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Abstract

BACKGROUND: Fungal grapevine trunk diseases (GTD) represent a threat for
viticulture, being responsible of important economic losses worldwide. Nursery and
vineyard experiments were set up to evaluate the ability of Trichoderma atroviride SC1
to reduce infections of GTD pathogens in grapevine planting material during the
propagation process and to assess the long-term protection provided by this biocontrol

agent on grapevine plants in young vineyards during two growing seasons.

RESULTS: Reductions of some GTD pathogens incidence and severity were found on
grapevine propagation material after nursery application of 7. atroviride SC1 during the
grafting process, and also after additional 7. atroviride SC1 treatments performed during

two growing seasons in young vineyards, when compared with untreated plants.

CONCLUSION: Trichoderma atroviride SC1 showed promise to reduce infections
caused by some GTD pathogens in nurseries, and also when establishing new vineyards.
This biological control agent could possibly be a valuable component in an integrated

management approach where various strategies are combined to reduce GTD infections.
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1 INTRODUCTION

Despite the efforts done since the early *90s to investigate the etiology and epidemiology
of fungal grapevine trunk diseases (GTD), they still represent a threat for viticulture,
being responsible of important economic losses worldwide.! Petri and Black-foot
diseases are considered as the main GTD affecting young vineyards, and Eutypa,
Botryosphaeria and Phomopsis diebacks, and Esca and Grapevine Leaf Stripe diseases,

as the prevalent GTD in adult vineyards. !>

GTD are complex diseases due to several factors: i) they are caused by up to 133
wood-infecting fungal species belonging to 34 genera; ii) several GTD can infect
grapevines at the same time; iii) they have similar internal or external symptomatology,
or different symptomatologies overlap when multiple infections occur. Moreover, GTD
on young and adult plants are intimately connected, because they share common
pathogens and because grapevines infected by GTD when they are young can show

symptoms when they are adult, after a more or less extended latency period.!"

Altogether, these factors can explain why the management of GTD is so difficult,
but other additional aspects to consider are: the cultural practices that favor fungal
infection, such as high density spur-pruned trellised vineyards, often mechanically
pruned, which present a high number of pruning wounds and multiple additional infection
opportunities; and the banning in the early 2000s of effective fungicides against GTD,

such as sodium arsenite or benzimidazoles.'>

Grapevine producers are aware of the high likelihood of infection and substantial
yield losses from GTD but, in general, they do not adopt management practices until
disease symptoms appear in the vineyard, frequently when the vines are at around 10
years old.® Viticulturists are currently assuming that they must face GTD throughout the
entire life of the vine, integrating different control measures that can contribute to mitigate
the economic impact of the diseases, but taking into account that complete eradication of
these diseases is not possible.!* In this sense, the most important objectives to be covered

by a GTD integrated management program are the improvement of the phytosanitary



quality of the vines produced in the nursery,* and the prevention of infections of pruning

wounds in the vineyard from the moment of planting. !

In nurseries, grapevine planting material is very prone to infection by GTD
pathogens due to the large number of cuts and wounds made during the different steps of
the propagation process.!* Gramaje and Di Marco (2015)® conducted a wide
questionnaire survey in grapevine nurseries of 13 European countries, Israel and Algeria,
and identified a clear need for further research into the effects of treatments including hot
water treatment, biological control agents (BCA) and other strategies such as ozonation,
to reduce infection by GTD pathogens during grapevine propagation. The incorporation
of all available control measures in an integrated management program has been indicated
as the best approach to improve the phytosanitary quality of grapevine planting

material.!*

In established vineyards, pruning wounds have been identified as the most
relevant infection pathway for aerial inoculum of many GTD pathogens.”!’ The
importance of this pathway is enhanced by the long susceptibility period of grapevine
pruning wounds, which can last up to 4-6 months, even with decreasing susceptibility.'*-
14 Different fungicides have been reported to be effective for pruning wound protection,
but they have a short-term efficacy and, in Europe, the current range of authorized active
ingredients for this purpose is very limited.!* New chemical and physical protection
formulations are under development, aiming to a long-lasting protection against GTD
infection,'*!* but BCAs preventively colonizing the fresh wounds may also serve for this

purpose.’

Trichoderma species have been investigated extensively as biocontrol agents of
plant pathogens, including GTD. They currently represent one of the most important
fungal based BCAs used in agriculture.'®2° Depending on the strain, Trichoderma species
present several benefits for crop plants: i) they can stimulate plant growth by enhancing
nutrient mobilization and uptake; ii) they can suppress pathogens by competition for
nutrients and space, mycoparasitism and antibiosis; and iii) they can suppress plant

diseases by inducing systemic resistance.?’?

In grapevine, the species T. atroviride strains USPP-T1 and USPP-T2,**%* I-
1237,%%27 and SC1,%® have shown a good performance for the protection of grapevine

against GTD. Soil applications of 7. atroviride T11 + T. asperellum T25, combined with



white mustard cover crop residue amendment and chemical fumigation with propamocarb
+ fosetyl-Al, were evaluated to reduce Black-foot pathogens infection in grapevine
grafted plants, but no added benefit was obtained when biofumigation was used with

Trichoderma spp..?’ Other Trichoderma spp. for which research against GTD have been

30-34 35

reported are different 7. harzianum strains, and T. asperellum + T. gamsii.

