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of two red-sea-sponge-associated Aspergillus
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Abstract

The growing spread of infectious diseases has become a potential global health threat to human beings.
According to WHO reports, in this study, we investigated the impact of co-cultivating the isolated endophytic
fungus Aspergillus sp. CO2 and Bacillus sp. COBZ21 as a method to stimulate the production of natural bioactive
substances. (GC/MS)-based metabolomics profiling of two sponge-associated microbes, Aspergillus sp. CO2 and
Bacillus sp. COBZ21, revealed that the co-culture of these two isolates induced the accumulation of metabolites
that were not traced in their axenic cultures. By detection of different activities of extracts of Bacillus sp. COBZ21
and Aspergillus sp. CO2 and coculture between Bacillus sp. COBZ21 and Aspergillus sp. CO2. It was noted that the
coculture strategy was the reason for a notable increase in some different activities, such as the antimicrobial
activity, which showed potent activity against Escherichia coli ATCC 25,922, Staphylococcus aureus NRRLB-767, and
Candida albicans ATCC 10,231. The antibiofilm activity showed significant biofilm inhibitory activity toward Bacillus
subtilis ATCC 6633, Pseudomonas aeruginosa ATCC 10,145, and Staph aureus NRRLB-767, with activity up to 53.66,
7117, and 47.89%, while it showed low activity against E. coli ATCC 25,922, while the antioxidant activity based

on the DPPH assay showed maximum activity (75.25%). GC-MS investigations revealed the presence of variable
chemical constituents belonging to different chemical categories, which reflected their chemical diversity. The
main components are (+-) cis-Deethylburnamine (2.66%), Bis(3,6,9,12-tetraoxapentaethylene) crowno-N,N,N/N"-tetra
methylpphanediamine (2.48%), and 11-phenyl-2,4,6,8-tetra(2-thienyl)-11-aza-5,13-dithiaeteracyclo[7.3.0.1(2,8)0.0(3,7)]
trideca-3,6-diene-10,12,13-trione (3.13%), respectively, for Bacillus sp. axenic culture, Aspergillus sp. CO2, Aspergillus
sp. CO2, and Bacillus sp. COBZ21 coculture. By studying the ADME-related physicochemical properties of coculture
extract, the compound showed log P, values above 5 (8.82). The solubility of the substance was moderate. In
order to provide a comprehensive definition of medicinal chemistry and leadlikness, it is important to note that the
latter did not meet the criteria outlined in the rule of three (RO3). The toxicity prediction of the coculture extract
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was performed using the ProTox Il web server, which showed that the selected compound has no pronounced

toxicity.
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Background

Antimicrobial resistance is one of the significant chal-
lenges of the 21st century. The appearance of new
infectious and multidrug-resistant microorganisms is
emerging as a new threat to human health and global
stability [1]. The imperative to identify novel medica-
tions with unique modes of action derived from natural
sources is indisputable as a means to address the emer-
gence of antimicrobial resistance and ensure their safety
and efficacy [2]. Multi Drug Resistance (MDR) pathogens
represent one of the most critical global health threats for
both human and feed stocks due to their increased resis-
tance to the known antibiotic categories, which makes
the disease caused by one of the MDR groups inevitably
lead to death.

In the ecological system, there are two distinct forms
of microbial competition that might take place: interfer-
ence competition and scramble competition. Interactions
can occur either intra-specifically or inter-specifically.
Interference competition occurs when a certain microbe
actively restricts access to nutrients for another micro-
organism. The phenomenon of scramble competition
occurs when a certain microbe depletes available nutri-
ents prior to another microorganism. Indeed, the level of
competition escalates in situations where there is limited
availability of nutrients. Microbial co-culture exhibits
considerable promise in facilitating the identification of
continuous production of secondary metabolites, a feat
that can be accomplished within controlled laboratory
settings. Recent discoveries have highlighted the signifi-
cance of mixed fermentation or microbial co-culture, as
well as microbial transformation, genome mining, and
unculturable bacteria, as crucial sources of new antibiot-
ics [3].

Previous studies have extensively examined co-cul-
tures, resulting in findings such as enhanced production
of known metabolites or the discovery of new substances.
The microbial co-culture technique, which involves rep-
licating conditions seen in nature, has been shown to
enhance the efficacy of antibiotics in crude extracts, aug-
ment the production of established secondary metabo-
lites, generate analogs of known metabolites, and activate
bioactive component pathways that were previously dor-
mant. The fungal co-culture strategy has proven to be a
successful method for activating static biosynthetic gene
clusters in fungal strains, resulting in the production of
hitherto undiscovered secondary metabolites. This strat-
egy typically encompasses three distinct approaches,

namely fungal-fungal, fungal-bacterial, and fungal-host
co-cultures [4, 5].

In previous studies, the co-cultivation of two marine
microorganisms, namely the fungus Emericella sp. and
the actinomycete Salinispora arenicola, resulted in a
significant enhancement of the expression of the emeri-
cellamide biosynthetic gene cluster 100-fold [6]. The co-
cultivation of the marine-derived fungus Libertella sp.
with the marine bacteria CNJ-328.8 resulted in the induc-
tion of the creation of novel cytotoxic diterpenes, namely
libertellenones A-D. A further illustration entailed the
synthesis of a novel antibiotic, pestalone, using the co-
cultivation of the marine fungus Pestalotia sp. alongside
an unidentified unicellular marine bacterium, strain CNJ-
328 [7].

Therefore, the current study aimed to use a coculture
strategy between fungal and bacterial isolates to increase
the activity of different activities such as antimicrobial,
antioxidant, and antibiofilm.

Materials and methods

Collection of sponge sample

The marine sponge Corella cyathophora was col-
lected using SCUBA equipment from Hurghada at N
26°59'42.87’, E 33°54’4.02” at 10 m depth in the Hurghada
region. Red Sea, Egypt. The collected sponge was brought
into the laboratory, coded, photographed (Fig. 1), and
kept in a cold place (5 °C) until the isolation of fungal and
bacterium strains.

