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Abstract

Cinnabarinic acid (CA) is a phenoxazinone metabolite produced by Pycnoporus fungi and
reported to have antibacterial activity. This study compared CA production by Pycnoporus
cinnabarinus HEMIM-53 in three culture systems, Shake flasks (FSK), a Stirred-tank reactor
(STR), and an airlift reactor (ALR), together with the bacterial growth-inhibitory activity
(BGIA) of the crude extracts against Escherichia coli and Staphylococcus aureus. In Petri
dishes, radial growth was favored at pH 5.5-7.5, with the highest mycelial density at pH
6.5 and pigmentation at pH 8.5. In submerged cultures, the systems differed markedly in
glucose consumption, pH profiles, mycelial morphology, and extracellular laccase activity.
Although FSK and STR showed higher laccase activity, HPLC quantification of CA and
3-hydroxyanthranilic acid (3-HAA) revealed the highest final CA concentration in the
ALR, indicating that CA accumulation was not proportional to total laccase activity. ALR
extracts also produced growth inhibition of both bacteria, whereas FSK extracts produced
the weakest. Because the systems differed in scale, aeration, agitation and instrumentation,
and the extracts differed in pH and composition, these effects cannot be attributed to the
culture configuration or to CA alone. This descriptive comparison provides a basis for
controlled studies with matched operating conditions, pH-adjusted and uninoculated-
medium controls, and purified CA.

Keywords: Pycnoporus cinnabarinus; cinnabarinic acid; 3-hydroxyanthranilic acid; laccase;
airlift bioreactor; secondary metabolites; antibacterial activity

1. Introduction

Multidrug-resistant bacteria are responsible for a substantial number of deaths world-
wide each year, and the World Health Organization has identified several bacterial
pathogens as high-priority threats due to their increasing resistance to available antibiotics.
This constitutes a public health issue, and it is estimated that it will become the leading
cause of death in the coming years [1]. Efforts to identify new natural products have focused
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on testing novel sources of compounds with bactericidal and bacterial growth-inhibitory
activity (BGIA) [2,3]. While conventional antibiotics are losing efficacy against bacterial
resistance mechanisms, there are unexplored fungi that could inform the discovery or
design of new antibacterial agents [4].

The genus Pycnoporus comprises basidiomycete fungi that are widely distributed
throughout tropical and subtropical regions; furthermore, it is noted for its significant
capacity to produce cellulolytic enzymes, such as laccases [5,6]. This genus includes species
such as P. cinnabarinus, P. sanguineus, and P. coccineus, which form red-orange fruiting
bodies [7-9]. This coloration is attributed to pigments produced—such as cinnabarinic
acid, cinnabarin, and tramesanguin—derived from hydroxyanthranilic acid [7,10]. These
pigments have been studied for their antioxidant and antibacterial activities, and more re-
cently, for their anti-inflammatory properties [11]. However, various fermentation systems
for their production have not yet been explored [8].

Bioreactors offer inherent advantages for culturing diverse microorganisms under con-
trolled, reproducible conditions. For filamentous fungi, mechanically agitated tank systems
can generate shear stress that damages the fungal mycelial structure [12,13]. Conversely,
airlift systems generate lower shear stress, which helps minimize damage to fungal mycelia;
however, they may impose oxygen-transfer limitations because dense mycelial structures
or cellular aggregates can obstruct air or oxygen outlets. Finally, shaking flasks promote
the formation of distinct pellet-like structures [14]. These variations among submerged
fermentation systems can lead to distinct fungal mycelial morphologies; however, their
influence on pigment production remains largely unexplored.

In addition to the production system, controlling variables such as the culture medium,
temperature, aeration rate, and pH can alter the fungi’s physiological state and promote
the biosynthesis of these pigments; this presents an opportunity to optimize the bioprocess
by identifying the specific variables and the most suitable production system [15,16].
This study aims to evaluate submerged fermentation systems—FSK, ALR, and STR—to
determine which system yields the highest concentration of cinnabarinic acid and to
evaluate the growth-inhibitory activity of the crude extracts against E. coli and S. aureus.

2. Materials and Methods
2.1. Strain and Culture

Pycnoporus cinnabarinus strain HEMIM-53 was collected in August 2008 in the community
of Quilamula, Tlaquiltenango, Morelos, Mexico (18.510885195534375, —99.01345646913141).
We subsequently deposited the strain under accession code HEMIM-53 (Herbario Mi-
crolégico de Morelos, strain no. 53) in the fungi culture collection of the Center for Bio-
logical Research, Autonomous University of Morelos. The strain was cryopreserved in
glycerol (20%) at —80 °C. The culture media used in this study were potato dextrose agar
(PDA), modified Téllez-Téllez medium (MTM), and Téllez-Téllez medium (TM) [17]. The
composition of MTM was as follows (g L™!): glucose, 10; yeast extract, 5; KyHPOy, 0.4;
MgSQOy, 0.5; CuSOy, 0.25; MnSOy, 0.05; and bacteriological agar, 15. The TM contained
(g L~ 1): glucose, 10; yeast extract, 5; KH;POy, 0.6; MgSOy, 0.5; KoHPOy, 0.4; CuSOy, 0.25;
FeSOy4, 0.05; MnSOy, 0.05; and ZnSO4, 0.001. The pH of the TM was adjusted to 6.5, whereas
the pH of the MTM was adjusted to 4.5, 5.5, 6.5, 7.5, and 8.5 using 0.1 M NaOH or HCI. The
MTM is used to evaluate the effect of pH on mycelial growth and apparent pigmentation,
as it is unbuffered. In contrast, the TM is buffered and used for cultures in FSK, STR, and
ALR systems.