Most of the research works dealing with the control of GTD in grapevine nurseries
with BCAs, have evaluated their efficacy in a short-term period, showing a disconnection
between the development of management strategies in nurseries and the subsequent
protection of the plants once they are planted in vineyards.?3*!323* For this reason, the
objectives of this work were: 1) to evaluate the ability of the BCA T. atroviride SC1 to
reduce infections of GTD pathogens in grapevine planting material during the
propagation process in a commercial nursery, and ii) to assess the long-term protection
provided by this BCA during two growing seasons in two commercial vineyards
stablished using the planting material previously treated with 7. atroviride SC1 in the

nursery.

2 MATERIALS AND METHODS

2.1 Grapevine scion and rootstock materials used

The experiment was carried out using two stocks of each Tintorera cv. scions and 110
Richter rootstocks in a nursery located in Aielo de Malferit, Valencia province (eastern

Spain) in 2015.

Prior to the grafting process and the T. atroviride SC1 applications, 25 scion
fragments with buds and 25 rootstock cuttings were randomly selected from the stocks
and analyzed for the presence of GTD pathogens. For this purpose, in each material type,
isolations were performed from sections of 1 cm long. These sections were washed under
running tap water, surface-disinfested for 1 min in a 1.5% sodium hypochlorite solution,
and washed twice with sterile distilled water. Then, 10 internal wood fragments per
section were placed on malt extract agar (MEA) supplemented with 0.5 gL' of
streptomycin sulphate (Sigma-Aldrich, St. Louis, MO, USA) (MEAS) (five fragments
per two Petri dishes). Plates were incubated for 10-15 days at 25°C in the dark, and all

emerging colonies were transferred to PDA. Preliminary morphological identification of



the colonies was conducted by observation of cultural and microscope characters for
Botryosphaeriaceae, Cadophora luteo-olivacea, Cylindrocarpon-like asexual morphs,

the genus Phaeoacremonium and Phaeomoniella chlamydospora.>®*!

For species identity confirmation, fungal mycelium and conidia from pure cultures
grown on PDA for 2 to 3 weeks at 25°C in the dark were scraped and mechanically
disrupted using FastPrep-24™5G (MP Biomedicals, Santa Ana, CA, USA). Total DNA
was extracted using the E.Z.N.A. Plant Miniprep Kit (Omega Bio-tek, Doraville, USA)
following manufacturer’s instructions. The quality and integrity of the DNA was
visualized on 1% agarose gels stained with REALSAFE (Durviz S.L., Valencia, Spain).
All DNA samples were stored at —20°C.

The identification of all isolates was performed by analysis of the ITS region
amplified using the fungal universal primers ITS1F and ITS4.*** Then, further molecular
identification was conducted for specific groups of pathogens. Cadophora and
Phaeoacremonium species were identified by sequence analysis of the B-tubulin gene.
For Cadophora the primers used were BTCadF and BTCadR,** and for
Phaeoacremonium they were T1 and Bt2b.**¢ Identification of Botryosphaeriaceae
species was confirmed by analysis of elongation factor 1-a gen amplified using EF1F and
EF2R primers.*” Identification of Cylindrocarpon-like asexual morphs was confirmed by

sequencing part of the histone H3 gene with primers CYLH3F and CYLH3R.*®

2.2 Nursery experiment

A water suspension of formulated 7. atroviride SC1 (Vintec ®, Belchim Crop Protection;
2 x 10'° conidia g! formulated product) at 2 g I'' was used. The viability of the conidia
in the commercial product was checked to be at a minimum of 85 % before each trial as
described by Pertot et al. (2016).%® A serial dilution of the conidia suspension was plated
on potato dextrose agar (PDA) (Biokar-Diagnostics) and the colony forming units were

counted after 24—48 h incubation at room temperature.

Grapevine propagating material (cuttings of 110 R rootstock subsequently grafted
with Tintorera cultivar) were treated with 7. atroviride SC1 at three stages during the
grapevine propagating process: 1) a 1-day soak in 7. atroviride SC1 suspension prior to

grafting; ii) the application of 7. atroviride SC1 suspension in sawdust at stratification;



and iii) a 1-h soak of the basal parts of the plants in 7. atroviride SC1 suspension before
planting in the rooting field. The untreated control involved treatments with water at each
of the three stages. For 7. atroviride SC1 treatments and the untreated controls, there were

three replicates of 120 plants, which were managed separately.

Grafted plants were planted in a nursery rooting field in May 2015, and were
arranged in a randomized complete block design with three replicates (120 plants) per
treatment. Cultural practices were performed according to the common Integrated Pest
Management (IPM) guidelines and only copper compounds and wettable sulphur were
applied at label dosages to control downy and powdery mildew, respectively, if required.
Plants were uprooted in October 2015 and wrapped in individual perforated plastic bags
to avoid cross contamination, but also to prevent oxygen deprivation and fermentation,
without exposing the cuttings to dehydration.*” Twenty five plants per treatment and
replicate were selected randomly and taken to the laboratory for fungal isolation analyses.
The remaining plants were cold stored at 2-3 °C and 90% humidity until the next growing

s€ason.

