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Abstract The aim of this study was to identify and characterize new Flammulina velutipes laccases from its whole-genome
sequence. Of the 15 putative laccase genes detected in the F. velutipes genome, four new laccase genes (fvLac-1, fvlac-2, fvlac3,
and fvLlac-4) were found to contain four complete copper-binding regions (ten histidine residues and one cysteine residue) and
four cysteine residues involved in forming disulfide bridges, fvLac-1, fvlac-2, fvlac3, and fvLac-4, encoding proteins consisting of
516, 518, 515, and 533 amino acid residues, respectively. Potential N-glycosylation sites (Asn-Xaa-Ser/Thr) were identified in the
cDNA sequence of fvlac-T (Asn-454), fvLlac-2 (Asn-437 and Asn-455), fvlac-3 (Asn-111 and Asn-237), and fvlac4 (Asn-402 and
Asn-457). In addition, the first 19~20 amino acid residues of these proteins were predicted to comprise signal peptides. Laccase
activity assays and reverse transcription polymerase chain reaction analyses clearly reveal that CuSO, affects the induction and the
transcription level of these laccase genes.
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Laccases (EC 1.10.3.2; benzenediol: oxygen oxidoreductases) fungal laccases for applications such as bio-bleaching, catalysis

are multicopper enzymes belonging to the “blue” oxidase of complex chemical conversions in the paper industry, textile
group that catalyze the oxidation of a wide variety of dye decolorization, and detoxification of environmental
organic and inorganic compounds, including diphenols, pollutants [5-8]. Numerous studies have focused on the
polyphenols, diamines, and aromatic amines [1]. Laccases molecular characterization of fungal laccases, as well as on
are prevalent enzymes, especially among plants and fungi methods for improving laccase production levels.

[2, 3], and fungal laccases are the most frequently studied. E velutipes is one of the major actively cultivated
The potential for biodegradation of various pollutants by mushroom species in the world; over 300,000 tons of this
laccase-producing microorganisms or purified laccases is one mushroom are produced per year [9, 10]. In a recent study,
of the most exciting subjects in environmental biotechnology we determined the whole genome sequence of E velutipes
research [4]. There has been growing interest in the use of ~ and identified 12 putative laccase genes [11]. In the whole

genome sequence, it was revealed E velutipes retains many
genes encoding laccase compared with either Postia placenta,
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Table 1. Primers used for RT-PCR
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Gene Accession No. Forward (5-3") Reverse (5-3")
B-Actin Control tggacaagtcatcaccatcg gaagcacttgcgatgaacaa
fvLac-1 KM276550 ctgccaacagagtcgttgaa tgtccgtagtgaagcgaatg
fvLac-2 KM276551 cgtaatcactttggccgat ccctggatcgagaacaaaaa
fvLac-3 KM276552 gcttcgagagagetgctgtt ttagcagcgattggacactg
fvLac-4 KM276553 gctgatcaagcagtggacaa gctgatcaagcagtggacaa

RT-PCR, reverse transcription polymerase chain reaction.

induction of individual laccase genes by copper.

MATERIALS AND METHODS

Strains and growth conditions. Flammulina velutipes
monokaryotic strain KACC42780 was obtained from the
Korean Agricultural Culture Collection (KACC; Rural
Development Administration, Korea; http://www.genebank gokr/)
and was grown at 26°C on mushroom complete medium
(MCM) agar (0.2% peptone, 2% glucose, 0.2% yeast extract,
0.05% MgSO,, 0.046% KH,PO,, 0.1% K,HPO,, and 1.5%
agar) for 14 days. To induce laccase expression, mycelia
were grown in MCM medium supplemented at the time of
inoculation with various concentrations of copper sulfate
(CuSO,). For genomic DNA and total RNA isolation from
mycelia, a 300-mL Erlenmeyer flask containing 50 mL
MCM medium was inoculated with fresh plugs from a
plate (five mycelial plugs per flask) and incubated at 26°C
for 2 wk without agitation.

Laccase gene identification. The genome-wide gene
identification of laccases was conducted by applying a
combination of several methods, including ab initio gene
structure prediction (Fgenesh; http://www.softberry.com), a
homology-based approach (Fgenesh+; http://www.softberry.com),
and transcriptome-based gene identification (Cufflinks;
http://cufflinks.cbcb.umd.edu/manualhtml) [11] to the E
velutipes whole genome sequence (AQHU00000000). Gene
prediction using the AUGUSTUS tool [14] with default
parameters based on Coprinopsis cinerea was also performed.
Functional annotation of the predicted genes was conducted
using BLAST ver. 2.2.17 software with a series of protein
databases, including the NCBI nucleotide (nt; http://
blast.ncbi.nlm.nih.gov/Blast.cgi), and nonredundant set
(nr; http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Total RNA preparation, cDNA synthesis, and reverse
transcriptase (RT)-PCR. Mycelia samples were ground
to a fine powder under liquid nitrogen using a mortar and
pestle and stored at —80°C. Total RNA was prepared from
tissue samples (100 mg) using TRIzol reagent (Invitrogen
Life Technologies, Grand Island, NY, USA) according to
manufacturer’s instructions. Total RNA (10 pg) was treated
for 30 min at 37°C with 1 U of RQl RNase-free DNase
(Promega, Madison, WI, USA). cDNA synthesis and RT-
PCR analysis were performed using 1 pg RNA in a 20-pL

reaction volume with oligo-dT18 and ImProm-II reverse
transcriptase (Promega). Reactions were first incubated at
25°C for 5 min, next at 42°C for 60 min, and finally at 70°C
for 10 min to inactivate the reverse transcriptase. PCRs
were conducted in a 50-pL reaction mixture containing
10 mM dNTP mixture, 10 pmol of each specific primer
(Table 1), one unit Tag-polymerase (TaKaRa Korea Biomedical
Inc., Seoul, Korea), 10x PCR buffer (100 mM Tris-Cl, pH
8.3, 500 mM KCl, and 25 mM MgCl,), and 1 pL c¢cDNA
product.

Sequence analysis. DNA was sequenced using the BigDye
Terminator Cycle Sequencing Kit (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer
instructions. Sequences were analyzed on an ABI Prism
3730 genetic analyzer (Applied Biosystems), after which
the sequence data were further analyzed using the Lasergene
software (DNASTAR Inc., Madison, WI, USA). The nucleotide
and amino acid (aa) sequences of the laccases were aligned
using the BioEdit program (http://www.mbio.ncsu.edu/
bioedit/bioedit.html). Prediction of signal peptides for the
E velutipes laccases was conducted using the SignalP 4.1
server (http://www.cbs.dtu.dk/services/SignalP/). N-glycosylation
sites (Asn-Xaa-Ser/Thr) were identified using the NetNGlyc
1.0 server (http://www.cbs.dtu.dk/services/NetNGlyc/). The
GenBank accession numbers of the sequences reported in
this paper are KM276550 (fvLac-1), KM276551 (fvLac-2),
KM276552 (fvLac-3), and KM276553 (fvLac-4).

Laccase activity and zymogram assays. Laccase
activity was determined using a modified 2,2-azinobis (3-
ethylbenzothiazoline-6-sulfonic acid (ABTS; Sigma, St
Louis, MO, USA) oxidation assay as previously reported
[15]. The assay mixture contained 9 uL ABTS (1.8 mM,
Sigma) and 10 pL culture supernatant in 181 pL of sodium
acetate buffer (50 mM, pH 4.5). Oxidation of ABTS was
monitored by determining the increase of absorbance at
420 nm (e420, 36,000/M/cm). One unit of laccase activity
was defined as the amount of substrate in micromoles
transformed per minute, reported in units per volume. All
experiments were performed in triplicate by using three
replicates of each set of conditions at each time point.
Laccase activity was determined using zymograms with
a modified sodium dodecyl sulfate polyacrylamide gel
electrophoresis technique [15, 16]. The separating and
stacking gels were 12% and 5% acrylamide, respectively,



Table 2. The predicted laccase genes of Flammmulina velutipes identified by BLAST analysis against the NCBI-nr database

Laccase Specificity for rediction tool Subject Score Identities Gaps
CA AU Subject ID Description Length  Start  End Bit E-Value (%) (%)
fvLac-1 ~ CA_fvLac-1 AU_fvLac-1 gb|AHD24907.1|  Putative laccase 6 [Flammulina velutipes] 516 1 516 243 0 96 4
fvLac-2 CA_fvLac-2 gb|AHD24908.1|  Putative laccase 7 [Flammulina velutipes] 520 1 520 942 0 96 0
gb|AFV15793.1]  Laccase [Leucoagaricus gongylophorus] 637 21 522 511  3.00E-173 52 16
gb|AHD24909.1|  Putative laccase 8 [Flammulina velutipes] 523 1 503 931 0 92 5
CA_fvLac-3 AU_fvLac-5 gb|ADX07329.1]  Putative laccase [Flammulina velutipes] 906 1 367 744 0 99 0
CA_fvLac-4 gb|AHD24917.1|  Putative laccase 4 [Flammulina velutipes] 642 1 632 1,273 0 97 0
CA_fvLac-5 AU_fvLac-6 gb|AHD24913.1|  Putative laccase 9 [Flammulina velutipes] 535 1 535 1,065 0 97 2
fvLac-3  CA_fvLac-6 AU_fvLac-7 gb|ADX07319.1]  Putative laccase 5 [Flammulina velutipes] 598 1 515 1,060 0 100 0
CA_fvLac-7 AU_fvLac-8 gb|AHD24910.1|  Putative laccase 10 [Flammulina velutipes] 502 103 502 816 0 99 0
AU_fvLac-9 gb|ADX07303.1]  Putative laccase 1 [Flammulina velutipes] 699 526 627 125 3.00E-31 56 2
fvLac-4  CA_fvLac-8 AU_fvLac-10  gb|AHD24916.1]  Putative laccase 3 [Flammulina velutipes] 670 1 670 1231 0 90 8
AU_fvLac-11 gb|ADX07303.1]  Putative laccase 1 [Flammulina velutipes] 699 532 699 185 1.00E-51 55 5
AU_fvLac-12 gb|ADX07303.1]  Putative laccase 1 [Flammulina velutipes] 699 556 699 182 7.00E-50 64 1
CA_fvLac-9 AU_fvLac-13 gb|AFA35114.1| Laccase [Flammulina velutipes] 535 1 535 1,107 0 100 0
AU_fvlac-14  gb|ADX07316.1|  Putative laccase 17 [Flammulina velutipes] 859 557 845 600 0 99 1

CA, combiined approches (Fgenesh, Fgensh+, and cufflinks); AU, AUGUSTUS tool.

w0 wny he€



and the electrode reservoir solution contained 25 mM Tris
and 192 mM glycine, pH 8.4. Gels were stained for laccase
activity using 5mM ABTS as the substrate. The total
extracellular protein concentration in the culture supernatants
was measured using the Bradford assay with bovine serum
albumin as the standard.

RESULTS AND DISCUSSION

Identification of laccase genes in the F. velutipes
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velutipes genes, determined using an approach combining
several techniques (Fgenesh, Fgenesh+, and cufflinks) [11],
were compared against the NCBI-nr database using BLASTP.
This examination showed that nine of the predicted proteins
shared sequence similarity with fungal laccases (Table 2).
Gene prediction using the AUGUSTUS tool uncovered 14
laccase genes in E velutipes, a higher number than revealed
using the combination approach (Table 2). Eight of the
laccase genes were identified by both prediction approaches
(Table 2, Fig. 1). Fungal laccases are secreted, glycosylated

genome. The predicted amino acid sequences of E proteins with two disulfide bonds and four copper atoms

CA_Lac-1, AU_LaC-l(fVLaC-l) -MSRSLTAFITLSLLVLRSFAGIGPI-TDLVIANADVAPDGFTRTAAL-SGGTVNGALITGSRGDNFQINVVNNLNDNNILQSTS-IHWHEM— FMAGTSWADGPAFVNQCPIAKSNSFVYDFTAL-- 120
CA_Lac-2, AU_LaC-Z(fVLaC-Z) -MLRALLTSTTLSLLVSRALAAIGPV-ADLVIANADVSPDGFTRTAAL-AGGTVSGVIITGNKGDNFQINVVNSLNDSRILQSTA-IWﬁGM— FMAGTNWADGPAFVSQCPIAKGNSFLYDFTAL-- 120
AU_Lac-3 - MLIAAVALAAGLTPVLAGIHEVWWDITYATANPDGLHERRVVGVNGSWPPPPIQVDSTDSLLVHVSNSLDEPTTLHHHG ~MLLNNSAWMDGAMGLSECGIPPGGQLDYAIPVDES 114
AU_Lac-4 - =MLRLVVALLCFGMGCLAVQVIGPS-GELPIVNKFLAPDGINRSTVV-AGGTFPGPVITGNKGDRFRLN FQHGTNYADGPSFVTQCPIAANHSFLYEFDVP-- 103
CA_Lac-3, AU_Lac-5 KASHAPTTLF GLGPNVLDEVARPRLHEGFTDGIQCLAAGGMHTLLIDAKGQLWSWGSNDD ~-LALGRQTDDVEGVDSDKLESTPARVQGLGSD-- 109
CA_Lac-4 MLSLHLLSTLSLAFSLFSSTSATPLLNVNVDVDSVVTYDLVVSEGLYNPDGGKDRLVYFMNGKFGSEMITIDEGDILELHVTSNISLPFTLHGHG - -LHQTGTPWMDGVPGVTQPMIQPGASFTYRYNVD-- 128
CA_Lac-5, AU_Lac-6 - ==MFSLGVSS--ILLLL! ILDIANDV I-VNGIFPGTIIQANKDDVLHITANNLLTDPTMSTSLSSLSRRALTFVKFQMRTATEDGPAFVNQCPVAPDHSYTYDIPLN-- 125
CA_Lac-6, AU_Lac-7(fvLac-3) - --MYPVSSTVSAVVFSLAACAYAAIGPS -SNMRIVNANISPDGFERAAVL -AGGTFPGPLVRGNKGDRFKMNVIDQLTDNTMLRSTS - THWHGM- - - -FMAGSSWADGPSFVTQCPIAANHSFLYDFKVP-- 121
CA_Lac-7, AU_Lac-8 - MAGTSWADGPSFVTQCPIAANNSFLYDFKVP-- 31

