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A

AMELX_ human
AMEL pig
AMEL_platypus
AMEL Anolis
AMEL caiman
AMEL_axolotl
AMEL_Xenopus
AMEL_lungfish
AMEL_coelacanth

SCPP5_medaka
SCPP5_tilapia
SCPP5_fugu
SCPP5_stickleback
SCPP5_zebrafish
SCPP5_eel
SCPP5_gar
SCPP5_bichir

AMELX_ human
AMEL pig
AMEL_platypus
AMEL Anolis
AMEL_Paleosuchus
AMEL_axolotl
AMEL_Xenopus
AMEL_lungfish
AMEL_coelacanth

SCPP5_medaka
SCPP5_tilapia
SCPP5_fugu
SCPP5_stickleback
SCPP5_zebrafish
SCPP5_eel
SCPP5_gar
SCPP5_bichir

exon2

MGTWILFACLLGAAFAMP
MGTWIFFACLLGASLAMP
MGTWILFTCLIGAAFAIP
MEGWTLVMCLLSTTFAIP
MEGWMLITCLLGATFAIP
MGPWILLTCLLSASCAMP
MRLWVMLTALTGAAFSVP
MKTLVLFACLLSSSIAVP
MKSLSLITCFLGAALALP

<-

exon2
MKFAILCLCLVSTACAVP
MKLATILCLCLASTACAAP
MKLAILCLCLASTASAAP
MKLVIFCLCLASTACAAP
MWTSLLCLLLAGAVSAAP
MKTAIACLCFASTICAAP
MKTIILLTCLEFGSIFAAP
MKATVLLMCLLGTTFAVP
<-

exon3 exoné

exonb

LPPHPGHPG---YINFSYE NSHSQAINVDRTAL VLTPLKWYQS-IR---PP

LPPHPGHPG-—--YINE
LPPHPAHPG-—--YINE
LPQ---HPG-—--YINE
LPPHPHHPG-—--YVNE
LPPHPNHPG-—--YINE
LPPHPQHPG---YVNF
LPPAGQH-GNPGVINI]

LGPOOQQOPGAPSIVNFSYE ——-———-—-—-—

LGPHRONPGTANVVNYSYE

11YQONMKR---00
WYQSLIG---HQ
WYQSLMR---QP
1WYQSMMR---00
YQSMMK---HQ
WLNKMMRENGPQ

—————— MMSP-HWAD-WIRQQSQQ

aromatic residue rich region (YY)

exon3 exoné
FQYLPHFP----GSRQQQP----- PVQ-- GNNP-FSSGF--PQP---—---——-—
FQYLPHYT----GSRQQMP-—-—~ TLQ@-- MNNP-FTAGF--PHT-----—--=-——
S--FFHYLPHYGGPRQQVAPA---PSQ-- VKTP-FTAAQTLTQP---—-—-—-—
SI--FHYLPHYAGSRQQVP-—-—-- PSQVI VGNP-FTAGQSLPPP-——————-——
LSPFFNYLPHYGSPR-—-———-—-—-—-—- GNTGGFOGMPSQPHP-—————————
MTSLYDYLPQIGVPROPSO-—--- PPQ-- RTTNYVAPAPPAQQP------—--—
MOPLYEFLPOQVETP-QOTAPYRQOPOO-- -NNPYAPPSQTPOOO----—-——-—-—-—--—

MQRLYEFLPQVNSP-QQSAQPS-QPQP——

IEL

EL
EL
EL
ET
EI

FEI

OSNPEAPIVPAPQTPQAAPQAPGPAGPAPPASLEI

exonb

IYPHRFPGGPTGGANPT-Q
IYPHRFPGGA-GVSSPA-Q
LYPHRFPGTP--GANTA-Q
IYPHRVAGGV-GGTNAG-Q
IFPPRFPANPAGGAAGT-S
VEPPRFPSQVTGGQQTG-S
LEFPYGYPRPSFGGPEHAGA
MFPYGYPGQTLGQP---SS

aromatic residue

exon6
YPSYGYEPMGGWLHHQIIPVLSQOHPPTHT-LOPHHHIPVVPAQOPV-IPOQOPMMPVPGOQHSMTPIQHHOPNLP--—--P——
YTSYGYEPMGGWLHHQIIPVVSQOTPOSHA-LOPHHHIPMVPAQOPG-IPQOPMMPLPGOQHSMTPTQHHOPNLP—-—-L——

rich region (YY)

exon6

exon’

PFSSYGFIKYSIPQPPGROQSLEI FYPYDEFSQ-QOR
PFSSFGLIKYSIPQPPGRQSVEV FYAYDFAQ-QOR
PFPSHGFIKYSIPQPPGRQSVEV YYPYDEFSQ-QOR
SF---GFIKYSIPQPPGRQSVEV YYPYDEFSQ-QOR

SFPTQAFIKYSLPKAPGR.

KSVEI FYPYDEGR-AQ

AFPSQAFIKYKIPKAPGROSVEI FYPYDLIQOOQ
MEPSQAFIRQOKIPOPAGROSIEI LEPYSEGOHOO
MEPSQGEFIRQKIPOPPGROSIEI LYPYGEGQO-00
(YY)-><- P/Q-rich core region (P/Q)

exon8 exon9

IVONLPPMSNQPIM-—-—————————— PD VFP-IEYPPONM----——-— POOTIN
IIPNIPPMTKGPIV-—-—————————— PE VLP-FDYPPONI----——- PQONMN
ILTNIPPLTNVPHL--—-————————— PS VLP-FE-IPAHI---—-——-———— PN
IMTNLPPMTNSPOQM-——————————— PN VFP-FEYPPONI----——-— POOIPN
D@PNVPLI---PQL-——————————— PN IFP-FDLMPQTV-—-———— PQQPPV
MLPNVPOMPAMPNIPQFPQOI-————— PN LEP-YGFLPPTG------- POON-N
MFPGASNMPQPPOMPOOPQLPOLPOOPN MEP-YGNMPQTGG----—- PQONPN
MEPGESNLSPVPPMQ-—————— FPMLPN MEP-EFGSMVPMM---PQOPSPQTPN



A (continued)

AMELX_human
AMEL_pig
AMEL_platypus
AMEL_Anolis
AMEL_Paleosuchus
AMEL_axolotl
AMEL_Xenopus
AMEL_lungfish
AMEL_coelacanth

SCPP5_medaka
SCPP5_tilapia
SCPP5_fugu
SCPP5_stickleback
SCPP5_zebrafish
SCPP5_eel
SCPP5_gar
SCPP5_bichir

Chromosomal locations of AMEL and SCPP5.

VEHGEGNVP

LPPSFGNM----—---

(exon6 c

ontinued)

P/Q -><- hydrophilic C-terminus

exonl0 exon 11
KPT-SDAKAVPSQDP---—-—---—-— LOSLLONKPTQASQ VHPKV--—---
IPQ-FDANALPSQDP--- —-PKLHLQDQPIQTSQ MPAKV-----
VAV-FDSP-PPSQDP-——-—————— LPPLOQDQPTQTSQ VPAKV--—--—
IPS-FNPNALPSQDP----———--— MQPLQQDQPIQTSQ MPAKV-—---
NPP-FQDGAPQTQEPQOQTO---PEQOOOOQOQOAQTGQ VSTRP——--—
GPAAP-——--—
TPV---EEQD
IPVGGEQEVD

P/Q-><- hydrophilic C-terminus

ATDKTKREEV
ATDKTKREEV

exon’

WPSTDKTKREEV D

sBvlvivaviviv]

D

ARHGAP6 AMEL P/Q-rich SCPP genes SCPP5

Homo sapiens X X, Y 4 ND
Anolis carolinensis 3 3 2,5 ND
Xenopus tropicalis 2 2 1 ND
Latimeria chalumnae JH126997 JH126997 JH128739, JH128762, JH129486 | ND
Lepisosteus oculatus 17 ND 2,4,22 4
Danio rerio 7 ND 1,5, 10,23 1

