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Abstract
Background  In the search for new antimicrobial secondary metabolites of fungi, optimizing culture conditions 
remains a critical challenge, as standard laboratory approaches often result in low yields. While non-selective 
methods, such as modifying culture media, have been effective in expanding the chemical diversity of fungal 
metabolites, they have not yet established a direct link to key process parameters crucial for further optimization. This 
study investigates the capacity of Diaporthe caliensis as a biofactory for biologically active secondary metabolites, 
employing tailored culture media to explore the relationship between chemical diversity and critical process variables.

Results  The metabolomic profiles, antibacterial activities, and production yields of the extracts were analyzed to 
progressively adjust the culture conditions. This study was conducted in five steps, evaluating carbon and nitrogen 
source concentration, nitrogen source type, salt supplementation, and pH adjustment. Altering the rice starch 
concentration affected biomass yield per unit of oxygen consumed, while modifications to the nitrogen source 
concentration influenced both the bioactivity and chemical space by Diaporthe caliensis. Despite changes at the 
metabolome level, the extracts consistently exhibited potent antibacterial activities, influenced by the nitrogen 
source, added salts and pH adjustments. For instance, when using corn steep liquor and rice starch, supplemented 
with micronutrients, different metabolites were produced depending on whether buffer or water was used, though 
both conditions showed similar antibacterial activities (IC50 ≈ 0.10 mg mL− 1 against Staphylococcus aureus and 
≈ 0.14 mg mL− 1 against Escherichia coli). In the treatment where buffer was used to stabilize pH change, there was 
an increase in the production of phomol-like compounds which are associated with known antibiotic properties. 
In contrast, in the treatments using water, the drop in pH stimulated the production of previously unidentified 
metabolites with potential antimicrobial activity.
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Background
Secondary metabolites (SMs) are low-molecular-weight 
compounds produced by bacteria [1, 2], fungi [3], or 
plants [4, 5]. Unlike primary metabolites, which are 
directly involved in the growth, reproduction, or devel-
opment of microorganisms, SMs often facilitate and 
mediate microbial interactions within their environment 
[6]. They are involved in cell‒cell signaling, pathogen-
esis, and increased nutrient bioavailability [7]. In addi-
tion to conferring advantages to the producer organisms, 
SMs exhibit biological activities of great industrial value. 
SMs produced by endophytic fungi are characterized 
by diverse and attractive bioactivities, such as immu-
nomodulatory [8], anticancer [9], antioxidant [10], and 
antimicrobial [11, 12] activities. However, traditional 
methodologies such as bioactivity-guided isolation face 
limitations, as certain molecules relevant to specific eco-
logical niches are not produced under laboratory condi-
tions [13]. Two main approaches are commonly used to 
induce their production in controlled settings: Selective 

and non-selective methods. The first one involves manip-
ulating specific biosynthetic pathways using molecular 
biology tools, while the second one includes strategies 
such as the modification of culture media and fermenta-
tion conditions, offering two alternative approaches [14].

Solid-state fermentations are usually employed within 
non-selective methods [15, 16]. Although they offer the 
advantage of increased productivity [17, 18], these fer-
mentations require large quantities of solid substrate, 
which negatively affects mass transfer at the substrate-
fungus interface, especially oxygen diffusion [19]. In con-
trast, liquid cultures allow for greater mass transfer by 
controlling agitation and/or aeration [20]. In addition to 
improving the bioavailability of nutrients, it is possible to 
test the effect of nutritional limitations in liquid fermen-
tation by modifying the concentrations of substrates in 
the medium and other culture parameters [21].

In non-selective methods, the one-strain-many com-
pounds (OSMAC) strategy has proven effective in pro-
moting the production of novel chemistry by modifying 

Conclusions  This study proposes a strategic methodology for the tailored formulation of culture media aiming 
to promote the biosynthesis of diverse secondary metabolites. This approach revealed the critical role of nutrient 
limitation and pH regulation in stimulating the production of polyketide-lactone derivatives, including the antibiotic 
phomol. Ultimately, the systematic, custom-designed culture conditions developed in this work offer a promising 
strategy for expanding the chemical diversity of Diaporthe caliensis, while providing valuable insights into the key 
parameters needed for optimizing this fungal biofactory.
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easily accessible cultivation parameters [22, 23]. Recent 
studies have explored the role of exogenous elicitors, 
such as chitooligosaccharides and lipids, in triggering 
the production of SMs in Aspergillus fumigatus [24]. 
Under nutrient-limited conditions, metabolic fluxes can 
shift in various organisms, favoring specific biosynthetic 
pathways at the expense of biomass formation [25, 26]. 
For example, Kottmeier et al. found that intentionally 
restricting phosphate increased the yield of green fluo-
rescent protein (GFP) yield 1.87-fold in glucose-based 
media used to cultivate the yeast Hansenula polymorpha 
[25]. In fungi, oxygen-limiting conditions (static fermen-
tation) can influence the production of fungal extracts 
with anticancer properties [9]. Another study used a 
coculture strategy combined with nutrient deprivation 
to induce cryptic biosynthetic pathways and novel anti-
microbial metabolites in Eutypa lata and Botryosphae-
ria obtusa [27]. Furthermore, the effects of nitrogen and 
phosphorus limitations on the fatty acid profile produced 
by Aspergillus oryzae have been examined through tran-
scriptome analysis [28].

