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We used randomly amplified polymorphic DNA (RAPD)-PCR to estimate genetic variation among isolates
of Trichoderma associated with green mold on the cultivated mushroom Agaricus bisporus. Of 83 isolates
examined, 66 were sampled during the recent green mold epidemic, while the remaining 17 isolates were
collected just prior to the epidemic and date back to the 1950s. Trichoderma harzianum biotype 4 was identified
by RAPD analysis as the cause of almost 90% of the epidemic-related episodes of green mold occurring in the
major commercial mushroom-growing region in North America. Biotype 4 was more closely allied to T.
harzianum biotype 2, the predominant pathogenic genotype in Europe, than to the less pathogenic biotype 1 and
Trichoderma atroviride (formerly T. harzianum biotype 3). No variation in the RAPD patterns was observed
among the isolates within biotype 2 or 4, suggesting that the two pathogenic biotypes were populations
containing single clones. Considerable genetic variation, however, was noted among isolates of biotype 1 and
T. atroviride from Europe. Biotype 4 was not represented by the preepidemic isolates of Trichoderma as
determined by RAPD markers and PCR amplification of an arbitrary DNA sequence unique to the genomes of
biotypes 2 and 4. Our findings suggest that the onset of the green mold epidemic in North America resulted
from the recent introduction of a highly virulent genotype of the pathogen into cultivated mushrooms.

Sinden and Hauser in 1953 (19) formally recognized the
importance of Trichoderma spp. in limiting commercial pro-
duction of the button mushroom, Agaricus bisporus Imbach
(Lange). Trichoderma disease, commonly referred to as green
mold, was previously considered a minor problem in mush-
room production, because it typically occurred episodically in
association with low-quality compost or poor hygiene (6, 7).
Therefore, the disease could be effectively managed by modi-
fying the composting process, improving sanitation, or chemi-
cal intervention.

Severe outbreaks of green mold occurred in Northern Ire-
land in 1985 and, in the ensuing years, in England, Scotland,
Canada, and the United States (1, 9, 15, 16). These episodes of
the disease were more severe and difficult to control than those
of the past. In the early stages of the disease, Trichoderma
flourishes in the composted mushroom substrate as white my-
celia and eventually develops a dark green color after sporu-
lation. The mechanism of pathogenesis is not understood, but
a cessation in the formation of mushrooms occurs in areas of
the substrate colonized by Trichoderma.

The dramatic increase in the incidence and severity of green
mold in mushrooms reflects the emergence of highly virulent
forms of the pathogen. Historically, Trichoderma viride and
Trichoderma koningii caused green mold in mushrooms (19);

however, these species are not responsible for the recent es-
calation of the disease to epidemic proportions. Since the onset
of the epidemic in Ireland, Trichoderma harzianum biotypes 1,
2, 3, and 4 have been described from mushroom cultures (15–
17). The biotypes were differentiated by mycelial growth rate
and colony appearance, as well as microscopic morphological
features, including phialides and phialospores (17). The bio-
types can also be distinguished by randomly amplified poly-
morphic DNA (RAPD)-PCR, restriction fragment length poly-
morphisms in mitochondrial DNA and ribosomal DNA, and
sequence analysis of ribosomal DNA (1, 10–13). Biotypes 2
and 4 are the most prevalent and highly virulent biotypes on
mushrooms in Europe and North America, respectively, where-
as biotypes 1 and 3 may infest mushroom compost but rarely
cause crop loss. More recent molecular evidence indicates that
biotype 3 is identical to Trichoderma atroviride, which is a part
of the T. viride-T. atroviride complex (1, 5, 12).

Our objective was to determine if biotype 4 existed in culti-
vated mushrooms before the epidemic or rather had emerged
coincidentally with the onset of the epidemic. This objective
was approached experimentally by using a combination of
RAPD-PCR and PCR specific for biotypes 2 and 4 to profile
epidemic and preepidemic collections of Trichoderma from
cultivated mushrooms.

