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Screening and efficacy
evaluation of antagonistic fungi
against Phytophthora infestans
and combination with
arbuscular mycorrhizal fungi
for biocontrol of late blight
in potato

Ismahen Lalaymia1, Françoise Naveau1,
Anthony Arguelles Arias2, Marc Ongena2, Thierry Picaud3,
Stéphane Declerck1* and Maryline Calonne-Salmon1

1Université catholique de Louvain, Earth and Life Institute, Mycology, Louvain-la-Neuve, Belgium,
2Microbial Processes and Interactions (MiPI), TERRA Teaching and Research Centre, Gembloux
Agro-Bio Tech, University of Liege, Gembloux, Belgium, 3Medinbio, Wavre, Belgium
Late blight caused by Phytophthora infestans is the most devastating disease of

potato crops worldwide. Control practices mostly rely on synthetic fungicides

or copper-based products. In recent years, biological control agents have

generated significant enthusiasm as eco-friendly sustainable alternatives. Here,

the filtrates of 149 filamentous fungi and yeasts were tested in vitro against P.

infestans MUCL 54981. The most effective filtrates were then combined in

alginate beads with the arbuscular mycorrhizal fungus (AMF) Rhizophagus

irregularis MUCL 41833 and tested in vitro for their compatibility, and finally

in the greenhouse for their efficacy against P. infestans. The filtrates of

Penicillium aurantiogriseum MUCL 47586, Penicillium griseofulvum MUCL

29201, Trichoderma virens MUCL 18139, and Verticillium psalliotae MUCL

18310 totally suppressed conidial germination and growth of P. infestans in

vitro. In whole potato plants in vitro, only the filtrate of T. virens significantly

suppressed P. infestans plant infestation. With the exception of P. griseofulvum,

none of the selected filtrates affected the germination, root colonization, and

spore production of R. irregularis following their combined entrapment in

alginate beads. According to these results, the filtrate of T. virens was selected

for the greenhouse experiment with the potato variety Annabelle. The filtrate

was used as leaf spray and/or as root treatment in combination with R.

irregularis entrapped in alginate beads. Root treatments with AMF alone as
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well as with the AMF entrapped with the filtrate of T. virens significantly reduced

the area under disease progress curve compared to the non-treated plants. LC-

MS analyses of the filtrate showed the production of koninginin D, gliotoxin,

and koningic acid, three antifungal compounds, which could have impacted P.

infestans. Conversely, foliar application of the filtrate, whether the plant was

colonized by the AMF or not, did not reduce symptoms of the disease, possibly

because of the greenhouse growth conditions making the potato plants more

susceptible to P. infestans and counterbalancing the positive effects of the

antimicrobial secondary metabolites or AMF. Our results demonstrated the

potential of R. irregularis MUCL 41833 combined or not with a filtrate of T.

virens MUCL 18139 into alginate beads as a biological control strategy

against P. infestans.
KEYWORDS

biological control agent (BCA), late blight, Bintje and Annabelle, fungal filtrate,
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Introduction
Late blight caused by the oomycete Phytophthora infestans is

the most devastating disease of potato crops, causing huge

economic losses estimated at over 6.7 billion USD worldwide per

year (Haverkort et al., 2008; Haas et al., 2009; Fry et al., 2015).

Currently, control of this disease is mainly achieved by repeated

applications (10–16 per growing season) of chemical fungicides

(Haverkort et al., 2009; Alaux et al., 2018; Ivanov et al., 2021), which

not only pollute the environment and endanger human health, but

also can exert strong selective pressure on the pathogen, leading to

the rapid emergence of resistant or tolerant species (Schepers et al.,

2018; Gonzalez-Tobon et al., 2019; Pacilly et al., 2019; Wu et al.,

2021). For instance, the fight against late blight by copper (Cu) has

been used intensively since the 19th century and its efficacy no

longer needs to be demonstrated. However, the repeated application

of Cu over time resulted in the accumulation of this compound in

the soils seriously impacting the microflora (Graham et al., 1986;

Brun et al., 1998). The European Commission has thus adopted the

regulation (EU) 2018/1981 to restrict the use of this compound.

Alternative control measures are hence desired and widely

considered in many research programs based, among others, on

the utilization of microorganisms [generically called biological

control agents (BCAs)] or their metabolites (Wu et al., 2021).

So far, many antagonistic microorganisms (e.g., bacteria and

fungi) as well as endophytes/symbionts enhancing plant growth

and/or boosting plant defenses mechanisms have been

investigated. Several studies have highlighted the antagonistic

effects of fungi belonging to the genus Trichoderma, or to non-

pathogenic Fusarium, Penicillium, Aspergillus, and Chaetomium

genera against P. infestans (Roy et al., 1991; Gupta et al., 2004;
02
Kang and Kim, 2004; Son et al., 2008; Shanthiyaa et al., 2013;

Myrchiang et al., 2014; Liu and Chang, 2018), via mechanisms

such as mycoparasitism, excretion of antimicrobial compounds,

competition for nutrients and/or space, and induction of host

plant resistance (Rashad and Moussa, 2020; Raymaekers et al.,

2020). However, the direct application of non-indigenous living

fungi with potential to control pest and disease could have side

effects on the potato growth and yield as well as on the soil

environment because it can induce a shift in the microbial

community. The application of cell-free extracts/filtrates,

which may contain antifungal lytic enzymes, antibiotics,

volatile, and nonvolatile antifungal compounds, could thus

represent alternatives to the direct application of living fungi.

Arbuscular mycorrhizal fungi (AMF) have also been

considered as promising microorganisms to control late blight

in potato. These fungi are obligate root symbionts that form

associations with the majority of terrestrial plants (Brundrett

and Tedersoo, 2018), including crops such as potato, wheat, and

maize. In addition to being nutrient suppliers, improving potato

yield (O’Herlihy et al., 2003; Hijri, 2016; Buysens et al., 2017),

they improve resistance/tolerance of this plant against late blight

(Gallou et al., 2011; Alaux et al., 2018) via several mechanisms.

For instance, Rhizophagus irregularis MUCL 41833, one of the

most widely used AMF in commercial products (Berruti et al.,

2014; Buysens et al., 2017) induces the expression of the

pathogenesis-related genes PR1 and PR2 (i.e., encoding for the

PR1-a protein and for an acid b-1,3-glucanase protein

respectively that act as antifungal agents) in the leaves of

mycorrhizal potato plants inoculated with the pathogen, which

indicates that the AMF-induced systemic resistance/tolerance to

this pathogen is associated with the stimulation of these two PR

genes (Gallou et al., 2011). In controlled conditions and more
frontiersin.org
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importantly in field, the disease progression was delayed in

AMF-colonized potato plants, especially when the disease

pressure was low (O’Herlihy et al., 2003; Alaux et al., 2018). In

other plants, it was reported that an accumulation of different

defense compounds, such as phytoalexins, suberin, callose,

lignin, phenolic compounds, terpenoids, and sulfur amino

acids, was observed in mycorrhizal plants (Hohmann and

Messmer, 2017; Jacott et al., 2017; Hill et al., 2018).

Whereas literature has amply documented the biocontrol of late

blight of potato using plant or bacterial extracts (Quintanilla et al.,

2002; Stephan et al., 2005; Olanya and Larkin, 2006; Dorn et al.,

2007; Wang et al., 2007; Hultberg et al., 2010; Moushib et al., 2013;

Bengtsson et al., 2015; Hunziker et al., 2015; Rogozhin et al., 2020;

Rani et al., 2021), fewer studies have reported biocontrol of potato

late blight and control of the pathogen growth with metabolites

extracted from fungi. For instance, the application of oosporein, an

antifungal metabolite isolated from Verticillium psalliotae, fusaric

acid from F. oxysporum, and culture extracts from Trichoderma and

Chaetomium species (i.e., C. cochliodes and C. aureum) have been

reported to affect the growth of P. infestans in vitro (Nagaoka et al.,

2004; Son et al., 2008; Bae et al., 2016; Linkies et al., 2021). Similarly,

the viridiofungin A produced by the isolate T23 of T. harzianum

suppressed the germination of P. infestans sporangia cultured in

vitro (El-Hasan et al., 2009), and more recently, the application of

volatile organic compounds emitted by Trichoderma strains T41

and T45 inhibited the in vitromycelial growth of P. infestans grown

onmedium and on potato tubers (Elsherbiny et al., 2020). However,

to the best of our knowledge, the application of fungal extracts to

control late blight in planta was only demonstrated by Shanthiyaa

et al. (2013). These authors reported a significant decrease in late

blight infection under field conditions via the application of a

culture filtrate of C. globosum isolate Cg-6. The combination of

culture filtrates of antagonistic fungi with AMF and their

application to roots and leaves may also represent a novel

approach to control late blight, which has never been considered

to date.

