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Abstract - To investigate the mutational spectrum of laccase (Lac) genes (lac-A and
lac-B) involved in degrading lignin which is the recalcitrant cell wall polymer, the
genes of the Pleurotus ostreatus mutants induced by gamma ray radiation were
amplified by PCR and were cloned. All partial lac-A genes of 4 mutants (PO-6, -7, -14
and -15) consisted of 1763 base pairs due to the deletion of two bases (491-nt and 492-
nt) and addition of one base (875-nt) in 1764 base pairs of lac-A gene of PO-1. Totally
36 mutational hot spots were detected and 32 positions were mutated in all of those 4
mutants simultaneously. These mutations were predominantly A : T — G : C transitions
(40%). Putative amino acid sequences of lac-A genes of mutants have one simultaneous
mutated residue (from Thr-44 to Ala-44). The 1764 bp of partial lac-B gene was cloned
only in PO-5 mutant and contained 19 mutated bases. These mutations were predo-
minantly G :C—A: T transitions (45%). Lac-B protein of PO-5 has two mutated residues
of Glu-290 and His-363 from Ala-290 and Phe-363, respectively. The hyper-muta-
tional positions were concentrated in specific regions of between 50-nt and 900-nt in
lac genes. These results suggested that the mutational hotspots responded to gamma
radiation could be in some genes, at least lac-A and lac-B of P. ostreatus.
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INTRODUCTION

Gamma ray radiation causes a variety of types of
damage to DNA in cells (Hutchinson 1985), requiring
the concerted action of a number of DNA repair enzy-
mes to restore genomic integrity (Thacker 1999). It has
been estimated that upon irradiation of cells, half of the
DNA damage caused by direct energy disposition in the
cellular DNA (the direct effect) and the other half of the
DNA damage resulted from reactions with reactive
radicals formed in the vicinity of DNA (the indirect effe-
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ct) (Michaels and Hunt 1978; Sonntag 1987). The indi-
rect effect of ionizing radiation on DNA could be studied
very well in vitro by irradiation of diluted aqueous DNA
solutions. Under these circumstances virtually all radia-
tion energy is absorbed by water, leading to the formati-
on of a number of water-derived radicals of which -OH
and - H are the most important DNA-damaging species.
Therefore, in vitro studies may provide more informati-
on on the mutations induced by -OH and -H radicals.
From such studies, it seemed that base pair substituti-
ons were the main type of radiation-induced mutations
due to the indirect effect and that there was a very stro-
ng preference for mutational events at C: G base pairs

in the lac! and lacZ genes of Escherichia coli (Sonntag
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1987; Wijker et al. 1996).

The information which in vitro studies can provide
about the indirect effect of gamma ray radiation, could
be possibly too simple models to apply for the in vivo
situation. Many other factors could play a role in the da-
maging process when DNA is present in a cellular envi-
ronment, such as the direct effect, the generation of
other (organic) radicals and the induction of a number of
different defense responses. Several studies have been
shown that the gamma ray radiation induced mutant
frequency of lacl gene as a mutational target could in-
creased in E. coli (Sonntag 1987; Sargentini and Smith
1994a, b; Wijker et al. 1996) and in lacl transgenic mice
(Winegar et al. 1994; Hoyes et al. 1998). In hamster
ovarian cell (CHQ), the majority of aprt- and hprt-de-
ficient mutants induced by gamma ray radiation differ-
ed as transversions and deletions, respectively (Thacker
1986; Miles and Meuth 1989). It has been estimated
that the mutation spectrum of cellular DNA induced by
gamma ray radiation could be dependant on the target
gene loci. Indeed, gamma ray radiation induce not only
the deficient mutants (Liwicki 1985; Zolan et al. 1988),
but also the enhanced mutants (Boominathan et al.
1990; Lee et al. 2000) in mammalian cells and fungi.
And the genetic diversity also increased in the gamma
ray radiation induced mutants resulted from RAPD an-
alysis (Lee et al. 2000). Therefore, it is necessary to get
some more information of the mutation spectrum of se-
veral genes from the gamma ray radiation induced in-
dividual mutant to analyze precisely in vivo mutation
spectrum of gamma ray.

Lignocellulosic materials are the main portion of the
biowastes which are abundantly produced by the agri-
cultural industry and forestry stations all over the
world. So far, there have been many kinds of researches
to recycle or reuse these as useful products, but it was
not so successful because of the complexity and recal-
citrant nature of lignocellulosic materials. These ma-
terials are degraded by the white-rot fungi including
edible mushrooms (Leonowicz et al., 1999). Manganese
peroxidase (Mnp) and laccase (Lac) of Pleurotus ostrea-
tus (oyster mushroom) are the main enzymes to degrade
lignin which is the most difficult fraction to be destroy-
ed (Asada et al. 1995; Zhao and Kwan 1999; Giardina et
al. 1995, 1999). By gamma ray radiation the enhanced

mutants of ligninolytic ability were induced and charac-
terized, previously, from P. ostreatus (Lee et al. 2000).
These mutants could be the useful strains for the degra-
dation of biowastes and have the difference in genetic
similarity. The present study has been carried out to
investigate the gamma ray radiation effects on the ge-
nomic sequences of lac genes of these P. ostreatus mu-

tants.

MATERIALS AND METHODS

1. Pleurotus ostreatus and its radiation mutants

Myecelia of P. ostreatus PO-1 (isolated in Kang-Won
province, Korea, KCTC 16812) and its mutants (PO-5.
-6. -7, -14, -15 and -16) induced by gamma ray radia-
tion (Co%, 60,000 Ci of capacity, AECL) were cultured in
PDB medium according to the previous study (Holm and
Berry 1970; Lee et al. 2000). The mutants of PO-5, -6,
-7 were induced with 1 kGy of gamma ray radiation,
and PO-14 was induced with 2 kGy. The PO-15 and
PO-16 mutants were derived from PO-14 after re-

irradiated with 1kGy of gamma ray radiation.

