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EXECUTIVE SUMMARY

Background

The EUCLID project has the ambition to deliver the simultaneous optimisation
of current pest management methods and the development of novel ones,
and to promote their rapid adoption through the design of IPM packages and
exploitation by end-users. This will reduce the dependence of European and
Chinese farmers on chemical pesticides in selected key farming systems in
both regions.

Objectives

To optimise existing management methods for key agricultural pests to
overcome the limits which currently prevent their widespread
implementation.
In particular, to evaluate and optimise biocontrol agents (BCAs) in
containment approaches against soil-borne and air-borne pathogens, whitefly
and associated begomoviruses (on tomato and leafy vegetables) and grape
canker diseases in vineyards.

Methods

BCA candidates were tested and evaluated for the containment of pests. Trials
were carried out in controlled conditions, semi-field and real-field conditions,
focusing on:
- Commercially available strains of Trichoderma, Bacillus and
Paraphaeosphaeria minitans (formerly Coniothyrium minitans) against
tomato and leafy vegetable soil-borne pathogens (Fusarium wilt agents,
Rhizoctonia solani, Pythium spp., Sclerotinia spp.) and commercially
available strains of Bacillus against nematodes on leafy vegetables;
- Regalia (plant extract from Reynoutria sacchalinensis) and BINAB
Microbial Pest Control Products (MPCP) against major airborne pathogens
(powdery mildew, Botrytis) on tomato and lettuce. Encarsia Formosa,
Eretmocerus hayati, Diciphus species and other promising candidates
selected in China and Europe against tomato whitefly. Also releasing the
predators prior to transplant when plants are still in the nursery and/or
providing supplemental food when prey is scarce was evaluated.
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Results
& implications







Guidelines on the optimised use of the following commercially
available BCAs are provided in this document:
Bacillus amyloliquefaciens (former subtilis) str. QST713 (Serenade
Max, Bayer Crop Science, Italy), Trichoderma gamsii + Trichoderma
asperellum (Remedier, ISAGRO, Italy) against Fusarium oxysporum f.
sp. lactucae;
Dicyphus sp.1 and Dicyphus sp. 2 against Tuta absoluta;
Bacillus amyloliquefaciens (former subtilis) str. QST713 (Serenade
Max, Bayer Crop Science, Italy), Trichoderma gamsii + Trichoderma
asperellum (Remedier, ISAGRO, Italy) against F. oxysporum f.sp.
lycopersici;
Contans (Bayer Crop Science) as soil treatment against Sclerotinia
sclerotiorum;
Regalia (Marrone Bio Innovation) against Oidium neolycopersici
(powdery mildew) and Botrytis cinerea (Grey mould) on tomato.
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Introduction
A recurring problem encountered in the field with biological control against plant pathogens is the
inconsistency of its efficacy (Nicot et al., 2011). Most studies report good efficacy of biocontrol agents
when experiments were conducted under controlled conditions but efficacy of these biocontrol
agents in the field is more problematic being less effective or completely ineffective when introduced
under commercial conditions (Guetsky et al., 2001). This variability of efficacy is generally attributed
to climatic variations encountered in field conditions, a lack of ecological competence of the
biocontrol agents, and/or an unstable quality of the products.
EUCLID tried to overcome these limits through evaluation and optimisation of commercially
available biocontrol agents.
BCA candidates were tested and evaluated for the containment of pests. Trials were carried out in
controlled conditions, semi-field and real-field conditions, focusing on:
- Commercially available strains of Bacillus, Trichoderma and Coniothyrium against tomato and
leafy vegetable soil-borne pathogens (Fusarium wilt agents, Rhizoctonia solani, Pythium spp.,
Sclerotinia spp.) and commercially available strains of Bacillus against nematodes on leafy
vegetables;
- Regalia (plant extract from Reynoutria sacchalinensis) and BINAB Microbial Pest Control Products
(MPCP) against major airborne pathogens (powdery mildew, Botrytis) on tomato and lettuce.
Diciphus species candidates selected in Europe against tomato whitefly. Also releasing the
predators prior to transplant when plants are still in the nursery and/or providing supplemental
food when prey is scarce was evaluated.
This report provides some guidelines on the optimised use of those BCAs, which at the time of
submission demonstrated to be able to ensure a successful biocontrol of pests on various cultures.
Commercially available strains of Bacillus did not obtain good results against nematodes on leafy
vegetables. For this reason, indications on their use against nematodes are not included in this report.
Trials on BINAB Microbial Pest Control Products (MPCP) are still ongoing at the time of submission
of this deliverable.
In China, no guidelines have been produced for Encarsia Formosa and Eretmocerus hayati due to lack
of funding.
An updated release of this deliverable will be provided before the end of the project.
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1. Leafy vegetables
1.1.
Soil-borne pathogens
1.1.1. Context

Several approaches to soil-borne disease management have been investigated intensively in an attempt
to find an answer to the many practical problems encountered by growers. More emphasis is now given
to crop and soil health instead of disease control.
Among diseases caused by soil-borne pathogens, Fusarium wilts still
represent a major problem in most leafy vegetable production
areas, and the adoption of a combination of control measures is
thus required (Barrière et al. 2014 ; Gilardi et al., 2018). Moreover,
Fusarium wilt agents are easily and frequently seed-transmitted,
thus suggesting the importance of preventative disease
management strategies (Gullino et al., 2014). Among the exploited
strategies for disease management, systemic acquired resistance
(SAR) and induced systemic resistance (ISR), which are mainly
triggered by microorganisms, are at present attracting a great deal
of interest. Induced systemic and localized resistance to soil-borne
pathogens, by means of Trichoderma spp. and Bacillus spp.
treatments, has been well documented, and in most cases, it also
elicits plant growth promotion. Several examples of success against
Fusarium wilt agents have been registered using biocontrol agents
(BCAs), such as saprophytic Fusarium oxysporum (Fravel et al.,
Fig. 1.1 Efficacy trial on Fusarium
2003; Spadaro & Gullino 2005), different Trichoderma species (Chet wilt of lettuce
1997;Harman, 2006; El-Komy et al., 2016) and plant growthpromoting rhizobacteria, including several strains of Bacillus species (Devendra et al., 2009). The
formulation and the application method are probably among the most critical parameters that determine
the efficiency of biocontrol products.
Therefore, the general objective under EUCLID was to test the efficacy of BCAs species for biological
control of Fusarium wilt agents. This general objective included the following specific objectives:
(i)
to improve information about the efficacy of commercial BCAs, against Fusarium oxysporum f.
sp. lactucae (FOL) race 1 on lettuce and Fusarium oxysporum f. sp. raphani on rocket under
controlled conditions, by using preventative treatments;
(ii)
to increase knowledge about their efficacy to control lettuce Fusarium wilt in naturally infested
soil;
(iii)
to evaluate the direct impact of selected BCAs on the abundance of the FOL pathogen in the
lettuce rhizosphere and naturally infested bulk soil;
(iv)
to evaluate their direct impact on the abundance of total fungi, bacteria and archaeal
communities, as well as on the ammonia oxidizing groups (i.e., AOB, AOA) correlated in disease
suppression.
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(v)
1.1.2. Target pests

