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Antibiosis has been shown to be an important mode of action by Trichoderma species used in the protection of grape-

vine pruning wounds from infection by trunk pathogens. The major active compound from Trichoderma isolates

known to protect grapevine pruning wounds from trunk pathogen infection was isolated and identified. The com-

pound, a 6-pentyl-a-pyrone (6PP), was found to be the major secondary metabolite, by quantity, which accumulated in

the culture filtrate of T. harzianum isolate T77 and the two T. atroviride isolates UST1 and UST2. Benzimidazole resis-

tant mutants generated from these isolates also produced 6PP as their main secondary metabolite, except for a mutant

of T77 that had lost its ability to produce 6PP. The isolates UST1 and UST2 were co-cultured with the grapevine trunk

pathogens Eutypa lata and Neofusicoccum parvum in a minimal defined medium and a grapevine cane-based medium

(GCBM). Co-culturing UST1 with N. parvum induced 6PP production in the minimal defined medium and the GCBM.

The production of 6PP by UST2 was induced in the GCBM, while co-culturing with the two trunk pathogens either

reduced or had no effect on 6PP production. Mycelial growth and ascospore/conidia germination of E. lata, N. aust-

rale, N. parvum and Phaeomoniella chlamydospora were inhibited by 6PP in a concentration-dependent manner. The

results show that the presence of N. parvum and grapevine wood elicits the production of 6PP, suggesting that this

metabolite is involved in Trichoderma–pathogen interactions on grapevine pruning wounds.
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Introduction

Grapevine trunk diseases cause decline and loss of
productivity in vines at all stages of growth, and are
increasingly becoming an important limiting factor to the
long-term sustainability of grape and wine production
(Gubler et al., 2005; Larignon et al., 2009). These diseases
are caused by various xylem-inhabiting pathogens that
include Eutypa lata (eutypa dieback), Phaeomoniella chl-
amydospora and Phaeoacremonium species (Petri disease),
Fomitiporia spp. (esca) and Botryosphaeriaceae fungi (bot-
ryosphaeria dieback). Infection occurs through any type of
wound, of which pruning wounds are the principal ports
of entry (Chapuis et al., 1998; Van Niekerk et al., 2011).
The grapevine pruning wound is colonized by natu-

rally occurring fungi and bacteria and these may inhibit
infection of the wood tissue by trunk pathogens (Munkv-
old & Marois, 1993). Pruning wound protection by bio-
logical agents offers an alternative to chemical control

and provides a more sustainable long term control of
trunk disease pathogens on wound surfaces. Biological
wound protection from E. lata infection by Fusarium lat-
eritium, Cladosporium herbarum, Bacillus subtilis and
Trichoderma spp. has been reported (Munkvold & Ma-
rois, 1993; John et al., 2008). The biocontrol effect of
Trichoderma spp. has also been demonstrated on a wide
spectrum of grapevine trunk diseases both in vitro and
in vivo (Di Marco et al., 2004; Kotze et al., 2011). Due
to the ease of large-scale production, Trichoderma spp.
have been developed into commercial products for bio-
logical control of numerous plant pathogens (John et al.,
2008; Vinale et al., 2008; Woo et al., 2014).
The mechanisms of action by Trichoderma spp. may

be either a result of its antagonistic action against the
pathogen or from its interaction with the plant. Tricho-
derma–pathogen interactions involve mycoparasitism and
secretion of mycolytic enzymes (Howell, 2006), competi-
tion for limited resources, as well as production of anti-
biotics (Sivasithamparam & Ghisalberti, 1998; Harman,
2006). Central to the biocontrol activity of Trichoderma
spp. is the production of secondary metabolites, which
are natural compounds that aid the producing organism
in survival and basic functions such as symbiosis, compe-
tition and differentiation (Shwab & Keller, 2008). The
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production of antibiotic secondary metabolites is often
correlated to the biocontrol activity of Trichoderma
isolates (Ghisalberti et al., 1990; Worasatit et al., 1994;
Vinale et al., 2006).
Trichoderma secondary metabolites are chemically

diverse and their production varies greatly between species
and between isolates of the same species (Vinale et al.,
2009). The huge structural and functional diversity of
Trichoderma metabolites necessitates the continuous
search for new metabolites. The generated knowledge
may be important for the selection of new biocontrol
agents, or the compounds themselves may be used as bio-
active compounds in pesticide and antibiotic applications.
In the South African Cape wine region, three isolates

