraﬁsh, medaka
(Oryzias latipes), stickleback (Gasterosteus aculeatus), and
Japanese ﬂounder (Paralichthys olivaceus), larvae and adults
differ in their pigmentation patterns (Johnson et al. 1995;
Parichy and Turner 2003a,b; Lynn Lamoreux et al. 2005;
Kelsh et al. 2009; Yamada et al. 2010; Budi et al. 2011;
Greenwood et al. 2012). Our study shows that the camouﬂage reticulate pattern of newborn guppies is not yet completely developed and that it is fully elaborated only during
the ﬁrst month after birth. Absence of most melanophores in
embryonic and newborn golden mutants suggests that Kita is
essential for the differentiation of an early melanophore
population. A second melanophore population arises after
birth and remains restricted to the dorsal half of the body in
golden mutant ﬁsh, indicating that Kita signaling is not required for the differentiation of this melanophore subpopulation, yet that it might be essential for its proper migration.
Alternatively, the migratory behavior of this subpopulation
might be normal in golden mutants, with the later-differentiating
melanophores enhancing the camouﬂage in wild-type
ﬁsh on the dorsal side only. This could be investigated in

the future by selective labeling and tracing of the kitaindependent population or by ﬁnding another mutation that
eliminates this population. Independently of these details,
we conclude that the guppy has an early-appearing kitadependent and a later-developing partially or fully kitaindependent melanophore population and that both populations are required to form the non-sex-speciﬁc reticulate
pattern. Whole-mount in situ hybridization experiments
turned out to be extremely difﬁcult in guppy embryos due to
their size and very low permeability (U. Martyn, and C.
Dreyer, unpublished data), but could potentially help to determine the developmental time point at which the ﬁrst
melanophores differentiate in guppy embryos, especially as
the melanization of these melanophores might be delayed in
a livebearing ﬁsh like the guppy. The tracking of putative
pigment cell precursors for adult ornaments, however, would
require analysis of serial sections of specimens from early
embryogenesis to puberty.
Our study suggests that Kita functions have at least
partially been conserved across teleosts. The last common
ancestor of zebraﬁsh and guppies lived probably .300 million years ago (Kasahara et al. 2007); nevertheless, the adult
pigment pattern of both species depends on an early kitadependent and a late kita-independent melanophore population, and loss-of-function mutations in kita decrease the
amount of melanophores, including scale melanophores, in
both species (Haskins and Druzba 1938; Goodrich et al.
1944; Winge and Ditlevsen 1947; Parichy et al. 1999;
Parichy et al. 2000a). Yet the teleost-speciﬁc whole-genome
duplication likely also facilitated subfunctionalization and
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Figure 7 Ornaments in golden and blue mutant males
from the Quare6 family II 215-3 background. Cross between a golden blue mutant BDZW1 female and a wildtype Quare6 family II 215-3 male (A). Representative F1 (B)
and N2 males with different phenotypes (C–F) are shown.
Quare traits are highlighted in A. Yellow arrow points to
black spot associated with anterior black horizontal stripe.
Blue arrow points to black spot close to the tail ﬁn that
was not included in the analysis as its location was highly
variable in wild-type ﬁsh. The green arrowhead in E shows
a black spot close to the operculum described in the text.
Traits are labeled with numbers corresponding with numbers used in Figure 6 and Figure 9. N2 males shown are
cousins. All photos from this backcross and from the
Quare6 backcross that was very similar regarding the male
patterns can be found in File S2. Bottom left: generation
(P, grandfather; F1; N2) and phenotype. Bars: 2 mm.