1.1.2.1 Fusarium wilt agents of leafy vegetables
Among Fusarium wilts of leafy vegetables, Fusarium oxysporum f. sp. lactucae ((FOL), is at present the
most serious disease of lettuce, and causes significant losses throughout the world. The presence of four
races of this pathogen is known. The race 1 of the pathogen, that is the most widespread, was first
observed in Europe in 2002, in Italy, and it has been found recently in France, whereas race 4 has already
been isolated in the Netherlands, Belgium, UK and Ireland. Resistant genotypes are recommended to
manage the disease, however the development and release of new resistant cultivars is complicated by
the high variability of the pathogen and new races development. Moreover, it should be considered that
some lettuce cultivars with resistance to Fusarium wilt may allow inoculum levels to increase with a
significant impact on subsequent plantings of susceptible lettuce cultivars. Fusarium wilts also have been
observed on other salad crops. Wilt of E. sativa and Diplotaxis spp. is attributed to F. oxysporum ff. spp.
raphani and conglutinans, of which the first one is more frequently detected. It also affects other genera
belonging to Brassicaceae, such as cabbage, brussel sprouts, broccoli, turnip, and radish.
1.1.3. Commercially available biocontrol agents

The following BCAs, which are commercially available, were tested:



Remedier WP (2+2% of Trichoderma asperellum +T. gamsii, Isagro Ricerca, Milano, Italy)
Serenade WP (15.6 % of Bacillus amyloliquefaciens (former subtilis) str.QST 713, Bayer Crop
Science, Italy).
1.1.4. Short summary of the work carried out

To reach the first specific objective, seeds of lettuce (cv. Crispilla) and cultivated rocket (cv. Coltivata)
were sown in 100-plug trays filled with peat mix substrate in repeated trials under controlled conditions.
Serenade Max and Remedier were compared with fungicides known for their ability to induce host
resistance (phosethyl-Al and acibenzolar-S-methyl), and with azoxystrobin. The lettuce and cultivated
rocket seedlings grown in each tray were treated by spraying the tested products to the soil with three
applications at 6-7 day intervals, or with one more spray applications in the 12 L plastic pots (T21), seven
days after transplanting. The first treatment was carried out in a greenhouse, at a temperature of 2224°C, on plants still in the plug tray, at the second true leaf stage, 7-10 days after sowing. Treated and
untreated plants were transplanted in pots (12-L of soil capacity) filled with a peat mix substrate artificially
infested with Fusarium wilt isolates of F. oxysporum f. sp. lactucae (ATCCMYA3040), belonging to race 1,
and the FusRuc 13/03 strain, isolated from rocket and identified as F. oxysporum f. sp. raphani, to achieve
5x104 chlamydospores ml-1 of substrate. Plants were kept in a greenhouse on benches with air
temperatures ranging from 26 to 32°C during the day and from 20 to 24°C during the night. In the first set
of trials, the biocontrol agents Remedier and Serenade applied three times in nursery, provided a partial
disease reduction (from 38.8 to 42% efficacy, respectively), with statistically different results compared
to the inoculated and untreated control. The higher fresh weight of lettuce plants reflected the greatest
efficacy in disease reduction. In general, both tested biocontrol agents significantly reduced rocket
Fusarium wilt, compared to the control (from 38% to 44%). However, the results obtained provide
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evidence of the capability of commercial BCAs to reduce lettuce and rocket Fusarium wilt by 42 to 47%,
respectively, under high disease pressure, when applied four times, starting from the nursery. Bacillus
subtilis QST 713 being slightly more effective compared to Trichoderma BCAs tested (Fig 1.3).
Lettuce Fusarium wilt reduction (%)

Rocket Fusarium wilt reduction (%)

100

100
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80
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three treatments

Four treatments
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Fig 1.3 Effect of BCAs applied in nursery (three or four treatments) against Fusarium wilts of lettuce and rocket. Data are
expressed as disease reduction (%) compared to the untreated control (Average of three trials).

To reach the second specific objective, on the basis of the preliminary results obtained in the
glasshouse, four trials were carried out in commercial farm with a history of lettuce cultivation, in a sandyloamy soil naturally infested with Race 1 of F. oxysporum f.sp. lactucae. The Novelsky and Volare lettuce
cultivars susceptible to race 1 of the pathogen were used. Biocontrol agents were applied four times at a
nursery level by spraying the soil in each plug tray with a high volume of water (1,800 L ha -1). The lettuce
seedlings from both cultivars grown in each tray were treated by means of a soil treatment at 5-day
intervals. Azoxystrobin was only applied once, immediately before transplanting. Generally, the tested
commercial biocontrol agents provided better disease control on the Novelski cv. than on ‘Volare’.
Serenade max provided up to 50% of disease control on the Novelski cv. (51 to 60% efficacy), while it
caused a disease reduction of 30 to 53% on ‘Volare’. Remedier showed inconsistent results on the Novelski
cv. (35 to 62% efficacy) at the nursery level, while it caused a disease reduction of 35 to 52% on ‘Volare’.
The highest fresh weight of the lettuce plants generally reflected the disease reduction provided by
Bacillus subtilis (Figure1.4)
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Figure 1.4 Effect of four tray-treatments on the Fusarium wilt of lettuce (cvs. Volare and Novelski) grown in naturally
infested soil. Data as DS 0-100 at the end of two trials and compared with azoxystrobin applied once.

The influence of BCAs treatments on indigenous microbial
communities was studied at the rhizosphere and bulk soil levels by
collecting samples at the end of the lettuce trials. The rhizosphere
and bulk microbial biomass were analysed in terms of abundance
(qPCR) by considering III) FOL abundances IV) three anti-pathogen
genes that are usually correlated with disease suppression (the
Trichoderma based chitinase chiA gene, and two well - described
bacterial
antifungal
genes:
phlD
-coding
for
2,4
diacetylphloroglucinol - 2,4-DAPG and hcnAB -coding for hydrogen
Fig. 1.5 Trials on nursery treatments
cyanide – HCN). The impact of BCAs may have on ammonia oxidizing bacteria or on the archaea that harbor the amoA gene (AOB and AOA), and in consequence on
the soil N form which may further control FOL suppression, was considered. The BCA significantly reduce
the potential FOL abundance at the rhizosphere level. The effect of different applied treatments resulted
in the increase of nitrifiers abundance with respect to the untreated control thus suggesting that BCAs
may not have negative ecological impacts on other groups of microorganisms. A negative correlation was
found among the abundance of AOA and FOL at soil level suggesting a direct effect of archaeal nitrifiers
on the pathogen. In the FOL-lettuce pathosystem lettuce plants could favour bacterial (e.g. Pseudomonas
species) which seems that are efficient lettuce rhizosphere colonizers and may act as antagonists. The
variability of results was generally related to pest, disease pressure and cv. used.
The early application of biocontrol agents and potassium phosphite under nursery can be considered
interesting because it was carried out at a more localized level, with reduced amounts of products.
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1.1.5. Guidelines on optimised use of BCAs

Pest
Fusarium
oxysporum f.
sp. lactucae

BCA


Guidelines
1. Use of healthy seeds and adopt measures aimed at reducing pathogen density in the
Bacillus amyloliquefaciens
environment, factors that directly influences the efficacy of the BCAs.
(former
subtilis) str.



