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Abstract: Fungi are an important and prolific source of secondary metabolites (SMs) with diverse
chemical structures and a wide array of biological properties. In the past two decades, however,
the number of new fungal SMs by traditional monoculture method had been greatly decreasing.
Fortunately, a growing number of studies have shown that co-culture strategy is an effective approach
to awakening silent SM biosynthetic gene clusters (BGCs) in fungal strains to produce cryptic SMs. To
enrich our knowledge of this approach and better exploit fungal biosynthetic potential for new drug
discovery, this review comprehensively summarizes all fungal co-culture methods and their derived
new SMs as well as bioactivities on the basis of an extensive literature search and data analysis.
Future perspective on fungal co-culture study, as well as its interaction mechanism, is supplied.
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1. Introduction

Microbial secondary metabolites (SMs) are an important source for developing drugs
and biopesticides, and approximately 61.5% of microbial SMs are derived from fungal
strains [1]. Fungal SMs structurally consist of polyketides, terpenes, and alkaloids with a
wide array of biological properties, such as antibacterial, antifungal, or antitumour activ-
ity [2,3]. These substances have played, and continue to play, a crucial role in the discovery
of new drugs, such as penicillin, lovastatin, cyclosporine, and so on [3–6]. With the falling
costs of sequencing technology in the post-genome era, whole-genome sequencing and
functional genome mining techniques have been widely employed, and have unveiled
thousands of microbial biosynthetic gene clusters (BGCs) responsible for producing cryptic
SMs [7,8]. Since fungal strains are favorable to traditional culture conditions, most of
their BGCs are unawaken or expressed in very low levels [9–11]. Therefore, the number
of new fungal SMs by traditional axenic culture method has been greatly decreasing in
the past two decades despite great progress made in chemical analysis and separation
techniques. Fortunately, several approaches have been successfully developed and imple-
mented for interrogating these silent BGCs and enhancing chemical diversity of fungal SM,
such as one strain many compounds (OSMAC) strategy [12–14], heterologous expression
technique [15–19], promoter engineering approach [20–23], and other genetic engineering
methods [24–28]. A growing number of studies suggest that microbial co-culture has a
greater effect not only on microbe growth but also on metabolism than axenic culture [11,29].
As one of the most commonly used OSMAC methods, co-culture is a simple and highly
efficient tool, used to activate silent BGCs for production of novel SMs (Figure 1).
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compounds 4 and 5 showed significant nitric oxide (NO) inhibitory activity at 50 µM with 
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By simulating naturally occurring conditions, microbial co-culture strategy can im-
prove antibiotic activity in crude extracts, increase the yield of known SMs, produce
analogues of known metabolites, and induce previously unexpressed bioactive ingredient
pathways [11,30–32]. Fungal co-culture strategy is an effective approach to awakening
silent BGCs in fungal strains to produce cryptic SMs and this strategy usually consists of
three approaches, including fungal–fungal, fungal–bacterial, and fungal–host co-cultures.
In order to enrich our knowledge of this strategy and to use it to obtain new SMs, this
review comprehensively summarized all fungal co-culture methods and their derived new
SMs, as well as biological activities, for the first time. By extensive literature search using
DNP (Dictionary of Natural Products) database and SciFinder tool, as many as 158 (1–158)
new SMs were isolated and structurally characterized using fungal co-culture strategy until
now. Based on fungal co-culture type, these new substances are respectively introduced
herein and their detailed information is supplied in Tables S1–S3.

2. Fungal–Fungal Co-Culture

Fungal–fungal co-culture is the major source of new SMs (1–109) and consists of two
types including liquid state fermentation (LSF) and solid state fermentation (SSF). Potato
dextrose broth (PDB) and rice are the most common co-culture media for fungal LSF and
SSF, respectively.

2.1. Liquid State Fermentation (LSF)

Although the growth interference between two co-cultured fungal strains is very
complex, it is well recognized that LSF can facilitate metabolite transportation and exchange,
and trigger new SMs biosynthesis [33]. By the end of 2022, a total of 75 new SMs (1–75) had
been obtained from LSF co-culture, such as polyketides, macrolides, terpenes, etc.

2.1.1. Potato Dextrose Broth (PDB)

PDB is the most widespread used medium for growing fungi under aerobic condition.
Among these LSF-derived new SMs, 54 compounds (1–54, Figure 2) were discovered in
PDB using fungal–fungal co-culture. Chemical investigation of the co-culture broth of
Nigrospora oryzae and Beauveria bassiana led to isolation of five new azaphilones (1–5), in
which compound 2 had an unprecedented skeleton with a bicyclic oxygen bridge and
compounds 4 and 5 showed significant nitric oxide (NO) inhibitory activity at 50 µM with
inhibition rates of 37% and 39%, respectively [34].
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Two new aryl esters (6 and 7) and six new protoilludane-type sesquiterpenes (8–13)
were produced by Armillaria sp. when co-cultured with an endophytic fungus Epicoccum sp.,
and compound 13 showed moderate in vitro cytotoxic activities toward human cancer cell
lines (HL-60, A549, MCF-7, SMMC-7721, and SW480) with IC50 values ranging from 15.80
to 23.03 µM and weak inhibitory activity against acetylcholinesterase (AChE) [35]. The
co-culture of N. oryzae and Irpex lacteus from seeds of Dendrobium officinale resulted in
production of four new SMs (14–17) belonging to two backbones of pulvilloric acid-type
azaphilone as well as a tremulane sesquiterpene (18) equipped with strong anti-AChE
activity at 50 µM [36]. Three new zinniol analogues, pleoniols A–C (19–21), were detected in
the co-culture extract of two endophytic strains Pleosporales sp. F46 and Acremonium pilosum
F47 [37]. The co-culture of two symbiotic fungi Phoma sp. YUD17001 and Armillaria sp.
derived from Gastrodia elata afforded four polyketones (22–25) and a new nitrogenous
compound (26) [38]. Phomretones A–F (27–32) were new bicyclic polyketides purified from
the co-culture of Armillaria sp. and the endophytic strain Phoma sp. YUD17001 [39]. The
co-culture of Penicillium fuscum and P. camembertii/clavigerum afforded the production of
eight new 16-membered-ring macrolides (33–40), of which compound 33 exhibited the most
potent antimicrobial activity against MRSA strains as well as Bacillus anthracis, Streptococcus
pyogenes, Candida albicans, and C. glabrata. The mechanism of action (MoA) study indicated
that 33 did not inhibit bacterial protein synthesis nor target their ribosomes, suggesting a
novel mode of action for its antibiotic activity [40]. A novel alkaloid named harziaphilic
acid (41) was produced in the co-culture of two plant beneficial fungi Trichoderma harzianum
M10 and Talaromyces pinophilus F36CF and displayed selectively inhibitory effect on the
proliferation of cancer cells [41]. Co-cultivation of Aspergillus nidulans with Epicoccum
dendrobii produced eight new SMs (42–49) as well as six known compounds. The mech-
anisms that trigger metabolic changes during fungal–funal interactions was determined
that VeA1 regulation requires the transcription factor SclB and velvet complex members
LaeA and VelB to generate aspernidines as representative formation of SM in A. nidulans [1].
When co-cultured with Botrytis cinerea, the biocontrol fungus Purpureocillium lilacinum was
shown to manufacture a new unusual linear polypeptide leucinostatin (50) in PDB detected
by matrix-assisted laser desorption ionization-time of flight mass spectrometry imaging
mass spectrometry (MALDI-TOF-IMS) [42]. The co-culture of Phellinus orientoasiaticus and
Xylodon flaviporus yielded three new sesquiterpenes (51–53) [43]. One new 10-membered
lactone (54) was separated from the co-culture of Nigrospora sp. and Stagonosporopsis sp. and
exhibited antifungal activities against P. janthinellum, Aspergillus fumigatus, Phomopsis sp.
and Alternaria sp. [44].