AU_Lac-9 e LR & CE T T MTNNNFNIFRVFCALLIFLLPQIHSR-- 26

CA_Lac-8, AU_Lac-10(fvLac-4) - LQKGTNWADGPSFINQCPIAPGNSFSYDFSAA-- 119
AU_Lac-11 - MSN---NTFRAIIALTLLLLLSISTN-- 23

AU_Lac-12 - MRR---FRARRPFTDNYRSCLAIPHA-- 23

CA_Lac-9, AU_Lac-13 - MLSLRVSQAFALLLL! YTFDIANDV I-VNGIFPGTLIQANKDDVLHITTNNILTDPNMRRSLT - THWHGL - FQMRTATEDGPAFVNQCPVAPGHSYTYDIPLN-- 122
AU_Lac-14 = meeeeeeeeeee- MLRSLPLFPLALASLVYAHAPTHVPGLGTWYHERDHPVHKLFPRAPTDGGQYDEVGSEAWTAA QSAIEAGKIPDIPTSDASTGFPTYDDDVDPASPEVCSATYKCR-- 125

Clustal Consensus

4

CA_Lac-1, AU_Lac-1(fvLac-1) EQAGTFWYHSHLSSQYCDGIRGPMVIYDPD- DPHAALYDVDN
CA_Lac-2, AU_Lac-2(fvLac-2) DQAGTYWYHSHLSTQYCDGIRGPLIIYDPD- DPHASLYDVDN
AU_Lac-3 GQAGTFWVHGHSNGHYVDGLRAPFIIHPP-

AU_Lac-4 DQAGTYWYHS| ILSVQYCDGLRGAFIVYDGENGKNDPHRDLYDVDD
CA_Lac-3, AU_Lac-5 = ====---- =--

CA_Lac-4

CA_Lac-5, AU_Lac-6 GQAGTYWYHSHLASQYVDGLRGALIVYDPV- DPHLGLYDIDD
CA_Lac-6, AU_Lac-7(fvLac-3)  DQAGTFWYHSHLSSQYCDGLRGPMVVYDPR- - - -DPHRKLYDVDD
CA_Lac-7, AU_Lac-8 DQAGTFWYH -FKQLSDWTEI-
AU_Lac-9 VLVPAH- -~

CA_Lac-8, AU_Lac-10(fvLac-4) DQAGTFWYHSHLSTQYCDGLRGPFVVYDPE- DPHGHRYDVDD
AU_Lac-11 VLADST--~-

AU_Lac-12 TRAGS--

CA_Lac-9, AU_Lac-13 GQAGTVWVHS“LASQVVDGLRGALIVVDPE- DPHLSLYDVDD
AU_Lac-14 -VDGDIWDAPDN

Clustal Consensus

~DDTVITLADWYHAFAKTLA-FP--

-QYGFVHLHAHSKNMQDDGLFMGLTVRPS LSRPAPFAQISSDVLDQTQLAAAALDSHSLLLADWRHYTSGEILKIWEE-SNIEPLCVKSILVNGQGSMVCPPAEELAPVAALKGLGNVTAMGCLFPDSPMLNPPTPGFGP
~ASTVITLADWYHLPSIGLTEQFLEVKSFHEPIADSGLINGKGRFVGGPQVDWSRINVVAGKR- -

-TPDSTLINGLGRWAEDPTSDLAVINVEAGVR--
TADAILINGL TSELAVINVQFGVR
~NEIHSYDDEYTVVLGDWYHQDHKT
HIANSTLINGKGRFGGDPTSELAVISVKPNVR
-FIAVTAASGDCMSVVVGSQGLKRIALIGAGS -~

ETTIITLADWYHFPTPVLLTVPGA-

IFDSTLINGKGRYVGGPATPFFKLNVVRGLR--
IFDSTLINGKGRYVGGPRTQLFKLNVIRGLR--
--ATRDLESRTLTIKDETYTLEPLPKQISNG
LPQSTLINGRGRFPQGPLNDLAVVNVVQGTR-~

ESTVITLSDWYHKLAPQQGAVP

-DKNTYTLEPLSQQGSRS
ASTVITLADWYHLPSIGLTEKYLE-KTFREPVADSGLINGKGRFEGGPKVQWARINVVAGKR

CA_Lac-1, AU_Lac-1(fvLac-1) -YRFRLVSMSCDPNFVFAIQG- -HTLNIIEADGVSTEPIEVDQITIFAGQRYSFVLTADQAVDNYWIRAEP-TPGPTG---FEDGINSAILRYSGAAEAEP---TDDTVESTNPLDENALVPLE-NP 329
CA_Lac-2, AU_Lac-2(fvLac-2) -YRFRLVSMSCDPNFLFSIQG- -HTLNVIEADGVSIVPRETDQIQIFAGQRYSFVLTADQEIANYWIRAIPNLPAPPANP-VENGINSAILRYVTADVAEP---LDDSIDIRNPLDENALVPLE-NP 333
AU_Lac-3 -LMKSFLSVDNPDGAEPVPDS - -PLIYYAQGASYLGGFNENAELIVEPGKTYRLRIINTSTFAMFMFWIDD TTSILVYSPHVKTIN----YGSIEEYHEIDDISLVPFIPFD 272
AU_Lac-4 -YRFRIISLACDPYYTFSIDG- ~HNLTIIEADGINVEPFTVNSLEIYAAQRYSAILKADQPVDSYWIRANPSSGQFIG FRNGVNSAVLRYVHADETVP - - -TTLQADVVNSLHEVDLHPLE-SP 321
CA_Lac-3, AU_Lac-5 - ---HQSFAVDGDGVAYAWGQN- - -HMHQLGLSREDSSIMLPTAIGVLHPRHHDGARVVSIACGEFHTLFLFSNGEVWGCGR - - - CDEYALGLANDHPAMIQVLQKHAQELPGIKQRLAEKYGCTTSD--- 258
CA_Lac-4 ESDISKMPVDMYETCDVENVGAPLYTVNVDNTLTSWAVLDFVNAGGLWEHRVSIDEHPMYVFAVEGEYLNVTEPVDAIVLASGMRAQVAIKLDKAPGSAYTIRIAANVAPQMISGYAVLQYASLDGTTAEFVKAEGYPAL 406
CA_Lac-5, AU_Lac-6 -YRFRIINMSGYGEFDFAIDG- ~HDMTIIEVDGVSHAPLRVDSFKIYAAQRYSFVVHANQPVDNYWI:! DGDNVFAVLHY TEDPFVAFKKGDELEEHLLVPLF-NP 351
CA_Lac-6, AU_Lac-7(fvLac-3) -YRLRLIAISCDPNWVFSIDG- ~HNMTVIEADGENTKPLLVDSVQIFAGQRYSLILHANQPVRNYWMRANP -NFGPTG- - -FDGGINSGVLHYVGAPGNRD- -PESVQAPSVNPLLETSLRPLR-DP 332
CA_Lac-7, AU_Lac-8 ~YRLRLVAISCDPNWVFSIDG- ~HNMTVIEADGINTKPLLVDSVQIFAGQRYSLILHANQPIRNYWIRADP-NFGPTG FEGGINSGILHYLGASSSQD--PTSIQAPSVHPLLETNLHPLK-DP 226
AU_Lac-9 -HLYQVVGGWGRNKVPATAKR - ~FIPENNSEQEIEEEIALTKMYX == == m e o e oo e oo oo e oo oo e e oo e e e e c e m e e ccccccemceccceeeceeccaoaoee 103
CA_Lac-8, AU_Lac-10(fvLac-4) -YRFRLIAMSCAPNWVFSIDN- ~HLLEVIEADGINTQPLLVDSIQIFAGQRYSFVLTADQAVDNYWIRADP-NEGNQG FEGGINSAVLRYSGAPETEPSYDVTKEVILFNPLVETNLHPLVTET 333
AU_Lac-11 -YVFQVVGGWGTKKTPATAKL - ~FLSAENDADDIINEIVFAKLATQWLADGKDSTSGADWLILKDLMSPEVSGDQMYH FLDIIDYLPTKQECEDAIEAAPGLVKKAAKKMFGRGVAX- ===~~~
AU_Lac-12 -YVYQVVGGWGANKTPATAKM- ~FRLGENDADDISDETDFAKKARQWLADGKDSTEKEDWLILTDLMSPEVSGEQMYH- - -FEDLIQKLSTKKECEEAINAAPGLVKTAAEEKFGQGIAIYDLS -
CA_Lac-9, AU_Lac-13 -YRFRCINI: IEG- ~HDMTIIE LRVDSFEIYAGQRYSFVLNANQRVDNYWISAPMEMHHDSDNDNLDGDNVFAVLHYEGAPDTDPKGDARKAFKKGDELEEHLLVPLF-NP 347
AU_Lac-14 -FVIGLNIRSRPQEFLRILDQ---GGDIAVHTYTHPYMTSLTNLEVVAEFGWTMEIIRRSAGGRIPKYWRPPTGDMDHRVRSIAREIFGLEVIMWNHDTFDWRMSQGGTTPQIINASLTEWITGPKS--- 289
Clustal Consensus .

CA_Lac-1, AU_Lac-1(fvLac-1) GADGTAEVGADDVFAINLALAFDLSTFK--FTVNGATFEPPTTP- -VLLQLLSG-AQTADTLLPAGSLFTLPANRVVELSIPSEGLIGGPHPFHLHGHVFDVI 427
CA_Lac-2, AU_Lac-2(fvLac-2) GAP------ TGTIFPVNLQFGFNPANLQ--FTVNGAPFIPPDVP- -VLLQLLSG-AQTPDTLMPGGSIIRLPANAVVELSMPSGGLAGSPHPFHLHGHVFDVI 425
AU_Lac-3 APAATR----VIELEADFDTMSDGTNRG- - -MFNQITYTPPLVP- -AVFSALSLGSNATVEHAVGPLSFVLEHLDVVDIIIK--NADDNQ” PFHFHGHIPMIV 364
AU_Lac-4 GAPGAP-VPGGADVVLNMTLGFIVETGR--FTMNGEVFVPPTIP -VLLQVLSG-AKLAQDLLPNGSVYGLPLNSTVEINLLGGDAPGS! =-HVFDVV 411
CA_Lac-3, AU_Lac-5 = =e--e---- PQLANLKIDLHIR-========-= EPVRIAFPPPPTE- SDPTPALPPVSRVSGTRITGIAAGPRVSLACSEDGSMVA 323
CA_Lac-4 PPSKPSVHYSGALLTTATGLSHNATDFDD-YGTGAAPF JVAQT TIWAMNDTGLHQSLYEDNGPLIWDSVWRSVAADKSGVLGAHSIDFVNQKDTVIDLVFVVNENSPPHPIHKHFNKFWVI 545
CA_Lac-5, AU_Lac-6 EAPGGAG-PADHVIDLEFKEEVNRTTGHRIWTINGLGYIPPDLP- ~TLLNVIANNATGMGSFGPNENTHVLNFNETVELVIH-GSAGGHTHPFHLHGHAFSIV 450
CA_Lac-6, AU_Lac-7(fvLac-3) QAPGG- - -DGEADVVIRLELAFDLTMFL--FTVNGVPFVPPTAP ~VLLQILSG-ATNAADLLPTGSVYELPANKVVELVIP-GFAIGGPHPFHLHGHTFSVV 426
CA_Lac-7, AU_Lac-8 QAPGG- - -DRKADVVIRLELAFDLTTFL--FTVNGVPFISPTAP -VLLQILSG-VMDAEDLLPPGSVVGLPPNKVIELIIP-ALDIGAPHPI—JHLHGHAFSVV 320
AU_Lac-9 103
CA_Lac-8, AU_Lac-1@(fvLac-4) EGVAGGHFNDGADVNINLAFAIDPKLGR--FTVNGATYRAPTMP -VLLQIMSG-ASSAQNLLPSSSIYELPLNKSIQLSFP-GGAPGS! PFHLHGHAFDW 430
AU_Lac-11 - 167
AU_Lac-12 - ELLNIVFNLSMTKADLLDMGGATSPAQLLTYQTKA 229
CA_Lac-9, AU_Lac-13 EAPGGA--TADHIIDLKFTEDKNDTTGHRIWTVNGLAYAAPDLP- -TLLNILANNATEMGDFGPNENTNVLKFNETVELVIH- GSAGGHIHPFHLHGHAFSI\I 445
AU_Lac-14 = mmeemee-- PGLIILQHELSPQTVKAFVDAYPLMKSSGWETKSQA- LLFSESAWQNSDGTEDNSTVTATSVLLPFVPPTGTPITSEDEE,EDETDTSSTS 378

Clustal Consensus
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CA_Lac-1, AU_Lac-1(fvLac-1) -TDYNFENPPRRD- - - - -VVSIGAAGDNVTIRFTTDNPGPWF LHCHIDWHLEAGLALVFAEDTDN- - -WDVSTPPT - SWDELCPIYDALSEDDLX - 517
CA_Lac-2, AU_Lac-2(fvLac-2) -TEPNLTNPPRRD- - - - - TVSIGNAGDNVTVRFVTDNPGPWF LHCHIDWHL ELGLAVVFAEDTDR - - -WVSNIDPSPAWDELCPIYSALPPGDLX~ 519
AU_Lac-3 -TINVP-AGGSATLRIIADNPGAWFMH&IE’..iLENHRKGQLGEFQRX - 435
AU_Lac-4 -TTPVA-LGNLTTIRFRTDNPGPWFLHCHIDFHLEGGLAVILAEDFPN- - - ISIMNPVPETWNDLCPTYYNLSLDQIX- - 501
CA_Lac-3, AU_Lac-5 ~AAQLGLGKDVESAATPTRVRSKTMKEYVVLEVDAGGQHALVSATKANX - - 376
CA_Lac-4 TPPAKAAAGGSWLAIRYI ITVHCHI. STIQKKKISX- - 634
CA_Lac-5, AU_Lac-6 -VVGIG--GSTVRIRFRADNPGPWFLHCHIDWHLEAGLAVVFAEAPREQREGPQSLIIKPEYLELCPIYNALAPELQX- - 541
CA_Lac-6, AU_Lac-7(fvLac-3) -STYNYENPVRRD -VVSIGQPGDEVTIRFLTDNAGPWFLHCHIDWHLEIGLAVVFVEDMG- GMAQQNPPAAWDKLCPIYDALDPSQLX- - 516
CA_Lac-7, AU_Lac-8 ~STYNYNNPVRRD -VVSTGLPGDEVTIRFRTDNAGPWFLHQ‘IIDWHLDIGLAVVFAENIP- GIAKQNPPAAWDKLCPIYDALDPSQLX- - 410
AU_Lac-9 L EELEEELELLEELE)

CA_Lac-8, AU_Lac-10(fvLac-4) AVIFTEGTNRE--GALANPTPDSWDDLCPAYNALSPTDIGGIIPDILPTASX 534
AU_Lac-11 - - 167
AU_Lac-12 - - 229
CA_Lac-9, AU_Lac-13 =PSNFINPPQRD- - - - -VVGVG- -GSTVRIRFRADNPGPWF LHCHIDWHL EAGLAVVFAEAPQEQREGPQSLIIKPEYLELCPIYNALSPEFQX- 536
AU_Lac-14 --SGTTSASGTG- - STSGSGSGGSSSGNGGSSSSTDVDSALTNGMNLALTTSMLLFAFASLHX - 442

Clustal Consensus

Fig. 1. Amino acid sequence alignment of Flammulina velutipes laccase genes identified using either the combination approach
or the AUGUSTUS tool. Histidine (His) and Cysteine (Cys) residues predicted to be involved in the binding of copper are
highlighted with gray boxes. Arrows indicate Cys residues involved in the formation of disulfide bridges.