Isolation of sponge-associated fungus and bacteria

The isolation of fungus and bacterium associated with
the sponge commenced with the implementation of a
surface sterilization procedure. This involved subject-
ing the sponge to a 1-minute treatment with 75% etha-
nol, followed by a 3-minute immersion in a solution of
0.5% sodium hypochlorite. Subsequently, the sponge was
rinsed three times with sterilized, distilled H,O, and let
to air dry under aseptic conditions. Following this, the
desiccated segments of the sponge were crushed using
a mortar. Subsequently, 1 gram of the powdery mate-
rial was suspended in 9 milliliters of sterilized distilled
water and vigorously mixed using a vortex mixer until a
uniform mixture was achieved. Serial dilutions were per-
formed up to the third order, and subsequently, 1 ml of
the second and third dilutions were aseptically put onto
Petri dishes containing rose Bengal agar. The Petri dishes
were then incubated at a temperature of 30 °C for a dura-
tion of 5 days. Following the completion of the incubation
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Fig. 1 (a) Marine sponge morphology (b) Colony morphology of the fungus on PDA (c) Microscopic examination of the isolated fungus

period, the fungal colonies that had grown were then
placed onto potato dextrose agar plates and subjected to
incubation under the identical circumstances as before
[8]. While, bacterial isolate was is incubated at a temper-
ature of 37 °C for a duration of 3 days on nutrient agar
plat.

Morphological identification

The most potent fungal isolate was selected based on
antimicrobial screening (data not showed). The pheno-
typic characterization of the most potent fungal isolate
was conducted by cultivating the fungus on potato dex-
trose agar plates for 10 days. The analysis encompassed
the inspection of colony morphology, including shape,
color, and medium pigmentation, as well as microscopic
evaluation of the produced spores and mycelium.

Genetic identification of the isolated fungus and bacteria
The process of molecularly identifying fungal (CO2)
and bacterial isolates involved the extraction of genomic
DNA using the Qiagen DNeasy Mini Kit, following the
guidelines provided by its designer [9]. The amplifica-
tion reactions for fungal 18Sr RNA were performed using
two primers: ITS1 (5TCCGTAGGTGAACCTGCG-3)
and ITS4 (5-TCCTCCGCTTATTGATATGC3), and for
bacterial 16Sr RNA, two primers: 27 F (5AGAGTTT-
GATCCTGGCTCAG-3) and 1492R (5GGTTACCTTG
TTACGACTT’3). The PCR products were submitted to
two commercial sequencing services, namely SolGent
and Macrogen, located in South Korea. The sequences
that were acquired were subjected to analysis using the
BLASTN algorithm in order to examine their similarity
and homology with the relevant target gene sequences
present in the NCBI database. The construction of the
phylogenetic tree was performed using the maximum-
likelihood (ML) method, facilitated by the software
MEGAX [10].

Coculturing

In the co-fermentation experiment, a 10 mL aliquot of a
3-day-old culture of Bacillus sp. COBZ21 was aseptically
put into each of ten 2 L Erlenmeyer flasks. These flasks
had previously been filled with 500 mL of ISP2 medium
and inoculated with a 10 mL aliquot of a 5-day-old cul-
ture of Aspergillus sp. CO2.

Extraction of bioactive secondary metabolites

Following the fermentation process of axenic cultures
and co-culture, a filtration step was carried out. Sub-
sequently, the resulting supernatant was subjected to
extraction using ethyl acetate (1.5 L), resulting in the for-
mation of the ethyl acetate soluble fraction (800 mg) [11].

Antimicrobial activity by plate assay method

The antimicrobial efficacy of the examined extracts was
assessed against various microbial strains, including
Gram-negative bacteria (Escherichia coli ATCC 25,922,
Klebsiella pneumoniae, and Salmonella typhi), Gram-
positive bacteria (Staphylococcus aureus NRRLB-767,
Methicillin-resistant  Staphylococcus aureus (MRSA),
yeast (Candida albicans ATCC 10,231), and fungi (Asper-
gillus niger ATCC 10,231) [12, 13]. The experiment was
conducted using 96-well flat polystyrene plates. A vol-
ume of 10 pl of test extracts, with a final concentration
of 250 pg/ml, was mixed into 80 pl of lysogeny broth (LB
broth). Subsequently, 10 ul of bacterial culture suspen-
sion in the logarithmic growth phase was added. The
plates were then subjected to overnight incubation at a
temperature of 37 °C. Following incubation, the observed
antibacterial action of the examined extracts was mani-
fested by clearance in the wells. Conversely, extracts
that did not have any effect on the bacteria resulted in
the growth media appearing opaque in the wells. The
control group consisted of the pathogen without any
kind of treatment. The measurement of absorbance
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was conducted around 20 h following the initiation of
the experiment at wavelength 600 using a Spectrostar
Nano Microplate Reader developed by BMG LABTECH
GmbH, located in Allmendgrun, Germany.

Biofilm inhibitory activity

The biofilm inhibitory activity of the extracts obtained
was assessed using a microtiter plate assay (MTP) con-
ducted in 96 well-flat bottom polystyrene titer plates
against four clinical microorganisms (Pseudomonas aeru-
ginosa ATCC 10,145, Staphylococcus aureus NRRLB-
767, Escherichia coli ATCC 25,922, and Bacillus subtilis
ATCC 6633) [14]. In this experiment, each well was filled
with 180 uL of LB broth, which consisted of tryptone
(10 g), yeast extract (5 g), and NaCl (10 g/L). Subse-
quently, 10 pL of an overnight pathogenic bacterial cul-
ture was inoculated into each well. Following this, 10 puL
of the desired samples were added to the experimental
wells, while a blank control was used as a reference. The
entire setup was then incubated at a temperature of 37 °C
for a duration of 24 h. Following the incubation period,
the contents within the wells were extracted and subse-
quently subjected to a washing process using 200 uL of
phosphate buffer saline (PBS) at a pH of 7.2. This proce-
dure was carried out in order to eliminate any bacteria
that were not attached to the surface. The sessile bacte-
ria were immobilized using a 2%sodium acetate solution
and subsequently stained using a 0.1% crystal violet dye.
The excessive discoloration was eliminated through a
process of washing with deionized water and thereafter
being lowed to dry. Additionally, the dried plates under-
went a washing process with 95% ethanol. Subsequently,
the optical density (OD) was measured at a wavelength of
595 nm using a microtitre plate reader (BMG LABTECH
GmbH, located in Allmendgriin, Germany).

Assessment of antioxidant activity

The assessment of free radical scavenging activity (RSA)
involved the measurement of decoloration in an ethano-
lic solution of DPPH radical, which was then examined
using spectrophotometry at a wavelength of 517 nm [15].
The scavenging activity was calculated as follows:

Scavenging ability (%)

= (A5170f control — A517of sample/A517of control) x 100.