of Trichoderma spp. were shown to be good grapevine
pruning wound colonizers. One isolate of T. harzianum
(T77) came from the roots of a grapevine nursery plant,
while two isolates of T. atroviride (UST1 and UST2)
came from grapevine wood. Field studies against grape-
vine trunk pathogens have shown that these isolates are
effective in grapevine pruning wound protection (Kotze
et al., 2011; Mutawila et al., 2011). In vitro studies
showed that the volatile and culture filtrates from the
two T. atroviride isolates significantly reduced mycelial
growth and inhibited spore germination of different
trunk disease pathogens (Kotze et al., 2011). It is there-
fore important to identify the active compounds in cul-
ture filtrates. In addition, mutant isolates with high
tolerance to benzimidazole fungicides, for possible inte-
grated application, were developed from these isolates by
gamma irradiation (Mutawila et al., 2014). One of them
lost the in vitro antagonistic activity, and it is therefore
hypothesized that the mutation could have affected sec-
ondary metabolite production.
This study reports the isolation and identification of the

major secondary metabolite from both the wild type and
mutant Trichoderma spp. strains. The production of the
isolated metabolite was evaluated under different growth
conditions, particularly when grown on grapevine wood
extracts and co-cultured with trunk pathogens, in order to
establish its role in biocontrol. The effect of the metabolite
on mycelial growth and spore germination of grapevine
trunk pathogens was also tested.

Materials and methods

Fungal isolates

Trichoderma atroviride isolates UST1 and UST2 are stored at
Stellenbosch University, Department of Plant Pathology’s culture

collection under accession numbers STE-U 6514 and 6515,

respectively. Isolate T77 is the active ingredient of a registered

pruning wound protection biocontrol agent, Eco 77� (Plant
Health Products, South Africa). These Trichoderma spp. isolates

were used for the isolation of secondary metabolites and the

comparison of the production of the major secondary metabolite

between isolates. Benzimidazole resistant mutants MT1 (STE-U
7733), MT2 (STE-U 7734) and MT77 (STE-U 7735) were

developed by gamma irradiation from the wildtype isolates

UST1, UST2 and T77, respectively (Mutawila et al., 2014).

These were included in the comparison of the production of the

major secondary metabolite between the Trichoderma isolates.
Four grapevine trunk pathogens, E. lata (STE-U 5692 and

6513), Neofusicoccum australe (STE-U 7025 and 7029), N. par-
vum (STE-U 4439 and 4584) and P. chlamydospora (STE-U 6384

and 7732) were also used. The pathogens were used to determine
the effect of the Trichoderma spp. major secondary metabolite on

fungal growth, as well as the effect of co-culturing the Trichoder-
ma spp. and pathogens on the production of the major secondary
metabolite. All fungal isolates were maintained in tubes of sterile

deionized water at 4°C. Before use, the fungi were subcultured

onto freshly prepared potato dextrose agar (PDA; Biolab) and

allowed to grow for 5 days at 25°C in the dark.

Extraction, purification and identification of the major
secondary metabolites from culture filtrates of
Trichoderma isolates

The secondary metabolites were produced and extracted using

the method reported by Vinale et al. (2006). Five 5 mm diameter
plugs from each of the Trichoderma isolates (UST1, UST2 and

T77) obtained from the margins of actively growing cultures on

PDA were separately inoculated into 5 L conical flasks contain-

ing 1 L potato dextrose broth (PDB; Biolab). The suspension cul-
tures were incubated for 30 days at 25°C without shaking, after

which the fungal mycelium was removed from the broth by vac-

uum filtration through no. 4 filter paper (Whatman).
Culture filtrates were then extracted twice with equal volumes

of ethyl acetate (99�5%, Sigma). The organic fractions were

combined, then dried with Na2SO4 and evaporated under

reduced pressure at 35°C. The residue (crude extract) recovered
was subjected to flash column chromatography through silica

gel (50 g), eluting with a gradient of petroleum ether:acetone

(9:1 to 7:3 v/v). Fractions showing similar thin-layer chromatog-

raphy (TLC) profiles were combined and further purified by pre-
parative TLC (Silica gel G, 500 lm, UNIPLATE; Analtech Inc.).

The major fraction obtained had a characteristic smell of the py-

rone metabolites. Fractions were run on TLC (silica gel 60;

EMD Millipore) developed in hexane:acetone (7:3 v/v) alongside
a standard of 6-pentyl-a-pyrone (6PP) previously isolated and

characterized by Vinale et al. (2008). The compounds were

detected using UV light (254 or 366 nm) and/or by spraying the
plates with a 5% (v/v) H2SO4 solution in ethanol followed by

baking at 110°C for 5 min.

The major fraction was further characterized to confirm iden-

tity using nuclear magnetic resonance (NMR) and mass spec-
troscopy (MS). The proton (1H) NMR spectra were recorded

with a 400 MHz Br€uker Avance spectrometer, equipped with a

5 mm Bruker Broad Band Inverse probe (BBI), working at the
1H frequencies of 400�13, and using residual and deuterated sol-
vent peaks as reference standards. A high-resolution mass spec-

trum was obtained by a VG Autospec mass spectrometer.

