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Abstract A method is described for producing viable
protoplasts from germinating conidia (germlings) of
Ophiostoma picea. The use of MgSO4-based osmotic stabi-
lizers significantly improved protoplast release, as did the
use of 20-h-old germlings. Protoplast release rates also in-
creased with higher enzyme concentration and incubation
times, but there were associated negative effects, including
reduced regeneration. The results indicate that the use of
young germlings, low lytic enzyme levels, and short expo-
sure periods produced the most viable protoplasts.
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Introduction

Discoloration of lumber by fungi is a major cause of eco-
nomic loss for wood processors. From the time it is cut in
the forest until it dries to below 20% to 25% moisture
content – and later, if it is inadvertently rewetted – wood
can be rapidly colonized by a diverse array of fungi that can
discolor the surface via the production of pigmented spores
or the interior through melanized hyphae in the cell lumens.
Although the precise costs that result from fungal discolora-
tion are difficult to calculate, it has been estimated that they
cause approximately US$10 million in losses per year.1

Surveys of lumber producers in the western United States
suggest that this figure is extremely conservative.2 Among
the most important fungi causing discoloration of lumber
are the Ophiostoma species. Many of these species are
widely distributed and cause deep discoloration of freshly
sawn wood. Ophiostoma picea is an economically important

fungus in many coniferous species in western North
America.

Discoloration of lumber has generally been controlled
by drying the wood below 20% or, where that was not
feasible, applying surface coatings of prophylactic fungi-
cides. Most mills lack the kiln capacity to dry all their pro-
duction; however, there are some applications for which the
user does not desire dry wood. Chemicals carry with them
the risk of worker exposure and the potential for scrutiny by
an increasingly chemophobic public.

One alternative to chemical treatment is biological
control (biocontrol): using one organism to control the
detrimental activities of another. Biocontrol is not a new
concept; fungi have been employed for this purpose on a
variety of wood-based materials,3–5 but there have been few
broadly successful applications against stain and mold
fungi.6–8 Failures to achieve successful biocontrol have been
attributed to the inability of the biocontrol organism to
function under field conditions, where growth is limited by
competing organisms and environmental conditions may be
less than ideal. The failures have highlighted the need for
more fundamental research on in situ microbial interactions
between biocontrol agents and their intended targets.

An important aspect of this need is the ability to study
microbial interactions within wood. This is generally diffi-
cult when the biocontrol agent is a fungus, because most of
the hyphae of both the stain fungi and the biocontrol agent
are hyaline, making it difficult to determine which fungi are
present. A number of fluorescent probes are available that
are specific for components in fungal hyphae, but most of
these react with hyphal components common to many
fungi.9

One approach to this dilemma is to transform one of the
test fungi by inserting genetic material capable of producing
fluorescent proteins that are continuously expressed. This
process would allow visualization of all of the hyphae of
that species in wood by using fluorescence microscopy. An
important first step in this transformation is to develop
systems for eliminating the fungal cell wall so that specific
probes can be inserted into the cells. The simplest method
for accomplishing this task is to generate fungal protoplasts.
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Protoplasts are the wall-less states of cells after the cell
walls have been removed through enzymatic digestion.
Many factors including type and concentration of enzymes,
treating time, type of osmotic stabilizers, fungal species, and
culture age can have pronounced effects on the yield of
protoplasts and their regeneration.10 A number of protocols
on protoplasting from some wood-inhabiting fungi have
been reported.11–18 The conditions for protoplasting varied
widely in these studies, suggesting the need to define opti-
mal conditions for protoplasting from each species. There
are no reports of procedures for generating protoplasts
from O. picea. In this report, we outline procedures
for producing protoplasts of O. picea as a prelude to
transformation.

