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source of primary and secondary metabolites with several 
biological applications in medical, agricultural, industrial, 
and environmental areas. As such, it shows the considerable 
socio-economic value (Lange, 2010; Darwish, 2019). Inter-
estingly, one of the remarkable fungi features is their ability 
to adapt to different environments by releasing extracellular 
enzymes that can degrade complex organic compounds into 
simple molecules that can be readily assimilated during fun-
gal development (Gow & Gadd, 2007; Maggi et al., 2013; 
Selbmann et al., 2013). Moreover, light quality and quantity 
are the key factors affecting spore germination, growth, and 
reproduction in fungi. For example, due to light intensity 
varying according to season and geographical site, the eval-
uation and understanding of its effects on fungi development 
mechanisms is crucial. Despite that, fungi’s biochemical 
and metabolic responses toward different light-intensity 
exposure are still not fully understood (Yu & Fischer, 2019).

The Lasiodiplodia genus (Ascomycota, Botryosphaeria-
ceae) are well-known pathogens of economically important 

1  Introduction

Including approximately 3.8  million species, fungi are 
among the most abundant and diverse microorganisms 
worldwide. However, only about 120.000 species have been 
identified (Hawksworth & Lücking, 2017; Góes-Neto et 
al., 2020). Hence, such biodiversity represents an essential 
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Abstract
Introduction  The present work identified and compared intracellular metabolites and metabolic networks in mycelial cul-
tures of Lasiodiplodia theobromae grown under 12 natural light and 24 hours’ dark using a 1 H NMR-based metabolomics 
approach.
Materials and methods   Fungal cultures were grown in potato dextrose media, and metabolites were extracted by sonication 
with sodium phosphate-buffered saline (pH = 6.0, 10% D2O, 0.1 mM TSP) from mycelium samples collected every week 
over four weeks.
Results  Multivariate analyses revealed that the light exposure group showed a positive correlation within beta-hydroxy-
butyrate, acetoacetate, acetone, betaine, choline, glycerol, and phosphocholine. On the other hand, phenyl acetate, leucine, 
isoleucine, valine, and tyrosine were positively correlated with dark conditions. Light favored the oxidative degradation of 
valine, leucine, and isoleucine, leading to the accumulation of choline, phosphocholine, betaine, and ketone bodies (keto-
genesis). Ketogenesis, gluconeogenesis, and the biosynthesis of choline, phosphocholine, and betaine, were considered dis-
criminatory routes for light conditions. The light-sensing pathways were interlinked with fungal development, as verified by 
the increased production of mycelia biomass without fruiting bodies and stress signaling, as demonstrated by the increased 
production of pigments.
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subtropical and tropical crops, known as eliciting agents of 
black-soot disease. Species of fungus can also endophyti-
cally colonize plants and, eventually, produce pycnidia. 
(Pereira & Ribeiro, 2006; Vijay et al., 2021). Lasiodiplo-
dia theobromae (Pat.) Griffon and Maubl., a common phy-
topathogen with a broad host range, is an excellent model 
for studying different growth stages’ underlying biology and 
biochemistry in response to light. These microorganisms 
are easy to isolate as they present quick and simple devel-
opment during in vitro culture (Chen et al., 2013; Zhang 
et al., 2014; Moubasher et al., 2022). Therefore, the pres-
ent study applied an NMR-based metabolomics approach 
to identify the changes in fungal metabolic pathways in 
response to light exposure and its variations. This technique 
offers many advantages over other analytical procedures, 
including quantifying the most abundant compounds in cell 
extracts with easy sample preparation (Markley et al., 2017; 
Nagarajan et al., 2022; Porto et al., 2023). This way, this 
study aimed to compare the intracellular metabolites and 
metabolic networks in mycelia cultures of L. theobromae 
incubated under different photoperiod conditions (light and 
dark). Additionally, the present study is a novel manuscript 
to focus on L. theobromae metabolome responses to light 
exposure variations.

