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Abstract 
 
Previously, it was shown that introns are required for mRNA accumulation in 
Schizophyllum commune and that the presence of AT-rich sequences in the coding 
region of genes can result in truncation of transcripts in this homobasidiomycete. Here 
we show that intron-dependent mRNA accumulation and truncation of transcripts are 
two independent events that both affect expression of the bacterial hygromycin B 
resistance (hph) gene in S. commune. Adding introns to the unmodified hph-gene did not 
result in accumulation of full-length transcripts. However, replacing an AT-rich stretch 
in the coding region of the hph-gene by a more GC-rich sequence resulted in full-length 
transcripts and hygromycin B resistance. By introducing introns in this modified hph-
gene, mRNA levels and hygromycin B resistance could be further increased. 
 

Introduction 
 
In the homobasidiomycete Schizophyllum commune introns are needed for efficient 
expression of homologous and heterologous genes (Lugones et al., 1999a). Accumulation of 
mRNA of the SC3 and SC6 genes of S. commune, the ABH1 gene of Agaricus bisporus and 
the GFP gene of Aequorea victoria did not occur in this fungus when cDNA coding 
sequences were introduced. In contrast, the mRNA’s did accumulate when genomic 
sequences were used or when at least one intron was added to the cDNA constructs. Run-on 
analysis with nuclei harboring intron-containing and intron-less transgenes showed that 
introns affected a post-transcriptional event.  
 AT-rich stretches also hamper expression of heterologous genes in S. commune. 
When prokaryotic reporter genes (β-glucuronidase, β-galactosidase) or resistance genes 
(hygromycin B phosphotransferase) (Schuren and Wessels, 1994; 1998) were expressed in 
this fungus, no full-length transcripts were observed. Rather, they were truncated in the 5' 
part of the coding sequence at the position of AT-rich stretches. Similar observations were 
made with the expression of the  α-galactosidase (aglA) gene from Cyamopsis tetragonoloba 
in Aspergillus niger (Gouka et al., 1996) and the hph-gene of Escherichia coli in 
Cryptococcus curvatus (J. Springer, unpublished data). In both cases the truncation was 
overcome by increasing the GC-content in the AT-rich region. 
 In plants and animals evidence exists that RNA splicing and 3' end formation are 
coupled (Simpson and Filipowicz, 1996), especially when the sites of cleavage and 
polyadenylation are suboptimal (Nesic and Maquat, 1994). Analysis of 17 genes of 
homobasidiomycetes showed no conserved cleavage/polyadenylation sequence. Only in some 
cases a sequence resembling the eukaryotic consensus sequence for polyadenylation 
(AATAAA) was found (Schuren, 1992), suggesting that coupling between RNA splicing and 
3' end formation may also occur in fungi. 
 Here we show that introduction of one or two introns into the hph-gene did not allow 
for expression of this gene. However, replacing the AT-rich region in the coding sequence of 
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the hph-gene as indicated by Schuren and Wessels (1994; 1998) with a more GC-rich 
sequence resulted in hygromycin B resistant transformants that accumulated full-length hph 
mRNA. Introduction of introns in this modified hph-gene resulted in even higher mRNA 
levels and when an intron was placed downstream of the stopcodon an elevated resistance to 
the antibiotic was observed. The results indicate that intron-dependent mRNA accumulation 
and truncation of transcripts at AT-rich stretches independently affect expression of genes in 
S. commune. 
 

Materials and methods 
 
Strains, growth conditions and media 
Cloning was done in E. coli JM83. S. commune strain 72-3, containing a disrupted SC3 gene 
(∆SC3 strain) (Wösten et al., 1994a; van Wetter et al., 1996), was used. S. commune was 
grown in minimal medium (MM, Dons et al., 1979) either or not solidified with 1.5% agar. 
For transformation, the ∆SC3 strain was grown from a mycelial homogenate for two days at 
24 °C and 225 rpm in 100 ml MM in 250 ml flasks. For DNA/RNA isolation, colonies were 
grown for 2-3 days on the surface of a perforated polycarbonate (PC) membrane (diameter 76 
mm, 0.1 µm pores, Poretics, USA) that was positioned on solidified MM. 
 
