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Abstract

A genetic transformation system was developed for the selective white rot basidiomycete Ceriporiopsis subvermispora
using a modified protocol with polyethylene glycol and CaCl, treatment of the protoplasts and plasmids harboring
recombinant hygromycin phosphotransferase (hph) driven by a homologous promoter. During repeated transfer on
fresh potato dextrose agar plates containing 100 pg/ml hygromycin B, most transformants lost drug resistance, while
the remaining isolates showed stable resistance over five transfers. No drug-resistant colonies appeared in control
experiments without DNA or using a promoter-less derivative of the plasmid, indicating that a transient expression of
the recombinant hph was driven by the promoter sequence in these unstable drug-resistant transformants. Southern
blot analysis of the stable transformants revealed random integration of the plasmid DNA fragment in the chromo-
some at different copy numbers. This transformation system yielding mostly transient transformants was successfully
used for promoter assay experiments, and only a 141-bp fragment was found to be essential for the basic promoter
function of glyceraldehyde dehydrogenase gene (gpd) in this fungus. Subsequent mutational analyses suggested that
a TATAA sequence is important for the basic promoter function of gpd gene. The promoter assay system will enable
the functional analysis of gene expression control sequences quickly and easily, mostly in the absence of undesirable

transformants.

effects from differences in copy number and chromosomal position of an integrated reporter gene among stable
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Introduction

Genetic transformation is a powerful tool to investigate
the function of a gene of interest and to perform molecu-
lar breeding of new strains with desired properties in a
specific organism. The development of a genetic trans-
formation system in filamentous basidiomycetes was first
reported in model species like Schizophyllum commune
(Munoz-Rivas et al. 1986) and Coprinopsis cinerea (Bin-
ninger et al. 1987), followed by commercially important
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and indicate if changes were made.

mushrooms such as Lentinula edodes (Sato et al. 1998),
Pleurotus ostreatus (Peng et al. 1992; Honda et al. 2000),
Agaricus bisporus (Van de Rhee et al. 1996), Flammulina
velutipes (Kuo et al. 2004), and Ganoderma lucidum (Sun
et al. 2001). Recently, a transformation system was devel-
oped in Agrocybe aegerita (Herzog et al. 2019) and Pleu-
rotus eryngii (Shang et al. 2018). However, transformation
remains a challenge in many basidiomycete fungi, possi-
bly because of the absence of a compatible marker gene,
the incompatibility of many gene expression signals,
the low efficiency of DNA fragment introduction into
the host chromosome, and/or the inefficient protoplast
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production/regeneration rate. However, because genetic
transformation is required as a fundamental platform for
genome editing techniques such as CRISPR/Cas9 (Shi
et al. 2017), a protocol is essential to promote molecular
genetics in species of specific research interest.

The transient expression of an introduced gene in
an extrachromosomal manner has been widely rec-
ognized in animal cells and plant protoplasts, and is
known as ‘transfection! However, in filamentous fungi,
studies have mainly focused on the stable expression
of genes integrated in the host chromosome, except for
gene expression by extrachromosomal plasmids with an
autonomously replicating DNA sequence, AMAI (Gems
et al. 1991). In an integrated transformation, a transfor-
mant is expected to maintain and express the introduced
gene stably during mitotic and meiotic cell divisions;
thus, in most studies, a stable transformation is the goal
in molecular breeding to produce a strain with a desired
phenotype suitable for either basic research or industrial
applications. Generally, ectopic integrations occur at ran-
dom sites of the host chromosome with different copy
numbers, which makes it difficult to use stable transfor-
mants in an assay of gene expression control sequence in
filamentous fungi. Although gene targeting or genome
editing may be used for assay of a gene expression control
sequence, these technologies can be applicable in a lim-
ited number of model mushrooms and it is laborious and
time-consuming to obtain strains with a series of muta-
tions in the target region.

White rot fungi belong to the Basidiomycetes and are
important research materials in industrial applications
such as the pretreatment of lignocellulose in biorefinery
(Sawada et al. 1995; Chandel et al. 2015) or the bioreme-
diation of polluted environments (Fitzgibbon et al. 1995;
Kiies 2015; Treu and Falandysz 2017). Transformation
systems have been developed for some white rot fungi,
like P. ostreatus (Peng et al. 1992; Honda et al. 2000) and
Phanerochaete chrysosporium (Alic et al. 1989), and have
been used for the functional analysis of genes related to
plant biomass degradation (Irie et al. 2001b; Tsukihara
et al. 2008; Salame et al. 2012; Nakazawa et al. 2017).