The present study aims at investigating the effects of the

combination between the AMF R. irregularis MUCL 41833 and

filtrates of fungal BCA candidates to protect potato against late

blight. First, fungal BCAs whose culture filtrates are efficient against

P. infestans were selected out of a collection of 149 candidates.

Secondly, the most efficient culture filtrates were tested for their

compatibility with the AMF. Finally, the culture filtrate of T. virens

(the most efficient of the 149 candidates) was selected and tested

with the AMF on late blight symptoms outbreak in the sensitive

potato var. Annabelle, under greenhouse conditions.
1 Part of the Belgian Coordinated Collections of Microorganisms

(BCCM).

2 2 Part of the Royal Netherlands Academy of Arts and Sciences.
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Materials and methods

Biological material

Biological control agent candidates
A list of 149 fungal BCA candidates (filamentous fungi and

yeast) was established (Table S1) based on an extensive literature

search of the major fungal BCAs of P. infestans reported to date.

One hundred and thirty-nine BCA candidates were obtained

from the Mycothèque of the Université catholique de Louvain

(MUCL12, Belgium) and 10 from the culture collection of

Westerdijk Fungal Biodiversity Institute2 of Utrecht

(Netherlands). Most of them were originally isolated from

soils, plant debris, and decaying stumps. Some BCA candidates

were also selected on the basis of closely related fungal species or

genera that were shown to have biological control activities on

other major plant fungal pathogens.

The selected BCA candidates were maintained on sterilized

(121°C for 15 min) potato dextrose agar (PDA, Oxoid, United

Kingdom) medium in Petri plates (90 mm diameter, Sarstedt,

Germany) in the dark at 25°C. Each BCA candidate was sub-

cultured every 2 months by transferring five plugs of

approximately 5 mm diameter from one mother Petri plate

that showed the best development to three novel Petri plates.
Phytophthora infestans
P. infestansMont. De Bary MUCL 54981 was supplied by the

MUCL and was maintained on sterilized (121°C for 15 min)

PDA medium. It was incubated in 90-mm-diameter Petri plates

at 20°C in the dark and produced enough sporangia after 1

month to be used in the antagonism assays with the BCA

candidates above.

Arbuscular mycorrhizal fungus
R. irregularis (Blaszk., Wubet, Renker & Buscot; C. Walker &

A. Schüßler) MUCL 41833 was provided by the Glomeromycota

in vitro collection (GINCO, Belgium) on root organ cultures

(ROCs) of carrot (Daucus carota L.) clone DC2.

In vitro production of the AMF—The AMF was cultured on

ROCs of carrot clone DC2 in Petri plates (90 mm diameter)

containing sterilized (121°C for 15 min) Modified Strullu-

Romand (MSR) medium (Declerck et al., 1998) solidified with

3 g L−1 Phytagel (Sigma-Aldrich, St. Louis, USA), following the

method described by Cranenbrouck et al. (2005). The Petri

plates were incubated in inverted position in the dark at 27°C.

After 4 months, several thousands of spores were obtained per

Petri plate.

In vivo production of the AMF—The AMF was mass-

produced in pots under controlled greenhouse conditions as

follows: isolated spores and colonized root fragments of an in

vitro culture of the AMF was associated to maize plants (Zea

mays L. cultivar ES Ballade) in a 5-L pot containing sterilized
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lava stone (DCM, Belgium) as growth medium. After 3 months

of cultivation at 21°C/18°C (day/night), a relative humidity (RH)

varying from 40% to 70%, a photoperiod of 16 h day–1, and a

photosynthetic photon flux (PPF) of 120 mmol s–1 m–2, a high

production of AMF propagules was obtained in the substrate as

well as in the roots of the maize plants.
Potato plants
Solanum tuberosum L. var. Bintje [very sensitive to late

blight according to the scale of César and Ryckmans (2021)]

was provided by the “Station de Haute Belgique” (Libramont,

Belgium) as in vitro plants. The plants were micropropagated

every 4 weeks in culture microboxes, sealed with breathing filters

in the lid (ref: 0118/120 + OD118, SacO2, Belgium). The plants

were grown on sterilized (121°C for 15 min) Murashige and

Skoog (MS) (Duchefa, Netherlands) medium supplemented with

20 g L–1 sucrose and solidified with 4.2 g L–1 Gelrite™. The

microboxes were placed in a growth chamber (Snijders Scientific

B.V., Netherlands), under a temperature of 20/18°C (day/night),

an RH of 75%, a photoperiod of 16 h day−1, and a PPF of 50

mmol s–1 m–2.

Solanum tuberosum L. var. Annabelle (sensitive to late blight

according to the scale of Arvalis—http://www.fiches.arvalis-

infos.fr) was provided by a local organic potato farmer in

Belgium as tubers. The tubers were maintained at 22°C in the

dark for 2 weeks, the time necessary for their sprouting.
Experimental procedure

Experiment 1: Selection of Fungal BCA
candidates whose culture filtrates have
antagonistic effects against P. infestans MUCL
54981
Production of fungal filtrates

The BCA candidates were first cultured on solid sterilized

(121°C for 15 min) PDA medium at 25°C in the dark during 2

weeks. Three successive sub-cultures were done at 10-day

intervals to produce three independent culture batches, with

the objective to ascertain the repeatability of results.

For each BCA candidate and batch, five cultures plugs were

transferred into 50 ml of liquid Potato Dextrose Broth (PDB,

Sigma Aldrich, USA) medium and grown under continuous

shaking (80 rpm min−1) at 25°C in the dark, until growth arrest

was visually observed (~18 days), theoretically corresponding to

the phase of secondary metabolite (SM) production. The liquid

culture of each BCA candidate was subsequently blended and

grounded twice for 30 s at 20,000 rpm with a sterilized (121°C

for 15 min) ultra-turax (Omni Mixer Homogenizer, Omni

International, CA). The material was then centrifuged for

3 min at 4,000 rpm. The supernatant was finally collected and

filtered through two glass fiber membranes of 1.6 and 0.70 mm
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porosity (Cytiva Whatman™, USA) to remove cellular debris

and through a 0.22-μm filtration membrane (Acrodisc,

GelmanSciences, USA) to remove microbial contaminants,

before freezing at −20°C until use.
Impact of culture filtrates of selected BCA candidates
on the growth inhibition of P. infestans MUCL 54981
measured by absorbance

The culture filtrates of the 149 BCA candidates were tested

on growth inhibition of P. infestans by absorbance in 96-well

microplates (96-wells-F, sterile, VWR, Radnor, PA, USA). Forty-

five microliters of filtrate from each of the three different culture

batches was added in the wells of the microplates and covered

with 105 ml of sterilized (121°C for 15 min) PDA medium

(cooled at 45°C). Sterilized (121°C for 15 min) liquid PDB

medium was used as control. The microplate wells were then

inoculated with 40 ml of P. infestans suspension (1 × 105

sporangia ml−1 water), and incubated in the dark at 20°C to

monitor daily the fungal growth on the medium by measuring

the absorbance [optical density (OD)] at 620 nm using a

microplate absorbance reader (Multiskan bichromatic, Thermo

Labsystems, Helsinki, Finland) until the controls (on each

microplates) reached an absorbance of 1.0 ± 0.1.

Percentage of growth inhibition (%GI) of P. infestans in the

presence of the filtrates was calculated as follows:

%GI =
½ðAbs-BCA at dx–Abs-BCAat  d0Þ - ðAbs+BCA at dx–Abs+BCA at  d0Þ�

ðAbs-BCA at–Abs-BCA at d0Þ � 100

where:
- %GI: percentage inhibition,

- Abs-BCA: absorbance without BCA filtrate (control),

- Abs+BCA: absorbance with BCA filtrate,

- d0: absorbance at day 0,

- dx: absorbance at day x,

- Control: liquid PDB medium control
The filtrates exhibiting a growth inhibition of P. infestans

higher than 95% were selected for further testing. In case of total

absence of growth, the germination of sporangia was checked

under a compound microscope (Olympus BH2, Olympus

Optical, GmbH, Hamburg, Germany) at 20–40× magnifications.

