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4. EXECUTIVE SUMMARY

Objectives and Rationale
Trichoderma spp. has the potential to prevent infection of black foot disease (BFD) pathogens of
nursery vines. The objectives included i) testing the efficacy of Trichoderma spp. against black foot
pathogens in vitro; testing different Trichoderma products and methods of application; determine
the extent of Trichoderma colonisation of rootstocks and roots and lastly, to assess the activation of
grapevine rootstock defence genes by Trichoderma spp.

Methods
Ten Trichoderma spp. isolates were tested in vitro for their ability to inhibit the mycelial growth of
four BFD pathogens by means of volatile organic compounds (VOCs), diffusible antibiotic
compounds (DACs) and direct antagonism. Field trials were conducted over two seasons to assess
i) the effect of different application methods and ii) different commercially available Trichoderma
products on Trichoderma colonization and BFD control. Trichoderma colonization of dormant
rootstock shoots were assessed by soaking the shoots in spore suspensions. Additionally, early
Trichoderma colonization was investigated by drenching young rooted rootstock plants with spore
suspensions. Infection and growth was further observed by generating a fluorescent T. atroviride
T77:tdTomato strain through Agrobacterium transformation. The activation of defence genes of
rooted rootstock plants were assessed after 10 and 21 days of drenching with Trichoderma
suspensions.  mRNA was extracted from leaves and the expression levels of twelve defence genes
in relation to two housekeeping genes determined.

Key Results
In most cases Trichoderma inhibited the growth of BFD pathogens, though higher growth inhibition
was obtained with the DACs than the VOCs. For both classes of compounds D. macrodidyma were
found to be more sensitive. From the field trials’ testing, the different application methods clearly
showed that dipping the basal ends in a dry formulation followed by monthly soil drenches,
consistently gave higher colonization of Trichoderma spp. Field drenching alone was significantly
less effective. Soaking of the basal ends of vines in a conidial suspension for one hour was
ineffective and did not differ from the untreated control. The trial evaluating different
Trichoderma-based products showed products that contain T. atroviride originating from grapevine,
namely Eco 77®, USPP-T1 and USPP-MT1 to be more effective in colonizing nursery vine
rootstocks. In the 2016/17 season all of the products resulted in significantly lower BFD pathogen
incidence in the basal ends of the vines. Trichoderma atroviride has the ability to colonise
grapevine roots as well as the base of the rootstock of young plants three days post drenching. The
early establishment of T. viride T77: tdTomato could be visualised within roots after 21 days with
confocal microscopy. On dormant rootstock shoots did a longer soaking period not significantly
increase T. atroviride colonization. The gene expression results showed that the cultivar,
Trichoderma isolate and time assessed had an effect on defence gene induction.

Key Conclusion of Discussion
The newly developed application technique consisting of a dry product application to the basal
ends of vines post callusing in combination with monthly soil drenches gave consistent better
colonization of Trichoderma spp. over the two seasons, while simultaneously providing a certain
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degree of protection against infection of the basal ends of vines to BFD pathogens. This protection
was, however, not found on the roots, most probably due to the larger volume of roots exposed to
black foot inoculum in the soil.

Recommendation to Industry / Key take-home message
Black foot infections of nursery vines can’t solely be controlled by Trichoderma applications and
need to be incorporated in an integrated control strategy. To ensure black foot free nursery vines,
the best method of control would be hot water treatment of vines prior to sale.

5. PROBLEM IDENTIFICATION AND MOTIVATION

Problem Identification

Currently there are no registered Trichoderma products for grapevine root application. Visual observations
of Trichoderma spp. growth in roots has not been done and would aid in selecting effective Trichoderma
isolates. Trichoderma spp. activates plant host defence genes, which prime the plant against pathogen
attack. The activation of grapevine defence genes by Trichoderma spp. has only recently been established
for grapevine cell cultures and need to be expanded to test in planta.  Understanding the efficacy of root
colonization and host defence activation of rootstocks is essential as first step in evaluating the use of
Trichoderma spp. in nurseries and new vineyards.

Motivation
Research has shown that grapevine nursery plants get infected by black foot pathogens present in the
soil. Trichoderma spp. has the potential to be used to control the infection of black foot pathogens and has
the added benefit of growth promotion. The efficacy of Trichoderma spp. towards the different fungal
pathogens causing black foot has not been determined. Various Trichoderma products are available for
grapevine pruning wound application, but these have not been tested for root application. In vitro and in
the field testing is necessary to be able to determine their efficacies.

6. ACCUMULATED OBJECTIVES TABLE

Performance chart
Objectives Milestones Original Target Date Date achieved

O1. To determine the efficacy
of Trichoderma spp. against
black foot pathogens in vitro.

M1.1 Test Trichoderma spp.
against black foot pathogens
using the volatile test.
M1.2 Test Trichoderma spp.
against black foot pathogens
using the metabolite
secretion in agar test.
M1.3 Test competitive growth
with dual plate test.

05/2016

08/2016

09/2016

05/2016

06/2016

05/2018

O2. Evaluate different
methods of application to
nursery vines post callusing.

M2.1 Initiate the first field trial
after callusing.
M2.2 Evaluate grapevines
from first field trial.
M2.3 Initiate the second field

10/2016

05/2017

10/2017

10/2016

05/2017

10/2017
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trial after callusing.
M2.4 Evaluate grapevines
from second field trial.

06/2018 07/2018

O3.Evaluate different
Trichoderma products in the
field.

M3.1 M2.2 Initiate first field
trial.
M3.2 Evaluate grapevines
from first field trial.
M3.3 Initiate second field
trial.
M3.4 Evaluate grapevines
from second field trial.

10/2016

05/2017

10/2017
06/2018

10/2016

05/2017

10/2017
07/2018

O4. Evaluate the extent of
Trichoderma colonisation of
rootstocks and roots.

M4.1 Determine Trichoderma
colonisation of rootstock
base of ‘plantlote’.
M4.2 Determine Trichoderma
colonisation of graftlings after
callusing.
M4.3 Determine Trichoderma
colonisation of roots.
M4.4 Transform Trichoderma
and black foot pathogens
with gfp and DsRed
fluorescent pigment. (NEW)
M4.5 Inoculate rooted plants
with marker labelled
Trichoderma and black foot
pathogens and follow the
growth with microscopy.
(NEW)

07/2016

12/2016

05/2017

12/2017

06/2018

01/2017

07/2018

06/2018

07/2018

03/2019

O5.To determine the
activation of host defence
genes by Trichoderma spp.
and black foot pathogens
when applied to the roots.

M5.1 Determine method for
inoculation for black foot
pathogens.
M5.2 Establish time when
infection of roots takes place
after drenching of soil with
Trichoderma.
M5.3 Develop protocol for the
extraction of mRNA from
grapevine rootstock and
roots.
M5.4 Make plants from hot
water treated rootstock
propagation shoots and keep
in glasshouse.
M5.5 Assess grapevine host
defence activation towards
Trichoderma spp. or black
foot pathogens.

05/2017

07/2017

07/2017

08/2017

06/2018

12/2017

12/2017

12/2018

12/2018

03/2019
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7. WORKPLAN (MATERIALS AND METHODS)
W1 - To determine the efficacy of Trichoderma spp. against black foot pathogens in vitro
Fungal isolates

Ten Trichoderma spp. isolates, of which eight are from commercial products (Table 1), were tested in vitro
for their ability to inhibit the mycelial growth of BFD pathogens according to in vitro assays by Dennis and
Webster (1971a; b) with some amendments. The BFD pathogens included three isolates of Ca.
fasciculare, Ca. pseudofasciculare, D. macrodidyma and I. liriodendri, respectively (Table 2).

M1.1 Test Trichoderma spp. against black foot pathogens using the volatile test.

Trichoderma isolates and BFD pathogens were grown on potato dextrose agar (PDA) (Biolab, Midrand,
South Africa) in the dark at 25°C for three and seven days, respectively. Mycelial plugs (5 mm) were cut
from the growing margins of the colonies and placed face down in the center of 90 mm PDA Petri dishes.
The Petri dishes containing the pathogens were then inverted over the ones containing the Trichoderma
isolates in all combinations and sealed with Parafilm® M (Bemis, Neenah, Wisconsin). The Petri dishes
were incubated in the dark at 25°C for seven days. Control plates were set up in the same manner, with
the exception that BFD pathogen inoculated dishes were combined with sterile PDA Petri dishes.
Following the incubation period, the colony diameters of BFD pathogens from each Petri dish were
measured twice, perpendicular across the colony.

M1.2 Test Trichoderma spp. against black foot pathogens using the metabolite secretion in agar
test.

Trichoderma isolates and BFD pathogens were grown on PDA in the dark at 25°C for three and eight
days, respectively. Mycelial plugs (5 mm) cut from the growing margins of the Trichoderma colonies were
placed face down on autoclaved 50 μm thick cellophane membranes (Sigma, Germany) (85 mm in
diameter) covering PDA Petri dishes. The Petri dishes were then incubated in the dark at 25°C until a
colony diameter of 50 mm was reached (ranging from 42 to 48 hr). Following the incubation period the
cellophane membranes were removed ensuring that the Petri dishes were completely free of Trichoderma
spores and mycelia. The Petri dishes were then re-inoculated with mycelial plugs (5 mm) cut from the
growing margins of the BFD pathogen colonies and incubated in the dark at 25°C for a duration of six
days. Control plates were set up in the same manner, with the exception that Trichoderma were not
inoculated on the cellophane membranes. Following the incubation period, the colony diameters of BFD
pathogens from each Petri dish were measured twice, perpendicular across the colony.

M1.3 Test competitive growth with dual plate test.

Trichoderma isolates and BFD pathogens were grown on PDA in the dark at 25°C for three and seven
days, respectively. Mycelial plugs (5 mm) of the pathogen were cut from the growing margins of the
colonies and placed face down on one side of 90 mm Petri dishes. The Petri dishes were then incubated
in dark conditions at 25°C for four days. Following this incubation period mycelial plugs (5 mm) were cut
from the growing margins of the Trichoderma colonies and placed face down opposing the BFD pathogen
colonies and incubated for another six days. The duel-inoculated plates were then used to observe the
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interaction zones macroscopically. Hyphal interactions were observed by mounting an agar block cut from
the interaction of zone between the Trichoderma isolates and one isolate of each BFD pathogen on a slide
and viewing with a Nikon Eclipse E600 compound microscope at various levels of magnification (200×,
400× and 1000× in oil immersion).

Statistical analyses

Six replicates were done for the volatile organic compound and diffusible antibiotic compound
experiments. The percentage inhibition for each treatment was calculated by using the formula:
Percentage inhibition of pathogen colony = [(Colony radius of control – Colony radius of treatment)/
Colony radius of control] × 100. Normality of standardized residuals was confirmed by Shapiro-Wilk test
(Shapiro and Wilk, 1965). Levene’s test was used to verify the homogeneity of factor (treatment) variances
(Levene, 1960). The data were subjected to analysis of variance (ANOVA) using General Linear Models
Procedure (PROC GLM) of SAS Version 9.2 (SAS Institute Inc., Cary, USA). Fisher’s least significant
difference (LSD) was calculated at the 5% level to compare factor means (Ott and Longnecker, 2001). A
probability level of 5% was considered significant for all significance tests.

W2 - Evaluate different methods of application to nursery vines post callusing (include M2.1-2.4).

Sauvignon blanc scion (V. vinifera, clone SB316G) grafted onto rootstock cultivar Ramsey (V. champinii,
clone SC18AB) callused graftlings were used. All hand grafting, standard cold callusing and HWT prior to
grafting took place according to standard nursery practices at a commercial grapevine nursery located in
the Wellington region (Western Cape, South Africa). Trichoderma atroviride (T2) was formulated as wet-
and dry product formulations (ABM Africa Division).

Graftlings were randomly selected and individually labeled before treatments commenced.
Treatments consisted of i) coating the basal ends with dry product, ii) coating the basal ends with dry
product followed by one soil drench per month for 6 months, iii) HWT (of dormant rootstock and scion
shoots) at 50°C for 30 min and coating the basal ends with dry product, iv) soil drenching directly after
planting followed by one soil drench per month for 6 months, v) soaking for 1 hr in conidial suspension, vi)
HWT at 50°C for 30 min and soaking for 1 hr in conidial suspension, vii) HWT at 50°C for 45 min and
soaking for 1 hr in conidial suspension, viii) HWT at 50°C for 30 min, ix) HWT at 50°C for 45 min and x) an
untreated control. For the respective treatments that received dry product applications (i, ii, iii) the basal
ends (approximately 30 mm) of the rootstock material were dipped in water and then in 1 kg dry product
formulation (2×108 CFU.g-1), while for soaking (v, vi, vii) the basal ends (approximately 150 mm) of the
rootstock material were soaked in a conidial suspension (1×106 CFU.mL-1) for 1 hr. However, a number
of treatments were adapted or added in the second growing season and, therefore, treatments vi, vii, viii
and ix were not repeated over two growing seasons.

Following on site treatment, the graftlings were planted in a nursery field for rooting according to a
randomized block design with 100 graftlings per treatment, replicated five times and repeated over two
seasons, 2016/17 (October 2016 to May 2017) and 2017/18 (October 2017 to May 2018). Due to the
nursery practice of rotation of fields, the two seasons’ trials were planted on different sites of the same
nursery. Graftlings were planted at 5 cm spacing within rows, and 60 cm between rows. For treatments
receiving soil drenches (ii, iv) the root zones of the respective plots were drenched with 10 L of conidial
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suspension (1×106 CFU.mL-1) at monthly intervals for six months after planting. Normal nursery practices
(irrigation, nutrition, cultivation practices and disease- and pest management) were followed for the
duration of each growing season.

Determination of growth parameters

The graftlings were uprooted after 7 months according to standard nursery practice. The number of
certifiable vines, according to the standards of the Vine Improvement Association (PO Box 166, Paarl
7622, South Africa), was determined as a percentage of the total number of grafted cuttings planted. The
total wet root mass (g) of all vines was determined.