2. Cloning and sequencing of lac genes

Genomic DNAs were extracted according to Graham
(1994) and the polymerase chain reactions (PCRs) were
carried out with AccuPower PCR PreMixTM (Bioneer
Co., Korea) in 50/ of reaction solution containing 20 ng
of genomic DNA and 5 pmol of each primers. Specific
primers for lac gene of P. ostreatus, 5'-ACC GCA TCC
CCT CAG CCG AT-3'(LAC-A1, forward), 5'-GAG ATT
GAT GTT GAT ATC GG-3’'(LAC-B1, reverse) and 5'-
CAA TGC TTT CAA TGG CGA GG-3'(LAC-B2, re-
verse) were retrieved from database of POAJ5017
(Giardina et al. 1995). All PCR reactions were subjected
to the initial denaturation at 94°C for 5 min. These were
then processed through 35 cycles consisting of dena-
turation at 94°C for 30 sec, annealing at 55°C for 1 min,
and extension at 72°C for 1 min. These cycles were
followed by a single cycle of 5 min at 72°C using Gene
Amp PCR System 2400 (Perkin Elmer). Aliquots of the
amplified DNA were separated by electrophoresis on

0.8% agarose gel at 10 V/em. The PCR products were
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1 15 16 30 31 45 48 60 61 75 76 30
POAJS017 ACCGCATCCCCTCAG CCGATCTCCCCATGG CGGTTGCATTCGTTG CGCTTGTTTCACTCG CATTAGCACTCGTAC GCGTTGAGGCCAGCA 90
PO-1A ACCGCATCCCCTCAG CCGATCTCCCCATAG CGGTTGCATTCGTTG CGCTTGTTTCACTCG CATTAGCACCCGTAC GCGTTGAGGCCAGCA 90
PO-1B ACCGCATCCCCTCAG CCGATGTCCCCATGG CGGTTGCATTCGTTG CGCTTGTTTCACTCG CATTAGCACTCGTAC GCGTTGAGGCCAGCA 90

*

91 105 106 120 121 135 136 150 151 165 166 180
POAJS017 TTGGGCCCCGCGGAA CGCTGAACATCGCGA ACAAAGTCATCCAAC CAGgtatgtgactct cctacctgttgtcat cgtgecattegetea 180
PO-1A TTGGGCCCCGCGGAA CGCTGAACATCGCGA ACAAAGTCATTCAAC CAGgtatgtg-ctog cctacctgttgtcaa cgtgecattcactea 179
PO-18 TTGGGCCCCGCGGAA CGCTGAACATCGCGA ACAAAGTCATCCAAC CAGgtatgtg-ctct cctacctgttgtcat cgtgecattcegotca 179

* * * * *

181 195 196 210 211 225 226 240 241 255 256 270
POAJ5017 gacgegttacgttca ccctatgtcagATGG ATTTTATCGCTCgtg cgtacaatgattagg ttaa—cttcataceg ttegtttaacgatee 263
PO-1A gacgtgttacgttica ccccaaatcagATGG ATTTTCTCGCTCgtg cgtacaatggctagg ttaatcttcataceg ttegtttaacgatce 269
PO-1B gacgcgttacgttca coccaaatcagATGG ATTTTCTCGCTCgtg cgtacaatggetagg ttaatcttcataceg ttegtttaacgatec 269

k.3 * KKk * * & *

271 285 286 300 301 315 316 330 331 345 346 360
POAJSO17 ctagAACCGTGCTCG CCGGTGGCTCCTACC CGGGCCCATTGATCA AGGGCAAGACCgtac gtgtaacccccaact ttattcggegtagag 359
PO-1A ¢ctagAACCGTGCTCG CCGGTGGCTCCTACC CGGGCCCATTGATCA AGGGCAAGACCgtac gtgtaacccccaact ttattcggegtagag 359
PO-1B ctagAACCATGCTCG CCGGTGGCTCCTACC COGGCCCATTGATCA AGGGCAAGACCgtac glgtaacccccaact ttattcggegtagag 359

361 375 376 390 391 405 408 420 421 435 436 450
POAJS017 ctaatacgegetcca acagGGCGACAGGTT CCAAATTAATGTCGT GAACAAGCTOGCCGA CACGTCGATGCCGGT CGACACCAGTATCgt 449
PO-1A ctaatacgegotcca acagGGCGACAGGTT CCAAATTAATGTCGT GAACAAGCTCGCCGA CAGGTCGATGCCGGT CGACAGCAGTATTgt 449
PO-18 ctaatacgegetcca acagGGCGACAGGTT CCAAATTAATGTCGT GAACAAGCTCGCCGA CACGTCGATGCCGGT CGACACCAGTATTgt 449

*

451 485 466 480 481 495 496 510 511 525 526 540
POAJS017 aagcgacttegeact tgtcagaggaacget tattgatgatgtcce tegeatagCACTGGC ACGGTCTCTTCGTCA AGGGACACAATTGGG 539
PO-1A aagcgacttcgeact tgtoagaggaacget tactgatpatgicee tegeatagCACTGGE ACGGTCTCTTCGTCA AGGGACACAATTGGG 539
PO-18 aagcgacttegeact tgtcagaggaacget tactgatgatgtcee tcgcatagCACTGGC ACGGTCTCTTCGTCA AGGGACACAATTGGG 539

*

541 555 556 570 571 585 586 600 601 615 616 630
POAJ5017 CAGATGgtgagttct tgctgeggottcgaa cgegtaagteggege tcatgtgocgttegt gttgcagGCCCTGCC ATGGTTACGCAATGT 629
PO-1A CAGATGgtgagttct tgctgeggcttegaa cgegtaagteggege tcatgtgecgttcegt gtigeagGCCCTGCC ATGGTTACGCAATGT 629
PO-1B CAGATGgtgagttcet tgctgeggcttcgaa cgegtaagteggege tcatgtgeegttcgt gttgoagGCCCTGCC ATGGTTACGCAATGT 629

