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MLSL-—---- KIAVAILSLAG--VTIAQDLTPIPGGKSGDGVTTRYWBCCAPSCAWYPRIHTONGVPIQTCKADGVTPSDKDLNA-QSGC-
MKLLVA---TIAFLGYVAAGSFGRCPGPDIVPIPGGLSGDGITTTYWBCCAQTCAHRONVKTDNGIPVQTCAIDGTTNITIDONGIVSGC—
MKYLVV---ITFLGYVAAAS--SDRSPEIVPIPGGISGDGITTRYWBCCAPSCAYYGFIKTKNGIPDQTCQIDGVTNSTKDNNA-QSGC—
MYTGIVNIFLVSIAIVTASS--KESSPDIVAIPGGLRGDAITTRYWBCCVVSCSWDANVHTKNRQPVKSCQKNGATYSTRENNG-NSVCY
MKTFTV---FASLIVFGASL--KEPSPEIIPVPGGLSGDAVTTRYWBCCGVSCSWDGIVHTKNGIPVRSCEKDGKTYSTKENNA-QSTCW
——————————————————————————————————————————— RYWBCCKPTCSWPGNVNYKT--PVKSCQHDGVTAI--DPET-QSGC-
MKIAILV--SALVALAVATP--LEQSPEIKFIEKGISGEGTTTRYWBCCKPSCSWRGNVHTPSGVPVASCDRSGVNRV--DANA-KSGC-
M---IFN--CFIFSVVLAVT--LAYSPEIKKIVGGKSGYGTTTRYWBCCKPSCAWKENIKTPDMEPIATCATDGVTVV--NASV-QSGC-
MIFII----FSLLAFVGLAP--SIDALELTPVEGGLSGNGSTSRYWBCCKPACAWPSNV-PHSPRPVTSCKADGITPI--NPDA-MSGC-
MIPLPI---LLVLAVATSIK--AEVSPDIIAVPNGLSGKGITTRYWBCCKPSCAWADNVNTPDKQPLKSCRVDGEAVA--PPND-PSGC-
MKYTITS--LLLLAAYVAATSLNNONIVIKKIPGGLSGVGTTTRYWBCCKATCSWPGNVEYKK--PVKACQADGENAN--DPEN-ESGC-

—EVGGVAYTCTNQSPKIINETLAYTFVAASFAGGLDY-ADCCICLVMDFKG-KLAGKRLLAQVTNTGEA---LGONHFDIQMPGGGVGIY
—RVGGQAFACSNQQPYVVSDTLALGWSAASFTGGIDN-SKCCSCFLLSFKD-QLAGKQMLVQLVNSGTD---LASNHFDLQIPGGGVGIW
—-EQGGVAYTCSNQQPSVINDTLAFGWAAASFQGGIDT-SKCCHCILLSFKD-QLAGKQMLVQIVNTGSD---LNENQFDLQIPGGGVGIF
PDHPGNAYVCNNNSPEFVVNSTLAYGFAGVSFQGGADV-EHCCHCYLLSFKG-KLQGKQMLVQTINTGAD---AVAHHFDLQIPGGGVGYN
—NENGPAFTCSNQVPFVINSTLSYGFAAVSEFVGSTDT-GHCCQCYLLKFQG-QLKDRELLVQAINTGSD---LTTNQFDLQIPGGGVGLY
—-VGGGAYVCTNQAQRSVNDSIALGFVAAKFIHS-NR-NMCCSCIVFRFKPAELAGKQMVLQVTNTGDDDPHATHNEFDIAMPGSGVGYY
-EGGGSAYMCNSQQPWAVNSTLAYGFGAASFSNGVDV-SLCCACFLLSFKD-QISNKKMIVQVTNTGSD---LSHNHFDIALPGGGVGIF
——IGGTSYMCNNQQPFVVNETLGYGFAAVSEFSGGVDN-DLCCSCYLLTFON-QINNKKLVLQFTNTGGD---LGSNQFDIALPGGGVGAF
——ENGTAYTCTNQQPFIVNQTYGYGFAAAYLIGGPSTNNFCCACFLLNFTD-QIKYKHMVVQVTNSGTN---FDKNEFVIALPGSGVGDH
—DINGSSFVCNNNQPYVVNSTLSYGFASASEFSGGIDT-SMCCSCMLLNFEG-QLKGKQFLVQLTNSGEE---YQTNQFDLGIPGGGVGLF
——-IGGQOSYICTKQSGFAINSTLAYGYVAARFHGT-TR-NMCCSCVLFSFQPQELANKKMLVQVTNTGNA-PETNTNLFDIAMPGSGVGYY