Time-course production of 6PP in static and shaking
cultures

Tests were carried out to determine the time course production

of 6PP among the wildtype isolates. Liquid cultures of the
Trichoderma isolates were prepared by separately inoculating

100 mL PDB in 250 mL flasks with three agar plugs (5 mm) of

the respective isolates (UST1, UST2 and T77). Uninoculated

negative controls were also included. There were three biological
replicates for each treatment and the experiment was repeated

once. The cultures were incubated at 25°C with or without
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shaking at 120 rpm. Two replicates of each isolate culture were

harvested at 5, 10, 15 and 20 days of incubation for metabolite
extraction. Culture filtrates were harvested by vacuum filtration

through a Whatman no. 1 filter paper and 2 mL of the filtrate

was further filtered through a 0�20 lm RC-membrane filter (Sar-

torius Stedim Biotech) into glass vials for direct quantification
by liquid chromatography-mass spectroscopy (LC-MS). Chro-

matographic separation was performed by an ultra-high perfor-

mance liquid chromatography (UHPLC) apparatus equipped
with two micropumps (Waters Synapt G2) and a BEH C18-col-

umn (Waters BEH C18, 2�1 9 100 mm, particle size 1�7 lm).

The eluents used were A: 1% formic acid in H2O and B: aceto-

nitrile, and the gradient used was as follows: 95% A (0�1 min);
40% A (4 min); 100% B (5 min) and 95% A (5�1 min) eluted

at a flow rate of 0�4 mL min�1. Quantification was done using

a standard curve constructed by standards prepared from pure

6PP (Apollo Scientific).

Comparison of the production of 6PP by Trichoderma
isolates

The broth cultures of the wildtype isolates (UST1, UST2 and
T77) and their three benzimidazole resistant mutants (MT1,

MT2 and MT77) were prepared by separately inoculating

100 mL of either full strength PDB or quarter strength PDB in
250 mL flasks with five agar plugs (5 mm) of the respective iso-

lates. Uninoculated negative controls were also included. There

were three biological replicates for each treatment and the

experiment was repeated once. The cultures were incubated at
25°C with or without shaking at 120 rpm for 20 days. Each

treatment combination of medium (full strength or quarter PDB)

and culture condition (shaking or static) was replicated twice.

The cultures were filtered and the major secondary metabolite
quantified from the culture filtrate as described previously.

Effect of growth medium and pathogen co-inoculation
on 6PP production

Cultures were grown in defined minimum medium (Pezet’s) and

grapevine cane-based medium (GCBM). Pezet’s medium was pre-

pared according to Pezet (1983) without modifications, and con-
tained 1% (w/v) glucose and 0�5% (w/v) sucrose as the carbon

sources. The GCBM was prepared by sonicating 100 g of ground

dormant Cabernet Sauvignon canes in 500 mL boiling deionized

water (100°C). The extract was then clarified by filtration through
a series of double Miracloth and Whatman no. 1 and finally

Whatman no. 3 filter papers. Sucrose (10 g L�1) was added to the

filtrate, the pH adjusted to 5�8 using either 1 M NaOH or 1 M

HCl, and the filtrate was sterilized by autoclaving.
Erlenmeyer flasks containing 100 mL of medium were co-inoc-

ulated with five mycelial disks (5 mm) of T. atroviride, either

UST1 or UST2, and a grapevine trunk pathogen, either E. lata
(STE-U 5700) or N. parvum (STE-U 4439). There were three bio-

logical replicates for each treatment and the experiment was

repeated once. The flasks were incubated at 25°C with shaking at

120 rpm for 10 days, after which the cultures were filtered and
6PP quantified from the culture filtrate as described above.

Determination of the sensitivity of grapevine trunk
pathogens to 6PP

The effect of 6PP on the mycelial growth and ascospore/conidia

germination was tested on four fungal pathogens, E. lata,

N. australe, N. parvum and P. chlamydospora. For the antifun-

gal assays, there were three replicates for each isolate per assay
and all experiments were independently repeated once. Mycelial

inhibition was tested on three complex media, PDA, malt

extract agar (MEA; Biolab) and GCBM, and two defined media,

Pezet’s medium and Vogel’s medium N (Vogel). The GCBM and
Pezet’s medium were prepared as described previously, and agar

(15 g L�1; Biolab) was added before sterilization. Vogel’s med-

ium N was prepared as modified by Metzenberg (2003) and
consisted of 20 mL Vogel’s 50 9 salts, and 1% (w/v) glucose as

the only carbon source. The pH was adjusted to 5�8 using 1 M

NaOH or 1 M HCl before adding agar (15 g L�1) and the med-

ium sterilized by autoclaving.