GC-MS analysis

According to the reported procedures [16], GC-MS
analysis was conducted utilizing a Thermo Scientific
Trace GC Ultra/ISQ Single Quadrupole MS instrument,
equipped with a TG-5MS fused silica capillary column
of 30 m in length, 0.251 mm in diameter, and featuring a
0.1 mm film thickness. The experimental setup involved
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the utilization of an electron ionization system with an
ionization energy of 70 electron volts (eV). Helium gas
was employed as the carrier gas, maintaining a consistent
flow rate of 1 ml/min for gas chromatography-mass spec-
trometry (GC-MS) detection. The temperature of the
MS transfer line was adjusted to 280 °C, while the injec-
tor was also set at the same temperature. The oven was
initially set to a temperature of 50 °C and maintained at
this level for a few minutes. Subsequently, the tempera-
ture was increased at a rate of 7 °C per minute until it
reached 150 °C. Following this, the temperature was fur-
ther increased at a rate of 5 °C per minute until it reached
270 °C. The oven was then held at this temperature for
2 min. Finally, the temperature was raised to a final value
of 310 °C at a rate of 3.5 °C per minute and maintained
at this level for a few minutes. The investigation involved
quantifying all the discovered components through the
use of a percent relative peak area. A preliminary deter-
mination of the compounds was conducted by compar-
ing the relative retention time and mass spectra with the
NIST and WILLY library data of the GC-MS instrument.

In silico predictions of absorption, distribution,
metabolism, and excretion (ADME)-related
physicochemical properties and toxicity

The physicochemical features of the molecule were antic-
ipated using the SwissADME web tools, which are spe-
cifically designed to assess ADME-related characteristics,
Additionally, the toxicity of the selected compound has
been predicted via ProTox II web server [17, 18].

Statistical analysis

The data were presented as meanzSE. Data obtained
were analyzed by ANOVA one-way, t-test (n=3 repli-
cates) was used in comparisons.

Results and discussion

Microbial isolation

The fungus CO2 was isolated from the marine sponge
Corella cyathophora (Fig. 1.a). The main morphological
features were examined using a light microscope. The
isolates exhibited notable differentiation when consid-
ering their morphological properties, including colony
structure, texture, and medium pigmentation.

Identification of the most potent fungal isolate

The morphological and microscopic inspection of the
mycelium and spores cultivated on PDA plates provided
confirmation that the isolate is classified as Aspergillus
sp. based on the taxonomy established by [19] (Fig. 1.b
and 1.c).
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Fig. 2 Phylogenetic trees of (a) Aspergillus sp. CO2 and (b) Bacillus sp. COBZ21
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ON791803.1 Bacillus velezensis strain T2
ON738721.1 Bacillus subtilis strain GE9B22
ON763272.1 Bacillus subtilis strain CRS-42
ON763273.1 Bacillus tequilensis strain BLW-47
ON738697.1 Bacillus subtilis subsp. subtilis str. 168
ON795918.1 Bacillus subtilis strain S37

ON763229.1 Bacillus subtilis strain ABW-30
ON763277.1 Bacillus tequilensis strain MHW-25

MG776346.1 Bacillus subtilis strain 69.SH.10
ON859024.1 Bacillus sp. COBZ21
ON763264.1 Bacillus inaguosorum strain CRS-37
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Fig. 3 Biofilm inhibitory activity of bacterial, fungal and mixing culture

P. aeruginosa
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Bac: extract of Bacillus sp. COBZ21, Asp: extract of Aspergillus sp. CO2 & Ba-Asp: extract of coculture between Bacillus sp. COBZ21 and Aspergillus sp. CO2
B. subtilis: BacillussubtilisATCC 6633, P. aeruginosa: Pseudomonas aeruginosa ATCC 10,145, S. aureus: Staphylococcus aureus NRRLB-767, E. coli: Esch-

erichia coli ATCC 25,922

Genetic identification of the associated fungus and
bacteria

The genetic identification of the isolated fungus and bac-
teria was conducted by employing sequencing techniques
targeting the 18 S rRNA and 16 S rRNA genes, respec-
tively. The DNA was subjected to extraction, amplifica-
tion, sequencing, and alignment with known sequences
stored in the GeneBank database using the Basic Local
Alignment Search Tool (BLAST). The results obtained
demonstrated a high degree of similarity between the
acquired sequence and the fungal isolate CO2, with a
homology of 98.84% corresponding to Aspergillus sp.
Similarly, the bacterial isolate COBZ21 exhibited a simi-
larity of 99.68% with Bacillus sp. The identification of the
CO2 isolate as Aspergillus sp. and the bacterial isolate as

Bacillus sp. COBZ21 was determined through the exami-
nation of the DNA sequence and physical characteristics.
The fungal and bacterial isolates have been archived in
GenBank under the accession numbers ON859093.1 and
ONB859024.1, respectively. The evolutionary history was
deduced by employing the neighbor-joining method,
as proposed by Saitou and Nei [20]. The tree that dem-
onstrates optimality is depicted. The bootstrap test was
used to determine the percentage of duplicate trees in
which the associated taxa grouped together [21]. These
percentages are displayed adjacent to the branches. The
illustrated tree has been accurately represented in terms
of scale, where the lengths of the branches correlate
to the evolutionary distances utilized in the inference
of the phylogenetic tree (Fig. 2a and b). The Maximum
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Composite Likelihood technique was employed for deter-
mining the evolutionary distances and are in units of the
number of base substitutions per site [10]. The current
investigation included a total of 13 nucleotide sequences.
This study included an analysis of the codon positions,
which included the first, second, third, and noncoding
locations. The paired deletion option was employed to
remove all occurrences of ambiguous locations in each
pair of sequences. The ultimate dataset comprised a total
of 1755 sites. The software MEGA X was utilized to con-
duct evolutionary analysis [22].