To preserve the Pycnoporus cinnabarinus HEMIM-53 strain, a 3 mm myecelial disc
excised from the colony margin was inoculated into a Petri dish containing PDA medium
and stored at 4 °C for 30 days. For strain activation, a 3 mm mycelial disc excised from the
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actively growing colony margin with a cork borer and maintained at 4 °C was transferred
to a Petri dish (100 mm) containing PDA and incubated at 28 °C for 7 days. To evaluate
fungal growth and pigment production on solid media, a 3 mm mycelial disc excised with a
cork borer from the margin of an actively growing colony was inoculated onto Petri dishes
(100 mm) containing MTM. The medium pH was adjusted using 0.1 N HCI or NaOH. The
plates were incubated at 28 °C for 5 days, and radial growth length was measured with
a digital caliper every 12 h in the same orientation; the radial growth rate was calculated
as the slope of the plot of length (y-axis) versus cultivation time (x-axis). Subsequently,
apparent pigmentation was documented over 20 days via photographs. Finally, plates
were dried in an oven at 60 °C for 24 h, and dry weight was recorded; mycelium was
then removed, and the weight without mycelium was recorded. Mycelial density was
determined by dividing the weight difference by the plate surface area (7 x 12).

For flask FSK, 125 mL Erlenmeyer flasks containing 50 mL of TM were inoculated
with three mycelial discs (3 mm) obtained from the activated strain. The cultures were
incubated at 28 °C and 125 rpm. Samples were initially collected at 72 h and subsequently
at 24 h intervals up to 408 h, with three independent replicates per condition. To obtain
the crude extracts, the culture broth was first filtered through Whatman No. 4 filter paper
and then centrifuged at 10,000x g for 10 min. The pH of the resulting supernatant was
measured, and biomass was quantified by dry weight after drying at 60 °C for 24 h. The
resulting crude extracts were stored at —80 °C until further analysis.

2.2. Biomass Determination and Mathematical Model

Biomass was determined from the difference in dry weight in FSK. A mathemati-
cal model based on the logistic growth equation was developed to estimate the specific
growth rate:

ax X
- = 1-— X
dt " < Xmax)
Solution to the equation:
Xcal = XL{&
1+Ce*
here:
where C— Xmax — Xy
= %

Xo = Initial biomass concentration;

i = Specific growth rate;

Xmax = Maximum biomass concentration obtained (X > 0);

Xcal = Biomass concentration calculated as a function of fermentation time.

The values of Xmax and p were estimated by nonlinear least-squares fitting using
the generalized reduced gradient method implemented in Microsoft Excel with the Solver
tool [18].

2.3. Bioreactor Operation and Culture

For STR culture, a 3 L vessel (Applikon Biotechnology, Goteborg, Sweden) was op-
erated at a working volume of 75% (2.25 L). The system was sterilized in situ with TM
at 121 °C for 15 min. The bioreactor was inoculated with an inoculum prepared from a
flask culture containing 0.165 g of mycelium harvested during the middle exponential
growth phase previously determined in the FSK system. The culture was performed at
125 rpm with an aeration rate of 1 VVM (volume of air per volume of liquid per minute),
equivalent to 135 L h~! at room temperature (approximately 28 °C). The first sample was
collected at 72 h, followed by sampling at 24 h intervals until 408 h. To prepare the crude
extract, the culture broth was filtered through Whatman No. 4 filter paper and subsequently
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centrifuged at 10,000 x g for 10 min. The pH and glucose concentration of the resulting
supernatant were measured, and the crude extracts were stored at —80 °C until further
analysis. Three independent experiments were performed.

For ALR culture, a concentric tube airlift reactor with a total capacity of 5.5 L was
operated at a working volume of 75% (4.125 L). The reactor was 60 cm tall, with top and
bottom diameters of 13.5 and 11 c¢m, respectively, and a diffuser diameter of 4 cm. The
reactor containing TM was sterilized at 121 °C for 15 min. Subsequently, it was inoculated
with 0.165 g of mycelium harvested from a flask culture during the middle exponential
growth phase. The reactor was operated at an aeration rate of 1 VVM, equivalent to
250 Lh~!, at room temperature (approximately 28 °C). The first sample was collected
at 72 h, followed by sampling at 24 h intervals. To prepare the crude extract, the broth
was filtered and subsequently centrifuged at 10,000 g for 10 min. The pH and glucose
concentration of the resulting supernatant were measured, and the crude extracts were
stored at —80 °C until further analysis. Three independent experiments were performed.
Both bioreactors were inoculated with the same initial biomass, regardless of the working
volume. It should also be noted that the bioreactors are not equipped with any type of
sensor; consequently, these monitoring and control conditions are addressed in the results
discussion section.

