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ABSTRACT

Thrane, C., Liibeck, M., Green, H., Degefu, Y., Allerup, S., Thrane, U., and
Jensen, D. F. 1995. A tool for monitoring Trichoderma harzianum: 1. Trans-
formation with the GUS gene by protoplast technology. Phytopathology
85:1428-1435.

To obtain a genetically marked strain of Trichoderma harzianum that
can be used as a tool for studies of population dynamics, T. harzianum
was cotransformed with the Escherichia coli uidA B-glucuronidase (GUS)
gene and the hygromycin B (hygB) gene as the selective marker. To
improve the efficiency of conditions used for the transformation, the iso-
lation, reversion, and germination of mycelial protoplasts were studied
by scanning electron microscopy (SEM). Hexamethyldisilzane was use-

ful for preparing protoplasts from suspensions for SEM. It was essential
to obtain a transformant that phenotypically resembled the wild-type.
After mitotic stabilization of the transformants by single-spore isola-
tions, three transformants were compared to the wild-type by measure-
ment of spore germination and mycelial growth rates, identification of
secondary metabolite profiles, and studies of extracellular proteins. One
transformant, T3c, was dissimilar to the wild-type in most tests, whereas
transformant T3a was physiologically very similar to the wild-type.
Furthermore, transformant T3a remained genetically stable during non-
selective cultivation on plates and in sterile peat-bran.

Additional keywords: reporter gene.

Trichoderma harzianum Rifai has received much attention be-
cause of its potential as a biocontrol agent of many plant patho-
genic fungi (18). Recent results from field trials testing the bio-
control effect of T. harzianum indicate that isolates of this fungus
work well under different environmental conditions, protecting several
crops as well as controlling various plant pathogens (3). However,
due to many environmental factors, most antagonistic microor-
ganisms do not show consistent biocontrol effects. Therefore, it
will be necessary to reduce the variability in the performance of
fungal antagonists to make them attractive as alternatives to chemi-
cal pesticides. For this purpose, we need to know more about the
ecology of the antagonists. Introduction of a genetically marked
isolate of the antagonist in question into the environment allows
us to differentiate this antagonist from indigenous isolates.

The selectable hygromycin (hygB) resistance gene is a useful
marker for screening large samples of transformant and indige-
nous isolate mixtures with a minimum of effort, whereas the -
glucuronidase (GUS) gene, because it is a nondominant selec-
table marker, is useful only for a limited screening of soil samples.
There are, however, several advantages in using GUS for studies
of the ecology of T. harzianum. First, background GUS activity is
rare in tested fungi and plants (17,19). Second, the gene is con-
stitutively expressed, which is valuable for evaluating the activity
of the organism. Third, expression of the enzyme should not in-
fluence the biocontrol effect of the fungus. Fourth, the ability to
stain the fungus in situ will provide knowledge about the spatial
relationships of the antagonist in the soil and on the root. Fur-
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thermore, there are several simple methods available for assaying
GUS activity (17).

Plant pathogenic strains of Fusarium oxysporum (5) and Bipolaris
sorokiniana (19) have been transformed with the GUS gene and
used for studying root colonization. Transformants of Fulvia ful-
va (synamorph Cladosporium fulvum) and Leptosphaeria maculans
(29), which also express GUS, have been used to detect and quan-
tify the pathogens in infected plants. Transformation of fungi with
the GUS gene or other markers can be accomplished using proto-
plasts (12,14,26,30,31,39) or a biolistic technique recently devel-
oped for transformation of T. harzianum at high frequency by
particle bombardment of conidia (21).

The first objective of this study was to cotransform T. har-
zianum with the hygB gene as the dominant selectable marker and
the GUS reporter gene. The specific isolate was originally isolated
from Pythium-suppressive peat (47) and consistently shows good
biocontrol of Pythium spp. in growth-chamber studies with cu-
cumber plants. To improve the efficiency of protoplast transfor-
mation, we used scanning electron microscopy (SEM) to study
the physical events caused by the enzymatic preparation of pro-
toplasts from fungal mycelia and the transformation and reversion
of the protoplasts under the conditions used in this experiment.
Critical point drying and a chemical method previously shown to
stabilize fragile insect structures (24) were used to prepare the
specimens for SEM.

The second objective of this study was to use physiological
tests on selected transformants to choose a transformant that was
phenotypically similar to the wild-type. These tests were de-
signed to show whether single traits likely to be involved in the
general metabolism of the fungus or, more specifically, in bio-
control were changed during the transformation. The growth rate,



the ability to grow on different media, and the production of extra-
cellular enzymes and secondary metabolites were examined. Prior
to this, mitotically stable transformants were obtained from col-
onies arising after cultivation of single spores from putative hetero-
caryotic transformants.

