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Abstract Homologous integration was studied in the
common mushroom, Agaricus bisporus, using a plasmid
(PHAGS-1) carrying the hygromycin-resistance gene and
a3.2-kb genomic fragment from A. bisporus. Homol ogous
integration was found in 30—60% of the transformants ob-
tained with pHAG3-1linearized at threedifferent positions
within the homol ogous sequence, generating either blunt,
5'- or 3'-protruding ends. The genomic fragment wasfound
to containtwo homol ogous open reading framesin tandem,
which showed 60% similarity to exo-f-1,3-glucanases
from Saccharomyces cerevisiae and Candida albicans.
The level of the corresponding mRNA islow in the vege-
tative mycelium and relatively high in fruiting bodies. In
the vegetative mycelium of atransformant with tandemly
integrated pHA G3-1 plasmids at the homol ogous position,
exoglucanase MRNA was strongly increased without any
apparent effect on growth rate or morphol ogy.
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Introduction

The homobasidiomycete Agaricus bisporus (the common
mushroom) is the most important cultivated edible mush-
room. Over recent years, more information has become
available from this species on genesinvolved in basal me-
tabolism (Harmsen et al. 1992), colonization of the com-
post substrate (Raguz et al. 1992; Perry et al. 1993; Chow
et al. 1994), sporetraits (Kerrigan et al. 1994) and quality
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parameters, such as browning of the fruiting body (Wich-
erset al. 1995). The application of recombinant DNA tech-
nology in this fungus has been hampered by its recalci-
trance to DNA-mediated transformation (Li and Horgen
1993; Challen and Elliott 1994). Only recently, however,
both a homo- and a hetero-karyotic strain of A. bisporus
were stably transformed to hygromycin B resistancein our
laboratory and transgenic fruiting bodies were obtained
(Van de Rhee et al. 1996).

Initially, transformations were carried out with pAN7-1
(Punt et al. 1987), containing the Escherichia coli hygro-
mycin B phosphotransferase (hpt) genefused to apromoter
and terminator from the ascomycete Aspergillus nidulans.
Since only few transformants were obtained with this vec-
tor (1-5 per 10 pg DNA), several strategies were adopted
to increase transformation efficiency. First, the hpt gene
was fused to the GPD2 (glyceraldehyde 3-phosphate de-
hydrogenase) promoter from A. bisporus. This, however,
did not lead to any significant increase in transformation
efficiency (Van deRheeet a. 1996). Recent work hasdem-
onstrated that additional replacement of the A. nidulanster-
minator by the A. bisporus GPD2 terminator, only yielded
approximately twice as many transformants (unpublished
results). In a number of fungi, transformation frequencies
and/or integration were enhanced when fragments homol -
ogous to the recipient genome were incorporated in the
vector (Orr-Weaver et al. 1981; Tsuge et al. 1990; Farman
and Oliver 1992; Steiner et al. 1995). Double-strand breaks
within the homologous region can increase the frequency
of integration at the resident locus. The present paper de-
scribestheincorporation of arandomly selected 3.2-kb ge-
nomic fragment of A. bisporus (called AbGH3) into the
PAN7-1 transformation vector. The resulting plasmid
pHAG3-1waslinearized withinthehomol ogousregion be-
fore transformation, in an attempt to enhance plasmid in-
tegration into the A. bisporus genome. However, transfor-
mation efficiency was again not enhanced, although it was
found that plasmid pHAG3-1 was targeted to the homol o-
gous position in up to 60% of the transformants. The
AbGH3 fragment was subsequently characterized by se-
guencing and Northern-blot analyses.



Materials and methods

Strains and transformation. The homokaryotic ade mutant strain of
A. bisporus (ATCC 24663) was cultivated and transformed as de-
scribed by Van deRheeet al. (1996). ATCC 24663 transformantsand
the heterokaryotic strain Horst U1 (ATCC 62462) were maintained
on MMP agar medium (1% malt extract, 0.5% mycological peptone,
1.5% agar). Horst U1 fruiting bodies were obtained from the Mush-
room Experimental Station, Horst, The Netherlands.

DNA manipulations. DNA manipulations and cloning were carried
out using standard procedures (Sambrook et al. 1989) and E. coli
strain IM109. The AbGH3 fragment was isolated from U1l as an
EcoRI genomic fragment of approximately 3.2 kb and cloned in
pUCS. It wasisolated from thisplasmid asa 3.2-kb Hindl 11 fragment
(Hindll1 siteswere present in the pUC8 polylinker and inside the ge-
nomic fragment just upstream of one of the EcoRI sites) and cloned
in the Hindlll site of pAN7-1 (Punt et al. 1987), downstream from
the A. nidulans trpC terminator, to create pHAG3-1. Subclones of
theHindl 11 fragment were sequenced using the A.L.F. system (Phar-
macia). Before transformation of A. bisporus, pHAG3-1 DNA was
digested with Kpnl, Spel or EcoRV, extracted with phenol-chloro-
form (1:1) to remove restriction enzymes, precipitated and dissolved
in10 mM Tris, 1 mM EDTA (pH 8.0). Tenmicrogramsof DNA were
used per transformation.

Southern- and Northern-blot analyses. For DNA and RNA isolation,
the vegetative mycelium was grown on MMP agar medium covered
with cellophane. DNA wasisolated from freeze-dried mycelium ac-
cording to Raeder and Broda (1985). Southern-blot analyses were
performed with 1 pg of DNA per sample using standard procedures
(Sambrook et al. 1989). The AbGH3 sequence was labelled using di-
goxigenin-dUTP and detection was performed using Lumigen PPD
chemiluminescence following the manufacturer’s instructions
(Boehringer Mannheim). RNA wasisolated from the vegetative my-
celium and from fruiting bodies (Van Tunen et al. 1988). Seven fruit-
ing body stagesweredistinguished according to Hammond and Nich-
ols (1976) and four mushrooms per stage were harvested and pooled
after separation into cap and stipe. Northern blotting was performed
with approximately 10 ug of total RNA per sample using standard
procedures (Sambrook et al. 1989) with the 32P-labelled AbGH3 se-
quence, exon 9 from GPD”9? (Harmsen et al. 1992), and a 5.3-kb
EcoRI genomic fragment with rRNA genes of Schizophyllum com-
mune monokaryon 4—39 (Ruiters and Wessel s 1989) as probes. RNA
size markers were from Gibco BRL.