NLGCKTQWNAPDDGWGERYGGVTDIKGC-KQLPEQLQEGCRFRFTWMKGVPNPPVSFYQIKCPEYFVGVSKCGDL---
NHGCDAQWGAGENGWGRRYDGVSSLEEC-CLLPEVLQPGCRFRFQFMEGVYRPNVTFQEVQCPAELIAVTACGNLNY -
NLGCMTQWGTGEDGWGRRYGGVSSIEEC-SILPEVLOQPGCRFRFQFMEGVDNPKVSFQEVKCPAELVAVSACGDLD--
TOQGCRIQWNAPENGWGDRYGGVHSEQEC-NQLPWQLOAGCKFRFQFMQGVSNPDVSFQEVKCPSQLVSITGCGDL--—
N-GCVKQWNAPVDGWGERYGRVTSVEGC-DQLPVQLODGCKWRFEYLEGVSNPSATFYEVKCPSELIAITNCGDRD--
TQGCSSQWNADVSKWGDQYGGVHSIEEC-HNLPAHLOQPGCEFRFTWMKGYSNPDIEFDEVVCPKRLTDISGCYPASHP
TQGCHDQWNAPWNGWGDQYGGVHNRGEC-ATLPQALQSGCYFRFDFYQONANNPRMHFDQVQCPAEIVARSGCSL—-—--—
NQGCHDQWNAPWTGWGQQYGGISSREECLSLLPKELQSGCLFRFDFMONANNPOMYFEQVECPAELVKISGCSLPL--
PEGCHDQWNAPWTGWGDQYGGVHMRSECVTLLPEELQEGCKFRFDFMETAANPLVSFQQVVCPDELVKISGCRIPE-—
PKGCTAQWNAPSTGWGDLYGGVHTEEEC-NELPEVLOPGCKWRFTFMEGVSNPEVTFYQVQCPRELVERSGCVL---—
TOGCTSQWHTDVSSWGDQYGGVNSLQEC-YNLPQPLWEGCAFRFNWMLGYSNPDVSFEEVECPQELLSISGCDPISHP

———MRLGLFVLFCVTSTALAGTYTDRFLTQYRKIHDSNNGYFSKEGIPYHSVITLIVEAPDHGHETTSEAYSYYVWLEAVYGKVTGDFSS

MTPLHLLVLAVIIMNHASCESVYKQRFLEQYNKMHDPNNGYFSSKGIPYHAVITLVVESSDYGHETTSEAHSYYIWLEAMYGGITNNFSR

FNNAWNNLETYIIPVYSSQPTNSFYTPGHPATFIPEQDDPSQYP-SQIDSSVPVGQDPLHQELVNAYGSHEVYGMHWLLDVDNIYGEFGNT
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GTIQGTLAKAAKMGDYLRYALFDKYFKQVGNCDNRWSCPGGYGKSSAHYLLGWYYAWGGSVDTNGGWAWRIGDSAAHFGYQONPLAAYALA

SEITDTLQKAGKLGDYLRYCFFDONFKRIGNCIDPYKCPGGTGKDSAHYLLGWYFGWGGSISSEYGYSWRIGDGVAHFGYQNPMAAYALT

NDPNLRPKGATAVSDWQTSLERQLEFYEWLQSAEGAFAGGATNSINGHYDSPSSDLTANTFHGMYYDWEPVYHNPPSNRWYGMQSWSVDR
—————————————————————————————————— GAFGGGATNTWNGRYDTPPQELTTNTFHGMEFYDWEPVYHDPPSNRWYGMQSWSTDR
NEPNMTPKGATAVEDWQISLDRQLELYDYLQSVEGAFAGGVSNSWNGRYEQPPEELMDNTFHGMFYNWEPVAYDPPSNQWFGMQPWSTDR