Metabolomic profiles of the fungal and bacterial axenic
and co-culture extracts

Gas chromatography-mass spectrometry (GC-MS) anal-
ysis was employed to analyze the chemical profiles of
the fungi Aspergillus sp. CO2 and Bacillus sp. COBZ21
(Figs. 1 and 2S) following their fermentations, both under
axenic and co-fermentation conditions. The metabolo-
mic profile of the co-culture extract exhibited the stim-
ulation of various metabolites from distinct chemical
classes in contrast to those observed in the two separate
cultures. The total peak areas of the discovered con-
stituents in the axenic culture of Bacillus sp. amount to
40.08%. The chemical structures of these identified com-
pounds are documented in Table 1. The main detected

Table 1 Chemical compositions of Bacillus sp. COBZ21
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compounds are (+-) cis-Deethylburnamine (2.66%) and
2,7,12,17-Tetraethyl-3,5:8,10:13,15:18,20-tetrakis  (2,2-
di methylpropano) porphyrin (2.60%). Moreover, the
analysis of Aspergillus sp. CO2 extract using gas chro-
matography-mass spectrometry (GC-MS) resulted in the
detection and identification of a total of 28 components
(Table 2). The total peak areas of the identified ingredi-
ents constitute 49.56%, the prospects of the chemical
structures of the identified compounds are recorded in
Table 2. The main detected compounds are Bis(3,6,9,12-
tetraoxapentaethylene)crowno-N,N,N,N’-tetra meth-
ylpphanediamine (2.48%), Lipo-3-episapelin A (2.52%),
2,3-Diacetoxy-6,7,10,11-tetrapentyloxytriphenylene
(2.27%), and 3-(2-Dimethylaminoethyl)-5-hydroxy-4-(3-
hydroxypropyl)indole (2.23%). The study of Asper-
gillus sp. CO2 and Bacillus sp. COBZ21 coculturing
extracts by GC-MS resulted in the discovery of 28
compounds, as shown in Table 3. The cumulative peak
areas of the detected components account for 55.98%
of the total. The chemical structures of these identi-
fied compounds are documented in Table 3. The main
detected compounds are 11-phenyl-2,4,6,8-tetra(2-
thienyl)-11-aza-5,13-dithiaeteracyclo[7.3.0.1(2,8)0.0(3,7)]
trideca-3,6-diene-10,12,13-trione  (3.13%), 2-[3,5-di(t-
Butyl)-4’-hydroxyphenyl)-3-methyl-1,4-naphtho-
quinone  (3.04%), 21-(1-methoxycarbonylethyl)-a,a,.

No. R, Area%® MMW. MF. Identified compounds
1 740 194 538 C34Hs5005 1,1"-Dicarboethoxy-13, 24-dihydro-3'H-cycloprop [1, 2]cholesta-1,4,6-trien-3-one
2 779 160 641 C5,HgNO,Sg  6(N)-phenyl-1,3,4,8-tetra(2-thienyl)5,7-dioxo-4,8-epithio-thieno[3,4-f]isoindole
3 842 1.66 616 CuoHasN, 04 6,15,33,42-Tetraoxa-43,46-diazaheptacyclo[18.12.10.4 (22,31)0.0(5,32)0.0(16,21)0.0 (25,45)0.0
(28,44)] hexatetraconta-1,3,5(32),16,18,20,22,24,26,28,30,43,45-tridecaene
4 966 177 679 CyH37N304 4,6-Dimethoxy-7-(4,6'-dimethoxyl-7'-(4",6"-dimethoxy indol-2"-yl)indol-2"-yl)-2,3-diphenylindole
5 10.64  2.03 656 CyoH7,05 Lipo-3-episapelin A
6 1222 203 618 C30Hs5404 2-Hydroxy-3-methoxy-6,7,10,11-tetrapentyloxytriphenylene
7 1248  1.68 214 CHioN,O,S  6-Hydroxymoethyl-5,6,7 8-tetrahydro-5-deaza-5-thiapterin
8 1359 260 694 CagHeaNy4 2,7,12,17-Tetraethyl-3,5:8,10:13,15:18,20-tetrakis(2,2-di methylpropano)porphyrin
9 19.08 1.90 612 CugHsg 56,8,9,21,22,24,25-Octahydro[2.2](3,1 1)dibenzo[ajlanthraxcenophane-1,17-diene
10 3126 197 509 C30H3NO; 2-Hydroxy-2-[1-(2"3"-dihydro-2"-hydroxy-1",3"-dioxo-1H-inden-2"-yl)-2"-morpholino-2"-pheny-
ethenyl]-1 H-inden e-1,3(2 H)-dione
" 3141 1.80 379 CyoHa N30, (3R4R)-3,4-Bis(3,3-dimethylbutylamido)-1-cyclohexyl pyrrolidine
12 3175 266 250 Ci7HeN, (+-)cis-Deethylburnamine
13 33.06 159 652 CyHioN4O,  2-Formyl-4,6,7-tris(2-methoxycarbonylethyl)-1,3,5,8-tetra methylporphin
14 3472 183 256 Ci7/H30 1-Heptadecanol
15 3745  1.89 562 C35H4604 2-Hydroxy-3-methoxy-6,7,10,11-tetrabutyloxytriphenylene
16 3995 175 398 CyoHs 24-ethyl-cholest-ene
17 4048 168 277 Cyi7H,1NO; 7-Methoxy1azatetracyclo[8.7.0.0(4,9)0.0(12,17)Iheptadeca-2,4,7,9,12(17),13,15-octaen-6,11-dione
18 40.77 217 689 CyusH31NsO5 2-Methoxy-3-nitro-5,10,15,20-tetraphenyl-2,3-dihydroporphyrin
19 4235 203 692 CuqHauN,O, N,N-Dicyclohexyl-1,7-dipyrrolidinylperylene-3,4:9,10-tetra carboxylic acid bisimide
20 4355 184 528 C33HsuNO, 3'-(Cholan-3-one-24-oate)-2,2,5,5"-tetramethylpyrrolidine-1-oxyl
21 4748 166 696 CaoHs6040 Nephthoside-1,2/3'4-Tetraacetate
T%
40.08

Rt: Retention time; M.W.: Molecular weight; M.F.: Molecular formula
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Table 2 Chemical compositions of Aspergillus sp. CO2