631 645 646 660 661 675 676 690 691 705 706 720
POAJS017 CCAATCGTTCCGGGE CACTCGTTITTGTAC GACTTCGAAGTCCCT GATCAAGCTGGAACA TTTTGgtgagattct attgoccpatattia 719
PO~ 1A CCAATCGTTCCGGGC CACTCGTTTTTGTAC GACTTCGAAGTCCCT GATCAAGCTGGAACA TTTTGgtgaaattct attgoccgatattta 719
PO-18 CCAATCGTTCCGGGC CACTCGTTTTTGTAGC GACTTCGAAGTCCCT GATCAAGCTGGAACA TTTTGgtgaaattct attgcccgatattta 719

*

721 735 736 750 751 765 766 780 781 795 796 810
POAJS017 taaacgcctttatta atagegtcggcgect agGTATCACTCTCAT CTTGGGACACAATAC TGTGATGGACTGCGG GGGCCATTGGTCGTC 809
PO-1A tatacacctttatta atagcgegggegtct agGTATCACTCCCAT CTGGGAACACAATAC TGTGATGGACTGCGG GGGCCATTGGTCGTC 809
PO-18 tatacacctitatta atagegegggcgict agGTATCACTCCCAT CTGGGAACACAATAC TGTGATGGACTGCGG GGGCCATTGGICGTC 809

hd * Ll * J * *

811 825 826 840 841 855 856 870 871 885 886 jeie]
POAJ5017 TACTCTAAGAATGAC CCCCATAAGCGTTTG TACGATGTCGACGAT Ggtgagctatctcaa tttg-tgectcacct atccatcgtatgaca 898
PO-1A TACTCGAAGAATGAC CCCCACAAGCGTTTG TACGATGTCGACGAT Ggtgagttatctcaa tttg-tgectcacat atccatcgtatgaca 898
PO-18 TACTCGAAGAATGAC CCCCACAAGCGTTTG TACGATGTCGACGAT Ggtgagttatctcaa tttg-tgectcacat atccatcgtatgaca 898

* * * * *

901 915 916 930 931 945 946 960 961 975 976 990
POAJS017 taaatccecteaghd TGCACCGTGCTGACC GTTGGTGATTGgtac gtgasacaccacttyg attcageccactgaca attgacaatccatea 988
PO-1A taaatccoctcagAA TCCACCGTGCTGACC GTTGRTGACTGgtac gtgazacaccacttg attcagecactpaca attigacaattcatca 988
PO-18 taaatcccctcagAA TCCACCGTGCTGACC GTTGGTGACTGgtac gtgaaacaccacttg attcagccactgaca attgacaattcatca 988

991 1005 1006 1020 1021 1035 1036 1050 1051 1065 1066 1080
POAJ5017 aagGTACCATGCCCC CTCATTGTCGCTCAC TGGAGTCCCCCATCC CGACTCGACACTATT CAATGGCCTTGGCCG TTCTCTCAATGGTCC 1078
PO-1A aagGTACCATGCCCC GTCATTGTCAGTCAC TGGAGTCCCCCATCC CGACTCGACACTATT CAATGGCCTTGGCCG TTCCCTCAACGGTCC 1078
PO-18 aagGTACCATGCCCC GTCATTGTCACTCAC TGGAGTCCCCCATCC CGACTCGAGCACTATT CAATGGCCTTGGCCG TTCCCTCAACGGTCC 1078
* * > *

1081 1095 1096 1110 1111 1125 1126 1140 1141 1155 1156 1170
POAJSOY AGCCTCGCCGCTGTA COTCATGAACGTGRT CAAAGGCAAGCGCTA TCGTATTCGGCTCAT CAACACTTCCTGCGA CTCCAACTATCAATT 1168
PO-1A AGCCTCGCCGCTGTA CGTTATGAACGTGGT CAAAGGCAAGCGCTA TCGTATCCGGCTCAT CAACAGTTCCTGCGA CTCCAACTATCAATT 1168
PO-1B AGCCTCGCCGCTGTA CGTTATGAACGTGGT CAAAGGCAAGCGCTA TCGTATTCGGCTCAT CAACACTTCCTGGGA CTCCAACTATCAATT 1168

* *

171 1185 1186 1200 1201 1215 1216 1230 1231 1245 1246 1260
POAJ5017 CTCTATCGACGGACA TACCTTCACTGTTAT CGAAGCTGATGGAGA GAATACTCAGCCTCT GCAGGgtacgtatat catcagtcttccgac 1258
PO-1A CTCTATCGACGGACA TACCTTCACTGTTAT CGAAGCTGATGGAGA GAACACTCAGCCTCT GCAGGgtacgtatat catcagccttccgac 1258
PO-18 CTCTATCGACGGACA TACCTTCACTGTTAT CGAAGCTGATGGAGA GAACACTCAGCCTCT GCAGGgtacgtatat catcagecttecgac 1258

* *

1261 1275 1276 1290 1281 1305 1306 1320 1321 1335 1336 1350
POAJS017 actgltcgeagaact ccggtctaacctcoca ttcacaacagTCGAT CAAGTGCAAATTTTT GCAGgtgcgttctaa tcgeogogaattcca 1348
PO-1A actgttcgecagaact cotgtctaacctcca ttcacaacagTCGAT CAAGTGCAAATTTIT GCAGgtgtgttctaa togocgtgaattcca 1348
PO-1B actgttcgcagaact cctgtctaacctcca ttcacaacagTCGAT CAAGTGCAAA GCAGgtgtgttetaa tcgecgtgaattcca 1348