Impact of culture filtrates of selected BCA candidates
on the growth inhibition of P. infestans MUCL 54981
measured by colony surface area

The culture filtrates of the 17 BCA candidates selected above

(exhibiting a growth inhibition of P. infestans by absorbance

higher than 95%) were tested on the growth inhibition of P.

infestans by measuring the growth area of the pathogen in
frontiersin.org
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comparison to a control without filtrates. A 5-mm-diameter plug

of P. infestans was placed in the center of a Petri plate (90 mm

diameter, Sarstedt, Germany) containing PDA, and incubated at

20°C in the dark. After 7 days of incubation, the growth area of

P. infestans was measured. At that time, 6 ml of filtrate of each

BCA candidate grown in PDB was applied on the surface of the

colony. Sterilized (121°C for 15 min) liquid PDB medium was

used as control. Five replicates were considered per BCA

candidate filtrate from a single subculture. The area covered

by P. infestans was assessed under a stereomicroscope (Olympus

SZ61) at ×10–40 magnification. The percentage of growth

inhibition (%GI) of P. infestans was evaluated when the

pathogen in the control treatment reached the edge of the

Petri plate, as follows:

% growth inhibition

GI ¼
½ðGA Pinf -BCAat T1– GA Pinf -BCAat T0Þ - ðGA Pinf+BCA

 at T1– GA Pinf+BCA at T0Þ�
ðGA Pinf -BCAat T1– GA Pinf -BCA at T0Þ  

� 100

where:
Fron
- GA Pinf-BCA: growth area of P infestans without BCA

filtrate (control),

- GA Pinf+BCA: growth area of P infestans with BCA filtrate,

- T0: area at day 0,

- T1: area at day x, i.e., when the control reached the edge of

the Petri plate
The filtrates exhibiting a total growth inhibition of P.

infestans were selected for further testing.

Impact of culture filtrates of selected BCA
candidates on the reduction of leaf symptoms
caused by P. infestans MUCL 54981

The culture filtrates of the five BCA candidates selected

above (exhibiting a total growth inhibition of P. infestans

measured by colony surface area) were tested on the

percentage of the leaf area covered by P. infestans symptoms

in comparison to a control without filtrates. Potato plants var.

Bintje were grown in vitro in culture microboxes and placed in a

growth chamber until they reached the six-leaf stage (plants of

about 10 cm height), approximately within 4 weeks. The plants

were subsequently sprayed with 2 ml of a mixture composed of

polysorbate 80 (0.5%, v/v) and each of the five BCA candidate

filtrates. The plants were then transferred to a growth chamber

(Snijders Scientific B.V., Netherlands), under a temperature of

20/18°C (day/night), an RH of 75%, a photoperiod of 16 h day−1,

and a PPF of 50 mmol s–1 m–2. After 24 h of incubation, 0.2 ml of

P. infestans suspension (103 sporangia μl−1) was sprayed on the
tiers in Agronomy 05
leaves of each plant. The plants were incubated again in the

growth chamber under the same growth conditions. Ten

replicates were considered per BCA filtrate. After 2 days of

incubation, half of the plants was sprayed a second time with

2 ml of the mixture of BCAs filtrates and polysorbate 80 (0.5%,

v/v), while the other half did not receive a second spraying. The

plants were incubated in the growth chamber under the same

culture conditions as described above. Sterilized (121°C for

15 min) liquid PDB medium was used as a control. Five

replicates were considered per BCA filtrate.

After 15 days of incubation, four leaves from each plant were

randomly selected to assess the percentage of leaf area (%LA)

covered by P. infestans symptoms using the assessment keys

developed by James (1971) for late blight of potato.

Experiment 2: Effects of culture filtrates of
selected BCA candidates on the AMF
R. irregularis MUCL 41833
Effect of culture filtrates of selected BCA candidates
on propagule germination, root colonization, and
extraradical growth of R. irregularis MUCL 41833
entrapped in alginate beads

Five-month-old in vitro produced cultures of the AMF,

containing thousands of spores and mycorrhizal roots, were

blended twice in 100 ml of sterilized (121°C for 15 min) deionized

water for 30 s at 20,000 rpm with a sterilized (121°C for 15 min)

ultra-turax. The mixture was subsequently filtered on a sterilized

(121°C for 15 min) nylon mesh (41 μm) before being entrapped in

alginate beads with each of the five previously selected fungal BCA

candidate filtrates as follows: the AMF propagules were mixed in

equal volume (v:v, 1:1) with the filtrates in a 4% (w/v) sterilized (121°

C for 15 min) sodium alginate solution (Sigma-Aldrich, UK).

Alginate droplets of a volume of 100 μl were pipetted manually

and dropped in a sterilized (121°C for 15 min) solution of 0.1 M

CaCl2 kept under agitation for 30 min. The alginate beads were then

rinsed with sterilized (121°C for 15 min) deionized water and stored

in 90-mm-diameter Petri plates. Alginate beads containing only

AMF propagules in PDB were considered as control. For each of the

treatments, 20 alginate beads each containing 100 ± 10 propagules

were considered. The percentage of infective beads (%PIB), i.e., beads

containing at least one germinated AMF propagule (Declerck et al.,

1996), was determined 4 weeks after incubation on sterilized (121°C

for 15 min) MSR medium at 27°C in the dark under a

stereomicroscope (×6.7–40 magnification).

Beads containing germinated propagules were placed in the

vicinity of ROCs of carrot (i.e., two beads per Petri plate) in 90-mm-

diameter Petri plates containing 40 ml of MSR medium. The Petri

plates were subsequently incubated at 27°C in the dark, and root

colonization and spore production were evaluated after 12 weeks.

Five Petri plates were set up per treatment. The number of spores

was assessed using a 10-mm grid marked on the bottom of each

Petri plate to form 10-mm squares, following the method described
frontiersin.org
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by Declerck et al. (2004). The measurements were conducted under

a dissecting microscope at magnifications of ×6.7 and ×40. The roots

were then collected following dissolution of the MSR medium with

citrate buffer (Doner and Bécard, 1991) and stained (Phillips and

Hayman, 1970) to estimate total colonization (TC%) under a bright-

field light microscope (Olympus BH-2, Olympus Optical GmbH) at

×50–250magnification using themethod ofMcGonigle et al. (1990).

For each replicate, 300–350 root intersections were assessed.

Impact of culture filtrates of selected BCA candidates
on leek root colonization by R. irregularis MUCL 41833

The effect of increasing concentrations of each of the five

previously selected fungal BCA candidate filtrates was evaluated

on the ability of R. irregularis propagules to colonize leek roots

under greenhouse conditions via a dose–response relationship

(adapted from Declerck et al., 1996). Briefly, each selected BCA

candidate filtrate was entrapped in 100 μl of alginate beads at

increasing concentrations (10, 25, 50, and 75 ml) with in vivo

produced AMF propagules (30 ± 5). Alginate beads containing only

AMF propagules were considered as the control.

Seeds of leek (Allium porrum L. var. bleu de Solaise) were surface

disinfected by soaking in 6% sodium hypochlorite for 2 min and

subsequently germinated on sterilized (121°C for 15 min) wet paper.

After 10 days, 10 plants were transplanted in plastic multipots (4 cm

diameter) containing a mixture (60 g) of sterilized (121°C for
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15 min) calcinated clay (Absorb attapulgite 6-30 or 8-16, Oil-Dri,

UK), fine quartz (N°4, Euroquartz, Belgium), and coarse quartz (N°

1, Euroquartz, Belgium) (w:w:w, 1:1:1) gently mixed with 10 alginate

beads with one of the filtrate concentration. Five replicates were

considered per BCA filtrate concentration. The multipots were then

transferred to the growth chamber (Snijders Scientific B.V.,

Netherlands), under a temperature of 20/18°C (day/night), an RH

of 65%, a photoperiod of 16 h day−1, and a PPF of 24.5 mmol s–1 m–2.

Plants were watered with deionized water twice a week. After 5

weeks, the plants were harvested and roots were cleaned and stained

with ink according to the protocol described by Phillips andHayman

(1970). Each root system was observed individually for the presence/

absence of AMF colonization. Data were expressed as percentage of

the mycorrhizal plants (%MP) per pot for each treatment.
Experiment 3: Evaluation of the combined
effects of R. irregularis MUCL 41833 and a
culture filtrate of Trichoderma virens MUCL
18139 on the disease severity caused by
P. infestans MUCL 54981 on potato var.
Annabelle under controlled greenhouse
conditions

Tubers of potato var. Annabelle were planted in 2-L pots

containing a sterilized (121°C for 15 min) substrate composed of

potting soil (DCM, Belgium), vermiculite (Pull Rhenen,
FIGURE 1

Schematic representation of the experimental design of experiment 3. Evaluation of the combined effects of a culture filtrate of T. virens MUCL
18139 and R. irregularis MUCL 41833 on the disease severity caused by P. infestans MUCL 54981 on potato var. Annabelle under controlled
greenhouse conditions.
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Netherlands), and sand (quartz N°4, Euroquartz, Belgium) (w:w:

w, 1:1:1). A single sprout was kept on each tuber that was placed

upwards, 10 cm deep in the substrate. At the start of the

experiment (Time 0), 32 tubers were inoculated with R.

irregularis propagules (100 ± 10) entrapped in 100 μl of

alginate beads (treatment AM). An equivalent number of

tubers was similarly inoculated with the AMF supplemented

with 10 μl of filtrate of T. virens MUCL 18139 (treatment AM +

vir). Forty tubers inoculated with empty alginate beads were

included as control (treatment Ctrl—see upper part of Figure 1).