326 Kim et al

fvLac-1 --MSRSLTAFITLSLLVLRSFA!G---IGPIT--DLVIANADVAPDGFTRTAALSGGTVN-- --GALITGSRGDNFQINVVNNLNDNNILQSTS IGMFMA 91
fvLac-2 --MLRALLTSTTLSLLVSRALA!A---IGPVA--DLVIANADVSPDGFTRTAALAGGTVS -GVIITGNKGDNFQINVVNSILQSTA JGMFMA 91
fvLac-3 MYPVSSTVSAVVFSLAAC- - - - -AY, IGPSS--NMRIVNA:::PDGFERAAVLAGGTFP -GPLVRGNKGDRFKMNVIDQLTDNTMLRSTS JGMFMA 92
fvLac-4 ---MFSLALGFALSLSAR---L-AFAAIGPVT--DLRIQNAHLGLDGYDRSGVFADGMFP- - --GPLIIGNKGDDFKINVINELTDEAMLKTTS. GLLQK 90
pox1 MFPGARILATLTLALHLLHGTH-AY IGPTG--DMVIVNEDVSPDGFTRSAVVARSDPT -SETLTGVLVQGNKGDNFQLNVLNQLSDTTMLKTTS IGFFQS 103
pox3 --MIAPVLSFGLTVLSLLSP- NAAIGPVA--ELDIVNRHIAPDGYSRQAILANGIFP--- ----GPLIVGQKGDTFRLNVKDSLNDPTMKTSTS GLYQE 92
pox4 MRTFSRFLASLTLFLWLQSGAN!AV IGPTG--NMRIVNKVVSPDGFSRSAVVAGKTTAGATN------ PGVLIRGWKGNNFKLNVVNELTDTTMLKTTS. GFFQA 101
poxalb --MAVAFVALVSLALALVR----VE. IQPRG-—TLNIANKVIQPDGFVRSTVLAGGSYP—— --GPLIKGKTGDRFQINVVNKLADTSMPVDTS. JGLFVK 91
poxa3 -MVLSTKLAALVASLPFV- - - LAATKKLDFHIRNDVVSPDGFERRAITVNGIFP- - --GTPVILQKNDKVQINTINELTDPGMRRSTS.
poxc MFPGARILATLTLALHLLHGAH-A--AIGPAG--NMYIVNEDVSPDGFARSAVVARSVPATDPTPATASIPGVLVQGNKGDNFQLNVVNQLSDTTMLKTTS
G.lucidum MAKFQSLLSCVTLLFAAS: --~-- AHAGIGPKA--DLTISNANIAPDGYTRAAVVVNGVFP ——GPLITGNKGDRFQLNVIDQLﬂ::thKTTS
L.eodes MLPFVYLLAAELVCLVYGAEVI RDTUVGQTVS ENLFIVNKQLAPDGFQRSTVLAGLTPSTGSFP------ GPLISGNKGVRFNi LTDPSMVRSTT
P.cinnabarinus MSRFQSLLSFVLVSLAAV----- ANAAIGPVA--DLTLTNAAVSPDGFSREAVVVNGITP-- --APLIAGQKGDRFQLNVI MLKTTS
T.versicolor MGKFHSFVNVVALSLSLSG--R-VFGAIGPVT--DLTISNADVTPDGITRAAVLAGGVFP-- --GPLITGNKGDEFQINVIONLTNETMLKSTT
Clustal Consensus : . s *or Rk .o P T T A *

3 b4
fvLac-1 GTSWADGPAFVNQCPIAKSNSFVYDFTALEQAGTFWYHSHLSSQYODGIRGPMVIYDPDDPHAALYDVDNDDTVITLADWYHAFAKTLA---FPT-----PDSTLINGLG 193
fvLac-2 GTNWADGPAFVSQCPIAKGNSFLYDFTALDQAGTYWYHSHLSTQY(DGIRGPLIIYDPDDPHASLYDVDNDDTVITLADWYHVFARGQAG--VPT -ADAILINGLG 194
fvLac-3 GSSWADGPSFVTQCPIA4[::rLYDFKVPDQAGTFW SHLSSQY/QDGLRGPMVVYDPRDPHRKLYDVDDESTIITLADWYHTPAMAAGP--VPI -FDSTLINGKG 195
fvLac-4 GTNWADGPSFINQCPIAPGNSFSYDFSAADQAGTFWYHSHLSTQYODGLRGPFVVYDPEDPHGHRYDVDDESTVITLSDWYHKLAPQQGA--VPL-----PQSTLINGRG 193
pox1 GSTWADGPAFVN IASGNSFLYDFNVPDQAGTFWYHSHLSTQY(GDGLRGPFIVYDPSDPHLSLYDVDNADTIITLEDWYHVVAPQNAV--LPT-~---~ ADSTLINGKG 206
pox3 KTTWADGPAFVTQCPIVPGHSFEYNFHVPEQAGTFW' lYGTQY/QDGLRGPFVIYDDCDPHKDLYDVDDESTVLTIGDWYHPTAEELVARGGPPQ- - - -PDLTVFNGIG 198
pox4 GTSWADGPAFVTQCPIAAGNSFLYDFKVPDQAGTFWYHSHLSTQYODGLRGAFVVYDLFDPHRLRYDIDNADTVITLEDWYHVVAPQNGP--IPT--- -~ PDSTLINGLG 204
poxalb GHNWADGPAMVTQCPIVPGHSFLYDFEVPDQAGT FWYHSHLGTQY/(DGLRGPLVVYSKNDPHKRLYDVDDESTVLTVGDWYHAPSLSLTG- - -VPH----PDSTLFNGLG 194
poxa3 KTSGMDGPSFVN lPLVDFDTAGQTGNVW HSHLSTQY/ODGLRGSFIVYDPNDPLKHLYDVDDESTIITLADWYHDLAPHAQNQFFQTGSVPIPDTGLINGVG 199
poxc GSSWADGPAFVTQCPVASGDSFLYNFNVPDQAGTFWYHSHLSTQY/(QDGLRGPFVVYDPSDPHLSLYDIDNADTVITLEDWYHIVAPQNAA--IPT-----PDSTLINGKG 208
G. Lucidum GTNWADGPAFIN IASGHSFLYDFQVPDQAGTFWYHSHLSTQ CDGLRGPFVVYDPKDPLKGLVDVVITLSDWVHVAARLGPS--FPLG- -SDSTLINGLG 196
L.eodes TTNVADGVAFVSQCPIAd[::FLYDFQVPDQAGTFW SHISVQYQDGLRGPLVIYDPQDPQAYLYDVDDETTVLTIADCTELIAAAVAP----- L----ADATLINGKG 205
P.cinnabarinus GTNWADGVSFVN IASGHSFLYDFQVPDQAGTFWYHSHLSTQYODGLRGPFVVYDPNDPQASLYDIDNDDTVITLADWYHVAAKLGPR--FPLG----ADATLINGLG 196
T.versicolor GTNWADGAAFVNQCPIATGNSFLYDFTVPDQAGTFW' ES LSTQYGDGLRGPLVVYDPDDHNAS|LYDVDDDTTVITLADWYHTAAKLGPA- - FPAG- - - -PDSVLINGLG 198
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¥

fvLac-1 RWAED- -PTSDLAVINVEAGVRYRFRLVSMSODPNFVFAIQGHTLNIIEADGVSTEPIEVDQITIFAGQRYSFVLTADQAVDNYWIRAEP- - - - TPGPTG- - FEDGINSA 295
fvLac-2 RWASD--PTSELAVINVQFGVRYRFRLVSMSCDPNFLFSIQGHTLNVIEADGVSIVPRETDQIQIFAGQRYSFVLTADQEIANYWIRAIPN---LPAPPANPVENGINSA 299
fvLac-3 RYVGG--PATPFFKLNVVRGLRYRLRLIAISCDPNWVFSIDGHNMTVIEADGENTKPLLVDSVQIFAGQRYSLILHANQPVRNYWMRANP - NFGPTG--FDGGINSG 297
fvLac-4 RFPQG--PLNDLAVVNVVQGTRYRFRLIAMSCAPNWVFSIDNHLLEVIEADGINTQPLLVDSIQIFAGQRYSFVLTADQAVDNYWIRADP - - - -NEGNQG--FEGGINSA 295
pox1 RFAGG--PTSALAVINVESNKRYRFRLISMS( erIrbIDGHSLQVIEADAVNIVPIVVDSIQIFAGQRVSFVLNq:ﬁjNDNVNIRADP————NLGSTG——FDGGINSA 308
pox3 RSVDG- - PPVPLYVLNVEQGKRYRIRLINIACEPNYNFTIDGHQMT IIETDGENTVPLDVDAIDIFASQRYSFVLHANQPIGNYWIRGNP- - - -9AGPTG- - FQNGINSA 300
pox4 RVAGG--PTSPLAVVRVLNGLRVRFRLVSLSCD'EEEFSIDGHKLLVIEADAVNVQPVEVDSIQIFAGQRVSFVLKANQQIGNVNIRAQP----NLGTVG--YVGGVNSA 306