2.4. Determination of Glucose Consumption

For FSK, STR, and ALR systems, glucose consumption was quantified using the
3,5-dinitrosalicylic acid (DNS) colorimetric method (Miller, 1959) [19]. Crude extracts ob-
tained from samples collected throughout the submerged culture processes were analyzed.
Briefly, 50 puL of crude extract was mixed with 950 uL of distilled water and 2 mL of DNS
reagent containing 1% 3,5-dinitrosalicylic acid, 0.2% phenol, 0.05% sodium sulfite, and 1%
sodium hydroxide. The reaction mixture was heated in a boiling water bath for 5 min and
subsequently cooled in an ice-water bath. Absorbance was measured at 575 nm using a
SpectraMax® Plus 384 spectrophotometer (Molecular Devices, San José, CA, USA). Glucose
concentration was calculated from the corresponding absorbance values using a glucose
calibration curve.

2.5. Cinnabarinic and 3-Hydroxyanthranilic Acid Concentration

The wavelength (A) corresponding to the approximate maximum absorbance of
cinnabarinic acid (standard) was determined by spectrophotometric analysis. Aliquots
(200 pL) of cinnabarinic acid (SML0096, Sigma-Aldrich, Merck KGaA, Darmstadt, Ale-
mania) at concentrations of 0.5, 0.25, 0.125, 0.0615, 0.0312, 0.0156, 0.0078, 0.0039, and
0.00195 mg mL~! were transferred to a 96-well microplate. The absorption spectrum was
recorded using a SpectraMax® Plus 384 microplate reader (Molecular Devices) over the
wavelength range of 350-600 nm at 25 nm intervals. Similarly, the absorption spectrum
of 3-HAA (H9391, Sigma-Aldrich) was determined at the same concentrations. Spectral
measurements were performed over the wavelength range of 200-750 nm at 50 nm intervals
using the same microplate reader. Absorbance spectra were plotted for both compounds,
and the approximate wavelength corresponding to maximum absorbance (Amax) was
identified. A calibration curve of the concentrations (previously mentioned) versus the
obtained absorbances allowed for the determination of the apparent concentration of both
compounds in the crude extracts.

CA and 3-HAA were quantified in crude extracts at 216, 312 and 408 h by HPLC on
an Agilent 1200 Infinity system equipped with a diode array detector (DAD) and a C-18
column HPS; 250 x 4.6 mm, 5 um, 125 A; Cat. No. 75018-25P. The method was adapted
from Dias and Urban [10]. The sample was prepared by passing the crude extract through
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a 0.22 um filter. Elution was performed with an acetonitrile /water gradient (10:90, 0-5 min;
60:40, 5-55 min; 100:0, 55-65 min; 10:90, 65-70 min) at 1 mL min~—! and 25 °C, with 100 uL
injections. CA and 3-HAA were detected at 435 and 350 nm, respectively. Peak identity
was confirmed by retention time and UV spectrum against authentic standards. Calibration
curves were prepared with standards of 1.95-500 pg mL~! (peak area versus concentration;
Figure S1). The LOD and LOQ were not estimated.

2.6. BGIA on E. coli and S. aureus

The growth of Escherichia coli (ATCC 25922) and Staphylococcus aureus (ATCC 25923)
was monitored by measuring absorbance at 595 nm using a SpectraMax® Plus 384 mi-
croplate reader (Molecular Devices). For BGIA assays, bacterial suspensions were adjusted
to a 0.5 McFarland standard (approximately 1 x 108 CFU mL™!), and 200 uL of the assay
mixture was prepared by combining 100 uL of bacterial culture in Mueller—-Hinton broth
with 100 pL of crude extract (1:1 dilution) at different times, to an initial concentration
of approximately 5 x 107 CFU mL~!. Mueller-Hinton broth without extract was used
as a blank control, Mueller-Hinton broth with TM (1:1 dilution) was used as the growth
control, while ampicillin (34.94 ug/mL) was included as the antibiotic control. Absorbance
at 595 nm was recorded for 12 h, and growth was expressed relative to the corresponding
control after blank correction.

2.7. Laccase Activity and Zymography

Laccase activity was determined spectrophotometrically by monitoring the oxidation
of 2,6-dimethoxyphenol (DMP) at 468 nm, using a cuvette with a 1 cm path length. The
reaction mixture contained 2 mM 2,6-dimethoxyphenol (2,6-DMP) and 100 uL of enzyme
extract in a final volume of 1 mL of either 100 mM sodium phosphate buffer (pH 6.5) or
100 mM sodium acetate buffer (pH 4.5). Reactions were carried out at 40 °C. The increase
in absorbance was monitored over time, and the linear portion of the reaction curve was
used to calculate the change in absorbance per minute (AA min~!) using a SpectraMax®
Plus 384 reader (Molecular Devices). Laccase activity was calculated according to the
Beer-Lambert law using an extinction coefficient of 27,500 M~lem~!and a 1-em optical
path length. One international unit (IU) of laccase activity was defined as the amount of
enzyme catalyzing the formation of 1 umol of oxidized DMP per minute under the assay
conditions. Enzyme activity was expressed as IU L~! of enzymatic extract.

