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Abstract: Pigments of fungal origin have aroused increasing interest in the food dye and cosmetic
industries since the global demand for natural dyes has grown. Endophytic microorganisms are a
source of bioactive compounds, and Amazonian plant species can harbor fungi with a wide range
of biotechnological applications. Popularly known in Brazil as crajiru, Fridericia chica is a medicinal
plant that produces a red pigment. In this study, a total of 121 fungi were isolated in potato dextrose
agar from three plants. We identified nine pigment-producing endophytic fungi isolated from
branches and leaves of F. chica. The isolates that showed pigment production in solid media were
molecularly identified via multilocus analysis as Aspergillus welwitschiae, A. sydowii, Curvularia sp.,
Diaporthe cerradensis (two strains), Hypoxylon investiens, Neoscytalidium sp. (two strains) and Penicillium
rubens. These isolates were subjected to submerged fermentation in two culture media to obtain
metabolic extracts. The extracts obtained were analyzed in terms of their absorbance between 400 and
700 nm. The pigmented extract produced by H. investiens in medium containing yeast extract showed
maximum absorbance in the red absorption range (UA700 = 0.550) and significant antioxidant and
antimicrobial activity. This isolate can thus be considered a new source of extracellular pigment.

Keywords: endophytes; natural colorants; fungal metabolites; phylogenetic analysis

1. Introduction

Plants harbor interrelated microorganisms, such as bacteria and fungi, which form
plant microbiomes [1]. Among these microorganisms are endophytic fungi. These are
commonly found in the different tissues of plants and interact in such a way as to not
cause damage to the hosts [2,3]. In this symbiotic association between fungi and plants,
the latter provide carbohydrates to endophytic fungi, which in turn perform beneficial
functions for the hosts, such as the production of secondary metabolites that protect the
plant against diseases, herbivores, and biotic and abiotic stresses, in addition to promoting
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host growth [4–6]. On the other hand, although endophytic fungi behave mutually, they
can occasionally become pathogenic, depending on the environmental and physiological
conditions of the host plant [2,7].

Endophytic fungi have aroused increasing interest in the biotechnological and indus-
trial fields due to their ability to secrete secondary metabolites with interesting properties.
Their metabolites can be used as biocontrol agents, antimicrobials, antitumors, antioxidants,
antidiabetic agents, antibiotics, and insecticides, among others [5,8]. Therefore, endophytic
fungi represent important sources for the discovery of new natural products with bioactive
properties [9].

Among the fungal metabolites of interest, pigments have attracted attention from the
dye industries due to their antimicrobial and antioxidant properties, and because they have
low or no toxicity [10,11]. In addition, there is a tendency to replace synthetic dyes with
natural ones since the negative side effects caused by synthetic dyes have already been
proven [12,13].

Filamentous endophytic fungi are capable of producing a wide variety of biocolors,
such as melanins, phenazins, flavins, carotenoids, quinones, violacein, indigo, monascins,
rubropuntamine, rubropuntatin and ankaflavin [13,14]. In addition, fungi exhibit relatively
rapid growth and release pigments into the culture medium, which makes it possible to
obtain metabolic extracts and produce them on an industrial scale. Differently to extracting
pigments from plants or animals, this process is more economical and does not depend on
climatic conditions or seasonality [10].

The genus Fridericia is distributed from Mexico and the Antilles to northern Ar-
gentina [15] and is commonly found in the Amazon rainforest and Atlantic Forest of
Brazil. The species Fridericia chica (Bonpl.) L. G. Lohmann, popularly known in Brazil as
crajiru, pariri, or carajuru, among other names, is a plant that is widely used due to its
tinctorial, medicinal and cosmetic properties. F. chica was first described by Cronquist [16]
as Arrabidaea chica. However, its classification has been modified due to recent taxonomic
changes [17].

Three different varieties of F. chica are cultivated in the Amazon region [18]. Its
medicinal properties are described in several studies [19–22]. Due to its pharmacological
properties, F. chica was included by the Brazilian Ministry of Health in the National List of
Medicinal Plants of Interest to the Unified Health System (RENISUS), along with 71 others
that are recognized as being medicinal plants.

In a recent study conducted by our research group, we identified the antimicrobial
and antioxidant potential of metabolites produced by endophytic fungi of F. chica [8]. De-
spite this, there are still knowledge gaps in relation to the identification and evaluation
of the capacity for pigment production in these endophytic fungi. It is known that endo-
phytic fungi associated with F. chica have the potential for pigment production, since the
host plant is a producer of 3-deoxyanthocyanins, such as carajurine (6,7-dihydroxy-5,4′-
dimethoxyflavylium) and carajurone (6,7,4′-trihydroxy-5-methoxyflavylium), which are
red pigments used as chemical markers of the species [17,18].

Therefore, in order to contribute to new discoveries related to fungi associated with
this plant host as potential sources of dyes, in this study, we describe the isolation, selection
and identification of extracellular pigment-producing endophytic fungi associated with
F. chica.

2. Materials and Methods
2.1. Collection of Plant Material

Variety II of Fridericia chica (Bignoniaceae) was used as the host plant. Healthy aerial
parts (fresh leaves and branches) were collected from three bushes in a plantation of Em-
brapa Western Amazon, located on the AM-010 highway, Km 29 (Manaus–Itacoatiara
highway), following the procedure described by Araújo et al. [23]. The location of the three
bushes was determined using geographical coordinates obtained through the Global Posi-
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tioning System (GPS): shrub 1 (02.88930◦ S/059.96759◦ W), shrub 2 (02.88927◦ S/059.96759◦

W) and shrub 3 (02.88927◦ S/059.96751◦ W). The collection was carried out in February 2019.

2.2. Isolation of Endophytic Fungi

The isolation was registered for scientific research in the National System for the
Management of Genetic Heritage and Associated Traditional Knowledge (SISGEN), under
the code A0B4857. The isolation of F. chica endophytic fungi followed the procedure
described by Araújo et al. [23]. Initially, the plant material, composed of leaves and
branches, underwent a superficial disinfection process. This process consisted of washing
the material under running water with a neutral detergent. Then, fragments of 10 to 12 cm
were subjected to a sequence of immersions in different solutions, in the following order
and period: for the leaves, 70% alcohol for 1 min, 3% sodium hypochlorite for 2.5 min,
again 70% alcohol for 30 s and, finally, sterile distilled water for 2 min; for the branches,
70% alcohol for 1 min, 4% sodium hypochlorite for 3 min, 70% alcohol for 30 s and, finally,
sterile distilled water for 2 min.

After the superficial disinfection, the plant material was cut into small fragments of
approximately 6 mm2 and inoculated onto Petri dishes containing sterile PDA culture
medium. Six fragments were placed on each plate. The plates containing the fragments
were kept in an incubator (NT 705, Novatécnica, Piracicaba, Brazil) at a temperature of
26 ◦C for 15 days. As a test of the surface sterilization, aliquots of water (50 µL) from the
last washing of the plant fragments were sown on PDA medium. These samples also were
incubated at a temperature of 26 ◦C for 15 days.

During the incubation period, the fungi that showed growth were isolated in Petri
dishes containing PDA. Then, the fragments were maintained for another 15 days at 26 ◦C
to allow the development and macroscopic observation of the colonies of fungi with distinct
characteristics. These colonies were purified using the striae depletion technique in order
to obtain isolated colonies.

The 121 endophytic fungi (78 from leaves and 43 from branches) isolated from F. chica
were deposited in the Central Microbiological Collection of the Amazonas State University
(CCM/UEA), where they were preserved using the Castellani method [24].

2.3. Selection of Pigment-Producing Fungi in a Solid Medium

For the selection of endophytic fungi that produce extracellular pigment in a solid
medium, the F. chica isolates were initially reactivated in Petri dishes containing PDA and
incubated at 26 ◦C for 2 to 5 days. The pure isolates were transferred to new Petri dishes
containing PDA and incubated at 26 ◦C for 14 days. After the growth period, the fungi were
evaluated via macroscopic observation for the production of extracellular pigment diffused
in the culture medium, following the method described by Heo et al. [25]. The presence
of pigments in the mycelium was also checked. All the isolates that showed pigment
production in a solid medium were selected for the evaluation of pigment production in
submerged fermentation.

