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ABSTRACT: Fungi exhibit a wide range of ecological guilds, but
those that live within the inner tissues of plants (also known as
endophytes) are particularly relevant due to the benefits they
sometimes provide to their hosts, such as herbivory deterrence,
disease protection, and growth promotion. Recently, endophytes
have gained interest as potential biocontrol agents against crop
pathogens, for example, coffee plants (Coffea arabica). Published
results from research performed in our laboratory showed that
endophytic fungi isolated from wild Rubiaceae plants were effective
in reducing the effects of the American leaf spot of coffee (Mycena
citricolor). One of these isolates (GU11N) from the plant Randia
grandifolia was identified as Daldinia eschscholtzii (Xylariales). Its
antagonism mechanisms, effects, and chemistry against M. citricolor
were investigated by analyzing its volatile profile alone and in the presence of the pathogen in contactless and dual culture assays.
The experimental design involved direct sampling of agar plugs in vials for headspace (HS) and headspace solid-phase
microextraction (HS-SPME) gas chromatography-mass spectrometry (GC-MS) analysis. Additionally, we used ultrahigh-
performance liquid chromatography coupled to high-resolution mass spectrometry (UHPLC-HRMS/MS) to identify nonvolatile
compounds from organic extracts of the mycelia involved in the interaction. Results showed that more volatile compounds were
identified using HS-SPME (39 components) than those by the HS technique (13 components), sharing only 12 compounds.
Statistical tests suggest that D. eschscholtzii inhibited the growth of M. citricolor through the release of VOCs containing a
combination of 1,8-dimethoxynapththalene and terpene compounds affecting M. citricolor pseudopilei. The damaging effects of 1,8-
dimethoxynaphthalene were corroborated in an in vitro test against M. citricolor pseudopilei; scanning electron microscopy (SEM)
photographs confirmed structural damage. After analyzing the UHPLC-HRMS/MS data, a predominance of fatty acid derivatives
was found among the putatively identified compounds. However, a considerable proportion of features (37.3%) remained
unannotated. In conclusion, our study suggests that D. eschscholtzii has potential as a biocontrol agent against M. citricolor and that
1,8-dimethoxynaphthalene contributes to the observed damage to the pathogen’s reproductive structures.

■ INTRODUCTION
Endophytic fungi are keystone microorganisms in the
phytobiome, with a wide variety of symbiotic associations
ranging from mutualism to parasitism.1 Almost every plant on
the planet has developed a symbiotic relationship (in the broad
sense) with fungal endophytes and, in some cases, their presence
translates to benefits.2,3 Nowadays, several reports highlight the
role of volatile organic compounds (VOCs) as a key factor in the
fungal ecological interactions with other fungi, bacteria, and
plants.4 These VOCs are known to regulate growth in spores and
seeds,5 modify signaling for herbivore deterrence,6 pathogen
inhibition,7 among other functions. The production of VOCs by
fungi is influenced by numerous factors, including environ-
mental conditions.8

Many studies have reported on the fungistatic or fungicidal
effects of VOCs from endophytic fungi9 (see some examples of

compounds in Figure 1). Mycofumigation activity has been
reported for 5-pentyl-2-furaldehyde (Figure 1.1) from Irpex
(=Oxyporus) latemarginatus10 and 6-pentyl-α-pyrone (6PP)
(Figure 1.2) from endophytic Trichoderma asperellum IsmT5.11

The latter induced the accumulation of compounds related to
plant defense and increased the production of anthocyanins and
trichomes in Arabidopsis thaliana. Induratia kashay (=Muscodor
kashay), isolated from the medicinal plant Aegle marmelos, has
been found to inhibit fungal pathogens such as Alternaria
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alternata and Aspergillus flavus in contactless assays.12 Among
the 23 VOCs reported by Meshram et al.,12 β-bisabolol (Figure
1.3) was identified as the major component. A Hypoxylon species
recovered from the plant Persea indica was found to exhibit
antagonistic activity against Botrytis cinerea, Cercospora beticola,
Phytophtora cinnamomi, and Sclerotinia sclerotiorum13 according
to the authors, 1,8-cineole (Figure 1.4) showed the highest
inhibitory effect. Another example is an unidentified Diaporthe
(=Phomopsis) endophyte from Odontoglossum sp. producing
abundant 3-methylbutanol (Figure 1.5) and sabinene (Figure
1.6) along with other 11 VOCs, which effectively inhibited the
growth of Aspergillus fumigatus, Fusarium solani, Geotrichum
candidum, Pythium ultimum, P. cinnamomi, Phytophthora
palmivora, Rhizoctonia solani, and S. sclerotiorum by over 40%
compared to their controls.14

Gas chromatography-mass spectrometry (GC-MS) and solid-
phase microextraction (SPME) have facilitated the detection
and discovery of VOCs.15 The constantly increasing wealth of
information in databases has helped the annotation and further
evaluation of VOCs as long-distance mediators among micro-
organisms.16,17 To ensure the accurate detection of VOCs
during HS-SPME-GC-MS analysis, it is crucial to consider the
configuration and equipment setup. A careful selection of
columns and SPME fibers is necessary for detecting a wider
range of compound families.18 Polydimethylsiloxane (PDMS) is
the commonly used nonpolar coating for SPME, thanks to its
thermal stability and nonpolar affinity.19 In recent studies on
VOCs produced by fungi, the PDMS fiber has been the preferred
option for their detection.20−22

There is a scarcity of accessible databases for ultrahigh-
performance liquid chromatography coupled to mass spectrom-
etry (UHPLC-MS/MS) analysis, which makes identifying
compounds challenging. LC-MS/MS metabolomics is subject
to variation depending on the equipment and detection
technology used, which makes the standardization of data
difficult.23 Nevertheless, LC-MS/MS can provide information
on most molecules present in an extract, and while public
databases for metabolomic studies are expanding, most of them
are currently focused on human metabolites, with databases for
metabolites from bacteria and plants being developed at a later
stage.24 This highlights the importance of the microbeMASST
initiative, soon to be published by the Dorrestein group, where
thousands of annotated and raw MS/MS experiments from
microorganisms will be available to the scientific community
(https://masst.ucsd.edu/microbemasst/).