Laccase activity was detected by in-gel activity assay (zymography) after native poly-
acrylamide gel electrophoresis (native PAGE) on 12% polyacrylamide gels. Samples were
prepared with a non-denaturing, non-reducing loading buffer (without SDS or reducing
agents) and were not heated or subjected to any other denaturing treatment. Eighteen micro-
liters of crude extract mixed with loading buffer were loaded per well, and electrophoresis
was run at a constant voltage of 80 V. After electrophoresis, the gel was incubated in 2 mM
2,6-dimethoxyphenol (2,6-DMP) prepared in 100 mM sodium acetate buffer (pH 4.5) until
activity bands appeared.

2.8. Statistical Analysis and Data Processing

The assumptions underlying the analysis of variance were evaluated before statistical
testing. Normality was assessed by inspection of the residual distributions and the Shapiro—
Wilk test, while homogeneity of variances was evaluated using the Brown—Forsythe test.
Given the limited number of biological replicates (n = 3 per treatment), the results of the
normality test were interpreted cautiously because of its low statistical power at small
sample sizes. Variations in radial growth and mycelial density as a function of pH were an-
alyzed using one-way analysis of variance (ANOVA) to assess differences among treatment
means at a significance level of & = 0.05. The normality assumption was considered for
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the statistical analysis, and Tukey’s post hoc test was subsequently performed for multiple
comparisons among pH treatments. Three biological replicates were evaluated for each pH
level. For the quantification of CA and 3-HAA by HPLC, and for laccase activity, ANOVA
was performed to assess differences in mean metabolite concentrations among the culture
systems at the corresponding sampling times, using a significance level of o« = 0.05. When
significant differences were detected, Tukey’s post hoc test was used for multiple compar-
isons among culture systems. Three biological replicates were analyzed for FSK, whereas
three independent fermentation runs were performed for STR and ALR systems. For the
BGIA test, the area under the curve was calculated, and an ANOVA and Dunnett post
hoc test were performed. Statistical analyses and graphs were generated using GraphPad
Prism (Trial version).

3. Results
3.1. Radial Growth and Pigmentation

The effect of pH on the growth and pigmentation of Pycnoporus cinnabarinus HEMIM-
53 was evaluated by determining the radial growth rate (RGR) and mycelial density (MD)
of cultures grown on Petri dishes containing MTM at different pH values. Apparent
pigmentation was also monitored over a 20-day culture period. As shown in Figure 1A,
the highest RGR values were observed at pH 5.5, 6.5, and 7.5, reaching 0.252, 0.243, and
0.235 mm h~!, respectively. In contrast, lower RGR values were observed at pH 4.5 and 8.5,
corresponding to the most acidic and alkaline conditions evaluated, respectively. These
findings indicate that the radial growth of P. cinnabarinus HEMIM-53 was favored within the
pH range of 5.5-7.5. The highest MD was observed at pH 6.5 (Figure 1B), which falls within
the optimal pH range previously reported for the growth of this fungus [20]. Regarding
pigmentation, during the early stages of culture, more intense apparent pigmentation was
observed as the pH increased. However, these differences gradually decreased over time,
and by day 15, pigmentation appeared visually similar among all tested pH conditions
(Figure 1C).
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Figure 1. Effect of initial pH on the growth and apparent pigmentation of Pycnoporus cinnabarinus
HEMIM-53. (A) Radial growth rate and (B) mycelial density of P. cinnabarinus HEMIM-53 cultivated
on modified Téllez-Téllez medium (MTM) at different initial pH values. (C) Representative images
showing colony growth and apparent pigmentation during 20 days of cultivation at pH 4.5, 5.5, 6.5,
7.5, and 8.5. Data in panels A and B represent the mean =+ standard deviation of three independent
biological replicates. Asterisks indicate significant differences among pH treatments (one-way
ANOVA followed by Tukey’s multiple-comparison test, p < 0.05).
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3.2. Growth and Morphological Characteristics in Submerged Fermentation Systems

The growth kinetics of Pycnoporus cinnabarinus HEMIM-53 cultivated in the FSK
system were evaluated, and the experimental biomass data were fitted to a logistic growth
model (Figure 2A). The model estimated a maximum biomass concentration (Xux) of
4.07 g L~ ! and a specific growth rate (1) of 0.018 h~!. The culture reached the stationary
phase at approximately 250 h, coinciding with glucose depletion to undetectable levels
(Figure 2A,B). Glucose consumption profiles varied in each culture system (Figure 2B). In
the FSK system, glucose was completely depleted after approximately 250 h of culture,
whereas depletion occurred later in STR. In contrast, glucose was only partially consumed
in ALR, with a decrease of approximately 4 g L~! relative to the initial concentration by
the end of culture. These results indicate marked differences among the culture systems in
substrate utilization.