QST713 (Serenade Max,
Bayer Crop Science, Italy)
Trichoderma gamsii +
Trichoderma asperellum
(Remedier, ISAGRO, Italy)

2. Preventative treatments in the nursery with selected BCAs lead to a more efficient use
of biocontrol agents. It is recommendable to transplant lettuce seedlings with the BCAs
already established in the rhizosphere. Three to four applications in nursery are
suggested for an early colonization of the BCAs at the root system level.
3. Their use in practice should be integrated with other control strategies, involving host
plant resistance. BCAs reduced the pathogen abundance in rhizosphere. This aspect may
results in long-term protection of the efficiency of resistant cultivars. However, the type
of lettuce cultivar and the type of soil may influence BCA’s effect.
4. There is interest in reducing disease pressure in field. BCAs provided low pathogen
abundance in soil resulting in long-term effect of biocontrol measures. It can also be
expected a possible suppressiveness against other soil-borne pathogens.
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1.2.
Air-borne pathogens
1.2.1. Context

Among diseases affecting the aerial parts of leafy vegetables, white mould
caused by Sclerotinia sp. still represents a serious problem for leafy
vegetable production (Fig. 1.2.1). Control greatly relies on the use of
fungicides. There are no resistant varieties and the efficacy of cultural
practices such as crop rotation is limited because the pathogen has a very
wide host range (over 400 plant species) and generates large amounts of
sclerotia, resting structures, which allow it to survive for many years on
plant debris or in the soil. The germination of these sclerotia, usually at
the soil surface, can result in the production of massive amounts of highly
infective spores, which disseminate the pathogen through air currents and
leads to infections on the leaves. Due to their key role in the epidemiology
of the disease, the sclerotia are targeted by various control methods,
which aim at reducing their survival and their amount in the soil. Among
non-chemical soil treatment methods, soil solarization or biofumigation Fig. 1.2.1 Symptoms of white mould
have been used with mixed efficacy (Barrière et al. 2014). A commercial (Sclerotinia sclerotiorum) on lettuce
biocontrol product (Contans®) is increasingly used as a "soil-disinfesting"
treatment. It is based on the mycoparasitic fungus
Paraphaeosphaeria
minitans
(formerly
Coniothyrium
minitans), which can penetrate the protective melanised rind
of the sclerotia, colonize the inner tissues, and eventually
cause their complete destruction (Fig. 1.2.2). Feedback from
growers and farm advisors indicates an overall fair level of
efficacy in the field, but also some variability, with an overall
better level of control in the North than in the South of France.
Several factors possibly implicated in this variability have been
studied (Partridge et al. 2006), but little attention has been
paid to possible variability due to differences in the
susceptibility to biological control agents among the naturally
occurring populations of the pathogens (Bardin et al. 2015).
Therefore, our main objective was to evaluate the possibility
that field isolates of Sclerotinia could differ in their
susceptibility to the effect of the mycoparasite P. minitans.
Fig. 1.2.2 Degradation of Sclerotinia
This issue was also examined for the biocontrol of powdery
sclerotiorum sclerotia by Paraphaeosphaeria
mildew, a disease that was re-emerging as a preoccupation for
minitans
lettuce producers at the time of the genesis of EUCLID.
1.2.2. Target pests

1.2.2.1 Sclerotinia sclerotiorum
Several species of Sclerotinia are known to affect leafy vegetables, including S. sclerotiorum and S. minor.
Recently, work carried out in the framework of EUCLID also led to the identification of S. subarctica on
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witloof chicory (Leyronas et al. 2018). However, S. sclerotiorum is the most commonly reported in the EU,
leading to the choice of this species for the study carried out in EUCLID.
1.2.2.2 Powdery mildew
The causal agent of lettuce powdery mildew is Golovinomyces cichoracearum sensu stricto (previously
Erysiphe cichoracearum), a species known for its capacity to attack various wild and cultivated species in
the Asteraceae family, including leafy vegetables such as artichoke, chicory, endive and lettuce (Lebeda
and Mieslerová 2011).
1.2.3. Commercially available biocontrol agents

The following BCAs were studied:


Contans (Paraphaeosphaeria minitans -formerly Coniothyrium minitans; strain CON/M/91-08). As
the presence of very low numbers of microbial contaminants cannot be fully excluded in
commercial products, a monospore isolate from the commercial product was used in our work.
 Regalia Biofungicide, a plant-based biopesticide prepared from extracts from the giant knotweed
Fallopia sachalinensis (formerly Renoutria sachalinensis, in the family Polygonaceae; Fig. 1.2.3)
which is commercialised in many countries against various diseases including powdery mildews
(https://marronebioinnovations.com/ag-products/brand/regalia/). An application for approval in
the EU was filed in 2011 by the company Marrone Bio Innovations (in accordance with Regulation
EC-1107/2009) and its registration in the EU was considered as pending at the beginning of
EUCLID.
When sprayed on plants, the plant extract may activate natural plant defences. A direct effect on the
powdery mildew fungi has also been described, with an inhibition of spore germination. Studies have
suggested that the essential part of the field efficacy of this plant extract may be due to this direct
biofungicidal effect on the powdery mildew fungi.

Fig. 1.2.3 Fallopia sachalinensis
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1.2.4. Short summary of the work carried out

To reach the first objective, a standardized in vitro bioassay was developed (in axenic conditions) and four
quantitative criteria were used to assess the susceptibility to P. minitans of 75 S. sclerotiorum isolates
collected from different host plants in different regions. Wide differences of susceptibility were observed
among isolates of S. sclerotiorum, regardless of their
geographic area and host of isolation, and with
consistent responses for all quantitative criteria (Nicot
et al. 2018a; Fig. 1.2.4). The group of isolates from the
South of France was not significantly less susceptible to
P. minitans than the group of those from the North,
suggesting that other factors, such as edaphic and
pedoclimatic conditions, are likely to be responsible for
the better effect of the BCA in northern and in southern
regions of France. In addition, this result also suggested
1.2.4 Diversity in susceptibility of Sclerotinia
that local differences in control efficiency could occur Fig.
sclerotiorum isolates to Paraphaeosphaeria minitans
depending on the susceptibility of strains prevalent in a
given field. It also highlighted the possibility that selection pressure could lead to a gradual increase in the
frequency of less susceptible isolates of S. sclerotiorum, when this biocontrol method becomes widely
adopted by farmers.
This situation could then eventually result in decreased efficacy of the biocontrol agent, and require the
implementation of resistance management strategies, as has been the case when fungal plant pathogens
become resistant to chemical pesticides.
Our results also led to the concept that it would be useful for the farmers to have tools to estimate the
susceptibility of the prevalent isolates in a given field, for example, by collecting sclerotia in the soil before
treatments with the biocontrol product are planned. As the standardized laboratory test described above
requires costly equipment and a minimum of 8 weeks for results to be obtained, we investigated a
possible relationship between the level of in vitro susceptibility of the strains and the morphological traits
of their sclerotia, with the aim of providing a simple predictive tool for field assessment. We focused on
the size of the sclerotia and on the thickness of the melanised cortical tissue that the mycoparasite needs
to penetrate to colonize the medullar tissue. These two parameters present the double advantage of
being very easy to measure in the field and of making sense with the biology of the interaction between
the plant pathogen and the mycoparasite. Unfortunately, sclerotium size was not correlated to any of the
susceptibility indices examined for the isolates, and cortex thickness was significantly correlated to only
one of the four susceptibility indices (Nicot et al. 2018b). These results suggest that other factors (possibly
related to the biochemical composition of the tissues) play a determinant role in the susceptibility of
sclerotia to P. minitans. Thus, it appears difficult to propose at this point a simple field-applicable test;
more research work will be necessary.
Reaching the second objective required (i) the collection of field samples of lettuce plants showing
symptoms of powdery mildew, (ii) the development of a method to maintain isolates of G. cichoracearum
in collection (this obligate parasite cannot be grown on agar media; its development requires living plants
in a suitable physiological state, with frequent transfers to fresh plants), and (iii) the development and
implementation of tests to evaluate the sensitivity of these isolates to the biocontrol products. During the
first two years of the project, we failed to obtain isolates G. cichoracearum, despite a high mobilization of
EUCLID - Europe-China Lever for IPM Demonstration
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project partners and of our networks of stakeholders (farmers, field advisors). The re-emergence of
powdery mildew appeared to have receded.
During the 3rd year of the project, the disease hit an organic farmer using a new lettuce variety
under trial (not yet commercialized) in southern France. The seed company
eventually agreed to provide seeds of this overly sensitive variety, allowing
us to produce enough inoculum to carry out preliminary experiments for
the development of a method to maintain isolates of G. cichoracearum in
controlled conditions (Fig. 1.2.5). Realizing that the over-sensitive variety
might not be commercialized in the end, we compared its susceptibility to
that of 11 other lettuce varieties (commercially available). We identified
one with a high level of susceptibility in our experimental conditions, paving
the way for the maintenance of isolates in collection if they became
available from the field. It also allowed the development of an in vitro assay
to evaluate the susceptibility of the fungus to the biocontrol agent. At the
beginning of the fourth year of the project, several field samples of
mildewed lettuce were obtained from farm advisers and the process of
isolation of the pathogen has been initiated. The isolates will then be
Fig. 1.2.5 Powdery mildew on lettuce
tested for their sensitivity to the biocontrol product. It should thus be plants in controlled conditions
possible to update the present document when results become available.
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1.2.5. Guidelines on optimised use of BCAs