Materials and methods

Cultures of Ophiostoma picea (Isolate AU135-1, Forintek,
Canada Corp.) were maintained on 1% malt extract agar.
The strain was originally isolated from white spruce lumber
in British Columbia, Canada. Prior to use, the fungus
was inoculated on an agar medium containing 1.0% malt
extract, 1.0% glucose, 0.1% yeast extract, and 1.5% agar
(MGY agar), and incubated for 12 days at 25°C in darkness.
The test fungus produced abundant conidia on this medium
in preliminary tests. Conidia forming on the agar surface
were gently washed from the plates using sterile distilled
water. Conidia were used either directly for protoplasting
or were used to produce germlings. Conidia for direct use
were collected by centrifugation (7500g for 5min). Conidia
were washed twice with distilled water and then once with
one of two osmotic stabilizers, either 0.5M MgSO4 or 0.5M
mannitol in 50mM maleic-NaOH (pH 5.5).13 Conidia were
then transferred to a sterile glass tube (16 �30mm).

Germlings were produced by adding approximately 1 �
108 conidia into 100ml of a medium containing 2% potato
dextrose and 0.1% malt extract (PDB Broth). The broth
was incubated for 16, 20, or 24h on a rotary shaker
(100rpm) at room temperature (20°–23°C) to produce
germlings. Germlings were collected by filtration through a
20-µm nylon mesh (Sefar America, Depew, NY). The
germlings were washed three times with sterile distilled
water and then three times with osmotic stabilizer, either
0.5M MgSO4 or 0.5M mannitol in 50mM maleic-NaOH
(pH 5.5). Wet germlings were then transferred to a sterile
glass tube (16 � 300mm).

Protoplast production

Lyophilized lysing enzyme produced by Trichoderma
harzianum (Sigma Chemicals, St. Louis, MO) was dissolved
in the appropriate osmotic stabilizer at 0.4, 0.7, or 1.0%
(w/w). The same osmotic stabilizer was used throughout all
procedures for a single treatment. The resulting solution
was sterilized by filtration through a 0.22-µm membrane.

Ten milliliters of lysing enzyme was added to test tubes
containing conidia or germlings. The tubes were incubated

for 30, 60, or 120min on a nutator (Clay Adams, Sparks,
MD) at 25°C. The solution was diluted to 20–25ml with the
appropriate osmotic stabilizer, and filtered through 10-µm
nylon mesh. The filtered solution was centrifuged at 7500g
for 10min and the supernatant was decanted and discarded.
The pellet was resuspended in 20ml of the appropriate
osmotic stabilizer and centrifuged again. After resuspen-
sion, protoplasts and hyphal fragments were counted with a
hemacytometer.

There were three replicates for each trial. For each rep-
licate, 1ml of protoplast solution containing approximately
1 � 107 cells received 100µl of a solution containing 50µg/ml
of fluorescent isothiocyanate (FITC)-coupled wheat germ
agglutinin (WGA).9,19 The solution was incubated in dark-
ness for 30min and the cells were collected by centrifuga-
tion (2500g for 5min), rinsed with 1ml of the appropriate
osmotic stabilizer, and centrifuged. The resulting cells were
observed with a Nikon Elipse E400 microscope equipped
with a filter specific for FITC, and the numbers of fluo-
rescent and total protoplasts were counted.

Protoplasts were produced from conidia by adding 10ml
of lysing enzyme solution to washed conidia in the appropri-
ate osmotic stabilizers. These tubes were incubated on the
nutator shaker for 2, 4, or 24h at room temperature. Each
variable was investigated on three replicates. Protoplast
production was assessed as described above.

Protoplast regeneration

Although it is important to be able to remove cell walls,
fungal protoplasts can only remain in this state for relatively
short periods and must eventually be allowed to regenerate
cell walls. The use of harsh conditions can adversely affect
the ability of the protoplast to regenerate. Protoplast regen-
eration was assessed by adding 1ml of protoplasts that had
previously been diluted to 1 � 104 protoplasts/ml in the
appropriate osmotic buffer into 9ml of molten MGY me-
dium containing 1.2M sorbitol. This mixture was placed in
a plastic petri dish and incubated for 4 days at room tem-
perature. Regeneration was then assessed by counting
the colony-forming units. The percentage of the colony-
forming units produced from the total cells in the dilution
was defined as the regeneration rate.