The American leaf spot of coffee (Mycena citricolor) is
currently restricted to Central and South America, causing
severe damage to coffee plants, including fruit and leaf drop

contributing to economic losses.25 Despite the lack of
information about all of the factors favoring the spread of this
pathogen, intense and prolonged rainy seasons have been
identified as one of the main ones. For instance, in Costa Rica,
between 2010 and 2011, the country estimated a loss of up to 60
million USD.26−28 Globally, pathogens are responsible for
around 40 billion USD in crop losses.29,30 The use of
agrochemicals continues to be the most common strategy for
pathogen control despite the well-known negative impacts of
their use.31 Endophytic fungi are emerging as suitable
alternatives to hazardous agrochemicals.32 Moreover, endo-
phytic fungi have shown the ability to promote growth and
provide other beneficial effects to their hosts.33 For example, in a
recent study, several species of endophytes from wild Rubiaceae
plants from Costa Rica were effective against M. citricolor in vitro
and in planta, reducing disease incidence and severity and
promoting plant growth.34 However, that study hinted only at
potential mechanisms of fungicidal or fungistatic effects.
Understanding those mechanisms against pathogens, with
specific interest in the release of metabolites possessing
protective capabilities for essential crops, could lead to the
development of effective alternatives for disease control.35

Among the isolates studied by Escudero-Leyva et al.,34

Daldinia eschscholtzii GU11N, obtained from the plant Randia
grandifolia (Rubiaceae), had an antagonistic effect over M.
citricolor in an in vitro dual culture experiment. In that study,
antibiosis was hypothesized as the mechanism of antagonism.
Daldinia (Hypoxylaceae, Xylariales, Sordariomycetes, Ascomy-
cota) species are producers of VOCs with fungicidal/fungistatic
effects against different pathogens.36,37 Recent examples include
inhibitory effects against pathogenic microorganisms such as
Aspergillus niger,38 Colletotrichum acutatum,39 P. palmivora,40

and even nematodes.41 Benzeneethanol (Figure 1.7), 1-methyl-
1,4-cyclohexadiene (Figure 1.8), 3-methoxy-2-naphtol (Figure
1.9), and 3,5-dimethyl-4-heptanone (Figure 1.10) have been
identified as common VOCs through the HS-SPME-GC-MS
analysis.

To investigate the potential role of VOCs in the antagonistic
effect of the endophytic isolate D. eschscholtzii GU11N against
the coffee pathogen M. citricolor, a comprehensive analysis of the
volatile chemical profile of D. eschscholtzii GU11N was
conducted in the presence and absence of the pathogen using
HS and HS-SPME-GC-MS analysis. Additionally, we examined
the extracted metabolites from the confrontation zone and
extracts from both fungi grown independently by using
ultrahigh-performance liquid chromatography coupled to
high-resolution mass spectrometry (UHPLC-HRMS/MS) to
identify potential metabolites associated with the inhibitory

Figure 1. Examples of VOCs reported from several endophytic fungi.
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effects. Our primary objectives were (i) to assess the impact of
fungal volatile components from D. eschscholtzii GU11N on the
pathogen within a closed system, (ii) to evaluate the volatile
profile of D. eschscholtzii GU11N in the presence or absence of
the pathogen, and (iii) to determine whether the inhibitory
effect could also be attributed to nonvolatile components.

■ RESULTS AND DISCUSSION
Contactless Experiment. Previous studies have docu-

mented the bioactive effects of fungi producing VOCs in
enclosed systems, specifically investigating inhibition or growth
reduction of specific pathogens (mycofumigation) and even
with seeds and fruits placed in proximity to the fungal
isolates.10,38,42 Our contactless experiment revealed that D.
eschscholtzii GU11N exhibited a fungicidal rather than
fungistatic effect against M. citricolor. Although there was no
significant difference in the mycelial growth of M. citricolor
between samples in the presence and absence of D. eschscholtzii
(Figure S1), damaged pseudopilei or mycelial fragments failed
to grow even with ample time and suitable media, indicating the
potential fungicidal effect of D. eschscholtzii. Macroscopic
damage occurred in all replicates of M. citricolor in the
contactless experiment with D. eschscholtzii (Figure 2A−C).
After 7 days, the damage observed in a 40× light microscope was
seen as coiled and burned-like hyphae (Figure 2D). Segments
displaying visible signs of damage were excised from hyphae and
pseudopilei and transferred to a Petri dish containing fresh PDA
media. After a five-day incubation period, no growth was
observed in any of the fragments collected from the contactless
experiment. Additionally, a reduction in the mycelial density and
“burned” pseudopilei was observed (Figure 2F). However,

Mycena radial growth, both in the presence and absence of D.
eschscholtzii, exhibited no significant difference (Figure S1).
Since M. citricolor pseudopilei infect coffee leaves, an assay
involving the propagation and evaluation of D. eschscholtzii
colonizing the leaf tissues and then evaluating its protective
effect would be a promising future study. The results of such a
study could provide answers to questions related to the
mechanisms and responses in the plant−endophyte−pathogen
system, where the effect seen under in vitro conditions could be
different from that in an exposed environment, where numerous
factors happen at the same time (e.g., temperature, humidity,
UV radiation). In addition, testing and applying extracts (e.g., as
an aerosol or spray application) of D. eschscholtzii GU11N’s
bioactive compounds may provide more evidence on mecha-
nisms or strategies for their delivery.43

GC-MS Analysis and Metabolite Identifications. Fungal
VOCs are a complex mixture of compounds,44 making their
identification challenging. To address this, the implementation
of HS techniques associated with GC-MS is crucial for a more
comprehensive analysis. Based on the observations from the
contactless experiment, it is evident that an effect occurred in the
volatile compartment shared by the coffee pathogen and the
fungal endophyte. Direct sampling of this contactless experi-
ment is difficult, which is why we opted to sample from a
coculture experiment, segmenting the area near the confronta-
tion zone where the two cultures almost meet. The experimental
design involved the use of 10 replicates to improve the
reproducibility in the biological samples. From each Petri dish,
five agar plugs were sampled and placed in a vial for GC-MS
analysis. Similarly, 10 replicates from D. eschscholtzii GU11N

Figure 2. (A) Culture of D. eschscholtzii GU11N. (B) Culture of M. citricolor. (C) Contactless culture experiment. M. citricolor was placed on the top
plate. (D) Hyphal damage in M. citricolor in the contactless culture experiment; coiled and burned-like hyphae are shown. (E) Normal hyphal growth in
M. citricolor alone. (F) M. citricolor pseudopileus damage in the contactless culture experiment. The abundance of pseudopilei was reduced, and the
structures presented a burned-like effect. (G) M. citricolor normal pseudopilei; abundant and bright yellow-colored pseudopilei growing without the
presence of D. eschscholtzii GU11N.
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and 10 replicates from M. citricolor were sampled and used as
controls.