* * *

1351 1365 1366 1380 1381 1395 1396 1410 1411 1425 1426 1440
POAJS0 17 ttctegeggaagett actgectcoccttgtt ctagGCCAACGTTAT TCGCTTGTCCTCAAC GCGAATCAGGCAGTC GGCAACTACTGGATT 1438
PO-1A {tctegeggaagetc accgocaccottgtt ciagGCCAACGTTAT TCGCTTGTCCTCAAC GCGAATCAGGCAGTC GGCAACTACTGGATC 1438
PO-1B 1438

ttctcgeggaagete accgecaccettgtt ctagGCCAACGTTAT TCGCTTGTCCTCAAC GCGAATCAGGCAGTC GGCAACTACTGGATC
* *

* *

Fig. 1. Alignment of the lac genes of Pleurotus ostreatus Florida and PO-1. POAJ5017 is the lac gene of Florida. PO-1A is
the lac-A gene and PO-1B is the lac-B gene of P. ostreatus PO-1. The different bases among three genes are
shown by asterisks. The underlined asterisks are the different bases between lac-A and lac-B gene.
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1441 1455 1456 1470 1471 1485 1486 1500 1501 1515 1516 1530
POAJS017 CGCGCAAACCCCAAC AGCGGCGACCCCGGC TTCGAAAACCAGATG AACTCTGCCATCCTC CGCTACAAAGGCGCA CGCAGCATCGACCCC 1528
PO-1A CGCGCAAACCCCAAC AGCGGCGACCCCGGC TTCGCAAAGCAGATG AACTCTGOCATCCTG CGCTAGAAAGGCGCA CGCAGCATCGACCCC 1528
PO-18 CGCGCAAACCCCAAC AGCGGCGACCCCGGC TTCGCAAACCAGATG AACTGTGOCATGCTG CGCTACAAAGGCGCA CGCAGCATCGACCCC 1528

*

1531 1545 1546 1560 1561 1575 1576 1590 1591 1605 1606 1620
POAJ5017 ACAACGCCCGAGCAA AACGCTACGAAGCCC CTGCACGAATAGAAG CTTCGCCOGCTGATC AAGAAGCCTGOGCCA GGCAAACCTTTCCCC 1618
PO~ 1A ACAACGCCCGAGCAG AACGCTACGAACCCG CTCCGCGAATACAAC CTTCGCCCGCTCATC AAGAAGCCTGCGCCA GGCAAACCATTCOCC 1618
PO-18 ACAACGCCCGAGCAG AACGCTACCAACCCC CTCCGCGAATACAAC CTTCGCCOGCTCATC AAGAAGOCTGOGCCA GGCAAAGGATTCOCT — 1618

* * * *

1621 1635 1636 1650 1651 1665 1666 1680 1681 1695 1696 1770
POAJ5017 GGCGGCGCCGATCAC AACATCAACCTAAAG TTCGCTTTCGATCCT GCCACCGCGCTGTTC ACCGCGAACAACCAT ACGTTTGTGOCCCCT 1718
PO-1A GGCGGCGCCGATCAC AACATAAACCTAAAC TTCGGTTTCGATCCT GCCACCGCGCTGTTC ACCGCGAACAACTTT ACGTTTGTGCCCCCT 1718
PO-18 GGTGGCGCCGATCAC AACATCAACCTAAAC TTCGCTTTCGATCCT GCCACCGCGCTGTTC ACCGCGAACAACTTT ACGTTTGTGCCCCCT 1718

* > * ¥k

1771 1725 1726 1740 1741 1755 1756
POAJ5017 ACCGTTCCAGTGTTG TTGCAGATCTTGTCG GGCACACGCGATGOG CATGATCTGGC 1764
PO-1A ACCGTTCCGGTGTTG TTGCAGATCTTGTCG GGCACACGCGATGOG CATGATCTGGC 1764
PO-18 ACCGTTCOGGTGTTG TTGCAGATGTTGTCG GGCACACGCGATGOG GATGATCTGGC 1764

*

Fig. 1. Continued.

cloned into pGEM T-vector (pGEM T-easy Vector Sys-
tem, Promega). The cloned genes were sequenced by au-
tomatic sequencer (LI-COR IR2 System). The sequ-
ences were analyed with BCM Search Launcher (http:/
dot.imgen.bem.tme.edu:9331).

RESULTS

1. Comparison of lac gene structures between
P. ostreatus PO-1 and Florida strain

With LAC-A1 (from -26 nt to -7 nt above the ATG
start codon of POAJ5017) and LAC-B1 (from 1717 nt to
1737 nt) primers, 1764 bp fragment of lac gene was
amplified from PO-1. However, the expected product of
PCR with LAC-A1 and LAC-B2 (contains the TGA
terminal codon) was not amplified. Therefore, the 1764
bp fragment of lac gene was used for analysis. From the
PCR products of PO-1, two types of lac genes were
cloned as lac-A and lac-B. The lac~A gene differed 10
bases of 1764 bases from lac-B gene of PO-1 (Fig. 1).
The sequences of the lac-A and loc-B differed from
that of the lac gene (POAJ5017) of Florida strain as 54
and 48 bases, respectively (Fig. 1). Among 386 residues
of the putative amino acid sequence of Lac-A, Pro-15
differed from Leu-15 in Lac-B of PO-1 and laccase of
Florida strain (Fig. 2). Additionally four residues (Ser-
41, Ala-290, Arg-320 and Phe-363) were simultaneo-
usly differed in Lac-A and -B from laccase of Florida
strain (Tyr-41, Glu-290, His-320 and His-363, respec-
tively).