2.4. Pigment Production in Submerged Fermentation

The pigment-producing isolates selected via the solid medium screening were inocu-
lated from three fungal culture fragments (5 × 5 mm in diameter) in 100 mL Erlenmeyer
flasks containing 50 mL of liquid medium. In order to evaluate the most suitable nitrogen
source for the production of fungal pigments, two liquid media were used, both with
the pH adjusted to 5.0. The YEX medium consisted of white potato (200 g/L), dextrose
(10 g/L) and yeast extract (2.0 g/L), as described by Bose, Gowrie and Chathurdevi [26],
with modifications. The PEP medium was composed of white potato (200 g/L), dextrose
(10 g/L) and peptone (2.0 g/L) [27]. The cultures were maintained under static conditions
at 30 ◦C for 14 days.
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2.5. Extraction of Pigments from the Culture Medium

After cultivation in liquid medium, 20 mL of chloroform and 20 mL of ethyl acetate
were added sequentially to each culture broth containing the fungal mycelium. The cultures
containing solvents were shaken at 100 rpm for 24 h in the dark. After this time, the phases
were separated using a separation funnel. The pigmented extracts were then filtered
with a Millipore membrane with a pore size of 0.45 µm and subjected to an absorbance
reading between 400 and 700 nm in a UV/VIS spectrophotometer (UV 1800, Shimadzu,
Kyoto, Japan) in order to determine the maximum absorbance of the pigment produced
(λmax) [28].

2.6. Evaluation of the Biological Activities of the Promising Pigmented Extract

The most promising pigmented extract was evaluated in terms of its antioxidant and
antimicrobial properties. For the evaluation of biological activities, 30 fungal mycelium
fragments (5 × 5 mm in diameter), which were removed from the PDA plates, were
inoculated into 1000 mL Erlenmeyer flasks containing 500 mL of YEX medium [26], pH
4.0. The cultures were maintained under static conditions at 25 ◦C for 18 days. After
cultivation, the extraction was carried out as described in Section 2.4. After the solvent was
rotaevaporated, the extract was resuspended at 10 mg/mL with a 10% dimethyl sulfoxide
(DMSO) solution and stored at −18 ◦C for later use in the biological tests.

For the evaluation of antioxidant activity, two different methods were used: the 2,2-
diphenyl-1-picrylhydrazyl radical sequestration (DPPH•) method and the ferric reducing
antioxidant power (FRAP) method. In the DPPH• test, the solution of this radical was
prepared at a concentration of 0.06 mmol/L using methanol P.A. and was protected from
direct exposure to light [29]. The procedure was conducted in 2 mL Eppendorf microtubes,
in which 200 µL of the extract was added, followed by the addition of 1250 µL of the DPPH•
solution. For the negative control, 200 µL of 10% DMSO and 1250 µL of DPPH• solution
were added [30]. The microtubes were shielded from direct light and, after 15 min, the
absorbance readings were recorded on a UV/VIS spectrophotometer (UV 1800, Shimadzu,
Kyoto, Japan) at 517 nm. These experiments were conducted in triplicate. The pigmented
fungal extract was initially tested at a single concentration of 10 mg/mL. Quercetin served
as the standard and was used at a concentration of 40 µg/mL. The percentage of DPPH•
radical sequestration was calculated using Equation (1), using the values of the drop in the
absorbance of the sample (Abssample) and the control (Abscontrol). The effective concentration
for the sequestration of 50% of DPPH• radicals (EC50) was determined, which was calcu-
lated from successive dilutions of the sample and by generating a linear regression graph.
Quercetin was tested in a concentration range of 100 to 3125 µg/mL.

AA (%) =
Abscontrol − Abssample

Abscontrol
× 100 (1)

For the analysis of the ferric reducing antioxidant power, the method described by
Benzie and Strain was used, with modifications [31]. An aliquot of 2.45 mL of the FRAP
reagent was incubated with 0.35 mL of the sample for 30 min, at 37 ◦C, under protection
from light. Subsequently, the samples were evaluated using a UV-VIS spectrophotometer
(UV 1800, Shimadzu, Kyoto, Japan) at 595 nm. The FRAP reagent was composed of 100 mL
of acetate buffer (0.3 mM), 10 mL of TPTZ (10 mM) and 10 mL of aqueous ferric chloride
solution (20 mM). All the experiments were conducted in triplicate. The pigmented extract
was tested at a single concentration of 10 mg/mL, and a standard curve was constructed
using Trolox in 10% DMSO. The results were expressed in µmol of Trolox equivalent per
gram of extract (µmol TE/g). As a standard, ascorbic acid was used at a concentration of
40 µg/mL, and 10% DMSO was used as a blank.

To evaluate the antimicrobial activity, the microdilution method was used, according
to the guidelines of the Clinical and Laboratory Standards Institute (CLSI) [32], which
included the reduction of resazurin for antibacterial assays and the reduction of TTC for
antifungal assays. Commercially obtained strains, such as Escherichia coli CCCD-E005,
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Serratia marcescens CCCD-S005, Proteus mirabilis CCCD-P001, Pseudomonas aeruginosa CCCD-
P004, Bacillus subtilis CCCD-B005, Staphylococcus aureus CCCD-S009, Klebsiella pneumoniae
CCCD-K003, Salmonella enterica CCCD-S003, Candida albicans CCCD-CC001 and C. tropicalis
CCCD-CC002, were tested.

The procedure was performed in a 96-well microplate containing 100 µL of the ex-
tract in different concentrations (10, 5.0, 2.5, 1.25, 0.625 and 0.312 mg/mL) and 100 µL of
microbial inoculum. The microbial inoculum was prepared from colonies cultured for 24 h,
with the suspension standardized at 0.5 on the McFarland scale (108 CFU/mL) and diluted
in the culture medium (Mueller–Hinton broth for bacteria and Sabouraud broth for fungi)
until reaching 5 × 105 CFU/mL. Levofloxacin at 0.25 mg/mL was used as a positive control
for bacteria, and terbinafine at 0.40 mg/mL for fungi. The negative control consisted of only
the microbial inoculum and, for the sterility control, 100 µL of the sterile culture medium
used in the preparation of the inoculum was added to the wells. The solvent used to dilute
the extract was 10% DMSO [8].

Following this, the plates were incubated at 37 ◦C for 24 h (bacteria) and 48 h
(fungi) in a BOD chamber. After the addition of 30 µL of 0.01% resazurin or 1% 2,3,5-
triphenyltetrazolium chloride (TTC), the plates were incubated again at 37 ◦C for 1–2 h
to observe the color change resulting from the reduction of the coloring reagents. The
minimum inhibitory concentration (MIC) was determined using successive dilutions of
the sample. The lowest concentration of the extract that inhibited microbial growth was
considered the MIC.

2.7. Chemical Profile of the Active Pigmented Extract

The active pigmented extract was analyzed via thin layer chromatography (TLC)
to identify the main chemical classes present in the fungal extract. Then, 50 mg of the
pigmented extract was dissolved in 500 µL of methanol. Using capillaries, 2 µL of the
samples was placed on a silica gel chromatographic plate (TLC aluminum sheets, Macherey-
Nagel, 20 × 20 cm, silica gel 60 matrix, fluorescent indicator). Dichloromethane:methanol
(95:5) was used as the mobile phase.

To detect the chemical classes, ultraviolet light at 254 nm and 365 nm and the following
chemical developers were used: ferric chloride, aluminum chloride, ceric sulfate, and
vanillin/H2SO4. Ferric chloride was obtained by diluting 1.5 g of FeCl3 in 50 mL of ethyl
alcohol. Aluminum chloride was prepared with 1 g of AlCl3 in 100 mL of ethyl alcohol.
To prepare the ceric sulfate, 2.1 g of cerium IV sulfate was dissolved in 25 mL of distilled
water, and 1.4 mL of concentrated H2SO4 was added, followed by heating. After cooling,
this solution was adjusted to 50 mL with distilled water. To prepare the vanillin/H2SO4,
5 mL of sulfuric acid was mixed with 100 mL of ethanol (solution I) and 1 g of vanillin was
dissolved in 100 mL of ethanol (solution II). The plate was then sprayed with solution I
and then with solution II under heating [33,34].

Fourier-transform infrared spectrophotometry (FTIR) was performed in order to verify
the functional groups of the pigmented extract. A wavelength range of 400 to 4000 cm−1,
with resolution of 1 cm−1 and 70 scans, was used in a spectrophotometer (IRAffinity-1S,
Shimadzu, Kyoto, Japan). The extract was analyzed using a KBr pellet, compressed by a
15-ton hydraulic press (CrushIR, Pike Technologies, Fitchburg, WI, USA).

2.8. Molecular Identification of Pigment-Producing Endophytic Fungi from Fridericia chica

The fungi selected as pigment producers in the screening in a solid medium were
identified via sequencing the internal transcribed spacer regions (ITS), β-tubulin (tub2),
calmodulin (cal), partial gene of elongation factor 1-alpha (tef 1) and second largest protein
subunit of DNA-directed RNA polymerase II (rpb2). The total DNA was extracted using
the CTAB method [35], with modifications.

Following the protocol described by Oetari et al. [36], with modifications, the DNA
amplification via PCR (polymerase chain reaction) had a final reaction volume of 15 µL.
Here, 3 mM MgCl2, 0.2 mM dNTPs, 1× buffer 10×, 0.2 µM forward primer, 0.2 µM reverse
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primer, 1 U Taq polymerase and 50 ng of fungal genomic DNA were used. The annealing
temperatures and sequences of each of the primers (Its1 and Its4, Bt-2a and Bt-2b, CALM-
228F and CALM-737R, EF1-728F and EF1-986R, RPB2-6F and fRPB2-7cR) used in this study
are described in Table 1.