When developing customized culture media to 
enhance the production of targeted molecules or trigger 
the biosynthesis of novel ones, a key challenge is integrat-
ing non-selective methods with easily measurable in situ 
variables, which are essential for obtaining early insights 
into culture performance [25]. One variable that can be 
monitored to identify culture patterns, such as nutrient 
limitations (including oxygen) or diauxic growth, is the 
oxygen transfer rate (OTR) in shaking flasks [29, 30]. In 
addition to real-time monitoring of biological variables, 
it is crucial to assess changes in secondary metabolite 
production to evaluate the effectiveness of these non-
selective methods. Modifying the culture media or oper-
ating conditions can disrupt the intricate biochemical 
networks within fungi [31, 32]. Therefore, incorporating 
metabolomics analyses into bioprocess design is cru-
cial for identifying conditions that maximize metabolite 
diversity and enhance the observed biological properties.

As part of our investigation into the biotechnologi-
cal potential of endophytic fungi isolated from Otoba 
gracilipes, a medicinal tree native of Valle del Cauca, 
Colombia, we have identified promising candidates for 
producing laccase enzymes [33], flavors [34], antioxi-
dant compounds [35], and secondary metabolites with 
antibacterial activity [36], such as phomol [37]. Inspired 
by these finding, and in response to the global issue of 
antimicrobial resistance, which was linked to 1.27  mil-
lion deaths in 2019 [38–40], the aim of the present study 
was to design a methodology for the stepwise formula-
tion of tailored culture media to stimulate the biosynthe-
sis of antimicrobial metabolites in Diaporthe caliensis. 
To achieve this, we evaluated the effect of two different 
nitrogen sources (i.e., corn steep liquor and yeast extract) 

during the submerged fermentation of this fungus, using 
a rice starch solution as the carbon source. The effects 
of varying the carbon-to-nitrogen ratio were assessed 
in terms of (i) biomass yield produced per oxygen con-
sumed (YX/O2), (ii) OTR, (iii) half-maximal inhibitory 
concentration (IC50), (iv) yield of crude organic extracts 
per substrate consumed (YP/S), and metabolomics data.

Materials and methods
Microorganisms and reagents
The endophytic fungus Diaporthe caliensis CM-UDEA-
H27, which belongs to the fungal collection of the Uni-
versidad de Antioquia (Medellín, Colombia), was used 
in this study. Agar was obtained from Thermo Scientific. 
Malt extract, monobasic potassium phosphate, sodium 
tartrate dihydrate, magnesium sulfate, and iron (II) sul-
fate heptahydrate were obtained from Sigma‒Aldrich. 
Manganese (II) sulfate monohydrate from Honey-
well. D-glucose from Scharlab. Tween 80 was obtained 
from Loba Chemie. Corn steep liquor (SUST PROT, lot 
1866013) was obtained from Ingredion®. The follow-
ing Colombian brand reagents were used: yeast extract 
(EXLV-LS®-3111, lot 218671) from Levapan S.A. and 
Caribe® rice from The Diana group.

Assessment of nutrient limitation in submerged cultivation 
of Diaporthe caliensis
A five-step experimental procedure was used to sys-
tematically evaluate the effect of primary and second-
ary nutrient limitations on the production of bioactive 
metabolites by Diaporthe caliensis. The strategy involved 
modifying one factor at a time and carefully selecting 
the most effective treatment before advancing to the 
next phase. The response variables were yield of biomass 
formed on a dry basis per oxygen consumed (YX/O2), oxy-
gen transfer rate (OTR), half-maximal inhibitory con-
centration (IC50 mg mL− 1), and yield of crude organic 
extracts obtained per substrate consumed (YP/S). Table 1 
specifies the variables used in each research step. Each 
experiment was performed in duplicate.

Diaporthe caliensis was grown in RAMOS® shaking 
flasks to obtain the YX/O2 ratio and monitor the OTR over 
time. These data were used to ensure shaking conditions 
that prevented oxygen limitation during the cultivation. 
After confirming this during the RAMOS® experiments, 
the relative centrifugal force (RCF) was maintained by 
adjusting the speed according to the shaking diameter 
[41] in the Erlenmeyer flask experiments. These experi-
ments were used to evaluate the YP/S and IC50 parameters 
using a setup strategy similar to that of Philip et al. [42]. 
In addition, residual sugars were quantified in both cases 
using HPLC to determine glucose, fructose, maltodex-
trin, and sucrose levels (see section ‘Chromatography’). 
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Thus, it was confirmed that both setups had similar con-
sumption profiles.

As a first step of this experimental approach, two dif-
ferent concentrations of the carbon source, formulated as 
the limiting nutrient, were evaluated using a rice starch 
solution as a substrate. This stock was prepared by heat 
treatment of long-grain white rice from the Colombian 
brand Caribe®. Initially, the rice grains were milled and 
sieved (425 μm). Subsequently, 16 g of the resulting flour 
was added to 400 mL of deionized water. The result-
ing suspension was heated in a water bath at 90  °C for 
15 min.