phenotypic diversiﬁcation, as revealed in different Danio
species (Braasch et al. 2006; Mills et al. 2007).
An early xanthophore population contributes as regularly
spaced cells to the reticulate pattern of guppy juveniles and
adults (Figure 1, E and F). Our study shows that these nonsex-speciﬁc xanthophores depend on Csf1ra signaling. The
presence of isolated dorsal clusters of xanthophores in blue
mutant ﬁsh suggests that Csf1ra activity might not be absolutely required for differentiation, but for proliferation and
dispersal of guppy xanthoblasts. We do not know yet when
during ontogeny csf1ra acts and whether different xanthophore populations exist, but we showed that Csf1ra is not
required for the formation of the non-sex-speciﬁc black reticulate pattern of the guppy. In contrast, csf1ra mutant
zebraﬁsh cannot form a complete non-sex-speciﬁc stripe pattern (Parichy et al. 2000a; Parichy and Turner 2003b).
Guppies are conspicuously sexually dimorphic in their
pigmentation, and mate-choice experiments have demonstrated that females prefer males with pronounced orange
and blue iridescent ornamentation (Endler 1983; KodricBrown 1985). Males are also able to intensify their black
ornaments while courting (Endler 1983). Crosses between
golden blue mutant females with male guppies of geographically and genetically diverse origins (Willing et al. 2010)
gave us the opportunity to study the inﬂuence of Kita and
Csf1ra loss-of-function on the diverse male-speciﬁc patterns
of the guppy. The males originated from West Trinidad
(Guanapo), East Trinidad (Quare), and Venezuela (Cumaná).
The latter two strains had previously been used for genetic
mapping and QTL analysis (Tripathi et al. 2009b). Our study
demonstrates that the male-speciﬁc xanthophores of the
guppy, whose development is induced during puberty like
the one of male-speciﬁc melanophores and iridophores, also
depend on csf1ra and that loss of Csf1ra and Kita function
substantially changes the formation of male ornaments.
Comparison between wild-type and golden males showed
that black stripes and spots appeared ectopically in golden
mutants, although in a manner that varied between populations and individuals; e.g., the ventral melanophores on the
Guanapo tail ﬁn were shifted to a more dorsal position, and
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golden mutant Maculatus males had novel black spots on their
tail ﬁns. In the BDZW1 strain, the arrangement of the creamyblack tail-ﬁn margin, which might involve iridophores (personal observation), appeared reversed. In contrast, loss of
Kita function did not change the dorso-ventral arrangement
of the orange-black lining of the tail ﬁn of golden N2 from the
Cumaná cross. Interestingly, the marginal black components
of the Cumaná tail-ﬁn ornaments were lost together with the
orange in blue mutants, whereas the major black spot on the
tail ﬁn persisted. In zebraﬁsh, kita is expressed in melanoblasts, while csf1ra acts nonautonomously via short- and
long-range xanthophore–melanophore interactions to promote melanophore migration and death during adult stripe
formation (Parichy et al. 1999; Parichy and Turner 2003b;
Nakamasu et al. 2009; Inaba et al. 2012). As transplantation
experiments are not yet possible in the guppy, we could not
determine whether Kita and Csf1ra act cell-autonomously or
non-cell-autonomously during male pattern formation. However, as downregulation of csf1ra expression coincides with
the absence of almost all xanthophores in the skin of blue
ﬁsh, it is likely that csf1ra acts cell-autonomously within
guppy xanthophores. Kita is an early melanoblast marker
not only in zebraﬁsh, but also in mice, and therefore most
likely is expressed in guppy melanophores as well (Kelsh et al.
2009). Our observations suggest that some pattern elements
in guppy males depend on coordinate expression of different
cell types and that the formation of some of these pattern
elements requires interactions between, or joint contribution
from, different cell types. For example, xanthophore–melanophore
interactions might underlie the formation of the orangeblack lining of the tail ﬁn of Cumaná males, but not the
development of the black spot on the tail ﬁn. Kita might
directly affect the migration and/or survival of a subset of
male melanophores. Terminal deoxynucleotidyl transferase-dUTP Nick End Labeling (TUNEL) assays could reveal
whether cell apoptosis plays a role during male pattern
formation in the guppy.
Comparisons between wild-type and blue offspring of the
backcrosses suggest that compact black spots can form in
absence of Csf1ra, most probably without interactions between

Figure 8 Ornaments in golden mutant males from the
BDZW1 and Maculatus backgrounds. (A–F) Cross between a golden mutant BDZW1 female and a wild-type
BDZW1 male (A). F1 siblings were crossed to produce a F2
generation. Representative F1 (B) and F2 males (C–F) are
shown. BDZW1 traits are highlighted in A and B. All wildtype F2 and 92% of the wild-type F1 males had a central
black-and-white eye spot on the caudal peduncle. Instead
of this eye spot, one-half of the golden mutant F2 males
had a spot located more dorsally on the trunk, while the
other half had a spot at a more ventral position, mostly on
the tail ﬁn (yellow arrowheads in D and E). Three males
had two spots (yellow arrowheads in F). (G–L) Cross between a wild-type Maculatus female and a golden mutant
Maculatus male (G). F1 siblings were crossed to produce
a F2 generation. Representative F1 (H and I) and F2 males
with different phenotypes (J–L) are shown. Maculatus
traits are highlighted in H. Red arrowheads in (G, I, K,
and L) indicate untypical black spots on the tail ﬁn. Only
one of the F1 males showed such a black spot (I). It was
not seen in any of the wild-type F2 males, but it was
present in 85% of the golden mutant F2 males (K and
L). Traits are labeled with numbers corresponding with
numbers in Figure 6 and Figure 9. Additional traits to
those shown in Figure 6: 14, black-and-white eye spot;
15, creamy-black margin of tail ﬁn. F2 males shown for
each cross are siblings or cousins. Bottom left: generation
(P, grandfather; F1; F2) and phenotype. Top right: Y chromosome origin. Bars: 2 mm.

