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A new system to study directional
volatile-mediated interactions
reveals the ability of fungi to
specifically react to other fungal
volatiles

Sébastien Bruisson1*, Alsayed Alfiky1,2, Floriane L’Haridon1 and

Laure Weisskopf1*

1Department of Biology, University of Fribourg, Fribourg, Switzerland, 2Genetics Department, Faculty of

Agriculture, Tanta University, Tanta, Egypt

Microbes communicate with each other using a wide array of chemical

compounds, including volatile organic compounds (VOCs). Usually, such volatile-

mediated interactions are studied by growing two di�erent microbes in a

shared, confined environment and by subsequently collecting and analyzing the

emitted VOCs by gas chromatography. This procedure has several drawbacks,

including artificial volatile overaccumulation and potential oxygen limitation, as

well as the impossibility to assign a producer to the compounds newly emitted

during the interaction. To address these challenges, we have developed a novel

system specifically designed to analyze volatile-mediated interactions allowing

for sequential unidirectional exposure of a “receiver” microorganism to the VOCs

of an “emitter” microorganism. Using hermetically sealed systems connected

to an air compressor, a constant unidirectional airflow could be generated,

driving emitted volatiles to be absorbed by a collection charcoal filter. Thus,

our developed system avoids artificial overaccumulation of volatile compounds

and lack of oxygen in the headspace and enables the univocal assignment of

VOCs to their producers. As a proof of concept, we used this newly developed

experimental setup to characterize the reaction of plant growth-promoting and

biocontrol fungus (Trichoderma simmonsii) to the perception of VOCs emitted

by two plant pathogens, namely Botrytis cinerea and Fusarium oxysporum. Our

results show that the perception of each pathogen’s volatilome triggered a specific

response, resulting in significant changes in the VOCs emitted by Trichoderma.

Trichoderma’s volatilome modulation was overall stronger when exposed to the

VOCs from Fusarium than to the VOCs from Botrytis, which correlated with

increased siderophore productionwhen co-incubatedwith this fungus. Our newly

developed method will not only help to better understand volatile-mediated

interactions in microbes but also to identify new molecules of interest that are

induced by VOC exposure, as well as the putative-inducing signals themselves.
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1. Introduction

Volatile-mediated interactions are involved in many processes

for microbe–microbe communication. Volatiles emitted by

microbes can affect receiving organisms in different ways. They

can affect their growth and development, their motility, they

can attract or repel, as well as inhibit or promote the growth of

individuals from the same species or other kingdoms including

animals and plants (Schmidt et al., 2016; Sharifi and Ryu, 2018;

Bruisson et al., 2020; Farh and Jeon, 2020). In the past few years,

evidence showed that once a microorganism is affected by external

volatiles, the composition of its own volatilome (i.e., the sum of

all the volatiles it emits) may also change; some compounds will

therefore be detected in higher vs. lower abundances, while others

will only be detected or in contrast will no longer be detected as a

result of the interaction (Rybakova et al., 2017, 2022). Until now,

such interactions have only been studied in confined environments

with the partners sharing the same headspace, allowing the

reciprocal influence of the two partners. This method despite its

effectiveness has several limitations. The culture of microbes in

a closed and often very small environment may lead to oxygen

deprivation and overaccumulation of several volatiles that would

not occur in natural conditions, with unknown consequences

on the behavior of the emitting microbes. In addition, these

systems usually rely on solid-phase microextraction (SPME)

fibers, which as a passive trapping technique does not allow the

reliable acquisition of quantitative data (Xu and Ouyang, 2019).

Finally, when a new compound is detected upon volatile-mediated

interaction between both partners, it frequently is not possible to

identify the emitter since both organisms are grown in the same

headspace, with the exception of species-specific compounds whose

origin can be traced back because of their specificity (Weisskopf

et al., 2021). To overcome these limitations, we describe in this

study a new system to study volatile-mediated communication,

which allows the unidirectional exposure of one microbe to the

volatilome of another by growing each of these organisms in small

Teflon chambers called “microcosms” connected in a series by a

unidirectional airflow generated by a compressor, which solves the

problem of oxygen deprivation. The microbe located downstream

(“receiver”) is then unilaterally exposed to the VOCs emitted by

the microbe located upstream (“emitter”). The volatiles emitted

are then carried by the constant airflow which prevents their

overaccumulation and driven into an active charcoal filter which

will trap all the volatiles. This method, thus, makes it possible to

study unidirectional volatile-mediated interactions between two

partners, characterizing first the effect of one on the other, and then

the reciprocal effect after switching the order of the two connected

microcosms. Since this system requires both organisms to grow in

similar conditions (e.g., temperature), we also tested an alternative

setup where VOCs are first collected in a single microcosm setup

and then supplied to the exposed partner (in dissolved form) in

another microcosm that can be incubated in different conditions.

In the present study, we used this new microcosm setup to

study the volatile-mediated interaction between the plant beneficial

fungus T. simmonsii and two phytopathogenic fungi, B. cinerea and

F. oxysporum. Earlier studies have demonstrated the potential of

several Trichoderma species as biocontrol agents and plant growth

promoters (Alfiky and Weisskopf, 2021; Joo and Hussein, 2022),

and these effects on plants and their pathogens are also partly due

to the emission of active volatiles affecting neighboring organisms

(Lee et al., 2016). In particular, Trichoderma species can produce

antifungal molecules that inhibit plant pathogens including Botrytis

and Fusarium (Amin et al., 2010; Kottb et al., 2015; Joo and

Hussein, 2022) and produce some of these molecules in reaction to

exposure to pathogens’ volatiles (Zhang et al., 2014; Li et al., 2018).

We, therefore, wondered whether Trichoderma would be able to

perceive the volatiles of either phytopathogenic fungus or it would

react in a similar or specific manner to the different blends emitted.

In addition to the emission of volatile, another important factor for

rhizosphere colonization and plant protection against pathogenic

fungi is the ability to acquire sparingly soluble iron via the secretion

of high-affinity iron chelators called siderophores (Li et al., 2015;

Saha et al., 2016).We, therefore, also assessed whether Trichoderma

would react to the volatiles emitted by either phytopathogenic

fungus by increasing its siderophore release. This study shows that

our newly developed directional volatile exposure setup is suitable

to identify changes in the volatilome composition after exposure

to external volatiles, and Trichoderma reacted differentially to the

volatiles of Fusarium and Botrytis both in terms of the volatilome

composition and siderophore production.

2. Materials and methods

2.1. Fungal strains and growth conditions

Trichoderma simmonsii TAA11 and Botrytis cinerea strain

BMM provided by Brigitte Mauch-Mani (University of Neuchatel,

Switzerland) were grown in potato dextrose agar (PDA) (Roth),

a rich medium favorable for volatile production in fungi and

were incubated at 18◦C with a 12 h light/12 h dark photoperiod.