Fugu rubripes 1 ND 17 17

Expression of bichir scpp5 in the jaw and skin, detected by RT-PCR.
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B

AMBN_human
AMBN_platypus
AMBN_caiman
AMBN_Anolis
AMBN_Xenopus
AMBN_lungfish
AMBN_coelacanth
AMBN_bichir
AMBN_sturgeon
AMBN_gar
AMBN_zebrafish
AMBN_medaka
AMBN_tilapia
AMBN_ fugu

AMBN_human
AMBN_platypus
AMBN_caiman
AMBN_Anolis
AMBN_Xenopus
AMBN_lungfish
AMBN_coelacanth
AMBN bichir
AMBN_sturgeon
AMBN_gar
AMBN_zebrafish
AMBN_medaka
AMBN_tilapia
AMBN_fugu

AMBN_human
AMBN_platypus
AMBN_caiman
AMBN_Anolis
AMBN_Xenopus
AMBN_lungfish
AMBN_coelacanth
AMBN_bichir
AMBN_sturgeon
AMBN_gar
AMBN_zebrafish
AMBN_medaka
AMBN_tilapia
AMBN_fugu

exon2 exon4

—-—--MKDLILILCLLEMSFAVP TMRQLGSL-QRLNTLSQ
-—--MENLVLILSLEFGTSFAIP TMRHLG----NLNLLPQ
—---MNVWMLTLCLLGTGFALP -MRQYGR--QNMNMLPQ

—---MKQWMLVSSLLGICSALP
—---MEPLVLVLCLLSTAMAYP
—---MKALSLLMCLLGTIHTLP
——-MKRWILLGCFLGTAFSMP

RTRQLGGL-NIPPAVPQ
TMRQOOAANTLTAPFSQ
RMRKYGQ--FGMSPQDQ
KMRQYGQ--PYMPQSPQ

—-—--MKAAILLICALGTTWAMP MMRDIARYKSLMQHYPE

---MKAVVILMCLLGTTCSVP MMODIARYKRFKQOHPQ

---MRSAIVLMCLIGTTLSMP TMREMARYKAFMQOQQSM

MTOMRLIVMIVCELAGT SAV P === m —m o o o o e

———MITILLLSCI L LV S AV P o m o o o o o

—=-MITIITLLSCFTIVVSAVP —-——————— o m e e e e e

——-MIVPTLLSWEFIIMASAAP —-———————— - e

exonb

Y SRYGEFGKSEFNS LIWMHGL L — === === === —————m—— mm o PPHSSLPWMRPR---EHETQQ--
FSREGFGKOFNSLIWMHGE L————— === === —m - — — o — o — PPHSNYPWLSPR---DQETQQ--
YGRYDYGEPENSVWLHGLL-————————————— == — PPHSSEPWLOOR-POEHETQO--
ALPYSYADPFHSMWGRSE L——————————— - - PSHTELWMTQGGPQRODTQOQO-—
ISREGYNDPY SVLIWLHGLL -~~~ == —m—mmmm m PPHSSYPWLHOR-POLSDNQO--
FPVNGYNQFOSLLPW YO L~ === === == == = e e e e e e e e e e e OHLFPALVPWAQQP---HOENQQ--
NPEWGYNPVTSQOPDMS L= = = = = = = e e e e e e e e e THLVNSMPQLQRLYPWLQPP--SQHDNQQ--
LFHQLNFPDLQPGAPMNPAQQLPOVPHGQAPSMLPPQOPSQVPSQLPPQL~——————————— PPQLPSVL--TPPLNPQLPPQMPPHFQLIE-AQPGWEQQ-—
MFPSLNLPSAQPLPPKKTGQQPPWOPQOSQSPSLRPPQOPPQFPPQFPPQQ~—————————— YPQOPPQFPQSSPQLPPNFQLVEYLPGLQQE-RLINRNQQ-—
MFPSLNMPPHSTGLQPPQIPQFTGVQLPHNTGLOPPIQAQPSQTPTSQAP——————————— SOLPPQGPSQLPHQMTPSFQPVEYQPGLQOM-QLVHAEQQ -~
ISPNADLKESLSVG--DMQQ-------—-— FOPGSPRMLSGLHQQVPNPWASQPNP————————————— STAVRQHPAQF-———=———————~ QYLPYSQQPQ
VAPNTHARMLPOGGA--TQRIHPVQSTNHKPEVQTPAPLSPIQEQAQSGIPOOPDPOAVLEPSPSLPQHTWYPOGGSTPINPMPONVPPFLPANHLTLGQLPL
VNSNVRRPLLLQGGETATQGAQHVVAANQKPESPTPASISPSVQPQ-AGGLQQPDPQPI----PSLQQYPIY PQGGMPMOQ

exon6
YEYSLPVHPPPLPS-QPSLKPQOPGLKPFLQOS--AAATTNQAT-ALKEALQPPIHLGHLPLOEGKLPLVQOQRVAPSDKPPKPE-——-——————————
YEYALPVHPPPRPS-QRTLOPOOPKQONAFLPP--TVAPSAQGPPAQNGDPQPPILHLOPPLOOEEKPSVQEQVAPPKRPPKPE-—————————————
YEYAMPVHPPPLPSLQTPLOPQOPRLOAONPSLRSTLPTKQGQIQLNEALLP-VQVGOPPLOOGELPGIQOOLIPADKQL-Q-—————-—————————
YEYAMPVHPPPLPSLQTPIQFAEPRLPEQPFFQITNLIPTRQVQIPRYAIQPSIQOTFQOVEAHPPVDPOQOOPLPAERQTHO-————-——————————
FEYALPIHPPPLPGAQSPAQTEKPGQHAQNMP----QQPQAAASTDQVSHQPSLPLGE
YEYALPVHPPO@PPBOPHLPPEOPEVSPOGPT-—————————————=—=—————————————————————
YEYTLPTIHPPVQP-QQPPAQPQQPPVOPQIPT-———————————————————— OKTPOOOGOPEVOSPVOQGHOPPLQLDOOL
YEYDAPYLLAHGPDQQSP ALPTAGNVPVPATPQAPVVPGOOVOOPGOGTOLNQPGOTPSAQGHLPVPPGQOPOMFPTFGEVPVIPPOT - - -AKOO0
YEYESPVLFHQVPPQQST AVPATPQASVOPAQQDOOPGORGDOPEHQIQIPNAPGQOPSHQ------- GQQPQIFPTFGFLPMMHYQPVOOGOTPQ
YEYETPFLLPQVPGQQTP QVGATAGSAPATPTAPAAPROOGDQAGOQHPTAQAPOPGVOVLOPNIQIPOTGINGPQP----GTQGHQPTLPAQLPP




B (continued)

AMBN_human
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AMBN_lungfish
AMBN_coelacanth
AMBN bichir
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AMBN_gar
AMBN_zebrafish
AMBN_medaka
AMBN_tilapia
AMBN_fugu

AMBN_human
AMBN_platypus
AMBN_caiman
AMBN_Anolis
AMBN_Xenopus
AMBN_lungfish
AMBN_coelacanth
AMBN_bichir
AMBN_sturgeon
AMBN_gar
AMBN_zebrafish
AMBN_medaka
AMBN_tilapia
AMBN_fugu

AMBN_human
AMBN_platypus
AMBN_caiman
AMBN_Anolis
AMBN_Xenopus
AMBN_lungfish
AMBN_coelacanth
AMBN bichir
AMBN_sturgeon
AMBN_gar
AMBN_zebrafish
AMBN_medaka
AMBN_tilapia
AMBN_fugu

exon’ exon8 exon9 exonlO

LPRVDFADPQGPS LPGMDEPDPQGPS LPGLDFADPQGST IFQIAR-LISHG--- --PMPON--KQSP
LPALDFTVQLRQS IFPIAQKLISQG-—- -—-PRQKA--EQSP
LPALEYSGHLGQV MYPIVHQLVHQG--- --PMQPQO--QQPA

exonll

L--YPGMLYVPF-—-———-——— GANQL
L--YPELVYVPF----—---— GANQQ
L--HPALFYMSY-—-———-—-—— AANQG
I--YPSLYYMPY-——-—-———— VANQG
P--YPGLFFMQV-——-—-—-——— GGGPG