2  Materials and methods

2.1  Culture of L. theobromae

Entophytic L. theobromae was isolated from the fruits of 
Schinus terebinthifolius Raddi, commonly known as the 
Brazilian pepper tree or aroeira-da-praia (Carlini et al., 
2010). The freshly harvested fruits were surface sterilized, 
cut into small fragments and then, deposited in Petri dishes 
containing potato-dextrose-agar (PDA). After that, the cul-
ture was kept at room temperature for a 12 h photoperiod 
until fungal outgrowth was observed. Hyphal tips originat-
ing from fruit fragments were transferred to a new PDA 
medium and maintained at room temperature, under the 
same conditions described above, for 30 days. The fungal 
species were identified by molecular biology assays, and the 
absence of fruiting bodies was confirmed by examination of 
cultures under the light microscope.

The fungal culture was prepared by adding 30 mL of ster-
ilized ultrapure water to a 7-day-old L. theobromae colony 
and transferring 50 µL aliquots of the hyphal suspension 
into 64 glass tubes containing 100 mL of potato-dextrose 
(PD) medium. The culture was incubated at room tem-
perature on an orbital shaker at 160  rpm. The tubes were 
split into two equal groups (n = 32), with one group kept 
under dark conditions and the other submitted to a 12  h 

photoperiod of natural light. Biomasses of eight replicates 
from each treatment (dark and 12 h photoperiod) were har-
vested by filtration at the end of the first, second, third, and 
fourth week of growth, corresponding to different develop-
mental stages of the mycelia. The corresponding mycelial 
masses were washed with sterilized ultrapure water, frozen 
in liquid nitrogen, pulverized in a ceramic mortar and pestle, 
lyophilized, weighed, and stored at 80 °C until required for 
analysis. The dry mycelium biomass produced each week 
and under different culture conditions were calculated from 
the mean masses determined in eight replicate tubes.

2.2  Extraction of metabolites and sample 
preparation

The intracellular metabolites found in lyophilized mycelia 
were extracted by adding 800 µL of phosphate-buffered 
saline (PBS; pH 6.0) containing 10% deuterium dioxide 
(D2O; 99% purity; Cambridge Isotope Laboratories, Tewks-
bury, MA, USA) and 0.1 mM sodium 3-(trimethylsilyl) pro-
pionate (TSP; Cambridge Isotope Laboratories) to 20 mg of 
fungal biomass and sonicated for 20 min. Cell debris was 
removed by centrifugation at 14,000  rpm (Hettich zentri-
fugen, ROTANTA 460R) for 30 min at 4 °C. The superna-
tant was transferred to a new tube and submitted to further 
centrifugation under the abovementioned conditions. An 
aliquot of the final extract was transferred to a 5 mm NMR 
tube. To identify the intracellular metabolites produced by 
mycelia over the four weeks under each culture condition, 
qualitative control (QC) samples were prepared. The 20 µL 
aliquots of each of the 32 methanolic extracts obtained from 
dark-grown cultures were compared with the 20 µL aliquots 
of each of the 32 extracts obtained from cultures maintained 
under the lighting photoperiod.

2.3  NMR spectroscopy

Hydrogen NMR analyses were performed in a Bruker 
UltraShield 400  MHz spectrometer (Billerica, MA, USA) 
equipped with a multinuclear 5 mm PABBO probe at 300 K. 
One-dimensional 1  H-NMR spectra were recorded using 
the noesygppr1d pulse sequence with suppression of the 
water resonance by pre-saturation. For each sample, 128 
transients were collected into 64 K data points with a 90° 
pulse angle, 19.0 s relaxation delay, 0.05 s mixing time, and 
5.11 s acquisition time. Spectra were Fourier transformed, 
with automatic correction of phase and baseline, using 
Bruker TopSpin™ NMR data processing software ver-
sion 3.5. Chemical shifts (δ) were corrected with reference 
to the TSP signal (0.00 ppm) and expressed in ppm. The 
identities of metabolite peaks and the assignments of sig-
nals were confirmed by comparison of one-dimensional and 
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two-dimensional J-resolved spectral details of QC samples 
with data available in the Human Metabolome Database 
(www.hmdb.ca).