poxalb RSLNG--PASPLYVMNVVKGKRYRIRLINTSCODSNYQFSIDGHTFTVIEADGENTQPLQVDQVQIFAGQRYSLVLNANQAVGNYWIRANP- - - -NSGDPG- - FENQMNSA 296
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poxa3 RFKGG- -PLVPYAVINVEQGKRYRFRLIQISCGRPFFTFSIDNHTFDAIEFDGIEHDPTPAQNIDIYAAQRAS IIVHANQTIIDNYWIRAPLTGGNPAGNPN- -LDISLIRA 305
poxc RYAGG- -PTSPLATINVESNKRYRFRLVSMSCDANFTIFS IDGHSLLVIEADAVNIVPITVDS IQIFAGQRYSFVLTANQAVDNYWIRANP - - - -NLGSTG- - FVGGINSA 316
G.Lucidum RSTGLAVGKRYRFRLVSLSCDDGHDMSVIEADGIATQPVTANAIQIFSAQRVSFVLT@GNVNIRFGNIG--FTNGINSA 298
L.eodes RYLGG- - PAVPLAVINVQQGKRYRFRMISIACGDANHNFSIIDGHRL TVIEVDGENHEPATVDNIQIFPGQRYSFVLDATQPVDNYWVRALSSS - -GVGTSG- - FIGGLNSG 309
P.cinnabarinus RSPGT--TTADLAVIKVTQGKRYRFRLVSLSCDFSIDGHTMTVIEADSVNTQPLEVDSIQIFAAQRVSFVLDASQPVDNYNIRANP- AFGNVG- -FAGGINSA 298
T.versicolor RFSGDGGGATNLTVITVTQGKRYRFRLVS ISCDRANF TIF SIDGHNMTILIEVDGVNHEALDVDSIQIFAGQRYSFILNANQSIDNYWIRAIP- - - -NTGTTD--TTGGUNSA 302
Clustal Consensus * L S D Eoke k3 kE X, o et 3 Ry Wk koo kK oo kEkok, . : . 118
fvlac-1 ILRYSGAAEA-EPTDDTVESTNPLD- - -ENALVPLE - -NPGADGTAEVGADDVFAINLALAFDLSTHKFTVNGATFEPPTTPVLLQLLSGAQTADTLLPAGSLFTLPANR 399
fvLac-2 ILRYVTADVA-EPLDDSIDIRNPLD- - -ENALVPLE - -NPGAP- - - - - - TGTIFPVNLQFGFNPANLQFTVNGAPFIPPDVPVLLQLLSGAQTPDTLMPGGSIIRLPANA 397
fvLac-3 VLHYVGAPGNRDPESVQAPSVNPLL - - - ETSLRPLR - - DPQAPGGD - - GEADVV - IRLELAFDLTMFLFTVNGVPFVPPTAPVLLQILSGATNAADLLPTGSVYELPANK 399
fvlac-4 VLRYSGAPET-EPSYDVTKEVILFNPLVETNLHPLVTETEGVAGGHFNDGADVN- INLAFAIDPKLGRFTVNGATYRAPTMPVLLQIMSGASSAQNLLPSSSIVELPUNK] 403
pox1 ILRYAGATED-DPTTTSSTS-TPLE- - -ETNLVPLE - - NPGAPGPAVPGGADIN- INLAMAFDVTNFELTINGSPFKAPTAPVLLQILSGATTAASLLPSGSIYSLEANK 410
pox3 ILRYKGAPLV-EPSTPYINATNPMR- - - EVDLHALE - - NPAAPGLPFPGGADIL - LNFAFSFDPMTSRFATNGVSFQSPTVPVLLQILSGAQSAQSMLTEGGVYTLPPNK 403
pox4 ILRYILAPNA-DPTTTEPASPVPLL---ETDLVPLS - -NPGAPGPPVPGGADVN - INLALNFDFTTFEMTINGNPFHPPTAPVLLQILSGAVTAASLLPAGGVYELPPNK 409
poxalb ILRYKGARSI-DPTTPEQNATNPLH- - - EYNLRPLI - -KKPAPGKPFPGGADHN - INLNFAFDPATALFTANNHTFVPPTVPVLLQILSGTRDAHDLAPAGSIYDIKLGD 399
poxa3 ILRYKGAPAV-EPTTVATTGGHKLN- - -DAEMHPIA- - -QEGPGNLGTGPPDMA-ITLNIAQ-PNPPFFDINGISYLSPSVPVLLQMLSGARKPQDFLPSEQVIILPANK 406
poxc ILRYAGATED-DPTTTSSTS-TPLL---ETNLVPLE - -NPGAPGPPVPGGADIN-INLAMAFDFTTFELTINGVPFLPPTAPVLLQILSGASTAASLLPSGSIYELEANK 412
G.Lucidum ILRYSGADPI-EPTTAQQTTQNLLN- - - EVDLHPFVAKQT - - PGRATQGGTDVA - INMVFNHNGSN - - FFINNASF TPPTVPVLLQILSGAQAAQDLLPSGSVYTLPINK| 399
L.eodes ILRYQGAPDA-DPTTTNSTT ESMLHPLE--NPGAPGLPFPGGADEV-LGFNLPAT-FFVIPPTVPVLLQILSGAQSPQDLLPPGSVVTLP 410
P.cinnabarinus ILRYDGAPEV-EPTTTQTTSTKPLN EADLHPLTPMPV--PGRPEAGGVDKP-LNMVFNm--FF INNHS FVPPSVPVLLQILSGAQAAQDLVPDGSVYVLPSNS| 399
T.versicolor ILRYDTAEDI-EPTTNATTSVIIPLT- - - ETDLVPLDNPAA- - PGDPQVGGVDLA-MSLDFS - -FFINNETIFVPPTVPVLLQILSGAQDAASLLANGSNYTLPSN- 462
Clustal Consensus :*:* * s* : HE HEE S Kk, 3k EEEEkkg ek, | 3 : o . 149
fvLac-1 GHVFDVIRGPGQ- - - TDYNFENPPRRDVVSIG-A-Al RFTTDNPGPWF EAGLALVFAEDTD--NWDVST 496
fvLac-2 VVELSMP- - GHVFDVIRGPGQPANTEHNLTNPPRRDTVSIG-N-A RFVTDNPGPWF ELGLAVVFAEDTD- -RWVSNI 497
fvLac-3 VVELVIP-- GHTFSVVRSAGS - - -STYNYENPVRRDVVS IGQP - - GDEVTIRFLTDNAGPWF EIGLAVVFVEDMG- -GMAQQN 495
fvlac-4 [SlroLsFp- GHAFDVVRSAGS - - - SQYNYIDPIRRDVVSTGDV - - GNVTILRFVTDNAGPWF EAGLAVIFTEGTN--REGALA 499
pox1 VVEISIP- GHTFDVIRSAGS - - - TTYNFDTPARRDVVNTGTD - ANONVTIRFVTDNPGPWF 505
pox3 VIEISMP- GHTFSVVRSAGS - - - SVYNYENPVRRDVVSIGDR - - GANVTIRFVTDNNGPWF LDLGLAVVLAENP- 498
pox4 VIELSMP-- GHTFDVIRSAGM- - - TTYNFDTPARRDVVNTGVS - TDONVTIRFVTDNPGPWF LEIGLAVVFAEDAP- - -SVNTE 505
poxalb VVEITMP-- GHT FAVVRSAGS - - -STYNYENPVRRDVVS IGDDP - TNV TIRFVADNAGPWF DLGFAVVFAEGV- - {NQTIAAA 495
poxa3 LIEVSIP- GHTFDIVRTSNS - - -DVVNLVNPPRRDVLPINGG- - - {NTTFRFFSGNSGAWF EAGLAVVFAERPAEVNEGEQA 499
poxc VVEISMP-- HLHGHTFDVIRSAGS - - - TTYNFDTPARRDVVNTGTG- ANONVTTRFVTDNPGPWF EIGLAVVFAEDVT---SISA- 507
G.Lucidum SEELTFP----- HLHGHS FAVVRSAGS - - - TEYNYNNPVWRDVVSTGTPAAGINVTIIRFQTDNPGPWF LEAGFAVVFAEDT---ADTSLA 498
L.eodes TLEINFFG- HLHGHS FDVVRSADN- - - TTIYNYENPVSCTYVVHPKQ- - - - - TTIRFVTDNPGPWF LEFGLAVVMAEAP 503
P.cinnabarinus LEISFP-- HLHGHT FAVVRSAGS - - -SEYNYDNPIFRDVVSTGQP - EAGFAVVLAEDT 496
T.versicolor SIEISFPIITTDGALNAPGAPHPFHLHGHTFSVVRSAGS - - - STFNYANPVRRDTVSTGNS - - LDAGFAIVFAEDT---ADTASA 504
A P x ox .

LRk gk ok RokkKK D okpkggg K

fvlac-1 -PPT-SWDEL|CPIYDALSEDDLX- - 517
fvLac-2 -DPSPAWDEL/CPIYSALPPGDLX- - 519
fvLac-3 - - PPAANDKLICPIYDALDPSQLX - = = = == = = === === - 516
fvlac-4 [NPTIPDSWDDLICPAYNALSPTDIGGIIPDILPTASX--- 534
pox1 - -PPAAWDDL{CPIYDALSDSDKGGIA- - - 529
pox3 EPIPQAWYDLICPTYDDYNRTHPST- - - - 522
pox4 -NPPASWDAL|CPIYDALTDEEKGGLLPT- - --- 532
poxaib NPVPEAWNNLICPIYNSSNPSKLLMGTNAIGRLPAPLKA 533
poxa3 QIVTQDWRTL| --- 521
poxc - -PPAAWDDL] - 533
G.Lucidum NHVPQAWSDL| - 520
L.eodes DVTTPAWDEL| - 526
P.cinnabarinus NPVPQSWSDL] - 518
T.versicolor NPVPTAWSDL| - 526

Clustal Consensus A

Fig. 2. Amino acid sequence alignment of laccase genes from Flammulina velutipes and other Basidiomycetes. His and Cys
residues predicted to be involved in the binding of copper are highlighted with gray boxes. Potential N-glycosylation sites (N-X-
S/T) are highlighted with boxes. Arrows indicate Cys residues involved in the formation of disulfide bridges. Triangles indicate
the position of signal peptide cleavage sites predicted by SignalP V4.1. Positions of identical amino acid residues are marked
with asterisks below the sequence. Colons and dots indicate the positions of amino acid residues with strong and weak
similarity, respectively.



distributed between a mononuclear site (T1, where the
substrate is reduced) and a trinuclear cluster (T2/T3, where
oxygen is bound and reduced to H,0) [6]. Thus, electrons
are transferred from substrate molecules to the trinuclear
T2/T3 center via the T1-bound copper; subsequent to the
electron transfer, the dioxygen in the trinuclear center is
reduced to two molecules of H,O [17, 18]. The protein
sequences of previously predicted laccase proteins indicate
that all these enzymes contain four conserved copper-
binding regions, as well as highly conserved copper-binding
ligands consisting of ten histidine residues and one cysteine
residue [13]. Of the 15 putative laccase genes identified in
E velutipes, only four genes (fvLac-1, fvLac-2, fvLac-3, and
fvLac-4) conformed to the fungal laccase characteristics
described above (Fig. 1). The amino acid sequence of the
other 11 genes did not contain either the four complete
copper-binding regions (ten histidine residues and one
cysteine residue) or the four cysteine residues involved in
the formation of the disulfide bridges (Fig. 1). Using cDNA
sequence analysis, the open reading frame size of laccase
genes fvLac-1, fvLac-2, fvLac3, and fvLac-4 were estimated
to be 1,551 bp (516 aa), 1,557 bp (518 aa), 1,548 bp (515 aa),
and 1,602 bp (533 aa), respectively. The intron positions of
fvLac-1, fvLac-2, fvLac3, and fvLac-4 were determined
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analyzed by aligning between their genomic DNA and
cDNA sequences. Obtained by cDNA sequencing. These
comparisons revealed that the genomic DNA of fvLac-1,
fvLac-2, fvLac3, and fvLac-4 contain 17, 17, 13, and 16
introns, respectively, with an average intron size of 52.5 bp,
and that all the splicing sites follow the GT-AG rule
(Supplementary Figs. 1~4). Figs. 2 and 3 show the alignment
of the predicted amino acid sequences of genes fvLac-1,
fvLac-2, fvLac3, and fvLac-4 with those of previously
reported fungal laccases. The E velutipes laccases share
45.5~63.9% homology with the laccases of other fungi,
including Pleurotus ostreatus (poxc [GenBank accession
No. Z34848], pox1 [GenBank accession No. Z34847], poxalb
[GenBank accession No. AJ005018], pox3 [EMBL accession
No. FM202671], pox4 [EMBL accession No. FM202672],
and poxa3 [EMBL accession No. AJ344434]), Ganoderma
lucidum (GenBank accession No. ACR24357), Lentinula
edodes (GenBank accession No. AAF13037), Pycnoporus
cinnabarinus (GenBank accession No. 059896), and Trametes
versicolor (GenBank accession No. BAA23284). The predicted
amino acid sequences of E velutipes fvLac-1 and fvLac-2
showed the highest level of homology (75.3%) (Fig. 3). In
addition, the amino acid residues required for copper-binding
disulfide bridge formation were completely conserved in

A Percent |dentity
2 3 4 5 6 7 8 9 10 11 12 13 14
1 75.3 | 58.6 | 58.5|63.9 |53.6 | 61 | 549 | 46 |63.9|585|51.2|584|609 |1 | fvLac-1
2| 299 559|622 | 515|593 |54.1|455|61.4|579|516|576|596| 2 | fvLac-2
3 | 594 63.1 | 58.3 | 63.5 | 60.7 | 47.7 | 63.7 | 58.9 | 57.5 | 60.1 | 61.8 | 3 | fvLac-3
4 | 59.7 | 65.4 556 | 59.3 | 56.5 | 49.4 | 60.2 | 62.2 | 51.7 | 60.8 | 59.3 | 4 | fvLac-4
5| 49 | 522|505 56.1 | 749 | 58.4 | 49.2 | 90.2 | 61.7 | 55.2 | 62.8 | 62.3 | 5 | pox1
816707 | 76 |60.2| 66 60.6 | 46.7 | 57.1 | 58.2 | 556 | 59 | 57.7 | 6 | pox3
g:) 7 |546| 58 |49.7 | 581|307 57.2 628|612 |7 | pox4
§ 8 | 67.7 | 69.5 | 551 |64.1| 60 |553 58.8 | 8 | poxalb
0[9(91.1[927|862|814| 82 89 482 | 9 | poxa3
10| 49 |53.7 (494 (562|106 |62.7 61.7 |10 | poxc
11597 | 61 |588 523 (531|603 69.6 | 11| G. lucidum
12768 | 75.7 [ 61.9 | 755 | 67 | 66.1 56.7 |12 | L. eodes
13598 [ 616 | 56.3 | 55 51 | 58.7| 51 |60.7|79.6|51.4|286 13 | P. cinnabarinus
14| 548 | 57.3 | 53 58 52 | 614|542 |59.1|84.7|53.1]|389|637]36.7 T. versicolor
1 2 3 4 5 6 7 8 9 10 11 12 13
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Fig. 3. A, Comparison of amino acids similarity of four laccase genes (fvLac-1, fvLac-2, fvLac3, and fvLac-4) from Flammulina
velutipes with laccases from Pleurotus ostreatus (poxl, pox3, pox4, poxalb, poxa3, and poxc), Ganoderma lucidum, Lentinula
edodes, P. cinnabarinus, and Trametes versicolor; B, The phylogenetic relationship of the laccases.
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the four E velutipes laccases (Fig. 2). One putative N-
glycosylation site (Asn-Xaa-Ser/Thr) was identified in
fvLac-1 (Asn-454) and two putative sites were identified in
fvLac-2 (Asn-437 and Asn-455), fvLac-3 (Asn-111 and
Asn-237), and fvLac-4 (Asn-402 and Asn-457). The initial
19~20 residues of the four laccases conformed to the
structure of a signal peptide typical of extracellular enzymes,
i.e, a positively charged amino terminus, a hydrophobic
stretch, and small amino acid residues [19]. These characteristic
structures showed that the fvLac-1, fvLac-2, fvLac3,
and fvLac-4 genes encode mature laccases consisting of
496, 498, 496, and 497 amino acid residues, respectively
(Fig. 2).