Pest
Sclerotinia
sclerotiorum

BCA
Paraphaeosphaeria
minitans - formerly
Coniothyrium minitans;

(white mould)

strain CON/M/91-08

(Contans WG, Bayer
Crop Science, France)

Guidelines
1. Timing of application. Sclerotia with lower susceptibility to the BCA will require a longer time
before they can be successfully destroyed by the mycoparasite. For an application in-between
two crops, it is thus recommended to adapt the timing of soil treatment to allow for the longest
possible contact period between the sclerotia and the BCA in conditions favourable to
mycoparasitism, before the next crop is planted. In case disease occurred on the previous crop
and resulted in production of sclerotia on the plants, a favourable time for treatment is soon
after harvest (provided the soil is humid and cool), before the crop residues carrying new
sclerotia are buried by soil tillage.
2. Frequency of application. Sclerotia can survive for many years and they can be present at
different depths in the soil. Every soil tillage operation may thus bring to the soil surface old
sclerotia that were too deep to be exposed the BCA in a previous season. To destroy these old
sclerotia, and possibly remaining less susceptible sclerotia that were only partially damaged by
a previous application of the BCA, a long term strategy needs to be adopted. In infested fields,
applications of the BCA are thus recommended over several successive years, even if the
successive crops are not all susceptible to S. sclerotiorum.
3. Combination with other control methods. While the BCA may strongly decrease the abundance
of sclerotia in the soil, 100% disinfestation may not be achieved and production of infectious
spores in a treated field cannot be fully excluded (even if highly reduced). The deployment of
other control measures to protect the canopy of the next crop should not be neglected if the
plant species is susceptible to S. sclerotiorum. These control measures will also contribute to
limiting the selection of strains of the pathogen with lower susceptibility to the BCA.
4. Coordinated strategy beyond a single field plot. Airborne infectious spores may also be carried
to a treated field from neighbouring (possibly untreated) plots. A collective strategy of applying
the BCA over larger land sections will be more likely to increase the efficacy of disease control.
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Pest
Golovinomyces
cichoracearum
(powdery
mildew)

BCA
Extract of the giant knot
weed Fallopia
sachalinensis - formerly
Renoutria sachalinensis
(Regalia®, Marrone Bio
Innovations)

Guidelines
Guidelines on this BCA will be focused on possible measures to prevent / alleviate selection of
strains of the pathogen with reduced sensitivity to the active substance.
This item will be updated when data are generated with field isolates recently obtained from
stakeholders.
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2. Tomato
2.1 Potential of the Dicyphus sp. against Tuta absoluta
2.1.1 Context

Fig. 2.1.1 Adult of T.
absoluta

In 2006 a new pest, the tomato leaf mining moth, Tuta absoluta, was recorded
in Europe. This pest has become a major threat for tomato crops in
Mediterranean countries and causes severe yield losses (Desneux et al., 2010).
It has been calculated that losses may reach 80-100% of the yield. Predators
that are currently commercially available are not fully effective to control this
pest and other alternatives are needed (Ingegno et al. 2013). Therefore, the
general objective was to test the efficacy of two Dicyphus species for biological
control of tomato pests with particular focus on T. absoluta.
This general objective has included three specific objectives:
(i)to improve the development of Dicyphus spp. both in the mass productions
and in the field, selecting specific mixtures of factitious foods,
(ii)
to check the feasibility to inoculate Dicyphus spp. in tomato seedlings
for an earlier predator establishment in the greenhouse, and
(iii)
to know the efficacy of Dicyphus spp. to control T. absoluta in semifield trials.

2.1.2 Target pest

2.1.2.1 Tuta absoluta
Tuta absoluta is listed under the EPPO A2 alert list (EPP0
2018)1. This pest is a micro lepidopteran moth belonging to
the Gelechiidae family and it has been considered one of the
most devastating tomato pests (Desneux et al., 2010. It
originates from South America and was detected for the first
time in Europe in Spain in 2006. This pest has spread very
quickly along the Mediterranean Basin and to other Central
and northern European countries (Desneux et al., 2010).
Tomato plants from seedlings to mature plants can be
infested. The main damage is produced on the leaves and
fruits, but inflorescences and stems can also be affected.
Larvae of T. absoluta feed on the mesophyll of the leaf leaving
only the epidermis intact.