2.4  Statistical analysis and chemometrics1q

The dry masses (g) of mycelia harvested at each growth 
stage were expressed as mean values ± standard devia-
tion (n = 8) and compared using a t-test with the level of 
statistical significance set at 5%. The 1 H-NMR data were 
pre-processed using Bruker AMIXTM software version 
2018, in which spectra were aligned, normalized, and the 
region corresponding to D2O was removed. A data matrix 
comprising 49 observations and 24,971 variables each was 
generated and exported as a text file to SIMCA™ software 
version 14 (Umetrics, Umeå, Sweden). Data were submit-
ted to Pareto scaling in order to minimize undesirable noise 
effects and then submitted to multivariate analysis. The 
principal component analysis (PCA) and hierarchical clus-
ter analysis (HCA; Ward’s linkage method) were carried out 
to classify samples according to the developmental stage of 
the culture. Orthogonal partial least squares - discriminant 
analysis (OPLS-DA) was performed to examine the differ-
ential effects of light and dark on the metabolic profile of L. 
theobromae. A summary of the main metabolic pathways 
operative in L. theobromae was constructed using Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
maps (https://www.genome.jp/kegg/).

2.5  DNA extraction

Hyphal-tip culture was grown in PD media at 25 ± 2 °C for 
three days. The mycelial growth was collected using ster-
ile filter paper and washed with autoclaved distilled water. 
Total DNA was extracted from 20 mg of fresh mycelium, 
according to Doyle and Doyle (1990), and stored at -20 °C.

2.6  Amplification and sequencing

Total DNA was used as a template for amplification, by 
Polymerase Chain Reaction (PCR), of the Internal Tran-
scribed Spacer (ITS) and Elongation Factor 1α (EF1α) 
genomic regions using the primer pairs ITS1, ITS4, 728 F 
e 986R, respectively. The PCR reactions were performed 
as follows: 1X MyTaq MasterMix (Bioline®), 0.2 µM 
of each forward and reverse primers, 1 µL of total DNA 
(template), and nuclease-free water to a final volume of 25 
µL. The cycling conditions were: 2 min at 95 °C as initial 
denaturation, followed by 35 cycles of denaturation at 95oC 
for 20  s, annealing at 58  °C for 30  s, extension at 72  °C 
for 1 min, with a final extension step at 72 °C for 5 min. 

The expected size fragments were bidirectionally Sanger 
sequenced at Macrogen Inc. (South Korea).

2.7  Sequences analysis and phylogeny

The nucleotide sequences were assembled and edited manu-
ally using Geneious v.8.1.9 (https://www.geneious.com/). 
Partial sequences were initially analyzed with the BLASTn 
algorithm (Altschul et al. 1990) and the NCBI-GenBank 
non-redundant nucleotide database to determine the spe-
cies with which they share the most significant identity. A 
Bayesian phylogenetic tree was reconstructed using concat-
enated ITS and EF1α partial sequences, downloaded from 
GenBank, added to the endophytic isolated reported here to 
support the species identification. The Bayesian inference 
(BI) was carried out using Mr Bayes v.3.2 (Ronquist et al. 
2012) through the CIPRES web portal (Miller et al. 2010), 
assuming a general time reversible (GTR) nucleotide substi-
tution model with a gamma (G) model of rate heterogeneity 
and invariable (I) sites. The BI consisted of two replicates 
with four chains each for 10 million generations and sam-
pling every 1,000 generations. The first 2,500 trees per run 
were discarded as burn-in. The posterior probabilities (Ran-
nala and Yang 1996) were determined from the majority-
rule consensus tree reconstructed with the 15,000 remaining 
trees.

