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Abstract Gene deletion in Schizophyllum commune is
hampered by a low incidence of homologous integration. As
a consequence, extensive screening is required to identify a
transformant with the desired genotype. To alleviate this
and to facilitate the assembly of deletion plasmids, vector
pDelcas was constructed. This construct has a set of
restriction sites, which allows for directional cloning of the
flanking sequences at both sides of a nourseothricin resis-
tance cassette. Moreover, it contains a phleomycin resis-
tance cassette elsewhere in the plasmid, which is used to
screen for transformants with an ectopic integration of the
pDelcas derivative. The use of pDelcas derivatives in
combination with an improved PCR screening protocol
permitted the efficient identification of S. commune dele-
tion strains. This procedure may also function in other
basidiomycetes.
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Introduction

Gene inactivation is an important tool in functional
genetics and the most reliable way of implementing it is
gene deletion through homologous recombination. The
efficiency of this process depends on the pathway that is
used by the organism to repair double stranded DNA
breaks (Ninomiya et al. 2004). Homologous integration
occurs with a high frequency in organisms such as Sac-
charomyces cerevisae that primarily use the homologous
recombination pathway. Plants, animals and filamentous
fungi use mainly non homologous end joining for DNA
repair. As a result, the most frequent outcome of a DNA
transformation is ectopic integration. Ten gene deletions
have been reported in the basidiomycete Schizophyllum
commune. Gene X of the MATA o mating type locus and the
mtdl gene were inactivated with a frequency of 33%
(Marion et al. 1996) and 50% (Lengeler and Kothe 1999b),
respectively. The other genes were deleted with an average
frequency of only 3% (van Wetter et al. 1996, 2000;
Robertson et al. 1996; Horton et al. 1999; Lugones et al.
2004; Schubert et al. 2006; Lengeler and Kothe 1999a).
The low incidence of homologous integration in most of
the cases where a gene was deleted prompted us to set up a
screening system for transformants with such an integration
event. To this end, pDelcas (accession number GQ184463)
was constructed. This vector allows easy directional clon-
ing of flanking sequences at either side of a nourseothricin
resistance cassette. The presence of a phleomycin resis-
tance cassette elsewhere in the construct enables elimina-
tion of transformants with an ectopic integration due to
their resistance to the antibiotic phleomycin. In the second
step, phleomycin sensitive colonies are screened using a
fast colony PCR protocol to confirm gene inactivation by
homologous integration.
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Materials and methods
Construction of pDelcas

Vector pDelcas consists of a backbone of pUC20 encom-
passing the S. commune phleomycin and nourseothricine
resistance cassettes (Schuren and Wessels 1994; van Peer
et al. 2009) (Fig. 1). Flanking regions of 1.5-2 kb of the
gene of interest can be cloned at either side of the nour-
seothricin resistance cassette by replacing a 2.4 kb Van91I
fragment and a 0.64 kb Sfil fragment, respectively. Van911
and Sfil recognize the sequences CCANNNNNTGG and
GGCCNNNNNGGCC, respectively, and both cut within
the variable middle part. This allows the generation of
tailored sticky ends. As a result, fragments cut with Sfil
(which is chosen because it is an 8 cutter whose recognition
sites rarely occur in genomic DNA) can be directionally
cloned into a vector cut with either Van91I or Sfil. To this
end, both genomic flanking sequences of the gene of
interest are amplified with primers that contain a Sfil site.
The forward and reverse primers should have Sfil sites that
differ in their variable region, resulting in different sticky

\
Vang1 | ccagaatctgg

ggt c{ttagacc

ccatgcgatgg
ggta{cgctacc

Pacl '-Sﬁl ggccagcg*tggcc
acl cc
. ggtcgcaccgg
il E
ggccgaattggcce
ccggc+ttaaccgg
Flank Primer Sequence
Upstream forward GGCCNAATNGGCCN, g
reverse GGCCNCGCNGGCCN; g
Downstream forward GGCCNGCGNGGCCN; g
reverse GGCCNATTNGGCCN: g

Fig. 1 Vector pDelcas is based on a pUC20 backbone. It contains a
phleomycin and a nourseothricin resistance cassette. Van91I and Sfil
sites flank fragments from bacteriophage 4 of 2,4 and 0.64 kb,
respectively (indicated in bold). Custom made sticky ends in these
sites allow directional cloning when combining the primers depicted
in the lower panel. The underlined sequence of the primers represent
the recognition site of Sfil, while the N;g region represent the flank
specific sequence
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ends (Fig. 1). In the first step, one of the flanks with the Sfil
sticky ends is directionally cloned in the Van91I sites of
pDelcas. In the second step, the other flank is cloned in the
Sfil sites. In the case a restriction site for Sfil is present
within one of the flanking sequences, primers can be used
that contain sites for BstAPI (GCANNNNNTGC), Dralll
(CACNNNTGC) or Van911 (CCANNNNNTGG) and that
obey the rules for the variable region as depicted in Fig. 1.