The alginate beads were distributed 2 cm around the sprout to

facilitate the association of the AMF propagules with the

emerging roots. The pots were randomly disposed on tables

and maintained under greenhouse conditions [20°C/18°C (day/

night), an RH of 70%, a photoperiod of 16 h day–1, and a PPF of

120 mmol m–2 s–1] for a period of 8 weeks. The plants were

watered twice a week with 500 ml of deionized water and

received 200 ml of Hoagland low-P once a week (see Garcés-

Ruiz et al., 2017).

After 8 weeks of culture, five plants inoculated with the AMF

entrapped alone were randomly selected to check the root

colonization. At that time, the three treatments above were

divided in sub-groups sprayed either with 6 ml (200 L ha−1) of

filtrate of the BCA candidate (for the treatments AM and AM+vir)

or mancozeb [Dithane Neotec 75WG (a.s. 75%mancozeb—for the

Ctrl treatment), a classical chemical fungicide applied at a

concentration of 200 L ha−1].

In detail, the Ctrl treatment was divided into five groups of

eight plants as follows: eight plants were not inoculated with P.

infestans (Ctrl-Pinf), eight plants were inoculated with P. infestans

(Ctrl+Pinf), eight plants were sprayed with mancozeb 1 day before

inoculation of P. infestans (Ctrl+Pinf (Manco-1)), eight plants were

sprayed with mancozeb 1 day after inoculation by P. infestans

(Ctrl+Pinf (Manco+1)), and eight plants were sprayed with

mancozeb 5 days after inoculation by P. infestans (Ctrl+Pinf

(Manco+5)).

The AM treatment was divided into four groups of eight

plants as follows: eight plants were not sprayed with the filtrate

(AM+Pinf -Filt), eight plants were sprayed with the filtrate 1 day

before inoculation of P. infestans (AM+Pinf (Filt-1)), eight plants

were sprayed with the filtrate 1 day after inoculation by P.

infestans (AM+Pinf (Filt+1)), and eight plants were sprayed with

the filtrate 5 days after inoculation by P. infestans (AM+Pinf

(Filt+5)).

The AM+vir treatment was divided into four groups of eight

plants as follows: eight plants were not sprayed with the filtrate (AM

+vir+Pinf -Filt), eight plants were sprayed with the filtrate 1 day before

inoculation of P. infestans (AM+vir+Pinf (Filt-1)), eight plants were

sprayed with the filtrate 1 day after inoculation by P. infestans (AM

+vir+Pinf (Filt+1)), and eight plants were sprayed with the filtrate 5

days after inoculation by P. infestans (AM+vir+Pinf (Filt+5)).
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All the plants were sprayed with 6 ml of a suspension of P.

infestans MUCL 54981 sporangia (250 sporangia μl−1 water),

except the negative control plants (i.e., treatment Ctrl-Pinf) that

were sprayed with 6 ml of PDB medium. At that time, the RH

was increased to 90% so that the growing conditions were

optimal for P. infestans. The disease development was assessed

in each treatment 0, 5, 10, and 15 days post infection by P.

infestans by the area under disease progress curve (AUDPC).

The AUDPC was calculated according to the equation of

Madden and Campbell (1990) as follows:

AUDPC = o
ni=1

i=1
½ðYi+Yi+1Þ =2� ðXi+1-XiÞ  

where:
Yi = disease severity at the ith observation,

Xi = time at the ith observation,

ni = number of times,

i = order index for the times
Fifteen days after inoculation with the pathogen, the plants

were harvested. The shoots’ and roots’ fresh weights (SFW and

RFW, respectively) and the tubers’ fresh weight (TFW) of each

plant were evaluated. Shoots and roots were then oven-dried at

100°C for 2 days until dry weights remained stable and shoots’

and roots’ dry weights (SDW and RDW, respectively)

were evaluated.

Percentage of root colonization was assessed following

staining (Phillips and Hayman, 1970). Total colonization (TC

%) and proportion of root length colonized by vesicles/spores (V

%) and arbuscules (A%) were estimated under a bright-field light

microscope (Olympus BH-2, Olympus Optical GmbH) at ×50–

250 magnification using the method of McGonigle et al. (1990).

For each replicate, 300–350 root intersections were assessed.
LCMS analysis of T. virens MUCL
18139 filtrate

Culture filtrates of T. virens were analyzed for their content

in antimicrobial compounds by UPLC-mass spectrometry using

an Agilent 1290 Infinity II HPLC system coupled to a mass

detector (Jet Stream ESI‐qTOF 6530, Agilent) set up in positive

mode and with the following parameters: capillary voltage: 3.5

kV; nebulizer pressure: 35 psi; drying gas: 8 L min−1; drying gas

temperature: 300°C; flow rate of sheath gas: 11 L min−1; sheath

gas temperature: 350°C; fragmentor voltage: 175 V; skimmer

voltage: 65 V; octopole RF: 750 V. Accurate mass spectra were

recorded in the range of m/z =50–1,700. Analyses were

performed using an C18 Acquity UPLC BEH column (2.1 ×
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50 mm × 1.7 mm; Waters) and 0.1% formic acid (solvent A)/

acetonitrile acidified with 0.1% formic acid (solvent B) as mobile

phase with constant flow rate at 0.6 ml min−1 and column

temperature set at 40°C. First, 2% solvent B was applied during

3 min before increasing to 70% in 10 min. Then, 100% solvent B

was applied for 3 min before going back to initial conditions.

Masshunter Qualitative Analysis software (Agilent) was used for

data analysis.
Statistical analysis

Statistical analyses were performed with JMP 16.0 and SAS

9.4 statistical software (SAS Institute Inc., Cary, NC, United

States). Levene and Shapiro–Wilk tests were run prior to the

analysis to confirm homogeneity of variance and normality of

distribution. To fulfill the assumptions of the method, data were

log10 or root transformed, prior to the analysis. If data remained

non-normal after transformation, they were analyzed by

Kruskal–Wallis. Dunn test, a non-parametrical test for

pairwise or with a control comparison, was used to identify

significant differences (p ≤ 0.05) between treatments.

Data for growth inhibition percentage of P. infestans MUCL

54981 were analyzed by Kruskal–Wallis non-parametrical test

followed by a pairwise comparison Dunn test (p ≤ 0.05). Data for

in vitro potato plant infection percentage were analyzed using

one-way ANOVA followed by a pairwise comparison post-hoc

Tukey HSD test (p ≤ 0.05). Data for R. irregularis MUCL 41833

spore production as well as carrot root colonization percentages

were analyzed using a one-way ANOVA followed by

comparison with the control using a Dunnett-HSD test.

Finally, data for plant infection (i.e., AUDPC), plant growth

parameters [i.e., SDW, RDW, total dry weight (TDW), and

TFW], and root colonization were analyzed using one-way

ANOVA followed by a pairwise comparison post-hoc Tukey

HSD or Dunnett’s test (p ≤ 0.05).
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Results

Experiment 1: Selection of fungal BCA
candidates whose culture filtrates have
antagonistic effects against P. infestans
MUCL 54981

In a first test, the impact of culture filtrates of different BCA

candidates was evaluated on the growth of P. infestans by

absorbance in 96-well microplates. The measurement was

taken when the absorbance in the control (i.e., without filtrate)

reached a value of 1.0 ± 0.1. Culture filtrates of the 149 BCA

candidates were tested (Figure S1) and 17 of them (i.e.,

Aspergillus flavus MUCL 35049, Aspergillus niger MUCL

52577, Chaetomium globosum MUCL 20345, Emericella

nidulans MUCL 35515, Fusarium proliferatum MUCL 53645,

Lae t iporus su lphureus MUCL 55875 , Pen i c i l l i um

aurantiogriseum MUCL 47586, Penicillium frequentans MUCL

13766, Penicillium funiculosum MUCL 40813, Penicillium

griseofulvum MUCL 29201, Penicillium purpurogenum MUCL

47592, Sporothrix insectorum MUCL 19334, Talaromyces flavus

MUCL 14302, Trichoderma arundinaceum CBS 113214,

Trichoderma pseudokoningii MUCL 11426, T. virens MUCL

18139, and V. psalliotae MUCL 18310) inhibited the growth of

P. infestans by more than 95% in three independent batches. In

contact with those filtrates, most of the sporangia of P. infestans

did not germinate and were often empty (Figure 2).