Poly(A)* RNA isolation and RT-PCR. Poly(A)" RNA was isolated
from total RNA derived from amixture of stage 2 and 3 fruiting bod-
ies of strain U1, using Hybond mAP paper (Amersham). Reverse
transcription was performed for 1 h at 37°C in 20 pl containing
100 ng of poly(A)* RNA, 0.5 ug of oligo d(T);5_45 20 nmole of
dNTPs, 35.7 U of RNA-guard (all from Pharmacia) and 200 U of
Moloney MuLV reverse transcriptase (Gibco-BRL) in 1x Expand
buffer 1 (Boehringer Mannheim). PCR was performed using 4 pl of
the RT-reaction in the Expand system (Boehringer Mannheim) with
primers 5'-GCGGGAGAGCCTTACATTCAG-3' (nt 466 to 486 of
the AbGH3 sequence) and 5'-CCCAGAACTACAAGCAGACTG-3
(complementary to nt 1399-1419). The RT-PCR product was cloned
into pGEM-T (Promega).

Results
Homol ogous integration of pHAG3-1

Plasmid pHAG3-1 (Fig. 1 A) was obtained by inserting a
randomly selected 3.2-kb Hindlll fragment of genomic
A. bisporusDNA (called AbGH3) into transformation vec-
tor pAN7-1 (Punt et a. 1987). A restriction map of the
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Fig. 1A, B Map of plasmid pHAG3-1 A schematic representation
of (from top to bottom): the AbGH3 locus in A. bisporus ATCC
24663, single-copy homol ogousintegration and tandem homol ogous
integration of pHAG3-1intothe AbGH3|ocusB abbreviations: Pgpd
or P the A. nidulans gpdA promoter; hpt or h the E. coli hygromycin
B phosphotransferase gene; Ttrp or T the A. nidulans trpC termina-
tor; AbGH3 the 3.2-kb A. bisporus genomic fragment. Single line
pUC18vector (A, B). Wavy linebordering A. bisporusgenomic DNA
(B). Restriction enzymesites: C Clal; EV EcoRV; H HindlIl; K Kpnl;
S Sall; S Spel. In B approximate restriction fragment sizes are
given after digestion with Sall, Clal and Kpnl

AbGHS region in A. bisporus was obtained by Southern-
blot analysis (Fig. 1 B, upper panel). A homokaryotic ade-
nine mutant strain (ATCC 24663) of A. bisporus was used
for transformations with aKpnl-linearized pHA G3-1 plas-
mid. Kpnl cutsat 369 bp from the 3' end of the AbGH3 se-
quencein pHAG3-1 (Fig. 1 A). The numbers of hygromy-
cin B-resistant transformants produced were comparable
to those obtained with Hindlll-linearized pAN7-1 lack-
ing the AbGH3 sequence. Southern-blot analysis of the
pHAG3-1 transformants with an hpt probe confirmed in-
tegration of the plasmid into the A. bisporus genome (data
not shown). Subsequently, AbGH3 was used as a probe to
determine whether the plasmid had integrated at the ho-
mologous position or ectopically. Homologousintegration
would lead to aduplication of the AbGH3 locus separated
by vector sequences (Fig. 1 B, middle panel). Genomic
DNA from non-transformed ATCC 24663 was digested
with Clal, which cuts neither the vector nor the resident
AbGH3locus, yieldinga4.3-kb hybridizingband (Figs. 1B
and 2A, lane 3). Upon integration of pHAG3-1 into the
AbGHS3 region, this band was predicted to shift to ahigher
position (14 kb for a single-copy insertion, 24 kb for a
tandem two-copy insertion, etc.). This was indeed found
for 8 out of 13 transformants; representative examples
are shown in Fig. 2 A. Clal-digested DNA from transfor-
mants with homologous integration of multiple copies
of pHAG3-1 are shown in lanes 5 and 7 (Ck10-3 and
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Fig. 2A, B Southern-blot analysis of several pHAG3-1 transfor-
mants after digestion of genomic DNA by Clal, Sall (A) and Kpnl
(B). A lane 1, HindllI-digested pHAG3-1; lane 2, Sall-digested
pHAG3-1; lanes 3—4, non-transformed ATCC 24663; lanes 5-6,
transformant Ck10-3; lanes 7-8, Ck25-2; lanes 9-10, Ck10-6; lanes
11-12, Ck10-1. Uneven lanes, DNA digested by Clal. Even lanes,
digestion by Sall. B lane 1, Kpnl-digested pHAG3-1; lane 2, non-
transformed ATCC 24663; lanes 3-6, transformants Ck10-6, Ck25-2,
Ck10-4, Ck10-1. Abbreviations: — non-transformed; H>1 tandem
homologous integration; H1 single-copy homologous integration;
E ectopic integration. Size markers are indicated on the left. Blots
were hybridized to an AbGH3 probe

Ck25-2). Inlane 9 (Ck10-6) alower hybridizing signal was
found, corresponding to a single-copy homologous inte-
gration. Lane 11 demonstrates an example of an ectopic
integration (Ck10-1). In addition to the non-disrupted en-
dogenous 4.3-kb Clal fragment, aband of morethan 20 kb
was found, caused by ectopic integration of pHAGS-1.
These results were confirmed by Sall digestion, which
produced a 7.6-kb band in non-transformed control DNA
(Fig. 2 A, lane 4). A single-copy homologous integration
was predicted to result in bands of 12 and 3.4 kb hybridiz-
ing to the AbGHS3 probe, due to the presence of two Sall
sites in the plasmid (Fig. 1 B). The Sall site at the 5’ end
of the AbGH3 sequence in pHAG3-1 is part of a pUC8
polylinker region which was introduced during the clon-
ing procedure. Transformant Ck10-6 contained the pre-

dicted hybridization pattern (lane 10). Transformants
Ck10-3 and Ck25-2 yielded an additional 7.8-kb band, due
to the presence of the homologously integrated tandem
copies (lanes 6 and 8). Transformant Ck10-1, on the other
hand, gave a band of approximately 20 kb, corresponding
totheectopicintegration of pHAG3-1, in addition to bands
of 7.6 kb and 7.8 kb which co-migrated. The 7.6-kb band
represents the non-disrupted AbGHS3 locus, whereas the
7.8-kb band results from tandemly integrated pHAG3-1
copies elsewhere in the genome. The presence of tandem
copies was confirmed by Kpnl digestion (see below). Hy-
bridization with an hpt proberesulted in a2.2-kb Sall band
in al transformants, as predicted (Fig. 1B, data not
shown).