Data processing of the VOC profiling was performed in two
separate ways: uploading the GC-MS raw data to the Data
Analysis workflow on the GNPS platform45 and deconvoluting
using MZmine 2 (v 2.53).46 The latter resulted in a more
manageable feature table and therefore was used for further
analyses (a feature corresponds to a chromatographic peak with
a specific mass-to-charge ratio (m/z), retention time (RT), and
intensity/area). It contained a total of 40 features derived from
the samples of D. eschscholtzii GU11N agar plugs (D group) and
those from the coculture experiment. The samples from M.
citricolor plugs (M group) produced no volatiles. HS and HS-
SPME experiments were processed independently, but the
annotation results were combined in a final consensus
annotations list (Table 1). As expected, HS-GC-MS identified
a smaller number of VOCs than HS-SPME-GC-MS. Only 12
features were shared between both analysis techniques. A total of
26 features were identified exclusively using SPME. Table 1
presents the retention times, compound names, and chemical
classes as well as the experimental and literature Kovats indexes
(KIs) for the identified VOCs. The columns containing the up
and down arrows were built upon the analysis of variance
(ANOVA) analysis, indicating the relative concentration of each
feature in the correspondent sampling experiment (HS or
SPME). The chemical class of the features was determined using
NPClassifier47 directly from the structural annotation. The KIs
shown in Table 1 are usually used for refining the annotations in
untargeted metabolomics.48 Caution is necessary when
comparing the indexes due to evolving GC column materials.
Nevertheless, KIs remain a powerful piece of information.49

The identity of the compounds was then validated with the
comparison of the experimental KI and those reported in
databases along with the hit rates (HRs) and similar score values,
like the cosine provided by the GNPS platform. With all these
factors, the identification level (from I to IV)50 was suggested,
being level I when the annotated feature was compared to a
standard. Nonetheless, after an exhaustive search in databases,
two features remained unknown (33 and 35).

It is important to address the differences obtained with the
two sampling techniques, HS and HS-SPME (Table 1). The
head volume in the first technique usually contains large
quantities of carbon dioxide and water, with the latter coming
from the sample. The presence of both components makes
detection of other analytes difficult at the beginning of the
chromatographic run. However, the absence of additional
contaminants, such as fiber components, enables the detection
of analytes in moderate quantities after the first 2 min.15 On the
other hand, the volatile profile obtained with HS-SPME depends
on the polarity of the selected fiber coating. Typically, the
PDMS-coated fiber is preferred for detection of low-molecular-
weight compounds due to the thermal stability and nonpolar
affinity.19 Other available coatings such as carbowax or
polyacrylate may allow the detection of more polar and
therefore less volatile components.15 Here, we selected a 100
μm PDMS-coated fiber when comparing its performance to that
of a carbowax fiber. The chemical nature and molecular weights
of the determined compounds led to the conclusion that the
selection of the fiber was appropriate. Finally, although it is not
surprising that with HS-SPME-GC-MS, more VOCs were
detected, it is fair to say that the identified features in HS-GC-
MS represent more accurately the chemical space involved in the
contactless experiment.

Neither set of results (HS or HS-SPME) allowed for robust
statistical analysis. Attempts to use internal standards for the
quantification of VOCs and comparison of runs were
unsuccessful. Consequently, we performed ANOVA using the
features that were shared in both techniques for principal
component analysis (PCA) and PLS-DA.

To determine if there are statistical differences between VOC
levels between the D group and the coculture, an ANOVA was
conducted for each sampling method (see Figure S2). In most of
the detected features from both sampling methods, a consistent
tendency of either increase or decrease was observed when
comparing groups, as seen in features 5, 7, or 16. However,
features 22 and 27 exhibited contrasting prevalences depending
on the specific sampling tool used. Among the listed features,
namely, 19, 21, 25, 26, 37, and 40, these were more
concentrated in the coculture when sampling with SPME
(Table 1). Furthermore, VOC profiles for HS and HS-SPME
revealed variations in their concentrations as stated before. The
sampling method influences the levels and composition of
identified VOCs as stated before. HS sampling provides a
broader perspective on the volatile chemical profile, while HS-
SPME analysis offers a more targeted and sensitive approach to
specific compounds.

The ANOVA revealed significant differences in the VOC
compositions between the D group and the coculture group.
The D group showed higher levels of 4,4-dimethyl-1,3-
cyclopentanedione (7), 1,2-dimethyl-4-oxocyclohex-2-enecar-
baldehyde (16), α-selinene (28), and pogostole (36), all of
which were statistically significant (p < 0.05). In contrast, the
coculture group showed significantly higher levels of 9-epi-β-
caryophyllene (25) and 1,8-dimethoxynaphthalene (37). These
findings suggest that the interaction between D. eschscholtzii
GU11N and the pathogen in the coculture experiment
influences the production of specific VOCs, leading to distinct
chemical profiles compared to D. eschscholtzii GU11N alone.

When using the complete set of features (40), the best 10
features detected as VIPs in the PLS-DA differ from the loadings
obtained from the PCA. However, when performing the
ANOVA of the data, it aligned best with the results from the
PCA (Supporting Information: PCA and PLS-DA results for
HS-SPME data). Therefore, variables or features identified as
significant by ANOVA also contribute significantly to the
separation between the groups in the PCA plot. The discrepancy
between VIPs, PCA, and ANOVA can be a result of variables
that may be highly correlated with each other, the presence of
outliers, or the sample size. The set of biological replicates used
in the experiment was 10 per group, whereas the number of
variables was 40. Therefore, in this kind of experiment, where
the number of identified VOCs is typically a small number, the
number of samples should be increased to obtain data that can
be best analyzed using multivariate approaches.51 One way to
circumvent this with the results at hand is to judiciously reduce
the number of variables. Along this line, if the set of SPME
variables to use ignores those variables that were absent in the
HS experiments, the number of variables is reduced to 12. By
performing this reduction on data, the PCA considered
compound 37 as the only loading associated with the coculture
samples (Figure 3A), PLS-DA scores acquired 59% cumulative
variance, maintaining the D and coculture clusters, and the VIPs
included 9-epi-β-caryophyllene (25) and 1,8-dimethoxynaph-
thalene (37), whose concentrations were higher in the coculture
(Figure 3B). The last leads us to test the effect of these
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compounds against the M. citricolor reproductive structures, as
explained further.

The composition of the chemical classes based on
NPClassifier, relative to the number of features, is displayed in
Table S1 and Figure S4. The two most represented classes for
the D and coculture groups in HS were fatty alcohols (51.2%)
and aliphatic ketones (33.9%) and caryophyllene-like sesqui-
terpenes (46.8%) and fatty alcohols (30.7%), respectively
(Figure S5A). In the HS-SPME experiment, aliphatic ketones
(16.9%), chromones (16.6%), aliphatic aldehydes (14%), and
guaiane sesquiterpenes (11.9%) represented the D group, while
the coculture was characterized by chromones (43.8%),
naphthalenes and derivatives (31.8%), and caryophyllene-like
sesquiterpenes (21.1%, Figure S4B,C).

