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Ecology and evolution of algal–fungal symbioses
Gregory Bonito1,2,3

Ecological interactions and symbiosis between algae and fungi 
are ancient, widespread, and diverse with many independent 
origins. The heterotrophic constraint on fungal nutrition drives 
fungal interactions with autotrophic organisms, including algae. 
While ancestors of modern fungi may have evolved as parasites 
of algae, there remains a latent ability in algae to detect and 
respond to fungi through a range of symbioses that are 
witnessed today in the astounding diversity of lichens, 
associations with corticoid and polypore fungi, and endophytic 
associations with macroalgae. Research into algal–fungal 
interactions and biotechnological innovation have the potential 
to improve our understanding of their diversity and functions in 
natural systems, and to harness this knowledge to develop 
sustainable and novel approaches for producing food, 
energy, and bioproducts.
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Introduction
Interactions between fungi and algae are ancient and di-
verse in form and function, ranging from parasitisms to 
mutualisms [1,2]. Such cross-kingdom interactions are 
hypothesized to have been essential in the terrestrializa-
tion of Earth, and to have led to evolutionary radiations of 
fungal diversity, as well as the origin and radiation of land 
plants [3,4]. Lichens are the best-known and most diverse 
examples of algal–fungal mutualisms [4], yet new forms of 

symbiosis between fungi and algae continue to be dis-
covered and described [5].

Algal and fungal diversity
Algae constitute a polyphyletic group of eukaryotic 
photosynthetic organisms that arose through the en-
dosymbiotic acquisition of a cyanobacterial plastid an-
cestor and account for at least ten major radiations and 
eukaryotic clades [6]. The majority of algae are uni-
cellular. However, over the past billion years, multi-
cellularity evolved independently in Chlorophytes, as well 
as streptophyte algae enabling the colonization of land 
and biological radiations [7,8]. While some algal clades 
are strictly photoautotrophic, many are mixotrophic, 
switching between heterotrophic and photosynthetic 
modes [9]. The capacity of mixotrophic nutrition has 
been shown through modeling to increase the efficiency 
of energy flow through ocean food webs [10], and may 
impact how and when fungi and algae interact.

In contrast to algae, fungi comprise a monophyletic 
kingdom of heterotrophic organisms [11]. The early- 
branching fungal lineages Cryptomycota, Sanchytriomycota, 
and Chytridiomycota are aquatic endoparasites of algae 
and other organisms, although the nutrition of chytrids 
can span from strict saprotrophs to obligate parasites 
[12–14]. Fungi have been hypothesized to have had a 
freshwater origin, to have evolved within microbial 
crusts colonizing land, or to have originated through the 
transition from water to terrestrial environments, leading 
to polar multicellular mycelial growth [15,16]. Even 
today, Cryptomycota can be found in alpine snow packs 
where they parasitize diverse algae from Chorophyta and 
Ochrophyta [17,18].

Fungi are osmotrophic organisms and rely on secretory 
pathways for interacting with other organisms and for 
obtaining carbon, nutrients, and water from their en-
vironment [19]. Fungal heterotrophic nutrition may be 
one factor in the landscape of natural selection that may 
explain why such a significant amount of fungal biodi-
versity has evolved to be symbiotic and dependent on 
photosynthetic organisms [2,20]. This allows fungi to 
directly derive their carbon in a high-quality form that 
can easily be assimilated. At an ecosystem level, such 
multikingdom symbioses between photosynthetic algae 
and plants with heterotrophic fungi are likely to improve 
the efficiency of energy flowing through terrestrial food 
webs [21].
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The evolution of symbiotic interactions between algae 
and fungi necessitates that these organisms coexist spa-
tially and temporally in a habitat during some point of 
their life cycle. This is the ecological context that gives 
rise to evolutionary processes. It is relevant that early- 
branching aquatic fungal lineages evolved to be en-
doparasites of many diverse groups of algae [1,12,32]. 
This implies that sophisticated and adaptive genetic 
networks existed in ancestral fungi for locating, inter-
acting with, and colonizing algae, which may have later 
been co-opted to facilitate the evolution of lineage- 
specific symbioses between fungi and algae. For ex-
ample, it has been shown that green algae and land 
plants share orthologous proteins for recognition of 
fungi, homologous to Lysin-motif Receptor-like kinase 
receptors [22]. These receptors are involved in symbiosis 
and are known to trigger immune responses. Thus, 
streptophyte algae were already equipped to detect, and 
potentially defend themselves, against fungal parasites 
[23]. A comprehensive phylogenomic analysis of green 
algal and nonvascular land plant genomes demonstrated 
that the common symbiotic signaling pathway that un-
derlies arbuscular mycorrhizal symbiosis predated the 
first land plants, indicating that their algal ancestors may 
have been preadapted for symbiosis with fungi [22]. 
Indeed, divergence time estimates indicate that fungi 
first occupied terrestrial environments in a mycelial form 
around 790 million years ago, after the loss of the fla-
gellum [4]. At this time in Earth’s history, embryophytes 
might not have yet differentiated from their closest 
aquatic green algal relatives (Zygnematophyceae), thus, 
fungi would have been living in associations with ex-
isting microbial communities, including terrestrial green 
algae. This scenario has been hypothesized to provide 
the context to explain the extreme diversity (∼20 000 
species) of fungi that associate with algae, predominantly 
those that form lichen symbioses [4].