In a second test, the culture filtrates of the 17 BCA candidates

above were evaluated on surface area inhibition of 7-day-old

cultures of P. infestans. After 15 days of incubation, a significant

effect (p ≤ 0.001) of the different culture filtrates was noticed on the

growth of P. infestans. Ten out of the 17 culture filtrates inhibited by

more than 80% the growth of P. infestans (Figure 3). Interestingly,

10 days later, we observed that the colonies of P. infestans treated

with a culture filtrate of A. flavus MUCL 35049, L. sulphureus

MUCL 55875, P. purpurogenum MUCL 47592, T. arundinaceum
FIGURE 2

Phytophthora MUCL 54981 culture grown in 96-well microplates (A) on PDB medium without culture filtrate, showing a dense growing hyphae
(B) on PDA with culture filtrate of P. aurantiogriseum MUCL 47586, showing the absence of hyphal growth and presence of empty sporangia
(arrow).
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CBS 113214, and T. flavus MUCL 14302 resumed their growth.

Conversely, the growth of P. infestans treated with a culture filtrate

of A. niger MUCL 52577, P. aurantiogriseum MUCL 47586, P.

griseofulvum MUCL 29201, T. virens MUCL 18139, and V.

psalliotae MUCL 18310 was completely inhibited and no

regrowth was observed thereafter. The culture filtrate of those five

BCA candidates were selected for further tests.

In a third test, the impact of culture filtrates of the selected

BCA candidates on the reduction of potato leaf symptoms

caused by P. infestans was evaluated. Potato plants grown in

vitro were sprayed with the culture filtrates of the five selected

BCA candidates 1 day before and 2 days after inoculation of P.

infestans. The percentage of leaf area (%LA) covered by

symptoms of P. infestans was evaluated in the presence/

absence of the culture filtrates (Figure 4). No plant survived

with the filtrate of A. niger MUCL 52577. After 15 days of

incubation, a significant effect (p = 0.003) of the culture filtrates

of the different BCA candidates was noticed. The culture filtrate

of P. griseofulvum MUCL 29201, applied prior to inoculation of

the pathogen, decreased by 70% the %LA covered by symptoms
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as compared to the control, while the second spraying (2 days

after inoculation of P. infestans) killed the plants. The culture

filtrates of P. aurantiogriseum MUCL 47586 and V. psalliotae

MUCL 18310 did not show any difference of %LA covered by

symptoms as compared to the control, whatever the time of

application. The culture filtrate of T. virensMUCL 18139 applied

prior to inoculation of the pathogen did not impact the %LA

covered by symptoms, even if the symptoms of the pathogen

were reduced by 58%, while at the second spraying (i.e., after

inoculation by the pathogen), a significant decrease was noticed

in %LA covered by symptoms of the pathogen compared to

the control.
Experiment 2: Effects of culture filtrates
of selected BCA candidates on the AMF
R. irregularis MUCL 41833

In a first test, the effect of culture filtrates of four fungal BCA

candidates selected from Experiment 1 was evaluated on
FIGURE 3

Percentage of growth inhibition of P. infestans MUCL 54981 colonies induced by culture filtrates of different fungal BCA candidates. Values are
expressed as the mean ± SD (n = 5). Different lowercase letters show significant differences between the treatments (p ≤ 0.05; Dunn test).
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propagule (i.e., spores and colonized root fragments)

germination, root colonization, and extraradical spore

production of R. irregularis entrapped in alginate beads.

Whatever the culture filtrate entrapped with the AMF

propagules, the percentage of infective beads (%PIB) was

always 100% (Table S2). After 12 weeks of association with
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carrot roots in vitro, root colonization and spore production

were observed (Table 1). A significant effect of the treatment was

noticed on the total colonization (TC%) (p = 0.0001). Compared

to the control, only the in vitro culture of R. irregularis initiated

from AMF propagules entrapped with the culture filtrate of P.

griseofulvum MUCL 29201 presented a significantly lower TC%
TABLE 1 Number of spores and percentage of total root colonization of carrot root organ cultures associated with R. irregularis MUCL 41833
propagules entrapped in alginate beads with PDB medium (control) or with culture filtrates of different fungal BCA candidates.

BCA filtrate Number of spores Total root colonization (%)

PDB medium (control) 2,186 ± 1,135.9 14.3 ± 2.5

P. griseofulvum MUCL 29201 33.2 ± 58.2 1.7 ± 2.5*

P. aurantiogriseum MUCL 47586 2,274.5 ± 2,204.4 20 ± 6.9

T. virens MUCL 18139 3,469.7 ± 2,939.2 19.1 ± 3.5

V. psalliotae MUCL 18310 3,502 ± 1,913.7 21.3 ± 6.5
The values are expressed as the mean ± SD (n = 5). In a column, the asterisks show a significant difference with the control (p ≤ 0.05; Dunnett’s HSD).
Measurements were made 12 weeks after association.
FIGURE 4

Percentage of leaf infection area (%LA) of potato plants treated or not with culture filtrates of fungal BCA candidates applied 1 day prior (* 1) or 1
day after (* 2) inoculation with P. infestans MUCL 54981. Values are expressed as the mean +SD (n = 5). Different lowercase letters show
significant difference between the treatments (p ≤ 0.05; Tukey HSD).
frontiersin.org

https://doi.org/10.3389/fagro.2022.948309
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org


Lalaymia et al. 10.3389/fagro.2022.948309
(Table 1). Conversely, no significant effect of the culture filtrate

was noticed on the number of spores produced (p = 0.061).

Interestingly, the culture filtrate of T. virens MUCL 18139 that

showed the highest effect on P. infestans (Experiment 1, test 3)

did not impact root colonization and spore production of R.

irregularis compared to the control.

In a second test, a dose–response assessment was conducted

to evaluate the dose of filtrate required to impact the

colonization of a population of plants, estimated by the

percentage of the mycorrhizal plants (%MP) (Table 2). After 5

weeks of culture, the %MP reached 88.55% in the control

treatment (i.e., the beads containing only the AMF). The %MP

did not differ significantly between the control treatment and the

treatment containing different doses of culture filtrates of P.

aurantiogriseum MUCL 47586. For the culture filtrate of T.

virens MUCL 18139, only the 75-μl dose significantly reduced

the %MP as compared to the control. In contrast, for the culture

filtrate of V. psalliotae MUCL 18310, only the 10-μl dose

significantly reduced the %MP as compared to the control.

Finally, for the culture filtrate of P. griseofulvum MUCL 29201,

the 50-μl and 75-μl dose significantly reduced the %MP as

compared to the control.
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Experiment 3: Evaluation of the
combined effects of R. irregularis MUCL
41833 and culture filtrate of T. virens
MUCL 18139 on the disease severity
caused by P. infestans MUCL 54981 on
potato var. Annabelle under controlled
greenhouse conditions

Plant growth parameters
Throughout the experiment, the potato plants developed

normally. At the end of the experiment (i.e., 2 weeks after plant

infection by P. infestans), a significant effect of the treatments was

noticed on SDW, RDW, TDW, and TFW (p< 0.0001, p = 0.0132, p<

0.0001, and p = 0.0012, respectively). Compared to the Ctrl-Pinf

treatment, only the SDW of the plants in the treatments AM+Pinf

-Filt, AM+Pinf (Filt-1), and AM+vir+Pinf (Filt+1) were significantly lower

(Table S3). The RDW of the potato plants were significantly lower

for AM+Pinf-Filt and AM+Pinf (Filt-1) treatments compared to the

Ctrl+Pinf(Manco-1) treatment. Regarding the TDW, no significant

difference was observed between the Ctrl-Pinf and the Ctrl+Pinf

treatments as well as between the Ctrl-Pinf treatment and all the

other treatments. No significant difference was noticed for TFW
TABLE 3 Percentages of arbuscules, intraradical vesicles/spores, and total colonization of roots of potato plants grown under greenhouse
conditions after 10 weeks of association with R. irregularis MUCL 41833 propagules, entrapped (AM + vir) or not with a culture filtrate of T. virens
MUCL 18139 and sprayed (+Filt) or not (-Filt) with a culture filtrate of T. virens MUCL 18139 or with Mancozeb (Manco) fungicide estimated 15 days
post-infection with P. infestans MUCL 54981.