3  Results and discussion

3.1  Species identification and mycelial growth

No fruiting bodies or spores were detected in the in vitro 
cultures of the endophytic isolate obtained from S. terebin-
thifolius. For precise species demarcation based on molec-
ular data, the ITS and EF1α regions were amplified and 
sequenced. The ITS and EF1α partial nucleotide sequences 
were 515 and 577 bp in length, respectively, and shred 99.5–
100% identity with previously reported L. theobromae iso-
lates in the BLASTn analysis. Additionally, our isolate was 
grouped with other L. theobromae isolates in the Bayesian 
phylogenetic tree based on concatenated sequences (ITS and 
EF1α) (study S26364 deposited in TreeBASE). Therefore, 
the new isolate was molecularly identified as L. theobro-
mae. The partial sequences reported here were submitted to 
GenBank under accession nos. MT497468 and MT497469. 
The quantities of dry mycelia produced each week by dark-
grown L. theobromae cultures were significantly lower 
(p < 0.001) over the four-week period when compared to 
fungal cultures incubated under the photoperiod (Table 1). 
However, a growth of 4.7 times between the first and fourth 
week of cultivation is observed for the 12-hour photoperiod 
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hydrophilic form when they are chemically bounded to car-
bohydrate groups forming glycosides compounds.

Interestingly, the several types of melanin produced by 
fungi are generated by the oxidative polymerization of phe-
nolic or indolic intermediates. They may accumulate in cell 
walls or can also be released into the extracellular environ-
ment. In the phylum Ascomycota, melanin is typically syn-
thesized by the pentaketide pathway in which the immediate 
precursor, 1,8-dihydroxynaphthalene (DHN), is polymer-
ized to DHN-melanin by a laccase. However, some fungal 
species produce melanin from tyrosine, which is converted 
into L-dihydroxyphenylalanine (DOPA) by the action of 
tyrosine 3-mono-oxygenase and subsequently oxidized to 
dopaquinone. This intermediate undergoes several oxida-
tion, hydroxylation, and decarboxylation reactions to yield 
dihydroxyindoles, which undergo spontaneous polymeriza-
tion to form DOPA-melanin (Pombeiro-Sponchiado et al., 
2017; Kalra et al., 2020).

3.2  Metabolic fingerprinting of L. theobromae 
mycelia

Comparing the chemical shifts of the QC sample’s 1 H-NMR 
analysis with those catalogued in the Human Metabolome 
Database revealed that the qualitative profiles of the cul-
tures were similar during the entire growth period regard-
less of the culture conditions (Fig. S2).

Prior to multivariate analysis, variables were scaled 
according to the Pareto method to reduce the importance of 
high values and partially preserve the structure of the data 
(Worley & Powers, 2013). Analysis by PCA increased the 
interpretability of the large number of variables recorded 
by reducing the dimensionality of the data set with minimal 
loss of information. The first six principal components (PC1 
to PC6) were calculated based on the culture variation in 
intracellular fungal metabolites over four weeks. The model 
presented coefficients of observed variation (R2 = 0.78) and 
predicted variation (Q2 = 0.66) that were well within limits 
(R2 ≥ 0.7 and Q2 ≥ 0.4) considered acceptable for the good-
ness of fit in biological systems (Jiménez-Contreras, 2009). 
PC1 and PC2 represented 38.7 and 15.1%, respectively, of 
the variability of the data set and together accounted for 
53.8% of the total variability. In addition, the two-dimen-
sional PC1 vs. PC2 score plot (Fig. 1a) revealed that data 
points relating to mycelia harvested at the same stage of 
development clustered together in distinct quadrants irre-
spective of the light/dark regime applied. The clustered 
points indicated that the metabolomes of the samples were 
similar, while dispersed points implied distinct differences 
in metabolomes. In the PC1 vs. PC2 loadings plot (Fig. 1b), 
data points were separated according to the weightings of 
the variables (metabolites). Positively correlated variables 

culture, and a growth of 7.9 times for the culture without 
light exposure. This is related to the fact that the micro-
organism is using its carbon source for the production of 
pigments and other secondary metabolites, unlike the light-
deprived culture where the carbon source is more available 
for cellular mass production.

a Mean value ± standard deviation (n = 8).
Light pink mycelia (media) were observed in one-week-

old cultures maintained under the lighting photoperiod, 
whereas those grown in dark conditions were colorless 
(Fig. S1a). The production of extracellular pigments by 
four-week-old cultures was confirmed by the grey to black 
and red coloration exhibited by mycelia and culture media, 
respectively, regardless of the photoperiod regime applied, 
but the change in color was more intense in cultures grown 
under the lighting photoperiod when compared to those 
maintained in the dark (Fig. S1b).