Isolations were made from 3 cm long sections cut from three different areas: the
grafting point, the basal end of the rootstock cuttings, and the root system. These materials
were washed, surface-sterilized and isolations were performed as described before. Ten
wood fragments per each type of area (five fragments per two Petri dishes) were analyzed
(30 wood fragments per plant). Molecular identification of GTD pathogens was also
performed as described before. In addition, the identity of the 7. atroviride SC1 colonies
recovered was confirmed on a random sample of 10 % of the colonies isolated using the

real-time PCR method described by Savazzini et al. (2008).%°

2.3 Vineyard experiments: first growing season.

In May 2016 the remaining 7. atroviride SC1 treated and the untreated grafted plants
from the nursery experiment were planted in two field sites located in Campo Arcis (Field
1) and Requena (Field 2), both in Valencia province, and separated 10 km. Before
plantation, basal parts of treated plants were soaked during 1-h in 7. atroviride SC1

suspension, while untreated plants were soaked in water.



In each field, grafted plants were spaced 50 cm from center to center, and with an
interrow spacing of 150 cm. Each field plot included three rows, each with two groups of
30 grafted plants. In both sites, the experimental design consisted of three randomized
blocks (corresponding to the rows), each containing a group (replicate) of treated or
untreated plants spaced 200 cm. In total, there were 180 grafted plants per field. Standard
cultural practices were employed in both sites during the grapevine growing season, and
the control of downy and powdery mildews were performed using only copper
compounds and wettable sulphur applied at label dosages and following IPM guidelines,
respectively, if required. In Field 2, the plants were protected from rabbits with plastic

shelters, but not in Field 1.

In February 2017, at the pruning moment, shoots of each plant without the leaves
were collected and immediately assessed for undried shoot weight. In addition, in each
vineyard ten plants per treatment and repetition were uprooted and taken to the laboratory
for fungal isolation, which was performed on the grafting point, the basal end of the
rootstock cuttings, and the root system, as described before. Molecular identification of

GTD pathogens and Trichoderma SC1 was also performed as described before.

2.4 Vineyard experiments: second growing season

In February 2017, twenty four hours after pruning, 7. atroviride SC1 suspension was
applied to pruning wounds of the remaining treated plants in each field (20 plants per
replicate), and untreated plants were sprayed with water. During the 2017 growing season,
cultural practices, and downy and powdery mildews management, were performed as
described before. In February 2018, at the pruning moment, dormant plants were pruned,
immediately assessed for undried shoot weight, and ten plants per repetition analyzed for

fungal isolation as described for the first growing season.

2.5 Data analyses

The incidence and severity of each of the GTD pathogens detected were determined as
the mean percentage of infected plants and mean percentage of positive fungal isolation
from wood fragments, respectively. For each experiment, incidence and severity were

also calculated for each type of GTD detected: 1) Botryosphaeria dieback (BOT) including



fungi belonging to the family Botryosphaeriaceae; i1) Petri disease (PETRI) including C.
luteo-olivacea, Phaeoacremonium spp. and Pa. chlamydospora, and iii) Black-foot
disease (BF) including Cylindrocarpon-like asexual morphs. The percentage of reduction
(Pr) of the pathogens detection at each isolation area and for each fungal species was
calculated as Pr=100(Pc-Pt)/Pc, in which Pc is the mean pathogen incidence or severity
in the control and Pt is the mean pathogen incidence or severity in the 7. atroviride SC1
treatment. In the vineyard experiments, mean values of undried shoot weight (in g/plant)
were calculated for the 7. atroviride SC1 treatment and the untreated control at each

experimental vineyard after the first and the second growing seasons.

Significance levels for mean percentages of incidence and severity corresponding
to each type of GTD (BOT, PETRI and BF) and mean values of undried shoot weight
were determined by the Kruskal-Wallis one-way analysis of variance on ranks and mean
separation was conducted for Fisher’s least significant differences (LSD) at P<0.05. The

analysis were performed using R package agricolae.’!:?

3 RESULTS

The analysis of 25 scions with buds of cv. Tintorera and 25 cuttings of 110 Richter
rootstocks prior to nursery experiment showed that their initial infection level was low.
Specifically, only six infected rootstock cuttings were detected: two with Diplodia
seriata, two with Cadophora luteo-olivacea, and two with Neofusiccoum parvum.

Regarding the scions, only one of them was found infected by C. luteo-olivacea.

Conidia viability of the 7. atroviride SC1 suspensions prior to the applications
was confirmed in both nursery and vineyard trials and was at least 85%. Moreover, in
both nursery and vineyard experiments percentage recovery of this strain was high: over
80% of the treated plants (incidence) or wood fragments (severity) were colonized by 7.

atroviride SC1, and it was not recovered from untreated plants.

In general, at the end of all trials, the GTD pathogens associated with BF were
preferably found with the highest incidences and severities on the roots, those associated
with BOT were preferably found on the grafting point and, finally, those associated with
PETRI were found in all the three isolation areas considered in this study. Thus, the

statistical comparison of 7. atroviride SCI1 treated and untreated plants was performed



taking into account these three diseases, and grouping the results of the different

associated pathogens associated with each disease and their preferred areas for infection.

3.1 Nursery experiment

At the end of the grafting process, the GTD pathogens isolated were Dactylonectria
torresensis, D. seriata, C. luteo-olivacea, N. parvum, Phaeoacremonium minimum and
Phaeomoniella chlamydospora. Their incidence and severity in the three isolation areas

of the grafted plants was highly variable (Table 1).

On T. atroviride SCI1 treated plants, there were highly variable reductions in GTD
pathogens incidence when compared with untreated controls, which ranged from 100%
for N. parvum on the grafting point to 16.6 % for Pm. minimum on the rootstock basal
end. There was no reduction in C. luteo-olivacea incidence, but its percentage on
untreated plants was very low (1.3%). Regarding the severity of the GTD pathogens, the
reductions ranged from 100% for N. parvum on the grafting point to 33.3% for Pa.
chlamydospora on the roots, with no reduction for C. luteo-olivacea on the rootstock basal

end.