Construction of plasmids for transformation 
For analysis of the effect of introns on hygromycin B expression, the third intron of SC6 was 
cloned in the NcoI site of plasmid pGPhT (Schuren and Wessels, 1994), resulting in plasmid 
pGPhTI. Plasmid pGPhT contains the phleomycin resistance gene under regulation of the gpd 
promoter and terminator sequences of S. commune. The intron was synthesized in vitro as 
two complementary oligonucleotides, which were allowed to anneal giving a double-stranded 
DNA fragment of 51 bp with receded ends complementary to those of NcoI. To allow cloning 
in the NcoI site at the 3' end of the intron, reconstitution of the 5' NcoI site was prevented by 
manipulating the sequence of this site (the last G of the NcoI site [CCATGG] at the 5' end of 
the intron was replaced by a T): 
 
5'  catgtgagtgcccacttctccaccaaaaggtcgactatactgaacgctctacagc      3' 

3'      actcacgggtgaagaggtggttttccagctgatatgacttgcgagatgtcggtac  5'  
 
 To clone the hph-gene behind the promoter (including a startcodon) of the gpd gene 
(in the absence or presence of an intron), a 245 bp fragment encompassing the 5' end of the 
coding sequence of the hph-gene was amplified by PCR with plasmid pAN7-1 (accession no. 
Z32698) as a template. Oligonucleotide primers were used corresponding to sense 
nucleotides 2305 to 2325, containing an additional EcoRV site and antisense nucleotides 
2525 to 2544, containing the EcoRI site of the hph-gene. This PCR fragment, encompassing 
nucleotides 4 to 245 of the hph-gene, was cloned in plasmid pSP72 (Promega) cut with 
EcoRV/EcoRI. This resulted in construct pHYB in which an EcoRI/BamHI fragment from 
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PAN7-1, encompassing nucleotides 246 to 1022 of the hph-gene, was cloned. This resulted in 
plasmid pHYBF, which contains the coding sequence of the hph-gene except for the 
startcodon. The EcoRV/BamHI fragment of pHYBF encompassing the hph-gene was cloned 
in plasmid pGPhT (Schuren and Wessels, 1994) and pGPhTI cut with NcoI/BamHI. The NcoI 
sites were made blunt using the Klenow fragment of DNA polymerase. This resulted in 
plasmids pHYB1 and pHYB2, respectively. Both plasmids contain the hph-gene under 
regulation of the gpd promoter. In plasmid pHYB2 the third intron of SC6 is present directly 
upstream of the hph-gene.  
 Plasmid pHYM contains a modified hph-gene in which 8 A or T residues at the 5' end 
of the hph-gene (between nucleotide 162 and 196) were replaced with G or C without 
changing the encoded amino acids (Figure 1). To introduce introns into the modified hph- 
 

 

 
gene, the coding sequence of this gene contained in plasmid pHYM was isolated as a 
NcoI/BamHI fragment and cloned in the respective sites of plasmid pGPhT (Schuren and 
Wessels, 1994) or pGPhTI. This resulted in plasmids pHYM1 and pHYM2, respectively. 
Both plasmids contain the modified hph-gene under regulation of the gpd promoter of S. 
commune. In plasmid pHYM2 the third intron of SC6 is present directly upstream of the hph-
gene. HindIII/BamHI fragments encompassing the gpd promoter and the hph-gene 
(unmodified or modified) from plasmids pHYB1, pHYB2, pHYM1 and pHYM2 were then 
cloned in front of a 1699 bp SC3 terminator sequence contained in plasmid TP10 or in front 
of a SC3 terminator sequence containing an artificial intron at the 5' end (pSC3cir5'; Chapter 
4; Lugones et al., 1999a). The constructs TP10 and pSC3cir5' also contain a 1300 bp 
phleomycin resistance cassette (Schuren and Wessels, 1994). This resulted in plasmids 
pHYB1.1, pHYB1.2, pHYB2.1, pHYB2.2, pHYM1.1, pHYM2.1, pHYM2.1 and pHYM2.2 
(Figure 2), which were used to transform S. commune. The sequences of the PCR fragments 
were confirmed by sequence analysis. 
 