Once the concentration of starch was chosen, the effect 
of two concentrations of yeast extract were tested in the 
second step, considering the contributions of nitrogen 
and carbon to the medium formulation. In the third step, 
the yeast extract was replaced with corn steep liquor, 
while maintaining the same nitrogen contribution (i.e., 90 
mg L− 1). This concentration was based on the total nitro-
gen content measured using the Kjeldahl method [43]. 
Prior to use, the corn steep liquor was centrifuged (4 °C 
and 4500  rpm) to remove suspended solids, accounting 
for 40%, which may have included insoluble carbohy-
drates. The total carbon contribution was estimated fol-
lowing the NREL protocol [44].

Until this point (from the first to the third step), nutri-
ent solution A (0.5  g L− 1 of KH2PO4 and C4H4Na2O6 
·2H2O) had been used to supplement the culture medium 
[45–48]. In the fourth step, the replacement of solution A 
for micronutrient solution B (0.5 g L− 1 of MgSO4 ·H2O, 
1.0 g L− 1 of FeSO4 ·7H2O and 1.0 g L− 1 MnSO4 ·H2O) was 
tested according to de Souza et al. [49] as well as a combi-
nation of both solutions. For the fifth step, the influence 
of pH regulation using water instead of 0.05 M phosphate 
buffer (pH 6.3) was evaluated. Eight different treatments 
with varying nutritional formulations were evaluated 
(Table 1).

Cultivation of Diaporthe caliensis in a shaking flask for 
online OTR assessment
The fungus Diaporthe caliensis CM-UDEA-H27 was 
cultivated on yeast malt agar (YMG) at 29  °C for seven 
days. Subsequently, a mycelium suspension was pre-
pared by scraping the surface of three Petri dishes and 
mixing with 12 mL of 0.01% Tween 80. This suspension 
was used as the inoculum for the respiration activity 
monitoring system experiments, RAMOS® (HiTec Zang 
GmbH, Herzogenrath, Germany). The experiments were 
conducted in shaking flasks with online OTR parameter 
measurements. After adding 1 mL of the inoculum to 49 
mL of the indicated medium, the mixture was incubated 
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OTR was monitored throughout the cultivation period. 
After 7 days, the biomass was separated from the super-
natant by vacuum filtration through a cellulose filter 
paper (20–30  μm; FAST 101, Ø 12.5  cm; Chicago, Illi-
nois, United States). The washed biomass (with deionized 
water) was dried using a convection oven (Binder, Ger-
many) at 110 °C for two hours to determine the final bio-
mass concentration (g DW L− 1). The presence or absence 
of residual sugars in the broth was confirmed through 
HPLC analyses (see section ‘Chromatography’). Finally, 
the parameter YX/O2 was determined using the following 
equation:

	
YX/O2

=
Xf

TOT
� (1)

In the equation, Xf represents the concentration of bio-
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Antibacterial activity assays
The antibacterial activity of the crude extracts was deter-
mined following the methodology described by Charria-
Girón et al. [36]. Initially, the extracts were evaluated 
against Staphylococcus aureus ATCC 25,923, and those 
with the best IC50 values were subsequently tested 
against Escherichia coli ATCC 25,922. Bacterial cultures 
were prepared by taking 100 µL of each strain preserved 
in a cryovial and adding it to a flask with 50 mL of Luria–
Bertani (LB) broth at pH 7.0. After 20  h of incubation 
(37 °C and 150 rpm), the culture was sampled and seeded 
on an LB agar plate. After another 20 h at 37 °C, four col-
onies were taken to prepare a bacterial suspension using 
0.9% (v/v) saline solution (OD620 nm between 0.08 and 
0.1). According to the McFarland scale, the estimated cell 
concentration was 1 × 108 CFU mL− 1, so dilutions were 
performed to reach a concentration of 1 × 104 CFU mL− 1. 
The obtained crude extracts were evaluated at concentra-
tions ranging from 2 to 10 mg mL− 1 and were dissolved 
in a mixture of 20% methanol and 80% DMSO (1% v/v). 
Measurements were performed on six serial dilutions in 
triplicate, with LB broth and methanol-DMSO (1% v/v) 
serving as negative controls. The assay plates were incu-
bated for 20 to 24  h at 37  °C and 140  rpm before the 
OD620 was measured using a spectrophotometric reader 
(Thermo Fisher Scientific™ Varioskan™ LUX, United 
States).

Chromatography
Detection of residual sugars
Samples of cell-free medium (supernatant) were filtered 
using a 0.2  μm cellulose filter, and the pH was adjusted 
to between 1 and 6 using 5 mM sulfuric acid. The pres-
ence of residual sugars was then detected by HPLC 
analysis (Thermo Fisher Scientific, Waltham, MA, USA) 
using an Aminex HPX-87  H column (hydrogen-form, 
300 × 7.8  mm, from Bio-Rad) and an RI detector. This 
analysis used a sulfuric acid solution (5 mM) as the 
mobile phase with a flow rate of 0.6 mL min− 1 and an 
operating temperature of 45  °C. Five solutions with dif-
ferent concentrations of glucose, fructose, maltodextrin, 
and sucrose were injected as standards. These results are 
not shown in the article since they correspond to a com-
parison of the type of nutritional limitation achieved in 
both configurations (RAMOS and Erlenmeyer flasks).