1

Fig. 2.1.2 Damage caused by T. absoluta on
tomato

EPPO 2018. https://www.eppo.int/ACTIVITIES/plant_quarantine/A2_list. Accessed 20 Nov 2018.
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2.1.3 Commercially available biocontrol agents

Currently, two predatory species are being used in the Mediterranean greenhouses: Macrolophus
pygmaeus (commercially called M. caliginosus) and Nesidiocoris tenuis. The two species belong to the
heteropteran family of Miridae and are omnivorous, that is, they can feed on both animal prey and plant
materials. These predatory bugs are being used as biological control agents (BCAs) of T. absoluta in Europe
as they are large consumers of eggs of the pest. However, these predators have important limitations as
BCAs; M. pygmaeus present slow establishment in the crop and N. tenuis cause damages on plants and
fruits (Castañé et al. 2011, Calvo et al. 2012). Due to these limitations, UdL and Agrobío were testing the
efficacy of two other predatory bugs belonging to the genus Dicyphus (Dicyphus sp.1 and Dicyphus sp. 2)
for the control of T. absoluta.
2.1.4 Short summary of the work carried out

To improve mass production of Dicyphus spp. in climatic
chambers the nutritive quality of several factitious foods,
including moth eggs previously used for mass rearing other mirid
species and some new proposals were evaluated. More
specifically, the nutritive value of both fresh and frozen eggs of
the moths Ephestia kuehniella and Sitotroga cerealella, the
decapsulated cysts of the crustacean Artemia, and the astigmatid
prey mite Tyroglyphus casei were examined. The development of
Dicyphus sp.1 was examined with different compositions of
foods. Although this species cannot complete several generations
when feeding a single food like prey mites, mixtures of foods
including mites showed improved growth of the populations
compared to single foods. Accordingly, a mixture of foods was
selected for each species. The detailed composition and
procedure for mass rearing is not reported here as it is under Fig. 2.1.3. Dyciphus sp.1
intellectual property rights of the company that developed the
system within EUCLID project.
To reach the second specific objective, a certain number of Dicyphus sp.1 or Dicyphus sp.2 couples were
caged with six tomato potted seedlings (three fully deployed leaves) for five days and then removed. After
that and during 30 days the following features were recorded periodically in all plants: number of leaflets,
length of leaves, total number of leaves per plant and the number of predator nymphs. The explanatory
variables were: (a) Species (Dicyphus sp.1 vs. Dicyphus sp.2 vs. No predator), (b) Diet (Ephestia eggs vs. no
food), and (c) number of insects released (3 vs. 6 couples). A tent was a replication and 6 replications were
made. These trials were conducted in climatic chambers at standard conditions of 251.5ºC and 16/8
light/dark.
With these experiments, we observed that the density of females released and the presence or absence
of food in the tents significantly affected the number of Dicyphus offspring. The evenness of egg
distribution was also significantly influenced by food provisioning: when predators were provided with
food; females not only laid more eggs but also distributed them more evenly among seedlings. In addition,
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no significant plant injuries and negative effects on plant development by both predators and density of
release were recorded with or without food provision (see Madeira et al., 2018 for further details).
We concluded that pre-planting inoculation of these predators in the nursery has proved to be feasible,
with no risk of injuries to seedling plants. This technique may be particularly recommended when an
earlier establishment of the predator in the greenhouse is necessary due to the rapid development of
pest populations.
According to these results, two field trials were performed in experimental greenhouses in the south of
Spain: a short season crop planted in winter and a long season crop planted in autumn. Three treatments
were evaluated: releases of 1 Dicyphus sp.1 per plant (i) 7 days before transplanting and (ii) 14 days before
transplanting, and (iii) releases of 0,5 individuals of N. tenuis per plant 7 days before transplanting, as the
standard procedure (control). Numbers of predators, larvae of tomato leaf miners and adults of this pest
collected on pheromone traps were weekly sampled. Eggs of Ephestia kuehniella were released both in
the nursery and in the crop as complementary food to favor the development of the predators.
Results showed that good establishment of Dicyphus sp.1 is obtained when released at a dosage of 1
individual per plant in the seedlings 14 days prior to transplant, but only when contamination with N.
tenuis is prevented in the South of Spain (results not published yet). The releases of Dicyphus sp.1 in long
season crops planted in autumn needs an improved feeding system to guarantee an early establishment.
Mixtures of foods with a better distribution through the whole plants may improve the early
establishment and reduce the cost price compared to releases of Ephestia alone.
The experiments related with objective 3 consisted of nine exclusion metal-frame cages of 6x4 m2 and 2
m. in height, covered by muslin to prevent insects coming into or escaping from the cage. These
experiments were installed in a greenhouse. Three treatments were replicated three times: T.
absoluta+Dicyphus sp1, T. absoluta+Dicyphus sp2, only T. absoluta with no predator. In each cage, 12
potted plants were grown. The pest was released at the beginning of the experiment at a ratio of 12
individuals/plant and the predator was released at a total ratio of 2 predator/ plant in two times 2 and 3
weeks after pest release. Efficacy of Dicyphus spp. was measured by periodically counting the number of
T. absoluta mines, and numbers of fruit injuried by T. absoluta. The experiment was done in 2016 and
2017.
Both predators were able to reduce T. absoluta population in comparison with the cages with no
predators by 42%-50% (Dicyphus sp.1) and 32%-51% (Dicyphus sp. 2). Dicyphus sp1 and Dicyphus sp2 also
reduced in a 22%-74% and 16%-67%, respectively the number of fruits injured by T. absoluta when
compared with cages without predators (results not yet published).
It has been concluded that the reduction of T. absoluta population was significant but distinct reductions
effects on pest population and fruit injuries between years was likely due to the problem with the late
establishment of these predators on the plants within the cages. Pre-planting inoculation of these
predators in the nursery would improve the pest control and reduce fruit injuries by T. absoluta.
.
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2.1.5 Guidelines on optimised use of BCAs
Pest
Tuta
absoluta

BCA
Guidelines
Dicyphus sp.1 and 1. Use of tomato plants in a good conditions and clean of pests.
Dicyphus sp. 2
2. Preplanting inoculation of the predator in the nursery has shown to be feasible by the experiments conducted, it is
recommendable to transplant tomato seedlings with the predator already established. The technique is feasible for any
of the two Dicyphus species but it is recommended to provide the adults released in the nursery with food to improve
its fecundity and distribution between plants. The rate of 1 couple of predators per plant gives a sufficient number of
nymphs in seedlings for an early establishment of the predator in the greenhouse. The release rate of 0.5 couples per
seedling plant may be sufficient in case that prey is not expected to be very abundant at plantation time. No plant damage
caused by the omnivore predator is expected at those release rates.
3. Once young plants have been transplanted into the greenhouse, it is required to monitor pest and predator populations.
It is recommended a scouting every 7-15 days (in warmer season/area – cooler season/area respectively). If the pest
control exerted by the predator is not effective enough, an extra release of the predator should be done at a rate of 0.51 adult/plant. To maintain the predator on the plant, complementary predator food (Ephestia eggs) may be added to the
crop at a rate of 10 grams per 1.000 individuals of predator released. A common procedure is the mixture of the eggs
inside the bottles of Dicyphus sp., just before the release of the predators, so that the alternative food is provided
together with the predatory populations. For crops planted in autumn and developed in low tech greenhouses, without
heating systems, other mixtures of foods could be introduced in all plants that may improve the establishment of the
predator and reduce the economic cost, compared with single releases of Ephestia.
4. It can also be expected a certain suppressing action of Dicyphus species on other insect pests other than T. absoluta, but
Dicyphus species can fail to suppress them at densities below economic threshold in case of high infestations. Then, other
measures, including application of chemicals, are needed. In order to minimize chemical side effects on the predator in
these situations, including the application of chemicals to control diseases, it is advisable to consult the predator provider
about which active ingredients can be used and how can they be applied. Also cultural practices have to be adapted to
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enhance predator action. For instance, plant deleafing must consider that Dicyphus species adults and nymphs may be
foraging on leaves below flower trust and their removal can affect predator abundance.
Dicyphus spp. are omnivorous predators, that is, under certain circumstances, they can feed on the plants, including fruit
and so they can cause some injuries on plants. In the case of Dicyphus sp.1, plant damage only occurs when there are
high predator populations and the ratio predator/prey is too high. This is to say, when the action of the predator is ‘too
good’ and the prey has been effectively suppressed. This situation, too many predators for low prey density, must be
avoided and data of T. absoluta and predator monitoring can alert us about risks of plant damage. In such cases, a
chemical spray to lower predator density is required. Consult the predator supplier (usually their webpages contain the
information needed) in such cases.
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2.2. Soil-borne pathogens
2.2.1. Context

