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a b s t r a c t

Green mold, caused by Penicillium digitatum, is the most destructive post-harvest disease in citrus.
Secondary metabolites produced by fungal phytopathogens have been associated with toxicity to their
respective host through the interaction with a wide range of cell targets. Natural products have also been
described as important molecules for biocontrol and competition in their respective environment. For
P. digitatum, the production of indole alkaloids, tryptoquialanines A and B, have been reported. However,
their biological role remains unknown. Mass Spectrometry Imaging (MSI) technique was applied here for
the first time to monitor the secondary metabolites produced on the orange surface during infection in
order to gain insights about the P. digitatum-citrus interaction mechanisms. Through the combination of
MSI and molecular networking it was possible to report, for the first time, the production of trypto-
quivalines and fumiquinazolines by P. digitatum and also the accumulation of tryptoquialanines on the
fruit surface from 4 to 7 d post inoculation. P. digitatum was also evaluated concerning the ability to
sinthesize indole alkaloids in vivo in the different citrus hosts. The biological role of tryptoquialanines
was investigated and tryptoquialanine A was submitted to insecticidal bioassays that revealed its high
toxicity against Aedes Aegypti, suggesting an important insecticidal action during orange decay.

© 2019 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Penicillium digitatum is the most severe postharvest pathogen of
citrus fruits and has been reported to cause the greenmold disease,
contributing to up to 90 % of the total post harvest losses in tropical
sub-climates (Ghooshkhaneh et al., 2018; Macarisin et al., 2007).
P. digitatum is able to infect citrus fruits through pores and wounds
caused by environmental factors, or during harvest process and
transport (Perez et al., 2017).

There are several factors that mediate the hostepathogen
interaction between P. digitatum and citrus fruit, including
hydrogen peroxide modulation and secretion of organic acids by
hed by Elsevier Ltd. All rights rese
the phytopathogen (Macarisin et al., 2007), resulting in pH control,
leading to an optimal pH for specific cell wall degrading enzymes,
such as polygalacturonases (PG) (Barmore and Brown,1981; Prusky
et al., 2004; Zhang et al., 2013). Nevertheless, secondary metabo-
lites directly associated with the infection process in situ have not
been identified so far (Zhu et al., 2017).

Ariza et al. (2002) reported indole alkaloids, such as trypto-
quialanines A and B, as secondarymetabolites of P. digitatum, which
are biosynthesized on citrus fruits during infection. The authors
also reported that the fungal infection on natural substrates
induced the production of citrus monoterpenes together with
fungal volatiles, such as sesquiterpenes. However, molecular
studies conduced by Zhu et al. (2017) indicated that tryptoquiala-
nines are not related to P. digitatum's pathogenicity in citrus fruits.
The deletion of tqaA gene (nonribossomal peptide synthetase) did
not affect the virulence of the gene knockout mutant when
rved.
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compared to the wild type strain, so the exact biological role of
tryptoquialanines is still unknown (Zhu et al., 2017).

The studies concerning this pathogen-host system mainly focus
on the fruit response to the pathogen or on the fungicide resis-
tance (Lop�ez-Per�ez et al., 2015), so the pathogenicity mechanisms
and infection process are still unclear (Zhu et al., 2017). Therefore,
it become necessary to seek a better understanding of these
mechanisms in different citrus fruits, in order to discover sec-
ondary metabolites potentially associated with the citrus infection.
Understanding the infection process and the fungus strategies is
an important step to develop ways to protect citrus from
P. digitatum infections leading to a more productive citriculture
worldwide.

In this context, Mass Spectrometry Imaging (MSI) is a powerful
and useful tool to describe the functional roles of secondary me-
tabolites in a biological context, based on their relative abundances
of m/z and spatial distribution (Lei et al., 2011). Through MSI it is
possible to investigate and identify secondary metabolites involved
at different stages of a phytopathogen infection. Here we explored
different P. digitatum infection stages by Mass Spectrometry Im-
aging combined with Molecular Networking using GNPS approach,
to profile the secondary metabolite production of P. digitatum
during infection process. The biological role of indole alkaloids
during this process is also discussed.
2. Materials and methods