A B ” C

5] | —_ @ FSK 7-|

| = ° STR

44 P 2 9 ‘ Ed ALR
3 i ’ £ T e 6
= 34 Y i E s ¥
P ‘ Z 6 L'g T . ALR
£ 2 g = . STR

2 S \
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@M 2 3 &
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Time (h) Time (h) Time (h)

D FSK STR ALR

Figure 2. Growth, glucose consumption, pH profiles, and mycelial morphology of Pycnoporus cinnabar-
inus HEMIM-53 in different submerged fermentation systems. (A) Biomass growth kinetics of P.
cinnabarinus HEMIM-53 in shake flask (FSK) cultures and fitting of the experimental data to the logis-
tic growth model. (B) Glucose consumption profiles and (C) pH changes during cultivation in shake
flask (FSK), stirred-tank reactor (STR), and airlift reactor (ALR) systems. (D) Representative optical mi-
croscopy images showing the mycelial morphology observed in the three submerged culture systems.
Data represent the mean £ SD of three independent biological replicates or fermentation runs.

Distinct pH profiles were observed among the culture systems (Figure 2C). In both the
FSK and STR systems, the pH decreased from an initial value of 6.5 to approximately 4.0,
followed by a gradual increase to pH 6.0. The initial decrease occurred more rapidly in the
FSK system. In ALR, the pH similarly decreased from 6.5 to approximately 4.0; however, it
remained close to this value throughout the remainder of the culture period, without the
subsequent increase observed in the FSK and STR systems. The total protein concentration
in the crude extracts obtained from the three culture systems remained generally similar
among the systems throughout most of the culture period. Finally, mycelial morphology
differed according to the culture system, as observed by optical microscopy (Figure 2D).
Mycelium obtained from the FSK and STR systems exhibited villus-like surface structures,
which were particularly prominent in the STR system. In contrast, these structures were
not evident in the mycelium cultivated in the ALR, suggesting that the hydrodynamic
conditions associated with each culture system influenced mycelial morphology.
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3.3. Cinnabarinic Acid Identification and Quantification

To identify and quantify CA and 3-HAA, color changes in crude extracts from the dif-
ferent culture systems were monitored throughout fermentation (Figure 3A). The presence
of CA was then evaluated by thin-layer chromatography (TLC), and the absorption spectra
of the CA and 3-HAA standards were recorded. The most pronounced color development
was observed in the STR, followed by FSK and the ALR. The presence of CA in the crude
extracts was determined by TLC using pure CA (SML0096, Sigma-Aldrich) and an extract
obtained from the fruiting body of P. cinnabarinus HEMIM-53 as reference samples. TLC
analysis detected signals matching the CA standard in samples from the STR and ALR
systems, whereas no CA signal was detected in samples from the FSK system under the
conditions used (Figure 3B). Absorption of the CA and 3-HAA standards showed Amax
values of approximately 350 nm (Figure 3C) and 450 nm (Figure 3D), respectively. However,
the wavelengths used for HPLC analysis, based on the literature, were 350 and 435 nm for
3-HAA and CA, respectively.

A

FSK

ALR

STR

@~ 500 pg/mL
- 250 pg/mL
2.0 2.0 A 125 pg/ml.
¥~ 625 ugmL
o 38 ~&— 3125 ugmlL
g 1.54 g 1.54 @ 1562 pg/ml
2 =
g g
2 1.0+ 2 1.0
< <
0.5 0.5
0.0 T . ! X
200 300 400 500 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure 3. Identification and spectrophotometric characterization of cinnabarinic acid (CA) and 3-
hydroxyanthranilic acid (3-HAA) produced by Pycnoporus cinnabarinus HEMIM-53. (A) Changes in
the coloration of crude extracts from FSK, STR, and ALR cultures during submerged fermentation.
(B) Thin-layer chromatography (TLC) analysis of crude extracts from the different culture systems
using pure CA and an extract from the fruiting body of P. cinnabarinus HEMIM-53 as reference
samples. (C) Absorption spectrum of the 3-HAA standard used to estimate its wavelength of
maximum absorbance (Amax). (D) Absorption spectrum of the CA standard used to estimate its
wavelength of maximum absorbance (Amax).