Table 1. Description of the combined markers used for amplification and sequencing, aiming at the
identification of pigment-producing endophytic fungi from Fridericia chica.

Locus 1 Primer Sequence 5′-3′ T (◦C) 2 Reference

ITS
Its1 TCCGTAGGTGAACCTGCGG

62 [37]Its4 TCCTCCGCTTATTGATATGC

tub2
Bt-2a GGT AAC CAA ATC GGT GCT GCT TTC

62 [38]Bt-2b ACC CTC AGT GTA GTG ACC CTT GGC

cal
CALM-228F GAGTTCAAGGAGGCCTTCTCCC

54 [39]CALM-737R CATCTTTCTGGCCATCATGG

tef 1 EF1-728F CAT CGA GAA GTT CGA GAA GG
58 [39]EF1-986R TAC TTG AAG GAA CCC TTA CC

rpb2 RPB2-6F TGG GGK WTG GTY TGY CCT GC
58 [40]fRPB2-7cR CCC ATR GCT TGY TTR CCC AT

1 ITS: internal transcribed spacer; tub2: partial beta-tubulin gene; cal: calmodulin; tef1: partial elongation factor 1-alpha
gene; rpb2: second largest protein subunit of DNA-directed RNA polymerase II. 2 T (◦C): annealing temperature.

The amplification conditions consisted of the following steps: an initial denaturation
cycle of 5 min at 95 ◦C; followed by 35 cycles in three steps: (1) denaturation at 95 ◦C
for 30 s, (2) annealing at 54 ◦C, 58 ◦C or 62 ◦C, depending on the specific hybridization
temperature for each primer, for 30 s, followed by (3) extension at 72 ◦C for 1 min. Finally,
a cycle was included with a final extension step at 72 ◦C for 5 min.

The amplified PCR product was purified with 20% PEG 8000 and the sequences
were read with an automatic sequencer (ABI 3130xl Genetic Analyzer, Applied Biosystems,
Thermo Fisher, Waltham, MA, USA). The sequences were manually checked, aligned, edited
and analyzed with the help of Bioedit 7.2.6 [41]. As reference standards, sequences obtained
from the BLASTn database deposited in the GenBank at the NCBI were used (www.ncbi.
nlm.nih.gov, (accessed on on 24 August 2023)) in order to obtain a preliminary identification
and sequences with high identity to the type specimens, which were representative for
phylogenetic reference. The newly obtained sequences were deposited in GenBank.

2.9. Phylogenetic Analysis

For the construction of the phylogenetic tree, the sequences were aligned using the
MAFFT program (version 7) (https://mafft.cbrc.jp/alignment/software/ (accessed on
24 August 2023)) [42]. The concatenation of the loci (ITS + tub2 + cal + tef 1 + rpb2) was
carried out with the aid of the program MEGA (version X) [43]. Once the multilocus
database was obtained, phylogenetic reconstruction was performed using the IQ-Tree
program (http://iqtree.cibiv.univie.ac.at/, (accessed on 24 August 2023)) [44] via maximum
likelihood (ML) analysis. The ML analysis included 1000 replicates (bootstrap) using all the
sites, based on the molecular evolution model previously estimated via the ModelFinder
program [45]. The resulting trees were visualized using FigTree v. 1.4.4 (http://tree.bio.ed.
ac.uk/software/figtree/ (accessed on 25 September 2023)) and edited using the Inkscape
program (vector graphics editor).

3. Results
3.1. Selection of Pigment-Producing Endophytic Fungi from Fridericia chica

The 121 isolates of F. chica were grown in PDA. Of these, nine produced extracellular
pigments of different colors diffused in the solid culture medium. The nine fungi were
selected for cultivation in liquid media and for species identification via molecular analysis.
The nine fungal colonies that produced pigments when grown in PDA medium are shown
in Figure 1.

www.ncbi.nlm.nih.gov
www.ncbi.nlm.nih.gov
https://mafft.cbrc.jp/alignment/software/
http://iqtree.cibiv.univie.ac.at/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
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Figure 1. Endophytic fungi of Fridericia chica selected as pigment producers. (A) Aspergillus wel-
witschiae CG2-7, mycelium yellow pigment; (B) A. sydowii CF1-3, extracellular violet pigment; (C) Dia-
porthe cerradensis CG2-4, extracellular light orange pigment; (D) Diaporthe cerradensis CG2-12, extra-
cellular caramel-colored pigment; (E) Hypoxylon investiens CF1-37, extracellular green pigment; (F)
Curvularia sp. CF3-5, extracellular dark gray pigment; (G) Penicillium rubens CG2-5, extracellular yel-
low pigment; (H) Neoscytalidium sp. CG1-2, extracellular dark gray pigment, and (I) Neoscytalidium sp.
CG2-10, extracellular dark gray pigment. Fungi cultivation was performed in 90x25 mm Petri dishes.

3.2. Pigment Production Using Submerged Fermentation

The extracts obtained from the submerged culture of the nine isolates were evaluated
in terms of pigment production. After the growth of the fungi in two different culture media
(14 days, static, at 30 ◦C), the metabolic broths were extracted and analyzed regarding
the maximum absorbance wavelength of the pigment (λmax) between 400 and 700 nm.
The pigmented fungal extracts that stood out were those obtained from the cultivation
of the isolates Hypoxylon investiens CF1-37 (UA700 = 0.550), Neoscytalidium sp. CG2-10
(UA400 = 1.96) and Penicillium rubens CG2-5 (UA400 = 1.74) (Tables 2 and 3).

Table 2. Pigment production by endophytic fungi from Fridericia chica in submerged fermentation,
cultured in a medium containing peptone (PEP) as the nitrogen source. The maximum absorbance
values (λmax) of the pigmented fungal extracts were obtained from a scan between 400 and 700 nm
using a UV/VIS spectrophotometer.

λ (nm)
Endophytic Fungi from Fridericia chica

CG2-7 CF1-3 CG2-4 CG2-12 CF1-37 CG2-10 CG2-5 CG1-2 CF3-5

400 0 0 0 0 0 0 0 0 0
450 0 0 0 0 0 0 0 0 0
550 0 0.070 0 0 0 0 0.200 0 0
580 0 0.070 0 0 0 0 0.210 0 0
600 0 0.090 0 0 0 0 0.220 0 0
700 0 0.340 0.220 0.030 0 0.04 0.450 0 0.170

Pigmented
extract
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tree was constructed based on the concatenated sequences of ITS + tub2 + cal + rpb2 and 
the best-fitting model according to the Bayesian information criterion (BIC) was TNe + I + 
G4: part1, TIM2 + F + G4: part2, TNe + G4: part3 and HKY + F + I + G4: part4. A total of 59 
representative isolates of the genus Aspergillus (Supplementary Table S1) were analyzed 
and the results showed that CF1-3 belongs to the species A. sydowii (CBS 593.65) and CG2-
7 to A. welwitschiae (CBS 139.54), with high bootstrap support (Supplementary Figure S1). 

For the Penicillium isolate CG2-5, the phylogenetic tree was constructed based on the 
combined tub2 + rpb2 sequences and the best-fitting model according to the BIC was TNe 
+ G4: part1 and TNe + G4: part2. We analyzed 37 representative isolates of the genus Pen-
icillium (Supplementary Table S1) and the results of the comparison suggest that this iso-
late is phylogenetically related to the species P. rubens (DTO 98E8—Ex-lectotype), with a 
bootstrap of 99% (Supplementary Figure S2).  

The phylogenetic tree for the genus Neoscytalidium was constructed based on the con-
catenated analysis of ITS + tub2 + tef1, and the best-fitting model according to the BIC was 
TI-Me + G4: part1, HKY + F + G4: part2 and TN + F + G4: part3. A total of 52 representative 
isolates (Supplementary Table S1) were analyzed and the results of the phylogenetic com-
parison indicate that isolates CG1-2 and CG2-10 belong to this genus. Based on the obser-
vation of the phylogenetic tree, we can suggest an evolutionary proximity to N. oculi. 
However, due to the limitations of the available data, more information should be 
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TI-Me + G4: part1, HKY + F + G4: part2 and TN + F + G4: part3. A total of 52 representative 
isolates (Supplementary Table S1) were analyzed and the results of the phylogenetic com-
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vation of the phylogenetic tree, we can suggest an evolutionary proximity to N. oculi. 
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+ G4: part1 and TNe + G4: part2. We analyzed 37 representative isolates of the genus Pen-
icillium (Supplementary Table S1) and the results of the comparison suggest that this iso-
late is phylogenetically related to the species P. rubens (DTO 98E8—Ex-lectotype), with a 
bootstrap of 99% (Supplementary Figure S2).  