Data from the different pathogens were grouped according to the three main GTD
considered. Percentages of incidence for BOT, PETRI and BF diseases in untreated plants
were 33.3, 30.2 and 1.3, respectively; while in 7. atroviride SCltreated plants they were
1.3, 12.4 and 0, respectively. Regarding, severity, percentages for BOT, PETRI and BF
were 8.6, 6.3 and 1.1, respectively; while in treated plants they were 0.4, 2.1 and 0,
respectively. The analyses of variance revealed significant reductions in both incidence
and severity for BOT (P=0.04 and P=0.04, respectively) and only in severity for PETRI
(P=0.109 and P=0.03, respectively) in the 7. atroviride SC1 treated plants (Figure 1). For
BF, there was not a statistically significant reduction in both incidence and severity
(P=0.32 and P=0.32, respectively). In this case, the pathogens associated with this disease
were detected at very low levels on untreated plants and were not detected on treated

plants.

3.2 Vineyard experiments



Results of undried shoot weight (g/plant) at the end of the two growing seasons for Fields
1 and 2 are shown in Figure 2. At the end of the first growing season, undried shoot weight
in Field 1 were 42.2 and 55.0 g/plant for untreated and treated plants, respectively; and in
Field 2, they were 17.9 and 22.7 g/plant, respectively. At the end of the second growing
season, undried shoot weight in Field 1 were 273.3 and 245.7 g/plant for untreated and
treated plants, respectively; and in Field 2, they were 127.2 and 125.3 g/plant,

respectively.

A significant increase of the undried shoot weight was observed in the T.
atroviride SC1 treated plants in both fields at the end of the first growing season (2016-
17) (P=0.00009 and P=0.0024, for Fields 1 and 2 respectively), but not at the end of the
second (2017-18) (P=0.12 and P=0.85, for Field 1 and Field 2 respectively) (Figure 2).

In Field 1 at the end of the first growing season (2016-17), the GTD pathogens
isolated were D. torresensis, D. seriata, llyonectria liriodendri, N. parvum, Pm. minimum
and Pa. chlamydospora, all with variable incidence and severity percentages in the three
isolation areas of the grafted plants (Table 2). At the end of the second growing season
(2017-18), the GTD pathogens that were isolated were the same indicated before, but also

Pm. iranianum was detected on the grafting point (Table 3).

In this field in both growing seasons, there were variable reductions in GTD
pathogens incidence and severity when 7. atroviride SC1 treated plants were compared
with untreated controls. In the first growing season (Table 2), the highest reductions
(100%) were obtained for Pa. chlamydospora on the grafting point, D. forresensis on the
rootstock basal end, and for D. seriata and Pa. chlamydospora on the roots. In the second
growing season (Table 3), 100% reduction was obtained for D. seriata, Pm. iranianum
and Pa. chlamydospora on the grafting point, Pa. chlamydospora on the roostock basal
end, and for D. ftorresensis, I. liriodendri and Pa. chlamydospora on the roots.
Nevertheless, in both seasons the percentages of reduction achieved for some GTD
pathogens were low (e.g. Pm. minimum incidence at the rootstock basal end was reduced

only 16.6% and 28.5% in seasons 2016-17 and 2017-18, respectively) (Tables 2 and 3).

In Field 1, percentages of incidence for BOT, PETRI and BF diseases at the end
of the first growing season in untreated plants were 26.6, 24.4 and 10.0, respectively;
while in T. atroviride SCI1 treated plants they were 10.0, 8.8 and 3.3, respectively.
Regarding, severity, percentages for BOT, PETRI and BF were 9.5, 5.6 and 1.6,



respectively; while in treated plants they were 2.3, 1.3 and 0.3, respectively. The statistical
analyses showed significant reductions in both incidence and severity of PETRI (P=0.028
and P=0.039, respectively) at the end of the first growing season (Figure 3). For BOT and
BF, there was not a statistically significant reduction in both incidence (P=0.184 and

P=0.796, respectively) and severity (P=0.126 and P=0.796, respectively).

At the end of the second growing season, percentages of incidence for BOT,
PETRI and BF diseases in untreated plants were 56.6, 40.0 and 16.6, respectively; while
in T. atroviride SCltreated plants they were 23.3, 14.4 and 0, respectively. Regarding,
severity, percentages for BOT, PETRI and BF were 16.0, 8.3 and 2.0, respectively; while
in treated plants they were 5.3, 2.1 and 0, respectively. A significant reduction in both
incidence and severity of BOT (P=0.046 and P=0.049, respectively) and PETRI (P=0.031
and P=0.039, respectively) diseases was observed (Figure 3). For BF, there was not a
statistically significant reduction in both incidence and severity (P=0.32 and P=0.31,
respectively), although the pathogens associated with this disease were not detected on

treated plants.

Field 2 presented the highest GTD pathogens species diversity, because at the end
of the first growing season (2016-17), the GTD pathogens that were isolated were
Botryosphaeria dothidea, C. luteo-olivacea, D. torresensis, D. seriata, Eutypa lata,
Ilyonectria alcacerensis, 1. robusta, N. parvum, Pm. minimum and Pa. chlamydospora
(Table 4), and at the end of the second growing season (2017-18) the species found were
D. novozelandica, D. torresensis, 1. robusta, N. parvum, Pm. iranianum, Pm. minimum,
Pm. parasiticum and Pa. chlamydospora (Table 5). In both seasons their incidence and

severity in the three isolation areas of the grafted plants was variable.