2.1. Fungal culture

The P. digitatum strain used in the studies is deposited with the
Spanish Type Culture Collection (CECT) under the accession code
CECT20796. P. digitatum was maintained on commercial potato
dextrose agar (PDA) (Acumedia). PDA was autoclaved at 103 KPa
(121 �C) for 15 min. PDA plates were stored at 25 �C for 7 d in
darkness. Spores were harvested by washing the agar surface with
sterile distilled water and subsequently diluted to a final concen-
tration of 106 spore mL�1.
2.2. Mass spectrometry imaging (MSI)

MSI analysis were performed directly on the orange (Citrus
sinensis) peel surface infected with P. digitatum using a Prosolia
DESI source Modelo Omni Spray 2D®-3201) coupled to a Thermo
Scientific QExactive® Hybrid Quadrupole-Orbitrap Mass Spec-
trometer. The DESI configuration used was the same set by
Angolini et al. (2015) with small modifications. The methanol
flow rate was set at (10.0 mL min�1). MS data was processed with
Xcalibur software (version 3.0.63) developed by Thermo Fisher
Scientific. The DESI-MSI data was converted into image files
using Firefly data conversion software (version 2.1.05) and
viewed using BioMap software (version 3.8.0.4) developed by
Novartis Institutes for BioMedical Research. In BioMap, color
scaling was adjusted to a fixed value for comparison between
the samples.
2.3. Large scale experiment for isolation of compounds 1, 3 and 7

Large scale cultivationwas performed by cultivating P. digitatum
in 12 L of PD (Potato-Dextrose) liquid media in sterile 1 L Erlen-
meyer and stored at 25 �C for 10 d in darkness. After incubation,
culture broth was extracted twice with equal volumes of ethyl ac-
etate 100 % (1:1 v/v) and vacuum filtered. Solvent was removed
under reduced pressure and the final extract stored at �20 �C.
2.4. Isolation of secondary metabolites 1, 3 and 7

High performance liquid chromatography (HPLC) separations
for 1, 3 and 7were performed on a Phenomenex column Luna 5 mm
Phenyl-Hexyl (250� 4.6mm) using a SHIMADZUprominence HPLC
LC-20AT, equipped with CBM-20A communication bus module,
SPD-M20A photodiode array detector and SIL-20A auto sampler.
The mobile phase was water (A) and acetonitrile with 0.1 % (v/v) of
formic acid (B). Flow rate was 1.0 mLmin�1. The eluent profile (A:B)
was: 0e50 min, gradient from 65:35 to 50:50; 50e70min, gradient
from 50:50 to 40:60. Preparative HPLC purifications for 1, 3 and 7
were performed on a Phenomenex column Luna 5 mmPhenyl-Hexyl
(250 � 10 mm) using a Waters 1525 Binary HPLC Pump equipped
with Waters 2998 Photodiode Array Detector and Waters Fraction
Collector III using the same optimized gradient conditions with a
flow rate set at 4.7 mL min�1.

2.5. Characterization of secondary metabolites 1, 3 and 7

1H NMR, 13C NMR and 2D experiments were acquired in a
Bruker Avance III 500 (1H 500.13 MHz and 13C 125.7 MHz).
Deuterated chloroform (CDCl3; 7.23 ppm), dimethyl dulfoxide
(DMSO; 2.50 ppm and 39.51 ppm) and tetramethylsilane (TMS;
0.0 ppm) were used as a solvent and internal reference. Chemical
shifts (d) were expressed in (ppm) and the coupling constants (J) in
Hertz (Hz).