F--E---YEFYQI'----PVQOGOOPM

IYPALH-GTQOD--—-—----— PSQQOL--000S
v@TIMNKLLOQGAGETIPD-PAGTLPVNQQH
IEVPIF---QTPOVAQOP-QPPOQM--IFPA
—————————————— VSPSNGNAVQTPQVTQOPLOPGQQG--00PQ

MFPIFENSP—Q?PGQQGQYPVMLPTSDILPPVIQQPDIQQPQLPQVPPTNSFLPSIVQQGQGQQQQQQQQQQPQQ

IQFFPTYEYLOMLPQVPGROGQOPG GYPPYSFFP--ALAQOPGLDP--——-—-———————————————————————— Q00000000000000000QPQQQP
————————————————————————— FSGYGLLL-PASFPPQPV-—--———-————-——————————————————————————————0OPGLEQQOPPQOOOPSQS
————————————————————————— FPGYSFLI-PAAFPQQ-—-—-—-———————————————————————————————————————————-0AQPGQEQQQQ
V--FNTF---GILPIMPPQAQDEQQ FPGYGVFF-NTAFPQQOPV-——-————————— - m e mmm——mm———m QPPQAAQPGAPPOOQ
F=-F-—--YYPILGQQS----RNPT FS-YGVSAFQHAASQQYPANAAPALRPARP-——-—--———————————————————— QOGONAHOMROPOOOOOQ0O
M--FPPYGFYPLFAPPY----GNQM FSPYGFPSIRESPFLOAPTQOLONNQAPPAENVV-————————————————————————————— PAGAAPQQTOO
I--FPPYGYLPLFSSPY----GNQL FSPYGYPMILESGLPQIPANQLPNSPVLPAENAAGVAV-———————————————— DPSIDATQGIQOPOOOLOOO
I-SSPR-SEFIPLISPAF-———-INQL —————————————————m
exonl2
———————————————————— N-APARLGI EEVA
———————————————————— NAAPARLGKVSSEEMP
———————————————————— G-APARLGIVSSEEML
———————————————————— A-APARQGIVSSEEMQ
———————————————————— G-PPARLGAI EEIT
GFPIQFYLQALGHQ-NLPON V----- QGAISSEEIQ
PFPSEVYVPLPARQEQLPQG G-EFPNTEG EEMO
MFPQLVYFPLQT----GVMA G----AIGSVSSEEMQ
MYPQLVYIQLOP----GMAG G----ABGSVESEELQ
MIPQILYLQIQPM--RSAMG G---GGEG EEMQ
FQPIF-YMVPQMP----QRM A---GSYGGLSSEELQ
ONPPIVYMLQ-—-————-— QOPM N---PAIGGLSSEELE
N-PQILYMLQ--————- QPM S---SPLGSLSSEELQ
———————————————————— D---STLSSFSSEEFE



B (continued)

AMBN_human
AMBN_platypus
AMBN_caiman
AMBN_Anolis
AMBN_Xenopus
AMBN_lungfish
AMBN_coelacanth
AMBN bichir
AMBN_sturgeon
AMBN_gar
AMBN_zebrafish
AMBN_medaka
AMBN_tilapia
AMBN_fugu

AMBN_human
AMBN_platypus
AMBN_caiman
AMBN_Anolis
AMBN_Xenopus
AMBN_lungfish
AMBN_coelacanth
AMBN_bichir
AMBN_sturgeon
AMBN_gar
AMBN_zebrafish
AMBN_medaka
AMBN_tilapia
AMBN_fugu

exonl3
GGRE-DPMAYGAMFPGFGGMRP—
GGGG-EPLAYGSIFPGFGSMRP

GGGF-GAPAYRAPGPDLFAMDT
GGRTGAAHAFSSLYPGLLGMGP-

RLESHPQDPALQGDFTIEDDSPVAGQK-PTG -PIESPQGVGSSIMIPGLEGSPTGQ-GET

Gk‘PIQk‘iLQALGHQNLPQNVQGAI.EE IOANRAAGAAAAAVENSMFPAFAANYPGEGSPVARPISPVDATIEDDHPVVGRGEQAGQGTGTPGVQGNLPNAVGT - ————————————— PSSPAVNIPIPEGNPTG
AAGGGLS-PALGGIIPGYVGNIPG-FGAGVPSFGGSVPGAAANIPMF -——————— GEFPNTAVNPAGQGGVTVEDDPPPAAEK-PASPGN-SPGT-GANPSGQGGSAPNPEGNPTGQVGSIPNPQANPPPSEGTPS
QSAGDMS-PPMAGHFIPGFATPT---FGGGEPNEFVGSGPAVGGTVPV---AGGI--PTAQGTOPGVLPEV - ————— == ——m——m oo oo KLPIPV
AAGG-IS-PGFAGFIPGFAGQA---FGGSIPSFGGSVPGAEGSIPF-—-AGGV--PTGQGTNP-VVPEA-—————————— - —m - m oo GLPTVEILPA
AAGG-VA--GFGGEVPGFAGSG-—-YGGFGGTVPGTE--GVEPTGQGILPVAPDAGLE -PVGOGG——————————— == - —m - —m - m oo SPTAPAVEPA
NMGR-VNMHLPAIRGNVEPVSGPQTVVPIGPVRPPNPFPATGMTYPGITELQQPSIIAVPPSRDAIPATGGSH-——-—————— PNSAVLPSRISGTQDRDRAPCVIAEIPLTNSEAPLD——SGHGAEISADVP——
MOAK-LNQMSV--YSVLTNLPAGAGPVQPENQAAGLTNPGEQGATPHVGGSA-——————————————————————mm———m———————— - ——— AGVRSLQGPACSGSLLNSNSVPAGVKTAVPEANAVOTONHAK
MAAT-MGQLGV--YMPNVLTNQPAGAVQPESQAAGLTHPEQOGVQPAVGTSA-—————————————— - ——m————————————————————— AGAQPIKALPC-SGSQPNASGFSAG-LAGPDAATAQTPAEPQ
———————— VNI--YLSTALTDPSAATVQPVKQAAGL-----QNLVSTVGTPS-----—--—--—---—--—-—-—--—-——————————————————————TGAPQNQ-VPTSSGPPMDTNGVPVG-SEKPAEEMATVQHPVE

exonl3 (continued)

SLPTNRNLVRSKAN.
LOQPMOETLV.
AELLPLTQTRSV.