Ceriporiopsis subvermispora is a selective white rot
fungus (Otjen et al. 1987) because it decomposes plant
cell wall lignin without the concomitant severe degrada-
tion of cellulose (Messner and Srebotnik 1994). It was
screened for biopulping (Wall et al. 1993) and the effec-
tive pretreatment of lignocellulosic materials to be sac-
charified and converted to various useful compounds
via fermentation (Itoh et al. 2003; Amirta et al. 2006;
Sasaki et al. 2011). It has also been used in the biological
treatment of plant biomass to make the substrate more
digestible as animal feed (Okano et al. 2005; Nayan et al.
2018). The mechanism of selective wood degradation has
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been investigated in biochemical and enzymatical stud-
ies (Urzua et al. 1998; Watanabe et al. 2002; Ohashi et al.
2007; Nishimura et al. 2012), and genes encoding extra-
cellular enzymes thought to be responsible for lignin
degradation have been cloned and their expression char-
acterized (Tello et al. 2000; Manubens et al. 2003). Fur-
thermore, whole genome sequences were determined
and subjected to comparative genomics studies (Fernan-
dez-Fueyo et al. 2012). However, no transformation pro-
tocol has been developed in this fungus despite its high
potential in industrial applications and continuous trials
in many research groups.

In this study, we developed a genetic transforma-
tion system in C. subvermispora for the first time, using
newly constructed recombinant plasmids carrying bac-
terial hygromycin phosphotransferase (sph) gene driven
by a homologous promoter sequence from glyceralde-
hyde dehydrogenase (gpd) or 3-tubulin (f5-tub) genes.
We found that stable and unstable drug-resistant trans-
formants were obtained on the screening plate. This
occurred in a promoter-dependent manner, and we suc-
cessfully utilized a promoter assay of homologous gpd to
determine the minimal essential sequences required for
gene expression.

Materials and methods

Strains and plasmids

Ceriporiopsis subvermispora, Fp-90031-sp (ATCC 90467)
was used as a host strain for the introduction of DNA.
Strains were grown on potato dextrose agar (PDA) agar
plates at 28 °C for maintenance. Escherichia coli J]M109
[recAl endAl gyrA96 thi hsdR17 supE44 relAl (Alac-
proAB)/F (traD36 proAB lacl? lacZAM15)] (Yanisch-Per-
ron et al. 1985) was used as a host bacterium for standard
recombinant DNA constructions and was grown on
Luria—Bertani medium.

Plasmids pLG-hph with hph under the direction of
the L. edodes gpd promoter (Hirano et al. 2003) and
pPHT1 with Aph driven by the f§-tubulin promoter from
C. cinerea (Cummings et al. 1999) were kindly gifted by
Dr. Sato (Iwate Biotechnology Institute, Iwate, Japan)
and Prof. Miriam E. Zolan (Indiana University), respec-
tively, and used in transformation experiments. Two
new plasmids, pCsGi-iph and pCsbtubi-hph, containing
the coding sequence of bacterial sph under the control
of the homologous promoter sequence of gpd and f§-tub
isolated form C. subvermispora were also constructed
(Fig. 1). The coding sequence of hph was derived from
plasmid pPHT1. A deletion series harboring the trun-
cated gpd promoter sequence was constructed using
the Deletion Kit for Kilo-Sequencing (TaKaRa Biomed,
Kyoto, Japan). The mutant plasmid p201[A60C], contain-
ing a base substitution from A to C at —60 nt from the
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Fig. 1 Schematic of pCsGi-hph and pCsbtubi-hph plasmids. Plasmids pCsGi-hph and pCsbtubi-hph were constructed by combining the
homologous promoter region of gpd and beta-tubulin genes from C. subvermispora, respectively, with the coding sequence of bacterial hph.

In pCsGi-hph, the first exon, ATGCCC, and the first intron from Csgpd were inserted just before the hygromycin phosphotransferase sequence.

In pCsbtubi-hph, the first and second introns, as well as the first exon (encoding 11 amino acids), from CsB3-tub were inserted just before the
hygromycin phosphotransferase sequence. The plasmid backbones of pCsGi-hph and pCsbtubi-hph are pCRII (Thermo Fisher Scientific Inc) and
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first ATG, was constructed using inverse PCR followed
by phosphorylation and ligation of both DNA ends.