Metabolomics
The crude extracts were dissolved in acetone: metha-
nol (1:1 v/v) to a concentration of 4.5  mg mL− 1 for 
subsequent analysis via LC/MS. The measurements 
were recorded using an UltiMate 3000 Series UHPLC 
(Thermo Fischer Scientific, Waltham, MA, USA) with a 
C18 Acquity UPLC BEH column (2.1 × 50  mm, 1.7  μm; 
Waters, Milford, MO, USA) connected to an AmaZon 

speed ESI-Iontrap-MS (Bruker Daltonics, Bremen, Ger-
many). The analyses were performed using a 0.6 mL 
min− 1 flow rate, an injection volume of 2 µL, and 40 °C. 
For the mobile phase, H2O + 0.1% FA (Solvent A) and 
ACN + 0.1% FA (Solvent B) were used with the follow-
ing gradient: 5% B for 0.5 min, 5–100% B for 20 min and 
100% B for 4.5 min. The UV/Vis data were recorded using 
a Diode Array Detector (DAD) between 190 and 600 nm, 
and the results were analyzed using the software Data 
Analysis 4.4 (Bruker Daltonics, Bremen, Germany).

The concentration of each sample was measured using 
the instrumental strings and conditions reported by 
[51] for metabolomic analyses. The raw data were pre-
processed with a MetaboScape 2022 (Bruker Dalton-
ics, Bremen, Germany) in the retention time range of 
1.0–20 min, and the obtained features were dereplicated 
based on their accurate molecular weight and MS/MS 
spectra against the compounds as previously reported 
for the genus Diaporthe or Phomopsis in the Natural 
Product Atlas (NP Atlas) database [52]. For this purpose, 
MetaboScape automatically performed in silico MS/MS 
matching based on the InChI-encoded structures using 
the MetFrag algorithm without MS/MS reference data 
[53]. Subsequent analyses were performed using R and 
RStudio software (version 4.2.1).

Data processing and statistical analysis
Determination of IC50 values was conducted using R and 
RStudio software (version 4.2.1) with the ggplot2 and drc 
packages fitted to a four-parameter model. Hierarchi-
cal cluster analysis was performed using the Ggdendro 
package. Statistically significant differences in production 
yields and IC50 values among the various treatments were 
analyzed using MINITAB® 19 statistical software. An 
ANOVA was performed to assess the variation in pro-
duction yields and IC50 values.

Results
The effect of nutrient limitations (i.e., carbon, nitrogen, 
and micronutrients) on the production of secondary 
metabolites during the fermentation of Diaporthe calien-
sis was assessed through the evaluation of three response 
variables: YP/S, IC50, and YX/O2. The results are presented 
in two stages, where primary and secondary substrates 
are studied by the systematic formulation of culture 
media.

Assessment of nutrient limitation in submerged cultivation 
of Diaporthe caliensis: primary limitation
The impact of carbon limitation on the production of 
secondary metabolites by Diaporthe caliensis was investi-
gated by evaluating two different concentrations of a rice 
starch solution as a substrate (15 and 25  g L− 1 starch). 
Figure  1A shows the oxygen transfer rate (OTR) curves 
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for the two treatments, indicating no oxygen limitation 
throughout the cultivation period and consumption of 
more than one substrate, according to [54]. Online OTR 
measurements also revealed a delayed growth phase 
between 15 and 20 h for each treatment. While the C15-
N3.2 treatment lacked the typical exponential increase 
(74  h for OTR max), the C25-N3.2 treatment reached 
the maximum peak at 53 h. The lower slope for the C15-
N3.5 treatment may be associated with a metabolic dif-
ference in starch hydrolysis dynamics. In both cases, an 

OTR value of zero was not reached, probably due to the 
cell maintenance condition. Overall, lower total oxygen 
consumption was observed for the experiment with a low 
carbon source concentration.

Fig. 1B summarizes the biomass-oxygen yields for each 
treatment, indicating that a higher starch concentra-
tion led to increased biomass formation at the expense 
of transferred oxygen (0.53  g biomass g− 1 O2 ± 0.1). Fig-
ure 1C and D present the antimicrobial activity (IC50) and 
YP/S results for the mycelial and extracellular extracts, 

Fig. 1  Effect of carbon source concentration (rice starch) on the performance of a batch culture of Diaporthe caliensis and its respective crude extracts: 
C15-N3.2 and C25-N3.2 treatments. (A) Changes in OTR (mol L− 1 h− 1) over time for each treatment. (B) Calculated YX/O2 (g biomass g-1 O2) for each treat-
ment. (C) Antibacterial activity (IC50 in mg mL− 1) evaluated against Staphylococcus aureus (ATCC 25923). Statistically insignificant variable (p value > 0.05). 
(D) Calculated YP/S (mg extract g-1 carbon source) for mycelial and extracellular extracts. Statistically insignificant variable (p value > 0.05). The antibacterial 
activities of the strains were contrasted with that of the negative control (black dotted line). Each value represents the mean of two biological replicates 
(n = 2). Cultivation conditions: (A) RAMOS® device (250 mL unbaffled shake flask with 50 mL of medium, shaking diameter of 50 mm, and shaking fre-
quency of 140 rpm); (B) and D) orbital shaker (250 mL unbaffled shake flask with 80 mL of medium, shaking diameter of 20 mm and shaking frequency 
of 221 rpm)
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respectively, even though neither variable was significant 
(p value > 0.05). Notably, a lower biomass-oxygen yield 
(YX/O2) might result in greater secondary metabolite pro-
duction. Therefore, 15  g L− 1 of the starch solution was 
chosen for further experiments (corresponding to treat-
ment C15-N3.2)