According to the literature, VOCs previously detected for D.
eschscholtzii GU11N include alcohols, chromones, and other
aromatic compounds, dienes, ketones, aldehydes, and sesqui-
terpenes.38,39,52 Among the volatile compounds that have shown
statistical significance, we found α-cubebene (18), α-bisabolene,
and guaizulene. These terpenes can cause damage to hyphal
membranes and suppress conidial formation in A. niger.53 Yet,
the production and role of sesquiterpenes in fungi is highly
variable and might include benefits for plant growth promotion
(e.g., β-caryophyllene (23))18 or detrimental effects like the
correlation of the incidence of entomopathogenic pests and the
emission of α-copaene (21).54,55 The latter has been found to
play a role in guiding females toward males and influencing
reproductive success.56 Most of the level-two annotated
compounds were identified as sesquiterpenes. Benzochromenes
are frequently reported for endophytic fungi. The chromanone
5-hydroxy-2-methylchroman-4-one (26) was also found in the
endophytic fungus Cryptosporiopsis sp. and presented cytotoxic
activity against leukemia cells.57 Other chromenones displayed
phytotoxic activity by affecting the mitochondrial membrane of
mono- and dicotyledonous plants.58 The isolate MFLUCC I9-
0493, identified as Daldinia eschscholtzii, demonstrated signifi-
cant inhibition of C. acutatum in coculture, with elemicin
identified as the responsible inhibitor. Similarly, Daldinia cf.
concentrica displayed inhibitory effects against 17 pathogenic
fungi, leading to inhibitory ranges spanning from 30 to 100%.39

In that study, the presence of 4-heptanone and trans-2-hexenal
was correlated to the observed inhibition. Testing the inhibitory
effect using synthetic compounds of these substances demon-
strated an enhancement in inhibition performance; however,
herbicidal effects were also noted.38 Daldinia bambusicola
effectively inhibited the pathogens Colletotrichum lagenarium
and P. palmivora, while A. alternata, B. cinerea, and Geotrichum
sp. were less affected (∼60% of inhibition).40 The major
components detected in that study were benzeneethanol and
2H-1-benzopyran-2-O-methoxy-4,7-dihydroxy; however, none
of these compounds was individually or collectively tested. In
our findings, benzeneethanol was detected in Daldinia
eschscholtzii GU11N. However, it did not show a difference in
its concentration level when compared with the coculture
experiment. On the contrary, its expression tended to decrease
when D. eschscholtzii was exposed to M. citricolor. The
implementation of sensitive techniques, such as HS-SPME,
can enhance our understanding of ecological relations between
microorganisms and the environment.59 On the other hand,
complementing these studies with preparative isolation and
chemical characterization with tools like nuclear magnetic
resonance (NMR) and liquid chromatography-mass spectrom-
etry (LC-MS) is crucial for obtaining a comprehensive chemicalT
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annotation and biological testing to gain a better understanding
of complex metabolic processes and ecological dynamics within
communities.60,61

In Vitro Activity Test of Compounds against M.
citricolor pseudopilei. Compound 1,8-dimethoxynaphtha-
lene (37, synthesized from commercial 1,8-dihydroxynaphtha-
lene) and a mixture of terpenes (commercial standard item
containing β-caryophyllene) were tested at different concen-
trations to evaluate the effect on M. citricolor pseudopilei (Figure
4A,B). The mixture of terpenes (20, 200, and 2000 μg) did not
produce any effect over the pseudopilei. On the other hand, the
pseudopilei enclosed in the Petri dishes along with the filter discs
loaded with 500 and 1000 μg of the compound 1,8-
dimethoxynaphthalene (37) experienced the “burned-like”
effect after 24 h at room temperature, which was similar to the
damage observed when the pathogen was confronted against D.
eschscholtzii GU11N (Figure 4C). None of the negative controls
(solvents) produced an effect on pseudopilei. This suggests that
37 produced in the coculture group is responsible for the
fungicidal effect. Pseudopilei from the controls and lowest
concentrations were able to grow in PDA media and hyphae, as
seen after 12 h (Figure 4D). Moderate fungicidal and herbicidal
activity has been reported for 37 from an endophytic
“Nodulisporium” sp. (also a Xylariales) isolate against Micro-
botryum violaceum and Zymoseptoria (=Septoria) tritici in the
agar diffusion assay and did not present bactericidal activity.62

Low inhibitory activity was reported for compound 37 obtained
from an endophytic D. eschscholtzii isolate from a mangrove in
Thailand63 against Microsporum gypseum and Staphylococcus
aureus. In addition, 37 was also reported from another D.
eschscholtzii from the same ecosystem, but no activity tests were
done.64 Results from herbicidal tests performed in mono- and
dicotyledonous plants have also been reported as low, retarding
seed germination.58 Another biological effect promoted by 1,8-
dimethoxynaphthalene (37) is the more intense inhibition of the

inflammatory process evaluated in murine macrophages when
compared to quercetin; in this case, 37 was acquired from
endophytic Hypoxylon investiens.65

Attempts to isolate fair amounts of volatile content and obtain
pure compounds were not pursued. Therefore, the actual effect
of this type of components on M. citricolor pseudopilei was not
established, and the effects of 18, 20, 21, 25, 34, 36, and 38
remain unknown. Nonetheless, some works report effective
fungicidal effects using terpenes obtained from plants and fungi
and some modified derivatives using the disc diffusion
method,36,66,67 as well as by adding the essential oils directly
into the culture media where conidia from pathogenic fungi have
been previously inoculated.68

Comparing the pseudopilei morphology under SEM, notable
changes were observed on the surface of the apical portion when
they were exposed to 1,8-dimethoxynaphthalene (37). Un-
damaged structures remained turgent, with a consistent tapered
shape (Figure 4E,F), whereas for those exposed to synthesized
compound 37, the original shape was obliterated, and the close-
up details provided by the SEM photographs (Figure 4G,H)
suggest damage related to wall or cell membrane disruption,
leading to the fungicidal effect and germination inhibition. This
kind of disruption to the fungal membranes is known from the
exposure to synthetic (E)-2-hexanal at concentrations of 160
and 320 μL/L in a contactless experiment by altering the
membrane permeability of Penicillium aurantiogriseum (=
Penicillium cyclopium) conidia, producing a loss of lipids and
potassium ions.69 Similarly, conidia from A. flavus experienced
membrane alteration and breakdown when exposed to the
synthetic hexanal (3.2 and 9 μL/L), directly affecting the
mitochondria, augmenting reactive oxygen species production,
altering DNA replication, and promoting autophagy.70 To our
knowledge, this is the first time that this kind of effect has been
reported, particularly for M. citricolor in confrontation against
1,8-dimethoxynaphthalene. Further analysis could include

Figure 3. PCA and PLS-DA plots derived from the features present in the HS with HS-SPME data values. (A) PCA biplot with 85.5% cumulative
variance. (B) PLS-DA VIPs for each group of the experiment (D and coculture).
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transcriptomics to understand the changes at the metabolomic
level and toxicity tests to evaluate the plant and human safety
levels of exposure to this compound.
UHPLC-HMRMS/MS Profiling and Metabolite Annota-

tion Overview. The UHPLC-HRMS/MS profiles obtained
from the extracts of Daldinia eschscholtzii GU11N, M. citricolor,
and the coculture were processed using MZmine 3.71 This
generated a table of 434 features (Table S2), which were then
putatively annotated through the GNPS platform72 and Sirius
5.73 Results from both annotation strategies were consolidated
and filtered to ensure a minimum of quality before any biological
significance. This was done first with a pre-established
workflow74 followed by manual curation. The library search

algorithm from GNPS was able to annotate only 5 out of 434
features. In contrast, Sirius provided a 21% annotation rate,
while the module CANOPUS75 was able to annotate 62.7% of
the features with a chemical class. The quantitative .csv file was
formatted using an in-house Python script to group the features
according to the ion identity networking76 results. The features
were grouped based on their annotation network number
(ANN), keeping only the highest intensity between the grouped
features to perform statistical analysis. This resulted in only one
ANN per metabolite, which reduced the number of adducts.