Genetic transformation and promoter assay

The transformation protocol was developed by modi-
fying conditions and media of the PEG/CaCl, method
developed for P. ostreatus. (Honda et al. 2000). For the
cultivation of mycelia for protoplast generation, yeast
malt peptone glucose (YMPG) medium (0.2% [wt/vol]
yeast extract, 1% [wt/vol] malt extract, 0.2% [wt/vol]
tryptone, 1% [wt/vol] glucose, 0.1% [wt/vol] L-aspara-
gine monohydrate, 0.1% [wt/vol] MgSO,-7H,O, 0.2%
[wt/vol] KH,PO,) was used. A cell wall-lysing enzyme
was prepared by ammonium sulfate precipitation of 1 L
of culture filtrate of Trichoderma harzianum (NBRC
3016) grown on medium containing 0.05% [wt/vol]
yeast extract, 0.02% [wt/vol] MgSO,-7H,0, 0.05% [wt/
vol] K,HPO,, 0.05% [wt/vol] KH,PO, and 0.5% [wt/vol]
cell wall preparation of P. eryngii (Yano et al. 2003) in a
2-L Sakaguchi flask. The precipitation was dissolved in
10 mM citrate buffer (pH 5.0) followed by dialysis and
freeze-dry treatment. This enzyme, as well as other com-
mercially obtained enzymes (described below), was used
to make protoplasts from cultured mycelium. Different
concentrations of PEG and CaCl, were used to compare
transformation efficiencies, and optimal concentrations
were used thereafter. The first screening used YMPG
plates containing 1.5% agar, 1.0 M glucitol (p-sorbitol) as
an osmotic stabilizer, and 100 pg/ml hygromycin B. PDA
plates with the same concentration of hygromycin B were
used in subsequent repeated screening steps. Each colony
was transferred on the edge of the secondary screening

plates (35-mm diameter) with hygromycin B using an
inoculating loop and incubated at 28 °C for several days.
When mycelium grew to the opposite end, a plug was
punched out from the new edge with a 4-mm-diameter
cork borer, followed by transfer to the third screening
plates. The same transfer method was repeated for the
further screening steps.

The finalized transformation protocol for the promoter
assay was as follows: fungal mycelia were pre-cultured on
a PDA plate at 28 °C for 7 days. Six pieces of the edge of
fresh mycelium were cut out using a cork borer (5-mm
diameter), then transferred into each of two 200-ml
Erlenmeyer flasks containing 80 ml YMPG liquid media,
and incubated at 28 °C for 7-10 days. The cultures were
homogenized two to four times (10 s each time) at low
speed using a Waring blender. Four ml of fungal suspen-
sion were transferred into each of 14 300-ml Erlenmeyer
flasks containing 160 ml YMPG media, and incubated at
28 °C for 4-5 days. Fungal mycelia were collected using
a draining filter, then washed with MM buffer (0.5 M
mannitol, 25 mM maleic acid buffer, pH 5.5). The myce-
lia mass was poured into a 15-ml tube containing 4 ml
enzyme solution (10 mg lysing enzyme from T harzi-
anum, 20 mg zymolyase [Seikagaku, Tokyo, Japan], and
4 mg chitinase [Sigma Aldrich, St Louis, MO] in 4 ml
MM buffer) and constantly agitated at 60 rpm at 28 °C
for 3 h. Protoplasts were collected by filtering the mixture
(filter pore size: 100 pm). The solution was centrifuged
at 1019xg at 20 °C for 10 min to precipitate protoplasts.
The protoplasts were then washed in 4 ml MM buffer and
precipitated again by centrifuging at 1019xg at 20 °C for
10 min. They were suspended in 5 ml MMC buffer (0.5 M
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mannitol, 25 mM maleic acid buffer, pH 5.5, 12.5 mM
CaCl,) and the mixture was centrifuged at 1019xg at
20 °C for 10 min. Finally, the protoplasts were suspended
in 1 ml MMC buffer and adjusted to a final concentration
of ~2 x 107 cells/ml.

For fungal transformation, 50 pl of protoplasts were
mixed with 1 pl transforming DNA (1.0 pg/pl) in a 1.5-
ml tube, then 12.5 ul PEG buffer (30% polyethylene gly-
col #4000, 10 mM Tris—HCl pH 7.5, 300 mM CacCl,)
was added and mixed well by gently inverting. After
incubation on ice for 15 min, 330 pl PEG buffer was
added, mixed, and placed at room temperate for 5 min.
Subsequently, 660 pul GTC buffer (2 M glucitol, 10 mM
Tris—HCI pH 7.5, 25 mM CaCl,) was added to the trans-
formation solution, mixed gently, and finally spread onto
YMPG regeneration plates (YMPG medium, 2% [wt/
vol] agar, 1.0 M glucitol) containing 200 pg/ml hygromy-
cin B and incubated at 28 °C. The number of hygromy-
cin-resistant transformants was counted after 5 days of
incubation.