MATERIALS AND METHODS

Strains and plasmids. T. harzianum isolate T3 was isolated
from a P. ultimum Trow-suppressive sphagnum peat from Sweden
(47). P. ultimum isolate HB2 was isolated from the field station at
Hgjbakkegérd, Denmark. The Escherichia coli strain MC1061 was
used for propagation of plasmids (36). The plasmid pNOM102
containing the E. coli GUS gene (34) was donated by M. Penttili,
VTT, Helsinki, Finland. The plasmid pAN7-1 containing the E.
coli hygB resistance gene and the derivative pHATo were donated
by M. van Montagu (Lab. voor Genetica, Gent, Belgium). Both plas-
mids contained the constitutive Aspergillus nidulans gpd promoter.
pHATo. was constructed by insertion of a 2.4-kb o-amylase gene
from T. harzianum into the HindIII site of pAN7-1 (14).

Media. Trichoderma minimal medium (TMM) (32) was used
for cultivation of the fungus for DNA extraction and in the glu-
cose-utilization experiment. Trichoderma selective medium (TSM)
(6) was used as a selective medium for cultivation of Trichoderma
for measurements of spore germination and growth rates. Potato-
dextrose agar (PDA) and potato-dextrose broth (PDB) (Difco
Laboratories, Detroit) were used for fungal cultivation. A nutri-
tionally poor medium, sphagnum extract agar (SEA), was prepared
as follows: 200 g of sphagnum peat moss was soaked in distilled
water for 24 h and was filtered through four layers of cheesecloth
and then through filter paper. From this preparation, 400 ml of
sphagnum extract was mixed with 15 g of agar and 600 ml of
distilled water before autoclaving. Potato-sucrose agar (PSA) (2),
rice meal agar (RM) (37), Sigma yeast extract sucrose agar (SYES;
Sigma Chemical Company, St. Louis) (7), and yeast extract sucrose
agar (YES) (37) were used for the production of secondary me-
tabolites. To these four media, 1 ml of trace elements per liter
(41) was added, and YES and SYES were supplemented with 0.5
g of MgSO;, per liter. For the analysis of extracellular protein
production, the following medium was used: 1 ml of trace ele-
ments (32), 2 g of NaNO;, 50 mM 2-[N-morpholino]-ethanesulfonic
acid buffer (pH 6.0), 2.3 g of K,HPO,, 0.1 g of KCI, 2.4 ml of 1
M MgSQy,, 4.1 ml of 1 M CaCl,, 0.5 g of sucrose, 2 g of lactose
(Sigma L-3750), 2 g of birke 150, 2 g of oat spelt xylan (Sigma
X-0376), and 1 liter of water. The birke 150, which is substituted
xylan from birch (acetylglucoronoxylan), was donated by M. Bailey,
VTT, Helsinki, Finland.

Protoplast isolation. Conidia (2 x 10°) were incubated in 100 ml
of PDB for 16 h at 28°C with shaking at 120 rpm. The mycelium
was collected on four layers of cheesecloth and washed with 1.2
M MgS0,. Mycelia (1 g fresh weight) was transferred to a petri
dish containing 20 ml of sterile filtered (0.45-um filter) lysing
enzyme (Sigma L-2265) solution (7.5 mg/ml in 1.2 M MgSQ,, 10
mM sodium-phosphate buffer [pH 5.8]) and incubated for 2 to 4 h
at 28°C with shaking at 50 rpm. Protoplasts were collected by fil-
tering through six layers of cheesecloth, washed, and pelleted by
centrifugation.

Preparation of specimens for SEM. For critical point drying
(27), agar plugs from PDA plates with protoplasts were fixed for
3 hin 3% glutaraldehyde in 0.2 M sodium-phosphate buffer (pH
6.8). Dehydration of the specimens was performed in acetone by
incubation for 2 h in successively increasing acetone concentra-
tions (20, 30, 40, 50, 70, 80, and 100%). The specimens were
dried in a Baltzer CPD 2000 (Baltzer, Kungsbacka, Sweden) using
CO,. The preparation of specimens with hexamethyldisilzane
(HMDS) was modified from Nation (24) as follows: protoplasts
in STC (1.2 M sorbitol, 10 mM TRIS-HCI, 50 mMCaCl, [pH
7.5]) suspension were pelleted by centrifugation (5 min at 400 x g).