Treatment Arbuscules (%) Vesicles/spores (%) Total (%)

Control: AM +Pinf -Filt 14.4 ± 2.6a 0.8 ± 0.6 24 ± 3.6

AM +Pinf (Filt -1) 19.8 ± 8.8ab 2.2 ± 2.4 34.2 ± 9.7

AM +Pinf (Filt +1) 24.6 ± 7.4b 0.9 ± 0.2 33.2 ± 10.2

AM +Pinf (Filt +5) 21.8 ± 7.3b 1.7 ± 1.9 32.7 ± 10.3

AM + vir +Pinf -Filt 18.8 ± 5.3b 2.3 ± 1.5 28.3 ± 7.8

AM + vir +Pinf (Filt -1) 19.9 ± 1.3b 0.9 ± 0.6 29.1 ± 2.8

AM + vir +Pinf (Filt +1) 17.2 ± 1.9b 1.1 ± 0.5 27.3 ± 1.9

AM + vir +Pinf (Filt +5) 17.8 ± 2.3b 1.8 ± 0.5 27.1 ± 3.8
fro
The filtrate or fungicide was sprayed at 1 day pre-P. infestans inoculation (-1), and at 1 (+1) or at 5 (+5) days post-P. infestans inoculation.
The values are expressed as the mean ± SD (n = 8). In a column, the lowercase letters show a significant difference with the control (p ≤ 0.05; Tukey’s HSD).
TABLE 2 Percentage of mycorrhizal plants (%MP) inoculated with alginate beads containing propagules of R. irregularis MUCL 41833 alone
(control) or with different concentrations of culture filtrates of the fungal BCA candidates.

Volume of the BCA filtrate per 100 µl of alginate beads

BCA filtrate 0 µl 10 µl 25 µl 50 µl 75 µl

Control 88.55 ± 10.62 – – – –

P. griseofulvum MUCL 29201 – 56.1 ± 12.1 32.2 ± 25.5 11.9 ± 10.6* 0 ± 0*

P. aurantiogriseum MUCL 47586 – 93.3 ± 13.3 88 ± 19.4 89.5 ± 38.7 86.2 ± 17.5

T. virens
MUCL 18139

– 96 ± 8 82 ± 22.3 64 ± 18.9 18.8 ± 15.2 *

V. psalliotae MUCL 18310 – 6 ± 12* 61.7 ± 29.1 60.3 ± 24.1 62 ± 24
The values are expressed as the mean ± SD (n = 5). The asterisks show the significant difference compared to the control (p ≤ 0.05; Dunnett’s HSD).
Measurements were made 5 weeks after association.
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between the Ctrl-Pinf and Ctrl+Pinf treatments (Table S3). Compared

to the Ctrl-Pinf treatment, the AM+Pinf(Filt+1), AM+vir+Pinf(Filt-1), and

AM+vir+Pinf(Filt+1) treatments had a significantly higher TFW.

Root colonization by the AMF
Root colonization was estimated at the end of the

experiment (i.e., 10 weeks after AMF plant inoculation and 2

weeks after plant infection by the pathogen) (Table 3). At the

end of the experiment, a significant positive effect of the

treatment was noticed for the percentage of root arbuscules (A

%) (i.e., p = 0.0176), but not for the percentage root vesicles/

spores (V%) and the TC% (p = 0.1403 and 0.0698, respectively).

Compared to the AM+Pinf-Filt treatment, except for the AM+Pinf

(Filt+1) treatment, all the other treatments significantly enhanced

the A% colonization of the potato roots.

Leaf symptoms caused by
Phytophthora infestans

Leaf symptoms caused by P. infestans MUCL 54981 are

presented in Figure 5. All potato plants inoculated with P.

infestans 54981 showed leaf symptoms 15 days after

inoculation and a significant effect of the treatment was
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observed on the AUDPC (p ≤ 0.001). The AUDPC ranged

between ~40 and ~242. The application of Mancozeb prior to

the inoculation with P. infestans did not have any effect on the

disease progression as compared to the Ctrl+Pinf treatment. On

the other hand, Mancozeb sprayed 1 and 5 days post-inoculation

with P. infestans decreased the AUDPC. Compared to the

Ctrl+Pinf treatments, only the plants associated with R.

irregularis MUCL 41833 propagules entrapped alone or with

T. virens MUCL 18139 filtrate but non-sprayed with T. virens

MUCL 18139 filtrate (i.e., AM+Pinf-Filt and AM+vir+Pinf-Filt

treatments, respectively) significantly reduced the plant

infection by the pathogen. Interestingly, the values did not

significantly differ from those of the Ctrl-Pinf treatment and

from those of the plants treated with Mancozeb [Ctrl+Pinf

(Manco+1) and Ctrl+Pinf (Manco+5)].

Bioactive metabolites production by
Trichoderma virens MUCL 18139

LCMS analysis of T. virens MUCL 18139 filtrate was

performed in order to identify the metabolites potentially

involved in the antifungal activity of the strain. The results of

LCMS analyses were compared to an “in-house database”
FIGURE 5

Area under disease progress curve (AUDPC) of potato plants grown 10 weeks in greenhouse in association (AM) or not (Ctrl) with R. irregularis
MUCL 41833 propagules, entrapped (AM + vir) or not with a culture filtrate of T. virens MUCL 18139 and sprayed (+Filt) or not (-Filt) with a culture
filtrate of T. virens MUCL 18139 or with Mancozeb (Manco) fungicide at different spraying times (-1,+1,+5) estimated 15 days post-infection with P.
infestans MUCL 54981. The filtrate or fungicide was sprayed at 1 day pre-P. infestans inoculation (-1), at 1 (+1) or at 5 (+5) days post-P. infestans
inoculation. Values are expressed as the mean ± SD (n = 8). Values followed by identical letters did not differ significantly at p ≤ 0.05 (one-way
ANOVA and Tukey’s HSD).
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composed of the antimicrobial compounds produced by

Trichoderma species described in literature so far. Based on

molecular ion masses, we could identify three metabolites (i.e.,

koninginin D, gliotoxin, and koningic acid) that have antifungal

activity (Reino et al., 2008) in this filtrate (Figure 6). This

analysis also illustrates that besides these known molecules,

other unidentified compounds are also efficiently produced by

this fungus, but their structures and their roles in the antifungal

potential of the strain remain undetermined so far.
Discussion

In the present study, the filtrates of 149 fungal strains were

tested for their inhibitory activity against P. infestans. The results

revealed that five strains (i.e., A. niger, P. aurantiogriseum, P.

griseofulvum, T. virens, and V. psalliotae) totally inhibited the

germination and growth of P. infestans. Their compatibility with

the AMF R. irregularis was evaluated in alginate beads and, with

the exception of P. griseofulvum, no negative impact was noticed
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on the AMF germination and root colonization. The filtrate of T.

virens combined the most interesting properties and was

therefore tested with the AMF on the disease incidence of P.

infestans in the susceptible potato variety Annabelle. AMF alone

or AMF with the filtrate of T. virens applied to the roots

significantly reduced the area under disease progress curve (by

~69% and 77%, respectively) of the disease, while foliar

application of the filtrate led to similar disease spread as in the

non-treated control, even in the presence of the AMF, which,

without filtrate, conferred significant protection.
Screening for anti-oomycete activity

To evaluate anti-oomycete activity, the culture filtrates of the

149 BCA candidates were tested in vitro on the inhibition of

growth of P. infestans by measuring (1) the absorbance in 96-

well microplates, (2) the colony surface area in Petri plates, and

(3) the leaf symptoms in potato plants var. Bintje grown in

culture microboxes. Five of the 149 BCA candidates (i.e., A.
B

C D

A

FIGURE 6

LC-MS analysis of T. virens MUCL 18139 filtrate. Overlay of extracted ion chromatograms (EIC) of three potential molecules involved in the
bioactivity of T. virens MUCL 18139 (black). Total ion current (TIC) is represented in the dotted red line (A). Mass spectra and structures of the
tree potential metabolites detected in filtrate: koninginin D (RT = 6.1 min): [M+H] +=299.15; [2M+Na]+=619.28; gliotoxin (RT = 7.2 min): [M
+H]+= 327.05; [M+Na]+=349.04 and koningic acid (RT = 7.9 min): [M+H]+=281.14 (B–D, respectively).
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niger, P. aurantiogriseum, P. griseofulvum, T. virens, and V.

psalliotae) totally inhibited the germination and growth of P.

infestans, while their impact on disease symptoms in potato

plants was more variable.