MATERIALS AND METHODS

Fungal cultures. Sixty-six isolates of Trichoderma were collected during the
epidemic between 1994 and 1996 from visibly infested areas of the compost and
casing of 49 mushroom crops grown at 38 different commercial operations in
southeastern Pennsylvania. Cultures of Trichoderma initially were isolated from
the mushroom substrates on potato dextrose-yeast agar (24 g of potato dextrose
broth powder, 1.5 g of yeast extract [Difco Laboratories, Detroit, Mich.], 20 g of
flake agar/liter of water) containing 17.5 mg of tetracycline per ml and main-
tained thereafter on the same medium without the antibiotic. The epidemic-
related isolates were assigned Pennsylvania State University (PSU) accession
numbers as follows: 2, 3, 6 to 13, 23, 24, 31 to 35, 66 to 81, 83 to 87, 89, 96, 105
to 109, 111 to 114, 116 to 124, 140, 145, 146, 169 to 172, and 178. A description
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of tester isolates of T. harzianum biotypes 1, 2, and 4 and T. atroviride (formerly
T. harzianum biotype 3) is presented in Table 1. Sources of the preepidemic
isolates of Trichoderma obtained from cultivated mushrooms primarily in south-
eastern Pennsylvania between the 1950s and 1990 appear in Table 2.

Isolation of DNA. Fungal isolates were grown in 50 ml of potato dextrose-yeast
broth for 2 days at room temperature with rotary shaking at 150 rpm. Mycelia
were harvested by filtration through a piece of filter paper and washed with
distilled water. One hundred milligrams of fresh mycelia was homogenized with
a micropestle in a 1.5-ml microcentrifuge tube containing 400 ml of a solution
containing 20 mM Tris-HCl (pH 7.8), 100 mM LiCl, 10 mM EDTA, and 0.5%
sodium dodecyl sulfate. Five hundred microliters of a 25:24:1 (vol/vol/vol) mix-
ture of phenol-chloroform-pentanol was added to the tube, and the tube was
vortexed for 30 s and centrifuged at 14,000 3 g for 10 min. The upper portion of
the aqueous phase (;250 ml) was recovered, and DNA was precipitated by the
addition of 0.5 ml of cold absolute ethanol with incubation at 220°C for 10 min.
DNA was collected by centrifugation at 14,000 3 g for 10 min, dried, and
resuspended in 20 ml of water. DNA preparations were diluted 1/500 with sterile
water and used as the template for PCR amplification.

RAPD-PCR. Amplification was carried out in a volume of 25 ml containing
AmpliTaq buffer, a 100 mM concentration of each deoxynucleoside triphosphate,
1.25 mM MgCl2, a 0.2 mM concentration of an oligonucleotide primer, 1 U of
AmpliTaq DNA polymerase (Perkin-Elmer, Foster City, Calif.), and 5 ml of the
DNA template (20, 21). The reaction mixture was overlaid with 35 ml of mineral
oil. Primers 203 (59-CACGGCGAGT-39), 211 (59-GAAGCGCGAT-39), 220 (59-
GTCGATGTCG-39), 230 (59-CGTCGCCCAT-39), 232 (59-CGGTGACATC-
39), 238 (59-CTGTCCAGCA-39), and 241 (59-GCCCGACGCG-39) were ob-
tained from the University of British Columbia, Vancouver, Canada. Primer
OPA13 (59-CAGCACCCAC-39) was obtained from Operon Technologies, Al-
ameda, Calif. Each amplification included a negative control in which 5 ml of
sterile water was substituted for the DNA template. Amplification was carried

out with a Perkin-Elmer Gene Amp 480 system with the following program: one
cycle at 94°C for 2 min and 35 cycles at 94°C for 1 min, 37°C for 2 min, and 72°C
for 2 min. We have not repeated these experiments with another thermocycler.

