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Trichoderma harzianum biotypes Th1, Th2, and Th3 produced volatile metabolites in vitro which had similar
fungistatic effects on the growth of Agaricus bisporus. Metabolites present in agar colonized by these strains also
inhibited mycelial growth of A. bisporus, although the reduction in growth was less in the presence of metab-
olites produced by biotype Th2 than that in the presence of metabolites produced by Th1 or Th3. A. bisporus
produced metabolites in liquid culture that inhibited the growth of Th1 and Th3 but stimulated the growth of
Th2. A compound(s) responsible for the inhibition and stimulation was extracted from A. bisporus culture
filtrate and from compost-grown fruit bodies with n-butanol, but the identity of the compound(s) was not
determined. We suggest that the stimulation of Th2 by metabolites produced by A. bisporus and the relatively
low level of inhibition of A. bisporus by Th2 facilitate colonization of compost by both fungi. However, as com-
post colonization reaches a maximum, a change in the competitive balance in favor of Th2 results in the in-
hibition of fruit body production by A. bisporus and the devastating green mold epidemics affecting mushroom
production.

One of three biological forms of Trichoderma harzianum
Rifai, group 2 described by Muthumeenakshi et al. (12) and
designated biotype Th2 in this paper, is the main agent respon-
sible for green mold epidemics affecting the commercial mush-
room (Agaricus bisporus) in the British Isles (13, 17). Two other
forms of T. harzianum, biotypes Th1 and Th3, also have been
identified but are excluded during compost pasteurization (13).
A fourth T. harzianum biotype, which is similar to but geneti-
cally distinct from biotype Th2 and was designated group 4 by
Muthumeenakshi et al. (11), has caused serious compost in-
festation in North America (15).

Of the three T. harzianum biotypes found in the British Isles,
biotype Th2, although rarely isolated from compost raw mate-
rials, once introduced, often on infected spawn, colonizes com-
post effectively (13, 14). During severe green mold epidemics,
when no mushrooms are produced, T. harzianum Th2 predom-
inates in affected compost. In contrast, biotypes Th1 and Th3,
which are commonly found in compost raw materials but are
infrequently found in pasteurized or colonized compost, rarely
cause problems during mushroom production. If introduced,
however, Th1 and Th3 will colonize a restricted area of com-
post from which A. bisporus is excluded (13). The relative abil-
ities of the three biotypes of T. harzianum to colonize compost
in competition with A. bisporus and their influence on A. bi-
sporus growth may be associated with secondary metabolite
production. The present study was made to determine, in vitro,
the biological activity of compound(s) produced by T. harzia-
num and A. bisporus, separately, and to determine their possi-
ble relationship to green mold disease.

Fungal cultures. Three strains of A. bisporus (commercial
spawn strains 130, 229, and 280), all U3 types, and three iso-
lates each of T. harzianum biotypes Th1, Th2, and Th3 were
used in the study. One isolate each of Th1 (IMI 359823), Th2
(IMI 359824), and Th3 (IMI 359825) were deposited in the
International Mycological Institute (IMI) culture collection;
the other two isolates of each biotype were identical at the
molecular level (10) to those deposited. Subsequent to the
completion of our study, Th3 was confirmed to be Trichoderma
atroviride (11). These Trichoderma isolates have been tested for
their aggressiveness in compost trials (16), and the Th2 isolates
continue to cause green mold disease.

Data analysis. Data were subjected to analysis of variance;
arc sine transformation was employed for percentage data.
Least significant difference (LSD) values are calculated from
the standard errors of the means (SEM) 3 =2 3 t df.