Detection of introduced DNA

To detect introduced DNA, Southern blotting and spe-
cific amplification of hph sequences were performed
using genomic DNA extracted from mycelia of hygro-
mycin-resistant isolates and wild-type strain as a con-
trol. Southern hybridization was carried out using 1 pg of
genomic DNA for each lane. For preparation of genomic
DNA, mycelium from the third screening plate without
hygromycin was inoculated on a 90-mm-diameter PDA
plate using an inoculation loop. After incubation for
1 week, mycelium was collected and inoculated on 100-
ml YMPG liquid medium in 300-ml Erlenmeyer flask
followed by incubation constantly agitated at 130 rpm
at 28 °C for 2 weeks. Genome DNA was extracted by the
method described by Honda et al. (2000) Probe DNA was
labeled using the DIG DNA labeling kit (Sigma-Aldrich)

Table 1 Primers used in this study
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according to the manufacturer’s instructions using the
DNA pol I Klenow fragment, random hexamer prim-
ers, and DNA template amplified by conventional PCR
with primers listed in Table 1. For genomic PCR of hph,
12.5 pmol of each specific primer was added to 0.5 pg of
template DNA. For small scale DNA preparation, myce-
lia were collected from culture on the second screening
plate and inoculated on 5 ml of YMPG liquid medium
in test tube. After incubation at 28 °C for 1 week, DNA
was extracted using the protocol described above, The
amplification program was as follows: 98 °C for 1 min,
followed by 35 cycles of 98 °C for 30 s, 56 °C for 30 s,
and 72 °C for 1 min. After amplification, a 10-pl aliquot
of each PCR product was analyzed by 1.0% agarose gel
electrophoresis.

Results

Stable and unstable transformation in C. subvermispora
We tested several plasmids containing a heterologous
hygromycin-resistant marker gene to transform C. sub-
vermispora protoplasts using a conventional PEG/CaCl,
protocol developed for P. ostreatus (Honda et al. 2000)
and C. cinerea (Binninger et al. 1987). These plasmids
included pLG-hph and pPHTI1, which had been suc-
cessfully utilized in the transformation of P ostreatus
(Irie et al. 2001a) and C. cinerea (Cummings et al. 1999),
respectively. However, in C. subvermispora, almost no
positive transformants were obtained in repeated experi-
ments (data not shown). The regeneration rate of C. sub-
vermispora protoplasts was less than 0.1%, while that of P
ostreatus was more than 2%.

In conventional transformation protocols for P. ostrea-
tus and C. cinerea, sucrose is used as an osmotic stabilizer.
Therefore, we next tested several different osmotic stabi-
lizers in the buffer and regenerating plates, including glu-
citol (p-sorbitol) and MgSO, to obtain higher protoplast
regeneration efficiencies. The regeneration efficiency was

Primer name Sequence (5/-3')

Purpose

hph-1 ATGAAAAAGCCTGAACTCACCGCGACG
hph-2 CTATTCCTTTGCCCTCGGACGAGTGCT
Csbar_F TCAGGTGCGTGAAGTGTACT

hph-4_R TACGTAGGTAGTGGTAGACT
CsGPD-TATAmut_R GAGGGTTGATATGGGGCGAT

CsGPD-8 ACCCCGCCGCTTTTTCCCTTCAT
CsGP-PRO5 CGCCAAGCTTACTCATCCAGAATACACTCG
CsGP-PRO3int CTGCAATTGTCCGTCAGTAC
Csbtub-pro-R1 GCTAGAGACGATATCAGTT

Csbtub-Hind_F2 AGGCTCTAAGCTTGTACCGAGTGCAT

Probe in Southern blot and genomic PCR for pCsGi-hph

Probe in Southern blot and genomic PCR for pCsGi-hph

Probe in Southern blot and genomic PCR for pCsbtubi-hph

Probe in Southern blot and genomic PCR for pCsbtubi-hph
Site-directed mutagenesis for p201[A60C]

Site-directed mutagenesis for p201[A60C]

PCR ampilification of Csgpd promoter, and the first exon and intron
PCR amplification of Csgpd promoter, and the first exon and intron
PCR ampilification of Csbtub promoter

PCR amplification of Csbtub promoter




Honda et al. AMB Expr (2019) 9:92

relatively high (0.8%) when 1.0 M glucitol was used as an
osmotic stabilizer (data not shown). Although a relatively
high regeneration efficiency was observed using MgSO,,
this reduced the sensitivity of regenerating protoplasts to
hygromycin B. For this reason, 1.0 M glucitol was used in
the following experiments.

Next, we constructed new plasmids, pCsGi-sph and
pCsbtubi-siph, harboring the #hph coding sequence
under the control of homologous gpd and f§-tub promot-
ers from C. subvermispora, respectively, fused to the C.
subvermispora f$-tub terminator sequence (Fig. 1). With
1.0 M sorbitol as an osmotic stabilizer, pCsGi-hph and
pCsbtubi-fiph, as well as pLG-hph, were introduced into
C. subvermispora protoplasts in the presence of conven-
tional concentrations of PEG and CaCl, (25% PEG and
25 mM CaCl,). Small numbers of hygromycin-resistant
colonies appeared on the screening plate with 100 pg/ml
hygromycin B, but they did not continue to grow on the
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fresh screening plate containing the same concentration
of hygromycin B (data not shown).