2. Mutation spectra of lac genes induced by gamma
ray radiation

All partial lac-A genes of 4 mutants (PO-6, -7, -14
and -15) consisted of 1763 base pairs due to the dele-
tion of two bases (491-nt and 493-nt) and addition of
one base (875-nt) of PO-1 (Table 1). Total 36 hotspots
were detected in the partial lac-A gene of PO-1. Among
them, 32 positions were simultaneously mutated in all
of those 4 mutants, three positions were mutated in PO
-6, -7 and -15, and one position was also mutated in
PO-6, -14 and -15. Additionally PO-7 and PO-14
were mutated in 6 and 19 different positions, respec-
tively. Twenty seven of the hot spots were concentrated
between 70-nt and 884-nt of lac-A gene. Therefore,
the mutation rates of lac-A gene induced by gamma ra-
diation was 3.2% (58 bp/1764 bp). These mutations were
grouped of predominantly transitions (77.1%) and fol-
lowed by transversions (18.0%), base deletion (3.2%) and
base insertion (1.6%) (Table 2). The specific mutated
positions in lac-A of PO-14 ranged from 1015-nt to
1730-nt except one mutated base at 724-nt (Table 1).
By the reirradiation of 1 kGy, all of these specific mutat-
ed bases of lac-A gene of PO-14 reversed to normal
bases in the lac-A gene of PO-15, and additionally 3
hot spot positions of PO-15 were mutated at 903-nt,
985-nt and 1006-nt witch were same mutated bases in
PO-6 and -7. However, back mutations of hot spots in
PO-14 were not occurred by the reirradiation due to
same mutations were found in the mutant PO-15.

The 1764 bp of partial lac-B gene was cloned only in

PO-5 mutant and contained 20 mutated bases (the mu-
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48 60 61 75 76 90

LAGGSYPGPL IKGKT GDRFQINVVNKLADT SMPVDTSIHWHGLFV 90
LAGGSYPGPL IKGKT GDRFQINVVNKLADT SMPVOTSIHWHGLFV 90
LAGGSYPGPLIKGKT GDRFQINVVNKLADT SMPVOTS |HWHGLEY 90
LAGGSYPGPL IKGKT GDRFQINVVNKLADT SMPVDTS IHWHGLFV 90
LAGGSYPGPL IKGKT GORFQINVVNKLADT SMPVOTSIHWHGLFV 90
LAGGSYPGPL IKGKT GDRFQINVVNKLADT SMPVDTSIHWHGLFV 90
LAGGSYPGPL IKGKT GDRFQINVVNKLADT SMPVDTS IHANHGLFV 90
LAGGSYPGPL IKGKT GDRFQINVVNKLADT SMPVDTS IHAHGLFV 90
136 150 151 165 166 180

YCODGLRGPLVVYSKN DPHKRLYDVODESTV LTVGDWYHAPSLSLT 180
YCDGLRGPLVVYSKN DPHKRLYDVDDESTV LTVGDWYHAPSLSLT 180
YCDGLRGPLVVYSKN DPHKRLYDVDDESTV LTVGDWYRAPSLSLT 180
YCDGLRGPLVVYSKN DPHKRLYDVDDESTV LTVGDWYHAPSLSLT 180
YCDGLRGPLVVYSKN DPHKRLYDVODESTV LTVGDWYHAPSLSLT 180
YCDGLRGPLVVYSKN DPHKRLYOVDDESTV LTVGDWYHAPSLSLT 180
YCDGLRGPLVVYSKN OPHKRLYDVODESTV LTVGDWYHAPSLSLT 180
YCDGLRGPLVVYSKN OPHKRLYDVODESTV LTVGDWYHAPSLSLT 180
226 240 241 255 256 270

SNYQFS[OGHTFTVH EADGENTQPLQYDQV QiFAGQRYSLVLNAN 270
SNYQFSIDGHTFTVI EADGENTQPLQVDQV QIFAGQRYSLVLNAN 270
SNYQFSIDGHTFTVI EADGENTQPLQVDQV QtFAGQRYSLVLNAN 270
SNYQFSIDGHTFTVI EADGENTQPLQVDQV QIFAGQRYSLVLNAN 270
SNYQFSIDGHTFTVI EADGENTQPLQVDQV QIFAGQRYSLVLNAN 270
SNYQFSIDGHTFTV] EADGENTQPLQVDQV QIFAGQRYSLVLNAN 270
SNYQFSIDGHTFTV| EADGENTQPLQVDQY G!FAGQRYSLALNAN 270
SNYQFSIDGHTFTVI EADGENTQPLQVDQV Q1 FAGQRYSLVLNAN 270

*

316 330 331 345 346 360

TNPLHEYNLRPL |KK PAPGKPFPGGADHN | NLNFAFDPATALFTA 360
TNPLREYNLRPL IKK PAPGKPFPGGADHNT NLNFAFDPATALFTA 360
TNPLREYNLRPL IKK PAPGKPFPGGADHN| NLNFAFDPATALFTA 360
TNPLREYNLRPL IKK PAPGKPFPGGADHN! NLNFAFDPATALFTA 360
TNPLREYNLRPL IKK PAPGKPFPGGADHN| NLNFAFDPATALFTA 360
TNPLREYNLRPL IKK PAPGKPFPGGADHN| NLNFAFDPATALFTA 360
TNPLREYNLRPL IKK PAPGKPFPGGADHN | NLNWAVDPATALFTA 360
TNPLREYNLRPL IKK PAPGKPFPGGADHN | NLNFAFDPATALFTA 360