During the second step, yeast extract was tested as 
the sole nitrogen source at three different concentra-
tions, while the starch concentration was kept at 15  g 
L− 1. Figure 2A illustrates that, compared to those of the 
carbon-limiting experiments, the OTR curves of these 
experiments were very similar. After 16 h of fermentation, 

both the C15-N0.75 and C15-N1.5 treatments started 
their exponential growth phase and reached the maxi-
mum OTR values after 80 h. Similarly, changes in YX/O2 
were not statistically significant (Fig. 2B). In contrast, sig-
nificant differences were found in some treatments for 
the YP/S and IC50 variables. In general, the crude extract 
yield increased with decreasing concentrations of yeast 
extract (Fig.  2D). In all the treatments, the extracellular 
extracts had higher yields. The highest YP/S value (6.9 mg 
of crude extract per g of starch ± 0.43) was obtained for 
the C15-N0.75 treatment.

Fig. 2  Effects of different concentrations of nitrogen source (yeast extract) on the performance of a batch culture of Diaporthe caliensis and its respective 
crude extracts: C15-N3.2, C15-N1.5, and C25-N0.75 treatments. (A) Changes in the oxygen transfer rate (OTR, mol/L/h) over time for each treatment. (B) 
Biomass-oxygen yield (YX/O2, g biomass g− 1 O2) for each treatment. Statistically insignificant variable (p value > 0.05).(C) Antibacterial activity (IC50 in mg 
mL-1) evaluated. Staphylococcus aureus (ATCC 25923). (D) Crude extract-substrate yield (YP/S, mg extract g-1 carbon source) for mycelial and extracellular 
extracts. The antibacterial activities of the strains were contrasted with that of the negative control (black dotted line). Each value represents the mean of 
two replicates (n = 2). Cultivation conditions: (A) RAMOS® device (250 mL unbaffled shake flask with 50 mL of medium, shaking diameter of 50 mm, and 
shaking frequency of 140 rpm); (B) and (D) orbital shaker (250 mL unbaffled shake flask with 80 mL of medium, shaking diameter of 20 mm and shaking 
frequency of 221 rpm)
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For antibacterial activity (Fig. 2C), the mycelial extracts 
demonstrated less desirable IC50 values. The lowest IC50 
value was 0.66 mg mL− 1 ± 0.14, which was greater than 
the 0.3  mg mL− 1 ± 0.0 obtained from the same treat-
ment (C15-N1.5). Notably, a more pronounced difference 
between the fractions was observed for the C15-N0.75 
treatment, with IC50 values of 0.97  mg mL− 1 ± 0.09 
and 0.3  mg mL− 1 ± 0.0 for the mycelial and extracel-
lular extracts, respectively. Based on these findings, it 
was determined that (i) the extracellular extract was of 
greater interest, as the antibacterial activity of the myce-
lial extract was generally lower across all treatments. (ii) 
Treatment C15-N0.75 was chosen as the starting point 
for subsequent experiments due to its highest YP/S. In 
addition, (iii) for the subsequent steps, the variable YX/O2 
was not considered, as it was insignificant in the context 
of the nitrogen limitation experiments.

The effect of the type of nitrogen source was assessed 
by replacing yeast extract with corn steep liquor, using 
the C15-N0.75 treatment as a reference. The performance 
of each treatment was evaluated by comparing the YP/S 
and IC50 values against two reference bacteria (Staphy-
lococcus aureus ATCC 25923 and Escherichia coli ATCC 
25922) as the response variables. When using corn steep 
liquor, YP/S was 5.7 mg of extract per g of carbon source, 
which was lower than that when using yeast extract 
(6.9  mg of crude extract per g of starch ± 0.43) (Fig.  3). 
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it is a low-cost source of bioactive secondary metabolites 
that has been relatively unexplored.

Assessment of nutrient limitation in submerged cultivation 
of Diaporthe caliensis: secondary limitation
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biological activity, resulting in a pH of 4.0 starting from 
the second day of cultivation.