Transformant DNA was digested with Kpnl to deter-
mine whether this sitewasrestored in A. bisporusuponin-
tegration of the linearized plasmid. Two bands of approx-
imately 20 and 6.8 kb were found in all transformants an-
alysed (Fig. 2 B, lanes 3to 6), as well asin the non-trans-
formed control (Fig. 2B, lane 2); these corresponded to
the resident locus plus additional flanking sequences
(Fig. 1B). Inaddition, a10-kb band of plasmid-length was
found in all transformants, indicating that the Kpnl sites
were restored. Ck10-1 yielded an additional 7.7-kb band
caused by ectopic integration.

Sequence of the AbGH3 fragment

Preliminary Northern-blot data indicated that a weak
MRNA signal hybridizing to the AbGH3 probewas present
in the vegetative mycelium of ATCC 24663 and that addi-
tional bandswerevisiblein pHAG3-1transformants. Since
the AbGH3 fragment directed high-frequency homologous
integration in A. bisporus, its sequence was elucidated to
determine whether disruption of an interesting gene might
have occurred in pHAG3-1 transformants. The AbGH3
fragment was found to harbour two open reading frames
intandem (Fig. 3) and which are oppositein orientation to
the hpt gene in pHAG3-1. The ORFs showed homology to
each other and to exo-£3-1,3-glucanases from Saccharo-
myces cerevisiae and Candida albicans (Vazquez de Al-
danaetal. 1991; Chamberset al. 1993). The upstream gene,
which was hamed AbEXG1, isinterrupted by nine short in-
trons (46104 bp). Thepositionsof introns1—4 and 9 could
be determined by comparison of the deduced amino-acid
sequence to the yeast exoglucanases and by the presence
of consensus sequences for intron splice sites. The posi-
tions of introns 5-8, however, were initially uncertain due
to insufficient homology with the yeast exoglucanases.
Therefore, fruiting-body RNA was reverse-transcribed
into cDNA and the region from nt 446 to 1419 of AbEXG1
wasamplified by PCR, then cloned and sequenced, reveal -
ing the intron positions shown in Fig. 3.

The AbEXG1 gene encodes a polypeptide of 419 amino
acids (Mr 46, 680 Da) with a predicted signal peptide of
22 amino acids (Von Heijne 1986), suggesting an extracel -
lular location for the encoded mature protein (Mr
44, 408 Da). Of the downstream gene, AbEXG2, only the



Fig. 3 Nucleotide sequence of
the AbGHS3 fragment and ami-
no-acid sequence of the puta-
tive exo-3-1,3-glucanases
[AbEXG1 and AbEXG2
(partial)]. Introns are shown

in lower case. Predicted signal
sequence cleavage sites in the
proteins are indicated with
arrows. A putative polyadeny-
lation signal is overlined and

a sequence resembling a TATA-
box is underlined. Unique re-
striction sites (Kpnl, Spel,
EcoRV) are indicated. The nu-
cleotide sequence data ap-
peared in the EMBL, GenBank
and DDBJ Nucleotide Se-
guence Databases under acces-
sion number X92961
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AAGCTTCTGGCCATGCTATCCTCGCGGGCTTTGCTCTTCGCGGTTGTTGGGCTTGTCTTGTCCCCCCTTAGTCTCTGCATCACTCCCAGCTTTCCTTATGGCCAAAGGAA
S S R A L AVVGLVLSPLSLCTITPS P Y G Q R K

AGTCCGCGGAGTCAAT‘TTAGGAGGTTGGC'I‘TGTGTTGGAthaagCaaaatgtCggcCtgaaagccgcacttgaattgaagccttCcccagCCATGGA‘TCACACCTTCAA
V R G V N L G G intron 1 P W I T P S I

TTTTCGACAACACGGGAGATTCTL\:A TTATT ATGAATGGALJ T JLbblL_AATTTGTAGATCGGTCCACCGCGACCAACGTCCTTCGCAATCACTGGAA’I‘ACATGGATC
F D N T s vV I D W T F G Q F V.DUR S T N Vv N H W N

KpnI

ACGGAAGAAGATTTTGCGCGTATTGCTGCTGCCGthaccataaatgaataaaataaatttgaatttatagctaactcgttaccagGCTCAA‘I‘CA’I‘GTTCGCCTCCCTAT
T E EDF A R I A A A G intron 2 V R L P I

TGGATACTGGGCCTTCGAAGTCGCAGCGGGAGAGCCTTACATTCAGGGGCAGCTTCCGTTTTT”" GAAGGCAGTTACTTGGGCGCAG: TCACAATCTCAAGCTCATCA
G Y W Q Q E KAV T WA QNI HNTULIKTILTITI

TTGACCTACACthatttaattcgccttaaccatgcattaactattggtcacttattgtctgtctcatatagGTGCACCGGGAAGTCAAAACGGgtgagcaatgattgac
intron 3 A P G S G

gatctggcagcatgtgcacgaacacctgctcgtgatacttagcttctccacccgtttttgccccatttgacatgccttttcttcacagGTTTGACAACTCTGGGCAAAAA
intron 4 F D N S G Q K

AAATCAT’I‘TCCgtaagcgtgactatccattacttgcttttgtttcgaataaaagagctgtgtagAGAA’I‘GGCACACGAGGGCGGACTATGTTGATCGGACCAACGC’I‘ATT
K S F intron R T N A I

