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Editorial

Antimicrobial Natural Products
Fuhang Song

School of Light Industry, Beijing Technology and Business University, Beijing 100048, China;
songfuhang@btbu.edu.cn

Infectious diseases, resulting from microbial pathogens, are one of the major causes of
morbidity and mortality worldwide. Natural products derived from foods, microbes, and
plants played an important role in combating infections before the discovery of antibiotics.
The start of the antibiotics era was marked by the clinical introduction of penicillin, which
was the first antibiotic, discovered in 1928 by Alexander Fleming in the green mold Penicil-
lium notatum. During the golden age of natural-product drug discovery (from the 1950s to
the 1960s), the Nobel Prize in Physiology or Medicine was awarded to Alexander Fleming,
Ernst B. Chain, and Sir Howard Florey in 1945 for their discovery of penicillin, and to
Selman A. Waksman in 1952 for the discovery of streptomycin. The 2015 Nobel Prize in
Physiology or Medicine was awarded to William C. Campbell and Satoshi Omura for their
discovery of avermectins, a natural microbial product, and to Youyou Tu for her discovery
of the natural plant product artemisinin; this heralded a new golden age of natural-product
drug discovery [1].

This Special Issue features papers by experts working in natural product research,
focusing on the control of microbial pathogens using natural products.

Propolis is a traditional, potentially medicinal product with several health bene-
fits. Marta Peixoto and co-workers investigated the antimicrobial potential of ethanol
extracts of propolis collected in Pereiro over a 5-year period (2011–2015) and two distinct
apiaries/regions—Pereiro and Gerês—in selected years [2]. The results showed that a
mixture of propolis and ethanol extracts had particularly interesting effects on Bacillus
subtilis, Propionibacterium acnes, and Staphylococcus aureus. For Saccharomyces cerevisiae fun-
gus, the mixtures mostly displayed MIC values similar to those of the most active single
extract, except for mP (P11.EE + P13.EE), which was more active than the single extracts.
This paper was a first attempt to evaluate the chemical profiles and bioactivity of mixed
propolis samples from different years and regions. The findings of the study suggest great
medicinal potential for propolis and are an important contribution to its valorization and
standardization.

Bryophytes are important resources with the potential to produce unique natural com-
pounds with antimicrobial properties. Valeeva and co-workers evaluated and characterized
the antibacterial activity of intracellular and extracellular metabolites produced by the
model mosses Physcomitrium patens and Sphagnum fallax [3]. Both polar (methanol-based)
and non-polar (hexane-based) extracts of the two mosses inhibited the growth of Gram-
negative P. syringae DC3000 bacteria. However, the bioactive metabolites were not stable
during the extraction process; moreover, bioactivity completely ceased after lyophilization,
while the secreted exudate fractions remained stable throughout the experiments. Exudates
from both P. patens strains displayed selective high antimicrobial activity against Gram-
positive S. aureus, Enterococcus faecium, and Streptococcus pyogenes. No antibacterial activity
was observed with any exudates against Gram-negative bacteria Salmonella, S. marcescens,
or Escherichia coli.

Natural products from fungi play a prominent role in the development of new drugs.
Han and co-workers reported that the full molecular network of crude extracts of Aspergillus
westerdijkiae L1295 showed several independent families of molecules; moreover, detailed

1



Antibiotics 2022, 11, 1765

analysis of the molecular network revealed a cluster with 19 nodes representing a peptide
family, showing MS/MS patterns containing the dipeptide [Ala-Phe] fragment. Guided by
MS/MS and molecular networking, two new cyclic tetrapeptides (CTPs) (westertides A and
B) with eight known compounds (ochratoxin A, ochratoxin A methyl ester, circumdatin F,
circumdatin G, stachyline B, westerdijkin A, mellein, and 3-hydroxymellein) were identified
from the fungus A. westerdijkiae, guided by OSMAC (one strain–many compounds) strate-
gies [4]. Westertides A and B showed strong synergistic antifungal activity against Candida
albicans with rapamycin. Furthermore, westertide A showed weak (histone deacetylase,
HDAC) inhibitory activity.

Halogen substituents significantly impact the bioactivity and reactivity of organic com-
pounds, so halogenated compounds play a profound role in the pharmaceutical industry.
In the investigations by Luo and co-worders, GedL, a free-standing phenol flavin-dependent
halogenase (FDH) from A. terreus NIH2624, is involved in the biosynthesis of geodin, and
halogenates the substrate in late-stage biosynthesis. A flavin-dependent halogenase gene,
ptaK, was identified from a cryptic BGC of endolichenic Pestalotiopsis rhododendri LF-19-12
via genome mining. A group of potential halogenated compounds with characteristic
isotope patterns of two chloride atoms were detected in the crude extract of P. rhododendri
LF-19-12 cultured in M2 medium using LC-MS and OSMAC strategies [5]. Then, two
pairs of atropisomers (pestalachlorides A1a/A1b and A2a/A2b), together with two known
compounds (pestalachloride A and SB87-H), were identified from P. rhododendri LF-19-12.
Pestalachlorides exhibited antibacterial activity against drug-sensitive and drug-resistant S.
aureus and E. faecium, with MIC values ranging from 4 mg/mL to 32 mg/mL.

Fungi from marine-derived environments are promising resources for the discovery
of new chemical entries. Song and co-workers investigated the chemical constituents of
the marine-derived Talaromyces sp. Fungus, isolated from a mud sample collected from the
intertidal zones of the Yellow Sea in Qingdao, China. Three new compounds, including
two new polyketide-derived oligophenalenone dimers (bacillisporins K and L) and one
xanthoradone dimer (rugulosin D), along with four known compounds (bacillisporin
B, macrosporusone D, rugulosin A, and penicillide), characterized this marine-derived
fungus [6]. Bacillisporins K and L, bacillisporin B, macrosporusone D, rugulosin A, and
penicillide exhibited antibacterial activity against S. aureus, with MIC values of 12.5, 25,
12.5, 6.25, 0.195, and 100 µg/mL, respectively.

Microorganism interactions offer each of the strains specific metabolic potential. Wang
and co-workers studied the effect of co-culture on the secondary metabolites and bioactivity
of two marine strains, A. terreus C23-3 and A. unguis DLEP2008001 [7]. Both of the strains
grew well and produced metabolites when inoculated simultaneously, and A. terreus
seemed to be more strongly induced by live A. unguis. Under some conditions, the extracts
of co-culture showed higher antimicrobial activity than the axenic cultures. Different yields
in the co-cultures vs. the corresponding axenic culture of fifteen MS-detectable and/or UV-
active peaks were detected via LC-PDA-MS/MS analysis. Both strains produced chemical
‘weapons’ for antagonism. This study revealed the different responses of two Aspergillus
strains in co-culture, which highlights new opportunities for antibiotic discovery.

Kartsev and co-workers synthesized a series of heteroaryl(aryl) thiazole derivatives
based on a molecular hybridization approach [8]. Three of the synthesized compounds
displayed antibacterial activity against pathogenic strains, including methicillin-resistant
S. aureus, P. aeruginosa, and E. coli, with higher potential than the reference drug ampi-
cillin. Some of the compounds exhibited better antifungal activity; the best compound
was 4-butyl-1-hydroxy-N-(6-methylbenzo[d]thiazol-2-yl)-3-oxo-3,4-dihydronaphthalene-2-
carboxamide with an MIC of 0.06–0.23 mg/mL and an MFC of 0.11–0.47 mg/mL. Docking
studies revealed that the putative mechanisms are inhibition of the E. coli MurB enzyme
and the inhibition of fungal 14a-lanosterol demethylase.

Drug delivery offers improvements to the therapeutic effects and systemic side effects
of administered drugs. Khattak and co-workers studied the synergistic antibacterial ac-
tivity of a chitosan-coated bacitracin cream under different in vitro characteristics such as
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rheology, pH, viscosity, and drug content. They revealed that the zones of inhibition in
simple bacitracin-loaded cream were significantly smaller than those in chitosan-decorated
bacitracin-loaded cream, indicating that chitosan synergistically improves the antimicrobial
activity of bacitracin [9]. This contribution provided an effective method for the topical
management of skin infections and wound healing.

Tran and co-workers focused on the antimicrobial compounds produced by Bacillus
strains, their proposed mechanisms of action, and any research gaps in the mechanisms of
these compounds. Omics approaches were also reviewed to clarify the mechanisms behind
Bacillus probiotics [10].

Li and co-workers focused on the biocontrol of C. albicans by antagonistic microor-
ganisms and bioactive compounds. In this review, the authors reported the bacteriostatic
behavior of different antagonistic microorganisms (bacteria and fungi) against C. albicans.
Moreover, they reviewed the natural products produced by microorganisms with unique
structures and antifungal activity and their possible inhibitory mechanisms [11].

Maja Urošević and co-workers reviewed recent research on the biological and pharma-
ceutical aspects of curcumin, methods of sample preparation for its isolation, analytical
methods for its identification and quantification in different matrices, and different tech-
niques for developing formulations [12].

The emergence of multi-drug-resistant microbes is one of the most critical medical
problems, and has prompted valuable contributions to new antibacterial drug development.
This Special Issue presents multidisciplinary research focused on natural products with
the aim of strengthening antimicrobial studies. The contributions collected herein provide
valuable knowledge for researchers working in the field of natural-product chemistry.

Funding: This work was supported by grants from the National Natural Science Foundation of
China (81973204), the Key Lab of Marine Bioactive Substance and Modern Analytical Technique,
SOA (MBSMAT-2019-06), and Research Foundation for Advanced Talents of Beijing Technology and
Business University (19008021176).

Conflicts of Interest: The author declares no conflict of interest.
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Synthesis and Antimicrobial Activity of New Heteroaryl(aryl)
Thiazole Derivatives Molecular Docking Studies
Victor Kartsev 1, Athina Geronikaki 2,* , Alexander Zubenko 3, Anthi Petrou 2 , Marija Ivanov 4 ,
Jasmina Glamočlija 4 , Marina Sokovic 4 , Lyudmila Divaeva 5 , Anatolii Morkovnik 5

and Alexander Klimenko 3

1 InterBioScreen, 119019 Moscow, Russia
2 School of Health, Faculty of Pharmacy, Aristotle University, 54124 Thessaloniki, Greece
3 North-Caucasian Zonal Research Veterinary Institute, 346406 Novocherkassk, Russia
4 Mycological Laboratory, Department of Plant Physiology, Institute for Biological Research “Siniša Stanković”,

National Institute of Republic of Serbia, University of Belgrade, 11060 Belgrade, Serbia
5 Institute of Physical and Organic Chemistry, Southern Federal University, 344090 Rostov-on-Don, Russia
* Correspondence: geronik@pharm.auth.gr

Abstract: Herein, we report the design, synthesis, and evaluation of the antimicrobial activity of new
heteroaryl (aryl) thiazole derivatives. The design was based on a molecular hybridization approach.
The in vitro evaluation revealed that these compounds demonstrated moderate antibacterial activity.
The best activity was achieved for compound 3, with MIC and MBC in the range of 0.23–0.7 and
0.47–0.94 mg/mL, respectively. Three compounds (2, 3, and 4) were tested against three resistant
strains, namely methicillin resistant Staphylococcus aureus, P. aeruginosa, and E. coli, which showed
higher potential than the reference drug ampicillin. Antifungal activity of the compounds was better
with MIC and MFC in the range of 0.06–0.47 and 0.11–0.94 mg/mL, respectively. The best activity was
observed for compound 9, with MIC at 0.06–0.23 mg/mL and MFC at 0.11–0.47 mg/mL. According
to docking studies, the predicted inhibition of the E. coli MurB enzyme is a putative mechanism of the
antibacterial activity of the compounds, while inhibition of 14a-lanosterol demethylase is probably
the mechanism of their antifungal activity.

Keywords: antimicrobial; antibacterial; antifungal; heteroaryl (aryl) thiazole derivatives; docking

1. Introduction

There is an increasing demand for the development of new antibacterial agents,
due to global emerging resistance to conventional antibiotics. During the last several
decades, a plethora of different thiazolidine based compounds have been studied to evalu-
ate their pharmacological potential [1,2]. The synthesis of thiazole derivatives has attracted
widespread attention due to their diverse biological activities, including antimicrobial [3–9],
anti-inflammatory [10–12], analgesic [13,14], antitumor [15–17], antidiabetic [18], anti-
HIV [19,20], COX/LOX inhibitory [21,22], antioxidant [23,24], antileishmanial [25,26], and
many others [27–30]. There are many drugs with this scaffold such as antitumor (dasatinib,
tiazofurin,); antiviral (brecanavir, ritonavir); anti-infectious (nitazoxanide) [31]; antibacte-
rial agents, including sulfathiazole [32] and penicillins [33]; and antifungal agents, such as
ravuconazole [34], myxothiazol [35], abafungin [36], and ethaboxam [37] (Figure 1).

Phtalazino derivatives are also mentioned as antimicrobial agents [38–40]. On the other
hand, sulfonamides have attracted the interest of researchers due to their wide spectrum
of biological activities, including dihydrofolate reductase (DHFR) inhibitors [41], antitu-
mor [42,43], carbonic anhydrase inhibitors [44,45], anti-inflammatory [46], antiretroviral
activity [47,48], antimicrobial [49,50], and others [51–53].
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Figure 1. Thiazole-based approved drugs.

Sulfonamides are known as broad spectrum antimicrobial agents against Gram-positive
and Gram-negative bacterial strains. These agents have low cost, low toxicity, and special
activity against bacterial diseases. Sulfisoxazole, sulfamethizole, sulfamethoxazole, and sul-
faphenazole are only some examples for the treatment of a diversity of bacterial infections.

Another example is the diuretic drug, chlorthalidone, which is used to treat hyper-
tension or edema caused by heart failure, renal failure, hepatic cirrhosis, and estrogen
therapy, as well as silver sulfadiazine, a topical sulfonamide antibiotic approved for the
treatment of burns. Therefore, the design and development of hybrid molecules containing
thiazolidinone phtalazine and thiazole cores, as well as sulfonamide groups, is a promising
route in the search for novel antimicrobial agents. Molecular hybridization based on the
amalgamation of two or more substitutions [54] is one of the new approaches in drug de-
sign. Hybridization is mainly aimed to improve the activity profile and to reduce undesired
side effects [55].

Taking all of this information into account and based on our previous results [56–58],
we designed and synthesized new derivatives incorporating thiazole, phtalazine moieties,
and the sulfonamide group in the frame of one molecule.

2. Results and Discussion
2.1. Chemistry

In this work, we have described the synthesis of three structural series of new thiazole
derivatives and presented the results of a study of their antibacterial and antifungal activity
against a number of bacterial and fungal pathogens. All the target compounds were
synthesized via four routes, as outlined in Scheme 1.

Starting acids for the synthesis of compounds 1, 2, 8, and 9; 1-(chloromethyl)-6,7-
dimethoxy-3,4-dihydroisoquinoline for the synthesis of thiazole 3; and 1-chlorophthalazine
derivatives for the preparation of compounds 4–7 were provided by InterBioScreen Ltd
(Moscow, Russia).
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Scheme 1. Synthesis of target compounds. Reagents and conditions: (a) RCOOH, SOCl2,
CHCl3, DMF, reflux; (b) 2-(4-isopropylthiazol-2-yl)ethan-1-amine, NEt3, CHCl3, 0–2 ◦C, satu-
rated aqueous solution of NaHCO3; (c) 1-(chloromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline,
4-hydroxybenzothioamide, i-PrOH, reflux, 2 h; (d) 1-chloro-4-R-phthalazine, 4-amino-N-(thiazol-
2-yl)benzenesulfonamide, methyl cellosolve, reflux, 0.5 h, 95–100 ◦C, 1 h, 5% NH4OH; (e) 1-
butyl-4-hydroxy-2-oxo-1,2-dihydroquinoline-3-carboxylic acid, SOCl2, CHCl3,DMF, reflux; (f) 6-
methylbenzo[d]thiazol-2-amine, pyridine, DMF, 0 ◦C, 0.5 h, saturated aqueous solution of NaHCO3.

Most of the compounds were synthesized according to the usual scheme, by acylation
of the corresponding amines with acid chlorides. Compounds 1, 2, 8, and 9 were obtained
in these ways: acid chlorides 2-methyl-1-oxo-1,2-dihydroisoquinoline-4-carboxylic acid
was used to synthesize compound 1, 2-(6-oxobenzo[f]pyrido[2,3-b][1,4]thiazepin-5(6H)-
yl)acetic acid for 2, and 2-(14-methyl-5-oxo-7,8,13b,14-tetrahydroindolo[2′,3′:3,4]pyrido[2,1-
b] quinazolin-13(5H)-yl)acetic acid for 8, 1-butyl-4-hydroxy-2-oxo-1,2-dihydroquinoline-
3-carboxylic acid for 9; for these compounds, 2-(4-isopropylthiazol-2-yl)ethane-1-amine
was used.

Compounds 4–7 were obtained by the reaction of nucleophilic substitution of the
chlorine atom in 1-chloro-4-R-phthalazines. The best solvent for this reaction is methyl
cellosolve, both in terms of yields and the purity of the reaction products. We especially note
that the addition of ammonia for the conversion of product salts into bases should be carried
out when the temperature of the reaction mixture is about 100

◦
C, since neutralization
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at ordinary temperature takes a very long time and does not guarantee the complete
conversion of salts into bases.

Compound 3 was synthesized using our rather unusual recyclization reaction of 1-
chloromethyl-3,4-dihydroisoquinolines under the action of thioamides and thioureas..In
this article, the possibility of such recycling was confirmed by us, including using X-ray
diffraction analysis and NMR spectroscopy (a one-proton singlet of the thiazole ring (H-5′)
of all the compounds described in the article is observed in the region of 6.85–6.98 ppm).

In the present work, the spectra of the studied compounds are also characterized by
the presence in their aromatic region of a one-proton singlet of the thiazole ring (H-5′) in the
region of 6.01–7.04 ppm; in the case of compound 3, this signal was detected at 7.44 ppm.

In the 1H NMR spectra of compounds 1, 2, and 8 in deuterochloroform, the signals
of the methyl groups of the isopropyl group are located in the upfield part of the spectra
(1.21–1.28 ppm).

The amide proton NHCO in compounds 1 and 2 appears as a multiplet in the region
8.21–8.31, and in compound 8 it appears as a singlet at 8.08.

Compounds 4–7 contain two singlets: at 12.46–12.48 ppm of the sulfamide group
NHSO2 and at 9.42–9.49 ppm of the NH group.

2.2. Biological Evaluation
2.2.1. Antibacterial Activity

Synthesized compounds were tested for their antibacterial activity against a panel of
six bacteria, using a microdilution method for the determination of minimal inhibitory and
minimal bactericidal concentrations (MIC and MBC, respectively). The antibacterial activity
of tested compounds was moderate to good, with MIC ranging from 0.17 to >3.75 mg/mL
and MBC at 0.23–>3.75 mg/mL, as presented in Table 1. The order of activity can be
presented as follows: 3 > 2 > 9 > 4 > 5 > 7 > 8 > 1 > 6. The best activity was achieved
for compound 3 with MIC and MBC at 0.23–0.70 mg/mL and 0.47–0.94 mg/mL, respec-
tively. The most sensitive bacterium appeared to be B. cereus, whereas E. coli was the most
resistant one.

Compound 4 exhibited the best activity among the compounds tested against E. coli,
with MIC/MBC at 0.17/0.23 mg/mL, while compound 9 showed the same good activity
against B. cereus and S. Typhimurium. Compounds 1 and 8 exhibited in vitro activity with
MIC and MBC at 0.23/0.47 mg/mL against E. cloacae, compounds 3 and 5 against E. coli,
while compound 3 also displayed good activity against S. Typhimurium. In general, these
compounds showed moderate to low activity.

The study of structure–activity relationships revealed that the presence of 2-(3,4-
dimethoxyphenyl)ethanamine as substituent at position 4 and phenol at position 2 of the
thiazole ring (3) are beneficial for antibacterial activity. Among the group of compounds
1, 2, and 8, the more favorable effect was observed in the case of 2-methylisoquinolin-
1(2H)-one substituent connected via N-propylpropionamide with the thiazole ring (2). The
presence of phenylphthalazine (4) as the substituent was positive in the case of compounds
4–7. Introduction of 4-Cl substituent to phenylphthalazine (5) decreased a little activity,
while the presence of the 4-OMe group decreased more activity. Finally, replacement of
phenylphtalazine by 1-methylphtalazine (6) was detrimental for this group of compounds
and in general for all tested compounds.
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Table 1. Antibacterial activity of the title compounds (MIC/MBC in mg/mL).

№ Compounds S.a. B.c. L.m. E.c. S.T. En.cl.

1
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The evaluation of three of the most active compounds (2, 3, 4) against three resistant
strains, namely methicillin-resistant Staphylococcus aureus (MRSA), P. aeruginosa, and E. coli,
revealed that all compounds were found to be more potent against MRSA than ampicillin
and streptomycin, which did not show a bactericidal effect. Compound 4 also seems to
be more active than ampicillin against P. aeruginosa strain, but no compound was more
active than the reference drug against E. coli (Table 2). The compounds also were evaluated
for their ability to inhibit the biofilm formation. Unfortunately, no compound showed
good activity.

Table 2. Antibacterial activity and nhibition of biofil formation against resistant strains (MIC/MBC
in mg/mL).

Compound MRSA P.a. E.c. MIC 0% MIC

2
MIC 0.94 ± 0.00 0.23 ± 0.00 0.94 ± 0.00

14.59 7.08MBC 1.88 ± 0.00 0.47 ± 0.00 1.88 ± 0.00

3
MIC 0.47 ± 0.00 0.23 ± 0.00 0.47 ± 0.00

19.97 8.84MBC 0.94 ± 0.00 0.47 ± 0.00 0.94 ± 0.00

4
MIC 0.94 ± 0.00 0.23 ± 0.00 0.94 ± 0.00

4.31 NEMBC 1.88 ± 0.00 0.47 ± 0.00 1.88 ± 0.00

Streptomycin MIC 0.10 ± 0.00 0.05 ± 0.00 0.10 ± 0.00
71.94 55.42MBC / 0.10 ± 0.00 0.20 ± 0.00

Ampicillin MIC / 0.20 ± 0.01 0.20 ± 0.00
67.36 30.35MBC / / /

2.2.2. Antifungal Activity

Synthesized thiazolyl derivatives (1–9) were evaluated for their antifungal activity.
For the determination of minimal inhibitory/fungicidal activity, the microdilution method
was used [59].

All compounds showed good antifungal activity, and the results are presented in
Table 3. The antifungal potency of synthesized compounds can be presented as fol-
lows: 8 > 9 > 1 > 3 > 5 > 2 > 4 > 6 > 7. The best antifungal activity is achieved for com-
pound 8, with MIC at 0.08–0.23 mg/mL and minimum fungicidal concentration (MFC) at
0.11–0.47 mg/mL, whereas the lowest activity was observed for compound 7, with MIC at
0.23–0.47 mg/mL and MFC at 0.47–0.94 mg/mL.

Thus, the sensitivity of the most resistant strain, Aspergillus fumigatus, toward the
compounds tested is 3 > 5 = 8 = 9 > 1 = 2 > 4 = 6 = 7, while for the most susceptible one, which
is Trichoderma viride, the susceptibility can be presented as 9 > 8 > 1 = 3 > 5 = 6 > 2 = 4 > 7.

Ketoconazole showed antifungal potential at MIC 0.2–1.0 mg/mL and MFC 0.3–1.5 mg/mL,
respectively, while bifonazole exhibited MIC at 0.1–0.2 and MFC at 0.2–0.25 mg/mL, respec-
tively. Compounds 8 and 9 exhibited excellent activity, with MIC/MFC at 0.08/0.11 mg/mL,
respectively, against T. viride, almost fourfold better than bifonazole and 29 times better
than ketoconazole, as well as against A. niger, A. versicolor, P. funiculosum, and P. cyclpoium
var. verucosum, with MIC/MFC at 0.11/0.23 mg/mL, respectievly. Good activity against
T. viride, with MIC and MFC at 0.11 mg/mL and 0.23 mg/mL, respectively, was also dis-
played by compounds 1 and 3, as well as by compounds 2, 5, and 6, with MIC/MFC at
0.17/0.23 mg/mL, respectively. Compounds 3, 5, and 8 showed the same good activity
against A. niger, with compound 8 also being potent against P. cyclpoium var. verucosum.
It was observed that almost all compounds displayed better activity than ketoconazole
against T. viride, with the exception of compounds 4 and 7. In general, most of the com-
pounds appeared to be more potent than ketoconazole against all fungi, except of P.v.c.,
against which only three compounds (1, 8, and 9) were more active than ketoconazole.
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Table 3. Antifungal activity of thiazole derivatives. (MIC and MBC in mg/mL).

Compounds A.f. A.n. A.v. P.f. T.v. P.v.c.

1
MIC 0.35 ± 0.08 0.08 ± 0.00 0.23 ± 0.00 0.17 ± 0.00 0.11 ± 0.00 0.17 ± 0.00
MFC 0.47 ± 0.00 0.11 ± 0.00 0.47 ± 0.00 0.23 ± 0.00 0.23 ± 0.00 0.23 ± 0.00

2
MIC 0.35 ± 0.08 0.23 ± 0.00 0.35 ± 0.08 0.23 ± 0.00 0.17 ± 0.00 0.35 ± 0.08
MFC 0.47 ± 0.00 0.47 ± 0.00 0.47 ± 0.00 0.47 ± 0.00 0.23 ± 0.00 0.47 ± 0.00

3
MIC 0.17 ± 0.00 0.11 ± 0.00 0.23 ± 0.00 0.23 ± 0.00 0.11 ± 0.00 0.35 ± 0.08
MFC 0.23 ± 0.00 0.23 ± 0.00 0.47 ± 0.00 0.47 ± 0.00 0.23 ± 0.00 0.47 ± 0.00

4
MIC 0.47 ± 0.00 0.47 ± 0.00 0.23 ± 0.00 0.35 ± 0.08 0.23 ± 0.00 0.23 ± 0.00
MFC 0.94 ± 0.00 0.94 ± 0.00 0.47 ± 0.00 0.47 ± 0.00 0.47 ± 0.00 0.47 ± 0.00

5
MIC 0.23 ± 0.00 0.06 ± 0.00 0.23 ± 0.00 0.23 ± 0.00 0.17 ± 0.00 0.17 ± 0.00
MFC 0.47 ± 0.00 0.11 ± 0.00 0.47 ± 0.00 0.47 ± 0.00 0.23 ± 0.00 0.23 ± 0.00

6
MIC 0.47 ± 0.00 0.23 ± 0.00 0.47 ± 0.00 0.23 ± 0.00 0.17 ± 0.00 0.47 ± 0.00
MFC 0.94 ± 0.00 0.47 ± 0.00 0.94 ± 0.00 0.47 ± 0.00 0.23 ± 0.00 0.94 ± 0.00

7
MIC 0.47 ± 0.00 0.23 ± 0.00 0.23 ± 0.00 0.47 ± 0.00 0.47 ± 0.00 0.23 ± 0.00
MFC 0.94 ± 0.00 0.47 ± 0.00 0.47 ± 0.00 0.94 ± 0.00 0.94 ± 0.00 0.47 ± 0.00

8
MIC 0.23 ± 0.00 0.11 ± 0.00 0.11 ± 0.00 0.17 ± 0.00 0.08 ± 0.00 0.11 ± 0.00
MFC 0.47 ± 0.00 0.23 ± 0.00 0.23 ± 0.00 0.23 ± 0.00 0.11 ± 0.00 0.23 ± 0.00

9
MIC 0.23 ± 0.00 0.17 ± 0.00 0.17 ± 0.00 0.17 ± 0.00 0.06 ± 0.00 0.17 ± 0.00
MFC 0.47 ± 0.00 0.23 ± 0.00 0.23 ± 0.00 0.23 ± 0.00 0.11 ± 0.00 0.23 ± 0.00

Bifonazole
MIC 0.15 ± 0.00 0.15 ± 0.00 0.10 ± 0.00 0.20 ± 0.00 0.15 ± 0.00 0.10 ± 0.00
MFC 0.20 ± 0.00 0.20 ± 0.00 0.20 ± 0.00 0.25 ± 0.00 0.20 ± 0.00 0.20 ± 0.00

Ketoconazole
MIC 0.20 ± 0.00 0.20 ± 0.00 0.20 ± 0.00 0.20 ± 0.00 1.00 ± 0.01 0.20 ± 0.00
MFC 0.50 ± 0.00 0.50 ± 0.00 0.50 ± 0.00 0.50 ± 0.00 1.50 ± 0.00 0.30 ± 0.010

The study of the structure–activity relationship revealed that the presence of 14-methyl-
7,8,13b,14-tetrahydroindolo[2′,3′:3,4]pyrido[2,1-b]quinazolin-5(13H)-one as the substituent
for compound (8), connected to position 2 of the thiazole ring via N-propylpropionamide, is
beneficial for antifungal activity. The replacement for this substituent with the presence of
2-methylisoquinolin-1(2H)-one led to compound (1), with decreased activity. For the series
of compounds (1, 2, and 8), the presence of 2-methylisoquinolin-1(2H)-one (2) was negative
for antifungal activity. In the case of the substituted phthalazine-1-yl)amino)-N-(thiazol-2-
yl)benzenesulfonamides, the most favorable structure for antifungal activity is the presence
of a 4-chlorophenyl substituent in position 4 of the phtalazin ring in compound (5). Removal
of 4-Cl-pnenyl substituent led to compound (4) having reduced activity. The least potent
among all the compounds tested appeared to be compounds 6 and 7, with methylphtalazine
and 4-OMe phenylphtalazine substituents decreasing activity even more. The presence of
4-Me as well as 4-OMe-Ph substituents appeared to be detrimental to antifungal activity.

As a conclusion, the antifungal activity depends upon the substituents on the thiazole
ring and, in the case of phthalazin-1-yl)amino)-N-(thiazol-2-yl)benzenesulfonamides, upon
the substituents on the phtalazine ring. It should be mentioned that the antifungal activity
of the synthesized compounds is much better than that of the antibacterial compounds.

2.3. Docking Studies
2.3.1. Docking to Antibacterial Targets

In order to predict the possible mechanism of the activity of the tested compounds,
docking studies were carried out on different targets. It is widely known that the most
common mechanisms of activity of antibacterial agents are destroying the integrity of cell
walls and cell membranes, inhibiting the expression of proteins, inhibiting the synthesis
of nucleic acids, and affecting the energy metabolism of bacteria. In this direction, for the
docking studies we used the enzymes responsible for these pathways, such as E. coli DNA
gyrase, thymidylate kinase, E. coli primase, and E. coli MurA and E. coli MurB enzymes.

Analyzing the docking studies scores, a low Free Energy of Binding represents a strong
binding of a ligand to the enzyme. Taking this into account, the docking studies revealed
that the Free Energy of Binding of all tested compounds to E. coli DNA gyrase, thymidylate
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kinase, and E. coli primase and E. coli MurA enzymes was higher than that of E. coli MurB
(−7.02–−9.96 kcal/mol); therefore, it may be suggested that inhibition of E. coli MurB is
probably the most suitable mechanism of action of the compounds where binding scores
were consistent with biological activity (Table 4).

Table 4. Molecular docking free binding energies (kcal/mol) to antibacterial targets.

Comp.

Est. Binding Energy (kcal/mol) I-H
E. coli MurB

Residues
E. coli MurBE. coli Gyrase

1KZN
Thymidylate Kinase

4QGG
E. coli Primase

1DDE
E. coli MurA

JV4T
E. coli MurB

2Q85

1 −3.46 - - −3.85 −7.02 1 Arg158
2 −4.52 −3.18 −2.94 −5.03 −9.16 1 Ser229
3 −4.88 −2.71 - −5.14 −9.96 2 Gly47, Ser229
4 −3.82 −3.11 - −4.69 −8.70 1 Ser229
5 −3.96 - −2.91 −3.67 −7.53 1 Arg213
6 −4.62 −2.54 −3.47 −5.75 −8.65 2 Gly122, Arg213
7 −2.66 - - −4.12 −7.05 1 Arg213
8 −2.15 −3.54 −1.28 −4.63 −8.51 2 Arg213, Ser229
9 −2.74 - - −3.79 −8.52 1 Ser229

The docking pose of the most active compound 3 in E. coli MurB enzyme showed two
favorable hydrogen bond interactions. The first one was between the oxygen atom of -OH
group of the compound and the hydrogen of the side chain of Gly47 (distance 2.25 Å), and
the other hydrogen bond interaction was between the oxygen atom of the –OCH3 group of
the compound and Ser229 residue (distance 2.73 Å). The NH2 group interacts with positive
ionizable interaction with the residue Glu325, stabilizing the complex compound-enzyme
and playing a vital role proving the high inhibitory action of compound 3. Moreover, the
hydrogen bond formation with the residue Ser229 is crucial for the inhibitory action of
compound 3 as well as for compounds 2, 4, 8, and 9, because this residue takes part in the
proton transfer at the second stage of peptidoglycan synthesis [60] (Figures 2 and 3).
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The second-most-active compound, compound 2, also forms this hydrogen bond
interaction with the residue Ser229, which explains its high inhibitory action (Figure 3).
Detailed analysis of the docking pose of the two most active compounds showed that they
bind MurB in a similar way as FAD, and they fit into the binding center of the enzyme,
forming a hydrogen bond with the residue Ser229 (Figure 4).
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2.3.2. Docking to Antifungal Targets

All the synthesized compounds and the reference drug ketoconazole were docked to
lanosterol 14α-demethylase of C. albicans and DNA topoisomerase IV (Table 5).
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Table 5. Molecular docking free binding energies (kcal/mol) to antifungal targets.

Est. Binding Energy (kcal/mol)

N/N DNA TopoIV
1S16

CYP51 of C. albicans
5V5Z I-H Residues

CYP51 of C. albicans
Interactions

with HEM601

1 −2.17 −9.15 1 Tyr132 Hydrophobic,
Aromatic

2 −3.10 −7.95 1 Tyr132 Hydrophobic
3 - −8.11 1 Tyr118 Hydrophobic
4 - −7.52 1 Tyr118 Hydrophobic
5 −1.42 −7.50 1 Tyr118 Hydrophobic
6 −1.56 −8.64 1 Tyr64 Hydrophobic

7 −2.25 −7.12 - - Hydrophobic,
Aromatic

8 - −7.03 - - Hydrophobic

9 −2.71 −9.21 1 Tyr132 Hydrophobic,
Aromatic

Ketoconazole - -8.23 1 Tyr64 Hydrophobic,
Aromatic

Docking results showed that the most active compound 9 binds the enzyme alongside
the heme group, interacting with heme throughout its benzene ring, which forms aromatic
and hydrophobic interactions. In addition, a hydrogen bond with Tyr132 residue and an
-OH group of the compound are formed. Moreover, hydrophobic interactions between
Ile304, ile131, Ile379, Ty188, Phe233, Phe380, Leu376, and Met508 and the compound were
detected. Interaction with the heme group was also observed with the benzene ring of
ketoconazole, which also forms aromatic interactions (Figures 5 and 6). This property may
account for why compound 9 has good antifungal activity. Superposition of compounds 9
and 1 and ketoconazole in the lanosterol 14α-demethylase of C. albicans (CYP51ca) shows
this interaction with the heme group proving this hypothesis (Figure 7).
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Figure 7. Superposition of compounds 9 (green), 1 (red), and ketoconazole (magenta) in lanosterol
14α-demethylase of C. albicans (CYP51ca). Heme group is illustrated in blue.

2.4. Drug-Likeness

The bioavailability and drug-likeness scores of all compounds are shown in Table 6;
according to prediction results, the bioavailability score of all compounds was about 0.55.
Moreover, all compounds displayed good to excellent drug-likeness scores (−0.13–1.09).
Figure 8 presents the bioavailability radar of some of the compounds. The best in the in
silico predictions results was achieved for compounds 1 and 2, with drug-likeness scores of
1.03 and 1.09, respectively, and with no violation of any rule.
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Table 6. Drug-likeness predictions of tested compounds.

No MW
Number
of HBA

a

Number
of HBD

b

Log Po/w
(iLOGP)

c
Log S d TPSA e

BBB
Permeant

f

Lipinski, Ghose,
Veber, Egan, and

Muegge
Violations

Bioavailability
Score

Drug-Likeness
Model Score

1 355.45 3 1 2.8 Poorly
soluble 92.23 No 0 0.55 1.03

2 438.12 4 1 3.37 Poorly
soluble 128.73 No 0 0.55 1.09

3 339.16 5 3 2.33 Poorly
soluble 93.39 No 0 0.55 0.01

4 459.54 5 2 3.00 Poorly
soluble 133.49 No 0 0.55 −0.12

5 493.99 5 2 3.20 Poorly
soluble 133.49 No 3 * 0.55 −0.13

6 396.49 5 1 2.26 Poorly
soluble 121.46 No 0 0.55 0.27

7 489.57 6 2 3.07 Poorly
soluble 142.72 No 3 * 0.55 0.27

8 513.65 3 1 3.73 Poorly
soluble 98.71 No 1 ** 0.55 1.37

9 407.49 4 2 2.86 Poorly
soluble 112.46 No 0 0.55 0.43

a Number of hydrogen bond acceptors; b number of hydrogen bond donors; c lipophilicity; d water solubility
(SILICOS-IT (S = Soluble)); e topological polar surface area (Å2); f blood–brain barrier permeant; * Ghose:
3 violations: MW > 480, WLOGP > 5.6, MR > 130; ** Lipinski: 1 violation: MW > 500; and Ghose: 2 violations:
MW > 480, MR > 130.
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were determined by using Fisher-Johns Melting Point Apparatus (Fisher Scientific) and 
are uncorrected. Elemental analysis was performed by the classical method of 
microanalysis. The reaction and purity of the obtained compounds were monitored by 
TLC (plates with Al2O3 III activity grade, eluent CHCl3, and development of TLC plates 
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Figure 8. Bioavailability radar of compounds 1 and 9. The pink area represents the optimal range
for each property for oral bioavailability. Lipophilicity (LIPO): XLOGP3 between −0.7 and +5.0;
molecular weight (SIZE): MW between 150 and 500 g/mol; polarity (POLAR) TPSA between 20 and
130 Å2; solubility (INSOLU): log S not higher than 6; saturation (INSATU): fraction of carbons in the
sp3 hybridization not less than 0.25; flexibility (FLEX): no more than 9 rotatable bonds.

3. Materials and Methods
3.1. General Information

1H NMR spectra of newly synthesized compounds were recorded on a spectrometer
Bruker 400 (400 MHz); compound 6—on spectrometer Bruker Fourier 300 (300 MHz) in
DMSO-d6. Chemical shifts of nuclei 1H were measured relatively the residual signals of
deuteron solvent (δ = 2.50 ppm; see Ref. (http://chem.ch.huji.ac.il/nmr/software/solvent.
htmL (accessed on 1 August 2022)) and the literature cited therein). Coupling constants (J)
are reported in Hz. Melting points were determined by using Fisher-Johns Melting Point
Apparatus (Fisher Scientific) and are uncorrected. Elemental analysis was performed by the
classical method of microanalysis. The reaction and purity of the obtained compounds were
monitored by TLC (plates with Al2O3 III activity grade, eluent CHCl3, and development
of TLC plates by exposition to iodine vapors in “iodine chamber”). The solvents were
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purified according to standard procedures. The starting compounds and compound 9 were
provided by InterBioscreen Ltd. (Russia).

3.1.1. General Procedure for the Synthesis of Compounds 1, 2, and 8

A mixture of a corresponding acid (0.01 mol), SOCl2 (1.43 g, 0.87 mL, 0.012 mol),
CHCl3 (20 mL), and DMF (0.05 mL) was refluxed until gas evolution stops and cooled, and
the resulting solution of acid chloride was added dropwise at 0–2 ◦C to a solution of 2-(4-
isopropylthiazol-2-yl)ethan-1-amine (1.7 g, 0.01 mol) and Et3N (2.02 g, 2.78 mL, 0.02 mol)
in CHCl3 (15 mL). Then, NaHCO3 (9.5 g) and water (100 mL) were added and stirred, the
organic layer was separated and dried with Na2SO4, and the solvent was distilled off in
vacuum at 30–40 ◦C. The residue was purified by recrystallization from a suitable solvent.

N-[2-(4-Isopropylthiazol-2-yl)ethyl]-2-methyl-1-oxo-1,2-dihydroisoquinoline-4-carboxamide (1).
The starting compounds were 2-methyl-1-oxo-1,2-dihydroisoquinoline-4-carboxylic acid
and 2-(4-isopropylthiazol-2-yl)ethan-1-amine. Yield 2.63 g (74%), colorless crystals, m.p.
105–107 ◦C (CCl4). 1H NMR (400 MHz, DMSO-d6, δ, ppm): 1.28 (2s, 6H, 2Me), 3.24 (t, J 7.1,
2H), 3.56–3.67 (m, 6H, NMe, CHMe2), 6.93 (s, 1H, H-5′), 7.50 (d, J 7.4, 1H, H-5), 7.68 (d, J 7.5,
1H, H-8), 7.77 (s, 1H, H-3), 8.21–8.31 (m, 3H, H-6, H-7, NH). 13C NMR (126 MHz, DMSO-d6,
δ, ppm): 22.68(4C), 33.03(4C), 11.83(2C), 125.22(1C), 127.42(5C), 156.13 (5C). Found (%):
C, 64.51; H, 6.15; N, 11.56, S, 9.34. Calc. for C19H21N3O2S (%): C, 64.20; H, 5.95; N, 11.82,
S, 9.02.

N-[2-(4-Isopropylthiazol-2-yl)ethyl]-2-(6-oxobenzo[f]pyrido[2,3-b][1,4]thiazepin-5(6H)-yl)
acetamide (2). The starting compounds were 2-(6-oxobenzo[f]pyrido[2,3-b][1,4]thiazepin-
5(6H)-yl)acetic acid and 2-(4-isopropylthiazol-2-yl)ethan-1-amine. Yield 3.60 g (82%), col-
orless crystals, m.p. 141–143 ◦C (EtOAc). 1H NMR (400 MHz, DMSO-d6, δ, ppm): 1.26 (s,
3H, Me), 1.28 (s, 3H, Me), 2.96–3.07 (m, 5H, CHMe2), 3.13–3.18 (m, 2H, CH2CO), 6.93 (s,
1H, H-7), 7.10 (s, 1H, H-5′), 7.40–7.43 (m, 2H, H-4, H-8), 7.51–7.54 (m, 1H, H-3), 7.62–7.66
(m, 1H, H-2), 7.99 (dd, J 8.2, 1.6, 1H, H-9), 8.26–8.28 (m, 2H, H-5, NH). 13C NMR (126 MHz,
DMSO-d6, δ, ppm): 168.07 (NHC=O), 167.86 (NC=O), 166.85, 162.86, 159.71, 146.65, 140.74,
137.25, 136.18, 133.92, 132.12, 132.10, 131.84, 129.46, 125.11, 115.02, 111.83, 54.67, 39.26,
33.14, 31.00, 30.67, 25.69, 22.70. Found (%): C, 60.44; H, 5.31; N, 12.59; S, 14.78. Calc. for
C22H22N4O2S (%): C, 60.25; H, 5.06; N, 12.78; S, 14.62.

3.1.2. Synthesis of Compound 3 [61]

4-{4-[2-(2-Aminoethyl)-4,5-dimethoxyphenyl]thiazol-2-yl}phenol hydrochloride (3). The mix-
ture of 1-(chloromethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline (2.39 g, 0.01 мoль), 4-
hydroxybenzothioamide (1.53 g, 0.01 мoль) and PrOH (15 mL) was boiled with stirring for
2 h. Then, it was cooled, and hydrochloride 3 was filtered off. Yield 2.65 г (67%), colorless
crystals, m.p. 276–277 ◦C (PrOH). 1H NMR (400 MHz, DMSO-d6, δ, ppm): 3.15 (t, J 6.5, 2H,
2H-), 3.87 (s, 3H, OMe), 3.91 (s, 3H, OMe), 4.59 (t, J 6.5, 2H, 2H-), 7.04 (s, 1H, H-3”), 7.15 (d,
J 8.4, 2H, H-3, H-5), 7.27 (s, 1H, H-6”), 7.44 (s, 1H, H-5′), 7.60–7.62 (m, 2H, NH2), 7.68 (d, J
8.6, 2H, H-2, H-6), 8.76 (s, 1H, OH), 10.94 (s, 1H, +NH). 13C NMR (126 MHz, DMSO-d6, δ,
ppm): 166.52, 158.49 (C-OH), 153.82, 152.46 (C-OMe), 151.30 (C-OMe), 135.15 (2C), 134.82,
134.65, 133.58 (2C), 117.55 (2C), 117.16, 114.29 (2C), 48.19 (2C, CH3), 43.62 (CH2NH), 32.15.
Found (%): C, 58.26; H, 5.60; Cl, 9.32; N, 7.00; S, 8.34. Calc. for C19H21ClN2O3S (%): C,
58.08; H, 5.39; Cl, 9.02; N, 7.13; S, 8.16.

3.1.3. General Procedure for the Synthesis of Compounds 4–7

A mixture of 1-chloro-4-R-phthalazine (0.01 mol), 4-amino-N-(thiazol-2-yl) benzene-
sulfonamide (2.55 g, 0.01 mol) in methyl cellosolve (20 mL) was boiled for 30 min, cooled
to 95–100 ◦C, and poured into 5% NH4OH (60 mL). Then, it was stirred for 1 h, filtered off,
and washed with water (4–15 mL).

4-[(4-Phenylphthalazin-1-yl)amino]-N-(thiazol-2-yl)benzenesulfonamide (4). The starting
compound was 1-chloro-4-phenylphthalazin. Yield 3.58 г (78%), colorless crystals, m.p.
297–299 ◦C (DMF). 1H NMR (400 MHz, DMSO-d6, δ, ppm): 6.70 (d, J 4.6, 1H, H-5′), 7.10 (d,
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J 4.6, 1H, H-4′), 7.52–7.60 (m, 3H, H-3. H-5, H-4”), 7.64–7. 67 (m, 2H, H-3”, H-5”), 7.76–7.81
(m, 2H, H-2, H-6), 7.86–8.01 (m, 3H, H-2”, H-6”, H-6′ ′ ′), 8.05–8.20 (m, 2H, H-5′ ′ ′, H-7′ ′ ′),
8.65 (d, J 8.2, 1H, H-8′ ′ ′), 9.47 (s, 1H, NH), 12.48 (s, 1H, NHSO2). 13C NMR (126 MHz,
DMSO-d6, δ, ppm): 135.11 (2C), 132.97 (2C), 132.32, 130.15(3C), 129.19 (2C), 128.90 (4C),
127.17 (3C), 126.37, 119.89 (3C), 108.41. Found (%): C, 60.00; H, 3.51; N, 15.11; S, 14.21. Calc.
for C23H17N5O2S2 (%): C, 60.11; H, 3.73; N, 15.24; S, 13.96.

4-{[4-(4-Chlorophenyl)phthalazin-1-yl]amino}-N-(thiazol-2-yl)benzenesulfonamide (5). The
starting compound was 1-chloro-4-(4-chlorophenyl)phthalazine. Yield 4.30 г (87%), col-
orless crystals, m.p. 280–281 ◦C (DMF). 1H NMR (400 MHz, DMSO-d6, δ, ppm): 6.70 (d,
J 4.6, 1H, H-5′), 7.10 (d, J 4.7, 1H, H-4′), 7.56–7.60 (m, 2H, H-3, H-5), 7.65–7.70 (m, 2H,
H-3”, H-5”), 7.76–7.81 (m, 2H, H-2, H-6), 7.90–7.91 (m, 2H, H-6′ ′ ′, H-7′ ′ ′), 7.96–8.02 (m, 1H,
H-5′ ′ ′,), 8.12–8.17 (m, 2H, H-2”, H-6”), 8.66 (d, J 8.2, 1H, H-8′ ′ ′), 9.49 (s, 1H, NH), 12.48 (s,
1H, NHSO2). 13C NMR (126 MHz, DMSO-d6, δ, ppm): 144.50 (NH-C), 135.80 (N=C), 134.08,
133.08, 132.43 (2C), 131.96 (3C), 128.98 (3C), 127.16 (3C), 126.18, 123.25, 119.99 (3C), 119.11,
108.43 (C=S). Found (%): C, 55.69; H, 3.05; Cl+S, 20.40; N, 14.02. Calc. for C23H16ClN5O2S2
(%): C, 55.92; H, 3.26; Cl, 7.18; N, 14.18; S, 12.98.

4-[(4-Methylphthalazin-1-yl)amino]-N-(thiazol-2-yl)benzenesulfonamide (6). The starting
compound was 1-chloro-4-methylphthalazine. Yield 3.70 г (93%), colorless crystals, m.p.
284–286 ◦C (DMF). 1H NMR (400 MHz, DMSO-d6, δ, ppm): 2.91 (s, 3H, Me), 6.69–6.71
(m, 1H, H-5′), 7.08–7.10 (m, 1H, H-4′), 7.75–7.82 (m, 2H, H-3, H-5), 7.98–8.12 (m, 4H, H-2,
H-6, H-6”, H-7”), 8.21–8.28 (m, 1H, H-5′ ′ ′), 8.79–8.85 (m, 1H, H-8′ ′ ′). 13C NMR (126 MHz,
DMSO-d6, δ, ppm): 169.06 (N=CS), 152.73 (2C), 136.10, 134.24 (2C), 133.71, 127.55, 127.16
(3C), 126.87, 123.94, 120.75 (2C), 120.14, 108.50, 18.23 (CH3). Found (%): C, 54.16; H, 3.62; N,
17.44; S, 16.45. Calc. for C18H15N5O2S2 (%): C, 54.39; H, 3.80; N, 17.62; S, 16.13.

4-{[4-(4-Methoxyphenyl)phthalazin-1-yl]amino}-N-(thiazol-2-yl)benzenesulfonamide (7). The
starting compound was 1-chloro-4-(4-methoxyphenyl)phthalazine. Yield 4.11 г (84%),
colorless crystals, m.p. 142–143 ◦C (DMF). 1H NMR (400 MHz, DMSO-d6, δ, ppm): 3.89 (s,
3H, OMe), 6.69 (d, J 4.6, 1H, H-5′), 7.07–7.12 (m, 3H, H-4′, H-3”, H-5”), 7.56–7.63 (m, 2H,
H-3, H-5), 7.76–7.79 (m, 2H, H-2”, H-6”), 7.85–7.90 (m, 1H, H-5′ ′ ′), 7.92–8.00 (m, 2H, H-6′ ′ ′,
H-7′ ′ ′), 8.12–8.17 (m, 2H, H-2, H-6), 8.63 (d, J 8.2, 1H, H-8′ ′ ′), 9.42 (s, 1H, NH), 12.46 (s, 1H,
NHSO2). 13C NMR (126 MHz, DMSO-d6, δ, ppm): 160.11 (4C), 132.85, 132.20, 131.47 (3C),
127.17 (2C), 126.49, 119.76 (3C), 114.34, 108.40, 55.69 (CH3). Found (%): C, 58.65; H, 3.70; N,
14.12; S, 13.37. Calc. for C24H19N5O3S2 (%): C, 58.88; H, 3.91; N, 14.31; S, 13.10.

N-[2-(4-Isopropylthiazol-2-yl)ethyl]-5-methyl-14-oxo-5a,6,12,14-tetrahydroindolo[2′,3′:4,5]
pyrido[2,1-b]quinazoline-7(5H)-carboxamide (8). The starting compounds were 5-methyl-
14-oxo-5a,6,12,14-tetrahydroindolo[2′,3′:4,5]pyrido[2,1-b]quinazoline-7(5H)-carboxylic acid
and 2-(4-isopropylthiazol-2-yl)ethan-1-amine. Yield 3.54 g (71%), colorless crystals, m.p.
182–184 ◦C (EtOAc). 1H NMR (400 MHz, DMSO-d6, δ, ppm): 1.21 (s, 3H, Me), 1.24 (s,
3H, Me), 3.01–3.08 (m, 7H, NMe, 2H-α, 2H-7), 3.48 (d, J 6.8, 2H, 2H-α), 4.69–4.75 (m, 1H,
CHMe2), 4.92 (d, J 2.6, 2H, 2H-13), 6.01 (s, 1H, H-6), 6.78 (s, 1H, H-5′), 7.08 (d, J 7.2, 1H, H-4),
7.15–7.24 (m, 4H, H-2, H-3, H-10, H-11), 7.35 (d, J 8.1, 1H, H-12), 7.48–7.57 (m, 2H, H-2, H-3),
7.94 (d, J 7.8, 1H, H-9), 8.08 (s, 1H, NH). 13C NMR (126 MHz, DMSO-d6, δ, ppm): 167.97
(CH2C=O), 166.83 (2C), 162.82 (N-C=O), 128.47 (3C), 122.72, 119.84 (2C), 112.85, 111.61 (3C),
110.54 (4C), 46.51 (2C), 39.12 (2C), 32.97 (3C), 30.62, 22.65 (2C, 2CH3), 20.16. Found (%):
C, 67.11; H, 5.64; N, 14.00; S, 6.34. Calc. for C28H29N5O2S (%): C, 67.31; H, 5.85; N, 14.02;
S, 6.42.

4-Butyl-1-hydroxy-N-(6-methylbenzo[d]thiazol-2-yl)-3-oxo-3,4-dihydronaphthalene-2-
carboxamide (9). The starting compounds were 1-butyl-4-hydroxy-2-oxo-1,2-dihydroquinoline-
3-carboxylic acid and 6-methylbenzo[d]thiazol-2-amine. Yield 3.67 g (69%), colorless
crystals, m.p. 97–99 ◦C (CCl4). 1H NMR (400 MHz, DMSO-d6, δ, ppm): 1.05 (t, J 7.3, 3H,
MeCH2), 1.46–1.59 (m, 2H, 2H-β), 1.69–1.79 (m, 2H, 2H-γ), 2.48–2.51 (m, 5H, Me-6′, DMSO),
2.82 (s, 1H, H-4), 4.33–4.38 (m, 2H, H-α), 7.22 (dd, J 8.3, 1.7, 1H, H-8), 7.37 (t, J 7.6, 1H,
H-6), 7.56–7.70 (m, 3H, H-5, H-7, H-5′), 7.80–7.83 (m, 1H, H-7′), 8.21–8.24 (m, 1H, H-4′),
13.81 (s, 1H, NH), 15.19 (s, 1H, OH). 13C NMR (126 MHz, DMSO-d6, δ, ppm): 170.85 (C=O),
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166.82 (2C), 160.01, 151.12, 140.11, 135.47, 131.56, 129.78, 123.47 (2C), 120.05 (2C), 109.13
(2C), 108.87, 99.95, 52.61 (CH2N), 29.84, 20.15, 19.23, 11.45 (CH3).

3.2. Biological Evaluation
3.2.1. Antibacterial Action

The following Gram-negative bacteria, Escherichia coli (ATCC 35210), Enterobacter cloa-
cae (clinical isolate), Salmonella Typhimurium (ATCC 13311), as well as Gram-positive bacteria,
Listeria monocytogenes (NCTC 7973), Bacillus cereus (clinical isolate), and Staphylococcus au-
reus (ATCC 6538), were used. The bacterial strains are deposited at Mycological Laboratory,
Department of Plant Physiology, Institute for Biological Research “Siniša Stankovic”—
National Institute of Republic of Serbia, Belgrade, Serbia.

The minimum inhibitory and bactericidal (MIC/MBC) concentrations were defined as
described previously [62,63]. Resistant strains used were isolates of S. aureus, E. coli, and
P.aeruginosa, obtained as reported in Kartsev et al. [63].