Determination of fungal incidence

Twenty-five vines per replicate (in total 1675 vines in 2016/17 and 2025 vines in 2017/18) were randomly
selected and used to determine the incidence of BFD pathogens and Trichoderma spp. by means of
destructive sampling. The basal section (within 50 mm of the rootstock base) and four roots were removed
from each rootstock, surface sterilized (30 s in 70% ethanol, 1 min in 3% sodium hypochlorite and 30 s in
70% ethanol) and air-dried in a laminar flow cabinet. The basal section was sectioned longitudinally to
reveal the xylem and pith regions. Four small sections (2 × 1 mm) were cut from both the xylem and pith
(10 – 50 mm from the basal end). A set of four pieces was placed per PDA dish amended with
chloramphenicol (PDA-C; 250 mg.L-1). One section from each root at three intervals (four pieces from 20
mm from the rootstock attachment, the central part and root tips, respectively) were cut and transferred to
PDA-C. The Petri dishes were then incubated at 25°C under 12 hr fluorescent white light/dark regime and
inspected for new fungal growth daily.

Identification of fungal isolates according to colony morphology

The fungal isolates were arranged into different taxonomic groups based on its cultural growth
characteristics. The cultural characteristics included colony size, color, texture and shape. The occurrence
of Trichoderma spp. was notated and isolates resembling BFD pathogens were sub-cultured. After a
colony diameter of approximately 60 mm was reached, mycelia were scraped and stored at −80°C for
molecular identification at a later stage. The occurrence of both Trichoderma spp. and BFD pathogens
were recorded as a percentage of the total number of tissue sections colonised (xylem, pith and three root
intervals).

Molecular identification of BFD isolates

DNA extraction

In order to verify the cultural identification of BFD pathogens a subgroup consisting of 27% of the total
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isolates were selected for molecular identification up to genus level. Genomic DNA was extracted from
fungal mycelium as described by Damm et al. (2008) with some amendments. Mycelia was placed in 2 mL
Eppendorf tubes with 0.5 g glass beads and 600 μL CTAB (2% CTAB; 1M Tris, pH 7.5; 5M NaCl; 0.5M
EDTA, pH 8.0). Samples were homogenized in a Retsch® mill (Verder Scientific, Haan, Germany) for 5
min at 30 Hz. Following an incubation step at 65°C for 30 min, 400 μL chloroform:isoamylalcohol (24:1)
was added and centrifuged at 13100 rpm for 15 min. The supernatant was transferred to new Eppendorf
tubes containing 250 μL ammonium acetate (7.5 M) and 600 μL isopropanol, followed by an incubation
period of 30 min at –20°C. The Eppendorf tubes were again centrifuged at 13100 rpm for 15 min and the
supernatant discarded. One milliliter of 70% ethanol was added and centrifuged for a further 5 min. The
supernatant was discarded and the pellets dissolved in 100 μL double distilled water (ddH2O).

Primer design

Genus-specific primers for Campylocarpon spp. were developed from the internal transcribed spacers 1
and 2 as well as the 5.8S rRNA gene (ITS). Reference sequences were obtained from the nucleotide
database GenBank of the National Centre for Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov/nucleotide/) and aligned using MAFFT v. 7 (Katoh and Standley, 2013).
Primers were designed from sites within the ITS that i) showed homology between Campylocarpon spp.
sequences, and simultaneously ii) heterogeneity between Campylocarpon and other closely related
species sequences. In this manner the primer pair, CamF and CamR were designed (Table 3).

Polymerase chain reaction (PCR) and electrophoresis

PCR-parameters for the newly designed Campylocarpon spp. primer set were evaluated and optimized.
All isolates were screened with the primer set. In a total reaction volume of 20 μL the PCR reaction
contained 2 μL of DNA, 10 μL GoTaq® green master mix (Promega Corporation, Madison, Wisconsin,
USA), 0.8 μL CamF (10 μM), 0.8 μL CamR (10 μM), and 6.4 μL ddH2O. Reaction conditions consisted of
an initial denaturation step at 94°C for 4 min followed by 35 cycles of 45 s at 94°C, 30 s at 67°C and 1 min
at 72°C with a final extension step at 72°C for 6 min.

All isolates that did not amplify with the latter primer set (including Dactylonectria spp. and
Ilyonectria spp.) were identified by amplifying the partial β-tubulin gene region using the primers YT2F
(Tewoldemedhin et al., 2011) and CylR (Dubrovsky and Fabritius, 2007) (Table 3). In a total reaction
volume of 20 μL the PCR reaction contained 2 μL of DNA, 10 μL GoTaq® green master mix (Promega
Corporation, Madison, Wisconsin, USA), 0.6 μL YT2F (10 μM), 0.6 μL CylR (10 μM), and 6.8 μL ddH2O.
Reaction conditions consisted of an initial denaturation step at 94°C for 4 min followed by 35 cycles of 45
s at 94°C, 30 s at 60°C and 1 min at 72°C with a final extension step at 72°C for 6 min.

To distinguish Ilyonectria liriodendri the partial β-tubulin gene region were amplified using the
primers CyliF1 and CyliR1 (Mostert et al., 2010) (Table 3). For the primer set a total reaction volume of 20
μL the PCR reaction contained 2 μL of DNA, 10 μL GoTaq® green master mix (Promega Corporation,
Madison, Wisconsin, USA), 0.6 μL CyliF1 (10μM), 0.6 μL CyliR1 (10 μM), and 6.8 μL ddH2O. Reaction
conditions consisted of a touchdown cycling program with an initial denaturation step at 94°C for 5 min
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and then 94°C for 45 s with 6 cycles at 66°C for 30 s, 5 cycles at 62°C for 30 s and 20 cycles at 60°C for
30 s, with an extension step at 72°C for 1 min and a final extension step at 72°C for 6 min.

In order to validate specificity of the primer sets PCR assays were performed using genomic DNA
of eight BFD pathogens including Ca. fasciculare, Ca. pseudofasciculare, D. alcacerensis, D.
macrodidyma, D. novozelandica, D. pauciseptata, D. torresensis, I. liriodendri and five negative controls
including Diplodia seriata, Fusarium solani, Phaeoacremonium minimum, Phaeomoniella chlamydospora,
Phytophthora niederhauserii and Pythium irregulare (Table 4). All PCR reactions were performed in an
Applied Biosystems 2700 PCR machine (Carlsbad, California, USA).

PCR products were separated by electrophoresis alongside a 100-bp DNA ladder (GeneRuler™,
Thermo Fisher Scientific, Waltham, Massachusetts, USA) on a 1% (w/v) agarose gel in TAE running buffer
(0.4 M Tris, 0.05 M NaAc, and 0.01 M EDTA, pH 7.5) stained with ethidium bromide. The GeneGenius Gel
Documentation and Analysis System (Syngene, UK) were used to visualize the gel under ultraviolet (UV)
light.

Sequencing of PCR products and identification

In order to verify the specific primer identifications, eight PCR products were sequenced for the primer
sets CamF/CamR and YT2F/CylR and two PCR products for the primer set CyliF1/CyliR1. A subset of 32
isolates that did not amplify was sequenced to determine its identity. The PCR products were purified
using the MSB® Spin PCRapase kit (Invitek, Berlin, Germany) according to the manufacturer’s
instructions. The PCR products were prepared for forward and reverse sequencing using the ABI PRISM
Big Dye Terminator v3.1 Cycle Sequencing Ready Reaction Kit (PE Biosystems, Foster City, California,
United States) with the primers used in the initial PCR reactions. Reaction conditions consisted of 1
minute at 95˚C, 30 cycles of 10 s at 95˚C, 5 s at 50˚C and 4 min at 60˚C, with a final extension of 30 s at
60˚C. The nucleotide order of samples was read in an ABI 3130xl DNA sequencer (Perkin-Elmer, Norwalk,
California, United States) at the DNA Sequencing Unit at the Central Analytical Facility (CAF) of
Stellenbosch University. Consensus sequences were made from the forward and reverse sequences in
Geneious R10.1.3. (Biomatters Ltd., Auckland, New Zealand). The identity of the sequences was
determined through the Basic Local Alignment Search Tool (BLAST) of NCBI
(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Statistical analysis

The data of certifiable plant yield were analyzed as is. For the root mass the averages were determined
across experimental units (Treatment × Block). In order to determine the percentage incidence of
Trichoderma- and BFD isolates total counts were calculated across plants per experimental unit
(Treatment × Block) and determined by applying the following rules: (If Trichoderma per tissue type > 1,
then Trichoderma Incidence per tissue type = 1; If Black foot per tissue type > 1, then Black foot Incidence
per tissue type = 1). It was then calculated as the percentage of plants in which the fungi were present by
using the following formula: Percentage Trichoderma incidence = (Trichoderma Incidence / Graftlings) ×
100; Percentage BFD incidence = (Black foot Incidence / Graftlings) × 100. Normality of standardized
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residuals was confirmed by Shapiro-Wilk test (Shapiro and Wilk, 1965). Levene’s test was used to verify
the homogeneity of factor (treatment) variances (Levene, 1960). If experiments were not of comparable
precision a weighted ANOVA was performed (John and Quenouille, 1977). ANOVA were performed per
season and tissue group; per season with tissue groups as subplotfactor and with seasons combined
using General Linear Models Procedure (PROC GLM) of SAS. Fisher’s least significant difference was
calculated at the 5% level to compare treatment means for significant effects (Ott and Longnecker, 2001).
A probability level of 5% was considered significant for all significance tests.

W3 -  Evaluate different products in the field (M3.1-3.4)

The efficacy of different commercially produced Trichoderma products to colonise nursery vines and
control BFD was assessed. ABM Africa Division formulated isolate T1 and T2, while the majority of
products were sourced locally and one internationally. Sauvignon blanc scion (V. vinifera, clone SB316G)
grafted onto rootstock cultivar Ramsey (V. champinii, clone SC18AB) callused graftlings were used. All
hand grafting and standard cold callusing took place according to standard nursery practices at a
commercial grapevine nursery located in the Wellington region (Western Cape, South Africa).

Graftlings were randomly selected and individually labeled before treatments commenced.
Treatments included eight commercially produced Trichoderma products namely i) Awegenic Tri-cure™, ii)
Bio-Tricho, iii) Eco 77®, iv) Excalibur Gold™, v) Trichoflo™, vi) TrichoPlus™, vii) USPP-MT1, viii)
USPP-T1 and ix) an untreated control (Table 1). With the exception of the USPP-MT1 treatment, the basal
ends (approximately 30 mm) of the rootstock material for an entire treatment were dipped in water and
then in 1 kg of the respective dry products. For the USPP-MT1 treatment, the bottom ends of the graftlings
were dampened with Bendazid® 500 SC before it was dipped in 1 kg of the dry formulation thereof.

Following on site treatment, the graftlings were planted in a nursery field for rooting according to a
randomized block design with 100 graftlings per treatment, replicated four times and repeated over two
seasons, 2016/17 (October 2016 to May 2017) and 2017/18 (October 2017 to May 2018). Graftlings were
planted at 5 cm spacing within rows, and 60 cm between rows. The root zones of the treated plots were
drenched with 10 L of conidial suspension (1×106 CFU.mL-1) of the respective Trichoderma products at
monthly intervals for the first three months after planting. Normal nursery practices (irrigation, nutrition,
cultivation practices and disease- and pest management) were followed for the duration of each growing
season.

Isolations, fungal identification and statistical analyses were done as described in objective 2.

W4 -  Evaluate the extent of Trichoderma colonisation of rootstocks and roots.

M4.1 Determine Trichoderma colonisation of rootstock base of ‘plantlote’.

Grapevine cultivars and fungal isolates

The endophytic growth of T. atroviride in grapevine rootstock xylem vessels, phloem elements and pith
were evaluated using one-year-old dormant rootstock shoots of five grapevine rootstock cultivars including
Ramsey (Vitis champinii), Richter 99 (V. berlandieri × V. rupestris), Richter 110 (V. berlandieri × V.
rupestris), US 8-7 [Jacquez (V. aestivalis × V. cinerea × V. vinifera) × Richter 99] and Paulsen 1103 (V.
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berlandieri × V. rupestris). Trichoderma atroviride (T2) was formulated as a wet product formulation (ABM
Africa Division).

Treatment

All of the plant material was disinfected with a quaternary ammonium product Sporekill® (ICA International
Chemicals, South Africa) and underwent hot water treatment (HWT) for a period of 45 min at 50°C.
Rootstock shoots were then surface sterilized (30 s in 70% ethanol, 1 min in 1% sodium hypochlorite and
30 s in 70% ethanol) and air dried in a laminar flow cabinet. The basal ends (50 mm) of the rootstock
material were soaked in a Trichoderma atroviride conidial suspension (1×106 CFU.mL-1) for 1 min, 10
min, 1 hr and 2 hrs, respectively. Five shoots of each cultivar were used per treatment and the trial was
repeated. The rootstock material was then incubated in sterile moisture chambers at 25°C for 7 days.

Fungal isolations

Following the incubation period wood tissue isolations were made. The plant material was surface
sterilized as described above and air-dried in a laminar flow cabinet. The shoots were sectioned
longitudinally to reveal the xylem and pith regions. Four small sections (2 × 1 mm) were cut from both the
xylem and pith tissue at five intervals (20 mm apart) and transferred to PDA amended with streptomycin
sulphate (PDA-S) (40 mg.L-1, Calbiochem, Merck). The Petri dishes were then incubated at 25°C and
inspected daily for subsequent fungal growth to determine the depth of endophytic colonization by
Trichoderma. The fungal growth in each rootstock was determined as a percentage of the isolated
segments colonised.

Statistical analyses

The data from the five cultivars were combined in split-split plot design. The data were logit transformed
prior to analysis. The data were subjected to ANOVA using General Linear Models Procedure (PROC
GLM) of SAS. Normality of standardized residuals was confirmed by the Shapiro-Wilk test (Shapiro and
Wilk, 1965). Levene’s test was used to verify the homogeneity of factor (cultivars) variances (Levene,
1960). Fisher’s least significant difference (LSD) was calculated at the 5% level to compare treatment
means (Ott and Longnecker, 2001). A probability level of 5% was considered significant for all significance
tests.