2.6. In vivo and in vitro assays

For in vivo assays, mature oranges (Citrus sinensis), sicilian
lemons (Citrus limon) and tangerine (Citrus reticulata) obtained
from a local grocery store (Campinas, SP, Brazil) were surface-
sterilized with 2 % (v/v) sodium hypochlorite solution
(Panebianco et al., 2014), rinsedwith distilledwater and air-dried at
room temperature. The fruits were wounded at the equatorial re-
gion (1 cm wide x 1 cm deep) and 15 mL of P. digitatum spore so-
lution was inoculated in the wound site. Infected and control fruits
were stored in sterile 500 mL beakers. For in vitro assays, 15 mL of
spore solution were inoculated in 100 mL of sterile orange juice or
in 20 mL of PDA. All assays were done in duplicate and stored at
25 �C for 7 d in darkness. After incubation time, the fruits peel were
cut (2 cm � 2 cm) and the extractions of the secondary metabolites
produced in the fruits were made with 5 mL ethyl acetate 100 %
during 1 h in ultrasonic bath. Orange juice and PDA were extracted
twice with equal volumes of ethyl acetate 100 % (1:1 v/v) during 1 h
in ultrasonic bath. All the extracts were filtered, dried under N2 and
stored at �20 �C.

2.7. MS/MS analysis

Crude extracts were resuspended in MeOH HPLC and centri-
fuged at 13,000 rpm for 5 min. The samples were analyzed using a
LC Agilent 1200 mass spectrometer coupled with Agilent iFunnel
6550 Q-ToF LC-MS. The electrospray ionization source operated in
positive mode ESI (þ), following operating conditions: nebulizing
gas temperature: 290 �C; capillary voltage: þ3500 V; nozzle
voltage: 320 V; drying gas flow: 12 mL min�1; nebulization gas
pressure: 50 psi; auxiliary gas temperature: 350 �C and flow of
auxiliary gas: 12 mL min�1. The analyzer time of flight (ToF) oper-
ated in the range m/z 50e1500. Collision Energy formula (auto MS/
MS mode): 4 V (slope)*(m/z)/100 þ 5 V (offset). Maximum 5 pre-
cursors per cycle were selected. 2 mL of sample were injected. Sta-
tionary phase: Thermo Scientific column Accucore C18 2.6 mm,
2.1mm� 100mm. Themobile phasewas water (A) and acetonitrile
with 0.1 % (v/v) of formic acid (B). Flow rate was 0.2 mL min�1. The
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eluent profile (A:B) was: 0e10 min, gradient from 95:5 to 2:98;
10e15 min, isocratic elution with 2:98; 15e16.2 min, gradient from
2:98 to 95:5; 16.2e20 min, isocratic elution with 95:5. The spectra
were processed with Agilent Mass Hunter Workstation Software.

2.8. Molecular MS/MS network

Amolecular network for P. digitatum cultivated in sicilian lemon,
tangerine, orange, orange juice and PDA was created using the
online workflow at GNPS (http://gnps.ucsd.edu). The data was
filtered by removing all MS/MS peaks within ±17 Da of the pre-
cursor m/z. MS/MS spectra were window filtered by choosing only
the top 6 peaks in the ± 50 Da window throughout the spectrum.
The data was then clustered with MS-Cluster with a parent mass
tolerance of 0.2 Da and a MS/MS fragment ion tolerance of 0.1 Da to
create consensus spectra. Further, consensus spectra that contained
less than 2 spectra were discarded. A network was then created
where edges were filtered to have a cosine score above 0.7 and
more than 6 matched peaks. Further edges between two nodes
were kept in the network only if each of the nodes appeared in each
other's respective top 10 most similar nodes. The spectra in the
network were then searched against GNPS0 spectral libraries. The
library spectra were filtered in the same manner as the input data.
All matches kept between network spectra and library spectrawere
required to have a score above 0.7 and at least 6 matched peaks.

2.9. Evaluation of insecticidal activity of tryptoquialanine A

Larvae for all experiments were 2nd instars and kept under
controlled temperature conditions (T ¼ 27 ± 1 �C), relative hu-
midity (RH ¼ 70 ± 5 %) and photoperiod of 12 h. The bioassay was
performed following the criteria established by Dulmage et al.
(1990), with some modifications. Ten Ae. aegypti larvae were
placed in individual wells of a 6-well cell culture dish containing
10 mL water, 100 mL of liquid feed and the application of extract to
the concentration of 250 mg/mL was added to the larval water; the
negative control receiving only 1 % DMSO (Dimethylsulfoxide) at
the same concentrations, whose mortality did not exceed 10 %.
Survival was monitored for four days checking for the number of
live and dead larvae of each well. Three independent biological
replicates (with three technical replicates each) where performed
for each experiment.