Lichens: the quintessential algal–fungal 
symbiosis
Lichens are perhaps the most well-known and ecologi-
cally successful form(s) of algal–fungal symbioses 
(Figure 1d). Lichens are estimated to colonize nearly 8% 
of Earth’s surface where they play important roles in soil 
formation, stabilization, and functioning, particularly in 
dryland and tundra ecosystems [24–26]. One particularly 
intriguing aspect of the lichen symbiosis is the mor-
phological diversity that arises from these complex 
symbioses, called a holobiont, which distinguishes them 
from that of the individual and distinct lichen-forming 
organisms. Such specialized structures and growth forms 
distinguish lichens from other algal–fungal symbioses. 
Further, the lichen holobiont is able to occupy niches 
that neither partner could occupy independently. Al-
though lichens have long been considered to be com-
posed of a single fungal and algal species, it was recently 
shown that basidiomycete yeasts (i.e. Cystobasiodiomy-
cetes) can be part of the lichen holobiont, and can impact 
lichen metabolism and phenotypes [27,28]. Further, 
while photosynthetic and N-fixing cyanobacteria are 
known to be associated with many lichens, such as the 
Peltigerales, a much larger diversity of bacteria have been 
detected in lichen thalli, although their functional roles 
are still not clear [29].

Lichenized fungal forms have evolved independently 
across Ascomycota and Basidiomycota, however, most li-
chen diversity is found in Lecanoromycetes and 
Eurodiomycetes. In contrast, the algal partners of the 
majority of lichens belong to Chlorophyta and are largely 
dominated by Trebouxiales and Trentepohliales, and in 
some known cases Ochrophyta or streptophyte algae [30]. 
Still, even new lineages of green algae, including within 
Trebouxia, are being found associated with lichenized 
fungi [2,31]. For further details on lichen diversity, 

Figure 1  
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Examples of algal–fungal interactions. (a) Chytrid PSC-L40 on Mougeotia sp. Image by Kensuke Seto, used with permission [32]. (b) Vertical section of 
the Lyomyces crust with a distinct algal layer described as alcobiosis [5], used with permission. (c) Intracellular Nannochloropsis microalgae within 
Linnemannia elongata hyphae [47]; image by Zhi-Yan Du, used with permission. (d) Section of lichen thallus of Lecidea uniformis; image by Jason 
Hollinger. E. Image of Trametes versicolor showing bands of green algae growing on the pileus.
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ecology, symbiosis, and evolution, a recent review on the 
evolutionary biology of lichen symbioses covers these 
topics in depth [2].

Noncanonical algal–fungal symbiosis
Aside from lichens, there are a number of other examples 
of algal–fungal interactions. As already mentioned, chytrid 
fungi and Cryptomycota are known to be endoparasites of 
microalgae (Figure 1a) [12–14]. However, their diversity 
is still undercharacterized and consequently characterized 
as ‘dark-fungal matter’ [32]. Recently, in a workflow that 
included baiting, culturing, photographing, and single-cell 
sequencing, 71 phylogenetic lineages belonging to seven 
phylum-level clades of fungi were documented, with 
most of the species being novel [32]. Given that micro-
algae are increasingly being cultivated in bioreactors and 
open-pond systems at industrial-scale for biomass, oil, and 
bioproducts, outbreaks caused by fungi, including chy-
trids and Aphelidiales, in particular, can be economically 
impactful [33,34].

Algal symbionts growing in association of polypore wood- 
degrading fungi have been previously reported and 
characterized [30,35,36]. These are commonly observed 
in nature as green bands or patches growing across the 
pileus of basidiocarps of Cerrena, Fomes, Lenzites, Stereum, 
Trichaptum, and Trametes spp. (Figure 1e). These algal–-
fungal associations do not appear to be particularly se-
lective, and consist of diverse green algal partners 
composed of one to few species of Chlamydomonas, Des-
mococcus, Elliptochloris, Interfilum, Klebsormidium, Pseudo-
coccomyxa, Scotiellopsis, Sporotetras, Stichococcus, and 
Trebouxia, as sometime photosynthetic Cyanobacteria [37]. 
Efforts to label and trace carbon flow between the sym-
bionts with 14CO2 have demonstrated the capacity of 
Trametes to utilize photosynthesized carbon from algal 
symbionts, however, the transfer amounts and rates were 
low [35]. More recent 14CO2 labeling experiments show 
that fixed 14CO2 by the algae could be traced to fungal 
basidiocarps as well as the decomposing wood that the 
fungal mycelial network had colonized [37].