Transformation and first screening

Circular DNA of derivatives of pDelcas was introduced in S.
commune strain 4—8 (MATA43 MATB41, Fowler et al. 1999)
according to van Peer et al. (2009). Selection was done on
minimal medium (Dons et al. 1979) with 8 pg ml~! nour-
seothricin (Jena Biosciences, Jena, Germany). Transfor-
mants were transferred to a second selection plate with
nourseothricin and then screened on minimal medium plates
with 25 ug ml~' phleomycin (Cayla S.A.R.L., Toulouse,
France). Transformants that failed to grow on phleomycin
were candidates to have a gene deletion due to homologous
integration resulting from a double cross-over.

PCR screening

From the transformants that failed to grow on phleomycin,
a small piece of mycelium (2-25 mm?) was taken from a
colony that had grown on a nourseothricin selection plate.
The fragment was placed in a 2 ml Eppendorf tube together
with a new metal ball (Marabu, 3/16” or approximately
5 mm in diameter). The mycelium was frozen in liquid
nitrogen and homogenized for 1 min at 25 Hz using a
Retsch Tissue Lyser II. One ml of CTAB-buffer (2%
CTAB, 0.1 M Tris—HCl pH 8.0, 1.4 M NaCl) was added to
the powered mycelium, after which the metal ball was
removed with a magnet. The tubes were placed at 65°C for
20 min. Cell debris was pelleted by centrifugation for
1 min at 20,000¢ and half volume chloroform was added to
the supernatant. After mixing, the samples were centri-
fuged for 5 min at 20,000g. 800 pl of the water (upper)
phase was transferred to a clean tube and DNA was pre-
cipitated by adding 640 pl isopropanol. After centrifuga-
tion for 5 min at 20,000g, the pellet was washed with
500 pl 70% ethanol and dissolved in 50 pl TE buffer. For
PCR, 1 pl of the DNA was mixed with primers, Taq
polymerase, Taq buffer (as supplied by the manufacturer),
1.5% DMSO, 1.5 mM MgCl, and 200 uM of each nucle-
otide. For screening, primers were used that only render a
product in case of homologous integration of the flanking
sequences of the deletion construct (Fig. 2). The forward
primer prl anneals to the genomic DNA immediately
outside the upstream flank. Its sequence depends on the
gene that is inactivated. The reverse primer prl’ anneals in
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Fig. 2 Screening of transformants in which a pDelcas derivative has
been introduced. Integration will be either homologous (a) or ectopic
(b). PCR with three primer pairs reveals which integration event has

the nourseothricin resistance cassette and is used for
screening of all gene deletions. In the same way primers
pr2 (anneals in the nourseothricin resistance cassette) and
pr2’ (gene specific) are used to check the downstream
flank. As a negative control, a PCR is performed with
primers prl and pr3’ (anneals in the deleted fragment of the
gene). Generally, 35 PCR cycles were sufficient to amplify
a specific band. Agar from the medium did not inhibit the
PCR.

Crossings

Derivatives of strain 4-8 with a gene inactivation were
crossed with the compatible isogenic strain 4-8b (MATA41
MATBA43). Segregation of nourseothricin resistance in the
F1 was assessed to exclude multiple integrations (integra-
tion in a single locus should give a 1:1 ratio of resistant and
sensitive colonies). Single integrations were confirmed by
Southern analysis. Crossing was also used to clean het-
erokaryons that harbor transformed and untransformed
nuclei. Such heterokaryons can result from fusion of
transformed and non-transformed (regenerating) protop-
lasts and give PCR products in both the positive and neg-
ative controls.

Results and discussion
A pDelcas derivative was constructed with the flanking

regions of a 524 bp coding region fragment of myn6 (Pro-
tein ID: 114035; http://genome.jgi-psf.org/Schcol/Schcol.

B Nourseo

Ectopic;integration
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Pr1 Pr3’ Pr2’
; PCR
-
1-8

occurred. A third possibility not depicted here is homologous
integration which resulted from a single crossing over. In this case
product 1-1" or 2-2" will be found together with product 1-3’

home.html) that encodes a putative transcription factor.
Primers MYN6_ufw, MYNG6_urv, MYN6_dfw and MYNG6_
drv (Table 1) were used to amplify up and downstream
flanks, respectively. These flanking regions were cloned
into pDelcas resulting in vector pDelcas-MYN6updw. 309
nourseothricin resistant colonies were obtained after intro-
duction of the construct in S. commune. Of these, 22 were
sensitive to phleomycin. Phleomycin sensitivity may be due
to a homologous integration of the flanking regions due to a
double cross-over. Alternatively, it may be caused by an
ectopic integration which took place within the phleomycin
resistance cassette. To discriminate between these events,
PCR was performed using three primer pairs (Fig. 2;
Table 1). Genomic DNA of one of the transformants gave a
band of 1,338 bp with primers SC3TerminatorPr and
MYNG6_outrev and a band of 1,805 bp with primers