Fusarium oxysporum f. sp. conglutinans strain 699 (ATCC 58110)

was grown on PDA in the dark at 28◦C. For volatile collection,

all fungi were grown from one 5mm mycelium plug in 5 cm

glass Petri dishes filled with 20ml of PDA. F. oxysporum and B.

cinerea were incubated 4 days prior to the experiments, while

T. simmonsii was incubated 1 day prior to the experiments due

to its faster growth rate, for the mycelium of each organism to

completely cover the culture medium and starts its maturation at

the beginning of the experiment. The same medium was used at

each step for all organisms in order to avoid nutrient differences

affecting their behavior since volatile production is particularly

sensitive to culture media.

2.2. Unidirectional volatile exposure setup
using two microorganisms in connected
microcosms

The volatile collection was performed using a modified closed-

loop stripping apparatus (CLSA) (Schulz et al., 2004; Groenhagen

et al., 2013; Hunziker et al., 2015; Bruisson et al., 2019). Glass Petri

dishes containing the emitter strain and the receiver strain were

placed in two hermetically sealed home-built PTFE microcosms

connected to each other by PTFE tubing (de Vrieze et al., 2015).
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The box containing the receiver strain was also connected to

a collection filter containing activated charcoal to trap volatiles,

while the box containing the emitter strain was connected to

an ACO-388D electromagnetic air compressor (Hailea
R©
, China)

generating a constant airflow of 0.5 ml/min reaching the emitter

strain first, then the receiver strain, and finally the collection

filter. To prevent contaminations from volatiles present in the

environment, an air-purifying filter was placed between the air

compressor and the first microcosm (Figure 1). In this system, the

strain downstream was exposed to the volatiles emitted by the

strain upstream, but the volatiles emitted by the strain downstream

could not affect the strain upstream. After 2 days of incubation

under these conditions, the collection filter was removed, and the

volatiles trapped were recovered using three consecutive washes of

25 µl of dichloromethane (DCM) for volatile desorption, prior to

the quadrupole time-of-flight mass spectrometry (GC/QTOF-MS)

analysis. Volatiles collected from the same setup but using only one

box containing one of the organisms were used as the control for

the comparison of the volatilome compositions. For each modality,

two independent experiments were performed for a total of n = 7

replicates in the end.

2.3. Unilateral volatile exposure setup using
dissolved volatiles in a single microcosm

While using the dual microcosm setup has many advantages,

since it is the better way to simulate a natural exposure, this setup

may not always be a viable solution to study such interactions.

In some cases, each partner needs to be incubated in different

conditions to reach an optimal growth rate or volatile production,

or in order to produce some targeted volatiles. To answer this

hindrance, an alternative setup was tested, which consisted of

exposing the receiver strain to a solution containing the total

volatilome of the emitter strain previously collected and dissolved

in methanol. In this single microcosm setup, the same procedure

as described earlier was followed, but the strains were incubated

with three PTFE septa on each of which 50 µl of the emitter

strain’s volatilome dissolved in methanol were spotted (Figure 2).

The volatilome profiles were then compared to those obtained from

plates ofT. simmonsii incubated with drops of puremethanol which

served as unexposed control samples, as well as to the profiles

recollected from a drop containing only the emitter’s volatiles

(without the receiving organism plate).

2.4. GC/Q-TOF parameters

The total volatiles were analyzed by gas chromatography with

quadrupole time-of-flight mass spectrometry (GC/QTOF-MS),

using a 7890BGC system connected to a 7250 GC/Q-TOF (Agilent)

allowing a detection limit down to the femtogram. Samples were

injected in an HP-5ms column (30m; 0.25mm inside diameter;

0.25µm film; Agilent) using the following parameters: He flow,

4 ml/min; injection volume, 2 µl splitless; transfer line, 300◦C;

injector, 250◦C; electron energy, 70 eV and the following program:

5min at 50◦C, then increase of 5◦C/min to 320◦C, and hold for

1min. The mass spectra were acquired in the centroid mode (m/z:

20–400, 3 scans/s). The retention time index (RI) was calculated

using an alkane retention standard solution injected using the

same parameters.

2.5. GC/Q-TOF data analysis

All GC/QTOF data were analyzed using MzMine 2.53 after

converting the raw data files from the “.D” format to the “.mzdata”

format. Mass detection was performed prior to chromatogram

building and deconvolution using the Automated Data Analysis

Pipeline (ADAP) algorithm, and spectral deconvolution was then

performed with the Multivariate Curve Resolution method (Du

et al., 2020). All features were aligned using the RANdom Sample

Consensus method (RANSAC) prior to statistical analysis using

the MetaboAnalyst platform (Supplementary Table S1). Volatile

identification was performed using NIST MS software.

2.6. Methanol e�ect on fungal growth and
volatile production

For the volatile exposure using dissolved volatiles, the absence

of the effect of pure methanol on fungal growth was assessed

with dual assays using two-compartment Petri dishes. One

compartment was filled with PDA, and the other compartment was

filled with water agar. A total of three 50 µl drops of pure methanol

were deposited on the water agar side, 1 day after placing a plug of

T. simmonsiimycelium and 4 days after placing a plug of B. cinerea

or F. oxysporummycelium in the compartment containing the PDA

(the time for T. simmonsii was shorter due to its faster growth).

In the control plates, the fungi were exposed to sterile water. In

total, 4 days after the solvent deposition, pictures were taken, and

the growth area was measured using ImageJ software. The effect on

growth was assessed by comparing the average growth area of the

control and test plates.

The absence of effect of pure methanol on volatile production

was assessed by comparing the volatilome composition of T.

simmonsii, B. cinerea, and F. oxysporum exposed to three drops of

50µl of methanol with their volatilome composition after exposure

to sterile water in the single microcosm setup (Figure 2).

2.7. Siderophore detection assay

The chrome azurol S (CAS) agar medium for siderophore

production visualization was prepared according to Neilands

(1987) and was used for a “sandwich plate” assay (Li et al., 2018).

In this assay, PDA plates were used to incubate one plug of B.

cinerea or F. oxysporum 4 days prior to the experiment, and CAS

agar plates were used to incubate a plug of T. simmonsii 1 day prior

to the experiment. The CAS agar plates were then placed on top of

the plates containing either B. cinerea or F. oxysporum and sealed

together with surgical tape, so the pathogens and T. simmonsii

could only influence each other through their emitted volatiles.

Four of each combination were carried out (n = 4), and the

experiment was performed two times. Pictures were taken 2 weeks

after incubation at 18◦Cwith a 12 h light/12 h dark photoperiod, for
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FIGURE 1

Schematic overview of the dual microcosm apparatus used for volatile exposition and collection. (a) Air compressor; (b) active charcoal filter; (c)

PTFE box (microcosm); (d) PTFE pipe; (e) glass Petri dish containing the emitter organism; (f) glass Petri dish containing the receiver organism.

FIGURE 2

Schematic overview of the single microcosm apparatus used for volatile exposure and collection. (a) Air compressor; (b) active charcoal filter; (c)

PTFE box (microcosm); (d) PTFE pipe; (e) three drops of methanol containing the dissolved volatilome from the emitter strain; (f) glass Petri dishes

containing the receiver organism.

final visualization. The control consisted of CAS agar plates with a

plug of T. simmonsii exposed to non-inoculated PDA plates.