Metabolomic analysis
To evaluate the effect of media formulation on second-
ary metabolite production by Diaporthe caliensis during 
submerged cultivation in shaking flasks, all 7415 MS fea-
tures detected in all the treatments were grouped by hier-
archical clustering (HCA) after blank features removal. 
The data were centered and scaled during preprocessing, 
resulting in normalized abundance values that indicate 

features with lower or higher intensities relative to the 
mean. These standardized values are represented on the 
x-axis of the heatmap (Fig. 6A). Notably, treatment pairs 
such as C25-N3.2 and C15-N1.5, as well as C15-N0.75 
and C15-N0.75-L, clustered together, indicating simi-
larities in their metabolomes. Conversely, the remaining 
treatments formed distinct clades, highlighting substan-
tial metabolome differences. Notably, these metabolomic 
patterns did not directly correlate with the antibacterial 
properties against the evaluated bacterial strains (i.e., 
Staphylococcus aureus and Escherichia coli). In fact, 

Fig. 6  (A) Heatmap following a hierarchical clustering of MS features detected in the extracellular crude extracts of all treatments derived from the 
cultivation of Diaporthe caliensis (left) using the complete linkage method and the Euclidean distance metric. The heatmap displays feature abundance 
values with hierarchical clustering of features and crude extracts obtained from different media. The scaled and centered abundances are color coded 
from red (high abundance) to light orange (low abundance). Heatmap of the antibacterial activities (IC50 in mg mL− 1) of the extracellular crude extracts 
of all the treatments evaluated against Staphylococcus aureus (ATCC 25923) and Escherichia coli (ATCC 25922) (right). A heatmap with dendrograms was 
generated with the R package pheatmap. (B) Feature-based molecular networking (FBMN) plot of the compounds detected in all the treatment groups 
(right), with pie charts representing the treatments in which the spectra of the compounds were detected. The Molecular Family (MF) encompassing 
phomol-like features (left)

 

Fig. 5  Effect of pH on the performance of a submerged batch culture of Diaporthe caliensis and their respective crude extracts: C15-N0.75-L-M (buffered) 
and C15-N0.75-L-M-W (not buffered) treatments. (A) Antibacterial activity (IC50 in mg mL− 1) of the extracellular extracts evaluated against Staphylococcus 
aureus (ATCC 25923) and Escherichia coli (ATCC 25922) and product-substrate yield (YP/S, mg extract g− 1 carbon source). Statistically insignificant variables 
(p value > 0.05) were also included. (B) pH culture value over time (mean value of two replicates)
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despite the metabolome being markedly altered in most 
cases, the antibacterial activities (IC50) remained similar.

To further inspect the changes at the metabolome 
level depending on the media formulation, a feature-
based molecular network (FBMN) was constructed. The 
analysis revealed that 237 features were grouped into 
35 molecular families (MFs) with at least two clustered 
nodes (Fig. 6B) and 2670 singletons. The molecular fami-
lies were differentially distributed across the different 
treatments, even though a reduced chemical space was 
observed for the C25-N3.2 treatment compared to the 
other treatments. A decision was made to explore the 
chemical diversity within the obtained crude extracts by 
using CANOPUS to predict the respective natural prod-
uct classes de novo based on the MS/MS spectra [55]. 
This analysis determined that the most abundant class 
of compounds corresponded to polyketides, although 
revealing a high chemical diversity within the major MFs. 
Accordingly, their respective features were classified as 
alkaloids, amino acids and peptides, carbohydrates, fatty 
acids, polyketides, shikimates, phenylpropanoids, terpe-
noids, and even some without annotation (Additional 
file 1). Out of the 2907 MS/MS features detected, only 39 
were annotated, and 5 were traced back to different MFs 
(Additional file 2, Table  1), accounting for just 0.5% of 
total MS features and 1.3% at the MS/MS level.

After dereplication, phomol was identified and found 
to be absent in the C25-N3.2 treatment, but it appeared 
once the carbon and nitrogen contents were reduced, 
indicating a positive relationship between nitrogen 
limitation and phomol-like molecule production. How-
ever, phomol-like molecules were not detected in the 
C15-N0.75-L-M-W (B) treatment, which differed only by 
the absence of buffer, leading to differences in chemical 
space and pH by the end of fermentation. Accordingly, 
the highest production of phomol-like molecules was 
observed in the C15-N0.75-L-M (B) treatment, as shown 
in Fig.  6B, which also demonstrated higher production 
titers of phomol and its related derivatives compared 
to their production in solid oat medium, as previously 
reported (Additional file 2, Fig. S2) [37]. For phomodiol 
and chaetoaurin, which were grouped within MFs com-
prising 14 and 3 nodes respectively, a similar trend to 
phomol-like molecules was observed, showing higher 
abundance in the C15-N0.75-L-M (B) treatment. How-
ever, some features within the phomodiol MF appeared 
to be more prominent in treatments with higher carbon 
and nitrogen content. Meanwhile, phomophyllin D and E 
were produced widely across different treatments, though 
our FBMN analysis suggests that more complex terpe-
noid derivatives were almost exclusively produced in the 
C15-N0.75-L-M-W (B) treatment. Nevertheless, it is of 
utmost interest that the major MF in our FBMN analy-
sis remains entirely unannotated. However, CANOPUS 

results suggest that the features within this MF are likely 
to be chemically diverse, indicating that the main SMs of 
Diaporthe caliensis are yet to be discovered.