Data analysis

The effects of enzyme concentration, osmotic stabilizer, and
treatment time were assessed using multiple linear regres-
sion, and treatment measures were compared using Fisher’s
least significant difference test on SAS (SAS ver 7.0, SAS
Institute, Cary, NC).

Results and discussion

Protoplasts could not be produced from conidia, even when
conidia were exposed to the lytic enzyme for 24h. This
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suggests that cell wall components in the conidia were less
susceptible to the chitinase systems produced by Tricho-
derma harzianum. As a result, all data reported are for
germlings.

Effects of buffer on protoplast production

Protoplast levels were significantly greater (P � 0.001)
when MgSO4 was incorporated into the osmotic stabilizer.
Average protoplast production ranged from 0.79 to 3.15 �
107 protoplasts/ml when mannitol was used, compared with
22.13 to 28.48 � 107 protoplasts/ml in MgSO4 (Table 1).
Protoplast levels also tended to increase steadily with in-
creasing enzyme concentration, suggesting that the high
concentrations of lytic enzymes enhanced cell wall removal
(Table 1).

These preliminary trials indicated that the MgSO4-based
osmotic stabilizer produced more protoplasts than did
mannitol; this stabilizer was therefore used in all subse-
quent tests.

Effects of germling age on protoplast production

Wet mycelial mass tended to increase with incubation
period (Fig. 1); however, protoplast production peaked
after 20h of incubation and was significantly higher at
that point than after 16 or 24h (p � 0.001) (Fig. 2). These
results suggest that early stages of mycelial growth may be
most amenable to protoplasting. Hyphal thickening and
senescing away from the growing tip may reduce the poten-
tial for protoplast production. Conversely, the presence of
hyphal fragments tended to steadily decline as germling age
increased, although the differences were not significant.
The presence of high levels of hyphal fragments in the
germling suspension is undesirable because they consume
enzyme and suggest the presence of nonviable hyphal frag-
ments that could not release protoplasts. Incubation for 20
or 24h appeared to markedly reduce the levels of hyphal
fragments.

Enzyme concentration and treatment time both signifi-
cantly affected protoplast release (p � 0.0001 and p �
0.0002, respectively; Table 2). Mean number of protoplasts
produced was predicted to increase by 1.857 � 108 proto-
plasts/ml for every 0.3% increase in enzyme concentration
at a given incubation time, and by 0.95 � 108 protoplasts/ml

for every 30min of incubation at a given enzyme level.
These results are not surprising because cell wall removal
depends on both enzyme concentration and exposure
time.10

Increasing enzyme concentrations and treatment times
were also both associated with higher percentages of hyphal
fragments, which consume enzyme, but do not contribute to
protoplast production (p � 0.0001 and p � 0.0019, respec-
tively). It is unclear why these fragments increased in fre-
quency. Longer exposures and higher concentrations of
enzyme may have increased the potential for incomplete
cell wall lysis on older hyphae, which then failed to release
protoplasts due to the decreased hyphal viability.

Cells that fluoresce after exposure to FITC-WGA are
indicative of incomplete cell wall removal on the protoplast.
In theory, the frequency of fluorescing cells should decline

Table 1. Number of protoplasts produced from germlings exposed to
0.4% to 1.0% lytic enzyme in MgSO4-maleic-NaOH or mannitol-
maleic-NaOH stabilizer for 1h

Stabilizer Enzyme concentration (%)

0.4 0.7 1.0

MgSO4-maleic-NaOH 22.13 (0.46)a 27.77 (12.49) 28.48 (2.12)
Mannitol-maleic-NaOH 0.79 (0.12) 1.55 (0.09) 3.15 (0.39)
a Number of protoplasts �107/ml. Values represent means of 3 repli-
cates with standard deviations in parentheses

Fig. 1. Effect of incubation time on wet weight of germlings of
Ophiostoma picea in MgSO4-maleic-NaOH buffer with 1.0% lytic
enzyme