PCR specific for biotypes 2 and 4. Primers Th-F (59-CGGTGACATCTGAA
AAGTCGTG-39) and Th-R (59-TGTCACCCGTTCGGATCATCCG-39) target-
ing an arbitrary sequence in the genomes of biotypes 2 and 4 were designed as
described previously (2). PCR was carried out in a volume of 25 ml containing 10
mM Tris-HCl (pH 8.3), 50 mM KCl, 2 mM MgCl2, a 160 mM concentration of
each deoxynucleoside triphosphate, 1 U of AmpliTaq, 5 ml of the DNA template,
and a 0.5 mM concentration of the Th-F and Th-R primers. The reaction mixture
was overlaid with 35 ml of mineral oil. Each experiment included a negative
control in which 5 ml of sterile water was substituted for the DNA template.
Amplification was carried out in a Perkin-Elmer 480 thermal cycler or a Strat-
agene RoboCycler GRADIENT 96 as follows: 1 cycle of 94°C for 2 min, 35 cycles
at 94°C for 15 s (1 min for the RoboCycler) and 60°C for 1 min, and one cycle
at 70°C for 7 min.

Electrophoresis. Twenty microliters of the PCR product were mixed with 5 ml
of a mixture of 1 M sucrose and 2 mM bromophenol blue and subjected to
electrophoresis at 70 V for 3 h in a 2% agarose gel. The gel and electrophoresis
buffer was 40 mM Tris-acetate–1 mM EDTA, pH 8.4, containing 50 ng of
ethidium bromide per ml. A 100-bp DNA ladder (Life Technologies, Inc., Gaith-
ersburg, Md.) was used as a size standard. DNA was visualized with UV trans-
illumination and photographed with type 55 Polaroid film (Polaroid Corp., Cam-
bridge, Mass.).

Genetic distance determination. Each fungal isolate was scored for the pres-
ence or absence of 75 DNA products (markers) generated with the eight RAPD
primers. Genetic distances were represented by euclidean metric distances (E),
equivalent to the number of observed marker differences among all pairwise
combinations of different isolates (4, 8). A dendrogram was constructed from
euclidean metric distances by the unweighted pair group analysis of arithmetic
means by using numerical taxonomy and multivariate analysis with NTSYS-PC
software, version 1.5 (14).

RESULTS

RAPD-PCR. Eight of the 20 RAPD primers that were ini-
tially screened were chosen for this study based on the capacity
to reveal polymorphisms among the three biotypes of T. har-
zianum and T. atroviride. Primers typically generated gel elec-
trophoretic DNA patterns having from one to eight major
products ranging from 300 bp to more than 1,500 bp. The eight
primers were used to profile 66 epidemic and 17 preepidemic
isolates of Trichoderma from cultivated mushrooms and 27
tester isolates of T. harzianum biotypes 1, 2, and 4 and T.
atroviride from Europe and Canada. RAPD patterns generated
by the eight primers for the various fungal isolates were found
to be highly reproducible in two or three separate trials.

TABLE 1. Sources of the biotypes of T. harzianum and T. atroviride
from mushroom cultures

T. harzianum
biotype

PSUc

accession
no.

Source Isolate
designation

Geographic
origin

1 64 HRIa TH1 T28TF England
65 HRI TH1 TD13 England
149 NAVBCb MRG 1 Ireland
150 NAVBC MRG 2 Ireland
151 NAVBC MRG 3 Ireland
152 NAVBC MRG 4 Ireland
153 NAVBC MRG 5 Ireland
154 NAVBC MRG 6 Ireland

2 62 HRI TH2 KPNT England
63 HRI T43 (5) England
155 NAVBC MRG 1 Ireland
156 NAVBC MRG 2 Ireland
157 NAVBC MRG 3 Ireland
158 NAVBC MRG 4 Ireland
159 NAVBC MRG 5 Ireland
160 NAVBC MRG 6 Ireland