2.1.2. Other Liquid Media

Several other liquid media were uncommonly used in fungal–fungal co-culture system
and resulted in production of 21 new SMs (55–75, Figure 3). Pleurotusins A (55) and B (56)
along with five known terpenoids were produced by two edible fungi Pleurotus ostreatus
SY10 and P. eryngii SY302 when co-cultivated in liquid medium consisting of glucose 10 g/L,
KH2PO4 1 g/L, MgSO4 0.5 g/L, peptone 2 g/L, and 1 L sterilized water [45,46]. A new N-
methoxypyridone analog (57) was not produced by the monoculture of the two endophytic
strains Camporesia sambuci FT1061 and Epicoccum sorghinum FT1062, but was synthesized in
the co-culture, which consisted of mannitol 20 g/L, sucrose 10 g/L, monosodium glutamate
5 g/L, KH2PO4 0.5 g/L, MgSO4·7 H2O 0.3 g/L, yeast extract 3 g/L, corn steep liquor
2 mL/L, and 1 L distilled water [47]. Owing to the appearance of pigments in adversarial
zones between Penicillium pinophilum FKI-5653 and Trichoderma harzianum FKI-5655 on PDA
plate, chemical study of their co-culture resulted in the isolation of a novel diphenyl ether
(58) from glucose–peptone broth [48]. A new chlorinated bianthrone (59) was isolated from
the co-culture of two different developmental stages of a marine alga-derived Aspergillus
alliaceus strain in malt liquid medium and showed weak cytotoxic activity against the
HCT-116 colon cancer and SK-Mel-5 melanoma cell lines [49]. This is the first example of
self-induced metabolomic changes resulting in the production of allianthrones. Fungal
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strains Chaunopycnis sp. CMB-MF028 and T. hamatum CMB-MF030 were co-isolated from
the inner tissue of an intertidal rock platform mollusc; co-cultivation of these fungi in ISP2
broth resulted in transcriptional activation of a new 2-alkenyl-tetrahydropyran (60) [50].
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Sclerotiorumins A–C (61–63) together with one pyrrole derivative 1-(4-benzyl-1H-
pyrrol-3-yl) ethanone (64) and two metallo-organic complexes (65 and 66) were synthesized
by two marine-derived fungi A. sclerotiorum and P. citrinum in the co-culture liquid medium
which consisted of glucose, soluble starch, MgSO4, KH2PO4, peptone, and sea salt [51].
When strains Trametes versicolor and Ganoderma applanatum co-cultured in a medium contain-
ing glucose (10 g/L), KH2PO4 (1 g/L), MgSO4 (0.5 g/L), and peptone (2 g/L), two novel
formamide derivatives (67 and 68) were highly synthesized and compound 68 displayed
the potential to enhance the cell viability of a human immortalized bronchial epithelial
cell line [52]. A novel alkaloid named as aspergicin (69) was isolated from the co-cultured
mycelia of two marine-derived mangrove epiphytic Aspergillus sp. in GYP medium [53].
Two new antibacterial 1-isoquinolone analogs (70 and 71) were produced by two mangrove
endophytic fungi (strain Nos. 1924 and 3893) in a co-culture system which consisted of
glucose 10 g/L, peptone 2 g/L, yeast extracts 1 g/L, crude marine salt 3.5 g/L, and water
1 L [54,55]. A new diimide derivative (72) and three new cyclic peptides (73–75) were
isolated and characterized from the co-culture of two mangrove fungi Phomopsis sp. K38
and Alternaria sp. E33 in liquid medium (glucose 10 g/L, peptone 2 g/L, yeast extract 1 g/L,
NaCl 30 g/L), and compound 72 had weak cytotoxic activity against Hep-2 and HepG2
cells and compounds 73–75 exhibited moderate to high antifungal activities as compared
with the positive control (Ketoconazole) [55–57].

2.2. Solid State Fermentation (SSF)

Metabolite exchange between co-cultured strains is limited in SSF and could reduce
direct growth competition or interference between co-cultured members and facilitate
co-cultured SMs biosynthesis [33]. By the end of 2022, 34 new SMs (76–109, Figures 4–6)
were obtained from fungal–fungal co-culture using SSF method. Rice and potato dextrose
agar (PDA) are the most commonly used SSF media for fungal–fungal co-culture.
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2.2.1. Rice Solid Medium

Chlorotetralone (76) was a new antifungal aromatic polyketide produced by the endo-
phytic N. oryzae co-cultured with B. bassiana on rice solid medium [58]. Six new isopreny-
lated chromanes (77–80) including two new isoprenylated phenol glucosides (81–82) were
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obtained from the co-cultured rice medium of Pestalotiopsis sp. and P. bialowiezense [59,60],
and compound 77 showed significant β-glucuronidase inhibitory potency [32]. Two new
citrinin analogs (83 and 84) were detected in the co-culture of two marine algal-derived
endophytic strains A. sydowii EN-534 and P. citrinum EN-535 [61]. Chermebilaene A (85)
together with a new orthoester meroterpenoid (86) was the first natural sesquiterpene
hybridized with octadecadienoic acid from the co-culture of two marine strains P. bila-
iae MA-267 and P. chermesinum EN-480, and showed potent inhibitory activity against
pathogenic fungi Ceratobasidium cornigerum and Edwardsiella tarda [62]. A new antimicrobial
terrein derivative, namely asperterrein (87), was metabolized by a marine red alga-derived
endophytic fungus A. terreus EN-539 co-cultured with symbiotic fungus Paecilomyces lilac-
inus EN-531, which was isolated from the inner tissues of the marine red alga Laurencia
okamurai [63]. Five new prenylated indole alkaloids (88–92) were isolated from a co-culture
of marine-derived fungi A. sulphureus KMM 4640 with Isaria felina KMM 4639 on rice solid
medium, and compound 89 was able to inhibit the colony formation of human prostate
cancer cells 22Rv1 at non-cytotoxic concentration of 10 µM [64]. Chemical investigation of
a co-culture of the marine-derived fungi I. felina KMM 4639 and A. carneus KMM 4638 on
rice led to the discovery of three new drimane-type sesquiterpenes (93–95) [65].

2.2.2. Potato Dextrose Agar (PDA)

Until now, only three chemical studies using PDA medium for fungal–fungal co-
culture have been reported. Large-scale co-cultivation of Plenodomus influorescens and
Pyrenochaeta nobilis on PDA resulted in isolation of a new azaphilone (96) and a new
macrolides (97) [66]. Trichophyton rubrum and Bionectria ochroleuca were derived from differ-
ent environments and were shown to generate a long-distance interaction zone, which led
to the discovery of a substituted trimer of 3,5-dimethylorsellinic acid (98) [67]. Its nonsul-
fated form and three other known analogs were found in the monoculture of B. ochroleuca.
Co-cultivation of Cosmospora sp. and Magnaporthe oryzae resulted in the production of two
new dihydro-isocoumarins, soudanones H-I (99–100) on PDA medium [68].

2.2.3. Other Solid Media

Several other solid media have been used for fungal–fungal co-culture followed by
chemical investigation. Whelone (101) was a new polyketide isolated and identified from
the co-culture of A. fischeri NRRL 181 and T. labelliformis G536 on oatmeal [69]. Four
new alkyl aromatics, penixylarins A−D (102–105), were isolated from a co-culture of an
Antarctic deep-sea-derived fungus Penicillium crustosum PRB-2 and the mangrove-derived
fungus Xylaria sp. HDN13-249 on solid medium mainly consisting of soluble starch, yeast
extract, sucrose, maltose, bean flour, peptone, and agar [70]. Biological tests indicated that
compound 104 exhibited potential antituberculosis effects. Citrifelins A (106) and B (107)
possessing a unique tetracyclic framework were separated from the co-culture of Penicillium
citrinum and Beauveria felina in wheat bran broth medium (100 mL of naturally sourced
and filtered seawater, 100 g of wheat bran, and 0.6 g of dried potato powder) and showed
inhibitory activities against several human and aquatic pathogens [71]. Co-cultivation
of strains T. pinophilus 17F4103 and Paraphaeosphaeria sp. 17F4110 on a malt extract agar
medium led to production of a new γ-pyridone (108) and enhancement of the production
of penicillone C and D [72]. A new isoindolinone alkaloid, irpexine (109), was detected in
the co-culture of I. lacteus with Phaeosphaeria oryzae, which consisted of malt extract 20 g/L,
peptone 5 g/L, agar 15 g/L, and 1 L deionized water. In addition, a known green pigment
hypoxyxylerone was detected in the axenic culture of I. lacteus, but its production was
markedly enhanced by the co-culture [73].

3. Fungal–Bacterial Co-Culture

In a fungal–bacterial co-culture system, fungus is commonly used as host strain and
bacterium is the guest. Owing to their notable difference in culture conditions, appropriate
adjustment was made, such as inoculation amount and order. The discovery of penicillin
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is probably one of the most important experiments in fungal–bacterial co-culture [74,75].
Until the end of 2022, 49 new SMs (110–158) derived from fungal–bacterial co-culture have
been reported and were also divided into two groups, LSF and SSF. It is interesting that
ISP2 broth and rice are respectively their most used media for fungal–bacterial co-culture.