The influence of light on the growth and sporulation 
of some fungi species has long been recognized (Yusef 
& Allam, 1967). Several studies have shown that light of 
different wavelengths modulates fungal development and 
can also affect the production of intra- and extra-cellular 
secondary metabolites, especially pigments (Fanelli et al., 
2012; Cheong et al., 2016; Zhang et al., 2021; Dias et al., 
2021). Here, the reduced coloration observed in cultures 
kept under dark conditions can be explained by fungal 
adaptation to ecological niches considering that the produc-
tion of pigments is a trait acquired during evolution as a 
protection against radiation (Schumacher, 2017; Meruvu 
& Dos Santos, 2021). Moreover, fungi can produce a wide 
range of pigments that may be classified as carotenoids and 
polyketides (such as melanin and aromatic phenols) (Lin 
& Xu, 2020). Carotenoid pigments are synthesized via the 
mevalonate pathway that is present in all eukaryotes and are 
generally accumulated in lipid bodies that likely originate 
from the endoplasmic reticulum (Murphy & Vance, 1999). 
However, in the absence of lipid bodies, as evidenced by 
the accumulation of phosphocholine in the cells, these pig-
ments are released into the extracellular environment in the 

Table 1  Dry masses of Lasiodiplodia theobromae mycelia obtained 
during the growth cycle under different culture conditions
Growth conditions Growth stages (weeks) Dry masses 

(g)a

12 h photoperiod
of natural light

First 0.088 ± 0.021
Second 0.195 ± 0.010
Third 0.328 ± 0.010
Fourth 0.414 ± 0.022

24 h dark First 0.043 ± 0.016
Second 0.121 ± 0.012
Third 0.217 ± 0.016
Fourth 0.340 ± 0.029
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R2 > Q2 and the difference between the two coefficients is 
less than 0.3. More significant differences between R2 and 
Q2 would indicate that the model suffered from overfitting 
(Hawkins et al., 2003; Veerasamy et al., 2011), but a differ-
ence of < 0.06 was observed in the present study. Moreover, 
although Q2 was higher than 0.5, permutation tests were 
obtained using the SIMCA software to ensure that the Q2 
value of the model was significant, as shown by the random 
permutation of the rows in the dataset (Fig. 2b).

Level variations in the main intracellular metabolites 
during the growth cycle (Fig. 3) provided many insights into 
the effects of light on the metabolome of L. theobromae. 
For example, the branched-chain amino acids (BCAAs) 
valine, leucine, and isoleucine concentrations were lower 
in cultures exposed to light compared to their dark-grown 
counterparts (Fig. 3a-c). Like plants, fungi can synthesize 
BCAAs, but in this study, the BCAAs were also available in 
the PDA media (Guedes et al., 2011; Luo et al., 2020). The 
explanation for the observed difference in levels of BCAAs 
is that light stimulated the complete oxidation of BCAAs 
in the mitochondria with the generation of high amounts of 

have approximately the same weighting value and appear 
near each other, while negatively correlated variables appear 
diagonally opposite. The HCA dendrogram produced by the 
Ward method (Fig. 1c) complemented the results obtained 
by PCA and confirmed the formation of four groups of 
samples. However, these groups were divided into two sub-
groups showing that cultures grown under the photoperiod 
differed in their metabolism from those kept in the dark.

While PCA revealed the variation between groups of 
samples, the supervised OPLS-DA model captured the vari-
ation within groups and separated the variables (metabo-
lites) that were significantly and positively associated with 
light or dark, as shown in the scores plot (Fig. 2a). Accord-
ing to the S-line plot (Fig. 2c), the intracellular metabolites 
β-hydroxybutyrate, acetoacetate, acetone, betaine, choline, 
glycerol, and phosphocholine were positively correlated 
with light. In contrast, phenylacetate, leucine, isoleucine, 
valine, and tyrosine were positively correlated with dark 
conditions. The OPLS-DA model was verified by the leave-
one-out cross-validation method, which gave the values 
R2 = 0.788 and Q2 = 0.734. In the general case, the pre-
dictive quality of a model is considered acceptable when 