Fixation was done in glutaraldehyde as described above. De-
hydration was performed in successively increasing ethanol concen-
trations (50, 60, 70, 80, and 96%) for 15 min. HMDS (50 pl; Sig-
ma H-4875) was added to the final pellet. Forty microliters of
suspension was placed on a glass plate and dried under a glass lid
for 5 min. The specimens were mounted on stubs, given a gold
coat of 200 A in a Polaron high resolution sputter coater (Bio-
Rad, Polaron Division, Watford, England) and viewed in a scan-
ning electron microscope (JEOL JSM 840A; Jeol Ltd., Tokyo).

Protoplast regeneration frequency. The frequency of nontrans-
formed protoplasts was determined by the most probable number
method (11). Colonies developed on plates incubated for 2 to 7 days
at 25°C. A regeneration medium was used that included 10% (wt/vol)
sucrose as an osmotic stabilizer (43). This was carried out twice.

Transformation of protoplasts. Plasmid DNA (5 pg each of
pNOM102 and pHAT«) in 20 pl of Tris-EDTA buffer (36) was
used to transform 200 pl of protoplasts (10° to 107/ml). The
transformation was essentially carried out as described by Penttili
et al. (32), except the protoplasts were preincubated on PDA con-
taining 1.0 M sorbitol for 16 h before overlaying the agar with
selective agar (PDA, 1.0 M sorbitol, and 100 pg of hygromycin B
per ml [Sigma H-8272]) Putative transformants were chosen after
incubation at 28°C for 5 to 7 days and several transfers to selec-
tive media. Colonies growing on the hygromycin B-selective media
were tested for GUS activity to confirm cotransformation. For
each isolate, three single-conidial isolations were carried out to
eliminate isolates containing heterokaryons, thus selecting iso-
lates recovered from cotransformed nuclei; after this, the trans-
formants were mitotically stable. As a test for genetic stability,
T3a was cultivated under nonselective conditions for 2 months
before 200 colonies from the inoculum were tested for hygro-
mycin B resistance and GUS activity. To determine the number of
nuclei, conidia were stained with fluorescent 4’-6-diamidino-2-
phenylindole according to Sivan et al. (38) and viewed under a
Nikon Optihot epifluorescence microscope (Nikon, Tokyo).

Standard DNA procedures. Plasmid propagation and hand-
ling were performed according to Sambrook et al. (36). Fungal
DNA was isolated according to the procedures of Raeder and Broda
(33). The nonradioactive PolarPlex kit from Millipore (Bedford,
MA) was used for Southern blot hybridization, according to the
manufacturer’s instructions, with a hybridization temperature of
68°C. A 2-pg probe was labeled and hybridized to the filter. Fun-
gal DNA (20 pg) and plasmid DNA (20 ng) were loaded on the
gel. The probe used for the GUS gene was the Sall-Sall fragment
of the pNOM102 plasmid, and for the hygB gene, the HindIIl-
EcoRI fragment from pAN7-1 was used.

GUS assays. Three methods were used to assay for GUS ac-
tivity. Method I: The transformants were tested for GUS activity
in a microtiter plate by incubating fresh mycelium in 200 pl of
sodium-phosphate buffer (pH 7.0) supplemented with 4 pl of
substrate (4 mg of 5-bromo-4-chloro-3-chloro B-D-glucuronide
[Sigma B-0522] in 1 ml of 50 mM sodium-phosphate buffer, pH
7.0) in the dark for 1 h at room temperature. Method II: Non-
sporulating transformants were tested for GUS activity on plates
by wounding the mycelium, adding 4 pl of substrate (as above),
and incubating in the dark for 1 h at room temperature. Method
III: 107 conidia were added to 50 ml of TMM and incubated at
25°C as shake cultures (150 rpm) for 72 h to determine activity of
mycelial extracts. Extraction of the enzyme from the mycelia was
carried out according to the methods of van Gorcom et al, (46).
The activity was measured as described for B-galactosidase (34)
using 200 pl of enzyme extract and p-nitrophenyl B-D-glucuronide
(Sigma N-1627) as the synthetic substrate for GUS. From each
enzyme reaction, the absorbance was measured at 405 nm in
triplicates. The Azgpnm of the enzyme extracts was measured to
estimate the protein content. Likewise, GUS was extracted from
2-month-old peat-bran inoculum of T3a; extraction and activity
assays were performed as described by Green and Jensen (13).
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Physiological tests. In one dual-culture experiment, the in vitro
interaction between the wild-type T. harzianum inoculated op-
posite to the individual transformants was compared. In another
dual-culture experiment, the wild-type and the transformants T3a,
T3b, and T3c were inoculated opposite the plant pathogen P
ultimum. In both experiments, PDA was used as the substrate, and
the plates were incubated at 25°C. To measure the growth rates on

Fig. 1. Scanning electron micrograph of release of protoplasts of Tricho-
derma harzianum from mycelia. Hyphae are thin and porous due to the en-
zymatic breakdown of cell walls. Some of the hyphae are broken. The proto-
plasts were closely associated after 90-min of incubation in lysing enzymes.
Bar = 10 um. p = protoplast. h = hyphal remnant. Critical point drying method
was used.