3.1. Liquid State Fermentation

As many as 23 new SMs (110–131, Figure 7) have been isolated and characterized from
fungal–bacterial co-culture using LSF. Blennolide K (110) was a new cytotoxic blennolide
obtained from a co-culture of Setophoma terrestris and Bacillum amyloliquifaciens in PDB
medium [76]. Two new sesquiterpenes (111 and 112) and two new de-O-methyllasiodiplodins
(113 and 114) were detected in the co-cultured ISP2 broth of a mangrove endophytic
Trichoderma sp. 307 and an aquatic pathogenic Acinetobacter johnsonii B2, and compounds
112 and 114 exhibited potent α-glucosidase inhibitory activity with IC50 values of 25.8
and 54.6 µM, respectively, which were more potent than the positive control (acarbose,
IC50 = 703.8 µM) [77]. Libertellenones A–D (115–118) were new pimarane diterpenes
with cytotoxicity isolated from the co-cultured YPM (yeast extract, peptone and mannitol)
medium of an ascidian-derived strain Libertella sp. CNL-523 and a α-proteobacterium
strain CNJ-328 [78].
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The co-culture of A. fumigatus with Streptomyces peucetius in ISP2 broth led to the
induction of production of two new amides (119 and 120), of which the later had significant
activity against several NCI-60 cell lines [79]. The addition of bacterial strain S. bullii to an
established culture of A. fumigatus MBC-F1-10 in ISP2 broth resulted in the biosynthesis of
a new spiro-lactam (121), which was considered to be of fungal origin due to its chemical
nature [80]. Two new diketopiperazine disulfide, glionitrins A (122) and B (123), were pro-
duced using a co-culture of strains A. fumigatus KMC-901 and Sphingomonas sp. KMK-001
in Czapek-Dox broth, and compound 122 showed potent submicromolar cytotoxic activity
against human cancer cell lines (HCT-116, A549, AGS, DU145) and displayed significant
antibiotic activity against a series of microbes including MRSA [81,82]. The co-culture of
durum wheat plant roots-associated bacterium Pantoea aggolomerans and date palm leaves-
derived fungus Penicillium citrinum in ISP2 broth led to the synthesis of two new pulicatin
derivatives (124 and 125), which proved to exhibit potential antifungal effects [83]. Three
new decalin-type tetramic acid analogs (126–128) were separated from the co-cultivated
ISP2 broth of the fungus Fusarium pallidoroseum and the bacterium Saccharopolyspora ery-
thraea [84]. The co-culture of the marine fungus Emericella sp. with the marine actinomycete
Salinispora arenicola in YPM medium led to the production of two new antimicrobial cyclic
depsipeptides (129 and 130) [85]. A fungal–bacterial community composed of Cladospo-
rium sp. WUH1 (host strain) and B. subtilis CMCC(B) 63501 (guest strain) in PDA-LB
(Luria-Bertani) liquid medium was found to produce a novel diphenyl ether (131) with
polyhydroxy side chain [86], and its production may be related to the fact that dormant or
inert biosynthetic pathways can enter through multiple chemical interactions.

3.2. Solid State Fermentation

As shown in Figure 8, all fungal–bacterial co-culture-derived SMs (132–151) using SSF
are PKS and PKS-NRPS products. Co-cultivation of the endophytic fungus F. tricinctum
and strain S. lividans TK24 on solid rice medium resulted in the accumulation of four new
dimeric naphthoquinones (132–135) and a new lateropyrone (136), which were not detected
in axenic fungal controls [87]. Two new dihydronaphthalenone diastereomers (137 and 138)
were purified from the co-culture of the endophytic fungus A. versicolor KU258497 with
B. subtilis 168 trpC2 on rice medium. Compound 138 showed moderate cytotoxic activity
against the mouse lymphoma cell line L5178Y with an IC50 value of 22.8 µM [88]. Co-culture
of A. sydowii and B. subtilis on PDA led to the production of three new amides (139–141) and
a novel polyene (142) [89]. A new isoprenylated benzophenone named pestalone (143) was
produced by a marine brown alga-derived strain Pestalotia sp. CNL-365 when co-cultured
with an unidentified marine bacterium in YPG (yeast extract, peptone, glucose) medium,
and exhibited moderate in vitro cytotoxicity and potent antibiotic activity against MRSA
and vancomycin-resistant Enterococcus faecium (VREF) [90]. Three new SMs (144–146)
were characterized from the co-culture of a fungal endophyte F. tricinctum and a bacterial
strain B. subtilis 168 trpC 2 on rice, but were not detected in discrete fungal and bacterial
controls [91]. Co-culture of strain Actinomycete sp. WAC 2288 with Cryptococcus neoformans
on Bennett’s agar led to the synthesis of a large macrolactone (147), which displayed
preferential killing activity against C. neoformans targeted its cellular membranes [92].
Four new SMs including a cyclic pentapeptide (148), one aflaquinolone (149) and two
anthraquinones (150 and 151) were obtained from the co-culture of a sponge-associated
fungus A. versicolor and B. subtilis on rice medium [93].
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4. Fungal–Host Co-Culture

Endophytic microorganisms are ubiquitous and have been found in all species of
plants studied to date. However, most of the endophyte-host relationships are not well
understood. Until now, only a few chemical studies have been carried out on fungal–host co-
culture and have afforded seven new SMs (152–158, Figure 9), including a new antifungal
2,4-cyclopentadiene-1-one (152) from the co-culture of endophyte−host (N. oryzae, I. lacteus,
and the host plant D. officinale) in PDB and six new anti-feedant polyketides (153–158) from
the co-culture of P. verruculosa and D. officinale in PDB [94,95]. The interaction between
host plant D. officinale and P. verruculosa was shown to have an important induction on the
anti-phytopathogenic metabolite productions [96].
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5. Conclusions and Perspectives

In summary, all new SMs (1–158) derived from fungal co-culture method were com-
prehensively summarized. These SMs displayed a wide variety of biological activities
with medicinal and therapeutic potential. Co-culture for the biosynthesis of new SMs has
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proven to be an effective method with outstanding results. However, analyses of typical
fungal genomes have suggested that the biosythetic potential is vast and the number of
fungal SMs is far more than the existing figure. More efforts should be made on chemical
investigation using fungal co-culture strategy.

In addition to inducement of biosynthesis of new SMs, fungal co-culture has important
roles in increasing activity of valuable enzymes (such as laccase, pectinase, etc. [97–101])
and improving yield of important products (such as ursolic acid, oleanolic acid, betulinic
acid, etc. [91,102–112]). It offers the unique advantages of low cost and simple operation,
and does not require expensive chemicals and complex gene-level manipulation. However,
there are still some key challenges to this promising research approach that need to be
addressed. For instance, the molecular mechanisms that trigger metabolic changes in
fungal co-culture interactions have attracted the interest of researchers. Several studies
have confirmed that direct physical contact in fungal co-culture is required to elicit the
specific response [113–115]. These mechanisms provide the rationale for a wide range of
co-culture-based natural product discovery studies. However, for many reported fungal
co-cultures, the exact mechanism of SMs biosynthesis is largely unknown. The growth
interference between two co-cultured fungal strains is very complex, co-culture still suffers
from difficulties for large scale production and structural identification of these SMs.
Successful co-culture often requires suitable paired strains, and culture conditions should
allow for the growth needs of co-culture members. The development of multi-omics
technology and gene engineering will definitely assist in elucidating these interaction
mechanisms and biosynthetic pathways [33,116,117]. In the future, this strategy will
continue to play an important role in novel SM discovery and drug development.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms11020464/s1, Detail information for fungal co-
culture derived new SMs described in this work is available at Table S1–S3.

Author Contributions: Conceptualization, funding acquisition and project administration, H.Z.;
Literature search, S.X., M.L., J.Y.; Data collection, S.X., Z.H., Y.S.; Writing—original draft, S.X., M.L.;
Writing—review & editing, H.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: Financial supports from the National Key R&D Program of China (2022YFC2804203 and
2018YFC0311004), the National Natural Science Foundation of China (41776139) and the Fundamental
Research Fund for the Provincial Universities of Zhejiang (China) (RF-C2019002) were greatly appreciated.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Wang, G.; Ran, H.; Fan, J.; Keller, N.P.; Liu, Z.; Wu, F.; Yin, W.B. Fungal-fungal cocultivation leads to widespread secondary

metabolite alteration requiring the partial loss-of-function VeA1 protein. Sci. Adv. 2022, 8, eabo6094. [CrossRef] [PubMed]
2. Keller, N.P. Fungal secondary metabolism: Regulation, function and drug discovery. Nat. Rev. Microbiol. 2019, 17, 167–180.

[CrossRef]
3. Keller, N.P.; Turner, G.; Bennett, J.W. Fungal secondary metabolism—From biochemistry to genomics. Nat. Rev. Microbiol. 2005, 3,

937–947. [CrossRef] [PubMed]
4. Quinn, R. Rethinking antibiotic research and development: World War II and the penicillin collaborative. Am. J. Public Health

2013, 103, 426–434. [CrossRef]
5. Hyde, K.D.; Xu, J.; Rapior, S.; Jeewon, R.; Lumyong, S.; Niego, A.G.T.; Abeywickrama, P.D.; Aluthmuhandiram, J.V.S.; Brahaman-

age, R.S.; Brooks, S.; et al. The amazing potential of fungi: 50 ways we can exploit fungi industrially. Fungal Divers. 2019, 97,
1–136. [CrossRef]

6. Cohen, D.J.; Loertscher, R.; Rubin, M.F.; Tilney, N.L.; Carpenter, C.B.; Strom, T.B. Cyclosporine: A new immunosuppressive agent
for organ transplantation. Ann. Intern. Med. 1984, 101, 667–682. [CrossRef]

https://www.mdpi.com/article/10.3390/microorganisms11020464/s1
https://www.mdpi.com/article/10.3390/microorganisms11020464/s1
http://doi.org/10.1126/sciadv.abo6094
http://www.ncbi.nlm.nih.gov/pubmed/35476435
http://doi.org/10.1038/s41579-018-0121-1
http://doi.org/10.1038/nrmicro1286
http://www.ncbi.nlm.nih.gov/pubmed/16322742
http://doi.org/10.2105/AJPH.2012.300693
http://doi.org/10.1007/s13225-019-00430-9
http://doi.org/10.7326/0003-4819-101-5-667


Microorganisms 2023, 11, 464 12 of 16

7. Zhong, Z.; Li, N.; Liu, L.; He, B.; Igarashi, Y.; Luo, F. Label-free differentially proteomic analysis of interspecific interaction between
white-rot fungi highlights oxidative stress response and high metabolic activity. Fungal Biol. 2018, 122, 774–784. [CrossRef]