3 (T. atroviride) 60 HRI TH3 TD6 England
61 HRI TH3 TD7 England
161 NAVBC MRG 1 Ireland
162 NAVBC MRG 2 Ireland
163 NAVBC MRG 3 Ireland
164 NAVBC MRG 4 Ireland
165 NAVBC MRG 5 Ireland
166 NAVBC MRG 6 Ireland

4 90 UGd TH4-RM10 Canada
91 UG TH4-BE Canada
92 UG TH4-Rinle Canada

a Peter R. Mills, Department of Plant Pathology and Microbiology, Horticul-
tural Research International, Wellesbourne, Warwick, United Kingdom.

b Owen P. E. Doyle, National Agricultural and Veterinary Biotechnology
Centre, University College, Belfield, Dublin, Ireland.

c Department of Plant Pathology, The Pennsylvania State University, Univer-
sity Park, Pa.

d Danny L. Rinker, University of Guelph, Horticultural Research Institute of
Ontario, Vineland Station, Ontario, Canada.

TABLE 2. Description of the preepidemic isolates of Trichoderma
from mushroom cultures

PSU accession no. Isolate designationa Yr collected

14 DC149 1981
15 DC209 1990
125 DC39 1950s
126 DC40 1950s
127 DC98 1970s
128 DC99 1970s
129 DC100 1970s
130 DC101 1970s
131 DC102 1970s
132 DC104 1970s
133 DC105 1970s
134 DC106 1982
135 DC179 1988
136 DC205 1988
137 DC206 1988
138 DC207 1990
139 DC208 1990

a All isolates were obtained from The Pennsylvania State University Mush-
room Culture Collection, Department of Plant Pathology, The Pennsylvania
State University, University Park, Pa. All isolates were collected in Pennsylvania
except isolate 135, which was collected in Washington state.
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RAPD-PCR analysis of epidemic isolates. Fifty-eight of 66
isolates (88%) of Trichoderma collected at commercial sites
following the onset of the epidemic shared an identical, unique
RAPD pattern generated by each of the eight primers. The re-
maining eight isolates (12%) fell into seven genotypic classes,
defined by RAPD patterns that were readily distinguishable
from each other and from the predominant genotype.

Identification of the predominant epidemic-related geno-
type. RAPD analysis was carried out on a representative iso-
late (PSU 72) of the predominant genotype of Trichoderma
from Pennsylvania and biotypes 1, 2, and 4 of T. harzianum as
well as T. atroviride on mushrooms. The prevalent genotype in
Pennsylvania was identical to isolates of biotype 4 originating

in Canada and clearly distinct from isolates of biotypes 1 and
2 and T. atroviride from Europe (Fig. 1).

Determination of genetic distances. A dendrogram was con-
structed based on the variation in 75 RAPD markers in order
to reveal the genetic variation and relationships among the
three biotypes of T. harzianum and T. atroviride (Fig. 2). Clus-
ter analysis showed a distinct separation of the isolates accord-
ing to biotype and species. Clusters representing biotypes 1 and
2 and T. atroviride each contained the eight tester isolates,
whereas the biotype 4 cluster contained 61 isolates, including
the 58 isolates of the predominant genotype from Pennsylvania
and the three tester isolates from Canada. The cophenetic
correlation coefficient for the dendrogram (r 5 0.97) indicated
an excellent fit between the data and the actual clustering.

The highly virulent biotypes (2 and 4) from Europe and
North America, respectively, were more closely related to each
other than to the largely benign biotype 1 and T. atroviride.
Biotypes 2 and 4 differed at 12 of the 75 RAPD bands, com-
pared to a difference of 32 to 33 bands between the biotype
1-T. atroviride and biotype 2-biotype 4 clusters. No genetic
variation was observed within biotype 2 or 4, indicating that
these two populations of pathogenic biotypes were highly ho-
mogenous (i.e., represent clones). In contrast, considerable
variation was noted among isolates within the biotype 1 and
T. atroviride clusters. Within the biotype 1 cluster, isolate 65
was most distantly related to the other isolates.