Mycelial inhibition by 6PP
Eight isolates (two of each pathogen) were used to determine

the effect of 6PP on mycelial growth. Pure 6PP (Apollo Scien-
tific) was dissolved in methanol to make a 10 g L�1 stock solu-

tion. Mycelial growth inhibition was tested on PDA amended

with 0 (control), 50, 100, 150, 200, 250, 300 and 400 mg L�1

6PP. In all cases, the final concentration of methanol in the med-
ium was 0�1%, including in the control plates. Mycelial plugs

(5 mm diameter) taken from the margins of an actively growing

colony were placed in the centre (mycelium side facing down) of

metabolite amended agar plates. Plates were incubated at 25°C
in the dark and the radial growth of the fungal colonies was

measured at 24 h intervals for all the fungi except P. chlamy-
dospora where colony diameter was measured at 3 day inter-
vals, because this fungus is slower growing. Each isolate had

three replicates per concentration and the radial mycelial growth

was assessed by calculating the mean diameter from two perpen-

dicular measurements and then subtracting 5 mm from each
value to account for the original plug. Percentage inhibition rela-

tive to the control was calculated from the Day 3 colony diame-

ters for all fungi except P. chlamydospora, where Day 12

colony diameter was used. The percentage inhibition was used
to determine the effective concentration that inhibited mycelial

growth by 50% (EC50).

Effect of growth medium on mycelial sensitivity to 6PP
The eight isolates of grapevine trunk pathogens were grown on

complex (PDA, MEA and GCBM) and defined minimal medium

(Vogel’s and Pezet’s) amended with 150 mg L�1 6PP. Control

plates of each of the media were used and were not amended
with 6PP. The final concentration of methanol in the medium

was 0�1%, including in the control plates. Plates were incubated

at 25°C in the dark and the radial growth of the fungal colonies

was measured twice perpendicularly per plate at Day 3 for all
fungi except P. chlamydospora, where it was measured at Day

12. There were three replicates for each isolate per medium.

Radial colony diameters were used to calculate percentage inhi-
bition relative to the control.

Pathogen conidia and ascospore production
Phaeomoniella chlamydospora (STE-U 6384) conidia were pro-

duced by growing the fungus on PDA for 3 weeks at 25°C. The
conidia suspension was prepared by flooding the Petri dishes

with sterile water (10 mL) and the conidia dislodged from the

media using a sterile needle. The suspension was collected in a
sterile glass bottle. Eutypa lata ascospores are produced in peri-

thecial stroma on infected old wood. For a spore suspension,

stroma were collected from infected vines at the Nietvoorbij

vineyards of the Agricultural Research Council of South Africa
in Stellenbosch. Pieces of wood bearing stroma were immersed
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in sterile water for 15 min after which the surface was lightly

scraped with a scalpel to expose perithecia. Single perithecia
were removed using a sterile needle, placed in a glass bottle con-

taining sterile water (10 mL) and the bottles shaken to release

ascospores from the asci. Conidia of N. australe (STE-U 7025)

and N. parvum (STE-U 4439) were produced from pycnidia
induced on grapevine shoots using the method of Amponsah

et al. (2008) with some modifications. Briefly, green lignified

shoots (~20 cm) of cultivar Cabernet Sauvignon were inoculated
with mycelial plugs on wounds (5 mm) made in the centre of

the shoots. The base of the shoots were inserted into glass bot-

tles containing sterile water and incubated in a moist chamber.

After 2 weeks, shoot pieces (5 cm) around the wound were
excised, surface sterilized, air dried and placed in Petri dishes

with moist filter paper and incubated until pycnidia emerged on

the surface. Pycnidia were collected using a sterile scalpel,

placed in glass bottles containing sterile water and crushed to
release the conidia. Before the assays, all conidia and spore sus-

pensions were filtered through sterile cheesecloth to remove

mycelial fragments and the concentration adjusted to 2 9 106

conidia or spores mL�1.

Inhibition of conidia/ascospore germination
Effect of the metabolite on inhibition of conidia/ascospore ger-

mination was tested on one isolate of each pathogen. Conidia or
ascospore suspensions were amended with 6PP, to concentra-

tions of 0, 50, 100, 200, 300 and 400 mg L�1 to a total volume

of 1�5 mL in 2 mL centrifuge tubes. The final concentration of
methanol in the medium was 1%, including in the control tubes.

These were incubated at 25°C for 24 h, after which microscope

slides were made from the suspensions and spores counted under

the microscope (9400; Nikon). Spores were considered germi-
nated when the germ tube was the size of the conidia/ascospore.

The percentage germinated conidia/ascospores was determined

from at least 50 conidia/ascospores per slide and there were

three slides per centrifuge tube and three tubes per concentra-
tion.

Statistical analysis

All statistical analyses were carried out using SAS v. 9.2 statistical

software (SAS Institute Inc.). The means from each treatment
were compared for significant differences using factorial analysis

of variance (ANOVA) and the means were separated by computing

the Fisher’s least significant difference (LSD) at P = 0�05. For

the antifungal assays, data from the two independent repeats
was combined and the nonlinear regression model describing the

inhibition 9 concentration interaction (used for EC50 determina-

tion) as well as levels of sensitivity of the pathogens between

isolates were compared by ANOVA. For the effect of growth med-
ium on 6PP inhibition of mycelial growth and the inhibition of

spore/conidia germination, treatments within each pathogen

were compared separately by analysis of variance followed by
Fisher’s LSD test at P = 0�05.