M4.2 Determine Trichoderma colonisation of graftlings after callusing and M4.3 Determine
Trichoderma colonisation of roots.

Trichoderma colonisation of graftlings after callusing has been assessed by the two field trials. In M4.2
and M4.3 the focus was rooted rootstock plants made from dormant shoots.
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Fungal isolates used

Isolates of Trichoderma atroviride T-77, T. atroviride USPP-T1, Campylocarpon fasciculare STEU 8282,
Campylocarpon pseudofasciculare STEU 8280, Dactylonectria macrodidyma STEU 8264 and Ilyonectria
liriodendri STEU-8266 were grown on Potato Dextrose Agar (PDA, 39 g. L-1) for two weeks (Department
of Plant Pathology culture collection, Stellenbosch University). T. atroviride T-77 is from the commercial
biological control product Eco77 (Plant Health Products™, Pietermaritzburg, South Africa).

Plant material used

Five grapevine rootstocks cultivars including 101.14 MGT (Vitis riparia x Vitis rupetris), Richter 110 (Vitis
berlandieri x Vitis rupestris), Ramsey (Vitis champinii), US 8-7 (Jacquez: Vitis aesativalis x Vitis cinerea x
Vitis vinifera and Richter 99) and Paulsen 1103 (Vitis berlandieri x Vitis rupestris) were used
(Voor-Groenberg, Wellington, South Africa). The cuttings were disinfected by soaking it in Sporekill® for 1
hour and underwent hot water treatment for a period of 45 min at 50⁰C. Two-bud cuttings were dipped in
4-Indole-3-butyric acid powder and rooted in a mist bed filled with perlite and maintained at 26℃ under
day light conditions. The cuttings were watered for 10 s every 15 min for the first five weeks and then
reduced to 2 min twice a day. The rooted cuttings were transplanted into a perlite cup system after six
weeks.

Experimental designs

Trial 1

Plants of Ramsey, Richter 110 and 101.14 MGT presenting six fully developed leaves were inoculated with
a spore suspension of T. atroviride T-77, T. atroviride USPP-T1 or a combination of both (1 x 106
spores/mL). Each plant was inoculated with 100 mL of the spore suspension or 100 mL of water for the
control plants. Ninety plants were used per treatment and a total of 450 plants were inoculated.

Trial 2

Plants of Richter 110 presenting six fully developed leaves were inoculated with a spore suspension of T.
atroviride T-77 or T. atroviride USPP-T1 (1 x 106 spores/mL). Each plant was inoculated with 100 mL of
the spore suspension or 100 mL of water for the control plants. Fifteen plants were used per treatment and
a total of 45 plants were inoculated.

Trial 3

Plants of Richter 110, Ramsey, US 8-7 and Paulsen 1103 presenting six fully developed leaves were
inoculated with a spore suspension of either T. atroviride T-77 or T. atroviride USPP-T1 to study the
re-isolation and the host defence activation. Each plant was inoculated with 100 mL of the spore
suspension or 100 mL of water for the control plants. One hundred plants were used per treatment and a
total of 400 plants were inoculated for re-isolations and host defence activation.
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Re-isolation of Trichoderma atroviride

Roots were harvested for re-isolations three weeks after inoculation. The roots were rinsed with water and
surface sterilized (30 s in 70% ethanol for, 1 min in 3.5% sodium hypochlorite, 30 s in 70% ethanol). Four
pieces of roots were plated on PDA plates amended with streptomycin (40 mg.L-1) (PDA+) and two plates
used per plant. The plates were then incubated at room temperature in day light conditions. In addition, for
the last experiment T. atroviride were also re-isolated from the crown sections. Four small sections of the
crown were plated on one PDA+ plate per plant. The fungal growth in each rootstock was determined as a
percentage of the isolated segments colonised after three weeks.

M4.4 Transform Trichoderma and black foot pathogens with gfp and DsRed fluorescent pigment.
(NEW)

Protoplast transformation of Trichoderma atroviride and black foot pathogens with GFP and
DsRed fluorescent pigment

Cloning of plasmid vectors

The first step was to generate a stock of bacterial plasmid vector of the marker genes GFP and DsRed.
Plasmids pCT74 (GFP) and pPgpd-DsRed were concentrated by evaporation and cloned into E. coli dh5α
competent cells. Fifty µL aliquots of competent cells were thawed from −80 ℃ to 4 ℃ on ice. Competent
cells were gently mixed with 1 µL of concentrated plasmids and incubated for 30 min on ice. The reactions
mix were then heat shocked at 42 ℃ for 40 s and incubated on ice for 2 min. Cells were centrifuged at 14
000 rpm for 30 s and the supernatant discarded from the cell pellet. Cells were then resuspended in 100
µL LB medium and sprayed on two LB agar plates supplemented with ampicillin (100 µg.mL-1). The
plasmid vectors of marker genes also contain an ampicillin resistance gene that allows for the selection of
bacteria that integrated them. Plates were incubated over night at 37℃. A PCR on the colony was
performed the following day to ensure that the growing bacteria contained the marker genes GFP or
DsRed. Primer sets used targeted GFP and DsRed genes. Few colonies were present on the plates
corresponding to the GFP cloning compared to DsRed. The PCR products were run on a 1.5% agarose
gel with pure plasmids as positive controls and water as negative control. The gel presented several
bands in colonies harvested from DsRed plates. The product is the same size as the product from this
amplification of pure pPgpd-DsRed plasmid. The cloning worked for the DsRed plasmid vector.

Bacterial plasmid purification

Thirty µL of clone bacteria containing the plasmid pPgpd-DsRed were inoculated in 100 mL LB ampicillin
(100 µg/mL) and grown over night at 37℃. A volume of 1.5 mL culture were transferred in 2 mL tubes and
centrifuged at 10 000 rpm for 30 s. The supernatant was discarded and the tubes inverted to dry the
bacterial pellet as much as possible. Tubes were then stored at −20 ℃. The pellet was defrosted and
resuspended in 100 µL of S1 (50 mM glucose, 25 mM Tris-HCl pH8, 10 mM EDTA, 4 ℃). Two hundred µL
of S2 (0.2 N NaOH, 1% SDS) were then added, followed by 150 µL of S3 (60 mL of 5 M Potassium
acetate, 11.5 mL glacial acetic acid and 28.5 mL H2O) before inverting the tubes five times to mix well.
The tubes were stored on ice for 5 min and centrifuged at 10 000 rpm for 5 min. The supernatant was
transferred to a new 2 mL tube. DNA was precipitated by adding 2 volumes of ethanol (room temperature),
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vortexed and allowed to rest 2 min at RT. The tubes were centrifuged at 10 000 rpm for 5 min. The
supernatant was discarded and tubes inverted on a paper towel to dry the DNA pellet. The pellet was
washed with 70% ice cold ethanol and dried again. DNA was finally resuspended in 50 µL RNAse water
(20 µg.mL-1). The quality and concentration of DNA was measured with a Nanodrop ND-1000.

Sporulation of fungal strains

The ability of fungal isolates to sporulate on PDA under day light and room temperature was assessed.
Campylocarpon fasciculare STEU 8281, C. pseudofasciculare STEU 8280, Ilyonectria liriodendri STEU
8266, T. harzianum, T. atroviride and T. virens produced copious amounts of spores in these conditions.
The first transformation were therefore conducted using the latter mentioned isolates.  The isolates C.
fasciculare STEU 8282, C. pseudofasciculare STEU 8279, I. liriodendri STEU 8267 and both
Dactylonectria macrodidyma STEU 8264 and STEU 8265 did not sporulate. These isolates were grown on
V8 medium and incubated for three to four weeks at 28 °C with 12 hours of normal light and 12 hours of
black light until sporulation occured. The protoplasting of Trichoderma atroviride was investigated to set up
the transformation protocol.

Generation of T. atroviride protoplasts

In order to form protoplasts, the cell wall of freshly germinated spores were digested by lysing enzymes. A
50 mL spore suspension (1 x 106 spores.mL-1) of T. atroviride T-77 or USPP-T1 was transferred into a
250 mL Erlen-Meyer flask before adding 50 mL of 2x YEG medium (0.8 g yeast extract, 4 g glucose, 200
mL H2O). Spores were allowed to germinate over night at 20℃, 100 rpm. This low temperature condition
was selected as Trichoderma atroviride is known to grow fast. However, germination was sufficient only at
12 pm on the next day. The temperature for germinating the spores was then set at 26 ℃ for the
transformation protocol. The current protocol used a cocktail of enzymes (Trichoderma lysing enzymes,
glucanases, cellulases and driselase), however, the recent work from Weyda et al. (2017) only used β-1,3
glucanases to generate protoplasts successfully. Two different concentrations of glucanase (GLUCANEX,
0.04 and 0.06 mg/mL) were tested in two different buffers. The first buffer consisted of a 20 mL 0.7 M NaCl
solution. The second was a protoplasting buffer (1.2 M MgSO4, 50 mM PBS, pH5) from Weyda et al.
(2017). Freshly germinated spores were centrifuged at 4 000 rpm for 10 min. The pellet was washed with
0.7 M NaCl using the same centrifugation settings. The pellet was then resuspended in either 20 ml of
enzyme suspension in 0.7 M NaCl or 50 mL of enzymes in the protoplasting buffer. Tubes were incubated
at 30℃, 50 rpm. The number of protoplasts released was then counted using a counting chamber.

Chemical integration of plasmid vectors

Chemical transformation requires the synthesis of unicellular fungal cells, which cell walls are weakened
by an enzymatic treatment. The 0.04 mg/mL glucanase treatment in 20 mL of a 0.7 M NaCl solution gave
to highest protoplast release. The highest release was observed 4 hours post treatment. The 0.04 mg/mL
in 0.7 M NaCl conditions were therefore used. Fungal protoplasts and plasmid vectors were suspended in
a solution of Polethylene glycol to force the integration in the nucleus. Protoplasts were then regenerated
on sugar rich medium, before being overlaid with PDA medium amended with Hygromycin B (200
mg.mL-1) according to McLean et al. (2009).
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Agrobacterium transformation of Trichoderma atroviride with GFP and tdTomato fluorescent
pigment

In this case, the transformation was mediated by the bacteria Agrobacterium tumefaciens. Two
Agrobacterium isolates used as vectors for plasmids containing genes coding for a GFP (green) and
tdTomato (orange-red) fluorescent proteins were kindly provided by Dr. Markus Gorfer (Austrian Institute of
Technology, Austria). These genes are under a fungal promotor. When Agrobacterium infects the young
mycelium of germinating spores, it integrates those genes in the fungal genome. The bacteria was
induced in a minimal medium (AtMM) containing plant cell wall pieces (3’,
5’-Dimethoxy-4’-hydroxy-acetophenone, referred to as Acetosyringone AS) and kanamycine. Once
induced, the bacterium was mixed with T. atroviride spores and plated on induction medium. This medium
consisted of an agar medium + AS. Plates were stored in dark conditions for 5 days before being overlaid
with selection medium (agar medium containing cefotaxim to kill Agrobacterium, and hygromycin 250
mg/mL) to select for T. atroviride transformants according to Gorfer et al. (2007). The Agrobacterium
transformation was repeated twice. No resistant transformants were able to overcome the selection
medium. The presence of Hygromycin B at a concentration 250 mg.mL-1 in the medium for selection were
found to be effective. T. atroviride could become resistant to Agrobacterium infection and therefore an
adapted protocol in which the T. atroviride spores were placed into Agrobacterium medium at 28 ℃ in dark
conditions overnight were tested and found to enhance the transformation. Three transformants of T.
atroviride T-77: tdTomato were obtained and plated on fresh medium. Single sporing was done three times
to stabilize the mutant and avoid the formation of a chimera.

Laser confocal microscopy

Observation of wild type fungi

Wild type isolates of the different fungal species were observed under the confocal fluorescent
microscope. The filter for light emitted by GFP, DsRed and tdTomato proteins was used. A spectrum of all
possible excitation light was then applied on the samples and a picture with filters DsRed, GFP and Blue
fluorescence was acquired, allowing for the observation of any natural fluorescence that the wild type fungi
might express.

Observation of the tdTomato transformants

The confocal laser microscopy was done with LSM780, ELYRA PS1 Super-resolution platform (Carl
Zeiss™, Germany). The EC “Plan-Neofluar”10x/0.3 M27 objective was used for the lower magnification
with increments of 1 µm. The objective for higher magnification was LCI “Plan-Apochromat”63x/1.4 Oil
DIC M27 with increments of 12.48µm. A laser of 561nm was used with emission detection via GaAsP
detector 32+2 PMT ranging from 566nm to 691nm. The maximum intensity projections were obtained by
capturing and processing Z-stacks. The imaging software ZEN 2012 (Carl Zeiss™, Germany) was used.

M4.5 Inoculate rooted plants with marker labelled Trichoderma and black foot pathogens and
follow the growth with microscopy. (NEW)
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Plants of Richter 110, Ramsey, US 8-7 and Paulsen 1103 presenting six fully developed leaves were
inoculated with a spore suspension of the strain T-77:tdTomato for confocal laser microscopy. Each plant
was inoculated with 100 mL of the spore suspension or 100 mL of water for the control plants. In total 112
plants were inoculated, 48 plants for the control and 64 for the treatment with the spore suspension. After
3, 7, 10 and 21 days post inoculation, T. atroviride strain T-77 tdTomato was re-isolated from the root and
crown sections and visualized by Confocal Laser Fluorescent Microscopy. For each time point, root and
crowns were surface sterilized and plated onto PDA+. In total, eight pieces of roots were plated on two
PDA plates and four crown sections were plated on one PDA plate. Infection of T. atroviride strain
T-77:tdTomato was scored based on presence on plates after one week.

W5 - To determine the activation of host defence genes by Trichoderma spp. and black foot
pathogens when applied to the roots.

M5.1 Determine method for inoculation for black foot pathogens.

Different inoculation strategies for the black foot pathogens were tested to obtain a workable pathogen
system that can be used together with the Trichoderma inoculations.