ATF AGACG, TAPCATPA r TACAAGAATATGGCCG. TGTCGTTGCTGTAATTGCACCATTGAACGAgtgagaattgtgactgtgatcaatggatcccatgttgactcc
K T I T Y K NMADV VAUV IAZPTULN intron 6

gcgttaagACCAGCAGGCT’I‘TGACGGCGCACAGGTCCTGAGCGTCACTAAACAthgagctcgaacccttctcactgatgcggggctcatgcaatgcctccagTACTGGT
F D G A Q S V. T K Q intron 7 W F

TTGATAGTTATGGGAATATCCGQtgggtttgagtttaacttgccatacgtttcaactgataagatCagGT‘TCCCGTTTGG’I‘ACATCTCAGCAAAGTAATACCATGG’I‘CAT
intron 8 P F G T S Q Q N T M V

GATTCACGACGCTT’I‘TCAA’I‘CTCTGAGCTT’I“TGGAACGGCTTCATGCAGCCACCTGACT'I‘CGACGGGG’I‘TTTATTGGACACTCATCGGTA’I‘CAGATGT’I‘CTCGGATGCCg
I HDAVF Q S L S F WN G F M D F D G L DT HU R Y Q MF S

tgagtttgcttttgacttcaccttctctttatgaaataattccccr gGAAAATCATAA, ‘T‘CC(‘I—\(‘{‘ AC; T, 'T‘CCAGTC'I‘GCTTGTAGTTCTGGGCCTGGGTTAGC
intron 9 N H K S E Q Q H I L A

ATC‘TGCTCC'I‘CT1-\TGGGCTATTGTAGGAGAA’I‘GGACTCCTGCAGCCAACGACTGTGCAAAGTATCTCAACGGAL TGGCGTCGGT lLCCG’I‘TACGAiu{;l TCATTCCCTG
S AP L WATIVGEWT?PAANTD N G R GV G S R Y D G S F P G

GTTCATCACGGGTCGGAAGCTGTACCGGTCTTACAGGAAAGGCCTCAACCTTCAGCTCGAGCTACAAGCGCTTCCTTP P ATTCTGGG. DF”TCAAGCC PPPFPTAT
S L T G K A S T F S S S Y KRVFLROQFWEA AIGQAT

GAGCAAGGGCAAGGTTGGCTTCAGTGGACTTGGAAGACTGAAATTACAGATGAATGGTCGTATAAGGCTGGATTGGATAATGGCTGGATTCCGCAGAACCCTACCGAACG
EQGQGWL T W K T E I T D E W S Y G P T E R

CCAATTCCCTGGTATCTGTGGT 1 'AATTTGTTTCCTC. TTCGGTACAJ '‘GTTGC. CAGTGACL TTTGGG. TGTGACCAGACTTCGAATCAGTCACTTGACACTAAATTAAAG
Q F P I C G

GCAGTAGCACACTCTTTTTATTTAATTTCTTGTGCTGAGAAAL(:bb(_lLL_LybLALn AuxuleGTGLbLLuib C. CATTGCAAACGCGTTT’I‘TGGTTGATAACCCC‘TC

TTTTCATTGAACCCAACGTTTGAGCCATCTCCCCAACTACTGTACTATGAGGTTATCACGGCAATTACGGAGCTTCTTGAGACGTGAAGCGTGCAGGGTCATCATACCGG

CTAAGCTAAI-\GCTAACATAAAGCGCCGAA}‘\TGCTAAATCTCGATACTGC'i‘CTCGATCTGACCCTACCTG(‘:AAALL TTGTGC. CCACT'E‘C(,L TTTCGTT bACCATTCTé

GTATATCGTCAACATGTGGEJAGTCTGTGCTGCAGGCGGA(.TAACCTAGGTTTGAAGACCG&‘TGGGTGTCAAACAATCTTC'}‘CCTGGCTTCCATTCGCTCGéGCTTCTCTTC
Spel

TCTACTTCAéCTTGTTCGAACCGGATCTT(.:GGAACAGCTGGTAATACAAI;TTTCGCTCAAGCCGAACTmCMCATTCAAACCGC(’:GCCTGTCAAACATCCCA’I‘A}'X

CTCACGCCGGGCTT’I‘AAAATCGACTCTGCTCGTCAACAGTCTACTTTAGTTCTTGGTTCCTTCTCTCAAATTCTAGTCCAACTGCCCTACACTCCTTTGAA’I‘CA’I‘GGCAT

AC'I‘CCTCGGGTTTGCATATGCTCT'I‘GATTTTTCTGCTTGGTCTCTCTGCTA(. TCGCT L(:bleTTGGCC'I‘TA TTTTGGCTTTCCTT TGGGAAGGAAAAAGTGCGGGGC
S A T R s V G L F G F P Y G K E K V R
T

GTCAACCTTGGCGGCTGGT’I‘GGTTCTTGAthgggcacgcgtgtttgttctctggattgtaagaatatggtggctaactgcattccagCC’I‘TGGAT‘I‘ACGCCGTCCCTCT
V N L G W L intron 1 I T P S L F

TTGATGGCACTATGGACGACCGTA;1 TTGATGAATATACCTTCGGTC: ATATA’I‘GGACAAGGAAGAAGGCCGTCGAATGTTACAGCGTCATTGGGATTCATGGATTACC
D D R D E Y T F Q R M L Q R H W s

GAGAAAGATTTTGAGGCTATTTCTCGTGCCGGQCactttttagttgttcgagtcgaagatagttggctaatggcacgcgctgttttccacaagGTTGAATCACGTTCGCC
E K D F E A I S A intron 2 H V R L

EcoRV

TGCCGATCGGTTTCTGGGCATTCGATATCAGTGGCGGCGAACCTTATA’I‘CCAAGGCCAGCTCGCTTA‘TATGAACAAGGCTTTCGGTTGGGCTGCAAAACATAACCTGAAA
G F W A F I P Y I Q G Q L A Y N w A K H N L K

