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Supplemental data files 

 

Table S1 protein source accession numbers.xlsx 

List of plexin, semaphorin, Met, and Met-LP sequences compiled for this study, including source 
databases, accession numbers, and editing notes.  
 

File S1 sequences.zip  

ZIP file containing sequence files of all proteins that were compiled for this study in GenPept 

format (*.gp). Sequence files also contain information about annotated domain features. 

 

File S2 infile.zip  

ZIP file of Nexus alignment file (.nex file type) of Sema plus PSI domain of all Sema domain 

containing proteins. 

 

File S3 all_complete.zip 

ZIP file of phylogenetic tree of all Sema domain containing proteins (.tre file type). Source file for 

the tree representations shown in Fig. 5-7. 
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Supplemental figure legends 

 

Figure S1. Alignment of human and choanoflagellate plexins 

Alignment of human and choanoflagellate plexins was calculated using MUSCLE 

(www.ebi.ac.uk/Tools/msa/muscle; default settings) and visualized using Jalview 

(www.jalview.org). Predicted protein domains are indicated below the alignment.  

Hsapi, H. sapiens; Mbrev, M. brevicollis; Srose, S. rosetta. 

 

Figure S2. Secondary structure prediction of Sema domain of choanoflagellate plexin 

JPRED secondary structure prediction of Sema domain of Plexin-1 of choanoflagellate M. 

brevicollis. Green arrows predict beta-strands, red boxes alpha-helices. The seven blades of the 

Sema domain can be recognized by the beta-strand pattern. The first beta-strand, marked as (7), 

is part of blade 7. Two extrusions, between blade 1 and 2 and inside blade 5, are recognizable 

by the presence of alpha-helices. 

 

Figure S3. Alignments of Sema domains of choanoflagellate and human plexins and 
semaphorins 

Alignments of human and choanoflagellate Sema plus PSI domains of plexins (A) and 

semaphorins (B) were created with MUSCLE. Colored arrows indicate predicted beta-strands of 

the seven blades of the Sema domain; gray boxes indicate extrusions 1 and 2. Conservation track 

indicates: “*”, fully conserved amino acids (aa); “:”, conservation of aa with strongly similar 

properties; “.”, conservation of aa with weakly similar properties. Conserved cysteines of the 

Sema domains are highlighted in yellow (Cys1-8). Further annotations are derived from structural 

data of mouse Sema6A and Plexin-A2 (Nogi et al., 2010). Amino acids that are predicted to take 

part in Plexin-A / Sema6 binding are bolded and also indicated by black dots.  

 

Figure S4. Gene duplication model based on plexin phylogenetic tree  

A) Representation of the most accepted phylogenetic tree of the taxa under study. Below each 

taxon, the plexin, Met, and Met-LP sequences found in each genome are indicated. Those 

sequences contained in monophyletic clades in a taxon were represented as only one gene 

group. We numbered the genes from the base to the tips of the gene phylogeny (see Fig. 6) and 

searched for the minimum number of duplications sufficient to explain the number of sequences 

found in each taxon. TK, tyrosine kinase domain. 
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B) Topology of the phylogenetic hypothesis inferred for plexins, Mets, and Met-LPs (related to 

Fig. 6) with numbers of hypothetical ancestral genes indicated at internal nodes of the tree. The 

red branches indicate the sequences assigned as descendants of gene 1, which originated in an 

ancestor of Choanoflagellida and Metazoa. The green branches indicate sequences assigned as 

descendants of genes 2 - 5, which originated in non-bilaterian organisms. Purple branches 

indicate sequences assigned to genes 6 – 10 that originated in Protostomia. The blue branches 

indicate the sequences assigned to gene 11 that originated in Deuterostomia. 

 

Figure S5. Gene duplication model based on semaphorin phylogenetic tree 
A) Representation of the most accepted phylogenetic tree of the taxa under study. Below each 

taxon, the semaphorins found in each genome are indicated. Those sequences contained in a 

monophyletic clade in a taxon were represented as only one gene group. We numbered the genes 

from the base to the tips of the gene phylogeny (see Fig. 7) and searched for the minimum number 

of duplications that are sufficient to explain the number of sequences found in each taxon. FN, 

fibronectin type III domain; TH, thrombospondin type 1 domain; IG, immunoglobulin-like domain. 