To improve the efficiency of transformation, conditions
for protoplast treatment were reviewed and different con-
centrations of PEG and CaCl, were tested (Fig. 2). Using
40% PEG and 200 mM CaCl,, plenty of hygromycin-
resistant colonies with 2—4-mm diameter were obtained
after 5-7 days incubation on regeneration medium
containing 100 pg/ml hygromycin B, And some colo-
nies were randomly selected and subjected to repeated
screenings on PDA plates containing the same amount of
hygromycin B (Table 2). In the three independent experi-
ments described in Table 2, for plasmids pCsGi-sph and
pCsbtubi-/ph, 9/90 and 13/120 of HygB-resistant isolates
were stably maintained under drug selection and were
transferred more than four times, respectively. However,
the remaining isolates lost their drug resistance during
1-3 transfers on fresh selection medium in the following

[
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Fig. 2 Optimization of conditions for transformation in C. subvermispora. Number of drug-resistant colonies on the first screening plate containing
100 pg/ml hygromycin B (n =3, £ SD) with various concentrations of CaCl, in the presence of 40% PEG (a) and various concentrations of PEG in the

b
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Table 2 Transformation efficiencies and stability of drug resistance during repeated screenings

Exp. Plasmid Total number of Hyg-resistant colonies Number of Hyg-resistant strains/isolates subjected
in the first screening to the repeated screenings

2nd 3rd 4th

1 pCsGi-hph 125 6/30 0/6 Not done
pCsbtubi-hph 160 9/40 2/9 2/2

pLG-hph 13 0/13 Not done Not done
2 pCsGi-hph 91 14/30 2/14 2/2
pCsbtubi-hph 137 11/40 4/11 4/4

pLG-hph 20 0/20 Not done Not done
3 pCsGi-hph 157 23/30 7/23 7/7
pCsbtubi-hph 170 19/40 7/19 7/7

pLG-hph 25 0/25 Not done Not done

The number of colonies on the screening plates with 100 ug/ml of hygromycin B was counted
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repeated screening processes. We have repeated similar
experiments and, totally, out of 430 initial drug resistant
colonies obtained with pCsGi-hph, 158 (36.7%) isolates
and 29 (6.7%) isolates showed drug resistance on the 2nd
and 3rd screening plates, respectively. With pCsbtubi-
hph, out of 97 initial hygromycin-resistant colonies, 55
(56.7%) and 9 (9.2%) isolates showed drug resistance on
the 2nd and 3rd screening plates, respectively. All the 38
strains grew on the 3rd screening plates showed stable
drug resistance in the further repeated screening steps.
On the other hand, for the heterologous promoter plas-
mid, pLG-hph, no stable transformants were observed
out of a total of 58 isolates (Table 2).

Similar unstable drug resistant colonies were reported
and described as ‘false positives’ or ‘background’ in other
filamentous fungi (Peng et al. 1992; Irie et al. 2001b; Kim
et al. 2003; Gang et al. 2006). To determine whether they
are dependent on transforming plasmid or not, we car-
ried out a no-DNA control experiment and observed
no colonies on the screening plate containing 100 pg/
ml of hygromycin B. These results demonstrated that
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the isolates with unstable drug-resistance were not
background-colonies of wild-type strain that eluded the
screening process nor mutant strains with acquired drug
resistance. They might be described as a ‘false positive’
transformant, in such an experiment just aiming for sta-
ble transformants as an expected goal. However, in the
present study, it was clearly indicated that their transient
drug resistance was dependent on the recombinant plas-
mids harboring the hph coding region. Thus, the intro-
duced marker gene was suggested to have been expressed
at a sufficient level to permit mycelial growth and to form
a colony on the first screening plate containing 100 pg/
ml of HygB, after which the expression level reduced to
sustain continuous growth during repetitive transfer on
fresh screening plates.

Fate of the DNA fragment introduced in transformants

Southern hybridization was performed to check
the introduced DNA in stable transformants. hph
was shown to be randomly inserted in high molecu-
lar weight DNA at different copy numbers among

Intact DNA Hindlll

Xhol

]
1
w 1 2 3 PM W 1 2 3 P M W1

'-.

1
2 3 P

- 2N
- - R
® =
. d
Intact DNA Hindlll Xbal MW4 5 6 P

I
i

Fig. 3 Detection of the hph cassette in stable transformants treated with pCsGi-hph (a and b) and pCsbtubi-hph (c and d). a, ¢ Southern
hybridization analysis. Intact DNA, Hindlll- and Xhol-digested total genomic DNA from independent transformants (lanes 1-3, pCsGi-hph; 4-6,
pCsbtubi-hph), host wild-type strain (lane W), and the respective plasmid (lane P) were probed with DIG-labeled hph sequence. b, d Specific
amplification of hph in genomic PCR. Lane M, DNA marker; Lane W, wild-type host strain as a negative control; Lanes 1-3 and 4-6, pCsGi-hph and
pCsbtubi-hph transformants, respectively; Lane P: plasmid pCsGi-hph (b) and pCsbtubi-hph (d) as a positive control
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transformants (Fig. 3a, c). No signal was detected for
the wild-type control. Existence of the hph sequence
in stable transformants was also demonstrated by PCR
amplification (Fig. 3b, d). This suggested that stable
transformation had occurred by ectopic integration
of the vector sequence in the host chromosome, as
reported in other basidiomycetes (Munoz-Rivas et al.
1986; Binninger et al. 1987; Honda et al. 2000; Ma et al.
2003).