The PCA analysis based on this data showed that the samples
from the coculture group formed a unique cluster in the upper
left quadrant of the PC1 and PC2 plots, which accounted for

Figure 4. (A) Mature M. citricolor pseudopilei grown in PDA media. (B) Experiment with filter paper discs and M. citricolor pseudopelei (indicated by
the arrow) in Petri dishes (6 cm diam.). (C) “Burning” effect (indicated by the arrow) produced in the pseudopilei in the presence of 1,8-
dimethoxynaphthalene (500 and 1000 μg) after 24 h. (D) Pseudopilei from the control without damage and growing in PDA media after 12 h; arrows
point to the developing hyphae. (E) SEM photograph from undamaged pseudopilei from the control group. (F) SEM details from the pseusopilei
apical surface. (G) SEM image of the pseudopilei group exposed to 1,8-dimethoxynaphthalene (500 μg). (H) Detail of the damaged pseudopilei after
exposure to 1,8-dimethoxynaphthalene.
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55.5% of the total variance (Figure S5). Loadings for features
255 (chemical class of amino acids/peptides) and 293
(chemical class of fatty acid derivatives) were observed in this
cluster. Additionally, four coculture samples were grouped
together with most of the M group in the right quadrants, with
loadings for features 258 (MM 295.2456) and 280 (MM
297.2633) being the main contributors.

The distribution pattern of the D. eschscholtzii GU11N
samples was evident in the PC2 and PC3 plots, which accounted
for 33.1% of the total variance. Specifically, 6 out of the 10 D.
eschscholtzii GU11N samples showed a correlation with feature
293, along with four samples from the coculture group (refer to
Figure S5A,B). The PLS-DA scores plot provided a clearer
separation of samples from each group, allowing for distinct
clustering of D, M, and coculture groups in the first two
dimensions, explaining 45% of the total variance. From the top
15 VIP features from the first component of the PLS-DA
analysis, features 298, 252, 247, 295, and 284 correlate strongly
to the D group. Features 142, 193, 224, 186, 312 (N-
acylethanolamine derivative), and 219 (tryptophan alkaloid) are
more related to the M group, and features 293, 62, 311, and 239
correlate to the coculture group (Table 2 and Figure S5C).

Even though one of the current challenges in untargeted
metabolomics is the confidence and availability of the spectra in
databases, especially those derived from microorganisms such as
fungi,77 we were able to produce a putative feature annotation up
to the chemical class level for the extracts obtained from the D,
coculture, and M groups. Of the five annotations with statistical
importance related to the coculture, only four were putatively
annotated. In addition, an extract from an observed matter was
released to the medium from D. eschscholtzii GU11N when
confronted with M. citricolor and was submitted to LC-MS
analysis. From the UHPLC-HRMS/MS data processing of this
sample with MZmine 3, a total of 519 features were obtained and

subsequently submitted to GNPS (4.8% annotation) and Sirius
5-CANOPUS (58.4%). As previously mentioned, most of the
annotations must be revised and are, at this point, only
proposals. The molecular networking derived from these data
and supplied with the statistical values from the PLS-DA analysis
represented in the size of each node displays some unique and
shared annotations among the group samples (Figure 5).
Among the clusters I, II, and III, the first one contains more
diversity of chemical groups, being the most relevant for the D
and the coculture, the node with a molecular weight of 191.6666
and categorized as an alkaloid. Among some of the shared nodes
between D and M, many remain without a proposed annotation;
nonetheless, nodes such as 332.2209 or 183.0934 are classified
as amino acids, peptides, and alkaloids. Cluster II was better
represented by the D and coculture groups; however, node
474.3799 was assigned to fatty acids and included a
representation of the M group as well. Cluster III contains a
node (520.3601) shared between the three sample groups
cataloged as an alkaloid, but the node with more statistical
significance was that labeled as 520.3618 and signaled as a fatty
acid. Finally, cluster IV had an exclusive representation of the D
and coculture groups, with fatty acids as the majority of the
annotated nodes. Assuming that the coculture could contain
compounds derived from both fungi growing in the coculture
assay, and since the fungal cell membrane differs in its
composition from plants and animals, compounds related to
this structure may be pigments, e.g., 1,8-dihydroxynaphthalene,
reported as common in Aspergillus spp.,78 or lipids, from which
ergosterol is a major component of the fungal cell membrane.79

Undoubtedly, the coculture represents a rich metabolomic
environment, containing fatty acids (45% of the annotations),
terpenoids (14%), alkaloids (11.76%), polyketides (11%),
amino acids and peptides (7%), carbohydrates (3.30%), and
shikimates and phenylpropanoids (2.57%), leaving out 5.51% of
the metabolites without annotation (Figure S7). To the best of
our knowledge, no metabolite profiling has been done for M.
citricolor, except for other Mycena or related saprophytic species
(i.e., Mycena hematopus and Mycena pruinosoviscida). M.
hematopus produced bactericidal pyrroloquinoline alkaloids80

and pigments (e.g., hematopodins or mycenarubins).81 Mycena
pruinosoviscida (now Roridomyces pruinosoviscida) produced the
fungicidal compounds phenylglycols and mycenadiols.82

Certainly, evaluation of the role of volatiles and nonvolatile
compounds on fungi−fungi interactions poses several challenges
from the methodological to the instrumentation capacities;
however, this kind of research helps enlighten the metabolomic
dynamics of fungal interactions.83 This knowledge can be
applied in the search for applications of fungal endophytes and
their natural products to improve crop health, since several
variables may shape the multispecies (e.g., plants−pathogens−
endophytes) interactions;84 for example, the chemistry of the
plant itself that can affect an antagonistic effect seen in in vitro
conditions.85 In addition, with this knowledge, we can start to
understand how multispecies interactions in natural conditions
affect the overall phytobiome and, consequently, a plant’s
immunity and its relationship with other species and the
ecosystem.