In this field, reductions in GTD pathogens incidence and severity in both growing
seasons were also variable when 7. atroviride SC1 treated plants were compared with
untreated controls. In the first growing season (Table 4), the highest reductions (100%)
were obtained for E. lata and N. parvum on the grafting point, B. dothidea, C. luteo-
olivacea and I. alcacerensis on the rootstock basal end, and for B. dothidea, 1. liriodendri
and Pa. chlamydospora on the roots. In the second growing season (Table 5), 100%
reduction was obtained for Pm. iranianum on the grafting point, N. parvum on the
roostock basal end, and for D. novozelandica, I. liriodendri and Pm. parasiticum on the

roots. Also in this field, in both seasons the percentages of reduction for some GTD



pathogens were low (e.g. Pm. minimum incidence was reduced only 20.8% and 23.3%

the grafting point and the rootstock basal end, respectively) (Table 5).

In Field 2, percentages of incidence for BOT, PETRI and BF diseases at the end
of the first growing season in untreated plants were 40.0, 36.3 and 16.6, respectively;
while in 7. atroviride SC1 treated plants they were 23.3, 13.3 and 16.6, respectively.
Regarding, severity, percentages for BOT, PETRI and BF were 18.0, 10.4 and 5.3,
respectively; while in treated plants they were 5.3, 1.8 and 5.3, respectively. The statistical
analysis showed significant reductions in both incidence and severity of PETRI (P=0.002
and P=0.003, respectively) at the end of the first growing season (Figure 4). For BOT and
BF, there was not a statistically significant reduction in both incidence (P=0.368 and

P=0.8166, respectively) and severity (P=0.076 and P=1, respectively).

At the end of the second growing season percentages of incidence for BOT,
PETRI and BF diseases in untreated plants were 56.6, 61.1 and 33.3, respectively; while
in T. atroviride SC1 treated plants they were 30.0, 42.2 and 10.0, respectively. Regarding,
severity, percentages for BOT, PETRI and BF were 16.6, 16.3 and 4.0, respectively; while
in treated plants they were 12.0, 10.5 and 1.0, respectively. The reductions observed on
BOT, PETRI and BF incidence (P=0.126, P=0.230 and P=0.177, respectively) or severity
(P=0.512, P=0.144 and P=0.07, respectively) were not significant.

4 DISCUSSION

In the nursery experiment after the application of 7. atroviride SC1, variable values of
the incidence and severity reduction percentages of GTD pathogens were observed, being
in some cases very low. Thus, when data from the different pathogens were grouped
according to the three main GTD considered, only reductions in Botryosphaeria dieback

incidence and severity, and Petri disease severity were statistically significant.

In grapevine nurseries, it is well known that the grafting process increases the risk
of contamination by GTD pathogens, being the rooting phase the one in which the
infections are most likely to occur.* In our nursery experiment, prior to grafting, both
scions with buds and rootstock cuttings showed low initial infection levels by only three
pathogens, D. seriata, C. luteo-olivacea and N. parvum. However, at the end of the

grafting process, the diversity of GTD fungal species detected and its incidence and



severity levels increased noticeably. Black-foot, Botryosphaeria dieback and Petri disease
pathogens were found, confirming that these three GTD are the most frequent affecting

young grapevines worldwide.!#3%53

Fourie et al. (2001)*° evaluated different strains of T. harzianum to control Petri
disease and Black-foot pathogens in South African grapevine nurseries and obtained low
isolation of fungal species associated with these two GTD from the treated vines. Nursery
treatments with 7. atroviride SC1 had already been reported as effective to control
grapevine plants infections by Pa. chlamydospora and Pm. minimum, fungal species
associated with Petri disease, during the grafting process.?® But, our results also suggest
that, in addition to this pathogens, this BCA may be used to control some Botryosphaeria
dieback pathogens, such as D. seriata, in the grapevine propagation process in an

integrated approach for the management of GTD.!**

Regarding vineyard experiments, similar to what happened in the nursery
experiment, our results were somewhat inconsistent. After additional 7. atroviride SC1
treatments performed during two growing seasons in vineyards planted with these grafted
plants, some GTD pathogens incidence and severity reductions were found. But, when
data from the different pathogens were grouped according to the three main GTD
considered, only some of them were statistically significant. When the grafted plants were
planted in the experimental vineyards, 7. atroviride SC1 was applied only by immersion
of the roots and then, in the second growing season, this BCA was applied early in this
season to the pruning wounds immediately after pruning. These preventive strategies
aimed to maintain the better phytosanitary quality of the treated planting material
obtained at the end of the nursery experiment, when compared with the untreated one.
After the first growing season, all evaluated plants showed infections by diverse GTD
pathogens, some of them not previously detected in the nursery, evidencing that grapevine
plants from nurseries are continuously exposed to new GTD pathogens infections
immediately after plantation.'* In the two vineyards, T. atroviride SC1 treated plants still
showed lower levels, to various degrees, of incidence and severity of Black-foot,
Botryosphaeria dieback and Petri diseases, when compared with the untreated ones, but
the infection levels were again very variable and, in some cases, too low to be conclusive

regarding the percentage reductions obtained.

