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Under natural conditions, substrates are occupied by sets of dif-
ferent micro-organisms that interact with one another in syner-
gistic or antagonistic relationships. These interactions can influ-
ence the growth, development, and biochemistry of economically
important fungi, enhance their beneficial properties, stimulate
the growth of fruiting bodies, or accelerate the growth of myce-
lium used for the production of various products and biotechnol-
ogy processes where fungi are involved. The paper presents a lit-
erature review covering known interactions between fungi and
bacteria, fungi and actinomycetes, and between different fungi
that can be used to promote the production of fungal products or
that need to be taken into account in order to avoid production
losses. A brief overview of fungi and micro-organism co-culture
strategies is provided as well.
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INTRODUCTION

cycles and biotechnological processes and there-
fore can be of great importance in agriculture, for-
estry, environmental protection, food production,

Under natural conditions, the same niche is occu-
pied by various microorganisms - fungi, bacteria,
archaea, actinomycetes, myxomycetes which inter-
act with each other. These interactions can influ-
ence fungal morphology, developmental patterns
and biochemical processes (Bertrand et al., 2014).
Bacteria and fungi can form a variety of associ-
ations which often change the nutrition process of
one or both partners. These interactions can also
lead to distinctive contributions to biogeochemical
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and medicine (Frey-Klett et al., 2011). Although
bacteria and fungi interact constantly in nature,
mycologists usually study fungi in complete iso-
lation, and fungal-bacterial interactions are less
frequently studied (Hock, 2001). In most cases
of known fungal-bacterial associations, bacteria
provide the fungus with one form of metabolic
benefit or another while the fungus often provides
bacteria with a suitable living environment (Kob-
ayashi, Crouch, 2009). One of the best-known ex-
amples of the beneficial effects of bacteria on fungi
is the so-called mycorrhizal helper bacteria: they
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can be useful for mycorrhizal fungi by promot-
ing the establishment and functioning of my-
corrhizal associations (Deveau, Labbé, 2016).
Some bacteria help to break down complex or-
ganic matter: for example, cellulose-degrading
bacteria can break down plant material making
the nutrients from it more readily available for
fungal growth (Imran et al., 2016). Antagonistic
relationships between bacteria and fungi may
lead to revealing diverse chemical compounds,
which may not be present in axenic cultures
(Marmann et al., 2014).

Meanwhile, actinomycetes are known to act
exclusively as antagonists for fungi (Silva et al.,
2021). Interactions of archaea and myxomycet-
es with fungi are not well known, though both
are abundantly present in the environments
with fungi, including dead wood (Rinta-Kanto
et al., 2016).

Interactions between fungi may be as vari-
able as interactions between fungi and other
microorganisms, though, following Hiscox et
al. (2014), competition is the most common as-
sociation and it may result in several outcomes.
In the case of macrofungi, their interactions
may take form of antagonism, mutualism or
parasitism or the relationship can shift from
one type of interaction to another.

The aims of this paper were (1) to summa-
rise all known interactions between fungi and
other microorganisms that are used in obtain-
ing better fungal products or may be helpful in
the production, (2) to summarise antagonistic
interactions between fungi and other microor-
ganisms that may hamper fungal produce, and
(3) to elucidate mechanisms of these interac-
tions for better understanding of beneficial co-
cultures in production.

METHODS

For the review, we selected the relevant litera-
ture by conducting a reference search at two
levels. At the first level, we performed a search
of Clarivate Analytics Web of Knowledge and
Google Scholar using keywords from the ti-
tles, keywords, and abstracts of papers, such
as: lignicolous fungi + bacteria; soil fungi +

bacteria; interactions + fungi + bacteria; fungi
+ actinomycetes; fungi + myxomycetes; mush-
room growth promoting bacteria; lignicolous
fungi + interspecific interactions; fungi + syn-
ergies; fungi + antagonistic; co-cultures + fungi
+ growth. Additional literature was found by
a snowball search. After the screening of result-
ing hits at both search levels, they were finalised
in 74 articles that were identified as relating to
the subject of the present paper. The literature
search was performed from February 2023 till
March 2024.