Black foot trial 1

Plants of Richter 110 presenting six fully developed leaves were each inoculated with 100 mL spore
suspension containing 1x105 spores.mL-1 of each C. fasciculare STEU 8282, C. pseudofasciculare STEU
8280, D. macrodidyma STEU 8264 and I. liriodendri STEU 8266. The control plants received 100 mL of
water. A total of 88 plants were inoculated, 44 plants per treatment.

Black foot trial 2

Plants of Richter 110 and Ramsey presenting six fully developed leaves were each inoculated with 100 mL
spore suspension containing 1x105 spores.mL-1 of each C. fasciculare STEU 8282, C. pseudofasciculare
STEU-8280, D. macrodidyma STEU-8264, and I. liriodendri STEU 8266. The control plants received 100
mL of water. A total of 400 plants were inoculated, 200 plants per treatment.

Black foot trial 3

Plants of Richter presenting six fully developed leaves were inoculated with C. fasciculare STEU 8282, C.
pseudofasciculare STEU 8280 and D. macrodidyma STEU 8264 by using a millet seed inoculum (Strauss
and Labuschagnè, 1995). The control plants received an equal amount of sterile millet seeds. A total of 96
plants were inoculated, 24 plants per treatment.

Black foot trial 4

Plants of Richter 110 presenting six fully developed leaves were inoculated with Ilyonectria liriodendri
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STEU 8266 and D. macrodidyma STEU 8264 by using a millet seed inoculum. The control plants received
an equal amount of sterile millet seeds without inoculum. A total of 72 plants were inoculated, 24 plants
per treatment.

M5.2 Establish time when infection of roots takes place after drenching of soil with Trichoderma.
This milestone has been addressed in M4.3.

M5.3 Develop protocol for the extraction of mRNA from grapevine rootstock and roots, M5.4 Make
plants from hot water treated rootstock propagation shoots and keep in glasshouse and M5.5
Assess grapevine host defence activation towards Trichoderma sp. or black foot pathogens.

RNA purification from grapevine roots

The roots were rinsed with tap water, cut and placed in 50 mL sterile falcon tubes. The tubes were then
immediately frozen in liquid nitrogen and stored at −80 ℃ prior to treatment. The root samples were
ground in a 35 mL stainless-steel grinding jar with 20 mm stainless-steel balls and liquid nitrogen by using
a Retsch MM 300 mortar grinder (Retsch, Germany) for 1 min at 25 Hz . The subsequent protocol was
adapted from Southerton (1998) and follows Pierron et al. (2015). The wood powder (100–200 mg) was
incubated 10 min at 65 ℃ in a RNA-extraction buffer (CTAB 2 %, PVPP 2 %, Tris 300 mM, EDTA 25 mM,
NaCl 2 M, pH 8, β-mercaptoethanol 2 %) and centrifuged (15 min, 10 000 rpm, 4℃). The liquid phase was
carefully transferred into new 2 mL tubes. Between the different steps of this protocol, the samples were
kept on ice to the extent possible. One volume of chloroform-isoamyl alcohol solution (24:1) was added
and tubes were centrifuged (30 s,10 000 rpm, 4℃). The supernatant was transferred to a new tube and
this cleaning step was repeated once. The supernatant was transferred into a new tube with one half
volume of 7.5 M LiCl solution. The samples were then stored overnight at −80℃. The samples were then
centrifuged (30 min; 10 000 rpm, 4℃) until a pellet appeared at the bottom of the tube. The pellet was
dissolved in 500 µL of STE buffer (NaCl 100 mM, Tris 10 mM, EDTA 1 mM, pH 8) and cleaned again with
450 µL of chloroform-isoamyl alcohol solution (24:1). Tubes were centrifuged (30 s, 10 000 rpm, 4 ℃). The
supernatant was transferred to new 2 mL tubes and nucleic acids were precipitated in 100 µL of 5 M NaCl,
60 µL of 3M NaAc and 2 volumes of ice-cold isopropanol. Tubes were stored 20 min at –80 ℃, allowed to
melt on ice and centrifuged (20 min, 10 000 rpm, 4 ℃). The supernatant was discarded and the pellet
cleaned by adding 400 µL cold 70 % ethanol. Tubes were centrifuged (10 min, 10 000 rpm, 4 ℃).
Supernatant was discarded and the pellet allowed to dry on a tissue, before being resuspended in 30 µL
of autoclaved demineralized water. The purity of the purified nucleic acids was evaluated by using a
Nanodrop ND-1000 (ND-1000, Spectrophotometer, Thermo Scientific™, USA). Optical density measured
at 230 nm ranged from 0 to 130 ng/mL. Ratio 260/280 and 260/230 indicating phenolic or protein
contamination were acceptable but still improvable. Out of 10 samples, 6 were loaded on a gel to visualize
the RNA integrity. The two ribosomal subunits were clearly visible, indicating a good yield with an
acceptable integrity of purified RNA. The extraction yield varied among samples, leading to different band
intensities on the gel.

RNA extraction, cDNA synthesis and qPCR from leaves
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Protocol 1 (used for Trichoderma Trials 1 to 3)

To study the defence activation, leaves were harvested at 21 dpi and store at -80℃). Frozen leaves
(-80℃) were ground in liquid nitrogen with a mortar and pestle. The leaf powder was added to the 2mL
tubes and extraction buffer (CTAB 2%, PVPP 2%, Tris 300 mM, EDTA 25 mM, NaCl 2 M, pH = 8,
β-mercaptoethanol 2%, 65℃) was then added to tubes (150% w/v). Samples were shaken and incubated
at 65℃ for 10 min and vortexed every two minutes in this tissue lysis step. Tubes were kept on ice and
weighed before being centrifuged (Centrifuge 5810 R, Eppendorf™, Germany) for 15 min, 3000 rpm at
4℃. In a new 2 mL tube, 1 volume of cold chloroform-isoamyl alcohol (CIA) was added the supernatant
collected from the previous tube. Tubes were vortexed and centrifuged (4℃, 10 min, 10000 rpm) and this
cleaning step was repeated once. The supernatant was transferred into new 2 mL tubes with 100 µL 3 M
NaAc, 200 µL 5 M NaCl and 900 µL cold isopropanol and vortex and inverted. The precipitation was
completed overnight at −80℃. Samples were then centrifuges for 30 min at 10 000 rpm and at 4℃. The
liquid was discarded, and the pellet of nucleic acids was resuspended in 100 µL of autoclaved water.
Three hundred and fifty µL of RLT buffer from RNeasy mini kit (Qiagen™, Germany) were then added,
followed by 250 µL of absolute ethanol and the tubes were mixed by pipetting. Nucleic acids were cleaned
on columns, following the manufacturer instructions. Nucleic acids were quantified using a Nanodrop at
260 nm and 280 nm wavelengths. The presence of gDNA contamination was eliminated by a DNase I,
RNase free treatment (Thermo Scientific™). Quantities of RNA were homogenised and 1 μg of
DNase-treated RNA was reverse transcribed with the iScript™ gDNA Clear cDNA Synthesis Kit following
the manufacturer’s instructions (Bio- Rad™, France). For real-time PCR, reactions were carried out on the
CFX96 Real Time System C1000 Touch™ Thermal Cycler (Bio-rad™, France). qPCR reactions were
carried out in a reaction buffer containing 2× iQ SYBR® Green Supermix, 0.2 mM of forward and reverse
primers, and 10 ng of reverse transcribed RNA in a final volume of 20 μl. Thermal cycling conditions were
as follows : 30 s at 95 °C followed by 40 cycles of 15 s at 94 °C, 30 s at 60 °C, and 30 s at 72 °C. The
defence genes and primer pairs associated with defence in Vitis vinifera (Vv) used for quantitative
real-time PCR are listed in Table 18. The data were analyzed using CFX Manager Software (Bio-rad™,
France). The results obtained for each gene of interest were normalized to the expression of two reference
genes, VvEF1-y, an elongation factor 1 gene, and VvActin encoding for actin proteins. Induction ratio
compared to controls was calculated according to Hellemans et al., (2007) and gene expression was
considered significant at an induction ratio of 2. The calculation takes into account the PCR efficiency (E)
as well as the ΔCT representing the difference between the Ct of the negative control and the Ct of the
sample (see equation below). For each sample, tests were carried out with three technical repetitions (the
Ct results from three data values) and three biological repetitions. PCR test amplification was conducted in
20 µL final volume (10 µL Ampliqon 2x, 1 µL of both forward and reverse primers, 2 µL DNA template and
6 µL water).

Induction ratio = [(1+𝐸)Δ𝐶𝑇(𝑅𝐸𝐹1)×(1+𝐸)Δ𝐶𝑇(𝑅𝐸𝐹2)]0,5

Protocol 2 (used for Trichoderma Trial 4)

In Trial 4, plants of Richter 110 and US 8-7 presenting six fully developed leaves were inoculated with a
spore suspension of T. atroviride T-77 (as described earlier). Each plant was inoculated with 100 mL of the
spore suspension or 100 mL of water for the control plants. Five plants were used per treatment and a
total of thirty plants were inoculated. To study the defence activation, leaves were harvested at 10 dpi and
store at -80℃. Frozen leaves (-80℃) were ground in liquid nitrogen with a mortar and pestle.Total RNA
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was extracted using the RNeasy Plant Mini Kit (Qiagen®), following the manufacturer’s instructions and
quantified at 260 nm and 280 nm wavelengths using a NanoDrop™ 1000 Spectrophotometer (Thermo
Fisher Scientific™, USA). Residual genomic DNA was removed by DNase1 digestion on extraction
column with the RNase-free DNase set (Qiagen™, Germany) at 25°C for 15 min. cDNA were synthesised
from 1 μg of DNase-treated RNA using the iScript™ Reverse Transcription Supermix for RT-qPCR (Bio-
Rad™, France).

For real-time PCR, reactions were carried out on the CFX96 Real Time System C1000 Touch™
Thermal Cycler (Bio-rad™, France). qPCR reactions were carried out in a reaction buffer containing 2× iQ
SYBR® Green Supermix, 0.2 mM of forward and reverse primers, and 10 ng of reverse transcribed RNA
in a final volume of 20 μl. Thermal cycling conditions were as follows : 30 s at 95 °C followed by 40 cycles
of 15 s at 94 °C, 30 s at 60 °C, and 30 s at 72 °C or 76 °C. The defence genes and primer pairs
associated with defence in Vitis vinifera (Vv) used for quantitative real-time PCR are the same used for
Protocol 1. The data were analyzed using CFX Manager Software (Bio-rad™, France). The results
obtained for each gene of interest were normalized to the expression of two reference genes, VvEF1-y, an
elongation factor 1 gene, and VvActin encoding for actin proteins. Induction ratio compared to controls
was calculated according to Hellemans et al., (2007) and gene expression was considered significant at
an induction ratio of 2. The calculation takes into account the PCR efficiency (E) as well as the ΔCT
representing the difference between the Ct of the negative control and the Ct of the sample (see equation
below). For each sample, tests were carried out with three technical repetitions (the Ct results from three
data values) and three biological repetitions. PCR test amplification was conducted in 20 µL final volume
(10 µL Ampliqon 2x, 1 µL of both forward and reverse primers, 2 µL DNA template and 6 µL water).

8. RESULTS AND DISCUSSION

O1. To determine the efficacy of Trichoderma spp. against black foot pathogens in vitro.

Screening Trichoderma isolates for the production of volatile organic compounds (VOC)

Analysis of variance revealed a significant pathogen × Trichoderma interaction (P < 0.0001), therefore the
data is presented per isolate (Tables 5 – 6). Higher inhibition of D. macrodidyma isolates (maximum
inhibition of 66.94%) was found in comparison to the other species (maximum inhibition of 39.61% for Ca.
fasciculare, 29.39% for Ca. pseudofasciculare and 23.85% for I. liriodendri). Trichoderma isolate T1 gave
the highest inhibition of D. macrodidyma STE-U 8702 (66.94%), though not statistically different from T2
(57.98%), T5 (61.40%) and T8 (57.17%). Dactylonectria macrodidyma STE-U 8264 was significantly more
inhibited by T3 (60.17%), T4 (60.68%) and T5 (64.21%), while D. macrodidyma STE-U 8265 were more
inhibited by isolates T1 to T5 (ranging from 49.72% to 58.31%).

Campylocarpon fasciculare STE-U 8693 was significantly more inhibited by Trichoderma isolate T8
(39.61%), in comparison to the other Trichoderma isolates. Trichoderma isolate T8 caused higher
inhibition of Ca. fasciculare STE-U 8692 (36.08%), though not significantly different from T1 to T5 (ranging
from 24.13% to 33.87%). Likewise, Ca. fasciculare STE-U 8691 was most inhibited by T8 (28.59%) and
T3 (28.51%), though not differing significantly from T1 (27.82%), T2 (23.87%) and T5 (24.71%).

In a few cases growth stimulation occurred for Ca. pseudofasciculare isolates. For Ca.
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pseudofasciculare STE-U 8694 the growth was significantly more inhibited by T1 (28.64%), T2 (29.39%)
and T3 (27.05%), though not differing from T4 (21.31%) and T5 (21.27%). In contrast T9 induced growth
stimulation (−2.56%). Lower levels of inhibition were observed for Ca. pseudofasciculare STE-U 8279,
which were significantly more inhibited by T1, T2, T3 and T7 (ranging from 9.72% to 15.66%).
Campylocarpon pseudofasciculare STE-U 8280 was similarly inhibited by T1, T2, T3, T7 and T8 (ranging
from 7.51% to 15.75%). Trichoderma isolate T6 resulted in growth stimulation of both these isolates
(−1.47% and −1.58%, respectively), while T8 stimulated the growth of STE-U 8279 (−2.49%) and T9 for
STE-U 8280 (−1.15%).

For I. liriodendri STE-U 8699 was inhibited the most (ranging from 17.29% to 23.8% for isolates
T1, T3, T7 and T8), though not statistically different from T2 (14.46%). Also for this pathogen isolate,
Trichoderma isolates T6 and T9 resulted in growth stimulation (−0.64% and −4.09%, respectively). For
STE-U 8266 higher inhibition was obtained with T1, T3 and T8 (ranging from 15.07% to 21.79%), while T9
resulted in growth stimulation (−1.62%). For I. liriodendri STE-U 8267 growth inhibition was only obtained
with T1, T3 and T8 (ranging from 5.68% to 14.55%), while growth stimulation occurred with T2, T4, T5, T6,
T7, T9 and T10 (ranging from −4.17% to −18.58%).