It is interesting to note that at the end of the first growing season the undried shoot

weight of 7. atroviride SC1 treated plants in both experimental vineyards was



significantly higher than the untreated ones. It is well known that Trichoderma BCAs can
exert positive effects on plants with an increase in plant growth and the stimulation of
plant-defense mechanisms.>* Fourie et al. (2001),?° already reported a significantly higher
root mass for 7. harzianum treated vines in nursery experiments. Moreover, a better
phytosanitary state of the plants could also have contributed to a better plant establishment
and development in the vineyards after plantation. Nevertheless, in the second growing
season this plant growth effect was not detected, probably due to the absence of a T.
atroviride SC1 root application, because Trichoderma strains must colonize plant roots
prior to stimulation of plant growth,>* and only the beneficial reduction of some GTD

incidence and severity was observed.

Trichoderma atroviride SC1 showed high levels of reisolation from all plant parts
of treated plants in both nursery and vineyard experiments. In fact, at the end of the first
growing season these levels were high even in the grafting point, which was not treated
with the BCA at planting moment or later, and in the second growing season from the
roostock basal end and the roots, also not treated in this season. The real-time PCR
developed by Savazzini et al. (2008)°° for the detection and quantification of 7. atroviride
SC1 was very useful for the quick confirmation of the identity of the Trichoderma
colonies recovered. These results reinforce that this BCA, which was isolated from
decayed hazelnut wood in northern Italy, is very efficient in the colonization of different
plant substrates as already demonstrated by Longa et al., (2008) and Pertot et al.
(2016),2%%% and it also can survive in nurseries during the storage of grafted plants at low

temperatures in the period comprised between plant harvest and their sale to the farmers.

Currently, Trichoderma strains are gaining importance as BCAs to manage GTD
in grapevine nurseries and vineyards with many new registered products becoming
available in Europe and other grapevine regions worldwide.>?*?%3335 Moreover,
Trichoderma based treatments or other BCAs can be combined with other management
strategies in a nursery IPM management program including: fungicides, hot-water
treatments (HWT) and biofumigation to prevent or at least reduce the development of
GTD."? For example, Halleen and Fourie (2016)** evaluated several integrated strategies
for the proactive management of GTD infections during the grapevine grafting process,
including fungicides, BCAs and HWT, and recommended a combination with Benomyl,

Sporekill and 7. harzianum treatments for its use in South African nurseries.



S CONCLUSIONS

In this context, our results indicated that 7. atroviride SC1 showed promise to
reduce infections caused by some GTD pathogens in nurseries, and also when
establishing new vineyards. This is a GTD management priority, due to the restrictions
with the use of chemicals and the total absence of curative treatments once the grapevine
plants are already infected.! Although there is no information yet available about the GTD
pathogens infection thresholds that could lead to disease development and subsequent
economic losses,!*® any reduction in the contamination levels in nurseries and at early
stages of plant development after plantation will be beneficial for the long term
sustainability of the vineyards. Trichoderma atroviride SC1 could possibly be a valuable
component in a more integrated approach where various management strategies are

combined to reduce GTD infections.'*
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Table 1. Mean percentage of fungal grapevine trunk pathogens incidence and severity on
untreated plants, and pathogen reduction achieved by Trichoderma-treatment in the grapevine

nursery at the end of the propagation process.

Incidence % Severity %
Isolation area / Fungi Control* Reduction” Control® Reduction
Grafting point
Diplodia seriata 26.6+£5.9 96.3+£3.8 7.5€1.7 96+4.1
Neofusicoccum parvum 6.6+1.4 100+0 1.1£0.1 100+0
Phaeoacremonium minimum 26.6+4.9 76.6%5.2 5.8+1.5 82+5.1
Phaeomoniella chlamydospora ~ 21.3+9.5  66.6£33.9 3.2+1.3 66.6+33.9
Rootstock basal end
Dactylonectria torresensis 1.3+0.5 33.3+30.2 0.8+0.5 50+41.5
Cadophora luteo-olivacea 1.3+£0.5 0+0 0.1£0.1 0+0
Phaeoacremonium minimum 18.6+3.6 16.6+£9.8 5.3+£0.9 52.5+19.1
Phaeomoniella chlamydospora  16.0+8.4 92.8+5.9 3.3+1.8 93.348.3
Roots
Dactylonectria torresensis 1.3+0.5 100+0 1.1+0.5 100+0
Phaeoacremonium minimum 2.6+1.3 33.3+30.4 0.6+0.2 50+29.4
Phaeomoniella chlamydospora 4.0+£2.3 50+41.6 0.7+0.5 33.3+£30.1

2At each isolation area, the percentages of incidence are the mean of 75 plants analyzed (25 plants per replicate)

+ Standard error of the mean.

"The percentage of reduction (Pr) of the pathogens detection at each isolation area and for each fungal species
was calculated as Pr=100(Pc-Pt)/Pc, in which Pc is the mean pathogen incidence or severity in the control and

Pt is the mean pathogen incidence or severity in the Trichoderma-treatment.

°At each isolation area, the percentages of severity are the mean of 250 wood fragments (10 wood fragments per

plant and isolation area).



Table 2. Mean percentage of fungal grapevine trunk pathogens incidence and severity on
untreated plants, and pathogen reduction achieved by Trichoderma-treatment in the Field 1 at

the end of the first growing season (2016-17).

