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Abstract. Protoplasts from Podospora anserina mycelium were produced using the commer-
cially available enzyme Novozym 234. Different parameters involved in protoplast isolation
were analyzed in order to establish optimal conditions, and protoplast production was notably
increased. For the purification of protoplasts, several techniques based on both centrifugation
and filtration were assayed, with filtration yielding the best results. Regeneration of protoplasts
was studied on different media and osmostic stabilizers, and about 80% regeneration was
obtained. The good physiological condition of the protoplasts produced with this method is
demonstrated by the lack of cell wall and high regeneration rate and transformation frequencies.

The isolation of protoplasts from fungi using lytic
enzymes is now a well-established technique [19].
Initially, protoplasts were very useful for biochem-
ical studies [11], but more recently interest has been
focused on the use of protoplasts as genetic tools in
experiments on fusion [2, 10] and transformation [3,
5, 30].

In Podospora anserina, senescence occurs
when mycelia are maintained under continuous veg-
etative growth [23]. A mitochondrial plasmid,
plDNA, was identified as the causative agent for
aging [27]. This plasmid is able to replicate autono-
mously [28, 30] and transform juvenile cells to se-
nescence. For these reasons, pIDNA can serve for
the construction of eukaryotic vectors for molecu-
lar cloning [9].

The development of transformation systems in
P. anserina requires the previous isolation of proto-
plasts. Most experiments with protoplasts of this
fungus used natural Trichoderma lytic extract to get
them, but its production and regeneration were low:
about 107 protoplasts/g and 1%-3% regeneration
[29]. In some experiments, the commercial enzyme
cytohelicase was employed with the isolation of 10°
protoplasts/ml and a 5%-15% regeneration rate [4].
We have tried to increase the yield of the process as
an essential step toward the development of the
best transformation systems in P. anserina.

Materials and Methods

Organisms. The wild s(+) strain of Podospora anserina and SF§
of Escherichia coli containing the plasmid pSP24 used in this
work were kindly provided by K. Esser (Lehrstuhl fiir Allge-
meine Botanik, Ruhr-Universitat, Bochum, FRG). For details
about the s(+) strain, see Esser [8]. Trichoderma harzyanum
CBS 354-33 strain (Centraalbureau voor Schimmelcultures,
Baarn, The Netherlands) was used to produce the lytic enzyme
against P. anserina.

Media. The following media were employed for P. anserina:
CZM, Czapeck Dox medium (Oxoid); and MEM, malt extract
medium containing malt extract 5 g, yeast extract 5 g, and dex-
trose 5 g/liter (J. F. Peberdy, personal communication). We also
suggest RFM, rabbit food medium (5 g of rabbit food commer-
cial pellets were boiled for 30 min in 1 liter of distilled water and
filtered through cheesecloth); and SSM, soluble starch medium
(soluble starch 5 g, yeast extract 4 g, K,HPO, | g, and MgS0O, 0.5
g/liter); both media were at pH 6.0. In addition to these media,
we employed CMM, cornmeal medium; MGM, microconidia
germination medium; MPM, microconidia production medium
|8]; and AMM, acetate minimal medium [22]. Stock cultures of
T. harzyanum CBS 354-33 were maintained on AG medium [24].

Enzymes and chemicals. Novozym 234 was kindly provided by
Novo Industri A/S (Denmark), chitin, chitinase, chromomycin
A3, dextran, 1.4-dithiothreitol, Ficoll type 400, 2-mercaptoeth-
anol, and polyethylene glycol (PEG) 4000 were purchased from
Sigma (USA), cellulase CP from Sturge (UK), cellulase Onozuka
R-10 from Yakult (Japan), cytohelicase from I.B.F. (France),
Lymphoprep from Nyegaard (Norway), Percoll from Pharmacia
(Sweden), and Tinopal SBMS from Ciba-Geigy (Switzerland).
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Table 1. Comparison of enzyme systems for the production (x10° protoplasts/ml) of protoplasts from Podospora anserina

Time (h)

Enzyme system 1 2 3 4 5
Cytohelicase, 20 mg/ml 1.0 = 0.1 25 04 5.0+ 0.5 1.5 02 7.5« 08
Novozym 234, 20 mg/ml 340 =10 470 + 40 520 =70 470 = 10 470 =10
Novozym 234, 10 mg/ml + cellulase Onozuka,

10 mg/ml 250 *+ 40 400 =10 650 =+ 20 670 =+ 50 620 =+ 80
Novozym 234, 10 mg/ml + cellulase CP, 10 mg/ml 150 =70 260 £90 510 =10 650 =+ 60 520 £ 10
Novozym 234, 10 mg/ml + chitinase, 2 mg/ml 450 = 10 520 =10 650 =70 660 = 40 680 =+ 40
Trichoderma extract 0.5 = 0.07 2 = 0.1 2.5+ 03 3 = 09 3 = 06
Trichoderma extract + Novozym 234, 10 mg/ml 50 = 4 70 = 4 120 =+ 80 160 = 20 200 =20
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Fig. 1. Effect of Novozym 234 concentration on the liberation of
Podospora anserina protoplasts. Protoplast number was deter-
mined after 3 (@) or 5 (O) h of treatment.