No. R, Area MW. MF Identified compounds
%a
1 828 173 692 CuHiuN,O,  NN-Dicyclohexyl-1,7-dipyrrolidinylperylene-3,4:9,10-tetracarboxylic acid bisimide
2 9.08 1.85 694 CagHeaNy4 2,7,12,17-Tetraethyl-3,5:8,10:13,15:18,20-tetrakis(2,2-dimethylpropano)porphyrin
3 932 173 658 CusHoN,O5  3,5-DitButyl-4-hydroxyphenylbis(1,2-dihydro-2-oxo-N-phenylcycloheptalb]lpyrrol-3 yl)methane
4 9.52 2.27 618 Cy7H3gN4O5 34,38-Diox0-35,36,37-trimethoxy-3,7,23,27-tetraazahepta cyclo-(27.3.0.1.1.1.1.1.1)
ocataconta1(33),8(35),9,11,13-(36),14,16,18(37),19,21,29,31-dodecaene
5 1258 177 634 Cy5H4oN4O5 2,2"-Dimethoxy-2'-(phenylmethoxy)-3,3"-bis(hexahydro-2-oxopyrimidinyl)-1,1:3,1"terphenyl
6 13.02 1.87 217 Ci3H5NO, 3a,4-cis-3a,6a-cis-3-(4-methylphenyl)-3a,5,6,6a-tetrahydro
-4 H-cyclopentald]isoxazole-4-ol
7 1551 203 315 Ci;H5N50S  2-Phenyl-3-amethyl-3-thioxoimidazolidin[1,5a]transperhydroquinoxalin-4-one
8 19.65 1.96 696 CugHsoN,0, 2-[2,6-Bis(hex-5-enyloxy)phenyl]9[2-(but-3-enyloxy)-6-(hex-5-enyloxy)phenyl]-1,10-phenanthroline
9 22.12 172 610 C36H4oN4O5 2(4)-ethyl-4(2)-(1-hydroxyethyl)deuteroporphyrin dimethyl ester
10 2644 218 662 C30H4oN4Op 34,38-Diox0-33,35,36,37-tetramethoxy-31-methyl-3,7,23,27-tetraazaheptacyclo (27.3.1.1.1.1.1.1)
octaconta-1-(33),8-(35),9,11,13(36),14,16,18(37), 19,21,29,31-dodecaene
1 2715 176 369 C,1Hy3NO; (R)-O-[2-(4-Methoxyphenylamino)phenyl]acetylpantolactone
12 2873 252 656 C4oH70s Lipo-3-episapelin A
13 3222 184 176 CgH160,5 trans-1-Methoxy-2-methylsulfinylcyclohexane
14 3267 211 207 GHi3NO,S,  N-[Bis(methylthio)methylene]-L-alaninemethy! ester
15 3492 188 691 Cs1H33NO, 2,6-Bis(2,3,5-triphenyl-4-oxocyclopentadienyl)pyridine
16 3960 1.98 708 CusH360, 3,5-Diphenyl-3,5-(9,10-phenanthylene)tricyclo[5.2.1.0]decane-4-one-8-exo-9-endodicarboxylic
acid diacetoxy methylester
17 4167 188 562 CuHsgO, Rhodoxanthin
18 4386 1.78 328 CyoH240, Dimethyl 3,4,8-trimethyl-6-propylazulene-1,2-dicarboxylate
19 46.63 1.90 412 CoaH3gN,S 2-Pentadecyl-1,2,4-triazolo[1,5c]quinazoline-5-(6 H)-thione
20 4734 196 110 CsHgN,O Pyrazine, methyl-, 1-oxide
21 4802  1.89 696 CuoHs6040 Nephthoside 1,2/3/4"-Tetraacetate
22 4855 248 676 Cy6HgoN,Og Bis(3,6,9,12-tetraoxapentaethylene)crowno-N,N,N,N-tetra methylpphanediamine
23 4980 197 732 CyoHauN,Og  13-(Ethylidenedioxy)cyclohexadieno[1,6-b]phylloerythrin trimethyl ester
24 5009 227 688 CyoHs604 2,3-Diacetoxy-6,7,10,11-tetrapentyloxytriphenylene
25 5257 223 262 CisHuN,O,  3-(2-Dimethylaminoethyl)-5-hydroxy-4-(3-hydroxypropyl)indole
T%
49.56

Rt: Retention time; M.W.: Molecular weight; M.F.: Molecular formula

antimicrobial treatments is compromised due to the
emergence of drug resistance, rendering the treatment
of illnesses increasingly challenging or even unattain-

delta.,¢c-tetramethyl porphyrine (2.68%). The mixed
fermentation of Aspergillus sp. CO2 and Bacillus sp.
COBZ21 resulted in the formation of various chemi-

cals, as indicated by the chemical structure composition
analysis (refer to Table 3). The observed induction may
arise from either environmental competition or chemi-
cal defense systems. Following that, the samples obtained
from two pure cultures and a mixed culture were ana-
lyzed for their antibacterial, antibiofilm, and antioxidant
properties.

Biological evaluation

Antimicrobial activity

Antimicrobial resistance (AMR) arises as a consequence
of the evolutionary adaptation of bacteria, viruses, fungi,
and parasites, resulting in the loss of their capacity to
effectively react to antibiotics. This phenomenon ren-
ders infections more challenging to manage, amplifying
the likelihood of disease transmission, severe morbid-
ity, and mortality. The efficacy of antibiotics and other

able [12]. The antimicrobial activity of the three extracts
was evaluated against pathogenic bacteria and fungi
using 96-well flat polystyrene plates. The obtained results
revealed that the bacterial extract displayed moderate
antibacterial activity against S. aureus NRRLB-767 and
E. coli ATCC 25,922. Furthermore, the fungal extract
(ASP) showed low antibacterial activity against Klebsi-
ella, Salmonella, and S. aureus NRRLB-767, while it dis-
played pronounced activity against E. coli ATCC 25,922.
Additionally, the co-culturing extract (Ba-Asp) exhibited
potent antibacterial activity against E. coli ATCC 25,922
and S. aureus NRRLB-767, while it showed low antibac-
terial activity against Salmonella and Klebsiella and anti-
fungal activity against C. albicans ATCC 10,231 (Table 4).
The MIC of three extracts was measured toward positive
strains and presented in Table 5. The study conducted by
Moubasher et al., [23] showed that the co-culturing of
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Table 3 Chemical compositions of Aspergillus sp. CO2 and Bacillus sp. COBZ21 coculturing
No. R; Area%® M.W. M.F. Identified compounds

1 1230 268 700 CuH3N,O,  21-(1-methoxycarbonylethyl)-a,a,delta.¢-tetramethyl porphyrine