*

* *

1 15 16 30 31 45
POAJ5017 MAVAFVALVSLALAL VRVEASIGPRGTLNI ANKVIQPDGFYRSTV
PO-1A MAVAFVALVSLALAP VRVEAS|GPRGTLNI ANKV|QPOGFSRSTV
PO-18 MAVAFVALVSLALAL VRVEAS IGPRGTLNI ANKVIQPOGFSRSTV
PO-5B MAVAFVALVSLALAL VRVEAS IGPRGTLNI ANKVIQPDGFSRSTV
PO-6A MAVAFVALVSLALAL VRVEASIGPRGTLN] ANKV[QPDGFSRSAV
PO-7A MAVAFVALVSLALAL VRVEAS |GPRGTLNI ANKVIQPDGFSRSAV
PO-14A MAVAFVALVSLALAL VRVEASIGPRGTLNI ANKVIQPDGFSRSAV
PO-15A MAVAFVALVSLALAL VRVEASIGPRGTLNI ANKVIQPDGFSRSAV
* * *
9 105 106 120 121 135
POAJS017  KGHNWADGPAMVTQC PIVPGHSFLYDFEVP DQAGTFWYHSHLGTQ
PO-1A KGHNWADGPAMVTQC PIVPGHSFLYDFEVP DQAGTFWYHSHLGTQ
PO-18 KGHNWADGPAMVTQC P1VPGHSFLYDFEVP DQAGTFWYHSHLGTQ
PO-58 KGHNWADGPAMVTQC PIVPGHSFLYDFEVP DQAGTFWYHSHLGTQ
PO-6A KGHNWADGPAMVTQC PIVPGHSFLYDFEVP DQAGTFWYHSHLGTQ
PO-7A KGHNWADGPAMVTQC PIVPGHSFLYDFEVP DQAGTFWYHSHLGTQ
PO—14A KGHNWADGPAMVTQC P1VPGHSFLYDFEVP DQAGTFWYHSHLGTQ
PO-15A KGHNWADGPAMVTQC PIVPGHSFLYDFEVP DQAGTFWYHSHLGTQ
181 195 196 210 211 225
POAJ5017  GVPHPOSTLFNGLGR SLNGPASPLYVMNVV KGKRYRIRLINTSCD
PO-1A GVPHPDSTLFNGLGR SLNGPASPLYVMNVV KGKRYRIRLINTSCD
P0-18 GVPHPDSTLFNGLGR SLNGPASPLYVMNVV KGKRYRIRLINTSCD
PO-58 GVPHPDSTLFNGLGR SLNGPASPLYVMNVV KGKRYRIRL INTSCD
PO-6A GVPHPDSTLFNGLGR SLNGPASPLYVMNVV KGKRYRIALINTSCD
PO-7A GVPHPDSTLFNGLGR SLNGPASPLYVMNVV KGKRYRIAL INTSCD
PO-14A GVPHPDSTLFNGLGR SLNGPASPLYVMNVV KGKRYRIRLINTSCOD
PO-15A GVPHPDSTLFNGLGR SLNGPASPLYVMNVV KGKRYRIRL INTSCD
271 285 286 300 301 315
POAJ5017  QAVGNYWIRANPNSG DPGFENQMNSAILRY KGARS IDPTTPEQNA
PO-1A QAVGNYWIRANPNSG OPGFANQMNSATLRY KGARS | DPTTPEGNA
PO-18 QAVGNYWIRANPNSG DPGFANQMNSAILRY KGARS|DPTTPEQGNA
PO-58 QAVGNYWIRANPNSG DPGFENQMNSAILRY KGARS[DPTTPEQNA
PO-6A QAVGNYWRANPNSG DPGFANQMNSALRY KGARSIDPTTPEGNA
PO-7A QAVGNYW IRANPNSG DPGFANQMNSAILRY KGARS IDPTTPEQNA
PO-14A QAVGNYWIRANPNSG DPGFANQMNSA [LRY KGALS |DPTTPEQNA
PO-15A QAVGNYWIRANPNSG DPGFANQMNSA ILRY KGARS | DPTTPEQNA
* *
361 375 376
POAJS017  NNHTFVPPTVPVLLQ |LSGTRDAHDL 386
PO-1A NNFTFVPPTVPVLLQ [LSGTRDAHDL 386
PO-18 NNFTFVPPTVPVLLQ | LSGTRDAHDL 386
PO-58 NNHTFVPPTVPVLLQ 1LSGTRDAHDL 386
PO-6A NNFTFVPPTVPVLLG |LSGTRDAHDL 386
PO-7A NNETFVPPTVPVLLQ |LSGTROAHDL 386
PO-14A NNFTFVPPTVPVLLR ILSGTRDAHDL 386
PO-15A NNFTFVPPTVPVLLQ {LSGTRDAHDL 386

* *

Fig. 2. Alignment of the amino acid sequences of the Lac proteins of Pleurotus ostreatus PO-1 mutants induced by gamma
ray radiation. POAJ5017 is the Lac protein of Pleurotus ostreatus Florida. The Lac-A protein is indicated by “A”
and the Lac-B protein is indicated by “B”. The different amino acids among eight enzymes are shown by asterisks.
The underlined asterisk is the different amino acid between Lac-A and Lac-B protein.

tation rate was 1.1%; Table 1). No deletion or insertion
of base was found in lac—-B gene of PO-5. The mutated
bases were distributed between 1015-nt and 1719-nt
and consisted of transition (75%) and transversion (25%)
(Table 2). Surprisingly, 14 bases among 20 point muta-
tions found in lac-B of PO-5 were equal to the specific
mutated bases in lac-A of PO-14. It seemed that these
positions may be candidates of the general hot spot sites
between lac-A and lac-B genes of P. ostreatus induced
by gamma ray radiation. The frame shift mutation was

not found in lac-A and lac-B genes of all mutants.

3. Changes of the putative amino acid residues of
lac genes in mutants

Two simultaneously changed residues (Pro-15Leu-15
and Thr-44Ala-44) were found in the putative amino
acid sequences of lac-A genes of PO-6, -7, -14 and -15
mutants. Lac-A protein of PO-14 has additionally 5
changed residues as Val-266Ala-266, Arg-304Leu-
304, Phe-349Trp-349, Phe-351Val-351 and Gln-
375Arg-375. Lac-B protein of PO-5 has two changed
residues as Ala-290Glu-290 and Phe-363His-36 (Table
1, Fig. 2).
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Table 1. Sequence analysis of lac genes of gamma ray radiation-induced mutants in Pleurotus ostreatus PO-1
lac-A gene lac-B gene Amino Amino Target
Position IE)Eon/ g g acid acid sequegnce
ntron - po-1  PO-6 PO-7 PO-14 PO-15 PO-1 PO-5 changes number 5 to 3’