The phylogenetic tree for the genus Neoscytalidium was constructed based on the con-
catenated analysis of ITS + tub2 + tef1, and the best-fitting model according to the BIC was 
TI-Me + G4: part1, HKY + F + G4: part2 and TN + F + G4: part3. A total of 52 representative 
isolates (Supplementary Table S1) were analyzed and the results of the phylogenetic com-
parison indicate that isolates CG1-2 and CG2-10 belong to this genus. Based on the obser-
vation of the phylogenetic tree, we can suggest an evolutionary proximity to N. oculi. 
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and the results showed that CF1-3 belongs to the species A. sydowii (CBS 593.65) and CG2-
7 to A. welwitschiae (CBS 139.54), with high bootstrap support (Supplementary Figure S1). 

For the Penicillium isolate CG2-5, the phylogenetic tree was constructed based on the 
combined tub2 + rpb2 sequences and the best-fitting model according to the BIC was TNe 
+ G4: part1 and TNe + G4: part2. We analyzed 37 representative isolates of the genus Pen-
icillium (Supplementary Table S1) and the results of the comparison suggest that this iso-
late is phylogenetically related to the species P. rubens (DTO 98E8—Ex-lectotype), with a 
bootstrap of 99% (Supplementary Figure S2).  

The phylogenetic tree for the genus Neoscytalidium was constructed based on the con-
catenated analysis of ITS + tub2 + tef1, and the best-fitting model according to the BIC was 
TI-Me + G4: part1, HKY + F + G4: part2 and TN + F + G4: part3. A total of 52 representative 
isolates (Supplementary Table S1) were analyzed and the results of the phylogenetic com-
parison indicate that isolates CG1-2 and CG2-10 belong to this genus. Based on the obser-
vation of the phylogenetic tree, we can suggest an evolutionary proximity to N. oculi. 
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For the Penicillium isolate CG2-5, the phylogenetic tree was constructed based on the 
combined tub2 + rpb2 sequences and the best-fitting model according to the BIC was TNe 
+ G4: part1 and TNe + G4: part2. We analyzed 37 representative isolates of the genus Pen-
icillium (Supplementary Table S1) and the results of the comparison suggest that this iso-
late is phylogenetically related to the species P. rubens (DTO 98E8—Ex-lectotype), with a 
bootstrap of 99% (Supplementary Figure S2).  

The phylogenetic tree for the genus Neoscytalidium was constructed based on the con-
catenated analysis of ITS + tub2 + tef1, and the best-fitting model according to the BIC was 
TI-Me + G4: part1, HKY + F + G4: part2 and TN + F + G4: part3. A total of 52 representative 
isolates (Supplementary Table S1) were analyzed and the results of the phylogenetic com-
parison indicate that isolates CG1-2 and CG2-10 belong to this genus. Based on the obser-
vation of the phylogenetic tree, we can suggest an evolutionary proximity to N. oculi. 
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tree was constructed based on the concatenated sequences of ITS + tub2 + cal + rpb2 and 
the best-fitting model according to the Bayesian information criterion (BIC) was TNe + I + 
G4: part1, TIM2 + F + G4: part2, TNe + G4: part3 and HKY + F + I + G4: part4. A total of 59 
representative isolates of the genus Aspergillus (Supplementary Table S1) were analyzed 
and the results showed that CF1-3 belongs to the species A. sydowii (CBS 593.65) and CG2-
7 to A. welwitschiae (CBS 139.54), with high bootstrap support (Supplementary Figure S1). 

For the Penicillium isolate CG2-5, the phylogenetic tree was constructed based on the 
combined tub2 + rpb2 sequences and the best-fitting model according to the BIC was TNe 
+ G4: part1 and TNe + G4: part2. We analyzed 37 representative isolates of the genus Pen-
icillium (Supplementary Table S1) and the results of the comparison suggest that this iso-
late is phylogenetically related to the species P. rubens (DTO 98E8—Ex-lectotype), with a 
bootstrap of 99% (Supplementary Figure S2).  

The phylogenetic tree for the genus Neoscytalidium was constructed based on the con-
catenated analysis of ITS + tub2 + tef1, and the best-fitting model according to the BIC was 
TI-Me + G4: part1, HKY + F + G4: part2 and TN + F + G4: part3. A total of 52 representative 
isolates (Supplementary Table S1) were analyzed and the results of the phylogenetic com-
parison indicate that isolates CG1-2 and CG2-10 belong to this genus. Based on the obser-
vation of the phylogenetic tree, we can suggest an evolutionary proximity to N. oculi. 
However, due to the limitations of the available data, more information should be 
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combined tub2 + rpb2 sequences and the best-fitting model according to the BIC was TNe 
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icillium (Supplementary Table S1) and the results of the comparison suggest that this iso-
late is phylogenetically related to the species P. rubens (DTO 98E8—Ex-lectotype), with a 
bootstrap of 99% (Supplementary Figure S2).  

The phylogenetic tree for the genus Neoscytalidium was constructed based on the con-
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isolates (Supplementary Table S1) were analyzed and the results of the phylogenetic com-
parison indicate that isolates CG1-2 and CG2-10 belong to this genus. Based on the obser-
vation of the phylogenetic tree, we can suggest an evolutionary proximity to N. oculi. 
However, due to the limitations of the available data, more information should be 
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Table 3. Pigment production by endophytic fungi from Fridericia chica in submerged fermentation,
cultured in a medium containing yeast extract (YEX) as the nitrogen source. The maximum absorbance
values (λmax) of the pigmented fungal extracts were obtained from a scan between 400 and 700 nm
using a UV/VIS spectrophotometer.

λ (nm)
Endophytic Fungi from Fridericia chica

CG2-7 CF1-3 CG2-4 CG2-12 CF1-37 CG2-10 CG2-5 CG1-2 CF3-5

400 0 0 0 0 0 1.96 1.74 0 0
450 0 0 0 0 0 0.610 0.330 0 0.110
550 0 0.020 0 0 0 0.930 0 0.530 0.150
580 0 0.030 0 0 0 0.950 0 0.530 0.130
600 0 0.040 0.020 0 0.480 0.940 0 0 0.140
700 0.120 0.300 0.260 0.120 0.550 1.22 0.040 0 0.380

Pigmented
extract
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3.3. Phylogenetic Analysis of Pigment-Producing Endophytic Fungi from Fridericia chica 
For isolates CF1-3 and CG2-7 belonging to the Aspergillus genus, the phylogenetic 
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the best-fitting model according to the Bayesian information criterion (BIC) was TNe + I + 
G4: part1, TIM2 + F + G4: part2, TNe + G4: part3 and HKY + F + I + G4: part4. A total of 59 
representative isolates of the genus Aspergillus (Supplementary Table S1) were analyzed 
and the results showed that CF1-3 belongs to the species A. sydowii (CBS 593.65) and CG2-
7 to A. welwitschiae (CBS 139.54), with high bootstrap support (Supplementary Figure S1). 

For the Penicillium isolate CG2-5, the phylogenetic tree was constructed based on the 
combined tub2 + rpb2 sequences and the best-fitting model according to the BIC was TNe 
+ G4: part1 and TNe + G4: part2. We analyzed 37 representative isolates of the genus Pen-
icillium (Supplementary Table S1) and the results of the comparison suggest that this iso-
late is phylogenetically related to the species P. rubens (DTO 98E8—Ex-lectotype), with a 
bootstrap of 99% (Supplementary Figure S2).  

The phylogenetic tree for the genus Neoscytalidium was constructed based on the con-
catenated analysis of ITS + tub2 + tef1, and the best-fitting model according to the BIC was 
TI-Me + G4: part1, HKY + F + G4: part2 and TN + F + G4: part3. A total of 52 representative 
isolates (Supplementary Table S1) were analyzed and the results of the phylogenetic com-
parison indicate that isolates CG1-2 and CG2-10 belong to this genus. Based on the obser-
vation of the phylogenetic tree, we can suggest an evolutionary proximity to N. oculi. 
However, due to the limitations of the available data, more information should be 
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For isolates CF1-3 and CG2-7 belonging to the Aspergillus genus, the phylogenetic 

tree was constructed based on the concatenated sequences of ITS + tub2 + cal + rpb2 and 
the best-fitting model according to the Bayesian information criterion (BIC) was TNe + I + 
G4: part1, TIM2 + F + G4: part2, TNe + G4: part3 and HKY + F + I + G4: part4. A total of 59 
representative isolates of the genus Aspergillus (Supplementary Table S1) were analyzed 
and the results showed that CF1-3 belongs to the species A. sydowii (CBS 593.65) and CG2-
7 to A. welwitschiae (CBS 139.54), with high bootstrap support (Supplementary Figure S1). 