RESULTS AND DISCUSSION

Micro-organisms that promote fungal fruit
body growth

Fungal fruit body growth can benefit from
the presence of certain bacteria that have a sym-
biotic relationship with the mycelium or provide
functions or substances that have growth-pro-
moting effects. The fruit bodies of some macro-
fungi are difficult to grow in standard cultiva-
tion media, in parts due to the lack of symbiotic
microorganisms upon which fruit body forma-
tion depends (Rainey et al., 1990). The mecha-
nism of this interaction is that the bacteria re-
move the fungal autoinhibitors (Noble et al,,
2003) or that the bacteria cause stress to the my-
celium, which promotes fruit body formation
(de Boer et al., 2008). Hyphae of Agaricus bispo-
rus and Pleurotus ostreatus, the most popular
edible cultivated fungi, interact directly with
bacterial communities on the substrate. Among
the best known are the interaction where Pseu-
domonads remove the inhibitory volatile C8
compounds and ethylene, a process promot-
ing the growth of the fruit bodies of the fungi.
Based on this knowledge, co-culture strategies
for fruit body production have been developed
to mimic the natural environment. Cho et al.
(2003), for example, showed that formation of
primordia was promoted and the development
of fungal fruit bodies was enhanced follow-
ing inoculation of pure cultures of Pleurotus
ostreatus mycelium with strains of fluorescent
Pseudomonas spp. isolated from the mycelial
plane of commercially produced mushrooms.
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As shown by Kumari, Naraian (2021), inocula-
tion with Glutamicibacter arilaitensis MRC119
can be used as an organic substitute to improve
the fruit body yield and biological efficiency of
Pleurotus spp. fungi.

It has long been known that microor-
ganisms present in the casing layer are of vital
importance for the establishment of Agaricus
bisporus fruit bodies (Eger, 1972). Park, Agni-
hotri (1969) reported that the addition of Ar-
throbacter terregens, Rhizobium meliloti and
Bacillus megaterium to the axenic casing layer
promoted the growth of A. bisporus fruit bod-
ies. Primordia formation in axenic cultures is
also induced by other Pseudomonas species, but
not every Pseudomonas isolate has stimulatory
properties, and the effect may also depend on
the strain of Agaricus (Fermor et al., 2000; No-
ble et al., 2009). Zarenejad et al.(2012) found
that Pseudomonas putida was the most effective
for growth promoting and fruit body yield of
A. bisporus increasing inoculum among the 23
bacterial strains tested. Colauto et al. (2016)
named P. putida as a crucial microorganism re-
sponsible for the degradation of the 1-octen-3-
ol linkage and A. bisporus fruit body formation.
Cho et al., 2003 showed that Pseudomonas fluo-
rescens strains can promote primordia forma-
tion, mycelial growth and fruit body productiv-
ity of Pleurotus eryngii and Pleurotus ostreatus.
In general, the composition of the bacterial
populations that inhabit fungal fruit bodies is
strongly determined by fungal identity and may
have species-specific symbiotic relationships
(Pent et al., 2017). These relationships may in-
clude shaping of a fungus fruit body (Zhou et
al., 2017), control of pathogen impact (Tsuka-
moto et al., 2002), etc. All these findings strong-
ly suggest that inoculation of the fungal myceli-
um with particular bacteria may have beneficial
applications for mushroom production.

There are no data about beneficial effects on
fruit body productivity when co-cultivating
different species of fungi; rather to the contra-
ry, as shown by the co-cultivation of different
Pleurotus species (Carabajal et al., 2012). How-
ever, co-cultivation of different fungal spe-
cies or strains may increase the production of

secondary metabolites, improve nutrient me-
tabolism and potential applications in biore-
mediation and biotechnology (Xu et al., 2023).
Liu et al. (2015) found that concentrations of
active constituent cordycepin in the fruiting
bodies of Cordyceps militaris increased when
it was co-cultivated with filamentous ascomy-
cete Monascus ruber (Yu et al., 2021). Mac-
romycete Inonotus obliquus, produces a wide
range of bioactive substances in the wild, but
only few in submerged liquid cultures. Zheng
et al. (2011) tested a submerged co-culture
system of I. obliquus with Phelinus punctatus.
These two basidiomycetes are not found grow-
ing together in nature, but their co-culture led
to increased levels of a number of metabolites
(Yu et al., 2021).