Results

Isolation and identification of secondary metabolites

Five homogenous fractions were obtained from the T.
atroviride isolates (UST1 and UST2) and seven fractions
were obtained from the T. harzianum isolate (T77). The
first fraction (fraction I) showed similar chromatographic

and spectroscopic properties among all isolates and it
was also extracted in the highest quantities. The metabo-
lite content of fraction I was 280–340 mg compared to
the next largest fraction (21–43 mg), for all isolates. The
compound in fraction I showed chromatographic and
spectroscopic properties similar to 6-pentyl-a-pyrone
(6PP). The metabolite Rf value was 0�65 in hexane:ace-
tone (7:3 v/v). The MS spectral data indicated a proton-
ated molecular ion peak at m/z 167�1 and the 1H NMR
spectrum was consistent with that of 6PP reported by
Cutler et al. (1986).

Effect of culture harvest time on concentration of 6PP

The time course production of 6PP by the wildtype
Trichoderma isolates is shown in Figure 1. Analysis of
variance found significant isolate 9 culture condi-
tion 9 time interactions (P < 0�001). The T. atroviride
isolate UST1 produced 6PP in a faster and more abun-
dant manner under the shaking conditions used, reaching
a maximum of 82 mg L�1 at Day 10. This was a signifi-
cantly higher (P < 0�05) rate than that of the rest of the
isolates at that time point (Fig. 1a). In contrast, under
static conditions isolate UST2 produced significantly
higher (P < 0�05) quantities of 6PP at all time points,
except for Day 20 where the quantity was not signifi-
cantly (P > 0�05) different from that of UST1 (Fig. 1b).
The T. harzianum isolate produced more 6PP in the sha-
ken than static cultures, but in both conditions the 6PP
quantities were significantly lower (P < 0�05) than those
of the T. atroviride isolates except for Day 20 under
shaking conditions (no significant difference with UST1).

Comparison of the production of 6PP by Trichoderma
isolates

A comparison of the LC-MS total ion chromatograms of
the wildtype and mutant isolates is shown in Figure 2.
The production of secondary metabolites was dependent
on the richness of the medium (full strength or quarter
PDB) and the culture conditions (shaken or static). How-
ever, 6PP was the most common and abundant metabo-
lite from all the isolates for all media and culture
conditions except for the mutant of T. harzianum,
MT77, which could not produce 6PP. A metabolite with
retention time 2�33 min and a molecular weight (Mw) of
726�3795 was found in shaking cultures of UST1 and
MT1. This compound was also found in UST2 and MT2
but the peak was much less pronounced and inconsistent,
indicating a lower production compared to the UST1 iso-
late. As T. atroviride isolates are also known to produce
peptaibiotics (Degenkolb et al., 2008), the compositional
analysis data and compound fragmentation pattern was
used to find similarities with known compounds belong-
ing to this type of metabolite. A database of peptaibiotics
compiled by Stoppacher et al. (2013) was downloaded
from http://peptaibiotics-database.boku.ac.at. With the
aid of the database, the closest match to the compound
was found to be with members of the trichocompactin
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group (C33H58N8O10; Mw 726), peptaibiotics isolated
from T. brevicompactum (Degenkolb et al., 2006).
Analysis of variance of the quantities of 6PP produced

by each isolate in the different media and culture condi-
tions revealed significant isolate 9 medium 9 culture
condition interactions (P < 0�001). In full strength PDB,
6PP was produced by all the isolates (except MT77) in
both static and shaken cultures (Fig. 3a) while in quarter
strength PDB, UST1 and MT1 could not produce 6PP
(Fig. 3b). The isolate UST2 and its mutant, MT2, were
the highest producers of 6PP. For the T. atroviride iso-
lates 6PP production was either similar (P > 0�05) or
higher (P < 0�05) in the static than shaken cultures,
while in the T. harzianum isolate 6PP production was
always significantly (P < 0�05) higher in the shaken than
static cultures (Fig. 3).

Effect of growth medium and pathogen co-inoculation
on production of 6PP

Analysis of variance showed significant iso-
late 9 medium 9 co-culture interactions (P = 0�038).
The effect of medium and pathogen co-inoculation on
6PP production by the T. atroviride isolates is reported
in Figure 4. In both isolates, 6PP production was signifi-
cantly higher (P < 0�05) in the GCBM compared to the
defined Pezet’s medium. The production of 6PP was
highest when UST1 was co-cultured with N. parvum
GCBM. Isolate UST2 generally produced more 6PP than
UST1 in GCBM, except for when UST1 was co-cultured
with N. parvum. The co-culturing of UST1 with N. par-
vum resulted in a significant increase (P < 0�05) of 6PP
production in both culture media. This was not observed
with UST2, where only a slight increase in 6PP produc-
tion was observed when it was co-cultured with N. par-
vum in Pezet’s medium, but to a level not significantly
higher (P > 0�05) than the control culture. The pathogen
E. lata had no effect on 6PP production when co-cul-
tured with both T. atroviride isolates.