3. Results and discussion

3.1. MSI analysis of green mold on orange fruits surface

MSI has become an important tool for mycologists since it is able
to image thousands of molecules, including metabolites, proteins,
lipids and peptides, providing a visualization of the spatial distri-
bution of secondary metabolites on fungal cultures (Sica et al.,
2014; Buchberger et al., 2018). A few P. digitatum secondary me-
tabolites are described, however, their biological roles in infection
have not yet been fully unveiled (Zhu et al., 2017) as the pathoge-
nicity mechanisms and host specificity (Marcet-Houben et al.,
2012). MSI technique was applied here for the first time to inves-
tigate the metabolites produced by P. digitatum on citrus fruits
surface during infection process and how they are distributed on
the infected fruits, giving initial insights into the role of secondary
metabolites in the infection mechanisms of P. digitatum in the host.

DESI-MSI was applied on oranges infected with P. digitatum at
different stages of the infection process (from 4 to 7 dpi) and an
orange control (Fig. 1). It was possible to detect, in all infection
stages, the tryptoquialanines A and B and their biosynthetic in-
termediates. Fig. 1 shows the MSI signals obtained for ions [MþH]þ
at m/z 519.1870, m/z 505.1712, m/z 475.1612, m/z 460.1976 and m/z
459.1664 which correspond respectively to tryptoquialanine A (1)
(C27H26N4O7), tryptoquialanine B (2) (C26H24N4O7), which are
already described to be produced by P. digitatum (Ariza et al., 2002),
tryptoquialanone (4) (C25H22N4O6), 15-dimethyl-2-epi-fumiquina-
zoline A (5) (C25H25N5O4), and deoxytryptoquialanone (6)
(C25H22N4O5) that are intermediates of the tryptoquialanine
biosynthetic pathway. Tryptoquialanines biosynthesis pathway
was well unveiled for Penicillium aethiopicum by Gao et al. (2011)
and intermediates 4, 5 and 6 were also detected for P. digitatum
through MSI analysis, since tryptoquialanine biosynthetic gene
clusters of both fungi show high similarity (Zhu et al., 2017) as show
in Supplementary Fig. S13. All structures (Fig. 2) have been
confirmed through exact masses and typical fragmentation pattern
of tryptoquialanine-like alkaloids. In MS/MS analysis, main typical
fragments were observed at [MþH]þm/z 156.07,m/z 197.10 andm/z
213.10.

In Fig. 1 it is observed that the alkaloids signals are only present
on the infected surface, indicating that these compounds are pro-
duced during the mycelial growth of P. digitatum. It is also noticed
an accumulation of the metabolites on the fruit surface: the in-
tensity of the signals increases in relation to the time of infection,
especially at 6 dpi, where there is higher concentration level of
these alkaloids in comparison to the previous stages of infection.
Zhu et al. (2017) confirmed through RNA-seq analysis that the
expression of the tryptoquialanine biosynthetic genes occurs since
the first day after inoculation and are in highest level after three
days, indicating a potential biological role of these compounds.
Fig. 1 also shows that the ion m/z 460.1973 relative to the inter-
mediate 5 presents a different spatial distribution compared to the
other analyzed alkaloids being mainly found in the peripheral zone
(white areas). It suggests that 5 is one of the initial intermediates in
the biosynthetic route of tryptoquialanine A (Gao et al., 2011), and
is in higher concentration in the youngest fungal cells.

The detection of the known tryptoquialanines A and B through
MSI shows that this technique can be used for searching new
secondary metabolites. MSI analysis also revealed ions ([MþHþ]m/
z 433.1502 and m/z 503.1920) never before reported from
P. digitatum. These compounds were isolated and investigated by
NMR spectroscopy, since they are not part of the described tryp-
toquialanine biosynthetic pathway.

3.2. Isolation and characterization of secondary metabolites 1, 3
and 7

Secondary metabolites are small organic molecules produced by
various microorganisms and some of them have been shown to
contribute to the pathogenicity of several pathogenic fungi (Scharf
et al., 2014). The discovery of new secondary metabolites produced
by P. digitatum and the understanding of their biological role pro-
vide more information about the infection process and how this
fungus may survive the defense mechanisms of fruit. P. digitatum
extract was obtained from a scaled up experiment and metabolites
of interest were isolated by preparative HPLC. Compounds 3 (m/z
503.1920) and 7 (m/z 433.1503) were detected first by our MSI
technique and were isolated for structural characterization.