3.2.2. Antifungal Activity

The examined strains were: Aspergillus niger (ATCC 6275), Aspergillus fumigatus
(ATCC 1022), Aspergillus versicolor (ATCC 11730), Penicillium funiculosum (ATCC 36839),
Trichoderma viride (IAM 5061), and Penicillium verrucosum var. cyclopium (food isolate).
All experiments were performed in triplicate [64,65].

3.2.3. Inhibition of Biofilm Formation

The assays were performed as described before [66,67]. Briefly, P. aeruginosa resistant
strain was incubated with MIC and subMIC of the tested compounds in tryptic soy broth
enriched with 2% glucose at 37 ◦C for 24 h. Afterwards, each well was washed twice
with sterile Phosphate buffered saline, pH 7.4 (PBS), and fixed with methanol for 10 min.
Methanol was then removed, and the plate was air-dried. The biofilm was stained with
0.1% crystal violet (Bio-Merieux, France) for 30 min. The wells were washed with water, air-
dried, and color dissolved in 96% ethanol (Zorka, Serbia). The absorbance was measured at
620 nm on a Multiskan FC Microplate Photometer, Thermo Scientific. The percentage of
inhibition of biofilm formation was calculated by the formula:

[(A620control − A620sample)/A620control] × 100. (1)

3.3. Molecular Modeling Studies

The ligand preparation done by using chemdraw12.0, and geometries were optimized
using LigandScout 4.4.5. The “Build/check/repair model” for the session “Prepare PDB file
for docking programs” module was used for proteins preparation. For the final preparation
of both ligands and protein preparation, Wizard of AutoDock tools 1.5.6 is used. Autodock
4 (ver. 4.2.6) was employed for docking simulations and Autogrid4 for affinity grid
maps preparation. The resulting poses and potential interactions were visualized using
LigandScout 4.4.5.

X-ray crystal structures of E. coli DNA GyrB, thymidylate kinase, E. coli MurA, E.
coli primase, E. coli MurB, DNA topoisomerase IV, and CYP51 of C. albicans (PDB ID:
1KZN, AQGG, 1DDE, JV4T, 2Q85, 1S16, and 5V5Z, respectively) with bound inhibitors
were retrieved from Brookhaven Protein Data Bank (PDB). The pdb files of proteins were
submitted to “Build/check/repair model” for the session “Prepare PDB file for docking
programs”; missing side chains were modeled in, water positions and symmetry were
corrected, and hydrogen atoms were added. Only chain A of each enzyme of the repaired
pdb file was evaluated and passed to AutodockTools (ADT ver.1.5.6) for PDBQT file
preparation. ADT assigned polar hydrogens, water molecules and nonstandard residues
were removed, so only polar hydrogen was maintained, and Gasteiger charges were
computed for protein atoms. AutoDock saved the prepared file in PDBQT format.
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All molecules were sketched in Chemdraw12.0 program. The geometry of built
compounds was optimized using the molecular mechanical force fields 94 (MMFF94)
energy via LigandScout [68], partial charges were also calculated, comformers of each
ligand were generated, and the one with the best conformation was maintained and saved
as mol2 file that was passed, as usual, to ADT for PDBQT file preparation. There, polar
hydrogen was added to each structure, followed by computing Gasteiger and Kollman
charges and the torsions.

Autodock 4 (ver. 4.2.6) was employed for docking simulations. A computationally
(relatively) ‘hybrid’ force field that contains terms based on molecular, mechanics, and
empirical terms is used by AutoDock. The evaluation step includes: First, calculation of
the energy of protein and ligand in the unbound state. Second, calculation of the energy of
the ligand–protein complex. Third, taking the difference between first and second steps.

∆G =
(

VL−L
bound −VL−L

unbound

)
+

(
VP−P

bound −VP−P
unbound

)
+

(
VP−L

bound −VP−L
unbound + ∆Sconf

)

where P refers to the protein, L refers to the ligand, V are the pair-wise evaluations men-
tioned above, and ∆Sconf denotes the loss of conformational entropy upon binding [69]. The
ligand molecule is in an arbitrary conformation, orientation, and position, and this molec-
ular docking program finds favorable poses in a protein-binding site using Lamarckian
genetic algorithms implemented therein to search for the best conformers.

A Lamarckian genetic algorithm was used as the search engine, with a total of 100 runs.
The region of interest, used by Autodock4 for docking runs and by Autogrid4 for affinity
grid maps preparation, was defined in such a way to comprise the whole catalytic binding
site using a grid of 50 × 50 × 50 points with a grid space of 0.375 Å. All parameters used
in docking were default. The translation, quaternion, and torsions steps were taken from
default values in AutoDock. The Lamarckian genetic algorithm and the pseudo-Solis and
Wets methods were applied for minimization using default parameters. The number of
docking runs was 100. After docking, the 100 solutions were clustered into groups, with
RMS lower than 1.0 E. The clusters were ranked by the lowest energy representative of
each cluster. Upon completion of docking, the best poses were screened by examination
of binding energy (∆Gbinding, kcal/mol) and number in cluster. In order to describe the
ligand-binding pocket interactions, the top-ranked binding mode found by AutoDock in
complex with the binding pocket of enzyme was selected. The resulting poses and potential
interactions were visualized using LigandScout.

4. Conclusions

In this work, three structural series of new thiazole derivatives were synthesized and
evaluated for their antibacterial and antifungal activity against a series of bacterial and
fungal pathogens. The antibacterial activity of the tested compounds is moderate to good,
with MIC at 0.23–>3.75 mg/mL and MBC at 0.35–>3.75 mg/mL. Compounds 4 and 9
demonstrated the best activity among the tested compounds against E. coli and B. cereus
and S.Typhimurium, respectively, with MIC/MBC at 0.17/0.23 mg/mL, respectively.

Three of the most active compounds (2, 3, and 4) were also evaluated against three
resistant strains, MRSA, E. coli, and P. artuginosa, demonstrating better activity than the
reference drugs against MRSA, while compound 4 also was active against P. aeruginosa.

According to the results on antifungal activity, all compounds are active, but the best
activity was observed for compound 8, with MIC and MFC in the range of 0.08–0.23 and
0.11–0.47 mg/mL, respectively.

Docking analysis indicated a probable involvement of MurB inhibition in the antibac-
terial mechanism of the compounds tested, while the docking analysis to 14α-lanosterol
demethylase (CYP51) of Candida albicans indicated a probable implication of CYP51 reduc-
tase at the antifungal activity of the compounds. Finally, compound 8 showed the best
drug-likeness model score.
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composition and a wide range of bioactive properties of honey mushroom Armillaria mellea (Vahl: Fr.) Kummer. Food Funct.
2017, 8, 3239–3249. [CrossRef]

65. Kritsi, E.; Matsoukas, M.-T.; Potamitis, C.; Detsi, A.; Ivanov, M.; Sokovic, M.; Zoumpoulakis, P. Novel Hit Compounds as Putative
Antifungals: The Case of Aspergillus fumigatus. Molecules 2019, 24, 3853. [CrossRef] [PubMed]
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Abstract: Genome mining has become an important tool for discovering new natural products and
identifying the cryptic biosynthesis gene clusters. Here, we utilized the flavin-dependent haloge-
nase GedL as the probe in combination with characteristic halogen isotope patterns to mine new
halogenated secondary metabolites from our in-house fungal database. As a result, two pairs of
atropisomers, pestalachlorides A1a (1a)/A1b (1b) and A2a (2a)/A2b (2b), along with known com-
pounds pestalachloride A (3) and SB87-H (4), were identified from Pestalotiopsis rhododendri LF-19-12.
A plausible biosynthetic assembly line for pestalachlorides involving a putative free-standing phenol
flavin-dependent halogenase was proposed based on bioinformatics analysis. Pestalachlorides exhib-
ited antibacterial activity against sensitive and drug-resistant S. aureus and E. faecium with MIC values
ranging from 4 µg/mL to 32 µg/mL. This study indicates that halogenase-targeted genome mining is
an efficient strategy for discovering halogenated compounds and their corresponding halogenases.

Keywords: pestalachlorides; halogenase; genome-mining; flavin-dependent halogenases (FDHs);
atropisomers

1. Introduction

Halogenated compounds play a profound role in the pharmaceutical industry as
halogen substituents can significantly impact the bioactivity and reactivity of organic com-
pounds [1–3]. According to an economic report, 88% of the 100 top-selling drugs employed
chlorine in their final pharmaceutical products or the manufacturing process [4]. Nature is
an important source of halogenated compounds. To date, over 5000 halogenated natural
products have been discovered from fungi, bacteria, algae, cyanobacteria, plants, et al. [5].
Amongst, fungi as the third kingdom in nature, contributed nearly one-fifth (988) of
halogenated metabolites [6] and are expected to harbor many more halogenated natural
products to be identified [7].

Nature usually orchestrates halogen-carbon bond formation by a variety of halo-
genases. Several types of halogenases have been identified so far, including heme- or
vanadium-dependent haloperoxidases, S-adenosyl-L-methionine-dependent halogenases,
nonheme-iron α-ketoglutarate-dependent halogenases, and flavin-dependent halogenases
(FDHs) [2,8–10]. Amongst halogenases, FDHs are widely distributed across all kingdoms
of life [11] and are particularly notable for their strong regioselectivity and substrate diver-
sity [2,12]. Almost all FDHs have the following two conserved motifs: A flavin-binding
motif GxGxxG, for binding of the diffusible flavin adenine dinucleotide (FAD) [3], and
a structural motif WxWxIP, thought to prevent a monooxygenation reaction by block-
ing direct contact between the substrate and hydroperoxy flavin [13,14]. These signature
motifs can be used as probes for promptly identifying putative FDHs from genomic se-
quences. [2,3]

Fungi are a rich source of flavin-dependent halogenases (FDHs). Up to now, twenty-
three halogenases have been reported from fungi, twenty of which are FDHs [7]. As
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for the substrates, FDHs prefer electron-rich precursors, such as phenols, indoles, or
pyrroles. The phenol-containing structure is the most common substrate of the identified
fungal FDHs, such as GedL from Aspergillus terreus NIH2624, which dichlorinated the
phenol unit of sulochrin to produce dihydrogeodin, PtaM from Pestalotiopsis fici, which
assembled one chloride atom to isosulochrin in the pestheic acid biosynthesis, and GsfI from
Penicillium aethiopicum, which decorated griseophenone C with one chloride atom. Apart
from the identified FDHs, thousands of putative FDHs were inferred in fungal genomes
according to bioinformatics analysis [7], which hints that there are more halogenated
metabolites or haloganases in fungi to be awaiting exploration. With the development of
bioinformatics and the increasing decrease in genome sequencing costs, genome mining
has become a powerful strategy for discovering new natural products or unearthing
cryptic biosynthesis gene clusters [15–17]. An increasing number of chemical scaffolds,
such as unusual post-translationally modified ribosomal peptide linaridins [18], PKS-
NRPS hybrid aspyridones [19], and noncanonical polyketide burkholderic acid [20], have
been discovered by genome mining. Although genome mining often involves genetic
manipulation, including heterologous expression, in vitro reconstitution, and activation
of the BGC in the native host, the non-genetic method sometimes shows high efficiency
for mining the metabolites with characteristic features that can be easily detected using
specific analysis methods. Halogenated compounds often exhibit characteristic isotope
patterns in their mass spectra due to the presence of chlorine or bromine atoms, which
makes them readily detectable from a complicated background. Additionally, according to
the Natural Products Atlas database [6], more than 99% of halogenated microbial natural
products are chlorinated or brominated ones, which consolidates the power of LC-MS in
genome mining of halogenated natural products.

As a part of our efforts to investigate new natural products [21–25], we used the
fungal FDH GedL [26] as a probe to explore the halogenase-containing BGCs from our
in-house fungal genome database. A putative halogenase gene, ptlK, was mined from an
endolichenic fungus, Pestalotiopsis rhododendri LF-19-12, and further bioinformatics analysis
disclosed that ptlK was located in a cryptic BGC ptl. Subsequently, LC-MS was employed
to interrogate the production of halogenated metabolites. As a result, a family of potential
chlorinated compounds with characteristic chlorine isotope patterns were detected in the
crude extract of Pestalotiopsis rhododendri LF-19-12 culture in the M2 medium. LC-UV-MS
guided isolation led to obtaining two pairs of atropisomers, pestalachlorides A1a (1a)/A1b
(1b) and A2b (2a)/A2b (2b), along with known compounds pestalachloride A (3) [27]
and SB87-H (4) [28] (Figure 1). Here, we reported their discovery, isolation, structural
elucidation, and biosynthesis.

26



Antibiotics 2022, 11, 1304
Antibiotics 2022, 11, x FOR PEER REVIEW  3  of  15 
 

 

Figure 1. Structures of pestalachlorides A1a (1a), A1b (1b), A2a (2a), A2b (2b), and A (3) as well as 

SB87‐H (4). 

2. Results 

2.1. Genome Mining of the Halogenase‐Containing Biosynthesis Gene Cluster 

Flavin‐dependent halogenases (FDHs), the most characterized halogenases based on 

their substrates, can be categorized into the following five main classes: free‐standing phe‐

nol,  free‐standing  indole,  carrier protein‐dependent phenol,  carrier protein‐dependent 

pyrrole, and aliphatic FDHs  [9]. GedL  is a  free‐standing phenol FDH  from Aspergillus 

terreus NIH2624 [26]. It is involved in the biosynthesis of geodin and halogenates the sub‐

strate at the late stage of biosynthesis [26]. Here, we used GedL as the probe to conduct 

tBlastp analysis on our in‐house fungal genome sequences. An antiSMASH analysis was 

subsequently performed, and a gene ptaK, encoding a putative flavin‐dependent halogen‐

ase with 51% amino acid sequence identity to GedL [26], was found to be contained in a 

cryptic BGC of endolichenic Pestalotiopsis rhododendri LF‐19‐12. Succeeding phylogenetic 

analysis showed that PtlK grouped with free‐standing phenol FDHs (Figure 2), suggesting 

that its substrate might hold a phenol moiety. 

Figure 1. Structures of pestalachlorides A1a (1a), A1b (1b), A2a (2a), A2b (2b), and A (3) as well as
SB87-H (4).

2. Results
2.1. Genome Mining of the Halogenase-Containing Biosynthesis Gene Cluster

Flavin-dependent halogenases (FDHs), the most characterized halogenases based on
their substrates, can be categorized into the following five main classes: free-standing
phenol, free-standing indole, carrier protein-dependent phenol, carrier protein-dependent
pyrrole, and aliphatic FDHs [9]. GedL is a free-standing phenol FDH from Aspergillus
terreus NIH2624 [26]. It is involved in the biosynthesis of geodin and halogenates the
substrate at the late stage of biosynthesis [26]. Here, we used GedL as the probe to conduct
tBlastp analysis on our in-house fungal genome sequences. An antiSMASH analysis was
subsequently performed, and a gene ptaK, encoding a putative flavin-dependent halogenase
with 51% amino acid sequence identity to GedL [26], was found to be contained in a cryptic
BGC of endolichenic Pestalotiopsis rhododendri LF-19-12. Succeeding phylogenetic analysis
showed that PtlK grouped with free-standing phenol FDHs (Figure 2), suggesting that its
substrate might hold a phenol moiety.
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Figure 2. Phylogenetic tree based on amino acid sequences of PtlK and the selected flavin-dependent
halogenases (FDHs). GenBank, UniProtKB, or PDB accession numbers are given in parentheses. The
three dominant categories of FDHs: free-standing phenol, free-standing indole, and carrier protein-
dependent phenol FDHs are highlighted in orange, blue, and green, respectively. Representative
products are shown beside. The phylogenetic tree was constructed using the UPGMA method.
Visualization was conducted with MEGA7.

Subsequently, LC-MS and OSMAC strategies were employed to exploit the production
of halogenated secondary metabolites. Pestalotiopsis rhododendri LF-19-12 was cultured in
four different media (M1, M2, PDB, and YES) and then extracted using MeOH. The obtained
material was applied to LC-MS analysis. As a result, a group of potential halogenated
compounds with characteristic isotope patterns of two chloride atoms were detected in the
crude extract of the Pestalotiopsis rhododendri LF-19-12 culture in the M2 medium (Figure 3).
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Figure 3. HPLC-UV chromatogram of the crude extract of Pestalotiopsis rhododendri LF-19-12 cultured
in M2 medium (A) and the isotope patterns of peaks 1a, 1b, 2a, and 2b (B), indicating that two
chloride atoms were contained.

2.2. Structural Elucidation for (±) Pestalachlorides A1a, A1b, A2a, and A2b

Pestalotiopsis rhododendri LF-19-12 was fermented in the M2 medium, and pestalachlo-
rides A1a (1a), A1b (1b), A2a (2a), A2b (2b), and A (3), as well as SB87-H (4), were isolated
and purified by an LC-UV-MS-guided method from a 9-day broth culture. Briefly, the
culture of Pestalotiopsis rhododendri LF-19-12 was filtered, and the obtained mycelia were
extracted with acetone. The yielded crude extract was fractionated and separated sequen-
tially using silica gel, an ODS flash column, and further purified by semi-preparative
chromatography to yield 1a (23.2 mg), 1b (2.2 mg), 2a (1.9 mg), and 2b (0.2 mg).

The HR-ESIMS spectrum of compound 1a revealed a characteristic isotope pattern
of double chlorides (Figure 3). Furthermore, analysis of HR-ESIMS and 13C NMR data
disclosed that 1a has a molecular formula of C23H26Cl2NO6 ([M+H]+ m/z 482.1121, calcd.
482.1137). Interpretation of the 1H, 13C NMR, and HSQC data for 1a (Table 1, Figures S1–S3)
disclosed a carbonyl group (δC 168.6), 12 aromatic carbons, one of which is protonated,
a trisubstituted olefin, a methine, three methylene units, one of which is attached to an
oxygen atom, four methyl moieties, one of which is methoxy, and three phenolic hydroxyl
groups. All the above interpretations accounted for 8 degrees of unsaturation and required
1a to incorporate three rings, two of which should be aryl rings.

1H-1H COSY correlations (Figures 4 and S3) revealed two isolated proton spin-systems
attributed to -CH2-CH2-OH and -CH2-CH= (Figure 4). Furtherly, an isoprenyl unit in 1a
was established by HMBC correlations (Figures 4 and S5) from H-4’ and H-5’ to vinylic
carbons C-3’ and C-2’. HMBC correlations from H-1’ and H-2’ to C-6 suggested that the
isoprenyl group was connected to the aromatic ring at C-6. Two phenolic hydroxyl groups
at C-5 and C-3, respectively, can be inferred by the downfield chemical shifts of C-3 and
C-5. Further correlations from H-4 to C-2, C-6, C-3, C-5, and C-1, from H-8 to C-6, C-2,
and C-1, as well as from H-16 to C-8 and C-1, allowed construction of the substituted
isoindole-1-one scaffold.
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Table 1. 1H and 13C NMR data of pestalachlorides A1a (1a)/A1b (1b) and A2b (2a)/A2b (2b) in
DMSO-d6.

No.
1a 1b * 2a 2b *

δC, Type δH, Multi. (J in Hz) δC, Type δH, Multi. (J in Hz) δC, Type δH, Multi. (J in Hz) δH, Multi. (J in Hz)

1 168.6, C 169.2, C 168.5, C
2 109.2, C 109.7, C 109.0, C
3 153.9, C 153.6, C 153.9, C
4 101.3, CH 6.32, s 101.2, CH 6.28, s 101.5, CH 6.32, s 6.29, s
5 159.7, C 159.6, C 159.7, C
6 114.1, C 114.3, C 114.2, C
7 146.5, C 145.7, C 146.5, C
8 55.1, CH 6.13, s 57.1, CH 6.02, s 54.5, CH 6.09, s 5.96, s
9 117.8, C 117.0, C 119.1, C

10 151.1, C 151.6, C 151.2, C
11 117.8, C 117.7, C 117.9, C
12 134.9, C 134.8, C 134.9, C
13 119.1, C 118.5, C 117.7, C
14 154.7, C 154.3, C 154.7, C

15 59.8,
-OCH3

3.05, s 61.5,
-OCH3

3.97, s 59.8,
-OCH3

3.04, s 3.97, s

16 41.8, CH2
2.58, dt (13.3, 5.4) 42.3, CH2

2.85–2.78, m 38.4, CH2
2.56, dt (13.9, 5.9) 2.84, dt (13.6, 6.6)

3.70, dt (13.9, 6.9) 3.40–3.35, m 3.63, dt (14.7, 7.6) 3.54–3.46, m
17 58.3, CH2 3.45, dt (11.5, 5.1) 58.8, CH2 3.59–3.50, m 23.2, CH2 1.69, m 1.69, m
18 - - - - 31.1, CH2 2.16, t (7.4) 2.18, t (6.6)

1’ 23.8, CH2
2.78, dd (15.1, 6.7) 23.6, CH2

2.73, dd, (15.4, 6.2) 23.9, CH2
2.77, dd (15.1, 6.7) 2.72, dd (15.7, 5.6)

2.93, dd (15.4, 5.2) 2.96, dd, (15.5, 5.5) 2.94, dd (15.4, 5.0) 2.94, dd, (15.4, 5.0)
2’ 122.3, CH 4.37, t (5.4) 122.6, CH 4.16, t (5.8) 122.3, CH 4.36, m 4.16, m
3’ 129.7, C 129.5, C 129.7, C
4’ 25.1, CH3 1.31, s 25.1, CH3 1.29, s 25.1, CH3 1.31, s 1.29, s
5’ 17.4, CH3 1.39, s 17.5, CH3 1.40, s 17.4, CH3 1.38, s 1.39, s
1” 18.1, CH3 2.39, s 18.1, CH3 2.38, s 18.1, CH3 2.39, s 2.38, s

OH-3 9.08, s 8.98, s 9.09, s 8.98, s
OH-5 9.86, s 9.25, s 9.88, s 9.25, s

OH-10 10.03, s 9.79, s 10.06, s 9.81, s
OH-17 3.36, s 4.78, s - - -
COOH - - - - 174.0, C 11.99, s 11.99, s

*: For 1b, the data was obtained from the mixture of 1a and 1b by comparison with those of 1a. For 2b, only 1H
NMR spectrum was obtained due to its trace amount and instability.
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Figure 4. The planar structure and key 2D NMR correlations of 1a.

HMBC correlations from H-1” to C-11, C-12, and C-13, from the phenolic proton at δ
10.03 to C-9, C-10, and C-11, from the methoxy protons at δ 3.05 to C-14, from H-8 to C-9,
C-10, and C-14 indicated that a hexasubstituted benzene ring was attached to C-8 via a
C-C bond. As a result, the two chlorine atoms in 1a could only be located at C-11 and C-13.
Therefore, the planar structure of 1a was assembled as shown in Figure 4.

The structure of 1a was further confirmed by the single crystal X-ray analysis. The
crystallographic data disclosed that 1a featured a centrosymmetric space group P121/c1,
suggestive of its being a racemate of 8R and 8S enantiomers (Figure 5).
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Compound 1b, an isomer of 1a by HR-ESIMS analysis, was quickly converted into
1a in acetonitrile aqueous. Therefore, only a mixture of 1a and 1b was obtained. The 1H
NMR spectrum of the mixture displayed the following two sets of signals (Figure S6):
one set of signals is identical to that of 1a, and the others are nearly similar to those of 1a
except for the methoxy proton chemical shifts (δ 3.97, deshielded for 1b vs. δ 3.05, shielded
for 1a), suggestive of 1b as an atropisomer of 1a. The 13C NMR spectrum (Figure S7)
further supported the above hypothesis. To our knowledge, the analog of 1a and 1b,
pestalachloride A (3) from Pestalotiopsis adusta, also has atropisomer axial chirality due
to the hindered rotation around the C8-C9 bond, but its two atropisomers could not be
chromatographically separated [27].

The HR-ESIMS analysis of compound 2a returned a molecular formula of C25H29Cl2NO7
([M+H]+ m/z 524.1240, calcd. 524.1243). The 1H and 13C NMR signals of 2a are very
closely related to those of 1a except for the signals of the N-substituent as follows: δC-16
38.4/δH-16 2.56, 3.63, δC-17 23.2/δH-17 1.69, δC-18 31.1/δH-18 2.16, and δC-19 174.0/δH-COOH
11.99, indicative of a fragment of -CH2-CH2-CH2-COOH (Figures S8–S10). The above
proposed N-substituent was further confirmed by 1H-1H COSY correlations of H-16/H-
17/H-18 and HMBC cross signals from H-17 and H-18 to C-19 as well as from H-16 to
C-1 and C-8, respectively (Figures S11 and S12). The upfield methoxyl proton signals at
δ 3.04 indicated that the methoxy was located in the shielded area of the isoindole-1-one
residue. A careful examination of the NMR spectra of 2a disclosed the presence of a minor
component 2b, which was subsequently proved to be an atropisomer of 2a. Compound 2a
showed no optical activity, suggestive of it also being a racemate.

HR-ESIMS analysis revealed 2b as an isomer of 2a. By comparison with the 1H NMR
spectra of 2a, that of 2b exhibited nearly identical signals to those of the minor component
in 2a (Figure S13). The methoxyl proton signals of 2b (δ 3.97), downfield relative to
those of 2a (δ 3.04), inferred that the methoxy in 2b was located in the deshielded area
of the isoindole-1-one residue. 2a and 2b can also be interconverted with each other at
room temperature.

As proved above, axial chirality was present for pestalachlorides A, A1, and A2, which
resulted in time-dependent atropisomerism. To interrogate the stability of pestalachlorides
atropisomers, we calculated the relative Gibbs energy barriers for the atropisomers inter-
conversions at the M062X/def2TZVP/SMD (H2O)//B3LYP/6-31G(d)/PCM (H2O) level.
The results disclosed that the barriers of 1a to 1b and 1b to 1a were 24.6 kcal/mol and
24.4 kcal/mol, and the corresponding interconversion half-times were 34 h and 24 h at
room temperature, respectively, in agreement with the fact that 1b is a little more unstable
than 1a; the barriers between two atropisomers of pestalachloride A were 21.4 kcal/mol
and 21.6 kcal/mol, and the corresponding interconversion half-times were 0.15 h and 0.23 h,
respectively, supporting their inseparability; the barriers of 2a and 2b interconversion were
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26.9 kcal/mol and 27.4 kcal/mol, respectively, indicating that they can also interconvert
with each other [29].

2.3. Proposed Biosynthetic Pathway for Pestalachlorides

Based on an analysis of the functions of genes within the ptl cluster, as well as a
comparison with the previous reported biosynthetic assembly lines of geodin [26], pestheic
acid [30], and monodictyphenone [31] (Table 2), a plausible biosynthesis pathway for pesta-
lachlorides was proposed (Scheme 1). The non-reducing polyketide synthase PtlB, showing
87%, 66%, and 63% of sequence identity with PtaB [30], mdpG [31], and GedC [26], respec-
tively, was proposed to assemble and cyclize atrochrysone thioester (5). PltA, with high
amino acid identity (92%) to PtaB [30], was reasoned to hydrolyze the thioester bond of 5 to
release atrochrysone carboxylic acid (6) from PtlB. The following concerted decarboxylation
and dehydration were proposed according to monodictyphenone biosynthetic logic. How-
ever, no gene encoding putative decarboxylase as MdpH was found within and near the ptl
cluster, suggesting that the intermediate 6 might undergo spontaneous decarboxylation
and dehydration to form emodin anthrone (7) as indicated by an earlier study [31,32]. 7 was
subsequently oxidized to emodin (8) by a putative anthrone oxygenase PtlJ, which showed
44%, 41%, and 43% identity to GedH [26], PtaC [30], and MdpH2 [33], separately. Accord-
ing to the retrosynthesis analysis of pestalachlorides, 8 should be converted to alatinone (9);
however, the mechanism of this conversion remains to be determined. Subsequently, as the
previous study suggested [34], 9 might be cleaved to 10 via oxidation and thioesterification
catalyzed by PtlC, a putative Baeyer-Villiger oxidase (47% identity with PtaJ [30]), and
PtlF, a putative glutathione S-transferase (39% identity with MdpJ [31]), respectively. A
succeeding reduction of 10 to the aldehyde 11 might be catalyzed by oxidoreductase PtlM,
which displayed 51% identity to MdpK, and the latter was proposed to reduce thioester
to benzaldehyde in arugosin F biosynthesis [34]. A putative prenyltransferase PtlH, the
homolog of which is absent in Geodin, pestheic acid, and monodictyphenone biosynthetic
assembly lines, showed 40% sequence identity with xanthone prenyltransferase A [35]
and thus was postulated to C-prenylate 11 to give 4. Subsequently, halogenation by FDH
halogenase PtlK and methylation by O-methyltransferase PtlI occurred to give pestalone,
which can be spontaneously reacted with primary amide to give compounds 1a/1b, 2a/2b,
and 3 [36,37].

Table 2. Analysis of the pestalachloride biosynthetic gene cluster by comparison with geodin (ged),
pestheic acid (pta), and monodictyphenone (mdp) BGCs.
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ptlA Lactamase B GedB (70) PtaB (92) MdpF (67)
ptlB non-reducing PKS GedC (63) PtaA (87) MdpG (66)
ptlC Baeyer-Villiger oxidase GedK (45) PtaJ (47) MdpL (43)
ptlD transcriptional regulator GedD (39) PtaR1 (36) MdpA (38)
ptlE transcriptional regulator GedR (61) PtaR2 (29) MdpE (29)
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Scheme 1. A plausible biosynthesis pathway for pestalachlorides A1a (1a), A1b (1b), A2a (2a), A2b
(2b), and A (3).

2.4. Antimicrobial Activities of Pestalachlorides

The analog of pestalachloride A1a and A2a, pestalachloride A, was previously re-
ported to show antibacterial activity against the standard and methicillin-resistant Staphy-
lococcus aureus (MIC = 10 µg/mL) and the plant pathogenic fungus Fusarium culmorum
(MIC = 3.2 µg/mL). To preliminarily explore the bioactivity of new compounds and the
structure-activity relationship of pestalachlorides, compounds A1a and A2a, together with
pestalachloride A (3), were evaluated for their activity against standard Staphylococcus
aureus ATCC 29213 and methicillin-resistant Staphylococcus aureus (MRSA), as well as other
human pathogenic microbes, Enterococcus faecium ATCC 35667, Vancomycin-Resistant Ente-
rococcus faecium (VRE), and Candida albicans ATCC 10231. The pestalachloride A showed
moderate activity against Staphylococcus aureus ATCC 29213, MRSA, and VRE with mini-
mum inhibitory concentrations (MIC) of 8 µg/mL, 4 µg/mL, and 8 µg/mL, respectively.
Pestalachloride A1a showed weak antibacterial activity against four Gram-positive bacteria
(MIC = 32 µg/mL), while pestalachloride A2a showed no antibacterial activity within
the tested concentration range, indicating that the bulky N-substituents can reduce the
antibacterial activity of these compounds (Table 3). On the other hand, all of the tested
three compounds showed no activity against the fungus Candida albicans.

Table 3. Antibacterial activity of pestalachlorides A1a (1a), A2a (2a), and A (3).

Antibacterial Activity (MIC, µg/mL)

Compounds Positive Controls

1a 2a 3 Fluconazole Vancomycin Meropenem

S. Aureusa 32 > 32 8 ND 0.5 ND
MRSA b 32 > 32 4 ND 0.5 16

E. faeciumc 32 > 32 16 ND 0.25 ND
VRE d 32 > 32 8 ND 16 ND

C. albicanse > 32 > 32 > 32 0.5 ND ND
a Staphylococcus aureus ATCC 29213, b methicillin-resistant Staphylococcus Aureus, c Enterococcus faecium ATCC
35667, d Vancomycin-Resistant Enterococcus faecium, e Candida albicans ATCC 10231; ND: not detected.

3. Discussion

With the development of sequencing and bioinformatics, genome mining has increas-
ingly become an important strategy for identifying new compounds and cryptic enzymes
and exploring new biosynthetic logics. Here we succeeded in discovering new pestalachlo-
ride analogs and thus unearthing their biosynthetic gene cluster by utilizing the strategy
of halogenase-targeted genome mining combined with characteristic isotope patterns of
halogen atoms. Pestalachlorides A1a, A2a, and their analog pestalachloride A share an
isoinodin-1-one core structure that occurs in a number of bioactive compounds [37]. From
the biosynthesis view, pestalachlides belong to the pestalone-type benzophenones [37].
This class of compounds features a prenyl group attached to a benzophone that is often
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clorinated. Although a total of 21 natural analogs of pestalone, including SB87-Cl and
SB87-H from Chrysosporium sp. [38], pestalone from Pestalotia sp. CNL-365 [39], pesta-
lachloride A-C from Pestalotiopsis adusta [27], (±)pestalachloride D from Pestalotiopsis sp.
ZJ-2009-7-6 [40], pestalachlorides E and F from Pestalotiopsis sp. ZJ-2009-7-6 [41], pestalones
B-H from Pestalotiopsis neglecta F9D003 [42], and pestalotinones A–D from Pestalotiopsis
trachicarpicola SC-J551 [28] have been discovered, no biosynthesis gene clusters responsible
for their assembly are reported. To our knowledge, this is the first report of the biosyn-
thesis gene clusters of pestalachlorides and their analogs, pestalone-type benzophenones.
So far, there are lots of known natural metabolites that are still not connected with their
biosynthesis gene clusters, which hinders the further mining of natural products. Given a
large part of them contain halogen atoms, halogenase-targeted genome mining reported
here might be an efficient strategy to uncover their biosynthesis origin.

PtlK, assembling double chloride atoms to the phenol residue of pestalachlorides
at the late stage of biosynthesis, was reasoned to be a free-standing phenol FDH. Free-
standing FDHs, including indole and phenol FDHs, have gained broader interest because it
is easier to use them in biotransformation. Amongst, free-standing indole FDHs have been
deeply investigated and engineered [13,14,43–46]; however, the counterpart researches
on free-standing phenol FDHs are still scarce. Although free-standing phenol FDHs are
widely distributed in fungi, only a few are connected with their products, and none of
their structures have been determined [7], which hinders the application of these enzymes.
Further mining of fungal free-stand phenol FDHs and their products will benefit their
structural determination and engineering for biocatalytic application.

4. Materials and Methods
4.1. General Experimental Details

UV measurements were recorded on a Shimadzu UV-2550 spectrophotometer. NMR
spectra were acquired with Varian Mercury 600 spectrometers using DMSO-d6 as sol-
vent. HR-ESIMS and ESIMS/MS data were obtained on a Waters Xevo G2-XS QTof mass
spectrometer (Waters, Manchester, UK) with an ACQUITY UPLC® CSHTM C18 column
(Waters, 1.7 µm, 2.1 × 100 mm) or CORTECS® C18 (waters, 2.7 µm, 2.1 × 50 mm) HPLC
analyses were performed on an Agilent 1200 or Shimadzu LC-20A instrument using an
XBridge C18 column (3.5 µm, 4.6 × 150 mm) or Reprosil-Pur Basic-C18 column (5 µm,
250 × 10 mm). The genomic DNA was sequenced using the IlluminaHiSeq platform (Illu-
mina, San Diego, CA, USA), assembled via SPAdes 3.13.0 software [47], and uploaded onto
Genbank (JALYBT000000000).

4.2. Genome Mining of the Halogenase-Containing Biosynthesis Gene Clusters

TBlastp analysis was performed using fungal FDH GedL as the probe to explore
new halogenated secondary metabolites from our in-house fungal genomic database.
The hit-containing sequences were further analyzed by antiSMASH and the putative
halogenase potentially involved in secondary metabolite biosynthesis were picked out
for further phylogenetic analysis with characterized FDHs. The characterized FDHs
are Rdc2 (ADM86580), KtzR (ABV56598), RebH (AAN01216), ThaL (ABK79936), PrnA
(AAB97504), BhaA (CAA76550), SttH (ADW94630), MibH (ADK32563), TiaM (ADU85999),
PyrH (AAU95674), VhaA (CCD33142), CndH (CAQ43074), CrpH (ABM21576), SgcC3
(ANY94426), GsfI (ADI24948), AcOTAhal (ANY27070), AclH (BAE56588), KtzQ (ABV56597),
PtaM (AGO59046), CalO3 (AAM70353), ChlB4 (AAZ77674), ChmK (BBL33413), ChmN
(BBL33407), PloN (BBL33421), PloK (BBL33420), AscD (A0A455R7M0), Ota5 (A2R6G7),
GedL (XP_001217599), RadH (ACM42402), ArmH5 (ALT31852), ArmH4 (ALT31851), ArmH1
(AEM76785), ArmH2 (AEM76786), ArmH3 (ALT31850), ChlA (BAP16678), and VirX1
(6QGM). The amino acid sequence of the putative halogenase PtlK combined with the
selected known halogenases was aligned by MUSCLE [48], and their phylogenetic tree was
constructed based on the UPGMA [49] method and visualized with MEGA 7.0.26 [50].
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4.3. Culture Condition Prioritization for the Production of Chlorinated Compounds

Pestalotiopsis rhododendri LF-19-12 was originally isolated from a lichen sample col-
lected from Tibet, China, and identified based on phylogenetic NJ tree based on ITS
sequences (Figure S14). To explore the production of chlorinated compounds, four culture
media, M1 (peptone 2 g, yeast powder 4 g, starch 10 g, 1 L distilled water), M2 (mannitol
40 g, maltose 40 g, yeast powder 10 g, K2HPO4 2 g, MgSO4·7H2O 0.5 g, FeSO4·7H2O 0.01 g,
1 L distilled water), PDB (200 g potato, 20 g glucose, 1 L distilled water), and YES media
(sucrose 150 g, yeast powder 20 g, MgSO4·7H2O 0.5 g, ZnSO4·7H2O 0.01 g, CuSO4·5H2O
0.005 g, 1 L distilled water) were selected for culturing Pestalotiopsis rhododendri LF-19-12.
The fungus Pestalotiopsis LF-19-12 was first cultured in 250 mL Erlenmeyer flasks containing
50 mL of potato dextrose broth (PDB) medium and incubated on a rotary shaker at 220 rpm
and 28 ◦C for 48 h to yield the seed culture. Then 50 mL of the seed culture was inoculated
into a 500 mL Erlenmeyer flask containing 100 mL of fermentation medium and incubated
at 220 rpm and 28 ◦C for 9 days. The fermentation for each culture medium was carried
out in triplicate. Subsequently, 2 mL of culture was filtrated, and the obtained mycelia were
extracted using methanol. The obtained crude extract was pretreated with ODS and then
analyzed using HR-ESIMS/MS.

4.4. Fermentation and Isolation

The spores of Pestalotiopsis LF-19-12 were inoculated into 3 × 500 mL Erlenmeyer
flasks each containing 100 mL of potato dextrose broth (PDB) medium to be precultured at
28 ◦C and 220 rpm for 48 h. Then, the obtained 3 × 100 mL of preculture were inoculated
into 3 × 5 L Erlenmeyer flask each containing 1 L of M2 medium (mannitol 40 g, maltose
40 g, yeast powder 10 g, K2HPO4 2 g, MgSO4·7H2O 0.5 g, FeSO4·7H2O 0.01 g, 1 L distilled
water), and incubated on a rotary shaker at 220 rpm and 28 ◦C. After 9 days, the mycelia
were harvested and extracted six times with acetone, yielding 17.72 g of crude extract. The
obtained extract was subjected to a silica gel (300–400 mesh, Yantai Chemical Industry Re-
search Institute, Yantai, China) column eluted with a stepwise gradient of CH2Cl2−MeOH
mixtures (1:0, 100:1, 100:2, 100:4, 100:6, 100:8, 10:1, 5:1, 4:1, 2:1, 0:1, v/v) to give Fr A-G. The
eluents were analyzed by LC-MS, and the targeted compounds were mainly found in the
Fr.E (576.95 mg) and Fr.F (172.64 mg).

Fr.E was further separated with an ODS flash column eluted with a gradient ACN−H2O
solution from 15% ACN to 70% ACN. 1a (2.3 mg) was crystalized from the eluent of 45%
ACN. The other eluents were combined into five fractions (E1: 72.5 mg; E2: 52.3 mg; E3:
57.1 mg; E4: 36.7 mg; E5: 145.7 mg) according to LC-MS analysis results. The Fr. E3 was
further purified by semi-preparative RP HPLC (Reprosil-Pur Basic-C18, 5 µm, 250 × 10 mm,
30% ACN−H2O, 30 ◦C, 2.5 mL/min) to yield 1a (tR 40.54 min, 20.9 mg) and 1b (tR 54.50 min,
2.2 mg). The Fr. E4 was further purified by semi-preparative RP HPLC (Xbridge™ Prep
C18, 5 µm, 250 × 10 mm, 40% ACN−H2O, 30 ◦C, 2.5 mL/min) to afford 3 (tR 48.03 min,
2.6 mg). The Fr. E5 was purified using semi-preparative RP HPLC (Xbridge™ Prep C18,
5 µm, 250 × 10 mm, 40% ACN−H2O, 30 ◦C, 2.5 mL/min) to give 4 (tR 17.25 min, 13.5 mg).

Fr.F was separated with an ODS flash column eluted with a stepwise gradient of
ACN in water (20%, 30%, 50%, 70%, and 100%; v/v; each for 5 min). All eluents were
analyzed by LC−MS, and those containing halogenated compounds were combined to
yield fraction Fr.F1 (37.3 mg). The Fr.F1 was subsequently purified by semi-preparative
chromatography (XSelect CSH C18 OBD TM prep column, 5 µm, 250 × 10 mm, 45% ACN
aqueous containing 0.1% TFA, 30 ◦C, 2.5 mL/min), to yield A2a (tR 30.5 min, 1.9 mg) and
A2b (tR 48.8 min,0.2 mg).

Pestalachloride A1a (1a): white powder; 0 (c 0.1, MeOH); UV (MeOH) λmax (log ε)
222.4 (4.78) 258.8 (32.43), 297.2 (26.26); 1D and 2D NMR data (DMSO-d6) see Table 1 and
Supplementary Material; HR-ESI(+)MS [M+H]+ m/z 482.1121 (calcd. for C23H26Cl2NO6,
482.1137, 3.3 ppm).
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Pestalachloride A1b (1b): white powder; 1H and 13 C NMR data (DMSO-d6) see Table 1
and Supplementary Material; HR-ESI(+)MS [M+H]+ m/z 482.1117 (calcd. for C23H26Cl2NO6,
482.1137, 4.1 ppm).

Pestalachloride A2a (2a): white powder; 0 (c 0.1, MeOH); UV (MeOH) λmax (log ε)
208.2 (3.6), 258.8 (38.7), 297.0 (30.4); 1D and 2D NMR data (DMSO-d6) see Table 1 and
Supplementary Material; HR-ESI(+)MS [M+H]+ m/z 524.1240 (calcd. for C25H28Cl2NO7,
524.1243, 0.57 ppm).

Pestalachloride A2b (2b): white powder; 1H NMR data (600 MHz, DMSO-d6) see
Table 1 and Supplementary Material; HR-ESI(+)MS [M+H]+ m/z 524.1237 (calcd. for
C25H28Cl2NO7, 524.1243, 1.1 ppm).

4.5. The Calculation of the Relative Gibbs Energy Barriers

S-configuration structures of 1a, 1b, 2a, 2b, and atropisomers of 3 were first optimized
using Gaussian 16 at the B3LYP/6-31G (d)/PCM (H2O) level. Then relaxed dihedral
angle (rotation between C8–C9) scans were performed at the same level. The Gibbs
energies for the calculation of barriers were calculated at the M062X/def2TZVP/SMD
(H2O)//B3LYP/6-31G (d)/PCM (H2O) level.

4.6. Antibacterial Bioassay

The minimum inhibitory concentration (MIC) values of the obtained compounds
against Staphylococcus aureus ATCC 29213, Enterococcus faecium ATCC 35667, Methicillin-
Resistant Staphylococcus aureus, Vancomycin-Resistant Enterococcus faecium, and Candida
albicans ATCC 10231 were determined using a broth microdilution protocol [51]. Briefly,
50 µL of bacterial or fungal suspension (5 × 105 CFU/mL) was added to each well of
the 96-well plate. Subsequently, 50 µL of each work solution of pestalachlorides A1a,
A2a, A and the corresponding positive drugs (64, 32, 16, 8, 4, 2, 1, 0.5, 0.25, 0.125, 0.0625,
0.03125 µg/mL) were added and incubated at 33 ◦C for 18 h. The lowest concentration that
completely prevents the growth of the assayed organism was defined as the MIC.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11101304/s1. Figures S1–S5: 1D/2D NMR of pesta-
lachloride A1a. Figures S6 and S7: 1D NMR of pestalachloride A1b. Figures S8–S12: 1D/2D NMR
of pestalachloride A2a. Figure S13: 1H NMR of pestalachloride A2b by comparison with that of
pestalachlorides A2a (2a). Figure S14: phylogenetic NJ tree of Pestalotiopsis sp. LF-19-12 and related
type strains.
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Abstract: Candida albicans is an endogenous opportunistic pathogenic fungus that is harmless when
the host system remains stable. However, C. albicans could seriously threaten human life and health
when the body’s immune function declines or the normal flora is out of balance. Due to the increasing
resistance of candidiasis to existing drugs, it is important to find new strategies to help treat this type
of systemic fungal disease. Biological control is considered as a promising strategy which is more
friendly and safer. In this review, we compare the bacteriostatic behavior of different antagonistic
microorganisms (bacteria and fungi) against C. albicans. In addition, natural products with unique
structures have attracted researchers’ attention. Therefore, the bioactive nature products produced
by different microorganisms and their possible inhibitory mechanisms are also reviewed. The
application of biological control strategies and the discovery of new compounds with antifungal
activity will reduce the resistance of C. albicans, thereby promoting the development of novel diverse
antifungal drugs.

Keywords: Candida albicans; antagonistic microorganisms; biocontrol strategy; bioactive compounds

1. Introduction

Fungal infection is a common global problem affecting humans and its incidence is
on the rise [1]. Among them, Candida has been a life-threatening pathogen for a long time,
accounting for almost 80% of fungal infections. Recently C. albicans infection causes more
than 400,000 cases of blood infection each year, with a mortality rate of about 42% [2–4].
C. albicans, a small number in the normal body, is a part of healthy flora. It can exist in the
oral cavity, intestinal tract, upper respiratory tract, and other parts. When growing in the
state of unicellular yeast cells, it does not cause disease. However, when the normal flora
interacts with each other out of balance or the body’s immune function and defenses decline,
C. albicans proliferates and grows into hyphae, invading cells and causing disease. It has
been a major cause of morbidity and mortality in immunocompromised populations [5].

In host, the pathogenicity of C. albicans is caused by the decline of immune function,
the change of conventional flora and the destruction of the epithelial protective barrier.
During infection, the formation of C. albicans biofilm and the morphological switch from
yeast-like to hyphal-like are considered to be two significant pathogenic characteristics of
C. albicans. First of all, its morphological plasticity is crucial to the pathogenicity of fungi, as
the hyphal form has a key role in the infection process [6–8]. In addition, the pathogenicity
of Candida is greatly enhanced by the formation of biofilms [9]. Biofilms are microbial
communities that irreversibly attach to surfaces. Biofilms behave very differently from
planktonic cells, and once formed, they can increase resistance to existing antibiotics and
immune responses [10]. Therefore, inhibition of hyphal development and inhibition of
biofilm formation are considered to be an effective strategy against C. albicans infection.
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Currently, there are very few drugs for the treatment and prevention of Candidiasis
in clinic. The polyene antibiotic is the earliest specific drug isolated from Streptomyces
nodosus in the 1950s to treat yeast infection. Since then, many antifungal agents have been
developed [11,12]. There are four types of antifungal agents for C. albicans infection [13].
The most commonly used antifungal drugs and the mechanism of action include:(1) The
widest range and most effective is polyene (Amphotericin B), which can kill most fungi.
Polyenes bind to ergosterol in fungal cell membranes, creating stomata and causing cell
death [14,15]. (2) Triazole antifungal drugs (fluconazole, voriconazole and itraconazole).
Azoles can inhibit lanosterol 14α demethylase, which is an important enzyme in ergosterol
biosynthesis [16–19]. (3) 5-fluorocytosine, it inhibits fungal DNA synthesis by inhibiting
thymidylate synthetase [12,20]. (4) There are also some echinocandin antifungal drugs
(anidulafungin, micafungin, and caspofungin) [21–27]. The mechanisms of these bioactive
compounds against C. albicans are mainly related to inhibition of biofilm formation, inhi-
bition of virulence factors and destruction of cell wall integrity. With the increasing drug
resistance of C. albicans, it is compelling to find new antifungal methods and reagents to
solve this complex medical problem. Biological control is considered to be a more effective
and safe strategy [1,28,29].

Novel natural compounds produced by microorganisms, due to their complex struc-
tures, may exhibit novel antibacterial mechanisms and different modes of action. Moreover,
they were considered as candidates to reduce drug resistance. People have been trying
to find unique antifungal drugs from nature, which has led to important advances in the
development of new antifungal drugs.

In recent years, there have been some reviews on natural products that could inhibit
C. albicans [2,30–37]. In this paper, we have reviewed the antagonistic microorganisms
against C. albicans considered in recent years and have also reviewed the active natural prod-
ucts produced by microorganisms that inhibit C. albicans. Researchers focus on the study of
antagonistic microorganisms in order to use probiotics to inhibit C. albicans. Through the
review of secondary metabolites, it can provide a reference for clinical drug development.

2. Antagonistic Microbes against C. albicans

Traditional azoles and their derivatives have poor effect on preventing recurrence
of pathogenic fungus. In some patients, fluconazole can cause some side effects such as
headache, discomfort, dizziness, gastrointestinal and, rash [38]. Bacteria, yeast, and fungus
all can develop resistance to antibiotics and bactericidal chemicals [39]. Biological control
of microbial infections is an alternative approach that utilizes antagonistic microorganisms
to prevent the growth and infection of harmful microorganisms. Diverse microorganisms,
including fungi (such as non-toxic Aspergillus, Trichoderma, Penicillium), yeast strains, and
bacteria, have been studied as potential antagonistic organisms for the control of C. albicans.
In this review, the microorganisms that inhibit C. albicans and their secondary metabolites
are introduced from the perspective of antagonistic microorganisms. The microorganisms
that have potential antagonism against C. albicans are listed in Table 1. The main species and
inhibition activities of these antagonistic strains are also discussed. We have reviewed the
antagonistic microorganisms against C. albicans in recent years with the aim to develop a
new natural material, using beneficial bacteria or fungus, that would be useful for inhibiting
the growth of pathogenic C. albicans in the human body.

As shown in Figure 1, the article reporting Bacillus spp. antagonists were dominant
(40%) compared with the article reporting antagonistic Bifidobacterium (20%), antagonistic
Lactobacillus genus (13.33%), antagonistic yeast (6.67%) and other antagonistic strains (20%).
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Table 1. Antagonistic Microbes against C. albicans.

Antagonists Species Activity References

Bacillus spp.

B. sphaericus A16, B. circulans M142, B.
brevis M166, B. brevis T122

Strains showed extensive
inhibition against

C. albicans.
[40]

B. subtilis spizizenii DK1-SA11 Cell-free supernatant had significant
inhibitory activity against C. albicans. [41]

B. velezensis DTU001

Significantly inhibited the
proliferation of C. albicans, and the
inhibition ability of the strain was

better than that of a
single lipopeptide.

[42]

Bifidobacterium

B. amyloliquefaciens
SYBC H47

Cell-free supernatant and Cell
suspension had obvious inhibition

against C. albicans.
[43]

B. velezensis 1B-23 Inhibited C. albicans growth in vitro. [44]

B. longum BB536
The supernatant of fermented

broccoli could inhibit the growth of
C. albicans in vitro.

[45,46]

Lactobacillus genus
L. johnsonii MT4 Inhibited planktonic growth and

biofilm formation of C. albicans [47]

Lactobacillus Regulated growth and virulence of
C. albicans through niche competition. [48]

Yeast Metschnikowia pulcherrima Strong antagonistic activity against
C. albicans. [49]

Other strains

Enterococcus Regulated growth and virulence of
C. albicans through niche competition. [48]

Pseudomonas fluorescens
The strain showed extensive

inhibition against
C. albicans.

[40]

Salivarius MG242
The strain had significant inhibitory

effect on
C. albicans.

[50]
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2.1. Antagonistic Effect of Bacillus spp. against C. albicans

Some beneficial bacteria or fungus are widely used in biocontrol. In particular, it is
well known that Bacillus spp. is an excellent source of antifungal drugs, thus Bacillus spp.
is widely used as a biological control agent [51–53]. Bacillus species are Gram-positive
bacteria that can survive in different environments. They could form endospores and
produce a large number of metabolites [53].
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Researchers isolated four strains of Bacillus A16 (B. sphaericus), M142 (B. circulans),
M166 (B. brevis) and T122 (B. brevis) from soil samples. These Bacillus showed extensive
inhibitory activity against C. albicans [40]. Among them, B. brevis M166 showed antifungal
activity against all tested microorganisms (Sclerotium rolfsii, Rhizoctonia solani, Fusarium
oxysporum, Staphylococcus aureus and C. albicans), with a relatively wide antimicrobial
spectrum. B. circulans M142 had strong antibacterial activity against C. albicans and S. aureus,
while B. brevis T122 only had antibacterial activity against C. albicans. To our knowledge,
no specific compounds inhibiting C. albicans had been identified.

In addition to the antifungal activity of Bacillus spp. from soil samples, Bacillus
spp. from marine samples was also found to have inhibitory activity against C. albicans.
B. subtilis spizizenii DK1-SA11 was isolated from Bay of Yellow Sea in China [41]. The cell-
free supernatant had significant inhibitory activity against C. albicans. The inhibitory active
ingredient had not been identified but was stable in nature, while the enzymatic hydrolysis
of lipase, trypsin and papain made it lose activity. Antimicrobial activity tests against
pathogens indicated that this strain could be used as a source of antibiotics, synbiotics,
and probiotics.

B. velezensis was widespread in the environments and produced abundant lipopeptides
with good bacteriostatic effect. Some researchers have studied on the inhibitory spectrum
of B. velezensis DTU001 against 20 different species of human and/or plant pathogenic
fungi [42]. The results showed that B. velezensis DTU001 was superior to a single lipopeptide
(fengycin and iturin) in inhibiting the selected fungi. Co-culture of B. velezensis DTU001
and C. albicans significantly inhibited C. albicans proliferation, which further supported the
biological control properties of B. velezensis DTU001.

B. amyloliquefaciens SYBC H47 was isolated from honey [43]. The cultured cell-free
supernatant had significant inhibitory activity against C. albicans. The main antibacterial
substances were surfactin, fengycin and bacillomycin. Three compounds had an inhibitory
effect on spore germination of Botryosphaeria dothidea. However, compounds that inhibit
C. albicans had not been identified.

Bacillus velezensis 1B-23 had inhibitory effect on the growth of C. albicans in vitro. It
had a certain application prospect as a biological agent for biological control of fungal
pathogens [44].

2.2. Antagonistic Effect of Bifidobacterium spp. against C. albicans

Bacillus spp. has been used clinically because of its bacteriostatic activity. Another
probiotic, Bifidobacterium, can also be used to prevent and treat intestinal flora disorders
in clinic. Bifidobacterium is a vital member of the normal human gut microbiota. Some
strains of Bifidobacterium can be used as probiotics in food, medicine and feed [54,55].
Bifidobacteria could produce acetic acid and/or lactic acid during metabolism. Moreover,
the action of lactic acid would reduce intestinal pH. Thereby, Bifidobacterium could inhibit
the proliferation of pathogenic microorganisms [56,57].

Bifidobacterium longum BB536 which was isolated from the feces of healthy infants had
been commercially used in various food applications and was considered
safe [45,46,58]. The researchers fermented broccoli using B. longum. The supernatant
could inhibit the growth of C. albicans and some other pathogenic bacteria in vitro. Re-
searchers used beneficial bacteria such as bifidobacteria and used broccoli as a substrate for
the growth of beneficial bacteria to develop substances. Maybe, we can use beneficial mi-
croorganisms and their secondary metabolites to develop products that inhibit the growth
of pathogenic microorganisms. For example, as a daily oral care preparation, it can prevent
the growth of C. albicans in human oral cavity [59].