Screening Trichoderma isolates for the production of diffusible antifungal compounds

Analysis of variance revealed a significant pathogen × Trichoderma interaction (P < 0.0001). In general
higher inhibition was obtained when investigating the effect of diffusible antifungal compounds on the
different pathogen isolates in comparison to that obtained with the VOCs (Table 6). Dactylonectria
macrodidyma isolates showed higher sensitivity to the compounds produced by the Trichoderma isolates.
For all three isolates of this pathogen Trichoderma isolate T1 resulted in 100.00% growth inhibition.
Growth inhibition by T8 was not significantly different from T1 over all isolates (96.36% for 8264, 100.00%
for STE-U 8265 and 94.62% for STE-U 8702) and T9 for STE-U 8264 (99.07%) only.

In the case of Ca. fasciculare, T1 showed higher inhibition against all three isolates, with growth
inhibition of 47.98% for STE-U 8691, 52,75% for 8693 and 53.82% for STE-U 8692. For T8 growth
inhibition was not significantly different from T1 in the case of STE-U 8693 (39.66%) and STE-U 8692
(48.44%) and T9 for STE-U 8693 (52.01%) and STE-U 8691 (39.58%). The diffusible compounds of T6
resulted in growth stimulation of isolate STE-U 8692 (−6.28%) and STE-U 8693 (−14.07%), while T7
resulted in a similar outcome for STE-U 8693 (−2.83%).

In contrast to the results obtained from the experiment investigating the effect VOCs on Ca.
pseudofasciculare no growth stimulation occurred following the exposure of the pathogen to diffusible
antifungal compounds. A 100% growth inhibition was obtained with T8 towards STE-U 8694, though not
observed in the case of the other two isolates. For STE-U 8279, T1, T8 and T9 caused higher inhibition
ranging from 25.17% to 36.38%. For STE-U 8280 an inhibition of 97.77% was caused by T9.

In the case of I. liriodendri isolate T8 performed better over all three isolates, with 37.99% inhibition
for STE-U 8267, 57.46% for STE-U 8266 and 65.51% for 8699, though not differing significantly from T1 in
the case of STE-U 8267 (35.92%) and STE-U 8266 (70.70%). Growth stimulation of this pathogen only
occurred in one instance, in the case of T6 with STE-U 8266 (−1.13%).
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Competitive growth

Several interactions were macroscopically observed between Trichoderma and the pathogen isolates,
which included overgrowth or partial overgrowth, often associated with sporulation of the Trichoderma
species, and to a lesser extent arrested growth or the formation of inhibition zones between Trichoderma
and the pathogen isolates (Table 7; Fig. 1). Interestingly, these results coincide with those obtained in the
previous in vitro assays that showed different pathogen isolates to react differently to Trichoderma spp.
isolates. All of the Trichoderma isolates overgrew the isolates of Dactylonectria macrodidyma and
Campylocarpon fasciculare and, with only a few exceptions, sporulated amply. In the case of
Campylocarpon pseudofasciculare, however, this was only the case for STE-U 8694, while arrested
growth or the formation of inhibition zones was mostly observed for STE-U 8280 and STE-U 8279.
Likewise, for Ilyonectria liriodendri STE-U 8267 and STE-U 8699 arrested growth was mostly observed,
while inhibition zones occurred between STE-U 8266 and most of the Trichoderma isolates.

Similar hyphal interactions were observed between isolates of the same species. Adhesion of the
Trichoderma- to pathogen hyphae and disintegration of pathogen hyphae were often observed, while
coiling of the Trichoderma- around pathogen hyphae and swelling and malformation of the pathogen
hyphae were seen less often (Fig. 2). Often these interactions were observed in conjunction with one
another, as was the case for nine of the ten Trichoderma isolates and were therefore shown per
Trichoderma isolate (Table 8).

O2. Evaluate different methods of application to nursery vines post callusing.

The data of the two seasons were not combined due to additional treatments in both trials in the second
season. Low natural infection levels of black foot were recorded during both seasons in which the trials
were executed. Due to great variation in incidence of Trichoderma spp. and BFD pathogens between
tissue from the basal ends and root sections the data were analyzed per tissue group.

Determination of growth parameters

The respective application methods of T. atroviride to nursery vines post callusing did not have a
significant effect, neither positive or negative, on the total number of certifiable vines produced over the
two seasons (P = 0.6855 in 2016/17; P = 0.6010 in 2017/18) (data not shown). Likewise, none of the
application methods resulted in a significant effect on the total wet root mass in either of the seasons (P =
0.5044 in 2016/17; P = 0.3094 in 2017/18) (data not shown).

Determination of fungal incidence

Analysis of variance revealed significant differences in the Trichoderma incidences in the basal ends and
roots following different treatments over both seasons with a P-value of less than 0.0001. For the
respective seasons the mean incidence of Trichoderma within the basal ends and roots are summarized
per treatment in Table 9. When comparing different treatments the application of dry product formulation
resulted in the highest colonization of Trichoderma atroviride in the first season (50.40% in the basal end
and 32.53% in the roots), though not differing significantly from the same treatment in combination with
monthly soil drenches (39.20% in the basal end and 26.40% in the roots). This was followed by 30 min
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HWT prior to grafting in combination with the dry product application (30.80% in the basal end and 20.00%
in the roots) that did not differ significantly from the latter. Trichoderma could be re-isolated from the vines
in all treatments in the 2017/18 season, though generally less than the previous season. The highest
re-isolation percentages were obtained with the dry product application in combination with monthly soil
drenches (28.00% in the basal end and 15.73% in the roots), or in combination with 30 min HWT prior to
grafting (20.40% in the basal end and 12.00% in the roots). Re-isolation percentages from the basal ends
in the treatment only receiving a dry product application (16.40%) did not differ significantly from the latter.
In both seasons re-isolation percentages following monthly soil drench applications were lower than that of
the treatments combined with a dry product application, though not always significantly different from the
lowest re-isolation percentages yielded by these treatments. The 1-hr soaking treatment and combinations
thereof, however, did not result in Trichoderma colonization significantly different from the untreated
control in either of the seasons.

Despite no significant differences in the incidence of BFD pathogens between different treatments
in either of the seasons (P = 0.3665 and P = 0.9976 for the base; and P = 0.3443 and P = 0.6423 for the
roots of the 2016/17 and 2017/18 seasons, respectively) (data not shown) an interesting trend were
observed in the tissue types that harbored the pathogens. Throughout all treatments, and in both seasons,
the incidence of pathogens were higher in the different sections of the root (ranging from 17.83% to
21.14% in 2016/17; and from 15.55% to 24.00% in 2017/18), while occurring significantly less in the basal
ends of the vines (2.97% and 5.49%, and 6.58% and 11.47% in the pith and xylem of the respective
seasons) (Table 10). The highest re-isolation percentages of T. atroviride, in the contrary, were obtained
from the basal ends (21.37% and 25.60%, and 9.51% and 9.69% in the pith and xylem of the respective
seasons), whereas it was less frequently re-isolated from the roots (ranging from 10.29% to 20.91%, and
3.20% to 6.84% in the respective seasons) (Table 10).

Comparing different methods of application of T. atroviride to nursery vines post callusing clearly
showed which methods are superior in obtaining better colonization. This is essential as Halleen et al.
(2007) ascribed the inconsistent results obtained with Trichoderma to insufficient systemic colonization of
the basal ends of rootstocks. The newly described application technique that consists of an application of
dry product formulation to the basal ends, either singularly or in combination with other treatments,
consistently resulted in the highest mean Trichoderma colonization. When taking the results of both
seasons into account, a dry product application followed by monthly soil drenches seem to yield the best
results. Different from the standard methods of application, this method places high inoculum loads at the
basal end of the graftlings before planting while the additional carriers in the formulation provide plentiful
nutrients to the fungus during germination and initial colonization (Hjeljord et al., 2000). This is
advantageous as Trichoderma conidia are often subject to fungistasis in the absence of nutrients in the
soil environment (Hjeljord et al., 2000). At the time of planting the basal ends are often not completely
healed or covered by callus tissue, and callus roots brake off during the process, providing direct infection
sites into the xylem and pith for Trichoderma hyphae. Those tissues are otherwise not commonly reached
when applied to the roots at a later stage due to its composition and complex structures that needs to be
penetrated (Bailey and Melnick, 2013). The exposed basal ends are also one of the major infection sites of
BFD pathogens during the rooting stage in the nursery process and therefore the protection offered by
Trichoderma by means of competition for infection sites and antibiosis could aid in controlling the disease.
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Furthermore, the application of Trichoderma by means of soil drenches continuously add inoculum
to the newly developing roots, enabling it to re-infect the epidermis and cortex and colonise the developing
root systems, while actively competing against phytopathogens. Less Trichoderma spp. were found in the
central and root tips than in the root parts attached to the base. The colonization closest to the basal end
can be ascribed to the initial colonization that occurred after the vines were planted and the lower infection
in the developing root due to the large root surface area of the newly established root system.

The results from the field trial revealed that soaking of graftlings in a Trichoderma conidial
suspension prior to planting were mostly ineffective and resulted in an outcome not different from the
untreated control. The contrasting results obtained in the detached shoot assay can again be ascribed to
the phenological stage in which the shoots resided. Soaking of dormant rootstock material at different time
intervals in the detached shoot assay also indicated that the time of exposure did not have a significant
effect on the colonization of Trichoderma. In this case, the higher percentage of re-isolation closer to the
basal ends can be ascribed to higher spore loads accumulating at these ends as only this part were
exposed to the Trichoderma spore suspension. The colonization from there on upward can either be
ascribed to fungal hyphae growing upward in the dormant shoots or spores that moved upward during the
soaking process by means of capillary activity and then germinated to colonise the upper part of the
shoots. Regarding application techniques of Trichoderma this is an important finding as the label
instructions of numerous products recommend soak application to perennial crops in such manner.

The HWT of grafting material in combination with the dry product application was done in both
seasons and showed that Trichoderma could successfully colonise the ‘sterile’ material, and only resulting
in significantly less colonization in the first season from the dry product treatment. The HWT with soaking
for 1 hr were not significantly different from the untreated control. HWT did not have an effect in the
colonization of BFD pathogens. Though not investigated in this study it is well documented that BFD is
often more severe when occurring together with other GTDs of which infections stems from infected
propagation material (Halleen et al., 2016). It is, therefore, important to implement HWT of dormant
nursery vines after uprooting as it has been proved to be effective in eradicating many superficial and
endophytic pathogens (Gramaje et al., 2010; Alaniz et al., 2011; Halleen and Fourie, 2016).

O3. Evaluate different Trichoderma products in the field.

Determination of growth parameters

For the total number of certifiable vines produced there were significant differences between treatments
(products) in both seasons (P = 0.0469 in 2016/17; P = 0.0229 in 2017/18), Tables 16 – 17). In the first
season, none of the products were significantly different from the control (73.25%). The percentage take of
products 5 and 7 were, however, significantly lower than products 1 and 3 (Table 11). In the following
season, the majority of the products did not differ significantly from the control (77.25%), except product 7
(62.75%) that resulted in a percentage take significantly lower than the untreated control (Table 11).

For the total wet root mass significant differences between treatments (products) were observed in
the first season only (P = 0.0326). The total wet root mass for products 1, 3 and 6 were significantly less
than the untreated control (29.50 g) (Table 12). The total wet root mass of the other products was not
significantly different from the untreated control.
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Determination of fungal incidence

Analysis of variance revealed significant differences in the Trichoderma incidences in the basal ends and
roots following different treatments over both seasons with a P-value of less than 0.0001. For the
respective seasons the mean incidence of Trichoderma spp. within the basal ends and roots are
summarized per treatment in Table 13. Comparing the different products that were evaluated, in both
seasons product 5 resulted in higher re-isolation percentages from the basal ends (58.50% and 43.50%,
respectively), though not differing significantly from product 3 (47.50% and 40.50%, respectively). Product
5 resulted in higher re-isolation percentages from the roots in the first season (37.67%), but in the second
season product 5 (20.33%) was not significantly different from product 1, 3 and 8. Product 1 and 2
resulted in intermediate re-isolation percentages in most cases not differing significantly from product 3.
Product 7, however, did not result in re-isolation percentages significantly different from the untreated
control in the first season, while the same was true for product 4 and 6 over both seasons.

Interestingly, analysis of variance revealed significant differences in the incidence of black foot
infections within the basal ends following treatments over both seasons, while no significant differences
could be observed in the roots at 5% confidence level (P = 0.9236 and P = 0.6676 for the respective
seasons) (data not shown). The infection was found to be significantly lower in all product-treated vines
(1.00 – 2.50%) than in the untreated control (6.50%) in the first season, while products 1, 2, 3, 5 and 7
resulted in lower incidence in the second season (ranging between 2.50% and 5.00%), though not
significantly different from the untreated control (7.50%) (Table 14).

When comparing different tissue types the same trend was observed than in the previous trial.
Throughout all treatments, and in both seasons, the incidence of pathogens were higher in the different
sections of the root (ranging from 14.00% to 19.00%; and from 15.56% to 28.22% in the respective
seasons), while occurring significantly less in the basal ends of the vines (1.38% and 3.13%, and 3.44%
and 9.22% in the pith and xylem of the respective seasons) (Table 15). In contrast, higher re-isolation
percentages of Trichoderma spp., were obtained from the basal ends (28.13% and 29.25%, and 24.11%
and 21.00% in the pith and xylem of the respective seasons), whereas it was less frequently re-isolated
from the central part of the roots and root tips (ranging from 12.38% to 13.88%, and 7.22% to 11.11% in
the respective seasons).