Fig. 1  Principal component analysis (PCA) of the of Lasiodiplodia 
theobromae cultures: (a) PC1 vs. PC2 scores plot showing relation-
ships among the 64 samples obtained from cultures exposed to 12 h 
photoperiod of natural light (L) and 24 h dark conditions (D); (b) load-

ings plot showing the correlation between variables (metabolites) in 
PC1 and PC2; (c) hierarchical cluster analysis (HCA) dendrogram 
showing the chemical relationships among the 64 samples: the cluster 
distance between two samples is a measure of similarity
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(Fig. 3i) to form cellular membrane. The last is a precur-
sor as well as a degradation product of phosphatidylcholine 
(lecithin), a major component of phospholipids in eukary-
otic membranes. In addition, phosphocholine can cova-
lently bind to proteins and glycolipids in a wide spectrum of 
organisms, and such modified macromolecules play impor-
tant functions including host defense and virulence (Richter 
et al., 2016). Hence, the larger mycelial biomass produced 
by cultures exposed to light rather than dark (Table 1) can be 
explained by the intensification of phospholipid biosynthe-
sis and the assembly of lipid bilayers in the fungal cells. The 
choline–betaine pathway is reversible, with one compound 
being a precursor to the other, depending on the needs of the 
microorganism. In this studied case, despite betaine (N, N, 
N-trimethylglycine; Fig. 3h) being a metabolite with robust 
osmoprotectant properties that confer tolerance to salinity, 
drought, and other stresses, it served as a precursor in cho-
line production, as can be seen in Fig. 3h and g (Lambou et 
al., 2013; Ząbek et al., 2017).

The phosphocholine concentration was strongly, but neg-
atively correlated with the levels of its BCAA precursors. 
The production of phosphocholine peaked during the sec-
ond week (especially in light-grown cultures) when growth 
reached its exponential phase. After that, the synthesis of 

energy in the form of adenosine triphosphate (ATP) via oxi-
dative phosphorylation. The first step in BCAA degradation 
is the formation of branched-chain 2-oxo acids, which suf-
fer irreversible oxidative decarboxylation to acyl-CoA and, 
ultimately, acetyl-CoA, propionyl-CoA, acetoacetyl-CoA, 
and acetoacetate (Schertl et al., 2017; Mann et al., 2021). 
The concentrations of the ketone bodies, β–hydroxybutyrate 
and acetoacetate (Fig. 3j and k), were positively correlated 
and increased throughout the growth period regardless of 
culture conditions, but especially in cultures grown under 
light conditions. Apparently, both metabolites occurred in 
similar proportions since β -hydroxybutyrate is formed by 
the reduction of acetoacetate. Acetone is the breakdown 
product of acetoacetate, so its concentration also increased 
during the growth period (Fig. 3l). The decline in the lev-
els of BCAAs, together with those of alanine (Fig.  3n), 
occurred concomitantly with the augmentation of glucose 
(Fig. 3m), indicating that depletion of glucose stores during 
the light-induced accelerated growth triggered endogenous 
glucose production (gluconeogenesis).

The increased production of acyl-CoA resulting from 
increased BCAA oxidation under light conditions stimu-
lated the biosynthesis of choline (Fig. 3g), which is a vital 
metabolite for the synthesis of phosphocholine in eukaryotes 

Fig. 2  Orthogonal partial least squares – discriminant analysis (OPLS-
DA) of the 1  H NMR-derived metabolic profiles of Lasiodiplodia 
theobromae cultures: (a) scores plot showing two separate groups, 
one containing metabolites produced by cultures exposed to a 12  h 
photoperiod of natural light (L) and the other containing metabolites 