xanthophores and melanophores, yet the ﬁnal positions of
these spots appear unpredictable. The labyrinthine ornaments close to the gonopodium in Guanapo males provide
an example of interacting genetic cofactors in that backcross
and potentially also of interactions between different cell
types. Compared with wild type, these ornaments were
greatly reduced in complexity in golden mutant N2 and lost
in blue and golden blue mutant N2. Since only faint yellow
pigment is seen in this area in wild-type ﬁsh, the contribution of xanthophores and their interactions is here hard to
assess. The loss of the labyrinthine ornaments in golden mutant N2 might be explained by a reduced migratory potential
of the kita-independent melanophores or their precursors in
golden N2. We can, however, not exclude that a kita-dependent
subpopulation of late melanophores contributes to this complex
trait in wild-type ﬁsh.
golden blue double-mutant guppies from four different
backcrosses always had less total black than blue mutants,
but much more than zebraﬁsh kita csf1ra double mutants
(Parichy 2006). This might reﬂect different requirements for
Kita and Csf1ra signaling: while xanthophores enhance the
survival of adult stripe melanophores in zebraﬁsh (Parichy
and Turner 2003b), the survival of male hormone-induced
melanophores in the guppy might not require xanthophores;
yet the ability of these melanophores to form some of the
complex traits might depend on interactions with these
cells.
Taken together, we conclude that at least three temporally and genetically distinct melanophore populations occur
in the guppy: ﬁrst, a kita-dependent population differentiat-

ing during embryogenesis; second, a partially or fully kitaindependent population mostly differentiating after birth;
and third, a male-speciﬁc melanophore population whose
differentiation, migration, and proliferation might be induced by testosterone during puberty. It remains to be resolved where the precursors of these male-speciﬁc pigment
cells reside and whether they might be derived from the
same pool as the late non-sex-speciﬁc kita-independent melanophores. Only a few recent publications have addressed
the routes and fates of pigment cell precursor pools destined
for delayed differentiation in other vertebrates (Watanabe
et al. 2008; Adameyko et al. 2009; Yamada et al. 2010; Budi
et al. 2011). While the embryonic and early larval pigment
pattern of zebraﬁsh is formed by melanoblasts that are
derived directly from the neural crest, later-appearing metamorphic melanophores of zebraﬁsh develop from postembryonic extrahypodermal pigment cell precursors, which
migrate to the hypodermis during pigment pattern metamorphosis (Budi et al. 2011). These precursors are associated with nerves and depend on Erbb3b and Tubulin a
8-like 3a signaling (Budi et al. 2011). Improvement of
in vitro culture methods of guppy embryos (Martyn et al.
2006) may facilitate the ability to treat, and to subsequently
raise, explanted guppy embryos with an ErbB inhibitor,
which might reveal whether ErbB signaling is required to
establish melanophore stem cells in the guppy as well.
In stickleback, regulatory mutations in kitla are associated with the light coloration of gills and ventral skin in
several freshwater populations (Miller et al. 2007). This
indicates that differential distribution of Kitla can lead to
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Figure 9 Summary and generalization
of the results regarding the male-speciﬁc
pattern. Both Csf1ra and Kita are required for the formation of male ornaments of the guppy. The black pigment
on the dorsal ﬁn can be a distinct patch
or diffuse. Numbers in parentheses refer
to traits that were not present in all wildtype males of the speciﬁc strain. Traits
that were too variable in wild-type males
were not included into the analysis.
More details are described in the text
and shown in Figure 6, Figure 7, and
Figure 8 and in Figure S5. aException:
a concise posterior orange spot was absent in 94% of the golden N2 males
with a YCUM background. bException:
often discontinuous in golden N2 males
with a YGU background. cY-linked in respective strain. dAssociated with a black
spot in 83% of the wild-type males with
a YQUII background.

distinct pigmentation patterns in natural populations. In
contrast to the receptor Kita, the functions of Csf1ra seem
to be less conserved even among species in the genus Danio,
as indicated by limited complementation of csf1ra loss of
function in interspecies hybrids (Quigley et al. 2005). Furthermore, a study with haplochromine cichlids has suggested that positive selection has acted on csf1ra, which is
expressed in the yellow egg spots of these ﬁsh (Salzburger
et al. 2007). QTL mapping with higher marker density may
reveal whether or not Kita and Csf1ra, and/or their ligands,
also affect natural variation of guppy ornaments. For this
purpose, we are generating a denser genetic map of the guppy
based on Restriction-site Associated DNA (RAD) markers.
Combined with the ongoing whole-genome sequencing, these
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experiments will further enhance our efforts to unravel the
network of genetic factors that cooperatively maintain the
highly complex male ornaments of the guppy.
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PROHFXOH,JVIPLoS Genet.H$YDLODEOHDW
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SLJPHQWDWLRQDQGVKDSHRIWKHDGXOW]HEUDILVKDev. Genes Evol.±
+DIIWHU3 1VVOHLQ9ROKDUG&  /DUJHVFDOHJHQHWLFVLQDVPDOOYHUWHEUDWHWKH
]HEUDILVKInt. J. Dev. Biol.±$YDLODEOHDW
KWWSZZZQFELQOPQLKJRYSXEPHG
+DLUVWRQ1&  3KRWRSURWHFWLRQE\FDURWHQRLGSLJPHQWVLQWKHFRSHSRG'LDSWRPXV
QHYDGHQVLVProc. Natl. Acad. Sci.±
+DVNLQV&3 'UX]ED-3  1RWHRQDQRPDORXVLQKHULWDQFHRIVH[OLQNHGFRORU
IDFWRUVLQWKH*XSS\LAm. Nat.±
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