Cc

ENAM_human
ENAM pig

ENAM platypus
ENAM Anolis
ENAM Xenopus
ENAM coelacanth
ENAM bichir
ENAM gar

ENAM zebrafish
ENAM trout
ENAM_fugu
ENAM_medaka
ENAM tilapia

ENAM_human
ENAM pig
ENAM_platypus
ENAM Anolis
ENAM Xenopus
ENAM coelacanth
ENAM bichir
ENAM gar

ENAM zebrafish
ENAM_trout
ENAM_fugu
ENAM medaka
ENAM_tilapia

ENAM_human
ENAM pig
ENAM_platypus
ENAM Anolis
ENAM Xenopus
ENAM_coelacanth
ENAM bichir
ENAM gar

ENAM_ zebrafish
ENAM trout
ENAM_fugu
ENAM_medaka
ENAM tilapia

ENAM_human
ENAM pig

ENAM platypus
ENAM Anolis
ENAM Xenopus
ENAM coelacanth
ENAM bichir
ENAM gar

ENAM zebrafish
ENAM_ trout
ENAM_fugu
ENAM_medaka
ENAM tilapia

exon3
—---MK-ILLVFLGLLGNSVAMP
—---MK-ILLVFLGLLCYSAAMP
—---MK-SFLLFLGLFGASTAMP
MORMK-QLLLYLCLIGTSWAVR
—--MMV-PIILLLCFLISSNSVP
—---MK-TLLLLVCLLGTSLAGL
—--MK-RGLLLLCFLGTALAFP
—---MK-IALLVLCFLGTSLAFP
—---MK-AVALLMCLLGSSLAAP
—---MI-SVVLLMCLLGFSLAAP
—---MVTILVALMVLLGTAWSAP
—---MK--LFVFLYLIISASAAP
MK-QLVFFICLLVSTLAAP

exoné

V----GPVALSASOE--
I----VPGAF§DSHE--
——————— APDSGSNE--
——————— TPDSGSDE--
——————— ALG EEN
——————— APDSDSSE--
——————— AP SE--

________ MMR-YNQFN--FMNGPH-
———————— MMR-YGHFN--FMNAPH-
________ MMP-YGQYN--FMNSPH-
________ MMQ-YGPFG--YLNSPQ-
———————— GMP-YGPYG--YQN-PQ-
________ MVQKFTSYNRHMNPQQORL
________ ALMOQ-RIWNALLGAFQQOQ
________ AKMOQYRIYG-APQOQORQ
OATASHANTALQLMELYRMLGQLRQQ
Q-VAAHANEALRWMELYRMYGSL---
—--VAAHANQALRIWMHMYRLY ---000
--VAAHANAALRLMELFRMY---00Q
--IAAHANEALRWMEMYRLY---Q0Q

M-AHL-GPFFGNG--LPQQFPQYQOM APKRHNKTD-
M-AHL-GTLYGNGMQLPQFFPQYQOM ASKQOSKTD-
M-AQL-GPLYGYGLQLPQFFQPPOM GGKPQAKPG-
L-TQLAASLYGYRSGEFPQMVPQQ-————————————————mmmmm o — ARPPQOKAH-
M-PGI-GSMYGLG--FPHYSOMIQL-—————————————mmm e 00AFGROPSS-WLPONIARTQQOIHKETIPLNLPRFHLOPV -
OVMOL-RSLYGNAPQRL-MYPOOQLOO00ORKLL Y ARLLADOALKATOOSRAGONAAPQLOVPKPOLYPLOEPOVOQ--——-——-—~ KQKQO0QLLO
exon6 (continued)

OTOETOKPNQ--——————————————— TOSKKPP-QKRPL-——-———————— KQPSHNQPQPE--------EEAQPPQ--—-———
PAPESQKPNQ---———-——————————— POPKTPT-PKQPL--—-—-————-———— NEPSPTPTQPE-——--—-—--EETQTPQ----———
QOSONTKQPNP-———————————————— SQPKKPP-QQQOPP———-———— KQAAKQPAPGPSKPT----—-—---EETRQPQ--—-——-—
QTPVPKKPNSRPRLKPRLVPQOPRYQQOPOPKIHLPAKQPP-——-—————-——— VATHPFQPOQPOQTPIQPPKGEKPQQPQ——-—-————
QSQLSQLPAP-———-———— PVQOPQLNPPQSKSNYVTKQP-————-———————— HOPLQLPPAPD----—----QQAQAPM--—————
QAQNLKNVLP-—————————————— QOPORLOOKPSQOPOGLOHOKPPOOAKKQPQSROR-——————————— FSRKQPQOKDLOOL

exon’ exon8

AFPPFGNGLEPYQQPPIQI--PQ ——--—-—-—————-—-— ———m—m—m——— RLPPPGY-————-—=——————————— GRPPIBNEE--GG
AFPPFGNGLEPYQQPLWHV-—PH ———-=-—=-——=——————— —————mm— oo RIPP-GY-——————m——m—m oo GRPPTENEE--GG
MYPPFGNGFFPFQLQPHQI-—PP ———————————————-— ——m oo OMPP-GY--——-——-——————————— GRPPGENEE--GG
AFPP--——-—— HPQQPIQF--PQ IFGHGGFQPQLINPYQG ------—-—--- RMPF———————m————m—mm oo GRPPNSEE----G
MEPPESNIMNPY-QPYI—--—-QQ -—=--=-—=-——-——-—-— ——mm—mmm o PIMH-GF--——————=—————————— GRPPNENE---GN
VYPSQGYIRMLP-QMLIPOROQQ -—----—--—-—=-—-— —————oom—— PV-——m—m oo GRRKOBGS YEEQGMG
GNYP----KVVYIQLPSPP-MAG —-—=-—=——=-—=—=——= ——————————— MGPNR--—=——=—==——————— - AAPAESEE---GG
ODFP----KVVYVHLPP-—-MAG —-—=-—=——=——=—=——= ———— oo MGPNT--—=-——=—————————— - AAPAESEEA--GA
GY-GA----- VAG--PQL----P ----AAPAAPVDPAPVD TQPQVSPQVPQQ GFFFNPAAFA----——-——-————-—— PTGDGSDEE--VA
GQ-LA----- APA---QP-PMLN ----APAAAPATPAQDP ----—----—-- KEFYPPSPMN-——————————————————— | DEE---A
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Figure S1. Multiply aligned amino acid sequences encoded by matrix SCPP genes, Related to Figure 1.

(A) Multiply aligned amino acid sequences encoded by AMEL and SCPPs5, their chromosomal locations, and expression of bichir scpps in the jaw and
skin. Aromatic residues, negatively charged residues, and positively charged residues are shown in sky blue, blue, and brown, respectively, while Pro,
Gln, and potentially phosphorylated Ser residues (potential pSer residues: Ser residues in Ser-Xaa-Glu or Ser-Xaa-pSer sequences, where Xaa represents
any amino acids, are known to be phosphorylated in SCPPs.) (Kawasaki and Amemiya, 2014) are highlighted in yellow, blue, and green, respectively.
Uninterrupted Pro-Xaa-Yaa (Yaa also represents any amino acid; PXY) repeats are shown with dashed underlines. The three conserved modules, the
aromatic residue-rich region (YY), the Pro/GIn-rich region containing uninterrupted PXY repeats (P/Q), and the hydrophilic C-terminus (DE) are shown
at the bottom. Unaligned sequence gaps are shown by dashes. Amino acid sequences were retrieved from GenBank (accession numbers for AMEL:
NP_873632.1 for humans, NP_998965.1 for pig, reconstructed from GCA_ 000002275 for platypus, XP_003228746.1 for Anolis, AAC78133.1 for caiman,
AAZ23149.1 for axolotl, NP_001107153.1 for Xenopus, AYU58914.1 for lungfish, and reconstructed from GCA_000225785.1 for coelacanth; accession
numbers for SCPP5: AYU58917.1 for bichir, XP_015200896.1 for gar, XP_035273951.1 for eel, NP_001138708.1 for zebrafish, reconstructed from

GCA 000180675.1 for stickleback, NP_001032946.1 for fugu, reconstructed from GCA_000188235.2 for tilapia, and reconstructed from

GCA _002234675.1 for medaka). Note that all teleost species used for multiple amino acid sequence alignments (A, B, and C) belong to different orders.
In sarcopterygians, AMEL is located within intron 1 of ARHGAP6, while in actinopterygians SCPP5 is located within a P/Q-rich SCPP gene cluster
(Kawasaki et al., 2017). In L. chalumnae, locations of genes are shown as contig names (JHxxxxxx). Expression of bichir scpp5 was detected in the jaw
and skin that secretes the ganoin matrix on scales, but not in the skeletal muscle (negative control). Bichir gapdh (glyceraldehyde 3-phosphate
dehydrogenase) was used as the positive control.