70 E1l C* T T T T P—L 15 AGCAC C CGTAC
247 12 t c c c [ taatc t tcata
268 12 t c c c c aacga t cccta
276 E3 A G G G G T— A 44 ctagA A CCGTIG
342 13 a g g g g cccecc a acttt
365 13 t c c c c gctaa t acgeg
370 I3 g a a a a tacge g ctcca
388 E4 G A A A A R— R GACAG G TTCCA
397 E4 T C C C C I—1 CAAAT T AATGT
418 E4 C T T T T A— A CTCGC C GACAC
448 E4 T C C C C I—1 AGTAT T gtCAG
465 14 t c [ c c cgcac t tgtca
483 I4 c t t t t gctta ¢ tgatg
488 I4 g a a a a ctgat g atgte
491 I4 g Deletion Deletion Deletion Deletion atgat g tcccet
492 I4 t Deletion Deletion Deletion Deletion tgatg t cccte
530 E5 A C C C C G—G AAGGG A CACAA
663 E6 C T T T T D—D TACGA C TTCGA
700 16 a g g g g Ggtga a attct
724 16 a g tatat a cacct
726 16 a g g g g tatac a ccttt
742 16 c t t t t tagecg ¢ gggeg
743 16 g c c c c agege g ggegt
762 E7 C T T T T S— S CACTC C CATCT
766 E7 C T T T T L—-L CCCAT C TGGGA
789 E7 A G G—G GATGG A CTGCG
859 I7 g a a a a ATGgt g agtta
862 17 t c c c c gtgag t tatct
869 I7 a g g g g atctc a atttg
871 17 Gap t t t t atttg - tgcet
884 17 a c c c c ctcac a tatcec
886 17 a g cacat a tccat
903 17 a c c c acata a atccec
936 E8 T C G—G GTTGG T GACTG
985 18 t c c c acaat t catca

1006 E9 G C C C P—P GCCCC G TCATT
1015 E9 A G A G S—S TTGTC A CTCAC
1036 E9 C T C T PP CATCC C GACTC
1069 E9 C T C T S— S CGTTC C CTCAA
1099 E9 T C T C V—V TACGT T ATGAA
1129 E9 T C R—R TATCG T ATCCG
1132 E9 C T T T T I—1 CGTAT C CGGCT
1219 E9 C T C T N—N GAGAA C ACTCA
1239 19 c t GGgta c gtata
1252 I9 c t c t atcag c cttcec
1278 I9 t g t g actec t gtcta
1328 110 t [¢ t c AGgtg t gttct
1365 110 [¢ t c t aagect ¢ accge
1368 110 c t c t ctcac ¢ gccac
1395 E1l1 T C Y—Y CGTTA T TCGCT
1401 E11 T C I—-1I TCGCT T GTCCT
1403 E11 T C V-— A 266 GCTTG T CCTCA
1440 E11 C T C T I—1 TGGAT C CGCGC
1475 El1 C A A— E 290 CTTCG C AAACC
1517 El1l G T R— L 304 CGCAC G CAGCA
1620 El1 C T T T T C P—P TTCCC C/TGGCGG
1623 El1 C T T T T T C G—G CCCGG C/T GGCGC
1641 El1 A C C C C C A I—-1 AACAT A/CAACCT
1652 El1 T G F—W 349 AAACT T CGCTT
1653 El1l C G F—W 349 AACTT C GCTTT
1657 El1 T G F—V 351 TCGCT T TCGAT
1668 E11 C G A— A CCTGC C ACCGC
1693 E11 T C F—H 363 ACAAC T TTACG
1694 E11 T A F—H 363 CAACT T TACGT
1713 El11 C T T—T CCTAC C GTTCC
1719 El1 G A P—P GTTCC G GTGTT
1730 E11 A Q—R 375 GTTGC A GATCT

* A small letter is a base in intron and a capital letter is a base in exon. Blank is the same base of PO-1. Nucleotide numbered according to

Fig. 1.
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Table 2. Mutations induced by gamma ray radiation on
lac genes of Pleurotus ostreatus PO-1

Mutation lac-A lac-B
type (1764 bp) (1764 bp)
Transitions
A-G 10/61(16.4%) 1/20(5.0%)

G—oA 4/61 (6.6%) 1/20(5.0%)
T—-C 15/61 (24.6%) 5/20(25.0%)
CoT 18/61 (29.5%) 8/20(40.0%)
Transversions
A-C 4/61(6.6%) -
G->T 1/61(1.6%) -
G—-»C 2/61(3.3%) -
C-oA - 2/20(10.0%)
CoG 1/61(1.6%) 1/20(5.0%)
T—oA - 1/20(5.0%)
T—-G 3/61(4.9%) 1/20 (10.0%)
Deletions*
G—(-) 1/61(1.6%) -
T—(-) 1/61(1.6%) —
Insertions
(=-)—T 1/61(1.6%) -

* These deletions occurred at tandem sequences as 5'-GT-3'.

DISCUSSION

* In this study, the mutation spectra of lac genes were
investigated in the mutants which induced by gamma
ray radiation from edible mushroom, P. ostreatus PO-1.
Previously, these mutants were independently isolated
from the survivals of the mycelial fragments after
irradiation of 1~2 kGy dose range of gamma ray radia-
tion and confirmed the enhanced ability of ligninolysis
and the diversity of genetic similarity by RAPD analysis
(Lee et al. 2000). Therefore, it assumed that the DNA
sequences of lac gene which is the main enzyme to
degrade lignin may be mutated and that the mutation
spectra of these genes include the common positions as
the hot spot and the specific positions in individual mu-
tants. These information were used to evaluate the tol-
erant limitation of change in the functional genes at
least lac genes in this eukaryotic organism and to mo-
dify the molecular structure of proteins through chang-
ing the structural genes by gamma ray irradiation.

In this study we found two laccase genes as lac-A and
lac-B which consisted of 10 different bases from P.
ostreatus PO-1 (Fig. 1). We amplified the two genes by
PCR method with same primer set. Unfortunately, we

have not cloned both lac genes from same mutant.