The concentrations of 3-HAA and CA produced in the culture systems were deter-
mined by HPLC and compared with the apparent concentrations estimated by spectropho-
tometry. Spectrophotometric analysis indicated that the STR had the highest apparent
concentrations of both CA and 3-HAA, followed by the FSK, whereas the ALR had the
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lowest (Figure 4A,B). In contrast, HPLC analysis revealed a different profile among the
three systems: at 408 h, the ALR reached a CA concentration of approximately 15 pg mL~1,
compared with approximately 11 pg mL~! in the STR and below 5 pg mL~! in the FSK
(Figure 4C). In contrast, 3-HAA reached approximately 500 pg mL ™! in all three systems,
with no statistically significant differences among them (Figure 4D). Spectrophotomet-
ric and HPLC analyses yielded different estimates for both compounds, with the largest
discrepancy observed for CA. Moreover, the ranking of the culture systems by CA con-
centration depended on the analytical method used, which highlights the limitations of
spectrophotometry for estimating CA in crude fermentation extracts.
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Figure 4. Quantification of 3-hydroxyanthranilic acid (3-HAA) and cinnabarinic acid (CA) produced
by Pycnoporus cinnabarinus HEMIM-53 in different submerged fermentation systems. Apparent
concentrations of (A) CA and (B) 3-HAA estimated by spectrophotometric analysis, and concentra-
tions of (C) CA and (D) 3-HAA determined by high-performance liquid chromatography (HPLC) in
crude extracts obtained from shake flask (FSK), stirred-tank reactor (STR), and airlift reactor (ALR)
cultures. HPLC analyses were performed at 216, 312, and 408 h of fermentation. Data represent
the mean =+ SD of three independent biological replicates. Asterisks indicate significant differences
among culture systems at the corresponding sampling time (one-way ANOVA followed by Tukey’s
multiple-comparison test, p < 0.05).

3.4. BGIA Assay of Crude Extracts

The BGIA of crude extracts obtained from Pycnoporus cinnabarinus HEMIM-53 culti-
vated in FSK, STR, and ALR systems was evaluated against Escherichia coli ATCC 25922
and Staphylococcus aureus ATCC 25923. BGIA was assessed by monitoring bacterial growth
kinetics in the presence of crude extracts collected at different fermentation times (Figure 5).
Extracts obtained from the FSK system showed low BGIA against both bacterial strains.
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In comparison, extracts from the STR system produced an apparent reduction in bacte-
rial growth, whereas those obtained from the ALR exhibited an apparent BGIA effect
against both E. coli and S. aureus (Figures 5A and 5B, respectively). Compared with controls
(AUCq_1pp = 7.2 for E. coli ATCC 25922 and ~ 5.1 for S. aureus ATCC 25923), FSK reduced
E. coli growth by only 15-21% (p < 0.0001) and had no significant effect on S. aureus at
any concentration. STR decreased E. coli AUC by ~58-60% at all three concentrations, and
S. aureus AUC by 22% at 1.46 ug mL~! (p < 0.05) and by 29-31% at 2.97 ug mL~! and
10.46 pug mL~'. ALR showed apparent inhibition: E. coli AUC fell by 74% at 2.39 pg mL~!
and by 89-92% at 3.94 ug mL~! and 14.52 ug mL~1, while S. aureus AUC fell by 51%, 61%,
and 71% at 2.39 ug mL~1,3.94 ug mL~!, and 14.52 ug mL~1, respectively (Figure 5C).

A B
107 -~ Conrol 1.0
ontro; N
- FSK(N.D) -@= Control
£ -&- FSK(N.D) & SRALDY
£ 0.8+ :D. £ -~ FSK(N.D)
2 FSK (2.1 pg/mL) = 0.8 FSK (2.1 pg/mL)
2 STR (146 ig/ml) 2 SIk el
= STR (297 ng/ml) - STR (297 higmL)
= 0.6 STR (10.46 pg/mL) 2 0.6 STR (1048 Dt
g ALR (239 ug/mL) z ALR (230 ol
g ALR (394 pg/mL) 5 ALR (394 jigml)
0.4- ALR (14.52 pg/mL) Q o4 ALR (14.57 o/l
g & Ampicillin 3494 pgim) = 04 (14.52 pg/mL)
B picillin (34.94 pg/ml) 5 ~®-  Ampicillin (34.94 pg/mL)
£ 8
o 0.2 8- 024
0.0 e *—0—0—0—¢ 00 - = = .
T T T 1
0 3 6 9 12 0 3 6 12
Time (h) Time (h)
C S E. coli ATCC 25922

AUCo.12n (ODsgsnm * h)

S. aureus ATCC 25923

b
s
ns I
wrrn B
oo
10 { =, °
Pl l /
%
& @Q\ @Q\ Q\\ Q?‘@ Q:)%\ ng ;_,31)
& & NS \¢
S S S & <
< < < o4 1 N

Figure 5. Bacterial growth-inhibitory activity (BGIA) of crude extracts from Pycnoporus cinnabarinus

HEMIM-53 cultivated in different submerged fermentation systems. Growth kinetics of (A) Escherichia

coli ATCC 25922 and (B) Staphylococcus aureus ATCC 25923 exposed to crude extracts collected at

different cultivation times from shake-flask (FSK), stirred-tank reactor (STR), and airlift reactor (ALR)
cultures. Bacterial growth was monitored by measuring optical density at 595 nm (ODsgs5) for 12 h.
Bacterial suspensions (approximately 5 x 107 CFU mL~! before mixing) were mixed 1:1 with the

crude extracts to a final assay volume of 200 uL. Téllez-Téllez medium (TM) was used as the growth
control, Mueller-Hinton broth as the blank, and ampicillin (34.94 ug/mL) as the antibiotic control.
(C) Bacterial growth was quantified as the area under the ODsg5 curve from 0 to 12 h (AUCy_j, h).
Bars represent the mean =+ SD of three independent biological replicates; dots indicate individual
values. Statistical comparisons were performed against the control for each bacterial species using one-
way ANOVA followed by Dunnett’s post hoc test. Significance levels: ns, not significant; * p < 0.05;
*** p <0.001; *** p < 0.0001. Extract concentrations refer to the original crude extracts before 1:1
dilution. The number indicates the concentration, and N. D. indicates “not detected”.