B) Topology of the phylogenetic hypothesis inferred for semaphorin sequences (related to Fig. 7) 

with the gene numbers indicated at internal nodes of the tree. The red branches indicate the 

sequences assigned as descendants from gene 1, which originated in an ancestor of 

Choanoflagellida and Metazoa. The green branches indicate sequences assigned to genes 2 - 6, 

which originated in non-bilaterian organisms. The purple branches indicate sequences assigned 

to genes 7 and 8 that originated in Protostomia. The blue branches indicate the sequences 

assigned to genes 9, 10, and 11 that originated in Deuterostomia.  
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Fig. S2
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Fig. S3 Alignments of Sema domains of choanoflagellate and human plexins and semaphorins

A BPlexins Semaphorins

HS Homo sapiens
MB Monosiga brevicollis
SR Salplingoeca rosetta

S5A Sema5A
S6A Sema6A
SFN1 Sema-FN1

                                                                                       Cys1● ●●    ● Cys2 
HS_PA1  36  GSQPPFRTFSASDW-GLTHLVVHEQTGEVYVGAVNRIYKLSGNLTLLRA--HVTGPV------------------EDNEKCYPPPSVQSCPHG------- 
HS_PA4  35  QKQRSFVTFRGEPAEGFNHLVVDERTGHIYLGAVNRIYKLSSDLKVLVT--HETGPD------------------EDNPKCYPPRIVQTCNEP------- 
MB_PA1  52  SATATVTGYT-----RITHLLYSSDVDGIIVAHSQGLDLLDPTSLSTRASYFAGDPAFCNVYHT---GNYPGAAYDDNTSSCWGLSQTACNARDDCLYFG 
SR_PA1  47  AGQPRSLALT-----RGSMMYLDADTGSLFVGDRDALMRVNGTTLGVVTARNITDPDNCIPYDAVAFSMYDGAGYDDPEFCTASSSGQTCLQECD----G 
                             . :     .. : :.  : :  :.       :     .*                   :*   .       :*           
 
 
 
                                          Cys3    Cys4                 ● 
HS_PA1 108  ---------LGSTDNVNKLLLLDYAAN--RLLACGSASQGICQFLRLDDLFKLGEPHHRKEHYLSS------------------VQEAGSMAGVLIAGPP 
HS_PA4 108  ---------LTTTNNVNKMLLIDYKEN--RLIACGSLYQGICKLLRLEDLFKLGEPYHKKEHYLSG------------------VNESGSVFGVIVSY-- 
MB_PA1 144  STNGCRTTYFASNCNGNVFYQLQSHNAS-HLLACSALDQ--CRFY---DKTTLSPSPSTSYDYPQGYFCDYPVG--FPGIDSSPVQEATLQNCPTWRYGP 
SR_PA1 138  SSDPCRLRFFSSTCNGNQYFVMQRHEVTGDLLVCSALTQ--CQTIDAASLASLNRGDTAVDEAPQGWFCNFPEQKFIAQLQPSTVKTNTQQYCPVWRYGP 
                     : :. * *    ::       *:.*.:  *  *.     .  .*.          ..                  *:               
 
 
 
                                     ●●●                                  ● ●●●                       ●● ●  ● 
HS_PA1 179  ---GQGQAKLF------VGTPIDGKSEYFPTLSSRRLMANEED---ADMFGF--------VYQDEFVSSQLK-----------------IPS-DTLSKFP 
HS_PA4 177  ---SNLDDKLF------IATAVDGKPEYFPTISSRKLTKNSEA---DGMFAY--------VFHDEFVASMIK-----------------IPS-DTFTIIP 
MB_PA1 236  SSSAPISDQLY-SQVAFVTAPDLSDPNTPNVIFMASSAQQSRDSFLAGMYETRVEQLTKRRFPDFQLQRCLTCHHSIACAQAGATCANGVPSSDNY--IP 
SR_PA1 236  ---IDIDTFQYPQRVAAKFVPDLGDVNETPVLFLGTLAEEARD---HAFQST--------SFPASNILAQVTKRDTTTYTRVCASSP--CSSNDDYAVVP 
                  .   :        ..  .. :   .:       :        :            :    :   :.                  .* *    .* 
 