2.3. Antagonistic Effect of Lactobacillus spp. against C. albicans

Lactobacillus johnsonii is a probiotic with wide antimicrobial characteristics and can be
used as an antiallergic drug. Recent studies have shown that L. johnsonii also has inhibitory
effects on C. albicans. L. johnsonii MT4 was isolated from the oral cavity of healthy mice. The

42



Antibiotics 2022, 11, 1238

strain affected the C. albicans growth in both biofilm and planktonic conditions. L. johnsonii
MT4 showed an antagonistic effect on C. albicans, thus inhibiting the biofilm formation
of C. albicans and planktonic growth. The study on the strain genome had shown that it
produced metabolites with anti-C. albicans activity, but no active substances against fungi
have been reported so far. The antibacterial mechanism needed to be further explored [47].

In addition to producing secondary metabolites that antagonize C. albicans, the compe-
tition for ecological niches of different strains during the growth process would also cause
antagonism among strains, such as C. albicans and lactic acid bacteria in the gastrointesti-
nal (GI) tract [48,60]. Non-pathogenic colonization of the human GI tract by C. albicans
was common. C. albicans could regulate bacterial community in mice treated with broad-
spectrum antibiotics. One of the most striking features was the significant change in the
lactic acid bacteria (LAB) levels. C. albicans and Lactobacillus species shared a metabolic
niche throughout the GI tract. LAB could antagonize Enterococcus and C. albicans in the
GI tract. C. albicans and Lactobacillus could mutually regulate each other’s growth and
virulence in the GI tract [48].

2.4. Antagonistic Effect of Yeast against C. albicans

In addition to the bacteria mentioned above, yeast can also be used for biological
control. Metschnikowia could accumulate pigments in cells and growth media. It was a
highly effective biocontrol yeast. Antagonism of M. pulcherrima against phytopathogens
had been demonstrated [49]. The researcher investigated three new strains of Metschnikowia
which were isolated from grapes. The strain had strong antagonistic activity against
C. albicans. The three strains produced the same amount of nevus pigments, but there were
significant differences in antifungal activities against different microorganisms [61,62].

2.5. Antagonistic Effect of Other Strains against C. albicans

Salivarius MG242 isolated from human vagina presented a potential application in the
biological control of C. albicans. MG242 had an obvious inhibitory impact on C. albicans,
and the strain had the possibility to be developed into a probiotic product for the treatment
of C. albicans. In order to develop stable living cell products, it was necessary to maintain
anti-Candida activity and preserve cell viability during lyophilization. Lower storage
temperature extended shelf life to 8.31 months [50]. Strains of K124 (P. fluorescens) was also
isolated from soil samples, e.g., B. sphaericus A16, B. circulans M142, B. brevis M166 and
B. brevis T122. P. fluorescens K124 showed extensive inhibitory activity against C. albicans [40].
P. fluorescens K124 only had antifungal activity against C. albicans. At present, no inhibitory
compounds produced by the strain have been identified.

2.6. A Conclusion of Antagonistic Microbes

In conclusion, Bacillus, Bifidobacterium, Lactobacillus, and yeast strains can antagonize
the growth of C. albicans. In particular, many strains of Bacillus have obvious advantages to
exert antagonistic strains. Most of the strains exert antagonistic effects by producing active
compounds. Moreover, some inhibit the growth of C. albicans through niche competition.
We should intensify research on strains with inhibitory activity, especially probiotics.
Research on different strains, especially probiotics, with antifungal activity is helpful to
develop the agent for inhibiting C. albicans. Since the effective components of some strains
against C. albicans are not clear, the compounds with obvious inhibitory activity should be
further analyzed.

3. Inhibitory Nature Metabolites Produced by Diverse Antagonists

Secondary metabolites derived from many plants and microorganisms are valuable
natural compounds. Many natural products have significant biological activities, such as
anti-tumor activity, antibacterial activity [63–65]. The antagonistic effect of the strain is
mainly due to the production of natural secondary metabolites, such as antibiotics and
antimicrobial peptides [66–68]. The antifungal compounds reviewed in this paper are
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secondary metabolites derived from microorganisms for biological control of C. albicans
and have strong inhibition against C. albicans. Table 2 lists the various antagonistic mi-
crobial strains, the characteristics of the active compounds produced, and their inhibi-
tion mechanism against C. albicans. Table 3 lists the structure and the activity of these
inhibitory compounds.

Table 2. Inhibitory nature metabolites produced by antagonists against C. albicans.

Sources Inhibitory Compounds Main Characteristics of
the Compounds Other Inhibitory Actions References

Bacteria

Bacillus subtilis 5HM2F Inhibit morphological transition

Reduced levels of secreted
virulence factors and

ergosterol to reduce the main
sources of biofilms.

[69]

Pantoea agglomerans C9-1
2-amino-3-(oxane-2,3-

dicarboxamido)
propanoyl-valine

Inhibit growth None [70]

Tenacibaculum
discolor sv11

Dipyrrolepyridines
A and B Inhibit growth [71]

Yeast

Saccharomyces boulardii Capric acid
Inhibit hyphal formation,

adhesion and
biofilm development

Transcriptional levels of
HWP1, INO1 and CSH1 genes

were decreased.
[72]

Eendophytic fungi

Biatriospora sp. Biatriosporin D
Inhibit adhesion, biofilm

formation and hyphal
morphogenesis

Regulated Ras1-CAMP-Efg1
pathway, disrupted

morphological transition and
attenuated virulence

[73]

Drechmeria sp. Drechmerin B Inhibit growth None [74]
Phoma sp. SYSU-SK-7 Colletotric A Inhibit growth None [75]

Stachybotrys
chartarum Atranone Q Inhibit growth None [76]

Xylaria sp. YM 311647 Sesquiterpenes and
Isomatanic diterpenes Inhibit growth None [77]

Marine fungi

Aspergillus isolates from
Waikiki Beach Waikialoid A and Waikialide A Inhibit biofilm formation None [78]

Penicillium meleagrinum
var. viridiflavum PF1163A and B Inhibit growth None [79]

Penicillium minioluteum ZZ1657 Purpurides E and F Inhibit growth None [80]

Marine actinomycetes

Actinoalloteichus cyanogriseus
WH1-2216-6 Caerulomycin A and C Inhibit growth None [81]

Streptomyces sp. Bahamaolides A Inhibit isocitrate lyase None [82]

Streptomyces sp. ZZ741 Streptoglutarimides A-J and
Streptovitacin A Inhibit growth None [83]

Lichen

lichens Usnic acid
Reduce the thickness of mature

biofilms and Inhibit
biofilm adhesion.

[84]

lichens Retigeric acid B Inhibit hyphal formation

RAB regulated the
Ras1-cAMP-Efg1 pathway

and inhibited
hyphal formation

[85]

Lichens with
Talaromyces funiculosu Funiculosone Inhibit growth None [86]

Other strains

Acremonium sp. PSU-MA70 8-Deoxytrichocin and
trichodermol Inhibit growth None [87]

Aspergillus micronesiensis Cyschalasins A and B Inhibit growth None [88]
Curvularia hawaiiensis TA26-15 Moriniafungins B-G Inhibit growth None [89]

Fusarium and Gibberella species Zearalenone Inhibit biofilm formation of and
hyphal morphogenesis None [90–92]

Fusarium spp. Deoxynivalenol Inhibit biofilm formation and
reduce metabolic activity

DON and its derivatives
interplayed with lanosterol

14a-demethylase
[93]

Penicillium fuscum and Penicillium
camembertii/clavigerum Berkleyolactone A Inhibit growth A new mode of action that

had not been resolved [94]

Ustilago maydis Ustilagic acid B and C Inhibit growth None [95]

5HM2F: 5-hydroxymethyl-2-furaldehyde.
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Table 3. The structures and activity of compounds against C. albicans.

Inhibitory Compounds Compound Structure Activity References

Terpenoids

Isomatanic diterpenes
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Table 3. Cont.

Inhibitory Compounds Compound Structure Activity References

Organic acids

Capric acid
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Dipyrrolepyridines 

A and B 

 

Certain antibacte-

rial activity. 
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centration was 2 

μg/mL  

[73] 

Drechmerin B 

 

The MIC value 

was 12.5 μg/mL. 
[74] 
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64 µg/mL, respectively. [87]
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Table 3. Cont.
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3.1. Nature Products Produced by Bacteria

Bacillus produces diverse active compounds, such as proteases, amylases, surfactants,
and antibiotics [66,96–99]. Due to the high yield of antifungal active substances and the
advantage of releasing peptides directly into the extracellular, Bacillus subtilis is a potential
strain for the production of antifungal compounds [100–102]. The B.subtilis isolated from
marine had antifungal membrane effect on C. albicans. It was found that 5-hydroxymethyl-
2-furaldehyde (5HM2F) was one of the main components that inhibited C. albicans in
the fermentation broth [69]. 5HM2F effectively disrupted the hyphal-like morphological
transition of C. albicans and prevented the initial adhesion process. Further studies showed
that 5HM2F reduced the main source of biofilms by reducing the levels of secreted virulence
factors and ergosterol. In addition, the combination of 5HM2F with azole antifungal drugs
effectively enhanced the anti-C. albicans activity of the tested drugs. Transcriptional level
studies showed that 5HM2F increased the sensitivity of C. albicans to antifungal drugs by
negatively regulating the expression levels of genes related to drug resistance mechanisms.
As an antagonist, 5HM2F effectively inhibited the biofilm formation and reduced the
resistance of C. albicans to traditional antifungal drugs.

Pantoea agglomerans are widespread in the environment [103,104]. P. agglamerans strain
C9-1 was used as a biological control agent (BlightBan C9-1). A peptide antibiotic was
isolated. The compound was 2-amino-3-(oxane-2,3-dicarboxamido)propanoyl-valine. This
compound showed effectively inhibition on the growth of C. albicans [70].

Six novel alkaloids containing phenethylamine (PEA) were isolated from the culture
medium of Tenacibaculum discolor sv11. Among them, Dipyrrolepyridines A and B had
certain inhibitory activity against C. albicans FH2173 [71].
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3.2. Nature Products Produced by Yeast

The researchers found that S. boulardii had inhibitory activity on C. albicans. The
fermentation broth extracts inhibited hyphae formation, adhesion and biofilm develop-
ment of C. albicans [72]. Further analysis showed that the fermentation broth contained
2-phenylethanol, capric, caprylic and caproic acid. The fermentation broth and the isolated
pure compounds were tested for biological activity against C. albicans. Capric acid inhibited
hyphae formation in C. albicans and also reduced adhesion and biofilm formation. However,
compared with S. boulardii extract, the inhibitory effect on C. albicans was reduced by three
times in the case of capric acid alone, so other compounds were contained to inhibit the
adhesion of C. albicans. The transcriptional levels of CSH1, INO1, and HWP1 genes were
decreased in C. albicans treated with B. boulardii extract and capric acid.

3.3. Nature Products Produced by Endophytic Fungi

Biatriosporin D (BD), A phenolic compound, was isolated from Biatriospora spp. [73].
The compound inhibited biofilm formation, hyphal morphogenesis and adhesion of
C. albicans. Notably, BD efficiently inhibited hyphal formation at doses lower than MIC
value. Further studies showed that BD regulated the Ras1-cAMP-Efg1 pathway through
reducing the cAMP level. As a prodrug, BD showed potential action against C. albicans.
This provided possible application prospects for BD against clinically opportunistic fungi
by targeting fungal virulence.

A fungus Drechmeria sp. was isolated from the roots of Panax notoginseng. Four
known analogs and seven new indole diterpenoids, drechmerins A-G, were isolated
from the fermentation broth. The MIC value of Drechmerin B against C. albicans was
12.5 µg/mL [74].

Five new polyketides and four known analogs were isolated from the Phoma sp. SYSU-
SK-7 [75]. Among them, the polyketide colletotric B had strong antifungal activity against
C. albicans, and the MIC value of colletotric A was 3.27 µg/mL. The MIC value of 3-hydroxy-
5-methoxy-2, 4, 6-trimethylbenzoic acid was 2.62 µg/mL, and the MIC value of orsellinic
acid was 2.10 µg/mL.

Three new monomers were isolated from the marine strain Stachybotrys Chartarum.
The MIC value of compound Atranone Q was 8 µg/mL [76].

Nine sesquiterpenes and three diterpenes were isolated from the fermentation broth
of the Xylaria sp. YM 311647 [77]. The MIC values of nine sesquiterpenes against C. albicans
were different, while the activity of diterpenes was higher. One of the sesquiterpenes had
the highest antibacterial activity against C. albicans, with an MIC value 16 µg/mL.

3.4. Nature Products Produced by Marine Fungi

One of the prenylated indole alkaloids, waikialoid A, was isolated from a metabolite-
rich Aspergillus strain near Waikiki Beach. IC50 value of the natural product was 1.4 µM in
inhibiting biofilm formation. Another compound, waikialide A, could inhibit the formation
of C. albicans biofilm with a weaker IC50 value of 32.4 µM [78].

Two new 13-membered macrolide compounds and known PF1163A, B, D, H and F
were isolated from penicillium strain. All of them had inhibitory activity against C. albicans
when used in conjunction with fluconazole [79].

Three drimane sesquiterpene purpurides E-G were isolated from P. minioluteum
ZZ1657. Purpurides E exhibited inhibitory activity against C. albicans with MIC values of
6–12 µg/mL, and Purpurides F was 3–6 µg/mL [80].

3.5. Nature Products Produced by Marine Source Actinomycetes

One new phenylpyridinealkaloid, five known analogues and five new bipyridine
alkaloids were isolated from Actinoalloteichus cyanogriseus WH1-2216-6. The MICs of
caerulomycin A and C against C. albicans were 21.8 and 19.3 µM, respectively [81].
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Two new 36-membered macrolides, Bahamaolides A and B, were isolated from sed-
iments of marine actinomycetes (Streptomyces sp.) on the North Cat Reef, Bahamas. Ba-
hamaolides A obviously inhibited isocitrate lyase of C. albicans [82].

Streptovitacin A and new Streptoglutarimides A-J were isolated from marine acti-
nomycetes Streptomyces sp. ZZ741. The MIC values of the obtained compounds against
C. albicans were 8–20 µg/mL, and Streptoglutarimides D had a better inhibitory effect with
8 µg/mL [83].

3.6. Nature Products Produced by Lichen

Usnic acid, a secondary metabolite of lichens, effectively inhibited the hyphal switch-
ing of C. albicans. Usnic acid significantly reduced the thickness of mature biofilms and
prevented the adhesion of biofilms. At the biofilm inhibitory concentration (BIC), the
inhibitory effect of usnic acid on C. albicans biofilm could reach 65% [84].

As an inhibitor, Retigeric acid B (RAB) derived from lichen significantly inhibited the
hyphae formation of C. albicans [105–107]. RAB prolonged the survival time of nematodes
infected by C. albicans. RAB regulated the Ras1-CAMP-Efg1 pathway by reducing cAMP
levels and inhibitd hyphal formation. By inhibiting the interruption of yeast-hyphal
morphological transition and weakening the virulence of C. albicans, it provided a potential
application for the treatment of C. albicans infection [85].

Funiculosone, a substituted dihydroxanthene-1, 9-dione, was isolated from the lichens of
the Trichosporaceae fungus T. funiculosus. The IC50 value of T. funiculosus was 35 µg/mL [86].

3.7. Nature Products Produced by Other Fungal Sources

8-deoxytrichothecin and trichodermol, isolated from the Acremonium sp. PSU-MA70,
exhibited moderate antifungal activity against C. albicans [87]. Two compounds cyschalasins
A and B were isolated from Aspergillus Micronesiensis and showed antifungal activity against
C. albicans [88]. Moriniafungins B-G, a new tetracyclic diterpene glycoside of Sordarincin,
was isolated from Curvularia hawaiiensis TA26-15. Moriniafungins B-G had antifungal
activity against C. albicans with an MIC value of 2.9 µM [89].

The F2 mycotoxin zearalenone (ZEN) produced by Fusarium and Gibberella species
exhibited in vitro inhibitory effects on different microbial strains [90,91]. 100 µg/mL ZEN
treatment significantly inhibited C. albicans hyphal morphogenesis and biofilm formation.
Similarly, ZEN effectively destroyed established C. albicans biofilms without disturbing the
planktonic cells. In vivo, ZEN prominently inhibited C. albicans infection in Caenorhabditis
elegans [92].

Deoxynivalenol (DON), produced by Fusarium spp., was an epoxide sesquiterpene
compound [93,108–110]. DON and 3-acetyl-DON exhibited a dose-dependent inhibitory ef-
fect on C. albicans in vitro. DON obviously reduced C. albicans metabolic activity, disrupted
pre-formed biofilms, inhibited biofilm formation and inhibited hyphal that embedded in
free-living planktonic cells and colonies. DON and 3-acetyl-DON mimicked the mechanism
of through interplaying with lanosterol 14α-demethylase that was like the action of azole
drugs. DON exhibited antifungal filament and antifungal membrane potential against
C. albicans [111].

A carefully scheduled fermentation of P. camembertii/clavigerum and P. fuscum yielded
eight novel 16-membered ring macrolides, Berkelilactone A exhibited the most potent
antifungal activity in the macrolide series. It had low micromolar inhibitory activity against
C. albicans (MIC = 1–2 µg/mL). Berkelilactone A did not inhibit protein synthesis and did
not target ribosomes, suggesting a new mode of mechanism for its antibiotic activity, but
the specific mechanism had not yet been elucidated [94].

U. maydis secreted a large amount of the glycolipid biosurfactant ustilagic acid. The
new glycolipid ustilagic acid C and B were induced under special culture conditions. And
the two compounds showed weak antifungal activity against C. albicans [95].
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3.8. A Conclusion of Inhibitory Compounds Produced by Antagonistic Microbes

Many natural products that obtained from diverse microbial sources have been suc-
cessfully applied in many fields. To overcome the increasing drug resistance of C. albicans,
the discovery of new natural antifungal compounds is necessary. This review summarizes
about 30 different compounds produced by microorganisms that have been found to have
inhibitory effects on C. albicans. These compounds are derived from different bacteria and
fungi, including bacteria such as Bacillus, T. discolor sv11 and P. agglomerans; yeast such as
S. bombicola and S. boulardii; Phoma spp. SYSU-SK-7, Biatriospora sp.; marine-derived fungi
such as Aspergillus, P. minioluteum ZZ1657; Streptomyces sp.; A. cyanogriseus WH1-2216-6;
Streptomyces sp. ZZ741 and Actinomycetes of marine origin; other fungal sources: Fusarium,
Gibberella species, P. brown, P. camembertii/clavigerum, C. Hawaiian ensis TA26-15, U. maydis;
A. micronesiensis, Acremonium sp. PSU-MA70 and other fungi. It can be seen from Table 2
that the antifungal mechanisms of most isolated known or unknown compounds have
not been clearly analyzed. Only a few compounds have been studied at the transcrip-
tional level. These microorganisms produce compounds with different structures to inhibit
C. albicans in different ways, such as inhibiting biofilm formation and hyphal morphological
transformation.

4. Conclusions

With the emergence of C. albicans resistance against conventional antifungal therapies,
new strategies to treat C. albicans infection are important [112]. Considering that C. albicans
could threaten human life and health when the body’s immune function declines or the
normal flora is out of balance. both Bacillus licheniformis and Bifidobacterium can be used in
clinic to prevent and treat intestinal microbiota disorders. This article reviews the different
antagonistic microorganisms of C. albicans and various bioactive secondary metabolites
produced by microorganisms, which are expected to achieve biological control of human
pathogenic fungus C. albicans.

Biological control of microbial infections is an alternative approach that utilizes antag-
onistic microorganisms to prevent the growth and infection of harmful microorganisms.
Antagonistic microbes, such as bacteria, yeast, and fungus, have been studied as potential
antagonistic organisms for the control of C. albicans. Through the study on diverse strains
with antifungal activity, it is helpful to develop the agent for inhibiting C. albicans. This
is a potential strategy for biological control of C. albicans. On the other hand, secondary
metabolites derived from microorganisms are valuable natural compounds. Many natural
products have diverse structures and can exhibit significant biological activities. The struc-
tures of these compounds include: macrolides, terpenoids, alkaloids, organic acids, and
other heterocyclic compounds. The secondary metabolites introduced in Tables 2 and 3 can
significantly inhibit C. albicans. They are produced by diverse microorganisms. However
no identified compounds are currently used as a drug against C. albicans. There are still
four types of antifungal agents for C. albicans infection: polyene, triazole, 5-fluorocytosine,
and echinocandin antifungal drugs [13]. Through the study of these active compounds, it
is expected to obtain new drugs for the treatment and prevention of C. albicans infection,
thereby maintaining human health.
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Abstract: Global demand for safe, effective and natural products has been increasing in parallel
with consumers’ concerns about personal and environmental health. Propolis, a traditional and
potentially medicinal product with several health benefits, is a beehive product with a worldwide
reputation. However, despite the bioactivities reported, the low productivity and high chemical
heterogeneity have been extensively hampering broader industrial uses. To assist in overcoming some
of these problems, we prepared and characterized mixtures of ethanol extracts of a heterogeneous
propolis sample (Pereiro) collected over a five-year period (2011–2015) and, additionally, we mixed
two different propolis samples from distinct regions of Portugal (Pereiro and Gerês), also harvested
at different times. An investigation of the antimicrobial and antioxidant properties, as well as
characterization of the chemical composition of the eleven propolis blends were performed in this
work. The antioxidant and antimicrobial activities of such blends of propolis samples, either from
different localities and/or different years, were maintained, or even enhanced, when a comparison of
the individual extracts was conducted. The differences in the chemical composition of the original
propolis samples were also diluted in the mixtures. The results reemphasize the great potential of
propolis and suggest that mixing different samples, regardless of provenance or harvesting date, can
contribute to propolis standardization while simultaneously increasing its availability and adding
value to this beehive byproduct.

Keywords: propolis; ethanol extracts; blends of propolis; phenolic compounds; antimicrobial activity;
antioxidant potential

1. Introduction

The global market for natural products has been growing due to increasing consumer
concern about personal health and the widespread use of synthetic chemicals with poten-
tially harmful side effects and environmental impacts. The rising need for safe, effective and
natural alternatives has given attention to propolis, widely recognized as a traditional and
potentially medicinal product with several health benefits [1,2]. Propolis or “bee glue” is a
sticky product composed of resinous and balsamic materials collected by bees from several
plant sources and also of other substances resulting from bees’ metabolism [3]. Interest
in propolis has mostly arisen due to its broad range of valuable bioactivities, such as its
antioxidant and antimicrobial properties, which have been mainly ascribed to phenolic
compounds [4–6].

Worldwide demand for propolis has been rising, with China and India being the
fastest-growing markets back in 2015 [7]. Leading the propolis market since 2018, North
America is expected to be at the top by 2024 [8]. According to the most recent projections,
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the global propolis market size is expected to reach around USD 700 million, with a CAGR
(Compound Annual Growth Rate) of 6% between 2019 and 2024 [8].

Despite the difficulty in accurately estimating the total sales of propolis and its byprod-
ucts, as beekeeping is essentially a home-made industry, US propolis sales were estimated
at 46,000 € in 1996 [9]. Japan’s interest in propolis has triggered a price increase from 4.4 to
176.4 €/ Kg in recent years, revealing the economic potential of bee glue [10]. However,
in other countries, such as Portugal, propolis has still been an undervalued and cheaper
beehive product [11], not because of a lower quality but rather due to its low level of ex-
ploitation [12,13]. This low level of commercial exploitation by most Portuguese beekeepers
is mainly due to their lack of awareness and lack of technical knowledge, along with the
rooted tradition of honey production, making propolis production practically neglected in
the context of national apiculture [14]. Additionally, propolis productivity is very low: a
European hive can produce between 50–150 g propolis per year [15] and, almost similarly,
the estimated annual production of Portuguese propolis is around 100 g/ hive [15]. Lower
productivities, such as 15.7 g propolis/ hive [16] or 24.2 ± 22.5 g/ hive [17] have been
reported worldwide too, contributing to a reduced interest in propolis production as a
considerable volume is often required by its main target, the pharmaceutical industry. In ad-
dition, until adequate quality parameters are developed, propolis will remain an alternative
treatment without acceptance in medicine. The complex and variable propolis chemistry
makes propolis quality standardization very challenging. More than 800 different chemical
compounds were identified but the link between marker compound(s) for propolis and
their respective therapeutic potential is still missing [18].

Some factors have been identified as determinants in propolis production and quality —the
resin botanical origin, the genetics of the honey bee, the hive structure and material, food
availability, environmental factors, and disease (see [19] for a review)—but the lack of
quality standards and proper legislation still hinders the introduction of propolis to the
world market. Therefore, a compilation of the parameters that need to be ensured to
commercialize propolis for specific applications is critical and regulatory agencies should
establish the quality parameters for propolis in a certain country.

The low productivity of propolis and its great chemical variability allied to the lack
of standardization are the main obstacles to propolis applications, for example, in the
food industry as a food preservative but especially in the pharmaceutical industry for
therapeutic purposes [10,20–22]. In this framework, and given the great potential of this
natural product [6,23,24], the aim of this work is the evaluation of the antimicrobial and
antioxidant activities of mixtures of propolis, as well as the characterization of its chemical
composition through in vitro methodologies. We previously showed that mixing ethanol
extracts of propolis collected over five years from an apiary (Gerês; G) results in the
maintenance or improvement of bioactivities [13]. However, propolis from Gerês seems
rather unique, as it shows chemical and biological constancy along harvests in different
years [25], which is different to what is largely known for bee glue. As a result, we intended
to go further in evaluating (i) the outcome of mixing a very different but more typical
propolis sample collected in different years from another apiary (Pereiro; P) and showing
different bioactive and chemical profiles over the years [26]; and (ii) the effect of blending
the two completely different propolis samples collected from the two apiaries (G and P) in
different years.

Thus, in this study we prepared blends of (i) the ethanol extracts of propolis collected in
Pereiro over a 5-year period (2011–2015); and of (ii) the ethanol extracts of propolis collected
from two distinct apiaries/ regions—Pereiro and Gerês—in selected years. By mixing
propolis from different apiaries and harvesting years, we expect to be able to overcome
the limitations of the low yield per hive diluting the differences found between individual
samples and increasing the available propolis for the market, in this way contributing
towards a standardization of propolis biochemical profiles and propolis value.
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2. Results
2.1. Characterization of Mixtures Obtained from Propolis Samples Harvested from the Same Apiary
over Different Years
2.1.1. Total Polyphenols and Flavonoids Contents

In order to make a broad chemical characterization of individual extracts and blends
of propolis from Pereiro, total polyphenols contents (TPC) and total flavonoid contents
(TFC) were determined (Table 1).

Table 1. Total polyphenols (TPC) and flavonoids contents (TFC) of the ethanol extracts of propolis
harvested at Pereiro in the years 2011 to 2015 and of the mixtures of P.EEs prepared in this work. The
results are presented as mean ± standard deviation of mg of gallic acid equivalents (GAE) and mg of
quercetin equivalents (QE) per g extract (mg GAE/ g extract and mg QE/ g extract per g of extract),
respectively. Significant differences (p < 0.05) between TPC or between TFC of single extracts (P.EEs)
and mixtures of extracts (mP.EEs) are noted with different lowercase letters. Significant differences
between TPC or between TFC of mP.EEs (p < 0.05) are represented with different uppercase letters.

Samples TPC
(mg GAE/ g Extract)

TFC
(mg QE/ g Extract)

P11.EE 224.6 ± 11.5a 43.4 ± 0.7a

P12.EE 173.2 ± 10.1c 32.4 ± 1.5b

mP(P11.EE+P12.EE) 206.6 ± 4.5b; A 43.9 ± 2.0a; C

P11.EE 224.6 ± 11.5a 43.4 ± 0.7a

P13.EE 217.6 ± 6.6a 38.1 ± 2.0b

mP(P11.EE+P13.EE) 200.3 ± 6.3b; A 46.2 ± 0.8a; C

P11.EE 224.6 ± 11.5a 43.4 ± 0.7b

P14.EE 174.4 ± 4.2c 33.4 ± 2.0c

mP(P11.EE+P14.EE) 198.5 ± 9.3b; A 47.7 ± 0.5a; C

P12.EE 173.2 ± 10.1b 32.4 ± 1.5c

P13.EE 217.6 ± 6.6a 38.1 ± 2.0b

mP(P12.EE+P13.EE) 194.9 ± 12.2b; A 44.6 ± 2.7a; C

P13.EE 217.6 ± 6.6a 38.1 ± 2.0b

P14.EE 174.4 ± 4.2b 33.4 ± 2.0b

mP(P13.EE+P14.EE) 202.5 ± 10.5a; A 47.8 ± 2.1a; C

P13.EE 217.6 ± 6.6b 38.1 ± 2.0c

P15.EE 262.2 ± 4.3a 78.4 ± 1.7a

mP(P13.EE+P15.EE) 204.6 ± 15.5b; A 67.9 ± 2.0b; A

P14.EE 174.4 ± 4.2c 33.4 ± 2.0c

P15.EE 262.2 ± 4.3a 78.4 ± 1.7a

mP(P14.EE+P15.EE) 209.2 ± 16.5b; A 67.0 ± 2.2b; A

P11.EE 224.6 ± 11.5a 43.4 ± 0.7a

P12.EE 173.2 ± 10.1b 32.4 ± 1.5c

P13.EE 217.6 ± 6.6a 38.1 ± 2.0b

mP(P11.EE−P13.EE) 202.6 ± 12.4a; A 46.5 ± 2.6a; C

P11.EE 224.6 ± 11.5b 43.4 ± 0.7c

P12.EE 173.2 ± 10.1c 32.4 ± 1.5e

P13.EE 217.6 ± 6.6b 38.1 ± 2.0d

P14.EE 174.4 ± 4.2c 33.4 ± 2.0e

P15.EE 262.2 ± 4.3a 78.4 ± 1.7a

mP(P11.EE−P15.EE) 215.1 ± 11.3b; A 55.3 ± 1.7b; B

Note: mP—mixtures of P.EEs. Different lowercase letters (a, b, c, d, e) were used for significant differences
(p < 0.05) between TPC or between TFC of single extracts (P.EEs) and mixtures of extracts (mP.EEs). Different
uppercase letters (A, B, C) were used for significant differences between TPC or between TFC of mP.EEs (p < 0.05).

The total polyphenols content of mixtures of ethanol extracts of Pereiro propolis
(Table 1) range between 194.9 and 215.1 mg GAE/ g propolis extract, displayed by the
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mixture of P12.EE and P13.EE (mP(P12.EE+P13.EE)) and the mixture of all of the five EEs
of propolis collected in different years, respectively. The TPC of mP.EEs is frequently
amid the contents of the individual EEs of Pereiro propolis. Interestingly, the exception
was for the mixtures mP(P11.EE+P13.EE) and mP(P13.EE+P15.EE), with a slightly lower content
when compared with the respective individual extracts, which are the ones with the
highest TPC. The nature of the method for estimation of the phenolic content might
account for such results, as the TPC methodology is based on the reduction of the Folin–
Ciocalteu reagent, which could be affected by synergisms and/ or antagonisms of the
phenolics that came together when the mixtures were prepared. The method was reported
as giving higher values for polyphenols than the sum of the individual compounds as
measured by HPLC [27]. Oxidation of multiple phenolic groups may generate products
that are themselves reducing agents, thus giving a higher Folin value but the same can
potentially occur in vivo and thus the Folin–Ciocalteu measurement may be relevant [28].
However, despite the differences observed between the individual extracts, the TPC of the
mixtures were very similar (p > 0.05; A). In addition, the TPC of the mP.EEs were similar
to the ones found in other single EEs of European propolis samples [29,30], meaning that
even when mixing propolis samples with different TPC values, the phenolics contents
of the blends remain within the values generally found for propolis from other sources.
Moreover, the mixtures obtained from individual extracts with high and low TPC produced
blends with intermediate TPC (see the pairings) or high TPC (compare, for instance,
mP(P11.EE − P15.EE) and mP(P11.EE−P13.EE) with their respective individual PEEs), highlighting
not only that blending diluted the content differences between samples, but also that
blending samples of several years did not significantly reduce the high TPC found in the
samples of particular years.

The total flavonoids content (Table 1) varied between 43.9 and 67.9 mg QE/ g propo-
lis extract in the mP.EEs, with the higher contents being measured in P15.EE-containing
mixtures (from 55.3 to 67.9 mg QE/ g extract), with this individual extract being the one
displaying the highest TFC (78.4 mg QE/ g extract). The TFC of the mixtures generally
maintained the values of the individual extracts or showed a slight increase. Still, the values
were within the range of contents found in other European individual samples [31,32]. In
the case of the TFC, the pairings obtained with an extract of high TFC (again those from
odd years) always resulted in mixtures retaining this high value or with a significantly
higher TFC, but nevertheless within the range of contents found in other European indi-
vidual samples [31,32]. This increased TFC of the mixtures may be due to the occurrence
of some kind of synergism between compounds from different extracts and suggests a
higher potential of blends in a broad spectrum of applications. In addition, as shown by
Chang et al. [33], this method does not detect flavanones since these compounds do not
form stable complexes with Al3+. Nevertheless, the contents in flavones and flavonols
detected by the assay are reliable indicators of the antioxidant activity of the samples (see
further discussion in Figure 1b).
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Figure 1. Correlation between antioxidant potential (EC50 values)) and TPC (a) or TFC (b) of indi-
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Figure 1. Correlation between antioxidant potential (EC50 values)) and TPC (a) or TFC (b) of
individual ethanol extracts of propolis from Pereiro (•) and of mP.EEs (•).
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2.1.2. Antioxidant Potential of Propolis

Antioxidant activity, expressed by the EC50 parameter, varied between 12.3 and
14.9 µg/mL (Table 2) for Pereiro propolis-containing mixtures. Interestingly, even when the
EC50 values were very different among the individual extracts of the blend, the antioxidant
potential of the majority of mP.EEs was similar to the one of the most-active individual ex-
tracts present in the blend (see, for instance, mP(P11.EE+P12.EE) and mP(P11.EE+P14.EE)), except
for P15.EE-containing blends, which showed an intermediate EC50 value. Together, these
results highlight the advantage of mixing multiple propolis samples: higher homogeneity
between blends/lots, thereby contributing to its standardization, and maintenance of the
higher phenolic and flavonoid contents and antioxidant capacity, meaning an improved,
more constant and predictable quality of the blends.

Table 2. P.EEs’ and mP.EEs’ ability to capture DPPH• free radicals. Antioxidant potential is expressed
as a mean ± standard deviation of EC50 values (µg/mL). Significant differences between single P.EEs
and mP.EEs (p < 0.05) are noted with different lowercase letters. Significant differences between
mP.EEs (p < 0.05) are represented with different uppercase letters.

Samples EC50 (µg/mL)

P11.EE 14.7 ± 2.7a

P12.EE 22.0 ± 0.4b

mP(P11.EE+P12.EE) 13.5 ± 0.3a; A,B,C

P11.EE 14.7 ± 2.7a

P13.EE 15.2 ± 2.3a

mP(P11.EE+P13.EE) 12.5 ± 0.2a; A,B,C

P11.EE 14.7 ± 2.7b

P14.EE 20.3 ± 0.3a

mP(P11.EE+P14.EE) 12.8 ± 0.3b; A,B,C

P12.EE 22.0 ± 0.4a

P13.EE 15.2 ± 2.3b

mP(P12.EE+P13.EE) 14.1 ± 0.7b; A,B

P13.EE 15.2 ± 2.3b

P14.EE 20.3 ± 0.3a

mP(P13.EE+P14.EE) 14.9 ± 0.4b; A

P13.EE 15.2 ± 2.3a

P15.EE 10.3 ± 1.7b

mP(P13.EE+P15.EE) 12.3 ± 0.2a,b; C

P14.EE 20.3 ± 0.3a

P15.EE 10.3 ± 1.7c

mP(P14.EE+P15.EE) 13.8 ± 0.6b; A,B

P11.EE 14.7 ± 2.7b

P12.EE 22.0 ± 0.4a

P13.EE 15.2 ± 2.3b

mP(P11.EE−P13.EE) 13.8 ± 0.7b; A,B

P11.EE 14.7 ± 2.7c

P12.EE 22.0 ± 0.4a

P13.EE 15.2 ± 2.3c,b

P14.EE 20.3 ± 0.3a,b

P15.EE 10.3 ± 1.7d

mP(P11.EE−P15.EE) 13.7 ± 0.4c; B

Note: mP—mixtures of P.EEs. Different lowercase letters (a, b, c, d) were used for significant differences (p < 0.05)
between TPC or between TFC of single extracts (P.EEs) and mixtures of extracts (mP.EEs). Different uppercase
letters (A, B, C) were used for significant differences between TPC or between TFC of mP.EEs (p < 0.05).

In general, all of the mixtures displayed a similar antioxidant potential (Table 2),
once again in the range reported both for single European (26.45 µg/mL Ireland and
27.72 µg /mL Czech Republic) [29,34] and for other individual Portuguese propolis samples [35],
even being propolis diverse in this activity as well [36,37]. A lower DPPH• scavenging
activity (IC50 = 32.35 ± 2.84 µg mL−1) was reported for an EE of Chinese propolis [38],
whereas Brazilian green propolis appears to have the best antioxidant potential [39].
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Figure 1 shows a negative correlation between both the TPC (Figure 1a) and TFC
(Figure 1b) values (Table 1) of the P.EEs and their antioxidant capacity, measured by the
radical scavenging activity (Table 2); the higher the former, the higher the latter. In addition,
it shows that, when mixing propolis individual extracts, the TPC, TFC and EC50 values of
the mixtures narrowed down its range, clustering near the most active and phenolic-rich
individual extracts. Yet, when mixing propolis, the TPC, TFC and radical scavenging
activity of the mixtures stood between the values of the individual samples or similar to
the most active individual propolis extract. In fact, mP.EEs displayed roughly the same
EC50 value (Figure 1a,b; black dots) regardless of the TPC (Figure 1a) or the TFC (Figure 1b)
of the individual extracts (red dots).

These observations suggest that mixing different known propolis samples will ensure
that the bioactivities of the mixtures will be in the range of the individual samples, making
the choice of blends more predictable in terms of their bioactivity, thereby contributing to
normalizing the antioxidant potential.

2.1.3. Antimicrobial Potential of Propolis

Antibacterial properties of EEs and of mixtures of EEs of propolis from Pereiro samples
are presented in Table 3. In most cases mP.EEs showed antibacterial activity that was
identical to the most-active single extract, as seen in mP(P11.EE−P13.EE) against Bacillus
subtilis and Staphylococcus aureus, or an even higher activity such as in mP(P11.EE+P12.EE)
against B. subtilis or mP(P13.EE+P15.EE) against S. aureus.

Table 3. MIC values (µg/mL) of the ethanol extracts of propolis from Pereiro collected from 2011
to 2015 and of the mixtures of P.EEs against Bacillus subtilis, Propionibacterium acnes, Staphylococcus
aureus, methicillin-resistant Staphylococcus aureus (MRSA) and Escherichia coli. The results show the
mean ± standard deviation of three assays with three replicates each.

Gram-Positive Gram-Negative

Samples B. subtilis P. acnes S. aureus MRSA E. coli

P11.EE 500 —– >750 —– —–
P12.EE 500 —– 500 —– >1000

mP(P11.EE+P12.EE) 200 500 500 1500 1500

P11.EE 500 —– >750 —– —–
P13.EE 200 —– 750 —– —–

mP(P11.EE+P13.EE) 200 500 750 1500 1500

P11.EE 500 —– >750 —– —–
P14.EE 100 —– 500 —– —–

mP(P11.EE+P14.EE) 200 500 500 1500 1500

P12.EE 500 —– 500 —– >1000
P13.EE 200 —– 750 —– —–

mP(P12.EE+P13.EE) 200 500 500 1000 1000

P13.EE 200 —– 750 —– —–
P14.EE 100 —– 500 —– —–

mP(P13.EE+P14.EE) 200 500 500 1500 1500

P13.EE 200 —– 750 —– —–
P15.EE 500 200 750 >1250 >1250

mP(P13.EE+P15.EE) 200 500 500 1000 1000

P14.EE 100 —– 500 —– —–
P15.EE 500 200 750 >1250 >1250

mP(P14.EE+P15.EE) 200 500 500 >1500 >1500

P11.EE 500 —– >750 —– —–
P12.EE 500 —– 500 —– >1000
P13.EE 200 —– 750 —– —–

mP(P11.EE−P13.EE) 200 500 500 1500 1500

P11.EE 500 —– >750 —– —–
P12.EE 500 —– 500 —– >1000
P13.EE 200 —– 750 —– —–
P14.EE 100 —– 500 —– —–
P15.EE 500 200 750 >1250 >1250

mP(P11.EE−P15.EE) 200 500 500 1500 1500

Note: mP—mixtures of P.EEs.
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The same type of result was observed against more-resistant bacteria, such as methicillin-
resistant Staphylococcus aureus (MRSA) or Escherichia coli, with mP(P12.EE+P13.EE) and mP(P13.EE+P15.EE)
as the most active mixtures (MIC = 1000 µg/mL). mP.EEs displayed a higher antibacterial
activity against E. coli than individual Portuguese propolis samples studied by [40], though
were similar in their activity against S. aureus. The remaining mixtures showed a similar
antibacterial activity, displaying identical MIC values and being more active against Gram-
positive than towards Gram-negative bacteria, as generally reported [21]. Additionally,
MIC values of propolis mixtures against S. aureus, B. subtilis and E. coli were very close
to the average MIC calculated by [41] from several studies (mean MIC values of EEs of
propolis were 457, 180 and 784 µg/mL respectively).

According to Saraiva et al. [42], plant extracts with MIC ranging from 100 to 500 µg/mL
are active extracts and moderately active if MIC varies from 500 to 1000 µg/mL while
extracts with MIC ranging from 1000 to 2000 µg/mL are considered to have low activity.
Transposing this classification to propolis extracts, mP.EEs were revealed to have particu-
larly interesting activities against B. subtilis, Propionibacterium acnes and S. aureus. Moreover,
although no data were obtained for the individual extracts against P. acnes, for instance,
the MIC of the mixtures and the findings regarding its behavior against the other indicator
strains support the choice of blends over individual extracts and open perspectives for
clinical applications in the case of this acne-causing strain.

The results obtained for mP.EEs anti-yeast activity followed the same pattern as it
did for antibacterial activity. The mixtures mostly displayed an MIC value similar to the
most-active extract or, in some blends, even lower MIC values (Table 4). For S. cerevisiae,
for example, almost all of the mixtures displayed the MIC of the most-active extract, except
mP(P11.EE+P13.EE), which was even more active than the single extracts.

A curious observation from all of these results is that P14.EE, one of the extracts with
the lowest TPC and TFC (Table 1) and antioxidant capacity (Table 2) was the one with the
highest antibacterial activity (Table 3) but did not have a high anti-yeast activity (Table 4),
where typically P15.EE and P15.EE-mixtures excel. This seems to suggest that propolis
mode of action against bacteria is not as tightly related to its level of polyphenols and
flavonoids contents per se, but possibly is related to certain combinations of compounds or
specific synergisms, as has been reported [43].

2.2. Characterization of Mixtures of Propolis Obtained from Two Apiaries and Different Harvesting Years

It is well known that propolis composition depends on a myriad of factors and that
chemical and biological diversity are propolis signatures [21,22,44]. Over the years, propolis
from Gerês, in the north of Portugal, has shown great consistency in terms of its biological
activity and phenolic profiles [25]. On the contrary, propolis from Pereiro, in the center of the
country, has shown great heterogeneity over the years [26]. According to our findings in this
study, blending may potentiate propolis bioactivities and somehow allow us to standardize
its characteristics by diluting year-dependent variability. Similar findings were previously
reported for propolis from Gerês [13], which has been showing remarkably constant
chemical and biological profiles [25]. This constant behaviour may be explained by the
surrounding vegetation of the Gerês apiary, which belongs to a protected area of a National
Park, by the apiculture practices (organic beekeeping) as well as the standardized way of
propolis production and harvesting (from grids, rather than being harvested by scraping
during the annual cleaning of the beehive, as in Pereiro). Therefore, we hypothesized
that mixing samples from different apiaries and harvesting years could result in a similar
outcome in terms of potency. Hence, we investigated the bioactivities of blends based on
propolis samples from Gerês and Pereiro.
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Table 4. MIC values (µg/mL) of the ethanol extracts of propolis from Pereiro collected from 2011 to
2015 and of the mixtures of P.EEs against Saccharomyces cerevisiae and Candida albicans. The results
show the mean ± standard deviation of three assays with three replicates each.

Samples S. cerevisiae C. albicans

P11.EE 750 500
P12.EE >1000 750

mP(P11.EE+P12.EE) 750 750

P11.EE 750 500
P13.EE 750 750

mP(P11.EE+P13.EE) 500 750

P11.EE 750 500
P14.EE 750 >750

mP(P11.EE+P14.EE) 750 750

P12.EE >1000 750
P13.EE 750 750

mP(P12.EE+P13.EE) 750 750

P13.EE 750 750
P14.EE 750 >750

mP(P13.EE+P14.EE) 750 750

P13.EE 750 750
P15.EE 500 500

mP(P13.EE+P15.EE) 500 500

P14.EE 750 >750
P15.EE 500 500

mP(P14.EE+P15.EE) 500 750

P11.EE 750 500
P12.EE >1000 750
P13.EE 750 750

mP(P11.EE−P13.EE) 750 750

P11.EE 750 500
P12.EE >1000 750
P13.EE 750 750
P14.EE 750 >750
P15.EE 500 500

mP(P11.EE−P15.EE) 500 750
Note: mP—mixtures of P.EEs.

2.2.1. Total Polyphenols and Flavonoids Contents

When EEs of propolis from the two apiaries—Gerês and Pereiro—were mixed in two
different blends, the TPC of these mixtures mP + G were similar (Table 5) and comparable
to the TPC values previously observed for mP.EEs (Table 1) (p > 0.05), though it seemed
that G.EE was superimposed in the mixture. Thus, mixing propolis with very different
characteristics, collected from different apiaries and regions of the country as well as from
different harvesting years does not appear to alter the range of the TPC found in mixtures
of propolis from the same apiary (Table 1). In addition, as previously observed for blends
of propolis from Gerês and from different years [13], the TPC values became closer, with
no significant differences between the mixtures, suggesting that mixing propolis samples
can contribute to standardization.
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Table 5. Total polyphenols and flavonoids contents of the mixtures prepared with ethanol extracts of
propolis from Pereiro and from Gerês, considering the most and the least active extract with regard
to its antioxidant activity. The TPC and TFC of each EE are included for ease of analysis. The results
are presented as mean ± standard deviation of mg of gallic acid equivalents per g of extract (mg
GAE/ g extract) and mg of quercetin equivalents per g extract (mg QE/ g extract) for the TPC and
TFC, respectively. Significant differences between single EEs (P and G) and mixtures (mP + G) (p <
0.05) are noted with different lowercase letters. Significant differences (p < 0.05) between mP + G are
represented with different uppercase letters.

Samples TPC
(mg GAE/ g Extract)

TFC
(mg QE/ g Extract)

P14.EE 174.4 ± 4.2b 33.4 ± 2.0b

G15.EE 207.9 ± 7.5a 51.7 ± 0.9a

mP + G(P14.EE+G15.EE) 207.2 ± 6.8a; A 38.5 ± 3.7b; B

P15.EE 262.2 ± 4.3a 78.4 ± 1.7a

G13.EE 205.8 ± 3.5b 32.6 ± 0.8c

mP + G(P15.EE+G13.EE) 217.1 ± 9.1b; A 53.7 ± 4.1b; A

Note: mP + G—mixtures of a P.EE and a G.EE. Different lowercase letters (a, b, c) were used for significant
differences (p < 0.05) between TPC or between TFC of single extracts (P.EEs) and mixtures of extracts (mP.EEs).
Different uppercase letters (A, B) were used for significant differences between TPC or between TFC of mP.EEs
(p < 0.05).

On the contrary, the two tested mP + G mixtures showed different TFC values, the
highest was found in the P15.EE-containing mixture (Table 5), yet an intermediate value
between the ones of the respective individual extracts. Osés et al. [45] also found a high but
diverse TFC in 13 samples of propolis from different American and European regions, with
values ranging between 18.48 and 83.76 mg QE/ g extract, notwithstanding that all had a
strong antioxidant activity, despite their TFC variation.

2.2.2. Antioxidant Potential

In the blends made with EEs of propolis from two different localities, there was also
an improvement of antioxidant capacity relative to the individual extracts, particularly
in m(P14.EE+G15.EE) (Table 6). Despite the EC50 differences between the individual extracts,
both mixtures showed a similar antioxidant potential (Table 6), once again suggesting that
mixing propolis may contribute to the standardization of this natural product.

Table 6. The ability to capture DPPH• free radicals of the P.EE and G.EE mixtures is expressed as
a mean ± standard deviation of EC50 values (µg/ mL). Significant differences between single EEs
(P and G) and mixtures (mP + G) (p < 0.05) are noted with different lowercase letters. Significant
differences between mP + G (p < 0.05) are represented with different uppercase letters.

Samples EC50 (µg/ mL)

P14.EE 20.3 ± 0.3a

G15.EE 19.7 ± 8.8a

mP + G(P14.EE+G15.EE) 15.4 ± 1.5b; A

P15.EE 10.3 ± 1.7c

G13.EE 25.2 ± 2.5a

mP + G(P15.EE+G13.EE) 15.3 ± 2.0b; A

Note: mP + G—mixtures of a P.EE and a G.EE. Different lowercase letters (a, b, c) were used for significant
differences (p < 0.05) between TPC or between TFC of single extracts (P.EEs) and mixtures of extracts (mP.EEs).
Different uppercase letters (A) were used for significant differences between TPC or between TFC of mP.EEs
(p < 0.05).

Thus, the use of mixtures appears to be beneficial, allowing us to make use of even
the least-active propolis samples without a loss of bioactivity or even their potentiation.
Mixing propolis, whether from a single apiary and different harvesting years, or from
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different apiaries and harvesting years, can contribute to the standardization of bioactivity,
as different mixtures show very close EC50, regardless of either TPC or TFC values or
the EC50 values of the individual samples (Figure 2), although in these mixtures the best
correlation with antioxidant capacity was found in the TFC.
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2.2.3. Antimicrobial Potential of Propolis Blends

Propolis antibacterial activity can occur directly against microorganisms or indirectly
by stimulating the immune system [41,46]. Mixtures made with propolis from Pereiro
and Gerês showed MIC values that were generally different to the ones displayed by
the individual extracts (Table 7), albeit no loss of activity was detected. For B. subtilis, for
example, the mixtures were found to have the lowest MIC or an intermediate value between
the two individual extracts. Al-Waili [47] recently reported that mixtures of propolis from
two different regions of Iraq displayed greater antimicrobial activity and faster wound-
healing than individual propolis samples, also showing a greater potential of the mixtures
compared with the individual propolis extracts.

Table 7. MIC values (µg/ ml) of P.EEs and G.EEs blends against Bacillus subtilis, Propionibacterium
acnes, Staphylococcus aureus, methicillin-resistant Staphylococcus aureus (MRSA) and Escherichia coli.
The results show the mean ± standard deviation of three assays with three replicates each.

Gram-Positive Gram-Negative

Samples B. subtilis P. acnes S. aureus MRSA E. coli

P14.EE 100 —– 500 —– —–
G15.EE 50 50 >750 >1250 >1250

mP +
G(P14.EE+G15.EE)

50 500 500 1000 1000

P15.EE 500 200 750 >1250 >1250
G13.EE 50 —– 200 >2000 >2000

mP +
G(P15.EE+G13.EE)

200 500 750 1000 1500

Note: mP + G—mixtures of a P.EE and a G.EE.

Regarding their anti-yeast activity (Table 8), the mixtures mP + G are less active
than P14.EE and P15.EE, but more active (or as active as) the EEs of propolis from Gerês.
Although antibacterial activity is the most prominent antimicrobial propolis property,
propolis mixtures can display antifungal activity to the same extent as individual propolis
samples against C. albicans, for instance. Antifungal activity has been correlated with
several propolis constituents, such as chrysin and cinnamic acid derivatives, and this
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knowledge can contribute to the selection of molecules or propolis samples with higher
activity and effectiveness in antifungal treatments [48].

Table 8. MIC values (µg/mL) of P.EEs and G.EEs mixtures against Saccharomyces cerevisiae and Candida
albicans. The results show the mean ± standard deviation of three assays with three replicates each.

Samples S. cerevisiae C. albicans

P14.EE 750 >750
G15.EE >1500 1000

mP + G(P14.EE+G15.EE) 1500 1000

P15.EE 500 500
G13.EE >2000 >2000

mP + G(P15.EE+G13.EE) 1500 1500
Note: mP + G—mixtures of a P.EE and a G.EE.

The antimicrobial activity either of extracts or of mixtures of propolis falls within
the variability described for this bioactivity in European propolis [25,26,38,41,44]. More
importantly, our results indicate that mixing propolis extracts—either from different re-
gions of the country and/ or from different harvesting years—does not promote the loss
of antimicrobial activity. Instead, this activity can even be improved in some cases [13].
Furthermore, all of the ethanol extracts used in this study were prepared in the years that
the propolis samples were collected and did not lose either antioxidant or antimicrobial
activities when used some years later (not shown). Evidence has also been given that
propolis in an ethanol solution over a period of 10–15 years can increase its antibacterial
activity [49] and that samples of fresh and aged propolis have similar qualitative composi-
tion, radical scavenging and antimicrobial properties [50]. In a recent work, we suggested
that aged propolis should not be discarded but explored for alternative applications, as
a propolis leftover (with more than a year of storage) showed antimicrobial activity [51].
Furthermore, although collected and prepared over four different years (2011–2014), G.EEs
chemical profiles showed a huge similarity regarding the type of phenolic compounds,
with variations being mostly quantitative [25]. This maintenance of propolis properties
for long periods is another asset in propolis conservation and the production of propolis
mixtures from samples that are stored for a long time.

3. Materials and Methods
3.1. Propolis Origin and Ethanol Extraction

Propolis samples were collected over a period of five years (between 2011 and 2015),
in apiaries from two different regions of Portugal. One of the apiaries is located in Guarda
district, in Pereiro (40◦44′57.135” N; 7◦0′59.403” O) and the other is in Gerês (41◦45′41.62” N;
7◦58′03.34” W). Samples were collected annually between August and September and were
identified by the letters P or G, according to their origin (Pereiro and Gerês, respectively)
followed by two digits corresponding to the harvest year (for example, P12 corresponds to
propolis of Pereiro collected in 2012). Sample P was obtained by scraping whereas G was
collected from grids.

All propolis samples were extracted with ethanol in the same year of collection,
following the methodology reported [25]. Briefly, 15 g of propolis was incubated for 24 h
with 80 mL of absolute ethanol, in the dark at room temperature (RT) at 110 revolutions per
minute (rpm). The suspension was filtered and the resulting residue was further extracted
as described above but with 50 mL of absolute ethanol. Filtrates resulting from the two-step
extraction process were pooled and the solvent was evaporated on a rotavapor (Buchi,
Flawil, Switzerland) connected to a bath at 38–40 ◦C and at 47 rpm. The ethanol extracts
(EE) prepared with propolis from Pereiro (P.EEs)—P11.EE, P12.EE, P13.EE, P14.EE and
P15.EE—and from Gerês (G.EEs)—G11.EE, G12.EE, G13.EE, G14.EE and G15.EE—were
stored in the dark at 4 ◦C, until needed.