Culture conditions. Liquid cultures were obtained in 250-ml
Erlenmeyer flasks containing 25 ml of medium placed on a rota-
tory shaker at 200 rpm. Microconida of P. anserina were har-
vested from grown solid agar plates of MPM and inoculated into
liquid MGM. After three days of incubation, they were trans-
ferred to liquid AMM for six days and then the mycelial pellets
were ground with a homogenizer and stored at 4°C, making up
the stock of juvenile mycelium. For protoplast isolation, the my-
celium was obtained by inoculating 1 ml of thick stock in liquid
MEM (if not otherwise specified) and incubating it for 20-24 h.
All the cultures were at 27°C.

Preparation of protoplasts. Mycelia from various shake culture
flasks were recovered aseptically by filtration, washed three
times with osmotic stabilizer, and resuspended in stabilized
buffer solution containing the lytic mixture. Incubations were
made at 27°C with gentle shaking, and protoplast number was
periodically determined by using a Neubauer hemocytometer
counting chamber. Pretreatment assays of mycelium with a thiol
compound prior to digestion with lytic enzymes were done with
10 mM 1,4-dithiothreitol or 90 mM 2-mercaptoethanol in stabi-
lized buffer for 1 h.

Purification and regeneration of protoplasts. Protoplasts were
filtered through a Jena no. 2 (40- to 100-um pore size), sintered
glass filter to remove the hyphal fragments. Several systems
were assayed to eliminate the lytic enzymes: direct centrifuga-

tion [1], discontinuous gradient centrifugation [12, 13, 16], flota-
tion [7, 14], aqueous two-phase systems [15, 18], and filtration
(V. Moreno, personal communication). The purified protoplasts
were regenerated at different concentrations on solid AMM,
CMM, or MEM. Sucrose, KCI, and MgSO, were assayed at
different molarities as osmotic stabilizers.

Staining of mycelia and protoplasts. The absence of cell walls in
protoplasts was checked by staining with the fluorescent bright-
ener Tinopal SBMS [11] and the ratio of nuclei per protoplast was
determined by staining with chromomycin A3 [25]. The number
of nuclei per septum was tested with Tinopal SBMS and chromo-
mycin A3 applied simultaneously [20, 21].

Transformation of protoplasts. pSP24 is a recombinant plasmid
from pBR322 and pIDNA from P. anserina [26], and was iso-
lated from SF8/pSP24 as described by Maniatis et al. [17]. Proto-
plasts were transformed with pSP24 by the method described by
Tudzynski et al. [30], regarding the induction of premature col-
ony aging.

All experiments were repeated a minimum of three times. The
results represent the mean and the standard deviation.

Results and Discussion

Factors affecting protoplast isolation. To improve
the production of protoplasts, we attempted first to
choose the best enzymatic system, and the results
of some tested lytic mixtures are shown in Table 1.
Trichoderma extract, obtained as described [24],
provides a low number of protoplasts, according to
data from the literature [29], whereas the addition of
Novozym 234 to the lytic system leads to a 50- to
200-fold increase in production. Cytohelicase be-
haves similarly, as expected [4]. This group of en-
zymes produces a weak liberation of protoplasts.
Novozym 234, however, alone or combined with
other enzymes, has been more efficient and is capa-
ble of producing under our conditions up to 5.2 X
107 protoplasts/ml. Combinations of Novozym 234
with cellulase CP, cellulase Onozuka R-10, or
chitinase could only increase this value weakly. For
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Fig. 2. Influence of pH on the isolation of Podospora anserina
protoplasts. Protoplast number was determined after 1 (@), 2
(W), or 3 (OJ) h of treatment.

all of these reasons, we selected Novozym 234 as
the enzymatic system for further experiments. Fig-
ure 1 shows the effect of the Novozym 234 concen-
tration on protoplast production at different times.
Maximum yield was obtained at 20 mg/ml for 3 h or
at 10 mg/ml for 5 h. We suggest using 20 mg/ml
because, at short time intervals, protoplasts are less
vacuolizated, less degraded, and more viable.