(B) Multiply aligned amino acid sequences encoded by AMBN. Cys residues is shown in red. See the legend above. AMBN in sturgeon, medaka, and
tilapia has a small last exon, and the C-terminus is shown by a period. The amino acid sequences shown under exon 6 of human AMBN are encoded by
two different exons in bichir, sturgeon, and gar (separated by an underscore). In a previous study, ambn was named scpp6 in teleosts (Kawasaki,
2009). However, conservation of the amino acid sequences encoded by exons 11 and 12 (corresponds to exon 12 of human AMBN) between AMBN and
SCPP6, the absence of the entirely untranslated last exon in both ANBN and SCPP6, the presence and locations of four potential pSer residues, and an
equivalent chromosomal location of gar ambn and zebrafish scpp6 (between scpp3 genes and scppy) implies the orthology of AMBN and SCPP6 (Qu et
al.,, 2015; Braasch et al., 2016; Kawasaki et al., 2017). In the present study, the orthology of AMBN and SCPP6 was confirmed by a similar expression

pattern during tooth development. Amino acid sequences were retrieved from GenBank (AAG35772.1 for humans, XP_007667389.2 for platypus,



AAK92227.1 for caiman, XP_016846623.1 for Anolis, XP_002938667.2 for Xenopus, AYU58913.1 for lungfish, XP_006011890.1 for coelacanth, AYU58915.1
for bichir, reconstructed from SRX424534 for sturgeon, AMD08894.1 for gar, NP_001138709.1 for zebrafish, reconstructed from GCA_002234675.1 for
medaka, reconstructed from GCA_000188235.2 for tilapia, and NP_001032945.1 for fugu).

(C) Multiply aligned amino acid sequences encoded by exons 3, 4, 5, 6, 7, 8, and a 5’ half of exon 9 of ENAM. The amino acid sequence of porcine 32-kDa
enamelin (Tanabe et al., 1990; Yamakoshi et al., 1998) was underlined. Small amino acids (Ala and Gly) in the 32-kDa enamelin and corresponding
regions are highlighted in grey. In the region corresponding to exon 6 of human ENAM, many small duplicate exons were identified in gar and bichir
enam genes but are not shown in the figure. Amino acid sequence similarities in the portion located C-terminal to the 32-kDa enamelin (not highlighted
or not shown in color) are low or undetectable between phylogenetically distant vertebrates (e.g., tetrapods and teleosts). In teleosts, enam was
originally referred to as fag3e10 (Goldsmith et al., 2003). However, sequence similarities in the 32-kDa enamelin and its N-terminal region encoded by
ENAM and FA93E10, the absence of the entirely untranslated last exon in both ENAM and FA93E10, the presence and locations of four pSer residues, and
an equivalent chromosomal location of far enam and zebrafish enam (immediately downstream of scpp5) imply the orthology of ENAM and FA93E10
(Qu et al., 2015; Braasch et al., 2016; Kawasaki et al., 2017). In the present study, the orthology of ENAM and FA93E10 was confirmed by a similar
expression pattern during tooth development. Amino acid sequences were retrieved from GenBank (AAG43242.1 for humans, NP_999406.1 for pig,
reconstructed from GCA_000002275.2 for platypus, ADJ67842.1 for Anolis, NP_001139215.1 for Xenopus, reconstructed from GCA_000225785.1 for
coelacanth, AYU58916.1 for bichir, AMD08897.1 for gar, NP_001139028.1 for zebrafish, CDQ64219.1 for trout, reconstructed from GCA_000180735.1 for
fugu, reconstructed from GCA_002234675.1 for medaka, and XP_003454248.1 for tilapia).
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Figure S2. Expression of gar and zebrafish scpp5, ambn, and enam genes in teeth and/or scales, and

distribution of gar Scpps in teeth and scales, Related to Figures 2-4.



(A) ISH analysis of gar teeth, gar scales, and zebrafish teeth. Expression of scpps, ambn, and enam genes were
detected using antisense (-) probes, but not using sense (+) probes, which serve as negative controls. Images
of HE staining are shown for gar scales and zebrafish teeth. All our ISH results are summarized in Figure 2P.
Abbreviations: acr, acrodin; bo, bone; ga, ganoin; ide, inner dental epithelial cells; ige, inner ganoin epithelial
cells; od, odontoblasts. Scale bar, 50 um.

(B) Original images for optical IHC analysis (Figures 3A-3F) without enhancing image contrast. See the legend
of Figure 3. Scale bar, 10oum (upper row) or 20 um (lower row).

(C) TEM IHC analysis of gar Scpps in acrodin, collar enamel, and ganoin. PBS was used as negative controls.
Abbreviations: acr, acrodin, cem, collar enamel; de, dentine; ga, ganoin; ide, inner dental epithelial cells; ige,

inner ganoin epithelial cells. Scale bar, 500 nm.
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overview

Figure S3. Reconstructing ancestral states of hypermineralized tissues, Related to Figure 5.

(A) Constrained tree used in ancestral state estimation. The GAP clade is constrained to a stem-osteichthyan
affinity. Reliabilities of branches are shown at nodes as posterior probabilities.

(B) Unconstrained tree used in ancestral state estimation. The affinity of the GAP clade was unconstrained in
the analysis and is resolved to a stem-sarcopterygian affinity. Reliabilities of branches are shown at nodes as
posterior probabilities.

(Q) Prediction of ancestral states of dental acrodin - GAP clade stem-osteichthyans, shown as pie charts.

(D) Prediction of ancestral states of dental acrodin - GAP clade unconstrained, shown as pie charts.

(E) Prediction of ancestral states of dental enameloid - GAP clade stem-osteichthyans, shown as pie charts.
(F) Prediction of ancestral states of dental enameloid - GAP clade unconstrained, shown as pie charts.

(G) Prediction of ancestral states of dermal enameloid - GAP clade stem-osteichthyans, shown as pie charts.
(H) Prediction of ancestral states of dermal enameloid - GAP clade unconstrained, shown as pie charts.

(1) Prediction of ancestral states of dental enamel - GAP clade stem-osteichthyans, shown as pie charts.

(J) Prediction of ancestral states of dental enamel - GAP clade unconstrained, shown as pie charts.

(K) Prediction of ancestral states of dermal enamel - GAP clade stem-osteichthyans, shown as pie charts.

(L) Prediction of ancestral states of dermal enamel - GAP clade unconstrained, shown as pie charts.

(M) Prediction of ancestral states of dermal ganoin - GAP clade stem-osteichthyans, shown as pie charts.
(N) Prediction of ancestral states of dermal ganoin - GAP clade unconstrained, shown as pie charts.

(O) Prediction of ancestral states of dermal enamel+ganoin - GAP clade stem-osteichthyans, shown as pie

charts.



(P) Prediction of ancestral states of dermal enamel or ganoin - GAP clade unconstrained, shown as pie charts.
(Q) Prediction of ancestral states of dermal enamel, ganoin, or enameloid - GAP clade stem-osteichthyans,
shown as pie charts.

(R) Prediction of ancestral states of dermal enamel, ganoin, or enameloid - GAP clade unconstrained, shown
as pie charts.

(S) Cladoselache skin denticles [specimen P.9294 (NHMUK)]. Detail of boxed areas (1-4) in overview is
enlarged. The dentin tubules (arrowheads), protruding through the enameloid layer (arrow), are clearly

visible.