67



Antibiotics 2022, 11, 1181

3.2. Preparation of Blends of Propolis Ethanol Extracts
3.2.1. Mixtures of Ethanol Extracts of Propolis from Pereiro

Mixtures of EEs of propolis from the apiary Pereiro (mP.EE) were prepared considering
the antioxidant, antibacterial and antifungal activities of each individual extract. Firstly,
each EE was classified into three categories labeled as: “most active”, “least active” and
“intermediate” (the remaining extracts) for each of the bioactivities, similar to that which
was previously conducted for propolis from Gerês [13]. Based on this categorization,
mP.EEs were prepared according to the following criteria: (i) the most and the least active
extracts, (ii) an intermediate and the least active, (iii) an intermediate and the most active,
(iv) all the intermediate P.EEs and (v) a mixture of all of the P.EEs. Thirteen mixtures were
planned according to these five criteria but only nine different mixtures were prepared, as
some of the blends shared the same composition (Table 9).

Table 9. Composition of blends of P.EEs based on five criteria and taking into account the classification
of each P.EE regarding antioxidant, antifungal and antibacterial activities.

Criteria used in P.EEs Mixtures Antioxidant Activity Antifungal Activity Antibacterial Activity

Most active + least active mP(P15.EE + P14.EE) mP(P11.EE+P12.EE) mP(P14.EE+P11.EE)
Intermediate + least active mP(P13.EE+P14.EE)

β mP(P13.EE+P12.EE)
γ mP(P13.EE+P11.EE)

α

Most active + intermediate mP(P13.EE+P15.EE) mP(P13.EE+P11.EE)
α mP(P13.EE+P14.EE)

β

Mixture of intermediates mP(P11.EE−P13.EE) mP(P13.EE+P14.EE)
β mP(P13.EE+P12.EE)

γ

Mixture of all the extracts mP(P11.EE−P15.EE)

Note: mP—mixtures of P.EEs; β, α, γ—mixtures with the same formulation.

3.2.2. Mixtures of Ethanol Extracts of Propolis from Pereiro and from Gerês

Two blends were prepared with propolis from the two apiaries. For this purpose,
P.EEs and G.EEs were used, taking into account the most and least active extracts in terms
of antioxidant capacity (Table 10).

Table 10. Mixtures of ethanol extracts of propolis from Pereiro (P) and from Gerês (G) prepared with
the most and least active extracts of each apiary regarding antioxidant potential.

Criteria Underlying the Mixtures Mixtures

Most active (G) + least active (P) mP + G(P14.EE+G15.EE)
Most active (P) + least active (G) mP + G(P15.EE+G13.EE)

Note: mP + G—mixtures of a P.EE and a G.EE.

All blends were prepared from P.EEs (Table 9) or from P.EEs and G.EEs (Table 10) at
the same concentration, 10 mg/ mL, and adding equal volumes of each individual extract
of the blend. The mixtures were then used for chemical characterization and biological
activity assays.

3.3. Determination of Total Poliphenols Contents

The total polyphenols content (TPC) was determined following an adaptation of
the Folin–Ciocalteu colorimetric method [5,52]. A volume of 50 µL of propolis ethanol
extracts or mixtures—prepared in a concentration range of 10 to 200 µg/mL in absolute
ethanol—were added to 50 µL of 10% (v/v) Folin–Ciocalteu reagent and 40 µL of 7.5%
(w/v) Na2CO3. After 1 h incubation in the dark at RT, the absorbance was measured at
760 nm. The results are expressed in milligrams of gallic acid equivalents (GAE) per gram
of propolis extract (mg GAE/ g extract), upon a calibration curve performed with gallic
acid at concentrations between 5 and 50 µg/mL.
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3.4. Determination of Total Flavonoids Contents

The total flavonoids content (TFC) was determined following the Woisky and Salatino
method [53]. Propolis EEs or mixtures were prepared in the concentrations of 100 and
1400 µg/mL in absolute ethanol and mixed (50 µL) with 50 µL of 2% (w/v) AlCl3. The
absorbance was measured at 420 nm after 1 h incubation in the dark at RT. Quercetin varying
from 5 to 200 µg/ ml was used as a standard. The results are presented as milligrams of
quercetin equivalents (QE) per gram of propolis extract (mg QE/ g extract).

3.5. Determination of of DPPH• Scavenging Potential

The radical 2,2-diphenyl-1-picrylhydrazyl (DPPH•) is a stable free radical which is
reduced in the presence of hydrogen-donating antioxidants, promoting a color change that
can be measured by spectrophotometry [54]. The DPPH• scavenging activity of propolis
was determined by mixing 50 µL of samples at concentrations of 1 to 50 µg/mL (in absolute
ethanol) and 100 µL of 0.004% (w/v) DPPH•, followed by 20 min incubation at RT, in the
dark, and an absorbance measurement at 517 nm. The percentage reduction for each tested
concentration was calculated using the following equation:

Inhibition (%) = ×100 (1)

where ASample is the absorbance of the extract with DPPH• and AControl the absorbance of
the control (DPPH• and ethanol). EC50 (µg/mL), which defines the propolis concentration
needed to scavenge 50% of the free radical, was calculated by interpolation from those
values. Gallic acid was used as a standard.

3.6. Evaluation of Antimicrobial Activity

To evaluate propolis antimicrobial activity, a panel of microorganisms was selected,
taking into consideration their susceptibility and their clinical and pharmaceutical im-
portance. Gram-negative (Escherichia coli CECT 423) and Gram-positive bacteria (Bacillus
subtilis 48886, Bacillus cereus ATCC 7064, Bacillus megaterium, Propionibacterium acnes H60803,
Staphylococcus aureus ATCC 6538 and Methicillin-resistant Staphylococcus aureus M746665
(MRSA)), as well as the yeast Candida albicans 53B and Saccharomyces cerevisiae BY4741, were
all provided by the culture collection of the Department of Biology of the University of
Minho. Bacteria were cultured in LB medium (Difco) for 24 h at 37 ◦C and 200 rpm and
yeast in YPD medium (Difco) for 48 h at 30 ◦C and 200 rpm. Agar 2% (w/v) was added to
each recipe to prepare solid media (LBA and YPDA).

An adaptation of the agar dilution method was used to determine the antibacterial
and antifungal activities of all of the propolis mixtures. Each mixture was incorporated in
LBA and YPDA media at various concentrations (25, 50, 100, 200, 500, 750, 1000, 1500 or
2000 µg/ ml) depending on the strain under study. Subsequently, 5 µL drops of exponential
phase microbial cultures (OD600 = 0.4–0.6) were transferred to the Petri dishes, in triplicate,
with incubation for 24 h at 37 ºC in the case of bacteria, or 48 h at 30 ºC in the case of yeast.
Minimum inhibitory concentration (MIC) values were obtained upon observation of the
presence/absence of microbial growth. Experiments were repeated three times.

3.7. Statistical Analysis

All of the assays for chemical characterization and antioxidant potential were analyzed
and the results were presented as mean ± standard deviation from a variable number of
assays, always equal to or greater than three (n≥ 3). GraphPad Prism for Windows (version
8.0.1, GraphPad Software, San Diego, California USA, www.graphpad.com, accessed on
2 December 2021 was used in the statistical analysis of the results. The results were
analyzed using analysis of variance (ANOVA) followed by the Tukey test. Differences
considered statistically significant (p ≤ 0.05) were expressed with the alphabetical notation
system, using different letters (lowercase when comparing mixtures and individual extracts,
uppercase when comparing mixtures).
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4. Conclusions

This study is a first approach to mixing propolis samples from different years and
regions, and consequently with different bio and chemical profiles. We found that when
mixing propolis from the same apiary but collected over different years, or when com-
bining propolis samples collected from different regions and years, the antimicrobial and
antioxidant activities of the most active of the individual extracts were either preserved
or enhanced. Considering the results regarding the chemical characterization (TPC and
TFC) and bioactivities (antioxidant and antimicrobial activities) of the mixtures, we can
also conclude that the differences between individual propolis samples can be attenuated
and a reduction in heterogeneity was obtained, thereby contributing to propolis standard-
ization. These findings support the great potential of propolis and add even more value to
this hive resource. Such valorization is also related to a greater use of the product, since
samples from different years can be used without any loss of bioactivity. This efficiency in
combining different propolis extracts/ samples can contribute to increasing beekeepers’
interest in this product and enable them to face larger demands for this natural product [55].
Together, these main outcomes are two important starting points for the valorization and
standardization of propolis.

Characterization and quantification of propolis bioactive molecules, such as polyphe-
nols, work as a fingerprint of propolis samples, being of interest in medicine and nutraceu-
ticals [56] and several other applications. With the possible standardization of propolis, its
application in combating several health problems, such as obesity and associated metabolic
disorders becomes easier [57], or as an antioxidant and anti-inflammatory agent in the
prevention and care of various diseases [58,59].
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Abstract: (1) Background: Bacitracin is a broad spectrum antibiotic that is used against various
microorganisms. Chitosan is a natural polymer that has been widely investigated as an antimicrobial
agent for preventing and treating infections owing to its intrinsic antimicrobial properties, as well
as its ability to effectively deliver extrinsic antimicrobial compounds to infected areas. Topical drug
delivery offers important benefits for improving the therapeutic effect and reducing systemic side
effects of administered compounds/drugs. The topical use of chitosan-decorated bacitracin-loaded
cream improves the permeation of the drug across the skin and enhances the drug bioavailability by
prolonging the residence time of the drug when applied topically, as well as producing synergistic
effects and reducing the side effects of the drug. Topical chitosan-decorated cream can be a promising
approach to administer the drug more efficiently and enhance the efficacy of treatment in wound
healing and antibacterial activity. (2) Methods: This study was conducted to prepare, assess and
investigate the synergistic antibacterial activity of a chitosan-coated bacitracin cream. The results
were compared to the antibacterial activity of simple bacitracin-loaded cream. The prepared cream
was evaluated for various in vitro characteristics such as rheology, pH, viscosity, drug content and
antibacterial activity studies. (3) Result: The formulations were found to be stable regarding color,
liquefaction and phase separation at all accelerated conditions. It was observed that with time,
substantial variations in the pH of the preparations were found. The introduction of chitosan results
in controlled release of the drug from the formulations. The antibacterial activity of the formulated
creams was assessed with the disc diffusion method against Staphylococcus aureus (ATCC), Escherichia
coli (STCC), Pseudomonas aeruginosa (ATCC) and Bacillus cereus (ATCC). The strains, E. coli, S. aureus,
P. aeruginosa and B. cereus were susceptible to 50 µg chitosan-decorated bacitracin cream, showing
inhibition zones of 10 ± 0.6, 34 ± 1.5, 31 ± 0.76 and 21 ± 2.02 mm, respectively. The zones of inhibition
for simple bacitracin-loaded cream were significantly smaller than chitosan-decorated cream, at
2 ± 0.2, 28 ± 0.92, 15 ± 0.5 and 11 ± 1.25 mm (ANOVA; p < 0.05), respectively. (4) Conclusions: It was
observed that the zones of inhibition of simple bacitracin-loaded cream were significantly smaller
than those of chitosan-decorated bacitracin-loaded cream. Chitosan synergistically improves the
antimicrobial activity of bacitracin. Hence, the developed formulation was effective and should be
considered as a suitable candidate for topical management of skin infections and wound healing.

Keywords: bacitracin; cream; antibacterial activity; in vitro evaluation; chitosan
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1. Introduction

Chitosan is a derivative of chitin. It is polysaccharide with molecular weight be-
tween 300 to 1000 kDa [1]. It is the second most commonly used natural polymer after
cellulose [2]. The chemical structure of chitin is 1-4 linked 2-acetamido-2-deoxy- β-D-
glucopyranose [3]. Since the 1970s, chitosan has been popular in science and industry due
to its specific structure, chemical composition, compatibility, biodegradability and other
intrinsic properties [4].

Chitosan has many therapeutic qualities such as antibacterial, antifungal, healing
property, anti-cholesteric properties, anticancer ability, and an immune-system enhancing
effect. The antibacterial activity of chitosan has been observed to be enhanced if its degree
of deacetylation and molecular weight is increased, and vice versa [5]. Chitosan’s antimi-
crobial properties, as well as its modes of action, demonstrate that it is a versatile substance
with a wide range of therapeutic applications. Chitosan is also used as a wound-healing
accelerator in medicine due to its property of enhancing the functions of inflammatory cells.
Chitosan appears to have no adverse effects after implantation in tissues and, for this reason,
it has been used for a wide range of biomedical applications [6]. Chitosan is used to inhibit
fibroplasia in wound healing and to promote tissue growth and differentiation in culture.
As a natural polymer, chitosan has been widely investigated as an antimicrobial agent for
preventing and treating infections owing to its intrinsic antimicrobial properties, as well
as its ability to effectively deliver extrinsic antimicrobial compounds into infected areas.
Keeping in view all these benefits, chitosan has been added to topical formulations (cream)
and is considered to be a good candidate for burn and wound management [7].Topical
drug delivery offers important benefits for improving the therapeutic effect and reducing
systemic side effects of the administered compounds/drugs [8]. The topical application
of drugs using particulate systems consisting of chitosan is one of the most popular drug
delivery routes. The aim of the topical use of chitosan particles is to improve the permeation
of drug across the skin or enhance drug bioavailability by prolonging the residence time
of drugs applied topically or to produce synergistic effects, as well as to reduce the side
effects of the drugs [9].

Bacitracin is a topical antibiotic used to treat skin injuries such as cuts, scrapes and
burns by medical personnel and the general population [10]. The United States FDA per-
mitted the clinical use of bacitracin in 1948 for the cure and prevention of both acute and
chronic skin infections. Intramuscular injection of bacitracin can also be given for the sys-
temic treatment of staphylococcal pneumonia and emphysema. However, in 2020, the FDA
requested the withdrawal of bacitracin for injections from the market [11]. To date, there is
no evidence of any non-FDA permitted uses of topical bacitracin. Bacitracin is a combina-
tion of many closely related cyclic polypeptide antibiotics that have both bacteriostatic and
bactericidal effects. Gram-positive bacteria such as Staphylococcus spp, Corynebacterium
spp, Streptococcus spp, Actinomyces spp and Clostridium spp are susceptible to bacitracin.
Gram-negative bacteria such as Neisseria spp. also possess susceptibility, while many
gram-negative bacteria are resistant [12]. Bacitracin interferes with the dephosphorylation
of C55-isoprenyl pyrophosphate and bactoprenol pyrophosphate. Both of these lipid’s func-
tion as membrane carrier molecules that transport the building-blocks of the peptidoglycan
bacterial cell wall outside of the inner membrane; thus, their dephosphorylation leads to
membrane damage. Topical bacitracin prevents the transfer of mucopeptides into the cell
walls of bacteria and is absorbed through burnt or granulated skin. Bacitracin inhibits the
growth of microorganism by causing leaks in the cell wall of bacteria via the ionic surface
interaction method, preventing protein synthesis and the formation of mRNA [13].

The need to develop new effective antimicrobial agents has become imperative due
to the rapid development of antibiotic resistance. New synthetic compounds require long
duration. Rapid way to overcome this problem is the use of natural compounds including
natural polymers such as chitosan. Natural compounds play a key role as sources of
new scaffolds for antibiotics. Wounds are a serious health issue all around the world.
Wounds can cause major consequences as a result of subsequent microbial infections [14].
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Simple cream formulations have low stability, drug entrapment efficacy and penetration
rate. To overcome all these problems topical chitosan-decorated cream can be a promising
approach to administer the drug more efficiently and enhance the efficacy of treatment
in skin infections such as wound healing. The aim of the present study was to develop
chitosan-decorated bacitracin-based cream for topical delivery.

2. Materials and Methods
2.1. Materials

The model drug used was bacitracin (Sigma-Aldrich, St. Louis, MO, USA). Chitosan
(molecular weight; 15,000 Da and degree of deacetylation; 85%; Sigma-Aldrich, USA) of
low molecular weight was used in this study. Liquid paraffin and white soft paraffin (The
Dow Chemical Company., Washington, MD, USA) were used in the preparation of cream.
Cetyl alcohol and beeswax (Sigma-Aldrich, St. Louis, MO, USA,) was used in preparation
of the oil phase of the cream. All the chemicals used in this study were of analytical grade.

2.2. ATR-FTIR Analysis

The FTIR analysis was performed using an ATR-FTIR spectrometer (L1600300,
PerkinElmer, Beacons field, MA, USA. The FTIR spectra of bacitracin, chitosan and formu-
lations C1 and C2 were obtained. The recording range of the spectrum was 600–4000 cm−1

at 32 scans per minute with a resolution of 4 cm−1 in transmission mode. The samples were
analyzed without further processing and directly placed on zinc selenide. Three spectra of
each sample were taken and results were averaged.

2.3. Preparation of Base Cream

Chitosan-decorated bacitracin cream for topical application was prepared in two
steps/phases, i.e., aqueous and oil phases. For the aqueous phase, 19 g of distilled water
was taken in a 50 mL beaker and placed on a hot plate magnetic stirrer at 40 ◦C. 1 g
of bacitracin was taken and dissolved in distilled water. Chitosan (1 g) was accurately
weighed and added to the drug solution, then stirred at 500 rpm until completely dissolved.
For the oil phase, 20 g liquid paraffin, 37 g white soft paraffin, 4 g cetyl alcohol and 18 g
beeswax were accurately weighed with the help of a digital balance and placed in separate
beakers. All the beakers were wrapped in aluminum foil and placed in a water bath at
70 ◦C for 30 min. Cetyl alcohol was placed on a hot plate magnetic stirrer and all the
chemicals were added to it with continuous stirring at 500 rpm and temperature at 40 ◦C.

For the preparation of cream, the oil phase was placed on a hot plate magnetic stirrer at
40 ◦C and 500 rpm. The aqueous phase was gently added to the oil phase, with continuous
stirring for 30 min at 500 rpm until the aqueous phase was completely dissolved. The
prepared cream was taken from the hot plate magnetic stirrer and moved to a suitable
container for cooling at room temperature. The prepared cream was then evaluated for
various physical characteristics (see composition in Table 1).

Table 1. Composition of cream (w/w).

S. No. Ingredients C1 C2

1 Bacitracin 1 g 1 g
2 Chitosan - 1 g
3 Beeswax 18 g 18 g
4 Liquid paraffin 20 g 20 g
5 Cetyl alcohol 4 g 4 g
6 Distilled water 20 g 19 g
7 White soft paraffin 37 g 37 g
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2.4. In Vitro Characterization of Cream
2.4.1. Physical Appearance

The physical appearance of the prepared creams was observed in terms of color and
roughness, and was graded.

2.4.2. Determination of pH

The formulated cream encoded as C1 and C2 were checked by digital pH meter
(InoLab®, Xylem Analytics, Dr. Karl Slevogt Street 1. 82362 Weilheim, Germany) for the
determination of pH. The pH was measured at different temperatures (8 ◦C, 25 ◦C, 40 ◦C,
and 40 ◦C + 75% RH) during the study duration of 28 days. The pH values were calculated
in triplicate and averaged as mean ± SD [15].

2.4.3. Homogeneity, Organoleptic and Smear Tests

To determine the composition of the prepared creams, a homogeneity test was per-
formed. This test revealed the homogeneity of the prepared formulations by physical touch.
A smear test was performed to check the run-off effect and nature of the cream. The test
was performed by applying a small amount of cream on the skin to check if it was greasy
or non- greasy in nature [16].

2.4.4. Viscosity

The viscosity of prepared creams were checked with the help of a digital viscometer
(AMETEK Brookfield, 11 Commerce Blvd, Middleboro, MA 02346, United States) over
the study period of 28 days at different temperatures (8 ◦C, 25 ◦C, 40 ◦C and 40 ◦C-RH).
Spindle no. 2 was used for the determination of viscosity at 6, 12, 30 and 60 rpm. The
result was computed in centipoise. All the reading were taken in triplicate and averaged as
mean ±SD [17].

2.4.5. Spreadability

To test the spreadability of the prepared creams, the slip and drag method (parallel
plate method) was utilized. In this technique, one glass slide is attached to a wooden block
and a second one is put above the first one with similar dimensions. One gram of cream
was poured on the fixed slide and distributed using a spreader. Cream was squeeze in
between the slides. A 100 g solid support was placed on the glass slides to uniformly
spread cream over the slide, and the top slide was freely moved under a 10 g weight linked
to the upper slide’s hook. The time it took for the top slide to glide over the bottom slide
was recorded, and spreadability was computed in g.cm/s. The experiment was performed
for all of the cream formulations [15].

2.4.6. Drug Content

Drug content was measured by taking 1 g of cream (C1 and C2) in a 100 mL flask
containing distilled water. The conical flask was stirred continuously for 30 min until a
clear solution was obtained. The obtained solution was filtered through Whatman filter
paper (grade 42) and the filtrate was collected. To make dilutions, flasks were taken with
10 mL distilled water and 1 mL filtrate was added from the 100 mL solution. Absorbance
of the resulting dilutions was checked at 215 nm by using a UV-spectrophotometer, and the
content of bacitracin was calculated by using the following equation [18]:

% Drug Content = (Absorbance of sample/absorbance of standard) × 100% (1)

2.4.7. Stability Studies

These studies was done to determine the change in color, liquefaction and phase
separation. The formulations coded as C1 and C2 were divided into four samples, each
of which was stored at different temperatures, including 8 ◦C, 25 ◦C, 40 ◦C, and 40 ◦C,
±75% RH. The study was conducted for 60 days. Samples were thoroughly monitored
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with regards to color change, liquefaction and phase separation under various storage
settings [19].

2.5. In Vitro Drug Release

The drug release pattern was observed by using a Franz diffusion cell (PermeGear,
Hellertown, PA, USA). The hydrophilic cellulose acetate membrane (ADVANTEC C300A142C)
was submerged in acetate buffer solution (pH 5.5; simulating skin pH) and inserted between
the receptor and donor compartments of the Franz diffusion cell. One gram of cream was
added to the donor compartment of the Franz diffusion cell while the cell was continuously
stirred using a magnetic bar at 100 rpm. At predetermined time intervals (0, 0.5, 1, 1.5, 2, 4,
8, 12, 16, 20 and 24 h), 2 mL of samples were taken from the receptor compartment using a
syringe and examined on a UV visible spectrophotometer at 215 nm for quantification of
bacitracin [20].

2.6. Antibacterial Assay

Antibacterial activity assay of the formulations (C1 and C2) was performed against
the following species: Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli and
Bacillus cereus.

2.6.1. Preparation of Nutrient Agar Media

The nutrient agar media was made by adding 0.5% peptone, 0.3% beef extract, 1.5%
agar and 0.5% NaCl in 1 L distilled water. The complete dissolution of all ingredients
was assured by continuous stirring and heat. The medium was autoclaved at 121 ◦C for
15 min and the solution was allowed to cool at room temperature. The agar media was
taken carefully and poured in sterile petri dishes until it set on the surface; then, it was
refrigerated by replacing the lid of the petri dish. Nutrient agar media was used for plating
bacterial species for liquid overnight culture [21].

2.6.2. Disc Plate Method

The test was carried out using the disc plate diffusion method. The microorganisms
were sub-cultured (the previous day) to ensure that the bacteria were in the log phase
of growth. The bacterial inoculum was spread on the surface of a nutrient agar plate
containing 25 mL of media with a sterile cotton swab. The dried inoculated plates were
impregnated with sterile 5 mm paper discs (Difco). Petri plates were incubated for 24 h
at a temperature of 37 ◦C. Within 15 min of inoculation, the samples were placed in the
plates. The test was performed using 50 µg of chitosan-decorated bacitracin cream (C2) per
disc as a microbiological susceptibility control, and the same procedure was repeated for
non-chitosan-decorated bacitracin cream (C1). The inoculation plates were incubated at
37 ◦C for 24, 48 and 72 h before being checked for inhibition zones measured in mm using
a ruler for each disc displaying inhibition zones [22]. The results of the chitosan-decorated
bacitracin cream was compared with those of the non-chitosan-decorated bacitracin cream.

2.7. Statistical Analysis

All the experiments were conducted in triplicates and the results were averaged.
The data were evaluated by using one-way analysis of variance (ANOVA) using SPSS.
Post hoc multiple comparisons were applied when necessary. A p value of <0.05 was
considered significant.

3. Results and Discussion
3.1. ATR-FTIR Analysis

The characteristic peaks of the drug (bacitracin) were 2961 cm−1 (stretching vibrations
of C-H and C-C), 1644 cm−1 (stretching vibrations of C-O), 1520 cm−1 (stretching vibrations
of C-H and C-C) and 1105 cm−1 (C-O alcohol bond). Chitosan’s characteristic peaks were
at 3403 cm−1 representing NH functional groups (primary amine). The absorption band
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at around 2978 cm−1 can be attributed to CH symmetric stretching and 1644 cm−1 can be
attributed to stretching vibrations of C-O. The FTIR spectra of Formulation C1 contains
the characteristic peaks of the drug, showing that the drug is free in the cream base. The
characteristic peaks of the drug were weakened in Formulation C2, as shown in Figure 1d,
and the chitosan characteristic peaks were dominant in Formulation C2, showing the
successful coating of the drug with chitosan (Figure 1).
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3.2. Physicochemical Characterization of Cream
3.2.1. Physical Appearance

The prepared cream was organoleptically evaluated for its color, which was observed
as off white to light yellow (C1 and C2). The prepared cream had a homogeneous composi-
tion with semisolid consistency. The cream also possessed good moisturizing properties
with a pleasant odor. The prepared cream showed no phase separation, passed all the
physical tests and was considered best candidate to be used topically.

3.2.2. Determination of pH

The pH of cream is a significant factor to determine its efficiency. Ijaz et al. stated that
the pH value of the prepared formulation must be in the range suitable for skin [15]. The
pH of the formulation was adjusted to the normal range by adding NaOH dropwise under
continuous stirring. The pH of the formulation in the current study was in the range of
4.5 to 6.0, as shown in Table 2, which was within the official limit and in accordance with
the pH of the skin. The same phenomena were discussed by F. Rahmandari et al., stated
that all formulations intended for application to the skin must be in the range suitable
for skin, i.e., 4.0 to 6.0 [23]. It was observed that pH of the preparations kept at different
environmental conditions (8 ± 2 ◦C, 25 ± 2 ◦C and 40 ± 2 ◦C) rose in the first week of
study, but later the values were declined over the whole study, with significant variations.
It was assumed that there were some acidic metabolites causing specific decline in the pH
of the formulations [23]. Through statistical analysis, it was observed that the changes in
the pH of the formulations were insignificant (ANOVA; p > 0.05) at different environmental
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temperatures and time intervals. The formulations showed no skin irritation and were
appropriate for application to the skin.

Table 2. pH value of formulations at 8 ± 2 ◦C, 25 ± 2 ◦C, 40 ± 2 ◦C.

Time Period
8 ± 2 ◦C 25 ± 2 ◦C 40 ± 2 ◦C

C1 C2 C1 C2 C1 C2

Fresh 5.3 5.6 5.3 5.6 5.3 5.6
12 h 5.35 5.5 5.31 5.52 5.59 5.68
24 h 5.31 5.52 5.29 5.57 5.5 5.61
36 h 5.27 5.6 5.23 5.48 5.49 5.58
48 h 5.24 5.5 5.2 5.52 5.43 5.51
72 h 5.18 5.48 5.19 5.4 5.31 5.43

1 week 5.14 5.41 5.5 5.34 5.24 5.3
2 weeks 5.09 5.3 5.09 5.2 5.12 5.35
3 weeks 4.98 5.2 4.64 4.9 5.01 5.1
4 weeks 4.72 5.21 4.53 4.7 4.91 4.9

3.2.3. Homogeneity and Smear Test

The homogeneity and smear test were conducted to evaluate the uniformity of the
ingredients used in the formulation. The test was conducted over a time period of four
weeks at different storage conditions, as mentioned above. It was observed that the
formulations (C1 and C2) were stable throughout the four weeks and no change occurred.
The smear test revealed that C1 and C2 are greasy and have good moisturizing properties.
Prepared creams were readily removed with tap water, indicating that they may be utilized
without difficulty. The cream homogeneity test revealed that the formulations had a
homogeneous composition. The colors of the prepared formulations were off white to pale
yellow, as shown in Table 2, as per the organoleptic evaluation. All of the creams had a
pleasant odor and a semisolid consistency. Neither of the formulations showed any phase
separation (Table 3).

Table 3. Physical appearance of prepared creams.

Parameters C1 C2

Color Light yellow Off white
Phase Separation Nil Nil

Homogeneity V. Good Excellent
Consistency V. Good V. Good
Smear Test Greasy Greasy

Spreadability (g × cm/s) 44.31 ± 1.24 41.34 ± 1.45
Drug Content (%) 95.16 96.12

3.2.4. Viscosity

The viscosity of any semisolid formulation usually indicates its consistency. One of the
most important characteristics of topical formulations is the consistency of the semisolid
mixture, as it is applied to the skin as a thin layer. It was observed that the viscosity of
the cream was inversely related to the shear stress. When shear stress is increased, the
viscosity reduces, showing non-Newtonian flow behavior [24]. This behavior is preferred,
since it has a low resistance to flow when applied under high shear circumstances [25]. In
the present study, the viscosity of the formulations was measured by using different shear
stresses and different revolutions per min (6, 12, 30 and 60 rpm). It was observed that by
increasing the shear stress, the viscosity of the formulations significantly declined, and vice
versa. The viscosity of the developed cream formulation was measured with a Brookfield
viscometer using spindle no. 2. The viscosity of creams is significant in their application,
since relatively low viscosity leads to easy flow off the surface and high viscosity causes
problems with spreading [26]. The viscosity of the formulations were in the order C2 > C1,
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but both were in the acceptable range and easily flowed off the skin (ANOVA; p < 0.05). It
can be seen that introduction of chitosan causes a rise in the viscosity of the creams. This
might be due to chitosan’s swelling nature. Surfactant molecules, micelles and oil droplets
form a network as the concentration in the external phase rises. The denser the network,
the higher the viscosity and the closer the gap between the dispersed phase and the yield
value. As shown in Figure 2, the viscosity is inversely proportional to the temperature; the
greater the temperature, the lower the viscosity, and vice versa [27].
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3.2.5. Spreadability

Spreadability of creams is an important parameter that shows the efficacy and extent of
spreading on the skin after their application [28]. The spreadability values of the prepared
creams were in the suitable range [29]. The spreadability of the prepared creams was in
the order of C1 > C2 (C1-44.31 ± 1.24 g·cm/s; C2-41.34 ± 1.45 g·cm/s) (ANOVA; p < 0.05).
The prepared cream formulations (C1 and C2) exhibited a good spreadability rate over the
surface of the skin. The reason might be due to the presence of an appropriate quantity
of liquid paraffin and white soft paraffin. These excipients offer lubrication and give
the formulated cream good spreadability. The addition of chitosan has an insignificant
effect over the spreadability of the formulated cream preparations (C1 and C2). Various
factors, including low and high temperatures, affect the spreadability coefficient of a cream
formulation. Indeed, at low temperatures, the viscosity of cream formulations increased,
resulting in decreased spreadability. Conversely, at high temperatures, the viscosity of
cream formulations decreased, resulting in high spreadability [30]. The study showed that
our prepared cream formulations (C1 and C2) exhibited good and uniform spreadability
(Table 3) [31].

3.2.6. Drug Content

For semisolid preparations, drug content uniformity is required to ensure the ho-
mogeneity of the distributed drug throughout the formulation [32]. To ensure uniform
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drug distribution in the prepared cream formulations, the percentage drug content test
was performed. Results showed that the percent drug contents of C1 and C2 were 95.16%
and 96.12%, respectively (ANOVA; p < 0.05). It was also revealed that C2 has more drug
entrapment in the formulation as compared to C1. This may be due to the use of chitosan
as a polymer and coating agent in C2. As the concentration of polymer increased, the en-
trapment efficiency also increased, due to its stabilization effect [32]. The results verify that
the drug content was within the approved range of 90–110% (Table 3). This demonstrates
that the medication was evenly dispersed throughout the creams. As a result, the method
adopted in this study appears to be suitable for the manufacturing of cream.

3.2.7. Stability Studies

Stability studies were conducted to evaluate the physical appearance of the prepared
formulation. Different parameters such as color, odor, consistency, homogeneity and
phase separation were observed over the time period of 60 days (Table 4 and Figure 3).
Rodrigues et al. stated that these parameters must be taken in account, as they can com-
promise the efficacy and presentation of the formulation, which remains either changed or
unchanged [33]. In the recent study, it was ensured that the prepared cream formulations
(C1 and C2) passed the test of homogeneity and no significant changes occurred in the
color and odor at different temperatures (8 ± 2 ◦C, 25 ± 2 ◦C and 40 ◦C) in an oven for a
time period of 60 days. It was also observed that no significant phase separation occurred
in the specified period of time (ANOVA; p > 0.05). However, there was a slight variation in
the pH. Y. Pakzad et al., documented that the rate of degradation of cream depends upon
two parameters: pH and temperature [34]. It was concluded that the prepared formulations
(C1 and C2) passed the homogeneity, pH and phase separation test and retained their
integrity and stability over the time period of 60 days.

Table 4. Stability study of formulations at different temperatures for 60 days.

Parameters Codes Fresh 24 h 36 h 48 h 72 h 7 d 21 d 28 d 60 d

Color
C1 OW OW OW OW OW OW OW OW OW
C2 OW OW OW OW OW OW OW OW OW

Odor
C1 -ve -ve -ve -ve -ve -ve -ve -ve -ve
C2 -ve -ve -ve -ve -ve -ve -ve -ve -ve

Phase
Separation

C1 -ve -ve -ve -ve -ve -ve -ve -ve -ve
C2 -ve -ve -ve -ve -ve -ve -ve -ve -ve

Note: OW (off white), -ve (No change).
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3.3. In Vitro Drug Release

It is claimed that effectiveness of any drug depends upon the drug release pattern
across the cell membrane [35]. Several factors such as polymer, emulsifiers, surfactants and
gelling agents greatly affect the spreadability and viscosity of a formulation, which in turn
affects the drug release pattern from the topical preparation [36]. The release patterns of
the drug from bacitracin-loaded cream without chitosan coating (C1) and bacitracin-loaded
cream with chitosan coating (C2) are graphically presented in Figure 4. The percentage drug
release of the C1 formulation was recorded as up to 74% at the end of 24 h, while the releases
of the drug from the C2 formulation was found to be up to 57% for 24 h. The percentage
drug release of C1 was significantly higher that of the C2 formulation (ANOVA; p < 0.05).
The above-mentioned values show that the C2 formulation releases less of the drug as
compared to C1; this is due to addition of polymer-chitosan. The presence of the gelling
agent increases the integrity of the gel network, resulting in longer diffusion pathways of
drug penetrating through the membrane and, hence, reduced drug release from C2 [35].
Jhaveri et al. found similar findings, claiming that release of the drug from any formulation
depends upon polymer or gelling agent use, showing an inverse relationship [37].
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3.4. Antibacterial Activity Test

The kill rate of several microbes was examined using the viable cell counting technique
to determine antibacterial activity. In the present study, the disk diffusion technique was
used to test the susceptibility of S. aureus (ATCC), E. coli (STCC), P. aeruginosa (ATCC)
and B. cereus (ATCC) against C1 (bacitracin-loaded non-chitosan-decorated cream) and
C2 (bacitracin-loaded chitosan-decorated cream). All the tests were based on the guide-
lines of the European Committee for Antimicrobial Susceptibility Testing [38]. Chitosan’s
antibacterial activity was tested against pathogenic clinical isolates and its antibiotic sen-
sitivity was compared to a basic bacitracin-loaded non-chitosan-decorated cream. The
inhibitory activity of chitosan was found to be greater against all the bacterial strains, in
contrast with simple drug-loaded cream (ANOVA; p < 0.05). The zones of inhibition of C1
(bacitracin-loaded non-chitosan-decorated cream) were 2 ± 0.2, 28 ± 0.92, 15 ± 0.5 and
11 ± 1.25 mm, while the zones of inhibition of C2 (bacitracin-loaded chitosan-decorated
cream) were 10 ± 0.6, 34 ± 1.5, 31 ± 0.76 and 21 ± 2.02 mm for different species, as
shown in Table 5 and Figure 5. This was within the EUCAST-recommended quality control
range [38]. Sukmark et al. explored the same phenomenon: that the antibacterial action
of chitosan-decorated formulations from various sources show a larger zone of inhibition
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than basic antibiotics [39]. Similarly, Mauro et al. also showed that the antibacterial activity
of a natural compound was enhanced in the presence of chitosan [40]. Chitosan, a cationic
polymer, interacts with the anionic groups found on bacterial cell surfaces, which results
in the alteration of the cell wall or outer membrane, followed by disturbances in the cy-
toplasmic membrane permeability and the death of the bacterial cell [41]. Chitosan also
forms an impermeable layer on the surface of bacteria cells, affecting the transport of vital
components into the cell [42]. The presence of polymer (chitosan) shows a synergistic effect
in preventing the growth of microorganisms.

Table 5. Zone of inhibition for different bacterial strains.

Zone of Inhibition (mm)

Strains E. coli S. aureus P. aeruginosa B. cereus

C1 2 ± 0.2 28 ± 0.92 15 ± 0.5 11 ± 1.25
C2 10 ± 0.6 34 ± 1.5 31 ± 0.76 21 ± 2.02
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4. Conclusions

Topical antimicrobials have been used successfully to decrease bacterial infections
in wounds for decades. Bacitracin is a broad-spectrum antibiotic with a wide range
of biological intervention that may be used to prepare variety of formulations to treat
inflammation, wounds and microbiological infections. In the present study, topical creams
were prepared with and without chitosan coating. The prepared creams have optimum pH,
viscosity, homogeneity, spreadability and drug content. The release of the drug from the
cream was controlled in the presence of chitosan. The chitosan-decorated cream showed
significantly larger zones of inhibition against different bacterial strains as compared to
non-chitosan-decorated cream. This was attributed to the synergistic effect of chitosan, as
chitosan acts as a strong antimicrobial. Based on these findings, the loading of chitosan
and bacitracin into skin cream is a promising approach for further use in biomedical
applications, predominantly in wound dressings.

Author Contributions: Writing—original draft and experimentation, R.Z.K. and M.S.L.; supervi-
sion, A.N.; writing—review and editing, S.A.R. and M.A.A.; formatting A.A.K. and S.A.A.; project
administration A.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

84



Antibiotics 2022, 11, 1151

Data Availability Statement: Not applicable.

Acknowledgments: All the authors are thankful to the Gomal Centre of Pharmaceutical Sciences
(GCPS), Faculty of Pharmacy, Gomal University, D.I.Khan, KP, Pakistan for helping and providing
facility and support. Princess Nourah bint Abdulrahman University Researchers Supporting Project
number (PNURSP2022R186), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Karamchandani, B.M.; Chakraborty, S.; Dalvi, S.G.; Satpute, S.K. Chitosan and its derivatives: Promising biomaterial in averting

fungal diseases of sugarcane and other crops. J. Basic Microbiol. 2022, 62, 533–554. [CrossRef] [PubMed]
2. Del Valle, L.J.; Díaz, A.; Puiggalí, J. Hydrogels for biomedical applications: Cellulose, chitosan, and protein/peptide derivatives.

Gels 2017, 3, 27. [CrossRef] [PubMed]
3. Shameli, K.; Saiful, S.A.; Yusefi, M. Cross-linked Chitosan-Based Hydrogels Nanocomposites for Treatment of Disease. J. Res.

Nanosci. Nanotechnol. 2022, 5, 65–97. [CrossRef]
4. Morin-Crini, N.; Lichtfouse, E.; Torri, G.; Crini, G. Fundamentals and applications of chitosan. In Sustainable Agriculture Reviews

35; Springer International Publishing: Cham, Switzerland, 2019; pp. 49–123.
5. Mumtaz, S.; Ali, S.; Mumtaz, S.; Mughal, T.A.; Tahir, H.M.; Shakir, H.A. Chitosan conjugated silver nanoparticles: The versatile

antibacterial agents. Polym. Bull. 2022, 2022, 1–18. [CrossRef]
6. Rashki, S.; Asgarpour, K.; Tarrahimofrad, H.; Hashemipour, M.; Ebrahimi, M.S.; Fathizadeh, H.; Khorshidi, A.; Khan, H.;

Marzhoseyni, Z.; Salavati-Niasari, M.; et al. Chitosan-based nanoparticles against bacterial infections. Carbohydr. Polym. 2021, 251,
117108. [CrossRef] [PubMed]

7. Ravanfar, K.; Amniattalab, A.; Mohammadi, R. Curcumin-polyethylene glycol loaded on chitosan-gelatin nanoparticles enhances
burn wound healing in rat. J. Burn. Care. Res. 2022. [CrossRef] [PubMed]
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Abstract: Plants synthetize a large spectrum of secondary metabolites with substantial structural and
functional diversity, making them a rich reservoir of new biologically active compounds. Among
different plant lineages, the evolutionarily ancient branch of non-vascular plants (Bryophytes) is of
particular interest as these organisms produce many unique biologically active compounds with
highly promising antibacterial properties. Here, we characterized antibacterial activity of metabolites
produced by different ecotypes (strains) of the model mosses Physcomitrium patens and Sphagnum fallax.
Ethanol and hexane moss extracts harbor moderate but unstable antibacterial activity, representing
polar and non-polar intracellular moss metabolites, respectively. In contrast, high antibacterial activity
that was relatively stable was detected in soluble exudate fractions of P. patens moss. Antibacterial
activity levels in P. patens exudates significantly increased over four weeks of moss cultivation in liquid
culture. Interestingly, secreted moss metabolites are only active against a number of Gram-positive,
but not Gram-negative, bacteria. Size fractionation, thermostability and sensitivity to proteinase
K assays indicated that the secreted bioactive compounds are relatively small (less than <10 kDa).
Further analysis and molecular identification of antibacterial exudate components, combined with
bioinformatic analysis of model moss genomes, will be instrumental in the identification of specific
genes involved in the bioactive metabolite biosynthesis.

Keywords: plant metabolite; Bryophytes; moss; Physcomitrium patens; Sphagnum fallax; antibacterial
activity; exudate; extract

1. Introduction

The emergence of bacterial drug resistance, especially in hospital settings, represents
the next great frontier in healthcare. If no action is taken, diseases caused by antibiotic-
resistant bacteria are predicted to kill up to 10 million people a year by 2050, similar to
reported mortality rates for cancer [1]. Thus, in 2019, the World Health Organization
listed antimicrobial resistance among the ten biggest health challenges [2]. Among dif-
ferent pathogens, Gram-positive bacteria represent particularly serious health concerns,
as many key infections are caused by multidrug-resistant Gram-positive bacteria, includ-
ing methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus
faecium (VRE) and erythromycin-resistant group A Streptococcus (GAS) [3]. The rise of
antibiotic-resistant microbial infections brings about further fears that the last remaining
drugs to treat Gram-positive bacterial infections may become ineffective. Thus, the critical
need to discover new potent antibiotics is becoming widely recognized.

Despite the clear demand for more antimicrobial agents, very few new antibiotics are
reaching the market—the last entirely original class of antibiotic was discovered in the
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late 1980s. One of the critical barriers to progress in the field is that the search for natural
antibiotics has been historically limited mostly to soil microorganisms (fungi, bacteria)
that can be propagated in the laboratory setting, whereas other phyla remained relatively
untapped. At the same time, plants produce a variety of bioactive secondary metabolites,
peptides and various small molecules with unique biological functions, including defense
from environmental threats and resistance to microbial pathogens [4,5]. Some well-known
examples of herbal-based pharmaceuticals include acetylsalicylic acid (isolated from willow
bark), artemisinin (an antimalaria drug from Artemisia annua) and Taxol (an anticancer
drug from Pacific yew conifer).

There are at least five classes of known secondary metabolites produced by plants: ter-
penes, aromatics, glucosinolates, benzoxazinoids and green leaf volatiles [6]. In the model
flowering plant Arabidopsis thaliana, various glucosinolates and benzoxazinoids play impor-
tant roles in the defense against Pseudomonas syringae. Glycoalkaloids, glucosinolates and
cannabinoids produced by Solanum nigrum, Armoracia rusticana and Cannabis sativa display
antimicrobial activity against Gram-positive and Gram-negative bacteria [6]. Additionally,
secreted peptides and small proteins are also involved in plant defense and adaptation
to environmental stress [7–9]. Therefore, identification and characterization of new plant
compounds with antibacterial activity can be a viable route to new antibiotic discovery.

Although some data exist on the presence of bioactive secondary metabolites from
the flowering plants (Angiosperms), little is known about secondary metabolites from
other groups of the plant kingdom, especially from the early diverging non-vascular
plants, currently represented by the ancient Bryophyte division. With over 20 thousand
extant species, Bryophytes (mosses, liverworts and hornworts) are the second most diverse
group of land plants after flowering plants. Among all terrestrial plants, Bryophytes are
considered by many scientists as a nearly unexplored natural reservoir of new biologically
active secondary metabolites [10]. Well adapted to different environmental and stress
conditions, Bryophytes evolved a number of defense mechanisms, including production of
various antimicrobial compounds [11]. In a study of several mosses, high antimicrobial
activity was found against fungi and both Gram-negative and Gram-positive bacteria [12].
Metabolites from several other mosses were also shown to effectively inhibit growth of
Gram-negative or Gram-positive bacteria [10,13]. In addition to mosses, liverworts, such as
Marchantia polymorpha and Conocephalum conicum, were also described as potent producers
of bioactive compounds with antimicrobial activity [14].

Overall, Bryophytes produce a number of unique natural compounds with antimicro-
bial properties; however, very few of them have been biochemically isolated or character-
ized in detail [15]. The current inadequacy in their comprehensive analysis stems largely
from the small physical size of Bryophytes, significant gaps in their classification [16]
and numerous technical obstacles, such as the lack of powerful genomic and proteomic
tools for their analysis [17,18]. However, these limitations can be circumvented by the use
of model Bryophytes, such as Physcomitrium patens (formerly Physcomitrella patens) and
Sphagnum fallax, whose genomes have been completely sequenced [19,20] and standard
laboratory techniques for their maintenance, transformation and even growth in bioreactor
conditions have been well established [21,22]. Though such model mosses are often used
to investigate unique biological characteristics of Bryophytes, such as adaptations to life
on land and to drought stress [23], they have previously not been exhaustively studied for
antimicrobial potential.

Here, to extend the arsenal of available antimicrobials, we aim to characterize antibac-
terial activity of intracellular and extracellular metabolites produced by the model mosses P.
patens and S. fallax. We show that both mosses synthetize polar and non-polar intracellular
compounds with antimicrobial activity against Gram-negative Pseudomonas syringae bacte-
ria. Interestingly, in contrast to intracellular metabolites, secreted water-soluble P. patens
exudates display specific inhibitory activity against S. aureus and other Gram-positive bac-
teria, but not against Gram-negative bacterial species. Analysis of exudate stability under
various physical conditions indicated that secreted metabolites are stable after multiple
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freezing/thawing cycles and in different light conditions, but their antimicrobial activity is
substantially reduced following sample boiling or treatment with the proteinase K enzyme.
Furthermore, size fractionation experiments indicated that the bioactive moss compounds
are <10 kDa in size. Taken together, our data suggest that secreted antibacterial moss
compounds are likely peptides or small proteins. Overall, our approach of using model
mosses with completely sequenced genomes for the identification of novel antibacterial
compounds will allow future bioinformatic analyses to identify specific genes involved in
their biosynthetic pathways.

2. Results
2.1. Determination of Antibacterial Activity of Intracellular Moss Metabolites

We first tested model moss extracts for putative antibacterial activity displayed by
intracellular metabolites. Metabolites were extracted from 10-day-old protonema tissues of
the previously sequenced Physcomitrium patens ecotype Gransden (Gd) [19] and 30-day-old
gametophores of Sphagnum fallax strain MW (Table 1). To determine optimal extraction
conditions, we employed different combinations of solvents and extraction time: 80%
methanol (for polar compounds) and hexane (for non-polar metabolites) extractions for 24 h
and 45 h, followed by the qualitative assessment of extracted metabolites for antibacterial
activity using the disk-diffusion (DDM) assay (clsi.org).

Table 1. Moss growth and intracellular metabolite extraction conditions.

Moss Species Growth Time, Days Extraction Solvent Metabolite Extraction Time, h

P. patens Gd 10 80% methanol
hexane

24, 45
24, 45

S. fallax MW 30 80% methanol
hexane

24, 45
24, 45

The 24 h methanol extracts from both P. patens and S. fallax showed statistically
significant (t-test, p ≤ 0.05) inhibitory activity against the phytopathogenic Gram-negative
P. syringae DC3000 strain, though activity levels dropped below significance levels for 45 h
methanol extracts from both mosses (Figure 1 left panel, Table 2). Hexane extracts from both
mosses also displayed antibacterial activity (Figure 1 right panel, Table 2). Interestingly,
extending the metabolite extraction time with hexane had a positive effect on antibacterial
activity: the strongest inhibition of P. syringae growth was observed with 45 h hexane
extracts from both P. patens Gd and S. fallax MW (t-test, p ≤ 0.01), whereas activity levels of
24 h hexane extracts were not significant (Figure 1 right panel and Table 2). This observation
suggests that the ratio of bioactive polar and non-polar compounds changes with extraction
time for both mosses.

We also tested a smaller subset of moss extracts against other Gram-negative and
Gram-positive bacteria (Table 2). Neither extract showed antibacterial activity against Gram-
negative bacterium Serratia marcescens, and P. patens extracts showed no activity towards
Gram-negative Escherichia coli or Gram-positive Staphylococcus aureus bacteria. Overall,
we conclude that the model moss extracts tested in qualitative DDM assays displayed
statistically significant antibacterial activity levels against Gram-negative phytopathogenic
P. syringae bacteria, though this activity appeared relatively unstable in follow-up quantita-
tive assays and was not pursued further.
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Figure 1. Polar and non-polar intracellular moss metabolites inhibit the growth of Pseudomonas 

syringae DC3000. The effect of intracellular fractions of S. fallax and P. patens mosses extracted with 

methanol (MeOH) (left panel) and hexane (right panel) on the growth of Gram-negative phyto-

pathogenic P. syringae DC3000 was evaluated by the disk-diffusion assay (DDM); 80% methanol and 

hexane were used as negative controls. Moss metabolite extractions were performed for 24 or 45 h. 

Diameter of bacterial growth inhibition area (halo) around each cellulose disk containing moss me-

tabolites was measured and plotted. Data represent the means from at least three independent ex-

periments and a standard deviation. The asterisks indicate significance in an unpaired t-test; *—

statistical significance p ≤ 0.05; **—statistical significance p ≤ 0.01; ns—not significant. 

Table 2. Bacterial growth inhibition activity of moss extracts in DDM test. 

Moss Line 
Extraction 

Solvent 

Extraction 

Time, h 

Growth Inhibition Zone, mm 

Negative 

Control a 

P. syringae 

DC3000 

S. marcescens 

SM6  

E. coli 

TOP10 

S. aureus 

ATCC25923 

P. patens Gd 

80% metha-

nol 

24 7.00 b 8.30 ± 0.53 * 7.00 8.03 ± 0.59 7.00 

45 7.00 7.80 ± 0.30 7.00 8.13 ± 0.47 7.00 

Hexane 24 7.00 7.74 ± 0.34 7.00 8.37 ± 0.40 NA 

 45 7.00 8.56 ± 0.19 ** 7.00 8.50 ± 0.50 NA 

S. fallax MW 

80% metha-

nol 

24 7.00 8.10 ± 0.31 * 7.00 NA NA 

45 7.00 7.82 ± 0.44 7.00 NA NA 

Hexane 24 7.00 8.35 ± 0.80 7.00 NA NA 

 45 7.00 8.60 ± 0.32 ** 7.00 NA NA 
a Eighty percent methanol or hexane only; b cellulose disk diameter is 7 mm (no antibacterial activ-

ity). *—statistical significance p ≤ 0.05; **—statistical significance p ≤ 0.01; NA—not analyzed. 
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Figure 1. Polar and non-polar intracellular moss metabolites inhibit the growth of Pseudomonas
syringae DC3000. The effect of intracellular fractions of S. fallax and P. patens mosses extracted
with methanol (MeOH) (left panel) and hexane (right panel) on the growth of Gram-negative
phytopathogenic P. syringae DC3000 was evaluated by the disk-diffusion assay (DDM); 80% methanol
and hexane were used as negative controls. Moss metabolite extractions were performed for 24 or
45 h. Diameter of bacterial growth inhibition area (halo) around each cellulose disk containing moss
metabolites was measured and plotted. Data represent the means from at least three independent
experiments and a standard deviation. The asterisks indicate significance in an unpaired t-test;
*—statistical significance p ≤ 0.05; **—statistical significance p ≤ 0.01; ns—not significant.

Table 2. Bacterial growth inhibition activity of moss extracts in DDM test.

Moss Line Extraction
Solvent

Extraction
Time, h

Growth Inhibition Zone, mm

Negative
Control a

P. syringae
DC3000

S. marcescens
SM6 E. coli TOP10 S. aureus

ATCC25923

P. patens Gd
80% methanol

24 7.00 b 8.30 ± 0.53 * 7.00 8.03 ± 0.59 7.00
45 7.00 7.80 ± 0.30 7.00 8.13 ± 0.47 7.00

Hexane 24 7.00 7.74 ± 0.34 7.00 8.37 ± 0.40 NA
45 7.00 8.56 ± 0.19 ** 7.00 8.50 ± 0.50 NA

S. fallax MW
80% methanol

24 7.00 8.10 ± 0.31 * 7.00 NA NA
45 7.00 7.82 ± 0.44 7.00 NA NA

Hexane 24 7.00 8.35 ± 0.80 7.00 NA NA
45 7.00 8.60 ± 0.32 ** 7.00 NA NA

a Eighty percent methanol or hexane only; b cellulose disk diameter is 7 mm (no antibacterial activity). *—statistical
significance p ≤ 0.05; **—statistical significance p ≤ 0.01; NA—not analyzed.

2.2. Identification of Antibacterial Activity in Moss Exudates

Several types of small extracellular peptides and metabolites from mosses and other
plants are known to have antibacterial properties [5,9,24]. Thus, two P. patens ecotypes,
Gransden (Gd) and Villersexel (Vx), were grown in liquid cultures for 1, 2 and 4 weeks and
their exudates (water-soluble fractions secreted to the growth medium) were tested for the
presence of antimicrobial activity. DDM assays detected substantial antimicrobial activity
of P. patens exudates against Gram-positive S. aureus bacteria (Figure 2A), but not against
Gram-negative Salmonella Typhimurium or S. marcescens (Figure 2B,C). Antibacterial activity
of P. patens exudates against S. aureus was detectable even at the first time point of analysis
(1 week of moss growth) and further increased with longer moss growth times (Table 3).
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Interestingly, antibacterial activity against S. aureus in exudates from the Gd ecotype
appeared to reach its maximum at 2 weeks of growth (Figure 2D), whereas in exudates
from the Vx ecotype this activity continued to increase over time and peaked at 4 weeks
of moss growth (Figure 2E). Collectively, our data indicate that extracellular exudates of
two different ecotypes of the model moss P. patens display high growth inhibitory activity
against Gram-positive bacterium S. aureus ATCC25293.

Antibiotics 2022, 11, x FOR PEER REVIEW 5 of 15 
 

2.2. Identification of Antibacterial Activity in Moss Exudates 

Several types of small extracellular peptides and metabolites from mosses and other 

plants are known to have antibacterial properties [5,9,24]. Thus, two P. patens ecotypes, 

Gransden (Gd) and Villersexel (Vx), were grown in liquid cultures for 1, 2 and 4 weeks 

and their exudates (water-soluble fractions secreted to the growth medium) were tested 

for the presence of antimicrobial activity. DDM assays detected substantial antimicrobial 

activity of P. patens exudates against Gram-positive S. aureus bacteria (Figure 2A), but not 

against Gram-negative Salmonella Typhimurium or S. marcescens (Figure 2B,C). Antibac-

terial activity of P. patens exudates against S. aureus was detectable even at the first time 

point of analysis (1 week of moss growth) and further increased with longer moss growth 

times (Table 3). Interestingly, antibacterial activity against S. aureus in exudates from the 

Gd ecotype appeared to reach its maximum at 2 weeks of growth (Figure 2D), whereas in 

exudates from the Vx ecotype this activity continued to increase over time and peaked at 

4 weeks of moss growth (Figure 2E). Collectively, our data indicate that extracellular ex-

udates of two different ecotypes of the model moss P. patens display high growth inhibi-

tory activity against Gram-positive bacterium S. aureus ATCC25293. 