A. niger has been shown to reduce disease severity of late

blight and Fusarium wilt of tomato (Júnior et al., 2006; Sharma

et al., 2011). This reduction has been attributed to a reduced

frequency of infection and the prevention of host penetration by

a “biofilm” formed by the fungus (Júnior et al., 2006).

Interestingly, several studies (e.g., Nielsen et al., 2009;

Brzezinska and Jankiewicz, 2012) reported the presence of

antibacterial and antifungal metabolites such as Naphtho-g-
pyrones, ochratoxin, and fumonisins, which can have an

impact on fungal/oomycete pathogens. A. niger has also been

reported to excrete significant amounts of plant degrading

enzymes such as xylanases, amylases, cellulases, endoxylanases,

b-xylosidases, and pectinases (Sakthi et al., 2012; Benoit-Gelber

et al., 2017; Bellaouchi et al., 2021; Budenkova et al., 2021) in its

extracellular environment (Budenkova et al., 2021). Although we

did not verify the excretion of these enzymes in the PDB

medium, it is not excluded that some of them were produced

by A. niger, thus impacting the growth of potato plants as

observed in our experiment. Indeed, the plants sprayed with

the culture filtrate of A. niger withered completely, suggesting a

phytotoxic effect.

Penicillium species are frequently reported to control plant

diseases. For instance, P. aurantiogriseum isolated from soil

samples has been shown to reduce the incidence of Fusarium

wilt of sesame in a pot experiment and to excrete extracellular

enzymes such as proteases, cellulase, and b-1,3-glucanase on

agar plates (Zhao et al., 2021), which could also explain the

growth reduction of P. infestans in our study. An antagonistic

effect on late blight has also been reported both in vitro and in

situ with P. aurantiogriseum (Jindal et al., 1988). P. griseofulvum

is known to produce griseofulvin (Frisvad et al., 2004), an SM

efficient against Botrytis cinerea, Sclerotinia sclerotiorum,

Magnaporthe grisea, Corticium sasaki, Puccinia recondita,

Blumeria graminis f. sp. Hordei, Alternaria solani, Fusarium

solani, and Colletotrichum gloeosporioides (Stierle and Stierle,

2015; Tang et al., 2015; Ribeiro et al., 2018; Bai et al., 2019;

Valente et al., 2020). While a significant reduction of growth of

P. infestans was measured by direct interaction in the 96-well

microplates and in the Petri plates with both Penicillum species,

only P. griseofulvum induced a significant decrease in symptoms

of late blight following leaf spraying with the filtrates. Curiously,

the second spraying was detrimental to the plants, with the same

withered symptoms as observed with A. niger. This could be

related to the high potential of P. griseofulvum to produce

lignocellulolytic enzymes (Ribeiro et al., 2018; Soeka and Ilyas,

2018; Guan et al., 2021).

V. psalliotae is known to parasite fungi as Thanatephorus

cucumeris (CABI, 2019) and Phakopsora pachyrhizi Syd,

responsible for the soybean rust (Saksirirat and Hoppe, 1991).
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This fungus was also shown to excrete b-l,3-glucanase, chitinase,
and protease into Czapek-Dox medium in the presence of

autoclaved uredospores of the soybean rust fungus as sole

carbon source (Saksirirat and Hoppe, 1991; Gan et al., 2007),

which could impact the growth of plant pathogens. More

recently, Nagaoka et al. (2004) reported the presence of

oosporein, an antifungal metabolite in a culture filtrate of V.

psalliotae. As in our study, results showed that the growth of P.

infestans in Petri plate was completely inhibited by the

metabolite of V. psalliotae. Curiously, in our study, the

application of the filtrates on the leaves of potato plants did

not reduce late blight infection.

Trichoderma species have often been reported as endophytes in

several plant species and to impact pathogens via several

mechanisms such as antibiosis, parasitism, competition, and

induction of host plant resistance (Reino et al., 2008). In our

study, the growth of P. infestans was impaired by the application

of the filtrate either by direct contact (in the 96-well microplates and

Petri plates) or indirectly following application on the leaves,

without affecting the plant development as observed for A. niger

and P. griseofulvum. This fungus was reported to produce nearly 40

SMs with biocontrol activity (Reino et al., 2008). An LCMS analysis

of the culture filtrates of T. virens MUCL 18139 demonstrated the

presence of three SMs: koninginin D, koningic acid (synonym:

hepteiidic acid), and gliotoxin with anti-fungal/oomycetes activities.

Koninginin D is a pyrane metabolite that has been shown to reduce

the growth of soil-borne fungi and oomycetes such as Rhizoctonia

solani, Phytophthora cinnamomic, Pythium middletonii, Fusarium

oxysporum, and Bipolaris sorokiniana (Reino et al., 2008). Koningic

acid is an antibacterial and antifungal sesquiterpene lactone active

against R. solani and anaerobic bacteria (Itoh et al., 1980; Reino

et al., 2008). Finally, gliotoxin has been shown to affect R. solani and

Pythium ultimum (Weindling, 1934; Reino et al., 2008; Vargas et al.,

2014). In addition to the potential of gliotoxin for biological control

of pathogens, this molecule has also some toxicity effects on humans

and animals (Scharf et al., 2016; da Silva, 2019), which needs to be

considered via toxicological studies before field application.

However, unlike T. virens (as living organism), the use of the

gliotoxin molecule in the field might not lead to major health risks

because it degrades rapidly (Scharf et al., 2016; Jayalakshmi et al.,

2021). Indeed, Jayalakshmi et al. (2021) found that gliotoxin

stability is influenced by the soil wetness, soil microbial

community, and pH conditions. For instance, they noticed that

degradation of gliotoxin occurred after 5 days in alkaline soil

compared to 10 days in acidic soil.

Since our study was conducted strictly with filtrates,

potential mechanisms such as mycoparasitism could be

excluded. It is therefore likely that the impacts observed in the

96-well microplates and Petri plates are linked to the SMs,

possibly those cited above, and that the reduction in the

symptoms observed on in vitro potato leaves is linked to a

direct interaction of the filtrates with the pathogen or to an

indirect effect via the stimulation of plant defense mechanisms.
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Indeed, it has been previously reported that Trichoderma SMs,

particularly peptaibols, are directly implicated in the induction

of plant defense genes (Viterbo et al., 2007; Vinale et al., 2012),

and consequently the production of plant defensive compounds

such as phytoalexins, flavonoids, terpenoids, phenolic by-

products, and additional antimicrobial compounds (Sood

et al., 2020).
Compatibility, within beads, of effective
BCA filtrates with the AMF R. irregularis

In soils, AMFs interact with many microorganisms whose

exudates can, for some, stimulate spore germination, mycelial

growth, root colonization, or sporulation (Frey-Klett et al.,

2007), while others, on the contrary, can impact the

establishment of an effective symbiosis by mechanisms such as

antagonism (Green et al., 1999; Ravnskov et al., 2006; Van Wees

et al., 2008). It is thus tempting to speculate that fungal filtrates

having an inhibitory effect on P. infestans, as in our experiment,

can potentially also have an impact on AMFs, hence the need to

study their compatibility.

With the exception of filtrates of P. griseofulvum, the co-

entrapment in alginate beads offiltrates of P. aurantiogriseum, T.

virens, and V. psalliotae with R. irregularis did not impact spore

germination and colonization of carrot roots in vitro or leek root

colonization in pot cultures. These results are in agreement with

the study of Fracchia et al. (2004) on the effect of P. restrictum

and T. harzianum exudates on Funneliformis mosseae and

Gigaspora rosea. In their study, neither stimulation nor

inhibition was noticed on the germination and hyphal growth

of spores in vitro and on root colonization of soybean in pots

with both AMF species. Conversely, with A. niger exudates, the

germination and hyphal growth of F. mosseae and G. rosea

spores and root colonization of soybean was increased. Such

stimulating effects were also reported by Della Mónica et al.

(2014). These authors noticed that growth and branching of

hyphae arising from germinating spores of G. rosea cultured in

vitro and root colonization of wheat grown in the greenhouse

were observed with exudates of T. flavus.

A number of studies have reported that the growth and root

colonization of AMF are impacted by concentrations of exudates

in a dose-dependent manner (Fracchia et al., 2004; Scervino

et al., 2008; Nagahashi and Douds, 2011; Lanfranco et al., 2018).