Potassium phosphate, 50 mM, was the most ef-
fective buffer among those tested, although the
incompatibility of this buffer with MgSQy [6] forced
us to sterilize them separately. Others, such as Tris—
HCI, Tris-maleate—NaOH, citrate-phosphate, so-
dium phosphate, or ammonium phosphate, yielded
lower numbers of protoplasts. Experiments using
no buffer produced more protoplasts, but they were
smaller and less viable. For potassium phosphate
(50 mAf) buffer, the best pH was 6.0 (Fig. 2). As
osmotic stabilizers, we employed mineral salts and
sugars (Table 2). It can be seen clearly that the high-
est yields were obtained with MgSQO,, and even pro-
toplasts liberated with it were the biggest. As ob-
served in Fig. 3, the optimal concentration of
MgS0,is 0.7 M.

Pretreatment of the mycelium with dithio-
threitol had no effect on protoplast yield, and even
mercaptoethanol sometimes reduced its produc-
tion. Preplasmolysis with osmotically stabilized buf-
fer was also ineffective. Another factor that af-
fects the liberation of protoplasts is the mycelium
concentration in the lytic system (Fig. 4), but the
protoplast number obtained per gram of mycelium
showed very few variations. A concentration of 50—
100 mg mycelium/ml was used in further experi-
ments.

Podospora anserina becomes senescent with
the age of mycelium, and accumulates a pigment
that can affect the liberation of protoplasts. Thus,
the experiments were done with juvenile myce-
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Table 2. Effect of different osmotic stabilizers on the
formation of protoplasts from Podospora anserina (x10°

protoplasts/ml)

Osmotic stabilizer

Protoplasts

Sucrose, 0.56 M 7956
MgS0O,, 0.7 M 520 =70
Mannitol 1.1 M 0.4 = 0.04
NaCl, 0.7 M 29+ 04
Sorbitol, 1.1 M 0.5+ 0.02
KCl, 0.9 M 59 =+ 6
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Fig. 3. Isolation of Podospora anserina protoplasts at different
MgSO, molarities.
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Fig. 4. Effect of mycelium concentration on the liberation of
Podospora anserina protoplasts: 10 mg/ml (@), 25 mg/ml (O), 50
mg/ml (W), and 100 mg/ml (OJ).

lium, and the influence of the growth medium on the
production of protoplasts was also studied (Fig. 5).
The best results were obtained with MEM, which
provides 3 x 10° protoplasts/g mycelium. Other me-
dia, such as CMM or RFM, produced smaller proto-
plasts and a very low regeneration rate, according
to Tudzynski and Esser [29]. Mycelial growth in
other media provided fewer protoplasts, but they
were in good condition.
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Table 3. Recovery percentages of protoplasts from Podospora anserina by different centrifugation techniques

Direct Direct Direct Ficoll Percoll Lymphoprep
Centrifugation technique MgSO, KCl flotation flotation flotation flotation Biphase
Supernatant 65 60 65 30 10 28 10
Recovered 16 15 — 21 5 23 5
Lost 19 25 35

49 85 49 85

All centrifugations were carried out at 1500 rpm for 15 min.

Table 4. Recovery percentages of protoplasts from Podospora anserina by different filtration systems

Recovery percentages

Filtered Without membrane With membrane
Filter Pore size (pum) solution resuspension resuspension
Jena no. 4 10-16 — —
Nuclepore 0.45 - 10 36
Nuclepore 0.22 - 40 70
Millipore 0.45 — 15 50
Millipore 0.22 — 60 88
i \‘l“- g lizers, as previously described [7]. We confirmed
2 /’\‘E_;f-a 2 this fact when the direct centrifugation method sedi-
- % {/ L mented the protoplasts, at different speeds, only
§ g/Q‘“%——f 2 g slightly. Similar results were obtained with proto-
% /{/{—{\ = plasts isolated with 0.43 M KCI (Table 3), so we
g /}__ —bt 3 tried to recover the protoplasts by flotation, from
5 } 2 0.7 M MgSOj to a less dense layer of 0.43 M KCl,
& ] but they did not migrate to the interphase; this fact

Time(h)

Fig. 5. Influence of culture medium on the production of Podo-
spora anserina protoplasts. Mycelia for the isolation of proto-
plasts were grown in AMM (W), CMM (A), MEM (00), MGM
(@), RFM (#), and SSM (A).