 

Figure 2. Bacterial growth inhibitory activity of extracellular metabolites from P. patens ecotypes. 

(A–C) Representative pictures of qualitative DDM assays with filter disks soaked with exudates 

from four-week-old P. patens Gd ecotype and placed on top of S. aureus ATCC25923 (A), S. enterica 

ser. Typhimurium ATCC14028s (B) and S. marcescens SM6 (C) bacterial lawns. 1–4, disks with P. 

patens exudates; 5, negative control disks (BCD medium only). (D,E) Diameter of S. aureus growth 

inhibition area (halo) around each cellulose disk containing secreted moss metabolites from one-

week, two-week and four-week-old P. patens Gd (D) or Vx (E) ecotypes was measured and plotted. 

Data represent the means from at least three independent experiments and a standard deviation. 

The asterisks indicate significance in an unpaired t-test; *—statistical significance p ≤ 0.05; **—sta-

tistical significance p ≤ 0.01; ns—not significant. 

Figure 2. Bacterial growth inhibitory activity of extracellular metabolites from P. patens ecotypes.
(A–C) Representative pictures of qualitative DDM assays with filter disks soaked with exudates
from four-week-old P. patens Gd ecotype and placed on top of S. aureus ATCC25923 (A), S. enterica
ser. Typhimurium ATCC14028s (B) and S. marcescens SM6 (C) bacterial lawns. 1–4, disks with
P. patens exudates; 5, negative control disks (BCD medium only). (D,E) Diameter of S. aureus growth
inhibition area (halo) around each cellulose disk containing secreted moss metabolites from one-week,
two-week and four-week-old P. patens Gd (D) or Vx (E) ecotypes was measured and plotted. Data
represent the means from at least three independent experiments and a standard deviation. The
asterisks indicate significance in an unpaired t-test; *—statistical significance p ≤ 0.05; **—statistical
significance p ≤ 0.01; ns—not significant.

Table 3. Bacterial growth inhibition activity of exudates from P. patens ecotypes in DDM assays
against S. aureus, in mm.

P. patens
Ecotype

Bacterial Growth Inhibition Zone, in mm

No Exudate
Control

1-Week-Old
Moss Exudate

2-Week-Old
Moss Exudate

4-Week-Old
Moss Exudate

Gd 7 a 9 ± 0.01 13.17 ± 1.27 ** 12.97 ± 2.36 **
Vx 7 8.5 ± 0.71 * 10.33 ± 0.58 * 15.88 ± 1.65 **

a Cellulose disk diameter is 7 mm (no antibacterial activity). *—statistical significance p ≤ 0.05; **—statistical
significance p ≤ 0.01.
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2.3. Quantitative Analysis of Antibacterial Activities of P. patens Exudate

Although the DDM assay is a very powerful qualitative method for initial detection of
antibacterial activity, it is not suitable for quantitative characterization of moss exudates
because of the differences in the diffusion capacity of various exudate components in
the solid medium. Thus, following CLSI guidelines, we employed a broth microdilution
method to determine minimum inhibitory concentration (MIC) of metabolites present in
P. patens exudates. Since the genome of the P. patens Gd ecotype was previously fully
sequenced [19], we specifically focused on exudates from the two-week and four-week-
old Gd ecotype in MIC assays. First, we performed a series of positive and negative
control experiments. As expected for a negative control test, the addition of resuspended
BCD medium concentrate alone did not inhibit S. aureus culture growth in the Mueller–
Hinton medium (Figure 3A). In contrast, the addition of a range of carbenicillin and
chloramphenicol antibiotic dilutions inhibited the growth of S. aureus (Figure 3B) and other
Gram-positive bacteria (Figure 3C,D).
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Figure 3. MIC analysis of the effects of BCD medium and antibiotics carbenicillin (Carb) and
chloramphenicol (Cm) on bacterial growth. Growth curves of S. aureus (A,B), Streptococcus pyogenes
(C) and Enterococcus faecium (D) in the presence of BCD medium (A) or in a range of Carb and Cm
concentrations in µg/mL (B–D) are shown.

Next, we used lyophilized moss exudates (containing all secreted P. patens compounds
and inorganic salts from the BCD medium) that were serially diluted to 50, 25, 12.5 and
6.25 mg/mL concentrations in 96-well microtiter plates containing S. aureus cultures to
evaluate bacterial growth dynamics for 18 h (Figure 4). Interestingly, exudates from two-
week-old P. patens Gd cultures completely inhibited the growth of S. aureus at a 25 mg/mL
concentration (Figure 4A), whereas four-week-old P. patens Gd exudates displayed a 2-fold
lower MIC value of 12.5 mg/mL (Figure 4B). These quantitative MIC data indicate that,
unlike the prediction from qualitative DDM assays, antibacterial activity in P. patens Gd
exudates actually continues to increase over time, supporting the notion that both Gd and
Vx ecotypes show apparently similar patterns of antibacterial activity accumulation as their
cultures get older.
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Figure 4. Broth microdilution method to determine minimum inhibitory concentration (MIC) of
metabolites present in P. patens Gd exudates. Exudates from two-week-old (A) or four-week-old
(B) P. patens Gd ecotype were tested in MIC assays against S. aureus ATCC25923. Growth curve of
S. aureus cells was monitored in the presence of 6.25, 12.5, 25 and 50 mg/mL of exudate solution.
MH—negative control, no exudate added. Carbenicillin (Carb, 4 µg/mL) and chloramphenicol (Cm,
8 µg/mL) treatments were used as positive controls for S. aureus growth inhibition.

We next asked if P. patens exudates are also active against other Gram-positive bac-
teria besides S. aureus. Specifically, we tested exudates against Streptococcus pyogenes and
Enterococcus faecium strains, which represent close relatives of GAS and VRE bacteria from
the “Biggest Threats” CDC list [3]. Indeed, exudates from the four-week-old P. patens
Gd strain were able to inhibit growth of both pathogens (Figure 5). Interestingly, MIC
values were 6.25 mg/mL for S. pyogenes (Figure 5A) and 25 mg/mL for E. faecium (Fig-
ure 5B), indicating that S. pyogenes bacteria are more sensitive to the effects of the Gd moss
exudate than other tested bacteria and implying that sensitivity to the P. patens exudate
varies among different Gram-positive bacteria. Finally, we used the MIC assays to confirm
DDM data that P. patens exudates are not effective against Gram-negative bacteria. Indeed,
four-week-old P. patens Gd exudates were not effective against S. Typhimurium (Figure 5C)
or S. marcescens (Figure 5D). Taken together, our data indicate that P. patens moss secretes
potent antimicrobial metabolites with high specificity against Gram-positive bacteria.

2.4. Stability of Antibacterial Compounds in Moss Exudates

Analysis of exudate stability under different physical conditions can aid in determining
the likely chemical nature of the antibacterial exudate components. Thus, we subjected
P. patens Gd exudates to different treatment regimens, such as heating, light exposure,
proteinase K treatment, repeated freezing and thawing, and evaluated residual antibacterial
activity using the MIC assays. As expected, neither treatment affected P. patens exudates
diluted to a 6.25 mg/mL concentration, which showed no inhibition of S. aureus growth
(Figure 6A). When used at the MIC concentration of 12.5 mg/mL, P. patens exudates fully
retained antibacterial activity against S. aureus after 3 h exposure to room temperature (RT)
with or without direct sunlight, and after repeated freezing and thawing cycles (Figure 6B),
indicating that these treatments do not affect antimicrobial activity of the Gd exudate. In
a sharp contrast, antibacterial activity was substantially reduced when P. patens exudates
at MIC values (12.5 mg/mL) were either boiled or treated with proteinase K (Figure 6B).
Furthermore, boiling substantially reduced antibacterial activity even at a higher exudate
concentration of 25 mg/mL (Figure 6C). Though not fully sufficient to rule out other
possibilities, these results are consistent with the peptide or protein nature of secreted
antimicrobial P. patens metabolites.
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Figure 5. Antibacterial activity (MIC assay) of P. patens exudate from four-week-old Gd strain
against Gram-positive and Gram-negative bacteria. Growth curve of Streptococcus pyogenes (A),
Enterococcus faecium (B), Salmonella Typhimurium (C) and Serratia marcescens (D) cells was monitored
in the presence of different concentrations of P. patens exudate solution. MH—negative control with
untreated bacterial cultures grown in Mueller–Hinton broth medium. Different concentrations (in
µg/mL) of carbenicillin (Carb) and chloramphenicol (Cm) were used as positive controls for bacterial
growth inhibition.
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Residual activity of exudate from four-week-old P. patens Gd culture was tested by MIC assays
against S. aureus following treatments for temperature (Frozen, Boiled) and light/dark (RT + light,
RT + foil) sensitivity, as well as proteinase K treatment. Residual activity was tested at exudate
concentrations 6.25 mg/mL (A), 12.5 mg/mL (B) and 25 mg/mL (C). Carbenicillin (Carb, 1 µg/mL)
and chloramphenicol (Cm, 4 µg/mL) were used as positive controls. MH—S. aureus growth in liquid
MH medium without exudate addition.

2.5. Size Fractionation of Bioactive Exudate Metabolites

To determine the approximate molecular weight range of secreted antimicrobial
P. patens compounds, we performed a size fractionation experiment using the Amicon
Ultra-15 ultrafiltration system (3 kDa and 10 kDa molecular weight cutoffs). Following
size fractionation, MIC data indicated that antibacterial activity against S. aureus was com-
pletely lost in the largest >10 kDa fraction (Figure 7A). In contrast, antibacterial activity
was fully retained in the smaller 3–10 kDa size fraction (Figure 7B) and also to some degree
in the smallest <3 kDa fraction (Figure 7C). Specifically, the MIC value of the most active
3–10 kDa fraction (25 mg/mL) was only 2-fold less than that of the unfractionated Gd
exudate (Figure 4B). Overall, these data indicate that the apparent molecular weight of the
bioactive P. patens exudate compounds is less than 10 kDa, which correlates well with their
presumed peptide or small protein nature determined through proteinase K and boiling
sensitivity assays.
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Figure 7. Size fractionation of P. patens exudate. Exudate from four-week-old P. patens Gd culture
was fractionated into three molecular weight fractions, >10 kDa (A), 3–10 kDa (B), <3 kDa (C).
Each exudate fraction was analyzed by MIC assay at three different concentrations (6.25, 12.5 and
25 mg/mL). MH—S. aureus growth in liquid MH medium without exudate addition. Carbenicillin
(Carb, 1 µg/mL) and chloramphenicol (Cm, 4 µg/mL) were used as positive controls.

3. Discussion

Bryophytes produce a number of different compounds with unique biological ac-
tivities [25], though less is known about antimicrobial metabolites from model mosses.
Model Bryophytes provide a promising avenue for natural product discovery as they
confer several important advantages over other plants, including completely sequenced
genomes, well-developed laboratory techniques and transgenic manipulation methods for
follow-up biotechnological and metabolomic applications [26–28]. Despite some recent
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advances in model moss proteomics, metabolomes and secretomes of model mosses are
not yet extensively studied. Here, we evaluated intracellular and extracellular fractions
from P. patens and S. fallax for the presence of potent antibacterial activity.

To initiate our analysis, we first evaluated intracellular compounds of P. patens and
S. fallax for their antibacterial potential. Both polar (methanol-based) and non-polar (hexane-
based) extracts inhibited the growth of Gram-negative P. syringae DC3000 bacteria. These
findings are in the agreement with results from another study which evaluated extracts
from 42 different Bryophytes and detected moderate antimicrobial activity against several
bacterial species [29]. Overall, though the presence of antibacterial activity in the methanol
and hexane extracts of P. patens and S. fallax mosses appeared promising, the bioactive
metabolites were not stable during subsequent extract processing steps, and completely lost
their activities after lyophilization (data not shown). Thus, we focused on the antibacterial
potential of secreted exudate fractions, which remained stable throughout the experiments.

Unlike S. fallax, all P. patens strains can be easily propagated in liquid cultures where
they secrete exudates containing a number of extracellular compounds [8,21]. First, we
tested exudates from two laboratory P. patens strains, Gd and Vx, for their ability to
inhibit bacterial growth in disk diffusion assays. Exudates from both P. patens strains had
high antimicrobial activity against Gram-positive S. aureus bacteria, suggesting that the
production of antibacterial metabolites is not specific to any one individual strain, but is
likely a common feature of different P. patens isolates. To get a broader understanding
of bioactive moss metabolite specificity, we assayed a panel of different Gram-positive
and Gram-negative bacterial species. In addition to S. aureus bacteria, P. patens exudates
showed growth inhibitory activity against two other Gram-positive bacteria, E. faecium and
S. pyogenes. In a stark contrast, no antibacterial activity was observed with any exudates
against Gram-negative bacteria Salmonella, S. marcescens or E.coli. Taken together, these data
indicate that P. patens produces secreted metabolites with antibacterial activity specific only
against Gram-positive but not Gram-negative bacteria.

The narrow specificity of moss metabolites only against Gram-positive bacteria is
intriguing and may stem from the structural differences in bacterial cell walls or antibiotic
resistance mechanisms. For instance, some features of Gram-negative bacteria may make
it hard for moss antimicrobials to reach their targets: (a) the presence of the outer and
inner membranes and the periplasmic space, which may represent a physical barrier to
peptide antibiotics [30]; (b) very efficient proteases and powerful efflux systems which
quickly remove antibiotics [31]; and (c) the presence of antimicrobial stress-responding
proteins in periplasmic space, such as SipA in Vibrio cholerae and SapA in Actinobacillus
pleuropneumoniae [32,33]. Other, currently unknown, mechanisms may also be involved.

Interestingly, time course experiments indicated that antibacterial activity in P. patens
exudates increases over time: it is already detectable after 1 week of moss culture growth
and continues to increase after 2 weeks and further after 4 weeks. Two possible scenarios
can be envisioned that explain accumulation of antibacterial activity in moss exudates over
time. First, the bioactive moss compounds may be relatively stable in the environment
under the chosen P. patens growth conditions and accumulate in the exudate as the moss
culture continues to grow. Alternatively, antimicrobial compounds may be relatively
unstable and degrade quickly, but their higher abundance in the four-week-old exudate
may simply reflect a moss biomass increase over the longer growth period.

To start addressing the question of bioactive moss metabolite stability and to obtain
a glimpse into the potential molecular nature of antimicrobial moss compounds, we per-
formed a series of thermo- and photostability assays. Our MIC experiments indicated that
P. patens exudates fully retained antibacterial activity against S. aureus after various physical
challenges, but activity was greatly diminished when P. patens exudates were either boiled
or treated with proteinase K. These results are consistent with the peptide or small protein
nature of antimicrobial P. patens metabolites. Furthermore, our size fractionation data also
indicated that the antibacterial activity is associated with the smaller <10 kDa molecular
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weight fractions. Thus, the apparently small molecular weight of bioactive P. patens exudate
compounds correlates well with their presumed peptide nature.

Several types of peptide antibiotics have been described in the literature. One type
of such antibiotic represents mostly bacterial polypeptides not synthesized on ribosomes,
including polymyxins, bacitracins and glycopeptides [34]. Another type of antimicrobial
peptide is ribosomally synthesized by many diverse organisms as an inherent component of
the natural host defense system. Though these compounds are often less well characterized,
they represent a potentially very promising opportunity for natural antibiotic development.
Specifically, P. patens is known to produce over 400 secreted proteins, most of which are
pathogen defense-related and 72 are secreted only in the presence of chitosan, an elicitor
of the plant pathogen response pathway [24]. In addition to known secreted proteins,
P. patens also exudes over 500 cryptic peptides with presumed antibacterial and regulatory
activities [8,9]. However, previous data indicated that the synthesis and secretion of such
cryptic peptides are typically induced by phytopathogens, whereas our results indicate that
P. patens cells constitutively secrete antibacterial compounds when grown under standard
laboratory conditions. Thus, identification of such constitutively synthesized metabolites
offers an important advantage over pathogen-induced antibacterial peptides, as moss cells
in our experiments are not artificially manipulated, have no reduction in growth rate and
experience no other unwanted physiological changes during growth in culture.

4. Materials and Methods
4.1. Moss Strains and Growth Conditions

S. fallax strain MW (a gift from Dr. David Weston and Dr. Megan Patel, Oak Ridge
National Laboratory) and P. patens ecotypes Gransden (Gd) [19] and Villersexel (Vx) (gifts
from Dr. Pierre-François Perroud and Dr. Stefan Rensing, Philipps-Universität Marburg)
were propagated on Petri plates with BCD agar medium containing 1 mM MgSO4, 1.84 mM
KH2PO4 pH 6.5, 10 mM KNO3, 0.045 mM FeSO4, 1 mM CaCl2, and the trace elements of 9.93
mM H3BO3, 2.2 mM CuSO4 × 5H2O, 1.96 mM MnCl2 × 4H2O, 0.231 mM CoCl2 × 6H2O,
0.191 mM ZnSO4 × 7H2O, 0.169 mM KI and 0.103 mM Na2MoO4 × 2H2O, supplemented
with 5.5 mM ammonium tartrate and 0.7% agar [35]. Moss tissue was passaged weekly by
homogenizing with the IKA Ultra-Turrax T10 basic tissue dispenser, followed by plating
on cellophane disks placed on solid BCD medium in Petri dishes. Moss plates were grown
in a plant growth chamber (Model 7300, Caron Products) at 22 ◦C, 65% humidity, 880 lux
light intensity and 12/12 h light/dark conditions.

4.2. Intracellular Metabolite Extraction

Polar and non-polar moss metabolites were extracted with 80% methanol and hexane
treatments, respectively. Mosses were grown for 10 days (P. patens) or 30 days (S. fallax) on
Petri dishes with cellophane disks placed on solid BCD agar medium. Moss tissue (1.5 g)
was collected with a spatula, excess moisture was removed by blotting with a paper towel
and tissue was ground to a thin powder with mortar and pestle (model 29-151, Genesee
Scientific) using liquid nitrogen. Tissue powder was transferred into a tube with 15 mL
of the appropriate solvent, wrapped in aluminum foil and metabolites were extracted by
maceration at RT for 24 or 45 h. Extracts were collected by centrifugation at 4300× g for
15 min (centrifuge model 5424R, Eppendorf) and filtered through a 0.45 µm syringe filter.
Samples were first concentrated by drying under a stream of nitrogen, and subsequently,
fully dried in a lyophilizer (model 7382021, Labconco). Dry pellets were weighted and
stored at −80 ◦C before use. For analysis, samples were dissolved in 80% methanol or
hexane at a final concentration of 100 µg/µL.

4.3. Preparation f Extracellular Metabolites from Moss Exudates

For the analysis of secreted metabolites, P. patens ecotypes were grown in 250 mL flasks
containing 100 mL of liquid BCD medium on the orbital shaker (with rotation 150 rpm)
at 22 ◦C, 65% humidity, 880 lux light intensity and 12/12 h light/dark conditions. Moss
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cultures were grown for 1–4 weeks depending on the experiment, and exudates were
collected by filtering first through a 70 µm cell strainer and then through a 0.45 µm syringe
filter, and were flash frozen in liquid nitrogen. Unused BCD culture medium was processed
similarly as a negative control. Dry samples were weighted and stored at −80 ◦C until
needed. For experimental analysis, dry samples were dissolved in sterile BCD medium
with ammonium tartrate in the final concentration of 100 µg/µL.

4.4. Tests for Antibacterial Activity

Antimicrobial activity of crude moss extracts and exudates was analyzed against Gram-
positive bacteria (Staphylococcus aureus ATCC 25923, Streptococcus pyogenes ATCC 12344
and Enterococcus faecium ATCC 35667) and Gram-negative bacteria (Serratia marcescens SM6,
Salmonella enterica ser. Typhimurium ATCC14028s, Escherichia coli TOP10 and Pseudomonas
syringae DC3000). Strains were grown in LB medium (Gram-negative bacteria) or Tryptic
soy medium (Gram-positive bacteria).

Disk-diffusion test (DDM). Inhibition of bacterial growth by moss metabolites was
determined by the disk-diffusion method on LB agar according to CLSI guidelines (www.
clsi.org, accessed on 1 July 2022). Bacterial cultures were grown overnight (ON) at 35 ◦C.
Bacterial inoculum (CFU = 1 × 107/plate) was prepared by dilution of 25 µL of ON culture
in 5 mL of TOP agar (LB broth powder 25 g/L, 0.7% agar), stirred and poured on the
Petri dish containing 20 mL of regular LB agar. Then, 17.5 mg of moss metabolites were
added to each sterile Whatman disk (disk diameter = 7 mm). Disks soaked with 80%
methanol, hexane or liquid BCD medium were used as negative controls. Disks soaked
with metabolites were placed on top of inoculated plates and incubated at 35 ◦C for 18 h.
The diameter of the bacterial growth inhibition area (halo) around each cellulose disk
containing moss metabolites was then measured in mm and plotted. The diameter of the
cellulose disk itself was 7 mm. All experiments were carried out in duplicate on at least
three separate occasions.

Broth microdilution method to determine minimum inhibitory concentration (MIC). A deter-
mination of minimum inhibitory concentration (MIC) of moss metabolites was performed
using 96-well microtiter plates in a BioTek plate reader spectrophotometer, the Synergy
HTX [36]. Bacterial cultures were grown ON at 35 ◦C in MH (Mueller–Hinton) broth.
Overnight cultures were subcultured at a 1:100 ratio in fresh MH broth and incubated
at 35 ◦C with shaking (200 rpm) until each bacterial suspension reached turbidity equal
to a 0.5 McFarland standard. Each resulting culture was further diluted and used to
inoculate a 96-well dish containing MH broth to a final concentration of approximately
1 × 107 CFU/mL. Metabolites were added using serial dilutions (50, 25, 12.5, 6.25 mg/mL
or less, depending on the experiment), and the 96-well dish was sealed with a Breathe-Easy
membrane (Diversified Biotech) to reduce evaporation and incubated for 18 h at 35 ◦C. The
optical density at 600 nm (OD600) was measured every 15 min using a spectrophotometer
(BioTek Synergy HTX). Bacterial growth in the presence of BCD medium concentrate was
processed the same way as the moss exudate was used as a negative control, whereas car-
benicillin and chloramphenicol dilutions were used as positive controls. Bacterial cultures
grown in MH medium in the absence of metabolites were used as the general control for
bacterial growth. The MIC was defined as the lowest concentration of an antimicrobial
agent that inhibited the visible growth of bacteria. All experiments were performed in four
biological and three technical replicates.

4.5. Metabolite Stability Test

Extracellular metabolites were analyzed for their stability using different treatments:
boiling for 10 min, freezing/thawing, sensitivity to light and proteinase K. Lyophilized
moss exudates were dissolved in MH medium and used in MIC analysis following treat-
ments. For the freezing/thawing experiment, exudate samples were frozen in liquid
nitrogen and, subsequently, thawed in 37 ◦C water bath three times. For the thermostability
assay, exudates were incubated for 3 h at RT in a microcentrifuge tube covered with foil.
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For the light stability analysis, samples were exposed to white light in the transparent
microcentrifuge tube for 3 h at RT. For the proteinase stability assay, samples were treated
with 0.33 µg of proteinase K and incubated for 3 h at 37 ◦C. After treatments, all samples
were subjected to MIC analysis.

4.6. Size Fractionation of Extracellular Moss Metabolites

The Amicon Ultra-15 ultrafiltration system (3 kDa and 10 kDa cutoff columns) (Milli-
pore) was used to separate exudate components by their molecular weight. Fractionation
was conducted following manufacturer instructions to obtain fractions <3 kDa, 3–10 kDa
and >10 kDa. All procedures were performed at 4 ◦C.

4.7. Data analysis

Data were reported as mean ± standard deviation of 3 independent experiments with
2 biological replicates. Statistical significance was determined using the unpaired t-test
with Welch’s correction; p < 0.05. Analyses were performed using GraphPad Prism v.9.3.1,
San Diego, CA, USA.

5. Conclusions

This study provided new data on the antibacterial activity of extracellular and intra-
cellular metabolites from different species of model mosses. These results highlight the
applicability of mosses as a source of new bioactive compounds, as well as their biotech-
nological potential in medicine and agriculture. Specifically, the unique combination of
P. patens facile genetics and genomic tools with advanced biochemical and proteomic anal-
ysis methods will make it possible to not only discover and characterize novel secondary
metabolites or bioactive peptides from this previously underexplored Bryophyte model, but
also to perform bioinformatics analyses to identify genes for their biosynthetic pathways.
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Abstract: Co-culture is known as an efficient way to explore the metabolic potential of fungal strains
for new antibiotics and other therapeutic agents that could counter emerging health issues. To
study the effect of co-culture on the secondary metabolites and bioactivities of two marine strains,
Aspergillus terreus C23-3 and Aspergillus. unguis DLEP2008001, they were co-cultured in live or inacti-
vated forms successively or simultaneously. The mycelial morphology and high-performance thin
layer chromatography (HPTLC) including bioautography of the fermentation extracts were recorded.
Furthermore, the agar cup-plate method was used to compare the antimicrobial activity of the ex-
tracts. Based on the above, liquid chromatography-photodiode array-tandem mass spectrometry
(LC-PDA-MS/MS) together with Global Natural Products Social molecular networking (GNPS) and
multiple natural products database mining were used to further analyze their secondary metabolite
variations. The comprehensive results showed the following trends: (1) The strain first inoculated
will strongly inhibit the growth and metabolism of the latter inoculated one; (2) Autoclaved A. unguis
exerted a strong inducing effect on later inoculated A. terreus, while the autoclaved A. terreus showed
high stability of its metabolites and still potently suppressed the growth and metabolism of A. unguis;
(3) When the two strains are inoculated simultaneously, they both grow and produce metabolites;
however, the A. terreus seemed to be more strongly induced by live A. unguis and this inducing
effect surpassed that of the autoclaved A. unguis. Under some of the conditions, the extracts showed
higher antimicrobial activity than the axenic cultures. Totally, A. unguis was negative in response but
potent in stimulating its rival while A. terreus had the opposite effect. Fifteen MS detectable and/or
UV active peaks showed different yields in co-cultures vs. the corresponding axenic culture. GNPS
analysis assisted by multiple natural products databases mining (PubChem, Dictionary of Natural
Products, NPASS, etc.) gave reasonable annotations for some of these peaks, including antimicrobial
compounds such as unguisin A, lovastatin, and nidulin. However, some of the peaks were correlated
with antagonistic properties and remain as possible novel compounds without mass or UV matching
hits from any database. It is intriguing that the two strains both synthesize chemical ‘weapons’ for
antagonism, and that these are upregulated when needed in competitive co-culture environment.
At the same time, compounds not useful in this antagonistic setting are downregulated in their
expression. Some of the natural products produced during antagonism are unknown chlorinated
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metabolites and deserve further study for their antimicrobial properties. In summary, this study
disclosed the different responses of two Aspergillus strains in co-culture, revealed their metabolic
variation, and displayed new opportunities for antibiotic discovery.

Keywords: Aspergillus terreus; Aspergillus unguis; co-culture; antimicrobial activity; LC-PDA-MS/MS;
molecular network; database mining

1. Introduction

The ocean supports an amazing variety of marine life and is a crucial part of the
biosphere. Marine organisms, including microbes, have developed complex metabolic
mechanisms to adapt themselves to the unique environment of high salinity, high pressure,
low oxygen, and oligotrophy. As a result, secondary metabolites (SMs) with novel structures
and rich activities are produced and provide a rich source of drug lead compounds [1].
Although medical sciences have made significant progress, infectious diseases caused by
bacteria, fungi, and viruses still pose a substantial threat to public health. Due to the
development of antibiotic resistance, finding new antibiotics remains an essential task for
scientists worldwide. Nevertheless, most of the current antibacterial agents derived from
natural products were isolated from terrestrial sources, while marine organisms are still
primarily untapped resources for new biologically active natural products, and especially
antibiotics [2].

Previous studies have shown that fungi contain many diverse biosynthetic gene clus-
ters that encode for secondary metabolites, but under artificial culture conditions in the
laboratory, most fungal functional gene clusters are silent (i.e., not expressed). The methods
for enriching the diversity of expressed fungal metabolites include changing the composi-
tion of the medium, changing the environmental conditions, adding epigenetic modifiers,
and co-cultivating with other fungi or bacteria [3–5]. Specifically, the co-cultivation of
microorganisms from different sources often creates competition and antagonism. To com-
pete for the limited natural resources in such an environment, or for living space or to
maintain information transmission between species, the microbes often produce secondary
metabolites that are not produced when cultured separately [6].

Mass spectrometry (MS)-based metabolomics is increasingly playing an important
role in efficient natural products studies. These approaches enable the accurate offline and
online comparison of constituent differences among samples including big data samples.
However, these data sets are often too large for manual analysis as more than 1000 MS/MS
spectra can be collected from just one extract sample. Global Natural Products Social
molecular networking (GNPS) is a data-driven open platform for the storage, analysis,
and dissemination of MS/MS spectra. It provides the ability to visualize data sets from
different users and compare these with all publicly available reference spectra to annotate
known molecules and discover putative analogs [7]. For example, Oppong-Danquah. et al.
used a GNPS molecular networking-based screening method to annotate metabolites with
crop protection activity in co-cultures of several marine fungi, significantly improving the
efficiency of discovery and identification of trace novel natural products [8]. GNPS is a
continuously developing platform for accurate dereplication and annotation tasks, and
thus is best complemented with other approaches at the present time.

In preliminary studies, our laboratory obtained a marine Aspergillus terreus strain
C23-3 from a coral collected in Xuwen Natural Reserve of South China Sea and a marine
A. unguis strain DLEP2008001 from a seaweed collected at the intertidal zone of Dalian
City by the Yellow Sea of Northern China. Intriguingly, our previous research and the
reports from other groups indicated that both these two species/strains can produce po-
tent antibiotics as well as other bioactive compounds. For example, A. terreus produces
butyrolactones showing antibacterial, antitumor, antioxidant, antiviral, enzymes (glucosi-
dase, glucuronidase, and cyclin-dependent protein kinase 5) inhibitory, neuroprotective,
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anti(-neuro-)inflammatory, and axonal growth promoting activities [9–14], as well as lipid
lowering lovastatins and acetylcholinesterase (AChE) inhibitory territrems [15,16]. As for
A. unguis, it was known to produce halogenated and non-halogenated depsidones which
were reported to possess antibacterial, antifungal, brine shrimp larvacidal, enzyme in-
hibitory (AChE and aromatase), diphenyl-picryl hydrazyl (DPPH) free radical scavenging,
and neuroprotective activities [17–25].

Because both strains are producers of antibiotics and neuroactive agents, it was appeal-
ing to investigate the effect of co-culture conditions on expression of their secondary metabo-
lites, as this might result in the discovery of new antibiotics or anti-neurodegenerative
agents. In this paper, we investigated the high-performance thin layer chromatographic
(HPTLC) profiles, bioactivities, LC-MS/MS based GNPS molecular networking, and multi-
ple natural product database mining of secondary metabolites deriving from co-culturing
of these two marine fungi.

2. Results
2.1. Morphological Comparison

The two strains A. unguis and A. terreus were statically cultivated for a total of
28 days (in one stage or two stages) in seawater potato sucrose broth under 7 experi-
mental condition groups, including: G1) A. unguis axenically for 28 days (abbreviated as
axU); G2) A. terreus axenically for 28 days (axT); G3) A. unguis 7-day culture-inactivation +
live A. terreus for the following 21 days (iacU-livT); G4) Live A. unguis 7-day culture + live
A. terreus for the following 21 days (livU-livT); G5) live A. unguis and live A. terreus in-
oculated simultaneously (livU/livT) and co-cultivated for 28 days; G6) A. terreus 7-day
culture-inactivation + live A. unguis for the following 21 days (iacT-livU); G7) Live A. terreus
7-day culture + live A. unguis for the following 21 days (livT-livU) (see details of the culture
experiments in Section 4.2.1).

When A. unguis grows axenically, it initially forms scattered bright yellow colonies
and then merges into a dark brown mycoderm (Figure 1G1). When A. terreus grows alone,
it initially forms white colonies and then expands to form an off-white to brown mycoderm
(Figure 1G2). If A. terreus is inoculated on the autoclaved 7-day culture of A. unguis, it still
grows but just as small scattered off-white colonies on the dead mycoderm of A. terreus
without forming its own continuous mycoderm (Figure 1G3). If A. terreus is inoculated on
the live 7-day culture of A. unguis, no obvious growth of A. terreus is observed (Figure 1G4).
When A. unguis and A. terreus are inoculated simultaneously, two types of mycoderms
are observed: dark brown and off-white (Figure 1G5). When A. unguis is inoculated on
the autoclaved 7-day culture of A. terreus, it does not grow as well as the axenic A. unguis
culture but still forms its own complete mycoderm on the surface of the dead mycoderm
of A. terreus (Figure 1G6). However, if A. unguis is inoculated on the live 7-day culture of
A. terreus, the newcomers’ growth is not obvious (Figure 1G7). Comparing the different
culture experiments, it was found that the early inoculated fungus (even if autoclaved)
will inhibit the growth of the late inoculated one, and the live fungus showed stronger
inhibition than the inactivated one.

Figure 1. The morphology of axenic cultures and co-cultures in different experiments (28 days in
total). (G1–G7), respectively, represent: axU (G1), axT (G2), iacU-livT (G3), livU-livT (G4), livU/livT
(G5), iacT-livU (G6), livT-livU (G7).
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2.2. Comparison of HPTLC Fingerprints

The profiles of secondary metabolites including their antioxidant as well as anti-AChE
constituents were demonstrated using HPTLC images that were observed under 254 nm
and 365 nm, colored by anisaldehyde reagent and potassium ferricyanide-ferric chloride
(PFFC) reagent, and revealed by DPPH free radical scavenging and AChE inhibitory
bioautographies, respectively. These HPTLC images revealed the variation between axenic
cultures and co-cultures in different ways, including some dramatical changes.

The UV images (under 254 nm and 365 nm) clearly showed rich secondary metabolic
profiles from the cultures. In the profile of axenic A. unguis (lane 1 in Figure 2A under 254 nm),
the big dark spot with Rf value of 0.70 was judged to be comprised of depsidones according
to our previous study on this strain [18]. For axenic A. terreus, the dark spot with Rf value
of 0.28 was recognized from previous work as butyrolactone I [11]. These annotations were
also supported by the LC-PDA-MS/MS analysis as described below in Section 2.4.

Figure 2. HPTLC fingerprints of the axenic and co-cultural extracts. (A) is the UV images of ex-
periments G1–G7 under 254 nm (the sample numbers were marked with pencil below the starting
line). (B) is the UV images of G1–G7 under 365 nm. (C) is the image of sulfuric acid-anisaldehyde
colorized plate of G1–G7. (D) is the image of potassium ferricyanide-ferric chloride (PFFC) col-
orized plate of G1–G7. (E) is the DPPH free radical scavenging autographic image of G1–G7.
(F) is acetylcholinesterase inhibitory bioautographic image of G1–G7. The developing agent was
chloroform:methanol = 20:1 (v/v). The rulers beside the TLC plate are taken as references for Rf value
calculation. The yellow or red arrows mark the new metabolites produced only under co-cultural
conditions.

In the experiment G3 (iacU-livT), some A. terreus metabolites disappeared including
the spots at Rf 0.43 (orange fluorescence), Rf 0.38 (red fluorescence), and Rf 0.17–0.30
(dark blue, including butyrolactone I). However, other putative A. terreus metabolites were
enhanced in their production, including white fluorescent spots at Rf 0.84 and Rf 0.68.
Moreover, several new constituents appeared in this co-culture including fluorescent spots
at Rf 0.76 (light orange), Rf 0.58 (white), and Rf 0.20 (white) as marked with the yellow
arrows (Figure 2B under 365 nm). Remarkably, the typical A. unguis depsidone metabolites
still appeared in this co-culture (Figure 2A under 254 nm), indicating their thermostability
against autoclaving.

In the experiment G4 (livU-livT, inoculated in tandem), the UV images were basically
the same as those of the axenic A. unguis, indicating that the later inoculated A. terreus was
extremely suppressed in its growth and production of metabolites. This is consistent with
the morphological observation described above.
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In experiment G5 (livU/livT, inoculated simultaneously), the UV images greatly dif-
fered from those of G3 and G4, but closely resembled those of G2 (the axenic A. terreus).
However, some A. terreus products were produced in lower yields such as the spot with
Rf 0.38 (red fluorescence), or even vanished such as the one with Rf 0.43 (orange fluores-
cence). In contrast, some spots, like the white fluorescent spots with Rf 0.84, 0.67, 0.32,
and 0.08, were significantly enhanced to a much higher extent than in co-culture G3. As
for A. unguis metabolites, only a small quantity of depsidone metabolites (Rf 0.67) was
observed under 254 nm. This situation agreed with the growth advantage of A. terreus vs.
A. unguis in Figure 1G5.

In the experiment G6 (iacT-livU), the UV image under 365 nm was similar to that
of axenic A. terreus, suggesting that the A. terreus metabolites were quite thermotolerant
against autoclaving and were stable over a three-week period. The depsidones of A. unguis
were present but with much lower yield compared to the axenic A. unguis culture. Therefore,
even the autoclaved A. terreus can remarkably inhibit the growth or metabolism of A. unguis.

Likewise, in experiment G7 (livT-livU, inoculated in tandem), the UV image displayed
almost identical features with the axenic A. terreus cultures; however, the depsidones from
A. unguis could barely be observed.

The results of anisaldehyde and PFFC colorization (Figure 2C,D) were consistent with
the UV findings. Additionally, they revealed the production of new metabolite during
the co-cultivation experiments. For example, the following were new compounds: blue
gray spot at Rf 0.58 in experiment G3, gray spot at Rf 0.82 in G4 (both with anisaldehyde
detection), brown spot at Rf 0.27 and brownish spot at Rf 0.40 (both with PFFC detection).

The two bioautographies revealed the antioxidant and anti-AChE constituents in
the different culture experiments (Figure 2E,F). The depsidones showed antioxidant and
anti-AChE activities, while butyrolactone I showed antioxidant activity. Their variation
in amounts (Figure 2A) were partially reflected in the changes of the bioactive spots
in these bioautography experiments. Nevertheless, some minute new anti-AChE spots
(Rf 0.32 and 0.36) were also observed in co-culture G3, and differences in highly polar
constituents remaining at the point of application cannot be excluded because the mobile
phase (chloroform:methanol = 20:1 (v/v)) was not polar enough to mobilize them in the
chromatogram.

Generally, the HPTLC suggested the following trends: (1) the strain firstly inoculated
will strongly inhibit the growth and metabolism of the later inoculated one, (2) the auto-
claved A. unguis exerted a strong inducing effect on the later inoculated A. terreus, while
the autoclaved A. terreus showed high stability of its metabolites and still potently sup-
pressed the growth and metabolism of A. unguis, (3) when the two strain were inoculated
simultaneously, they both grew and produced metabolites. However, the A. terreus seemed
to be more strongly induced by live A. unguis and this inducing effect surpassed that of the
autoclaved A. unguis. Finally, A. unguis was negative in response and agonism but potent
in stimulating its rival while A. terreus had the opposite effect.

2.3. Antimicrobial Activity

Based on the above preliminary co-cultural product HPTLC analysis, the antimicrobial
activities of the extracts were further tested against several indicator strains, including
Methicillin-resistant Staphylococcus aureus (MRSA), Bacillus subtilis, Pseudomonas aeruginosa,
Vibro parahemolyticus, V. alginolyticus, Shewanella putrefaciens, Yersinia pseudotuberculosis, and
Candida albicans. The results are shown in Table 1 and the representative photos below in
Figure 3.
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Table 1. The total extract amounts and antimicrobial activities from experiments G1–G7, which
were measured using the Oxford Cup method (dosage: 200 mL/well, concentration = 1 mg/mL,
concentration for both controls = 0.1 mg/mL, n = 4).

Sample
Number

Total
Sample
Amount
(Yield:

mg/flask)

Diameters of Inhibition Zones Against Indicator Microbes (mm) #

MRSA Bacillus
subtilis

Pseud
omonus

aeruginosa

Vibro
parahemo

lyticus

Vibro
alginol
yticus

Shewanella
putrefaciens

Yersinia
pseudotuber

culosis

Candida
albicans

axU (G1) 345 ± 40 15.7 ± 0.6 13.2 ± 0.5 14.0 ± 0.9 18.6 ± 0.9 17.8 ± 0.8 17.1 ± 1.2 - 13 ± 0.5
axT (G2) 624 ± 10 - - - 7.3 ± 0.4 8.1 ± 0.6 9.3 ± 0.5 - -

iacU-livT (G3) 560 ± 20 - 7.5 ± 0.8 8.9 ± 0.9 11.8 ± 0.4 7.3 ± 0.9 7.1 ± 0.5 - 14.2 ± 0.7
livU-livT (G4) 309 ± 30 13.0 ± 0.4 15.7 ± 0.5 15.6 ± 1.0 17.8 ± 0.6 16.2 ± 0.6 17.4 ± 0.5 - 11.7 ± 0.5
livU/livT (G5) 420 ± 80 10.2 ± 0.6 14.3 ± 0.7 14.2 ± 0.7 - 14.3 ± 0.5 18 ± 0.8 - 13.0 ± 0.8
iacT-livU (G6) 440 ± 20 - 7.0 ± 0.4 - - 9.6 ± 0.6 10.4 ± 0.8 - 12.3 ± 0.5
livT-livU (G7) 638 ± 40 8.1 ± 0.3 - - 8. 1 ± 0.9 - - - 9.2 ± 0.7

Ampicillin - 14.1 ± 0.4 17.5 ± 0.2 19.7 ± 0.5 24.1 ± 0.9 18.6 ± 0.4 16.1 ± 0.6 11.3 ±
0.2 -

Ketoconazole - - - - - - - - 16.3 ± 0.8

#: three times average ± standard deviation; -: no activity or very weak activity.

Figure 3. The antimicrobial activities of representative co-cultures (G3 & G4). The figures (a–h) for
G3 & G4 are the antimicrobial results against MRSA, Bacillus subtilis, Pseudomonas aeruginosa, Vibro
parahemolyticus, V. alginolyticus, Shewanella putrefaciens, Yersinia pseudotuberculosis, and Candida albicans,
sequentially. For some relatively weak inhibition zones, circles in dash lines were used to mark them.

In these experiments, axenic A. unguis extracts exhibited much stronger broad-spectrum
antimicrobial activity against the selected indicator strains than axenic A. terreus extracts.
However, as revealed by morphological evaluation and HPTLC fingerprints, the A. terreus
possessed strong inhibition against A. unguis, even by its autoclaved medium. This antifun-
gal activity, though, may be specific to A. unguis, since C. albicans showed low sensitivity to
the axenic A. terreus products.
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When A. unguis grew well and fully, such as in the livU-livT (G4) experiment, the
overall activity of the co-culture reached comparable levels of axU (G1). However, it was
noticed that its activities against B. subtilis and P. aeruginosa were remarkably higher than
those of axU (G1), which was possibly related to the higher depsidone metabolites yield
under this condition as shown by HPTLC.

While A. unguis was inactivated by autoclaving after the first week or grew weakly
when co-inoculated or late inoculated, with low yields of depsidones, the antimicrobial
spectra and the inhibition potency of the co-cultural products would be generally weakened,
as depicted in the results of iacU-livT(G3), livU/livT(G5), iacT-livU(G6), and livT-livU(G7).
Nevertheless, the anti-B. subtilis and anti-S. putrefaciens activities of livU/livT(G5) were
enhanced by co-culture, and the anti-C. albican activity of iacU-livT(G3) also became higher
than axU (G1), suggesting that new antimicrobial substances may be produced in co-
cultures. Taking into account, too, the remarkable increase in total extract amounts, the
extent of the activity enhancement is even more dramatic because the activities reported in
Table 1 are the results from identical sample concentrations. Considering that the strong
inducing effect of A. unguis towards A. terreus and the antifungal potential of A. terreus
(against A. unguis in co-cultures), the antifungal activity of iacU-livT(G3) was possibly from
the induced products of A. terreus.

2.4. Metabolits Profile Comparison by LC-PDA-MS/MS and Multiple Database Mining

To further investigate the metabolic profile variation occurring as a result of co-
cultivation, and to annotate putative antimicrobial compounds and their derivatives, LC-
PDA-MS/MS analysis and GNPS molecular network-based analyses were performed for
the extracts of the seven experimental setups. As a supplement to GNPS automatic metabo-
lite annotation, manual searching was also performed to find possible candidates for the
compounds showing dramatic changes in yield. This latter analysis used several open
accessible natural product databases including PubChem, Dictionary of Natural Products
(DNP), NPASS, Natural Product Atlas, and Nmrdata (WeiPu). The deduced molecular
weights, isotopic patterns (for chlorinated metabolites), UV features, and taxon information
(mainly within the Genus of Aspergillus and expanded to the kingdom of fungi when
necessary) were queried in these database searches.

In general, the LC-UV profiles (under 280 and 360–370 nm) together with the LC-MS
BPC profiles (under both positive and negative MS modes) (Figures 4–7) show the similar
trends in fungal metabolite production in co-cultures as those observed by HPTLC. Espe-
cially, the 360–370 nm UV monitoring (although without fluorescent detection) showed rich
upregulated peaks from A. terreus (G5 vs. G3) as displayed by the fluorescent components
in HPTLC results but not by MS monitoring. These observations suggest that live A. unguis
had a stronger inducing ability to A. terreus than the autoclaved one. These results also
suggestion that the fluorescent substances may be not readily ionizable, or that they are
present in very low quantity.

Totally, 15 MS detectable main peaks were chosen based on their significant variation
in yield compared with the corresponding axenic cultures (Table 2) and submitted to
annotation by GNPS and the multiple database mining approach described above. Their
complete information is summarized in Table 3; the peaks are marked in Figures 4–7
and the selected annotated structures are presented in Figure 8 and partially by GNPS in
Figures 9 and 10. By comparison of the axenic and co-culture LC profiles, peaks 1, 2, and
5–13 were assigned to be A. terreus metabolites, and peaks 2–4, 14, and 15 were assigned to
A. unguis metabolites. Specially, peak 2 was produced by both strains.
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Figure 4. The HPLC traces of the culture extracts detected under the UV wavelength of 280 nm
and the UV spectra for the featured peaks. The samples include axU (G1), axT (G2), iacU-livT (G3),
livU-livT (G4), livU/livT (G5), iacT-livU (G6), and livT-livU (G7). The numbers marked on the peaks
or in the UV spectra are numbers for the peaks with remarkable yield changes detected by mass
spectrometry and are consistent with the peak numbers in Table 2.

Table 2. The changing folds for the yields of the differential peaks.

Feature Peak Number G3(iacU-livT) G4(livU-livT) G5(livU/livT) G6(iacT-livU) G7(livT-livU)

G2(axT) 1 ↓0.14 ↓<0.01 ↓0.02 ↓0.13 ↑1.58
2 ↑1.59 ↑1.96 ↑2.11 ↑2.24 ↑2.46
5 ↓0.23 ↓0.02 ↓0.08 ↑1.49 ↑3.49
6 ↓0.12 ↓<0.01 ↓0.11 ↓0.7 ↓0.72
7 ↓0.21 ↓0.08 ↑3.57 ↑3.15 ↑4.42
8 ↓0.52 ↓0.19 ↑8.41 ↑7.31 ↑10.47
9 ↓0.02 ↓0.06 ↓<0.01 ↓0.08 ↓0.05

10 ↓<0.01 ↓<0.01 ↓0.09 ↓0.64 ↑1.36
11 ↓0.02 ↓0.04 ↓0.52 ↑1.33 ↑3.03
12 ↓0.2 ↓0.06 ↓0.08 ↓0.02 ↓0.57
13 ↓0.03 ↓0.02 ↓0.14 ↓0.27 ↓0.91

G1(axU) 2 ↑4.57 ↑5.66 ↑6.07 ↑6.45 ↑7.09
3 ↓0.05 ↑3.46 ↑3.08 ↓<0.01 ↓0.01
4 ↑3.65 ↑3.48 ↓0.78 ↓0.09 ↓0.14

15 ↓0.23 ↓0.56 ↓0.5 ↓0.14 ↓0
14 ↓0 ↓0 ↑1 ↑13.39 ↑1.89

Note: ↓: Production decreased fivefold and more; ↓: Production decreased less than fivefold; ↑: Production
increased fivefold and more; ↑: Production increased less than fivefold; ↑: New metabolite (in large quantities) in
co-culture; ↑: New metabolite (in small amounts) in co-culture.
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Figure 5. The HPLC traces of the culture extracts detected under the UV wavelength of 360–370 nm
and the UV spectra for the featured peaks. The samples include axU (G1), axT (G2), iacU-livT (G3),
livU-livT (G4), livU/livT (G5), iacT-livU (G6), and livT-livU (G7). The numbers marked on the peaks
or in the UV spectra are numbers for the peaks with remarkable yield changes detected by mass
spectrometry and are consistent with the peak numbers in Table 2.

Figure 6. The LC-MS traces (base peak chromatographies, BPC) under positive ion mode of the
culture extracts. The samples include axU (G1), axT (G2), iacU-livT (G3), livU-livT (G4), livU/livT
(G5), iacT-livU (G6), and livT-livU (G7). The numbers marked on the peaks or in the UV spectra
are numbers for the peaks with remarkable yield changes detected by mass spectrometry and are
consistent with the peak numbers in Table 2.
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Figure 7. The LC-MS traces (base peak chromatographies, BPC) under negative ion mode of the
culture extracts. The samples include axU (G1), axT (G2), iacU-livT (G3), livU-livT (G4), livU/livT
(G5), iacT-livU (G6), and livT-livU (G7). The numbers marked on the peaks or in the UV spectra
are numbers for the peaks with remarkable yield changes detected by mass spectrometry and are
consistent with the peak numbers in Table 2.
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Figure 8. Annotated compound structures for the peaks 1–15. The asterisks (*) mark hits from
databases with relatively higher reliability based on their similarities, including not only molecular
weights, but also at least one of the following characteristics like GNPS MS2 similarity, UV features,
isotopic patterns (for chlorinated compounds), and taxonomy, to the featured peaks. Compounds 10-1
and 10-2 represent two alternative annotations for peak 10 (see Table 3 for further data on each of
these annotations). This terminology also applies for the other base compound numbers.

Compared with the axenic A. terreus, most of its metabolites except peak 2 were
remarkably decreased in yield when A. terreus was inoculated one week after A. unguis
(i.e., groups G3: iacU-livT and G4: livU-livT). Moreover, live A. unguis showed a stronger
suppressive effect than the autoclaved material, indicating the inhibition of A. unguis
metabolites towards A. terreus (Table 2).

Peak 7 was annotated to be the typical A. terreus metabolite lovastatin by MS/MS
similarity to GNPS records. Its UV features showed a difference to related literature val-
ues [15,16] which was possibly caused by unknown impurities in the peak. Peak 8 appeared
in the same cluster in the GNPS molecular network (the node with average m/z 427.256 for
peak 7 and the node with average m/z 459.273 for peak 8 in Figure 9A) and was therefore
also proposed to be a statins. Peaks 7 and 8 were dramatically upregulated in G5 and G7
(when A. terreus was inoculated simultaneously with or prior to A. unguis, respectively), in-
dicating that they were employed in antagonistic responses to A. unguis. This phenomenon
is also consistent with the antifungal activity reported for statin natural products [26,27].
In G6 (iacT-livU), these two compounds remained in high concentration even though the
1-week A. terreus culture was autoclaved, indicating that they were produced in the early
stage of growth and possessed good stability to persist in their inhibition to A. unguis. This
was indicated by the weakened mycelial growth and downregulated metabolites observed
in HPTLC and LC profiles of group G6 A. unguis.
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Figure 9. The GNPS molecular network based on positive ion MS/MS spectral similarity, showing
a selection of amplified clusters. The nodes display the measured average masses of the molecular
ions with identical MS/MS spectra. The sizes of the nodes reflect the relative amount of the corre-
sponding compounds. The different colors of sections in the nodes represent different samples, i.e.,

: axU (G1), axT (G2), iacU-livT (G3), livU-livT (G4), livU/livT (G5), iacT-livU
(G6), and livT-livU (G7), respectively. (A) is an enlarged cluster for statins including the sodiated ion
of peak 7 (lovastatin). (B) is an enlarged cluster containing a possible fusarine-like siderophore. (C) is
an enlarged cluster containing heme B. (D) is an enlarged cluster containing protonated ion of peak
7. (E) is an enlarged cluster containing peak 6 (territrem B). (F) conclude two nodes annotated as a
diketopiperazine and a simvastatin fragment. (G) is a node annotated as a cyclopeptide.

Four peaks (1, 5, 10, and 11) all increased in G7 (livT-livU) but were reduced in the
simultaneously inoculated G5 experiment (livT/livU). Among them, peaks 5 and 11 were
also increased in group G6 (iacT-livU) but to a lesser extent than G7, but peaks 1 and 10
were decreased in G6. Their varied production levels suggest that all four compounds may
contribute to the competitive success of pre-inoculated A. terreus growth in co-cultures;
however, their potency may be too low to be effective in the spontaneous inoculation
co-culture G5. Peaks 5 and 11 were deduced to be produced in the early stage of growth
and stable, whereas peaks 1 and 10 may be not stable or are synthesized late in the growth
cycle. Although GNPS did not provide any annotations for these latter metabolites, query
of multiple databases provided some clues as to their identities. For peak 1 there was
1 hit, a diketopiperazine with end absorption similar to what was observed. There were
3 possible hits (anthraquinones aspergilols A, B, and G) for peak 5 which included UV
absorptions most similar to aspergilol G [28]; however, only by UV comparison, aspergilols
A and B cannot be definitely excluded since they were also reported to have similar UV

116



Antibiotics 2022, 11, 513

absorptions to peak 5. Two hits were found for peak 10 with similar UV profiles as
the cyclopeptide epichloenin A and diketopiperazine-aluminum salt astalluminoxid (the
former with reported antifungal activity) [29,30]. Peak 11 has a similar molecular weight
to the antifungal Tyr-containing cyclic peptide KK-1 from the database Natural Product
Atlas (record NPA028479), but their distinct UV properties rule out the possibility of such a
match. [31].

Figure 10. The GNPS molecular network based on negative ion MS/MS spectral similarity showing
a selection of amplified clusters. The nodes display the measured average masses of the molecular
ions with identical MS/MS spectra. The sizes of the nodes reflect the relative amount of the cor-
responding compounds. The different colors of sections in the nodes represent different samples,

i.e., : axU (G1), axT (G2), iacU-livT (G3), livU-livT (G4), livU/livT (G5), iacT-
livU (G6), and livT-livU (G7), respectively. (A) is an enlarged cluster containing peak 15 (nidulin).
(B) is an enlarged cluster containing nornidulin.