Ipg20 Ipg8 Ipq7 enam scpp5 scpp? Ipg6 ambn Ipg5 Ipg4 scpp3dl | scpp3cl | scpp3bl | scpp3al | odam Ipg3 scpp9 Ipg2 Ipg1
Coverage' | 173 16 5 1761 6385 1768 3689 825 12 4 0 0 189 237 209 1119 69 336 2755
FPKM 54 6 2 548 2204 547 1118 262 4 2 0 0 101 106 66 338 21 102 1181
Conf? 4 3 1 8 35 31 45 7 1 1 0 0 45 22 5 12 4 9 62

(continued)

dmp1 scpp1 dsppl1 ibsp mepel | mepe2 | Spp1 Ipq17 Ipq16b | Ipg16a | Ipq15 Ipq14 Ipq13 Ipgq12 Ipq19 Ipg11 Ipq18 Ipg1 Ipg9
Coverage' | 33 237 33 632 513 991 1089 66 305 264 1010 79 126 951 386 1043 1201 3180 108
FPKM 12 72 11 211 193 313 326 20 125 101 341 23 38 317 117 331 383 1037 35
Conf? 1 5 1 7 22 35 11 2 21 16 8 9 5 6 4 9 7 13 7

Table S1. Expression levels gar SCPP genes in the skin, Related to Figure 2. Relative expression levels of SCPP genes in the skin were estimated as

fragments per kilobase of transcript per million mapped reads (FPKM values) (Trapnell et al., 2010). 'Coverage shows the estimate for the absolute

depth of read coverage across the whole transcript. 2Conf represents the 95% confidence interval.
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Taxa w o i w w < w w
Galeaspida 0 0 0 0 0 - - -
Osteostraci 1 0 0 0 1 - - -
Acanthodes 1 0 0 0 1 0 0/1 0/1
Achoania 0 0 1 1 1 0/1 0/1 0/1
Akmonistion 0 0 0 0 0 0 1 0
Austroptyctodus 0/1 0 0 0 0/1 0/1 0/1 0/1
Bothriolepis 0 0 0 0 0 - - -
Brachyacanthus 0/1 0 0 0 0/1 - - -
Brindabellaspis 0 0 0 0 0 0/1 0/1 0/1
Brochoadmones 0 0 0 0 0 0/1 0/1 0/1
Buchanosteus 0 0 0 0 0 0/1 0/1 0/1
Campbellodus 0/1 0 0 0 0/1 0/1 0/1 0/1
Cassidiceps 0/1 0 0 0 0/1 0/1 0/1 0/1
Cheiracanthus 1 0 0 0 1 0/1 0/1 0/1
Cheirolepis 0 1 0 1 1 1 0 0
Chondrenchelys 1 0 0 0 1 0/1 0/1 0/1
Cladodoides 0/1 0 0 0 0/1 0/1 0/1 0/1
Cladoselache 1 0 0 0 1 0 1 0
Climatius 1 0 0 0 1 0/1 0/1 0/1
Cobelodus 1 0 0 0 1 0/1 0/1 0/1
Coccosteus 0 0 0 0 0 0/1 0/1 0/1
Compagopiscis 0 0 0 0 0 0 0 0
Cowralepis 0/1 0 0 0 0/1 0/1 0/1 0/1
Culmacanthus 0/1 0 0 0 0/1 0/1 0/1 0/1
Debeerius - - 0 0 0 - - -
Diabolepis 0 0 1 1 1 0 0 1
Dialipina 0 0/1 0 0/1 0/1 0/1 0/1 0/1
Diandongpetalichthys 0 0 0 0 0 0/1 0/1 0/1
Dicksonosteus 0 0 0 0 0 0/1 0/1 0/1
Diplacanthus 1 0 0 0 1 - - -
Doliodus 0 0 0 0 0 0/1 0/1 0/1
Eastmanosteus 0 0 0 0 0 0/1 0/1 0/1
Entelognathus 0/1 0 0 0 0/1 - - -
Eurycaraspis 0/1 0 0 0 0/1 0/1 0/1 0/1
Eusthenopteron 0 0 0 0 0 0 0 1
Euthacanthus 1 0 0 0 1 - - -
Gavinaspis 0/1 0 0 0 0/1 0/1 0/1 0/1
Gemuendina 0/1 0 0 0 0/1 0/1 0/1 0/1
Gladiobranchus, 0/1 0 0 0 0/1 - - -
Glyptolepis 0 0 1 1 1 0 0 1
Gogonasus 0 0 1 1 1 0 0 1
Groenlandaspis 0/1 0 0 0 0/1 0/1 0/1 0/1
Guiyu 0 0/1 0/1 0/1 0/1 0/1 0/1 0/1
Gyracanthides 0 0 0 0 0 - - -
Scyliorhinus 1 0 0 0 1 0 1 0
Hamiltonichthys 0/1 0 0 0 0/1 0 1 0
Helodus 0/1 0 0 0 0/1 0 1 0
Holonema 0 0 0 0 0 0 0 0
Homalacanthus 1 0 0 0 1 - - -
Howqualepis 0 0/1 0 0/1 0/1 0/1 0/1 0/1
Incisoscutum 0 0 0 0 0 0/1 0/1 0/1
Ischnacanthus 1 0 0 0 1 0 1 0
Jagorina 0/1 0 0 0 0/1 0/1 0/1 0/1
Janusiscus 0/1 0 0/1 0/1 0/1 0/1 0/1 0/1




Kathemacanthus 0/1 0 0 0 0/1 - - -
Kenichthys 0 0 1 1 1 0/1 0/1 0/1
Kentuckia 0 0/1 0 0/1 0/1 0/1 0/1 0/1
Kujdanowiaspis 0 0 0 0 0 0/1 0/1 0/1
Latviacanthus 0/1 0 0 0 0/1 0 0 0
Ligulalepis 0 1 0 1 1 1 0 0
Lophosteus 0 0 0 0 0 0 0 0
Lunaspis 0 0 0 0 0 0/1 0/1 0/1
Lupopsyrus 0/1 0/1 0 0/1 0/1 - - -
Macropetalichthys 0 0 0 0 0 0/1 0/1 0/1
Materpiscis 0 0 0 0 0 0/1 0/1 0/1
Meemannia 0 0 1 1 1 0/1 0/1 0/1
Mesacanthus 0/1 0 0 0 0/1 -
Microbrachius 0/1 0 0 0 0/1 0/1 0/1 0/1
Miguashaia 0/1 0/1 0 0/1 0/1 0 0 1
Lepisosteus 0 1 0 1 1 1 0 1
Polypterus 0 1 0 1 1 1 0 1
Mimipiscis 0 1 0 1 1 1 0 0
Moythomasia 0 1 0 1 1 1 0 0
Obtusacanthus 0/1 0 0 0 0/1 - - -
Onychodus 0 0 0 0 0 0 0 1
Onychoselache 1 0 0 0 1 0 1 0
Orthacanthus 0 0 0 0 0 0 1 0
Osorioichthys 0 0/1 0 0/1 0/1 1 0 0
Osteolepis 0 0 1 1 1 0/1 0/1 0/1
Parabuchanosteus 0 0 0 0 0 0/1 0/1 0/1
Parayunnanolepis 0 0 0 0 0 0/1 0/1 0/1
Parexus 0/1 0 0 0 0/1 0 0 0
Poracanthodes 1 0 0 0 1 0/1 0/1 0/1
Porolepis 0 0 1 1 1 0 0 1
Powichthys 0 0 1 1 1 0 0 1
Promesacanthus 0/1 0 0 0 0/1 - - -
Psarolepis 0 0 1 1 1 0 0 0
Pterichthyodes 0 0 0 0 0 0/1 0/1 0/1
Ptomacanthus 0/1 0 0 0 0/1 0/1 0/1 0/1
Pucapampella 0/1 0 0 0 0/1 0/1 0/1 0/1
Quasipetalichthys 0 0 0 0 0 0/1 0/1 0/1
Ramirosuarezia 0/1 0 0 0 0/1 0/1 0/1 0/1
Remigolepis 0 0 0 0 0 0/1 0/1 0/1
Rhadinacanthus 1 0 0 0 1 - - -
Rhamphodopsis 0/1 0 0 0 0/1 0 0 0
Romundina 1 0 0 0 1 0/1 0/1 0/1
Sigaspis 0/1 0 0 0 0/1 0/1 0/1 0/1
Sinolepis 0/1 0 0 0 0/1 0/1 0/1 0/1
Styloichthys 0 0 1 1 1 0/1 0/1 0/1
Latimeria 0 0/1 1 1 1 0 0 1
Tamiobatis 0/1 0 0 0 0/1 0/1 0/1 0/1
Tetanopsyrus 0/1 0 0 0 0/1 - - -
Tristychius 0/1 0 0 0 0/1 0/1 0/1 0/1
Vernicomacanthus 0/1 0 0 0 0/1 0 0 0
Wouttagoonaspis 0/1 0 0 0 0/1 0/1 0/1 0/1
Youngolepis 0 0 1 1 1 0 0 1
Yunnanolepis 0 0 0 0 0 0/1 0/1 0/1
Andreolepis 0 0 1 1 1 0 0 0

Table S2. Presence or absence of enameloid, ganoin, enamel, enamel or ganoin, enamel, ganoin, or
enameloid in the dermal skeleton, and acrodin, enameloid, and enamel on teeth, Related to Figure 5. 0, 1,
and o/1 represent the absence, presence, and unknown status of the tissue, respectively. “-“ in dental

characters represents the absence of teeth.