2 13.58 1.99 335 CyHy» N30, N(2)-BenzyIN(2)-methyl-3-(2-hydroxypropyl)-2-quinoxalinecarboxamide

3 1434 225 356 CigHigN,Og  1-carbethoxy-3,4-dicarbomethoxy-¢-carboline

4 1509 1.68 621 C,;H;NO,S,  13,14-Bis(methylsulfonyl)-2-dehydro-3-dehydroxy pseudaconine

5 1529 304 376 Cy5Hyg0; 2-[3:5-di(t-Butyl)-4-hydroxyphenyl)-3-methyl-1,4-naphthoquinone

6 1553 1.86 730 CssHyp Tris(3,6-di-t-butyl-1-azulenyl)methane

7 16.14 167 612 CuHuN,O4  2-(2,6-Dimethoxyphenyl)-4,7-bis[4'~(1"1"-dimethyl)phenoxy] 1,10-phenanthroline

8 16.73 2.03 688  C,yHs504 2,3-Diacetoxy-6,7,10,11-tetrapentyloxytriphenylene

9 1748 165 704 C33H5045 6-C-Xylosyl-8-C-glucosylapigenin permethylated derivative

10 1758 165 692  CuHuN,O,  NN-Dicyclohexyl-1,7-dipyrrolidinylperylene-3,4:9,10-tetracarboxylic acid bisimide

11 1783 248 696 CsgHueSe 2,3,6,7,10,11-Hexakis(ethylsulfanyl)-4b,8b,12b,12d-tetra methyl-4b,8b,12b,12d tetrahydrodibenzo
[2,3:4,5]pentaleno(1,6ablindene

12 1864 187 691  Cs5Hy3NO, 2,6-Bis(2,3,5-triphenyl-4-oxocyclopentadienyl)pyridine

13 2532 162 689  Cu5H5Ns;O5  2-Methoxy-3-nitro-5,10,15,20-tetraphenyl-2,3-dihydroporphyrin

14 3240 162 686  C41H6608 (2R)-8,13-epoxy-2,2-(8,13-epoxy-2'b-methoxy-3-oxolabdane-1'a,2'a-diyldioxy)-1a-hydroxylabdan-3-one

15 3262 223 696  CyHse01 Nephthoside-1,2/3'4"-Tetraacetate

16 3279 153 605  C3HuNsO,  meso-1-(2-ethoxycarbonyl-2'-cyanoethyl)-3,6,9,12-tetramethylporphyrin

17 3525 177 696 CuHyeNyg 2,3,5,6-tetrakis[6-(2"2"-Bipyridyl)]pyrazine

18 3728 197 221 CoHyN3O5  2-Isopropoxy-3-nitroimidazo[1,2a]pyridine

19 4040 198 485  C34H,NO (R)(+)4-Benzyl-1-(4-methoxyphenyl)-4-phenylaminotetradecane

20 4373 204 584 CuHs605 Antheraxanthin

21 4402 183 658  CuH4N,O5  3,5-Dit-Butyl-4-hydroxyphenylbis(1,2-dihydro-2-oxo-N-phenylcycloheptalb]pyrrol-3-yl)methane

22 4484 182 681  C,HyN3Og  Triethyl 3,7,11triphenylcyclononal,2b:4,5b"7,80"tripyrrole-2,6,10-tricarboxylate

23 4661 20 572 C5oH504, Carda-16,20(22)-dienolide,3-[(6-deoxy-3,4-O-methylene hexopyranos-2-ulos-1-yl)

oxyl-7,8-epoxy-11,14-dihydroxy-12-ox0,(33,54,73,11a)
24 4724 153 644 CuH3Ng 5,10-bis(3-aminophenyl)-15,20-diphenylporphyrin
25 4761 153 733 C5HgNO,;  Erythromycine
26 4795 3.3 657 C5HgNO;sSg  11-phenyl-2,4,6,8-tetra(2-thienyl)-11-aza-5,13-dithiaeteracyclo[7.3.0.1(2,8)0.0(3,7)]
trideca-3,6-diene-10,12,13-trione
27 4940 232 694 CugHgN, 2,7,12,17-Tetraethyl-3,5:8,10:13,15:18,20-tetrakis(2,2-dimethylpropano)porphyrin
28 530 221 708 CuH3604 3,5-Diphenyl-3,5(9,10- phenanthylene)tricyclo[5.2.1.0]
decane-4-one-8-exo-9-endodicarboxylic acid
T%
55.98
Rt: Retention time; M.W.: Molecular weight; M.F.: Molecular formula

Table 4 Antimicrobial activity of different extracts

Sample Inhibition ratio (%)

Kle Sal Sta MRSA Ech Can Asper
Bac NA NA 50.50 NA 20.25 NA NA
ASP 12.25 11.02 22.20 NA 44011 NA NA
Ba-Asp 23.00 15.00 65.00 NA 75.00 50.00 NA
Nys - - - - - 97 98
Cip 98 - 96 - 98 - -

Bac: extract of Bacillus sp. COBZ21, Asp: extract of Aspergillus sp. CO2 & Ba-Asp: extract of coculture between Bacillus sp. COBZ21 and Aspergillus sp. CO2. &Nys: Nystatin &
Cip: Ciprofluxacin

Kle: Klebsiella pneumoniae, Sal: Salmonella typhi, Sta: Staphylococcus aureus NRRLB-767, Ech: Escherichia coli ATCC 25,922, Can: Candida albicans ATCC 10,231, Asper:
Aspergillus niger ATCC 10,231

fungi and bacteria holds promise as a viable approach for ~ fungal secondary metabolites that possess antibacterial
generating secondary metabolites that possess antibacte-  properties. During the co-culture of eight Streptomy-
rial properties. The findings from the co-culture experi- ces strains and nine fungi, Nicault et al., [24] examined
ment revealed that bacteria subjected to chemical stress  a total of 72 distinct interaction zones involving Strepto-
exhibited diverse reactions, leading to the production of myces-fungus interactions (SFIZs). Two of the samples
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Table 5 Minimum inhibitory concentration different extracts

Page 9 of 13

Table 6 DPPH scavenging activity (%) of different extracts

Sample MIC (ug/mL) Sample Time (min.)