Recently, a noncanonical but pervasive algal–fungal sym-
biosis referred to as alcobiosis, was described between algal 
members of Trebouxiales and a diversity of corticoid fungal 
symbionts belonging to Agaricomycetes. These included 
Exidiopsis calcea, Tubulicrinis subulatus, Lyomyces sambuci, 
Resinicium bicolor, Skvortzovia furfuracea, Kneiffiella abieticola, 
Botryobasidium botryosum, Exidiopsis calcea, and Xylodon spp. 
— fungal species generally considered to be saprotrophs 
[5]. In this apparent mutualism that is found on bark and 
decomposing wood, green algae form a stratified layer 
beneath the crustose fungal basidiomata, sometimes 
growing within the substrate, and in the case of Lyomyces 

sambuci— Desmococcus form goniocyst-like bundles char-
acterized as algae surrounded by fungal hyphae (Figure 1b) 
[5]. Alcobiosis appears to be facultative, whereby the algae 
and the fungal symbionts can live independent of each 
other, yet when growing together, the algae thrive and in 
the case of Lyomyces sambuci — Desmococcus carbon transfer 
from the algal to the fungal partner was verified through 
isotope ratio mass spectrometry [5]. Interestingly, it ap-
pears that snails may help in the stimulation and co-dis-
persal of these symbionts [5].

Macroalgal mycobiomes and environmental 
sequencing
Some fungi are known to be algicolous endophytes of 
macroalgae, where they colonize their algal hosts without 
causing symptoms [38,39]. Macroalgae, including those of 
Chorophyta, Rhodophyta, and Ochrophyta, are primarily co-
lonized by filamentous ascomycetes, including but not 
limited to Penicillium, Aspergillus, Cladosporium, and Pseu-
dogymnoascus, yeasts, including Metschnikowia, Rhodotorula, 
and Cryptococcus, and in some cases early- branching 
fungal lineages such as Mortierellaceae [38]. In culture- 
based studies on macroalgae, individual macroalgal hosts 
were shown to be colonized by a few dominant species of 
saprotrophic fungi, and these algicolous fungal taxa were 
capable of producing enzymes for degrading algal biomass 
as a means for utilizing algal-derived carbon [40,41]. Re-
search into algicolous fungal endophytes of brown algae 
has also demonstrated that fungal pyrenocine metabolites 
were protective against oomycete and protist pathogens of 
algae, indicating the mycobiome may provide a defensive 
function to the benefit of their algal host [42].

While most fungal diversity within macroalgae may be 
culturable, the ability of culture-independent methods 
for accessing fungal diversity has improved our resolu-
tion and ability to detect fungal diversity and complexity 
associated with various focal host species and environ-
ments. For instance, a recent study used ITS amplicon 
sequencing to access fungal diversity within the brown 
macroalgae Turbinaria and Sargassum (as well as 
sponges), and found that the brown algae mycobiome 
was dominated by Botryosphaeriales, Chaetothyriales, 
Eurotiales, and Hypocreales [43]. In particular, Trichoderma 
was identified as a core member of these macroalgae 
mycobiomes [43]. In another study that combined cul-
ture-based and culture-independent approaches to 
characterize fungal diversity within brown and red algae, 
culture-independent methods based on ITS2 amplicon 
sequencing detected a much higher diversity of fungi 
than did culturing, and found the mycobiomes were 
largely composed of Ascomycetes, including many putative 
novel taxa [44]. Further, algal mycobiomes differed be-
tween host species and host tissue types [44].
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Synthetic algal–fungal interactions
In addition to algal–fungal interactions that have been 
discovered in nature, there are intriguing examples of 
mutualistic interactions that can be induced between 
various algal and fungal partners in the lab that are not 
known to interact in nature, considered here as synthetic 
symbioses. This latent capacity for mutualism and co-
dependence was elegantly shown through spontaneous 
mutualistic interactions between Chlamydomonas and 
Saccharomyces under conditions of atmospheric CO2 
limitation, whereby glucose is metabolized by the yeast 
into CO2 that the algae can fix through photosynthesis, 
and nitrate is reduced by the algae to ammonium, 
making it available to the yeast [45]. Such synthetic and 
obligate mutualisms spontaneously formed between 
other diverse yeast and Chlamydomonas species, only so 
long as the partners were metabolically dependent upon 
each other for usable forms of carbon and nitrogen, in-
dicating a nutrient basis for the interaction. The obligate 
nature of these interactions breaks down if supple-
mented forms of usable carbon or nitrogen are supplied 
to the cocultures. Further, Chlamydomonas was shown to 
interact with the filamentous fungus Aspergillus nidulans 
forming a tight fungal–algal contact interface. However, 
obligate associations were only formed between mutant 
isolates unable to reduce nitrite. In a more recent study 
that combined these two organisms with a toxigenic 
bacterium, Aspergillus nidulans was found to protect 
Chlamydomonas reinhardtii from azalomycin F, an algi-
cidal compound secreted by Streptomyces iranensis [46]. 
Chlamydomonas reinhardtii cells exhibited chemotaxis 
toward Aspergillus nidulans mycelium and increased algal 
survival, which appeared to be a consequence of polar 
lipids in Aspergillus nidulans that bind and neutralize the 
toxin.