 
 
                                                                    Cys5                 Cys6 
HS_PA1 241  AFDI------------YYVYSFRSEQFVYYLTLQLDTQLTSPDAAGEHFFTSKIVRLCVDDPK-----FYSYVEFPIGCEQAGVEYRLVQDAYLSRPGRA 
HS_PA4 239  DFDI------------YYVYGFSSGNFVYFLTLQPEMVSPPGSTTKEQVYTSKLVRLCKEDTA-----FNSYVEVPIGCERSGVEYRLLQAAYLSKAGAV 
MB_PA1 333  PTSAGENSQIVEGRSHHYLAGHYTDDFVYFLMLEAQATSPSQA---------IAMRFCRNPPNALGNQYNGFARLRFAC---GGDETITSAFAFELIGDL 
SR_PA1 320  DASISETVAETQRVRHEFLAIEYDDDFVYVV-MNWEAEGPDPQ-------RPIAARFCRSPGT---RADNGVIRTEITC---GSE--VLNIMHREQVGER 
              .              ::      :*** : :: :   .               *:* .          .     : *   * :  : .    .  *   
 
 
 
                                            Cys7                             ●● ● ●  ●● ●●   Cys8 ●●● 
HS_PA1 324  L-AHQLGLAEDEDVLFTVFAQGQKNRVKPPKESALCLFTLRAIKEKIKERIQSCYRGEGKLSLPWLLNKELGCINSPLQIDDDFCGQDFNQPLGGTVTIE 
HS_PA4 322  L-GRTLGVHPDDDLLFTVFSKGQKRKMKSLDESALCIFILKQINDRIKERLQSCYRGEGTLDLAWLKVKDIPCSSALLTIDDNFCGLDMNAPLGVSDMVR 
MB_PA1 421  TSSRAEGGLGVAGPSFIATT-----------TDGVCLFTLSG---------DDVATAAGEPSNYIDLNVDMEGAFSE-TQSQEGCTVEQGSLHDYTDAIY 
SR_PA1 404  L-WPSWGE----DEALIAVS-----------DSNLCLFSLSG---------TPQYAS-------LSLRVSMDAFMTG-TYGTASCNDDLVASSAVVGSIG 
                  *     .  : . :            . :*:* *                .            .:    :    .   *  :          :  
 
 
 
 
HS_PA1 423  -GTPLF--VDKDDGLTAVAAYDYRGRTVVFAGTRSGR-----IRKILVDLSNPGGRP-ALAYESVVAQEGSPILRDLVLSPNHQYLYAMTEKQVTRVPVE 
HS_PA4 421  -GIPVF--TEDRDRMTSVIAYVYKNHSLAFVGTKSGK-----LKKIRVD----GPRGNALQYETVQVVDPGPVLRDMAFSKDHEQLYIMSERQLTRVPVE 
MB_PA1 500  VGADAR--LVTAHELTAATIDQINGHFVVYTGHSNGTVLQHFITDIEVD-QTTGSFT-RVATSSVLTAASD--VTAITVDALRDQLIVSSSSNVNVVDAA 
SR_PA1 471  -GSSTFAPITGAGALTALAVDVVHGHTVAFVGTDAGAVLRVHLQQVLSP-AAATTYG-VVNTTNVVVTSSQEAVVQLQMWSNASTLFVLSESSVVSLPAH 
             *            :*:      ... :.:.*   *      : .:             :   .* .      :  : .    . *   :. .:  : .  
 