Another four peaks (6, 9, 12, and 13) were all downregulated in experimental groups
G5, G6, and G7. Peak 9 was nearly eliminated in all the groups, indicating that it may
be not important to this fungal strains’ arsenal of allelochemicals. The down regulation
of these four compounds is consistent with their not being involved in the antagonistic
behavior of this fungus, and is consistent with economizing unused metabolic pathways
during stress conditions. GNPS and database mining gave reliable annotations for peak 6
as the known AChE inhibitor territrem B [15,32,33] and for related peak 9 the antibacterial
sesterterpene terretonin G. The latter annotation had similar UV characteristics [34]. For
peak 12, five compounds with similar molecular weights and high polarity were found,
i.e., Aspergillussanone H, Nigerasperone B, Aurasperone B, and Fumigatosides C-D from
Aspergillus spp. [35–40], but their rich UV absorptive peaks ruled them out since peak
12 essentially only showed end absorption. Nevertheless, two possibilities, austamide
(diketopiperizine) and asperimide A (containing a maleimide ring), had the most similar
UV spectra to peak 13 out of the 3 hits [41,42]. Likewise, most of the A. unguis metabolites
(peaks 3, 4, and 15) all were reduced in groups G6 and G7 when A. unguis was inoculated
1 week afterwards, reflecting the inhibition of A. terreus metabolites to A. unguis (Table 2).
However, these three compounds changed in quite different ways in experimental groups
G3, G4, and G5. For instance, peak 3 was produced in substantially higher yields in
G5 (livU/livT, spontaneous inoculation) and G4 (livU-livT, A. unguis inoculated first) in
contrast to its very low production level in G3 (iacU-livT). These results suggest that it was
probably produced by A. unguis to oppose A. terreus and it was possibly a non-thermostable
metabolite synthesized in its early growth stage. GNPS analysis along with a query of
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multiple databases did not provide a reasonable annotation based on molecular weight
(776 Da), (MS2 features), and UV (end absorption) (Table 3).

Peak 4 was annotated as the cyclopeptide unguisin A by combining the multiple
database mining [43], our previous work on this strain [17], and manual interpretation of
its MS/MS spectrum (Figure 11). This compound was increased by more than 3 folds in A.
unguis first inoculated groups G4 (livU-livT) and G3 (iacU-livT), whereas it was moderately
downregulated in G5 (livU/livT). This profile suggests that it was useful in maintaining
the predominance of A. unguis in co-culture, but is not likely a major component of its
antagonistic arsenal.

Figure 11. The interpretation of MS/MS spectrum of peak 4 (cyclopeptide unguisin A).

Peak 15 showed a typical isotopic pattern for a tri-chlorinated compound by mass
spectrometry (Table 3 and Figure S20), and was thus annotated as nidulin based on GNPS
matching, multiple database mining [23], and our previous studies [17,18]. Its production in
groups G3 (iacU-livT), G4 (livU-livT), and G5 (livU/livT) was reduced to different extents
but not eliminated. In co-cultures G4 and G5 with live A. unguis, its yield still reached
about 50% of the level observed in G1, suggesting that it played a positive yet minor role in
this antagonistic response.

Noteworthily, peak 14 had an isotopic cluster typical of a dichlorinated metabolite
(Table 3 and Figure S19) with four dichlorinated but UV distinct ‘hits’ in the kingdom
of fungi, but no hits from the genus Aspergillus by GNPS matching or query of multiple
databases [44,45]. Interestingly, it was not detected in monocultures of A. unguis and A.
terreus. However, considering the observed halogenation ability of A. unguis [17,18,46],
it is likely a metabolite of this latter fungus. It is intriguing that it was not produced in
monoculture nor in G4 when it had the advantage of earlier inoculation, but only when the
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two strains were inoculated at the same time. As the competition was more intense as in G7
(livT-liv U) and A. terreus preemptively produced inhibitory factors as in G6 (iacT-liv U), its
production was increased. This profile suggests that it might be a metabolite that provides
resistance to the stress imposed by A. terreus metabolites. Furthermore, it is interesting that
autoclaved A. terreus had a much stronger ability to induce production of peak 14 than live
cultures, inferring that some potent and thermostable inducers are produced in the early
stage of A. terreus growth.

Peak 2 is able to be produced by both Aspergillus species; however, the yield in
A. terreus was about triple that of A. unguis; and under different co-culture conditions, its
yields were higher than the monocultures; but it was not possible to discern which strain
contributed more under the co-culture conditions. GNPS and multiple database mining did
not give a clear indication of its identity with only one hit suggested, an anti-melanogenic
triterpenoid saponin from Aspergillus. It had an identical molecular weight and end UV
absorption [47]; however, more studies are necessary to confirm its identity and function as
a potential allelochemical.

Briefly, the variation in features in different co-culture experiments revealed that both
strains have allelochemicals that are produced in antagonistic conditions. Some metabolites
appear to be involved in maintaining the predominance of first inoculated strain, others
may be involved in anti-stress responses, and still others are down regulated in these
conditions, presumably because they are not involved in these competitive interactions.

In addition to these 15 peaks observed in the LC-MS profiles, GNPS also annotated
several other metabolites by MS/MS similarity comparisons as shown in Figures 9 and 10.
Some of these also varied in production levels in the different culture experiments, such as
a siderophore-like desferrioxamine with m/z 478.228 together with its congener showing
up in axenic A. terreus (G2) and other cultures in cluster F. Additionally, an open-ring
di-chlorinated depsidone with m/z value 426.979 was produced in extremely low yield
(Figure 10). However, classical GNPS networking can potentially sum the intensity of
ions into the same node that possess ‘identical’ m/z values and MS/MS profiles but quite
different retention times (e.g., isomers). Therefore, this quantification is not as reliable as
EIC integration of the original LC-MS profiles.

3. Discussion

Based on the comparison of monocultures (axenic cultures) and co-cultures in dif-
ferent configurations for their mycelial morphology, HPTLC-bioautography analysis of
secondary metabolic profiles, antimicrobial tests, and LC-PDA-MS/MS analysis, the first
inoculated Aspergillus strains were commonly observed to predominate in co-cultures. This
was true even when the culture was autoclaved one week into the experiment, as it still
suppressed the growth and production of metabolites in the latter inoculated strain. When
both strains of Aspergillus were inoculated simultaneously, they each grew in reasonable
yield and produced their secondary metabolites (SMs). When A. terreus was inoculated
before A. unguis, it produced its characteristic metabolites, including statins, undetermined
peaks (e.g., 1, 5, 11), and desferrioxamines. Similarly, when A. unguis was first inoculated in
the co-culture, it produced its typical metabolites, including unguisin A, nidulin, and unde-
termined peak 3. Meanwhile, the strains dramatically downregulated several metabolites
that possessed no or only weak antimicrobial activity, and therefore, these latter compounds
seem unrelated to the antagonistic phenotype of each fungus. This was especially the case
when they were the latter inoculated strain in the co-cultural experiment. Nevertheless,
A. unguis produced new dichlorinated metabolites only when it was extremely stressed
by the simultaneous or second in the sequence inoculation, but not when it grew alone or
was inoculated prior to A. terreus. On the other hand, A. terreus was induced to synthesize
unknown compounds that did not ionize well in MS, but had strong white fluorescence
on TLC analysis. This was especially the situation when simultaneously inoculated with
A. unguis, which may be responsible for the enhanced antibacterial activity of extract of
G5. In this case, the known antimicrobial agent nidulin was downregulated by A. unguis in
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this co-culture condition. Given this profile of expression, these unknown compounds may
have anti-stress activities in the two Aspergillus strains. The overall results suggest that A.
unguis was relatively ineffective in mounting an agonistic phenotype in culture, but was
quite potent in stimulating its rival A. terreus to mount a strong response. The opposite was
true for A. terreus in that it produced strongly antagonistic natural products but elicited
little response from the competing fungus A. unguis.

Previous studies have revealed that co-cultivated microbes, such as fungi, often secrete
extracellular diffusible SMs like phenols and quinones as well as enzymes such as phenolox-
idases, peroxidases, and lignin-degrading enzymes, to suppress rivals or compete for new
resources [48]. These competitive interactions occur even between different intraspecies
strains; for example, the non-aflatoxigenic Aspergillus flavus can inhibit the aflatoxigenic
A. flavus via antifungal SMs and antioxidants [49]. Numerous induced microbial SMs are
involved in microbial antagonism as manifested by the fact that 37% have been reported
with antibacterial, 7% with antifungal, and 35% with cytotoxic activities, together with 9%
having other related activities including 3% as siderophores, 2% as α-glucosidase inhibitors,
1% as ATP synthesis inhibitors, and 3% as pesticides [50]. It has also been reported that the
first inoculated strain in co-culture experiments usually predominates in the production
of SMs, and that their yields can be even higher than in the corresponding mono-culture
conditions. This concept was demonstrated by the co-cultivation of Streptomyces rimosus
and A. terreus in a stirred tank bioreactor [51], and is reinforced by the findings of this
present study.

Co-culture has increasingly been recognized as an efficient approach to activate silent
biosynthetic gene clusters (BGC). This has been partially attributed to chromatin remodeling
via epigenetic modifications [50,52]. For example, intimate physical contact of Streptomyces
rapamycinicus to hyphae of Aspergillus nidulans has been shown to trigger the latter’s multi-
subunit transcriptional co-activator complex SAGA/ADA, which in turns leads to histone
H3K9 acetylation of transcription factor basR and ors BGC and the final production of SMs
such as orsellinic acid [52,53]. Similar mechanisms are also known to occur in fungus-
fungus co-cultures. The up-regulation of O-methylmellein was observed in the co-culture
of two plant pathogens, Eutypa lata and Botryosphaeria obtuse. Interestingly, its production
was also upregulated in the fungus Stagonospora nodorum by application of the epigenetic
modifiers SAHA and nicotinamide [48,54,55]. Moreover, in a previous study by our group,
a higher yield of unguisin A was observed in a A. unguis monoculture supplemented with
both chemical epigenetic modifier procaine chloride and NaBr [17]. This previous finding is
consistent with its significantly higher yields in the co-culture experiments G3 and G4 with
A. terreus, and suggests that regulation of production of unguisin A may involve epigenetic
mechanisms.

A literature-based search of MS-based features encountered in this study further
supported their potential chemecological roles in these co-culture experiments. For example,
unguisin A was initially reported from marine fungus Emericella unguis (the teleomorph
of A. unguis); and while our previous investigations as well as a series of other studies
did not detect potent antibacterial or antifungal activity for unguisin A [17,43,56], it was
reported to be a promiscuous binder to various anions with particularly high affinity for
phosphate and pyrophosphate [56]. Phosphorus is critical to fundamental life processes,
and competition for phosphate is known to exist in microalgae-bacteria and microalgae-
microalgae co-culture systems. Moreover, arbuscular mycorrhizal fungi have an important
role in phosphorus absorption for their plant hosts [57–59]. Therefore, it is reasonable that
in the A. unguis-A. terreus co-culture system of this present study, unguisin A may help
A. unguis to acquire more phosphate and thus maintain its predominance over A. terreus
when it is the first inoculated strain. It was surprising that in the G3 experiment (iacU-
livT), this compound was maintained at high levels; this may be attributed to its relatively
good stability. Additionally, it is conceivable A. terreus may use this A. unguis-derived
compound to enhance its phosphate assimilation, as ’borrowing’ SMs from rival microbes
is not uncommon [60].
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Statin molecules such as lovastatin and simvastatin are typical A. terreus metabolites.
They are used as lipid lowering drugs by inhibiting HMG-CoA in cholesterol biosynthe-
sis, and have been shown to inhibit the growth of various Aspergillus spp. (A. fumigatus,
A. flavus, A.niger, A. terreus, etc.) and yeasts like Candida albicans. This growth inhibition
occurs via multiple mechanisms, including HMG-CoA inhibition, iron starvation, induc-
tion of DNA fragmentation, fungal cell morphogenesis disruption, and others [27,61,62].
Variation in the production levels of statins was also investigated when A. terreus was
co-cultivated with Penicillium rubens, Chaetomium globosum, and Mucor racemosus, respec-
tively [63,64]. These experiments showed that the yields of lovastatin and its derivatives did
not increase or were even lower than the yields in A. terreus monoculture, due partially to
transformation into monacolin J. Nevertheless, in the present study the yields of lovastatin
and its analog peak 8 were significantly larger compared to the monoculture; this may have
been caused by the strong inducing effect of A. unguis towards A. terreus.

Halogenated compounds are an important class of marine fungal natural products
(NPs). In 1994–2019, a total of 217 halogenated compounds were discovered from marine
fungi, among which 88% were chlorinated compounds. Moreover, 18.9% were reported
with antimicrobial activities, 35 were from the genus Aspergillus including 4 from A. un-
guis (all as depsidones), and none from A. terreus [65]. The PubChem database mainly
records natural products from two original databases, the Natural Product Atlas (NPA)
and the Natural Product Occurrence Database (NPOD). Duplicate records occurring in
both databases are not excluded. Our search of PubChem returned 141 (from NPA) and
377 (from NPOD) A. terreus natural products, with 12 chlorinated ones (3 from NPA and 9
from NPOD) (total proportion 2.3%). From A. unguis we found that there were 19 NPs from
NPA plus 58 NPs from NPOD with totally 24 (3 from NPA and 21 from NPOD) chlorinated
ones (total proportion 31.2%). These data indicate that A. unguis possesses a much higher
potential for producing chlorinated NPs than A. terreus. The tri-chlorinated NP nidulin
that was found in this study is also known from A. unguis and A. nidulans, and has been
characterized to possess antibacterial and moderate antifungal activities [17,18,64–68]. In
co-cultural experiments G3-G6 in this study, the yield of nidulin was reduced although it
remained at considerable levels of 14% to 56% of the yield from monocultures. We noticed
that the extracts (1 mg/mL) of all the groups containing A. unguis that were growing
well, such as axU (G1), showed comparable antimicrobial activity to the positive control
ampicillin (0.1 mg/mL). This potent activity was possibly derived from nidulin, the main
metabolite of A. unguis, and may also come from synergetic effects from other components.
Furthermore, in experiments G5–G7, an unknown dichlorinated metabolite was upregu-
lated under stress conditions. These results suggest that chlorinated NPs have chemical
defensive functions in this fungus.

Siderophores are unique molecules that various organisms have evolved for the
capture and assimilation of iron that is necessary for live. As such, they are intimately
involved in iron resource competition during microbial co-cultures [51]. Hydroxamines
(also as desferrioxamines, DFOs) are the most common siderophore family in nature and
the main siderophore type produced by fungi. Fungi of the genus of Aspergillus are reported
to produce DFOs consisting of ferrichromes and linear/cyclic fusarines [69,70]. The node
with m/z value of 478.228 (Figure 9) was annotated by GNPS as a linear fusarine, although
being different from any of the known Aspergillus fusarines. GNPS networking revealed
that in the two monocultures, it was only produced by A. terreus. It was also present in
the co-culture experiments G3, G5, and G7 where the live A. terreus was relatively easy to
grow. These results are consistent with the use of this fusarine analog by A. terreus for iron
uptake. These features along with the others discussed above may play important roles in
the co-culture system.

In this current study, MS2-based molecular networking was employed based on data
from an ion trap MS/MS instrument operating at low mass resolution. Using the GNPS
platform, the combination of MS1 and MS2 data provided good putative annotations for
metabolites observed in these co-culture experiments. However, for compounds unmatched
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by the GNPS analysis, a tedious manual searching across multiple NP databases was per-
formed using likely molecular weights, taxonomical information, and UV spectral features.
Nevertheless, solid verification of annotated or unknown metabolites requires confirma-
tion by scaled-up fermentation, isolation, and structural elucidation by comprehensive
spectroscopic methods. This confirmatory work is necessary and common to all mass
spectrometry-based metabolomics studies, and is made especially challenging in co-culture
studies which are inherently more difficult to reproducibly control.

In the current study, predominance of one fungus over the other in these co-culture
experiments mainly relied on macroscopic morphological observations and comparisons
of metabolite yields, neither of which method is direct or completely accurate. In future
studies, microscopic observation, real-time quantitative PCR, microbiota amplifier high-
throughput sequencing for ITS rDNA or metagenome sequencing, or transcriptomics
approaches could be used to understand variations in the fungal community and gene
expression more fully and accurately.

In summary, this study is the first report on the co-culture between Aspergillus terreus
and A. unguis and reveals that A. terreus is more aggressive and responds to its rival’s
presence, while A. unguis is less robust in its response but potent in stimulating its rival’s
allelochemicals. It reveals their tendency to maintain dominance by synthesizing secondary
metabolites and discloses the production of an unknown dichlorinated compound by A.
unguis and strongly fluorescent products by A. terreus under stress. These results provide a
deeper understanding of fungal co-culture mechanisms as well as the discovery of new
natural products. This study also revealed a couple of shortcomings in the use of GNPS
for compound annotation. The limited number of library records impacts the extent of
automatic matching that can be achieved by GNPS. Additionally, an automatic analysis of
isotopic peak clusters for recognizing the occurrence of halogenated compounds is current
lacking. These aspects make necessary a complementary manual analysis of the data as
well as querying of multiple databases via spectral features and taxonomic information.

4. Materials and Methods
4.1. Materials

The marine fungus A. terreus C23-3 was collected from the Xuwen Coral Reserve in
Zhanjiang and is now preserved in the Guangdong Provincial Microbial Culture Collection,
with the deposit number GDMCC No. 60316. The marine fungus A. unguis DLEP2008001
was derived from a red alga from the seaside of Fujiazhuang, Dalian, Liaoning Province,
China and deposited in China General Microbiological Culture Collection Center with
number CGMCC 3372. Bacillus subtilis MCCC 1A03710 was purchased from China Ma-
rine Microbial Culture Collection; Pseudomonas aeruginosa and Candida albicans, were from
American Typical Culture Collection with numbers ATCC 9027 and ATCC 10231, respec-
tively; Vibrio parahaemolyticus was donated by Professor Wen Chongqing, Fisheries College,
Guangdong Ocean University; V. alginolyticus and Shewanella putrefaciens were presented
by Professor Liu Ying from the School of Food Science and Technology, Guangdong Ocean
University; Methicillin-resistant Staphylococcus aureus A7983 was gifted by Professor Yu
Zhijun from Dalian Friendship Hospital. The acetylcholinesterase (AChE, from electric
eels) and DPPH were purchased from Sigma-Aldrich (St. Louis, MO, USA). All the organic
mobile phase solvents for LC-MS were from Merck (Darmstadt, Germany). All the other
reagents were with analytical purity.

4.2. Methods
4.2.1. Co-cultivation and Extraction of Strains

The strain A. terreus C23-3 and A. unguis DLEP2008001 were activated at 28 ◦C
overnight and then inoculated, respectively, into conical culture flasks pre-filled with
200 mL of sterilized seawater potato solid medium for cultivation for 3–4 days until rich
spores grew on the colonies. Then spore suspensions were prepared as seeds by wash-
ing the spores with sterile saline. Afterwards, the seed suspensions were inoculated into
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500 mL Erlenmeyer flask each filled with 100 mL seawater potato sucrose liquid medium
(containing 20 g sea salt, 20 g sucrose, and 500 mL potato juice per liter) according to the
following group design. Each group contained three replicates.

Experiment grouping:

G1: A. unguis cultivated separately for 4 weeks (axenic A. unguis, abbreviated as axU);
G2: A. terreus cultured separately for 4 weeks (axenic A. terreus, abbreviated as axT);
G3: Inactivated A. unguis + live A. terreus (abbreviated as iacU-livT. In detail, A. unguis was

inoculated first, cultured for one week and then iactivated by autoclaving; Afterwards,
A. terreus was inoculated into the same flask and cultured for the next three weeks);

G4: Live A. unguis + live A. terreus (abbreviated as livU-livT; Similar to G3, but the first
inoculated A. unguis was not autoclaved);

G5: Live A. unguis/Live A. terreus (abbreviated as livU/livT; The two strains were simul-
taneously inoculated into the same flask and cultivated for 4 weeks);

G6: Inactivated A. terreus + live A. unguis (abbreviated as iacT/livU; Similar to G3, but the
inoculation order was opposite);

G7: Live A. terreus + A. unguis (abbreviated as livT-livU; Similar to G4, but the inoculation
order was opposite).

During the 4-week cultivation, daily observation and photography were made to
record the morphology of the cultures. After the four weeks, the fermentation broth was
extracted three times with equal volumes of ethyl acetate. The mycelium was extracted three
times with methanol assisted by ultrasonication; then the two extracts were concentrated,
combined, and evaporated to dryness, weighed, and kept at 4 ◦C for further use.

4.2.2. Thin Layer Chromatography (TLC) Analysis and Bioautography

All samples were prepared as methanol solution with concentration of 10 mg/mL
of TLC analysis. The mobile phase was chloroform: methanol (volume ratio 20:1), the
solid phase was Silica gel 60 F254 plate produced by Merck, and the volume was 10 µL.
The plates were observed under 254 and 365 nm UV lights, stained by anisaldehyde-
sulfuric acid reagent and potassium ferricyanide-ferric chloride (PFFC) reagent, respectively,
or displayed for bioactive spots by DPPH free radical scavenging and AChE inhibitory
bioautographies [71]. All the parallel samples were preliminarily checked for repeatability
by TLC before formal experiments. All experimental results were recorded by photography.

4.2.3. Antimicrobial Assay

The screening was performed using the bilayer agar plate-Oxford cup method [72,73].
The upper agar (5 mL) containing 0.5 mL of bacterial suspension with a concentration of
1 × 108 CFU/mL. h = The Oxford cups (with inner diameter of 6 mm and outer diameter
of 8 mm) were filled with 200 µL of sample (concentration = 1 mg/mL). The plates were
incubated at 37 ◦C for 16–18 h. The results were expressed in average diameters of inhi-
bition zones and standard deviations. The standard Muller–Hinton agar and Sabouraud
agar were used for antibacterial and antifungal test, respectively (the medium of Vibrio
parahaemolyticus contains 1% sodium chloride).

4.2.4. LC-MS/MS Analysis

The nominal mass resolution LC–MS/MS analyses were run on a Thermo Finnigan
LC-PDA-MS/MS system equipped with PDA Plus detector and a LCQ Advantage Plus
ion-trap mass spectrometer (ThermoFinnigan, San Jose, CA, USA).

All the extract samples were prepared as methanol solutions in which the dryness
contents were in proportion to the total crude extract amounts for each culture by weighting,
dissolving with LC-MS pure methanol, and pretreating with Agilent SPE column. The DAD
detector signal collection wavelength was 190–600 nm, and the monitoring wavelength
was 210 nm, 254 nm, and 280 nm. The chromatographic column is a Phenomenex Kinetex
C18 100A reverse-phase chromatographic column (100 × 4.60 mm, 5 µm). The detail of the
mobile phase is listed in Table 4.

123



Antibiotics 2022, 11, 513

Table 4. Chromatographic analysis conditions.

Injection Volume (µL)
Elution Conditions Flow Rate

(mL/min)Time (min) Proportion

25

0.00–1.00 30% ACN-H2O

0.6
1.00–10.00 30–99% ACN-H2O

10.00–16.00 99% ACN-H2O
16.00–16.20 99–30% ACN-H2O
16.20–20.00 30% ACN-H2O

Note: The Mobile phase contained 0.1% formic acid.

Mass spectrometry detection conditions: the mass scan range set to m/z 100–2000 Da,
electrospray ionization; ion source: ion source voltage: 4 kV, capillary temperature: 325 ◦C,
normalized collision energy: 35 eV, ion transfer tube voltage: 10 V. Trigger signal intensity
threshold of the secondary mass spectrum: 1 × 105 CPS (Count Per Second) for positive
ion mode, and 1 × 104 CPS for negative ion mode.

4.2.5. GNPS Molecular Network Analysis

Standard pipeline for GNPS molecular networking was performed by referring to the
previous reports [6,70]. The parameters for clustering and compound matching were set as:
minimal matching fragments to be 4; minimal cluster size to be 2; cosine threshold to be 0.7;
searching database scope to be the whole GNPS library. The data visualization is carried
out with Cytoscape 3.7.2 software.

4.2.6. Multiple Natural Product Databases Mining

The multiple natural product databases mining were performed on several open
accessible online databases including the PubChem (https://pubchem.ncbi.nlm.nih.gov/#,
19 January 2022), the Dictionary of Natural Products (DNP) (http://dnp.chemnetbase.
com/, 19 January 2022), the NPASS (http://bidd.group/NPASS/, 19 January 2022), the
Natural Product Atlas (https://www.npatlas.org/, 19 January 2022), and the Nmrdata
(WeiPu) (http://www.nmrdata.com/, 19 January 2022) using deduced molecular weights
with error range of targeted MW ± 1 Da (or 2 Da for chlorinated metabolites), isotopic
pattern (for chlorinated metabolites), UV features, and taxon information (mainly within
the genus of Aspergillus and expanded to the kingdom of fungi when necessary).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics11040513/s1, Table S1. The integrated areas for the differential compounds in
co-cultures compared to the axenic cultures in extracted ion chromatographies. Figures S1–S20. The
MS and MS/MS spectra of featured peaks under positive or negative mode. Table S2. Multiple
database mining for the peaks without remarkable yield changes in LC-MS traces between axenic
and co-cultures while annotated by GNPS matching.
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Abstract: New polyketide-derived oligophenalenone dimers, bacillisporins K and L (1 and 2) and
xanthoradone dimer rugulosin D (3), together with four known compounds, bacillisporin B (4),
macrosporusone D (5), rugulosin A and penicillide (6 and 7), were isolated from the marine-derived
fungus Talaromyces sp. BTBU20213036. Their structures were determined by detailed analysis
of HRESIMS, 1D and 2D NMR data, and the absolute configurations were determined on the
basis of calculated and experimental electronic circular dichroism (ECD). The antibacterial and
antifungal activities of these compounds were tested against Gram-positive—Staphylococcus aureus,
Gram-negative—Escherichia coli, and fungal strain—Candida albicans. These compounds showed
potential inhibitory effects against S. aureus with minimum inhibitory concentrations ranging from
0.195 to 100 µg/mL.

Keywords: marine-derived fungus; Talaromyces sp.; antibacterial; Staphylococcus aureus; polyketide

1. Introduction

The discovery and introduction into clinics of antibiotics have made great contribu-
tions to human health. The most widely applied antibiotics in clinics were discovered in
the period between the 1950s and 1960s, while the overuse of antibiotics lead to the emer-
gence of drug-resistant bacteria, which is recognized globally by scientists nowadays [1,2].
The spread of multi-drug resistant microorganisms is getting more and more serious to
humans [3–5]. It is estimated that 700,000 people died as a result of infections caused by
antimicrobial resistant bacteria annually [6]. There is an urgent demand to screen new
antibiotics in order to combat the infective diseases caused by drug-resistant bacteria.

Fungi from marine environments have proven to be important pools for structurally
unique and biologically diverse natural products [7]. Talaromyces fungi belong to ascomyce-
tous. A number of Talaromyces species have been isolated from marine environments, such
as, Talaromyces albobiverticillius, Talaromyces assiutensis, Talaromyces purpureogenus [8–12].
Fungi of Talaromyces genus isolated from marine environments produced a series of bioac-
tive natural products, such as oligophenalenones [11–15], terpenoids [16,17], naphtho-
quinones [18], spolyene and isocoumarin [19], diphenyl ether derivatives, sesquiterpene-
conjugated amino acids [20,21], lactones [22], and ergosterol analog and bisanthraquinone [23].
In the course of our continuing investigation of bioactive natural products from marine-
derived fungi [24–26], the fungal strain Talaromyces sp. BTBU20213036, which was obtained
from a mud sample collected from the coastal region of Qingdao, Shandong Province,
exhibited antimicrobial activity against Staphylococcus aureus. Fermentation scale-up of this
strain was conducted in rice solid media. The study of the chemical constituents of the
fermentation materials resulted in the isolation and characterization of three new secondary
metabolites, including bacillisporins K and L (1 and 2) and rugulosin D (3), together with
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four known compounds, bacillisporin B [15], macrosporusone D [27], rugulosin A [28] and
penicillide [29] (Figure 1). 1, 2 and 4−6 showed potential antibacterial activities against
S. aureus. Herein we report the details of isolation, structure elucidation, and antimicrobial
activities evaluation of these compounds.
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Figure 1. Chemical structures of 1–7.

2. Results

Compound 1 was isolated as a light yellow amorphous powder. The molecular
formula of 1 was determined to be C30H26O11 based on high resolution electrospray ion-
ization mass spectrum (HRESIMS) (m/z [M + H]+ 585.1374, calcd for C30H27O11, 585.1367),
accounting for eighteen degrees of unsaturation (Figure S1). Figure S2 showed the High Per-
formance Liquid Chromatography (HPLC) profile and ultraviolet (UV) spectrum of 1. The
1H, 13C and Heteronuclear Single Quantum Correlation (HSQC) spectra of 1 (Figures S3–S5,
Table 1) showed the presence of four methyl groups [δH 2.98/δC 24.4 (6-Me), δH 2.48/δC
23.2 (6′-Me), δH 0.75/δC 15.6 (C-3”), δH 0.99/δC 17.2 (C-4”)], one oxygenated methylene
group [δH 5.12 and 4.95/δC 69.9 (C-1′)], five sp3 methine groups [δH 6.86/δC 98.8 (C-1), δH
4.83/δC 64.9 (C-8′), δH 4.77/δC 85.1 (C-9′), δH 4.12/δC 78.6 (C-1”), δH 3.72/δC 68.9 (C-2”)],
two aromatic methines [δH 6.96/δC 118.4 (C-5), δH 6.83/δC 119.6 (C-5′)], one sp3 quaternary
carbon [δC 49.5 (C-9′a)], as well as seventeen sp2 quaternary carbons including one ketone
carbonyl [δC 192.5 (C-7′)] and two lactone carboxyls [δC 168.3 (C-3), 167.8 (C-3′)]. 1H-1H
Correlation Spectroscopy (COSY) spectrum (Figure 2 and Figures S6) indicated the side
chain of C-3”/C-2”/C-1”/C-4”. By comparing the NMR data with those of 5, one of the
lactones was replaced by the acetal methine [δH 6.86 (s)/δC 98.8 (C-1)] and the linkage
between C-1 and C-1” through the oxygen atom was confirmed by Heteronuclear Multiple
Bond Correlation (HMBC) correlations (Figure 2 and Figure S7, Table S1) from H-1 to
C-3 and C-1” and from H-1” to C-1. The structure of 1 was further established by 1H-1H
COSY (Figure 2 and Figure S6) and HMBC experiments. The relative configurations were
deduced by the singlet peaks for H-8′ [δH 4.83 (s)] and H-9′ [δH 4.77 (brs)] and Rotating
Frame Overhauser Spectroscopy (ROESY) correlation between H-8′ and H-9′ (Figure S8).
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Table 1. 1H (500 MHz) and 13C NMR (125 MHz) data of 1, 2 and 5 (in DMSO).

Position
1 2 5

δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz)

1 98.8 6.86, s 99.5 6.81, s 165.1
3 168.3 168.1 164.4

3a 96.4 96.2 98.4
3b 130.3 130.2 134.6
4 162.5 162.4 162.5
5 118.4 6.96, s 118.8 6.97, s 120.1 7.14, s
6 146.7 146.6 148.1

6a 118.4 118.4 118.0
7 139.6 139.8 149.0
8 134.3 133.8 132.5
9 152.2 152.4 160.8

9a 109.0 109.4 100.3

1′ 69.9 5.12, d (12.0)
4.95, d (12.0) 69.7 5.12, d (12.0)

5.00, d (12.0) 69.4 5.18, d (12.5)
5.00, d (12.5)

3′ 167.8 167.9 167.6
3′a 103.7 103.7 104.0
3′b 147.6 147.8 147.1
4′ 163.1 163.3 163.5
5′ 119.6 6.83, s 119.7 6.83, s 120.1 6.87, s
6′ 152.2 152.4 152.5

6′a 116.6 116.7 116.6
7′ 192.5 192.5 191.2
8′ 64.9 4.83, s 64.6 4.87, d (1.0) 65.5 4.99, s
9′ 85.1 4.77, br s 85.6 4.78, d (5.0) 85.2 4.85, s

9′a 49.5 49.7 49.4
Me-6 24.4 2.98, s 24.6 2.99, s 24.5 3.06, s
Me-6′ 23.2 2.48, s 23.2 2.47, s 23.2 2.48, s

1” 78.6 4.12, m 80.2 3.90, m
2” 68.9 3.72, m 71.3 3.61, m
3” 15.6 0.75, d (6.5) 18.9 1.14, d (6.5)
4” 17.2 0.99, d (6.5) 17.9 1.11, d (6.5)

OH-9′ 6.24, d (3.0) 6.31, d (3.0)
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Compound 2 was isolated as a light yellow amorphous powder. The molecular
formula of 2 was determined to be C30H26O11 based on the HRESIMS spectrum (m/z
[M + H]+ 585.1377, calcd for C30H27O11, 585.1367), accounting for eighteen degrees of
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unsaturation (Figure S9). Figure S10 showed the HPLC profile and UV spectrum of 2.
The 1H, 13C and HSQC spectra of 1 (Figures S11–S13, Table 1) showed similar data to
those of 2. The differences are signals for acetal methine [δH 6.81/δC 99.6 (C-1)] and the
substructure attached to C-1 [δH 3.90/δC 80.2 (C-1”), 3.61/δC 71.3 (C-2”), 1.14/δC 18.9
(C-3”), 1.11/δC 17.9 (C-4”)]. These data revealed the configurations of C-1, C-1”, C-2”
were different from those of 2, which resulted in the different deshielding effects from
the aromatic moiety. Furthermore, the structure was characterized by detailed analysis
of 2D NMR spectra (Figure 2 and Figures S13–S15). In the REOSY spectrum (Figure S16),
the crossing peaks between H-8′ and H-9′-OH, and between H-9′ and H-1′a revealed the
relative configurations of C-8′, 9′ and C-9a′ (Table S2).

Compounds 1 and 2 showed almost the same experimental ECD spectra, which were
consistent with the reported bacillisporin I [15] and calculated data (Figure 3). Thus, the
configurations of 1 and 2 were determined as 8′R, 9′S, 9′aS, while the configurations of C-1,
C-1” and C-2” were not determined. Compounds 1 and 2 were named bacillisporins K and
L, respectively.
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Compound 3 was isolated as a brown amorphous powder. The molecular formula of 3
was determined to be C30H22O11 based on the HRESIMS spectrum (m/z [M + H]+ 559.1234,
calcd for C30H23O11, 559.1235), accounting for twenty degrees of unsaturation (Figure S17).
Figure S18 showed the HPLC profile and UV spectrum of 3. The 1H, 13C, HSQC and 1H- 1H
COSY spectra of 2 (Figures S19–S22, Table 2) showed signals for two singlet methyl groups
[δH 2.44/δC 21.6 (C-15), δH 2.43/δC 21.5 (C-15′)], six sp3 methine groups [δH 2.73/δC 55.7
(C-2), δH 2.90/δC 63.4 (C-2′), δH 4.27/δC 70.2 (C-3), δH 4.56/δC 69.0 (C-3′), δH 3.46/δC 48.1
(C-4), δH 3.73/δC 44.0 (C-4′)], four aromatic methines [δH 7.46/δC 120.6 (C-6), δH 7.41/δC
120.1 (C-6′), 7.24/δC 124.0 (C-8), δH 7.21/δC 123.8 (C-8′)], three sp3 quaternary carbons
including one oxygenated carbons [δC 74.6 (C-12′)], five ketone carbonyls [[δC 198.8 (C-1′),
184.8 (C-11), [δC 192.1 (C-11′), 193.0 (C-13), 192.8 (C-13′)], as well as ten sp2 quaternary
carbons [δC 178.1 (C-1), 148.5 (C-7)/148.6 (C-7′), 160.9 (C-9)/161.0 (C-9′), 114.3 (C-10)/113.3
(C-10′), 106.8 (C-12), 132.3 (C-14)/133.5 (C-14′)]. By comparing the NMR data with those of
rugulosin A [28], the structure was deduced as an analogue of rugulosin A (6). Detailed
analysis of the NMR data revealed that the sp2 quaternary carbons of C-1′ [δC 186.7] and
C-12′ [δC 106.8] in rugulosin A were replaced by one ketone carbonyl [δC 198.8] and one
oxygenated sp3 quaternary carbon [δC 74.6]. The planar structure of 3 further confirmed by
HMBC correlations (Figure 2 and Figure S23, Table S3) from H-2′ to C-1′ and C-12′. The
relative configurations of 3 were deduced by comparing the literature data for 1H NMR
between rugulosin A and 3, the chemical shifts of H-3/H-3′ of 3 were δH 4.27/4.56 with
a coupling constant of 5.0 and 4.5 Hz, which were almost the same as those reported for
rugulosin A [28]. In the ROESY spectrum (Figure 4 and Figure S24), correlations between H-
3′ and H-2′, H-4/H-4′, and between H-3 and H-2 and H-4′ were observed, which confirmed
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the relative stereochemistry of 3. By comparison of experimental and calculated ECD
spectra (Figure 4), the absolute configurations of 3 were determined as shown in Figure 1
and named rugulosin D.

Table 2. 1H (500 MHz) and 13C NMR (125 MHz) NMR data of 3 and 6 (in DMSO).

Position
3 6 [16]

δC δH (J in Hz) δC δH (J in Hz)

1/1′ 178.1/198.8 186.7
2/2′ 55.7/63.4 2.73, d (5.0)/2.90, d (4.5) 59.0 2.77, d (6.0)
3/3′ 70.2/69.0 4.27, dd (5.0, 3.0)/4.56, dd (4.5, 4.0) 69.2 4.38, (dd, 6.0, 2.3)
4/4′ 48.1/44.0 3.46, brs/3.73, brs 48.4 3.36, brs
5/5′ 53.6/63.9 56.3
6/6′ 120.6/120.1 7.46, s/7.41, s 121.2 7.44, d (1.2)
7/7′ 148.5/148.6 148.3
8/8′ 124.0/123.8 7.24, s/7.21, s 124.7 7.18, d (1.2)
9/9′ 160.9/161.0 160.8

10/10′ 114.3/113.3 114.8
11/11′ 184.8/192.1 181.7
12/12′ 106.8/74.6 106.8
13/13′ 193.0/192.8 194.6
14/14′ 132.3/133.5 132.7
15/15′ 21.6/21.5 2.44, s/2.43, s 22.2 2.41, s
9-OH/ 9-OH′ 11.71, s/11.04, s 11.4, s
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Four known compounds, bacillisporin B [15], macrosporusone D [27], rugulosin A [28]
and penicillide [29] were also isolated and characterized by comparing their molecular
weight and NMR data with those reported in the literature.

These compounds were tested for antibacterial activities against a panel of pathogens
of S. aureus ATCC 25923, Escherichia coli ATCC 25923 and Candida albicans ATCC 10231.
Compounds 1, 2 and 4−6 strongly inhibited the growth of S. aureus with MIC values of
12.5, 25, 12.5, 6.25, and 0.195 µg/mL (Table 3). None of the tested compounds showed
inhibitory effects against C. albicans and E. coli at concentration of 100 µg/mL.
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Table 3. Antibacterial activity of compounds 1–7 (MIC, µg/mL).

Number 1 2 3 4 5 6 7 Control

C. albicans >100 >100 >100 >100 >100 >100 >100 1 a

S. aureus 12.5 25 >100 12.5 6.25 0.195 100 1 b

E. coli >100 >100 >100 >100 >100 >100 >100 1 c

a Rapamycin, b Vancomycin, c Ciprofloxacin.

3. Materials and Methods
3.1. General Experimental Procedures

Optical rotations ([α]D) were measured by using an Anton Paar MCP 200 Modular
Circular Polarimeter (Austria) in a 100 × 2 mm cell at 25 ◦C. CD spectra were recorded
on Applied Photophysics Chirascan spectropolarimeter (Surrey, UK). NMR experiments
were carried on a Bruker Avance 500 spectrometer at 25 ◦C with residual solvent peaks as
references (DMSO-d6: δH 2.50, δC 39.52). High resolution ESIMS spectra were measured
using an Accurate-Mass-Q-TOF LC/MS 6520 instrument (Santa Clara, CA, USA) in positive
ion mode. HPLC was run on an Agilent 1200 Series instrument.

3.2. Microbial Material

Strain BTBU20213036 was isolated from a mud sample collected from the intertidal
zones of the Yellow Sea in Qingdao, China, and grown on a potato dextrose agar plate
at 28 ◦C for 10 days. Colonies were about 25 mm diam, texture floccose and funicu-
lose, sporulation abundant, dark greyish green, mycelium yellow, no exudate and solu-
ble pigment, colony reverse brown (Figure S25). The genomic DNA of BTBU20213036
was extracted using DNAquick Plant System (Tiangen, Beijing, China). The ITS se-
quence of BTBU20213036 was amplified by using a conventional primer pair of ITS4
(5′-TCCTCCGCTTATTGATATGC-3′) and ITS5 (5′-GGAAGTAAAAGTCGTAACAAGG-
3′). PCR products were sequenced by Beijing Qingke Biotechnology Co., Ltd. (Beijing,
China) and the sequence was deposited in GenBank (accession number, OM049426). Strain
BTBU20213036 was identified as Talaromyces sp. based on gene sequence analysis of ITS by
comparing with sequences from GenBank database using BLAST program (Figure S26).
Alignments and calculations of sequence similarity were carried out using CLUSTAL W [30].
The strain was deposited in Beijing Technology and Business University, Beijing, China.

3.3. Fermentation, Extraction and Purification

Talaromyces sp. BTBU20213036 was inoculated on a potato dextrose agar plate and
incubated at 28 ◦C for 7 days. A slice of fungal colony of 1 cm2 was put into twenty
of 1 L conical flasks, each containing 200 g of raw rice, which was soaked in distilled
water for 60 min. The inoculated flasks were incubated stationary at 28 ◦C for 30 days.
The fermented materials of Talaromyces sp. BTBU20213036 were extracted three times by
EtOAc:MeOH (80:20), and the organic solvent was evaporated in vacuo at 45 ◦C to yield
brown crude extract (18.4 g). The crude extract was resuspended into 500 mL distilled water
and extracted by 500 mL EtOAc (three times). Then EtOAc was evaporated in vacuo at 45 ◦C
to give a dark residue (5.91 g). The EtOAc extract was separated by a reduced pressure
silica gel chromatography (50 × 80 mm column, TLC H silica) with a stepwise gradient of
80–100% hexane/CH2Cl2 and then 0–90% MeOH/CH2Cl2 to afford 15 fractions. The eighth
fraction was purified on a Sephadex LH-20 column using an elution of CH2Cl2:MeOH
(2:1) to give four subfractions. The third subfraction was further separated by HPLC
(Agilent ZORBAX SB-C18, 250 × 9.4 mm, 5 µm column, 3.0 mL/min) eluting with 40–50%
MeCN/H2O in 15 min, then to 82% MeCN/H2O in 20 min to yield compounds 7 (10.2 mg),
5 (3.4 mg), 1 (4.9 mg), 4 (1.2 mg) and 2 (3.4 mg). The ninth fraction was subjected to a
Sephadex LH-20 chromatography eluting by CH2Cl2:MeOH (2:1) to give four subfractions.
The third subfraction was further purified by HPLC (Agilent ZORBAX Eclipse SB-C18,
250 × 9.4 mm, 5 µm column, 3.0 mL/min) eluting by 70% MeOH/H2O to give compounds
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3 (11.2 mg) and 6 (8.4 mg). The procedure for extraction and compounds isolation was
shown in Figure S27.

3.3.1. Bacillisporin K (1)

Bacillisporin K (1): Light yellow amorphous powder; [α]25
D +206.0 (c 0.1, MeOH); 1H and

13C NMR data, Table 1; HRESIMS m/z 585.1374 [M + H]+ (calcd for C30H27O11, 585.1367).

3.3.2. Bacillisporin M (2)

Bacillisporin L (2): Light yellow amorphous powder; +231.5 (c 0.2, MeOH); 1H and
13C NMR data, Table 1; HRESIMS m/z 585.1377 [M + H]+ (calcd for C30H27O11, 585.1367).

3.3.3. Rugulosin D (3)

Rugulosin D (3): Brown amorphous powder; +18.0 (c 0.2, MeOH); 1H and 13C NMR
data, Table 2; HRESIMS m/z 559.1234 [M + H]+ (calcd for C30H23O11, 559.1235).

3.4. Antibacterial Activity Assays

The antimicrobial activities were performed based on Antimicrobial Susceptibility Testing
Standards outlined by the Clinical and Laboratory Standards Institute document M07-A7
(CLSI) [31] and our previous report [26] by using a penal of pathogens of C. albicans ATCC
10231, S. aureus ATCC 25923 and E. coli ATCC 25922. All the tested compounds were dissolved
in dimethyl sulfoxide and diluted in two fold. The minimum inhibitory concentrations (MICs)
were determined to be the lowest concentration with no visible bacterial in wells.

4. Conclusions

The chemical investigation of a marine-derived fungus Talaromyces sp. BTBU20213036
resulted in the isolation of three new compounds (1–3), and four previously reported
metabolites (4–7). Among them, bacillisporins K and L shared dimeric oligophenaleneone
scaffold. Rugulosin D (4) is a dimer of the emodin-type anthraquinone. The absolute
configurations of isolated compounds were determined by quantum chemical calculations
of ECD. Compounds 1, 2 and 4−7 displayed antibacterial activities against S. aureus with
MIC values of 12.5, 25, 12.5, 6.25, 0.195 and 100 µg/mL, respectively. The difference
between 3 and 6 is that the hydroxymethine of C-12′ in 3 was replaced by a sp2 quaternary
carbon to form an α,β-unsaturated ketene. The α,β-unsaturated ketene moiety enhanced
the antibacterial activity of 6 with 64 folds compared to that of 3. The antibacterial activity
of 6 (MIC = 0.195 µg/mL) is much stronger than the positive control of vancomycin
(MIC = 1 µg/mL), which indicates it could be considered as a lead compound for further
investigations into the mechanism and development of antibacterial agents.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics11020222/s1, Figures S1–S24: HRESIMS, HPLC profiles, 1D and 2D NMR spectra for
compounds 1–3, Figures S25 and S26: Colony morphology and Neighbor-joining phylogenetic tree of
strain BTBU20213036, Figure S27: Flow chart of the fermentation, extraction and isolation, Tables
S1–S3: 1D and 2D NMR data for compounds 1–3.
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Abstract: Fungal natural products play a prominent role in the development of pharmaceuticalagents.
Two new cyclic tetrapeptides (CTPs), westertide A (1) and B (2), with eight known compounds (3–10)
were isolated from the fungus Aspergillus westerdijkiae guided by OSMAC (one strain-many com-
pounds) and molecular networking strategies. The structures of new compounds were unambigu-
ously determined by a combination of NMR and mass data analysis, and chemical methods. All
of the isolates were evaluated for antimicrobial effects, synergistic antifungal activity, cytotoxic
activity, and HDAC inhibitory activity. Compounds 1–2 showed synergistic antifungal activity
against Candida albicans SC5314 with the presence of rapamycin and weak HDAC (histone deacety-
lase) inhibitory activity. These results indicate that molecular networking is an efficient approach
for dereplication and identification of new CTPs. CTPs might be a good starting point for the
development of synergistic antifungal agents.

Keywords: cyclic tetrapeptides; synergistic antifungal activity; molecular networking; Aspergillus westerdijkiae

1. Introduction

Fungal natural products play a prominent role in the development of pharmaceutical
agents [1,2]. Cyclic tetrapeptides (CTPs) are a type of important bioactive natural product
that were found to have a broad range of pharmacological properties, including antimicro-
bial [3,4], cytotoxic [5–7], and HDAC (histone deacetylase) inhibitory properties [8]. Most
of the naturally occurring CTPs are obtained from fungi, such as HC toxin with cytotoxic
and antimitogenic activities from Cochliobolus carbonum [9], apicidin with antiprotozoan
activities from Fusarium strains [10], and microsporins A-B with antitumor activity from
Microsporum cf. gypseum [11]. In recent years, some naturally occurring CTPs have been
found to inhibit HDAC and regulate gene expression, which are very useful as cancer
therapeutics. In addition to use as antineoplastic drugs, HDAC inhibitors (HDACis) also
have anti-interstitial fibrosis [12], anti-inflammatory [13], immunomodulatory [14], and
metabolic regulation activities [15].

Naturally occurring CTPs are usually produced in low yields, which limits the dis-
covery of new CTPs. MS/MS-based molecular networking paves the way to solving
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this problem. As a promising strategy, molecular networking can provide guidance and
improve efficiency for the discovery of new bioactive analogues with a specific skeleton
from complex mixtures. In the field of bioactive peptides discovery, neoantimycin L with
excellent cytotoxicity from Streptomyces conglobatus RJ8 [16] and thermoactinoamide A with
moderate antiproliferative activity from Thermoactinomyces vulgaris DSM 43016 [17] were
obtained based on molecular networking.

Aspergillus westerdijkiae is an important ochratoxin A (OTA)-producing fungus, whose
genome harbors 17 non-ribosomal peptide synthetase (NRPS) genes [18]. However, most
NRPS genes are unexpressed under standard laboratory conditions. In this study, we used
the one strain-many compounds (OSMAC) method to activate silenced genes and MS/MS-
based molecular networking to search for novel and bioactive peptides from A. westerdijkiae
L1295. As a result, two new cyclic tetrapeptides, westertides A (1) and B (2), and eight
known compounds (3–10) were obtained (Figure 1). This work describes the details of
the isolation, structure elucidation, and biological activities of secondary metabolites from
A. westerdijkiae L1295.

Figure 1. Chemical structures of 1–10.

2. Results

In this study, a molecular networking-OSMAC strategy was applied to accelerate the
discovery of cyclic tetrapeptides. First, the fungus A. westerdijkiae L1295 was fermented
in different culture media and conditions using the OSMAC method (Table S1). Then, the
ethyl acetate extracts were further investigated by UPLC-HRMS/MS. The LC-MS/MS data
were used to generate a visualized molecular networking that was further annotated by Cy-
toscape 3.8.2. From the full molecular network, several independent families of molecules
were obviously visualized in the crude extracts of A. westerdijkiae L1295 fermented on rice,
which were different from the other crude extracts (Figures 2 and S1). Further analysis
of the molecular network found that a cluster with 19 nodes represented a peptide fam-
ily, showing MS/MS patterns containing the dipeptide [Ala-Phe] fragment (m/z 219.1),
which has been widely found in the peptide family [19–21] (Figures 2 and S2). Guided
by MS/MS and molecular networking, two new cyclic tetrapeptides, westertides A (1)
and B (2), with eight known compounds ochratoxin A (3) [22], ochratoxin A methyl ester
(4) [23], circumdatin F (5) [24], circumdatin G (6) [25], stachyline B (7) [26], westerdijkin
A (8) [27], mellein (9) [28], and 3-hydroxymellein (10) [25] were obtained from the solid
culture on rice medium and their structure identifications are described below.

138



Antibiotics 2022, 11, 166

Figure 2. Metabolic analysis of crude extracts from A. westerdijkiae L1295. (a) Tandem MS/MS-based
full molecular networking cluster analysis of different culture extracts of A. westerdijkiae L1295. (RM:
Rice medium; WM: wheat medium; AMM: Aspergillus Minimal Medium; PDB: Potato-Dextrose Broth)
of the fungus. (b) Molecular networking of A. westerdijkiae L1295 fermented on rice. (c) The specific
subnetwork predicted to contain CTPs in the MS/MS-based molecular networking. The full GNPS
network and subnetwork are presented in Figures S1 and S3 in the Supplementary Materials.

Compound 1 was isolated as a pale amorphous solid, which possessed a molecular
formula of C25H38N4O5 (9 degrees of unsaturation) on the basis of HRESIMS and NMR
data (Table 1). The 1H, 13C NMR, and HSQC spectra of 1 revealed the presence of 7 methyl
groups including 1 N-methyl [δH/δC 3.32 (3H, s)/30.9] and 1 O-methyl [δH/δC 3.78 (3H,
s)/55.8], 2 methylene groups [δH/δC 1.32 (1H, m), 1.82 (1H, m)/25.8; 3.66 (1H, m), 3.91
(1H, m)/35.6], 1 para-disubstituted benzene [δH/δC 7.05 (2H, d, J = 6.9 Hz)/114.8; 7.29 (2H,
d, J = 6.9 Hz)/132.0; δC 132.8 and 159.5], 6 methines including 4 characteristic α-methine
signals [δH/δC 4.29 (1H, d, J =5.8 Hz)/65.3; 4.41 (1H, m)/55.8; 4.69 (1H, m)/54.7; 5.17 (1H,
dd, J =7.0, 10.0 Hz)/55.3], 3 amide N-H protons (δH 7.38, 8.83, and 9.88), and 4 amide
carbonyls (δC 171.2, 173.0, 174.0, and 174.1), suggesting that 1 comprised 4 amino acid
residues. HMBC correlations from H3-3 (δH 1.43) to C-2 (δC 54.7) and C-1 (δC 174.0) and
from H3-4 (δH 3.32) to C-2 and C-5 (δC 171.2) together with the 1H-1H COSY correlations of
H-2-H3-3 led to the identification of the N-Me-Ala residue. The 1H-1H COSY correlations
of H3-10-H2-9-H-7-H-6 and H3-8-H-7 together with the HMBC correlations were detected
from H-6 (δH 5.17) to C-5 (δC 171.2), C-7 (δC 37.7), C-8 (δC 17.6), C-9 (δC 25.8), and C-11
(δC 173.0); from H-7 (δH 2.34) to C-6 (δC 55.3); from H3-8 (δH 1.14) to C-6, C-7, and C-9;
and from H3-10 (δH 0.98) to C-7 and C-9, which confirmed the presence of the Ile moiety.
Similarly, two other amino acid units Val and O-Me-Tyr were completely assigned.
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Table 1. 1H (500 MHz) and 13C (125 MHz) NMR data of compound 1 in Pyridine-d5.

Pos. 1

δC δH (J in Hz) HMBC COSY

N-Me-Ala
1 174.0 C
2 54.7 CH 4.69 (m) -
3 17.1 CH3 1.43 (d, 4.3) C1, C2 H-2
4 30.9 CH3 3.32 (s) C2, C5

Ile
5 171.2 C

6 55.3 CH 5.17(dd, 10.0,
7.0) C5, C7, C11 H-7, 6-NH

7 37.7 CH 2.34 (m) C6, C8, C9 H-6, H-8, H-9
8 17.6 CH3 1.14 overlapped C6, C7, C9 H-7
9 25.8 CH2 1.82 (m), 1.32 (m) C6, C7, C10 H-7, H-10
10 12.6 CH3 0.98 (t, 5.5) C7, C9 H-9

6-NH 8.83 (d, 10.0) H-6
Val
11 173.0 C

12 65.3 CH 4.29 (d, 5.8) C11, C13, C14,
C15, C16 H-13, 12-NH

13 32.6 CH 2.41 (m) - H-12, H-14,
H-15,

14 20.3 CH3 1.18 (d, 4.3) C12, C13 H-13
15 19.2 CH3 1.14 overlapped C13 H-13

12-NH 7.38 (brs) H-12
O-Me-Tyr

16 174.1 C
17 55.8 CH 4.41 (m) - H-18
18 35.6 CH2 3.66 (m), 3.91 (m) C17, C19, C20 H-17
19 132.8 C

20/24 132.0 CH 7.29 (d, 6.9) C19, C21/23,
C22 H-21/23

21/23 114.8 CH 7.05 (d, 6.9) C19, C20/24,
C22 H-20/24

22 159.5 C
25 55.8 CH3 3.78 (s) C22

17-NH 9.88 (brs)

The amino acid sequence of 1 was deduced from the observed key HMBC correlations,
NOESY correlations, and MS data. The HMBC correlations from N-CH3 (δH 3.32) of Ala to
the Ile carbonyl group C-5 (δC 171.2), from H-6 (δH 5.17) of Ile to the Val carbonyl group
C-11 (δC 173.0), and from H-12 (δH 4.31) of Val to the O-Me-Tyr carbonyl group C-16 (δC
174.1) suggested a partial sequence of N-Me-Ala-Ile-Val-O-Me-Tyr (Figure 3). The H3-4
(δH 1.43) of N-Me-Ala showed an NOESY correlation with H-20/24 (δH 7.29), indicating
that 1 was a cyclic peptide, and this conclusion was also confirmed by the 9 degrees of
unsaturation and the molecular formula. Additionally, the ESI-MS/MS experimental results
(Figures 4 and S4) also confirmed the connections of these residues as cyclo-[N-Me-Ala-Ile-
Val-O-Me-Tyr].