In conclusion, the best system was Novozym
234 at 20 mg/ml for 3 h in 50 mM potassium phos-
phate buffer (pH 6.0), and osmotically stabilized
with 0.7 M MgSO,. The final concentration of the
24-h-MEM-grown mycelium was 50-100 mg/ml.
Under these conditions, we have increased the pro-
duction of protoplasts up to 150-1500 times com-
pared with that reported in the literature [4, 28, 29].

Factors affecting protoplast purification. The den-
sity of the protoplasts obtained in MgSO, was vari-
able, and their behavior was more complicated than
that of protoplasts obtained in other osmotic stabi-

agrees with microscopic examinations where vacu-
oles were not detected in protoplasts isolated under
optimal conditions. The addition of commercial
polymers that increase the density without varying
the osmotic strength (Ficoll, 10%; Percoll, 10%; or
Lymphoprep) to the MgSO, layer, makes it possible
to recover some protoplasts from the interphase,
but only 5%-25% (Table 3). Also we assayed the
aqueous two-phase system, based on the migration
of protoplasts to the partition zone of two phases of
PEG-dextran or PEG-MgS0O, [15, 18]. Now again,
only 5% of protoplasts were recovered efficiently.

There are two common problems in these cen-
trifugation systems: (a) The high loss rate of proto-
plasts because of breakage during centrifugation;
we tried in each case at different times and speeds
and no variation was distinguishable. (b) These data
are the result of only one centrifugation, and we had
to repeat this process two or three more times in
order to eliminate completely the lytic system; so
the final yield of the complete process was insignifi-
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Table 5. Regeneration percentages of protoplasts from
Podospora anserina in different combinations of solid media
and osmotic stabilizers

Osmotic stabilizer

MgSO0, (0.7 M)

Medium KCl1(0.42 M) Sucrose (20%)

AMM 7.7 £03 16.0 = 0.7 6.3+03
CMM 61.8 + 0.2 81.4 = 0.9 31.2 £ 0.5
MEM + 0.4

33.6 = 0.6 62.3 £ 0.3 17.5

cant. For these reasons, we assayed other purifica-
tion systems based on filtration.

Several types of filters were tested (Table 4).
Jena filter no. 4 was totally ineffective because its
pore size (10-16 wm) is similar to the diameter of
the protoplasts (10 um) and so they were broken or
lost. The use of filters with smaller pore size, i.e.,
Nuclepore and Millipore, was more effective. The
best results were obtained in all cases with the em-
ployment of the Millipore filter because its rough
structure prevents the blockage of the pores by the
protoplasts. A pore size of 0.22 um was optimal.
The resuspension of filters in the medium to liberate
trapped protoplasts increased the final yields to 88%
of recovered protoplasts.

Factors affecting protoplast regeneration. Several
combinations of solid media and osmotic stabilizers
were assayed (Table 5), and the highest percentages
were obtained with CMM. The nature of the os-
motic stabilizer was conclusive: in all assayed me-
dia, 20% sucrose provided the best results. An opti-
mal regeneration percentage of 81.4% =+ 0.9% was
obtained when we used CMM stabilized with su-
crose. This value is higher than percentages re-
ported in the literature, which varied between 1%
and 15% [4, 29]. Purification of protoplasts consid-
erably affected regeneration rates; under optimal
conditions, unpurified protoplasts showed only a re-
generation of 0.1%.

Physiological condition of protoplasts. The lack of a
detectable cell wall was revealed by absence of fluo-
rescence in a suspension of purified protoplasts
treated with Tinopal SBMS. The ratio of nuclei per
protoplast was tested with chromomycin A3. The
mean ratio was 1.47 + 0.86. The mode was one
nucleus per protoplast, in accordance with the fact
that in the mycelium of P. anserina there is only one
nucleus per septum. However, a significant number
of protoplasts (41%) had more than one nucleus,
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probably due to spontaneous protoplast fusion also
detected in microscopic observations. The good
state of the protoplasts obtained with the method
proposed here was also established because they
were capable of reversing in colonies morphologi-
cally identical to those of the parental strain.

When we assayed genetic transformation of
these protoplasts with the hybrid plasmid pSP24,
we obtained a frequency of 1.68 x 1072 transfor-
mants per viable protoplast. This rate is higher than
that of 2.8 x 10-? described previously [30], point-
ing out the good physiological condition of the pro-
toplasts.

The protoplast system developed in the present
study provides a large number of viable protoplasts:
3 x 10° protoplast/g mycelium; 88% of them are
recovered after purification, with an 81% regenera-
tion rate. Protoplasts produced in this way can
serve as a useful tool for studies about somatic fu-
sion and genetic transformation of Podospora an-
serina.
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