 
 
             _______________________. PSI  domain_____________________________ 
HS_PA1 514  SCVQYTSCELCLGSRDPHCGWCVLHSICSRRDACERADEPQRFA----------------ADLLQC 
HS_PA4 509  SCGQYQSCGECLGSGDPHCGWCVLHNTCTRKERCERSKEPRRFA----------------SEMKQC 
MB_PA1 594  NCANYDSCAACAAAANPSCGWCVLESRCSTKAACTATKEEPREAK---YDGPHWLHLVD-SVLASC 
SR_PA1 568  TCGQYTTCGACVTSMDPYCGWCPLSNTCTERSACALPESLDRAANTTDTSSSYWLHGFDGATQASC 
            .* :* :*  *  : :* **** * . *: .  *  ...  * *                :   .* 
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HS_S5A   27  TTQCQRTEH----------------PVISYKEIG--------PWLREFRAK---------NAVDFSQLTFDP-----------GQKELVVGARNYLF--- 
HS_S6A   26  PISISHGNYTKQY------------PVFVGHKPG-----------RNTTQR---------HRLDIQMIMIMN-----------GT--LYIAARDHIY--- 
MB_SFN1 148  DPDAEFPDLVSNYLAPADQLRCNGSAVSHRAEPGFLDRSRMFQWLRFSVRSPPATEAPELWRFRITMMFMRPQGLGYELTPINATTKLPLNQDSFIV-KF 
SR_SFN1  24  ESYTDHRNTGTIFVAGSDQLRCGGAAVTQSNLRA--TSVLAFRSTRLTARAPSNGTAP--WIINASIIMSQPSDRVYPSLEPLGSDNFPSSAPTVLYLTF 
                 .  :                 .*      .           *              . .    :               .   :       :     
 
 
 
                                                 Cys1 ●●●                                Cys2                Cys3 
HS_S5A   80  -------------RLQLEDLSLIQAVEWECDEATKKA--CYSKGK------------------------------SKEECQN--YIRVLL-VGGDRLFTC 
HS_S6A   78  --------TVDIDTSHTEEIYCSKKLTWKSRQADVDT--CRMKGK------------------------------HKDECHN--FIKVLLKKNDDALFVC 
MB_SFN1 247  VVPRY---RAPAAPTCLTETSLVCTVLNTRRRCDAVKL-ARCSGR-VQAATELNDTVLFGTADHIVETDPTMTSVHRTTTHDLGLVQHIDVVDQNDPFAC 
SR_SFN1 120  TIPPINPVNTATVPATTASYPLCAPRTIQSDTCARVSVDVRALERAIIRPSTEEAGVVFIAARNVVARATSGLAVTAAVRVQLGYAQVVEEIGGGRLLVC 
                               .             .           .                                    :    . :   . .  :.* 
 
 
 
                  Cys4                   ●                          ●   ●● ●                             ●   
HS_S5A  132  GTNAFTPVCTNRSLSN--LTEIHDQISGMARCPYSPQHNSTALLTAGGELYAATAMD--FPGRDPA-IYRSLGIL----------------PPL------ 
HS_S6A  136  GTNAFNPSCRNYKMDT--LEPFGDEFSGMARCPYDAKHANV-ALFADGKLYSATVTD--FLAIDAV-IYRSLGES----------------PTL------ 
MB_SFN1 342  GLGQGVPRCRNLQLNSSDLALANPSWMGTSVVPRMANYTGA-LLRKGDRLFVGHSLNEVPGYRNPATVLGEVRMQDRYTNWVYNYSFKDSSSTYLFNNLH 
SR_SFN1 220  GVGEGRSMCQLFSTAT--LQELGEAWVATGVVARRESIRAT-YLRIDNNIYAGLHVFPTFGESNSA-NAITMATLDNTDNWAYTYGEDNNGVHM------ 
             * .   . *   .  .  *        . .  .   .   .  *  .. :: .          :..     :                             
 
 
 
                 ● ●●●●●    ●                                               Cys5       ●●  ●●●       Cys6 
HS_S5A  205  ----RTAQYNSKWLNEP---------NFVSSYDIG---NFTYFFFRENAVEHDC-GKTVFSRAARVCKNDIGG-RFLLEDTWTTFMKARLNCSRPGEVPF 
HS_S6A  208  ----RTVKHDSKWLKEP---------YFVQAVDYG---DYIYFFFREIAVEYNTMGKVVFPRVAQVCKNDMGGSQRVLEKQWTSFLKARLNCSVPGDSHF 
MB_SFN1 441  RSINTQADTRGGWIYQPGSTTPWRMSNFHDIWARN---GYVYTISTLFDNLYQVYRNIA----TRVCEDE-GSAGPPRGNYYRSFVRTDVVCASP-DGSF 
SR_SFN1 310  ----TTATSVDTWLAQPAEDRA--TPEFVGSWTRNASDAYVYFAYTETDVNSGEKQSLI----ARICKDDPGTSVF---NLFNSFVAIRIKCTS---GSV 
                   .   . *: :*          *      .    : *              .      :.:*::: *       . : :*:   : *:      . 
 