4. Discussion
Initial pH affected both radial growth and mycelial density: growth was favored be-
tween pH 5.5 and 7.5, and the highest density occurred at pH 6.5. Pigmentation was initially
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more pronounced at higher pH but became less evident during prolonged culture, indicat-
ing that growth and pigment accumulation are not equivalent responses. The characteristic
coloration of Pycnoporus results from phenoxazinones such as CA and cinnabarin [21]. Vi-
sual pigmentation and spectrophotometric analysis provide only preliminary information
and cannot be used as a quantitative indicator of CA or 3-HAA.

Different initial culture conditions and configurations of the submerged fermentation
system were associated with different growth patterns of Pycnoporus cinnabarinus HEMIM-
53 and its CA production. Although growth was favored over a broad pH range, the
hydrodynamic environments of FSK, STR, and ALR were associated with distinct patterns
of substrate consumption, pH evolution, mycelial morphology, CA accumulation, and
consequently BGIA. Previous studies have focused mainly on the CA biosynthetic pathway
or on its optimization in a single culture configuration, and direct comparisons among
submerged systems remain limited [11].

In submerged culture, biomass in FSK reached a maximum of approximately
4.07 g L1 (specific growth rate 0.018 h™!), and the stationary phase coincided with glu-
cose depletion. Glucose was completely or nearly completely consumed in FSK and STR,
whereas a substantial fraction remained in the ALR. Therefore, the higher CA concentration
in the ALR was not associated with greater carbon consumption. Mycelia from FSK, and
particularly STR, showed villus-like peripheral structures that were less evident in the
ALR, which is consistent with the different shear and mixing conditions inferred from
mechanical agitation versus gas-driven circulation. The pH profiles also differed: in FSK
and STR, pH decreased from 6.5 to approximately 4.0 and then rose to close to 6.0, whereas
the ALR remained near 4.0 after the initial acidification. This acidic condition coincided
with CA accumulation, but its role remains to be established. Although these pH values
could influence the BGIA assay, the OD profiles at the lowest CA concentration (approxi-
mately the same pH) diverged between systems at ~200 h, indicating that pH alone does
not account for the observed growth inhibition and that other extract metabolites likely
contribute at this concentration; however, this information needs to be corroborated appro-
priate controls. The highest CA concentration was not associated with the most extensive
mycelial development or the greatest glucose utilization, suggesting that growing state,
rather than biomass alone, may be relevant for CA accumulation and other non-identified
metabolites [6,22].

Analytical methods also gave different results. Spectrophotometric measurements
suggested higher apparent CA and 3-HAA concentrations in the STR, whereas HPLC
showed the highest CA concentration in the ALR at the final stage, an intermediate value
in the STR, and the lowest in FSK, where CA was detectable only in the last sample.
Since the samples were crude extracts, absorbance may include contributions from other
metabolites with overlapping spectra, while chromatographic separation provides greater
selectivity [7]. HPLC data were therefore used as the basis for comparing CA among
systems, and pigmentation or absorbance alone should be interpreted cautiously in crude
fermentation samples (Figure S1). Therefore, in this study, they are presented as additional
information with apparent units.

The ALR culture also showed apparent BGIA against E. coli and S. aureus, coinciding
with its higher CA concentration; however, this coincidence does not establish a causal
relationship, since other metabolites in the extract may contribute to the activity. Although
the assay presents aspects open to improvement, the wavelength of the pigments does not
appear to interfere with the one used for OD measurement; however, this will need to be
verified in the future. The culture systems were not fully comparable; these results should
be interpreted only as showing that, under the conditions tested, the ALR yielded the
highest CA concentration. Whether this represents a production advantage, and whether
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CA is responsible for the observed BGIA, requires further validation under standardized
conditions and with assays using purified CA [23].