Fig. 2. Scanning electron micrograph (SEM) of two closely associated Tricho-
derma harzianum protoplasts. The protoplasts were stored at 4°C and then
fixed for SEM 4 h after release from mycelia. No fibrils can be seen on the
membranes. Bar = 10 pm. Hexamethyldisilzane method was used.
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solid media (PDA and SEA) in petri dishes, agar plugs of the
wild-type and the transformants were used as inoculum. The cul-
tures were incubated at 25°C. The average diameter of the colo-
nies of three replicates was measured at time intervals. Growth
under selective pressure was tested on PDA plates supplemented
with 0, 50, 100, and 200 pg of hygromycin B per ml and on TSM
plates supplemented with 0, 50, and 100 pg of hygromycin B per
ml by inoculation with agar plugs. The average diameter of the
colonies was measured at time intervals (for up to 190 h) for three
replicates. Germination of conidia was tested by dilution plating
of approximately 25 conidia from each isolate on PDA amended
with 0.25% Triton X-100 and TSM. Three replicates from three
individual conidial suspensions were plated. The plates were incu-
bated for 4 days at 25°C before the developed colonies were
counted. Glucose utilization in liquid culture was analyzed with a
kit from Boehringer GmbH (Mannheim, Germany) (test combi-
nation glucose GOD-Perid 124028). The shake cultures (107 co-
nidia per flask) were incubated in 100 ml of TMM at 25°C (150
rpm). Samples were taken daily for determination of glucose uti-
lization and pH.

For the analysis of secondary metabolite profiles by high per-
formance liquid chromatography with diode array detection (HPLC-
DAD), the wild-type and the transformants were cultured in the
dark for 14 days at 25°C on PSA, RM, SYES, and YES. Three
replicates from each isolate were cultured, extracted, and sub-
jected to HPLC-DAD analysis (9) modified according to Thrane
(42).

Extracellular proteins produced during cultivation in a complex
carbon medium were collected from three 10-ml shake cultures
(50-ml flasks) of each isolate (5 x 10* conidia per ml) that had
been incubated for 4 days at 25°C. The cultures were filtered (0.2
um), and the filtrates were used as the crude protein extract. Total
protein was determined with the Bio-Rad protein assay kit II. The
protease assay was done with 0.2% Hide azure (Sigma H-6268)
in 50 mM sodium-phosphate buffer (pH 5.6). Culture filtrate (400
pl) was incubated with 400 pl of Hide azure solution for 1 h and
shaken vigorously at 37°C. The reaction was stopped by the ad-
dition of 250 ul of 50% trichloroacetic acid followed by incuba-
tion for 30 min at -20°C and centrifugation (12000 x g) for 10
min to pellet excess Hide azure. Absorbance of the supernatant
was measured at 595 nm.

Cellulase azure (Sigma C-1052) was used as the substrate for
cellulases. The assay was similar to the Hide azure assay, except
0.5% substrate was used, and centrifugation to pellet excess sub-
strate was done immediately after the reaction was stopped with
700 pl of cold 96% ethanol. To assay the activity of cellobio-
hydrolase, B-galactosidase, and B-glucosidase, the synthetic p-
nitrophenyl substrates (Sigma N-5759, N-1252, and N-7006)
were used. The assay was carried out as described above for the
GUS enzyme (method III). For isoelectric focusing (IEF), the
culture filtrates were pooled and subsequently desalted and con-
centrated twofold by centrifugation in Centriprep-3000 according
to the manufacturers’ directions (Amicon, Beverly, MA). To the
concentrated culture filtrates, Tris-HCI (pH 7.0) and glycerol were
added to give final concentrations of 10 mM and 4% respectively.
The Phastsystem (Pharmacia LKB, Uppsala, Sweden) was used
for IEF (Phast IEF gel [3-9]). Activity assay of the IEF gels was
done for endochitinase and cellulase according to Tronsmo and
Harman (45) and Penttild et al. (31), respectively. An activity gel
using 4-methylumbelliferyl-B-D-xyloside (Sigma M-7008) also was
carried out according to Tronsmo and Harman (45).

Statistical analysis. SAS PROC GLM (SAS Institute, Cary, NC)
was used for the statistical analysis. The Duncan test was used to
distinguish between statistically significant results. For the analy-
sis of the secondary metabolite profiles, the peak areas from the
HPLC-DAD chromatograms were logy-transformed before being
subjected to correspondence analysis (8) using NTSYS-pc ver-
sion 1.80 (Exeter Biological Software, Setauket, NY) (35). The



dual-culture experiments, the GUS assay of mycelial extracts, the
glucose-utilization experiment, and the protease and cellulase
enzyme assays were repeated twice.