Incidence % Severity %
Isolation area / Fungi Control* Reduction” Control® Reduction
Grafting point
Diplodia seriata 10£5.8 754+20.8 3+1.7 83.3+13.9
Neofusicoccum parvum 16.6£8.9 504+29.4 8+4.1 58.9+30.7
Phaeoacremonium minimum 36.6£12.2 61.1+20.4 10.3+£2.9 77.3+12.6
Phaeomoniella chlamydospora 3.3£3.3 100+0 0.3+0.3 100+0
Rootstock basal end
Dactylonectria torresensis 6.6+6.6 100+0 11.6%+1.1 100+0
Ilyonectria liriodendri 3.3£3.3 0+0 0.6+0.6 50+0
Phaeoacremonium minimum 10+5.8 16.6+16.5 2+1.5 26.6+20
Roots
Dactylonectria torresensis 10+10.1 22.2+22.6 1.6£1.6 26.6£21.5
Diplodia seriata 3.3£3.3 100+0 0.3+0.3 100+0
Phaeoacremonium minimum 20+5.8 83.3+£16.9 4+1.7 91.6£8.5
Phaeomoniella chlamydospora 3.3£3.3 100+0 0.3+0.3 100+0

2At each isolation area, the percentages of incidence are the mean of 30 plants analyzed (10 plants per replicate) +

Standard error of the mean..

The percentage of reduction (Pr) of the pathogens detection at each isolation area and for each fungal species was
calculated as Pr=100(Pc-Pt)/Pc, in which Pc is the mean pathogen incidence or severity in the control and Pt is the
mean pathogen incidence or severity in the Trichoderma-treatment.

°At each isolation area, the percentages of severity are the mean of 100 wood fragments (10 wood fragments per

plant and isolation area).



Table 3. Mean percentage of fungal grapevine trunk pathogens incidence and severity on
untreated plants, and pathogen reduction achieved by Trichoderma-treatment in the Field 1 at
the end of the second growing season (2017-18).

Incidence % Severity %
Isolation area / Fungi Control* Reduction” Control® Reduction
Grafting point
Diplodia seriata 36.6+£8.90 100+0 8+2.3 100+0.32
Neofusicoccum parvum 20+5.8 33.3+33.9 8+4.6 56.8+30.2
Phaeoacremonium iranianum 3.3+43.4 100+0 0.6+0.6 100+0
Phaeoacremonium minimum 46.6+8.9 41.1+4.9 10£0.6 58.3+15.9
Phaeomoniella chlamydospora 3.3£3.4 1000 1£1.1 100+0
Rootstock basal end
Dactylonectria torresensis 3.3£3.4 50+41.6 0.3+0 0+0
Phaeoacremonium minimum 33.3£20.6  28.5+23.7 7.3£5.6 47.2439.3
Phaeomoniella chlamydospora 10£5.8 100+0 1.6£1.2 100+0
Roots
Dactylonectria torresensis 13.3+13.5 100+0 1.6+1.6 100+0
Ilyonectria liriodendri 3.3+3.4 100+0 0.3+0.3 100+0
Phaeoacremonium minimum 16.6+£8.9  83.3£13.9 3.6£2.4 93.7£5.2
Phaeomoniella chlamydospora 10£5.8 100+0 1.3+0.8 100+0

2At each isolation area, the percentages of incidence are the mean of 30 plants analyzed (10 plants per replicate) +
Standard error of the mean.

"The percentage of reduction (Pr) of the pathogens detection at each isolation area and for each fungal species was
calculated as Pr=100(Pc-Pt)/Pc, in which Pc is the mean pathogen incidence or severity in the control and Pt is the
mean pathogen incidence or severity in the Trichoderma-treatment.

°At each isolation area, the percentages of severity are the mean of 100 wood fragments (10 wood fragments per
plant and isolation area).



Table 4. Mean percentage of fungal grapevine trunk pathogens incidence and severity on
untreated plants, and pathogen reduction achieved by Trichoderma-treatment in the Field 2 at
the end of the first growing season (2016-17).

Incidence % Severity %
Isolation area / Fungi Control* Reduction” Control® Reduction
Grafting point
Botryosphaeria dothidea 26.6£12.2 36.6+18.9 10.6£3.7 78.2+4.2
Diplodia seriata 10+£5.8 66.6+33.9 3+1.7 66.6+33.9
Eutypa lata 3.3£33 100+0 0.3+0.33 100+0
Neofusicoccum parvum 3.3£3.3 100+0 4.3+4.4 100+0
Phaeoacremonium minimum 40+11.7 55.5¢29.9 18.3+£3.4 85.4+11.1
Rootstock basal end
Botryosphaeria dothidea 3.3£3.3 100+0 0.3+0.3 100+0
Cadophora luteo-olivacea 3.3£3.3 100+0 0.3+0.3 100+0
Dactylonectria torresensis 10£5.8 50+41.6 1+0.6 50+29.4
Ilyonectria alcacerensis 3.3£3.3 1000 0.3+0.3 1000
Phaeoacremonium minimum 40+10.2  49.9+£16.9 9+3.6 66.7£15.8
Roots
Botryosphaeria dothidea 3.3£3.3 100+0 0.3+0.3 100+0
Dactylonectria torresensis 30+£5.8 16.6£16.6 3.6+0.3 16.6£16.9
Ilyonectria alcacerensis 13.3£8.9  22.2422.6 1.3+0.9 33.3£27.7
Ilyonectria robusta 3.3£3.3 100+0 0.3+0.3 100+0
Phaeoacremonium minimum 20+5.8 66.6+33.9 2.6+0.8 66.6+33.9
Phaeomoniella chlamydospora 6.6£6.6 100+0 1+1.1 100+0

2At each isolation area, the percentages of incidence are the mean of 30 plants analyzed (10 plants per replicate) +

Standard error of the mean.