Therefore, it is not clear whether error of PCR or not.
However, P. ostreatus PO-1 and it mutants have a di-
caryotic mycelium, each cell of the dicaryon containing
two nuclei, one derived from each mating type. It is sug-
gests that two lac genes are an allele of laccase gene of
P. ostreatus.

Most of the gamma ray induced mutations in our tar-
get genes were base substitutions (97%) (Table 1), a
result which was also obtained by other studies (Miles
and Meuth 1989; Sargentini and Smith 1994a; Wijker
and Lafleur 1998; Wijker et al. 1996, 1998). The majori-
ty of all types of base substitutions occurred on G and C
base in other studies (Sargentini and Smith 1994b;
Wijker et al. 1996), whereas our result showed clear
difference. In lac-A gene, the A and T bases were 52.5%
of all base substitutions, but 45% in the lac-B gene. The
predominance of mutations at C bases could partly be
explained by the fact that the lacl gene had more C
sites than A sites (Wijker et al. 1996). It may be true in
case of lac-B because 53.37% of bases consisted of C
and G bases, and the base substitution of C and G bases
was 60%. Although the contents of C and G bases of
lac-A (53.33%) were higher than A and T bases, A and
T bases were more mutated in lac-A gene. Since the
mutation spectrum could be resulted from the repair of
the damaged base or base pair by the DNA repair
system of cell, the damaged bases induced by gamma
ray radiation could have no preference for a specific
base (or base pairs) as suggested by Sonntag (1987). But
the mutation spectrum could reflect on a specific DNA
sequence or kinds of certain genes dependent on the
repair mechanisms of cell. This is supported by the fact
that the 41 bases of same positions in lac~A of PO-6
and PO-15 mutants were mutated, but 20 bases were
mutated in lac-B of PO-5 mutant, though the sequence
of lac-A differed only 10 bases of 1764 bases from lac-B
gene. Additionally only three positions of the 10 differ-
ent positions between lac-A and lac-B were commonly
mutated (Table 1).

In gamma ray radiation induced mutation spectra
described here, the deletion only accounted for 1 type as
2 tandem-arrayed bases at 491-nt and 492-nt in lac-A
gene (Table 1). Studies on ionizing radiation induced
mutagenesis in mammalian cell lines have shown that

large deletions are the main type of induced mutations
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(Thacker 1986; Miles and Meuth 1989; Nelson et al.
1994; Thacker 1999). In E. coli, the size of the deletions
were from one base to several hundred bases (Wijker e
al., 1996). This difference in the amount of induced
deletions could be due to differences in repair of double
strand breaks in prokaryotic and eukaryotic cells.
Because the mutants used in this study were isolated
with several criteria such as growth rate in lignin me-
dium and formation of fruiting body, the mutants with
more severally deleted mutations could be excluded.
Four mutants studied on lac~A gene mutation spectrum
have also one base insertion at same positions. These
deletion and insertion mutations occurred in intron re-
gions. Therefore, frame shift mutations did not occur in
this gene.

It seemed that PO-1 strain of P. ostreatus (isolation
from Korea) has different lac gene from other strain,
Florida (P. ostreatus (Jacq. : Fr.) Kummer, type, Florida)
(Giardina et al., 1995) (Fig. 1). These strains may evolve
individually into other strains through genetic barrier
of regional separation. Therefore, they would have
different spectrum of lac gene naturally by spontaneous
mutation (Fig. 1). The mutational hot spots which mu-
tated to same base at same position of all studied mu-
tants were found in lac-A gene as 55.17% of all base
substitutions (Table 1). The lac~A gene of PO-1 strain
consisted of 32 hot spots against gamma ray radiation.
Among them, 14 sites were equal to the natural mutat-
ed sites and were mutated by gamma ray radiation to
same bases as those of Florida strains (Fig. 1, Table 1).
Additionally 10 mutated sites found in lac-A gene of
PO-7 mutant were also mutated to same bases as those
of Florida strain. Due to lac-A gene of PO-1 differed 58
bases from that of Florida strain by natural mutation,
the hot spots were ranged from 24% to 41% of natural
mutation sites. Lac-B gene was only cloned from PO-5
mutant and it was impossible to find out the hot spot
sites, but the 16 sites of 20 mutated bases induced by
gamma ray radiation were mutated at same bases to
those of Florida strain and consisted of 33% of the
natural mutations (Fig. 1, Table 1). This phenomenon
has not been detected previously in other studies. Most
of the hot spots of lac genes of PO-1 determined in this
study could not be mutated backward to original or

other bases by the reirradiation of gamma ray radiation

(Table 1). It seems likely that the sites of hot spots are
changed by gamma ray radiation to certain base as
found in mutants of PO-1 and then altered the property
of muta-tional hot spots. Although the mutated bases
induced by gamma ray radiation of the hot spots in PO-
1 were not changed to other bases by reirradiation,
these hot spots could be changed by other dose of gam-
ma ray radiation or the irradiated frequency due to half
of the mutated bases were same to that of the other
strain as Florida (Fig. 1). In the lacI gene model system
in E. coli after in vivo and in vitro irradiation, the clear
hot spots have not been induced by gamma ray radia-
tion, although some clear hot spots were spontaneously
induced (Nelson et al. 1994; Wijker et al. 1996).

The lac genes of PO-1 mutants produce the different
proteins with the different amino acids (Fig. 2). In this
study the properties of the mutated proteins have not
determined, but these products of lac genes of mutants
could be useful for degrading the recalcitrant lignin of
biowastes due to these mutants showed an enhanced
ligninolytic activity as previously mentioned (Lee et al.
2000). The DNA fragments of lac genes of mutants
could also be a useful material for genetic engineering.
From this results it is suggested that gamma ray radia-
tion could induce the simultaneous mutation spectrum
between mutants with some specific mutated bases in

same genes of edible mushroom, P. ostreatus.
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