G‘TGATAGTCGATTTGCATGgtaaat ctcctecattatt ttgcaaagcaactcgtgctgaatggtt tatgtcat ttagGTGC'I‘CCCGGTAG’I‘CAAAATGthaat tgcgaat
intron 3 A P G S QN intron 4

tc

N-terminal 159 amino-acid coding regionis present onthe
AbGH3 fragment, containing a predicted 19 amino-acid
signal sequence. Intron positions are identical in the two
genes. Theamino-acid sequencesof AbEXG1 and AbEXG2
show 61% identity and 81% similarity if conserved amino-
acid changes are taken into account. Figure 4 shows that
there are several blocks of identity to the yeast exogluca-
nases; these are dispersed over the entire reading frames,
strongly suggesting that the predicted A. bisporuspolypep-
tidesarealso exo-[3-1,3-glucanases. Theoverall identity of
AbEXG1 with the yeast exoglucanases is on average 42%
(similarity 62%). The codon usage of the ADEXG1 geneis
not strongly biased against third position G (23%) or A
(19%), contrary to the highly expressed GPD”%, cel1 and
Icc genes of A. bisporus (Harmsen et al. 1992; Raguz et al.
1992; Perry et al. 1993). The G+C content is 49% in the

coding regions of the two genes and 45% in non-coding
regions. The intergenic region of 737 bp contains a puta-
tive polyadenylation signal and sequences resembling
CAAT- and TATA-boxes.

Effect of linearization of pHAG3-1 on homologous
integration

TheKpnl site used for linearization of pHAG3-1in the ex-
periments described above, was found to be located at the
border of intron 2 of AbEXGL (nt 369). In order to deter-
mine whether the site of linearization influenced the fre-
guency of homologousintegration, pHAG3-1wasalsolin-
earized with Spel (nt 2380) or EcoRV (nt 2996), cutting in
the intergenic region and in exon 3 of AbEXG2, respec-
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Fig. 4 Structural similarity of Ab2 ....MAYSSG LHMLLIFLLG LSATRSVLGL TFGFPYGKEK .......... ...... VRGV NLGGWLVLEP WITPSLE...
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Table 1 Frequency of homologous integration of pHAG3-1 in
A. bisporus ATCC 24663

Trans- Numbers of transformants®
forming
DNA? Total Ectopic Homologous integration
inte-
gration  Total Tandem Single-
insertion copy
insertion
* Kpnl 13 5 8 5 3
* EcoRV 15 7 8 2 6
* Spel 9 6 3 3 0
Undigested 5 4 1 0 1

@ Plasmid pHAG3-1 was digested before transformation with re-
striction enzymes cutting at positions indicated in Figs. 1A and 3

Numbers of transformants obtained in 4, 4, 2 and 4 parallel trans-
formation experiments with Kpnl-, EcoRV-, Spel-digested and un-
digested pHAG3-1, respectively

tively (Fig. 3). Kpnl, Spel and EcoRV generate 3'-protrud-
ing, 5'-protruding and blunt ends, respectively. Table 1
summarizestheresultsobtained by transformation of strain
ATCC 24663. The distinction between ectopic and homol-
ogous integration and single-copy or tandem insertions at
the homologous locus was made on the basis of separate
Clal- and Sall-digestions for each transformant, as de-
scribed above. The results show that linearized pHAGS3-1
is targeted to the homologous locus in approximately
30-60% of thetransformants. Homol ogousintegration can
occur independent of the site of linearization (inside or out-
side AbEXG coding regions; central in, or near the end of,
the homol ogous sequence) and independent of the type of
DNA ends formed. None of the transformants showed hy-
bridization patterns indicative of concurrent targeted and
ectopic integrations. Tandem plasmid copies were found
inalarge number of transformantswith targeted insertions,
as well as in transformants with ectopic insertions, but
these were not studied systematically. Southern-blot anal-
ysisof three and one sel ected transformant(s) from EcoRV-
and Spel-digested pHAG3-1, respectively, showed that

these restriction sites had been restored in A. bisporus as
was found before with Kpnl sites (Fig. 2 B).

Undigested DNA yielded fewer transformants than lin-
earized DNA, aswe normally find in A. bisporus. One out
of five transformants had integrated undigested pHAG3-1
at the homologous locus. The Southern-blot pattern of this
transformant and one of the transformants obtained with
Kpnl-digested pHAG3-1 indicated that they probably con-
tained amixture of non-transformed nuclei and nuclei with
homologously integrated pHAG3-1 (data not shown).

Northern-blot analysis of the AbEXG genes

In order to study expression of the exoglucanase genes,
Northern-blot analyses were performed on RNA isolated
from the vegetative mycelium and seven fruiting body
stages of strain Ul. Asshownin Fig. 5, the AbGH3 probe
hybridized to a single mRNA band of approximately
1.45 kb. Exoglucanase mRNA was barely detectable in
vegetative mycelium grown on complete medium (lane 1).
Exoglucanase expression was considerably higher infruit-
ing bodies and increased after pinhead formation (lane 2)
when the cap and stipe of the fruiting body were formed
(stage 2, lanes 3 and 9). Expression did not vary much
between cap and stipe and was rather constant in timewith
amarked decrease at the last stage (lanes 8 and 14).

The vegetative mycelium of strain ATCC 24663 con-
tained very low levels of 1.45-kb exoglucanase mRNA,
comparableto U1 (Fig. 6, lane 1). Two pHAG3-1 transfor-
mants, containing multiple integrations either ectopically
(C10-1, lane 2) or at the homologouslocus (C25-1, lane 3),
showed additional smaller transcripts of approximately
0.7 and 0.9 kb, which may correspond to truncated exogl u-
canase MRNASs, originating from the partial AbDEXG2 gene
present on pHAG3-1. In transformant C25-1, the level of
full-length exoglucanase mRNA was highly increased
compared to non-transformed mycelium. In some experi-
ments, irreproducible hybridizing bands of more than
9.5and less than 0.16 kb were found. Although the
AbEXGL1 coding region isentirely present on pHAG3-1, it
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Fig. 5 Exoglucanase gene expression in vegetative mycelium and
fruiting bodies of U1. RNA was isolated from vegetative mycelium
(lane 1), pinheads (stage 1, lane 2) and from caps (lanes 3-8) and
stipes (lanes 9-14) of stages 2 to 7 of fruiting body development,
distinguished according to Hammond and Nichols (1976). Stages 2
and 3 correspond to commercially attractive mushrooms; at stage 4
the velum starts to tear and gills become visible. At stage 7, the cap
surface curves upwards. The Northern blot was hybridized to the
32p_|abelled AbGH3 fragment. Equal RNA |oading of laneswas con-
firmed by hybridization to an rDNA probe (data not shown).