Characteristics of the specific PCR. The primer set Th-F
and Th-R, which targeted an arbitrary and unique sequence in
biotype 4, amplified the expected ;450-bp PCR product in
each of eight different isolates of biotypes 4 and 2 (Fig. 3). In

FIG. 1. Identification of the predominant epidemic-associated genotype of
Trichoderma by RAPD-PCR with primer 230. Shown are the gel electrophoretic
profiles of isolates 64 and 65 (biotype 1), isolates 62 and 63 (biotype 2), isolates
60 and 61 (T. atroviride), isolates 90 and 91 (biotype 4), and isolate 72 (repre-
senting the predominant genotype in Pennsylvania). M, 100-bp DNA ladder. N,
negative control in which sterile water was substituted for the DNA template.

FIG. 2. Dendrogram based on the number of differences in a total of 75
scored RAPD markers among the three biotypes of T. harzianum and T. atro-
viride. Numbers on the dendrogram refer to PSU accession numbers for the
isolates. No genetic variation was observed among isolates within the biotype 2
and 4 clusters (Th2 and Th4). The biotype 1 and 2 and T. atroviride (T. a) clusters
each contained eight isolates from Europe, whereas the biotype 4 cluster con-
tained 58 isolates from Pennsylvania and three tester isolates from Canada.

FIG. 3. Specificity of the PCR for biotypes 2 and 4 of T. harzianum from
cultivated mushrooms. Shown are the amplification products resolved by agarose
gel electrophoresis that were generated with primer pair Th-F and Th-R by using
genomic DNA templates of eight isolates of T. harzianum biotypes 1, 2, and 4 and
T. atroviride (a). Numbers above the lanes refer to PSU accession numbers for
the isolates. The arrowheads indicate the position of the predicted 444-bp am-
plicon. M, 100-bp DNA ladder. N, negative control in which sterile water was
substituted for the DNA template.
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contrast, no major products were generated with isolates of
biotype 1 and T. atroviride. The diagnostic amplicons generated
from biotypes 2 and 4 each comprised 444 bp and had a 99%
sequence similarity (data not shown). The specificity of the
primer pair for biotypes 2 and 4 also was demonstrated in other
experiments in which no major PCR products were observed
following the amplification of genomic DNA templates repre-
senting 16 species of Trichoderma, Gliocladium, and Hypocrea
or 15 other genera of fungi (2).

PCR analysis of preepidemic isolates. All 17 isolates of
Trichoderma that were collected before the epidemic had
RAPD electrophoretic patterns that were distinctly different
from those of biotype 4. With the exception of one isolate from
Washington state (PSU 135), all of these isolates were col-
lected from the same geographic region as the epidemic iso-
lates. Several of the preepidemic isolates (127 and 128; 129,
130, 132, 134, and 135; 137 and 139) had similar or identical
profiles (Fig. 4A). In contrast, we estimated that the isolates
most closely related to biotype 4 shared only a 15% similarity
in RAPD markers. Likewise, all of the preepidemic isolates
failed to generate the ;450-bp amplicon diagnostic for bio-
types 2 and 4 in amplifications with the Th-F and Th-R primer
pair (Fig. 4B).

DISCUSSION

The escalation of green mold disease on cultivated Agaricus
mushrooms in North America during the 1990s has been as-
sociated with T. harzianum biotype 4 (1, 5, 17). Castle and
coworkers (1) surveyed commercial mushroom operations for
green mold disease and found biotype 4 to occur at an approx-
imately 40% incidence and to be specifically associated with
farms experiencing major crop losses. One of the many ques-
tions about this disease that remains unanswered is whether
biotype 4 was newly introduced to cultivated mushrooms at the
onset of the epidemic or preexisted in cultivated mushrooms in
a benign form or as an unrecognized pathogen.