3. Results

To explore the responses of B. cinerea and F. oxysporum to

volatiles emitted by T. simmonsii, we analyzed the volatilome

composition of the plant-beneficial fungus T. simmonsii and the

two phytopathogenic fungi, B. cinerea and F. oxysporum, when

grown alone or when exposed to volatiles emitted by other fungi.

3.1. Trichoderma responds di�erentially
when exposed to the volatiles of two
di�erent phytopathogenic fungi

We used a newly developed dual microcosm system allowing

for continuous exposure of one interacting organism to the volatiles

of another organism (see material and methods and Figure 1) to

mimic conditions that the organisms would encounter in their

natural environment, where volatiles are released gradually and

in increasing concentrations as the emitting organism grows or

comes closer.

This setup was used to assess whether the volatilome of

Trichoderma would change upon exposure to volatiles emitted

by phytopathogenic fungi. We compared the volatiles emitted

by Trichoderma when grown alone or when exposed to external

volatiles. The volatiles collected after exposing Trichoderma to

the pathogens’ volatiles were significantly different from the

sum of volatilomes emitted by each organism incubated alone

(Figures 3A, Bi, ii). Overall, significant modifications occurred in

the Trichoderma volatilome composition after exposure to any

of the two pathogens. These differences are highlighted in the

principal component analysis, where clear separations between

exposed and non-exposed Trichoderma could be seen with both

Fusarium and Botrytis (Figure 3A). In all cases, the three groups

(volatilomes from pathogens, non-exposed Trichoderma, and

exposed Trichoderma) clustered in three distinct groups while also

displaying some overlap indicating similarities. These observations

were confirmed in the clustering analysis and the heatmaps. The

heatmaps focus only on the significantly different features between

groups, which yielded three coherent clusters for the three different

groups and highlighted features that were either upregulated or

downregulated in exposed vs. unexposed Trichoderma (Figure 3B).

This first comparative analysis showed that the exposure of

Trichoderma to volatiles from the two pathogens led to two

different types of effects on its volatilome as follows: (i) some

metabolites were less abundant after exposure, some of which

were even below the detection threshold, (ii) others were more

abundant after exposure, with some metabolites even only detected

after exposure. These two contrasting effects could be observed in
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FIGURE 3

Di�erences in volatilome profiles between volatilomes of fungi incubated alone vs. exposed to their interactor’s volatilome in a dual microcosm

setup (n = 7). (A) Principal Component Analysis (PCA) plots of volatilome profiles; each dot represents one volatilome sample and each circle

represents the 95% confidence interval. (B) Heatmap representing the hierarchical clustering of volatiles with significantly modified abundance

between the di�erent groups. Each line represents a mass feature (volatile compound) and each column represents a sample. The color indicates the

normalized intensity and the dendrograms display the similarity based on the Pearson algorithm.

Trichoderma volatilomes after exposure regardless of the pathogen

used as the emitter, but the types of compounds affected as

well as their numbers were different depending on the emitting

fungus (Table 1). Overall, Botrytis volatiles triggered a slightly

higher number of modifications in Trichoderma volatilome than

Fusarium volatiles (16 vs. 13). Exposure to both phytopathogenic

fungi led to decreased abundance of a large set of compounds

(14 for Botrytis vs. 10 for Fusarium) but in an emitter-specific

manner, with only three compounds commonly downregulated

upon exposure to both fungi: furfural (CAS number: 98-01-1),

propanoic acid, 2-methyl-, 3-hydroxy-2,2,4-trimethylpentyl ester

(25265-77-4), and (-)-aristolene (6831-16-9). In contrast, only few

volatiles were increased in their emission after exposure to Botrytis

(2) or Fusarium (3), with no overlap between them (Table 1).

3.2. The phytopathogenic fungi B. cinerea
and F. oxysporum also alter their
volatilomes when exposed to volatiles from
Trichoderma

To compare the influence of each partner’s volatiles on

the volatilome composition of the other partner, we simply

switched the order in which the microcosms were interconnected

(see Figure 1) and monitored the volatilome changes observed

in either Fusarium or Botrytis when exposed to Trichoderma

volatiles, to compare them with the previously acquired data

on Trichoderma exposed to either interacting fungus. In these

conditions, the volatilome of all fungi was modified upon

exposure to each other’s volatiles with similar reactions as those

described previously, decreased vs. increased abundance of specific

compounds (Figures 3A, Biii, iv; Table 1). In this configuration,

PCA plots show that Botrytis reacted more strongly to the exposure

to Trichoderma volatiles than Fusarium, whose volatilomes

exhibited an important overlap in the absence or presence of

Trichoderma volatiles. However, a clear separation of these two

groups was achieved if PC3 (not shown but responsible for 9.9%

of the variance) was taken into consideration. As for the previous

results, all samples from the same treatments clustered together in

the heatmaps when only significant modifications were considered.

Even though Trichoderma volatiles triggered a comparable number

of modifications in Botrytis and Fusarium (14 vs. 12), the reactions

were quite different between the two organisms: Botrytis reacted

by decreasing the abundance of nine compounds (against four for

Fusarium) and by increasing the abundance of five compounds

(against eight for Fusarium). These results highlight once again that

exposure to external volatiles leads to specific reactions for each

organism. Interestingly, one volatile compound previously shown

to be commonly downregulated by Trichoderma after exposure
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TABLE 1 List of volatiles emitted by Trichoderma, Botrytis, and Fusariumwith significantly modified abundance after exposure to fungal volatiles.

Compound CAS # Match
factor

RI T. simmonsii volatiles B.
cinerea
volatiles

F.
oxysporum
volatiles

D(Bc) D(Fox) U(Bc) U(Fox) D(Ts) U(Ts) D(Ts) U(Ts)

1,8-Nonanediol,

8-methyl-

54725-73-4 667 805 x

Furfural 98-01-1 844 831 x x

2-Propanol, 1-propoxy- 1569-01-3 645 842 x

Ethanol,

2-(1-methylethoxy)-

109-59-1 590 842 x

Ethylbenzene 100-41-4 934 857 x

Benzene, 1,3-dimethyl- 108-38-3 907 891 x

Propane, 1-ethoxy- 628-32-0 639 959 x

Benzaldehyde 100-52-7 935 960 x

3-Octanone 106-68-3 812 988 x

Cyclotetrasiloxane,

octamethyl-

556-67-2 881 1,004 x

Cyclohexene, 1-methyl-

4-(1-methylethenyl)-,

(S)-

5989-54-8 884 1,027 x

Benzene,

1-ethyl-4-methoxy-

1515-95-3 901 1,111 x

Phenylethyl alcohol 60-12-8 913 1,112 x

Undecane, 2,6-dimethyl 17301-23-4 850 1,117 x

Cyclopentasiloxane,

decamethyl-

541-02-6 906 1,160 x

Decanal 112-31-2 898 1,206 x

Naphthalene, 1,2,3,4-

tetrahydro-1,4-dimethyl-

4175-54-6 674 1,227 x

6,7-Dimethyl-

1,2,3,5,8,8a-

hexahydronaphthalene

107914-92-1 786 1,239 x

Benzene,

1-(1-methylethenyl)-2-

(1-methylethyl)-

5557-93-7 851 1,245 x

Benzene, 1-methyl-4-(3-

methyl-3-butenyl)-

56818-01-0 858 1,270 x

2,2,4-Trimethyl-1,3-

pentanediol

diisobutyrate

6846-50-0 809 1,349 x

Phenol,

2-(1,1-dimethylethyl)-4-

methyl-

2409-55-4 805 1,353 x

Propanoic acid,

2-methyl-, 3-hydroxy-

2,2,4-trimethylpentyl

ester

25265-77-4 849 1,371 x x x

1,5-Cyclodecadiene,

1,5-dimethyl-8-(1-

methylethenyl)-,

[S-(Z,E)]-

675105-92-7 873 1,389 x

2-Decyn-1-ol 4117-14-0 724 1,390 x

(Continued)