RESULTS

Protoplast isolation and regeneration. Microscopy showed
that the isolated mycelial protoplasts ranged in size from 4 to 15
pum. After 2 to 7 days, 10 to 30% of the protoplasts were able to
form colonies. The optimal incubation time in lysing enzymes
was 3 to 4 h. Incubating for a shorter period revealed large ag-
gregates of protoplasts that were inconvenient for transformation,
whereas too long an exposure time to the enzyme could be harm-
ful to the protoplasts. After 3 to 4 h of incubation, only a few pro-
toplasts were associated after the release from the cell walls (Figs.
1 and 2). The wall structure of the germinated protoplast (Fig. 3)
collapsed, probably due to a lack of mechanical support in the
cell wall. The developed hyphae were irregularly shaped. By com-
parison with SEM of older mycelia (data not shown), it appeared
that the germ tube (Fig. 3) had not yet developed a septum.

The structures shown in Figures 2 and 4 were prepared for SEM
by the HMDS method, which preserved the shapes of the proto-
plasts from isotonic solutions and made it possible to see the de-
veloping cell wall structures. On the protoplasts placed at 4°C
immediately after release, no apparent cell wall development could
be seen (Fig. 2). After incubation for only 1 h at room tempera-
ture, the deposition of cell wall material had already begun (Fig. 4).

Stabilization and verification of transformants. Before trans-
formation, the wild-type T. harzianum isolate T3 was tested for
its indigenous hygromycin B tolerance. Initially, PDA supple-
mented with hygromycin B was used for this purpose. Selection
on this medium was not reliable because the activity of the anti-
biotic apparently was reduced in this medium. Wild-type T. harzi-
anum was able to grow on 50 pg/ml, and an isolate of 7. virens
(Gliocladium virens) grew on 300 pg of hygromycin B per ml in
PDA plates, whereas no background growth was present with any
of the isolates in the defined medium (TSM) supplemented with
50 pg of hygromycin B per ml.

Fig. 3. Scanning electron micrograph of Trichoderma harzianum hypha de-
veloped from a protoplast. No septae seemed to have formed by comparison
of this newly regenerated mycelium to older mycelium (picture not shown).
The protoplast is probably collapsed. The protoplast was incubated at 25°C
for 48 h on potato-dextrose agar. p = collapsed protoplast. h = irregular
shaped hypha. Bar = 10 pm. Critical point drying method was used.

The frequency of transformation to hygromycin B tolerance
was about 30 transformants/pg of DNA. Ten transformants were
checked for cotransformation with the GUS gene, of which five
were positive. Three of these initial transformants (T3a, T3b, and
T3c) were chosen for further studies because their colony appear-
ance was similar to the wild-type. By staining nuclei, the conidia
were identified as uninucleate (data not shown). This fact verified
the rational of making single-conidium isolations to achieve mi-
totically stable transformants. Each isolate arose from one cotrans-
formed nucleus.

For the transformant T3a, mitotic stability with respect to both
genes was confirmed after cultivation for 8 months without
hygromycin B selection pressure on plates and in peat-bran. No
reversion to the wild-type phenotype was detected. There were no
background signals of the wild-type genomic DNA at the high
stringency used for the Southern hybridization (Figs. 5 and 6).
The blots verified that the genes encoding GUS and hygB
resistance had been integrated into the genome. Only high molec-
ular weight signals were seen when hybridizing to the undigested

Fig. 4. Scanning electron micrograph of Trichoderma harzianum fibrils grow-
ing on protoplasts and from one protoplast to the other. Protoplasts were in-
cubated 1 h at room temperature and then kept at 4°C for 3 h. One of the
protoplasts may not be able to regenerate because of holes in the wall. The
structure (x) is probably a vesicle, a nucleus, or a small protoplast. np =
nonregenerating protoplast. f = fibrils on regenerating protoplast. x = putative
nucleus. Bar = 1 pm. Hexamethyldisilzane method was used.

Fig. 5. Southern blot analysis of genomic DNA from the Trichoderma har-
zianum wild-type isolate and the transformants probed with the HindIll-EcoR1
fragment from pAN7-1 including the hygromycin B gene. Lanes 1, 5, and
10: wild-type. Lanes 2, 6, and 11: transformant T3a. Lanes 3, 7, and 12: trans-
formant T3b. Lanes 4, 8, and 13: transformant T3c. Lane 9: pHATa digested
with BamHI. Lanes 1-4: undigested DNA. Lanes 5-9: BamHI-digested DNA
(pHATw had one restriction site for BamHI). Lanes 10-13: EcoRV-digested
DNA (pHATa had no restriction site for EcoRV).
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genomic DNA of the transformants with the two probes (this
result was only shown for the hygB gene). The patterns of in-
tegration were complex and appeared to differ for the three trans-
formants. Judged by the size of the hybridization signals, the
smaller bands might represent deletions of the plasmid.