Compound 3, previously isolated by Gao et al. (2011), is not part
of the normal biosynthetic pathway of tryptoquialanine A, since it
is a final product formed after the deletion of the TaqE enzyme
responsible for catalyzing a N-hydroxylation and is not yet
described as a natural product. Gao et al. (2011) suggested that the
remaining tailoring steps in the tqa pathway can function in the
absence of N-hydroxylation, leading to 3. So, the detection of 3 in
the wild-type P. digitatum through MSI analysis warranted more
investigation. Compound 3, named as Tryptoquialanine C, was



Fig. 1. (þ) DESI-MSI showing different spacial distributions of molecules over orange peel infected with Penicillium digitatum after 4, 5, 6 and 7 d post inoculation (dpi). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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isolated from P. digitatum extract and its structure was confirmed
by NMR spectroscopy, confirming that it was a new secondary
metabolite produced by P. digitatum. Supplementary Table S1
shows NMR data obtained for 3. The NMR signals for 3 are
similar to those for 1 (Ariza et al., 2002), with exception of the
presence of an NH signal at 3.05 ppm and the absence of an NOH
signal (dH 7.95) (Supplementary Fig. S12). 1H NMR spectrum
Fig. 2. Structures of 1e6 detected through MSI analysis an
presented three singlets and one doublet of methyl groups, one
methylene group, three methine groups at dH 5.30 (H-2), 5.40 (H-
12) and 6.25 (H-27), and signals corresponding to nine aromatic
protons between dH 7.30 and 8.40. Signals characteristic of an imine
at dc 153.2 (C-26) and of one amide group at dc 161.7 (C-18) sug-
gested that the other aromatic ring was derived from a part bound
to a quinazoline structure. The bonds between the quinazoline
d of 7e10 identified through GNPS MS/MS database.
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structure and the rest of the molecule structure can inferred by
HMBC correlations from dc 153.2 (C-26) to dH 6.25 (H-27) and from
dc 161.7 (C-18) to dH 5.40 (H-12). Long-range HMBC correlations
were also observed from dc 133.9 (C-4) to dH 3.05 (NeH) and from a
lactone carbonyl group at dc 162.5 (C-11) to the singlet at dH 5.30 (H-
2) (Ariza et al., 2002), allowing elucidation of 3.

Through 1H and 13C NMR data (Supplementary Table S2) for 7, it
was possible to conclude that compound 7 is tryptoquivaline L,
alkaloid first isolated from Aspergillus fumigatus and well charac-
terized in the literature (Yamazaki et al., 1979) (Supplementary
Fig. S16 ans S17). Tryptoquivaline L has never have been reported,
until now, as a P. digitatum metabolite in the literature.

Compound 1 was also isolated and its structure was confirmed
through 1H and 13CNMRdata (Supplementary Figs. S19 and S20). The
NMR signals obtained for 1were in agreement with the data already
reported in the literature for this compound (Ariza et al., 2002).
3.3. Evaluation of insecticidal activity of tryptoquialanine A

Zhu et al. (2017) evaluated the involvement of tryptoquialanines
produced P. digitatum in the citrus infection process. The authors
deleted the tqaA gene (Non-ribosomal peptide synthetase)
responsible for tryptoquialanine A production. Phenotype assays
suggested no significant variation between the non-TQA mutant
and the wild-type strain in fungal growth, concluding that tryp-
toquialanine Awas not involved in the pathogenicity of P. digitatum
and does not act as a virulence factor, implying a different biological
role for the indole alkaloids (Zhu et al., 2017).

Based on structure similarity, tryptoquialanine A (1) is consid-
ered a tremorgenic mycotoxin (Ariza et al., 2002) acting on the
central nervous system of vertebrate animals, causing symptoms
such as decreased activity and immobility (Gao et al., 2011). Since 1
is not related to the P. digitatum pathogenicity, Zhu et al. (2017)
suggests that it may have an insecticidal biological function
within its micro ecosystem.