Transformation of S. commune 
S. commune strain 72-3 (∆SC3) was transformed essentially as described by Schuren and 
Wessels (1994), except that it was protoplasted in 1 M MgSO4 containing 1 mg ml-1 Lysing 
enzymes from Trichoderma harzianum (Sigma, USA) and that regeneration of protoplasts 
was carried out in complete medium (CM) with 1 M sorbitol. 5-10 µg of DNA was added to 
3·107 protoplasts in 100 µl 1 M sorbitol. Transformants were selected on MM-plates 
containing 40 µg ml-1 phleomycin (Cayla, France) and 500 µg ml-1 caffeine (Sigma, USA), 

Figure 1. Nucleotide changes introduced in the region between nucleotide 160 and 195 of the 
hygromycin B gene (accession number plasmid pAN7-1 containing the unmodified hph-gene: 
Z32698). Note that the substitutions were introduced in an hph-gene that had a C instead of G at 
position 189. 
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allowing selection of transformants despite the presence of another phleomycin resistance 
cassette already contained in the ∆SC3 strain (Wösten et al., 1994a; van Wetter et al., 1996). 
Transformants were selected on hygromycin B (Roche, Germany) by adding 10-50 µg ml-1 of 
the antibiotic to MM.   
 

 
 

 
 
Southern and Northern blot analysis 
DNA was isolated from mycelium that had been ground in liquid nitrogen, using the Isoplant 
DNA Extraction Kit (Eurogentec, Belgium). DNA was digested with BamHI, separated on a 
0.8% agarose gel and blotted to Hybond-N+ membrane (Amersham, UK). RNA was isolated 
from ground mycelium using Trizol reagent (Gibco BRL, USA), separated on a 1% 
formaldehyde gel and blotted to Hybond-N+ membrane (Amersham, UK). DNA and RNA 
were hybridized with a [32P]-labelled DNA fragment encompassing the coding sequence of 
the hph-gene. Re-hybridizing Northern blots with a S. commune 18S rRNA probe was carried 
out to account for differences in amounts of RNA loaded on the gel. 
 

Figure 2. Expression vectors used for transformation of S. commune. (A) Constructs pHYB1.1 and 
pHYM1.1 containing the unmodified and the modified hygromycin B gene, respectively, under 
regulation of the gpd promoter and SC3 terminator of S. commune. (B) Constructs pHYB1.2 and 
pHYM1.2, as (A) with the artificial intron directly downstream of the stop codon. (C) Constructs 
pHYB2.1 and pHYM2.1, as (A) with the third intron of SC6 directly upstream of the start codon. (D) 
Constructs pHYB2.2 and pHYM2.2, as (A) with the artificial intron directly downstream of the stop 
codon and the third intron of SC6 directly upstream of the start codon. 
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Results 
 
The effect of introns and AT-rich sequences on expression of hygromycin B 
To examine the effect of introns on hph mRNA accumulation and 3' end formation, plasmids 
were constructed in which the hph-gene of E. coli was placed under regulation of the gpd 
promoter and SC3 terminator of S. commune (pHYB1.1) (Figure 2). Alternatively, the hph-
gene was cloned in similar constructs that contained an artificial intron directly downstream 
of the stopcodon (pHYB1.2), the third intron of SC6 directly upstream of the startcodon 
(pHYB2.1) or a combination thereof (pHYB2.2) (Figure 2). These constructs also contained 
the phleomycin resistance cassette, allowing direct or indirect selection on hygromycin B. 
The S. commune ∆SC3 strain, containing a disrupted SC3 gene (Wösten et al., 1994a; van 
Wetter et al., 1996), was transformed with these constructs and selection was carried out on 
phleomycin containing medium. None of the transformants (12 for each construct) 
accumulated hph mRNA (Figure 3, lanes 17-20) nor were they resistant to hygromycin B. 
 Similar constructs as described above (Figure 2) were made using the modified hph-
gene in which 8 conserved changes in an AT-rich stretch at the 5' end of the gene were made  
 

 

 
to increase the GC-content (Figure 1). The S. commune ∆SC3 strain was transformed with 
these constructs called pHYM1.1, pHYM1.2, pHYM2.1 and pHYM2.2 (Figure 2) and 
selection took place on phleomycin containing medium. To analyze hygromycin B resistance, 
25 transformants for each construct were inoculated on MM plates containing 15 µg ml-1 
hygromycin B after they were selected twice on phleomycin containing plates to exclude 