Frontiers in Ecology andEvolution 06 frontiersin.org

https://doi.org/10.3389/fevo.2023.1128514
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Bruisson et al. 10.3389/fevo.2023.1128514

TABLE 1 (Continued)

Compound CAS # Match
factor

RI T. simmonsii volatiles B.
cinerea
volatiles

F.
oxysporum
volatiles

D(Bc) D(Fox) U(Bc) U(Fox) D(Ts) U(Ts) D(Ts) U(Ts)

4a,8-Dimethyl-2-(prop-

1-en-2-yl)-

1,2,3,4,4a,5,6,7-

octahydronaphthalene

103827-22-1 750 1,411 x

Benzene, 1-methyl-4-(1-

methylpropyl)-

1595-16-0 677 1,416 x

(-)-Aristolene 6831-16-9 760 1,418 x x

1H-3a,7-

Methanoazulene,

octahydro-3,8,8-

trimethyl-6-methylene-,

[3R-(3α,3aβ,7β,8aα)]-

546-28-1 870 1,418 x

cis-α-Bergamotene 18252-46-5 849 1,434 x

Bicyclo[7.2.0]undec-4-

ene,

4,11,11-trimethyl-8-

methylene-,[1R-

(1R,4Z,9S)]-

13877-93-5 879 1,466 x

(1R,4aR,8aR)-2,5,5,8a-

Tetramethyl-4,5,6,7,8,8a-

hexahydro-1H-1,4a-

methanonaphthalene,

rel-

79562-96-2 877 1474 x

(1R,4R,5S)-1,8-

Dimethyl-4-(prop-1-en-

2-yl)spiro[4.5]dec-7-ene

729602-94-2 802 1,474 x

Benzene,

1-(1,5-dimethyl-4-

hexenyl)-4-methyl-

644-30-4 864 1,481 x

1H-3a,7-

Methanoazulene,

2,3,4,7,8,8a-hexahydro-

3,6,8,8-tetramethyl-,

[3R-(3α,3aβ,7β,8aα)]-

469-61-4 807 1,493 x

α-Muurolene 10208-80-7 894 1,497 x

(1R,5S)-1,8-Dimethyl-4-

(propan-2-

ylidene)spiro[4.5]dec-7-

ene

28400-12-6 838 1,511 x

1-Isopropyl-4,7-

dimethyl-1,2,3,5,6,8a-

hexahydronaphthalene

16729-01-4 873 1,521 x

(3R,3aR,7R,8aS)-3,8,8-

Trimethyl-6-

methyleneoctahydro-

1H-3a,7-

methanoazulene

79120-98-2 798 1,521 x

(+)-2-Carene,

2-isopropenyl-

N/A 751 1,528 x

1H-Cycloprop[e]azulen-

4-ol,

decahydro-1,1,4,7-

tetramethyl-,

[1aR-

(1aα,4β,4aβ,7α,7aβ,7bα)]-

552-02-3 814 1,559 x

(Continued)
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TABLE 1 (Continued)

Compound CAS # Match
factor

RI T. simmonsii volatiles B.
cinerea
volatiles

F.
oxysporum
volatiles

D(Bc) D(Fox) U(Bc) U(Fox) D(Ts) U(Ts) D(Ts) U(Ts)

Bicyclo[6.3.0]undeca-

1(8),9-diene,

11,11-dimethyl-

N/A 791 1,582 x

9-Octadecene, (E)- 7206-25-9 808 1,590 x

(3R,3aS,6S,7R)-3,6,8,8-

Tetramethyloctahydro-

1H-3a,7-methanoazulen-

6-ol

19903-73-2 863 1,599 x

β-Acorenol 28400-11-5 885 1,629 x

Guaiol 489-86-1 821 1,702 x

3,5-Di-tert-Butyl-4-

hydroxybenzaldehyde

1620-98-0 858 1,763 x

Bicyclo[9.3.1]pentadeca-

3,7-dien-12-ol,

4,8,12,15,15-

pentamethyl-,

[1R-

(1R,3E,7E,11R,12R)]-

70000-19-0 818 1,981 x

(S,E)-8,12,15,15-

Tetramethyl-4-

methylenebicyclo[9.3.1]

pentadeca-7,11-diene

386223-19-4 851 2,019 x

Nonane,

3-methyl-5-propyl-

31081-18-2 816 2,096 x

1,3,6,10-

Cyclotetradecatetraene,

3,7,11-trimethyl-14-(1-

methylethyl)-,

[S-(E,Z,E,E)]-

1898-13-1 773 2,251 x

RI, Kovatz Retention Index; match factor, similarity (out of 1,000) between the unknown spectrum and the NIST library closest spectrum; D, metabolites with downregulated abundance; U,

metabolites with upregulated abundance; in reaction to volatiles emitted by B. cinerea (Bc), F. oxysporum (Fox), or T. simmonsii (Ts); crosses show the behavior of each volatile in response to

the exposure.

to both Botrytis and Fusarium (Propanoic acid, 2-methyl-, 3-

hydroxy-2,2,4-trimethylpentyl ester, CAS 25265-77-4) and was also

downregulated by Botrytis upon exposure to Trichoderma.

3.3. Several volatiles produced by the
emitters are no longer detectable in
exposed samples

Overall, most of the volatiles from the emitter fungi were found

in the two groups with a similar abundance, which is expected

as the volatiles emitted by the organism incubated in the first

microcosm should in principle also be pumped into the collection

filter (Figure 1). However, for all partner pairs analyzed, several

compounds produced by the emitter were no longer detectable in

the exposed sample (Table 2). The list of these elusive compounds

shows that from the complex blend emitted by Trichoderma, only

two volatiles disappeared in the interaction with Botrytis, while this

happened to seven compounds in the interaction with Fusarium.

Notably, furfural disappeared in both cases. When Trichoderma

was exposed to volatiles from Botrytis and Fusarium, this led

to the disappearance of eight vs. five volatiles, respectively, for

each phytopathogen.

3.4. Exposure to dissolved volatiles using a
single microcosm setup results in similar
profiles to those obtained with the dual
microcosm setup

To determine whether the microcosm system was suitable,

to study reactions in organisms exposed to synthetic volatiles

dissolved in chemical solvents, we repeated our investigation using

a single microcosm setup in search of similar effects. This variation

allowed the exposure of Trichoderma with drops of methanol

containing dissolved volatiles previously collected from either

phytopathogenic fungus (see material and methods and Figure 2).