Compound 1 was isolated and applied in insecticidal assays to
evaluate the hypothesis suggested by Zhu et al. (2017). In 24 h after
the exposure to 1, the mortality rate of Ae. Aegypti larvae was 37 %.
The larvae mortality gradually increased during the days and
reached 81 % on the fourth day (Fig. 3). This result indicates a very
pronounced insecticidal activity of 1 and suggests that 1 may be
important as a biocontrol against insects during orange decay.
3.4. Comparing alkaloids in different citrus: molecular network

Although DESI-MSI is a great tool to discover new secondary
metabolites involved in biological interactions, the technique is
Fig. 3. Mean and standard deviation of the mortality rate of Aedes aegypti larvae for
96 h. The differences between Tryptoquialanine A treated samples and PBS control
samples were evaluated by unpaired t test (**, p < 0.05, ***p < 0.05, ****p < 0.0001),
which had significant effects on mortality.
limited to the analysis of the fruits surface, so that internal me-
tabolites remain undetected (Sica et al., 2014). Other complemen-
tary approaches are needed to further characterize the metabolic
profile during infection. Therefore, molecular networking was used
here, as a complement to DESI-IMS, to annotate secondary me-
tabolites produced during P. digitatum's infection.

Another alternative to identify unknown compounds, involves
metabolite fragmentation patterns acquired through tandem MS
analysis, that can be matched to those presented in databases such
as GNPS, PubChem and others useful databases for dereplication
(Covington et al., 2017; Smith et al., 2005). Nowadays, the largest
natural product public database with MS/MS spectra is GNPS:
Global Natural Products Social Molecular Networking, containing
more than 140.000 natural products (Covington et al., 2017;
Gaudêncio and Pereira, 2015).

In this paper, we further investigated the metabolic profile of
P. digitatum during infection in different citrus hosts. As mentioned
before, this fungus is considered a major pathogen of citrus fruit
(Ghooshkhaneh et al., 2018). The metabolic profiles of P. digitatum
in distinct citrus fruits (sicilian lemon, tangerine and orange), or-
ange juice and PDA were analyzed in the GNPS database through
tandem MS (MS/MS) aimed at finding new metabolites.

After generating the molecular networks, the node connectivity
was visualized (Supplementary Fig. S22). Each node represents one
MS/MS spectrum and is labeled with the parent (precursor) mass.
Since fragmentation spectra generally reflect the chemical struc-
tures of the fragmented ions, it becomes possible to represent the
produced metabolites in clusters of similar structures through the
GNPS platform (Nguyen et al., 2013) (as observed in Fig. 4). For
P. digitatum extracts the network contained 31 different clusters.

The visualization of cluster B showed that the ions [MþH]þ m/z
519.1871 and 505.1712, clustered together in themolecular network
(Fig. 4), are tryptoquialanine A 1 and tryptoquialanine B 2 respec-
tively, major secondary metabolites for P. digitatum (Ariza et al.,
2002), and observed in all growth media. Interestingly, 1 and 2
were observed in vivo in all citrus fruits, suggesting an important
biological role, which was confirmed here through the insecticidal
biossays.

The tryptoquialanine intermediates detected by MSI analysis
were also observed in P. digitatum extracts. 5 (m/z 460.1976) is one
of the precursors of tryptoquialanine pathway and was observed in
orange and PDA media. Similarly, 6 (m/z 459.1664) and 3 (m/z
503.1920) were also observed, being the last one found in all
growth media and 6 was only produced in sicilian lemon and PDA
media. Finally, 4 (m/z 475.1612), another intermediate involved in
the tryptoquialanine biosynthesis, was only detected in PDA under
the cultivation conditions tested.

In addition, cluster A presented some well-known compounds
in the GNPS database bolded by red (Fig. 4). These compounds were
identified as tryptoquivaline L (7), tryptoquivaline Q (8), fumiqui-
nazoline A (9) and fumiquinazoline C (10), with exact mass of
[MþH]þ m/z 433.1503, [M-H2OþH]þ m/z 417.1555 [M-H2OþH]þ m/z
428.1717 and [MþH]þ m/z 444.1665, respectively. All structures are
represented in Fig. 2 and are secondary metabolites for the first
time described in P. digitatum further confirming molecular
networking as a great tool for natural products discovery.