8. Tomm, H.A.; Ucciferri, L.; Ross, A.C. Advances in microbial culturing conditions to activate silent biosynthetic gene clusters for
novel metabolite production. J. Ind. Microbiol. Biot. 2019, 46, 1381–1400. [CrossRef]

9. Xu, F.; Nazari, B.; Moon, K.; Bushin, L.B.; Seyedsayamdost, M.R. Discovery of a cryptic antifungal compound from Streptomyces
albus J1074 Using high-throughput elicitor screens. J. Am. Chem. Soc. 2017, 139, 9203–9212. [CrossRef]

10. Gerke, J.; Bayram, O.; Feussner, K.; Landesfeind, M.; Shelest, E.; Feussner, I.; Braus, G.H. Breaking the silence: Protein stabilization
uncovers silenced biosynthetic gene clusters in the fungus Aspergillus nidulans. Appl. Environ. Microbiol. 2012, 78, 8234–8244.
[CrossRef]

11. Marmann, A.; Aly, A.H.; Lin, W.; Wang, B.; Proksch, P. Co-cultivation–a powerful emerging tool for enhancing the chemical
diversity of microorganisms. Mar. Drugs 2014, 12, 1043–1065. [CrossRef] [PubMed]

12. Bode, H.B.; Bethe, B.; Hofs, R.; Zeeck, A. Big effects from small changes: Possible ways to explore nature’s chemical diversity.
Chembiochem 2002, 3, 619–627. [CrossRef]

13. Yu, J.Y.; Shi, T.; Zhou, Y.; Xu, Y.; Zhao, D.L.; Wang, C.Y. Naphthalene derivatives and halogenate quinoline from the coral-derived
fungus Trichoderma harzianum (XS-20090075) through OSMAC approach. J. Asian Nat. Prod. Res 2021, 23, 250–257. [CrossRef]
[PubMed]

14. Schwarz, J.; Hubmann, G.; Rosenthal, K.; Lutz, S. Triaging of culture conditions for enhanced secondary metabolite diversity
from different bacteria. Biomolecules 2021, 11, 193. [CrossRef] [PubMed]

15. Ongley, S.E.; Bian, X.Y.; Neilan, B.A.; Muller, R. Recent advances in the heterologous expression of microbial natural product
biosynthetic pathways. Nat. Prod. Rep. 2013, 30, 1121–1138. [CrossRef]

16. Huo, L.J.; Hug, J.J.; Fu, C.Z.; Bian, X.Y.; Zhang, Y.M.; Muller, R. Heterologous expression of bacterial natural product biosynthetic
pathways. Nat. Prod. Rep. 2019, 36, 1412–1436. [CrossRef]

17. Xu, Y.S.; Du, X.H.; Yu, X.H.; Jiang, Q.; Zheng, K.W.; Xu, J.Z.; Wang, P.M. Recent advances in the heterologous expression of
biosynthetic gene clusters for marine natural products. Mar. Drugs 2022, 20, 341. [CrossRef]

18. Thetsana, C.; Ijichi, S.; Kaweewan, I.; Nakagawa, H.; Kodani, S. Heterologous expression of a cryptic gene cluster from a marine
proteobacterium Thalassomonas actiniarum affords new lanthipeptides thalassomonasins A and B. J. Appl. Microbiol. 2022, 132,
3629–3639. [CrossRef]

19. Meng, X.F.; Fang, Y.; Ding, M.Y.; Zhang, Y.Y.; Jia, K.L.; Li, Z.Y.; Collemare, J.; Liu, W.F. Developing fungal heterologous expression
platforms to explore and improve the production of natural products from fungal biodiversity. Biotechnol. Adv. 2022, 54, 107866.
[CrossRef]

20. Kang, H.S.; Charlop-Powers, Z.; Brady, S.F. Multiplexed CRISPR/Cas9-and TAR-Mediated promoter engineering of natural
product biosynthetic gene clusters in yeast. ACS Synth. Biol. 2016, 5, 1002–1010. [CrossRef]

21. Yue, X.J.; Cui, X.W.; Zhang, Z.; Hu, W.F.; Li, Z.F.; Zhang, Y.M.; Li, Y.Z. Effects of transcriptional mode on promoter substitution
and tandem engineering for the production of epothilones in Myxococcus xanthus. Appl. Microbiol. Biot. 2018, 102, 5599–5610.
[CrossRef] [PubMed]

22. Liu, X.F.; Wang, J.X.; Chen, X.A.; Liu, Y.; Li, Y.Q. Activation and characterization of lanthomicins A-C by promoter engineering in
Streptomyces chattanoogensis L10. Front. Microbiol 2022, 13, 902990. [CrossRef] [PubMed]

23. Yu, L.J.; Du, F.Y.; Chen, X.S.; Zheng, Y.B.; Morton, M.; Liu, F.Q.; Du, L.C. Identification of the biosynthetic gene cluster for the
anti-MRSA lysocins through gene cluster activation using strong promoters of housekeeping genes and production of new
analogs in Lysobacter sp. 3655. ACS Synth. Biol. 2020, 9, 1989–1997. [CrossRef] [PubMed]

24. Mozsik, L.; Iacovelli, R.; Bovenberg, R.A.L.; Driessen, A.J.M. Transcriptional activation of biosynthetic gene clusters in filamentous
fungi. Front. Bioeng. Biotech. 2022, 10, 1199. [CrossRef]

25. Kim, S.H.; Lu, W.L.; Ahmadi, M.K.; Montiel, D.; Ternei, M.A.; Brady, S.F. Atolypenes, tricyclic bacterial Sesterterpenes discovered
using a multiplexed in vitro Cas9-TAR gene cluster refactoring approach. ACS Synth. Biol. 2019, 8, 109–118. [CrossRef]

26. Thanapipatsiri, A.; Gomez-Escribano, J.P.; Song, L.; Bibb, M.J.; Al-Bassam, M.; Chandra, G.; Thamchaipenet, A.; Challis, G.L.;
Bibb, M.J. Discovery of unusual biaryl polyketides by activation of a silent Streptomyces venezuelae biosynthetic gene cluster.
Chembiochem 2016, 17, 2189–2198. [CrossRef]

27. Xie, C.; Deng, J.-J.; Wang, H.-X. Identification of AstG1, A LAL family regulator that positively controls ansatrienins production
in Streptomyces sp. XZQH13. Curr. Microbiol 2015, 70, 859–864. [CrossRef]

28. Ochi, K.; Hosaka, T. New strategies for drug discovery: Activation of silent or weakly expressed microbial gene clusters. Appl.
Microbiol. Biot. 2013, 97, 87–98. [CrossRef]

29. Pan, R.; Bai, X.; Chen, J.; Zhang, H.; Wang, H. Exploring structural diversity of microbe secondary metabolites using OSMAC
strategy: A literature review. Front. Microbiol. 2019, 10, 294. [CrossRef]

30. Ogawa, M.; Garcia-Martinez, T.; Bisson, L.; Mauricio, J.C.; Moreno, J.; Moreno-Garcia, J. Mapping the intracellular metabolome of
yeast biocapsules -spherical structures of yeast attached to fungal pellets. New Biotechnol. 2020, 58, 55–60. [CrossRef]

31. Pettit, R.K. Mixed fermentation for natural product drug discovery. Appl. Microbiol. Biotechnol. 2009, 83, 19–25. [CrossRef]
32. Li, F.; Yan, S.; Huang, Z.; Gao, W.; Zhang, S.; Mo, S.; Lin, S.; Wang, J.; Hu, Z.; Zhang, Y. Inducing new bioactive metabolites

production from coculture of Pestalotiopsis sp. and Penicillium bialowiezense. Bioorg. Chem. 2021, 110, 104826. [CrossRef] [PubMed]

http://doi.org/10.1016/j.funbio.2018.04.005
http://doi.org/10.1007/s10295-019-02198-y
http://doi.org/10.1021/jacs.7b02716
http://doi.org/10.1128/AEM.01808-12
http://doi.org/10.3390/md12021043
http://www.ncbi.nlm.nih.gov/pubmed/24549204
http://doi.org/10.1002/1439-7633(20020703)3:7&lt;619::AID-CBIC619&gt;3.0.CO;2-9
http://doi.org/10.1080/10286020.2020.1729752
http://www.ncbi.nlm.nih.gov/pubmed/32077325
http://doi.org/10.3390/biom11020193
http://www.ncbi.nlm.nih.gov/pubmed/33573182
http://doi.org/10.1039/c3np70034h
http://doi.org/10.1039/C8NP00091C
http://doi.org/10.3390/md20060341
http://doi.org/10.1111/jam.15491
http://doi.org/10.1016/j.biotechadv.2021.107866
http://doi.org/10.1021/acssynbio.6b00080
http://doi.org/10.1007/s00253-018-9023-4
http://www.ncbi.nlm.nih.gov/pubmed/29705958
http://doi.org/10.3389/fmicb.2022.902990
http://www.ncbi.nlm.nih.gov/pubmed/35620094
http://doi.org/10.1021/acssynbio.0c00067
http://www.ncbi.nlm.nih.gov/pubmed/32610008
http://doi.org/10.3389/fbioe.2022.901037
http://doi.org/10.1021/acssynbio.8b00361
http://doi.org/10.1002/cbic.201600396
http://doi.org/10.1007/s00284-015-0798-6
http://doi.org/10.1007/s00253-012-4551-9
http://doi.org/10.3389/fmicb.2019.00294
http://doi.org/10.1016/j.nbt.2020.05.003
http://doi.org/10.1007/s00253-009-1916-9
http://doi.org/10.1016/j.bioorg.2021.104826
http://www.ncbi.nlm.nih.gov/pubmed/33780746