Volatile T. harzianum metabolites are toxic to A. bisporus.
Trichoderma spp. produce both volatile and nonvolatile metab-
olites that adversely affect growth of different fungi (1, 3, 5, 6,
9). To determine the effects of volatile metabolites released by
the three T. harzianum biotypes on the growth of A. bisporus,
discs (4-mm diameter) excised (with a no. 2 cork borer) from
the leading edge of a 12-day-old colony of each of the three
strains of A. bisporus were placed at the center of 2% malt
extract agar (MEA) in petri dishes (90-mm diameter) and
incubated for 10 days prior to the interaction study. Discs from
three isolates each of T. harzianum biotypes Th1, Th2, and
Th3, excised from the leading edge of cultures grown on potato
dextrose agar (Oxoid, Basingstoke, United Kingdom), were
placed on 2% MEA immediately before the interaction took
place. The petri dish lids were removed, and a plate containing
A. bisporus was placed over a plate containing T. harzianum.
The two plates were held together with adhesive tape. For each
strain of A. bisporus, three replicate plates for each T. harzia-
num isolate and two sets of controls were used. One control set
comprised A. bisporus cultures paired with plates of uninocu-
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lated MEA, and the second set comprised A. bisporus paired
with Rhizoctonia solani which was inoculated and grown on 2%
MEA in the same manner as T. harzianum. R. solani was in-
cluded as a control since Hutchinson and Cowan (7) found that
growth of Aspergillus niger, Pestalotia rhododendri, and several
bacteria in the headspace gases from cultures of a strain of
T. harzianum could be accounted for solely by the presence of
CO2 and ethanol produced by the T. harzianum cultures.
R. solani has a growth rate similar to T. harzianum and pre-
sumably releases similar levels of CO2. All treatment and con-
trol plates were randomized and incubated at 25°C in the dark.

Colony size was measured daily for 4 days after pairing of
the cultures. We found that, in the presence of T. harzianum,
A. bisporus mycelial growth ceased rapidly. The volatile com-
pound(s) produced by Th1, Th2, and Th3 significantly reduced
the radial growth of all three A. bisporus strains (P , 0.05)
from day 2 onward (Table 1). The mean effects of volatiles
produced by the three T. harzianum biotypes over the 4-day
incubation period were not significantly different. The reduced
suppression of A. bisporus growth in the R. solani controls
(Table 1) suggests that CO2 alone is unlikely to be responsible
for the observed level of inhibition of A. bisporus by T. harzia-
num. When A. bisporus from these pairings was transferred
to fresh 2% MEA, it regrew after 2 to 3 days from inocula-
tion, demonstrating that the effect of the volatiles was fun-
gistatic.

Diffusible T. harzianum metabolites are toxic to A. bisporus.
To assess the toxic effects on A. bisporus of substances released
by the T. harzianum strains in the agar, we overlaid 2% MEA
with a sterilized cellophane membrane (Courtauld Films; 50-
mm thick). The plates were left overnight to allow excess water
to evaporate. A disc (4-mm diameter) excised (with a no. 2
cork borer) from the leading edge of an actively growing
T. harzianum culture was placed on the cellophane at the
center of each agar plate and incubated at 25°C in darkness for
2 days. The cellophane and adhering fungus were removed,
and a disc (4-mm diameter) of A. bisporus, excised from the
leading edge of a 12-day-old culture, was placed at the center
of the plate. The plates were randomized and incubated at
25°C for 12 days, and the diameters of the A. bisporus cultures
were measured. Three replicate plates were established for
each treatment, and the experiment was repeated twice.

All three T. harzianum strains released metabolites that dif-
fused through the cellophane membrane into the agar medium
and inhibited the growth of A. bisporus. The growth of A. bi-
sporus was suppressed by more than 90% by metabolites se-
creted by Th1 and Th3 (Table 2), while significantly (P , 0.05)
less suppression of the growth occurred in the presence of
metabolites secreted by Th2 (Table 2).

No attempt was made to characterize either the volatile or
agar-diffusible substances, and these experiments are not suf-
ficient to prove that both nonvolatile and volatile inhibitors
were produced by T. harzianum. For example, it is possible that
a substance could have been partitioned between the airspace
and the agar and have been present in the agar at concentra-
tions sufficient to inhibit A. bisporus. Thus, while the three
T. harzianum biotypes may produce different substances with
varying toxicities to A. bisporus, our results also could be ex-
plained if Th2 consistently produced less of a single marginally
volatile substance than did Th1 and Th3.