Figure 3. The effect of introns upon hygromycin B mRNA accumulation. mRNA of S. commune 
transformed with (lanes 1-15) the modified hygromycin B gene, (lanes 16) the recipient S. commune 
strain 72-3 and (lanes 17-20) transformed with the unmodified hygromycin B gene. The mRNA was 
hybridized with a hygromycin B probe. (A) Hygromycin B constructs containing no introns, (B) 
containing the third intron of SC6 directly upstream of the start codon, (C) containing the artificial 
intron directly downstream of the stop codon and (D) containing both the third intron of SC6 and the 
artificial intron. 
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false positives. All transformants containing the modified hph-gene, in the absence or 
presence of introns, were resistant to hygromycin B. Northern blot analysis of transformants 
containing the modified hph-gene (pHYM1.1) showed a weak hph mRNA signal of the 
expected size (1020 nt) (Figure 3A, lanes 1-15). This indicates that increasing the GC-content 
in an AT-rich sequence in the hph-gene prevents truncation of transcripts in S. commune. 
Introduction of an intron directly upstream of the startcodon (intron SC6) or directly 
downstream of the stopcodon of the hph-gene (artificial intron) both resulted in a higher level 
of hph mRNA accumulation (Figure 3BC, lanes 1-15). Moreover, when both introns were 
present in the hph construct, mRNA levels increased even further (Figure 3D, lanes 1-15). 
Figure 4 shows the effect of the integrated modified hph-gene on colony diameter of 
transformants growing on hygromycin B containing media. Transformants containing the 
modified hph-gene without introns (pHYM1.1) or transformants containing this gene with the 
artificial intron downstream of the stopcodon (pHYM1.2 and pHYM2.2) were all able to 
grow on medium containing up to 100 µg ml-1 hygromycin B. Transformants containing the 
third intron of SC6 upstream of the startcodon (pHYM2.1) grew slower on hygromycin B 
containing media than transformants containing pHYM1.1, pHYM1.2 or pHYM2.2. 
 

 

 
The modified hph-gene can be used as a selection marker for transformation of S. commune 
To investigate whether the modified hph-cassette could be used as a direct selection marker 
for transformation of S. commune, plasmid pHYM1.1 was introduced into S. commune. 
Previously, it was found that regeneration of protoplasts in 1 M MgSO4 instead of 1 M 
sorbitol increased the transformation frequency (Schuren and Wessels, 1994). This was 
confirmed in the present experiments when selection of transformants was carried out with 
phleomycin. However, when transformants were selected with hygromycin B, many false 

Figure 4. Resistance of transformants containing the modified hph-gene in the absence or presence 
of introns. The diameter of colonies grown for 3 days on plates containing various concentrations 
hygromycin B was taken as a measure for resistance and plotted against the hygromycin B 
concentration. The recipient strain S. commune 72-3, serving as a control, showed no growth. 
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positives were observed. Using 1 M sorbitol for regeneration of protoplasts, similar numbers 
of transformants (5 and 3 per µg DNA) were obtained on hygromycin B and phleomycin 
containing media. All transformants selected once on phleomycin grew on fresh phleomycin 
containing plates, while 21 out of 25 of these transformants were also able to grow on 
hygromycin B containing medium. Similarly, out of 38 transformants selected once on 
hygromycin B all grew on fresh hygromycin B containing plates, while 31 grew on 
phleomycin containing medium. Southern blot analysis of 10 transformants selected on 
hygromycin B confirmed the presence of one or more copies of the hph-gene in the genome 
(not shown).   
 