Soil borne pathogens (including FOL) eradication is generally based on integrated management consisting
in chemical soil fumigation and resistant cultivars when available (McGovern, 2015) but also on the use
of organics amendments (Dukare et al., 2011; Pugliese et al., 2008; 2010) and biocontrol agents (BCAs)
(Muslim et al., 2003; Gowtham et al., 2016; Jangir et al., 2018). Bacillus and Trichoderma spp. are
abundant in soil and have been investigated for their potential application as BCAs against plant
pathogens, including FOL (Cotxarrera et al., 2002; de Medeiros et al., 2017; Ghazalibiglar et al., 2016; Zhao
et al., 2014). The BCAs activities include secretion of secondary metabolites (such as cyclic lipopeptides
and volatile organic compounds), competition for nutrients, parasitism (Kim et al., 2015; Mandal et al.,
2009; Vitullo et al., 2012). In addition to these antagonistic effects on plant pathogens, BCAs produce
elicitors that may activate plant defense reactions (Walters and Daniell, 2007) as for example the
induction of pathogenesis-related (PR) genes (Edreva, 2005).
BCAs are known to be aggressive colonizers that indirectly affect the functional guilds in the rhizosphere
environment (Gupta et al., 2012). However, their introduction into a new soil system is a complex process,
which may disturb the indigenous soil microorganisms. This might result in adverse effects on crop yield
and health. Hence, there is a critical need to study the potential side - effects of the applied treatments
on resident rhizosphere and soil microbial populations.
The main objectives were:
i)
to improve the information about the efficacy of commercial BCAs against Fusarium
oxysporum f.sp. lycopersici (FOLy) on tomato in artificially and naturally infested soil ;
ii)
to evaluate the effect of different BCAs on tomato fusarium wilt severity and on non target
rhizosphere and bulk soil microbial communities in a tomato - FOLy pathosystem;
iii)
to get new insights on the induction of pathogenesis-related (PR) genes in tomato plants.

2.2.2

Target pest

According to Lopes and Ávila (2005), about 200 biotic or abiotic diseases have
been reported on tomato worldwide. One of the most destructive and
economically damaging diseases of tomato is tomato wilt caused by Fusarium
oxysporum f. sp. lycopersici, a soil-borne pathogen, the causal agent of
Fusarium wilt of tomato, resulting in severe production losses (Gale et al.,
2003; Huang et al., 2012; McGovern, 2015). Although the use of Fusariumresistant tomato cultivars provides some degree of control, the occurrence
and development of new pathogenic races is a problem. In the cases of grafted
plants, examples of only partial resistance in the presence of a very high
disease pressure are well documented. This has been observed in the case of
Colletotrichum coccodes, Phytophthora nicotianae and P.capsici, Rhizoctonia
solani emerging pathogens causing root rot on grafted tomato.
Fig. 2.2.1 Symptoms
of FOLy on tomato
plants
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2.2.3

Commercially available biocontrol agents

A large number of biological control agents have been used for protecting tomato plants against wilt
diseases including various fungal and bacterial species.
In this study, the following BCAs were tested:
-

Serenade Max (15.6% of Bacillus amyloliquefaciens (former subtilis) str. QST 713, Bayer Crop Science,
Italy);
Remedier WP (2+2% of Trichoderma gamsii + Trichoderma asperellum, ISAGRO, Italy).
2.2.4

Short summary of the work carried out

To reach the objectives, a first set of trials were carried out using both commercial BCAs formulation
(Serenade Max and Remedier) applied as four preventative treatments in nursery to tomato seedlings
transplanted in artificially infested soils with Fusarium oxysporum f.sp. lycopersici (FOLy). In the presence
of a high level of disease severity (DS 40 to 80% of affected plants) in the untreated control, Serenade
max provided a disease reduction from 37,9 to 53%, while Remedier provided inconsistent result in three
(26 to 31% efficacy) out of four trials.
Two-year experiments were also carried out in naturally infested soil with FOLy to evaluate the effect of
the selected commercial formulation based Bacillus amyloliquefaciens on Fusarium wilt incidence and on
rhizosphere/soil microflora. Because soil and rhizosphere microrganisms may colonize similar niches as
the newly introduced BCA microorganisms (Winding et al., 2004) within the frame of this study it has been
evaluated the effect on the microbial community dynamics at rhizosphere and bulk soil level after the
application of a selected commercial BCA, to evaluate a potential risk of BCA utilization.
The rhizosphere and bulk microbial biomass were analysed in terms of abundance (qPCR) and gene
expressions by considering:
I)
II)

III)

IV)

FOLy DNA abundance;
the impact of commercial Bacillus product (Serenade) on the rhizosphere and soil Bacillus
population was evaluated by quantitative PCR (qPCR). Specific primers for Bacillus subtilis
species were used (Gao et al., 2011) to assess the response of resident Bacillus population
based on DNA – potential functionality;
evaluating the differential expression of anti-pathogen genes that are usually correlated with
disease suppression by considering GluA (acidic extracellular b-1,3-glucanase), GluB (basic
intracellular b-1,3-glucanase), Chi3 (acidic extracellular chitinase), Chi9 (basic intracellular
chitinase) and PR-1a (PR-1 protein isoform PR-P6);
the impact of BCA on ammonia - oxidizing bacteria or on the archaea that harbor the amoA
gene (AOB and AOA), and in consequence on the soil N form which may further control FOLy
suppression.