We first verified that methanol itself had neither any adverse

effect on the growth of Trichoderma (Supplementary Figure S1)

nor on fungal volatile emission (Supplementary Figure S2). Results
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TABLE 2 Volatiles produced by the emitter fungi and not detected in exposed samples.

Compound CAS # RI Match
factor

T. simmonsii emitter B.
cinerea
emitter

F.
oxysporum
emitter

B.
cinerea
receiver

F.
oxysporum
receiver

T. simmonsii receiver

Furfural 98-01-1 831 844 x x

Ethylbenzene 100-41-4 857 934 x

Benzaldehyde 100-52-7 960 935 x

Cyclotetrasiloxane, octamethyl- 556-67-2 1,004 881 x

Cyclohexene,

1-methyl-4-(1-methylethenyl)-, (S)-

5989-54-8 1,027 884 x

Benzene, 1-ethyl-4-methoxy- 1515-95-3 1,111 901 x

Undecane, 2,6-dimethyl 17301-23-4 1,117 850 x

Cyclopentasiloxane, decamethyl- 541-02-6 1,160 906 x

2-Methylisoborneol 2371-42-8 1,178 864 x

Benzene,

1-methyl-4-(3-methyl-3-butenyl)-

56818-01-0 1,270 858 x

2,2,4-Trimethyl-1,3-pentanediol

diisobutyrate

6846-50-0 1,349 809 x

Tricyclo[7.2.0.0(3,8)]undec-4-ene,

4,8,11,11-tetramethyl-

N/A 1,350 801 x

Propanoic acid, 2-methyl-,

3-hydroxy-2,2,4-trimethylpentyl ester

25265-77-4 1,371 829 x

2-Decyn-1-ol 4117-14-0 1,390 724 x

1,5,6,7-Tetramethylbicyclo[3.2.0]hepta-

2,6-diene

134329-43-4 1,390 736 x

cis-α-Bergamotene 18252-46-5 1,434 849 x

Bicyclo[6.3.0]undeca-1(8),9-diene,

11,11-dimethyl-

N/A 1,582 791 x

9-Octadecene, (E)- 7206-25-9 1,590 808 x

(3R,3aS,6S,7R)-3,6,8,8-

Tetramethyloctahydro-1H-3a,7-

methanoazulen-6-ol

19903-73-2 1,599 863 x

n-Hexadecanoic acid 57-10-3 2,023 547 x

(4aR,4bR,10aR)-7-Isopropyl-1,1,4a-

trimethyl-3,4,4a,4b,5,6,10,10a-

octahydrophenanthren-2(1H)-one

29461-25-4 2,090 717 x

RI, Kovatz Retention Index; match factor, similarity (out of 1,000) between the unknown spectrum and the NIST library closest spectrum; crosses show the associations in which the compounds

were not detected.

showed that the profiles previously observed in the dual microcosm

setup were also present in these conditions. For both pairs of

fungi, all volatilomes clustered in three different groups while also

displaying some overlap indicating similarities in both the PCA and

the heatmaps (Figure 4).

Overall, a stronger reaction of Trichoderma was observed when

exposed to Fusarium volatiles (19 significant changes) than when

exposed to Botrytis volatiles (11 significant changes) (Table 3).

Both phytopathogens reduced the abundance of a similar number

of compounds including the same three common volatiles (CAS

numbers 98-01-1, 25265-77-4, and 6831-16-9) identified previously

in the dual microcosm setup. The exposure to Fusarium triggered

an increased abundance of more compounds than the exposure

to Botrytis (11 against 4, respectively). Acetophenone, which had

not been detected in the dual microcosm setup, was the only

compound that was commonly upregulated by Trichoderma

in response to the volatiles from both phytopathogenic

fungi (Table 3).

Despite their similarities, the results obtained with the two

different setups show several discrepancies when compared

systematically (Table 4). Interestingly, most of the volatiles

showing lesser emission by Trichoderma upon exposure to either

phytopathogenic fungus were detected in both setups. Thus, seven

of the compounds inhibited by Botrytis out of 14 differentially
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FIGURE 4

Di�erences in volatilome profiles between Trichoderma grown alone or exposed to the volatilomes of either Botrytis or Fusarium dissolved in

methanol (single microcosm setup). (A) Principal Component Analysis (PCA) plots of volatilome profiles; each dot represents one volatilome sample

and each circle represents the 95% confidence interval. (B) Heatmap representing the hierarchical clustering of volatiles with significantly di�erent

abundances between the di�erent groups. Each line represents a mass feature (volatile compound) and each column represents a sample. The color

indicates the normalized intensity of the respective volatiles and the dendrograms display the similarity based on the Pearson algorithm. Volatilomes

from Trichoderma originate from mycelial cultures grown either with or without exposure to the volatiles from Botrytis or Fusarium, while the

volatilomes from both phytopathogens originate from microcosms containing previously collected volatiles resuspended in solvent (see material and

methods for more details).
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TABLE 3 List of volatiles emitted by Trichodermawith significantly modified abundance after exposure to Botrytis and Fusarium volatiles.

Compound CAS # Match
factor

RI T. simmonsii volatiles

D(Bc) D(Fox) U(Bc) U(Fox)

Furfural 98-01-1 844 831 x x

Ethanol, 2-(1-methylethoxy)- 109-59-1 590 842 x

2-Propanol, 1-propoxy- 1569-01-3 645 842 x

1-Butanol, 3-methyl-, acetate 123-92-2 857 877 x

Pyrazine, 2,5-dimethyl- 123-32-0 841 912 x

Furan, 2,3,5-trimethyl- 10504-04-8 622 1,041 x

Acetophenone 98-86-2 913 1,066 x x

α-Ethyl-α-methylbenzyl alcohol 1565-75-9 792 1,085 x

1,3-Benzenediol, 4-ethyl 2896-60-8 768 1,092 x

Phenylethyl Alcohol 60-12-8 935 1,112 x

Naphthalene,

1,2,3,4-tetrahydro-1,4-dimethyl-

4175-54-6 674 1,227 x

6,7-Dimethyl-1,2,3,5,8,8a-

hexahydronaphthalene

107914-92-1 772 1,239 x

Benzeneacetic acid, ethyl ester 101-97-3 889 1,245 x

Acetic acid, 2-phenylethyl ester 103-45-7 883 1,257 x

Propanoic acid, 2-methyl-,

3-hydroxy-2,2,4-trimethylpentyl ester

25265-77-4 849 1,371 x x

2-Decyn-1-ol 4117-14-0 724 1,390 x

(-)-Aristolene 6831-16-9 738 1,418 x x

cis-α-Bergamotene 18252-46-5 849 1,434 x

(1R,4aR,8aR)-2,5,5,8a-Tetramethyl-

4,5,6,7,8,8a-hexahydro-1H-1,4a-

methanonaphthalene,

rel-

79562-96-2 877 1,474 x

(1R,4R,5S)-1,8-Dimethyl-4-(prop-1-en-2-

yl)spiro[4.5]dec-7-ene

729602-94-2 802 1,474 x

(1R,5S)-1,8-Dimethyl-4-(propan-2-

ylidene)spiro[4.5]dec-7-ene

28400-12-6 838 1,511 x

1,4-Dimethyl-7-(prop-1-en-2-

yl)decahydroazulen-4-ol

21698-41-9 762 1,521 x

9-Octadecene, (E)- 7206-25-9 808 1,590 x

2,2,4-Trimethyl-1,3-pentanediol

diisobutyrate

6846-50-0 831 1,598 x

Bicyclo[9.3.1]pentadeca-3,7-dien-12-ol,

4,8,12,15,15-pentamethyl-,

[1R-(1R,3E,7E,11R,12R)]-

70000-19-0 818 1,981 x

(S,E)-8,12,15,15-Tetramethyl-4-

methylenebicyclo[9.3.1]pentadeca-7,11-diene

386223-19-4 851 2,019 x

RI, Kovatz Retention Index; match factor: similarity (out of 1,000) between the unknown spectrum and the NIST library closest spectrum; D, metabolites with downregulated abundance; U,