produced by cultures exposed to dark (D) conditions; (b) S-line plot 
showing the metabolites positively correlated with light and dark con-
ditions (R2 = 0.788 and Q2 = 0.734); (c) predictive capacity of the 
OPLS-DA model as determined by the permutation test
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fungi can employ this compound as an alternative carbon 
source when glucose stores are depleted, a situation that 
occurs more rapidly under light conditions with the esca-
lation of mycelial growth. Nevertheless, when glucose is 
abundant, the degradation of phenylacetate is downregu-
lated. The oxidation of phenylacetate in fungi usually pro-
ceeds via 2-hydroxyphenylacetate and homogentisate and 
subsequent conversion to acetate and fumarate. An alter-
native pathway for phenylacetate oxidation is mediated 
by phenylacetate-CoA ligase resulting in conversion to 

lipid membranes was maximal but decreased from the third 
week onwards. However, the relative amounts of phospho-
choline were higher than those of all other metabolites dur-
ing the entire growth period, likely due to the degradation 
of glycerophospholipids as evidenced by the high concen-
tration of glycerol (Fig. 3f) in the mycelia during the third 
and fourth weeks. Indeed, the concentration of glycerol was 
strongly and positively correlated with that of phosphocho-
line. Furthermore, the levels of phenylacetate were much 
lower in cultures grown under the photoperiod compared 
with those maintained in the dark (Fig. 3d), mainly because 

Fig. 3  Relative concentrations of the endogenous discriminant metabolites produced by Lasiodiplodia theobromae cultures under dark (D) and 
12 h photoperiod of natural light (L) conditions
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It is worth mentioning that the levels of ethanol were 
high towards the end of the growth cycle regardless of the 
culture conditions (Fig. 3p). Ethanol is produced from pyru-
vate (Fig.  3o) in a two-step reaction involving decarbox-
ylation by pyruvate decarboxylase with the formation of 
acetaldehyde and subsequent reduction to ethanol catalyzed 
by NADH-dependent alcohol dehydrogenase.

3.3  Discriminatory primary pathways

The identification of the primary intracellular metabolites 
by 1  H-NMR spectroscopy and subsequent multivariate 
analysis revealed the pathways that were most affected in L. 
theobromae cultures by changes in light conditions (Fig. 4). 
The exposure of fungal cultures to the photoperiod favored 
primarily oxidative pathways, particularly those involving 
the degradation of BCAAs, leading to the accumulation of 
phospholipid membrane components (choline, phospho-
choline, and betaine) and ketone bodies. The endogenous 
synthesis of glucose from non-carbohydrate substrates such 
as TCA cycle intermediates, alanine, and glycerol was also 
stimulated by light.

benzylpenicillin, an antibiotic used by fungi as protection 
against bacteria (Middelhoven, 1993; Jami et al., 2018).

Although light stimulates growth via the upregulation 
of oxidative routes, it threatens fungal survival by inducing 
the formation and accumulation of highly reactive oxygen 
species, including H2O2 and O2

– cause oxidative damage 
to biomolecules. To protect against light-induced oxida-
tive stress, some fungi produce pigments such as melanin, 
which gives the cells a dark brown coloration. Ultra-violet 
radiation stimulates melanogenesis by triggering oxidative 
tyrosine degradation and consequent indolic intermediates 
polymerization (Calvo et al., 2002; Thabet et al., 2014; 
Zaidi et al., 2014; Pavan et al., 2020). Regardless of their 
origins, melanin pigments have common structural char-
acteristics that confer the ability to scavenge free radicals 
and provide natural antioxidant and protective functions 
under adverse conditions. Evidence suggests that melanin 
is essential for zoo pathogenic and phytopathogenic micro-
organisms because of its antioxidant properties (Liu et al., 
2022). The statement above explains the lower levels of 
tyrosine in light-grown mycelia compared with their dark-
grown counterparts (Fig. 3e). This amino acid should be a 
discriminatory metabolite for dark conditions.

Fig. 4  The general scheme of metabolic pathways in Lasiodiplodia 
theobromae cultures showing the discriminant metabolites produced 
by oxidative reactions under dark (blue) and 12 h photoperiod of natu-

ral light (red) conditions and ethanol produced by reductive reactions 
(pink). The scheme was based on the Kyoto Encyclopedia of Genes 
and Genomes (KEGG, 2019) pathway maps
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