Table 1 Primers used in this study to delete myn6

Primer Sequence (5'-3)

MYNG6_ufw GGCCGAATCGGCCCGCCTTCTCCAG
MYNG6_urv GGCCACGCTGGCCCAAGACACCTC
MYNG6_dfw GGCCAGCGGGGCCTTCGCACGTC
MYNG6_drv GGCCGATTAGGCCGTCCTTTGCTTTC
MYNG6_outfw (prl) CCGCCAGGGTACAACTACTC
Nourdelrev (prl”) TTGGTGACCTCCAGCCAGAG

SC3TerminatorPr GGCTGAGTCGTGGACTAAAG
(pr2)
MYNG6_outrev (pr2’)

MYNG6_control (pr3)

GGGCGGACGAGATGTACAAG
TATAGCTCTCGAGCGGCGTCAGAGATG
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Table 2 Results of the screening of transformants from four different gene deletion experiments

Gene Nour(+) Nour(+) Nour(+) Phleo(—) colonies  Transformants Transformants
colonies Phleo(—) colonies (% of Nour(+) colonies) with a gene with a gene deletion
deletion (% of Nour(+) Phleo(—) colonies)
myn6 309 22 7.1 1 4.5
spc33 495 140 28.3 2 14
regl 68 16 23.5 1 6.3
scl5 76 20 26.3 1 5.0
Average percentage 21.3 43

MYNG6_outfw and nourdelrev. These bands are explained
by the homologous recombination between pDelcas-
MYN6updw and the myn6 locus. Primers MYNG6_outfw
and MYNG6_control did not result in a 1,150 bp fragment,
which is expected when the myn6 fragment has been
deleted. Southern analysis of chromosomal DNA confirmed
the deletion of myn6 (Supplementary Figure 1). A fragment
of 1,913 bp hybridized with the wild-type DNA, whereas a
3,428 bp fragment hybridized in the transformant. Like
gene myn6, three other genes have been inactivated using
pDelcas (Table 2). In general, 20-25% of the nourseotri-
cin resistant colonies are phleomycin sensitive. Of these
transformants, about 4% have a gene deletion. Recently, we
found that up to 60% of the false positives can be eliminated
by decreasing the concentration of phleomycin during the
screening to 5 pg ml™". By using this concentration also
transformants are eliminated that express the phleomycin
resistance cassette to a low extent. The remaining false
positives can be explained by a single integration event
within the phleomycin resistant cassette.

The use of simultaneous selection for transformation
and homologous integration would simplify the screening
even more. Kothe et al. (1993) suggested the use of #rpl
(involved in tryptophan synthesis) as a marker for ectopic
integration. In their proposed setup the deletion construct is
transformed to a trpl” frll~ strain that shows fluorescence
under UV exposure as a consequence of anthranilic acid
accumulation. Colonies with an ectopic integration are not
fluorescent because the product of trpl processes anthra-
nilic acid to tryptophan. Unfortunately, this strategy
implies the use of a strain with two mutations. In contrast,
pDelcas can be used in any strain.

Recently, we described that the number of S. commune
transformants can be increased tenfold by adding a low
non-selective concentration of phleomycin in the regener-
ation medium (van Peer et al. 2009). This increase can be
explained by the fact that this antibiotic introduces double
strand breaks in the DNA. We have also observed that
the low concentration of phleomycin promotes single
integrations. However, addition of a low concentration of
phleomycin in the regeneration medium did not improve
efficiency of gene deletion using pDelcas. In fact, no gene
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deletions were observed in nearly a thousand transformants
that had been transformed with pDelcas derivatives. These
data and the fact that phleomycin increases expression of
genes involved in non homologous end joining (van Peer
et al. 2009) indicates that this antibiotic promotes ectopic
integrations.

Efficient gene deletion protocols are essential for func-
tional gene analysis. The genomes of the mushroom
forming fungi Phanerochaete chrysosporium, Coprinopsis
cinerea, Laccaria bicolor and S. commune have been
sequenced and those of Pleurotus ostreatus and Agaricus
bisporus will be ready soon. Vector pDelcas and the
described PCR procedure allow rapid screening of trans-
formants in S. commune. Possibly, the same procedure can
also be used for deletion of genes in other basidiomycetes.
This is indicated by the fact that expression cassettes of S.
commune are functional in other basidiomycetes like Pyc-
noporus cinnabarinus (Alves et al. 2004), Agaricus bisp-
orus and Pleurotus ostreatus (L.G. Lugones, unpublished).
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