In another example of spontaneous mutualisms occur-
ring in a lab setting, the fungal species Linnemannia 
elongata (=Mortierella elongata) was shown to attract and 
flocculate the microalgae Nannochloropsis oceanica [47]. 
This interaction phenotype was conserved among only 
certain Mortierellaceae species among the diverse panel of 
fungal taxa assessed, and was accompanied by the loss of 
the smooth outer component of the Nannochloropsis cell 
wall revealing pseudopodia-like structures that appeared 
to fuse with the fungal cell wall. Through isotope tracer 
experiments using independently 14C- and 15N-labeled 
fungal and algal cells, a net carbon transfer to the fungal 
colony from living algal cells in physical contact with the 
mycelium was observed. However, this was not observed 
in treatments with heat-killed algal cells or those sepa-
rated from the fungus by a membrane, demonstrating a 
biotrophic nature underlying this interaction. In contrast, 
a net transfer of nitrogen to the algae from the fungus 
was found, yet, no contact between the cells was needed 
for this transfer. Perhaps most remarkable, through 

longer-term (30-day) interaction studies, and under 
carbon-limited conditions, the Nannochloropsis cells were 
found to internalize with living fungal cells, where they 
were able to mitotically divide and colonize the fungal 
tissue. While fungal endophytes are common in macro-
algae, this is perhaps the only example of algae colo-
nizing and becoming internalized within fungal cells 
(Figure 1c).

Biotechnology and applications related to 
algal–fungal interactions
Given the propensity of microalgae for producing neutral 
lipids and polyunsaturated fatty acids, along with other 
industrially important metabolites that can be produced 
natively or through engineering, there has been a con-
certed effort to cultivate microalgae at large scales to 
sustainably produce algal biomass for food, energy, and 
industry [48,49]. Yet, while microalgae can be grown 
sustainably using wastewater and materials, harvesting 
microalgae still poses many challenges as centrifugation 
is energy-intensive, and chemical flocculants can com-
promise downstream processing [50]. Further, there 
continue to be challenges in controlling fungal patho-
gens of algae in cultivation systems [51]. Interestingly, 
metabolites produced by fungal endophytes of macro-
algae may have utility in managing diseases in aqua-
cultural systems, including those of microalgae [52].

A number of studies have now shown interactions be-
tween fungi and microalgae that can be harnessed 
technologically for bioflocculation of microalgae, thus 
improving the harvesting efficiency of these systems 
[48,50,53]. Although the mechanisms of bioflocculation 
are not understood in all cases, one mechanism for this 
interaction has to do with cell-wall surface charge of the 
organisms whereby positively charged fungi attract ne-
gatively charged microalgae [53]. In the case of Asper-
gillus niger and Chlorella vulgaris, this attraction has been 
optimized with extracellular polymeric substances to 
improve harvesting efficiency while reducing energy and 
harvesting time [53]. Cell-wall attachment and extra-
cellular polymeric substances were suggested to be re-
sponsible for flocculation efficiency of Chlamydomonas 
reinhardtii by the fungus Mortierella alpina [54]. In an-
other example, the oleaginous fungus Linnemannia elon-
gata was used to bioflocculate Nannochloropsis oceanica 
and not only improved the recovery of the algae, but also 
improved the oil yield and composition of the bio-
flocculants [55].

In addition to the use of fungi for the bioflocculation of 
algae, numerous value-added compounds can be ob-
tained from the coculture biomass, including fatty acids, 
polysaccharides, triglycerides, pigments, surfactants, and 
vitamins that have industrial relevance [56].
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New tools and techniques continue to be developed to 
study algal–fungal interactions, and may have bio-
technological potential. For example, a recent approach 
involves the use of 3D-printed living architecture em-
bedded with fungal–algal cocultures with nanocellulose 
hydrogel. Another study used the white-rot fungus 
Ganoderma lucidum and microalgae Chlorella vulgaris to 
form algal–fungal pellets and demonstrated their effi-
ciency at removing antibiotics and nutrients from was-
tewater [57]. Such emerging approaches could help in 
developing experimentally tractable synthetic systems 
for studying the evolution and ecology of algal–fungal 
symbioses, while generating new approaches and sus-
tainable technologies for developing bioproducts and 
industrial biomaterials.