 
 
                                                      Cys7                       ●               Cys8 
HS_S5A  287  YYNELQS---TFFLPELDL-----IYGIFTTNVNSIAAS---AVCVFNL---SAIAQAFSGPFKYQENSRSAWLPYPN---PNPHFQCGTVDQGLYVNLT 
HS_S6A  292  YFNILQAVTDVIRINGRDV-----VLATFSTPYNSIPGS---AVCAYDM---LDIASVFTGRFKEQKSPDSTWTPVPDERVPKPRPGCCA-GSS---SLE 
MB_SFN1 532  TLDTLVSAHAARQEPGAGVD--PNVYTLFT-------GPTGFGICAFNYTNRSGIDYEMAYRIDTTANPSFRLGLFDA-----VPFSCDR-DDVLALNLY 
SR_SFN1 394  PMDVMTAAAATPPLPSTSATHAQRFYAAFRSTDEGVGGDFGFGICAYEYDGQYSINYELSGRIDPQLNPSG------------PDFACNR-DLGQAVTLV 
               : : :   .      .      .   *        .    .:*.::      *   ::  :.   ..                  *   .     .* 
 
 
 
                              ● 
HS_S5A  370  E-RNL-----QDAQKFI----LMHEVVQPVTTVPSFMEDNSRF--SHVAVDVVQGRE-ALVHIIYLATDYGTIKKVRVPLNQTSSSCLLEEIELFPERRR 
HS_S6A  377  R-YATSNEFPDDTLNFIKTHPLMDEAVPSIFNRPWFLRTMVRYRLTKIAVDTAAGPY-QNHTVVFLGSEKGIILKFLARIGNSGFLNDSLFLEEMSVYNS 
MB_SFN1 617  RLRNEGMDSDPLRDGYV-------GSHPPLF----FEKTANKP--LKLATMTLPMPGNGFLDLVAVLFNNGRLNRY----------ALSNARDALRLYES 
SR_SFN1 481  R-ANDATNADPDRLGFL-------RASSPLF----AHQSNAHI--VDMHVDVVTQPDGTSIDVIWAVDNTGVV--FKVPVQPDGATPTSDRVAVLRPPSP 
                            ::           .:           .     : . .          ::    : * :                     :      
 
 
 
                                                       _____________.        PSI domain_______________________ 
HS_S5A  457  EPI----------RSLQILHSQSVLFVGLREHVVKIPLK-RCQFYRTR-STCIGAQDPYCGWDVVMKKCTSLEESL-SMTQWEQSI--------SAC 
HS_S6A  475  EKCSYDGVEDKRIMGMQLDRASSSLYVAFSTCVIKVPLG-RCERHGKCKKTCIASRDPYCGWIKEGGACSHL--SPNSRLTFEQDIERGNTDGLGDC 
MB_SFN1 694  TDLSLTGTP----MSLQALPKLRRLLVSSDEEILNLPFA-GCERHDTC-NDCMHSLHPACGWCSTTATCATFEDCQHNNSAWRLAQASAD----GTC 
SR_SFN1 565  TPVSF--------ARVYVLPNQTSAAVAFEDQVVSLSIADECAVHTTC-TSCMQARDPYCGWCAATASCVLASTCPDAATNWAYSVFTANT---DAC 
                            :          *.    ::.:.:   *  : .  . *: :  * ***      *     .      :            . * 
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Fig. S4 A Model of major gene duplication events in evolution of plexins and Met RTKs



Fig. S4 B



Fig. S5 A Model of major gene duplication events in evolution of semaphorins



Fig. S5 B