Mycelial growth-promoting microorganisms
Bacteria impact different development stages of
fungi, not only fruit body production: they con-
verse and adapt substrates, degrade toxic com-
pounds and promote hyphal elongation during
substrate colonization by mycelium (Suarez et
al., 2020). In nature, beneficial bacteria may co-
migrate with fungal hyphae, as was shown in
the example of Burkholderiaceae strains (Yang
etal., 2016) or may move along hyphae, supply-
ing them with essential growth factor thiamine,
as in the case of Bacillus subtilis and Aspergillus
nidulans (Abeysinghe et al., 2020). Nutrient cy-
cling bacteria can contribute to the availability
of nutrients for fungal growth. For example, ni-
trogen fixing bacteria convert atmospheric ni-
trogen into the forms readily available for fungi,
promoting their growth and providing a con-
tinuous source of nitrogen for mycelium and
fruit bodies of wood-degrading basidiomycetes
(Shamugam, Kertesz, 2023). Wood-degrading
basidiomycetes have developed strategies to
create optimal nitrogen concentrations in their
substrates. They may recycle nitrogen from dy-
ing mycelium, uptake and transfer nitrogen
from the soil to the wood, etc (Lindahl, Finlay,
2005). Tsuneda, Thorn (1994) suggested that
bacterial lysis may be another strategy of fungi
to obtain nitrogen. Brunner, Kimmins (2003)
showed that the highest rates of nitrogen fixa-
tion were found in the more advanced stages of
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decay, which would support the hypothesis that
only some bacteria are lysed to maintain bac-
terial densities, as bacterial growth is driven by
the oligomers released by fungal enzymes. Pleu-
rotus ostreatus and Lentinula edodes are known
to be capable of attacking bacteria on low nu-
trient agar, for example, certain strains of Pseu-
domonas fluorescens and Pseudomonas tolaasii.
Fungal hyphae penetrate into and lyse bacterial
colonies, thus obtaining nutrients from bacte-
ria. P, ostreatus is also known to significantly re-
duce numbers of bacterial colony forming units
in soil and straw (Gramms et al., 1999).

In bioremediation, mycelial and bacterial
co-cultures are used to degrade complex organ-
ic contaminants. By combining bacteria and
different fungi with complementary metabolic
capacities, co-cultures can enhance the degra-
dation and detoxification of pollutants in soil
or aquatic environments (Espinosa-Ortiz et
al., 2022). Co-cultivation of fungi can produce
novel or improved secondary metabolites that
are not produced by individual strains. Inter-
actions between different strains can lead to
the synthesis of unique compounds that may
have pharmaceutical, agricultural or indus-
trial applications (Marmann et al., 2014). On
the other hand, co-cultivation of bacteria and
fungi may depend upon the end-product to be
achieved. The in vitro results of co-cultivation
of Bacillus aryabhattai, Lysinibacillus boroni-
tolerans, and Pseudomonas putida with P. os-
treatus showed a significant positive impact on
mycelial growth (p > 0.05) at 4-6 days of incu-
bation, but there was no significant difference
in the productivity of fungal fruit bodies (Han-
nah et al., 2020).

The specific outcomes and applications of
co-cultures depend on the strains or species
involved, the intended objectives, and the en-
vironmental conditions under which they are
implemented. Bacterial stimulation of fungal
physiology impacts mycelial growth as well.
For example, Rainey (1991) found that P. puti-
da strains promoted hyphal extension of Agari-
cus mycelia in vitro, Kamei et al. (2012) found
that Curtobacterium sp. from dead wood
stimulated the growth of Stereum sp., and Bon-

temps et al. (2013) found that Streptomyces spp.
from forest soil promoted consistently and sig-
nificantly the growth of the white rot fungus
Phanerochaete chrysosporium, though none of
these strains showed ligninolytic activity on
their own.

Already in the 1970s, Blanchette, Shaw
(1978) reported that co-culture with fungi and
bacteria (Enterobacter spp.) and yeasts (Sac-
charomyces bailii and Pichia pinus) increased
weight loss during decay of softwoods. Haid-
ar et al. (2021) found that the combination of
Paenibacillus sp. and Fomitiporia mediterranea
on the sawdust of grapevine significantly in-
creased wood degradation compared to that
caused by the fungus alone. A similar enhance-
ment of the degradation ability of white-rot
tungus Phlebia brevispora was found when co-
culturing the fungus with a mixture of Entero-
bacter sp. and Pseudomonas sp. strains. The low
level of the degradation ability toward benzo(a)
pyrene in axenic fungal culture was improved
significantly in co-culture with bacteria (Har-
ry-Asobara, Kamei, 2019). Suarez et al. (2020)
demonstrated that bacterial isolates from fruit
bodies of P. ostreatus showed lower enzymatic
activities but promoted hyphae growth, while
bacterial isolates from vegetative mycelium
showed higher hydrolytic enzyme activities
and inhibited hyphae growth. The bacteria that
promoted mycelial growth also produced chi-
tinase, while the inhibiting bacteria did not,
strongly suggesting that the growth-promoting
bacteria may act in part by disrupting the hy-
phae cell walls to obtain sugars and amino acids
from the fungal mycelium and provide other
nutrients in return (Suarez et al., 2020).