Metabolites produced by A. bisporus. The ability of the slow-
growing mycelium of A. bisporus to colonize and dominate a
nonsterile mushroom compost has prompted speculation that
it may produce antibiotic(s). Certain metabolites of A. bisporus
have been isolated, and antibiotic potential has been attributed
to their derivative or analogues (2). We assessed the effect of

T
A

B
L

E
1.

G
ro

w
th

of
A

.b
is

po
ru

s
st

ra
in

s
in

th
e

pr
es

en
ce

of
vo

la
til

es
re

le
as

ed
by

T
.h

ar
zi

an
um

bi
ot

yp
es

T
h1

,T
h2

,a
nd

T
h3

T
re

at
m

en
t

R
ad

ia
lg

ro
w

th
(m

m
pe

r
da

y)
of

A
.b

is
po

ru
s

st
ra

in
s

(1
30

,2
29

,a
nd

28
0)

on
da

ya

M
ea

n
da

ily
ra

di
al

gr
ow

th
1

2
3

4

13
0

22
9

28
0

13
0

22
9

28
0

13
0

22
9

28
0

13
0

22
9

28
0

T
h1

1.
32

3.
77

1.
06

0.
80

0.
89

0.
37

0.
35

0.
08

0.
0

0.
0

0.
0

0.
0

0.
50

T
h2

1.
46

0.
92

0.
89

1.
05

0.
39

0.
47

0.
69

0.
04

0.
18

0.
0

0.
0

0.
0

0.
52

T
h3

1.
42

1.
01

0.
71

0.
83

0.
46

0.
29

0.
16

0.
12

0.
0

0.
0

0.
0

0.
0

0.
42

R
.s

ol
an

i
1.

68
1.

29
1.

10
1.

36
0.

93
0.

88
1.

03
0.

31
0.

74
1.

01
0.

30
0.

62
0.

92
U

ni
no

cu
la

te
d

co
nt

ro
l

(S
E

M
[d

f,
10

])
b

1.
96

(0
.1

74
,N

S)
1.

06
(0

.2
8,

N
S)

1.
39

(0
.1

0*
*)

1.
85

(0
.0

18
9*

)
1.

08
(0

.1
5*

)
1.

20
(0

.1
0*

*)
1.

46
(0

.0
23

*)
1.

08
(0

.0
6*

)
1.

18
(0

.0
6*

*)
1.

37
(0

.0
25

**
)

1.
03

(0
.0

5*
*)

1.
17

(0
.0

9*
*)

1.
36

(0
.0

9*
*)

a
D

at
a

ar
e

th
e

av
er

ag
es

fo
r

th
re

e
re

pl
ic

at
e

se
ts

.
b

N
S

de
no

te
s

no
si

gn
ifi

ca
nt

di
ffe

re
nc

e,
p

in
di

ca
te

s
si

gn
ifi

ca
nt

di
ffe

re
nc

e
at

P
le

ve
lo

f
,

0.
05

,a
nd

p
p

in
di

ca
te

s
si

gn
ifi

ca
nt

di
ffe

re
nc

e
at

P
le

ve
lo

f
,

0.
01

.L
SD

is
SE

M
3

=
2

3
t

df
.

5054 MUMPUNI ET AL. APPL. ENVIRON. MICROBIOL.



a metabolite(s) produced by A. bisporus in fruit bodies and in
liquid culture on the growth of T. harzianum.

A. bisporus mycelia from 7-day-old stationary liquid cultures
(each, 25 ml) in yeast extract-glucose medium (YEG medium)
(containing 0.1 g of yeast extract, 10 g of glucose, 0.14 g of
sodium glutamate, 0.2 g of potassium chloride, 0.2 g of mag-
nesium sulfate, and 0.2 g of calcium chloride per 1 liter of
distilled water) were transferred to 100 ml of fresh YEG me-
dium in 250-ml conical flasks and incubated in an orbital in-
cubator (40 rpm, 25°C). Culture filtrate (100 ml) was removed
from different flasks each day (on days 9, 12, 15, 18, and 21)
and filter sterilized (0.2-mm-pore-size filters), and 20 ml from
each of three replicate flasks was stored at 220°C until used.
The effect of the culture filtrates on the growth of T. harzianum
was assessed by cutting a well (6-mm diameter) with a no. 3
cork borer at the center of 2% MEA (25 ml) in petri dishes
(90-mm diameter). A. bisporus culture filtrate (150 ml) was
pipetted into each well and immediately covered by a disc
(8-mm diameter, mycelium-side down) cut with a no. 4 cork
borer from the leading edge of an actively growing T. harzia-
num colony. Three replicate plates were established for each
treatment. The plates were then placed in an incubator at
25°C. Filter-sterilized, uninoculated medium (150 ml) was used
in control plates. Growth radii were measured twice at right
angles, 24 h after inoculation. The experiment was repeated
twice, and all treated plates were compared with the controls to
calculate the percentage stimulation or inhibition of growth of
T. harzianum.