The effect of copper on laccase activity and transcription.
Copper (CuSO,) has been reported to be a strong inducer
of laccases in several species, including P ostreatus [20],
Phanerochaete chrysosporium [16], and T. versicolor [21]. In
addition, copper has been shown to induce both laccase
transcription and activity [21]. The increase in laccase
activity is proportional to the level of copper used. In
order to evaluate the effect of CuSO, on laccase production
in E velutipes, we first tested laccase activity in response to
growth with various concentrations of CuSO,. Laccase
activity in a medium containing 0.5 mM CuSO, drastically
increased from day 3 and showed a peak activity on day 9
(3.03 U/mL) (Fig. 4A). This level of activity is approximately

450% (0.55 U/mL) higher than that in E velutipes grown
without CuSO, (Fig. 1B). Laccase activity in cells grown
without CuSO, gradually increased from day 3 to a peak
activity of 2.25 U/mL on day 9 (Fig. 1). Laccase activity in
cells grown with 0.25 mM CuSO, was lower on days 6 and
9 than that in E velutipes cells grown without CuSO,.
Interestingly, laccase activity in cells grown with 1 mM
CuSO, had drastically decreased by day 9, and was lower
overall than that of the other conditions tested. Several
studies have indicated that although copper can induce
both laccase transcription and activity, even very low
concentrations of laccase are toxic to most fungi [21, 22].
To evaluate the effect of apple pomace on the production
of laccase enzyme, we utilized native polyacrylamide gel
electrophoresis to examine the level of laccase activity in
0.33-ng protein samples collected on different days (3, 6,
and 9) from the culture supernatants of cells supplemented
with various concentrations of CuSO, (0, 0.25, 0.5, 1, and
2mM). As shown in Fig. 4B, an increased level of laccase
activity was apparent in the 0.5 mM CuSO, samples on
both days 6 and 9. Although the highest level of activity
was observed for the 0.5 mM CuSO, day 6 sample (Fig, 4B),
it was not significantly increased compared to the activity
shown in Fig. 4A.

To confirm and further elucidate the effects of CuSO, on
the mRNA transcription levels of the laccase genes, including
fvLac-1, fvLac-2, fvLac3, and fvLac-4, we conducted semi-
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Fig. 4. Laccase activity of Flammulina velutipes. Time course examination of laccase activity in E velutipes cells supplemented
with different concentrations of CuSO, (0, 0.25, 0.5, 1, and 2mM) (A). Zymogram of laccase isoenzymes in culture
supernatants of P. ostreatus. Samples contained 0.33 pg protein collected from culture supernatants supplemented with different
concentrations of CuSO, (0, 0.25, 0.5, 1, and 2 mM) on different days (3, 6, and 9) (B). Staining was performed with 5 mM

ABTS in 50 mM sodium acetate buffer (pH 5.2).
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quantitative RT-PCR. This analysis clearly demonstrated
the effect of CuSO, on the induction of transcription of
these laccase genes (Fig. 5). Although laccase activity was
relatively lower in cells cultured with 0.25 mM CuSO, than
in cells cultured with either 0.5 or 1 mM CuSO, (Fig. 4),
the transcripts of all four laccases (fvLac-1, fvLac-2, fvLac3,
and fvLac-4) could be detected in day 3 samples by RT-
PCR (Fig. 5A). This might be due to the rapid effect of
copper on induction during the early phase of fungal
growth. The fv-Lac-1 gene exhibited the highest transcript
levels in all the 0.5 mM CuSO, samples analyzed. Moreover,
the transcript level of fv-Lac-1 increased in correlation
with CuSO, concentration, while fv-Lac-3 mRNA was
barely detectable even under inducing conditions except in
the day 3 sample. Interestingly, the fvLac-2, fvLac3, and
fvLac-4 mRNAs were detectable in the 0.5 mM CuSO, in
the sample of 9 days, but not in other days. Similarly, the
fv-Lac-1 and fvLac-4 mRNAs were detectable only in the
1 mM CuSO, day 9 sample (Fig. 5). Fernandez-Larrea and
Stahl [22] reported that free copper ions, and the production
of toxic compounds, could result in oxidative stress at an
advanced stage of fungal growth, which could be responsible
for late transcriptional induction.

In order to identify putative response elements in the
promoter regions of the laccase genes, we analyzed the
nucleotide sequences extending 500 bp upstream from the
start codons of the four laccase genes (Supplementary
Fig. 5). This analysis allowed us to identify the unique
distribution of several putative response elements. The
promoter region of fvLac-1 revealed a potential antioxidant

responsive element motif known to be involved in the
phenol antioxidant response in mammalian cells, and
previously detected in the promoters of P. ostreatus laccases
(pox3, pox4, and poxalb) [23], as well as in the P. sajor-caju
lac4 promoter [12]. A putative stress responsive element
corresponding with the consensus sequence CCCCT [24]
was identified in the fvLac-3 promoter (Supplementary Fig. 5).

The four laccase genes were first overexpressed in an
Escherichia coli system (data not shown). However, the
overexpressed laccases formed insoluble inclusion bodies
[25] lacking enzymatic activity, consistent with a previous
study describing the difficulty of overexpressing recombinant
forms of fungal laccases in E. coli systems [26]. Therefore,
the development of an expression system for the production
of higher levels of these useful enzymes would be greatly
advantageous. The results of this study indicate that further
experiments are required to elucidate the enzymatic
characteristics of laccases, and to obtain higher production
levels of these proteins.
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fvLac-1_gDNA ATGTCGCGGTCTCTTACCGCTTTCATAACCCTCTCTTTGCTCGTTTTGCGCTCCTTTGCTGGTATTGGGCCAATTACGGACTTGGTTATTGCCAACGCAGACGTTGCTCC 110
fvLac-1_cDNA ATGTCGCGGTCTCTTACCGCTTTCATAACCCTCTCTTTGCTCGTTTTGCGCTCCTTTGCTGGTATTGGGCCAATTACGGACTTGGTTATTGCCAACGCAGACGTTGCTCC 110

*
fvLac-1_gDNA CGATGGCTTCACGCGCACTGCAGCTCTCTCGGGCGGCACAGTGAACGGCGCGCTCATCACGGGCAGTAGGGTGAGTCCGTTTACCCATCTTACCCTCTATGTCGCTGATC 220
fvLac-1_cDNA CGATGGCTTCACGCGCACTGCAGCTCTCTCGGGCGGCACAGTGAACGGCGCGCTCATCACGGGCAGTAGG- === ============c=coccocunn Intron 1 ---- 180

* *
fvLac-1_gDNA GCGTTTGACTGCGCCCAGGGAGATAACTTTCAGATCAATGTTGTCAACAATTTGAACGACAATAATATCTTGCAAAGTACCTCAATCGTAAGTGGTTGATCTTGATTGCT 330
fvLac-1_cDNA -------c-mmomaenon GGAGATAACTTTCAGATCAATGTTGTCAACAATTTGAACGACAATAATATCTTGCAAAGTACCTCAATC----====mmmcmmmccmmmm e 249

*
fvLac-1_gDNA AGCGTGTATGCTGACAATCCCCATCCTAGCATTGGCATGGCATGTTCATGGCTGGCACTAGTTGGGCAGATGGTCCCGCTTTTGTTAACCAGTGCCCTATCGCAAAGAGC 440
fvLac-1_cDNA ---- Intron 2 --------comnmmnn CATTGGCATGGCATGTTCATGGCTGGCACTAGTTGGGCAGATGGTCCCGCTTTTGTTAACCAGTGCCCTATCGCAAAGAGC 330

*
fvLac-1_gDNA AACTCGTTCGTGTACGATTTCACTGCGCTCGAACAAGCAGGAACATTCTGGTATCACTCTCATTTGTGTGAGTCCATGGAATGGAACATATCATTCTTGATGGTAAATTG 550
fvLac-1_cDNA AACTCGTTCGTGTACGATTTCACTGCGCTCGAACAAGCAGGAACATTCTGGTATCACTCTCATTTGT--=---====-=comnmnn: Intron 3 ---------------- 397

* %*
fvLac-1_gDNA ATAAACTTTGTAGCGAGTCAATACTGCGACGGAATTCGTGGTCCTATGGTGATCTATGACCCCGATGACCCCCACGCTGCCCTGTACGACGTCGACAATGGTAAGTCGAT 660
fvLac-1_cDNA ------------- CGAGTCAATACTGCGACGGAATTCGTGGTCCTATGGTGATCTATGACCCCGATGACCCCCACGCTGCCCTGTACGACGTCGACAATG-------~--~ 484

*
fvLac-1_gDNA ACCAAGCTTCTTTTTCTCAAGCACCTTGCCTAACGACGTTGCCGTTAAGACGATACTGTGATCACTTTGGCAGATTGGTACCACGCGTTTGCGAAGACTTTGGCGTTCCC 770
fvLac-1_cDNA ---------cmn-. Intron 4 -------------emmmeeeeaon ACGATACTGTGATCACTTTGGCAGATTGGTACCACGCGTTTGCGAAGACTTTGGCGTTCCC 545

* *
fvLac-1_gDNA GTGAGTACACACGCAGTCAATATTCTGCTCTATCTCATCCCCTCAGGACGCCTGATTCCACTCTCATCAATGGTCTCGGACGGTAAGGCGCTCATCATCGGTCTGATGTC 880
fvLac-1_cDNA ---------ccmmoemnnn Intron 5 ------------------ GACGCCTGATTCCACTCTCATCAATGGTCTCGGACG-=-=---==-===--=--- Intron 6 -- 581

* *
fvLac-1_gDNA CAAGATATTGAATATTCGGGCATTAGGTGGGCGGAGGATCCAACTTCTGACCTGGCTGTCATAAATGTTGAGGCTGGAGTGCGGTGAGTCCTATCTTCTTCTAGATGCTT 990
fvLac-1_cDNA -------mmmmmmmc e GTGGGCGGAGGATCCAACTTCTGACCTGGCTGTCATAAATGTTGAGGCTGGAGTGCG---============c-c--momomon 638

* *
fvLac-1_gDNA GCTGCGGTATTGATTCATCGTGCGTGTCAGATATCGTTTCCGTCTGGTCAGCATGTCCTGCGATCCCAACTTCGTCTTTGCGATCCAGGGCCACACCTTGTAAAATTTTT 1100
fvLac-1_cDNA --Intron7 --------------=-u-- ATATCGTTTCCGTCTGGTCAGCATGTCCTGCGATCCCAACTTCGTCTTTGCGATCCAGGGCCACACCTT--=-=====-==- 707

*
fvLac-1_gDNA CATCTCATTATCTAACAAAGTGGCTGACTTGTTTCAGAAACATTATTGAGGCGGACGGTGTGAGCACCGAGCCCATCGAAGTCGACCAGATCACGATCTTCGCCGGCCAG 1210
fvLac-1_cDNA -- Intron 8 ---------=-==-=-=-==-=---- AAACATTATTGAGGCGGACGGTGTGAGCACCGAGCCCATCGAAGTCGACCAGATCACGATCTTCGCCGGCCAG 780

* * *
fvLac-1_gDNA AGGTACTCGTTCGTCGTAAGTACCATCACCGCTCGATCTTGACATATTCTGACTACTCCACTTGTAGCTTACTGCCGATCAAGCTGTCGACAACTACTGTGCGCATTAAA 1320
fvLac-1_CDNA AGGTACTCGTTCGTC-----=-=--=m=mnmmn- INtroN 9 =----= = -mmmmmee e CTTACTGCCGATCAAGCTGTCGACAACTACT -=-=--=-=--- 826

*
fvLac-1_gDNA ATCCACTTTGGCCTAACGTCGACTGACGATGATTGTAGGGATTCGCGCTGAGCCTACTCCCGGCCCCACAGGATTCGAGGATGGCATCAACTCTGCCATTCTTCGTTATT 1430
fvLac-1_cDNA -- Intron 10 --------------==--"ccuuuu- GGATTCGCGCTGAGCCTACTCCCGGCCCCACAGGATTCGAGGATGGCATCAACTCTGCCATTCTTCGTTATT 898

*
fvLac-1_gDNA CCGGCGCGGCTGAGGCGGAGCCCACAGACGATACCGTTGAGAGCACCAATCCATTGGACGAGAATGCGCTCGTGGTACGTCTAGCATTTAGCTTTCGATTGTGGGGCTAA 1540
fvLac-1_cDNA CCGGCGCGGCTGAGGCGGAGCCCACAGACGATACCGTTGAGAGCACCAATCCATTGGACGAGAATGCGCTCGTG--------=----~ Intron 11 ~----------- 972

* * *
fvLac-1_gDNA GCTTACCTTTGATATAGCCTCTCGAGAACCCCGGCGCTGTATGACACCGTTTTATCCTTAGATTATGCCGTCTAAATATTTTTTAGGACGGTACTGCGGAAGTCGGAGCA 1650
fVLac-1_CDNA --==-=-mmmmmmmee CCTCTCGAGAACCCCGECGCT - === = = = = m = = = mmmm e mm Intron 12 ==--==========-=-~ GACGGTACTGCGGAAGTCGGAGCA 1017

* *
fvLac-1_gDNA GACGACGTCTTCGCCATCAACCTTGCATTGGCCTTTGATGTAAGCAGCGGCGTTTGTATGGTGAAAAGTACTGACACGTTATACAGCTCAGCACCTTTAAATTCACCGTC 1760
fvLac-1_cDNA GACGACGTCTTCGCCATCAACCTTGCATTGGCCTTTGAT---=-======mnmn- Intron 13 --------------------- CTCAGCACCTTTAAATTCACCGTC 1080

fvLac-1_gDNA AACGGCGCCACCTTTGAGCCTCCTACCACCCCAGTTTTGCTCCAACTGCTCAGTGGTGCTCAGACCGCCGACACCCTTTTGCCTGCTGGTTCCCTCTTCACCCTCCCTGC 1870
fvLac-1_cDNA AACGGCGCCACCTTTGAGCCTCCTACCACCCCAGTTTTGCTCCAACTGCTCAGTGGTGCTCAGACCGCCGACACCCTTTTGCCTGCTGGTTCCCTCTTCACCCTCCCTGC 1190

*
fvLac-1_gDNA CAACAGAGTCGTTGAACTCTCGATCCCCTCTGAGGGCCTTATCGGTGGTCCTCATCCGTTCCATCTGCACGGCGTACGTTCTTTTCAAACCATAACCAATTAAGCTTTTG 1980
fvLac-1_cDNA CAACAGAGTCGTTGAACTCTCGATCCCCTCTGAGGGCCTTATCGGTGGTCCTCATCCGTTCCATCTGCACGGC--=--===============- Intron14 ------- 1263