Tryptoquivaline L (7) was detected in PDA media by GNPS in
agreement with the MSI analyses. Both techniques were able to
identify 7 as a secondary metabolite produced by P. digitatum, and
these results were confirmed by the isolation and structure eluci-
dation of 7. Tryptoquivaline L has been previously reported for the
fungus A. fumigatus (Yamazaki et al., 1978, 1979), and Neosartorya
siamenisis KUFC 6349 (Buttachon et al., 2012). This compound was
also isolated from marine sponge associated fungus Neosartorya
paulistensis KUFC 7897 (Gomes et al., 2014) and the marine-derived



Fig. 4. Zoom in of MS/MS network analysis (Supplementary Fig. S22) of PDA, Orange, Sicilian Lemon, Orange juice and Tangerine extracts from P. digitatum. Colors indicated in the
key correspond to the different growth media source. Nodes bolded by black lines represents the compounds observed in the MSI analysis and nodes bolded by red represents GNPS
hits. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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fungus Neosartorya laciniosa KUFC 7896 (Eamvijarn et al., 2013), as
well as Neosartorya takakii KUFC 7898 (Zin et al., 2015). Trypto-
quivaline Q (8) has been previously isolated from a marine-derived
fungus Neosartorya sp. HN-M-3 (Sun et al., 2012). Regarding the
fumiquinazolines A (9) and C (10), Numata et al., (1992) isolated
both molecules from the mycelium of A. fumigatus. These com-
pounds exhibited moderate cytotoxicity against the cultured P-388
lymphocytic leukemia cells (Numata et al., 1992). Fumiquinazolines
and tryptoquialanines present similar enzymes in their biosyn-
thetic pathway and also have Fumiquinazoline F as an intermediate
in common (Gao et al., 2011; Ames et al., 2011). Sequence analysis
of TqaA enzyme from P. aethiopicum tryptoquialanine pathway
revealed high homology with Af12080 enzyme from A. fumigatus
fumiquinazoline pathway. TqAa enzyme, in the tryptoquialanine
pathway, catalyzes the biosynthesis of the Fumiquinazoline F, in-
termediate that can be used in both pathways (Gao et al., 2011).
Therefore, is not surprising to detect fumiquinazolines in
P. digitatum's extract whenwe analyze both biosynthetic pathways.
Until now, 8, 9 and 10 have never been reported as P. digitatum
secondary metabolites.

GNPSmolecular networking allowed consistent identification of
metabolites present not only on the surface of the fruit but also in
the different P. digitatum extracts. The detection of ions through
MSI and GNPS analyses confirm the production of known and new
indole alkaloids in the mycelium of P. digitatum.

4. Conclusions

Despite great economic interest related to P. digitatum, studies
concerning this pathogen-host system have mainly focused on
treatments against infection symptoms. The specificity concerning
the host as well as the biological roles of secondary metabolites
involved in the pathogen-host interaction remain largely unknown.
In this context, MSI has emerged as a powerful tool to gain more
insights concerning the natural products produced in P. digitatum
infection that may have an important biological role. The MSI
analysis enabled monitoring and understanding the indole alkaloid
production by P. digitatum during infection process in citrus.
Complementarily to MSI, GNPS molecular networking allowed the
study of the metabolic profile produced by P. digitatum in different
citrus hosts, confirming the production of known and new alkaloids
in the mycelium of P. digitatum. Therefore, MSI and Molecular
Networking taken together, provide a solid insight into different
nature interactions and pathogen infection process. Through these
complementary approaches it was possible to provide the first in-
sights about the indole alkaloids involved in the P. digitatum-citrus
interaction and initial thoughts of the possible biological role
associated to them. In addition, the knowledge concerning the
potential biological role of tryptoquialanines can serve as a target to
the development of new biological insecticides to be potentially
used in agriculture. In conclusion, the secondary metabolism of
P. digitatum and the roles of natural products in the infection are
still an open field for new research opportunities.