Conclusions
Heterotrophic fungi and autotrophic algae have a long 
history of ecological and evolutionary interactions that 
include parasitism and different types of nutritional 
symbioses (Table 1). It is clear that much of the living 
fungal dark matter, known only from environmental 
sequencing, includes early-branching aquatic fungal di-
versity whose ecology is still not well- understood or 
described [32,58]. Environmental amplicon sequencing 
has helped to demonstrate the diversity of fungi asso-
ciated with algae in nature, but new approaches, in-
cluding bait-assisted culturing coupled with microscopy 
and single-cell sequencing, are poised to improve our 
understanding of the poorly understood fungal diversity 
and function in aquatic ecosystems and soils [32,59]. 
Ancestral fungi were parasites of microalgae and other 
organisms, thus, fungi and algae have each evolved ge-
netic mechanisms and receptors for detecting and re-
sponding to each other, from ancient gene circuits that 
originated before terrestrialization. This may in part 

explain how algae and fungi appear to be preadapted to 
forming symbioses with each other, including the mul-
tiple origins of lichen symbiosis, alcobiosis, and other 
algal–fungal interaction types. The basis, limits, and 
contingencies to forming nutritional symbioses are still 
not well-resolved. Fungal endophytes associated with 
macroalgae are derived from halotolerant terrestrial 
lineages, but have acquired the enzymatic capacity for 
accessing algal-derived carbon. New techniques, in-
cluding machine learning and 3D printing, provide new 
opportunities to test and utilize biotic interactions for 
the good of humanity. Through further research and 
biotechnological innovation, we have the opportunity to 
harness algal–fungal interactions to improve our under-
standing of natural systems and to use this knowledge to 
develop sustainable technology approaches for produ-
cing food, energy, and bioproducts while decarbonizing 
the economy.

Data Availability

No data were used for the research described in the ar-
ticle.

Declaration of Competing Interest

The author declares that he has no known competing 
financial interests or personal relationships that could 
have appeared to influence the work reported in this 
paper.

Acknowledgements
The author is grateful to Zhi-Yan Du, Christoph Benning, Patrick Edger, 
Bjoern Hamberger, Davis Mathieu, Abigail Bryson, Julian Liber, and other 
collaborators on fungal–algal interactions. I acknowledge United States 
Department of Agriclture National Institue of Food and Agriculture NIFA 

Table 1 

Types of algal–fungal interactions. 

Common name Fungi Algae Habitat Citations

Endoparasites Cryptomycota 
Chytridiomycota

Green algae 
Yellow-green algae 
Diatoms 
Glaucophytes

Aquatic [1,13,32,51]

Lichens Lecanoromycetes 
Eurodiomycetes 
Agaricomycetes

Trebuxiales Terrestrial [2,31]

Alcobiosis Agaricomycetes Trebuxiales Terrestrial [5]
Polypore epiphytes Polyporales Green algae Terrestrial [30,35–37]
Algicolous endophytes Eurotiales 

Yeasts 
Mortierellales 
Chaetothyriales 
Botryosphaeria

Chlorophyta 
Rhodophyta 
Ochrophyta

Aquatic [38–41,43,44]

Synthetic symbioses Aspergillus spp, 
Saccharomyces spp. 
Ganoderma lucidum 
Mortierellales

Chlamydomonas spp. 
Chlorella vulgaris 
Nannochloropsis oceanica

Aquatic [45–49,54–57]

Evolution and Ecology of Algal-Fungal Symbioses Bonito 5

www.sciencedirect.com Current Opinion in Microbiology 2024, 79:102452



project MICL02416, US National Science Foundation grant DEB-1441728, 
US Department of Energy DE-SC0018409, and Michigan Translational 
Research and Commercialization Grant Case-48166 of the 21st Century 
Jobs Trust Fund received through the Michigan Strategic Fund from the 
State of Michigan for support. Michigan State University occupies the an-
cestral, traditional, and contemporary lands of the Anishinaabeg–Three 
Fires Confederacy of Ojibwe, Odawa, and Potawatomi peoples. The uni-
versity resides on land ceded in the 1819 Treaty of Saginaw.

References

1. Van den Wyngaert S, Rojas-Jimenez K, Seto K, Kagami M, 
Grossart H-P: Diversity and hidden host specificity of chytrids 
infecting colonial volvocacean algae. J Eukaryot Microbiol 2018, 
65:870-881.

2. Spribille T, Resl P, Stanton DE, Tagirdzhanova G: Evolutionary 
biology of lichen symbioses. New Phytol 2022, 234:1566-1582.

3. Tena G: From algae to land plants. Nat Plants 2020, 6:594.

4. Lutzoni F, Nowak MD, Alfaro ME, Reeb V, Miadlikowska J, Krug M, 
Elizabeth Arnold A, Lewis LA, Swofford DL, Hibbett D, et al.: 
Contemporaneous radiations of fungi and plants linked to 
symbiosis. Nat Commun 2018, 9:5451.

