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Selected strains of Trichoderma spp. were grown on a solid corn matrix under a variety of culture
conditions and analyzed for the production of 6-n-pentyl-2H-pyran-2-one (6PAP). By optimizing
harvest time, culture temperature, light conditions, and spore inoculum concentration, yields of
6PAP as high as 2000 mg/kg have been achieved. These results will provide an indication for future
production studies potentially leading to the development of a bulk scale fermentation process.
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INTRODUCTION

Trichoderma spp. have in recent years received
particular attention as agents for the biological control
of several important fungal plant pathogens. Antibiosis
is believed to be one of the mechanisms involved in
disease control (Dennis and Webster, 1971a,b; Papavi-
zas, 1985; Ghisalberti and Sivasithamparam, 1991),
although lysis, competition, mycoparasitism, and pro-
motion of plant growth have also been implicated
(Henis, 1984; Papavizas, 1985; Chet, 1987; Baker, 1988;
Lynch, 1990). Several studies have shown a correlation
between the effectiveness of Trichoderma spp. to control
plant diseases and their ability to produce pyrone
metabolites such as 6-n-pentyl-2H-pyran-2-one (6PAP)
(Figure 1) (Ghisalberti et al., 1990; Worasatit and
Sivasithamparam, 1990; Worasatit et al., 1994). 6PAP
has also been shown to give promising in vitro and in
vivo control of several major phytopathogenic fungi that
affect New Zealand grown crops including Armillaria,
Botrytis, Phytophthora, and sapstain fungi (Cutler and
Hill, 1994) and is currently being tested as a natural
fungicide.
The ability of Trichoderma isolates to produce 6PAP

has been found to differ between isolates of different
species as well as between isolates of the same species
(Dennis and Webster, 1971a,b). Our earlier studies
have also shown that, for a particular isolate, culture
conditions can have a major impact on the quantity of
6PAP produced (Cooney et al., 1997). We have identi-
fied several high-yielding strains of Trichoderma and
have optimized 6PAP production by selection of solid
media, liquid supplements, and harvest time.
6PAP can be prepared both synthetically in the

laboratory and naturally via fermentation of Tricho-
derma, but it is a high-value compound and supplies
are extremely limited. A number of syntheses of 6PAP
have been reported in the literature (Nobuhara, 1968;
Pittet and Klaiber, 1975; Dieter and Fishpaugh, 1988),
and one method has been patented (Klaiber and Pittet,
1975, 1976). Generally the reported syntheses either
utilize expensive reagents or require a complex number
of steps, both of which preclude economic scaleup.
Attempts within our organization to improve both the

cost effectiveness and the reliability of synthetic meth-
ods have been unsucessful (G. Depree, personal com-
munication). The literature also describes reports of the
continuous removal of 6PAP from Trichoderma viride
cultures by pervaporation through a hydrophobic mem-
brane. Yields of 6PAP up to 1 g/L were reported
(Bengtson et al., 1992). More recently, yields of 6PAP
in the range 92-580 mg/L by T. viride cultures and
using aqueous and two-phase extractive fermentation
have been reported (Tekin et al., 1995).
This study continues from our previous work to

optimize culture conditions for the production of 6PAP
from Trichoderma cultures leading to the development
of an economic bulk fermentation process.

MATERIALS AND METHODS

Apparatus. Culture samples were incubated in a Sanyo
MIR 252 incubator (Japan) fitted with fluorescent lights
operating continuously. Gas chromatography/flame ionization
detection (GC/FID) analysis for 6PAP was carried out on a
HRGC 5300 Mega Series Carlo Erba (Milan, Italy) instrument
fitted with a Hewlett-Packard (Avondale, PA) HP-5 capillary
column, 25 m× 0.20 mm i.d. (0.33 µm film thickness). Injector
and detector temperatures were 250 °C. The GC oven tem-
perature was held at 180 °C for 6 min, programmed at 30 °C/
min to 230 °C, and then held for a further 10 min. The
retention times of 6PAP and the internal standard, hexa-
decane, were 3.7 and 5.1 min, respectively.
Reagents and Materials. All solvents were of analytical