*
fvLac-1_gDNA TCTCATCGTCGACAGCATGTCTTCGACGTAATTCGCGGCCCCGGTCAGACCGATTACAACTTCGAGAACCCTCCTCGTCGCGATGTTGTCAGTATCGGCGCGGCCGGTGA 2090
fvLac-1_cDNA ----------memnn CATGTCTTCGACGTAATTCGCGGCCCCGGTCAGACCGATTACAACTTCGAGAACCCTCCTCGTCGCGATGTTGTCAGTATCGGCGCGGCCGGTGA 1358

* *
fvLac-1_gDNA CAACGTTACCATTCGCTTCACTACGGACAATCCTGGACCTTGGTTCCTCCACTGGTAACGTACCCTCTTCTTGCGCGAAAAATCTCGTTCTGATCTCATAAATCGTAGCC 2200
fvLac-1_cDNA CAACGTTACCATTCGCTTCACTACGGACAATCCTGGACCTTGGTTCCTCCACTG---=============c==unn Intron 15 ---------===----c"un--- CC 1414

* *
fvLac-1_gDNA ACATCGATTGGCATCTCGAAGCGTAAGAAATTTCATTTTAGCATTTTTCGGTTGTGCTCAATATTTCTCCTTAGTGGTCTTGCTTTGGTCTTTGCCGAGGACACGGACAA 2310
fvLac-1_cDNA ACATCGATTGGCATCTCGAAGC---=--========m=mmmm Intron16 -—--------------------- TGGTCTTGCTTTGGTCTTTGCCGAGGACACGGACAA 1472

* *
fvLac-1_gDNA CTGGGATGTTAGCACTCCTCCTAGTACGACCGTCATTATATGTTTTGAGCGCCACTAACCCTTTCTTTTTCATAGCTTCTTGGGATGAACTTTGCCCCATCTATGATGCT 2420
fvLac-1_cDNA CTGGGATGTTAGCACTCCTCCTA----=======-mnmnn Intron 17 ---------===-=-=--c-momu- CTTCTTGGGATGAACTTTGCCCCATCTATGATGCT 1530

fvLac-1_gDNA CTGTCTGAAGATGACCTTTGA 2441
fvLac-1_cDNA CTGTCTGAAGATGACCTTTGA 1551

Supplementary Fig. 1. Comparison of the nucleotide sequences of fvLac-1 genomic DNA and cDNA. Introns are numbered
based on the comparison of genomic DNA and cDNA. Asterisks indicate the splicing junctions based on the GT-AG rule.



fvLac-2_gDNA ATGCTACGGGCCCTTCTTACATCCACTACCCTCTCTTTGCTTGTTTCGCGCGCTCTCGCTGCGATAGGACCAGTTGCAGACCTGGTCATTGCCAATGCTGATGTCTCCCC 110
fvLac-2_cDNA ATGCTACGGGCCCTTCTTACATCCACTACCCTCTCTTTGCTTGTTTCGCGCGCTCTCGCTGCGATAGGACCAGTTGCAGACCTGGTCATTGCCAATGCTGATGTCTCCCC 110

*
fvLac-2_gDNA CGATGGATTTACGCGTACTGCAGCTCTGGCGGGGGGCACAGTGAGCGGCGTGATTATCACTGGCAACAAAGTGAGTCTAATTTTTCCTCTCTCCCTCTCTTGAATATTCG 220
fvLac-2_cDNA CGATGGATTTACGCGTACTGCAGCTCTGGCGGGGGGCACAGTGAGCGGCGTGATTATCACTGGCAACAAA - - - = - = === m e mmmeememm Intron 1 ---- 180

* *
fvLac-2_gDNA TTGATCATGTCTGAATACAGGGAGATAATTTCCAAATCAACGTCGTTAACAGTTTGAACGACAGTAGAATACTACAGAGTACTGCCATCGTATGTATTCGACATCTGTCA 330
fvLac-2_cDNA -----------ommmmaamn GGAGATAATTTCCAAATCAACGTCGTTAACAGTTTGAACGACAGTAGAATACTACAGAGTACTGCCATC------==-==-==--=---o 249

*
fvLac-2_gDNA GTACGGTTCCATACTTATCGCCTTTCCTAGCATTGGCACGGAATGTTTATGGCCGGCACTAACTGGGCAGACGGCCCAGCCTTCGTCAGCCAGTGCCCCATTGCGAAAGG 440
fvLac-2_cDNA -------- Intron2 ------------- CATTGGCACGGAATGTTTATGGCCGGCACTAACTGGGCAGACGGCCCAGCCTTCGTCAGCCAGTGCCCCATTGCGAAAGG 329

*
fvLac-2_gDNA AAACTCCTTCCTCTACGACTTCACTGCCCTAGATCAGGCAGGAACTTACTGGTACCATTCTCATCTCTGTAAGTTCTTGAACTACATCGATATCAATAAATACTCACCGT 550
fvLac-2_cDNA AAACTCCTTCCTCTACGACTTCACTGCCCTAGATCAGGCAGGAACTTACTGGTACCATTCTCATCTCT----=--=-----mmommmmmmmmmmme Intron3 ----- 397

* *
fvLac-2_gDNA CTTCTTTCAGCGACTCAATACTGTGACGGTATTCGTGGGCCGTTGATAATCTACGATCCCGACGATCCACATGCTTCTTTGTACGACGTCGACAATGGTACGTTTGCCCT 660
fvLac-2_cDNA ---------- CGACTCAATACTGTGACGGTATTCGTGGGCCGTTGATAATCTACGATCCCGACGATCCACATGCTTCTTTGTACGACGTCGACAATG----=-=-=-=----~-~ 484

% *
fvLac-2_gDNA CCATATCCGTGGTTCCGTAGATCTGACATTAGTTTGAGACGATACCGTAATCACTTTGGCCGATTGGTATCATGTCTTCGCTAGGGGTCAGGCTGGAGTTCCGTAAGAGC 770
fvLac-2_cDNA ------- Intron4 ---------------------- ACGATACCGTAATCACTTTGGCCGATTGGTATCATGTCTTCGCTAGGGGTCAGGCTGGAGTTCC--~--~--~-~ 548

* *
fvLac-2_gDNA CCAAACACTTGTGTTCCATACGCCTCGTCTTATATCCCCTCTAGAACAGCCGATGCTATCCTGATCAACGGCCTCGGGCGGTAAGTCGGTCATCAGTGGCCTCTATTTGC 880
fvLac-2_cDNA -=---=--=nn-- Intron 5 -----=--==-=-======nn- AACAGCCGATGCTATCCTGATCAACGGCCTCGGGCG- == === ============ Intron 6 -- 584

%* %
fvLac-2_gDNA ATGTACTAAGTCTATGTTGTGCGCGTTAGATGGGCGTCAGATCCAACTTCTGAGCTTGCTGTTATCAATGTACAGTTTGGAGTTAGGTGGGTCAAATTCTTCCAGTCAAT 990
fvLac-2_cDNA ---------mmmcmmme oo ATGGGCGTCAGATCCAACTTCTGAGCTTGCTGTTATCAATGTACAGTTTGGAGTTAG----=============-==--== 641

* *
fvLac-2_gDNA GTGGCGTTACTGATTCGTCGTATCTAGATACCGATTCCGTCTGGTTAGTATGTCCTGCGACCCAAACTTTTTGTTCTCGATCCAGGGCCACACTTTGTAAGTTTCTTCCT 1100
fvLac-2_cDNA ----|Intron 7 -------------- ATACCGATTCCGTCTGGTTAGTATGTCCTGCGACCCAAACTTTTTGTTCTCGATCCAGGGCCACACTTT---========m== 710

*
fvLac-2_gDNA ACCCTTACAAGAAGATTATTGAGCTGGTTCAAGGAACGTTATCGAGGCTGATGGCGTGAGCATTGTGCCTAGGGAAACTGATCAAATCCAAATTTTCGCCGGACAAAGAT 1210
fvLac-2_cDNA -----------e--- Intron 8 ---------- GAACGTTATCGAGGCTGATGGCGTGAGCATTGTGCCTAGGGAAACTGATCAAATCCAAATTTTCGCCGGACAAAGAT 787

* % *
fvLac-2_gDNA ACTCGTTCGTGGTGAGTTGATTGTCCAGGTTATACACGTCTTCCCATCTAACCGTTCCACAGTTAACCGCCGACCAAGAAATTGCTAATTATTGTACGAATGCTTCTCCG 1320
fvLac-2_cDNA ACTCGTTCGTG------=====-======-- Intron 9 ---------=-=-=-=m-mmn- TTAACCGCCGACCAAGAAATTGCTAATTATT - - === = oo mmmm 829

*
fvLac-2_gDNA CTCGACGCTGGTTTTCAGATTGACTAGTCTTCTAGGGATTCGTGCTATTCCCAATCTTCCCGCGCCTCCAGCCAATCCAGTCGAAAACGGCATCAACTCTGCTATCCTTC 1430
fvLac-2_cDNA ----------- Intron 10 ------------- GGATTCGTGCTATTCCCAATCTTCCCGCGCCTCCAGCCAATCCAGTCGAAAACGGCATCAACTCTGCTATCCTTC 904

*
fvLac-2_gDNA GTTATGTCACCGCAGACGTCGCGGAGCCTCTAGACGATTCAATCGACATCCGTAACCCTCTGGATGAGAACGCCCTGGTGGTATGTGCTAATTCCCGATCTCAAAGCAAT 1540
fvLac-2_cDNA GTTATGTCACCGCAGACGTCGCGGAGCCTCTAGACGATTCAATCGACATCCGTAACCCTCTGGATGAGAACGCCCTGGTG-=--=--=-========--= Intron 11 ---- 984

* * *
fvLac-2_gDNA GACATTCATATCCCCCACAGCCTCTCGAGAATCCTGGAGCTGTACGTGACAACCAGTTTCTCCCAAAATTCGCAGTCTAAATATCATTTCAGCCTACCGGAACCATCTTC 1650
fVLAC-2_CDNA -=------mmommoaoos CCTCTCGAGAATCCTGGAGCT - = - === === == === == Intron 12 -=---=-=--========--- CCTACCGGAACCATCTTC 1023

%* *
fvlLac-2_gDNA CCCGTCAATCTCCAGTTCGGTTTTAACGTAAGAAGCCTACGAGTTTGCTCGACTGCTAAATCCTTAACAATCATTCTTTGCAGCCGGCCAACTTGCAGTTCACCGTTAAC 1760
fvLac-2_cDNA CCCGTCAATCTCCAGTTCGGTTTTAAC- === --========mm=mmmmmmmn Intron 13 -----------cmmmmmnn CCGGCCAACTTGCAGTTCACCGTTAAC 1077

fvLac-2_gDNA GGCGCTCCCTTCATTCCCCCAGACGTACCAGTGCTGCTCCAACTTCTGAGTGGCGCTCAAACGCCCGACACACTCATGCCAGGGGGCTCCATAATTCGTCTACCGGCGAA 1870
fvLac-2_cDNA GGCGCTCCCTTCATTCCCCCAGACGTACCAGTGCTGCTCCAACTTCTGAGTGGCGCTCAAACGCCCGACACACTCATGCCAGGGGGCTCCATAATTCGTCTACCGGCGAA 1187

*
fvLac-2_gDNA CGCTGTTGTCGAACTTTCGATGCCATCTGGTGGGCTCGCTGGAAGTCCTCATCCATTCCATCTGCACGGTGTACGTTCTTCTGCTCTCTCATTGTCAGTGATATCCGAGC 1980
fvLac-2_cDNA CGCTGTTGTCGAACTTTCGATGCCATCTGGTGGGCTCGCTGGAAGTCCTCATCCATTCCATCTGCACGGT---=-==========--ccmcmounn- Intron 14 ---- 1257

*
fvLac-2_gDNA TCAACTTCTATAGCACGTATTCGACGTGATTCGCGGCCCAGGACAGCCAGCCAACACGGAGCCCAATCTTACGAACCCTCCTCGTCGAGATACAGTGAGCATTGGAAATG 2090
fvLac-2_cDNA ------------- CACGTATTCGACGTGATTCGCGGCCCAGGACAGCCAGCCAACACGGAGCCCAATCTTACGAACCCTCCTCGTCGAGATACAGTGAGCATTGGAAATG 1354

*
fvLac-2_gDNA CTGGCGATAACGTTACAGTTCGGTTCGTCACTGACAATCCTGGACCATGGTTCCTCCATTGGTACGCCTACCTTACTATACAGCGGAGCATGTAACCTTGACTGACTCTC 2200

fvLac-2_cDNA CTGGCGATAACGTTACAGTTCGGTTCGTCACTGACAATCCTGGACCATGGTTCCTCCATTG= === =-=-m=c=cmmmmmmmne Intron 15 ---------------- 1415
* * *

fvLac-2_gDNA ACCTTCGTATCTAGCCACATTGACTGGCATCTTGAACTGTAAGAACATCTCCCACATTCTTATACTATTCGTCGTTCTCATGCTTCTTCTA TGGCTGTTGTGTT 2310

fvLac-2_cDNA -----=-=-=-n-- CCACATTGACTGGCATCTTGAACT === == === mmmmmmmm e Intron 16 -----=-==========-=-- GGGGCTGGCTGTTGTGTT 1457

* *
fvLac-2_gDNA TGCGGAGGACACTGATCGATGGGTGTCCAACATCGACCCATCGCGTAAGCTTCTCTTCTGCCTTATAGCGAGCGATCTGCTAATATCTTCCGACCAGCCGCTTGGGACGA 2420
fvLac-2_cDNA TGCGGAGGACACTGATCGATGGGTGTCCAACATCGACCCATCGC-=--===============-= Intron 17 -==--===============-- CCGCTTGGGACGA 1514

fvLac-2_gDNA GCTCTGTCCTATCTACTCCGCTTTGCCTCCGGGTGATCTCTAA 2463
fvLac-2_cDNA GCTCTGTCCTATCTACTCCGCTTTGCCTCCGGGTGATCTCTAA 1557