Microorganisms 2023, 11, 464 13 of 16

33. Zhuang, L.; Zhang, H. Utilizing cross-species co-cultures for discovery of novel natural products. Curr. Opin. Biotechnol. 2021, 69,
252–262. [CrossRef] [PubMed]

34. Zhang, Z.X.; Yang, X.Q.; Zhou, Q.Y.; Wang, B.Y.; Hu, M.; Yang, Y.B.; Zhou, H.; Ding, Z.T. New azaphilones from Nigrospora oryzae
co-cultured with Beauveria bassiana. Molecules 2018, 23, 1816. [CrossRef] [PubMed]

35. Li, H.-T.; Tang, L.-H.; Liu, T.; Yang, R.-N.; Yang, Y.-B.; Zhou, H.; Ding, Z.-T. Protoilludane-type sesquiterpenoids from Armillaria sp.
by co-culture with the endophytic fungus Epicoccum sp. associated with Gastrodia elata. Bioorg. Chem. 2020, 95, 103503. [CrossRef]

36. Zhou, Q.-Y.; Yang, X.-Q.; Zhang, Z.-X.; Wang, B.-Y.; Hu, M.; Yang, Y.-B.; Zhou, H.; Ding, Z.-T. New azaphilones and tremulane
sesquiterpene from endophytic Nigrospora oryzae cocultured with Irpex lacteus. Fitoterapia 2018, 130, 26–30. [CrossRef]

37. Wang, Z.-R.; Yang, H.-X.; Peng, X.-P.; Li, G.; Lou, H.-X. Induced production of zinniol analogues by co-cultivation of two
endophytic fungi in the same ecological niche. Phytochem. Lett. 2020, 35, 206–210. [CrossRef]

38. Li, H.T.; Zhou, H.; Duan, R.T.; Li, H.Y.; Tang, L.H.; Yang, X.Q.; Yang, Y.B.; Ding, Z.T. Inducing secondary metabolite production
by co-culture of the endophytic fungus Phoma sp. and the symbiotic fungus Armillaria sp. J. Nat. Prod. 2019, 82, 1009–1013.
[CrossRef]

39. Li, H.-T.; Liu, T.; Yang, R.; Xie, F.; Yang, Z.; Yang, Y.; Zhou, H.; Ding, Z.-T. Phomretones A-F, C-12 polyketides from the
co-cultivation of Phoma sp. YUD17001 and Armillaria sp. RSC. Adv. 2020, 10, 18384–18389. [CrossRef]

40. Stierle, A.A.; Stierle, D.B.; Decato, D.; Priestley, N.D.; Alverson, J.B.; Hoody, J.; McGrath, K.; Klepacki, D. The berkeleylactones,
antibiotic macrolides from fungal coculture. J. Nat. Prod. 2017, 80, 1150–1160. [CrossRef]

41. Vinale, F.; Nicoletti, R.; Borrelli, F.; Mangoni, A.; Parisi, O.A.; Marra, R.; Lombardi, N.; Lacatena, F.; Grauso, L.; Finizio, S.; et al.
Co-culture of plant beneficial microbes as source of bioactive metabolites. Sci. Rep. 2017, 7, 14330. [CrossRef] [PubMed]

42. Liu, R.; Khan, R.A.A.; Yue, Q.; Jiao, Y.; Yang, Y.; Li, Y.; Xie, B. Discovery of a new antifungal lipopeptaibol from Purpureocillium
lilacinum using MALDI-TOF-IMS. Biochem. Biophys. Res. Commun. 2020, 527, 689–695. [CrossRef]

43. Pham, H.T.; Doan, T.P.; Kim, H.W.; Kim, T.W.; Park, S.Y.; Kim, H.; Lee, M.; Kim, K.H.; Oh, W.K.; Lim, Y.W.; et al. Cyclohumulanoid
sesquiterpenes induced by the noncompetitive coculture of Phellinus orientoasiaticus and Xylodon flaviporus. J. Nat. Prod. 2022, 85,
511–518. [CrossRef] [PubMed]

44. Chen, J.X.; Xia, D.D.; Yang, X.Q.; Yang, Y.B.; Ding, Z.T. The antifeedant and antifungal cryptic metabolites isolated from tobacco
endophytes induced by host medium and coculture. Fitoterapia 2022, 163, 105335. [CrossRef]

45. Ge, X.; Wang, Y.; Sun, C.; Zhang, Z.; Song, L.; Tan, L.; Li, D.; Yang, S.; Yu, G. Secondary metabolites produced by coculture of
Pleurotus ostreatus SY10 and Pleurotus eryngii SY302. Chem. Biodivers. 2022, 19, e202100832. [CrossRef] [PubMed]

46. Zhang, B.; Li, Y.; Zhang, F.; Linhardt, R.J.; Zeng, G.; Zhang, A. Extraction, structure and bioactivities of the polysaccharides from
Pleurotus eryngii: A review. Int. J. Biol. Macromol. 2020, 150, 1342–1347. [CrossRef]

47. Li, C.; Sarotti, A.M.; Yang, B.; Turkson, J.; Cao, S. A new N-methoxypyridone from the co-cultivation of hawaiian endophytic
fungi Camporesia sambuci FT1061 and Epicoccum sorghinum FT1062. Molecules 2017, 22, 1166. [CrossRef]

48. Nonaka, K.; Abe, T.; Iwatsuki, M.; Mori, M.; Yamamoto, T.; Shiomi, K.; Omura, S.; Masuma, R. Enhancement of metabolites
productivity of Penicillium pinophilum FKI-5653, by co-culture with Trichoderma harzianum FKI-5655. J. Antibiot. 2011, 64, 769–774.
[CrossRef]

49. Mandelare, P.E.; Adpressa, D.A.; Kaweesa, E.N.; Zakharov, L.N.; Loesgen, S. Coculture of two developmental stages of a
marine-derived Aspergillus alliaceus results in the production of the cytotoxic bianthrone allianthrone A. J. Nat. Prod. 2018, 81,
1014–1022. [CrossRef]

50. Shang, Z.; Salim, A.A.; Capon, R.J. Chaunopyran A: Co-cultivation of marine mollusk-derived fungi activates a rare class of
2-alkenyl-tetrahydropyran. J. Nat. Prod. 2017, 80, 1167–1172. [CrossRef]

51. Bao, J.; Wang, J.; Zhang, X.Y.; Nong, X.H.; Qi, S.H. New furanone derivatives and alkaloids from the co-culture of marine-derived
fungi Aspergillus sclerotiorum and Penicillium citrinum. Chem. Biodivers. 2017, 14, e1600327. [CrossRef] [PubMed]

52. Yao, L.; Zhu, L.P.; Xu, X.Y.; Tan, L.L.; Sadilek, M.; Fan, H.; Hu, B.; Shen, X.T.; Yang, J.; Qiao, B.; et al. Discovery of novel xylosides
in co-culture of basidiomycetes Trametes versicolor and Ganoderma applanatum by integrated metabolomics and bioinformatics. Sci.
Rep. 2016, 6, 33237. [CrossRef] [PubMed]

53. Zhu, F.; Li, J.-S.; Xie, W.-C.; Shi, J.-J.; Xu, F.; Song, Z.-F.; Liu, Y.-L. Structure revision of aspergicin by the crystal structure of
aspergicine, a co-occurring isomer produced by co-culture of two mangrove epiphytic fungi. Nat. Prod. Res. 2017, 31, 2268–2272.
[CrossRef] [PubMed]

54. Zhu, F.; Lin, Y.C. Marinamide, a novel alkaloid and its methyl ester produced by the application of mixed fermentation technique
to two mangrove endophytic fungi from the South China Sea. Chinese Sci. Bull. 2006, 51, 1426–1430. [CrossRef]

55. Li, C.; Wang, J.; Luo, C.; Ding, W.; Cox, D.G. A new cyclopeptide with antifungal activity from the co-culture broth of two marine
mangrove fungi. Nat. Prod. Res. 2014, 28, 616–621. [CrossRef]

56. Li, C.Y.; Ding, W.J.; Shao, C.L.; She, Z.G.; Lin, Y.C. A new diimide derivative from the co-culture broth of two mangrove fungi
(strain no. E33 and K38). J. Asian Nat. Prod. Res. 2010, 12, 809–813. [CrossRef]

57. Huang, S.; Ding, W.; Li, C.; Cox, D.G. Two new cyclopeptides from the co-culture broth of two marine mangrove fungi and their
antifungal activity. Pharmacogn. Mag. 2014, 10, 410–414. [CrossRef]