grade or better and were supplied by Mallinckrodt Baker
(Paris, KY). Liquid supplements employed during the course
of this study were solution 7 (Zeppa et al., 1990), containing
yeast extract (1 g/L), casein hydrolysate (2 g/L), KH2PO4 (1.5
g/L), MgSO4‚7H2O (1 g/L), and glucose (15 g/L); luria broth,
containing bactotryptone, yeast, and NaCl (25 g/L); and yeast
extract solution (10%). Casein hydrolysate and yeast extract
were both obtained from DIFCO laboratories (Detroit, MI),
while luria broth was supplied by Life Technologies (Paisley,
Scotland). Inorganic salts and glucose were purchased from
BDH Ltd. (Poole, England).
Trichoderma spore suspensions were prepared in sterile

water using the surface growth from freshly grown malt 3.5
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Figure 1. 6PAP, a secondary metabolite produced by Tricho-
derma spp.
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agar plates (malt agar, modified by adjusting the pH to 3.5 by
the addition of lactic acid) (Atlas, 1993). Spore concentrations
were determined using a Hawksley hemocytometer (depth 0.1
mm 1/400 mm2).
Trichoderma Isolates. A total of seven Trichoderma

isolates, designated A, B, C, F, I, M, and O as in Cooney et al.
(1997) and identified as T. hamatum Rifai (four), T. harzianum
Rifai (two), and T. koningii Rifai (one) (supplied by R. A. Hill,
HortResearch, Hamilton, New Zealand), were used during the
course of this study.
General Culture Conditions. The Trichoderma isolates

were grown in 200 mL conical flasks on sterilized solid media
(10 g), treated with liquid supplement (5 mL) and water (3
mL), and inoculated with 1 mL of prepared spore suspensions
with measured concentrations (unless otherwise stated) in the
range 1 × 108 to 1 × 109 spores/mL. Flasks were incubated
at 20 °C (unless otherwise stated).
Production of 6PAP with Time. Two isolates, A and B,

were used to determine the optimum harvest time for culture
samples grown on ground corn treated with liquid supplement
solution 7. This had been established as the highest 6PAP-
producing substrate and supplement combination in our ear-
lier work (Cooney et al., 1997). Twenty replicates of each iso-
late were prepared and two of these analyzed every 2-3 days.
Effect of Temperature. Six isolates, A, B, C, F, I and M,

were grown on ground corn supplemented with solution 7 and
incubated at 15, 20, and 25 °C. The culture samples were
extracted after 18 days and analyzed for 6PAP content. All
culture samples were grown in duplicate.
Effect of Light. There were two experiments. In the first,

isolates A and B were grown in the presence and absence of
light on both ground corn and whole corn, each treated with
one of three liquid supplements (water, 10% yeast extract
solution, and solution 7 for isolate A or luria broth for isolate
B). The “light” flasks were incubated as normal at 20 °C, while
the “dark” flasks were wrapped in aluminum foil to exclude
light before incubation alongside the “light” flasks. Isolate B
culture samples were harvested after 11 days and isolate A
culture samples after 18 days.
In the second experiment, both isolates were grown on the

same solid and liquid supplement media as isolate A in the
first experiment (i.e. both ground corn and whole corn each
treated with water, 10% yeast extract solution, or solution 7).
Reduced liquid levels were used for the whole corn cultures,
i.e. liquid supplement (5 mL) and water (1 mL), to minimize
rotting of the whole kernels. In this experiment, all culture
samples were grown in duplicate and extracted after 17 days.
Effect of Spore Inoculum Concentration. There were

two experiments. In the first, isolates A and O were grown
on ground corn supplemented with solution 7 and inoculated
using 1 mL of prepared spore suspensions of concentrations 1
× 108, 1 × 107, 1 × 106, 1 × 105, or 1 × 104 spores/mL. All
samples were prepared in duplicate, and culture samples for
both isolates were extracted after 21 days.
In the second experiment, isolate O was grown on ground

corn supplemented with solution 7 and inoculated using 1 mL
of prepared spore suspensions of concentrations 2 × 108, 2 ×
107, 2 × 106, 2 × 105, 2 × 104, or 2 × 103 spores/mL. Four
replicates at each spore concentration were prepared, and
culture samples were extracted after 21 days.
Effect of Time and Spore InoculumConcentration. To