"The percentage of reduction (Pr) of the pathogens detection at each isolation area and for each fungal species was
calculated as Pr=100(Pc-Pt)/Pc, in which Pc is the mean pathogen incidence or severity in the control and Pt is the
mean pathogen incidence or severity in the Trichoderma-treatment.

°At each isolation area, the percentages of severity are the mean of 100 wood fragments (10 wood fragments per

plant and isolation area).



Table 5. Mean percentage of fungal grapevine trunk pathogens incidence and severity on
untreated plants, and pathogen reduction achieved by Trichoderma-treatment in the Field 2 at
the end of the second growing season (2017-18).

Incidence % Severity %
Isolation area / Fungi Control* Reduction” Control® Reduction
Grafting point
Neofusicoccum parvum 56.6£8.9  45.6£19.2 16.6+5.1 33.1+24.6
Phaeoacremonium iranianum 3.3£3.3 100+0 0.3+0.3 100+0
Phaeoacremonium minimum 56.6+£12.2  20.8+21.2 17.6+0.3 41.6+23.1
Phaeomoniella chlamydospora 20+10.2  33.3+£33.9 4.3+2.4 33.3£33.9
Rootstock basal end
Ilyonectria liriodendri 3.3£3.3 0+0 0.3+0.3 0+0
Neofusicoccum parvum 3.3£3.3 100+0 0.3+0.3 100+0
Phaeoacremonium minimum 56.6+3.4 23.3+£5.2 12.6+1.7 9.2+5.5
Phaeomoniella chlamydospora  26.6£14.8  63.3+£2.7 7.3£5.1 49.4+7.8
Roots
Dactylonectria novozelandica 13.3£13.5 100+0 1.3£1.3 100+0
Dactylonectria torresensis 3.3£3.3 50+41.6 0.6+0.6 50+41.6
Ilyonectria liriodendri 13.3+£8.9 100+0 1.6£1.2 100+0
Phaeoacremonium minimum 16.6£8.9  83.3+13.9 5.6£3.2 90.9+7.6
Phaeoacremonium parasiticum 3.3+£3.3 100+0 0.3+0.3 100+0
Phaeomoniella chlamydospora 10£5.8 75+£20.8 1.3+0.9 83.3+13.9

2At each isolation area, the percentages of incidence are the mean of 30 plants analyzed (10 plants per replicate) +

Standard error of the mean.

"The percentage of reduction (Pr) of the pathogens detection at each isolation area and for each fungal species was
calculated as Pr=100(Pc-Pt)/Pc, in which Pc is the mean pathogen incidence or severity in the control and Pt is the
mean pathogen incidence or severity in the Trichoderma-treatment.

°At each isolation area, the percentages of severity are the mean of 100 wood fragments (10 wood fragments per

plant and isolation area).
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Figure 1. Percentages of incidence and severity observed in Trichoderma atroviride SC1 treated
and untreated control plants in the nursery experiment for each type of grapevine trunk disease:
Botryosphaeria dieback (BOT) including Diplodia seriata and Neofusicoccum parvum, Petri
disease (PETRI) including Cadophora luteo-olivacea, Phaeoacremonium spp. and Phaeomoniella
chlamydospora, and black-foot disease (BF) including Cylindrocarpon-like asexual morphs. Mean
percentages are based on three replicates of 25 plants per treatment. Asterisks indicate
significant difference between treatments and control at the level of P<0.05. Bars represent the
standard errors of the means.
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Figure 2. Undried shoot weight (gr/plant) observed in Trichoderma atroviride SC1 treated and
untreated control plants at the end of the first and second growing seasons in the vineyard experiment
at each experimental vineyard. Mean values are based on three replicates of 30 and 20 plants per
treatment at the first and second growing seasons, respectively. Asterisks indicate significant
difference between treatments and control at the level of P<0.05. Bars represent the standard errors
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of the means.
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Figure 3. Percentages of incidence and severity observed in Trichoderma atroviride SC1 treated and untreated
control plants in Field 1 at the end of the first and second growing seasons, for each type of grapevine trunk
disease: Botryosphaeria dieback (BOT) including Diplodia seriata and Neofusicoccum parvum, Petri disease
(PETRI) including Cadophora luteo-olivacea, Phaeoacremonium spp. and Phaeomoniella chlamydospora, and
black-foot disease (BF) including Cylindrocarpon-like asexual morphs. Mean percentages are based on three
replicates of 10 plants per treatment. Asterisks indicate significant difference between treatments and control
at the level of P<0.05. Bars represent the standard errors of the means.
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Figure 4. Percentages of incidence and severity observed in Trichoderma atroviride SC1 treated and untreated
control plants in Field 2 at the end of the first and second growing seasons, for each type of grapevine trunk
disease: Botryosphaeria dieback (BOT) including Botryosphaeria dothidea, Diplodia seriata and Neofusicoccum
parvum, Petri disease (PETRI) including Cadophora luteo-olivacea, Phaeoacremonium spp. and Phaeomoniella
chlamydospora, and black-foot disease (BF) including Cylindrocarpon-like asexual morphs. Mean percentages
are based on three replicates of 10 plants per treatment. Asterisks indicate significant difference between
treatments and control at the level of P<0.05. Bars represent the standard errors of the means.