Fig. 2. Effect of incubation time on protoplast production from
germlings of Ophiostoma picea in MgSO4 -maleic-NaOH buffer with
1.0% lytic enzyme
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with increasing enzyme concentration or treatment time.
Increasing enzyme concentration for a given treatment time
did not significantly reduce the percentage of fluorescing
cells, while increasing treatment time significantly increased
the percentage of fluorescing protoplasts (p � 0.0001).
These results imply that there was an excess of enzyme
available for reaction, but that other factors, such as site
access, affected cell wall removal. As a result, increasing
enzyme levels had no effect on the residual cell wall.
Increasing the treatment time should allow more reactions
to occur and thereby improve cell wall lysis, but longer
exposures will also allow lysis of cell walls on older hyphae.
The cell wall polymers on these hyphae are likely to be
more heavily cross-linked and therefore less likely to be
completely removed.20

Protoplast regeneration

Although protoplast production is important, it is equally
critical that the conditions used to produce protoplasts do
not irreversibly damage cell functions to the point where
regeneration of fungal hyphae is precluded. Excessive
enzyme concentrations, prolonged treatment times, and
poor buffer choices are among the factors that can hinder
regeneration.

Regeneration rates of Ophiostoma picea were generally
low, ranging from 0.4% to 2.53% for the various treatments.
Increasing enzyme concentration from 0.4% to 0.7% for a
given treatment time had no significant effect on regenera-
tion, while increasing the concentration to 1.0% had a sig-
nificant negative effect. Similarly, increasing treatment time
to 120min had a significant negative effect on regeneration.
These results indicate that caution should be exercised to
ensure that enzyme levels and exposure times adjusted
to enhance protoplast release do not produce long-term
impacts on cell viability and function.

Protoplasting from conidia of O. picea was not successful
in this study. Pretreatment of conidia in 2-mercaptoethanol
or dithiothreitol followed by prolonged incubation in en-
zyme solution may be useful, but the duration is long.15,18

Protoplasts were easily produced from 20-h-old O. picea
germlings after 30min of incubation. Clearly, protoplasts

Table 2. Effect of enzyme concentration and exposure period on release of protoplasts from 20-h-old germlings and subsequent regeneration of
hyphae from these treatments

Enzyme concentration Incubation period Protoplasts Protoplasts with Hyphal fragments Regeneration
(%) (min) (�107/ml) cell wall (%) (%) (%)

0.4 30 3.32 (1.14)a 3.74 (0.31) 6.84 (1.98) –b

60 22.13 (0.46) 13.99 (6.73) 16.73 (6.46) 1.35 (0.18)
120 30.75 (2.08) 10.62 (0.54) 19.79 (5.76) 0.68 (0.01)

0.7 30 29.07 (4.08) 3.75 (0.81) 15.73 (3.15) 2.17 (0.33)
60 27.77 (12.49) 4.44 (0.46) 22.74 (8.09) 0.64 (0.13)

120 23.37 (5.64) 14.48 (1.39) 21.84 (2.53) 1.61 (0.13)

1.0 30 17.28 (2.11) 5.22 (1.28) 29.39 (1.59) 1.07 (0.10)
60 28.48 (2.12) 7.98 (1.29) 23.59 (1.54) 1.12 (0.27)

120 37.63 (7.46) 8.49 (2.32) 42.36 (6.42) 0.42 (0.07)
a Values represent means of 3 replicates with standard deviations in parentheses
b There were too few protoplasts to evaluate regeneration

can be produced from O. picea germlings with relative ease
because this incubation time was short compared to those
reported in other studies.11,12,15,16,18 However, regeneration
rates were relatively low compared to other studies.12,16,18

Most protoplasts appeared to be intact under a light micro-
scope, which suggests that low regeneration rates may be
due to poor regeneration conditions. Further studies will be
required to more completely define optimum conditions for
both protoplast release and regeneration.

Conclusions

Protoplasts could be produced from 20-h-old germlings of
Ophiostoma picea using a MgSO4-maleic-NaOH buffer.
Higher enzyme concentrations and treatment times in-
creased protoplast release but reduced the ability of the
protoplasts to regenerate. Exposure to 0.7% lytic enzyme
for 30min appeared to produce optimum release and regen-
eration for the conditions evaluated.
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