58. Zhang, Z.-X.; Yin, H.-Y.; Yang, Y.-B.; Wang, D.-L.; Zhao, T.-D.; Wang, C.-F.; Yang, X.-Q.; Ding, Z.-T. A new chlorinated tetralone
from co-culture of insect-pathogenic Beauveria bassiana and phytopathogenic Nigrospora oryzae. Chem. Nat. Compd. 2021, 57,
297–299. [CrossRef]

http://doi.org/10.1016/j.copbio.2021.01.023
http://www.ncbi.nlm.nih.gov/pubmed/33647849
http://doi.org/10.3390/molecules23071816
http://www.ncbi.nlm.nih.gov/pubmed/30037113
http://doi.org/10.1016/j.bioorg.2019.103503
http://doi.org/10.1016/j.fitote.2018.07.018
http://doi.org/10.1016/j.phytol.2019.12.007
http://doi.org/10.1021/acs.jnatprod.8b00685
http://doi.org/10.1039/D0RA02524K
http://doi.org/10.1021/acs.jnatprod.7b00133
http://doi.org/10.1038/s41598-017-14569-5
http://www.ncbi.nlm.nih.gov/pubmed/29085019
http://doi.org/10.1016/j.bbrc.2020.05.021
http://doi.org/10.1021/acs.jnatprod.1c01022
http://www.ncbi.nlm.nih.gov/pubmed/35073082
http://doi.org/10.1016/j.fitote.2022.105335
http://doi.org/10.1002/cbdv.202100832
http://www.ncbi.nlm.nih.gov/pubmed/35157350
http://doi.org/10.1016/j.ijbiomac.2019.10.144
http://doi.org/10.3390/molecules22071166
http://doi.org/10.1038/ja.2011.91
http://doi.org/10.1021/acs.jnatprod.8b00024
http://doi.org/10.1021/acs.jnatprod.7b00144
http://doi.org/10.1002/cbdv.201600327
http://www.ncbi.nlm.nih.gov/pubmed/27936301
http://doi.org/10.1038/srep33237
http://www.ncbi.nlm.nih.gov/pubmed/27616058
http://doi.org/10.1080/14786419.2017.1300800
http://www.ncbi.nlm.nih.gov/pubmed/28287288
http://doi.org/10.1007/s11434-006-1426-4
http://doi.org/10.1080/14786419.2014.887074
http://doi.org/10.1080/10286020.2010.497757
http://doi.org/10.4103/0973-1296.141781
http://doi.org/10.1007/s10600-021-03343-9


Microorganisms 2023, 11, 464 14 of 16

59. Yang, B.; Tong, Q.; Lin, S.; Guo, J.; Zhang, J.; Liu, J.; Wang, J.; Zhu, H.; Hu, Z.; Zhang, Y. Cytotoxic butenolides and diphenyl
ethers from the endophytic fungus Pestalotiopsis sp. Phytochem. Lett. 2019, 29, 186–189. [CrossRef]

60. Zhang, Q.; Yang, B.; Li, F.; Liu, M.; Lin, S.; Wang, J.; Xue, Y.; Zhu, H.; Sun, W.; Hu, Z.; et al. Mycophenolic acid derivatives with
immunosuppressive activity from the coral-derived fungus Penicillium bialowiezense. Mar. Drugs 2018, 16, 230. [CrossRef]

61. Yang, S.Q.; Li, X.M.; Li, X.; Li, H.L.; Meng, L.H.; Wang, B.G. New citrinin analogues produced by coculture of the marine
algal-derived endophytic fungal strains Aspergillus sydowii EN-534 and Penicillium citrinum EN-535. Phytochem. Lett. 2018, 25,
191–195. [CrossRef]

62. Meng, L.H.; Li, X.M.; Li, H.L.; Wang, B.G. Chermebilaenes A and B, new bioactive meroterpenoids from co-cultures of marine-
derived isolates of Penicillium bilaiae MA-267 and Penicillium chermesinum EN-480. Mar. Drugs 2020, 18, 339. [CrossRef]

63. Li, H.L.; Li, X.M.; Yang, S.Q.; Cao, J.; Li, Y.H.; Wang, B.G. Induced terreins production from marine red algal-derived endophytic
fungus Aspergillus terreus EN-539 co-cultured with symbiotic fungus Paecilomyces lilacinus EN-531. J. Antibiot. 2020, 73, 108–111.
[CrossRef]

64. Afiyatullov, S.S.; Zhuravleva, O.I.; Antonov, A.S.; Berdyshev, D.V.; Pivkin, M.V.; Denisenko, V.A.; Popov, R.S.; Gerasimenko, A.V.;
von Amsberg, G.; Dyshlovoy, S.A.; et al. Prenylated indole alkaloids from co-culture of marine-derived fungi Aspergillus sulphureus
and Isaria felina. J. Antibiot. 2018, 71, 846–853. [CrossRef] [PubMed]

65. Zhuravleva, O.I.; Belousova, E.B.; Oleinikova, G.K.; Antonov, A.S.; Khudyakova, Y.V.; Rasin, A.B.; Popov, R.S.; Menchinskaya, E.S.;
Trinh, P.T.H.; Yurchenko, A.N.; et al. Cytotoxic drimane-type sesquiterpenes from co-culture of the marine-derived fungi
Aspergillus carneus KMM 4638 and Beauveria felina (=Isaria felina) KMM 4639. Mar. Drugs 2022, 20, 584. [CrossRef]

66. Oppong-Danquah, E.; Budnicka, P.; Blumel, M.; Tasdemir, D. Design of fungal co-cultivation based on comparative metabolomics
and bioactivity for discovery of marine fungal agrochemicals. Mar. Drugs 2020, 18, 73. [CrossRef] [PubMed]

67. Bertrand, S.; Schumpp, O.; Bohni, N.; Monod, M.; Gindro, K.; Wolfender, J.L. De novo production of metabolites by fungal
co-culture of Trichophyton rubrum and Bionectria ochroleuca. J. Nat. Prod. 2013, 76, 1157–1165. [CrossRef] [PubMed]

68. Oppong-Danquah, E.; Blumel, M.; Scarpato, S.; Mangoni, A.; Tasdemir, D. Induction of isochromanones by co-cultivation of the
marine fungus Cosmospora sp. and the phytopathogen Magnaporthe oryzae. Int. J. Mol. Sci. 2022, 23, 782. [CrossRef]

69. Knowles, S.L.; Raja, H.A.; Isawi, I.H.; Flores-Bocanegra, L.; Reggio, P.H.; Pearce, C.J.; Burdette, J.E.; Rokas, A.; Oberlies, N.H.
Wheldone: Characterization of a unique scaffold from the coculture of Aspergillus fischeri and Xylaria flabelliformis. Org. Lett. 2020,
22, 1878–1882. [CrossRef]

70. Yu, G.; Sun, Z.; Peng, J.; Zhu, M.; Che, Q.; Zhang, G.; Zhu, T.; Gu, Q.; Li, D. Secondary metabolites produced by combined culture
of Penicillium crustosum and a Xylaria sp. J. Nat. Prod. 2019, 82, 2013–2017. [CrossRef]

71. Meng, L.H.; Liu, Y.; Li, X.M.; Xu, G.M.; Ji, N.Y.; Wang, B.G. Citrifelins A and B, citrinin adducts with a tetracyclic framework from
cocultures of marine-derived isolates of Penicillium citrinum and Beauveria felina. J. Nat. Prod. 2015, 78, 2301–2305. [CrossRef]
[PubMed]

72. Murakami, S.; Hayashi, N.; Inomata, T.; Kato, H.; Hitora, Y.; Tsukamoto, S. Induction of secondary metabolite production by
fungal co-culture of Talaromyces pinophilus and Paraphaeosphaeria sp. J. Nat. Med. 2020, 74, 545–549. [CrossRef] [PubMed]

73. Sadahiro, Y.; Kato, H.; Williams, R.M.; Tsukamoto, S. Irpexine, an isoindolinone alkaloid produced by coculture of endophytic
fungi, Irpex lacteus and Phaeosphaeria oryzae. J. Nat. Prod. 2020, 83, 1368–1373. [CrossRef] [PubMed]

74. Fleming, A. On the antibacterial action of cultures of a penicillium, with special reference to their use in the isolation of B. influenzae.
Bull. World Health Organ. 2001, 79, 780–790. [CrossRef] [PubMed]

75. Knowles, S.L.; Raja, H.A.; Roberts, C.D.; Oberlies, N.H. Fungal-fungal co-culture: A primer for generating chemical diversity. Nat.
Prod. Rep. 2022, 39, 1557–1573. [CrossRef] [PubMed]

76. Arora, D.; Chashoo, G.; Singamaneni, V.; Sharma, N.; Gupta, P.; Jaglan, S. Bacillus amyloliquefaciens induces production of a novel
blennolide K in coculture of Setophoma terrestris. J. Appl. Microbiol. 2018, 124, 730–739. [CrossRef] [PubMed]

77. Zhang, L.; Niaz, S.I.; Khan, D.; Wang, Z.; Zhu, Y.; Zhou, H.; Lin, Y.; Li, J.; Liu, L. Induction of diverse bioactive secondary
metabolites from the mangrove endophytic fungus Trichoderma sp. (Strain 307) by co-cultivation with Acinetobacter johnsonii
(Strain B2). Mar. Drugs 2017, 15, 35. [CrossRef]

78. Oh, D.C.; Jensen, P.R.; Kauffman, C.A.; Fenical, W. Libertellenones A-D: Induction of cytotoxic diterpenoid biosynthesis by
marine microbial competition. Bioorg. Med. Chem. 2005, 13, 5267–5273. [CrossRef]