Wood decaying fungal species can form syn-
ergistic interactions, too. Chen et al. (2019) re-
ported a higher degradation ratio of lignin and
cellulose in a Phanerochaete chrysosporium and
Trichoderma viride co-culture. Similar results
were achieved for co-culture of Trametes hir-
suta and P. ostreatus (Yang et al., 2020). Kaur
et al. (2019) reported a significant increase in
laccase, lignin peroxidase, and manganese per-
oxidase activities using P. ostreatus and P. chrys-
osporium co-culture on rice straw. Mutualism
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between fungal species can occur when their
physiological activity is complementary, when,
for instance, one fungus synthesises or releases
a compound that the other fungus requires but
cannot otherwise obtain or produce. For ex-
ample, Nematospora gossypii and Bjerkandera
adusta can grow in co-culture in the labora-
tory, but not individually, in axenic cultures, on
amedium lacking biotin, inositol, and thiamine.
The former species can synthesise thiamine, but
not biotin or inositol; meanwhile the latter can
synthesise biotin and inositol but not thiamine
(Boddy, 2016). Kumar et al. (2019) showed that
co-culture of Trametes ljubarskyi and Rhodotor-
ula mucilaginosa, which was capable of efficient
laccase production, may be capable of differen-
tial synthesis of multiple oxidoreductases, an-
tioxidants, and membrane-associated proteins
that would be beneficial for the survival of these
two fungi.

Co-cultures involving several organisms may
have even more complex promoting impact. For
example, cultivation of Polyporus umbellatus re-
lies on Armillaria gallica (Xing et al., 2021; Xing
et al,, 2013). Adding strain CACMSO001 (Rhizo-
bium sp.) to the co-culture of these two fungi in-
creased their mycelial growth by 21% and 78%,
respectively, and significantly increased the ex-
tracellular xylanase activity of A. gallica.

Decomposition and mycelial growth are
accelerated when bacteria and yeasts are com-
bined with wood decay fungi. The effect of ba-
sidiomycetes and compound inoculums can
result in up to 10% additional weight loss com-
pared to basidiomycetes alone. Glucosamine
studies show that at the end of five months,
as much as 5-10% of the total dry weight may
be mycelium, and the mycelium content of
the combined inoculant treatments may be 10-
200% higher than that of the basidiomycetes
alone (Blanchette, Shaw, 1978).

Antagonistic Interactions between fungi and
microorganisms

Interactions between microorganisms can be
antagonistic as well and more than often are.
As already mentioned above, actinomycetes act
exclusively as antagonists for fungi, including

wood decomposers, by inhibiting their growth
(Blanchette et al., 1981) and they are even stud-
ied as biocontrol agents for brown and white
rot fungi (Roussel et al., 2000). There are also
numerous examples of antagonistic reactions
between fungal species, which are expressed
by various morphological, physiological and
biochemical changes occurring during inter-
actions, such as rapid cell division, branching,
hyphal aggregation, aerial growth, autolysis,
pigment production, release of volatile organic
compounds, diffusible enzymes, toxins and an-
tifungal metabolites (Woodward, Boddy, 2008).
For example, Yao et al., 2016 developed 136
symbiotic systems using 17 basidiomycetes in
order to observe macrofungal interactions and
found that Trametes versicolor and Ganoderma
applanatum showed the strongest antagonistic
effects among them. However, type of interac-
tions between fungi may depend on the decay
class of their substrates. Fukasawa, Matsukura,
2021 found that Phlebia livida and Gloeophyllum
sepiarium may show both positive and negative
associations in differently decayed substrates.
Bacteria may also demonstrate varying impact
on fungi. Orban et al., 2023 co-cultivated bacte-
rial isolates, that were previously obtained from
Pleurotus ostreatus with P. ostreatus, Pleurotus
eryngii, Pleurotus sapidus, Pleurotus citrino-
pileatus, Cyclocybe aegerita, Lentinula edodes,
and Kuehneromyces mutabilis during eight days
and found that bacterial isolates only showed
significant mycelial growth-promoting effects
when co-cultivated on Petri dishes with Pleuro-
tus species, except for P. citrinopileatus. Among
the bacterial isolates, Paenibacillus peoriae
showed strong positive impact on the mycelial
growth in P, ostreatus, P. eryngii, and P. sapidus,
but only during the early cultivation stages,
meanwhile in later cultivation stages this strain
inhibited the growth of all fungi. Antagonistic
effect of bacteria on fungi may have positive
effect as well: some bacteria act as antagonists
against pathogens that can damage fungal my-
celium. Fluorescent Pseudomonads and Bacillus
species, which can protect fungi against diseas-
es caused by pathogenic fungi or bacteria, can
serve as such examples (Haidar et al., 2016).
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DISCUSSION