Overall, both the HCA and FBMN analyses showed 
similar results, illustrating that the chemical space pro-
duced by Diaporthe caliensis was tailored by modifica-
tions in the culture medium. The highest number of MS/
MS features was detected in cultures with a lower nitro-
gen content and supplemented with micronutrients. In 
addition, a greater chemical diversity was observed when 
the nitrogen content was reduced to its lowest level, 
resulting in a much richer metabolome beyond the pre-
viously identified polyketide-lactones produced by this 
fungus. Given the fact that the observed changes in the 
antibacterial effects for the different treatments did not 
directly correlate with the production of phomol-related 
molecules, which were confined to a limited number of 
treatments, it is expected that other unidentified mol-
ecules are responsible for these biological effects. The 
results of this study underscore that the chemical diver-
sity produced by Diaporthe caliensis remains largely 
uncharted when compared to the known secondary 
metabolites of this genus, suggesting the potential for dis-
covering other bioactive molecules beyond polyketide-
lactones related to phomol.

Discussion
This work focused on the formulation of tailored media 
to improve the production of bioactive SMs during the 
cultivation of Diaporthe caliensis. Fungi from this genus 
are known for producing secondary metabolites with 
diverse biological activities, such as anti-inflammatory, 
antibacterial, cytotoxic, and neuroprotective effects [31]. 
Despite the vast chemical diversity within the genus Dia-
porthe, to the best of our knowledge, no systematic study 
has been reported on the design of tailor-made media to 
improve the production of bioactive molecules. There-
fore, this study proposes a five-step approach for select-
ing an optimal culture medium to yield crude extracts 
with antibacterial activity.

The results presented herein suggested two trends: (i) 
primary metabolism was predominantly affected when 
the carbon source concentration was modified, and (ii) 
altering the nitrogen source concentration (i.e., yeast 
extract) principally impacted secondary metabolite pro-
duction. This observation is supported by monitoring 
changes on the YX/O2, IC50, and YP/S across the different 
treatments. Specifically, during the first step of this study, 
it was found that the higher concentrations of the starch 
solution led to an increased YX/O2 ratio and greater bio-
mass formation (Additional file 3). In addition, the OTR 
curves (markedly Fig.  1A) indicated a tendency to con-
sume multiple substrates, likely originating from both 
enzymatic transformation and thermal pretreatment, 
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during which starch is fractionated into dextrins and 
other simple sugars, thus leaving more than one substrate 
available. It is well understood that rapidly assimilable 
carbon sources are preferentially utilized during growth 
[56, 57]. Once depleted, more complex substrates are 
consumed, initiating the idiophase [57]. Consequently, a 
higher carbon source concentration delays the onset of 
the phase in which SMs are produced [58]. Therefore, the 
antibacterial activity, YP/S yield, and metabolomic profiles 
of the extracts from the C15-N3.2 and C25-N3.2 treat-
ments did not differ significantly.

However, when the effect of modifying the nitrogen 
source concentration was studied, it was found that lower 
levels of yeast extract resulted in greater yields of crude 
extract (YP/S). Although the antibacterial activity did not 
substantially improve when the concentration decreased 
from 3.2 g L− 1 to 0.75 g L− 1 nitrogen, a greater diversity of 
molecules was promoted, according to our metabolomics 
analyses. Generally, fungi respond to changes in nitrogen 
availability through very complex regulatory mechanisms 
[59]. For instance, Aspergillus spp. are known to produce 
SMs of interest (i.e., aflatoxin, ochratoxin, orsellinic acid, 
and spiroanthrones) when subjected to conditions of 
nitrogen repression or starvation [60–62]. It is possible 
that reduced nitrogen availability may accelerate the ini-
tiation of the idiophase, during which SMs are typically 
produced, as microorganisms can be sensitive to their 
own products during the trophophase [56].

The concentrations of carbon and nitrogen sources 
were first chosen to limit one nutrient over the other. For 
rice starch, the polymer content was measured by Lugol’s 
iodine staining, while the sugar content was determined 
by HPLC to verify the experimental limitations. However, 
for nitrogen, no strategy was established to measure its 
content at the end of fermentation without interference 
from proteins or peptides secreted by the fungus. As a 
result, it could not be robustly confirmed whether nitro-
gen limitation was achieved in some of the treatments. 
As an indirect alternative, simple sugars were present in 
the C15-N0.75 treatment (see Additional file 4), suggest-
ing that nitrogen could have been depleted by the end of 
the fermentation period. These limitations highlight the 
need for future research employing more sensitive meth-
ods to confirm the nutritional conditions to which the 
fungus is exposed.

In addition to the nitrogen concentration, the effect of 
changing the nitrogen source by substituting corn steep 
liquor with yeast extract was evaluated. The prelimi-
nary choice of corn steep liquor was because although it 
is a vastly available resource, it has not been frequently 
used in evaluating SM production [63]. However, any 
change in complex sources in the culture medium must 
be evaluated because different nutritional compositions 
can significantly influence metabolic pathways [64] and 

physiological and morphological responses [59, 65]. 
Although no significant differences in the IC50, YP/S, or 
metabolome were found in this study, there was a change 
in the relative intensity of the phomol-like molecules 
(Additional file 5). This effect of the nitrogen source on 
the production of a particular group of molecules has 
been reported for Y. lipolytica, where the substitution 
of yeast extract for corn steep liquor led to an increase 
in intracellular enzymes [63]. This phenomenon was 
explained by increased activity in the pyruvate carbox-
ylation pathway, which suggested a redistribution of car-
bon flux [63].