The wild-type isolate did not grow on 50 pg of hygromycin B
per ml, whereas the transformants grew very well on at least 100

Fig. 6. Southern blot analysis of genomic DNA from the Trichoderma har-
zianum wild-type isolate and the transformants probed with the Sall-Sall frag-
ment of pNOM102 including the B-glucuronidase gene. Lane 1: wild-type.
Lane 2: transformant T3a. Lane 3: transformant T3b. Lane 4: transformant
T3c. Lane 5: pNOMI102. The DNA was digested with EcoRI (pNOM102 had
one restriction site for EcoRI).
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Fig. 7. Growth on Trichoderma selective-medium plates supplemented with

0, 50, and 100 pg of hygromycin B per ml. The diameter of the colonies was

measured at time intervals. There were three replicates of each isolate. The
vertical bars represent the standard error.
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pg of hygromycin B per ml (Fig. 7). GUS activity could not be
detected in mycelial enzyme extracts of the wild-type isolate
(method III) nor in plate assays (method II). There was no sig-
nificant difference between the GUS-activity measurements (GUS
activity per total amount of extractable protein) of mycelial extracts
among the transformants. This was not surprising because these
transformants were picked in the initial GUS assay for high ac-
tivity (method I). Very low but detectable activity of the GUS en-
zyme could be measured in extracts of resting conidia of the trans-
formants cultivated in peat-bran.

Physiological tests of transformants. In dual cultures of T
harzianum in which the transformants were paired with the wild-
type isolate, identical growth patterns were seen, except in the
case of T3c, which overgrew the wild-type (data not shown). In
the dual-culture experiment with each of the transformants and P.
ultimum (data not shown), macroscopically the growth of T3¢ and
the pathogen also appeared different from the other isolates. Fur-
thermore, on plates, sporulation of T3c was sparse and delayed
compared to the other isolates.

The growth rates on rich (PDA) and poor (SEA) media were
compared. On PDA, there were significant statistical (P < 0.015)
differences in growth among the isolates after 51 h of incubation;
T3c was the slowest growing (Table 1). On SEA, there was no
significant statistical difference (P > 0.05) among the isolates. The
ability to germinate on TSM or PDA was compared and did not
show any significant differences among the isolates (data not
shown). Glucose utilization of shake cultures revealed no signifi-
cant differences among the isolates, but after 42 h of incubation,
the pH of T3c culture filtrate was statistically significantly lower
(P < 0.02) than the pH of other isolates (data not shown). In
general, there was only a slight difference in growth rate on TSM
among the four isolates (Fig. 7). T3b and T3c grew significantly
faster (P = 0.02) than did the wild-type and T3a isolates at 90 h of
incubation. On selective medium with 50 and 100 pg of hygro-
mycin B per ml, there were no significant differences in growth
ability among the transformants (Fig. 7), as a result 50 pg of
hygromycin B per ml was used as the concentration of the anti-
biotic for selection of transformants.

From the HPLC-DAD analysis, 21 secondary metabolites pres-
ent in all extracts were characterized by their UV spectrum and
retention time index (9). However, none of the separated metab-
olites could be identified further. The correspondence analysis of
the logy-transformed data on peak areas separated the objects
(i.e., the extracts) into three groups (Fig. 8) based on 86% of the
variance of the chemical data. The three axes in Figure 8 repre-
sent factors 1 through 3, which explain 36, 33, and 17%, respec-
tively, of the variance in the data set. The replicates of transfor-
mants T3b (T3bl1, T3b2, and T3b3) and T3¢ (T3cl, T3c2, and
T3c3) clustered in two separate groups, whereas the replicates of
transformant T3a (T3al, T3a2, and T3a3) and wild-type T3 (T3-
1, T3-2, and T3-3) clustered together. It was impossible to distin-
guish between the wild-type and transformant T3a based on quan-
titative chemical data, The T3c cluster and T3/T3a cluster were
far from each other, indicating that transformant T3c was dis-
similar to the wild-type. T3b also was separated from the wild-type,
although it was somewhat closer to the wild-type than was T3c.

TABLE 1. Growth of the Trichoderma harzianum wild-type isolate and the
transformants T3a, T3b, and T3¢ on potato-dextrose agar?