Acknowledgements

This study was financed in part by the Coordenaç~ao de Aper-
feiçoamento de Pessoal de Nível Superior - Brasil (CAPES) - Finance
Code 001, Fundaç~ao de Amparo a Pesquisa no Estado de S~ao Paulo
[grant number FAPESP 2017/24462-4 and 2018/03670-0] and Pr�o-
Reitoria de Pesquisa Unicamp (PRP/FAEPEX). MCFP is recipient of a
PhD Fellowship from CAPES (grant number 8887.137194/2017-00).
JASN is recipient of a FAPESP Young Investigator Award (grant
number 2013/11343-6).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.funbio.2019.03.002.

References

Ames, B.D., Haynes, S.W., Gao, X., Evans, B.S., Kelleher, N.L., Tang, Y., Walsh, C.T.,
2011. Complexity generation in fungal peptidyl alkaloid biosynthesis: oxidation
of fumiquinazoline a to the heptacyclic hemiaminal fumiquinazoline C by the
flavoenzyme Af12070 from Aspergillus fumigatus. Biochemistry 50 (4), 8756-
8787-69. http://doi.org/10.1021/bi201302w.

Angolini, C.F.F., Vendramini, P.H., Araújo, F.D.S., Araújo, W.L., Augusti, R.,
Eberlin, M.N., De Oliveira, L.G., 2015. Direct protocol for ambient mass



J.H. Costa et al. / Fungal Biology 123 (2019) 594e600600
spectrometry imaging on agar culture. Anal. Chem. 87, 6925e6930. https://doi.
org/10.1021/acs.analchem.5b01538.

Ariza, M.R., Larsen, T.O., Petersen, B.O., Duus, J.Ø., Barrero, A.F., 2002. Penicillium
digitatum metabolites on synthetic media and citrus fruits. J. Agric. Food Chem.
50, 6361e6365. https://doi.org/10.1021/jf020398d.

Barmore, C.R., Brown, G.E., 1981. Polygalacturonase from citrus fruit infected with
Penicillium italicum. Phytopathology 71, 328e331.

Buchberger, A.R., DeLaney, K., Johnson, K., Li, L., 2018. Mass spectrometry imaging: a
review of emerging advancements and future insights. Anal. Chem. 90,
240e265. http://doi.org/10.1021/acs.analchem.7b04733.

Buttachon, S., Chandrapatya, A., Manoch, L., Silva, A., Gales, L., Bruy�ere, C., Kijjoa, A.,
2012. Sartorymensin, a new indole alkaloid, and new analogues of tryptoqui-
valine and fiscalins produced by Neosartorya siamensis (KUFC 6349). Tetrahe-
dron 68, 3253e3262.

Covington, B.C., McLean, J.A., Bachmann, B.O., 2017. Comparative mass
spectrometry-based metabolomics strategies for the investigation of microbial
secondary metabolites. Nat. Prod. Rep. 34, 6e24. https://doi.org/10.1039/
C6NP00048G.

Dulmage, H.T., Yousten, A.A., Singer, S., Lacey, L.A., 1990. Guidelines for Production
of Bacillus Thuringiensis H-14 and Bacillus Sphaericus. UNDP/World Bank/WHO,
Steering Committee to Biological Control of Vetores, Geneva, p. 59.

Eamvijarn, A., Gomes, N.M., Dethoup, T., Buaruang, J., Manoch, L., Silva, A., Pedro, M.,
Marini, I., Roussis, V., Kijjoa, A., 2013. Bioactive meroditerpenes and indole al-
kaloids from the soil fungus Neosartorya fischeri (KUFC 6344), and the marine-
derived fungi Neosartorya laciniosa (KUFC 7896) and Neosartorya tsunodae
(KUFC 9213). Tetrahedron 69, 8583e8591.

Gao, X., Chooi, Y.H., Ames, B.D., Wang, P., Walsh, C.T., Tang, Y., 2011. Fungal indole
alkaloid biosynthesis: genetic and biochemical investigation of the trypto-
quialanine pathway in Penicillium aethiopicum. J. Am. Chem. Soc. 133 (8),
2729e2741. https://doi.org/10.1021/ja1101085.
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