Furthermore, we also evaluated the addition of two 
different supplementary solutions. The media contain-
ing solution B exhibited improved IC50 values compared 
to those with solution A alone (see Materials and Meth-
ods section) or a combination of both solutions. The 
magnesium in solution B is crucial for protein synthesis 
[66], while iron is essential for transcription, replication, 
and energy production [67]. Although the exact func-
tion of manganese is poorly understood, its significance 
in fungal homeostasis is well known [68]. Sodium and 
potassium are vital for maintaining osmotic balance, 
generating membrane potential, and regulating ion or 
molecule transport [69]. While both solutions effec-
tively promoted the production of antibacterial com-
pounds, their combinations might have induced osmotic 
stress, leading to observable changes in the metabolome 
(Fig.  6A) and alterations in antibacterial activity, as evi-
denced by lower IC50 values against Escherichia coli 
observed with treatments supplemented with solutions A 
and B.

In the last step of this study, treatments were carried 
out with 0.05  M phosphate buffer and water. In both 
cases, the pH tended to decrease due to fungal meta-
bolic activity. However, this change was much more 
pronounced in the absence of buffer. Although neither 
the IC50 nor the YP/S ratio reflected these differences, 
the metabolomic profiles were markedly different. For 
instance, the production of phomol-like molecules was 
greater in the C15-N0.75-L-M (B) buffer treatment 
(Additional file 5). This could be attributed to (i) the 
availability and consumption of nutrients, which depend 
on the pH of the medium, particularly for the absorp-
tion of iron [67], a component of solution B. Thus, differ-
ent biosynthetic pathways might be stimulated, as some 
substrates are more readily utilized in one treatment 
compared to others. On the other hand, (ii) it is pos-
sible that the production of molecules such as phomol 
is pH dependent, similar to the polyketides hibarimicins 
A-G [70]. Although different molecules were produced, 
the crude extracts exhibited similar bioactivities. Thus, 
rather than focusing on a specific class of molecules, this 
metabolomics-guided strategy highlights how variations 
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in the culture conditions of Diaporthe caliensis can alter 
its metabolome and enhance desirable biological activi-
ties. Our in-depth metabolomics analysis demonstrated 
that the proposed methodology effectively expanded 
the chemical diversity of Diaporthe caliensis, prompting 
the production of SMs besides the previously associated 
polyketide-lactones known from this fungus. Moreover, 
despite our dereplication strategy relying on in-silico 
annotation based on mass accuracy, isotopic pattern, and 
MS/MS spectra, the combination of different approaches 
revealed a high chemical diversity across all treatments. 
The putative annotation of chaetoaurin, phomodiol, and 
phomophyllins, whose presumed biosynthetic origins 
were in agreement with the CANOPUS predictions fur-
ther support this hypothesis [71–74]. In fact, these SMs 
are reported to exhibit diverse biological activities, with 
phomophyllins, in particular, belonging to the protoil-
ludane, illudalane, and botryane sesquiterpenoid classes. 
These compound classes represent indeed promising 
targets for further development, as in the case of the 
melleolides produced by Armillaria spp. (Agaricales, 
Basidiomycota) and the anticancer lead compounds illu-
dins from the genus Omphalotus (Agaricales, Basidiomy-
cota) [75, 76].

In summary, this study developed a stepwise meth-
odology for formulating culture media tailored to Dia-
porthe caliensis. By integrating metabolomic profiling, we 
gained insights into the chemical diversity of this fungus 
and its relationship with factors like carbon and nitrogen 
source concentrations, type of nitrogen source, supple-
mental solutions, and pH regulation. Among our find-
ings, it is noted that the addition of micronutrients and 
the presence of buffer significantly influenced the pro-
duction of polyketide-lactones related to phomol, setting 
the path towards future optimization of its production. 
In fact, this methodology not only facilitates the tar-
geted discovery of novel molecules but also highlights the 
potential of this fungus for producing metabolites from 
distinct compound classes while maintaining desirable 
biological properties, which targeted purification, will be 
the endeavor of future studies.

Conclusions
This study presents a practical approach for designing tai-
lored media based on nutritional limitations to enhance 
the production of antimicrobial SMs during the sub-
merged fermentation of Diaporthe caliensis. By systemat-
ically analyzing key bioprocess parameters, we evaluated 
both metabolomic changes and biological activities in 
response to nutritional adjustments. This demonstrated 
that the biosynthetic potential of the studied fungus 
could be further explored by inducing specific nutritional 
stress conditions. Notably, our findings revealed that the 
antibacterial effects observed across different treatments 

are not solely dependent on the production of phomol-
like molecules, which were only significantly promoted in 
a limited number of treatments. This indicates that Dia-
porthe caliensis has the ability to produce a diverse range 
of antimicrobial compounds under varying conditions. 
Consequently, our study highlights the need for future 
research aimed at enhancing our understanding of the 
chemical and biosynthetic diversity of this rather unex-
plored fungal biofactory, which could be employed for 
the sustainable production of novel antimicrobial agents.
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