metabolites with upregulated abundance; in reaction to volatiles emitted by B. cinerea (Bc), F. oxysporum (Fox), or T. simmonsii (Ts); crosses show the behavior of each volatile in response to

the exposure.

abundant volatiles, and eight of the compounds inhibited by

Fusarium out of 10 were identified in both conditions (Figure 5).

In contrast, compounds whose abundance was increased by the

exposure were mostly different in both setups. Only one of

these compounds, promoted by Fusarium {(1R,5S)-1,8-Dimethyl-

4-(propan-2-ylidene)spiro[4.5]dec-7-ene, CAS number: 28400-12-

6} was identified in both setups. It is also striking that much

more volatiles emitted by Trichoderma increased when this fungus
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was exposed to Fusarium volatiles in the single microcosm setup

compared with the dual microcosm setup (11 against 3, see also

Figure 5). The same trend with a smaller difference was also

observed in Botrytis (four against two, Figure 5). This higher

emission of volatiles upon sensing of Fusarium and Botrytis

volatiles dissolved in methanol contrasted with Trichoderma’s

reaction to gradual exposure to volatiles directly emitted by the

fungi in the dual microcosm setup, where only few volatiles

displayed higher emission.

Regarding the compounds produced by the emitting fungus

which were no longer detectable after exposure, most of them were

identified in both setups when Botrytis was the emitter (five out of

eight). When Fusarium was used as the emitter strain, two out of

five compounds were no longer detectable in both setups (Figure 5;

Supplementary Table S2). Both methods of exposure (gradual, live

exposure vs. instant exposure with solvent-dissolved volatiles),

therefore, generally led to similar changes and results, especially

in terms of downregulation of volatile emission or in absorption

(disappearance) of emitting organisms’ volatiles, while compounds

upregulated upon the perception of the emitters’ volatiles greatly

differed between both methods.

3.5. Both continuously emitted and
dissolved volatiles from Fusarium but not
from Botrytis triggered increased
siderophore production in Trichoderma

In both methods of exposure, we observed a stronger reaction

of Trichoderma to the volatiles emitted by Fusarium than to the

volatiles emitted by Botrytis (see e.g., PCAs in Figures 3–5). We

wondered whether beyond the volatilome changes, Trichoderma

would also show other reactions upon detection of Fusarium

volatiles. To investigate this question, we compared the capacity of

volatiles from both phytopathogenic fungi to trigger siderophore

production in Trichoderma using a sandwich plate assay, which

allowed both interacting fungi to interact with each other only

through their volatiles. After 2 weeks of incubation, Trichoderma

reacted to the perception of Fusarium by increasing its production

of siderophores, while this increase was not observed when co-

incubated with Botrytis or with empty PDA medium, which

confirmed the stronger reaction of Trichoderma to the volatiles

emitted by Fusarium compared with those emitted by Botrytis.

This halo attesting to the presence of siderophore suggests that

the volatiles emitted by Fusarium can influence the behavior of

Trichoderma causing it to secrete more siderophores diffusing

into a larger area (Figure 6). When using dissolved volatiles

from F. oxysporum instead of the actively growing culture,

a similar increase in siderophore production was observed

(Supplementary Figure S3).

4. Discussion

The method developed in this study shows that unilateral

exposure is a powerful tool to study volatile-mediated interactions.

The setup reduces the complexity of reciprocal interactions

between two organisms by sequentially exposing one organism to

the volatiles emitted by the other. It also allows more accurate

reproduction of the environmental conditions in which these

interactions take place, where emitted volatiles can easily spread

and where a constant supply of oxygen is provided by the

atmosphere, unlike the standard hermetic systems commonly

used to study such interactions. Since it is admitted that low

volatile concentrations are sufficient for a receiver strain to detect

the presence of an interacting organism and trigger significant

reactions (Schulz-Bohm et al., 2017; Sharifi et al., 2018; Sá et al.,

2022), it is highly probable that the accumulation of artificially

high concentrations of compounds that occurs in hermetically

closed systems triggers reactions that are not representative of those

taking place in nature. This problem of volatile overaccumulation

is solved here by the application of constant airflow, and despite

the constant “washing” of volatiles it causes, our results show

that strong reactions of the receiving organisms can nonetheless

be observed, e.g., with substantial changes in the volatilomes of

the receiving strains as previously reported with closed systems

(Barbieri et al., 2005; Rybakova et al., 2017; Tyc et al., 2017;

Sharifi et al., 2022). When used in its single microcosm form, this

setup allows the collection of the whole volatilome of an emitting

organism grown in specific conditions, which can be used for a

receiving organism grown in different conditions while still offering

the benefits described earlier.

Our results demonstrate that all three interacting fungi,

whether they are phytopathogenic or beneficial, can be affected

by the presence of foreign volatiles which results in a change in

the composition of their own volatilome, but that each organism

displays a specific response to the same stimulus. The three

fungi used in this study are Ascomycetes and share a large

number of common compounds in their volatilomes when grown

without an external volatile exposure. However, they all showed

a unique and specific pattern in response to an external volatile

exposure. For all three fungi, the main reaction to exposure was

a decreased emission of many volatiles, an observation that was

consistent in the two systems we tested (dual microcosm setup vs.

single microcosm setup using the emitter’s volatiles in dissolved

form). Despite the overall strong specificity of the reaction, few

compounds displayed similar modification patterns in the different

interacting fungal pairs. One of these was the aldehyde furfural

(98-01-1), which was produced by all three tested fungi and

which showed decreased emission by Trichoderma in response

to the volatiles from both pathogens, and decreased emission by

each of the pathogens in response to Trichoderma volatiles. This

suggests that this widespread volatile might play an important role

in interspecific fungal communication. Furfural can be produced

by plant-associated microbes (Jeleń and Wasowicz, 1998) and is

known to be a potent fungicide of interest for crop protection in

view of its lack of toxicity for human and environmental health

(Zeitsch, 2000). This compound is known to inhibit the growth of

Trichoderma species, F. oxysporum, and B. cinerea (Jung et al., 2007;

El-Mougy et al., 2008; Sharip et al., 2016). The reduction in furfural

abundance could then be a strategy to avoid overaccumulation

of this toxic compound that could otherwise reach a threshold

of toxicity for these organisms. Beyond furfural, two other

compounds emitted by Trichoderma, (-)-aristolene (6831-16-9)
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TABLE 4 Comparative list of compounds with significantly modified abundance after exposure to phytopathogenic fungi using the dual microcosm

setup (2M) or the single microcosm setup (1M).