determine whether the spore inoculum concentration affected
the time window in which to harvest culture samples for
optimum 6PAP production, two isolates, A and O, were grown
on ground corn supplemented with solution 7 and inoculated
with spore suspensions of concentration 1 × 109 or 1 × 103
spores/mL. Twenty replicates of each isolate/inoculum con-
centration combination were prepared and duplicate samples
analyzed every 2-3 days.
Extraction of Culture Samples. Culture samples were

extracted by adding methanol/water (85:15, 50 mL) to the
substrate representing 10 g of solid material. The samples
were blended with a Polytron homogenizer for ca. 1-2 min so
that no visible lumps remained and then allowed to stand for
ca. 4 h. Each sample was filtered through a Whatman glass
fiber filter (GF/A; 9 cm diameter). An aliquot of the extract

solution (4 mL) was added to cyclohexane (2 mL) and buffered
10% saline solution (pH 6.5, 10 mL), then mixed and allowed
to partition overnight. The cyclohexane layer was separated
and dried by passing it through anhydrous Na2SO4 (ca. 1.5 g).
An aliquot (1 mL) the dried cyclohexane fraction was spiked
with a 22 ppm hexadecane internal standard solution (100 µL)
and analyzed for 6PAP by GC/FID.
The partition step was used to provide a cleanup prior to

GC/FID analysis and to transfer the analyte into a GC
amenable solvent. The overall recovery of 6PAP was deter-
mined for ground corn and found to be in the range 67-74%.
Results presented in this paper are as recorded, and for
estimates of absolute yield values, a scaling factor of 1.4 should
be applied.

RESULTS AND DISCUSSION

Production of 6PAP with Time. The 6PAP time
harvest results are shown in Figure 2 for the two main
isolates of interest, A and B. For isolate A the level of
6PAP was minimal at day 4 but had increased rapidly
by day 9. The measured concentration of 6PAP was
maximum at about days 14-18 and then declined to a
steady level from days 22 to 28. In comparison to the
results obtained for isolate A on the same solid matrix
supplemented with 10% yeast extract solution, namely

Figure 2. Production of 6PAP with time by Trichoderma
isolates grown on ground corn supplemented with solution 7
for isolates A and B.

Figure 3. Effect of temperature on 6PAP production for six
Trichoderma isolates (A-C, F, I, and M) grown on ground corn
supplemented with solution 7.
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ca. 800 mg/kg maximum at day 19 (Cooney et al., 1997),
it is apparent that, in addition to the higher 6PAP yields
for solution 7, the harvest time window is wider and
slightly earlier. The drop-off in 6PAP levels with
extended incubation time is also less marked.
There was a more pronounced difference in the 6PAP

production time profile for isolate B when using solution
7 compared to earlier results obtained with a 10% yeast
extract solution supplement (Cooney et al., 1997). While
6PAP was again detected after 4 days and appeared to
plateau at 400-500 mg/kg from days 10 to 14, from days
15 to 28 the level of 6PAP increased to about 900 mg/
kg (Figure 2). This is in contrast to the marked decline
in 6PAP levels to below 100 mg/kg recorded over this
time interval when 10% yeast extract solution was
employed as the supplement (Cooney et al., 1997).
Effect of Temperature. Figure 3 shows compara-

tive 6PAP yield data for six Trichoderma isolates
cultured at 15, 20, and 25 °C. Three of the isolates, A,
C, and F, produced best at 20 °C, while isolate B
performed markedly better at 15 °C. Production data
by isolates M and I were similar at 15 and 20 °C. For
all of the isolates examined, the 6PAP yield declined at
25 °C despite fungal growth being initiated earlier and
more luxuriantly at this temperature.