Discussion 
 
It was shown previously that introns are necessary for efficient accumulation of mRNA of 
SC3, SC6, ABH1 and GFP in S. commune (Lugones et al., 1999a). In addition, it was shown 
that truncation of RNA transcripts occurred in AU-rich stretches of various prokaryotic 
genes, including the hph-gene (Schuren and Wessels 1994; 1998). There is evidence in the 
literature suggesting a coupling between splicing and 3' end formation in plants and animals, 
especially when the sites of cleavage and polyadenylation were suboptimal (Nesic and 
Maquat, 1994; Simpson and Filipowicz, 1996). Because most of 17 genes of 
homobasidiomycetes analyzed showed no conserved cleavage/polyadenylation sequence 
(Schuren, 1992) we investigated the effect of the presence of introns on hph mRNA 
accumulation and 3' end formation. Adding introns upstream and/or downstream of the 
coding sequence of the hph-gene of E. coli did not result in hygromycin B resistant colonies 
although they were resistant to phleomycin due to a phleomycin resistance cassette that was 
also contained in the transforming constructs. Also, no hph mRNA accumulation was 
observed by Northern blot analysis. This result shows that introduction of one or two introns 
in the hph expression cassette is not sufficient to allow accumulation of the hph mRNA 
transcripts. When the α-galactosidase (aglA) gene from C. tetragonoloba was expressed in A. 
niger (Gouka et al., 1996) or when the hph-gene was introduced in C. curvatus (J. Springer, 
unpublished data) truncation of transcripts was prevented by removing an AT-rich stretch by 
replacing A and T with G and C. Indeed, the modified gene that conferred hygromycin B 
resistance in C. curvatus also conferred resistance to S. commune. Northern blot analysis of 
transformants containing the modified hph-gene showed the accumulation of full-length hph 
mRNA. Furthermore, it was shown that introduction of an intron directly upstream of the 
startcodon or directly downstream of the stopcodon of the modified hph-gene resulted in a 
higher level of hph mRNA. Apparently, intron-dependent mRNA accumulation and 
truncation of transcripts at AT-rich stretches are independent processes that can both affect 
expression of the hph-gene in S. commune. Previously, it was shown that addition of one 
intron outside the translational unit of the SC3 cDNA was sufficient to increase SC3 mRNA 
accumulation to a level similar to that observed with the genomic SC3 gene which naturally 
contains 5 introns (Lugones et al., 1999a). Here we showed that adding a second intron to the 
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hph expression cassette increased hph mRNA accumulation compared to the expression 
cassettes containing one intron (either upstream or downstream of the coding sequence). 
Because the SC3 cDNA coding sequence is shorter in length (411 bp) than the hph-gene 
(1020 bp) this suggests that more than one intron is needed for high mRNA accumulation of 
genes encoding longer transcripts.  
 All transformants (25 each) containing the modified hph-gene, both in the absence 
(pHYM1.1) and presence of introns (pHYM1.2, pHYM2.1 and pHYM2.2), were able to grow 
on medium containing up to 100 µg ml-1 hygromycin B. However, transformants containing 
only the third intron of SC6 upstream of the startcodon grew slower. Yet, hph mRNA levels 
in transformants with an intron cloned upstream of the startcodon or downstream of the 
stopcodon were similar. An explanation for this discrepancy is that the intron present directly 
upstream of the startcodon may be prone to incorrect splicing, resulting in part of the enzyme 
population being inactive.  
 Until now the phleomycin resistance cassette only could be used in S. commune as a 
selection marker. The modified hph-gene is now also available and is as efficient for 
transformant selection as the phleomycin resistance cassette. After transformation with the 
constructs containing both the phleomycin and hygromycin expression cassettes, all primary 
transformants selected on hygromycin B were able to grow on fresh hygromycin B 
containing plates, while about 80% of these transformants were also able to grow on 
phleomycin containing plates. This shows that the plasmid was incorporated. In addition, 
Southern blot analysis showed the presence of the hph-gene in hygromycin B resistant 
colonies. 
 These results suggest that other inefficiently expressed prokaryotic genes (e.g. β-
glucuronidase and β-galactosidase [Schuren and Wessels, 1998]) can also be successfully 
expressed in S. commune by replacing AT-rich sequences in the coding sequence while 
introduction of one or more introns may further increase expression levels. In addition, this 
strategy may result in efficient transformation of protoplasts of other homobasidiomycetes 
such as the commercially important species Agaricus bisporus (common mushroom) and 
Pleurotus ostreatus (oyster mushroom), which have proven recalcitrant to genetic 
transformation using plasmids carrying prokaryotic antibiotic resistance genes. However, 
hygromycin B resistance has been achieved in A. bisporus using an Agrobacterium 
tumefaciens DNA transfer system (de Groot et al., 1998). In this case too, transformation 
efficiency may be increased by using the modified hygromycin B resistance gene and 
introduction of an intron.  
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