Compound CAS # Match
factor

RI Trichoderma volatiles

D(Bc)
2M

D(Bc)
1M

D(Fox)
2M

D(Fox)
1M

U(Bc)
2M

U(Bc)
1M

U(Fox)
2M

U(Fox)
1M

1,8-Nonanediol, 8-methyl- 54725-73-4 667 805 x

Furfural 98-01-1 844 831 x x x x

2-Propanol, 1-propoxy- 1569-01-3 645 842 x x

Ethanol,

2-(1-methylethoxy)-

109-59-1 590 842 x x

1-Butanol, 3-methyl-,

acetate

123-92-2 857 877 x

Pyrazine, 2,5-dimethyl- 123-32-0 841 912 x

Propane, 1-ethoxy- 628-32-0 639 959 x

Benzaldehyde 100-52-7 935 960 x

3-Octanone 106-68-3 812 988 x

Furan, 2,3,5-trimethyl- 10504-04-8 622 1,041 x

Acetophenone 98-86-2 913 1,066 x x

α-Ethyl-α-methylbenzyl

alcohol

1565-75-9 792 1,085 x

1,3-Benzenediol, 4-ethyl 2896-60-8 768 1,092 x

Phenylethyl Alcohol 60-12-8 935 1,112 x x

Decanal 112-31-2 898 1,206 x

Naphthalene, 1,2,3,4-

tetrahydro-1,4-dimethyl-

4175-54-6 674 1,227 x

6,7-Dimethyl-1,2,3,5,8,8a-

hexahydronaphthalene

107914-92-

1

772 1,239 x

Benzeneacetic acid, ethyl

ester

101-97-3 889 1,245 x

Acetic acid, 2-phenylethyl

ester

103-45-7 883 1,257 x

2,2,4-Trimethyl-1,3-

pentanediol

diisobutyrate

6846-50-0 809 1,349 x

Propanoic acid, 2-methyl-,

3-hydroxy-2,2,4-

trimethylpentyl

ester

25265-77-4 849 1,371 x x x x

1,5-Cyclodecadiene,

1,5-dimethyl-8-(1-

methylethenyl)-,

[S-(Z,E)]-

675105-92-

7

873 1,389 x

2-Decyn-1-ol 4117-14-0 724 1,390 x x

Benzene, 1-methyl-4-(1-

methylpropyl)-

1595-16-0 677 1,416 x

(-)-Aristolene 6831-16-9 738 1,418 x x x x

1H-3a,7-Methanoazulene,

octahydro-3,8,8-trimethyl-

6-methylene-,

[3R-(3α,3aβ,7β,8aα)]-

546-28-1 870 1,418 x

(Continued)
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TABLE 4 (Continued)

Compound CAS # Match
factor

RI Trichoderma volatiles

D(Bc)
2M

D(Bc)
1M

D(Fox)
2M

D(Fox)
1M

U(Bc)
2M

U(Bc)
1M

U(Fox)
2M

U(Fox)
1M

cis-α-Bergamotene 18252-46-5 849 1,434 x x

(1R,4aR,8aR)-2,5,5,8a-

Tetramethyl-4,5,6,7,8,8a-

hexahydro-1H-1,4a-

methanonaphthalene,

rel-

79562-96-2 877 1,474 x x

(1R,4R,5S)-1,8-Dimethyl-

4-(prop-1-en-2-

yl)spiro[4.5]dec-7-ene

729602-94-

2

802 1,474 x x

(1R,5S)-1,8-Dimethyl-4-

(propan-2-

ylidene)spiro[4.5]dec-7-

ene

28400-12-6 838 1,511 x x

1,4-Dimethyl-7-(prop-1-

en-2-yl)decahydroazulen-

4-ol

21698-41-9 762 1,521 x

9-Octadecene, (E)- 7206-25-9 808 1,590 x x

2,2,4-Trimethyl-1,3-

pentanediol

diisobutyrate

6846-50-0 831 1,598 x

3,5-di-tert-Butyl-4-

hydroxybenzaldehyde

1620-98-0 858 1,763 x

Bicyclo[9.3.1]pentadeca-

3,7-dien-12-ol,

4,8,12,15,15-pentamethyl-,

[1R-(1R,3E,7E,11R,12R)]-

70000-19-0 818 1,981 x x

(S,E)-8,12,15,15-

Tetramethyl-4-

methylenebicyclo[9.3.1]

pentadeca-7,11-diene

386223-19-

4

851 2,019 x x

Nonane,

3-methyl-5-propyl-

31081-18-2 816 2,096 x

1,3,6,10-

Cyclotetradecatetraene,

3,7,11-trimethyl-14-(1-

methylethyl)-,

[S-(E,Z,E,E)]-

1898-13-1 773 2,251 x

RI, Kovatz Retention Index; match factor: similarity (out of 1,000) between the unknown spectrum and the NIST library closest spectrum; D, metabolites with downregulated abundance; U,

metabolites with upregulated abundance; in reaction to volatiles emitted by B. cinerea (Bc), F. oxysporum (Fox), or T. simmonsii (Ts); crosses show the behavior of each volatile in response to

the exposure.

and propanoic acid, 2-methyl-, 3-hydroxy-2,2,4-trimethylpentyl

ester (5265-77-4), responded in the same way to the exposure

to the volatiles of both pathogens. (-)-Aristolene (CAS number:

6831-16-9) is a sesquiterpenoid that is found in plant essential

oils with demonstrated antifungal activity (Juárez et al., 2016;

Souza et al., 2016), while, to our knowledge, no information on

the biological activity of propanoic acid, 2-methyl-, 3-hydroxy-

2,2,4-trimethylpentyl ester (CAS number: 25265-77-4) is available.

Since these three compounds showed reduced abundance upon

exposure and in view of the antifungal activity of two of them,

we can speculate that the emitter’s volatiles might have specifically

triggered a response leading to reduced emission of compounds

that would be harmful to their own development. However, since

many more compounds beyond the three mentioned here were

downregulated in the receiving organisms upon volatile perception,

such decreased emission could also represent a hiding strategy

from the receiver, or even an energy-saving strategy to reallocate

resources on more essential activities upon sensing a prospective

competitor. Consistently with this latter hypothesis, Trichoderma

produced more siderophores and secreted them into a larger

area around its colony after exposure to Fusarium volatiles, most

likely to secure the scarce iron resources and gain a significant

advantage for medium colonization over its competitor. Both

Fusarium and Trichoderma are soil inhabitants, and it is, therefore,

possible that they have co-evolved as natural competitors for

iron. This would explain the presence of siderophore response
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FIGURE 5

Trichoderma volatile modifications after exposure to Botrytis or Fusarium volatilomes using the two di�erent microcosm systems. For each

interaction pattern, the Venn diagram displays the CAS number of compounds with significantly modified abundance after exposure of Trichoderma

to Botrytis (A) or Fusarium (B) volatiles diluted in methanol or directly emitted from another microcosm.

to Fusarium volatiles and the absence of siderophore response

to volatiles emitted from a pathogen of the aerial parts such

as Botrytis.