For the Penicillium isolate CG2-5, the phylogenetic tree was constructed based on the 
combined tub2 + rpb2 sequences and the best-fitting model according to the BIC was TNe 
+ G4: part1 and TNe + G4: part2. We analyzed 37 representative isolates of the genus Pen-
icillium (Supplementary Table S1) and the results of the comparison suggest that this iso-
late is phylogenetically related to the species P. rubens (DTO 98E8—Ex-lectotype), with a 
bootstrap of 99% (Supplementary Figure S2).  

The phylogenetic tree for the genus Neoscytalidium was constructed based on the con-
catenated analysis of ITS + tub2 + tef1, and the best-fitting model according to the BIC was 
TI-Me + G4: part1, HKY + F + G4: part2 and TN + F + G4: part3. A total of 52 representative 
isolates (Supplementary Table S1) were analyzed and the results of the phylogenetic com-
parison indicate that isolates CG1-2 and CG2-10 belong to this genus. Based on the obser-
vation of the phylogenetic tree, we can suggest an evolutionary proximity to N. oculi. 
However, due to the limitations of the available data, more information should be 

J. Fungi 2024, 10, x FOR PEER REVIEW 8 of 19 
 

 

Table 2. Pigment production by endophytic fungi from Fridericia chica in submerged fermentation, 
cultured in a medium containing peptone (PEP) as the nitrogen source. The maximum absorbance 
values (λmax) of the pigmented fungal extracts were obtained from a scan between 400 and 700 nm 
using a UV/VIS spectrophotometer. 

λ (nm) 
Endophytic Fungi from Fridericia chica 

CG2-7 CF1-3 CG2-4 CG2-12 CF1-37 CG2-10 CG2-5 CG1-2 CF3-5 
400 0 0 0 0 0 0 0 0 0 
450 0 0 0 0 0 0 0 0 0 
550 0 0.070 0 0 0 0 0.200 0 0 
580 0 0.070 0 0 0 0 0.210 0 0 
600 0 0.090 0 0 0 0 0.220 0 0 
700 0 0.340 0.220 0.030 0 0.04 0.450 0 0.170 

Pigmented 
extract          

Table 3. Pigment production by endophytic fungi from Fridericia chica in submerged fermentation, 
cultured in a medium containing yeast extract (YEX) as the nitrogen source. The maximum absorb-
ance values (λmax) of the pigmented fungal extracts were obtained from a scan between 400 and 
700 nm using a UV/VIS spectrophotometer. 

λ (nm) 
Endophytic Fungi from Fridericia chica 

CG2-7 CF1-3 CG2-4 CG2-12 CF1-37 CG2-10 CG2-5 CG1-2 CF3-5 
400 0 0 0 0 0 1.96 1.74 0 0 
450 0 0 0 0 0 0.610 0.330 0 0.110 
550 0 0.020 0 0 0 0.930 0 0.530 0.150 
580 0 0.030 0 0 0 0.950 0 0.530 0.130 
600 0 0.040 0.020 0 0.480 0.940 0 0 0.140 
700 0.120 0.300 0.260 0.120 0.550 1.22 0.040 0 0.380 

Pigmented 
extract          

3.3. Phylogenetic Analysis of Pigment-Producing Endophytic Fungi from Fridericia chica 
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the best-fitting model according to the Bayesian information criterion (BIC) was TNe + I + 
G4: part1, TIM2 + F + G4: part2, TNe + G4: part3 and HKY + F + I + G4: part4. A total of 59 
representative isolates of the genus Aspergillus (Supplementary Table S1) were analyzed 
and the results showed that CF1-3 belongs to the species A. sydowii (CBS 593.65) and CG2-
7 to A. welwitschiae (CBS 139.54), with high bootstrap support (Supplementary Figure S1). 

For the Penicillium isolate CG2-5, the phylogenetic tree was constructed based on the 
combined tub2 + rpb2 sequences and the best-fitting model according to the BIC was TNe 
+ G4: part1 and TNe + G4: part2. We analyzed 37 representative isolates of the genus Pen-
icillium (Supplementary Table S1) and the results of the comparison suggest that this iso-
late is phylogenetically related to the species P. rubens (DTO 98E8—Ex-lectotype), with a 
bootstrap of 99% (Supplementary Figure S2).  

The phylogenetic tree for the genus Neoscytalidium was constructed based on the con-
catenated analysis of ITS + tub2 + tef1, and the best-fitting model according to the BIC was 
TI-Me + G4: part1, HKY + F + G4: part2 and TN + F + G4: part3. A total of 52 representative 
isolates (Supplementary Table S1) were analyzed and the results of the phylogenetic com-
parison indicate that isolates CG1-2 and CG2-10 belong to this genus. Based on the obser-
vation of the phylogenetic tree, we can suggest an evolutionary proximity to N. oculi. 
However, due to the limitations of the available data, more information should be 
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and the results showed that CF1-3 belongs to the species A. sydowii (CBS 593.65) and CG2-
7 to A. welwitschiae (CBS 139.54), with high bootstrap support (Supplementary Figure S1). 

For the Penicillium isolate CG2-5, the phylogenetic tree was constructed based on the 
combined tub2 + rpb2 sequences and the best-fitting model according to the BIC was TNe 
+ G4: part1 and TNe + G4: part2. We analyzed 37 representative isolates of the genus Pen-
icillium (Supplementary Table S1) and the results of the comparison suggest that this iso-
late is phylogenetically related to the species P. rubens (DTO 98E8—Ex-lectotype), with a 
bootstrap of 99% (Supplementary Figure S2).  

The phylogenetic tree for the genus Neoscytalidium was constructed based on the con-
catenated analysis of ITS + tub2 + tef1, and the best-fitting model according to the BIC was 
TI-Me + G4: part1, HKY + F + G4: part2 and TN + F + G4: part3. A total of 52 representative 
isolates (Supplementary Table S1) were analyzed and the results of the phylogenetic com-
parison indicate that isolates CG1-2 and CG2-10 belong to this genus. Based on the obser-
vation of the phylogenetic tree, we can suggest an evolutionary proximity to N. oculi. 
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representative isolates of the genus Aspergillus (Supplementary Table S1) were analyzed 
and the results showed that CF1-3 belongs to the species A. sydowii (CBS 593.65) and CG2-
7 to A. welwitschiae (CBS 139.54), with high bootstrap support (Supplementary Figure S1). 

For the Penicillium isolate CG2-5, the phylogenetic tree was constructed based on the 
combined tub2 + rpb2 sequences and the best-fitting model according to the BIC was TNe 
+ G4: part1 and TNe + G4: part2. We analyzed 37 representative isolates of the genus Pen-
icillium (Supplementary Table S1) and the results of the comparison suggest that this iso-
late is phylogenetically related to the species P. rubens (DTO 98E8—Ex-lectotype), with a 
bootstrap of 99% (Supplementary Figure S2).  

The phylogenetic tree for the genus Neoscytalidium was constructed based on the con-
catenated analysis of ITS + tub2 + tef1, and the best-fitting model according to the BIC was 
TI-Me + G4: part1, HKY + F + G4: part2 and TN + F + G4: part3. A total of 52 representative 
isolates (Supplementary Table S1) were analyzed and the results of the phylogenetic com-
parison indicate that isolates CG1-2 and CG2-10 belong to this genus. Based on the obser-
vation of the phylogenetic tree, we can suggest an evolutionary proximity to N. oculi. 
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In Tables 2 and 3, it is observed that fungi grown in the medium containing yeast
extract (YEX) were able to produce more pigments than when grown in the medium
containing peptone (PEP). Most extracts obtained the maximum absorbance at 700 nm.

3.3. Phylogenetic Analysis of Pigment-Producing Endophytic Fungi from Fridericia chica

For isolates CF1-3 and CG2-7 belonging to the Aspergillus genus, the phylogenetic tree
was constructed based on the concatenated sequences of ITS + tub2 + cal + rpb2 and the
best-fitting model according to the Bayesian information criterion (BIC) was TNe + I + G4:
part1, TIM2 + F + G4: part2, TNe + G4: part3 and HKY + F + I + G4: part4. A total of 59
representative isolates of the genus Aspergillus (Supplementary Table S1) were analyzed
and the results showed that CF1-3 belongs to the species A. sydowii (CBS 593.65) and CG2-7
to A. welwitschiae (CBS 139.54), with high bootstrap support (Supplementary Figure S1).

For the Penicillium isolate CG2-5, the phylogenetic tree was constructed based on the
combined tub2 + rpb2 sequences and the best-fitting model according to the BIC was TNe
+ G4: part1 and TNe + G4: part2. We analyzed 37 representative isolates of the genus
Penicillium (Supplementary Table S1) and the results of the comparison suggest that this
isolate is phylogenetically related to the species P. rubens (DTO 98E8—Ex-lectotype), with a
bootstrap of 99% (Supplementary Figure S2).