In the present study, we compared the genetic variation in a
collection of Trichoderma spp. associated with the green mold

epidemic on cultivated mushrooms with that in a collection
sampled prior to the onset of the epidemic. We focused on
commercial operations located in southeastern Pennsylvania, a
region that accounts for approximately 45% of the total U.S.
mushroom crop. We found that while biotype 4 was associated
with almost 90% of the outbreaks of green mold occurring
during the height of the epidemic from 1994 to 1996, we could
find no evidence for its earlier existence in mushroom cultiva-
tion. PCR analysis with primers specifically targeting biotypes
4 and 2 confirmed and extended the results of our RAPD
analysis, indicating that biotype 4 was not represented among
the preepidemic isolates. Muthumeenakshi and coworkers (10)
alluded to the fact that biotype 2 was not similar to any isolates
of T. harzianum deposited in international culture collections.
We do not know if our collection of preepidemic isolates is
representative of the spectrum of Trichoderma spp. associated
with cultivated mushrooms. We suspect that some isolates are
largely benign, having been isolated from wooden surfaces,
compost, and symptomless mushrooms, whereas others are
associated with outbreaks of green mold disease. We conclude
that the green mold epidemic in cultivated A. bisporus in North
America probably resulted from the recent introduction of a
different and highly virulent genotype of the pathogen.

Eight of the 66 epidemic-associated isolates (12%) and all 17
of the preepidemic isolates of Trichoderma did not have any
identity with biotype 2 or 4 by RAPD-PCR or PCR specific for
biotypes 2 and 4. Aside from the two pathogenic biotypes, sev-
eral less-pathogenic biotypes and species of Trichoderma are
commonplace in mushroom cultivation. For example, biotype
1, T. atroviride (biotype 3), T. viride, T. aureoviride, T. koningii,
T. pseudokoningii, T. hamatum, T. citrinoviride, T. longibrachia-
tum, T. crassum, and T. spirale have been isolated from the raw
ingredients of mushroom compost, or Agaricus-colonized com-
post and casing, but seldom cause significant crop loss (1, 15,
16, 18). DNA sequence analysis of a b-tubulin gene now under
way suggests that the epidemic and preepidemic isolates, which
were not of biotype 2 or 4, described herein include many of
the same species (3).

The findings of our RAPD analysis concur with those of
earlier reports (1, 10, 12), indicating a high genetic similarity
between biotypes 2 and 4. Further, the highly conserved RAPD
profiles displayed by all isolates of biotypes 2 and 4 character-
ized herein and previously (1, 10) support the clonal nature of
the two pathogen populations and suggest that the recent epi-
demics of green mold in Europe and North America occurred
independently and that they originated from single sources.
The lack of extensive genetic variation within each biotype
makes it unlikely that either biotype 2 or biotype 4 was derived
from the other within cultivated mushrooms but rather that
they represent two similar clones.

We considered the possibility that biotype 4 existed in cul-
tivated mushrooms in a benign fashion and at a low population
level and then flourished to epidemic proportions owing to
changes in cultural practices. However, such a disease induc-
tion hypothesis would involve some degree of genetic variation
among the collected pathogenic isolates as evidenced by poly-
morphic RAPD markers, which is not the case. Rather, the
lack of variation within the pathogen population further sup-
ports the hypothesis of a more recent introduction of biotype 4
into cultivated mushrooms.
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FIG. 4. PCR analysis of 17 isolates of Trichoderma collected from mushroom
cultures prior to the epidemic between the 1950s and 1990. Shown are the
amplification products resolved by gel electrophoresis after RAPD-PCR with
primer OPA13 (A) and PCR with the Th-F and Th-R primer set targeting a
unique genomic sequence in biotypes 2 and 4 (B). Numbers above the lanes refer
to the isolates by their PSU accession numbers. M, 100-bp DNA ladder. Isolates
14, 15, and 125 to 139 are preepidemic isolates. Isolate 72 is a positive control for
the DNA template of biotype 4. N, negative control in which sterile water was
substituted for the DNA template.
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