In contrast to the abundant compounds showing decreased

emission after volatile exposure, few compounds showed an

increased emission in the dual microcosm setup, among which

several are potential or known antimicrobial or antifungal

compounds, such as 3-octanone, phenylethyl alcohol, and α-

muurolene (CAS numbers: 106-68-3, 60-12-8, and 10208-80-7)

(Zhu et al., 2011; Lin et al., 2012; Liu et al., 2014; Naik, 2018). We

observed a higher number of compounds with increased emission

in the single microcosm setup in which Trichoderma was exposed

to total volatilomes dissolved in a solvent drop. This increase in

the number of more abundant compounds could be the result

of the instant release of highly concentrated volatiles instead of

the continuous exposure to lower and changing concentrations we

generated in the dual microcosm setup. This single microcosm

setup would then trigger stronger stress and therefore a stronger
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FIGURE 6

Representative pictures of (top) and (bottom) views of Trichoderma grown on CAS medium and exposed to Botrytis or Fusarium volatiles for 2 weeks

in a sandwich plate assay (n = 4). The orange color shows the presence of siderophores secreted by Trichoderma. Control plates were exposed to

PDA.

reaction, in accordance with our hypothesis that overaccumulation

of compound leads to different reactions, which are likely less

representative than those observed in more natural conditions.

Nevertheless, similar to the dual microcosm setup, several of the

compounds that showed increased emission were antimicrobial

or antifungal, such as 1-butanol-3-methyl-acetate, 2,5-dimethyl-

pyrazine, acetophenone, or phenylethyl alcohol (CAS numbers

123-92-2, 123-32-0, 98-86-2, and 60-12-8) (Mo and Sung, 2007;

Zhu et al., 2011; Ma et al., 2013; Ando et al., 2015; Janssens et al.,

2019). This suggests that this setup could be used to detect and

identify new molecules of interest or new applications for known

molecules that are usually missed in drug-discovery projects on

pure cultures since they need a triggering signal to be induced. In

terms of putative signaling compounds, one category of volatiles

detected in our new directional experimental setup is of particular

interest, those which, although produced by the emitter strain

located upstream, were no longer detected after the exposure.

Several hypotheses can explain this absence, e.g., (i) they were

absorbed by the culture media of the receiver strain, (ii) they were

transformed into other compounds after a spontaneous (chemical)

reaction with volatiles emitted by the receiver strain, as reported in

a previous study (Kai et al., 2018), or (iii) they were absorbed by

the receiver strain. In the latter case, these volatiles could have been

metabolized and acted as a trigger causing the reactions described

earlier. Once again, these “disappearing” emitter volatiles were

specific according to the emitter strain but also to the receiver

strain, which likely rules out a mere absorption into the medium

of the receiver strain. There was a strong overlap in terms of these

putative signaling volatiles in bothmicrocosm setups we compared,

which also favors a scenario where the receiver strains would absorb

(and potentiallymetabolize) them rather than a scenario where they

would interact with the receiver volatiles to form new compounds,

especially since very few new compounds were observed and

only one of them was commonly detected in both setups. To

our knowledge, no information regarding the ability of these

compounds to act as signal molecules is available in the literature,

but future studies, using these identified putative signals as pure

compounds and testing whether they induced phenotypic changes

(such as the volatilome modulation or siderophore production),

will bring a conclusive answer to this question. The siderophore

experiment shows that the volatiles collected from our setup can

induce the same reaction as the one observed when Trichoderma

is incubated with Fusarium. It should then be possible to easily

identify the compound(s) involved in the reaction since they most

likely belong to the compounds absorbed by the Trichoderma

upon exposure.

Our setup still has some limitations, the main one being due

to its strict unilateral exposure, which prevents the reciprocal

influence of both partners. Indeed, the compounds whose

production has been increased in response to volatile exposure in

the receiver strain are likely to also trigger an effect on the emitter

strain. This latter reaction (resulting in an emitter’s modified

volatilome) could then lead to another reaction of the receiver, itself

leading to further changes in a “chain reaction.” To address this

issue, our setup could be used to expose a receiver fungus with

the volatiles emitted by another fungus previously exposed to its

volatiles, in search of differences compared with the exposure to

volatiles emitted by a non-exposed fungus.

Beyond the fungus–fungus interaction example selected as

proof of concept in this study, this new experimental setup could
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not only be used to gain insight into the interactions occurring

between other microbes such as bacteria but also into interkingdom

communication, such as volatile-mediated interactions between

plants and microbes (Farré-Armengol et al., 2016; Bouwmeester

et al., 2019). With minor adaptations, it would be, for example,

possible to study the effects of pathogens’ volatiles on small plants

inoculated or not with beneficial microbes. This could help to

reach a better understanding of microbe-mediated plant defense

mechanisms and may lead to the identification of new compounds

triggering effective plant protection against diseases.
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SUPPLEMENTARY TABLE S1

List of compounds detected in gas chromatography for each organism

(exposed or unexposed) used in this study with the dual microcosm setup.

row m/z: largest mass-to-charge ratio of the feature; RI: Kovatz Retention

Index; mean area: average of peak area of each sample (n = 7); compound:

name of the compound (for compounds whose abundance has been

significantly changed in this study).

SUPPLEMENTARY TABLE S2

Comparative list of compounds with significant modified abundance after

exposure to phytopathogenic fungi using dual microcosm set-up (2M) or

single microcosm set-up (1M). RI: Kovatz Retention Index; match factor:

similarity (out of 1000) between the unknown spectrum and the NIST library

closest spectrum; D: metabolites with down-regulated abundance; U:

metabolites with up-regulated abundance; in reaction to volatiles emitted

to B. cinerea (Bc), F. oxysporum (Fox) or T. simmonsii (Ts); crosses show the

behavior of each volatile in response to the exposure.

SUPPLEMENTARY FIGURE S1

Trichoderma, Botrytis and Fusarium growth was evaluated 4 days after

exposure to 3 drops of 50 µL methanol and compared to their control

exposed to 3 drops of 50 µL sterile water (n = 3). (A) Representative pictures

of each fungus exposed to water or methanol; (B) average of each surface

covered by the mycelium of each fungus after 4 days of incubation.

Student’s t-test showed no significant di�erence between methanol and

water exposure for each fungus.

SUPPLEMENTARY FIGURE S2

E�ect of 3 drops of 50 µL of pure methanol on Trichoderma, Botrytis and

Fusarium placed in a single microcosm set-up. Graphs show the Univariate

Analysis Result for each metabolite between samples exposed to water and

samples exposed to methanol (n = 4). Grey dots: metabolites showing no

significant di�erences were observed.

SUPPLEMENTARY FIGURE S3

Representative pictures of top and bottom view of Trichoderma grown on

CAS medium and exposed to recovered Fusarium volatiles solubilized in

methanol for two weeks in a sandwich plate assay. The orange color shows

the presence of siderophores secreted by Trichoderma n = 4. Control plates

were exposed to PDA.
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