CA formation is mechanistically linked to laccase-mediated oxidative coupling of
3-HAA [5,6]. Both compounds were detected in all systems, but 3-HAA did not differ
significantly among them, while CA was significantly higher in the ALR. This indicates that
CA accumulation is not explained by precursor availability alone, and differences in con-
version efficiency, oxygen availability, possible laccase isoform activity, copper-dependent
oxidative activity, or extracellular conditions may contribute [18,24]. The importance of
the oxidative step is supported by Yue et al. [25], who raised CA production in engineered
Pseudomonas chlororaphis from 20.3 to 136.2 mg L~! through pathway optimization and
Cu?* and H,O, supplementation. However, extracellular laccase activity was highest in
FSK, followed by STR, and substantially lower in the ALR. Zymography showed active
laccase bands in all systems with differences in intensity. However, CA accumulation
was not proportional to total laccase activity (Figure 6A); therefore, zymography does not
establish the catalytic contribution of individual isoforms to 3-HAA oxidation (Figure 6B),
and isoenzyme profiles, substrate specificity, oxygen transfer, pH, and CA stability were

not evaluated. Therefore, another perspective is to investigate the possible production of
isoforms [26,27].
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Figure 6. Extracellular laccase activity of Pycnoporus cinnabarinus HEMIM-53 in different submerged
fermentation systems. (A) Maximum extracellular laccase activity during cultivation in shake
flask (FSK), stirred-tank reactor (STR), and airlift reactor (ALR) systems, determined using 2,6-
dimethoxyphenol (2,6-DMP) as substrate at pH 4.5. (B) Maximum extracellular laccase activity
determined using 2,6-dimethoxyphenol (2,6-DMP) as substrate at pH 6.5. (C) Zymographic analysis
showing extracellular laccase activity in crude extracts obtained at different fermentation times
from the three culture systems. Data represent the mean + SD of three independent biological
replicates or fermentation runs. Asterisks indicate significant differences among culture systems at

the corresponding sampling time (one-way ANOVA followed by Tukey’s multiple-comparison test,
p <0.05).

The ALR extract showed BGIA against E. coli and S. aureus, coinciding with the higher
CA concentration. This coincidence does not establish causality, because Pycnoporus species
produce several phenoxazinones and other extracellular metabolites that may contribute
to the activity, and structural changes in CA can modify its antimicrobial effect [11,28].
Previous reports show that CA-containing extracts inhibit Gram-positive bacteria more
strongly than Gram-negative bacteria and that CA is active against B. subtilis, B. cereus, and
E. coli (MIC 300400 pg mL~1) [29]. Assays with purified CA at concentrations equivalent
to those quantified here, together with fractionation and chemical characterization of the
extracts, are needed to define the contribution of CA to the BGIA observed.
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This study has limitations that restrict its interpretation: (a) the three systems differed
in volume, initial biomass concentration, aeration, agitation, and instrumentation (the
reactors had no pH, dissolved oxygen, or temperature control), so system effects are
confounded with scale and operating conditions; (b) biomass was measured only in FSK;
therefore, yields and volumetric productivity could not be calculated for STR and ALR, and
no definitive conclusions can be drawn regarding these parameters; (c) the extracts were
crude culture supernatants whose pH and composition differed among systems including
CA concentration; (d) growth inhibition was evaluated by kinetic curves with an inoculum
(~5 x 107 CFU mL~') higher than that used in standard susceptibility testing, without MIC
determination or tests with purified CA, so the contribution of CA could not be established.

5. Conclusions

Under the conditions tested, which were not comparable among systems, the three
culture systems showed different patterns of glucose consumption, pH evolution, mycelial
morphology, extracellular laccase activity, and CA concentration. CA concentration de-
termined by HPLC was highest in the ALR. In contrast, extracellular laccase activity was
higher in FSK and STR, indicating that laccase activity alone does not explain CA accu-
mulation in these cultures. ALR extracts also showed growth inhibition against E. coli
and S. aureus. However, because the extracts differed in pH and composition and the
assays lacked uninoculated-medium, pH-adjusted, and purified-CA controls, we cannot
attribute this inhibition to CA or to the culture configuration. These findings are descriptive
and hypothesis-generating. Determining whether the ALR offers a production advantage
and whether CA contributes to the inhibition will require matched operating conditions,
biomass and yield measurements in all systems, validated CA quantification, and assays
with purified CA at the concentrations present in the extracts.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /bioresourbioprod2040023/s1, Figure S1: HPLC calibration and
chromatographic analysis of cinnabarinic acid (CA) and 3-hydroxyanthranilic acid (3-HAA).
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Abbreviations

The following abbreviations are used in this manuscript:

3-HAA  3-Hydroxyanthranilic acid

ALR Airlift reactor

ANOVA  Analysis of variance

ATCC American Type Culture Collection

AUC Area under the curve
BGIA Bacterial Growth Inhibitory Activity
CA Cinnabarinic acid
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CFU Colony-forming unit
DAD Diode array detector
DMP 2,6- Dimethoxyphenol

DNS 3,5-Dinitrosalicylic acid

FSK Shake flask

HPLC High-performance liquid chromatography
U International units

LOD Limit of detection

LOQ Limit of quantification

MD Myecelial density

HEMIM  HErbario Mlcolégico de Morelos

MIC Minimum inhibitory concentration

MTM Modified Téllez-Téllez Medium

OD Optical density

PAGE Polyacrylamide gel electrophoresis

RGR Radial growth rate

SD Standard deviation

SDS Sodium dodecyl sulfate

STR Stirred tank reactor

TLC Thin-layer chromatography

™ Téllez-Téllez Medium

VVM Volume of gas per volume of liquid per minute
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