■ CONCLUSIONS
The endophytic isolate Daldinia eschscholtzii GU11N produced
damage to the reproductive structures of the coffee pathogen M.
citricolor in a contactless assay. Thirteen compounds were
detected using HS and 39 by HS-SPME. With HS, the volatile

Table 2. Top 15 VIP Annotation Network Number (ANN)
from the PLS-DA Analysis Based on the UHPLC-HRMS/MS
Analysis

annotation network number (ANN)
relevant in PCA and PLS-DA group

NPClassifier
superclass

62 coculture purine alkaloids
142 M -
186 M pinane

monoterpenoids
193 M -
219 M unsaturated fatty

acids
224 M -
239 coculture -
247 D open chain

polyketides
252 D fatty acyl carnitines
255 coculture cyclic peptides
258 M -
280 M N-acyl amines
284 D cholane steroids
293 D,

coculture
fatty acyl carnitines

295 D cholane steroids
298 D phenylalanine-

derived alkaloids
311 coculture cholane steroids
312 M -
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profile for D. eschscholtzii was represented by aliphatic ketones
and fatty alcohols; sesquiterpenes were also detected. Using HS-
SPME, the D. eschscholtzii profile was more diverse, detecting
the classes found with HS in addition to chromones and

polyketides as well as other sesquiterpenoid components. The
composition of this profile revealed significant changes when the
endophyte was exposed to M. citricolor in the coculture
experiments. First, the HS profile showed increased detection

Figure 5. Molecular network derived from UHPLC data analysis. Node sizes represent the VIP value from the PLS-DA analysis. Node labels are
molecular weights. Only the clusters with significant statistical values are displayed on a larger scale.
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of caryophyllene sesquiterpenoids and naphthalenes and an
evident suppression of aliphatic ketones. Similarly, the HS-
SPME analysis added the detection of chromones. 1,8-
Dimethoxynaphathalene (37) had a statistical correlation with
the coculture experiment and produced the “burning” damage
over the M. citricolor pseudopilei supported by microscopic
observations (light and SEM microscopy); these images
revealed severe damage to the reproductive structures possibly
related to membrane disruption. A mixture of terpenes was
tested without effects on the pathogen structures. UHPLC
annotations demonstrate that the confrontation area was
comprised mostly of fatty acids; followed by terpenoids,
alkaloids, and polyketides in similar proportions, amino acids,
and peptides; and finally, carbohydrates, shikimates, and
phenylpropanoids in the smallest proportions. Understanding
the changes derived from stress conditions, such as those
produced by endophytic fungi emitting VOCs, could lead to the
implementation of alternatives in agriculture for controlling
important pests and to a better understanding of multispecies
interactions in phytobiomes.

■ MATERIALS AND METHODS
Fungal Isolates. The endophytic fungus Daldinia eschscholt-

zii (isolate GU11N) was isolated from R. grandifolia leaves,
while M. citricolor (isolate LAMYH1) was recovered from
infected coffee plants from San Marcos de Tarrazu, Costa Rica.
Both isolates were identified and used in a previous study by our
research team.34 Both fungi are preserved at −80 °C in cryovials
with 20% glycerol and in sterile water at room temperature (∼25
°C) in CIPRONA (University of Costa Rica) culture collection.
Contactless Experiment. The “sandwich” technique38 was

used for this experiment. Both fungi were grown in independent
90 mm Petri dishes with potato−dextrose agar (PDA, Difco
Laboratories, Detroit, Michigan). The inoculum consisted of
mycelial disks (∼5 mm) placed 5 mm from the edge of the Petri
dish. Daldinia eschscholtzii GU11N mycelial disks were placed
on the bottom plate and those of M. citricolor on the top plate,
facing D. eschscholtzii GU11N. Because the growth was faster in
D. eschscholtzii GU11N, the pathogen was inoculated 2 days
before starting the experiment. Radial growth (millimeters) of
M. citricolor was measured every 24 h for 10 days. Ten replicates
were done for the experiment. All plates were incubated at 25 °C
with 12 h light/darkness cycles. Mycelia from M. citricolor
treatments and control were observed under an Olympus BX40
light microscope and photographed with an attached 18 MP
digital camera (Omax, China). Colony morphology was
documented by using a Sony 6100 camera.
Coculture Assay. For this experiment, 90 mm Petri dishes

with 20 mL of PDA were used to grow the Daldinia eschscholtzii
GU11N (D group) and M. citricolor (M group) isolates
independently and in a dual experiment with both fungi
(“coculture”) in the same plate. The coculture was done by
placing mycelial disks 5 mm away from the plate’s edge; in all
treatments, the pathogen was placed 2 days before inoculating
the Daldinia isolate. After 10 days, five mycelial discs from the
edge of each independent culture and three from the
confrontation line from the coculture experiment group were
collected and placed inside 20 mL screw-top vials with
poly(tetrafluoroethylene) (PTFE)/silicone septa caps (Thermo
Scientific) for 24 h at 25 °C. Two vials with five PDA disks each
were used as blanks along with three empty vials. Half of the
mycelium from the independent cultures and the adjacent
mycelium from the confrontation line were harvested using a

sterile scalpel and stored in preweighted 20 mL vials and
immediately lyophilized for 24 h (Labconco Freezone). After
this, the vials were weighed to obtain mycelium yield.
HS and HS-SPME-GC-MS Data Acquisition. Vials with

discs were pre-equilibrated for 15 min at 45 °C. A 100 μm
PDMS SPME fiber (Thermo Scientific) was exposed to the
sample headspace for 15 min at the same temperature with
stirring in a TriPlus RSH autosampler (Thermo Scientific).
Subsequently, the SPME fiber was thermally desorbed at 250 °C
for 10 min in a GC-MS injector. Volatile compound measure-
ments were conducted using a Gas Chromatograph Trace 1310
(Thermo Scientific) with a triple quadrupole mass detector TSQ
9000 system (Agilent Technologies), equipped with a TG-5MS
capillary column (30 m length × 25 μm i.d. × 1 μm film
thickness, Thermo Scientific). The injector of each sample was
in split mode with a split ratio of 10, and the flow rate of the
carrier gas (helium, 99.999% purity) was 1.2 mL/min. The
temperature program was set as follows: initially, 60 °C for 3
min, increased to 200 °C at a rate of 10 °C/min, then increased
to 290 °C at a rate of 15 °C/min, and finally maintained for 2
min. The gas chromatograph was set to ionization mode EI, 1
mL/min flow, mass range of 33−550 amu, transfer line at 280
°C, and ion source at 260 °C.
Data ProcessingwithMZmine.The raw files from the HS-

SPME experiment were converted from. RAW to an open.
mzML format with MS Convert v3.0 Software.86 Afterward, files
were processed with MZmine v.2.5.3.46 The noise level settled at
1E2 for only MS1. Parameters for the ADAP chromatogram
builder were as follows: minimum group size in the number of
scans, 5; group intensity threshold, 1E2; minimum highest
intensity, 3E2; and m/z tolerance, 0.5. Settings for the ADAP
chromatogram deconvolution were as follows: threshold, 8;
estimator, “intensity window SN”; minimum feature height,
100; coefficient threshold, 5; peak duration range, 0.00−0.10;
and retention time wavelet range, 0.01−0.11 min. Multivariate
curve resolution was chosen as the spectral deconvolution
option, and settings were adjusted as follows: deconvolution
window width (min), 0.048; retention time tolerance (min),
0.08; and the minimum number of peaks, 4. For the deisotoped
step, conditions were: m/z tolerance, 0.5; retention time
tolerance, 0.08; maximum charge, 1; and representative isotope,
“most intense”. For the filtering process, the settings were as
follows: m/z, 45.0000−250.0000; and retention time, 5.20−
20.20 min. The final peak list was exported in .csv and .mgf
formats for statistical analysis and spectral organization.
Spectral Organization through the GNPS platform.