Taxa Minimum age (Mya) Reference
Galeaspida 432.6

Osteostraci 437.4

Acanthodes 298 King et al. 2016
Achoania 412 King et al. 2016
Akmonistion 327 King et al. 2016
Austroptyctodus 383 King et al. 2016
Bothriolepis 383 King et al. 2016
Brachyacanthus 415 King et al. 2016
Brindabellaspis 401 King et al. 2016
Brochoadmones 415 King et al. 2016
Buchanosteus 408 King et al. 2016
Campbellodus 383 King et al. 2016
Cassidiceps 415 King et al. 2016
Cheiracanthus 388 King et al. 2016
Cheirolepis 388 King et al. 2016
Chondrenchelys 338 King et al. 2016
Cladodoides 375 King et al. 2016
Cladoselache 360 King et al. 2016
Climatius 415 King et al. 2016
Cobelodus 325 King et al. 2016
Coccosteus 388 King et al. 2016
Compagopiscis 383 King et al. 2016
Cowralepis 383 King et al. 2016
Culmacanthus 385 King et al. 2016
Debeerius 320 King et al. 2016
Diabolepis 412 King et al. 2016
Dialipina 401 King et al. 2016
Diandongpetalichthys 417 King et al. 2016
Dicksonosteus 411 King et al. 2016
Diplacanthus 388 King et al. 2016
Doliodus 395 King et al. 2016
Eastmanosteus 383 King et al. 2016
Entelognathus 424 King et al. 2016
Eurycaraspis 385 King et al. 2016
Eusthenopteron 380 King et al. 2016
Euthacanthus 415 King et al. 2016
Gavinaspis 412 King et al. 2016
Gemuendina 408 King et al. 2016
Gladiobranchus 415 King et al. 2016
Glyptolepis 388 King et al. 2016
Gogonasus 383 King et al. 2016
Groenlandaspis 385 King et al. 2016
Guiyu 424 King et al. 2016
Gyracanthides 359.3 Warren et al. 2000
Scyliorhinus 0

Hamiltonichthys 302 King et al. 2016
Helodus 311 King et al. 2016
Holonema 383 King et al. 2016
Homalacanthus 380 King et al. 2016
Howqualepis 385 King et al. 2016
Incisoscutum 383 King et al. 2016
Ischnacanthus 415 King et al. 2016
Jagorina 375 King et al. 2016
Janusiscus 415 King et al. 2016
Kathemacanthus 415 King et al. 2016
Kenichthys 396 King et al. 2016
Kentuckia 347 King et al. 2016
Kujdanowiaspis 411 King et al. 2016
Latviacanthus 404 King et al. 2016
Ligulalepis 401 King et al. 2016
Lophosteus 416 Cunningham et al. 2012
Lunaspis 408 King et al. 2016
Lupopsyrus 415 King et al. 2016
Macropetalichthys 390 King et al. 2016
Materpiscis 383 King et al. 2016
Meemannia 412 King et al. 2016
Mesacanthus 415 King et al. 2016
Microbrachius 386 King et al. 2016
Miguashaia 380 King et al. 2016
Lepisosteus 0

Polypterus 0

Mimipiscis 383 King et al. 2016
Moythomasia 383 King et al. 2016




Obtusacanthus 415 King et al. 2016
Onychodus 383 King et al. 2016
Onychoselache 336 King et al. 2016
Orthacanthus 290 King et al. 2016
Osorioichthys 367 King et al. 2016
Osteolepis 388 King et al. 2016
Parabuchanosteus 401 King et al. 2016
Parayunnanolepis 412 King et al. 2016
Parexus 415 King et al. 2016
Poracanthodes 417 King et al. 2016
Porolepis 411 King et al. 2016
Powichthys 411 King et al. 2016
Promesacanthus 415 King et al. 2016
Psarolepis 416 King et al. 2016
Andreolepis 424 Chen et al. 2016
Pterichthyodes 389 King et al. 2016
Ptomacanthus 415 King et al. 2016
Pucapampella 388 King et al. 2016
Quasipetalichthys 385 King et al. 2016
Ramirosuarezia 392 King et al. 2016
Remigolepis 366 King et al. 2016
Rhadinacanthus 386.9 LukSevics et al. 2010
Rhamphodopsis 388 King et al. 2016
Romundina 415 King et al. 2016
Sigaspis 412 King et al. 2016
Sinolepis 358.5 Zhu et al. 2000
Styloichthys 412 King et al. 2016
Latimeria 0

Tamiobatis 360 King et al. 2016
Tetanopsyrus 415 King et al. 2016
Tristychius 336 King et al. 2016
Vernicomacanthus 415 King et al. 2016
Wuttagoonaspis 393 King et al. 2016
Youngolepis 412 King et al. 2016
Yunnanolepis 415 King et al. 2016

Table S3. Tip ages used for the ancestral state estimation, Related to Figure 5.




Transparent Methods
Bioinformatic analyses
We searched for SCPP genes in RNA-seq datasets (GenBank accession numbers: SRX796494 and
SRX1016233-SRX1016241 for lungfish, SRX796491 and SRX1386644- SRX1386647 for bichir, and SRX424533
and SRX424534 for sturgeon) by tblstn (http://www.ncbi.nlm.nih.gov/) (Altschul et al., 1990) using amino
acid sequences of gar orthologs as queries (Kawasaki et al., 2017).

Relative expression levels of gar SCPP genes were estimated as FPKM values (Trapnell et al.,
2010), calculated for a dataset of gar skin (GenBank accession number, SRP042013) (Braasch et al., 2016)
using Galaxy (https://usegalaxy.org/) (Afgan et al., 2016). The dataset was retrieved from the EBI SRA
database, trimmed using Trimmatic (Bolger et al., 2014), aligned with the gar genome sequence
(LepOcun1) using TopHat (Kim et al., 2013). FPKM values and confidence intervals were calculated using
Cufflinks (Trapnell et al., 2010) based on BAM files obtained by the TopHat analysis. All default conditions
were used in Galaxy analysis, except additional options in Trimmomatic (ILLUMINACLIP and MINLEN=50)
and Cufflinks (multi-read correction). Genomic coordinates of SCPP genes were determined using Splign

(http://www.ncbi.nlm.gov./) (Kapustin et al., 2008), and used for the Cufflinks analysis.

Molecular analysis

All animals used in our study (gar, 16-55 cm in total length; zebrafish, 3.0 cm in total length; bichir, 20 cm
in total length; and lungfish, 20 cm in total length; sex not determined for these animals) were sacrificed
according to the guidelines issued by the Ministry of Justice in Japan. SCPP genes identified in bichir and
lungfish RNA-seq datasets were confirmed by PCR using cDNA libraries made from a tooth plate
(lungfish) and tooth germs (bichirs), as described (Braasch et al., 2016). These libraries were made using
SMART cDNA library construction kit (Takara Bio), and PCR products were size fractionated by agarose
gel electrophoresis, purified from the agarose gel using the FastGene Gel/PCR Extraction Kit (Nippon

Genetics), and ligated into T-vector pMD20 (Takara Bio). The ligation mix was then used to transform E.
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coli HSTo8 Premium Competent Cells (Takara Bio). Exon-intron borders were also determined by PCR
using genomic DNA as the substrate. For expression analysis of bichir scpps, total RNA molecules were
isolated using RNAiso Plus (Takara Bio) and cDNA was synthesized using the PrimerScript Il 1st strand
cDNA synthesis kit (Takara bio). Primer sequences used for RT-PCR are as follows: 5’-
GAGACTTGCGATCTTCTCTTCTG-3’ and 5’-GTGAATTGACCTGAGGCAGGA-3’ for scpps; and 5’-

CACAGTTTGCCAGATGGTCC-3’ and 5’-CACCACCAATTGCCTTGCTC-3’ for gapdh.