5. Vondrák J, Svoboda S, Zíbarová L, Štenclová L, Mareš J, Pouska V, 
Košnar J, Kubásek J: Alcobiosis, an algal-fungal association on 
the threshold of lichenisation. Sci Rep 2023, 13:2957. 

This paper describes a frequent, if overlooked, fungal-algal symbiosis 
between a number of algae and corticioid fungi that occurs on bark and 
rotting wood substrates. These symbioses were demonstrated through 
DNA sequence barcoding and 13C assimilated by algae, whereby 
carbon was transferred to some fungal partners as polyols.

6. Eliáš M: Protist diversity: novel groups enrich the algal tree of 
life. Curr Biol 2021, 31:R733-R735.

7. Tang Q, Pang K, Yuan X, Xiao S: A one-billion-year-old 
multicellular Chlorophyte. Nat Ecol Evol 2020, 4:543-549.

8. Morris JL, Puttick MN, Clark JW, Edwards D, Kenrick P, Pressel S, 
Wellman CH, Yang Z, Schneider H, Donoghue PCJ: The timescale 
of early land plant evolution. Proc Natl Acad Sci USA 2018, 
115:E2274-E2283.

9. Caron DA: Mixotrophy stirs up our understanding of marine 
food webs. Proc Natl Acad Sci USA 2016, 113:2806-2808.

10. Ward BA, Follows MJ: Marine mixotrophy increases trophic 
transfer efficiency, mean organism size, and vertical carbon 
flux. Proc Natl Acad Sci USA 2016, 113:2958-2963.

11. Li Y, Steenwyk JL, Chang Y, Wang Y, James TY, Stajich JE, 
Spatafora JW, Groenewald M, Dunn CW, Hittinger CT, et al.: A 
genome-scale phylogeny of the kingdom Fungi. Curr Biol 2021, 
31:1653-1665 e5. 

In this study, a genome-scale phylogeny based on 290 genes and 1644 
species of fungi was generated using concatenation and coalescent- 
based approaches to infer phylogenetic relationships across the 
kingdom with robust support in more than 85% of the relationships.

12. Letcher PM, Powell MJ: A taxonomic summary and revision of 
Rozella (Cryptomycota). IMA Fungus 2018, 9:383-399.

13. Van den Wyngaert S, Ganzert L, Seto K, Rojas-Jimenez K, Agha R, 
Berger SA, Woodhouse J, Padisak J, Wurzbacher C, Kagami M, 
et al.: Seasonality of parasitic and saprotrophic zoosporic fungi: 
linking sequence data to ecological traits. ISME J 2022, 
16:2242-2254.

14. Galindo LJ, López-García P, Torruella G, Karpov S, Moreira D: 
Phylogenomics of a new fungal phylum reveals multiple waves 
of reductive evolution across Holomycota. Nat Commun 2021, 
12:4973. 

In this paper, sequence single-cell was used to resolved 
Chytridiomycota as sister to all other fungi, and a new fast-evolving 
phylum of fungi having amoeboid zoospores and long kinetosomes, 
Sanchytriomycota, is errected with high support as sister to 
Blastocladiomycota.

15. Kiss E, Hegedüs B, Virágh M, Varga T, Merényi Z, Kószó T, Bálint B, 
Prasanna AN, Krizsán K, Kocsubé S, et al.: Comparative 

genomics reveals the origin of fungal hyphae and 
multicellularity. Nat Commun 2019, 10:4080.

16. Naranjo-Ortiz MA, Gabaldón T: Fungal evolution: major 
ecological adaptations and evolutionary transitions. Biol Rev 
Camb Philos Soc 2019, 94:1443-1476.

17. Yakimovich KM, Engstrom CB, Quarmby LM: Alpine snow algae 
microbiome diversity in the coast range of British Columbia. 
Front Microbiol 2020, 11:1721.

18. Fiołka MJ, Takeuchi N, Sofińska-Chmiel W, Wójcik-Mieszawska S, 
Irvine-Fynn T, Edwards A: Morphological and spectroscopic 
analysis of snow and glacier algae and their parasitic fungi on 
different glaciers of Svalbard. Sci Rep 2021, 11:21785.

19. Cairns TC, Zheng X, Zheng P, Sun J, Meyer V: Turning inside out: 
filamentous fungal secretion and its applications in 
biotechnology, agriculture, and the clinic. J Fungi 2021, 7:535.

20. Miyauchi S, Kiss E, Kuo A, Drula E, Kohler A, Sánchez-García M, 
Morin E, Andreopoulos B, Barry KW, Bonito G, et al.: Large-scale 
genome sequencing of mycorrhizal fungi provides insights into 
the early evolution of symbiotic traits. Nat Commun 2020, 
11:5125.