Sensitivity of grapevine trunk pathogens to 6PP

There were no differences in mycelial growth between
the two independent experiments (P > 0�05), so the data
from both experiments were combined. The effect of 6PP

on both mycelial growth and conidia/ascospore germina-
tion was highly significant at all concentrations tested
(P < 0�001).

Mycelial inhibition
Three nonlinear regression models (Gompertz, logistic
and modified exponential) were fitted to the mycelial
growth inhibition data and all gave good statistical fits
(R2 > 0�798). The Gompertz (sigmoidal) model consis-
tently gave the highest correlation for all isolates
(R2 > 0�95, P < 0�01). Based on the mean EC50 values
(Table 1), the inhibition of mycelial growth by 6PP var-
ied for the different pathogens. There were no significant
differences (P > 0�05) in the susceptibility of isolates of
the same pathogen to 6PP, despite some noticeable dif-
ferences in the EC50 values between the isolates of
N. parvum (P = 0�057). Phaeomoniella chlamydospora
was the least sensitive (EC50 = 91�72 mg L�1) of the
trunk pathogens. The mean mycelial growth with time
on 6PP amended medium for one of each isolate of the
pathogens tested is shown in Figure 5. There was signifi-
cant (P < 0�01) reduction in mycelial growth from the
lowest concentration tested (50 mg L�1) and mycelial
growth was totally inhibited at 400 mg L�1 in all patho-
gens.

Effect of growth medium on mycelial sensitivity to 6PP
There were significant isolate 9 pathogen 9 medium
interactions (P < 0�001) for all the pathogens. Inhibition
of mycelial growth was dependent on growth medium
and the pathogen isolate (Table 2). All the pathogens
were more sensitive to 6PP when growing on the nutri-
ent-poor Vogel’s N medium. However, there was a vari-
ation in the response of the pathogens when they were
growing on the other media. Sensitivity to 6PP on Pezet’s
medium did not significantly differ (P > 0�05) from that
on the complex medium used for the Neofusicoccum
spp. Inhibition of P. chlamydospora on amended MEA
was significantly higher (P < 0�05) than on PDA and
GCBM.

Conidia/ascospore germination
Conidia/ascospore germination was significantly
(P < 0�001) reduced by all concentrations of 6PP tested
and totally inhibited at 300 and 400 mg L�1. The latter
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two concentrations tested were excluded from the analysis
of variance for the effect of 6PP concentration on conidia/
ascospore germination. The effect of 6PP on conidia/asco-
spore germination is shown in Figure 6. Germination was
inhibited by more than 60% at 100 mg L�1 in all patho-
gens. Due to high variation between treatments, EC50 val-
ues could not be computed for the sensitivity of conidia/
ascospore germination to 6PP.

Discussion

The antagonism of culture filtrates and volatiles pro-
duced by Trichoderma species used in grapevine pruning
wounds has previously been demonstrated (John et al.,
2004; Kotze et al., 2011). However, the secondary
metabolites responsible for these properties had not been
identified or characterized for Trichoderma species used
in grapevine pruning wounds. This is the first report on
the identification of secondary metabolites produced by
Trichoderma isolates used in grapevine pruning wound
protection, and on the characterization of their in vitro
effect on mycelial growth and spore germination of

grapevine trunk pathogens. The metabolite 6-pentyl-a-
pyrone (6PP) was the major metabolite produced by all
three isolates tested and is a well-known antimicrobial
compound produced by Trichoderma species (Vinale
et al., 2006; El-Hasan et al., 2007). This compound is a
volatile and has a characteristic sweet coconut smell that
is characteristic of Trichoderma species of the section
Trichoderma (Dodd et al., 2003). In this study, the pro-
duction of 6PP was highly dependent on isolate, nutri-
tion and culture conditions. It appears that after reaching
a peak, the concentration of 6PP starts to decline. This is
in agreement with other studies aimed at maximizing
6PP production in vitro (Prapulla et al., 1992; Serrano-
Carreόn et al., 2004). The fungus producing 6PP is also
inhibited by the 6PP at concentrations of 90–110 mg L�1

and the addition of resin (amberlite) in the growth med-
ium was found to reduce such inhibition (Prapulla et al.,
1992). The T. atroviride isolates (UST1 and UST2) pro-
duced higher quantities of 6PP than T. harzianum (T77).
There was a large variation between the T. atroviride
isolates, with UST2 producing more than UST1 when
grown under static (not-shaking) conditions. These iso-
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Figure 2 LC-MS chromatograms showing the major secondary metabolite peaks from wildtype Trichoderma atroviride (UST1, UST2) and

Trichoderma harzianum (T77) isolates and their benzimidazole resistant mutants (MT1, MT2 and MT77) grown in full strength potato dextrose broth

for 20 days with shaking at 120 rpm. The major secondary metabolite in all isolates except MT77 was 6-pentyl-a-pyrone with a molecular weight of