1 2 3
kb

1.45 - —

0.90 -

0.70 -

Fig. 6 Northern-blot analysisof pHAG3-1transformants. RNA was
isolated from the vegetative mycelium of non-transformed ATCC
24663 (lane 1) and of transformants carrying tandem copies of
pHAGS3-1 inserted ectopically (C10-1, lane 2) or at the homologous
locus (C25-1, lane 3). The blot was hybridized to the 32P-labelled
AbGH3 fragment. Approximate sizes of bands are indicated on the
left. Equal RNA loading of lanes was confirmed by hybridization to
a GPD probe (data not shown)

lacksits promoter. Therefore, it isnot clear whether thein-
creased level of 1.45-kb mRNA in C25-1 is due to the ac-
tivity of a cryptic promoter in the vector sequences or to
altered regulation of expression of the resident ADEXG
genes because of disturbance of the normal chromosomal
context by insertion of pHAG3-1. C25-1 and C10-1did not

show an altered growth rate or an altered colony morphol -
ogy under laboratory conditions.

Discussion

A 3.2-kb genomic A. bisporus fragment, directing high-
frequency homol ogousintegration, wasshownto carry two
tandem exo-f-1,3-glucanase genes (one partial). From
S. cerevisiaethree exo-3-1,3-glucanase genes with mutual
homology have been isolated. EXG1 encodes two glycos-
ylated, extracellular isoforms (Vazquez de Aldana et al.
1991), whereas the EXG2 gene product is a membrane-
bound glycoprotein (Nebrada et al. 1986; Larriba et al.
1995). SSG1 encodes a sporulation-specific extracellular
enzyme (San Segundo et al. 1993). Disruption of the SSG1
genesin diploids led to adelay in the formation of mature
asci; additional disruption of the EXG1 and EXG2 genes
did not result in an altered phenotype. The S. cerevisiae
BGL2 gene encodes a (-1,3-glucanase similar to plant
endo- -1,3-glucanases, but unrelated to thethree genesde-
scribed above (Klebl and Tanner 1989). The C. albicans
XOGL1 gene, encoding an extracellular non-glycosylated
exo-$3-1,3-glucanase, is highly similar to the yeast EXG
genes (Chambers et al. 1993). The XOG1 gene is moder-
ately expressed at the mRNA and protein levels; maximal
MRNA expression occurs at the early phase of exponen-
tial growth. During secretion both the EXG1 and XOG1
primary gene products are processed in two steps involv-
ing the signal peptidase and aKex2-like proteinase, result-
ing in mature polypeptides of 408 and 400 amino acids, re-
spectively, similar in sizeto the predicted mature AbEX G1
protein of A. bisporus. The yeast genes do not contain in-
trons. Recently, an endo-3-1,6-glucanase gene from the
mycoparasitic fungus Trichoderma harzianum has been
isolated (Lora et al. 1995). The encoded enzyme is pro-
cessed at a Kex2 proteinase recognition site and shows
20-30% identity to yeast EXG1 and XOGL1. Certain con-
served domains were found, which are also present in the
A. bisporus EXG genes. Chambers et al. (1993) and Lora
et al. (1995) have noted the conserved sequences LEP and
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NEP as well as the importance of glutamate residues for
the catalytic activity of 3-1,3- and -1,4-glucanases and
chitinase of plant, fungal and bacterial origin. However,
according to Larriba et al. (1995), the conserved motif
HHHY (particularly the second histidine and the tyrosine
residue) is part of the active site of yeast EXG2. The LEPR,
NEP and HXY motifs are also present in ADEXGL1 (resi-
dues 45-47, 205-207, 273-275) and the partial AbEXG2
sequence (only the LEP motif, residues 48-50).

The function of exo-3-1,3-glucanases remains unclear.
They most likely play some role in the metabolism of
[B-glucan, animportant structural cell-wall component, dur-
ing processes such as apical growth, branching and spore
formation. Exo-[31,3-glucanase was proposed to be in-
volved in the pathogenicity of Cochliobolus carbonum on
maize plants by degrading callose, deposited in plant cell
walls as a defensive barrier (Schaeffer et al. 1994). How-
ever, disruption of the C. carbonum EXG1 gene by homol-
ogous integration did not reduce pathogenicity. Gene dis-
ruption studiesin C. carbonumandin S. cerevisiae are con-
founded by the fact that residual exo-3-1,3-glucanase ac-
tivity is detected in the mutants. Probably, other genes are
still active and compensate for the mutated genes. The
A. bisporus EXG mRNA level isvery low in vegetative my-
celium grown in vitro on nutrient-rich medium. Expression
wasnot investigated in vegetative mycelium grown on com-
post, the substrate used for the production of fruiting bod-
ies. However, the relatively high exoglucanase expression
in different stages of the fruiting body suggests that exo-
glucanase may play arolein sporophore growth and devel-
opment. Thiscould be studied further by isolating and char-
acterizing the corresponding enzymes and by gene disrup-
tion of the ADEXG genes. Alternatively, the C25-1 trans-
formant, showing enhanced levels of exo-3-1,3-glucanase
MRNA, can be mated with suitable strains to form fertile
heterokaryons. Thus, the effect of exo-f-1,3-glucanase
over-expression can be studied in the fruiting body.

In contrast to theyeast genes, the A. bisporus EXG genes
carry many short introns, as is found in other A. bisporus
genes (Harmsen et al. 1992; Raguz et al. 1992; Perry et al.
1993). The intron boundaries are generally in accordance
with the consensus sequences GTNN(G/T) and (C/T)AG
(Gurretal.1987; Perry et al. 1993). Likethe ABEXG genes,
the GPD genes of A. bisporus are also tandemly linked
(Harmsen et al. 1992). The intergenic region between the
GPD genesisonly 265-bp long (including the untransl ated
5' leader sequence of the GPD”92 gene), yet thisregion was
sufficient to drive expression of the hpt genein A. bisporus
transformants (Van de Rhee et al. 1996). The stop and start
codonsof the ADEXG genesare separated by 738 bp, which
may well be sufficient to contain all promoter sequences
for the ADEXG2 gene. However, we have not yet proven
that this gene is transcribed. In other A. bisporus genes,
there is a preference for codons ending with C or T (68%;
Van der Vlugt et al. 1993). We did not find such a strong
biasin the AbEXGL1 gene (C+T = 58%), which may be an
indication of low expression (Gurr et al. 1987).