The phylogenetic tree for the genus Neoscytalidium was constructed based on the
concatenated analysis of ITS + tub2 + tef 1, and the best-fitting model according to the
BIC was TI-Me + G4: part1, HKY + F + G4: part2 and TN + F + G4: part3. A total of
52 representative isolates (Supplementary Table S1) were analyzed and the results of the
phylogenetic comparison indicate that isolates CG1-2 and CG2-10 belong to this genus.
Based on the observation of the phylogenetic tree, we can suggest an evolutionary proximity
to N. oculi. However, due to the limitations of the available data, more information should
be collected and analyzed to resolve the polytomy that was observed at this branching
point between these lineages (Supplementary Figure S3).

The phylogenetic tree for the genus Diaporthe was constructed based on the combined se-
quences ITS + cal + tef1, and the best-fitting model according to the BIC was HKY + F + I + G4:
part1, TIM2e + I + G4: part2 and HKY + F + I + G4: part3. A total of 75 representative
isolates were included for this genus (Supplementary Table S1) and, from the analysis, we
can suggest that the isolates CG2-4 and CG2-12 belong to the species Diaporthe cerradensis
(Supplementary Figure S4).

The phylogenetic structure elaborated for the CF3-5 isolate was constructed from
the combined sequences ITS + rpb2, and the best-fitting model according to the BIC was
TNe + I + G4: part1 and TIMe + I + G4: part2. In this analysis, we chose to combine only
two loci, since, when examining the taxonomy on the GenBank platform, it was noted that,
for the genus Curvularia, in addition to the loci used in this study, others are often used
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for molecular identification. LSU (large subunit gene of nuclear ribosomal RNA), EF1a
(elongation factor 1-alpha) and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) are
used for phylogenetic analysis.

We included 68 representative isolates for the genus Curvularia (Supplementary Table S1)
and, based on the observations, the isolate CF3-5 grouped with species Curvularia chiang-
maiensis (CPC 28829), C. dactylocteniicola (CPC 28810), C. lunata (CBS 730.96), C. sorghina
(BRIP 15900) and C. tropicalis (BRIP 14834), indicating that the utilized barcodes are insuffi-
cient for phylogenetic resolution (Supplementary Figure S5).

For the isolate CF1-37, the phylogenetic analysis was constructed from the combined se-
quences ITS + tub2, and the best-fitting model according to the BIC was TIM2e + I + G4: part1
and GTR + F + I + G4: part2. In all, 91 representative isolates of the genus Hypoxylon
(Supplementary Table S1) were analyzed, and the results of the comparison suggest that
this isolate is related to the H. investiens strain (MUCL 53307), with a 100% bootstrap
(Supplementary Figure S6).

The sequences obtained in this study were deposited in GenBank (Table 4).

Table 4. GenBank accession numbers for the fungal isolates from Fridericia chica that produce pigments.
Newly deposited sequences are shown in bold.

Isolate Species Source
GenBank Accession Number

ITS tub2 cal tef1 rpb2

CF1-3 Aspergillus sydowii F. chica OR799521 OR805272 OR805277 - OR805285
CG2-7 Aspergillus welwitschiae F. chica OR799615 OR805273 OR805278 - OR805286
CF3-5 Curvularia sp. F. chica OR799998 - - - OR805287
CG2-4 Diaporthe cerradensis F. chica OR800272 - OR805279 OR805281 -

CG2-12 Diaporthe cerradensis F. chica OR800278 - OR805280 OR805282 -
CF1-37 Hypoxylon investiens F. chica OR800289 OR805274 - - -
CG2-5 Penicillium rubens F. chica - OR805275 - - OR805288
CG1-2 Neoscytalidium sp. F. chica OR800290 - - OR805283 -

CG2-10 Neoscytalidium sp. F. chica OR800291 OR805276 - OR805284 -

- = no resolution. ITS = internal transcribed spacer region. tub2 = β-tubulin. cal = calmodulin. tef 1 = partial
elongation factor 1-alpha gene. rpb2 = second largest protein subunit of DNA-directed RNA polymerase II.

3.4. Biological Activities of the Most-Promising Pigmented Extract

The pigmented extract produced by the endophytic fungus Hypoxylon investiens CF1-
37 was evaluated in terms of its antioxidant and antimicrobial activities. The results are
presented in Table 5.

As shown in Table 5, at a concentration of 10 mg/mL, the pigmented extract of H.
investiens CF1-37 demonstrates a remarkable antioxidant potential (AA) of 91.08%, which
highlights the ability of the metabolites generated by this extract to sequester DPPH•. free
radicals. The EC50 was calculated from a calibration curve y = 77.393 x − 10.066 (R2 = 0.988).
Regarding the FRAP assays, a promising result of 105.54 µmol TE/g was observed for the
antioxidant potential of the pigmented extract of H. investiens CF1-37. The FRAP results
were obtained from a calibration curve (y = 0.0034 x − 0.0448, R2 = 0.9927) using Trolox
(0–140 µM) and expressed in Trolox equivalents (TEs) per gram of extract.

The pigmented extract from H. investiens CF1-37 proved effective in inhibiting the
growth of Gram-negative bacteria (E. coli, S. marcescens, P. mirabilis and K. pneumoniae) as
well as fungal strains (C. albicans and C. tropicalis).

3.5. Chemical Profile of the Most-Promising Pigmented Extract

The pigmented extract produced by H. investiens CF1-37 was analyzed using TLC
to identify the chemical classes present in the active extract. The visualization of the
chromatographic plate under UV light at 254 nm revealed the presence of conjugated
double bonds (Figure 2a). The fluorescence observed when the plate was treated with
aluminum chloride and exposed to UV light at 365 nm indicates the presence of flavonoids
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in the pigmented extract (Figure 2b). Additionally, the brown spot observed when the plate
was developed with ferric chloride is indicative of the presence of phenolic compounds
(Figure 2c). Further development of the plate with vanillin/H2SO4 showed a purple
coloration, indicating the presence of terpenoids (Figure 2d). It is noteworthy that alkaloids
were not detected in the pigmented active extract when using TLC.

Table 5. Antioxidant activity and antimicrobial activity of the pigmented extract produced by the
endophytic fungus Hypoxylon investiens CF1-37, isolated from Fridericia chica leaves. Antioxidant
activity (AA) obtained using the DPPH method, the effective concentration for the sequestration of
50% of the DPPH• free radicals (EC50), and the ferric reducing antioxidant power (FRAP) method.
Antimicrobial activity determined via the microdilution technique.

Antioxidant Activity * AA (%) EC50 (µg/mL) FRAP (µmol TE/g)

H. investiens CF1-37 extract 91.08 780 105.54
Quercetin 98.00 8 NT

Ascorbic acid NT NT 163.10

Antimicrobial Activity
MIC (mg/mL)

EC SM PM PA BS SA KP SE CA CT

H. investiens CF1-37 extract 5.00 5.00 2.50 1.25 - - 2.50 - 2.50 2.50

* = assays carried out with the fungal extract at a concentration of 10 mg/mL. EC = Escherichia coli; SM = Serratia
marcescens; PM = Proteus mirabilis; PA = Pseudomonas aeruginosa; BS = Bacillus subtilis; SA = Staphylococcus aureus;
KP = Klebsiella pneumoniae; SE = Salmonella enterica; CA = Candida albicans; CT = Candida tropicalis; “-” = no
antimicrobial activity; NT = not tested. Levofloxacin was used as the positive control for bacterial strains. MICs
(µg/mL): EC = 0.05; SM = 0.25; PM = 0.25; PA = 0.50; BS = 0.50; SA = 0,50; KP = 4.00; SE = 0.25. Terbinafine was
used as the positive control for fungal strains. MICs (µg/mL): CA = 6.25; CT = 6.25.

J. Fungi 2024, 10, x FOR PEER REVIEW 11 of 19 
 

 

 
Figure 2. Thin layer chromatography of the pigmented extract produced by the endophytic fungus 
Hypoxylon investiens CF1-37, isolated from Fridericia chica. (a) UV light at 254 nm, indicating the pres-
ence of conjugated double bonds; (b) stained with aluminum chloride and exposure under UV light 
at 365 nm, indicating the presence of flavonoids; (c) stained with ferric chloride, indicating the pres-
ence of phenolic compounds (brown spots); and (d) stained with vanillin/H2SO4, indicating the pres-
ence of terpenoids (light pink spots). TLC aluminum sheets (Macherey-Nagel, 20 × 20 cm, silica gel 
60 matrix, fluorescent indicator) was used. 

The infrared spectrum obtained from the pigmented extract produced by the endo-
phytic fungus H. investiens CF1-37 is shown in Figure 3. The active extract presented an 
expressive band at 3360 cm−1, which seems to expand from 3700 to 2100 cm−1, with possible 
other bands appearing at 2550 cm−1 and at 2950 cm−1. Other relevant bands to be high-
lighted appear at 1715 cm−1 and 1405 cm−1, in addition to several other bands in the region 
of 400 to 1852 cm−1. These bands are expected for an extract that is rich in phenolic com-
pounds and flavonoids, and this is a result that is also confirmed by the TLC. 