Similar experiments were conducted for unstable
transformants, using genome DNA extracted from
mycelium cultivated on non-selective liquid medium.
In Southern hybridization and PCR amplification of
the recombinant /ph, a faint signal was detected occa-
sionally (data not shown), suggesting unstable, or very
rare, existence of the introduced DNA in these unsta-
ble transformants. It is plausible that no chromosomal
integration occurred in these unstable transformants,
and that the introduced sequence was expressed, most
probably, in an extrachromosomal manner, resulting in
loss of the introduced sequence during repeated cul-
tivation. However, we cannot rule out the possibility
of excision of once-integrated recombinant /sph on the
host chromosome at a very low copy number, which
conferred a transient drug resistance in some of the
transformants.
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Utilization of the transformation system in determining
the minimal sequence of the gpd promoter

Table 2 shows that the number of hygromycin-resistant
colonies on the first screening plate differed according to
the plasmid used. It is plausible that each plasmid has its
own transformation efficiency, reflecting the expression
level of its recombinant hph. As the introduced marker
gene is transiently expressed, its transcription should be
driven by the promoter sequence. This can be roughly
evaluated by the number of the HygB-resistant transfor-
mants on the first screening plate, although these may
contain a small number of stable transformants.

To this end, we constructed a series of deletion mutants
of the gpd promoter region in pCsGi-sph and introduced
each construct to protoplasts using the slightly modified
protocol described above. Here, 30% PEG and 300 mM
CaCl, concentrations were used in PEG buffer because
this resulted in the optimal transformation efficiency. To
make the screening more strict, 200 ug/ml of HygB was
used for screening. The number of drug-resistant colo-
nies decreased in line with a decrease in the length of
the promoter sequence (Fig. 4). Almost no drug-resistant
isolates were obtained when the promoter sequence was
shorter than 141 bp. These results indicated that the drug
resistance was dependent on the gpd promoter, and that
the basic promoter function is located within the 141-bp
sequence.

-1200 -600 ATG
T I I g
-1233 : i e T
-836 : e e
-739 e I
-637 l —H
503 e |
430 o — .
317 S
-201 L
A4 — | ' =
120 — EH
52 |
0
0 50 100 150
Promoter length No. of HygR transfomants
Fig. 4 Promoter analysis of C. subvermispora gpd using transformants. Promoter constructs used in deletion analysis of the Csgpd promoter, and
number of drug-resistant transformants (n = 3, SD) grown on the first screening plate containing 200 ug/ml hygromycin B. The A nucleotide in
the first ATG was counted as +1




Honda et al. AMB Expr (2019) 9:92

The TATA sequence point mutation reduced gpd promoter
function

We next analyzed cis-acting elements in the 141-bp C.
subvermispora gpd minimal promoter region. Within this
region is a typical TATA box, TATAAA (—63 to —58),
where A in the first ATG is counted as + 1 (Fig. 5 ). There
is also a CT-rich sequence (—57 to —20) between the
TATA and the first ATG. In ascomycetes, these sequences
were demonstrated to be general cis-elements for the
promoter region (Punt et al. 1990; Kinghorn and Turner
1992; Lubliner et al. 2015), but little experimental data
exist for basidiomycetes. To determine whether the TAT
AAA (—63 to —58) sequence plays an important role in
basic promoter function, we introduced a base substitu-
tion of C for A (—60) in plasmid p201, carrying a 201-bp
promoter sequence (— 201 to — 1), to produce the mutant
plasmid p201[A60C]. Plasmids p201 and p201[A60C]
were introduced to the protoplasts of C. subvermispora
and transformation efficiencies were compared. The
average numbers of hygromycin-resistant colonies on the
first screening plate for p201 and p201[A60C] were 57.0
and 19.7, respectively, in three independent experiments.
This indicated that the point mutation resulted in an
approximate threefold reduction in the number of hygro-
mycin-resistant transformants compared to the wild type
TATA sequence, showing that it significantly reduced the
transforming ability of the plasmid. Moreover, the TATA
sequence was confirmed to play an important role in the
promoter function.