The online platform GNPS (Global Natural Products Social
Network)87 was used to upload the .mgf file and retrieve a
molecular network. The settings were as follows: precursor ion
mass tolerance, 0.02 Da; MS/MS fragment ion tolerance, 0.02
Da; and edges were filtered with cosine score >0.7 and >6 peaks.
GNPS spectral libraries were used, and the conditions were to
restrict a cosine score greater than 0.6 ad at least three matched
peaks. Link for the job: https://gnps.ucsd.edu/ProteoSAFe/
result.jsp?task=2ba96c07ebbb4bb29cca1659229be0f8&view=
view_all_annotations_DB
Annotation through LabSolutions Postrun Analysis

Software. The HS-SPME raw files were converted to CDF
format using the Xcalibur v.4.2 (Thermo Scientific) Tool
converter. The files were analyzed with LabSolutions Postrun
Analysis software v.4 (Shimadzu Corporation) for compound
annotation when the GNPS libraries did not offer a match for
spectra. The peaks of each chromatogram were selected
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following the retention time (RT) indicated by the MZmine
feature list (Feature: a peak with an m/z value and area at a given
retention time). Each selected feature on the spectrum table was
compared against the Wiley 2014 and NIST 2020 databases
requesting matches with similarity >80. This procedure was
performed for each experiment group (D and M groups, and the
coculture) and the blanks. The CDF files from the HS
experiment were manually checked, and the RT for the features
were corrected using the HS-SPME feature list; then, annotation
for the compounds and area calculation was performed using the
libraries and configuration described above.
Annotation through AMDIS Software. The NIST 20

mass spectral library v.1.0.8.8 loaded with MS Search v.2.4 and
AMDIS 32 was used to corroborate the annotation features from
the GNPS and LabSolutions platforms. The parameters used
were as follows: the minimum match factor, 80; simple analysis;
component width, 8; adjacent peak subtraction, 1; resolution,
low; sensitivity, high; and shape requirements, medium.
Statistical Analysis for the GC-MS Data. The quantifica-

tion table in .csv format obtained from the HS and HS-SPME
experiments were normalized by the sum of each sample to
perform ANOVA tests in R v.4.1.3.88 Multivariate tests were
done by applying Pareto scaling: principal component analysis
(PCA) using the R FactoMineR v.2.489 and FactoExtra v.1.0.790

packages followed by partial least squares discriminant analysis
(PLS-DA) with the mixOmics package v.6.6.291 in R v.3.5.1. A
secondary analysis of PCA and PLS-DA for the HS-SPME data
was done by using only the features detected as well in the HS
experiment to fairly compare the detections for both tools.
In Vitro Activity Test of Synthetic Compounds against

M. citricolor Pseudopilei. Filter paper discs (0.5 mm
diameter) were saturated with 1, 10, and 100 μL of the terpene
mixture (Supelco, CRM40937) by duplicate. The content of the
third fraction (5.09 mg) corresponding to 1,8-dimethoxynaph-
thalene (Supporting Information: 1,8-dimethoxynaphthalene
methylation) was resuspended in 509 μL of ether. Filter discs
were saturated by triplicate with 10, 50, and 100 μL using a 100
μL syringe (Hamilton, Switzerland). The discs were air-dried
and placed in Petri dishes (6 cm diameter) along with potato−
dextrose−agar fragments containing previously grown M.
citricolor pseudopilei (each fragment contained between 20−
40 structures); the dishes were sealed using parafilm and left at
room temperature (25 °C) and observed every 8 h with a
dissecting microscope. After 24 h, three pseudopilei from each
treatment were haphazardly removed and inoculated in Petri
dishes with PDA to evaluate the germination and growth.
Negative control for 1,8-dimethoxynaphthalene consisted of
filter papers saturated with 500 μL of ether and those for the
terpene mixture with the same amount of methanol (HPLC
grade, J.T. Baker, Trinidad and Tobago); both control groups
were performed in triplicate. Photographs in Figure 5A−D were
taken using a DSLR camera (Nikon, D7100, Japan) with an 85
mm macro lens (Nikon, micro-Nikkor, Thailand), extension
tubes (Vello), and wireless flashes (Nikon, SB-R200).
Scanning Electron Microscopy (SEM). The M. citricolor

pseudopilei from the control and those with evident damage
after exposure to 1,8-dimethoxynaphthalene were prepared and
observed in the SEM (Jeol JSM-6390LV, Kyoto, Japan) at 20
kV; the magnification is specified in Figures 5E−H. For sample
preparation, M. citricolor pseudopilei (around 25 per group)
were immersed in 2.5% glutaraldehyde (0.1 M phosphate
solution) at 4 °C for 24 h. Afterward, samples were washed with
sterile water and dehydrated using sequential immersions of 20

min each in ethanol (from 30 to 95%). Finally, samples were
vacuum freeze-dried, and a gold coating was applied (1 min, 1.8
mA, 2.5 kV).
UHPLC-HRMS Sample Preparation. The lyophilized

samples were extracted following recommendations by Bertrand
et al.92 with two volumes of 10 mL of a dichloromethane/
methanol/water (64:36:8) mix (HPLC grade, Merck),
sonicated for 20 min in a water bath sonicator (Cole-Parmer)
and filtered through cotton (previously washed with hexane,
ethyl acetate, dichloromethane, and methanol all from Merck,
LC-MS grade). Extractions were dried under a vacuum using a
rotatory evaporator (Buchi, Switzerland). After being weighed,
each sample was dissolved with methanol (HPLC quality,
Sigma-Aldrich) to a 5 mg/mL concentration. To remove polar
compounds and hyphae remnants, the methanol extracts were
filtered through a solid-phase extraction cartridge (SPE) C18
(Chromabond, 100 mg, Macherey-Nagel, Germany), previously
conditioned with 2 mL of methanol, 1:1 methanol/water, and 2
mL of water. Filters with a 0.2 μm nylon membrane (Millex,
Merck, Ireland) were attached to the SPE columns, and the
system was mounted in a vacuum chamber (SUPELCO Visiprep
DL). Extracts were collected and dried under a vacuum using a
Speed-Vac system (Savant Instruments). Samples were weighed
and dissolved to 5 mg/mL in methanol (HPLC grade, Merck).
UHPLC-HRMS/MSAnalysis.Analyses were performed with