 
Figure 3. Fourier-transform infrared spectrum (FTIR) of the pigmented active extract produced by 
the endophytic fungus Hypoxylon investiens CF1-37, isolated from Fridericia chica leaves. 

Figure 2. Thin layer chromatography of the pigmented extract produced by the endophytic fungus
Hypoxylon investiens CF1-37, isolated from Fridericia chica. (a) UV light at 254 nm, indicating the
presence of conjugated double bonds; (b) stained with aluminum chloride and exposure under UV
light at 365 nm, indicating the presence of flavonoids; (c) stained with ferric chloride, indicating the
presence of phenolic compounds (brown spots); and (d) stained with vanillin/H2SO4, indicating the
presence of terpenoids (light pink spots). TLC aluminum sheets (Macherey-Nagel, 20 × 20 cm, silica
gel 60 matrix, fluorescent indicator) was used.

The infrared spectrum obtained from the pigmented extract produced by the endo-
phytic fungus H. investiens CF1-37 is shown in Figure 3. The active extract presented
an expressive band at 3360 cm−1, which seems to expand from 3700 to 2100 cm−1, with
possible other bands appearing at 2550 cm−1 and at 2950 cm−1. Other relevant bands to be
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highlighted appear at 1715 cm−1 and 1405 cm−1, in addition to several other bands in the
region of 400 to 1852 cm−1. These bands are expected for an extract that is rich in phenolic
compounds and flavonoids, and this is a result that is also confirmed by the TLC.
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4. Discussion

The isolation of endophytic fungi associated with medicinal plants is of great impor-
tance due to their ability to synthesize secondary metabolites similar to the host, which
presents great potential for the discovery of new bioactive compounds [46]. F. chica is a
medicinal plant that has been extensively investigated regarding its chemical composition.
It has been observed that the red coloration of the extract, its striking characteristic, is
related to the presence of 3-deoxyanthocyanidins, denominated carajurine (6,7-dihydroxy-
5,4’-dimethoxyflavilium) and carajurone (6,7,4’-trihydroxy-5-methoxyflavilium) [17,18].
However, to date, only one study (by Gurgel et al. [8]) has investigated the potential of
endophytic fungi associated with this medicinal plant.

Fungi are recognized as a viable and readily available alternative for obtaining natural
pigments. In addition, they have advantages in relation to plants, as they can produce
pigments regardless of the season, exhibit easy and fast growth in accessible culture media,
generate pigments with different shades that are more stable and soluble, and are simpler
to process [43]. These organisms can also provide health benefits such as anticancer activity,
antimicrobial activity and antioxidant activity [10].

In this study, only the extracellular production of pigments was evaluated and the
selection of media was performed based on the existing literature available for the produc-
tion of pigments by filamentous fungi in liquid cultures. The AcOEt extracts obtained from
the liquid culture of the selected isolates were analyzed with a UV/VIS spectrophotometer
to obtain the wavelength of the maximum absorbance (λ) of the pigment. A variation in
the coloration of the extracts obtained in culture containing peptone was observed when
compared to those containing yeast extract, depending on the species, which was con-
firmed with the reading of the absorbances in the spectrophotometer (Tables 2 and 3). This
demonstrates that, depending on the species selected, some nitrogen sources can be more
easily assimilated and promote higher yields of the desired product [47]. The addition of
various nitrogen sources, such as ammonium, peptone and others, is associated with an
increased pigment yield, modification of the tone of the fermentation liquid and improved
light stability of pigments in species of the genus Monascus [48].

The nine isolates of F. chica selected were described based on molecular analysis and
belong to the genera and species Aspergillus welwitschiae CG2-7, A. sydowii CF1-3, P. rubens
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CG2-5, Neoscytalidium sp. CG1-2 and CG2-10, Diaporthe cerradensis CG2-4 and CG2-12,
Curvularia sp. CF3-5, and Hypoxylon investiens CF1-37. All the loci used in this study
provided acceptable information on the species identification and the sequences obtained
were submitted to NCBI GenBank with their respective accession numbers (Table 4).

The isolates Aspergillus welwitschiae CG2-7 and A. sydowii CF1-3 belong to the genus
Aspergillus, family Aspergillaceae, order Eurotiales and class Eurotiomycetes. In this genus,
some of the species are already described as potential producers of pigments. Several
members of the genus Aspergillus, such as A. niger, are known to synthesize a wide variety
of pigments, such as aspergillin, asperenone, azaphilones (azanigerones A–F), and melanin.
Others, such as A. nidulans, A. glaucus, A. versicolor, and A. purpureus, are reported to
produce yellow and red pigments [48].

With AcOEt, it was possible to extract a yellowish color from the culture of A. wel-
witschiae CG2-7 in a medium containing yeast extract, while from the culture of A. sydowii
CF1-3, it was not possible to obtain a colored extract using this solvent. The extraction of
the pigment produced by A. sydowii CF1-3 was not efficient and this was probably due to
the choice of solvent (ethyl acetate). In their study with eight fungal strains, which included
A. sydowii, Da Costa Souza et al. [49] also failed to extract pigments with this solvent
and suggested that the pigments of this lineage could be insoluble in ethyl acetate. Only
A. sydowii was reported as a pigment producer in the study by Da Costa Souza et al. [49].
No reports of this type of study with A. welwitschiae were found.

The strain CG2-5 of P. rubens produced an extracellular yellow color in the solid and
liquid culture medium (only in the medium with yeast extract) and was selected as a
potential pigment producer. It is important to note that in the literature there are no reports
of pigment production by this lineage; thus, this is the first report of pigment production
by this species, which should be further investigated.

The genus Penicillium, family Aspergillaceae, order Eurotiales and class Eurotiomycetes,
is widely recognized as a rich source of bioactive secondary metabolites. Studies demon-
strate that this genus is a potent producer of pigments, such as the arpink redTM (first
commercial red dye) produced by P. oxalicum [48]. Many studies have focused on inves-
tigating the optimization of the culture parameters for pigment production. Species of
Penicillium are widely studied, such as P. convolutum, P. flavigenum, P. mallochii, P. melinii,
P. oxalicum, P. purpureogenum P. simplicissimum and P. sclerotiorum [48,50–52].

Strains CG1-2 and CG2-10 were isolated from different F. chica trees, and both of
these strains were found in the branches. The analysis of the combined loci suggests
that these isolates can be characterized as belonging to the genus Neoscytalidium, family
Botryosphaeriaceae, order Botryosphaeriales, and class Dothideomycetes. This new genus
described in 2006 by Crous and Slippers [53] currently has seven valid species. When
compared to these species, isolates CG1-2 and CG2-10 are closely related to N. oculi, with
bootstrap support of 91%, whose sister group is N. dimidiatum (Supplementary Figure S3).

The genus Neoscytalidium is often cited as a plant pathogen [54]. Both isolates CG1-2
and CG2-10 exhibited a dark mycelium, which led to their selection for submerged culture.
However, the coloration was not visually prominent during this culture, both in the yeast
extract medium and in the peptone medium. It is relevant to note that in the literature, there
are no records of studies considering this fungal genus as a pigment producer. In addition,
we must take into account the fact that due to its general classification as a pathogen, its
viability for pigment production and industrial use may be limited.

The genus Diaporthe (syn. Phomopsis) belongs to the family Diaporthaceae, order
Diaporthales, in the class Sordariomycetes, and is widely distributed geographically. It
comprises pathogens, endophytes and saprobes that affect a wide range of hosts [55,56].
The isolates CG2-4 and CG2-12 were identified as belonging to the species Diaporthe cer-
radensis, showing 100% similarity with the accession sequences (UFM-GCB4807, CMRP4324,
LGMF1616 and CMRP4331) for the combined analysis of the barcodes ITS, cal and tef 1,
which are loci that are commonly used for the identification of species of Diaporthe [55–58].
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The species D. cerradensis was described in the study by Iantas et al. [58] as one of
the species of this genus that shows potential against plant pathogens, mainly against the
pathogenic fungi Colletotrichum abscissum and Phyllosticta citricarpa, which attack citrus
fruits. In our study, we found that the isolates from D. cerradensis presented a light brown
hue in the solid PDA medium, which led to their selection for cultivation in the liquid
medium. However, during submerged fermentation, it was not possible to observe the
production of pigments by these isolates. To the best of our knowledge, there are no reports
in the literature describing this species, or even this genus, as being promising in terms of
pigment production. On the other hand, the genus Diaporthe is a rich source of bioactive
secondary metabolites with antimicrobial and antifungal activities [57–60].