LAQYYYVTGDSKAKSVLDKWVNWILKETTIEAGKSFKLPSQLSWSGNPPNVHCTINAYTTDVGSASGTARTLAYYAAKANHAQAKEVAKE
LAQYYYVTGDATAKTLLDKWVKWVISEIKFE-GTGYTHPDHLEWSGQPPNVHVQVTSYSDDVGTASSTA-———-——-———————————————
LAQYYYITGDDKAKKILDKWVSWIIANTYFE-GDDYRIPSTLDWVGVPPNVHCKVVYYGNGVGPAAATARTLSYYAARANHAEAKNLAKK

ILDIMWNNFQTSKGVSSPEVADTYTQFNEPVFVPNGWYGTYPKGDVIQSGATFLSLRSWYKSDPDWNKVQTYLNGGSAPTFTYHREFWAQA
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M--TNLTLLIVFSVIVATIAIPENST-KNIGDGCTISNIWEVENVVKNCKNIVVNNLYVPGGQKLELKLHSGTVLKFQGTTTFQHSNW-E
M--ATLTLFLVLCAAVATSAISLNST--NVGAGCTISKIGEVDNVVKNCKNIVINNLSVPGGKTLKLDLHPGTTLKFQGTTTFQHTNW-E

MYYTIMCYLFLFLLENAALVICKCSP--—-— TNCEITNFDQVSDTVHRCSDIIIRNLDVPAGQTLELDLKQGASLTFEGITTFDYTNW-S
M-NLFIIENFIVVVLLNSLLFISCVD----- QPCTITNFSQVSEVLQSCKNITISNLNVPAGQQLYLELLNDSSVTFEGVITFGVAQW-K
M-—————-— SYTKFLIVAFISTVSAN-—--- NNCTITEFAQVAEIVKECSNIVINDLVVPAYSTLLLNLKNGSRVTFTGNVLFEVGYW-E
M--RTIQLFEYFFLCSIAYASNLT--—-—-— ASCTISRFDHVDTVVSQCKSITVESFAVPAGQTLKLHLQYGTTLTFNGNIAFGYSEW-D
MIKTGMSLVLFFLGVVLAQE-——-—-—-—-— YDCEINSIDQVLPVIEKCSVITVKNLWVPSGQTLELSLKDNSHLIFDGNVTVGVKYQDE
MSSNKLIYSLLFVVISAAAKSLNE--—-—-— DCCTITEYSQVPDVVETCKNIVISNLRVPANKTLNLNLODGSELTFEGRTYFDYFEW-K
————————————————————————————————————————————— LNDC— == — = —m—mmm oo
L LFIYKILVLLIVVSIAAS——--- DICTISNYDLVDEALSSCIDIVISNLTVPSGKTLNLNLKERSTVTFDGVITFEVSFR-T
M-—-—- CYFNKFSLLLLLYSPLLSKS—-—-- DPCTVTQFSQVAQAVNDCTNLIISNLVVPGGQTLELHLKYGATVTFEGTTVFEVAHW-E