79. Zuck, K.M.; Shipley, S.; Newman, D.J. Induced production of N-formyl alkaloids from Aspergillus fumigatus by co-culture with
Streptomyces peucetius. J. Nat. Prod. 2011, 74, 1653–1657. [CrossRef]

80. Rateb, M.E.; Hallyburton, I.; Houssen, W.E.; Bull, A.T.; Goodfellow, M.; Santhanam, R.; Jaspars, M.; Ebel, R. Induction of diverse
secondary metabolites in Aspergillus fumigatus by microbial co-culture. RSC Adv. 2013, 3, 14444–14450. [CrossRef]

81. Park, H.B.; Kwon, H.C.; Lee, C.H.; Yang, H.O. Glionitrin A, an antibioic-antitumor metabolite derived from competitive interaction
between abandoned mine microbes. J. Nat. Prod 2009, 72, 248–252. [CrossRef] [PubMed]

82. Park, H.B.; Kim, Y.J.; Park, J.S.; Yang, H.O.; Lee, K.R.; Kwon, H.C. Glionitrin B, a cancer invasion inhibitory diketopiperazine
produced by microbial coculture. J. Nat. Prod. 2011, 74, 2309–2312. [CrossRef]

83. Thissera, B.; Alhadrami, H.A.; Hassan, M.H.A.; Hassan, H.M.; Bawazeer, M.; Yaseen, M.; Belbahri, L.; Rateb, M.E.; Behery, F.A.
Induction of cryptic antifungal pulicatin derivatives from pantoea agglomerans by microbial co-culture. Biomolecules 2020, 10, 268.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.phytol.2018.11.021
http://doi.org/10.3390/md16070230
http://doi.org/10.1016/j.phytol.2018.04.023
http://doi.org/10.3390/md18070339
http://doi.org/10.1038/s41429-019-0242-4
http://doi.org/10.1038/s41429-018-0072-9
http://www.ncbi.nlm.nih.gov/pubmed/29884864
http://doi.org/10.3390/md20090584
http://doi.org/10.3390/md18020073
http://www.ncbi.nlm.nih.gov/pubmed/31979232
http://doi.org/10.1021/np400258f
http://www.ncbi.nlm.nih.gov/pubmed/23734767
http://doi.org/10.3390/ijms23020782
http://doi.org/10.1021/acs.orglett.0c00219
http://doi.org/10.1021/acs.jnatprod.9b00345
http://doi.org/10.1021/acs.jnatprod.5b00450
http://www.ncbi.nlm.nih.gov/pubmed/26295595
http://doi.org/10.1007/s11418-020-01400-1
http://www.ncbi.nlm.nih.gov/pubmed/32236853
http://doi.org/10.1021/acs.jnatprod.0c00047
http://www.ncbi.nlm.nih.gov/pubmed/32301614
http://doi.org/10.1093/clinids/2.1.129
http://www.ncbi.nlm.nih.gov/pubmed/11545337
http://doi.org/10.1039/D1NP00070E
http://www.ncbi.nlm.nih.gov/pubmed/35137758
http://doi.org/10.1111/jam.13683
http://www.ncbi.nlm.nih.gov/pubmed/29288594
http://doi.org/10.3390/md15020035
http://doi.org/10.1016/j.bmc.2005.05.068
http://doi.org/10.1021/np200255f
http://doi.org/10.1039/c3ra42378f
http://doi.org/10.1021/np800606e
http://www.ncbi.nlm.nih.gov/pubmed/19159274
http://doi.org/10.1021/np200563x
http://doi.org/10.3390/biom10020268
http://www.ncbi.nlm.nih.gov/pubmed/32050703


Microorganisms 2023, 11, 464 15 of 16

84. Whitt, J.; Shipley, S.M.; Newman, D.J.; Zuck, K.M. Tetramic acid analogues produced by coculture of Saccharopolyspora erythraea
with Fusarium pallidoroseum. J. Nat. Prod. 2014, 77, 173–177. [CrossRef] [PubMed]

85. Oh, D.-C.; Kauffman, C.A.; Jensen, P.R.; Fenical, W. Induced production of emericellamides A and B from the marine-derived
fungus Emericella sp. in competing co-culture. J. Nat. Prod. 2007, 70, 515–520. [CrossRef]

86. Shi, Y.; Pan, C.; Wang, K.; Chen, X.; Wu, X.; Chen, C.A.; Wu, B. Synthetic multispecies microbial communities reveals shifts
in secondary metabolism and facilitates cryptic natural product discovery. Environ. Microbiol. 2017, 19, 3606–3618. [CrossRef]
[PubMed]

87. Moussa, M.; Ebrahim, W.; Bonus, M.; Gohlke, H.; Mandi, A.; Kurtan, T.; Hartmann, R.; Kalscheuer, R.; Lin, W.; Liu, Z.; et al.
Co-culture of the fungus Fusarium tricinctum with Streptomyces lividans induces production of cryptic naphthoquinone dimers.
RSC. Adv. 2019, 9, 1491–1500. [CrossRef] [PubMed]

88. Abdelwahab, M.F.; Kurtán, T.; Mándi, A.; Müller, W.E.G.; Fouad, M.A.; Kamel, M.S.; Liu, Z.; Ebrahim, W.; Daletos, G.; Proksch, P.
Induced secondary metabolites from the endophytic fungus Aspergillus versicolor through bacterial co-culture and OSMAC
approaches. Tetrahedron Lett 2018, 59, 2647–2652. [CrossRef]

89. Sun, Y.; Liu, W.C.; Shi, X.; Zheng, H.Z.; Zheng, Z.H.; Lu, X.H.; Xing, Y.; Ji, K.; Liu, M.; Dong, Y.S. Inducing secondary metabolite
production of Aspergillus sydowii through microbial co-culture with Bacillus subtilis. Microb. Cell Factories 2021, 20, 42. [CrossRef]

90. Cueto, M.; Jensen, P.R.; Kauffman, C.; Fenical, W.; Lobkovsky, E.; Clardy, J. Pestalone, a new antibiotic produced by a marine
fungus in response to bacterial challenge. J. Nat. Prod. 2001, 64, 1444–1446. [CrossRef]

91. Ola, A.R.B.; Thomy, D.; Lai, D.; Brötz-Oesterhelt, H.; Proksch, P. Inducing secondary metabolite production by the endophytic
fungus Fusarium tricinctum through coculture with Bacillus subtilis. J. Nat. Prod. 2013, 76, 2094–2099. [CrossRef] [PubMed]

92. Robbins, N.; Spitzer, M.; Wang, W.; Waglechner, N.; Patel, D.J.; O’Brien, J.S.; Ejim, L.; Ejim, O.; Tyers, M.; Wright, G.D. Discovery
of Ibomycin, a complex macrolactone that exerts antifungal activity by impeding endocytic trafficking and membrane function.
Cell Chem. Biol. 2016, 23, 1383–1394. [CrossRef] [PubMed]

93. Abdel-Wahab, N.M.; Scharf, S.; Ozkaya, F.C.; Kurtan, T.; Mandi, A.; Fouad, M.A.; Kamel, M.S.; Muller, W.E.G.; Kalscheuer, R.;
Lin, W.; et al. Induction of secondary metabolites from the marine-derived fungus Aspergillus versicolor through co-cultivation
with Bacillus subtilis. Planta Med. 2019, 85, 503–512. [CrossRef] [PubMed]

94. Dianez Martinez, F.; Santos, M.; Carretero, F.; Marin, F. Trichoderma saturnisporum, a new biological control agent. J. Sci. Food Agr.
2016, 96, 1934–1944. [CrossRef]

95. Shi, L.-J.; Wu, Y.-M.; Yang, X.-Q.; Xu, T.-T.; Yang, S.; Wang, X.-Y.; Yang, Y.-B.; Ding, Z.-T. The cocultured Nigrospora oryzae and
Collectotrichum gloeosporioides, Irpex lacteus, and the plant host dendrobium officinale bidirectionally regulate the production of
phytotoxins by anti-phytopathogenic metabolites. J.Nat. Prod. 2020, 83, 1374–1382. [CrossRef]

96. Hu, M.; Yang, X.Q.; Wang, C.F.; Zhao, T.D.; Wang, D.L.; Yang, Y.B.; Ding, Z.T. Paraverrucsins A-F, antifeedant, and antiphy-
topathogenic polyketides from rhizospheric paraphaeosphaeria verruculosa and induced bioactivity enhancement by coculturing
with host plant Dendrobium officinale. ACS Omega 2020, 5, 30596–30602. [CrossRef]

97. Rehman, S.; Aslam, H.; Ahmad, A.; Khan, S.A.; Sohail, M. Production of plant cell wall degrading enzymes by monoculture and
co-culture of Aspergillus niger and Aspergillus terreus under SSF of banana peels. Braz. J. Microbiol. 2014, 45, 1485–1492. [CrossRef]

98. Stoilova, I.S.; Gargova, S.A.; Krastanov, A.I. Production of enzymes by mixed culture from micelial fungi in solid-state fermenta-
tion. Biotechnol. Biotechnol. Equip. 2014, 19, 103–108. [CrossRef]

99. Kannaiyan, R.; Mahinpey, N.; Kostenko, V.; Martinuzzi, R.J. Nutrient media optimization for simultaneous enhancement of the
laccase and peroxidases production by coculture of Dichomitus squalens and Ceriporiopsis subvermispora. Biotechnol. Appl. Biochem.
2015, 62, 173–185. [CrossRef]