a Vanquish Duo UHPLC system (Thermo, Scientific, Germany)
coupled to an Orbitrap Exploris 120 mass spectrometer
(Thermo Scientific, Germany), employing a heated electrospray
ionization source (H-ESI) with the following parameters: spray
voltage: +3.2 kV; ion transfer tube temperature: 350.00 °C;
vaporizer temperature: 400.00 °C; S-lens RF: 45 (arb units);
sheath gas flow rate: 45.00 (arb units); and auxiliary gas flow
rate: 15.00 (arb. units). The mass analyzer was calibrated using a
mixture of caffeine, methionine−arginine−phenylalanine−
alanine−acetate (MRFA), sodium dodecyl sulfate, sodium
taurocholate, and Ultramark 1621 in an acetonitrile/meth-
anol/water solution containing 1% formic acid by direct
injection. Control of the instruments was done using Thermo
Scientific Xcalibur 3.1 software v. 4.6.67.17. Full scans were
acquired at a resolution of 60,000 fwhm (at m/z 200) and MS2
scans at 17,500 fwhm in the range of 100−1000 m/z, with 1
microscan, time (ms): 200 ms, an RF lens (%): 70; AGC target
standard. The centroid data-dependent MS2 (dd-MS2) scan
acquisition events were performed in discovery mode, triggered
by Apex detection with a trigger detection (%) of 75. The top 3
abundant precursors (charge states 1 and 2) within an isolation
window of 2 m/z were considered for MS/MS analysis.
Dynamic exclusion was set at 2 s. A mass tolerance of ±10
ppm was allowed, and the precursor intensity threshold was set
at 150 × 103. For precursor fragmentation in the HCD mode, a
normalized collision energy of 30% was used. The chromato-
graphic separation was done on a Waters BEH C18 column (50
× 2.1 mm i.d., 1.7 μm, Waters, Milford, MA) using a linear
gradient of 5−100% B over 13.50 min, followed by an isocratic
step at 100% B until 15.50 min. The mobile phases were (A)
water with 0.1% formic acid (Merck, grade HPLC-MS) and (B)
acetonitrile with 0.1% formic acid (Merck, grade HPLC-MS).
The flow rate was set to 500 μL/min, the injection volume was 2
μL, and the column was kept at 40 °C.
UHPLC-HMRMS/MS Data Processing. The raw data files

were converted to. mzML format employing MS Convert
software. The mzML files were processed with MZMine 3
software.46 For mass detection at the MS1 level, the noise level
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was set to 6.5E3. For MS2 detection, the noise level was set to
7.00. The ADAP chromatogram builder parameters were set as
follows: minimum group size in the number of scans: 5; group
intensity threshold: 7.0E5; minimum highest intensity: 1.4E6;
and scan-to-scan accuracy (m/z): 0.0010 or 5.0 ppm. The local
minimum feature resolver algorithm was used for chromatogram
deconvolution with the following parameters: MS/MS scan
pairing; check (default parameters); chromatographic thresh-
old: 85%; minimum relative height: 0%; minimum absolute
height: 7.0E5; minimum ratio of peak/edge: 4.90; peak duration
range: 0.01−0.08; and min # of data points: 4. Isotopes were
detected using the 13 °C isotope filter with an m/z tolerance of
0.0010 or 5.0 ppm, a retention time tolerance of 0.08 min
(absolute), and the maximum charge set at 2. The representative
isotope used was the most intense m/z. The files were aligned
with the Join aligner algorithm (m/z tolerance: 0.0010 or 5 ppm;
weight for m/z: 3; retention time tolerance: 0.08 min
(absolute); weight for RT: 1), and the features present in the
blanks were removed through the feature list blank subtraction
algorithm (minimum number of detection in blanks: 3 and fold
change increase: 300%). The resulting list was filtered by
retention time: 2.70−7.30; features duration range: 0.02−1.0;
and chromatographic fwhm: 0.01−1.0 with the feature list rows
filter algorithm. The resulting filtered list was subjected to ion
identity networking76 starting with the metaCorrelate module
(RT tolerance, 0.10 min; minimum height, 7.0E5; intensity
correlation threshold 7.0E5, and the correlation grouping with
the default parameters), followed by ion identity networking
(m/z tolerance, 5.0 ppm; check: one feature; minimum height:
1.0E6; annotation library [maximum charge, 2; maximum
molecules/cluster, 2; adducts ([M + H]+, [M + Na]+, [M + K]+,
[M + NH4]+, [M + 2H]2+), modifications ([M − H2O], [M −
2H2O], [M − CO2], [M + HFA], [M + ACN])]; annotation
refinement (delete small networks without major ions, yes;
delete networks without monomers, yes); add ion identities
networks (m/z tolerance, 5 ppm; minimum height, 1.0E6;
annotation refinement (minimum size, 1; delete small networks
without major ions, yes; delete small networks: link threshold, 4;
delete networks without monomers, yes); and check all ion
identities by MS/MS (m/z tolerance (MS2), 10 ppm; min-
height (in MS2), 1.0E3; check for multimers, yes; check neutral
losses (MS1 → MS2), yes) modules. The resulting aligned peak
list was exported as an .mgf file for further analysis.
Quantitative Data File Processing. The quantitative .csv

file was formatted using an in-house python script to group the
features according to the ion identity networking results. The
features were grouped according to their annotation network
number, keeping only the highest intensity between the grouped
features.
Quantitative Data Statistical Analysis. The quantitative

table in .csv format was normalized by the sum of each sample,
and Pareto scaling was applied to perform principal component
analysis (PCA) using the R FactoMineR v.2.489 and FactoExtra
v.1.0.790 packages in R v.4.1.3.88 Then, partial least squares
discriminant analysis (PLS-DA) with the mixOmics package
v.6.6.291 in R v.3.5.1 was performed.
Spectral Organization and Dereplication Process for

Molecular Networking. The quantitative and spectral files
obtained from MZmine were uploaded in the GNPS platform to
generate feature-based molecular networking. The precursor ion
mass tolerance was set to 0.02 Da with an MS/MS fragment ion
tolerance of 0.02 Da. A network was created where edges were
filtered to have a cosine score above 0.7 and more than six

matched peaks. The spectra in the network were then searched
against the GNPS’ spectral libraries. All matches between
network and library spectra were required to have a score above
0.6 and at least three matched peaks. Job link: https://gnps.ucsd.
e d u / P r o t e o S A F e / s t a t u s . j s p ? t a s k =
777a3645587a44aea28efc26d043a841
Metabolite Annotation with Sirius. The .mgf file

exported from MZmine (using the SIRIUS export module)
was processed with SIRIUS (v5.6.2).73 The parameters were set
as follows: possible ionizations: [M + H]+, [M + NH4]+, [M −
H2O + H]+, [M + K]+, [M + Na]+, and [M − 2H2O + H]+;
instrument profile: Orbitrap; mass accuracy: 5 ppm for MS1 and
7 ppm for MS2; database for molecular formulas and structures:
BIO; and maximum m/z to compute: 1000. ZODIAC was used
to improve molecular formula prediction using a threshold filter
of 0.99.93 Metabolite structure prediction was made with CSI:
FingerID,94 and significance was computed with COSMIC.95

The chemical class prediction was made with CANOPUS75

using the NPClassifier ontology.47
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