Kle Sta Ech Can 15 30 45 60
Bac - 3150 125 - Bac 1005 1926 2526 4122
ASP 250 12500 3125 - Asp 1558 2987 4296 6026
Ba-Asp 125 1525 725  50.00 Bac-Asp 2202 4525 5955 7525
Nys - - 0.390 Bac: extract of Bacillus sp. COBZ21, Asp: extract of Aspergillus sp. CO2 & Ba-Asp:
Cip - 350 0390 - extract of coculture between Bacillus sp. COBZ21 and Aspergillus sp. CO2

Bac: extract of Bacillus sp. COBZ21, Asp: extract of Aspergillus sp. CO2 & Ba-Asp:
extract of coculture between Bacillus sp. COBZ21 and Aspergillus sp. CO2. &Nys:
Nystatin & Cip: Ciprofluxacin

Kle: Klebsiella pneumoniae, Sta: Staphylococcus aureus NRRLB-767, Ech: Escherichia
coli ATCC 25,922, Can: Candida albicans ATCC 10,231

were chosen due to their demonstration of an increase
in antibacterial activity when compared to the individ-
ual cultures. The examination of these SFIZs revealed
that co-cultivation exerted a significant influence on the
metabolic expression of each participant, hence facilitat-
ing the production of distinct chemicals. The findings
indicated that investigating the metabolic capabilities of
Streptomyces and fungi through the replication of biotic
interactions observed in this particular ecological niche
holds considerable potential as a research direction.

Antibiofilm assay

Bacterial biofilms are intricate assemblages of bacteria
that adhere to surfaces and are held together by matri-
ces composed primarily of polysaccharides, proteins,
and extracellular DNA [25]. Bacterial biofilms have been
identified as significant contributors to bacterial per-
sistence and are a source of nosocomial infection that is
engaged in a variety of infectious illnesses [26]. The anti-
biofilm efficacy of the extracts obtained from both axenic
and coculture conditions was evaluated through the uti-
lization of the MTT test against four distinct pathogenic
bacterial strains, including P aeruginosa ATCC 10,145,
S. aureus NRRLB-767, E. coli ATCC 25,922, and B. sub-
tilis ATCC 6633. The obtained results showed that the
bacterial extract (BAC) has low to moderate antibiofilm
activity toward S. aureus NRRLB-767 and E. coli ATCC
25,922 only, with biofilm inhibition ratios of up to 45.38
and 25.02%, respectively, while the fungal extract (Asp)
displayed very low biofilm inhibition activity against B.
subtilis ATCC 6633, P. aeruginosa ATCC 10,145, and
S. aureus NRRLB-767, with biofilm inhibitory activity
reaching 17.02, 10.25, and 20.73%, while no activity was
measured against E. coli ATCC 25,922. On the other
hand, mixed culture (Bac-Asp) showed significant biofilm
inhibitory activity toward B. subtilis ATCC 6633, P. aeru-
ginosa ATCC 10,145, and S. aureus NRRLB-767, with
activity up to 53.66, 71.17, and 47.89%, while it showed
low activity against E. coli ATCC 25,922 (Fig. 3).

Antioxidant activity

The disparity between the protective capacity of anti-
oxidants and the generation of reactive species is a sig-
nificant concern, as it contributes to the development of
various diseases by inducing harm to the genome and
other macromolecules. There is a significant amount of
literature indicating that increased intake of antioxidants
through dietary supplementation is associated with a
reduced likelihood of developing a range of diseases. Fur-
thermore, the inclusion of nutraceuticals containing nat-
ural chemicals, particularly antioxidants, is vital within
the realm of food products [27]. So, in this study, the anti-
oxidant activity of bacterial, fungal, and mixed extracts
based on the DPPH assay (200 pg/ml) showed the most
antioxidant agent, showing maximum DPPH scaveng-
ing activity (75.25%), followed by fungal extract alone
(60.26%), then bacterial extract (41.22%) (Table 6). Study
on the antioxidant activity of a coculture extract derived
from the mycelia of Ganoderma lucidum and Flammu-
lina velutipes in a submerged fermentation process. The
assessment of antioxidant activity was conducted using
the quantification of ABTS radical scavenging activity.
The ICy, values for the extracts of G. lucidum and F. velu-
tipes, as well as their monocultures and cocultures, were
determined to be 1.54, 1.99, and 1.64 mg/mL, respec-
tively. The aforementioned findings substantiated that
the monoculture of G. lucidum exhibited superior anti-
oxidant activity in comparison to the monoculture of F
velutipes. Furthermore, the coculture showed antioxidant
activity that was equal to that of G. lucidum monoculture
[28]. Sutthiphatkul, [29] attempts to determine the most
favorable co-culture ratio of Acetobacter pasteurianus
AJ605 and Zygosaccharomyces bailii YN403 for the fer-
mentation of kombucha. The findings of the study indi-
cate that the maximum antioxidant activity was observed
when a co-culture ratio of 8:2 (v/v) of A. pasteurianus
AJ605 and Z. bailii YN403 was used over a 10-day fer-
mentation period. The resulting DPPH IC;, value was
measured at 25.76 ul/mL, while the ABTS IC, value was
determined to be 8.84 pl/mL. The antioxidant activity of
the co-culture ratio of 8:2 was found to be statistically
indistinguishable (p>0.05) from that of the symbiotic
culture of bacteria and yeasts (SCOBY) alone.
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The ADME-related physicochemical properties

Based on the GC-mass analysis of the mixed culture of
Aspergillus sp. CO2 and Bacillus sp. COBZ21, Physi-
cochemical properties of the first compound 11-phe-
nyl-2,4,6,8-tetra(2-thienyl)-11-aza-5,13-dithiaeteracy-
clo[7.3.0.1(2,8)0.0(3,7)]trideca-3,6-diene- 0,12,13-trione
was detected using the SwissADME online server [18].
The estimations are based on drug-likeness guidelines.
Accordingly, the compound did not pass the Lipinski du
due to two violations (MW >500, MLOGP >4.15), Ghose
rules, due to four violations (MW >480, WLOGP>5.6,
MR>130, #atoms>70). The compound exhibited 0.17%
oral bioavailability, which reflects its poor properties as
an oral medication (Table 7). Furthermore, the expedi-
tious assessment of drug-likeness was conducted by
the graphical representation of bioavailability. A radar
map was generated in order to assess and compare the
two compounds using six physicochemical properties,
namely size, polarity, lipophilicity, solubility, flexibility,
and saturation. The depicted region in the diagram corre-
sponds to the optimal range of values for each parameter.