MGFSVLLFLSLLALISGTSVLQATNNTEAVGDSCTITQYSQVDGVLKSCTNIILSNVEVPSGKSLNLYLRDGSTLTVRGTISFDVGYN-N

GPLVEITGSNLHVSGA-GAILDGLGAQYWDGY-GDKGAVKPKFLKIRTT-GSTFDNIHLLNCPRQCVSILSSKQTTLTNEFNIDVSAGDIT
GPLISISGSNLHVSGS-GAVLDGLGSKYWDGK-GDKGAKKPKFFKIRETTGSTFDSIHLLNCPHQCVSIQNSKKTTLNNWNIDVAAGDIN
GPLIRINGSGFTIKGAPGSLLNGQGDLYWDHL-GDKGPKKPQFIKIEAFDGSIIENINLLNCPHHCVYVGKSDGLTIRGWVIDNSYGDON
GHLIVVKGHNVIIQGAPGSILNGQGOKYWDGQGGGGGTTKPKFEFYIETTGGSIFKNIYLYQCANWCVGIG-SKDVIITGWTIDNTAGDKD
GPLLEISGDGVEVQGNAGHIINAQGEKYWDGQGGSGGVTKPREFVVISTTGGSVLRNIYLLNCVYFCVGIH-ASDLTLSGWTIDAVAGNTR
GPLMWIKGDGITIQGTESHLLNGRGELWWDGHGDHSNKKKPQFMLIQATGNSLLKDIKVKNCPHTCIGISDSHDITLQHWTIDCQDGDTK
VPLIRISGANLFIEGRKDAVINGQGEKYWDGKGIEGKNRKPVLLEISAQ-ESLLKNINIRNCPQKCVNILKSANSSFTGWNIDITDGEKD
GPLVRFRGSQIVVQGAKGSFLDGQGALYWDGMGGNGGVTKPYFFQIETTGGSIFRNIHLLNCPHHCVIIS-STDLTITGWNIDVSAGDKG
GPLVNITGDDLIVRGAPGHVLDGQGELYWDHL-GGKGIKKPKFIRLOGN-NSRYENIYLKNCPVHCASVAVS-NSIIDGWLIDVSEGDKN
—————————————————— SILDAQGEKYWDGQGGAGGVTKPKFFYVQTTGGSILKNIYLLNCAHFCVGVG-AKDTTITGWTIDSVAGNKD
GFLVSVAGKNVLVQGAPGSILNGQGEKYWDGF-GDNGVVKPKFFRVATSGGSIFRNIYLLNCPHFCVGVY-ATDVTLTGWTIDVLAGNTR
GPRIEKKEENVEVQGASRSILNAQGEKYWDGHGGSGGVTKPREFVQISTTGGSVFKNIHLKNCALFCVGIR-ASDLTISGWNIDSHEGRKK
IWLVTISGNNIKVIGEKGSLFHGHGEKYWDGHGGSGGVTKPKLLQILNVNNAHFSNINLKNCPMFCTGITKAKDLTIDGWNADCAEGDKL
—————————————————————————————————— DKGNKKPKFFKIQATGGSVFKNINLLNCPHQCVSIQONSKQLTISNWNIDVSAGDKN
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MI-ALNTBGFSLID-SENVLIENSTIMNQD
G--GLNTBGFGIGN-GONILIENSVIMNQD
G--GANTBGFDIAK-SYKVTIKDTTVRNQD
NV-GVDTHGFAVAN-SSDITIIKESNIINQ
NL-GHNTBGFDVIY-GENIVIENSIVQONQD
NFTGHNTBGFDLS--STNLILQONSIVKNQD
LI-ALNTBGFGVSSHSDNILIENSVIMNOD;
G--GLNTBGFGIHS-GRNIVVQDSVVMNQD
——-GKNTBGFGIAA-GNNIHIENSSVDNQD;
——-GRNTBGIGISW-SQHVYINNAY IHNQD

CVAVNSGKNYHEFNKLNCNGGHGLSLSVGMSKNDSP-—---—-—--— RNHVEDVTFEFSNCIVSN
CVAVNSGKHYHFNKLTCVGGHGLSLSVGTSTTDPS——----—--— KNYAEDINFSDCSVSN
CIATRHGYNILVRNMYCAGGHGLSLSAGFSYTTFQ-—-—------— ENTITNVVIKDSVIAR
CIVVRRGNNMTFRNIKCFGSHGLSFATGFHETDGPFGHKEDDAEDIATDITFEDCLVAN
CVVVNSGSDMVEFRNLECYGSHGLSFSIGDSHNDDA-—-—-—-—--— AANTIKNITFSDCLVAN
CICVNQGQHLVFQONMHCIGGHGLSLASGL-WDTYE-—------— LNTIYNVTFONSIVEN
CIVVNQGSDLHFEQIVCRGSQGITVRPEWEY——————-—-—-—-——— ENYIRDVIFDDCTVIE
CVAINRGKNMLISNLRCYGGHGISLSVGFSHRSYK-—-—---—---— HNTVHNVTFIDCVVAR
CVVVNVGANILVRNMACYGGHGLSISAGFSKDDFA-—-—-—-—-—-—— KNSVYNVIFEDSLVHR
CVVVNQGTNMVFRNLHCYGSHGLSFAVGFGGRDKP————--— EDDSVASNITFENCWVAN
CVVVNSGTDMIFRNLQCYGSHGLSFSVGSKTEENA-—-—-—-—---— EAGIVONITFLDSLVAN
GIVVNGGTNMVENGIKCTGSHGLSFSAGSNTNDHA---—---— KYATINNITEFSNCELKD
CLYVNQGSDMVFTGIHCVGSNGICATAGFSKTSYE-—-—---—-—-— ENTTKNITFHNCVLEG