Discussion

Unstable drug-resistant transformants have occasionally
been reported in the transformation of filamentous fungi
(Peng et al. 1992; Schillberg et al. 2000; Irie et al. 2001b;
Kim et al. 2003; Gang et al. 2006). In some cases, it was
reported that the plasmid was rescued in E. coli (Her-
zog et al. 1995; Randall and Reddy 1992). However, in
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most cases, these unstable transformants were ignored,
or thought of as inert or false positive, because stable
transformants have been the focus of interest in view of
molecular breeding and functional analysis of gene prod-
ucts. In the present work, we focused on unstable hygro-
mycin resistance in C. subvermispora transformation and
clearly demonstrated that this phenotype was conferred
under the direction of the recombinant #ph promoter
sequence.

Promoter assays are difficult to perform in filamentous
fungi because introduced genes are usually randomly
integrated in the host chromosome with different copy
numbers and at different positions among stable transfor-
mants (Mellon and Casselton 1988; Tsukihara et al. 2006;
Kilaru et al. 2006). The promoter assay system developed
in this work enables the estimation of promoter function
largely without undesirable effects from the reporter gene
position and copy number on the host chromosome.
Although extra-chromosomally replicating plasmids con-
taining an autonomously replicating sequence like AMA 1
were reported in ascomycetes (Gems et al. 1991), these
plasmids only function in a limited number of species
and did not function in basidiomycetes like P ostreatus
(unpublished data). This hampers research progress into
the mechanisms of fundamental transcriptional initia-
tion and the transcriptional regulation of various genes in
many basidiomycetes.

In C. cinerea, promoter analysis was conducted by
monitoring gene expression in pools of 10 stable trans-
formants for each mutant construct to overcome the
differences in copy number and positional effect among
individual transformants (Bertossa et al. 2004). However,
the analysis of large numbers of transformants in other
mushrooms with lower transformation efficiencies is dif-
ficult and laborious. In limited mushroom species, such
as S. commune (de Jong et al. 2010), C. cinerea (Naka-
zawa et al. 2011), and P, ostreatus (Salame et al. 2012), the

GCN4 (-

NF-E2(- l44~—134)

141~-132)

TATA- box ( 63~-58)

CT-rich (-51~-20)

Fig. 5 Proposed transcriptional regulation sites in the minimal promoter region of Csgpd. Conserved motives mostly characterized in S. cerevisiae
were found by an in silico motif search. The boxed C nucleotide at position — 36 represents a proposed transcriptional start site predicted from the
EST database
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isolation of strains deficient in non-homologous DNA
end joining permitted gene targeting. In these fungi, a
gene targeting technique may be used in introduction of
desired mutations in the promoter region on the chro-
mosome, or to knock-in a reporter construct on a target
site on the chromosome. However, it is not practical to
isolate multiple strains with a series of mutant promoter
sequences using gene targeting. In this context, the pro-
moter assay system used in the present study offers sim-
ple and easy, initial screening of important sequences
required for gene transcriptional regulation.

Generally, eukaryotic transcription occurs in the
nucleus, then mRNA processing results in matured
mRNA that is delivered and translated in the cytoplasm.
Therefore, it is plausible that introduced DNA was deliv-
ered to the nucleus where transcription was directed by
the promoter sequence of recombinant /ph in the tran-
sient transformants of the present study (Fig. 6). The
hph gene may be transcribed most provably in an extra-
chromosomal manner like viral genes expressed after
infection, although the possibility that the introduced
sequence was once integrated on the host chromosome
followed by precise excision after the transcription can
not be completely ruled out. Upon cell division, the free
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plasmid DNA may be diluted during mycelial growth
because of possible lack of replication and segregation
functions. Suppose that delivery of the introduced DNA
in the nucleus occurs as a prerequisite for chromosomal
integration, then similar transient expression of intro-
duced DNA may occur in stable transformation systems
in other fungi. It may be possible to detect the transient
expression of introduced DNA in the cell for a short time
with a suitable selection system. In C. cinerea, Binninger
et al. reported transforming-DNA-dependent unsta-
ble prototroph colonies in their transformation experi-
ments using tryptophan auxotroph strain as a host and
a plasmid harboring TRPI gene (1987), These unstable
transformants were observed approximately in 100-fold
number compared to stable transformants and initially
grew to a limited extent on the first screening plate and
described as ‘abortive’ transformants.

hph encodes hygromycin phosphotransferase and con-
fers drug resistance to the host cell through detoxifying
hygromycin B by phosphorylation (Punt and Hondel
1992). The extent of hph expression appears to deter-
mine whether the cell survives and grows to form a col-
ony on medium containing a certain concentration of
hygromycin. This property of the hygromycin resistant

Stable and transient transformation

Promoter sequences

' PEGI/CaCl,
treatment of the
protoplasts

I
I
— Less than _ Nucleus
10%

Stable transformant

integrated in the chromosome

HygR colonies ‘

reporter gene

/

Screening plate
with Hyg

the fresh screening plates

More than
90%

Fig. 6 Schematic representation of stable and transient transformation. Introduced recombinant hph plasmids confer hygromycin resistance by
direction of its promoter sequence. Transient transformants may express hph extrachromosomally and lose the plasmid during repeated transfer on

Transient transformant

Transient expression from
extra-chromosomal plasmids
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marker system may make it possible to observe colonies
with unstable drug resistance by transient gene expres-
sion. We observed that high concentrations of salts, like
MgSO,, affected tolerance of the host cell to hygromycin
B during protoplast regeneration. Therefore, the balance
between the transiently expressed hygromycin phos-
photransferase and amount of hygromycin in the selec-
tion condition may be important to detect the transient
transformation.