When comparing the different Trichoderma-based products 3 and 5 (Eco 77® and TrichoPlus™,
respectively) resulted in the highest colonization of vines, followed by products 1 and 2 (USPP-T1 and
USPP-MT1, respectively). Noteworthy, the isolates contained in Eco 77®, USPP-T1 and USPP-MT1 were
originally isolated from Vitis spp. in South Africa and are likely adapted to the climatic conditions and to
colonizing Vitis spp. In fact, Askew and Laing (1994) reported that local strains of Trichoderma often
perform better than imported strains. Products 4 and 6 (Bio-Tricho and Excalibur Gold™, respectively) that
contained mixtures of different Trichoderma spp. isolates least colonised the vines and did not show
greater efficacy in controlling BFD. Often the efficacy of Trichoderma spp. under field conditions was found
to be inconsistent with those observed in vitro. This is most likely influenced by the inability of selected
isolates to colonise the roots of Vitis spp. or compete in the rhizosphere (López-Bucio et al., 2015).

Molecular identification of BFD isolates
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The newly designed primer pair (CamF/CamR) resulted in successful genus-specific amplification of C.
fasciculare and C. pseudofasciculare (Fig. 3). The previously described primer sets were also specific for
amplification of the BFD pathogens, except for the YT2F and CylR primer set that amplified F. solani (Fig.
3). This was not considered problematic as only the isolates with BFD pathogen cultural growth
characteristics were recorded and accordingly used for molecular confirmation.

The subgroup of putative BFD pathogens following isolations in the first season was identified as
Campylocarpon (104 isolates), Dactylonectria (185 isolates) and I. liriodendri (2 isolates). For the following
season it were identified as Campylocarpon (407 isolates), Dactylonectria (180 isolates) and I. liriodendri
(1 isolate). The BLAST results of the sequences of the positive PCR products confirmed the identities of
Campylocarpon, Dactylonectria and I. liriodendri. A subset of 32 isolates that did not amplify with the
specific primers was identified as C. fasciculare, D. macrodidyma or D. novozelandica.

Previous studies by Halleen et al. (2003) reported black foot infections of more than 50% in
nursery vines following the rooting stage in South African nursery soils, while the current study revealed
lower infection incidences of 28.22% or less. The low disease incidence during the two seasons in which
the field trials were executed can be ascribed to the extreme drought that the country experienced the
years preceding the trials as well as to the rootstock cultivar used. In both field trials Ramsey (V.
champinii, clone SC18AB) were used, as it is one of the preferred cultivars due to its strong vigor, drought
tolerance and ability to grow well in poor quality soils (Loubser and Uys, 1997). Sieberhagen (2016) found
this cultivar to be most resistant to a number of fungal trunk pathogens, including black foot, after
comparing it to other major rootstock cultivars planted in South Africa. Samuels and Hebbar (2015) noted
that clear differences cannot necessarily be observed between BCAs if the disease incidence is too low.
However, even when Trichoderma spp. application in grapevine nurseries was done when black foot
infection was higher, marginal control of black foot was obtained (Fourie et al., 2001; Halleen et al., 2007).
The low levels of control is, therefore, likely not due to the level of the pathogen, but rather the complex
nature of the large root system within the diverse soil environment to provide effective protection.
Moreover, the majority of the isolates identified by means of genus-specific PCRs comprised of
Campylocarpon, which were one of the genera found to be least sensitive to Trichoderma isolates in vitro
and likely also contributed to the observable effects in the field trials.

O4. Evaluate the extent of Trichoderma colonisation of rootstocks and roots.

Dormant rootstock shoot assay

Trichoderma atroviride (T2) was able to colonise all five rootstock cultivars to a depth of 10 cm following all
periods of soaking (Table 16). Significant interaction was found between the depth of isolation and soaking
time (P = 0.0008). At 2 cm and 6 cm there was not a significant difference in colonization whether the
shoots were soaked 1 min, 10 min, 60 min or 120 min (Table 16). At 4 cm the shoots that were soaked for
10 min had significantly more colonization than the other soaking times. At 8 cm, 60 min soaking resulted
in significantly less colonization than the other soaking times. At 10 cm, 120 min soaking resulted in
significantly more colonization. Comparing the different depths of isolation for 1 min soak, the 2 cm area
were significantly more colonised than 4 to 10 cm depths. For 10 min both 2 cm and 4 cm were
significantly more colonised than 6 to 10 cm. For 60 min, 2 cm and 6 cm were more colonised than the
other depths and lastly at 120 min soaking time 2 cm, 6 cm, 8 cm and 10 cm were not significantly
different from each other and were more colonised than 4 cm. In general did a longer soaking time not
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significantly increase the T. atroviride colonization, except at a depth of 10 cm. Furthermore, significant
differences were found between the colonization of the xylem and pith (P = 0.0061). The xylem was more
readily colonised (8.37%) throughout the shoot than the pith elements (5.82%) (Table 17).

Evaluate the extent of Trichoderma colonisation of rooted rootstock plants

Trial 1

In trial 1, the colonization rate of T. atroviride (T-77, USPP T1 or co-inoculation) on rootstocks Richter 110,
Ramsey and MGT 101.14 were evaluated. In total, 29% of the plants were colonised. The colonization
rate increased from 7 to 21 dpi, being 18% and 40% respectively. As illustrated in Figure 4, there were no
difference in colonization according to the rootstock cultivars. In Mgt101.4, the colonization was
significantly higher when both T. atroviride strains were co-inoculated on the same plant compared to
USPP T1 treatment after 21 dpi (Figure 4). The increase in colonization from 7 to 21 dpi confirmed the
choice of 21 dpi for the following studies.

Trial 2

The inoculation protocol developed in the previous trials together with the re-isolation procedure allowed
for successful re-isolation of Trichoderma isolates in trial 2. Trichoderma atroviride T-77 showed a
significantly higher colonization of grapevine roots than T. atroviride USPP-T1. The percentage of
re-isolation for T. atroviride T-77 after 21 days was 73% and T. atroviride USPP T1 was 30% (Figure 5).
Larger root pieces were plated with this trial, therefore a higher re-isolation percentage were obtained.

Trial 3

In order to further investigate the interaction between multiple grapevine rootstock and T. atroviride (T-77
and USPP T1), four rootstock cultivars including Richter 110, Ramsey, US 8-7 and Paulsen 1103 were
used.  After 21 days isolations were made from the roots and crowns. The re-isolation percentages
showed that T-77 and USPP T1 colonised the plant parts to a similar extent (Table 19). The lower
occurrence of USPP T1 in trial 2 was most probably because it was not identified, because it takes longer
to produce a typical green colony. When comparing the roots and the crown, the roots were more
colonised as it is the primary site of infection. The average colonization percentages for both treatments
for the roots were 78% for both Richter 110 and Paulsen, 67% for Ramsey and 74% for US8-7. The
colonization percentages for the crowns were 25% for Richter 110, 30% for Paulsen, 17% for Ramsey and
19% for US8-7.

Transformation of Trichoderma and black foot pathogens with fluorescent pigment

Chemical integration of plasmid vectors

Only the pure plasmid pCT74 presented an amplification product and the cloning of GFP vector failed.
Using fresh competent cells led to similar results. The integrity of plasmid pCT74 is probably altered,
making the cloning procedure impossible. The protocol worked fine for cloning pHyg8 plasmid.
Transformation protocol was continued with plasmids pHyg8 and pPgpd-DsRed. The integration of both
plasmids into fungal protoplasts is required as pHyg8 is a vector of the Hygromycin resistance gene and
pPgpd-DsRed for the gene coding the red fluorescent protein. Protoplasting conditions were adapted to T.
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atroviride germinating spores. Several transformants grew on selection media. However, none of the
transformants presented red fluorescence under the epifluorescence microscope. The absence of
fluorescence suggested that T. atroviride is tolerant to this dose of antibiotics or that this dose could only
be fungistatic. Another reason could be that the selection works, but transformants degrade the
fluorescent protein. For these reasons, another technique was used via a new collaboration we initiated
with Dr. Markus Gorfer from the Austrian Institute of Technology (Tulln, Austria).

Agrobacterium transformation

Two Agrobacterium isolates that are vectors of plasmids containing genes coding a GFP (green) and TOM
(red) fluorescent proteins, respectively, were obtained. Agrotransformation was performed twice. There
was no resistant transformants able to cross the selection media. The selection using Hygromycin 250
mg/mL were found to be effective. T. atroviride may overcome the Agrobacterium and be resistant toward
infection. The agrotransformation protocol was then adapted. T. atroviride spores were added into the
Agrobacterium culture and stored overnight 28 ℃ in dark. This modification did not improve the
transformation success, likely due to the difficulty to transfrom Trichoderma species (Markus Gorfer,
personal communication). The adapted protocol was repeated to a larger extent to increase the chance of
getting a stable mutant. Three transformants of T. atroviride T-77: tdTomato were obtained, but only one
was used for the experiments. These transformants were selected and plated on fresh medium. Single
sporing was done three times to stabilize the mutant and avoid the formation of a chimera. Unfortunately,
we were not able to stabilize the mutant T. atroviride USPP T1: GFP and we were not able to transform
black foot pathogens.

Confocal Laser Fluorescent Microscopy

Confocal Laser Fluorescent microscopy was performed by using the tdTomato settings. Mycelia and
spores of the fluorescent T. atroviride T-77:tdTomato could be observed (Figure 6). Agrotransformed T.
atroviride T-77 idTomato was visualized inside the roots.  The fluorescent agrotransformed T. atroviride
mycelium (Figure 7A), aggregation of spores (Figure 7 A, B) inside the roots and a germinating spore on a
root surface (Figure 7 C) could be observed. This is the first visual observation of this fungus’ growth in
grapevine roots. Due to the time consuming nature of confocal microscopy, all of the cultivars were not
assessed.

Establishing the time when infection of roots takes place after drenching the soil with T. atroviride

Trichoderma atroviride T-77:tdTomato was present in all four cultivars after 3 dpi in the roots and crowns
(Table 20). The colonization in the roots ranged from 80% to 100% (average of 90%) and in the crowns
from 20% to 80% (average of 50%). After 21 dpi the colonization in the roots ranged from 60% to 100%
(average of 80%) and in the crowns from 40% to 80% (average of 79%). The greater range of colonization
versus that of trial 3 could be due to the assessment difference. In this trial, using the fluorescent isolate,
the colonization was scored per plate and not per plant piece.

O5. To determine the activation of host defence genes by Trichoderma spp. and black foot
pathogens when applied to the roots.
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Determining method of inoculation for black foot pathogens

Spore suspension

The protocol to inoculate T. atroviride was adapted to inoculate black foot pathogens, because the
pathosystem was difficult to reproduce in laboratory conditions and the BF pathogens do not produce as
much spores as T. atroviride. Therefore, a mix of all the pathogens was tested to enhance the chance of
colonization, at a concentration of 1 x 105 spores.mL-1. The experiment was repeated two times (black
foot trial 2 and 3), though unsuccessful. After 2 months and 3 months post-inoculation, no re-isolation was
observed.

Millet seed inoculum

To increase colonization success and reduce experimental time, millet seeds colonised with black foot
pathogens were used as inoculum. Plants were potted on a layer of inoculated millet seeds (trial 4). An
external factor hampered their development. This experiment was repeated with the production of new
inoculum in the trial 5, using the same rootstock with different black foot pathogens. Unfortunately, the
experiment was again unsuccessful, possibly due to a potting stress or an inhibiting effect of the layer of
millet seed in the plant pot.

Determining the activation of host defence genes by Trichoderma spp. following application to the
roots

Developing a protocol for the extraction of mRNA from grapevine roots

Grapevine plant material has been reported in several articles as a particularly difficult tissue to isolate
RNA from. An experiment was conducted (vines used from objective 4, trial 1) to investigate defence
induction by T. atroviride on rootstocks cultivars Richter 110, Ramsey and MGT 101.14. Root samples
were selected for the gene expression study at 21 dpi. RNA was successfully extracted and the samples
were DNase treated. cDNA synthesis was performed and controlled with a PCR test targeting the
elongation factor reference gene VvEF1. The samples consisted of dilutions post DNase treatment (RT-)
and after cDNA synthesis (RT+). No amplifications were observed. The same PCR reaction was done on
crude extracts containing RNA and DNA material, resulting in amplification. This is likely due to the
presence of inhibitors. A comparison of the same procedure of cDNA synthesis was conducted on leaf and
root tissues from rootstock Richter 110. PCR test was performed with two other primer sets targeting
VvEF1 and VvActin genes, as suggested by Dr. Philip Young from the Institute for Wine Biotechnology
(IWBT) at University of Stellenbosch.

The experiment revealed that the crude extract contains good quality and quantity RNA; the VvEF1 gene
does not amplify Richter 110 cDNA or DNA and VvActin does amplify in all crude extracts samples. An
inhibitor present in root extract is hampering the cDNA synthesis, resulting in no amplification. However,
the procedure is working for the leaf extract. There is no band in the RT- sample, excluding the presence
of gDNA contamination in the cDNA amplified in the RT+ sample. Another cleaning procedure was
conducted during the RNA extraction. The same crude extraction was performed, but after the first
overnight precipitation, the nucleic acids were resuspended in RLT buffer of RNeasy minikit (QIAGEN).
Using this protocol, both DNase treatment and cDNA synthesis were successful. To optimize the
laboratory model and confirm colonization levels after 21 days of drenching, another set of inoculations
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were conducted on R110 in greenhouse conditions (Objective 4, trial 2). Unfortunately, extraction of mRNA
from grapevine roots was again unsuccessful. It was then decided that the mRNA will be extracted from
leaves, allowing us to study the systemic resistance as only the roots will be inoculated.

Developing a protocol for the extraction of mRNA from grapevine leaves

Four rootstock cultivars namely Richter 110, Ramsey, US 8-7 and Paulsen 1103 were used (vines from
objective 4, trial 3) and treated with T. atroviride (T-77 and USPP T1). Induction of defense genes were
quantified by qPCR and the results were normalized to the expression of two reference genes VvEF1α
and VvActin. In total, ten defense genes have been chosen in order to visualize a panel of defense
reactions: VvEF1-y, VvActin, VvCAM, VvSOD, VvPR2, VvCHIT4C, VvPR6, VvLTP, VvACO1, VvLOX9,
VvSTS and VvPAL (Table 18). These genes encodes for cell signaling, reactive oxygen species,
PR-proteins pathway, Lipid transfer proteins, hormones pathway, phytoalexin pathway and
phenylpropanoid pathway. Unfortunately, due to problems with RNA quality, qPCR results were only
obtained for Paulsen 1103 and US 8-7 (presented in Figures 8 and 9). The results showed that in Paulsen
1103 only the defence genes encoding for PR-proteins and stilbene synthase (VvPR6 and VvSTS) were
significantly induced by both Trichoderma strains, although the induction was higher with T. atroviride T-77
than T. atroviride USPP T1 (Figure 10). Most of the defence genes were induced in US 8-7 leaves, but
only by T. atroviride USPP T1 (Figure 9).