The absolute configuration of the amino acids from compound 1 was established by
the advanced Marfey’s method [29]. The mixture obtained after hydrolyzing compound 1
and further derivatization with L-FDAA was analyzed by HPLC-DAD. HPLC analyses
of the mixture of hydrolysates and appropriate amino acid standards confirmed the D

configurations for O-Me-Tyr and the L configurations for Tyr, N-Me-Ala, and Ile in 1
(Figure 5). Consequently, the structure of 1 was elucidated as cyclo-[L-N-Me-Ala-L-Ile-L-
Val-D-O-Me-Tyr] and named westertide A.
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Figure 3. Key 1H-1H COSY, HMBC, and NOESY correlations of 1 and 2.

Figure 4. ESI-MS/MS analysis of 1 and 2.

Figure 5. Advanced Marfey’s analysis of compound 1. (A–H): The retention times for the FDAA
derivatives of N-Me-L-Ala, N-Me-D-Ala, O-Me-L-Tyr, O-Me-D-Tyr, L-Ile, D-Ile, L-Val, and D-Val,
respectively. (I): The FDAA derivatives of the hydrolysate of 1. The derivatives of the acid hydrolysate
and the standard amino acids were subjected to RP HPLC analysis (Kromasil C18 column; 5 µm,
4.6 mm× 250 mm; 1.0 mL/min; UV detection at 340 nm) with a linear gradient of acetonitrile (35–45%)
in water (TFA, 0.01%) over 40 min.
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Compound 2 was isolated as a white amorphous powder. It was assigned a molecular
formula of C24H36N4O6 (9 degrees of unsaturation) based on its HRESIMS and NMR
data (Table 2). The 1D NMR spectroscopic data showed that compound 2 was a cyclic
tetrapeptide similar to 1 but bearing a threonine (Thr) residue with signals at δH/δC 1.38
(3H, d, J = 6.9 Hz)/30.9 (CH3), δH/δC 4.42 (1H, overlapped)/65.4 (CH), δH/δC 4.81 (1H,
m)/68.1 (CH), and δC 173.5 (C), instead of the valine residue. A comprehensive analysis
of its relevant 1H-1H COSY, HMQC, HMBC, and NOESY correlations (Figure 3), and
the ESI-MS/MS experimental results (Figures 4 and S5) confirmed that 2 has the same
planar structure as that of violaceomide A [20]. However, the optical rotation data of 2
([α]25

D = +249.5, c = 1.0, MeOH) were opposite to that of violaceomide A ([α]25
D = −230.0,

c = 0.6, MeOH), implying that they are optical isomers. The HPLC analysis of the acid
hydrolysate of 2 after derivatization with L-FDAA revealed that L-N-Me-Ala, L-Ile, L-Thr,
and D-O-Me-Tyr were present in 2 (Figure S6). This result shows that the main difference
between compound 2 and violaceomide A is the substitution of L-O-Me-Tyr with D-O-Me-
Tyr. Thus, compound 2 was assigned as cyclo-[L-N-Me-Ala-L-Ile-L-Thr-D-O-Me-Tyr] and
named westertide B.

Table 2. 1H (500 MHz) and 13C (125 MHz) NMR data of compound 2 in Pyridine-d5.

Pos. 2

δC δH (J in Hz) HMBC COSY

N-Me-Ala
1 173.7
2 54.8 4.75 (m) C3, C4
3 17.2 1.46 (d, 7.3) C1, C2 H-2
4 30.9 3.38 (s) C2, C5

Ile
5 171.3
6 55.7 5.18 (m) C5, C7, C11 H-7
7 37.6 2.40 (m) C6, C8, C9 H-6, H-8, H-9
8 17.8 1.18 (d, 6.5) C6, C7, C9 H-7
9 25.2 2.10 (m), 1.42 (m) C6, C7, C10 H-7, H-10
10 12.6 0.93 (t, 7.4) C7, C9 H-9

6-NH 9.42 (br s) a

Thr
11 173.5

12 65.4 4.42 overlapped C11, C13, C14,
C16 H-13, 12-NH

13 68.1 4.81 (m) - H-12, H-14,
H-15,

14 22.3 1.38 (d, 6.4) C12, C13 H-13
12-NH 7.38 (br s) H-12

O-Me-Tyr
16 174.0
17 55.8 4.42 overlapped C16 H-18
18 35.6 3.65 (m), 3.95 (m) C17, C19, C20 H-17
19 132.8

20/24 132.1 7.29 (d, 8.1) C19, C21/23,
C22 H-21/23

21/23 114.8 7.06 (d, 8.1) C19, C20/24,
C22 H-20/24

22 159.5
25 55.8 3.79 (s) C22

17-NH 9.91 (br s) a

a The position attribution of the active hydrogen refers to the data of violaceomide A [20].

Compounds 1–10 showed no significant bioactivity in the antibacterial, antifungal, and
cytotoxicity assays at the dose of 100 µM. In our previous work, we found that peptide-like
compounds showed a synergistic antifungal effect with rapamycin [30]. So, we tested
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whether the new cyclic tetrapeptide compounds could also cause synergistic antifungal
activity with rapamycin against Candida albicans SC5314. When checkerboard assays were
used to obtain the MICs (minimum inhibitory concentrations) with rapamycin for achiev-
ing 90% growth inhibition, only 0.008µM of rapamycin was required together with a very
low amount (6.25 µM) of compounds 1 and 2. Based on the fractional inhibitory con-
centration index (FICI), westertides 1 and 2 showed effective synergism with rapamycin,
and the FICI was 0.078 for both compounds 1 and 2 (Table 3). Our results showed that
compounds 1 and 2 had strong synergistic antifungal activity with rapamycin. Further-
more, the effects of compounds 1 and 2 on histone deacetylation (HDAC) at the cell level
were also evaluated, and compound 1 showed weak HDAC inhibitory activity, with IC50
of about 70 µM.

Table 3. MIC values of compounds 1–2 with rapamycin against C. abicans SC5314.

Drugs Anti-Fungal
MICs (µM)

Synergistic
Anti-Fungal MICs

(µM)
FICI a Definition b

Rapamycin 0.5 - - -
1 >100 6.25 <0.094 S
2 >100 6.25 <0.094 S

Amphotericin B 0.5 0.125 1.25 NS
a The concentration of rapamycin in the synergy antifungal screening experiment was 0.008 µM, at which
rapamycin does not show antifungal activity. As MIC alone for compounds 1 and 2 > 100 µM, we used 100 to
calculate FICI, and the start concentration was 25 µM in the checkerboard assay, and the possible minimal FICI
was shown. b S: synergism; NS: no synergism.

3. Discussion

With a low molecular weight, low hydrophobicity, and the presence of a hydrogen-
bond acceptor and donor, CTPs have been demonstrated to possess diverse pharmacologi-
cal activities, including antimicrobial [4], cytotoxic [5–7], and HDAC inhibitory bioactivities.
In the last decade or so, more than 40 cyclic peptides have been approved by the FDA and
EMA, such as vorinostat and romidepsin [31–33].

However, it is relatively difficult to discover CTPs due to their narrow distribution
and low yield. As the main natural sources of CTPs, fungi have an abundance of NRPS
biosynthetic gene clusters, whereas some of these genes are not expressed under normal
experimental conditions. These silent gene clusters outnumber the constitutively expressed
clusters by a factor of 5–10 [34]. Hence, strategies that rationally activate silent gene clusters
will dramatically enhance our reservoir of potentially therapeutic small molecules [35]. In
order to efficiently discover novel cyclic peptides, the molecular network and OSMAC
strategy are used in combination with gene mining techniques [36]. Molecular networking
can efficiently dereplicate known natural products, thus aiding the discovery of new
analogues with a specific skeleton from complex mixtures [37]. The OSMAC strategy can
activate some silent genes of target strains to produce more secondary metabolites and
obtain novel secondary metabolites [38]. Genome mining is a powerful approach to direct
the production of novel and interesting CTPs, which become relevant in the future to search
for unculturable microorganisms as a new source of novel bioactive CTPs [39]. In this work,
the discovery of two new cyclopeptides from A. westerdijkiae using the OSMAC strategy
and the MS/MS molecular networking further expanded the structural diversity of the
CTPs and the source of CTPs producers.

An estimated 1.2 billion people worldwide suffer from a fungal disease, of which
1.5 to 2 million people die of a fungal infection each year, surpassing those killed by
either malaria or tuberculosis [40–42]. About 30% of serious infections are caused by
Candida albicans, with a mortality rate of up to 40% [43]. Unfortunately, resistance to
existing classes of drugs is on the rise due to the limited class of antifungal drugs available
and the decline in new drug development. As the process of de novo antifungal discovery
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fails to meet clinical needs, the approach of repurposing approved drugs has drawn
much attention.

Rapamycin, also called sirolimus, is characterized primarily by its antifungal activity
against several human fungal pathogens, such as Candida albicans [44], Cryptococcus neofor-
mans [45], and Fusarium oxysporum [46], and potent immunosuppressive activity [47]. The
dual effects of rapamycin on antifungus and immunosuppression seem to effectively solve
the threat of Candida infection when patients are treated with immunosuppressive drugs.
However, rapamycin showed weak antifungal activity at the dose used to suppress the
immune response in patients. The identification of synergistic actions on rapamycin against
fungi can possibly solve this problem. In an early report, Tong et al. showed that some
commercial or natural peptide-like compounds synergistically increased the antifungal
effect of rapamycin, by targeting the Rbp1 protein (homologue of the FKBP12 protein in
mammals) of C. albicans to increase the binding of rapamycin-Rbp1 complex with Tor1C
protein [30]. In this work, we found two new natural peptide compounds, westertides A
and B, showing strong synergistic antifungal activity with rapamycin from A. westerdijkiae.
The mechanism of their synergistic antifungal effect with rapamycin may be similar to the
known peptide compounds, but this requires deep investigation because they showed no
antifungal effects alone.

4. Materials and Methods
4.1. General

UV data and optical rotation were recorded on a Thermo Genesys-10S UV-Vis spec-
trophotometer and Anton Paar MCP 200 Automatic Polarimeter, respectively. High-resolution
electrospray ionization mass spectrometry (HRESIMS) data were obtained on an Agilent
Accurate-Mass-Q-TOF LC/MS 6520 instrument. NMR spectral data were obtained with
a Bruker AVANCE-500 spectrometer (δC/δH: Pyridine-d5, 150.4, 135.9, 123.9/8.74, 7.58,
7.22; DMSO, 39.5/2.50). Silica gel (Qingdao Haiyang Chemical Co., Ltd., Qingdao, China,
200–300 mesh), Sephadex LH-20 (GE Healthcare, Uppsala, Sweden), and ODS (50 µm,
YMC CO., LTD, YMC Pack, Kyoto, Japan) were used for column chromatography. Semi-
preparative HPLC was performed on an Agilent 1200 HPLC system equipped with an
Agilent DAD UV−vis spectrometric detector, using a reversed-phase column (C18, 5 µm
9.4 mm × 250 mm, YMC Pack, Kyoto, Japan) with a flow rate of 2.0 mL/min. Biologi-
cal reagents, chemicals, and media were purchased from standard commercial sources
unless stated.

4.2. Fungal Material

A. westerdijkiae was isolated from the mildewed wheat, China, in September 2017.
The fungus was identified mainly based on the morphological observation, molecular
multilocus phylogeny analysis, and morphological features [48] (Figure S7). The fungus
was deposited in China General Microbiological Culture Collection (CGMCC No. 19033).

4.3. Fermentation and Extraction

A. westerdijkiae was cultured on a slant of PDA at 25 ◦C for 5 days. To prepare inoculum,
the spores of the strain on the plate were collected and adjusted to 1 × 106 CFU/mL. A
large-scale fermentation was carried out in 40 × 500 mL Fernbach culture flasks, with
each flask containing 80 g of rice and 60 mL of distilled water (each with 0.5 mL of spore
suspension), incubated at 25 ◦C for 3 weeks. The fermented rice substrate was extracted
repeatedly with ethyl acetate by exhaustive maceration (3 × 4 L), and the organic solvent
was evaporated to dryness under vacuum to afford the crude extract (20.1 g).

4.4. LC-MS/MS and Molecular Networking Analysis

LC-MS-MS was performed on an Agilent series 1290 Infinity HPLC instrument,
coupled with a Q-TOF Mass spectrometer (Agilent Technologies Inc., Santa Clara, CA,
USA), with a YMC C18 column [(YMC Co., Ltd. Kyoto, Japan) YMC-Park, ODS-A,
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250 mm × 2.1 mm, S-5 µm, 12 nm, 0.5 mL/min]. The total extracts (0.5 mg/mL, 10 µL)
were analyzed by LC-MS with a gradient program of MeCN−H2O (0.01% TFA) [0–25 min
5–80%, 25–32 min 80–100%, 32–38 min 100%; 0.5 mL/min; MS scan 150–2000 Da] and then
with an automated full-dependent MS-MS scan. Mass spectral networks were assembled
as described in the reference. Differentiation of the protonated molecules, adducts, and
fragment ions was done by identification of the [M+H]+ ion. The All MS/MS data files
were converted to “.mzML” format files using MSConver software and uploaded on the
GNPS Web platform (http://gnps.ucsd.edu, accessed on 6 August 2021) for MN analysis
using Classic mode. For the network creation, a parent mass tolerance of 0.02 Da and a
fragment ion tolerance of 0.05 Da were applied. The generated molecular network was
visualized in Cytoscape 3.8.2 (www.cytoscape.org, accessed on 6 August 2021) and guided
the isolation of 1–8. The MS/MS molecular network can be browsed and downloaded from
the GNPS Web site with the following links: https://gnps.ucsd.edu/ProteoSAFe/status.
jsp?task=6794bab0d59245bf875b14c6ebb84ff4 and https://gnps.ucsd.edu/ProteoSAFe/
status.jsp?task=84b42a96c887412db918a18f20491b8b (accessed on 6 August 2021).

4.5. Isolation and Characterization Data

The EtOAc fraction was subjected to silica gel column chromatography (CC) using
petroleum/ethyl acetate (P/E) in a gradient elution (v/v, 100:0, 100:1, 100:2, 100:4, 100:10)
and dichloromethane/acetone (v/v, 100:0, 100:2, 100:4, 100:8, 100:12, 100:20, 0:100) to give
16 fractions (AW.1–AW.16).

Fraction AW.6 (0.85 g) was further separated on a silica gel column by elution with
increasing concentrations of ethyl acetate in petroleum to give 15 fractions (AW.6-1–AW.6-
15). Compound 9 (4.5 mg) was obtained from subfractions AW.6-8 (45 mg) by sephadex
LH-20 chromatography eluted with dichloromethane/methanol (v/v, 1:1). AW.6-10 (75 mg)
was purified finally by RP-HPLC with acetonitrile/water (50:50) to give 10 (13.5 mg, tR
22.3 min).

Fraction AW.13 (4.3 g) eluted with CH2Cl2-Acetone (v/v 20:1) was first separated by
ODS using a gradient of increasing methanol (30%, 45%, 60%, 75%, and 100%) in water
to afford 25 subfractions (AW.13-1–AW.13-25). Compound 6 (30.5 mg, tR 15.1 min) was
obtained from AW.13-9 (152 mg) by RP-HPLC using 21% acetonitrile in acidic water (0.005%
TFA). Subfractions AW.13-11 (170 mg) were followed by RP-HPLC using 32% acetonitrile
in water to afford a mixture of 7 (9.1 mg, tR 22.1 min), 5 (5.6 mg, tR 31.1 min), and 8 (6.5 mg,
tR 33.5 min). Compounds 1 (2.0 mg, tR 40.5 min) and 2 (8.0 mg, tR 32.5 min) were obtained
from AW.13-15 (55 mg) by RP-HPLC using 45% acetonitrile in acidic water (0.005% TFA).
Compound 3 (325.0 mg) was obtained from AW.13-21 by recrystallization in acetonitrile.
Compound 4 (20.0 mg) was obtained from subfractions and AW.13-22 by sephadex LH-20
chromatography eluted with methanol, respectively.

Westertide A (1): pale amorphous solid; [α]25
D +235.57 (c 0.5, MeOH); UV (MeOH)

λmax (log ε) 222 (4.03), 275 (1.30); Positive HRESIMS: m/z 475.2926 [M+H]+ (calcd for
C25H38N4O5, 475. 2920). NMR data, see Table 1 and Figures S8–S13.

Westertide B (2): pale amorphous solid, [α]25
D +249.48 (c 1.0, MeOH); UV (MeOH) λmax

(log ε) 220 (2.78), 275 (1.43) nm; Positive HRESIMS: m/z m/z 477.2710 [M+H]+ (calcd.for
C24H37N4O6, 477.2713). NMR data, see Table 2 and Figures S14–S19.

4.6. Absolute Configuration of Amino Acids

Compound (1.0 mg) was dissolved in 6 N HCl (2.0 mL) and heated at 110 ◦C for
24 h. The solutions were then evaporated to dryness and placed in a 4 mL reaction vial
and treated with a 1 g/100 mL solution of FDAA (200 µL) in acetone, followed by 1.0 M
NaHCO3 (40 µL). The reaction mixtures were heated at 45 ◦C for 90 min, and the reactions
were quenched by the addition of HCl (1 M, 40 µL). In a similar fashion, standard N-Me-L-
Ala, N-Me-D-Ala, O-Me-L-Tyr, O-Me-D-Tyr, L-Ile, D-Ile, L-Val, D-Val, L-Thr, and D-Thr, were
derivatized separately. The derivatives of the acid hydrolysate and the standard amino
acids were subjected to RP HPLC analysis (Kromasil C18 column; 5 µm, 4.6 mm × 250 mm;
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1.0 mL/min; UV detection at 340 nm) with a linear gradient of acetonitrile (35–45%) in water
(TFA, 0.01%) over 40 min. The retention times for the FDAA derivatives of N-Me-L-Ala,
N-Me-D-Ala, O-Me-L-Tyr, O-Me-D-Tyr, L-Ile, D-Ile, L-Val, D-Val, L-Thr, and D-Thr were
9.1, 9.4, 19.0, 25.0, 18.1, 25.8, 12.9, 18.4, 5.2, and 6.1 min, respectively, whereas those for
the FDAA derivatives of N-Me-Ala, O-Me-Tyr, Ile, and Val in the hydrolysate of 1 were
9.1 (N-Me-L-Ala), 25.0 (O-Me-D-Tyr), 18.1 (L-Ile), and 12.9 (L-Val) min, and N-Me-Ala,
O-Me-Tyr, Ile, and Thr in the hydrolysate of 2 were 9.1 (N-Me-L-Ala), 25.0 (O-Me-D-Tyr),
18.1 (L-Ile), and 5.2 (L-Thr) min, respectively.

4.7. Evaluation of Biological Activities
4.7.1. Antifungal and Synergistic Antifungal Assay

Candida albicans SC5314 was used as a test strain for the antifungal and synergistic
antifungal bioassay. Checkerboard assays were carried out as described previously [29,30].
Overnight cultures were chosen to prepare the strain suspension with RPMI 1640 medium.
RPMI 1640 was purchased from Invitrogen, and was used according to the manufacturer’s
protocol, by supplementing 2% glucose, 3.45% MOS, then adjusting the pH to 7.0. Com-
pounds were dissolved in DMSO. Final concentrations ranged from 0.002 to 2 µg/mL for
rapamycin and 0.39 to 25 µg/mL for peptide-like compounds, respectively. Rapamycin
was 2-fold diluted from 1 to 11 (column), while selected compounds were 2-fold diluted
from A to G (row) of the 96-well microtiter plate. The fractional inhibitory concentration
index (FICI) is defined as the sum of the MIC of each drug when used in combination
divided by the MIC of the drug used alone. Synergism and antagonism were defined by
FICI of ≤0.5 and >4, respectively.

4.7.2. Cytotoxicity Assay

Cytotoxicity tests against A549, HepG2, and K562 cell lines were carried out as previ-
ously described [49]. Taxol, 5-Flourouracil, and Cisplatin were used as the positive control.

4.7.3. HDAC Activity Assay

The HDAC activity of the compounds was measured using an HDAC8 Deacetylase
Fluorometric (Human) Assay Kit (Cat KA4444, Abnova, Taipei, Taiwan) according to the
manufacturer’s instructions. Fluorescence signal was detected with excitation at 360 nm and
emission at 460 nm using a fluorescence microplate reader (Perkin-Elmer, Waltham, MA,
USA). Experiments were performed in triplicate and data were analyzed using GraphPad
Prism (version 6.0), Kd values were calculated by nonlinear curve fitting using a 1-site
binding (hyperbola) model (Y = Bmax*X/(Kd + X).

5. Conclusions

Uncovered by OSMAC and molecular networking strategies, 2 new cyclic tetrapep-
tides (1–2), together with 7 known compounds (3–10) were isolated from A. westerdijkiae.
All of the isolates were evaluated for an antifungal effect, synergistic antifungal activity,
cytotoxic activity, and HDAC inhibitory activity. As a result, 1–10 showed no significant
bioactivity in the antifungal assays and cytotoxicity assays at the dose of 100 µM. How-
ever, compounds 1–2 showed strong synergistic antifungal activity against C. albicans with
rapamycin. In addtion, compound 1 showed weak HDAC inhibitory activity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics11020166/s1, Table S1: Culture media with different compositions and conditions for
A. westerdijkiae; Figure S1: The molecular network obtained by combining the LC-MS/MS analyses
of rice fermentation extract extracts from A. westerdijkiae L1295; Figure S2: Cyclictetrapeptides-
cluster and the MS/MS spectrum of each node; Figure S3: The cluster corresponding to compounds
observed in the molecular networking; Figure S4: The ESI-MS/MS spectrum of 1; Figure S5: The
ESI-MS/MS spectrum of 2; Figure S6: Advanced Marfey’s analysis of compound 2. Figure S7:
Phylogenetic analysis and morphological characters of A. westerdijkiae L1295; Figure S8: 1H NMR
spectrum of westertide A (1) in pyridine-d5 (500 MHz); Figure S9: 13C NMR spectrum of westertide
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A (1) in pyridine-d5 (125 MHz; Figure S10: 1H-1H COSY spectrum of westertide A (1) in pyridine-
d5; Figure S11: HSQC spectrum of westertide A (1) in pyridine-d5; Figure S12: HMBC spectrum
of westertide A (1) in pyridine-d5; Figure S13: ROESY spectrum of westertide A (1) in pyridine-
d5; Figure S14: 1H NMR spectrum of westertide B (2) in pyridine-d5 (500 MHz); Figure S15: 13C
NMR spectrum of westertide B (2) in pyridine-d5 (125 MHz); Figure S16: 1H-1H COSY spectrum
of westertide B (2) in pyridine-d5; Figure S17: HSQC spectrum of westertide B (2) in pyridine-d5;
Figure S18: HMBC spectrum of westertide B (2) in pyridine-d5; Figure S19: ROESY spectrum of
westertide B (2) in pyridine-d5.
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Abstract: Curcumin (1,7-bis-(4-hydroxy-3-methoxyphenyl)-hepta-1,6-diene-3,5-dione) is a natural
lipophilic polyphenol that exhibits significant pharmacological effects in vitro and in vivo through
various mechanisms of action. Numerous studies have identified and characterised the pharmacoki-
netic, pharmacodynamic, and clinical properties of curcumin. Curcumin has an anti-inflammatory,
antioxidative, antinociceptive, antiparasitic, antimalarial effect, and it is used as a wound-healing
agent. However, poor curcumin absorption in the small intestine, fast metabolism, and fast systemic
elimination cause poor bioavailability of curcumin in human beings. In order to overcome these
problems, a number of curcumin formulations have been developed. The aim of this paper is to pro-
vide an overview of recent research in biological and pharmaceutical aspects of curcumin, methods
of sample preparation for its isolation (Soxhlet extraction, ultrasound extraction, pressurised fluid
extraction, microwave extraction, enzyme-assisted aided extraction), analytical methods (FTIR, NIR,
FT-Raman, UV-VIS, NMR, XRD, DSC, TLC, HPLC, HPTLC, LC-MS, UPLC/Q-TOF-MS) for identifica-
tion and quantification of curcumin in different matrices, and different techniques for developing
formulations. The optimal sample preparation and use of an appropriate analytical method will
significantly improve the evaluation of formulations and the biological activity of curcumin.

Keywords: curcumin; metabolism; bioavailability; formulations; pharmacological activities

1. Introduction

The main ingredient of the Curcuma longa is the rhizome [1], a low-molecular-weight
lipophilic molecule that can pass through the cellular membrane easily [2]. By its chem-
ical structure, it belongs to the group of polyphenols [3]. Because of its intensive yellow
colour, it is used as a natural food colouring agent [1]. The simple molecular structure and
arrangement of functional groups are suitable for examining the relationship between the
structure and its activity [4]. The ability of curcumin to interact with different proteins
facilitates selective modulation of multiple cellular signalling pathways associated with
various chronic diseases [5]. The transcription factors, mediators of inflammation and
enzymes such as protein kinase, reductase, and histone acetyltransferase are important
molecules for curcumin binding. Curcumin is a powerful epigenetic regulator in many
diseases, such as neurological disorders, inflammatory diseases, diabetes, and different
types of cancer [6]. Furthermore, it modulates various proteasomal pathways and reduces
glycogen metabolism through selective inhibition of phosphorylase kinase enzyme [7]. The
studies have shown that curcumin exhibits anti-inflammatory, hypoglycemic, antioxidant,
antimicrobial, antiviral, anticancer, neuroprotective, and many other effects [8]. However,
the main obstacle to the effective manifestation of the pharmacological activity of curcumin
is its poor aqueous solubility and low bioavailability [9–11]. The main factors contribut-
ing to the low bioavailability of curcumin in the blood plasma and tissues are its poor
absorption, fast metabolism, and rapid systemic elimination [12]. The enhancement of the
solubility and bioavailability of this promising molecule is crucial for potential clinical
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application. Different approaches in developing curcumin formulations can improve its
physicochemical characteristics and enable safe and efficient use. For that purpose, formu-
lations including nanoparticles, liposomes, micelles, phospholipid complexes, hydrogels,
etc., have been described in the reference sources [11,13]. The aim of this paper is to analyse
the factors influencing the bioavailability of curcumin, as well as to review pharmacological
activities of curcumin and strategies in order to enhance its bioavailability.

2. Curcumin: Background

Turmeric (Curcuma longa) is an aromatic plant from the ginger family (Zingiberaceae).
It is grown in the southern and southwestern regions of Asia. It occupies an important
place in the cuisine of Iran, Malaysia, India, China, Polynesia, and Thailand. It is used as
a spice, and it affects the nature, colour, and taste of food. Curry is the best-known spice
that contains turmeric rhizome powder. Curcumin is also used as an ecological dye; it is
known as Natural yellow 3 and has been assigned an E number-E100, when used as a food
colouring agent [14,15]. Figure 1 shows curcuminoids (curcumin, demethoxycurcumin,
and bis-demethoxycurcumin), the main components of turmeric rhizome.

Figure 1. Structural formulae of curcuminoids.

Curcumin, a yellow-orange pigment isolated from turmeric two centuries ago, is a
widely studied natural compound that has shown enormous in vitro therapeutic potential.
For centuries, it has been used in Ayurvedic medicine and traditional Chinese medicine [11,16].
An overview of the discovery and application of curcumin is shown in Table 1.

Curcumin has been found to possess pleiotropic activities owing to the potential
of this polyphenol to modulate multiple signalling molecules. Curcumin exhibits anti-
inflammatory, antioxidant, proapoptotic, chemopreventive, chemotherapeutic, antinoci-
ceptive, antiproliferative, antiparasitic, and antimalarial effects, and it is used as a wound-
healing agent. The research on curcumin and its pharmacological activities has become
increasingly important in recent years [9].
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Table 1. The History of curcumin.

Year Discovery Reference

1815
Vogel and Pelletier were the first to report the “Orange-yellow

Substance” isolated from the rhizome of Curcuma longa and named
it curcumin.

[16]

1842 Vogel Extracted pure preparation of curcumin but did not report
its formula. [17]

1910
Milobedzka and Lampe identified chemical structure of curcumin as

diferuloylmethane, or
1,6-heptadiene-3,5-dione-1,7-bis-(4-hidroxy-3-methoxyphenyl)-(1E, 6E).

[18]

1913 The synthesis of curcumin was published. [19]

1949 Schraufstatter et al. Reported that curcumin is a biologically active
compound with antibacterial properties. [20]

1953 Srinivasan separated and quantified the components of curcumin using
chromatography. [21]

1971 It was discovered that curcumin lowers cholesterol [22]
1972 It was discovered that curcumin lowers the level of sugar in the blood [23]
1973 It was discovered that curcumin has an anti-inflammatory effect [24]
1976 It was discovered that curcumin has an antioxidant effect [25]

1980 Kuttan et al. demonstrated anticancer activity of curcumin both
in vitro and in vivo. [26]

1995 Curcumin exhibits anti-inflammatory activity by suppressing the
proinflammatory transcription factor, nuclear factor-kappa B (NF-κB) [27]

3. Isolation of Curcumin from Turmeric Rhizome and Methods of Identification

Turmeric rhizome contains two main classes of pharmacologically active secondary
metabolites: curcuminoids and essential oil [28]. Curcuminoids (curcumin, demethoxy-
curcumin and bis-demethoxycurcumin) are most responsible for the biological activity
of turmeric [29]. The isolation of curcuminoids from turmeric rhizomes is achieved by
applying conventional and modern extraction methods [30]. Soxhlet extraction [31] and
maceration [32] are classic extraction methods. Of the modern methods for extraction
of curcuminoids, ultrasound extraction [33], enzyme-assisted extraction [34], microwave
extraction [35], supercritical fluid extraction [36], and pressurized fluid extraction [37]
are used. The most commonly used solvents for curcuminoid extraction are ethanol,
dichloromethane, ethyl acetate, isopropanol, methanol, n-butanol, and acetone [29,38,39].
Sahne et al. used acetone as a solvent in conventional and unconventional extraction
processes due to its high solubilization capacity [31]. In the paper by Muthukumar et al.,
various organic solvents for curcumin extraction were examined. The research findings
show that acetone is the most efficient extraction solvent [39]. Thin-layer chromatogra-
phy (TLC) is a classical analytical technique for separating curcumin from the extraction
mixture [29,38]. Curcumin is quantified in the extract using high-performance liquid chro-
matography (HPLC). After extraction, the organic solvents are removed from the extract by
evaporation on a vacuum evaporator. The residue (oleoresin) is then dissolved in methanol
and subjected to HPLC analysis [40]. The yield and stability of curcumin depend on the
extraction method used. Sahne et al. analysed curcumin extraction from the turmeric
rhizome using several advanced methods, and the results were compared with the results
obtained by Soxhlet extraction, the most commonly used reference method. The result
showed that the yield of curcumin extraction obtained using the Soxhlet method (6.9%)
was significantly higher than the one obtained by extraction using microwaves (3.72%),
ultrasound (3.92%), and enzymes (4.1%). Although modern extraction methods do not
show high extraction yields similar to the Soxhlet method, their advantages (low temper-
ature and short extraction time, use of a very small amount of solvent) make them more
favourable methods for curcumin extraction [31].

The kinetic degradation of curcumin from a natural mixture of curcuminoids in
different conditions (pH, temperature, and dielectric constant of the solvent), as well as
the degradation of pure curcumin in defined conditions, were examined in the paper by
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Naksuriya et al. An aqueous buffer/methanol 50:50 (v/v) mixture was used as a standard
medium to examine the kinetics of curcumin degradation. The results showed that the
degradation of pure curcumin present in the curcuminoid mixture underwent a first-order
reaction. An increase in pH, temperature, and dielectric constant of the medium lead to an
increase in the rate of curcumin degradation. Curcumin showed rapid degradation due to
autoxidation in aqueous buffer pH = 8.0 with a constant rate of 0.28 h−1, which corresponds
to a half-life (t1/2) of 2.5 h. Curcumin incorporated as a mixture of curcuminoids into
ω-methoxypoly(ethylene glycol)-b-(N-(2-benzoyloxypropyl) methacrylamide) polymer
micelles was about 300–500 times more stable than pure curcumin in a mixture of phosphate
buffer and methanol.

Incorporating curcumin into polymer micelles is a promising approach for stabilising
this compound and developing formulations suitable for further pharmaceutical and
clinical trials [41]. Liu et al. examined natural deep eutectic solvents formed from organic
acids and sugars for the efficiency of curcuminoid extraction. In optimal conditions (the
temperature of 50 ◦C, 0.1/10 g/mL ratio of solid and liquid components, and extraction time
of 30 min), higher extraction yields were achieved when a solvent with a ratio of citric acid
and glucose 1:1 and 15% water was used, compared to the conventional extraction solvents.
The proposed method is an excellent alternative for extracting natural pigments since it
is environmentally friendly and sustainable [42]. During the isolation and purification of
curcuminoids from oleoresin, the volatile oil of turmeric dissolves curcumin, thus creating a
problem in the recrystallization process. Different organic solvents and their combinations
for selective recrystallization of curcuminoids were examined. A mixture of isopropyl
alcohol and hexane (1:1.5, v/v) proved to be the best solvent for recrystallization in the
purification of curcuminoids. The total curcumin content in the raw curcuminoid powder
was 76.82% w/w, whereas, in the recrystallized powder, the purity was increased up to
99.45% w/w [29].

4. Physico-Chemical Properties of Curcumin

Curcumin (1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) [43] or
diferuloylmethane [44] is an integral component of turmeric (up to ~5%), a well-known
traditional spice [45]. It is a lipophilic compound, insoluble in water, acidic, and neutral
solutions, and soluble in ethanol, dimethylsulfoxide, and acetone. Curcumin can be
extracted from turmeric rhizomes by using organic solvents. The molecular formula of
curcumin is C21H20O6, and the molecular weight is 368.38 g/mol. The melting point of
curcumin is 183 ◦C. Curcumin is a tautomeric compound due to the presence of β-diketone
in the molecular structure and shows diketo/keto–enol tautomerism (Figure 2) [46,47].

Figure 2. Keto-enol tautomerism of curcumin.
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The diketo tautomer can exist in cis and trans forms. Solvent polarity, pH, and tem-
perature significantly affect curcumin’s keto–enol balance [48]. The ratio of keto and enol
tautomers of curcumin, on the other hand, strongly influences pharmacological activi-
ties [49]. Manolova et al. examined the tautomerism of curcumin in ethanol/water binary
mixtures using ultraviolet–visible (UV–VIS) spectroscopy and advanced quantum chemical
calculations. The results show that only enol–keto tautomer is present in ethanol. The
addition of water leads to the emergence of a new spectral range, which is assigned to the
diketo tautomeric form. The diketo form is dominant in the mixture of water and ethanol
90:10 (v/v). The observed equilibrium shift is explained by quantum chemical calcula-
tions, which show that water molecules stabilise the diketo tautomer by forming stable
complexes [50]. Kawano et al. analysed keto–enol tautomers of curcumin by using liquid
chromatography/mass spectrometry. The research findings show that the enol form is the
main form in solution (water/acetonitrile) [51]. In nonpolar solvents (carbon tetrachloride)
in the solid state and solution, curcumin exists in enol form [50,51].

Curcumin is unstable in the solution form. It has an intense yellow colour, which
changes to dark red in the basic solution [52].

5. Structure, Bioavailability, and Safety of the Application of Curcumin

Curcumin, a polyphenol from the diarylheptanoid group, has two aromatic rings
symmetrically substituted by methoxy and a phenolic OH group in the ortho position,
which are connected to a conjugated seven-membered hydrocarbon chain with an enone
part and a 1,3-diketone group (Figure 3). The active functional groups of curcumin are two
o-methoxy and two phenolic groups, two double bonds in the hydrocarbon chain and the
1,3-keto–enol part of the structure [53].

Figure 3. Important functional parts of curcumin: 1,3-keto-enol part (A), o-methoxy and phenolic
groups (B) and a double bond (C).

Aromatic groups provide hydrophobicity, whereas the α,β-unsaturated β-diketo part
of the structure allows flexibility to the molecule. These unique properties of curcumin
make it capable of binding to various biomacromolecules. Biologically critical chemical
reactions of curcumin are realized through the H-bond of the β-dicarbonyl group and
phenolic hydroxyl residues, as well as the ether residue of the methoxy group, and by
binding with metals and nonmetals. It has been demonstrated that curcumin binds directly
to numerous signalling molecules, such as inflammatory molecules, protein kinase, protein
reductase, histone acetyltransferase, histone deacetylase, glyoxalase I, xanthine oxidase,
human immunodeficiency virus (HIV1) integrase, HIV1 protease, sarco/endoplasmic retic-
ulum calcium ATPase, deoxyribonucleic acid (DNA) methyltransferase 1, carrier proteins,
and metal ions. The diketo group forms chelates with transition metals, reducing metal-
induced toxicity, while some of the metal complexes exhibit enhanced antioxidant activity
because they mimic enzymes [54]. Curcumin can also bind directly to DNA and ribonucleic
acid (RNA). The ability of curcumin to bind to carrier proteins improves its solubility
and bioavailability. Curcumin is unstable at physiological pH and degrades rapidly in an
autoxidation reaction to the major bicyclopentadione product in which a 7-carbon chain
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has undergone oxygenation and double cyclization [55]. The alkaline hydrolysis products
(ferulic acid, vanillin, ferulaldehyde, and feruloylmethane), as well as oxidation prod-
ucts (such as bicyclopentadione), show biological activity but are significantly less active
than curcumin [56].

The clinical trials with curcumin have clearly demonstrated its safety, tolerability, and
efficacy against different chronic diseases in humans [8]. The human studies did not in-
dicate any toxic effects when curcumin was administered orally in the dosage of 6 g/day
during 4–7 weeks [57]. The study on safety, tolerability, and activity of liposomal curcumin
(Lipocurc™) on patients with locally advanced or metastatic cancer was conducted by Greil
et al. It demonstrated that 300 mg/m2 of liposomal curcumin was the maximum safe dosage
for patients with cancer treatment [58]. Saghatelyan et al. assessed the efficacy and safety of
intravenous infusion of curcumin in combination with paclitaxel in patients with metastatic
and advanced breast cancer. After a 12-week treatment, curcumin administered intravenously
did not cause any significant health issues, nor did it deteriorate the quality of life [59].

6. The Metabolism of Curcumin

Poor bioavailability of curcumin in humans at a dose of 12 g/day is a consequence
of poor absorption in the small intestine, fast metabolism in the liver, and rapid systemic
elimination [60]. Most of the orally administered curcumin is excreted through faeces,
without metabolism, while a smaller, absorbed part undergoes metabolic modification.
The metabolism of curcumin takes place in two stages. The first phase involves the re-
duction in the presence of reductases, which takes place in enterocytes and hepatocytes.
The reduction products are dihydrocurcumin, tetrahydrocurcumin, hexahydrocurcumin,
and octahydrocurcumin (hexahydrocurcuminol) [61]. The curcumin reduction reaction is
catalyzed by enzymes such as nicotinamide adenine dinucleotide phosphate (NADPH)-
dependent reductase, alcohol dehydrogenase, and an unidentified microsomal enzyme [62].
In the paper by Hassaninasab et al., the enzyme for curcumin reduction was purified from
Escherichia coli and characterized. It was found that the microbial metabolism of curcumin
by a purified enzyme involved reduction in two steps, in which, depending on NADPH,
curcumin was converted into an intermediate product, dihydrocurcumin, and then into
the final product, tetrahydrocurcumin [63]. Curcumin and its reduced metabolites are
readily conjugated to glucuronic acid and sulfate in vivo and in vitro. Glucuronidation and
sulfation reactions take place in the presence of glucuronyl transferase and sulfotransferase,
respectively. Glucuronidation and sulfation of curcumin occur in the liver and intestines
of rats and humans [61]. After oral administration in humans, a portion of curcumin is
absorbed and can be identified as a water-soluble glucuronide and sulfate conjugate in the
plasma. Human phenol sulfotransferase 1A1 (SULT1A1) and human phenol sulfotrans-
ferase 1A3 (SULT1A3) are responsible for the sulfation of curcumin in humans and in the
intestines of rats, while uridine diphosphate-glucuronosyltransferase (UGT) catalyses glu-
curonidation of curcumin [54]. The reduction or conjugation of curcumin generates species
with a reduced ability to inhibit the expression of cyclooxygenase-2 (COX-2) compared with
curcumin. Tetrahydrocurcumin, hexahydrocurcumin, and curcumin sulfate exhibit weaker
inhibition of prostaglandin E2, while hexahydrocurcuminol is inactive [64]. The biological
activity of curcumin metabolites other than tetrahydrocurcumin is significantly reduced
compared with curcumin [65,66]. To enhance the bioavailability of curcumin, piperine
which interferes with glucuronidation, curcumin in liposomes, curcumin nanoparticles,
curcumin phospholipid complexes, and structural curcumin analogues are used. Figure 4
shows the metabolic and nonmetabolic transformations of curcumin.
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7. Characterization of Curcumin

Curcuminoids are widely used in the food processing and pharmaceutical industries
due to their properties. The detection and characterization of curcuminoids in different
matrices are of great importance. The choice of the analytical method for curcuminoid
analysis depends on the sample type, the purpose of the analysis, and the detection and
quantification limits [67,68]. The techniques based on chromatography and electrophoresis
are among the selected methods for determining curcuminoids. TLC is one of the methods
used for fractioning turmeric extracts [38]. The use of the TLC method for turmeric analysis
has declined due to prolonged separation time and poor resolution, although it is selective,
easy to perform, and inexpensive. New high-performance thin-layer chromatography
(HPTLC) methods that overcome these limitations have been developed [69]. The principle
of operation is the same as with TLC. Higher resolution, lower detection limit and improved
image scanning are advantages of HPTLC methods [68]. HPLC, in combination with UV–
VIS detector, is the most commonly used chromatographic method for the qualitative and
quantitative analysis of curcumin due to its high precision, accuracy, and low detection
limit. Various HPLC methods have been developed to analyse curcuminoids (Table 2).

Table 2. HPLC methods for curcuminoid analysis.

Matrix Sample Column Mobile Phase λ, nm Limit of
Detection Reference

Turmeric Powder RP C18

Acetonitrile and 0.1%
Trifluro-Acetic Acid

(50:50, v/v)
420 27.99 ng/mL [70]

Turmeric Extracts Alltima C18 column Acetonitrile and 2% Acetic
Acid (40:60, v/v) 425 0.90 µg/mL [71]

Commercial Samples
of Turmeric C18

Methanol, 2% Acetic acid, and
Acetonitrile 425 0.05 µg/mL [72]

Curcuminoids-
Loaded

Liposome

Zorbax Eclipse XDB C18
(4 × 150mm, 5 µm)

Acetonitrile and 0.1%
OrthoPhosphoric Acid

(50:50, v/v)
425 0.124 µg/mL [73]
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Table 2. Cont.

Matrix Sample Column Mobile Phase λ, nm Limit of
Detection Reference

Samples of Turmeric Zorbax SB-C18 column
(4.6 × 250 mm, 5 µm)

Acetonitrile and 0.4%
Aqueous Acetic Acid 430 0.31 µg/mL [37]

Extract of Turmeric C18 (4.6 × 150mm, 5 µm) Acetonitrile and 2% Acetic
Acid (55:45, v/v) 425 0.0738 ppm [74]

Extract of Turmeric
Waters Xterra MS C18

column
(4.6 × 250 mm, 5 µm)

Distilled Water and
Acetonitrile (65:35, v/v)

Containing 1% Acetic Acid
425 1.13 µg/mL [75]

Turmeric Rhizome Brownlee SPP C18 column
(4.6 × 100 mm, 2.7 µm)

Water and Acetonitrile
(70:30, v/v) 420 1.0 µg/mL [76]

Liquid chromatography–mass spectrometry (LC/MS) [67] is used to identify and quan-
tify traces of curcumin in biological fluids, food, or other complex matrices. Various LC/MS
methods have been developed to detect and quantify curcumin in different matrices [77–79].
A rapid and sensitive, selective high-throughput ultrahigh performance liquid chromatog-
raphy method with tandem mass spectrometry (UPLC/Q-TOF-MS) was developed and val-
idated to quantify curcuminoids to reduce analysis time and improve sensitivity [80]. The
UV–VIS spectroscopy can also quantify curcuminoids if the sample matrix or other present
components do not absorb within this range. Curcumin shows an absorption maximum
at 425 nm [62,68,81]. Fourier transform infrared spectroscopy (FTIR), near-infrared spec-
troscopy (NIR), Raman’s spectroscopy, nuclear magnetic resonance spectroscopy (NMR),
and fluorescence spectroscopy are also used to characterize curcumin [82–85].

Curcumin exists in three polymorphic forms: monoclinic form and two orthorhombic
forms. Pandey et al. examined polymorphs using X-ray diffraction (XRD) and differential
scanning calorimetry (DSC) and found that curcumin polymorphs were monotropically
linked to each other, with the monoclinic form being the most stable [86].

Electron paramagnetic resonance (EPR) spectroscopy is an efficient and noninvasive
spectroscopic method for analysing samples with unpaired electrons. It is used to quan-
tify the types of radicals and analyse the antioxidative effects of substances [87]. EPR
spectroscopy was applied for determining the potential and capacity of curcumin against
free radicals (DPPH, nitric oxide radical (NO·), hydroxyl radical (HO·) and superoxide
anion radical (O2) [88,89]. In the study by Nikolić et al., EPR spectroscopy was used for
assessing the antioxidant activity of curcumin-loaded low-energy nanoemulsions according
to Tempol stable nitroxide free radical. The research findings show that nanoemulsion with
curcumin exhibits swift activity, thus neutralising free radicals within the first five minutes
from the beginning of the reaction [90].

8. Formulations

A large number of the curcumin formulations with volatile oil (volatile oil formu-
lation) [91,92], piperine [93], and lecithin [94] have been designed. These formulations
increase the absorption of curcumin after oral administration compared with pure curcumin.
Liposomes, micelles, phospholipid complexes, cyclodextrins, nanoparticles, emulsions,
hydrogels, and phytosomes are new promising curcumin formulations. Such formulations
provide more prolonged circulation, better absorption and resistance to metabolic processes,
increase absorption from the small intestine, and prolong half-life in the plasma, and thus,
increase the efficiency of curcumin [95–97] (Figure 5).
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Figure 5. Formulations of curcumin.

Phytosome formulations with curcumin, formulations with volatile oils of turmeric
rhizome, and curcumin formulations with a combination of hydrophilic carrier, cellu-
lose derivatives, and natural antioxidants (CHC), compared to a standardized mixture of
curcumin (CS), were tested in a study on healthy volunteers. The CHC formulation of
curcumin significantly increases the content of curcuminoids in the blood compared with
standard curcumin [92]. Cyclodextrins (CDs) can form molecular inclusion complexes with
lipophilic compounds, thus enhancing water solubility, dispersion, and absorption of active
components. The bioavailability of the curcumin formulation with γ-cyclodextrin was in-
vestigated. This formulation was compared with a standardized curcumin extract and two
commercially available formulations, the curcumin phytosome formulation (CSL) and the
curcumin formulation with rhizome-extracted turmeric essential oils (CEO). The formula-
tion of curcumin with γ-cyclodextrin significantly enhances the absorption of curcuminoids
in healthy people [9]. The inclusion complex of curcumin with β-cyclodextrin was pre-
pared using the coprecipitation method. The solubility of curcumin in water increased from
0.00122 to 0.721 mg/mL by forming an inclusion complex. The release of the inclusion
complex from nanocomposite and conventional poly (N-isopropylacrylamide/sodium
alginate) hydrogels cross-linked with nanoclay and N,N′-methylenebis(acrylamide) (BIS),
respectively, was tested under simulated gastrointestinal conditions. At pH = 1.2 and
pH = 6.8, hydrogels showed the lowest and the highest release-swelling ratio, respectively.
The swelling coefficient and cumulative release decreased with increasing nanoclay con-
tent in nanocomposite hydrogels. Conversely, as the BIS ratio in conventional hydrogels
increased, the swelling ratio and cumulative release increased [98]. The polyol dilution
method was used to formulate liposomes with curcumin in the paper by Kongkaneramit
et al. Lipid phase was a mixture of hydrogenated phosphatidylcholine and cholesterol in a
molar ratio of 9:1. Propylene glycol, glycerin, and polyethylene glycol 400 were used as
polyol solvents. The type and amount of polyol affect both the size of the liposomes and
the amount of curcumin incorporated. The preparation temperature is also an important
factor in liposome production [99]. Tai et al. studied the stability and release performance
of curcumin from liposomes with different contents of hydrogenated phospholipids [100].

Chitosan-coated liposomes may be an alternative carrier for drug delivery in humans.
In the work of Cuomo et al., the applicability of chitosan-coated liposomes with curcumin,
as well as anionic liposomes with curcumin, was evaluated. The applicability of the formu-
lations was examined in vitro by measuring the bioavailability of ingested curcumin. It has
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been shown that the presence of a positively charged liposome surface enables better ab-
sorption of curcumin in the small intestine, which increases its overall bioavailability [101].
Curcumin nanoemulsion was formulated as a low-energy emulsion and converted to a
nanoemulgel using cross-linked polyacrylic acid (Carbopol® 934) as a gelling agent to
increase the solubility and absorption of curcumin after topical application to the skin.
The nanoemulgel formulation showed faster and earlier wound healing in psoriatic mice
compared with curcumin and betamethasone-17-valerate gel. The research findings show
that curcumin nanoemugel formulation is a promising candidate for successful long-term
treatment of psoriasis [102].

Curcumin nanoemulsions are highly effective in preventing tumour recurrence after
surgery and metastasis [103]. A formulation of eye drops (thermosensitive hydrogel con-
taining latanoprost and curcumin nanoparticles) for dual drug delivery has been developed
and characterized. The developed dual drug delivery system has shown a prolonged
release profile, in vitro and in vivo biocompatibility, reduced levels of inflammation and
apoptosis of cells, and protection of trabecular mesh (TM) cells from oxidative damage [104].
PLGA curcumin nanoparticles have shown increased oral and intravenous bioavailabil-
ity [105]. The oral formulation of nanocurcumin can significantly reduce recovery time in
hospitalized patients with COVID-19 [106]. The hybrid curcumin-phospholipid complex
was used as a system for oral drug administration to inhibit the metastasis of breast and
lung cancer [107]. A high-performance formulation of curcumin phospholipid complex,
which can improve the flow, solubility, and oral bioavailability of curcumin, was developed
by Wang et al. [108]. Polymer micelles made using block copolymer methoxy-poly(ethylene
glycol) (mPEG)-poly(caprolactone) (PCL) enable delayed release of curcumin [109].

In the study by Karavasili et al., the activity of peptide hydrogel with simultaneous
delivery of doxorubicin and curcumin in the therapy of head and neck cancer cells was
examined. The findings showed the therapeutic utility of a double peptide hydrogel with
built-in drugs for the local treatment of head and neck cancer [110]. The amylopectin–
chitosan composite hydrogel (LRA–CS) for curcumin delivery was synthesized and tested
by Liu et al. The release characteristics of encapsulated curcumin in the simulated gastric
and intestinal fluid were observed. The findings showed that LRA–CS hydrogel pro-
vided stability of curcumin in the stomach and its release in the small intestine [111].
Chitosan–nanocellulose hydrogel with nonionic surfactant was also used for the delivery
of curcumin [112]. Cyclodextrin nanospongoid-based hydrogel (CDNS) was used for trans-
dermal codelivery of curcumin (CUR) and resveratrol (RES). Nanosponges enhanced the
in vitro release of curcumin 10 times and the release of resveratrol 2.5 times compared with
regular curcumin and resveratrol. The combination of CUR–CDNS and RES–CDNS demon-
strated a synergistic cytotoxic effect on MCF-7 cells. A hydrogel base was developed with
carbomer and propylene glycol, in which CUR-CDNS and RES-CDNS were incorporated.
The photostability of curcumin and resveratrol in the CDNS hydrogel formulation increased
almost five and seven times, respectively, compared with the hydrogel formulated without
CDNS. Curcumin and resveratrol intake is significantly enhanced when delivered using
a CDNS-hydrogel base [113]. In Shef et al., curcumin was incorporated into the oxidized
cellulose–polyvinyl alcohol hydrogel system by the freezing process. In vitro studies on
rats have shown that this can be an effective method for natural wound healing [114]. In the
work of Sahin et al., a new, highly bioavailable formulation of curcumin, advanced ultrasol
curcumin (AUC), with improved intestinal stability, was developed. In administered doses,
AUC effectively improves the pathophysiology of osteoarthritis in experimentally induced
osteoarthritis in rats [115]. An overview of curcumin formulations tested on humans and
animals is shown in Tables 3 and 4, respectively.
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Table 3. Clinical applications of curcumin.

Disease Dose Duration Patients Results Reference

Overweight 80 mg/Day 6 Weeks 48 Overweight
Girl Students

Positive antioxidant effect and prevention of
lipid peroxidation in overweight individuals. [116]

Metabolic
syndrome(MetS) 80 mg/Day 12 Weeks 50 Patients

Supplementation with Nanomicelle curcumin
Significantly improved serum triglyceride in

MetS patients.
[117]

Diabetic sensorimotor
polyneuropathy 80 mg/Day 8 Weeks 80 Diabetic

patients

Nanocurcumin supplementation reduced the
severity of diabetic sensorimotor

polyneuropathy in patients with type 2
diabetes mellitus.

[118]

Migraine 80 mg/Day 2 Months 80 Patients

Combination of omega-3 fatty acids and
nanocurcumin modulates interleukin-6 gene
Expression and high-sensitivity C-reactive

protein serum levels in patients with migraine.

[119]

Nonalcoholic fatty liver
disease (NAFLD) 80 mg/Day 3 Months 84 Patients

Nanocurcumin improves glucose indices,
lipids, inflammation, and nesfatin in
overweight and obese patients with

nonalcoholic fatty liver disease (NAFLD).

[120]

Hemodialysis (HD) 120 mg/Day 12 Weeks 60 Patients

Nanocurcumin shows beneficial effects in
lowering inflammation and Hs-CRP levels, as

well as adhesion molecules (ICAM-1,
VCAM-1), in hemodialysis patients.

[121]

Overweight and
obesity 500 mg/Day 10 Weeks 60 Adolescent

Ten weeks of curcumin supplementation had
beneficial effects on inflammation and

oxidative stress markers among postpubescent
overweight and obese girl adolescents.

[122]

Coronavirus
disease-2019 1050 mg/Day 14 Days 158 Patients

Curcumin is a safe and natural therapeutic
option to prevent post-COVID-19

thromboembolic events.
[123]

Ulcerative colitis (UC) 450 mg/Day 8 Weeks 41 Patients
Low-dose oral curcumin is not effective in
inducing remission in mild-to-moderate

ulcerative colitis.
[124]

Ulcerative colitis (UC) 1500 mg/Day 8 Weeks 70 Patients

Consumption of the curcumin supplement,
along with drug therapy, significant

improvement of the clinical outcomes, quality
of life, Hs-CRP, and ESR in patients with

mild-to-moderate UC.

[125]

Table 4. Application of curcumin in vivo-animal models.