For instance, Fracchia et al. (2004) found that the application of

1–2.5 μl ml−1 exudates of A. niger stimulated the hyphal growth

of F. mosseae, while for G. rosea, this increase was observed at

concentrations above 2.5 μl ml−1. The same observation was

made by Scervino et al. (2008). These authors reported that the

effects of exudates of Rhodotorula mucilaginosa on the hyphal

length of G. rosea and G. margarita spores grown in vitro were

concentration-dependent. In our study, increasing dose of
Frontiers in Agronomy 15
filtrates of P. aurantiogriseum did not affect the percentage of

colonized leek plants, while with the filtrate of T. virens, V.

psallioteae, and P. griseofulvum, this percentage changed

according to the dose of filtrates. Indeed, at the highest dose

(i.e., 50 and 75 μl per bead) of filtrate of P. griseofulvum, the

percentage of colonized leek plants decreased. A similar decrease

was observed at the highest dose (i.e., 75 μl per bead) of the

filtrate of T. virens, while at doses of 10, 25, and 50 μl per bead,

no inhibitory effect was noticed. Interestingly, only the lowest

filtrate dose of V. psalliotae (i.e., 10 μl per bead) induced a

decrease in the percentage of colonized leek plants, whereas

higher doses (i.e., 50 and 75 μl per bead) did not impact the

percentage of colonized leek plants, suggesting a hormetic effect.
Effects of combination of T. virens filtrate
with the AMF R. irregularis on late blight

From the results above, it appeared that T. virens offers the

highest guarantees of success due to its strong direct antagonism

against P. infestans and its compatibility with AMF in beads at

low dose (i.e., 10 μl per bead). The co-entrapment of T. virens

filtrates (10 μl per bead) and AMF applied belowground,

combined with the foliar application of T. virens filtrates

before and after infection by P. infestans, was thus evaluated

on the development of leaf symptoms in the susceptible potato

variety Annabelle.

Belowground treatment with beads containing the AMF

alone or the AMF combined with the culture filtrate of T.

virens reduced the AUDPC by ~69% and 77%, respectively, as

compared to the non-treated plants infected with P. infestans.

The decrease in symptoms could be related to a mycorrhizal-

induced resistance providing a systemic protection against P.

infestans, as earlier reported with the potato variety Bintje

colonized with the same AMF species and infected by P.

infestans (Pozo and Azcón-Aguilar, 2007; Gallou et al., 2011;

Alaux et al., 2018).

All treatments with culture filtrate of T. virens applied in the

beads or sprayed on the aerial part showed a systematic higher

total root colonization by the AMF and, with the exception of the

treatment AM+Pinf (Filt-1), a significantly higher percentage of

arbuscules compared to the treatments with the AMF only. This

suggests a probable stimulating effect of the filtrate of T. virens

either directly on the AMF via root application or indirectly via

spraying on the aboveground plant part. For AMF, a number of

studies have reported an increasing root colonization in the

presence of Trichoderma spp. (e.g., Fracchia et al., 1998;

Metwally, 2020), while indirect effects via the plants were

more rare. For instance, Moutassem et al. (2020) revealed a

strong accumulation of polyphenols and flavonoids in chickpea

plants treated with SMs of various Trichoderma spp., such as T.

virens. Interestingly, plant phenolic compounds such as
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flavonoids have often been reported to stimulate AMF root

colonization (Akiyama et al., 2002; Mandal et al., 2010). For

example, Fries et al. (1997) demonstrated the stimulatory effect

of p-coumaric acid, p-hydroxybenzoic acid, or quercetin on the

growth and colonization of clover and sorghum roots by

Rhizophagus intraradices. Therefore, it is not excluded that the

significant increase in arbuscules noticed in the potato plants

sprayed with T. virens filtrate was due to a possible increase in

phenolic compound accumulated in the roots of potato.

Curiously, independently of the presence of AMF, which

reduced symptoms in the absence of the foliar T. virens filtrate

application, all plants sprayed with the filtrate of T. virens developed

foliar symptoms equivalent to those of the control treatment (Ctrl
+Pinf plants). This suggests that foliar application of a filtrate of T.

virens made potato plants more susceptible to infection by P.

infestans. T. virens is known for its production of hydrolytic

enzymes such as xylanase, cellulase, endoglucanase, b-glucosidase,
and exoglucanase (Amira et al., 2011; Ngikoh et al., 2017; Sood et al.,

2020) that mediate several processes such as plant signaling and

interaction, plant growth and resistance to pests and diseases, and

cell wall dissolution of microbes (Druzhinina et al., 2011; Ahluwalia

et al., 2015;Meng et al., 2019; Sood et al., 2020). In the present study,

the culture filtrate of T. virens was obtained by growing the fungus

on PDB medium, a rich source of cellulose, hemicellulose, lignin,

and pectin of potato origin (Lesiecki et al., 2012). Thus, it is not

excluded that in addition to the antimicrobial metabolites produced,

the filtrate of T. virens contained lytic enzymes affecting the potato

leaves, hence increasing their susceptibility to infection by P.

infestans and neutralizing the positive effect of the antimicrobial

metabolites or AMF on this pathogen, observed in the treatments

with beads containing the AMF alone or combined with the culture

filtrate of T. virens.

Curiously, these results are contrasting with those obtained in

vitro where the second foliar spraying of the filtrate of T. virens

significantly reduced the percentage of leaf area infection of potato

plants var. Bintje. The differences may be attributed to several

factors, among which are the higher relative humidity in the

greenhouse (90% versus 75% in the growth chamber) and

temperature (reaching up to 26°C during the day versus 20°C in

the growth chamber), increasing the sporulation of P. infestans and

the development of the disease (Magarey et al., 2005; Singh and

Sharma, 2013; Escuredo et al., 2019). It is also possible that solar

irradiation, UV light, and higher temperature in greenhouse have

led to chemical degradation of antimicrobial molecules produced in

the filtrate of T. virens, resulting in a reduced effectiveness on the

control of P. infestans. This was supported by the study of

Najdabbasi et al. (2020), showing that the essential oil cinnamon

impacted germination of sporangia and mycelial growth of P.

infestans on detached leaf bioassays, but was less effective under

greenhouse conditions on plants grown in pots. Liu et al. (2018)

reported that roflamycoin, an antifungal metabolite produced by

Streptomyces roseoflavus, was degraded under the sunlight as well as
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under fluorescent light. Photo-oxidation of natural compounds by

UV, including biocontrol products, has been reported by Ahonsi

et al. (2006) and Romdhane et al. (2018). Plant parameters may also

be involved in the differences observed between both experiments.

Stewart (1990) reported that plants in bud or early stages of

flowering expressed more resistance than older plants. Similarly,

Fry and Apple (1986) found that the rate of plant infestation was

influenced by the age of the plants, and disease progression did not

occur as fast in intermediate-aged plants when compared to older

plants. In the present study, the plants in the greenhouse were at the

late stage of growth (4 weeks older than those in vitro) and could

possibly be more sensitive to P. infestans infestation. It is also not

excluded that the higher density of plants in the greenhouse as

compared to the growth chamber (one single plant per microbox)

could have played a role in sporangia production and spread,

enhancing the probability of infection of the plants in the

greenhouse as suggested by Stewart et al. (1983) and Michalska

et al. (2011). Finally, Bintje was micropropagated in vitro, and thus

grown in the presence of only the filtrate of T. virens, while in the

greenhouse, the cultivar Annabelle was confronted to a population

of microorganisms, potentially degrading some of the metabolites

produced by T. virens, thus decreasing/annihilating their potential

effects on P. infestans.

In conclusion, this is the first study on the combination of

fungal filtrates and AMF for the biocontrol of P. infestans. The

filtrates of several fungal BCA candidates were tested in vitro and

in planta. Among them, the filtrate of T. virens MUCL 18139

reduced the P. infestans potato symptoms under in vitro

conditions. Under greenhouse conditions, this filtrate applied

to the roots stimulated root colonization by the AMF, and in

combination with the AMF propagules in alginate beads, it

strongly reduced the infection of the sensitive potato variety

Annabelle, similar to the AMF treatment. Conversely, foliar

application of the filtrate, whether the plant was colonized by the

AMF or not, did not reduce symptoms of the disease, possibly

because of the production of lytic enzymes, making the potato

plant more susceptible to P. infestans and counterbalancing the

positive effects of the antimicrobial SMs (e.g., koninginin D,

gliotoxin, and koningic acid) or AMF. The strong beneficial

effects observed with root application of filtrates of T. virens and

AMF opens the door for further testing under field conditions, in

a context of multi-interactions with the local microbial

communities and under physicochemical and climatic diverse

conditions, in an integrated approach allowing to reduce the

amount of pesticides or their frequency of use.
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(2019). Decision support systems for detecting aerial potato Phytophthora infestans
sporangia in northwestern Spain. Agron. J. 111 (1), 354–361. doi: 10.2134/
agronj2018.02.0124
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