Table 7 ADME-related physicochemical parameters of Ba-Asp

Predictive models parameters Compound 1
Physicochemical ~ Molecular Weight 584.87 g/mol
Properties Fraction Csp3 0.50
Rotatable bonds 10
H-bond acceptors 3
H-bond donors 2
Molar Refractivity 186.28
Topological polar 52.99 A2
surface area (TPSA)
Lipophilicity Log Po/w (XLOGP3) 10.34
Log P, (WLOGP) 976
Log P,,,, (MLOGP) 6.15
Solubility Log S (ESOL) -5.66
Solubility 2 1.28e-03 mg/ml;
2.18e-06 mol/I
Class Moderately soluble
Druglikeness Lipinski (RO5) No; 2 violations: MW > 500,
MLOGP >4.15
Ghose No; 4 violations: MW > 480,
WLOGP >5.6, MR> 130,
#atoms>70
Veber Yes
Bioavailability Score 017

Leadlikness Rule of three (RO3) No; 3 violations: MW > 350,
Rotors>7, XLOGP3>3.5
Synthetic accessibility  7.37
Log P, = The partition coefficient between n-octanol and water, Log S=The

decimal logarithm of the molar solubility in water. f Lipinski (RO5) criteria
range are lipophilicity (Log P,,) <5, MW<500, H-bond donors<5, and H-bond
acceptors<10. Ghose filter criteria range is Log P, in -0.4 to +5.6 range, MR
from 40 to 130, MW from 180 to 480, No. of atoms from 20 to 70. Veber rule
criteria range are: RB<10 and TPSA<140 A2, 'RO3 criteria range is XLOGP3<3.5,
MW<350, H-bond donors<3, H-bond acceptors<3, and RB<3. Synthetic
accessibility (SA) score ranges from 1 (very easy) to 10 (very difficult)
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Based on the diagram provided, the compound exhibited
an optimal range (shown by the pink area) for all crite-
ria, with the exception of size, flexibility, insolubility, and
lipophilicity (Fig. 4). Lipophilicity, an additional physico-
chemical property of significance, serves as an indicator
of the compound’s capacity to permeate the cell mem-
brane [30, 31]. The compound showed Log P,,, values
above 5 (8.82), suggesting bad permeability and absorp-
tion across the cell membrane. Moreover, the solubility
of a molecule is a critical factor that significantly impacts
the absorption of the compound throughout the formu-
lation process [18]. According to the ESOL topological
model, it may be inferred that the chemical exhibits a
modest level of solubility. In order to provide a compre-
hensive definition of medicinal chemistry and leadlik-
ness, it is worth noting that the molecule in question did
not meet the criteria outlined by the rule of three (RO3).
Table 8 shows the compound pharmacokinetic parame-
ters measured using the vector machine algorithm (SVM)
model [18].

Toxicity prediction via ProTox Il

Using the ProTox II website, the compound’s toxicity pre-
diction was carried out [32]. Results in Table 9 showed
that, the selected compound has no pronounced toxic-
ity, as predicted by ProTox II. The primary purpose of the
toxicity radar chart is to provide a concise visual repre-
sentation of the level of certainty associated with positive
toxicity outcomes in relation to the average value within
each respective category (Fig. 5).

Conclusion

The fungal species Aspergillus sp. CO2 and the bacte-
rial species Bacillus sp. COBZ21 have been obtained
by isolation procedures from the sea sponge Corella
cyathophora. Gas chromatography-mass spectrometry
(GC-MS) was employed to analyze the chemical profiles
of the crude extracts derived from Aspergillus sp. CO2,
Bacillus sp. COBZ21, and their coculture. The employ-
ment of a coculture approach including Bacillus sp.
COBZ21 and Aspergillus sp. CO2 resulted in a notable
augmentation of many activities, including antibacterial,
antibiofilm, and antioxidant properties. Subsequently,
utilizing gas chromatography-mass spectrometry exami-
nation of the heterogeneous culture the ADME-related
physicochemical parameters of the first drug were evalu-
ated utilizing the SwissADME web server. The toxicity
assessment of the coculture extract was conducted using
the ProTox II web site, which indicated that the chosen
chemical does not exhibit significant toxicity.
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LIPO Table 9 Insilico toxicity prediction of Ba-Asp compound

Classification Target Ba-Asp

Organ toxicity Hepatotoxicity Active
Toxicity end Carcinogenicity Inactive

FLEX SIZE points Immunotoxicity Active
Mutagenicity Inactive
Cytotoxicity Inactive
Tox21-Nuclear Aryl hydrocarbon Receptor (AhR) Inactive
receptor signaling Androgen Receptor (AR) Inactive
pathways Androgen Receptor Ligand Binding Inactive

Domain (AR-LBD)
Aromatase Active
INSATU POLAR Estrogen Receptor Alpha (ER) Active

Estrogen Receptor Ligand Binding Do- Active

main (ER-LBD)

Peroxisome Proliferator Activated Recep-  Inactive
INSOLU tor Gamma (PPAR-Gamma)
Tox21-Stress re- Nuclear factor (erythroid-derived 2)-like 2/ Inactive
sponse pathways  antioxidant responsive element (nrf2/ARE)

Fig. 4 Bioavailability Radar plot of Ba-Asp The pink area shows the optimal
Heat shock factor response element (HSE)  Inactive

range for each property (Lipophilicity: XLOGP3 between —0.7 and +5.0,

size: MW between 150 and 500 g/mol, polarity: TPSA between 20 and 130 Mitochondrial Membrane Potential (MMP) - Inactive
A?, solubility: log S not higher than 6, saturation: fraction of carbons in the Phosphoprotein (Tumor Supressor) p53 Inactive
sp> hybridization not less than 0.25, and flexibility: no more than 9 rotat- ATPase family AAA domain-containing Inactive
able bonds) protein 5 (ATAD5)

Table 8 Pharmacokinetics parameters of Ba-Asp

Pharmacokinetics Parameters C1
Gl (HIA) absorption Low
BBB permeant No
P-gp substrate Yes
CYP1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor No
CYP3A4 inhibitor No

Log Kp (skin permeation: cm/s) -

253 cm/s
Gl (HIA)=Human gastrointestinal absorption, BBB=Blood-brain barrier
permeation P-gp=Permeability glycoprotein, Log K;, = The skin permeability
coefficient
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