21. Bahram M, Netherway T: Fungi as mediators linking organisms 
and ecosystems. FEMS Microbiol Rev 2022, 46:fuab058.

22. Delaux P-M, Radhakrishnan GV, Jayaraman D, Cheema J, Malbreil 
M, Volkening JD, Sekimoto H, Nishiyama T, Melkonian M, Pokorny 
L, et al.: Algal ancestor of land plants was preadapted for 
symbiosis. Proc Natl Acad Sci USA 2015, 112:13390-13395.

23. Berbee ML, Strullu-Derrien C, Delaux P-M, Strother PK, Kenrick P, 
Selosse M-A, Taylor JW: Genomic and fossil windows into the 
secret lives of the most ancient fungi. Nat Rev Microbiol 2020, 
18:717-730.

24. Finger-Higgens R, Duniway MC, Fick S, Geiger EL, Hoover DL, 
Pfennigwerth AA, Van Scoyoc MW, Belnap J: Decline in biological 
soil crust N-fixing lichens linked to increasing summertime 
temperatures. Proc Natl Acad Sci USA 2022, 119:e2120975119.

25. Chen J, Blume H-P, Beyer L: Weathering of rocks induced by 
lichen colonization — a review. Catena 2000, 39:121-146.

26. Mallen-Cooper M, Rodríguez-Caballero E, Eldridge DJ, Weber B, 
Büdel B, Höhne H, Cornwell WK: Towards an understanding of 
future range shifts in lichens and mosses under climate 
change. J Biogeogr 2023, 50:406-417.

27. Spribille T, Tuovinen V, Resl P, Vanderpool D, Wolinski H, Aime MC, 
Schneider K, Stabentheiner E, Toome-Heller M, Thor G, et al.: 
Basidiomycete yeasts in the cortex of ascomycete 
macrolichens. Science 2016, 353:488-492.

28. Cometto A, Leavitt SD, Millanes AM, Wedin M, Grube M, Muggia L: 
The yeast lichenosphere: high diversity of basidiomycetes from 
the lichens Tephromela atra and Rhizoplaca melanophthalma. 
Fungal Biol 2022, 126:587-608. 

Lichens are well known to be symbiotic associations between fila-
mentous fungi and green algae, and in some cases have additional 
cyanobacterial and yeast symbionts. In this, at the mycobiome diversity 
of two lichen species is characterized through global high elevation 
sampling using culture-dependent and independent approaches, and 
76 new strains of basidiomycetous yeasts in lichens were detected 
showing some patterns of host-preference.

29. Noh H-J, Park Y, Hong SG, Lee YM: Diversity and physiological 
characteristics of antarctic lichens-associated bacteria. 
Microorganisms 2021, 9:607.

30. Mukhin VA, Neustroeva NV, Patova EN, Novakovskaya IV: Lichen- 
like symbiotic associations of wood-decaying fungi and algae. 
I. Biodiversity and ecology of photobionts. KnE Life Sci (7) 2018, 
4:134-142.

31. Xu M, De Boer H, Olafsdottir ES, Omarsdottir S, Heidmarsson S: 
Phylogenetic diversity of the lichenized algal genus Trebouxia 
(Trebouxiophyceae, Chlorophyta): a new lineage and novel 
insights from fungal-algal association patterns of Icelandic 
cetrarioid lichens (Parmeliaceae, Ascomycota). Bot J Linn Soc 
2020, 194:460-468.

6 Host-Microbe Interactions: Fungi 

www.sciencedirect.com Current Opinion in Microbiology 2024, 79:102452



32. Seto K, Simmons DR, Quandt CA, Frenken T, Dirks AC, Clemons 
RA, McKindles KM, McKay RML, James TY: A combined 
microscopy and single-cell sequencing approach reveals the 
ecology, morphology, and phylogeny of uncultured lineages of 
zoosporic fungi. MBio 2023, 14:e0131323. 

A workflow that combined baiting, microscopy and single-cell sequen-
cing was used to reveal in a high-diversity of parasitic lineages of 
aquatic fungi including potentially novel phyla.

33. Laezza C, Salbitani G, Carfagna S: Fungal contamination in 
microalgal cultivation: biological and biotechnological aspects 
of fungi-microalgae interaction. J Fungi 2022, 8:1099.

34. Widin SL, Billings KM, McGowen J, Cardinale BJ: Biodiversity and 
disease risk in an algal biofuel system: An experimental test in 
outdoor ponds using a before-after-control-impact (BACI) 
design. PLoS One 2022, 17:e0267674.

35. Zavada MS, Dimichele L, Toth CR: The demi-lichenization of 
Trametes versicolor (L.:fries) pilat (Polyporaceae): the transfer 
of fixed 14CO2 from epiphytic algae to T. Versicolor. Nena 2004, 
11:33-40.

36. Zavada MS, Simoes P: The possible demi-lichenization of the 
basidiocarps of Trametes versicolor (L.:fries) pilat 
(Polyporaceae). Nena 2001, 8:101-112.