Filtrates of 9-day-old cultures of A. bisporus suppressed the
growth of T. harzianum biotypes Th1 and Th3 by 6% and 5%,
respectively, but stimulated the growth of biotype Th2 by ca.
7%. These results varied little with the strain or age of the
culture (data not shown).

A water-soluble component(s) was extracted with n-butanol
from the culture filtrate and from A. bisporus fruit bodies as
follows. A. bisporus (strain 280) was grown in YEG medium as
described above for 12 days. Pooled culture filtrate (200 ml)
was clarified by vacuum filtration through Whatman no. 3
paper and extracted three times with 200 ml of n-butanol. The
n-butanol extracts (600 ml) were pooled, dried over anhydrous
sodium sulfate, and evaporated in vacuo almost to dryness.
Three replicate sets of culture filtrates were extracted in this
manner. Mushroom caps (100 g), which had just begun to
open, were homogenized (Waring blender) in 200 ml of meth-
anol. The methanol extract was clarified by filtration through
Whatman no. 3 paper, and the methanol was vacuum evapo-
rated. The aqueous residue was extracted three times with 50
ml of n-butanol each time. The pooled n-butanol extract was

dried over anhydrous sodium sulfate and then vacuum evapo-
rated to dryness.

To determine the biological activity of the n-butanol ex-
tracts, the residues were dissolved, each in 10 ml of sterile
distilled water, and from these solutions a 1:5 dilution series
was made to give 2 3 1021, 4 3 1022, 8 3 1023, 1.6 3 1023,
3.2 3 1024, 6.4 3 1025, and 1.3 3 1025 dilutions of the ex-
tracts. Aqueous dilutions of the n-butanol extracts were pipet-
ted into wells cut in agar plates and bioassayed with isolates of
Th1, Th2, and Th3. Sterile distilled water was used in control
plates. Three replicate plates were used for each treatment; the
plates were placed in an incubator at 25°C in a randomized
manner. The experiment was repeated three times, and all
treated plates were compared with the controls to calculate the
percentage of inhibition or stimulation of the T. harzianum
biotypes.

The more-concentrated solutions of the extracts from both
the culture filtrates and the fruit bodies suppressed growth of
all three T. harzianum biotypes. As the extracts were diluted,
the growth of Th1 and Th3 continued to be suppressed while
that of Th2 was enhanced (Table 3). No investigations have
been made to determine the chemical composition of the n-
butanol extract or the properties of the components. However,
as n-butanol will dissolve a number of water-soluble com-
pounds from biological material, the extract is unlikely to have
been homogeneous. We do not know, therefore, if the same
compound(s) inhibited Th1 and Th3 as stimulated Th2. The
fact that the active compound(s) was extracted from the fruit
bodies does, however, suggest that it is a constituent compo-
nent of the fungus. Phenylhydrazines (4, 8) and phenolic com-
pounds (18) with antibiotic activity have been isolated from
fruit bodies of A. bisporus, but their extraction or synthesis for

TABLE 2. Growth of A. bisporus strains 12 days after inoculation
onto agar containing diffusible substances produced by

T. harzianum biotypes Th1, Th2 and Th3

Treatment

Radial growth (mm in 12 days) of
A. bisporus straina

130 229 280

Th1 0.24 0.18 0.18
Th2 6.96 7.70 8.34
Th3 0.16 0.38 0.90
Controlb 12.1 14.2 13.9

a The data are the averages for three replicate sets.
b A. bisporus was grown on fresh 2% MEA. The SEM (df, 18) for the results

for A. bisporus multiplied by the SEM for the results for T. harzianum was 1.356,
which revealed a significant difference at a P level of ,0.05; LSD is SEM 3
Î2 3 t df.