Isolate/ Time of incubation

Transformant 17h 25h 43 h 51h
Wild-type 82A 153B 408 B 522B
T3a 98 A 178 A 43.0 A 550 A
T3b 82A 16.2 AB 41.8 AB 52.8 AB
T3c 62B 11.7¢C 348C 46.5C

* Values represent the average colony diameter. Values followed by different
letters are statistically significantly different (P < 0.015).



Protein analysis of the culture filtrates after growing the iso-
lates on complex carbohydrates showed some differences between
the isolates (Table 2). The total amount of extracellular protein
was significantly lower (P < 0.038) in the culture filtrate from
T3c than from the other isolates. The specific cellulase activity
was significantly higher (P < 0.015) in T3c. The average protease
activity was not significant in the first experiment, but in the re-
peated experiment, significantly lower (P < 0.0015) protease ac-
tivity was found in T3c compared to the other isolates. Only minor
differences were seen in the specific activities of cellobiohydro-
lase and B-glucosidase, whereas T3c produced significantly higher
specific B-galactosidase activity. Silver-stained IEF gels of the con-
centrated extracellular proteins apparently showed the same band
pattern for the four isolates, although some differences could be
seen (data not shown). The activity assays on the IEF gels for de-
tection of endochitinase and xylosidase activity revealed one major
band for each of the substrates (data not shown). For cellulase
activity, four major bands could be detected. The intensities and
pIs of bands detected on the activity gels were the same for all the
isolates (data not shown).

DISCUSSION

T. harzianum was transformed stably with the GUS gene from
E. coli in cotransformation with the hygB gene as a selection
marker, as revealed by Southern blot hybridizations (Figs. 5 and
6). Transformants T3a, T3b, and T3c were mitotically stable with
respect to both genes after three successive single-conidium iso-
lations, and the selected transformant T3a was stable for 8 months
during subcultivations on nonselective plates and in peat-bran.
Transformant T3c, although morphologically similar, differed phy-
siologically from the wild-type isolate in many aspects.

Transformation with the polyethylene glycol (PEG) method de-
pends on wall-less cells, so we studied how quickly the proto-

[r3a2]

Fig. 8. Correspondence analysis of the secondary metabolite data. The Tri-
choderma harzianum isolates are labeled T3, T3a, T3b, and T3c for the wild-
type isolate and the transformants, respectively, followed by a number for the
three replicates of each of the four isolates. The three axes represent the first
three components (factors 1 through 3), which explain 36, 33, and 17% of the
variance in the data set, respectively.

plasts reverted to cells with walls. The deposition of cell wall
polymers on the protoplast membrane was seen already 1 h after
release from mycelia (Fig. 4). The size difference of a whole
population of mycelial protoplasts (Fig. 2) is likely to reflect the
cell content, which has an impact on regeneration capacity (15,
16,28,43). For example, Sivan et al. (38) found that the number of
nuclei in mycelial protoplasts of T. harzianum ranged from 0 to
10. Therefore, the regeneration capacity of a whole population of
mycelial protoplasts is in general low, but physiologically more
homogenous protoplasts can be obtained by interphase separation
after incubation in lysing enzymes (32). The osmoinstability of
reverting and germinating protoplasts as well as the irregularity of
developing hyphae (Fig. 3) have been reported for other species
(23,25). Protection of the protoplasts from osmotic shock on
plates, therefore, seems to be one of the parameters that should be
optimized to increase the yield of transformants, because many of
the protoplasts studied by SEM were lysed (e.g., as the structure
seen in Figure 4). Another step that is likely to be even more
critical for protoplasts is the PEG treatment for induction of trans-
formation. PEG induces irreversible physiological changes in the
membrane (48). This may be the reason why many fewer trans-
formants were obtained by PEG treatment than by electroporation
(14).

Mycelial protoplasts contain up to 10 nuclei (38), of which only
one or a few might be transformed. Sivan et al. (39) documented
that growth of transformed mycelia on hygromycin B requires
only a very low percentage of transformed nuclei within a my-
celium growing under hygromycin B selection pressure. For the
purpose of our studies, we need to have a tag on the fungus that
enables us to identify the introduced GUS/hygB transformant quan-
titatively. Loss or dilution of the introduced genes under non-
selective conditions would spoil the opportunity to make quanti-
tative and reproducible experiments. Stabilization of the transformants
by single-conidium isolation was essential to eliminate nontrans-
formed heterokaryons. Direct introduction of the DNA into co-
nidia (21) could be advantageous because stabilization of the
transformants would be more straightforward.