Two years experiments (2016 and 2017) were carried out in plastic tunnels on a commercial farm which
had a history of several tomato cycles prior to the beginning of this study, in a sandy loam soil (sand : silt
: clay 50 : 40 : 10 %, with neutral pH and 1.5 % organic matter), naturally infested with the FOLy pathogen.
Tomato seeds (cv. Ingrid, Seminis) were sown in 40-plug trays (of 53 x 42 cm; plug 10x10 cm, 4-L peat
capacity) filled with a peat mixture substrate.
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Four treatments with BCAs were carried out: three on the plug tray between sowing and transplanting in
a commercial nursery in greenhouse; one in field at transplanting. The BCAs were applied by spraying
them onto the soil surface in a high volume of water (400 ml/tray) using a 1 l capacity hand sprayer.
After sixteen-days from sowing, tomato plants were transplanted at a density of 2,5 plants/m2, drip
irrigated and grown according to the cultural practices adopted by commercial growers. The plots were
arranged in a completely randomized block design, with four replicates per treatment. The plants were
monitored every 10-15 days for symptoms development, and the data were recorded starting from the
appearance of the first symptoms (yellow leaves and reduced growth).
In the presence of a low level of disease severity (DS 29.7%) in the control tomato plots in 2016, Serenade
max provided a disease reduction from 89.5 to 93%. However, some significant differences were observed
among treatments. In 2017, disease severity on tomato control plants resulted of 39.9%: and the tested
BCA significantly reduced Fusarium wilt symptoms up to 50% .
In general, FOLy abundance was significantly higher in the rhizosphere soil than in the bulk soil reducing
significantly the potential pathogen abundance compared to the untreated control, in both the
rhizosphere and bulk soil at the end of both trials (2016 and 2017 respectively).
The indigenous Bacillus community after the treatment with Serenade product in both, rhizosphere and
soil samples was higher when compared with the untreated control and with the other treatments. The
Bacillus product (Serenade) applied in nursery resulted in a good colonisation of the rhizosphere and soil.
However, the Bacillus abundance was highest at soil level than in rhizosphere.
The levels of transcripts encoding the PR proteins studied were always higher in sole presence of FOLy
(non treated control samples) for all considered genes, resulting in a positive effect of the Bacillus product
(Serenade).
Overall, at the end of both trials the bacterial 16S rRNA abundance was significantly higher at the bulk soil
level than at the rhizosphere level. However, the bacterial community abundance was more or less stable
at the soil level over all the treatments and the control. The archaeal 16S rRNA gene frequency in the
rhizosphere and bulk soil samples was more influenced by the treatments. The fungal 18S rRNA
abundance was significantly higher in the rhizosphere than in the bulk soil samples, in all the treatments
as well as in the untreated control. However, the fungal community abundance was more or less stable
at the soil level over all the treatments and the control. In general, the ammonia-oxidizing bacterial (AOB)
and the ammonia-oxidizing archaeal (AOA) genes abundance were not significantly influenced by
treatments.
The BCA applications resulted in an increase in the indigenous populations of Bacillus and Trichoderma in
all the treatments, compared to the untreated control. In general, the abundance of Bacillus sp. was
significantly higher for the Bacillus amyloliquefaciens treatment than the untreated control and all the
other treatments in both the rhizosphere and bulk soil. Results showed that the early application of the
tested BCAS applied in a preventative way in nursery is an efficient possibility to manage Fusarium wilt of
tomato and it is also safe for the rhizosphere and soil resident microbial communities, total and nitrifiers.
.
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2.2.5

Guidelines on optimised use of BCAs

Pest
F. oxysporum f.sp.
lycopersici

BCA




Bacillus
amyloliquefaciens
(former subtilis) str.
QST713 (Serenade Max,
Bayer Crop Science,
Italy)
Trichoderma gamsii +
Trichoderma asperellum
(Remedier,
ISAGRO,
Italy)

Guidelines
 Use of healthy plants and adopt measures aimed at reducing pathogen density in the
environment, factors that directly influences the efficacy of the BCAs.
 Preventative treatments starting from the nursery with selected BCAs provide a more efficient
use of biocontrol agents. It is recommendable to transplant tomato plants with the BCAs already
established in the rhizosphere. Four applications in nursery are suggested for an early
colonization of the BCAs at the root system level.
 Their use in practice should be integrated with other control strategies, involving host plant
resistance because BCAs may reduce the pathogen abundance at the rhizosphere level. This
aspect may results in long-term protection of the efficiency of resistant cultivars. However, the
type of tomato cultivar and the type of soil may influence BCA’s effect. Thus, the early application
of BCA in nursery should be a method to standardize the BCA application and to activate a
resistant reaction of the plants against tomato wilt.
 There is interest in reducing disease pressure in field. BCAs provided low pathogen abundance in
soil resulting in long-term effect of biocontrol measures.
 It can also be expected a possible suppressiveness against other soil-borne pathogens.
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2.3. Air-borne pathogens
2.3.1. Context

Tomato production is burdened by a wide array of air-borne pathogens. Disease control can be complex
and was often considered as the "weak link" of integrated pest management in the greenhouse, due to
its enduring reliance on fungicides which can negatively affect beneficial arthropods used for the control
of insect pests (Nicot and Bardin, 2012). Among these airborne diseases, powdery mildew (caused by
Oidium neolycopersici and by Leveillula taurica) and grey mould (caused by Botrytis cinerea) remain a
challenge for plant health management. Resistant commercial varieties are not available (although certain
varieties show partial resistance to O. neolycopersici) and control is difficult and often relies on fungicide
treatments. Most of the airborne diseases affecting tomato are fostered by high air humidity, and
pathogens such as B. cinerea, are enhanced by the presence of free moisture on the plant, which allows
germination of inoculum (Carisse 2016). This is particularly problematic in unheated plastic-covered
greenhouses where management of climatic conditions is limited. There, B. cinerea may cause severe leaf
blight, flower and fruit rot, ghost spots and stem rot. In heated glasshouses, excess air humidity can be
avoided through careful (often computer-driven) and costly climate control and symptoms caused by B.
cinerea are generally confined to stem cankers resulting from infection of pruning wounds. In contrast,
powdery mildews can be equally problematic in all types of greenhouses, as development of their causal
agents does not require high levels of air humidity.
Over the last years, increasing numbers of commercial biocontrol solutions have become available to
Tomato growers, for the management of grey mould and powdery mildew. Issues on the level and
consistency of their field efficacy are occasionally raised by growers. Various known factors are often
considered to influence this field efficacy (Nicot et al. 2011). However, knowledge is lacking on the
possible existence of strains of the pathogens with reduced sensitivity to the BCAs, although this could
potentially contribute to the variability of protection efficacy (Bardin et al. 2015). In previous work with
melon powdery mildew revealed wide differences in sensitivity to a plant extract (from Fallopia
sachalinensis) among isolates of Podosphaera xanthii and Golovinomyces cichoracearum (Bardin et al.
2013). Nothing is known about tomato powdery mildew.
Thus the main objective of our work in EUCLID was to investigate this issue, with a main focus on Tomato
powdery mildew and Regalia. Our observations led a second set of objectives:
(i)
to assess the duration of protection afforded by Regalia on Tomato, to minimize the number
of applications needed during a growing season,
(ii)
to investigate possible application of Regalia through the root system, to minimize selection
pressure due to direct contact of the product with inoculum of the pathogen, and
(iii)
to assess the efficacy on powdery mildew of another BCA studied in EUCLID (Serenade) as a
possible tool for growers to alternate with Regalia.
2.3.2. Target pests

2.3.2.1.
Powdery mildew
Powdery mildew can be caused by two main species in EU tomato production systems: Oidium
neolycopersici and Leveillula taurica. The latter is mostly found in unheated tunnels in late production
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conditions, while the former is more generally prevalent and can affect both the leaves and the stem of
the plants. Thus, O. neolycopersici was selected for work in EUCLID.
2.3.2.2.
Botrytis cinerea
Grey mould, is caused by Botrytis cinerea. In particularly humid conditions (usually in unheated plasticcovered tunnels), it affects all above-ground organs of the plant (stem, leaves, flowers, fruits). The most
common symptom (both in unheated tunnels and in heated glasshouses) consists of stem cankers
resulting from the infection of wounds. Thus, work in EUCLID was focused on wound protection.
2.3.3. Commercially available biocontrol agents

The following BCAs were studied:




Regalia®, a plant-based biopesticide prepared from extracts from the giant knotweed Fallopia
sachalinensis (formerly Renoutria sachalinensis, in the family Polygonaceae; see Fig. 1.2.3) which
is commercialised in many countries against various diseases including powdery mildews
(https://marronebioinnovations.com/ag-products/brand/regalia/). An application for approval in
the EU was filed in 2011 by the company Marrone Bio Innovations (in accordance with Regulation
EC-1107/2009) and its registration in the EU was considered as pending at the beginning of
EUCLID.
When sprayed on tomato plants, the product was shown to activate natural plant defences.
However, this induced diseased resistance is believed not to be systemic, with a protective effect
restricted to treated leaves. A direct effect on the powdery mildew fungi has also been described,
with an inhibition of spore germination. Studies have suggested that the essential part of the field
efficacy of this plant extract may be due to this direct biofungicidal effect on the powdery mildew
fungi.
Serenade® Max (Bacillus amyloliquefaciens (former subtilis) str. QST 713, Bayer Crop Science. This
product is registered for use against B. cinerea on various crops including Tomato. An effect against
powdery mildew is reported on grapes but knowledge is lacking for Tomato.
2.3.4. Short summary of the work carried out

Mildewed tomato leaves were sampled from commercial
greenhouses in various production areas (with help of different
EUCLID partners and stakeholders) to constitute a collection of
O. neolycopersici isolates. These isolates were then subjected to
an in vitro assay to assess their germination ability on water agar
amended with two concentrations of the plant extract
(registered dose of Regalia and a 1/250 reduced dose). The
registered dose of Regalia fully inhibited spore germination of
nearly all isolates tested, indicating a strong biofungicial effect
on O. neolycopersici. However, at the reduced dose, a wide Fig. 2.3.1 Symptoms of powdery mildew
range of sensitivity was observed among isolates, with (Oidium neolycopersici) on tomato leaves
germination results ranging from nearly full inhibition to
stimulation. Thus it appeared likely that degradation of the active substance over time after foliage
treatments would provide a selective advantage to less susceptible strains of O. neolycopersici, which
could in turn result in their gradual selection in case of generalized use of this BCA.
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To assess the duration of the protection
provided by foliar sprays of the BCA, six-week old
tomato plants were treated at 14 days, 7 days or just
before inoculation with a spore suspension of O.
neolycopersici. Two doses of application were used:
either the registered dose of Regalia or a double
dose. Inoculated plants were then incubated in a
phytotron in conditions conducive to disease
development and disease severity was assessed
after 10 days by counting the number of powdery
mildew colonies on leaves. The examined leaves
were photographed and their surface was Fig. 2.3.2 Protection provided by foliar sprays with Regalia
against Tomato powdery mildew: effect of dose (Registered
determined by image analysis to express disease Dose or 2 x Registered Dose) and timing of application (14,
severity as a number of powdery mildew colonies per 7 or 0 days before plant inoculation [DB] with Oidium
neolycopersici)
cm² of leaf surface. Compared to untreated control
plants, disease development was fully inhibited for
plants treated just before inoculation (regardless of the dose) and disease severity was reduced by 48%
(registered dose) and by 71% (double dose) on plants treated 7 days before inoculation (Fig 2.3.2). Plant
treatment 14 days before inoculation provided no protection. Thus relying on Regalia alone for the
protection of a tomato crop during a whole growing season (up to 11 months in heated glasshouses)
would require numerous successive foliar treatments.
As a possible alternative to foliar application, we investigated the possible application of Regalia
on the roots (drench application). Plants were grown for 8-9 weeks in an experimental greenhouse on a
drip-irrigated soil-less system mimicking the situation in commercial glasshouses. Regalia was applied 5
times as a drench at weekly intervals and the plants were inoculated with either O. neolycopersici (on
leaves) or B. cinerea (on pruning wounds resulting from the removal of leaves, as growers frequently do
in commercial production) two days after the last drench treatment. Three commercial tomato varieties
were used. Inoculated plants were then incubated in a phytotron and powdery mildew symptoms were
quantified as indicated above. One variety (Brioso) appeared to have a very high level of resistance to
powdery mildew (nearly no symptoms), but none against B. cinerea. On highly susceptible varieties,
drench application of Regalia provided significant protection of the leaves against powdery mildew on
one (Cauralina; up to 38% reduction in disease severity) but not on the other (Clodano; 0% reduction in
disease severity). This clearly showed (i) that Regalia triggered systemic induced resistance from the roots
to the foliage of the plants in a variety-specific manner and (ii) that drench application of Regalia has a
potential for providing some level of foliage protection for certain varieties – but not others. Botrytis
symptoms were quantified over time as the length of the necrotic lesion that developed on the stem. The
Area under the Disease Progress Curve (AUDPC) was computed as a measure of disease severity to carry
out statistical analyses. Drench application of Regalia on the roots provided significant protection of the
stems for two varieties (up to 37% reduction in disease severity for Clodano), but not for Brioso, the
variety with resistance to powdery mildew. Again, this is compatible with the triggering of systemic
induced resistance in some but not all varieties. It also suggested that depending on the variety, partial
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protection against Botrytis could result as a side benefit of drench applications of Regalia targeting
powdery mildew.
Conversely, tests with Serenade showed that applications of this BCA targeting B. cinerea could result in
partial protection against powdery mildew (up to 3'% disease reduction).
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2.3.5. Guidelines on optimised use of BCAs
Pest
BCA
Guidelines
Oidium
 Extract of the 1. Timing of application. Regalia is a useful biocontrol product for preventive foliar application against
neolycopersici
tomato powdery mildew, but its protective effect may decline within days after treatment, to
giant knot weed
(powdery
mildew)
Botrytis
cinerea
(grey mould)

disappear after 2 weeks. As the product has a clear inhibitory effect on spore germination, the decline
in protection can be expected to result from the degradation of the biofungicidal component on
treated leaves. The kinetics of this decline in protection are likely to be influenced by the susceptibility
of various strains of the pathogen (faster decline if less susceptible strain are prevalent in a crop). It
is thus recommended to adjust the timing of foliar application as closely as possible to the first
infestations of foliage with spores of the pathogen in the crop. This may require frequent scouting of
the crop (for early detection of the very first mildew spots on plants) or the use of quantitative air
samplers coupled to specific identification devices (for example qPRC-based) to monitor the presence
of air-borne inoculum of O. neolycopersici in the crop canopy.
2. Frequency of application. After the onset of a powdery mildew epidemic in a crop, air-borne inoculum
 Bacillus
is likely to remain present in the canopy during the whole growing season, because O. neolycopersici
amyloliquefaciens
produces large numbers of spores within 7-10 days of plant infection and these spores are easily
(former subtilis)
disseminated via air currents. Considering that foliage protection has a very limited duration after a
strain
QST713
treatment, relying on Regalia to maintain continuous protection of the crop would require frequent
(Serenade Max,
applications (probably weekly or shorter).
Bayer
Crop
3. Combination with other control methods. A protection strategy based on frequent successive sprays
Science)
with Regalia would not be compatible with managing the potential risk of resistance development.
The observation of strains with varying levels of susceptibility to the BCA suggest that this potential
risk should not be neglected. The deployment of other control measures in alternation with Regalia
would be recommended. In addition to biocontrol products or fungicides specifically targeting O.
neolycopersici, Serenade and the drench application of Regalia could be considered.
Fallopia
sachalinensis
formerly
Renoutria
sachalinensis
(Regalia®,
Marrone
Bio
Innovations)
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