Effect of Light. Results for the first experiment
showing comparative effects of light and dark on 6PAP
production are presented in Figure 4A for isolate A and
in Figure 4B for isolate B cultured on both ground corn
and whole corn media. Harvest times for the two
isolates were chosen in accord with the time windows
suggested from earlier harvest studies carried out using
a ground corn matrix and 10% yeast extract solution
supplement (Cooney et al., 1997). For isolate A yields
were always higher when the Trichodermawas cultured
in the light on ground corn for each of the three liquid
supplements. Whole corn “light” cultures also gave
higher levels of 6PAP than those cultured in the dark.
The trends are more difficult to determine for isolate
B, but indications are that this isolate produces slightly
more 6PAP when cultured in the dark. For both
isolates, production of 6PAP on whole corn was poor
compared with the yields obtained on ground corn.
Whether this is due to the breaking of the epidermis,
allowing access to a more readily metabolized nutrient
source, or just increased surface area for the latter was
not investigated. It is also interesting to note that for
both isolates, yields on whole corn supplemented with

Figure 4. Effect of light on 6PAP production by Trichoderma
isolates grown on ground corn (G) or whole corn (W) supple-
mented with either 10% yeast solution (y), solution 7 (7), luria
broth (l), or water (w) for (A) isolate A and (B) isolate B.

Figure 5. Effect of spore inoculum on 6PAP production for
Trichoderma isolates grown on ground corn supplemented with
solution 7 for (A) isolates A and O inoculated at concentrations
over a range of 1 × 104 up to 1 × 108 spores/mL and (B) isolate
O inoculated at concentrations over a range of 2 × 103 up to 2
× 108 spores/mL.
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10% yeast extract solution were particularly poor in both
the presence and absence of light.
Results for the second experiment were effectively the

same as for the first experiment except that, for isolate
B, results were improved for the whole corn treatments,
although 6PAP levels were still generally <50% of those
for the ground corn treatments.
Effect of Spore Inoculum Concentration. Re-

sults for the first experiment showing 6PAP yield data
for isolates A and O inoculated at a range of spore
inoculum concentrations are presented in Figure 5A.
There is a trend toward increased levels of measured
6PAP as the spore count of the inoculum is decreased.
This effect was more apparent for isolate O than for
isolate A. At the lowest spore inoculum concentration,
for which the highest 6PAP levels are recorded, the
visible fungal growth on the solid matrix was very
sparse, particularly for isolate O. These results imply
that a dense luxuriant mat of fungal growth is not a
necessary prerequisite for high levels of secondary
metabolite production, an observation that was also
noted for the temperature study.
Results for the second spore inoculum concentration

experiment presenting 6PAP production levels for iso-

late O only are shown in Figure 5B. While the trend
found in the first experiment is still valid, the effect is
not as marked in this experiment as in the earlier one.
Effect of Time and Spore Inoculum Concentra-

tion. The 6PAP time harvest results for high and low
spore inoculum cultures are presented in Figure 6, parts
A and B for isolates A and O, respectively.
For isolate A the measured levels of 6PAP at the low

inoculum concentration reached a maximum at day 21
as compared to day 16 for the high spore inoculum
cultures. Again, the maximum recorded levels of 6PAP
are higher for the low spore inoculum cultures, although
it can be seen from Figure 6A that this increase was
not achieved until about day 16, when maximum
production occurred for the higher spore concentration.
In effect, the 6PAP concentration profile for the low
spore inoculum cultures has been shifted to the right,
representing a time delay in maximum 6PAP production
of almost a week.
For isolate O, the 6PAP concentration profile re-

mained unchanged with respect to time, with both high
and low spore inoculum cultures recording maximum
6PAP levels at day 14. As observed in the earlier
experiments, 6PAP was afforded in higher concentration
for the low spore inoculum cultures.
The time harvest window for isolate O was narrower

than for isolate A and occurred slightly earlier. For
isolate A, the spore inoculum concentration affected both
the optimum harvest time and the measured 6PAP
concentration, while for isolate O, only the 6PAP
concentration was affected.
The results of our studies indicate that solid state

fermentation of Trichoderma on a corn medium is
capable of supplying 6PAP in good yield. Attention to
isolate selection, harvest time, culture temperature,
light conditions, and spore inoculum concentration can
enhance metabolite production, resulting in yields of
6PAP as high as 2000 mg/kg. These data, combined
with the results from earlier production studies that
identified ground corn as a preferred growth medium
(Cooney et al., 1997), will provide a basis for future
Trichoderma bulk scale fermentation studies.
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