167�1 (M+H). Another major peak was observed from UST1 and MT1 with a molecular weight of 727 (M+H) which was found to be closely related to

peptaibiotics of the trichocompactin group.
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lates have been evaluated for their grapevine wound pro-
tective effect against infection by trunk pathogens and
the T. atroviride isolates were found to be better than T.
harzianum (Kotze et al., 2011; Mutawila et al., 2011),
which is probably due to the fact that T. atroviride was
producing more 6PP. Another metabolite from T. atrovi-
ride that had a fragmentation pattern similar to that of
trichocompactin Ia and Ib isolated from T. brevicompac-
tum (Degenkolb et al., 2006) could also be involved in
their biocontrol activity. Peptaibiotics from Trichoderma
are known antibiotics, but the biological activity of the
brevicompactum group has not been characterized.
To establish the likelihood of 6PP production during

wound colonization, a grapevine cane extract culture
medium was used as a close approximation of the natural
substrate. Mahoney et al. (2003) demonstrated enhanced
production of toxins (eutypine and eulatachromene) by
E. lata isolates grown in a grapevine extract compared to
artificial media. The more natural substrate could be rep-
resentative of secondary metabolite production on the
wound. Production of 6PP in the GCBM varied between

the two isolates, but was higher in the GCBM compared
to the defined medium for both isolates. However, what
was particularly interesting was that 6PP production
almost doubled in the GCBM when isolate UST1 was co-
cultured with N. parvum. Previous reports have also
demonstrated that the production of secondary metabo-
lites is induced by fungal cell wall material of other fungi
(Serrano-Carreόn et al., 2004; Vinale et al., 2009). In the
current study, the induction of 6PP production was only
observed with N. parvum and not with E. lata. The dif-
ference in behaviour of T. atroviride towards the two
fungi is difficult to explain as it was not possible to mea-
sure the growth of the T. atroviride isolates in liquid co-
cultures. Unlike UST1, the co-cultivation of UST2 with
N. parvum in GCBM did not result in a significant
increase in 6PP production. In vitro assays showed that
UST1 was more aggressive than UST2. UST1 overgrew
and inhibited most grapevine trunk pathogens in dual
plate assays (Kotze et al., 2011), while chitinase assays
also revealed higher activities in UST1 compared to UST2
(authors’ unpublished data).
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Reports by Worasatit et al. (1994), Ghisalberti et al.
(1990) and Pezet et al. (1999) on the mechanisms of
action of Trichoderma spp. have associated pyrone pro-
duction with biocontrol activity. In the current study, the
high production of 6PP in the GCBM strongly suggests
the involvement of 6PP in the protection of wood from
infection by wood rotting fungi. Volatile compounds

from T. harzianum isolates used in Vinevax� had fungi-
static effects on E. lata mycelium, while the cultural fil-
trates completely inhibited the pathogen mycelial growth
(John et al., 2004). More recently, Kotze et al. (2011)
further demonstrated the inhibitory effects of T. harzia-
num and T. atroviride on more grapevine trunk patho-
gens in vitro and the wound protective effect of the
Trichoderma spp. isolates in vivo. None of these reports
identified the compounds that were responsible for the
observed effect and the inhibitory concentrations of 6PP
on grapevine trunk pathogens are comparable to those
reported for Botrytis cinerea (Walter et al., 2000) and
Fusarium verticillioides (syn. F. moniliforme) (El-Hasan
et al., 2007). Conidia/ascospore germination was more
sensitive to 6PP compared to mycelium growth on all the
grapevine trunk pathogens tested. However, 6PP was not
equally effective on the various fungal pathogens assayed,
in terms of mycelium growth inhibition. As pruning
wound infection occurs mainly through conidia/ascosp-
ores, a higher inhibitory effect on conidia/ascospore ger-
mination by 6PP is more likely to result in reduced
infection of Trichoderma protected wounds. However,
the reduced effect on mycelial growth may also suggest
that 6PP-producing Trichoderma are less likely to elimi-
nate pathogens already growing in the pruning wound.
Better wound protection is achieved when a longer time is
allowed between the application of Trichoderma biocon-
trol agents and pathogen inoculation (Munkvold & Ma-
rois, 1993; John et al., 2008). This is related to the need
by the Trichoderma biocontrol agent to grow on the

Table 1 Sensitivity of grapevine trunk pathogens to the secondary

metabolite 6-pentyl-a-pyrone (6PP) of Trichoderma spp. based on

in vitro inhibition of the mycelium

Pathogen

Isolate

STE-U no.