Supplementary Fig. 2. Comparison of the nucleotide sequences of fvLac-2 genomic DNA and cDNA. Introns are numbered
based on the comparison of genomic DNA and cDNA. Asterisks indicate the splicing junctions based on the GT-AG rule.



fvLac-3_gDNA ATGTATCCTGTCTCTTCTACTGTCTCTGCTGTGGTGTTCTCTTTGGCCGCATGCGCCTACGCGGCCATTGGTCCTTCGTCCAATATGAGGATCGTCAACGCCAATATCTC 110
fvLac-3_cDNA ATGTATCCTGTCTCTTCTACTGTCTCTGCTGTGGTGTTCTCTTTGGCCGCATGCGCCTACGCGGCCATTGGTCCTTCGTCCAATATGAGGATCGTCAACGCCAATATCTC 110

* *
fvLac-3_gDNA CCCCGATGGCTTCGAGAGAGCGTCAGTGACCTGCGCTACTTTCGTATTTGAGCTGACTGGAGCTTGCGTAGTGCTGTTCTGGCTGGCGGTACCTTCCCTGGTCCACTCGT 220
fvLac-3_cDNA CCCCGATGGCTTCGAGAGAGC--=--=-=========c-cmcnn Intron1 ----------cmcmcunn- TGCTGTTCTGGCTGGCGGTACCTTCCCTGGTCCACTCGT 170

* *
fvLac-3_gDNA TCGGGGAAACAAGGTTAGACACCTACATTTCCCCTCCCTAATCACTCGATTGACGACCTGTTTATTTCAGGGCGATCGTTTCAAAATGAACGTGATAGACCAATTGACCG 330
fvLac-3_cDNA TCGGGGAAACAAG-----=-=-======--c-c-comomono Intron 2 --------------------- GGCGATCGTTTCAAAATGAACGTGATAGACCAATTGACCG 223

* *
fvLac-3_gDNA ATAATACGATGTTGAGGAGCACGAGTATCGTAAGTGTCTTGTTCACCTTGGTGAGGGTTGAGGATAACATGGATTTTAGCATTGGCATGGCATGTTCATGGCTGGGAGTA 440
fvLac-3_cDNA ATAATACGATGTTGAGGAGCACGAGTATC---=-===c-ommnmmnnn Intron 3 -----------------cm--- CATTGGCATGGCATGTTCATGGCTGGGAGTA 283

* * *
fvLac-3_gDNA GTTGGGCGGACGGGTATGATCCTTGCTCTCCATATCGTTCAGCGGTCTAATACCATCGTGAACTCCACAGCCCTAGCTTTGTTACCCAGTGTCCAATCGCTGCTGTGAGT 550
fvLac-3_cDNA GTTGGGCGGACGG----=-=-=-=========-=-==. Intron4 --------------mmeeee oo CCCTAGCTTTGTTACCCAGTGTCCAATCGCTGCT------ 330

*
fvLac-3_gDNA TCCTTATTTTCATTCACATGTTCCTCCCTGACATTGAGTTTCATTCAGAACCACTCGTTCCTGTACGACTTCAAAGTCCCAGATCAGGCGGGGACATTCTGGTATCATTC 660
fvLac-3_cDNA --------- Intron § ---------=-=--c-cccccncccncca-- AACCACTCGTTCCTGTACGACTTCAAAGTCCCAGATCAGGCGGGGACATTCTGGTATCATTC 392

fvLac-3_gDNA TCATCTCTGTGAGTCGTTGAATTTCCCTGCGCTGGTCGTACATTTGCTGAGTTCTTCTGTAGCGTCGCAATACTGCGATGGGCTGAGAGGGCCAATGGTTGTGTACGATC 770
fvLac-3_cDNA TCATCTCT-----=-----c-comomnonn Intron 6 ------------------c-c---- CGTCGCAATACTGCGATGGGCTGAGAGGGCCAATGGTTGTGTACGATC 448

* *
fvLac-3_gDNA CGCGCGACCCGCACAGAAAGCTATATGATGTAGACGACGGTAAGTGAATGGTGTGTGGATGTCAAGATGGAACACATTTACTCACCTGAGATATGTAGAATCAACGATCA 880
fvLac-3_cDNA CGCGCGACCCGCACAGAAAGCTATATGATGTAGACGACG-================mmmmmun Intron 7 -------========-----mmmmn- AATCAACGATCA 499

*
fvLac-3_gDNA TCACCCTCGCAGATTGGTACCACACACCCGCCATGGCCGCTGGCCCCGTCCCTATCTTTGACTCCACGCTCATAAACGGAAAAGGGCGCTACGTCGGCGGAGTAAGTCCA 990
fvLac-3_cDNA TCACCCTCGCAGATTGGTACCACACACCCGCCATGGCCGCTGGCCCCGTCCCTATCTTTGACTCCACGCTCATAAACGGAAAAGGGCGCTACGTCGGCGGA--------- 600

*
fvLac-3_gDNA AACTCTCTCCTTCTCCAACCTAACCATGTTCTGACAAACCACACAGCCAGCCACCCCATTCTTTAAACTTAATGTCGTCCGTGGGCTGCGCTACCGCCTTCGTTTAATCG 1100
fvLac-3_cDNA -------------- Intron8 ----------------comuo-- CCAGCCACCCCATTCTTTAAACTTAATGTCGTCCGTGGGCTGCGCTACCGCCTTCGTTTAATCG 664

fvLac-3_gDNA CCATCTCCTGCGACCCAAACTGGGTATTCTCGATCGACGGACACAACATGACCGTCATCGAAGCAGACGGGGAGAACACCAAGCCGCTGCTCGTCGACTCAGTACAGATC 1210
fvLac-3_cDNA CCATCTCCTGCGACCCAAACTGGGTATTCTCGATCGACGGACACAACATGACCGTCATCGAAGCAGACGGGGAGAACACCAAGCCGCTGCTCGTCGACTCAGTACAGATC 774

fvLac-3_gDNA TTCGCAGGCCAACGCTACTCCCTCATCCTCCACGCCAACCAGCCCGTGCGCAACTACTGGATGCGCGCCAACCCGAACTTTGGACCCACAGGCTTCGACGGGGGGATCAA 1320
fvLac-3_cDNA TTCGCAGGCCAACGCTACTCCCTCATCCTCCACGCCAACCAGCCCGTGCGCAACTACTGGATGCGCGCCAACCCGAACTTTGGACCCACAGGCTTCGACGGGGGGATCAA 884

fvLac-3_gDNA CTCGGGTGTGCTGCATTATGTGGGCGCACCGGGGAATAGGGACCCGGAGTCTGTGCAGGCGCCGAGTGTGAACCCGCTGCTCGAGACAAGCTTGCGGCCGTTGAGGGACC 1430
fvLac-3_cDNA CTCGGGTGTGCTGCATTATGTGGGCGCACCGGGGAATAGGGACCCGGAGTCTGTGCAGGCGCCGAGTGTGAACCCGCTGCTCGAGACAAGCTTGCGGCCGTTGAGGGACC 994

fvLac-3_gDNA CGCAGGCCCCGGGAGGGGATGGGGAGGCTGATGTGGTGATTCGGCTCGAGCTGGCGTTTGATTTGACGATGTTCTTGTTTACGGTTAATGGGGTGCCGTTTGTGCCCCCC 1540
fvLac-3_cDNA CGCAGGCCCCGGGAGGGGATGGGGAGGCTGATGTGGTGATTCGGCTCGAGCTGGCGTTTGATTTGACGATGTTCTTGTTTACGGTTAATGGGGTGCCGTTTGTGCCCCCC 1104

fvLac-3_gDNA ACTGCACCTGTCTTGCTGCAGATTTTGAGTGGGGCAACAAACGCAGCGGATTTGTTGCCCACGGGGAGTGTGTATGAACTTCCGGCGAACAAGGTCGTCGAGTTGGTCAT 1650
fvLac-3_cDNA ACTGCACCTGTCTTGCTGCAGATTTTGAGTGGGGCAACAAACGCAGCGGATTTGTTGCCCACGGGGAGTGTGTATGAACTTCCGGCGAACAAGGTCGTCGAGTTGGTCAT 1214

* * *
fvLac-3_gDNA TCCGGGGTTTGCGATTGGAGGACCGGTGAGTTTTTGGTTATTGTTGTGTGGCCGCTTTTTCTGATCCTGTATAGCATCCGTTCCATTTACATGGGGTACGCTTCAACTCC 1760
fvLac-3_cDNA TCCGGGGTTTGCGATTGGAGGACCG- - -====-=-===-=-- Intron 9 --------=-=-=mmmommn- CATCCGTTCCATTTACATGGG- - == -=-=-=-=-- 1260

*
fvLac-3_gDNA TTTTTGATCGAGCTCAGGTATTAACATTTGCATAGCATACATTCAGTGTCGTGCGCAGTGCTGGCAGCTCGACATACAACTACGAGAATCCCGTTCGGAGGGATGTCGTC 1870
fvLac-3_cDNA ---- Intron 10 ----------------=----- CATACATTCAGTGTCGTGCGCAGTGCTGGCAGCTCGACATACAACTACGAGAATCCCGTTCGGAGGGATGTCGTC 1335

*
fvLac-3_gDNA TCTATTGGTCAGCCTGGGGACGAGGTTACGATCCGCTTCCTCACTGATAACGCTGGGCCGTGGTTCTTGCATTGGTACGTCAATTGAAGTCTGATGATGTCGCAACTAAC 1980
fvLac-3_cDNA TCTATTGGTCAGCCTGGGGACGAGGTTACGATCCGCTTCCTCACTGATAACGCTGGGCCGTGGTTCTTGCATTG---==--=-=-=-===-=--- Intron11 -—=---- 1409

* * *
fvLac-3_gDNA GATCATATAGCCATATCGATTGGCACTTGGAGATGTGAGTAGCTTCGAGTTGGATAAGTGTTCGAACTCATGACATGTACAGTGGTCTTGCGGTGGTATTCGTCGAAGAT 2090
fvLac-3_cDNA ---------- CCATATCGATTGGCACTTGGAGAT - --=-=-=======mmmmome Intron 12 ------------umnumu- TGGTCTTGCGGTGGTATTCGTCGAAGAT 1461

* *
fvLac-3_gDNA ATGGGTGGGATGGCACAGCAAAACCCACCTGGTAAGTCTCAGTTCAGGTGGAAAACATTTTGATTAATGATGACTGGTAGCTGCGTGGGACAAGCTTTGCCCGATCTATG 2200
fvLac-3_cDNA ATGGGTGGGATGGCACAGCAAAACCCACCTG-========m=mmmmmonnn Intron 13 ------------------- CTGCGTGGGACAAGCTTTGCCCGATCTATG 1522

fvLac-3_gDNA ATGCACTTGACCCGTCGCAACTCTAG 2226
fvLac-3_cDNA ATGCACTTGACCCGTCGCAACTCTAG 1548

Supplementary Fig. 3. Comparison of the nucleotide sequences of fvLac-3 genomic DNA and cDNA. Introns are numbered
based on the comparison of genomic DNA and cDNA. Asterisks indicate the splicing junctions based on the GT-AG rule.



fvLac-4_gDNA ATGTTTTCCCTCGCTTTAGGTTTTGCTCTTTCTTTATCTGCGCGGCTTGCTTTTGCTGCTATTGGGCCTGTGACGGACCTTCGCATTCAGAATGCGCATCTCGGACTCGA 110
fvLac-4_cDNA ATGTTTTCCCTCGCTTTAGGTTTTGCTCTTTCTTTATCTGCGCGGCTTGCTTTTGCTGCTATTGGGCCTGTGACGGACCTTCGCATTCAGAATGCGCATCTCGGACTCGA 110

*
fvLac-4_gDNA TGGGTATGATCGGAGTGGTGTCTTTGCAGATGGGATGTTCCCAGGTCCTTTAATTATTGGGAATAAGGTATGGTCTTCAAACTTATCCTTCGAGCTTCTGCTGACGTTCA 220
fvLac-4_cDNA TGGGTATGATCGGAGTGGTGTCTTTGCAGATGGGATGTTCCCAGGTCCTTTAATTATTGGGAATAAG--===========-ccccmonmmnnn. Intron1 -------- 177

* *
fvLac-4_gDNA ATAGGGCGATGACTTCAAAATTAATGTTATTAACGAGCTCACCGATGAGGCGATGCTTAAAACTACTTCTATTGTGCGTTCAAACTCCATTTTCTCGAAGCACTCGGTCG 330
fvLac-4_cDNA ----GGCGATGACTTCAAAATTAATGTTATTAACGAGCTCACCGATGAGGCGATGCTTAAAACTACTTCTATT------m-m-mocomocmaame Intron 2 ----- 246

* *
fvLac-4_gDNA AACTTCACTTTGTATAGCACTGGCACGGTCTCCTGCAGAAGGGCACTAATTGGGCCGACGGGTACATTTGCTCGCCTATATGAACACTTGCCTTAGTGCTAATGATTTGC 440
fvLac-4_cDNA -------c-cmmmmoa- CACTGGCACGGTCTCCTGCAGAAGGGCACTAATTGGGCCGACGG- - === =================-= Intron 3 -------------- 290

* *
fvLac-4_gDNA AGCCCGAGTTTCATTAATCAGTGCCCCATCGCGCCGGGAAATTCTTTCAGCTACGATTTCTCGGCTGCAGACCAGGCGGGTACATTCTGGTACCACTCTCATCTCTGTAC 550
fvLac-4_cDNA --CCCGAGTTTCATTAATCAGTGCCCCATCGCGCCGGGAAATTCTTTCAGCTACGATTTCTCGGCTGCAGACCAGGCGGGTACATTCTGGTACCACTCTCATCTCT---- 394

*
fvLac-4_gDNA ATTCCCACTTGAATTAGGTTTGGTGCAGATACTGACCTGTGGGCAGCAACGCAATACTGTGATGGTCTCCGAGGACCGTTTGTCGTCTACGATCCCGAAGATCCACATGG 660
fvLac-4_cDNA --------------- Intron4 ---------------------- CAACGCAATACTGTGATGGTCTCCGAGGACCGTTTGTCGTCTACGATCCCGAAGATCCACATGG 458