ISH analysis

For ISH analysis, jaws and skin of gar and zebrafish were fixed with neutralized 4% paraformaldehyde,
decalcified with Morse’s solution (10% w/v sodium citrate and 22.5% v/v formic acid), dehydrated through
a graded ethanol series and xylene, embedded in paraffin, sectioned in the coronal plane at 4 pmin
thickness, and mounted on glass slides. These glass slides were deparaffined, treated with Proteinase K
(20 mg/ml) for 10 min, and used for hybridization (50% formamide, 10 mM Tris pH7.6, 1xDenhart’s
solution, 5% dextran sulfate, 600 mM Nacl, 0.25% SDS, 1 mM EDTA, and 10oug/ml Escherichia coli tRNA) at
70C (Nakatomi et al., 2006). A specific portion of scpps, ambn, and enam were amplified from the cDNA
libraries (primer sequences: 5'-GTTGGTGCTACAGCAGGAAGT-3' and 5'-GTTGTTGCTTCCCTGAACTG-3' for
gar ambn; 5'-AAGGCCTCAGCTTCGTCCAG-3' and 5'-ACTCCTTCTCGTTGACTTCGT-3' for gar enam; 5'-
TATTCTGAGGAGTCACCAA-3' and 5'-ATTCTGACTTGGCTGGACG-3' for gar scpps5; 5'-
ACTTCATCAACAGGTGCCCAATC-3' and 5'-TGAAAGCTCCGTGACCTGAATCT-3' for zebrafish ambn; and 5'-
CTGCCCCTGACAGTGGCAGTAATG-3' and 5'-CATCAGGCCCAACAACAGTGGTGT-3' for zebrafish enam),
cloned using the pGEM-T Easy Vector (Promega), and labeled with digoxigenin using the DIG RNA
Labeling Kit (Roche), and used for hybridization. After hybridization, glass slides were washed with
2xSSC. Hybridization signals were detected using Anti-Digoxigenin-AP, Fab fragments (Roche) and

NBT/BCIP Solution (Roche), as specified.



IHC analysis

For IHC analysis, jaws and scales were fixed (4% paraformaldehyde-0.2% glutaraldehyde, 0.05M HEPES
buffer pH7.4), dehydrated, and embedded in LR-White resin (LR-W, London Resin), and processed for
the Protein A-gold (PAG) method (Sasagawa et al., 2012). For light microscopic analysis, semi-thin
sections were made from LR-W resin block, mounted on glass slides, masked with 5% goat serum in
phosphate buffered saline (PBS), and reacted with the antibody diluted 1:100 or 1:200 in PBS containing
0.5% bovine serum albumin (PBS-BSA) at 4C. These sections were washed with PBS, incubated with the
PAG conjugate (gold nanoparticles snm, BBI) diluted 1:100 with PBS-BSA, washed with PBS, treated with
the silver enhancer solution (50 mM citrate buffer, 0.85% hydroquinone, 0.1% maleic acid, 0.11% silver
lactate, and 1% acacia powder) (Uchida et al., 1991) for 10 min in a dark box, and rinsed with water. These
sections were then immersed in photographic fixatives, and stained with fast red or toluidine blue
(Sasagawa et al., 2012).

For TEM analysis, ultrathin sections obtained from LR-W resin block were mounted on nickel
grids, floated on a drop of 1% goat serum and then the antibody diluted 1:200-1:400 in PBS-BSA. These
sections were subsequently washed with PBS-BSA, treated with 1% goat serum and then with the PAG
conjugate diluted 1:10 in PBS-BSA. These sections were stained with platinum blue and lead citrate
(additionally stained with phosphotungstic acid for some samples), and examined using TEM (JEM-1010,
JEOL) (Sasagawa et al., 2016). In some sections, immunoreactions were enhanced using the silver
enhancer solution (Uchida et al., 1991) or the Silver Enhancer Kit (Kirkegaard & Perry Laboratories).

Polyclonal antibodies to gar Scpps were raised against YRQQPQQQN (SIGMA-ALDRICH).

Phylogenetic analysis
We augmented an existing phylogenetic dataset (Qiao et al., 2016) with codings for Scyliorhinus,
Lepisosteus, Polypterus, and Latimeria, representing the three major living clades of jawed vertebrates.

We also coded Andreolepis, a putative stem-osteichthyan (Qu et al., 2015), and coded Ligulalepis as



present for dental acrodin (Schultze, 2016; Schultze, 2018). Morphological data were analyzed using the
Mkv+G model in MrBayes 3.2.7 (Ronquist et al., 2012). We constrained the positions of the extant taxa to
mitigate long branch effects: Scyliorhinus with Helodus, Chondrenchelys, Debeerius, Tristychius,
Hamiltonichthys, Onychoselache (Qiao et al., 2016); Latimeria with Miguashaia (Arratia and Schultze, 2015);
and Polypterus, Lepisosteus, Kentuckia with Moythomasia, Mimipiscis (Giles et al., 2017). We conducted
two phylogenetic analyses of this dataset, one in which the GAP clade were constrained to be stem-
osteichthyans (King et al., 2017; Lu et al., 2017), and the other in which these taxa were topologically
unconstrained, yielding a stem-sarcopterygian affinity (Lu et al., 2016; Qiao et al., 2016; Choo et al., 2017).
Each analysis used four independent runs of four chains over 10,000,000 generations, sampling every
10,000 generations, with 25% of burnin. Convergence was assessed using Tracer 1.7 (Rambaut et al.,

2018). Results were summarized using majority rule consensus trees (Figures S3A and S3B).

Ancestral state estimation

We compiled data on the distribution of five dermal (enameloid, ganoin, enamel, ganoin/enamel,
hypermineralized tissue) and three dental (acrodin, enameloid, enamel) skeletal characters (Table S2);
we confirmed the presence of dental enameloid in Cladoselache (Figure S3S).

Branch lengths were estimated using the function timePaleoPhy in the R package
(https://www.R-project.org/) paleotree (Bapst, 2012) using the ‘equal’ method (Brusatte et al., 2008),
with the root age increased by 5 million years. Tip ages are from King et al. (King et al., 2017) (Table S3)
but the root (Tinn and Marss, 2018), and the crown clades of chondrichthyans, sarcopterygians,
actinopterygians, osteichthyans, and gnathostomes (Benton et al., 2015) were calibrated to be minimally
as old as oldest fossil representative. Using these time-scaled topologies, we estimated ancestral states
using Stochastic Character Mapping (Huelsenbeck et al., 2003) in the R package phytools (Revell, 2012).
Each character was coded as a binary presence or absence state for all taxa; uncertain tip states were

assigned an equal prior probability of 0.5. Taxa were excluded from an analysis when the character was


https://www.r-project.org/

inapplicable. By running all separate analyses for each character, there is zero modelled co-variance
between each character. Stochastic character mapping was run using the make.simmap function
(Bollback, 2006) in phytools but with a single Q matrix for all simulations under the “all rates different’
and a naive equal prior probability for absence or presence at the root. Each character model ran for
1000 simulations and each iteration used the same ‘empirical’ Q matrix with the highest likelihood
transition probabilities. Results were summarized using the describe.simmap function and the posterior

probabilities of node and tip states were plotting on each tree.
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