The purpose of transforming 7. harzianum with marker genes
was to obtain a tool for ecological studies of this antagonist (13).
Together with the hygB gene, the suitability of the AmdS gene
from A. nidulans for large-scale reisolation from ecological
experiments also was tested in our laboratory (M. Liibeck, Y.
Degefu, and D. F. Jensen, unpublished data). The AmdS gene pre-
viously has been useful as a dominant selectable marker to trans-
form T. harzianum for the same purpose (30). However, our wild-
type T. harzianum isolate grew just as well as the transformants
on the AmdS-selective medium containing either acetamide or
acrylamide as the nitrogen source. Sivan et al. (39) reported sim-
ilar observations. Considering the GUS gene as a useful marker,
there was no problem with background GUS activity in T. har-
zianum or in other fungi and plants that had been transformed
with the GUS gene (5,17,19,29,34), but in unsterile systems or in
natural soils, background GUS activity might be present. This is
in contrast to A. niger, which has an indigenous acidic GUS
activity (T. E. Gottschalk, personal communication). The T3 iso-

TABLE 2. Analysis of culture filtrates from the Trichoderma harzianum wild-type isolate and the transformants T3a, T3b, and T3¢ grown in a complex-

carbon mediumY

Protein Protease Cellulase Cellobiohydrolase ~ P-galactosidase B-glucosidase
Isolate/Transformant (pg/ml) (A/ug protein)* (Alpg protein) (A/pg protein) (A/pg protein) (A/pg protein)
Wild-type 143 A 26 A 22B 136 A 40 B 138 A
T3a 140 A 23 A 22B 100 A 43 B 103 A
T3b 152 A 31A 21B 111 A 45B 123 A
T3¢ 108 B 5A 28 A 110 A 70 A 134 A

¥ Three replicates of each isolate were analyzed, except T3c (two replicates). Results are from the first repeat trial. Values followed by different letters are
statistically significantly different (protein: P < 0.038; cellulase: P < 0.015; and B-galactosidase: P < 0.0015).

* Activity (A) is defined as absorbance per ml of culture filtrate.
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late has an indigenous acidic B-galactosidase enzyme, so trans-
formation with this gene is less attractive (12).

To use a GUS transformant in ecological studies, it is crucial
that the selected genetically marked strain is phenotypically simi-
lar to the wild-type. Fungal antagonism is believed to be complex
and dependent on many factors, such as niche and nutrient com-
petition as well as production of secondary metabolites (4) and
lytic enzymes (1,10,20,22,44). To physiologically compare the
isolates, simple tests were designed to evaluate whether changes
related to antagonistic factors had occurred during the transfor-
mation. Although performed under artificial conditions, the mea-
surements of growth rate, sporulation capacity, ability to colonize
rich and poor substrates, and germination capacity gave useful
information about the ability of the fungus to grow and repro-
duce, which are basic requirements for biocontrol.

The isolates were cultivated in a medium rich in complex car-
bohydrates because T. harzianum is capable of producing a range
of plant cell wall- and fungal cell wall-degrading enzymes that
are very likely to be involved in the ability of the fungus to con-
trol plant diseases (22). Enzyme activities and pI values of a few
expected relevant hydrolytic enzymes (B-galactosidase, protease,
chitinase, endo- and exocellulases, and xylosidase) were measured
in the culture filtrates. Furthermore, the transformants were sub-
jected to HPLC analysis of their secondary metabolites because
many secondary metabolites likely to play a role in antibiosis of
the pathogens are produced by T. harzianum (4), but as with the
other physiological tests, we do not know the importance of the
individual metabolites, and it is not obvious what these dif-
ferences mean for the biocontrol ability of the fungus.

One should not overestimate the results of the physiological
studies of the transformants, because competitive ability and an-
tagonism, which depend on multiple factors, cannot be evaluated
in these kinds of tests. All the assays confirmed that transformant
T3a best resembled the phenotype of the wild-type, whereas trans-
formant T3c, although morphologically similar, appeared to be
dissimilar in most of the tests. The results from the physiological
tests indicate the importance of evaluating transformants before
carrying out time-consuming ecological studies. For the ecologi-
cal experiments (13), we chose transformant T3a. In addition to
ecological studies and the possibility of expressing homologous
and heterologous genes in T. harzianum, transformation is a power-
ful technique in attempts to study the importance of specific genes
in relation to biocontrol as well as to improve the biocontrol ef-
fect by addition of useful genes to the fungus.

By transforming T. harzianum with the GUS gene as the report-
er gene, we now have a tool for studying the population develop-
ment of the antagonist in soil and rhizosphere, measuring its ac-
tivity, as well as studying niche competition on the root surface.
Results are reported in a subsequent paper (13). Visualization of
isolate T3a in situ on cucumber roots and studies of its ability to
compete with other antagonists also has been investigated (C.
Thrane, A. Tronsmo, and D. E Jensen, unpublished data).
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