We studied whether transformation frequency could be
enhanced by linearizing plasmid pHAG3-1 within the

AbGHS3 fragment, thus providing recombinogenic ends
with homology to the recipient DNA. However, the trans-
formation efficiency was not enhanced by this strategy, al-
though 30-60% targeting was observed. Apparently, other
factorsarelimiting for transformation, e.g. the competence
of the protoplasts or the state of the recipient genome. The
frequency mentioned ispossibly an underestimate of there-
combination events taking place during A. bisporus trans-
formation, since double cross-overs leading to gene re-
placement have gone unnoticed in our system. Homol ogous
integration occurred with different sitesof linearization, re-
sultingin different DNA ends. Restriction sitesused for lin-
earization were reconstituted in all cases examined, indi-
cating the accuracy of the recombination process in
A. bisporus. In other fungi, e.g. S. cerevisiae (Orr-Weaver
et al. 1981) and Ustilago maydis (Banks et al. 1992), res-
toration of restriction sites — and repair of larger gaps—in
the incoming plasmid by recombination with the chromo-
some have been observed as well. Restriction enzyme-me-
diated integration has also been found to restore sites
(Schiestl and Petes 1991), but this mode of integration does
not apply here, since the restriction enzymes used for line-
arization of pHAG3-1wereremoved beforetransformation.

Homologous integration and gene replacement occur
with varying efficienciesin different fungal species. Little
is known about the frequency of targeting in other homo-
basidiomycetes. Experiments with Phanerochaete chry-
sosporium and Schizophyllum commune selected only for
gene replacements (Alic et al. 1993; Wosten et a. 1994).
These occurred in 5-15% and 1% of the transformants, re-
spectively. In Agrocybe aegerita, homologous integration
via a promoter-like sequence was found in nearly 40% of
the transformants tested, but was accompanied by rear-
rangements of the transformation vector (Noél et al. 1995).
Homologous free DNA ends were not necessary for either
gene replacement or homol ogous integration in the above
systems. In Coprinus cinereus gene replacement and ho-
mologous integration were found in 5% of the transfor-
mants (Binninger et al. 1991). Thislow frequency was not
enhanced by double- or single-strand breakswithin the ho-
mologousregion, single-stranded DNA, or alarger homol -
ogous fragment. It was proposed that in C. cinereus tar-
geted interactions might be initiated on the chromosome,
rather than on theincoming plasmid. The number of trans-
formants obtained with circular pHAGS3-1 in A. bisporus
istoo low to allow a comparison of targeting frequencies
between circular and linearized DNA. Ligation between
linearized plasmids was often observed in C. cinereus,
leading to “head-to-tail” and “head-to-head” arrays at ec-
topic sites. Although we readily observed head-to-tail in-
tegrations at the homologous locus, no bandsindicative of
head-to-head or tail-to-tail integrations occurred. Thissug-
gests that homologous integration in A. bisporus only in-
volves recombination events and not exclusive ligation
between plasmid molecules prior to integration. Alterna-
tively, these types of arrays may be unstable. In 7 out of
22 transformants with ectopic integration, bands which
might indicate head-to-head or tail-to-tail arrays were
found, but these were not investigated further.



The highly efficient homologous integration described
here, opens perspectives for the use of gene targeting and
gene disruption in common mushroom. To study promoter
activity or over-expression of genes, itisvery useful totar-
get constructs to specific genomic sites to circumvent po-
sition effects. Future studieswill haveto show whether tar-
geting is just as efficient when using other homologous
genes and/or strains of A. bisporus.

Acknowledgements Plasmid pAN7-1 was kindly provided by
C.A.M.J.J.vanden Hondel. Thiswork was supported in part by grant
B1091018 from the Dutch Ministery of Economic Affairs.

References

Alic M, Akileswaran L, Gold MH (1993) Gene replacement in the
lignin-degrading basidiomycete Phanerochaete chrysosporium.
Gene 136:307-311

Banks GR, Kanuga N, Ealing J, Spanos A, Holden DW (1992) The
influence of the Ustilago maydis REC1 gene on plasmid-chro-
mosome recombination. Curr Genet 22:483-489

Binninger DM, Le Chevanton L, Skrzynia C, Shubkin CD, Pukkila
PJ(1991) Targeted transformationin Coprinuscinereus. Mol Gen
Genet 227:245-251

Challen MP, Elliott TJ (1994) Evaluation of the 5-fluoroindole re-
sistance marker for mushroom transformation. Cultivated Mush-
room Res Newslett 2:13-20

Chambers RS, Broughton MJ, Cannon RD, Carne A, Emerson GW,
Sullivan PA (1993) An exo-3-(1,3)-glucanase of Candida albi-
cans. purification of the enzyme and molecular cloning of the
gene. J Gen Microbiol 139:325-334

Chow C-M, Yagie E, Raguz S, Wood DA, Thurston CF (1994) The
cel3 gene of Agaricus bisporus codes for amodular cellulase and
is transcriptionally regulated by the carbon source. Appl Envi-
ron Microbiol 60:2779-2785

Farman ML, Oliver RP (1992) Transformation frequencies are en-
hanced and vector DNA is targeted during re-transformation of
Leptosphaeria maculans, afungal plant pathogen. Mol Gen Gen-
et 231:243-247

Gurr SJ, Unkles SE, Kinghorn JR (1987) The structure and organ-
ization of nuclear genes of filamentous fungi. In: Kinghorn JR
(ed) Gene structure in eukaryotic microbes. IRL Press, Oxford,
England, pp 93-139

Hammond JBW, Nichols R (1976) Carbohydrate metabolism in
A. bisporus (Lange) Sing.: changesin soluble carbohydrates dur-
ing growth of mycelium and sporophore. J Gen Microbiol
93:309-320