To achieve the desired quantity and quality of
fungal cultivation products, several points are
to be applied in the co-culture strategies. First
and foremost, it is important to identify pos-
sible synergies, i.e., select most suitable micro-
organisms and their strains. Another point
is to understand physicochemical conditions
under which the synergy will work most ef-
tectively. Environmental pH, for example,
may play an important role in promoting or
suppressing the activity of one or all micro-
organisms involved in a synergy. Although
some microorganisms tolerate a broad range
of pH conditions in their environments, most
are susceptible to a pH below 4 (O’May et al.,
2005), therefore lowering the pH can promote
the growth of acid-tolerant microorganisms or
inhibit acid-sensitive organisms. For example,
fungi can rapidly lower the pH by releasing
organic acids such as oxalic acid. A rapid de-
crease in pH can be detrimental to many bac-
teria, especially in the presence of undissociat-
ed forms of weak organic acids (Booth, 1985).
Trophic competition between fungi and bac-
teria may also play the role in bacterial-fungal
interactions and in their co-cultivation, espe-
cially the competition for carbon substrates,
which was shown by Moller et al. in the study
of leaf decomposition (1999). Competition for
other elements, such as iron (Marshall, Alex-
ander, 1960) or nitrogen (Lemanceau et al.,
1993) may also affect bacterial-fungal interac-
tions.

CONCLUSIONS

The literature search identified a number of
economically important interactions between
fungi and various micro-organisms. Many of
these are synergistic, enhancing economically
important properties of the fungi: fruiting body
formation, mycelial growth and chemical effi-
ciency. Antagonistic interactions, which may
inhibit the functioning of target fungal spe-
cies, have also been revealed. Both positive and
negative interactions, as well as environmental

conditions need to be taken into account to ob-
tain better results in fungal produce. In addi-
tion, a better understanding of micro-organism
interactions and their mechanisms would re-
quire a wider range of co-culture experiments,
such as 13C labelling, proteomic analysis, and
genetic engineering, in order to obtain more
comprehensive results that can be applied to
obtaining fungal products.
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GRYBU IR KITYU MIKROORGANIZMU SAVEI-
KA GRYBINIU PRODUKTU PAGERINIMUI

Santrauka
Gamtinémis salygomis substratus kolonizuoja gru-
pés jvairiy mikroorganizmy, kurie tarpusavyje sg-
veikauja sinerginiais arba antagonistiniais rysiais.
Sios sgveikos gali daryti poveikj ekonomiskai svarbiy
gryby augimui, vystymuisi ir biochemijai, sustiprinti
ju naudinggsias savybes, paskatinti vaisiakiiniy augi-
mag arba pagreitinti augima grybienos, naudojamos
jvairiy produkty gamybai ir biotechnologiniams
procesams, kuriuose dalyvauja grybai. Cia patei-
kiame literatiiros apzvalga, apimancia Zinomas gry-
by ir bakterijy, gryby ir aktinomicety bei skirtingy
gryby saveikas, kurios gali buti panaudotos grybiniy
produkty gamybai skatinti arba j kurias reikia atsi-
zvelgti siekiant i§vengti produkcijos nuostoliy. Taip
pat trumpai apzvelgiamos gryby ir mikroorganizmy
kultivavimo drauge strategijos.

RaktaZodziai: bazidiomicetai, askomicetai, bak-

terijos, aktinomicetai, sinergija, antagonizmas
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