In the results for Richter 110, no difference of induction between the control and the treated plants
were observed. For Ramsey leaves, the results of the qPCR were not conclusive. A normal PCR was
done on different samples with different primers to determine the cause of the problem. It seemed that the
qPCR were not successful because of the extraction quality of the mRNA. Therefore, a different protocol
of RNA extraction was used in the following experiment. The plants were kept in the glasshouse and
showed yellowing of leaves after 21 days. This was not the case with the earlier experiments that were
kept in laboratory under grow lights. Most probably the growth conditions in the short term perlite system
in the glasshouse was not optimal. Also the temperature fluctuation in the glasshouse can be as much as
10 °C. Future experiments in the perlite system need to be done under grow lights in a better temperature
regulated environment.

In order to confirm the results, plants were initiated of four rootstock cultivars including Richter 110,
Ramsey, US 8-7 and Paulsen 1103. Unfortunately, due to load shedding combined with the glasshouses
not being on a generator, did many of the young plants just starting to bud die and we could only use
rootstocks Richter 110 and US 8-7 with T. atroviride T-77 treatment (vines from objective 4, trial 4).
Induction of defense genes were quantified by qPCR and the results were normalized to the expression of
two reference genes VvEF1γ and VvActin. The same defence genes as for the trial 3 were studied:
VvEF1-y, VvActin, VvCAM, VvSOD, VvPR2, VvCHIT4C, VvPR6, VvLTP, VvACO1, VvLOX9, VvSTS and
VvPAL. The results showed that there was an induction of defence genes by T. atroviride T-77, but only for
US 8-7 (Fig. 10). The defence genes encoding for PR-proteins and stilbene synthase (VvChit4C and
VvSTS) were significantly induced by T. atroviride T-77 in US 8-7.

From the gene expression results it is clear that rootstock cultivars react different to T. atroviride
drenches of the roots. Trichoderma atroviride T77 induced defence genes in US8-7, but not in Richter 110.
The specific strain of T. atroviride also influences the reaction, as in the case of T77 which induced two
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genes in Paulsen 1103 and no significant induction in US 8-7. The time at which gene expression should
be measured also need to be established in a time course experiment. US8-7 showed a significant
induction of defence genes after 10 days treated with T77, though not after 21 days. The contributing
effect of the induction of host defence to disease control still remain unclear. The system that has been
developed here need to be applied in combination with a pathogen. Unfortunately did the black foot
system not give reliable and measurable results. Other pathosystems that could be explored could be
Botrytis cinerea infections in the leaves or other trunk disease pathogens inoculated by a plug on the
stems. Applying Trichoderma spp. to the roots and then measuring the biological efficacy on disease
development together with defence gene expression will allow us to understand this component of
Trichoderma biocontrol.
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Tables and Figures

Table 1. List of Trichoderma products and isolates used in the current study.
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1 Product numbers used in the field trial.
2 Isolates numbers used in the in vitro assay.

3 Product from New Zealand.

Table 2. List of black foot disease isolates from Vitis spp. used in the in vitro evaluation.

Acces
sion
numbe
r

Fungal species STE-U
1

Other Location Isolation
date

Collector

Campylocarpon fasciculare 8691 SL26-1
5

Nursery 1, Wellington, South
Africa

2015 S. Langenhoven

8692 SL86-1
5

Nursery 2, Wellington, South
Africa

2015 S. Langenhoven

8693 SL24-1
5

Nursery 1, Wellington, South
Africa

2015 S. Langenhoven

Campylocarpon
pseudofasciculare

8694 SL88-1
5

Nursery 2, Wellington, South
Africa

2015 S. Langenhoven
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8280 FH-C39
7

Nursery 3, Wellington, South
Africa

2013 F. Halleen

8279 FH-C55
8

Nursery 3, Wellington, South
Africa

2013 F. Halleen

Dactylonectria
macrodidyma

8264 FH-C10
6

Farm 1, Paarl, South Africa 2011 F. Halleen

8265 FH-C24
1

Nursery 4, Wellington, South
Africa

2012 F. Halleen

8702 SL94-1
5

Nursery 2, Wellington, South
Africa

2015 S. Langenhoven

Ilyonectria liriodendri 8267 FH-C22
6

Nursery 2, Wellington, South
Africa

2012 F. Halleen

8266 FH-C20
4

Farm 2, Wellington, South Africa 2012 F. Halleen

8699 SL110 Nursery 4, Wellington, South
Africa

2013 S. Langenhoven

1 STE-U: Department of Plant Pathology, Stellenbosch University.

Table 3. Genus- and species-specific primer sets used to identify the genera Campylocarpon and Dactylonectria

and Ilyonectria liriodendri.
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Table 4. List of fungal isolates used in specificity testing of specific primers.

1 All the isolates were from Vitis spp. except for F. solani that was isolated from Malus sp.

Table 5. Mean percentage mycelial growth inhibition of four species of black foot pathogens by volatile
organic compounds produced by different Trichoderma isolates.
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1 Values within each column followed by the same do not differ significantly.
2 Least significant differences of each column indicated in the bottom row (P = 0.05).

Table 6. Mean percentage mycelial growth inhibition of four species of black foot pathogens by diffusible
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antibiotic compounds produced by different Trichoderma isolates.

1 Values within each column followed by the same do not differ significantly.

2 Least significant differences of each column indicated in the bottom row (P = 0.05).

Table 7. Macroscopic interactions between duel-plated cultures of Trichoderma isolates and the
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respective black foot pathogens.

1 PO = Partial overgrowth of the pathogen by Trichoderma; POS = Partial overgrowth of the pathogen by Trichoderma and
sporulation thereof; OG = Overgrowth of the pathogen by Trichoderma; OGS = Overgrowth of the pathogen by Trichoderma and
sporulation thereof; IZ = Inhibition zone formed between the two cultures; SG = Growth of both cultures stopped when in contact.

Table 8. The microscopic interactions observed at 400× magnification for each Trichoderma isolate when
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co-inoculated with black foot pathogens.

1 HA = Adhesion of Trichoderma- to pathogen hyphae; HC = Coiling of Trichoderma- around pathogen hyphae; HD =
Disintegration of pathogen hyphae; SM = Swelling and malformation of pathogen hyphae.

This document is confidential and any unauthorised disclosure is prohibited.
Consider all findings as preliminary

Version updated September 2018



39

Table 9. The incidence of Trichoderma in different tissue groups in the field trial evaluating different
methods of application over two seasons.

1 Values followed by the same letter do not differ significantly within a column.
2 Least significant differences of each column indicated in the bottom row (P = 0.05).

Table 10. The percentage incidence of Trichoderma and BFD pathogens in different tissue types in the
field trial evaluating different methods of application over two seasons.

Incidence in 2016/17
(mean %)

Incidence in 2017/18
(mean %)

Tissue Trichoderma BFD pathogens Trichoderma BFD pathogens

Base Xylem 25.60a1 5.49c 9.69a 11.47c

Pith 21.37b 2.97c 9.51a 6.58d

Root Attachments 20.91b 17.83b 6.84b 16.62b

Central roots 10.29c 20.11ab 3.20c 15.55b

Root tips 13.49c 21.14a 6.13b 24.00a

LSD2 3.7691 3.0224 2.5400 3.5441

1 Values within each column followed by the same letter do not differ significantly.
2 Least significant differences of each column indicated in the bottom row (P = 0.05).

Table 11. The percentage of certifiable vines determined as the total number of grafted cuttings planted in
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the field trial evaluating different Trichoderma-based products over both season.

1 Values within each column followed by the same letter do not differ significantly.
2 Least significant differences of each column indicated in the bottom row (P = 0.05).

Table 12. Mean root mass in the field trial evaluating different Trichoderma-based products in the 2016/17
season.

1 Values followed by the same letter do not differ significantly (P = 0.05; LSD = 4.7947).

Table 13. The incidence of Trichoderma in different tissue groups in the field trial evaluating different
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Trichoderma-based products over two seasons.

Incidence in 2016/17
(mean %)

Incidence in 2017/18
(mean %)

Product Basal end Roots Basal end Roots

Product 1 38.50b1 19.33bc 29.00abc 15.67abc

Product 2 40.50b 23.67b 26.50bc 12.00cd

Product 3 47.50ab 26.33b 40.50ab 22.00a

Product 4 5.00d 6.00d 1.5d 4.67de

Product 5 58.50a 37.67a 43.50a 20.33ab

Product 6 11.50cd 7.67d 17.00cd 5.67de

Product 7 22.00c 12.00cd 20.00c 12.00cd

Product 8 – – 23.50c 13.67bc

Untreated control 6.00cd 4.00d 1.5d 4.00e

LSD2 16.114 10.424 16.175 7.3407

1 Values within each column followed by the same letter do not differ significantly.
2 Least significant differences of each column indicated in the bottom row (P = 0.05).

Table 14. The incidence of BFD pathogens in the basal ends of the field trial evaluating different
Trichoderma-based products over two seasons.

1 Values within each column followed by the same do not differ significantly.
2 Least significant differences of each column indicated in the bottom row (P = 0.05).
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Table 15. The percentage incidence of Trichoderma and BFD pathogens in different tissue types in the
field trial evaluating different Trichoderma-based products over two seasons.

Incidence in
2016/17 (mean
%)

Incidence in
2017/18 (mean
%)

Tissue Trichoderma BFD pathogens Trichoderma BFD pathogens

Base Xylem 29.25a1 3.13c 21.00ab 9.22c

Pith 28.13ab 1.38c 24.11a 3.44d

Root Attachments 25.00b 18.63a 18.33b 15.56b

Central roots 13.88c 14.00b 7.22d 16.67b

Root tips 12.38c 19.00a 11.11c 28.22a

LSD2 3.7728 3.2503 3.7768 3.5545

1 Values within each column followed by the same letter do not differ significantly.
2 Least significant differences of each column indicated in the bottom row (P = 0.05).

Table 16. The severity of Trichoderma in dormant rootstock shoots at different depths following different

periods of soaking in Trichoderma atroviride (T2) spore suspensions.

1 Values followed by the same letter do not differ significantly.
2 Back transformed mean Trichoderma severity.
3 Log transformed mean Trichoderma severity; LSD = 0.9105 (P = 0.05).
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Table 17. The severity of Trichoderma in the xylem and pith elements in the dormant rootstock shoot

assay.

1 Values followed by the same letter do not differ significantly.
2 Back transformed mean Trichoderma severity
3 Log transformed mean Trichoderma severity; LSD = 0.276 (P = 0.05).

This document is confidential and any unauthorised disclosure is prohibited.
Consider all findings as preliminary

Version updated September 2018



44

Table 18.  Sequences of the primers used for RT-qPCR to assess activation of host defence genes.
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Table 19. Colonization of Trichoderma atroviride USPP-T1 and T-77 in rooted rootstock plants 21 days
after drenching (trial 3).

Table 20. Colonization of roots and crowns by T. atroviride T-77:tdTomato in rooted rootstock plants
assessed at different day intervals up to 21 days post drenching.
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Figure 1. Macroscopic hyphal interactions observed on PDA medium. A) Overgrowth and

sporulation of T. atroviride over Ca. fasciculare; B) partial overgrowth and sporulation of T. fertile

over Ca. fasciculare; C) overgrowth with little to no sporulation of T. harzianum over D.

macrodidyma; D) partial overgrowth with little to no sporulation of T. fertile over Ca.

pseudofasciculare; E) arrested growth between T. atroviride and I. liriodendri and F) an inhibition

zone between T. fertile and Ca. pseudofasciculare.
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Figure 2. Microscopic interactions as observed at 400× magnification. A) Hyphal swelling of Ca.

fasciculare by T. atroviride; B) coiling of T. fertile hyphae around hyphae of Ca. fasciculare; C) hyphal

adhesion between T. harzianum and Ca. fasciculare and D) hyphal disintegration of Ca. fasciculare by T.

atroviride.
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Figure 3. PCR amplification of 330-bp Campylocarpon species fragments using the primer set

CamF/CamR (row 1), 250-bp Dactylonectria and Ilyonectria spp. fragments using the primer set

YT2F/CylR (row 2) and a 192-bp Ilyonectria liriodendri fragment using the primer set CyliF1/CyliR1 (row

3). Lane 1 represents GeneRuler™ 100-bp DNA ladder, lane 2 and 3 Campylocarpon spp, 4 to 8

Dactylonectria spp., lane 9 Ilyonectria liriodendri, lane 10 to 15 negative controls and lane 16 a

non-template control.
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Figure 4. The colonization of Trichoderma atroviride (T-77, USPP T1 or both combined) assessed 7 and
21 days after drenching the rootstocks 101.14 MGT, Richter 110 and Ramsey. A for 7 days post
inoculation (dpi) and B for 21 dpi. The error bars show the standard deviation of the mean. Identical mean
letters are not significantly different at P ≤ 0.05 (Tukey Contrasts).

Figure 5. Re-isolation percentages of T. atroviride T-77 (white bar) and T. atroviride USPP-T1 (grey bar) on
grapevine rootstock cultivar Richter 110 (Vitis berlandieri x Vitis rupestris) roots three weeks
post-inoculation. Each of the data points shows the mean of 15 biological replicates. The error bars show
the standard deviation of the mean. Identical mean letters are not significantly different at P ≤ 0.05 (Tukey
Contrasts).
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Figure 6. Confocal image of Trichoderma atroviride T-77:tdTomato spores and mycelium.