Harmsen MC, Schuren FHJ, Moukha SM, Van Zuilen CM, Punt PJ,
Wessels JGH (1992) Sequence analysis of the glyceraldehyde-3-
phosphate dehydrogenase genesfrom the basidi omycetes Schizo-
phyllum commune, Phanerochaete chrysosporium and Agaricus
bisporus. Curr Genet 22:447-454

Kerrigan RW, Imbernon M, Callac P, Billette C, Olivier J-M (1994)
The heterothallic life cycle of Agaricus bisporus var. burnettii
and theinheritance of itstetrasporictrait. Exp Mycol 18:193-210

Klebl F, Tanner W (1989) Molecular cloning of a cell wall exo-3-
1,3-glucanase from Saccharomyces cerevisiae. J Bacteriol
171:6259-6264

LarribaG, Andaluz E, CuevaR, Basco RD (1995) Molecular biolo-
gy of yeast exoglucanases. FEMS Microbiol Lett 125:121-126

Li A, Horgen PA (1993) Attemptsto devel op atransformation system
in Agaricus bisporus, utilizing particle bombardment and sever-
al other novel approaches. Cultivated Mushroom Res Newslett
1:11-16

LoraJM, DelaCruz J, Llobell A, Benitez T, Pintor-Toro JA (1995)
Molecular characterization and heterol ogous expression of anen-
do-(3-1,6-glucanase gene from the mycoparasitic fungus Tricho-
derma harzianum. Mol Gen Genet 247:639-645

173

Nebrada AR, VillaTG, Villanueva Jr, Del Rey F (1986) Cloning of
genes related to exo-B3-glucanase production in Saccharomyces
cerevisiae: characterization of an exo-f-glucanase structural
gene. Gene 47:245-259

Noél T, Simoneau P, Labarére J (1995) Heterologous transformation
of Agrocybe aegerita with a bacterial neomycin-resistance gene
fused to afungal promoter-like DNA sequence. Theor Appl Gen-
et 90:1019-1027

Orr-Weaver TL, Szostak JW, Rothstein RJ (1981) Yeast transforma-
tion: a model system for the study of recombination. Proc Natl
Acad Sci USA 78:6354-6358

Perry CR, Smith M, Britnell CH, Wood DA, Thurston CF (1993)
Identification of two laccase genes in the cultivated mushroom
Agaricus bisporus. J Gen Microbiol 139:1209-1218

Punt PJ, Oliver RP, Dingemanse MA, Pouwels PH, Van den Hondel
CAMJJ (1987) Transformation of Aspergillus based on the hy-
gromycin B resistance marker from Escherichia coli. Gene
56:117-124

Raeder U, Broda P (1985) Rapid preparation of DNA from filamen-
tous fungi. Lett Appl Microbiol 1:17-20

Raguz S, YagiieE, Wood DA, Thurston CF (1992) | sol ation and char-
acterization of a cellulose-growth-specific gene from Agaricus
bisporus. Gene 119: 183-190

Ruiters MHJ, Wessels JGH (1989) In situ localization of specific
RNAs in developing fruit bodies of the basidiomycete Schizo-
phyllum commune. Exp Mycol 13:212-222

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: ala-
boratory manual, 2nd edn. Cold Spring Harbor Laboratory, Cold
Spring Harbor, New York

San Segundo P, Correa J, Vazquez de Aldana CR, Del Rey F (1993)
SSG1, agene encoding a sporulation-specific 1,3-3-glucanasein
Saccharomyces cerevisiae. J Bacteriol 175:3823-3837

Schaeffer HJ, Leykam J, Walton JD (1994) Cloning and targeted gene
disruption of EXG1, encoding exo-$3-1,3-glucanase, in the phy-
topathogeni ¢ fungus Cochliobolus carbonum. Appl Environ Mi-
crobiol 60:594-598

Schiestl RH, Petes TD (1991) Integration of DNA fragments by il-
legitimate recombination in Saccharomycescerevisiae. Proc Natl
Acad Sci USA 88:7585-7589

Steiner S, Wendland J, Wright MC, Philippsen P (1995) Homol o-
gous recombination as the main mechanism for DNA integration
and cause of rearrangements in the filamentous ascomycete Ash-
bya gossypii. Genetics 140:973-987

Tsuge T, Nishimura S, Kobayashi H (1990) Efficient integrative
transformation of Alternaria alternata mediated by the repetitive
rDNA sequences. Gene 90:207-214

Van de Rhee MD, Graca PMA, Huizing HJ, Mooibroek H (1996)
Transformation of the cultivated mushroom, Agaricus bisporus,
to hygromycin B resistance. Mol Gen Genet 250:252—258

Van der Vlugt RAA, Schaap PJ, Mdller Y, Thurston CF, Sonnenberg
ASM, Visser J, Van Griensven LLJD (1993) A codon usage ta-
ble for Agaricus bisporus. Cultivated Mushroom Res Newslett
1:50-52

Van Tunen AJ, Koes RE, Spelt CE, Van der Krol AR, Stuitjie AR, Mol
JNM (1988) Cloning of the two chalcone flavanone isomerase
genesfrom Petunia hybrida; coordinated, light-regulated and dif-
ferential expression of flavonoid genes. EMBO J 7:1257-1263

Vazquez de Aldana CR, Correa J, San Segundo P, Bueno A, Nebra-
daAR, Mendez E, Del Rey F (1991) Nucleotide sequence of the
exo-1,3-3-glucanase-encoding gene, EXG1, of the yeast Saccha-
romyces cerevisiae. Gene 97:173-182

Von Heijne G (1986) A new method for predicting signal sequence
cleavage sites. Nucleic Acids Res 14: 4683-4690

Wichers HJ, Van den Bosch T, Gerritsen YAM, Oyevaar JI, Ebbe-
laar CEM, Recourt K, Kerrigan RW (1995) Enzymol ogy and mo-
lecular biology of Agaricus bisporus tyrosinase. In: Elliott TJ
(ed) Science and cultivation of ediblefungi, vol 2. Balkema AA,
Rotterdam/Brookfield, pp 723-728

Wosten HAB, Schuren FHJ, Wessels JGH (1994) Interfacial self-as-
sembly of a hydrophobin into an amphipathic protein membrane
mediates fungal attachment to hydrophobic surfaces. EMBO J
13:5848-5854