KL-GHNTBGFDISG-SDGVNFEYCTVQONODBCVAVNSGKNLHFNHMTCSGGHGLSLSIGMSKTDSS——-—-———— KN--=—————— ===
SLNGIHIKT-HSDAGKGYINGVEYRNIILKDITNYGINVQQODYQGGHSTGYPTSNIPINGLKLEGVTGSLRS-—---- GQPVYIFCGN-NA
SRNGIHIKT-HTDGANGYIRGVTYKNIKLSGITHYGINVQQODYNGGGSSGYATSNIQINGLHLOSVTGSLKS-—---- GKAVYILCGN-KA

SANGIHVKT-HADAYNGRIQONVTYENIFMSGLINYGINVQQODYVNGSATGVANNNIPIYNLNLINIRGTVRDSDSEKSMPVYINCGK-SA
GLYGIHIKT-APNGKRGRIENVLFKNIKLSGIQEDGIYIQQODYGD---IGKQDSNVTIKNLTLKNVYGSLQGIL---TRPIHIFCGNQGT
GLYGIHVKT-KK--GTGVLTDVTYENIRLSGITEDGIYINQDYGD---IGNYSREIEITNLKMSNIYGSVQGVL---TRPVHIVCSN-DK
SRNATHIKTIPVNNKKGEITSITYDNIKLIGISYYAINVQEDYTNDGPTGHPLGNIPVKDLKIHNVYGTMTGSN---SVKAYILCGS-GG
GQTGIRVVT-SPHQPEGYISNVIYRKIHLTGILFRGIDIRQDLDD---EGRPSGNVKITELDISDVKGNMTDKY---VRSVYIWCGP-DG
SENGIHVKT-HNDGYLGEIKNVTYKNIEFVDILNYGVNVQQODYANGTSTGNPTNNIPITNLSLINVHGTVKGSH---ATGVYILCGS-AG
SPNGIHVKT-HADSGPGIIQNITIYRNIRFEDINNFALNIQQODYVNGEATGIPGTNIPIVGLSLDNISGWMKSFNESPTLEALILCGD-GA
GLYGIHVKT-GAVGNKGRIENVVFRNIKLSGIQEDGIYIQQODYGN---IGNLESEVKIHNLTVENVTGSVQGVL---TRPIHIFCGNRST
GLYGIHIKT-KK--GSGTIRDVIYENIQLSGITEDGIYINQDYED---IGNYSREFEIHNLKISNVYGSIQGLL---TRPVHVVCNE-NK
GAIGIHVKT-KR--GTGLITNVTYDHITMTGMQKDGIYINQDYGD---VGNTTRDFQITNLKVSNVEGSIHGKG---ARAVHIVCND-KK
GLTGVQVIA-MADGGPGEITDIHFQSIILKGVRQQGVYVQOMDYGN—---DGHPNNNIAVTGLKLSHVTGTVSGNS---ARPYYIKCG--AK

CFNFNWSGVSITGGNQQSSCNYHPNGYYC-
CSNFNWSGISIYGGNEKNGCNYHPNGFEFSC-
CHEWSWSNINIAGGSNSSICNYTPDGYQC-
CSEWIFSNINILGGN-RSYCNYQ-—-—-———-
CONWTWSNINILGGG-KNYCNFQPTEFIC-
CTNWNWSEINVSGAAKPNSCNFTPNGFEFSC-
CANWNWSDIDIENAEVENACNEFLPNNWSCW
CIDWNWSEISITGAKRENSCNYVPSGYHC-
CDKWEFHNIDITGAQNNSICTFQPEGYSC-
CDDWKFSGINILGGG-QSYCNYVPDEFHC-
CSNWTWSNINILGTG-KSYCNYIPDGFRC-
CANWQWSNIDISGGA-KDYCNFHPTGFEFDC-
CSNWIFNDVQVTGGGVKSSCNYKPSGENC-



Figure S1. GH family gene sequences identified from the D. v. virgifera transcriptome. Amino
acid sequences of GH45 (A), GH48 (B), and GH28 (C) are shown in alignments. The labels for
partial sequences are shown in italics. Potential residues for the catalytic nucleophile and the proton
donor are highlighted with magenta and green, respectively (based on Sakamoto and Toyohara,
2009, Comp Biochem Physiol B 152: 390; Parsiegla et al., 2008, J Mol Biol 375: 499; van Santen et
al. 1999, J Biol Chem 274: 30474).