TABLE 3. Effects of compounds extracted with n-butanol from
liquid cultures and fruit bodies of A. bisporus on

the growth of T. harzianum biotypes

Extract source Dilution
series

Mean % inhibition (2) or stimulation (1) of
growth (actual radial growth [mm/24 h])

of T. harzianum biotypea

Th1 Th2 Th3

12-day-old liquid
culturesb,d

1 211.8 (19.3) 211.2 (17.8) 214.6 (15.8)
2 26.8 (20.4) 22.9 (19.4) 27.0 (17.2)
3 24.8 (20.8) 20.1 (20.0) 23.4 (17.9)
4 24.2 (21.0) 16.8 (21.4) 23.0 (17.9)
5 21.1 (21.70) 111.0 (22.2) 24.8 (17.6)
Control (21.9) (20.0) (18.5)

Fruit bodiesc,d 1 220.6 (16.8) 28.8 (17.8) 229.8 (12.8)
2 29.9 (19.1) 22.0 (19.1) 217.2 (15.2)
3 26.0 (19.9) 10.7 (19.6) 25.7 (17.3)
4 25.9 (19.9) 16.0 (20.7) 28.3 (16.8)
5 25.0 (20.1) 15.4 (20.6) 23.9 (17.6)
Control (21.2) (19.5) (18.3)

a Inhibition and stimulation values were calculated as percentages of the
growth of T. harzianum on control plates.

b SEM (df, 46) for T. harzianum was 0.76, and that for extract dilutions was
1.25. Dilution 1 denotes n-butanol extract of 200 ml of 12-day-old A. bisporus
liquid culture redissolved in 10 ml of distilled water; dilutions 2, 3, 4, and 5 were
sequential 1:5 dilutions of dilution 1.

c The SEM (df, 46) for T. harzianum was 0.82, and that for extract dilutions was
1.46. Dilution 1 denotes n-butanol extract from 100 g of mushroom fruit bodies
redissolved in 10 ml of distilled water; dilutions 2, 3, 4, and 5 were sequential 1:5
dilutions of dilution 1.

d There was a significant difference at a P value of ,0.01 for percent inhibition
or stimulation for T. harzianum and that for the extract dilutions for both the
liquid cultures and the fruit bodies. LSD is SEM 3 Î2 3 t df.

VOL. 64, 1998 GROWTH RADII OF T. HARZIANUM AND A. BISPORUS 5055



bioassay against T. harzianum was beyond the scope of this
study.

T. harzianum biotype Th2, as the causal agent of green mold
disease, might have been expected to produce the greatest
toxic effect on A. bisporus. Our study, however, has shown that
this is not so and that greater levels of toxicity were produced
by Th1 and Th3. Biotypes Th1 and Th3, which our study also
showed to be more strongly inhibited than Th2 by a com-
pound(s) produced by A. bisporus, are usually confined to small
localized areas in the compost from which A. bisporus is ex-
cluded (13). These findings might suggest mutual inhibition by
A. bisporus and Th1 and Th3. The stimulation of Th2 by a
compound(s) produced by A. bisporus and the relative toler-
ance of A. bisporus for toxins produced by Th2 may allow the
simultaneous growth of the two fungi in compost. We suggest
that this relationship holds until compost colonization reaches
a maximum, nutrients become limited, and a change in the
competitive balance occurs in favor of Th2. Fruit body produc-
tion by A. bisporus is then suppressed, and the green mold
disease occurs. Our observations suggest that a very specific
relationship exists between A. bisporus and Th2, a form of
T. harzianum which has not been isolated from anywhere other
than mushroom compost (10).

We thank Sally Watson for statistical analysis.
A. Mumpuni thanks the British Council for financial support. This

study was partially supported by the International Fund for Ireland
through the Centre for Innovation in Biotechnology.
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