Another popular drug resistant marker gene, a car-
boxin resistant gene from P. ostreatus (Honda et al. 2000)
encodes a mutant protein subunit of the mitochondrial
enzyme complex succinate dehydrogenase (SDH) com-
plex II, which is thought to be the target of the drug. We
seldom observed unstable carboxin-resistant colonies
in PEG/CaCl,-mediated transformation using pTM1
(Honda et al. 2000; Tsukihara et al. 2006). In this case,
the drug resistance phenotype appeared to be an all-or-
none situation. It is conceivable that the mutant protein
acts as a bypass to avoid intracellular respiration inhibi-
tion by carboxin which enables survival in the presence
of the drug. Moreover, drug resistance does not seem to
extend to other cells without the mutant protein, which
may result in difficulty for transient drug resistant trans-
formants to grow and form a colony. The differences in
mode of action by the two drug resistant markers may
result in different tendencies of transient transformation.
Additionally, the carboxin-resistant marker may be more
species-specific, since the carboxin resistant marker from
P, ostreatus does not function in other species (Irie et al.
2003; unpublished data). This may come from the dis-
ability of its gene product to associate and form an active
complex with other endogenous subunits of the SDH
complex II in the host. Therefore, it is recommended to
make a homologous mutant sdil to develop a carboxin-
resistant marker system in each mushroom, as seen in L.
edodes (Irie et al. 2003), A. aegerita (Herzog et al. 2019),
G. lucidum (Xu et al. 2012), and P. eryngii (Shang et al.
2018).

In the present work, the number of hygromycin-
resistant colonies on the regenerating plate was used
as an index for gene expression of the introduced
recombinant /sph. It corresponds to the number of iso-
lates that expressed hygromycin phosphotransferase
over a survival threshold to enable colony formation
in the presence of the drug, and thus it may be used
to evaluate promoter activities in a certain range of
the strength. In this work, it was demonstrated that
the number of drug-resistant colonies can be used to
determine the minimal basic gpd promoter region in C.
subvermispora. We observed a significant difference in
the number of hygromycin-resistant colonies between
plasmids containing 141-bp and 120-bp promoter
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fragments (Fig. 4), suggesting that the 21-bp region
between — 141 and — 120 contains essential sequences
for promoter function. In silico analysis revealed that a
GCN4 binding site (— 141 to 132) exists in this region,
and experiments to elucidate the functional importance
of this sequence are underway.

Generally, a TATA box plays an important role as the
entry site for the preinitiation complex that directs start
of transcription in many eukaryotic genes (Kinghorn
and Turner 1992). In Basidiomycetes, genes contain a
sequence similar to the TATA box in the promoter region
have been reported, but their function has not been fully
characterized (Kondoh and Shishido 1995; Kilaru and
Kiies 2005; Sakamoto et al. 2006; Itagaki et al. 2013). Our
mutational analysis suggested that the TATAAA (—63 to
—58) sequence plays an important role in the C. subver-
mispora gpd promoter. However, it is not clear whether
the TATA sequence is essential for the function of the
Csgpd promoter because we cannot rule out the possibil-
ity that the mutant sequence (TATCAA) retains a partial
function of the TATA sequence or that there might be
functional redundancy in the plasmid p201[A60C]. To
precisely evaluate the amount of gene expression, it will
be necessary to monitor the relationship between tran-
script accumulation and the extent of resistance to differ-
ent concentrations of hygromycin. It is also plausible that
other reporter genes, such as green fluorescent protein
and luciferase, could be used as alternative indicators to
quantitatively evaluate gene expression when combined
with a gene knock-in. On the other hand, no TATA box
was identified in the promoter region of the beta-tubulin
gene in C. subvermispora (data not shown). cis elements
required for the basic function of this TATA-less pro-
moter were successfully characterized using the transient
transformation assay and will be published elsewhere.

The promoter assay system developed in this work
can be utilized for quick and easy assays of other gene
expression control mechanisms, such as transcrip-
tional termination, mRNA maturation, and translation
efficiency etc. Furthermore, the transient expression
of introduced DNA without chromosomal integra-
tion is suitable for tentative short-lived protein expres-
sion, such as that of Cas9 protein in the CRISPR/Cas9
genome editing system, because no carry over of het-
erologous DNA can be expected in the resulting strain.

Abbreviations
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