EC50 (mg L�1) of 6PPa

EC50 Mean EC50
b

Eutypa lata 5692 48�41 47�41 � 1�41
6513 46�41

Phaeomoniella chlamydospora 6384 90�02 91�72 � 1�70
7732 93�42

Neofusicoccum australe 7025 46�99 47�96 � 1�54
7029 48�92

Neofusicoccum parvum 4439 48�60 46�04 � 3�62
4584 43�48

aThe EC50 is the effective concentration of 6PP that inhibited radial

growth by 50%. EC50 values are compared to the control with solvent

only (0�1% methanol), computed from a Gombertz (sigmoid) function

(for all isolates R2 > 0�956; P < 0�001).
bEC50 � SE of mean of each isolate from two independent experi-

ments.
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wound and start responding to stimuli such as the pres-
ence of competing microbes. The importance of 6PP in
the Trichoderma–pathogen interaction is further sug-
gested by the reduction/loss of in vitro antagonistic abil-
ity of the mutant MT77 that could not produce 6PP.
Although there was little variation in the sensitivity of
isolates of the same pathogen to 6PP, in the natural pop-
ulations such variation may occur. Walter et al. (2000)
produced mutant isolates of B. cinerea by UV irradiation
that were tolerant to high concentrations of 6PP, but the
tolerance to 6PP was lost after growth on plant material
(kiwifruit slices). Some fungi that can break down 6PP
to less toxic compounds have also been reported (Coo-
ney & Lauren, 1999). However, because biological con-
trol agents have more than one mechanism of action,
resistance to the biocontrol agent is not likely to

develop. Testing of sensitivity of B. cinerea to pyrrolni-
trin, an antifungal substance produced by a biocontrol
strain of Pseudomonas chlororaphis, revealed a wide
range of sensitivity to the compound, but all isolates
were equally sensitive to the bacteria (Ajouz et al.,
2011). This indicates the involvement of other mecha-
nisms and the importance of having more than one
mode of action.
The concentrations of the 6PP in situ production are

likely to be higher at the microzone of interaction
between the competing fungi (Trichoderma and patho-
gen), and are not toxic to the plant. It is likely that 6PP
will continue to be produced for as long as the Tricho-
derma persists on the plant, which suggests the impor-
tance of selecting a strong producer of 6PP for
biocontrol applications on grapevine trunk pathogens.
Trichoderma species are amongst the most commer-

cialized fungal genus of biocontrol agents, and, as far as
is known, represent the only biological active principle
registered so far for the control of grapevine trunk dis-
eases. The selection of potential biocontrol agents is lar-
gely based on the ability to antagonize pathogens
in vitro, by using, among other mechanisms, the activity
of cell wall degrading enzymes (Harman et al., 2004).
However, the production of secondary metabolites may
be equally important for some pathosystems and should
also be considered in selection of ‘elite’ biocontrol
agents. The search for bioactive compounds from bio-
control agents should continue to be an important
branch of traditional biotechnology, especially in the
light of a necessary reduction in the use of chemical fun-
gicides. Secondary metabolites produced by beneficial
fungi such as Trichoderma spp. are known to be highly
biodegradable and may provide opportunities to discover
novel and safer biofungicides. In addition, it would be
interesting to investigate the effect of Trichoderma sec-
ondary metabolites on the ability of the pathogen to pro-
duce toxins that are recognized as key virulence/
pathogenicity factors.

Table 2 Effect of growth medium on sensitivity of grapevine trunk pathogens to 6-pentyl-a-pyrone (6PP), a secondary metabolite from Trichoderma

spp.

Mediuma

Inhibition of mycelial growth of pathogen isolates (%)b

Eutypa lata

Phaeomoniella

chlamydospora Neofusicoccum australe Neofusicoccum parvum

5692 6513 6384 7732 4439 4584 7025 7029

PDA 82�48 c 80�31 c 70�01 e 60�52 f 73�97 c 78�74 b 78�26 c 78�13 cd

MEA 73�87 e 77�01 d 78�07 d 87�35 bc 64�23 e 72�00 cd 75�48 def 76�80 cde

GCBM 69�45 f 76�32 d 68�50 e 62�68 f 64�87 e 69�46 d 69�88 h 74�16 efg

Pezet’s 92�05 b 100 a 85�74 c 85�27 c 72�19 cd 72�96 c 71�56 gh 73�13 gf

Vogel’s N 100 a 100 a 92�09 a 90�49 ab 83�75 a 81�56 ab 93�75 b 96�88 a

LSDc 2�26 2�98 2�70 4�62

PDA, potato dextrose agar; MEA, malt extract agar; GCBM, grapevine cane-based medium.
aPathogens were grown on medium amended with 150 mg L�1 6PP.
bValues followed by the same letter are not significantly different for the same pathogen.
cData was analysed by ANOVA followed by Fisher’s LSD test at P = 0�05 for each pathogen separately.
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Figure 6 Inhibition of ascospore and conidia germination by varying

concentration (0–200 mg L�1) of 6-pentyl-a-pyrone (6PP) on grapevine

trunk pathogens Eutypa lata, Phaeomoniella chlamydospora,
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P = 0�05).
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