100. Du, W.; Sun, C.; Wang, J.; Xie, W.; Wang, B.; Liu, X.; Zhang, Y.; Fan, Y. Conditions and regulation of mixed culture to promote
Shiraia bambusicola and Phoma sp. BZJ6 for laccase production. Sci. Rep. 2017, 7, 17801. [CrossRef]

101. Hu, J.; Zhang, Y.; Xu, Y.; Sun, Q.; Liu, J.; Fang, W.; Xiao, Y.; Kues, U.; Fang, Z. Gongronella sp. w5 elevates Coprinopsis cinerea
laccase production by carbon source syntrophism and secondary metabolite induction. Appl. Microbiol. Biot. 2019, 103, 411–425.
[CrossRef]

102. Ross, C.; Opel, V.; Scherlach, K.; Hertweck, C. Biosynthesis of antifungal and antibacterial polyketides by Burkholderia gladioli in
coculture with Rhizopus microsporus. Mycoses 2014, 57 (Suppl. 3), 48–55. [CrossRef] [PubMed]

103. Yu, L.; Ding, W.; Ma, Z. Induced production of cytochalasans in co-culture of marine fungus Aspergillus flavipes and actinomycete
Streptomyces sp. Nat. Prod. Res. 2016, 30, 1718–1723. [CrossRef] [PubMed]

104. Akone, S.H.; Mándi, A.; Kurtán, T.; Hartmann, R.; Lin, W.; Daletos, G.; Proksch, P. Inducing secondary metabolite production by
the endophytic fungus Chaetomium sp. through fungal–bacterial co-culture and epigenetic modification. Tetrahedron 2016, 72,
6340–6347. [CrossRef]

105. Li, T.; Tang, J.; Karuppiah, V.; Li, Y.; Xu, N.; Chen, J. Co-culture of Trichoderma atroviride SG3403 and Bacillus subtilis 22 improves
the production of antifungal secondary metabolites. Biol. Control 2020, 140, 104122. [CrossRef]

106. Wu, Q.; Ni, M.; Dou, K.; Tang, J.; Ren, J.; Yu, C.; Chen, J. Co-culture of Bacillus amyloliquefaciens ACCC11060 and Trichoderma
asperellum GDFS1009 enhanced pathogen-inhibition and amino acid yield. Microb. Cell Factories 2018, 17, 155. [CrossRef]

107. Benoit-Gelber, I.; Gruntjes, T.; Vinck, A.; van Veluw, J.G.; Wosten, H.A.B.; Boeren, S.; Vervoort, J.J.M.; de Vries, R.P. Mixed colonies
of Aspergillus niger and Aspergillus oryzae cooperatively degrading wheat bran. Fungal Genet. Biol. 2017, 102, 31–37. [CrossRef]

http://doi.org/10.1021/np400761g
http://www.ncbi.nlm.nih.gov/pubmed/24422636
http://doi.org/10.1021/np060381f
http://doi.org/10.1111/1462-2920.13858
http://www.ncbi.nlm.nih.gov/pubmed/28714207
http://doi.org/10.1039/C8RA09067J
http://www.ncbi.nlm.nih.gov/pubmed/35518011
http://doi.org/10.1016/j.tetlet.2018.05.067
http://doi.org/10.1186/s12934-021-01527-0
http://doi.org/10.1021/np0102713
http://doi.org/10.1021/np400589h
http://www.ncbi.nlm.nih.gov/pubmed/24175613
http://doi.org/10.1016/j.chembiol.2016.08.015
http://www.ncbi.nlm.nih.gov/pubmed/27746129
http://doi.org/10.1055/a-0835-2332
http://www.ncbi.nlm.nih.gov/pubmed/30699456
http://doi.org/10.1002/jsfa.7301
http://doi.org/10.1021/acs.jnatprod.0c00036
http://doi.org/10.1021/acsomega.0c04548
http://doi.org/10.1590/S1517-83822014000400045
http://doi.org/10.1080/13102818.2005.10817162
http://doi.org/10.1002/bab.1263
http://doi.org/10.1038/s41598-017-17895-w
http://doi.org/10.1007/s00253-018-9469-4
http://doi.org/10.1111/myc.12246
http://www.ncbi.nlm.nih.gov/pubmed/25250879
http://doi.org/10.1080/14786419.2015.1136910
http://www.ncbi.nlm.nih.gov/pubmed/26783945
http://doi.org/10.1016/j.tet.2016.08.022
http://doi.org/10.1016/j.biocontrol.2019.104122
http://doi.org/10.1186/s12934-018-1004-x
http://doi.org/10.1016/j.fgb.2017.02.006


Microorganisms 2023, 11, 464 16 of 16

108. Soliman, S.S.; Raizada, M.N. Interactions between co-habitating fungi elicit synthesis of taxol from an endophytic fungus in host
taxus plants. Front. Microbiol. 2013, 4, 3. [CrossRef]

109. Shin, C.S.; Kim, H.J.; Kim, M.J.; Ju, J.Y. Morphological change and enhanced pigment production of Monascus When Cocultured
with Saccharomyces cerevisiae or Aspergillus oryzae. J. Chem. Ecol. 2000, 59, 576–581.

110. Zheng, W.; Zhao, Y.; Zheng, X.; Liu, Y.; Pan, S.; Dai, Y.; Liu, F. Production of antioxidant and antitumor metabolites by submerged
cultures of Inonotus obliquus cocultured with Phellinus punctatus. Appl. Microbiol. Biotechnol. 2011, 89, 157–167. [CrossRef]

111. Chagas, F.O.; Dias, L.G.; Pupo, M.T. A mixed culture of endophytic fungi increases production of antifungal polyketides. J. Chem.
Ecol. 2013, 39, 1335–1342. [CrossRef] [PubMed]

112. Bhalkar, B.N.; Patil, S.M.; Govindwar, S.P. Camptothecine production by mixed fermentation of two endophytic fungi from
Nothapodytes nimmoniana. Fungal Biol. 2016, 120, 873–883. [CrossRef] [PubMed]

113. Schroeckh, V.; Scherlach, K.; Nutzmann, H.W.; Shelest, E.; Schmidt-Heck, W.; Schuemann, J.; Martin, K.; Hertweck, C.;
Brakhage, A.A. Intimate bacterial-fungal interaction triggers biosynthesis of archetypal polyketides in Aspergillus nidulans.
Proc. Natl. Acad. Sci. USA 2009, 106, 14558–14563. [CrossRef] [PubMed]

114. Netzker, T.; Fischer, J.; Weber, J.; Mattern, D.J.; König, C.C.; Valiante, V.; Schroeckh, V.; Brakhage, A.A. Microbial communication
leading to the activation of silent fungal secondary metabolite gene clusters. Front. Microbiol. 2015, 6, 299. [CrossRef] [PubMed]

115. Nützmann, H.-W.; Reyes-Dominguez, Y.; Scherlach, K.; Schroeckh, V.; Horn, F.; Gacek, A.; Schümann, J.; Hertweck, C.; Strauss, J.;
Brakhage, A.A. Bacteria-induced natural product formation in the fungus Aspergillus nidulans requires Saga/Ada-mediated
histone acetylation. Proc. Natl. Acad. Sci. USA 2011, 108, 14282–14287. [CrossRef]

116. Yu, G.; Sun, Y.; Han, H.; Yan, X.; Wang, Y.; Ge, X.; Qiao, B.; Tan, L. Coculture, an efficient biotechnology for mining the biosynthesis
potential of macrofungi via interspecies interactions. Front. Microbiol. 2021, 12, 663924. [CrossRef]

117. Azzollini, A.; Boggia, L.; Boccard, J.; Sgorbini, B.; Lecoultre, N.; Allard, P.M.; Rubiolo, P.; Rudaz, S.; Gindro, K.; Bicchi, C.; et al.
Dynamics of metabolite induction in fungal co-cultures by metabolomics at both volatile and non-volatile levels. Front. Microbiol.
2018, 9, 72. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3389/fmicb.2013.00003
http://doi.org/10.1007/s00253-010-2846-2
http://doi.org/10.1007/s10886-013-0351-7
http://www.ncbi.nlm.nih.gov/pubmed/24114180
http://doi.org/10.1016/j.funbio.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27268247
http://doi.org/10.1073/pnas.0901870106
http://www.ncbi.nlm.nih.gov/pubmed/19666480
http://doi.org/10.3389/fmicb.2015.00299
http://www.ncbi.nlm.nih.gov/pubmed/25941517
http://doi.org/10.1073/pnas.1103523108
http://doi.org/10.3389/fmicb.2021.663924
http://doi.org/10.3389/fmicb.2018.00072

	Introduction 
	Fungal–Fungal Co-Culture 
	Liquid State Fermentation (LSF) 
	Potato Dextrose Broth (PDB) 
	Other Liquid Media 

	Solid State Fermentation (SSF) 
	Rice Solid Medium 
	Potato Dextrose Agar (PDA) 
	Other Solid Media 


	Fungal–Bacterial Co-Culture 
	Liquid State Fermentation 
	Solid State Fermentation 

	Fungal–Host Co-Culture 
	Conclusions and Perspectives 
	References