* *
fvLac-4_gDNA ACATCGTTACGACGTGGATGATGGTGTGTTCTAGCTAATCGTCTTGCGCTACTACCAATCTAATAAGTGTCTCCAGAAAGCACGGTCATAACACTGTCGGATTGGTACCG 770
fvLac-4_cDNA ACATCGTTACGACGTGGATGATG----=--===-======-==--- Intron 5 -------------------"--- AAAGCACGGTCATAACACTGTCGGATTGGTACC- 514

% *
fvLac-4_gDNA TAAGCAAGTTTCTTGTTGTCATTGGATCATAGATTTACTTTAAACTCAATAGACAAACTTGCTCCTCAGCAAGGAGCTGTCCCGTAAGTGCATCTCATCAGGCTGCCGAC 880
fvLac-4_cDNA -----=---cmommamaoae INtron 6 -------==========-nn-- ACAAACTTGCTCCTCAGCAAGGAGCTGTCCC - === === === =m = o Intron 7 545

*
fvLac-4_gDNA GATAGAGAATGAACTCGATGTAACAGTCTTCCTCAATCTACGTTGATCAACGGACGTGGTCGGTTTCCTCAAGGCCCTCTCAATGACCTAGCAGTGGTTAACGTAGTGCA 990
fvLac-4_cDNA --------ccccccmeceoeoao TCTTCCTCAATCTACGTTGATCAACGGACGTGGTCGGTTTCCTCAAGGCCCTCTCAATGACCTAGCAGTGGTTAACGTAGTGCA 629

* *
fvLac-4_gDNA AGGAACTCGGTCAGTGCCATTGCCTTTACCTTTCTCTCTACTAACGACCATTTAGCTACCGCTTCCGTCTCATAGCAATGTCCTGTGCTCCGAACTGGGTATTCTCAATC 1100
fvLac-4_cDNA AGGAACTCG----------------- Intron 8 -------------------- CTACCGCTTCCGTCTCATAGCAATGTCCTGTGCTCCGAACTGGGTATTCTCAATC 693

fvLac-4_gDNA GACAACCACCTGCTGGAAGTCATCGAGGCCGATGGGATCAACACTCAGCCTCTACTAGTCGACTCTATCCAAATCTTCGCTGGACAACGATACTCCTTCGTCTTGACTGC 1210
fvLac-4_cDNA GACAACCACCTGCTGGAAGTCATCGAGGCCGATGGGATCAACACTCAGCCTCTACTAGTCGACTCTATCCAAATCTTCGCTGGACAACGATACTCCTTCGTCTTGACTGC 803

* *
fvLac-4_gDNA TGATCAAGCAGTGGACAATTACTGTATGTTGAATGATCGACATCCGTAATAGCTTTTGACCTTTTCGTGACAATAGGGATTCGCGCGGACCCAAACGAAGGGAATCAAGG 1320
fvLac-4_cDNA TGATCAAGCAGTGGACAATTACT---=-=-====m=mmmmmmmmn. Intron 9 -=--=-===========c=mnn GGATTCGCGCGGACCCAAACGAAGGGAATCAAGG 860

fvLac-4_gDNA ATTTGAGGGAGGAATCAACTCTGCGGTTCTGCGATATAGCGGTGCACCGGAAACTGAGCCCAGTTACGATGTGACGAAGGAGGTTATACTGTTTAATCCCCTCGTAGAGA 1430
fvLac-4_cDNA ATTTGAGGGAGGAATCAACTCTGCGGTTCTGCGATATAGCGGTGCACCGGAAACTGAGCCCAGTTACGATGTGACGAAGGAGGTTATACTGTTTAATCCCCTCGTAGAGA 970

* * *
fvLac-4_gDNA CGAACCTTCACGTATGTCCCTCTACTTCATGCCCTTCGTCATCACTGACATCGGTAACAGCCATTGGTCACTGAGACTGAAGGAGTTGTGAGTTCACCACTCACTGAATG 1540
fvLac-4_cDNA CGAACCTTCAC-----=-----=---=-- Intron 10 -------------=-m-mma- CCATTGGTCACTGAGACTGAAGGAGTT - -~ = === === mm oo oo 1008

* *
fvLac-4_gDNA AGTCTTGCATCTTTGTTTATCTCATTGTCATAGGCTGGTGGTCATTTCAACGACGGTGCTGATGTCAACATCAACCTAGCATTCGCAATTGTAAGCATTATCACGGGTCC 1650
fvLac-4_cDNA -- Intron 11 ---=--=============== GCTGGTGGTCATTTCAACGACGGTGCTGATGTCAACATCAACCTAGCATTCGCAATT - - === -cmmmmcmmmemm 1065

*
fvLac-4_gDNA TACTCATGTCTTCTCATTGATTTCGATTCAAGGACCCAAAGCTTGGTCGTTTCACTGTGAACGGGGCAACCTACCGGGCACCCACGATGCCGGTGCTCCTCCAAATAATG 1760
fvLac-4_cDNA ------- Intron 12 --------------- GACCCAAAGCTTGGTCGTTTCACTGTGAACGGGGCAACCTACCGGGCACCCACGATGCCGGTGCTCCTCCAAATAATG 1143

* *
fvLac-4_gDNA AGTGGTGCTTCATCTGCCCGTGAGCGCTCGAATATCTTGTTCTACTACTTCCGTTTCCTGACGCACAAGGTTCAGAGAACCTGCTTCCCTCCAGCTCGATATACGAGCTC 1870
fvLac-4_cDNA AGTGGTGCTTCATCTGCCC-------=--------o-omu- Intron 13 -------mmmmmmm e AGAACCTGCTTCCCTCCAGCTCGATATACGAGCTC 1197

* *
fvLac-4_gDNA CCATTGAACAAGTCGATTCAGCTGTCCTTCCCTGGTGGAGCGCCTGGCTCCCCGGTGCGTCTCACCTTACCGTCCCACTGATCTTTGGGACTGACGGCACTGAAGCACCC 1980
fvLac-4_cDNA CCATTGAACAAGTCGATTCAGCTGTCCTTCCCTGGTGGAGCGCCTGGCTCCCCG---m==m==mm=mmmmmmmmoe Intron 14 ------------------- CACCC 1256

fvLac-4_gDNA ATTCCATCTGCACGGACACGCCTTTGATGTTGTTCGCAGTGCAGGGAGCAGTCAGTACAACTACATCGACCCCATACGGCGCGATGTAGTGTCCACTGGGGATGTTGGGG 2090
fvLac-4_cDNA ATTCCATCTGCACGGACACGCCTTTGATGTTGTTCGCAGTGCAGGGAGCAGTCAGTACAACTACATCGACCCCATACGGCGCGATGTAGTGTCCACTGGGGATGTTGGGG 1366

*
fvLac-4_gDNA ACAACGTAACGATCCGTTTCGTGACTGACAATGCGGGCCCGTGGTTCTTGCATTGCCACGTTGATTGGCATATGGAGGCGTGAGTAGTTTTGTCGCAAGACATGGAGGAC 2200
fvLac-4_cDNA ACAACGTAACGATCCGTTTCGTGACTGACAATGCGGGCCCGTGGTTCTTGCATTGCCACGTTGATTGGCATATGGAGGC----=========m==cmum- Intron 15 1445

* *
fvLac-4_gDNA TATCGACTAACATTGAAGCTTACAGTGGTCTTGCTGTTATCTTCACCGAAGGCACTAACAGGGAAGGGGCCCTGGCAAATCCAACTCCTGGTACGCTTGAACAGCATGGC 2310
fvLac-4_cDNA ----------mmmmmmmemeoeoo TGGTCTTGCTGTTATCTTCACCGAAGGCACTAACAGGGAAGGGGCCCTGGCAAATCCAACTCCTG-------==--=-------- 1510

*
fvLac-4_gDNA ATTCTTCTCAGGTTTGATTTGGGAACTAACGGTTCGCGTAGACTCTTGGGACGACCTGTGCCCTGCGTATAACGCTCTGTCTCCAACAGATATTGGCGGTATCATTCCTG 2420
fvLac-4_cDNA ----------- Intron 16 ----------=--------- ACTCTTGGGACGACCTGTGCCCTGCGTATAACGCTCTGTCTCCAACAGATATTGGCGGTATCATTCCTG 1579

fvLac-4_gDNA ATATCCTTCCCACCGCTTCATGA 2443
fvLac-4_cDNA ATATCCTTCCCACCGCTTCATGA 1602

Supplementary Fig. 4. Comparison of the nucleotide sequences of fvLac-4 genomic DNA and cDNA. Introns are numbered
based on the comparison of genomic DNA and cDNA. Asterisks indicate the splicing junctions based on the GT-AG rule.



fulac-1_promoter TGACAGTCTCGATTCCATGGCCGCGAGTTCTAATGAATCTGTTCAATTTGTTACGTGAGGGTACTTATGACTGTTTGTGCCGGAGATATTCCTCATCACTGACTTGTGTG 110

fulac-1_promoter TTGAGCCTGTTATGGGCGGCGAATAAACCACTCGGCGGTGGGATTTGGCTGTCTTCTCCGTTCGAGAAATCTGACACTGCGCTTAGACTATAGCCAGGCAACAGGCAACA 220

fulac-1_promoter CCCGTTGGTGTCATGCCGCTATGTATGGTTCGTGAACTCGAAACGGTACGATCAGATGAACTACATCATGCCTCCTCACTICAATACAACCAGGGAAGTACCTGACTTATG 330
fulac-1_promoter CCTGACGCCTCATTCGAGACGAGGATCGGACGCGAACGATGTTCGGCAAACAAAATACACTATATAHGATGGATCAGTTTCACTCAAGCTCTTCAGTTGCCAGTTCTTCT 440

fulac-1_promoter TCGAGCGACAGTCTTTCCTTATTCTTCCCAGTTCATTAAAACTCCCTCTTTCTTAACAAC 500

fulac-2_promoter GTCCTGACAAAGACTTTTCTGAAACGCGCTTTCTGGCCAGTGCTCTTAGTGTGCTGGTCGGTCAACCCTTACGGGATAGGGATCATCATGTCGACTGGAATGAAGCCTAG 110
fvlac-2_promoter GTATATTCAGTTCAGCGATCCTCGCTCGGGTGGCGGTCATGGCTCACCATATTAGTACTCATTCATATTATTTCTCCATGTCCTCTAACCTCGGAACATGGGCCGCTCCT 220
fulac-2_promoter CCGTAMMGTCCGTCGGTACCGCGCCGCACTGCGTCTCGAGCACGAAACGCCAC TATGAGATGCTCTATCATACGCTCAGCATTCTCAACTCAAT TCAATAGCTGGGTGTA 330
fuLac-2_promoter CCTGACGACTGTCGGACGTTTCGACACCGCTCCACTGGAAGGCGGCTTCATGGAGGAACGATGCTCGCAAAATAGGAAAATCATGACTGGTATARAGTGTCTCAGAACGT 440

fulac-2_promoter TCGTTTACTAGTCGACCACCCTCTTGAGTGATTAGTCTCTCTTTCTACCTTCTTCTCAAT 560

fulac-3 promoter GAGAAAAACGGGAACACAGAAGTCGAAGAACTACAAGACCCAGATCGGCTAGTGGCGACCGCGACCGCGAGTGACAGTCCTAATGATGTTTCTCATGAGCACGACTGTCG 110
fulac-3 promoter GGTGTAGAGATCATGGCGGGAGGTGGCAAAGGTGATTGTCATCGGAGTTTCAAACACGCCCTTGCTCTCGATCTTCGAACATGGCGCTCTCGAGCTCTCTTGTTCTCCTT 220
fulac-3_promoter TTGTCTATACTCCCCTCGTTGGCACCCCACGCGAATACATTGCTTACGTGGTTGGCCGCCCATGGCAATCGTTTCGAAACCATCTGTTCGACGTQCARTKCTTCAGCTTC 330
fulac-3 promoter AGGCCCGCGCGACACTTTGGGAGGAAGGCACAAACGTATGCTGTCACCCAAGCGCTCATTTGTCTCATTTGAACCTAGCGTCGGCTGGCTGTATTCATTGTTTTGGEATA 440

fulac-3_promoter HACCCAGACGACGATGAAGATCCTTGGATTCCTCAGGCTTCCTTCCCAGTCCATTCATT 500

fulac-4_promoter CTTTGCTAACTATCCACACAGCGTAAGCCACACAATCATGGCAGTGGCGATACTGTTTTGGATCTCCAGGTTCGCGCAGGGTCCACACTTTCAGACTCTTGTCAGTTGTC 110
fulac-4_promoter ACTTTACTTGCTACGATTCATCATAGGAGTGGATCGTGGGCATTCAATCCCGACTACTATAGCCTTGGATTGCTCATATCCTTCGCGAATGCTTGCGCGCCAGCGCATCT 220
fulac-4_promoter TCGACAGTTTGTTATGCTCTGCATGGCCTCGACCAAGGACGTCCTTCGAAACTTACACCGTACTTGGCGCGAAAGGAATCTGTTTCGACGCTTTACCARATAACTTTCCC 330
fulac-4_promoter GGGCAGTAAGGGTCACCGTTGGGCGGTGTCTATTAGTATTATATATARGAACGTCGATGTCCAACGTCCCTCACCCTTCCACGCCTTCAATCTTCCCTTCATTATCCTT 440

fulac-4_promoter CTCTTCCCTTTCCCTAAATCCCTTCTTCCTTTATTTTATTTCTTTTGGGGGATTTAGACG 500

Supplementary Fig. 5. Promoter region organization of the Flammulina velutipes laccase genes and putative cis-acting
elements. TATA boxes are highlighted with gray boxes. CAAT boxes are highlighted in boxes. The antioxidant responsive
element; TGACNNNGC) is underlined and the stress responsive element; CCCCT) is underlined with a double line.
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