Curcumin Form Activity Animal Model Reference

Curcumin
Nanocurcumin

Antidepressive effect
Wound-healing Agent

Sprague–Dawley rats
Male Wistar rats

[126]
[127]

Curcumin, nanoparticles Antibacterial and anti-inflammatory
agent Male C57BL/6 mice [128]

Curcumin Inhibitors of NF-κB Mus musculus, C57BL/6J [129]

Curcumin Decontaminate and accelerate the Wound
contraction Wistar Rats [130]

Curcumin, Nanoparticles Adjuvant agent for the treatment of
Hodgkin’s Lymphoma Mice [131]

Curcumin, Nanoparticles Contrasting agent Sprague–Dawley rats [132]
Curcumin C3 Complex Cancer prevention Male C57BL/6 wild-type mice [133]
Curcumin, Hydrogel Wound-healing agent Mus musculus var. albino mice [134]

PVA/Chitosan/Curcumin Patches Wound-healing agent Wistar Rats [135]

A study was conducted to compare the oral bioavailability of the newly developed
formulation of curcumin Curene® with a formulation of curcumin containing volatile
turmeric oil (CP-01) and standard curcuminoids 95%, on healthy volunteers. It was found
that the oral bioavailability of Curene® is significantly higher compared with CP-01 and
standard curcuminoids (95%) and that it is safe to be administered to healthy people in
trial conditions [136]. The anti-inflammatory activity of Longvida® Optimized Curcumin
(LC) was examined on two-month-old wild-type mice and GFAP-IL6. LC can alleviate in-
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flammation and minimize neurodegeneration and motoric defects in GFAP-IL6 mice [137].
There is a range of commercial formulations of curcumin with defined bioavailability and
pharmacokinetics such as Meriva®, LongVida®, CurQfenTM, MicroActive curcumin, Mi-
cronized curcumin, NovaSol® (micellar curcumin) CurcuWin®, BiocurcumaxTM Curcumin
C3 Complex®+Bioperine, Cavacurmin® TheracurminTM. Of the commercial formulations,
NovaSol® (185), Curcuwin® (136) and LongVida® (100) stand out as they show bioavailabil-
ity over 100 times higher than the reference curcumin [11]. The formulations CurcuminRich,
Biomor, Liposomal curcumin mango, Liposomal curcumin, and Dr. Mercola Curcumin
Advanced are also available on the market for oral administration of curcumin [95].

9. Biological Activities of Curcumin

This section describes in detail the biological activities of curcumin, with a special
emphasis on its antimicrobial activity (Figure 6).

Figure 6. Biological activities of curcumin.

9.1. Antimicrobial Activity
9.1.1. Antibacterial Activity

Curcumin shows a wide range of antibacterial effects. It causes membrane damage
in the cells of Gram-positive (Staphylococcus aureus and Enterococcus faecalis) and Gram-
negative (Escherichia coli and Pseudomonas aeruginosa) bacteria [138]. It blocks the growth of
bacteria owing to its structural characteristics and the formation of antioxidant products,
inhibits bacterial virulence factors and the formation of bacterial biofilm, and prevents
bacterial adhesion to host receptors. As a photosensitizer, curcumin induces phototoxicity
and inhibits bacterial growth under blue light [139]. In the study by Adamczak et al.,
the effectiveness of curcumin was tested in vitro on over 100 strains of pathogens within
19 species. The antimicrobial activity was determined by the broth microdilution method
and by calculating the minimum inhibitory concentration (MIC). The results confirmed a
much higher susceptibility to Gram-positive than to Gram-negative bacteria. The MIC was
also high in Staphylococcus aureus, Staphylococcus haemolyticus, Escherichia coli, and Proteus
mirabilis resistant to a large number of drugs (≥2000 µg/mL). However, curcumin was ef-
fective against some species and strains: Streptococcus pyogenes (mean MIC = 31.25 µg/mL),
Staphylococcus aureus sensitive to methicillin (250 µg/mL), Acinetobacter lwoffii (250 µg/mL)
and single strains of Enterococcus faecalis and Pseudomonas aeruginosa (62.5 µg/mL). Cur-
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cumin shows poor activity against clinical isolates of Candida species. Curcumin can be
considered a promising antibacterial agent but with very selective activity [140]. The
antimicrobial activity of curcumin against pathogens in burn wounds is shown in Table 5.

Table 5. Minimum inhibitory concentrations (MIC) of curcumin and fractional inhibitory concentra-
tion indices (FICIs) for potentially important pathogens of burn wounds [141].

Isolate Genes Curcumin
MIC µg/mL FICI

Klebsiella pneumonie DHA 128 0.5
Pseudomonas aeruginosa VEB 128 0.5
Acinetobacter baumanni OXA-23, OXA-24 128 0.37
Acinetobacter baumanni OXA-23, OXA-24 128 1
Pseudomonas aeruginosa IMP-1 128 1

Enterococcus faecalis ATCC 29212 Type strain 128 0.26
Pseudomonas aeruginosa GES 128 0.75
Acinetobacter baumanni OXA-23, OXA-24 512 0.25

Acinetobacter baumanni ATCC19606 Type Strain 512 0.5
Acinetobacter baumanni OXA-23, OXA-24 512 0.25
Pseudomonas aeruginosa IMP-1 512 0.064
Pseudomonas aeruginosa VIM-1 512 0.064

Escherichia coli ATCC 25922 Type Strain 256 0.4
Klebsiella pneumonie ATCC700603 Type Strain 256 0.5

Klebsiella pneumonie NDM-6 256 0.28
Klebsiella pneumonie NDM-1 256 0.56
Klebsiella pneumonie NDM-6 256 0.56

Pseudomonas aeruginosa IMP-2 256 0.56

9.1.2. Antiviral Activity

The antiviral effect of curcumin is manifested through interference with virus repli-
cation or through suppression of cellular signalling pathways that are essential for virus
replication, such as the phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) and
NF-κB [142]. Curcumin exhibits antiviral activity against DNA and RNA viruses [143].
Jeong et al. established a mechanism by which curcumin pretreatment controlled the early
stage of viral haemorrhagic septicaemia virus (VHSV) infection in fathead minnow cells.
By rearranging the F-actin/G-actin ratio through reduced regulation of heat shock cognate
71 (HSC71), virus entry into cells is suppressed [144]. Ferreira et al. found that curcumin
significantly reduced the replication of HIV-1 and herpes simplex virus type 2 (HSV-2) in
chronically infected T cells and human primary genital epithelial cells [145]. Curcumin is
an inhibitor of the redox function apurinic/apyrimidinic endonuclease 1 (APE1), affecting
many genes, thus accounting for the wide range of curcumin effects on various human
diseases. Curcumin effectively blocks the replication of the herpes virus associated with
sarcoma and inhibits the pathogenic processes of angiogenesis and cell invasion [146]. Cur-
cumin also exhibits antiviral activity against Zika and chikungunya viruses, dengue virus,
hepatitis C virus [147], coxsackievirus, human papilloma virus, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), etc., [147–149].

SARS-CoV-2 is an infectious virus that causes coronavirus disease-2019 (COVID-
19) [150]. The disease with significant mortality worldwide poses a global threat due to
the difficulties in treatment because there is currently no approved antiviral drug with
proven efficacy and minor adverse effects [151,152]. The severity of the pandemic has
prompted scientists to examine existing drugs with the potential for treating COVID-
19 [150]. Studies show that curcumin is a good candidate for treating the COVID-19
virus and preventing fatal complications of this disease due to its thoroughly tested and
confirmed anti-inflammatory, antiviral, antinociceptive immunomodulatory, antipyretic,
antifibrotic, pulmoprotective, and antifatigue effects. Curcumin can interact with spike
proteins or angiotensin 2 (ACE2) proteins in the signalling pathway induced by COVID-19.
Curcumin also inhibits several important signalling pathways in viral infection, such as
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transcription factors (NF-κB, signal transducer and activator of transcription 3 (STAT-3),
Vnt/b-catenin, nuclear factor E2-related factor (Nrf2), p38/MAPK, and virus-induced
inflammation by modulating the manifestation of various factors (IL-10, Interleukin-18
(IL-18), IL-6, tumour necrosis factor (TNF) α/β and COX-2) in COVID-19 [153,154]. Val-
izadeha et al. investigated the effect of nanocurcumin on the modulation of inflammatory
cytokines in patients with COVID-19. Messenger ribonucleic acid (mRNA) expression and
cytokine secretion levels of Interleukin-1 β (IL-1β), IL-6, TNF-α, and IL-18 were assessed
by polymerase chain reaction (PCR) in real-time and enzyme-linked immunosorbent assay
(ELISA), respectively. The results showed that the expression of IL-1β and IL-6 mRNA
was dramatically reduced after nanocurcumin administration. This study suggests that
by regulating the inflammatory response, nanocurcumin can be used as an innovative
therapeutic agent for patients with COVID-19 [155].

9.1.3. Antiparasitic and Antimalarial Activity

Curcumin shows activity against different types of parasites in vitro and in vivo.
The antiprotozoal activity of curcumin is shown against Leishmania major, Leishmania dono-
vani [156,157], Trichomonas vaginalis [158], Entamoeba histolytica [159], Giardia lamblia [160],
Toxoplasma gondii [161], Neospora caninum [162], etc. The combinations of netilmicin and cur-
cumin and metronidazole and curcumin show a synergistic effect and can be used to treat
leishmaniasis and amoebiasis, respectively [156,159]. Curcumin also exhibits anthelmintic
activity on the nematode Ascaridia galli and the cestode Raillietina cesticillus [163,164]. The
studies show that curcumin is used to treat malaria and that it can increase the effectiveness
of antimalarial drugs [165]. Busari et al. examined the in vivo antiplasmodial activity
and the assessment of the toxicity of curcumin incorporated into poly(lactic-co-glycolic)
nanoparticles. The formulated drug with nanoparticles demonstrated better activity against
the malaria parasite than free curcumin. The antimalarial activity of the drug is better at
lower concentrations. In vivo toxicity studies have confirmed the safety of the formulated
drug at the tested doses [166]. Novaes et al. evaluated the efficacy of curcumin as a com-
plementary strategy in benznidazole-based chemotherapy in mice acutely infected with
Trypanosoma cruzi. The results of the research show that the combination of benznidazole
with curcumin may be a relevant therapy in the treatment of Chagas’ disease caused by
T. cruzi because it reduces the toxic effects of benznidazole and increases its antiparasitic
activity [165]. An overview of the recent research of curcumin’s antiviral, antiparasitic, and
antimalarial activities is shown in Table 6.

Table 6. Antiviral, antiparasitic and antimalarial activity of curcumin.

Activity Substance Type of Microorganism Therapeutic Effect Reference

Antiviral
Curcumin,

nanomicelles Hepatitis C virus The antiviral effects of curcumin
nanomicelles on hepatitis C virus. [167]

Curcumin Vesicular stomatitis virus
Determination of curcumin effects on

vesicular stomatitis virus
Dicer-1 expression.

[168]

Curcumin Chikungunya virus, zika virus Antiviral activity of curcumin against
zika and chikungunya virus. [147]

Curcumin,
nanoparticles

Human immunodeficiency
virus 1 (HIV-1)

Immunomodulatory activities of
curcumin-stabilized silver nanoparticles

on HIV-1.
[169]

Curcumin Enterovirus 71 (EV71) Antiviral effects of curcumin on EV71. [170]

Curcumin Human T lymphotropic virus
1 (HTLV-1)

Determination of curcumin on the
expression of c-FLIP in

HTLV-1-associated myelopathy/tropical
spastic paraparesis (HAM/TSP) patients.

[171]

Curcumin Kaposi’s sarcoma-associated
herpesvirus (KSHV or HHV8)

Antiviral activity of curcumin against
KSHV replication and pathogenesis. [146]

Curcumin Human immunodeficiency
virus 1 (HIV-1)

Multifunctional mesoporous curcumin
encapsulated iron phenanthroline

Nanocluster on HIV-1.
[172]
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Table 6. Cont.

Activity Substance Type of Microorganism Therapeutic Effect Reference

Curcumin Zika virus Inhibitory effects of novel natural
products against zika virus. [173]

Curcumin,
nanocurcumin Dengue virus

Antiviral activity of curcumin
encapsulated in nanoemulsion against

dengue virus serotypes.
[174]

Curcumin Transmissible gastroenteritis
virus

Antiviral effects of curcumin on
transmissible gastroenteritis virus. [175]

Curcumin Human parainfluenza virus
type 3

Evaluation of curcumin on replication of
human parainfluenza virus type 3. [176]

Curcumin Hepatitis B virus Evaluation of curcumin on viral entry of
hepatitis B. [156]

Antiparasitic and
Antimalarial

Curcumin and
netilmicin

Leishmania major, Leishmania
donovani

Antileishmanial activity of netilmicin
combined with curcumin significantly

enhanced compared with when
used alone.

[177]

Nanoformulation of
curcumin and

miltefosine
Leishmania donovani

Combination therapy of curcumin with
miltefosine exhibited a synergistic effect
on both promastigotes and amastigotes

under in vitro conditions.

[166]

Curcumin
Encapsulated to

PLGA
Plasmodium berghei

Encapsulation of curcumin in PLGA led
to increased parasite suppression about
56.8% at 5 mg/kg of nanoformulation,

which was higher than in free curcumin
(40.5%) at 10 mg/kg.

[178]

Curcumin alone Giardia lamblia

Curcumin inhibited giardia proliferation
disrupted the cytoskeletal structures of

trophozoites in the dose-dependent
mode.

[160]

Curcumin alone Fasciola gigantica

A significant decrease was observed in
the expression of

glutathione-S-transferase and superoxide
dismutase.

[179]

Curcumin alone Cryptosporidium parvum
The anticryptosporidial and antioxidant
activity of curcumin against C. parvum

were confirmed.
[180]

Nanotized
curcumin-

benzothiophene
conjugate

Plasmodium falciparum

The improved oral bioavailability of the
nanotized formulation lowered the

dosage at which the pharmacological
effect was achieved while avoiding any

observable adverse side effects.

[181]

Curcumin,
nanocomposite Plasmodium falciparum

The antiparasitic effect of the
nanocomposite on the metabolites of

plasmodium falciparum
[182]

9.2. Anti-Inflammatory Activity

Reactive oxygen species (ROS) play a key role in enhancing inflammation by activating
transcription factors NF-κB, the activator protein 1 (AP-1), in acetylation and deacetylation
of nuclear histone in a range of inflammatory diseases [183]. The anti-inflammatory effect of
curcumin is based on its ability to inhibit COX-2, lipoxygenase (LOX), inducible nitric oxide
synthase (iNOS) [184], arachidonic acid metabolism [185], cytokines (interleukins) [186,187],
and tumour necrosis factor [188], NF-κB [184] and the release of steroid hormones [189].
COX-2, LOX, and iNOS are important enzymes that mediate inflammatory processes.
Improper regulation of COX-2 and iNOS has been associated with the pathophysiology of
certain types of cancer in humans, as well as with inflammatory disorders [184]. Curcumin
and rutin downregulate COX-2 and reduce tumour-associated inflammation in HPV16-
transgenic mice [190] The findings of preclinical studies in animal models with invasive
pneumonia showed that curcumin exhibits a protective effect. It regulates the expression of
pro and anti-inflammatory factors (interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10
(IL-10), and COX-2), induces apoptosis of polymorphonuclear neutrophilic (PMN) cells,
and removes ROS, thus improving the inflammatory response. These studies indicate
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that curcumin can be used as a therapeutic agent against pneumonia and acute lung
injury (ALI)/fatal acute respiratory distress syndrome (ARDS) in humans, resulting from
coronavirus infection [191].

9.3. Antioxidant Activity

ROS and reactive nitrogen species (RNS) are generated in the human body in various
endogenous systems, in pathophysiological conditions or exposure to various physical
and chemical factors. Free radicals can change lipids (lipid peroxidation), proteins (loss of
enzyme activity), and DNA (mutagenesis and carcinogenesis); they contribute to ageing
and many human diseases. Natural protective antioxidant mechanisms include superoxide
dismutase (SOD), catalase (CAT), glutathione (GSH), glutathione peroxidase (GPx), and
reductase, vitamin E (tocopherols and tocotrienols), vitamin C, etc. [4]. Curcumin also
shows strong antioxidant activity. The antioxidant property is attributed to the presence of
various functional groups, including methoxy, phenoxy, and carbon–carbon double bonds
in its structure. Curcumin is a classic phenolic antioxidant that donates H atoms from
phenolic groups [192]. In the work of Samarghandian et al., it was found that curcumin
can inhibit oxidative damage caused by stress in the brain, liver, and kidneys of rats [193].
Lipid peroxidation is significantly reduced in rats treated with curcumin before applying
γ-radiation [194]. Curcumin increases enzymatic antioxidant activity by increasing the
expression of methionine sulfoxide reductase (MSRA) and increasing the levels of the
enzymes MSRA, SOD, CAT and GPx [195]. Curcumin may act as an antioxidant against
oxidative stress in rats with diabetes mellitus by increased SOD expression in cochlear
fibroblasts [196]. The antioxidant activity of curcumin was assessed using the 1,1-diphenyl-
2-picryl hydrazyl (DPPH) radical assay compared to ascorbic acid, a known antioxidant.
The percentage of free radical removal using curcumin and ascorbic acid was 69 and 62%,
respectively, at a concentration of 0.1 mM. No significant difference was observed between
curcumin and ascorbic acid in antioxidant potential [197]. Curcumin has shown a large
capacity to remove smaller oxidative molecules such as H2O2, HO•, ROO•. Curcumin can
be used as an effective antioxidant to protect against ROS in the cytoplasm of cells [198].
Curcumin formulations with different carriers that are stable and protected from various
influences are used as antioxidants [199,200].

9.4. Antinociceptive Activity

Preclinical studies have shown that curcumin has an antinociceptive effect on inflam-
matory and neuropathic pain. The effects of curcumin on postoperative pain in rats were
investigated in the work of Zhu et al. The results of the study show that curcumin can
alleviate postoperative pain and accelerate recovery from surgery. However, treatment with
curcumin before surgery did not affect the threshold of postoperative pain and recovery
rate [201]. The antinociceptive effect of poly(d,l-lactide-co-glycolide) nanovesicles with
curcumin (PLGA-CUR) administered intravenously or intrathecally in mice in small and
high doses was tested using formalin test, zymosan-induced hyperalgesia and sciatic nerve
ligation that causes neuropathic allodynia and hyperalgesia. PLGA-CUR administered
intravenously managed to reduce the response to nociceptive stimuli in the formalin test
and zymosan-induced hyperalgesia, while pure curcumin was inactive. The low doses of
intrathecally administered PLGA-CUR significantly reduced allodynia produced by sciatic
nerve ligation. Long-lasting antinociceptive effects were observed when high doses of
PLGA-CUR were administered intrathecally. At high doses, intrathecally applied pure
curcumin had only rapid and transient antinociceptive effects. Measuring cytokine lev-
els and brain-derived neurotrophic factor (BDNF) in the spinal cord of neuropathic mice
shows that the antinociceptive effects of PLGA-CUR depend on the decline in the release of
cytokines and BDNF in the spinal cord. The study results show the efficacy of PLGA-CUR
and suggest that the nanoformulation of PLGA-CUR could be a new potential drug in the
treatment of pain [202].
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9.5. Wound Healing Agent

Curcumin has strong modulating effects on the wound healing process. The wound
healing process consists of four phases: coagulation, inflammation, proliferation, and
tissue remodelling. Curcumin induces apoptosis of inflammatory cells during the early
phase of wound healing, inhibits the activity of the transcription factor NF-κB, reduces
the production of cytokines (TNF-α and IL-1), removes ROS, affects the production of
antioxidant enzymes and thus reduces inflammation and shortens the inflammatory phase
in the wound healing process. The studies have shown that during the proliferation
phase, curcumin enhances fibroblast migration, enhances granulation tissue formation,
collagen deposition, and re-epithelialization. In the final phase of wound healing, by
increasing the production of the transforming growth factor β, curcumin enhances wound
contractions and therefore increases fibroblast proliferation [203]. Various topical curcumin
formulations such as films, fibres, emulsions, hydrogels, and various nanoformulations
have been developed for targeted delivery of curcumin at the wounds [203–205]. Sodium
alginate-g-poly(N-isopropylacrylamide), (Alg-pNIPAM), a thermosensitive hydrogel with
incorporated curcumin as an in vivo wound dressing was synthesized by Zakerikhoob
et al. In vivo studies have shown accelerated collagenesis, re-epithelialization, and wound
contraction using the Alg-pNIPAM formulation with curcumin. The formulation showed
a more significant anti-inflammatory effect than the free curcumin solution. Given the
antioxidant and anti-inflammatory properties of curcumin and the concomitant effect of
alginate in keeping wound areas moist, the developed thermosensitive formulation of
curcumin could help accelerate wound healing [204]. An overview of the recent research
about the biological activities of curcumin is shown in Table 7.

Table 7. Biological activities of curcumin.

Activity Substance Target Therapeutic Effect Reference

Anti-inflammatory

Curcumin

COX-2
NF-κB
p-IκB
ROS

Attenuates colistin-induced neurotoxicity in
N2a cells via anti-inflammatory activity,

suppression of oxidative stress, and
a apoptosis.

[206]

Curcumin NF-κB
COX-2

Attenuates airway inflammation and airway
remoulding in cigarette smoke-induced

COPD mice.
[207]

Curcumin and rutin COX-2 Reduce tumour-associated inflammation in
HPV16-transgenic mice. [189]

Curcumin, curcumin and
capsaicin

COX-2
IL-6

TGF-β

Combined curcumin and capsaicin are efficient
against the lipopolysaccharide Induced

expression of proinflammatory cytokines in
peripheral blood mononuclear cells.

[208]

Antioxidant
Curcumin-loaded sodium

alginate/ZnO hydrogel
beads

DPPH Assay
Composite hydrogel beads have protected

curcumin from light degradation can therefore
prolong its antioxidant activity.

[209]

Curcumin
MDA
SOD

GSH-Px

Curcumin protects the liver, kidneys and brain
from the oxidative damage caused by

irradiation.
[210]

Curcumin,
curcumin and piperine

MDA
SOD

Catalase

Curcumin may be used as an adjunct therapy
in individuals with oxidative stress. [211]

Curcumin
MDA

total Antioxidant
Capacity (TAC)

Pure curcumin reduces MDA concentration
and increases total antioxidant capacity. [212]

Antinociceptive

Curcumin
DRG Neurons
β-Endorphin and

Enkephalin

The curcumin attenuates cancer-induced
bone pain [213]

Curcumin
γ-Aminobutyric Acid
(GABA) and Opioid

Receptors
Antinociception of curcumin [214]
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Table 7. Cont.

Activity Substance Target Therapeutic Effect Reference

Curcumin-loaded PLGA
nanovesicles
(PLGA-CUR)

Cytokine and BDNF Antinociceptive effects of PLGA-CUR [201]

Curcumin The acid-Sensing Ion
Channels (ASICs) Antinociceptive Effects of Curcumin [215]

Wound healing agent

PVA/chitosan/curcumin
patches

Cell Line Studies and
MTT Assay

Antibacterial activity of PVA/Chi/Cur against
four major bacterial strains commonly found in
wound sites and water retainability indicates it
to be a perfect material for wound treatment.

[135]

Nanocurcumin Fibroblast, Collagen,
Reepithelization

Curcumin nanoformulation enhanced wound
repair by inhibiting the inflammatory response,
stimulating angiogenesis, inducing fibroblast
proliferation and enhancing reepithelization

and synthesis of collagen.

[127]

Curcumin,
Hydrogel L929 Fibroblast Cells Curcumin incorporation accelerates

full-thickness skin wound healing [114]

10. Conclusions

Curcumin is a widely studied natural compound that has exhibited enormous in vitro
and in vivo therapeutic potential. Curcumin has anti-inflammatory, antioxidant, antiviral,
proapoptotic, chemopreventive, chemotherapeutic, antinociceptive, antiproliferative, an-
tiparasitic, and antimalarial effects and is used as a wound-healing agent. Poor absorption
of curcumin in the small intestine, rapid metabolism, and rapid systemic elimination cause
poor bioavailability of curcumin in humans. Different curcumin formulations are used for
more prolonged circulation, better permeability, and resistance to metabolic processes, and
thus to increase the efficacy of curcumin. Liposomes, micelles, phospholipid complexes,
cyclodextrins, nanoparticles, emulsions, hydrogels, and phytosomes have been described
in the reference sources as promising formulations that improve the physicochemical
properties of curcumin and enable its safe and efficient use.
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Abstract: The agricultural industry utilizes antibiotic growth promoters to promote livestock growth
and health. However, the World Health Organization has raised concerns over the ongoing spread of
antibiotic resistance transmission in the populace, leading to its subsequent ban in several countries,
especially in the European Union. These restrictions have translated into an increase in pathogenic
outbreaks in the agricultural industry, highlighting the need for an economically viable, non-toxic,
and renewable alternative to antibiotics in livestock. Probiotics inhibit pathogen growth, promote a
beneficial microbiota, regulate the immune response of its host, enhance feed conversion to nutrients,
and form biofilms that block further infection. Commonly used lactic acid bacteria probiotics are
vulnerable to the harsh conditions of the upper gastrointestinal system, leading to novel research
using spore-forming bacteria from the genus Bacillus. However, the exact mechanisms behind Bacillus
probiotics remain unexplored. This review tackles this issue, by reporting antimicrobial compounds
produced from Bacillus strains, their proposed mechanisms of action, and any gaps in the mechanism
studies of these compounds. Lastly, this paper explores omics approaches to clarify the mechanisms
behind Bacillus probiotics.

Keywords: antimicrobials; Bacillus; probiotic; animal feed; omics

1. Introduction

Probiotics are live microorganisms that can be consumed by its host to confer a range
of health benefits. These benefits include the production of antimicrobial metabolites,
restoration of the host microbiota, modulation of the immune system, and the release of
digestive enzymes to improve nutrient uptake [1]. For example, Bacillus subtilis MA139
restored microbiota diversity in finishing pigs, improved their resistance to pathogenic
illnesses, and promoted animal health and growth [2]. This increase in animal production
makes probiotics a suitable alternative to antibiotic use in animals, due to the WHO
advocating for its restricted use and its subsequent ban by the EU in 2006 [3].

Probiotics are commonly used in animal feed production, which do not contribute
to antibiotic resistance and may even reduce it [4]. Selective probiotic bacteria have been
used to treat antibiotic-associated diarrhea (AAD), a common side-effect of antibiotic use.
Antibiotics elevate the risk of AAD by disrupting the diversity of the gut biota, allowing
the proliferation of opportunistic pathogens such as Clostridium difficile [5]. This issue can
be tackled through the use of probiotics, which inhibit pathogen growth and restabilize
the intestinal microbiota back to normal levels [6]. Furthermore, probiotics can bind to the
intestinal walls of its host and competitively exclude competing pathogens. Additionally,
these probiotics produce a plethora of antimicrobial compounds that target pathogenic
bacteria, which has driven the search for a potent probiotic strain for industrial use.

The issue lies in the presence of antibiotic resistance genes, with the commonly used
Lactobacillus showing frequent resistance to vancomycin, ciprofloxacin, and aminoglyco-
sides [7]. This development has driven the research into other probiotic genera not yet
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explored such as Bacillus. Bacillus probiotics are pore-forming bacteria that can survive the
harsh conditions needed for pelletizing and can tolerate aerobic conditions for industrial
use, unlike Lactobacillus and Bifidobacterium [8].

Several review papers have been published in the literature summarizing Bacillus
metabolites, structural classes, and their antimicrobial activities [9–11]. However, no litera-
ture is available investigating the mechanisms of action of the antimicrobial metabolites
from Bacillus. In this review, we summarized 47 antimicrobial compounds based on their
molecular targets in the cell wall, plasma membrane, intracellular processes, and other
emerging targets.

2. A Glance of Bioactive Bacillus and Their Antimicrobial Metabolites

To gain a good understanding of antimicrobial Bacillus sp., and hence their potential as
a probiotic supplement, we conducted a literature review on antimicrobial Bacillus. Google-
Scholar, PubMed, Scopus, and Science-Direct electronic databases were used to identify
original scientific research papers. The terms ‘antimicrobial Bacillus’ and ‘mechanism of
action’ were used as filters, with the earliest possible time range. Our literature search
revealed that 1389 Bacillus strains have been reported for antimicrobial activity, composed
of 27 different species (Figure 1). The most commonly reported species included subtilis
(n = 348), amyloliquefaciens (n = 214), licheniformis (n = 114), circulans (n = 89), thuringiensis
(n = 73), pumilus (n = 61), velezensis (n = 60), megaterium (n = 17), and mojavensis (n = 17)
(Figure 1). The literature review also suggested that a substantial number of Bacillus species
were not identified (n = 293). From the antimicrobial Bacillus sp., 47 metabolites have been
identified and their mechanisms of actions reported [12]. We herein report the chemical
structures of the metabolites, their antimicrobial activity, and mechanism of action. Details
regarding these compounds, including source strain, anti-microbial activity, molecular
target, and references are provided in Supplementary Table S1.
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3. Antimicrobial Metabolites and Their Mechanism of Action
3.1. Metabolites Targeting the Cell Wall

The cell wall is a selectively permeable layer that has a distinct layer of polysaccharides,
peptidoglycans, and fungi-specific chitins and glucans [13]. This structure is located
outside the plasma membrane and acts as a permeable barrier, which regulates the entry of
metabolites into the cell and protects it against external stresses (Figure 2a). The cell wall is
a promising target for drug development due to its absence in mammalian cells, and several
Bacillus strains have been shown to target this structure by releasing enzymes (amylase,
cellulase, chitinase, chitosanase, glucanase, and protease) and antimicrobial metabolites.
From the reported 47 compounds with clearly defined mechanisms, 9 compounds target
the cell wall (Figure 2a).
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The peptidoglycan layer provides integrity and protection to the cell. This layer is
comprised of linear glycan strands, which alternate between N-acetylglucosamine (GlcNAc)
and N-acetylmuramic acid (MurNAc) residues linked by β-1-4 bonds [14]. Bacitracin, an
antibiotic first isolated from B. licheniformis, primarily acts on gram-positive bacteria such
as Streptococcus mutans (MIC = 78.12 µg/mL) [15,16]. This antibiotic is comprised of a
mixture of compounds, which include bacitracin A (1), B and C. Bacitracin A (Figure 3)
prevents the dephosphorylation of undecaprenyl pyrophosphate (C55-PP) to undecaprenyl
phosphate (C55-P), which prevents the formation of lipid I/II and the eventual disruption
of the peptidoglycan layer [17]. Additionally, recent scanning-electron microscopy (SEM)
analysis has shown that bacitracin inhibits the formation of biofilm by Streptococcus mutans
by downregulating several genes related to cell division and biofilm [16].

Glucosamine-6-phosphate synthetase (G6PS) is an enzyme that catalyzes the produc-
tion of uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), which is a precursor
for peptidoglycan synthesis [18]. Bacilysin (2) and its chlorinated derivative chlorotetaine
(3) (Figure 3) were first isolated from B. subtilis A14 and B. amyloliquefaciens ZJU-2011,
respectively [19,20]. Both compounds are active against a broad range of bacteria, with
bacilysin inhibiting E. coli at MIC = 0.001 µg/mL and chlorotetaine inhibiting Candidas spp.
and Aspergillus niger at an MIC value of 1.8–7.8 µg/mL [20,21]. Bacilysin first enters the
cell by binding to a transmembrane transport protein and is subsequently hydrolyzed to
anticapsin, a G6PS inhibitor [22]. Kanosamine (4) (Figure 3) produced from B. cereus UW85
inhibits a wide array of plant-related pathogens (i.e., Phytophthora medicaginis M2913 with
an MIC = 25 µg/mL) [23]. Kanosmine inhibits Candida albicans by utilizing the glucose
transport system to transport itself into the cell, where it is subsequently phosphorylated
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to kanosamine-6-phosphate [24]. Kanosmine-6-phosphate inhibits G6PS, leading to the in
septum deformation and cell agglutination of C. albicans.
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Lipid II is a peptidoglycan intermediate, which is formed when the glycosyltransferase
MurG catalyzes the addition of N-acetylglucosamine (GlcNAc) to lipid I [25]. Lipid II subse-
quently translocates across the plasma membrane, where it transfers MurNaC and GlcNAc
to the peptidoglycan layer [26] (Figure 2a). Lipid II is generally conserved throughout
microbes and has been studied as a target for various antimicrobial compounds, especially
lantibiotics [27]. Lantibiotics are a class of large ribosomal compounds, typically around
3000kDa, and contain unique lanthionine and β-methyllanthionine residues [28]. These
lantibiotics are often further divided based on the enzymes involved in their biosynthesis,
which includes class I (5, 6) and class II (7, 8, 9) lantibiotics (Figure 4). Subtilin (5) is a
class I lantibiotic isolated from B. subtilis 6633 [29]. This metabolite inhibits gram-positive
bacteria, with MIC of 0.05 µg/mL (Micrococcus luteus NDCO8166) [29]. Binding studies
show that subtilin binds to lipid II and pyrophosphate-containing intermediates. These
pyrophosphate intermediates coat the outer cell membranes, and subtilin attaches to these
intermediates, forming membrane pores [30]. These pores release essential metabolites,
which eventually lead to cell death. Clausin (6), a class I lantibiotic produced by B. clausii
O/C, inhibits gram-positive microbes (e.g., Micrococcus luteus, MRSA with MICs = 16 mg/L
and 128 mg/L respectively) [31,32]. Clausin interacts with both lipid I/II and GlcNAc, form-
ing stable complexes, which obstruct its role in peptidoglycan biosynthesis and hindering
microbial growth [31].

A class II lantibiotic, mersacidin (7), was first isolated from Bacillus sp. HIL Y-85,54728
and shows activity against a range of gram-positive bacteria including Staphylococcus aureus
SG511 with an MIC = 1 µg/mL [33,34]. Mersacidin associates with lipid II, which interferes
with peptidoglycan biosynthesis and obstructs the growth of the microbe [35]. The class II
lantibiotic amylolysin A (8), produced by B. amyloliquefaciens GA1, targets gram-positive
bacteria such as Enterococcus faecium RFB128 with a MIC = 0.3µg/mL [36]. Amylolysin A
exerts its antimicrobial effect by two separate mechanisms [37]. First, amylolysin A interacts
with lipid II to hinder the biosynthesis of peptidoglycan. Secondly, amylolysin A induces
the formation of membrane pores, leading to cell lysis. Haloduracin (9), a class II lantibiotic
isolated from B. halodurans C-125, targets gram-positive bacteria such as Lactococcus lactis HP
ATCC 11602 (MIC = 0.4 µg/mL) [38]. Structural analysis has highlighted that haloduracin
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is comprised of two parts, Halα and Halβ. Halα binds to lipid II in a 2:1 stoichiometry,
preventing peptidoglycan biosynthesis. Halβ (2330 Da), however, binds to the anionic
lipids of the cell membrane, resulting in pore formation [39].
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3.2. Metabolites Targeting Plasma Membrane

The plasma membrane is composed of a phospholipid bilayer, which separates the
intracellular compartment from the extracellular environment and may selectively transport
metabolites across the membrane [40]. From the reviewed 47 Bacillus metabolites, 23 were
identified to target different processes of the cell membrane (Figure 2b).

The lipid bilayer controls the permeability and shape of the plasma membrane and
is affected by the negative-charged outer phospholipid layer [41]. Any changes to this
membrane, whether by altering its lipid composition or the phospholipid layer, may distort
its function as a barrier to the extracellular environment, releasing essential ions from the
cell, eventually leading to cell death. ε-Poly-L-lysine (10) (Figure 5) is a homopolymer pro-
duced from B. subtilis SDNS, which exerts antimicrobial activity against gram-positive and
gram-negative bacteria, as well as fungi (e.g., 600 µg/mL for Ralstonia solanacearum) [42].

181



Antibiotics 2022, 11, 88

ε-Poly-L-lysine electrostatically attaches to the phospholipid layer of the plasma membrane,
which disturbs the membrane permeability to eventually lead to cell death [43,44]. Planta-
zolicin (11) (Figure 5), a product of B. velezensis FZB42, has been identified as a bacteriocin
of interest, due to its restrictive spectrum against clinically relevant pathogens, such as B.
anthracis, with an MIC value of 1–16 µg/mL [45]. This is highly relevant due to the very
serious nature of anthrax. Further mechanism studies revealed that plantazolicin induces
higher membrane fluidity and increases the proportion of cardiolipin, a cholesterol associ-
ated with higher osmotic stress [45]. Octapeptins are a class of lipooctapeptide antibiotics
that were first isolated from B. circulans and that primarily inhibit gram-negative bacteria,
with weaker activity on gram-positive bacteria and fungi [46]. Membrane microscopy stud-
ies show that octapeptin B (12) (E. coli SC 9251 MIC = 0.3 µg/mL) (Figure 5), produced from
B. circulans ATCC 21656, disrupts the ion permeability of the membrane, which reduces
the membrane proton gradient [47]. This translates into extensive membrane damage,
the efflux of charged metabolites, and cell lysis. The aurantinins B-D (13–15) (Figure 5), a
class of metabolites isolated from B. subtilis FMB60, exhibit similar MIC value for certain
clinically relevant strains (i.e., Clostridium sporogenes CICC 10385 with a MIC ≤ 0.78 µg/mL,
methicillin-resistant Staphylococcus aureus (MRSA) with an MIC = 6.25 µg/mL) [48]. SEM
and transmission electron microscopy (TEM) studies show that the aurantinins cause
plasma membrane lysis, leading to the efflux of metabolites from the cytoplasm [48]. How-
ever, these compounds require further structural elucidation to determine their precise
stereochemistry. Myriocin (16) (Figure 5), produced from B. amyloliquefaciens LZN01, exerts
antifungal activities against Candidas albicans (MIC = 1.0 µg/mL) [49]. SEM and TEM
microscopy studies have indicated that myriocin binds to serine palmitoyl transferase
and disrupts the plasma membrane, causing leakage and eventual pore formation [50].
Further omics analysis has revealed that myriocin alters the expression changes related
to sphingolipid metabolism, glycerophospholipid metabolism, steroid biosynthesis, ABC
transporters, and protein processing [51]. These genes are all relevant to the plasma mem-
brane, suggesting that myriocin may target the expression of DNA. Gramcidins are a class
of antibiotic decapeptides synthesized by Aneurinibacillus migulanus (formerly B. brevis)
and consist of linear gramicidin A, B, C, and the circular gramicidin S. Gramicidin A (17)
(Figure 5), a 15 amino-acid peptide, destroys gram-positive bacteria (Streptococcus pyogenes
with a MIC = 33 nM) [52]. Unlike other antimicrobial metabolites, gramicidin A forms a
single ion channel, which distorts the membrane and allows the passage of cations across
the membrane [53]. Once inside, gramicidin A can also induce the formation of reactive
oxygen species (ROS), which damages the intracellular DNA, mitochondria and triggers
necrosis [54]. The gram-positive bacteria Aneurinibacillus migulanus (formerly B. brevis natto)
inhibits several gram-positive, gram-negative, and fungi microbials (e.g., Staphylococcus
aureus with a MIC value of 3.9 µg/mL) by producing gramicidin S (18) (Figure 5) [55].
Gramicidin S interacts with the plasma membrane by forming oligomeric β-barrel pores,
which destroys the barrier properties of the membrane [56,57]. Further in vivo studies have
shown that gramicidin S binds to the DNA and inhibits transcription and cell growth [58].
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Pore-formation metabolites act in a concentration-dependent manner, by forming ion-
like channels that release vital ions from the cell, leading to cell death. At low concentrations,
these metabolites form unilamellar vesicles on the outer lipid membrane, distorting the
shape of the cell, and eventually, lead to apoptosis [59–61]. At higher concentrations, these
metabolites aggregate to form pores at the plasma membrane, causing the leakage of nucleic
acids, essential ions, and ATP from the cell to cause necrosis [59,62–64]. Bacillus metabolites
that typically utilize this mechanism includes the class of compounds known as lipopep-
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tides. Lipopeptides are composed of a cyclic oligopeptide, attached to a flexible lipid tail,
and consist of several groups including the surfactins, fengycins, and iturins [65]. Surfactins
were first isolated from a culture broth of B. subtilis and include the compounds surfactin A
(19), B (20), C (21), and lichenysin (22) (Figure 6) [66]. Surfactins exert their antibacterial
activities by acting on the plasma membrane through the pore-forming mechanism [67].
Additionally, surfactins (21-22) can breakdown bacterial biofilms by decreasing the percent-
age of alkali-soluble polysaccharides and downregulating the expression of genes involved
in biofilm formation such as icaA and icaD [68]. Lastly, surfactins can also induce the
grapevine immune system in response to infection [69]. Fengycins (23-26) (Figure 6) are
antifungal lipopeptides first isolated from B. subtilis F-29-3 (e.g., Rolani stolonifera with a
MIC = 400 µg/mL) [70]. These fengycin molecules are often reported as membrane disrup-
tors, either by deforming membrane shape or by causing pores, leading to cell death [71].
More recent studies have additional antimicrobial mechanisms of action for fengycin A
(23) and fengycin B (24). Fengycin A can alter the gene expression related to cell wall
synthesis, which alters cell components and increases hydrophobicity [72]. Furthermore,
fengycin B155, a mixture of fengycin A (23) and fengycin B (24), is able to disrupt multiple
intracellular components of the cell [73]. These processes include the inhibition of the
mitochondria membrane potential, the condensation of chromatin involved in replication,
the cleavage of DNA repair protein (poly (ARP-ribose) polymerase), and the accumulation
of ROS [73]. Lastly, fengycins have been shown to inhibit quorum sensing, due to their
structural similarity to S. aureus accessory gene regulator (Agr) [74]. Agr is a virulence fac-
tor that mediates the cell-to-cell communication between cells, and its inhibition prevents
the aggregation and biofilm formation needed to promote survival [75]. Plipastatin A (26)
is a lipopeptide commonly associated with the fengycin family due to its structural simi-
larity and antifungal properties (Fusarium oxysporum with a MIC = 16 µg/mL) [76]. TEM
analysis demonstrated that plipastatins disrupt the cell wall, membrane, and cytoskeleton
of Fusarium oxysporum, causing intracellular leakage and eventual cell death.
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Iturins (27–30) (Figure 7) are cyclic lipopeptides that includes iturin A (27), bacil-
lomycin D (28), bacillomycin L (29), and mycosubtilin (30) [77]. These peptides primarily
inhibit fungi by binding to the cell membrane with its fatty acid tail to form ion-conducting
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or phospholipid–lipopeptide sterol complexes [78]. Optical and fluorescence microscopy
studies have revealed that iturin A (27) severely damages the plasma membranes of Fusar-
ium graminearum at a MIC = 5 µg/mL by forming a large pore and inhibiting hyphae
growth [79]. Iturin A can stimulate oxidative stress, leading to mitochondria damage and
the eventual destruction of the cell [80]. Lastly, iturin A increases the transcription of im-
mune defense genes in several plants [81]. Bacillomycin D (28) exerts antifungal properties
against Colletotrichum gloeosporioides with an MIC of 2.2 µg/mL [82,83]. SEM and TEM
analysis confirmed bacillomycin D’s ability to target both cell wall and plasma membrane,
leading to the leakage of intracellular organelles [82]. Bacillomycin D can disrupt the
cell membrane by upregulating the expression of genes involved in ergosterol synthesis
and oxidative stress [84]. These sterols adjoin to the membrane, distorting its shape and
eventually releasing vital intracellular components to the environment [84]. Additionally,
bacillomycin D can increase the expression of specific genes to produce ROS molecules and
cellular antioxidant enzymes including deoxyivalentol, glutathione reductase, and thiore-
doxin [85]. Bacillomycin D has also been reported to act as a biofilm activator by binding to
the matrix complex KinB-Spo0A-SinI-SinR, which triggers the production of biofilm [86].
Lastly, bacillomycin D stimulates the expression of genes involved in mediated defense
responses and enzymatic proteins that can be released to target competing growth [86].
B. amyloliquefaciens K103 produces the potent antifungal metabolite bacillomycin L (29)
(Saccaromyces cerevisiae with a MIC = 30 µg/mL) [78,87]. Like other iturins, bacillomycin
L primarily acts on the plasma membrane, forming pores that releases its intracellular
components outside the cell [88]. Studies have shown that bacillomycin L binds to sterols
on the membrane, destroying the membrane and killing the cell [89]. Bacillomycin L can
also alter the expression of 39 different genes in Rhizoctonia solani related to cellular stress,
such as calcium homeostasis, energy metabolism, protein degradation, RNA processing,
and carbohydrate metabolism [90]. Mycosubtilin (30), an antibiotic from the iturin group,
inhibits the growth of fungal Saccharomyces cerevisiae with a MIC of 10 µg/mL [78]. In-
creased concentrations of mycosubtilin causes the lysis of the phospholipid layer, either by
the aggregation of lipopeptides or clustering of mycosubtilin [91]. This binding increases
membrane permeability, leading to metabolite release and the eventual lysis of the cell [92].
Mycosubtilin can also activate the salicylic acid and jasmonic acid signaling pathways
involved in the immune response to pathogenic microbes [69].
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Mycobacillin (31) (Figure 8), an antifungal polypeptide sourced from B. subtilis B3, is
active against Aspergillus niger at 20 µg/mL [93,94]. Mycobacillin has been reported to bind
to ATP transporter on the plasma membrane, leading to the excessive release of ATP and
the subsequent starvation of the cells [94,95]. Subtilosin A (32) (Figure 8) is a sactipeptide
produced by B. subtilis 168 that processes antibacterial activity against both gram-positive
and gram-negative pathogens (i.e., Gardnerella vaginalis MIC = 7.2 µg/mL) [96,97]. Its
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specific mechanism of action involves subtilosin A anchoring to a membrane receptor,
whilst electrostatically binding to the plasma membrane [98]. This electrostatic binding
dissipates the transmembrane pH gradient, causing an efflux of intracellular ATP that
starves the cell and eventually leads to its death. Subtilosin A has also been shown to
inhibit biofilm formation, presumably by blocking quorum sensing between cells [99].
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Figure 8. Chemical structures of mycobacillin (31) and subtilosin A (32).

3.3. Metabolites Targeting Intracellular Processes

Bacillus metabolites may cross the plasma membrane and bind to several intracellular
targets essential for cell survival. These intracellular processes include DNA transcription,
RNA translation, and protein metabolism needed for energy production. Transcription is
the first step in gene expression, in which information from a gene is used to construct a
functional product such as a protein. For a protein-coding gene, the RNA copy, or transcript,
carries the information needed to build a protein. From the 47 compounds reviewed in this
paper, 11 compounds primarily target the intracellular processes.
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Zwittermicin A (33) (Figure 9), an aminopolyl antibiotic produced by B. cereus UW85,
inhibits gram-positive and gram-negative bacteria, as well as fungi (i.e., Erwinia herbicola L
S005 with a MIC = 60 µg/mL) [100]. Zwittermicin A disrupts cellular growth by targeting
either DNA transcription and replication via inhibition of two enzymes, gyrase and topoi-
somerase [101]. Difficidin (34) (Figure 9), a highly unsaturated macrolide phosphate first
isolated from B. subtilis ATCC 39320, can inhibit both gram-positive and negative strains
such as Rolani solanacearum with a MIC value of 12.62 µg/mL of [102,103]. Microscopy
analysis has revealed that difficidin downregulates the genes related to cell wall synthesis,
protein production, and DNA replication [104]. Sublancin (35) (Figure 9), a glycosylated
peptide produced by B. subtilis 168, displays antibacterial activities (i.e., methicillin-resistant
Staphylococcus aureus ATCC43300 with a MIC = 15 µM) [105]. Mechanism investigations
suggest that sublancin enters the cytoplasm and reduces DNA transcription and transla-
tion [106].
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The amicoumacins are a class of dihydroisocoumarin compounds, produced by B.
pumilus, that exert antibacterial, antifungal, and anti-inflammatory properties. In particular,
amicoumacin A (36) (Figure 10), produced by B. pumilus BN-103, inhibits B. subtilis 1779
with an MIC = 20.0 µg/mL. Further studies have shown that amicoumacin A inhibits the
protein synthesis of methicillin-resistant Staphylococcus aureus by stabilizing the mRNA
at the terminal E site on the ribosome during protein synthesis [107]. This disruption
results in the perturbation of the membrane, leading to energy dissipation and eventual
cell death [107,108]. Prumycin (37) (Figure 10), isolated from a culture broth of B. amyloliq-
uefaciens SD-32, exerts bactericidal and fungicidal effects, such as on S. sclerotiorum, with
an MIC value of 1.56 µg/mL [109–111]. Prumycin inhibits the protein synthesis of Sacrina
lutea, preventing the activation of amino acids needed for protein synthesis and the transfer
of amino acids to RNA [110].
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Thiocillin (38) (Figure 10), produced by B. cereus ATCC 14579, has been previously
reported to only target gram-positive bacteria but has recently been shown to also target
gram-negative bacteria [112]. Its mechanism on gram-positive bacteria works by targeting
the 50S ribosome and inhibiting its role in protein synthesis [113]. In contrast, thiocillin
targets the gram-negative bacterium Pseudomonas aeruginosa by binding to ferrioxamine
receptor FoxA, which disrupts the proton motive force to inhibit translation [113]. Hetia-
macin E and F (39–40) (Figure 10) produced from B. subtilis PJS display antibacterial activity
against methicillin-resistant Staphylococcus aureus, with MIC values of 8–16 µg/mL and
32 µg/mL, respectively [114]. Hetiamacin E and F inhibit protein biosynthesis, resulting
in the disruption of mRNA translation, leading to cell death [114]. Rhizocticin A (41)
(Figure 10) is a potent antifungal first produced from B. subtilis 6633. Its bioactivity data
shows that it is active against a range of budding and filamentous fungi (bioactivity not
avaliable) [115]. Mutant analysis suggests that rhizocticin utilizes the peptide transport
system to enter the cytoplasm, where it forms the fungitoxic L-2-amino-5-phosphono-3-cis-
pentenioc acid (L-APPA). L-APPA interferes with threonine metabolism, which inhibits cell
growth [116].

Macrolactin N (42) (Figure 10), a novel macrolactin produced by B. subtilis A29,
is shown to inhibit Staphylococcus aureus peptide deformylase (PDF), with an MIC of
100 µM [117]. PDFs are essential bacterial specific metalloenzymes, which removes formyl
groups during polypeptide elongation [117]. The inhibition of these PDFs leave bac-
teria unable to hydrolyze these polypeptides and hinder its ability to synthesize pro-
teins [117]. Azoxybacilin (43) (Figure 10), first isolated from B. cereus NR2991 and B. cereus
Frankland, is active against a broad spectrum of mycelial fungi, such as Candida albicans
(IC50 = 1.2 mg/mL) [118,119]. Its mechanism involves the interruption of the sulfur fixation
pathway, an essential support system for microbial growth, by decreasing the expression of
sulfate assimilation genes including MET10 and MET4 [118]. MET10 regulates the expres-
sion of sulfite reductase, and MET4 is the transactivator of MET10. The reduction of the
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gene expression in the sulfur-fixation pathway disrupts this support system and eventually
leads to cell growth inhibition.

3.4. Metabolites Interacting with Other Emerging Targets

Quorum sensing, also known as cell-to-cell communication, is the regulation of a
microbial gene expression in response to its cell density [120]. This mechanism relies on
small chemical indicators and has been linked to pathogen virulence, due to its effect on
cell reproduction, mobility, and biofilm formation [121]. Biofilms are extracellular adhesive
structures produced by various strains of bacteria that assist in their tolerance to UV, acidity
conditions, and vulnerability to antimicrobial metabolites [122]. Several key groups of
Bacillus metabolites have been shown to interfere with this process [123]. Nonetheless,
Bacillus metabolites such as stigmatellin Y (44) (Figure 11) have been identified as a biofilm
inhibitor [124]. Stigmatellin Y is shown to inhibit Pseudomonas aeruginosa biofilm formation,
presumably by acting as a competitive inhibitor to the quorum sensing mediator PqsR [124].
Bacillaene (45) (Figure 11) has been identified as a biofilm inhibitor produced by numerous
B. subtilis strains [125]. Analysis of mutant strains revealed that bacillaene inhibits the
biofilm of Campylobacter jejuni, preventing the formation of microcolonies and eventually
disrupting their microbial growth.
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Siderophores are small molecules secreted by microorganisms that are involved in
iron (Fe2+) uptake from the environment [126]. Iron is an essential metabolite for microbial
growth and strategies have been developed to starve pathogenic microorganisms using
these siderophores. Siderophores produced by Bacillus strains include bacillibactin (46) and
schizokinen (47) (Figure 11), which were first isolated from B. subtilis and B. megaterium
ATCC 19213, respectively [127,128]. These metabolites facilitate the uptake of ferric ions
(Fe3+) from the environment to the bacterial cell using specific membrane receptors to enter
the host cell [129]. Once inside, these ions are reduced to ferrous (Fe2+) ions for use in
microbial growth [130].
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4. Conclusions Remarks and Future Directions

This paper reviews the current literature on antimicrobial compounds from Bacillus sp.
and their mechanism of action. Further analysis on the source of antimicrobial compounds
and their mechanism of action revealed some interesting trends. In terms of number of
strains that produce antimicrobial metabolites, the most prolific is subtilis (n = 73), followed
by amyloliquefaciens (n = 52) and velezensis (n = 22) (Figure 12a). B. subtilis is a common
bacterium in soil and one of the most-studied Bacillus sp. Research has shown that these
species are strongly related to each other, with several papers suggesting that amyloliquefa-
ciens be renamed as velezensis due to its similarity in conserved genomic sequence [131,132].
The least reported of these Bacillus sp. is B. thuringiensis, with only two strains producing
antimicrobial compounds in the literature. This highlights the lack of studies for this species
and may warrant further investigation.
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Further analysis on mechanism of action (Figure 12b) reveals that the cell membrane
is the most popular target of different species of Bacillus and their metabolites (n = 122),
followed by quorum sensing (n = 79), intracellular processes (n = 73), and the cell wall
(n = 57). Quorum sensing is an interesting emerging target, as more species and metabolites
(n = 79) hinder the process and hence, inhibit cell-to-cell communication. Further analysis
also notes that many Bacillus species and their metabolites exert their antimicrobial activity
through not only one but multiple mechanisms.

Several publications noted the geographic location of Bacillus, as well as the source
of the bacteria. Further analysis based the information provided in the literature reveals
that the majority of identified strains are from Asia (n = 37), followed by South America
(n = 8) and the Middle East (n = 4). This observation may indicate that these strains share
genomic similarities or properties, however, it may also stem from the research laboratories
located in these sites and could be a byproduct of a focus on probiotic research at these
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locations. Additionally, the top three sources that these strains were isolated are from soil,
local produce, and waterways. These findings reinforce the use of soil-based screening as
a rich source of microorganisms. It also highlights the recent trend in investigating food
produce as a source of Bacillus isolates. This is either guided by historical evidence of their
antimicrobial properties or the anecdotal knowledge of their safe use and consumption.

The advancements of omics technologies are essential for the rapid screening of future
probiotics. The characterization of the genome and biochemical properties allows the
selection of particular strains with properties suitable for industrial use. A number of omics
techniques have been developed to provide valuable information on the characteristics,
optimization, and metabolic pathways behind antimicrobial activity [133]. One example
uses omics to a rapid screen of selected Bacillus strains for specific gene markers known
for antimicrobial activity [133]. For example, the genomic screening of B. velezensis CC09
revealed the loci for iturin A previously not identified in its initial screening [134].

In-depth analysis of these pathways and the precursors may reveal optimal conditions
needed to produce these metabolites [135]. Wiegand utilized metabolomics and genome
mining to provide insight into the expression of DNA under various fermentation condi-
tions. These conditions includes pH levels, temperatures, and oxygen levels, which result
in the discovery of optimal conditions needed to express the antimicrobial gene of interest
and maximizing their yield [136]. This technique, alongside computational modelling
systems, may reveal other conditions unexplored such as the ratio of carbon to nitrogen
in fermentation media and the presence of small metabolites and co-culturing in order to
further maximize the production of antimicrobial metabolites. As production is required,
especially when optimizing for commercial purposes, these techniques can open up the
field in the use of bacteria as a source of antimicrobial compounds to tackle the declining
rate of antimicrobial compounds being discovered.
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