Figure 7.  A, B, C. Maximum intensity projection of z-stack images showing mycelium (A), aggregation of
spores (A,B) inside the roots and a germinating spore on a root surface (C) of T. atroviride T-77 idTomato.
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Figure 8. Relative gene expressions by RT-qPCR in the leaves of grapevine rootstock cultivar Paulsen
1103 after inoculation with T. atroviride T-77 light red bars) and T. atroviride USPP-T1 (dark red bars) 21
days after drenching. Individual data points indicate the mean of three technical and three biological
replicates. Error bars represent the standard deviation of the mean. Identical mean letters are not
significantly different at P ≤ 0.05 (Tukey Contrasts).
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Figure 9. Relative gene expressions by RT-qPCR in the leaves of grapevine rootstock cultivar US 8-7 21
days after inoculation with T. atroviride T-77 (pale green bars) and T. atroviride USPP-T1 (dark green
bars). Individual data points indicate the mean of three technical and three biological replicates. Error bars
represent the standard deviation of the mean. Identical mean letters are not significantly different at P ≤
0.05 (Tukey Contrasts).
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Figure 10. Relative gene expressions by RT-qPCR in the leaves of grapevine rootstock cultivars Richter
110 and US 8-7 with T. atroviride T-77 10 days after drenching. Individual data points indicate the mean of
three technical and three biological replicates. Error bars represent the standard deviation of the mean.
Identical mean letters are not significantly different at P ≤ 0.05 (Tukey Contrasts).

Please indicate YES or NO if a PROJECT EXTENSION is required (if YES, contact Winetech)
No

9. CONCLUSIONS AND RECOMMENDATIONS

Trichoderma atroviride has the ability to colonise grapevine roots as well as the base of the rootstock of
young plants three days post drenching. The early establishment of T. viride T77, transformed with the
fluorescent pigment tdTomato, could be visualised within roots after 21 days with confocal microscopy.
Probably due to lower levels of infection at earlier time points infection was not microscopically visible.
Further studies should be conducted with this fluorescent strain to understand the establishment of
Trichoderma in grapevine tissue.

The establishment of Trichoderma on different rootstock cultivars was evaluated on dormant rootstock
shoots as well as rooted rootstock plants. On the dormant rootstock shoots T. atroviride was able to
successfully colonise all five rootstock cultivars to a depth of 10 cm. In general did a longer soaking period
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not significantly increase T. atroviride colonization. Trichoderma atroviride colonization was at similar
levels for the five rootstock cultivars tested (Ramsey, Richter 99, Richter 110, US8-7 and Paulsen).  On
the rooted rootstock plants, assessed 21 days after drenching, the level of infection in the roots and the
base of the rootstock plants were very similar for the cultivars tested (Richter 110, Ramsey, US 8-7 and
Paulsen 1103).

The development of a system to assess the activation of grapevine defence genes after Trichoderma
drenching required a lot of optimisation. The extraction of mRNA from roots was abandoned after several
attempts failed. It is known that obtaining mRNA from roots is difficult, most probably due to inhibitors that
is present within the extraction. The extraction of mRNA from leaves is more reliable. The added
advantage of assessing expression in leaves is that the response measured is systemic. From the gene
expression results it is clear that rootstock cultivar, T. atroviride strain and time of assessment has an
influence on defence gene expression. Even though it has been shown that T. atroviride can prime host
defence in grapevine cell cultures, does its contributing effect to disease control remain unclear. The in
planta system that has been developed in this study need to be applied in combination with a pathogen.
Unfortunately, the black foot system did not give reliable and measurable results. Other pathosystems that
could be explored could be Botrytis cinerea infections of the leaves or other trunk disease pathogens
inoculated by a plug on the stems. Applying Trichoderma spp. to the roots and then measuring the
biological efficacy on disease development together with defence gene expression will allow us to
understand this component of Trichoderma biocontrol and where best to apply it for grapevines.

The success of Trichoderma spp. as biopesticide under field conditions depends not only on its
antagonistic activity alone, but a combination of several other factors including the method of application,
ability of the isolate to colonise grapevine as well as environmental conditions such as soil moisture
content and temperature. Results from this study showed that the newly developed application technique
consisting of a dry product application to the basal ends of vines post callusing in combination with
monthly soil drenches gave consistent better colonization of Trichoderma spp. over the two season, while
simultaneously providing a certain degree of protection against infection of the basal ends of vines to BFD
pathogens. This is a practical and fast method of applying Trichoderma to nursery vines post callusing that
can be incorporated into the nursery process without great difficulty. The use of a dry product formulation
would be more costly, as the amount of dry product per plant (ranging between 0.195g and 0.302g on
average) exceeds that used for soaking or drenching. However, with further research and development of
such formulations an affordable and marketable product can likely be developed.

Further research is necessary to evaluate the efficacy of the Trichoderma strains originating from
grapevine, combinations thereof and on other rootstocks cultivars used in South Africa by applying the dry
product dip technique. It is suggested that growth parameters and incidence of both Trichoderma spp. and
black foot, as well as other major GTDs needs to be assessed several years after vines have been
transplanted into vineyards, taking into account the time it takes for Trichoderma to show efficacy. How
long Trichoderma would remain in nursery vines post vineyard transplant also remains a question to be
answered. In the case of hot water treatment of dormant nursery vines, the resident Trichoderma spp.
would be eliminated. Therefore, the application of Trichoderma spp. pre-planting in vineyards and the
effect thereof on growth and disease suppression needs to be investigated.
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The two fields trials showed that Trichoderma spp., even after more effective colonization, were not
sufficient to prevent infections by BFD pathogens. A certain degree of protection was obtained in the base
of the vines for one season. The low levels of control could likely be attributed to the strong growth
characteristics of the rootstock that was used in the trials that possibly suppressed the effects of
Trichoderma. Furthermore, the majority of BFD pathogens were of the Campylocarpon genus, which was
found to be less sensitive to Trichoderma spp. in vitro. Approximately half of the black foot pathogens in
the field were Campylocarpon spp., indicating that the direct effect of Trichoderma spp. on this component
of black foot would be less effective.

To conclude, black foot infections of nursery vines can’t solely be controlled by Trichoderma spp.
applications and need to be incorporated in an integrated control strategy which could also include
pathogen suppressive rotation crops/amendments. To ensure black foot free nursery vines, the best
method of control would be hot water treatment of vines prior to sale. This treatment would eliminate also
Trichoderma spp. if that would have been applied.

10. ACCUMULATED OUTPUTS

a) TECHNOLOGY DEVELOPMENT, PRODUCTS AND PATENTS
Start here
The application of the dry Trichoderma product is definitely a better way to apply these products before
planting.

b) SUGGESTIONS FOR TECHNOLOGY TRANSFER

A popular article for the Winelands is in preparation in which the knowledge gained in terms of methods of
application and product variation will be communicated to the industry.

Outcomes of the research have been communicated on SASEV-WINETECH 2018 conference.

c) HUMAN RESOURCES DEVELOPMENT/ TRAINING (STUDENTS)
Student Name and
Surname

Student Nationality Degree (eg MSc
Agric, MComm)

Level of studies in
final year of project

Total cost to industry
throughout the
project

Honours

Masters

Wynand van Jaarsveld South African MSc 3rd year MSc R225 000

PhD

Postdocs

Romain Pierron French R425 000

Elodie Stempien French R175 000
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d) PUBLICATIONS (POPULAR, PRESS RELEASES, SCIENTIFIC)

Van Jaarsveld WJ. 2019. Investigation of Trichoderma species colonization of nursery grapevines for
improved management of black foot disease. MSc Thesis. Stellenbosch University.

Van Jaarsveld WJ, Mostert L, Halleen F. 2019. Investigation of Trichoderma species colonization of
nursery grapevines for improved management of black foot disease. Article in preparation.

Stempien E, Pierron R, Adendendorf I, Halleen F, Mostert L. 2019. Root colonization and host
defence activation of grapevine rootstock by the biological control agent Trichoderma atroviride.
Article in preparation.

Van Jaarsveld WJ, Mostert L, Halleen F. 2019. Application of Trichoderma species to nursery
grapevines for improved management of black foot disease. Popular article for the Winelands in
preparation.

e) PRESENTATIONS/PAPERS THAT COULD BE DELIVERED

Van Jaarsveld W, Halleen F & Mostert L. 2016. In vitro screening of Trichoderma species isolates
for potential bio-control of black foot disease causing pathogens in grapevine nurseries.
XIV Meeting of Working Group Biological Control of Fungal and Bacterial Plant Pathogens
(IOBC), Berlin, Germany.

Van Jaarsveld WJ, Mostert L, Halleen F. 2017. In vitro screening of Trichoderma species isolates
for potential bio-control of black foot disease causing pathogens in grapevine nurseries.
Congress of the South African Society of Plant Pathology, Drakensberg, South Africa.

Van Jaarsveld WJ, Halleen F, Mostert L. 2017. The evaluation of the extent of Trichoderma
colonization of dormant rootstock vines. Plant Bioprotech: 1st International symposium on
plant bioprotection sciences and technologies, 27-30 June 2017, Reims, France.

van Jaarsveld WJ, Halleen F, Mostert. 2018. The effect of different application methods on the
colonization of Trichoderma atroviride of grapevine nursery vines post callusing.
SASEV-WINETECH 41st International Conference (2-4 October 2018, Somerset West).

Pierron R, Stempien E, Adendendorf I, Halleen F, Mostert L. 2018. Investigating the early
colonization and host defence activation of the biological control agent Trichoderma
atroviride in the grapevine rootstock Richter 110. SASEV-WINETECH 41st International
Conference (2-4 October 2018, Somerset West).

Stempien E, Pierron R, Adendendorf I, Halleen F, Mostert L. 2019. Root colonization and host
defence activation of grapevine rootstock by the biological control agent Trichoderma
atroviride. 51st Congress of the South African Society of Plant Pathology, South Africa
(20-24 January 2019, Langebaan). Received prize for best oral biocontrol presentation.
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van Jaarsveld WJ, Halleen F, Mostert L. 2019. Investigating the colonization of Trichoderma in
grapevine nursery vines for improved management of black foot disease. 51st Congress of
the South African Society of Plant Pathology, South Africa (20-24 January 2019,
Langebaan).

Van Jaarsveld W, Stempien E, Pierron R, Halleen F, Mostert L. An overview of lessons learnt in the
application of Trichoderma products in grapevine nurseries. 11th International Workshop on
Grapevine Trunk Diseases, 7-12 July 2019, Penticton, British Columbia, Canada.

Stempien E, Pierron R, Addendorf I, Halleen F, Mostert L. 2019. Root colonization and host
defence activation of grapevine rootstock by the biocontrol agent Trichoderma atroviride.
11th International Workshop on Grapevine Trunk Diseases, 7-12 July 2019, Penticton,
British Columbia, Canada.

11. PROJECT OUTCOME AND IMPACT

New Knowledge Benefits Supply Chain Direct Grower
Application

Direct Packhouse/
Winery /  Cellar

Application
Other

X X

Other is:

The Value of the project to industry
Planting healthy vines when establishing a new vineyard is very important. Nursery vines are often
infected with black foot pathogens and effective solutions to this problem is continually sought. In this
project the improved application of Trichoderma products were investigated for the control of black foot in
nursery vines. Soaking the callussed graftlings for 1 hour in Trichoderma spore suspensions was not
effective and gave colonization percentages not significantly different compared to the untreated control
vines. Applying only monthly drenches gave variable colonization percentages over the two years. In
applying the Trichoderma products as dry powder on wet bases and roots of callused graftlings,
significantly higher levels of colonization was obtained. The dry powder application together with monthly
drenches gave high levels of colonization over both years of the field trials.  However, these treatments did
not consistently control black foot infections. In one year significant control was obtained in the bases of
the vines, however, not in the roots. The application of Trichoderma products would hold more potential in
establishing vines for mother blocks or vineyards. The longer term establishment of the biocontrol fungus
and the vine should be further investigated.  From our results, using Ramsey in the field trials, there was
no growth promotion observed after the year in the nursery soil. The variability of the effect of Trichoderma
need to be assessed on more rootstock cultivars in the field, as the gene expression clearly showed that
the cultivar influences the activation of defence related genes. This project provide further fundamental
knowledge regarding the establishment of Trichoderma on young rootstock plants. Our results showed
that Trichoderma can infect roots and the base of the vine three days after drench application. Even
though we got good colonization after drenching in a controlled environment, did the field trial indicate that
soil factors probably influence successful Trichoderma infection. In summary, this project has shown that
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better Trichoderma colonization of nursery vines was obtained with the dry product application.

12. PERSONS PARTICIPATING IN THE PROJECT
Initials &
Surname

Highest Qualif Race (B, W) Gender (M, F) Institution &
Department

Position Cost to
Project

L. Mostert PhD W F Plant
Pathology,
Stellenbosch
University

Pr L

F. Halleen PhD W M Plant
Protection
Division, ARC
Nietv

Co

C. Vermeulen Matric W F Plant
Protection
Division, ARC
Nietv

RA

J. Marais Matric W F Plant
Protection
Division, ARC
Nietv

RA

D. Marais Matric W M Plant
Protection
Division, ARC
Nietv

RA

Palesa Lesuthu Nat. Dipl B F Plant
Protection
Division, ARC
Nietv

TA

** (Only applicable to persons who participate as Consultants or on Contract)

(3)Position Co = Co-worker ( other researcher at your institution)
Coll = Collaborator ( participating researcher that does not receive funding for this project from

industry)
PF = Post-doctoral fellow
PL = Project leader
RA = Research assistant/ student
TA = Technical assistant/ technician

13. BUDGET
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TOTAL COST SUMMARY OF THE ENTIRE PROJECT
TOTAL
ANNUAL
COSTS
(ALL
YEARS)

CFPA RAISIN
SA

SAAPPA-
SASPA

SATI Winetech ARC THRIP OTHER TOTAL

TOTALS 0 0 0 407790 1084000 0 0 0 1491790

2016 256000 256000

2017 197000 376000 573000

2018 210790 452000 662790

2019 0

2020 0

2021 0

2022 0

2023 0

2024 0

2025 0

2026 0

TOTAL 1491790
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