The isolate CF3-5 was identified as belonging to the genus Curvularia, family Pleospo-
raceae, order Pleosporales and class Dothideomycetes. This genus includes phytopathogenic
species with a global distribution and a wide variety of hosts, especially cereals and grasses
(Poaceae) [58]. In the solid medium, this isolate presented a dark mycelium, and it was
subsequently chosen for the submerged culture, in which it produced a yellowish col-
oration, both in the medium with yeast extract and in the medium with peptone. In the
spectrophotometric analyses, absorbances were recorded in the wavelength range of 700
nm (Tables 2 and 3).

In a study conducted by Sharma et al. [60], the extraction of pigments from Trichoderma
virens, Alternaria alternata and C. lunata was explored for textile dyeing. The three fungi
showed great potential as sources of dyes for dyeing fabrics, and it was found that these
pigments did not present toxicity to human skin. Thus, we can suggest that most of the
species identified in our study may constitute promising sources of dyes and/or metabolites
with biotechnological applications.

Other studies, such as that by Da Costa Souza et al. [49], examined extracellular
pigment production in different fungal strains of distinct species and identified these strains
based on sequences of the internal transcribed spacer. The authors identified A. sydowii
CML2967, A. aureolatus CML2964, A. keveii CML2968, P. flavigenum CML2965, P. chermesinum
CML2966, Epicoccum nigrum CML2971, Lecanicillium aphanocladii CML2970 and Fusarium sp.
CML2969, which have shown promise as new pigment sources with important industrial
applications. Bouhri et al. [51] studied the red–orange pigment-producing strain P. mallochii
TACB-16, identified via molecular methods (analysis of the ITS region). The authors
analyzed the maximum absorption wavelength (λmax) of the pigment of P. mallochii, which
was determined to be 450 nm. In addition, the results showed that the fungal pigment was
resistant to different temperatures and pH values and also demonstrated that the pigment
had antiproliferative effects on the T98G cell line (glioblastoma cell lines).

The phylogenetic inference of isolate CF1-37 showed high support with H. investiens
(MUCL 53307). Belonging to the Hypoxylaceae family, it stands out for its diversity in
terms of the production of secondary metabolites, such as antiparasitic agents, enzyme
inhibitors, immunomodulators, antimicrobial substances or pigments, mainly extracted
from its fruiting stages [61,62]. In submerged culture, this isolate showed a green coloration,
which was extracted with ethyl acetate in both liquid cultures performed in this study. The
absorbance reading revealed values present in the red absorption range (Tables 2 and 3).

A number of genera belonging to the Xylariaceae family, including Daldinia, Hypoxy-
lon, Jackrogersella and others, have a significant ability to produce pigments with a wide
variety of colors and shades. Some species of the genus Hypoxylon have already been
reported as pigment producers, for example, H. fragiforme (hypoxyxylerone, cytochalasin
H, fragiformins A–B and mitorubrine), H. howeanum (mitorubrine and azaphilones), H.
lechatii (vermelhotin and hypoxyvermelhotins A–C), H. fuscum (daldinin A–C), H. fulvo-
sulphureum (derivatives of mitorubrinol), H. sclerophaeum (hypoxilone), H. rickii (rickenyl
B and D), H. lenormandii and H. jaklitschii (lenormandines A–G) and H. rubiginosum (mi-
torubrine, rubiginosine and hypomyltin) [48,60]. The diversity and complexity of the
secondary metabolites in this subfamily (Xylariaceae: Hypoxyloideae) have been demon-
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strated through several studies [60], but no reports have been found in the literature on the
production of extracellular pigment by H. investiens.

The pigmented extract of H. investiens CF1-37 showed antioxidant and antimicrobial
activity. In a recent study conducted by our group [8], we analyzed an extract of H.
investiens CF1-37 obtained under other cultivation conditions and the results were similar
to those observed in this study. In the antioxidant analyses, the values of AA = 93.68% were
observed for the DPPH• free radical sequestration, and FRAP = 171.1 µmol TE/g, while
for the strains tested, the extract inhibited the growth of S. aureus, C. albicans, C. tropicalis
and C. parapsilosis. No other studies analyzing the antioxidant and antimicrobial potential
of this species were found.

The results of the TLC of the pigmented extract produced by the endophytic fungus H.
investiens CF1-37 indicated the presence of phenolic compounds and flavonoids. Phenolic
compounds are a class of molecules that have a wide distribution in natural products and
have attracted a lot of attention due to their antioxidant and antimicrobial properties [63].
Antioxidant compounds produced by endophytic fungi are usually from the class of
phenolic compounds, such as flavonoids and phenolic acids, which corroborates the results
found in this study [64–66]. Additionally, the infrared spectrum obtained for the active
pigmented extract is in accordance with the results of the TLC. The band at 3360 cm−1

is probably associated with O–H stretching vibrations, while the band at 1701 cm−1 is
probably related to a C=O stretching of the flavonoids. These bands were also observed by
Oliveira et al. [67], who analyzed the extracts of several plants that were rich in phenolic
compounds and flavonoids, and by Falcão et al. [63], who analyzed an extract rich in
phenolic compounds produced by the endophytic fungus Aspergillus niger MgF2.

5. Conclusions

This study provides preliminary information on the production of extracellular pig-
ments by endophytic fungi isolated from the Amazonian species F. chica. A total of 121 en-
dophytic fungi were isolated from this medicinal plant, and nine showed potential for pig-
ment production. Molecular identification and phylogenetic analysis of these nine strains
revealed the species Aspergillus welwitschiae, A. sydowii, Diaporthe cerradensis (2 strains),
Hypoxylon investiens and Penicillium rubens. The genera Neoscytalidium sp. (2 strains) and
Curvularia sp. were also identified.

Among these strains, H. investiens CF1-37, Neoscytalidium sp. CG2-10, and P. rubens
CG2-5 stood out as the best producers of colored compounds. The pigment production
capabilities varied depending on the fungal species tested, and this could be influenced
by the composition of the culture medium. The culture medium containing yeast extract
seemed to favor the production of these metabolites.

H. investiens CF1-37 produced a green extract that exhibited antioxidant and antimi-
crobial activity. The chemical profile if this pigmented extract showed the presence of
phenolic compounds and flavonoids. In future studies, the pigment production by this
isolate should be optimized. In addition, the pigment molecule should be isolated and
identified. In this study, we demonstrated the potential of H. investiens CF1-37 as a new
source of pigments for industrial applications.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/jof10010077/s1. Table S1. GenBank accession numbers of sequences
used in the phylogenetic analyses of multiple genes. Figure S1. Concatenated phylogenetic analysis
by Maximum Likelihood (ML) of the endophytic fungi CF1-3, isolated from Fridericia chica leaves,
and CG2-7, isolated from F. chica branches, based on partial sequences of ITS, tub2, cal and rpb2. The
scale bar of 0.07 represents the number of changes and the number indicates the bootstrap support
of the branches. The sequences of the isolates studied here are highlighted in bold. The tree was
rooted in Hamigera avellanea NRRL 1938. Figure S2. Concatenated phylogenetic analysis by Maximum
Likelihood (ML) of the endophytic fungus CG2-5, isolated from Fridericia chica branches, based on
partial sequences of tub2 and rpb2. The scale bar of 0.08 represents the number of changes and the
number indicates the bootstrap support of the branches. The sequences of the isolates studied here
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are highlighted in bold. The tree was rooted in Aspergillus glaucus NRRL 116. Figure S3. Concatenated
phylogenetic analysis by Maximum Likelihood (ML) of the endophytic fungi CG1-2 and CG2-10,
both isolated from branches of Fridericia chica, based on partial sequences of ITS, tub2 and tef 1. The
scale bar of 0.03 represents the number of changes and the number indicates the bootstrap support of
the branches. The sequences of the isolates studied here are highlighted in bold. The tree was rooted
in Aplosporella hesperidica CBS 732.79. Figure S4. Concatenated phylogenetic analysis by Maximum
Likelihood (ML) of the endophytic fungi CG2-4 and CG2-12, both isolated from branches of Fridericia
chica, based on partial sequences of ITS, cal and tef 1. The scale bar of 0.07 represents the number
of changes and the number indicates the bootstrap support of the branches. The sequences of the
isolates studied here are highlighted in bold. The tree was rooted in Diaporthella corylina CBS 121124.
Figure S5. Concatenated phylogenetic analysis by Maximum Likelihood (ML) of the endophytic
fungus CF3-5, isolated from the leaves of Fridericia chica, based on partial sequences of ITS and
rpb2. The scale bar of 0.03 represents the number of changes and the number indicates the bootstrap
support of the branches. The sequences of the isolates studied here are highlighted in bold. The
tree was rooted in Alternaria alternata CBS 916.96. Figure S6. Concatenated phylogenetic analysis by
Maximum Likelihood (ML) of the endophytic fungus CF1-37, isolated from the leaves of Fridericia
chica, based on partial sequences of ITS and tub2. The scale bar of 0.5 represents the number of
changes and the number indicates the bootstrap support of the branches. The sequences of the
isolates studied here are highlighted in bold. The tree was rooted in Biscogniauxia nummularia MUCL
51395.
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