37. Mukhin VA, Patova EN, Kiseleva IS, Neustroeva NV, Novakovskaya 
IV: Mycetobiont symbiotic algae of wood-decomposing fungi. 
Russ J Ecol 2016, 47:133-137.

38. Ogaki MB, de Paula MT, Ruas D, Pellizzari FM, García-Laviña CX, 
Rosa LH: Marine fungi associated with Antarctic macroalgae. In 
The Ecological Role of Micro-organisms in the Antarctic 
Environment. Edited by Castro-Sowinski S. Springer International 
Publishing; 2019:239-255.

39. Martorell MM, Lannert M, Matula CV, Quartino ML, de Figueroa 
LIC, Cormack WM, Ruberto LAM: Studies toward the 
comprehension of fungal-macroalgae interaction in cold 
marine regions from a biotechnological perspective. Fungal Biol 
2021, 125:218-230. 

In this study, 13 macroalgae species were sampled from Antarctica, and 48 
fungal isolates were phenotyped. Fungal isolates were obtained from six 
macroalgae and included novel fungal taxa with physiological traits useful to 
bioprospecting and biotechnology, yet organic extracts of seven macroalgae 
from which no fungal isolates were obtained showed antifungal activity and a 
promising source of compounds from macroalgae as well.

40. Furbino LE, Pellizzari FM, Neto PC, Rosa CA, Rosa LH: Isolation of 
fungi associated with macroalgae from maritime Antarctica 
and their production of agarolytic and carrageenolytic 
activities. Polar Biol 2018, 41:527-535.

41. Patyshakuliyeva A, Falkoski DL, Wiebenga A, Timmermans K, de 
Vries RP: Macroalgae derived fungi have high abilities to 
degrade algal polymers. Microorganisms 2019, 8:52.

42. Vallet M, Strittmatter M, Murúa P, Lacoste S, Dupont J, Hubas C, 
Genta-Jouve G, Gachon CMM, Kim GH, Prado S: Chemically- 
mediated interactions between macroalgae, their fungal 
endophytes, and protistan pathogens. Front Microbiol 2018, 9:3161.

43. Wong Chin JM, Puchooa D, Bahorun T, Neergheen VS, Aullybux 
AA, Beedessee G, Nazurally N, Alrefaei AF, Jeewon R: 
Metabarcoding assessment of fungal diversity in brown algae 
and sponges of Mauritius. Front Microbiol 2022, 13:1003790.

44. Bonthond G, Barilo A, Allen RJ, Cunliffe M, Krueger-Hadfield SA: 
Fungal endophytes vary by species, tissue type, and life cycle 
stage in intertidal macroalgae. J Phycol 2022, 58:330-342. 

In this study, amplicon sequencing and culturing were used in combi-
nation to characterize fungal communities associated with three brown 
and two macroalgae from a single intertidal zone. Fungal communities 
were shown to differ by host, life stage and tissue type.

45. Hom EFY, Murray AW: Plant-fungal ecology. Niche engineering 
demonstrates a latent capacity for fungal-algal mutualism. 
Science 2014, 345:94-98.

46. Krespach MKC, García-Altares M, Flak M, Hanno S, Scherlach K, 
Netzker T, Schmalzl A, Mattern DJ, Schroeckh V, Komor A, et al.: 
Lichen-like association of Chlamydomonas reinhardtii and 
Aspergillus nidulans protects algal cells from bacteria. ISME J 
2020, 14:2794-2805.

47. Du Z-Y, Zienkiewicz K, Vande Pol N, Ostrom NE, Benning C, Bonito 
GM: Algal-fungal symbiosis leads to photosynthetic mycelium. 
Elife 2019, 8:e47815.

48. Liber JA, Bryson AE, Bonito G, Du Z: Harvesting microalgae for 
food and energy products. Small Methods 2020, 4:2000349.

49. Arora N, Nanda M, Kumar V: Sustainable algal biorefineries: 
capitalizing on many benefits of GABA. Trends Biotechnol 2023, 
41:600-603.

50. Min KH, Kim DH, Ki M-R, Pack SP: Recent progress in 
flocculation, dewatering, and drying technologies for 
microalgae utilization: scalable and low-cost harvesting 
process development. Bioresour Technol 2022, 344:126404.

51. Letcher PM, Lopez S, Schmieder R, Lee PA, Behnke C, Powell MJ, 
McBride RC: Characterization of Amoeboaphelidium 
protococcarum, an algal parasite new to the cryptomycota 
isolated from an outdoor algal pond used for the production of 
biofuel. PLoS One 2013, 8:e56232.

52. Deutsch Y, Gur L, Berman Frank I, Ezra D: Endophytes from 
algae, a potential source for new biologically active 
metabolites for disease management in aquaculture. Front Mar 
Sci 2021, 8:1-13. 

In this paper, bioflocculation of the negatively charged microalgae 
Chlorella vulgaris was carried out with the fungus Aspergillus niger by 
activating Extracellular Polymeric Substances (EPS) in the positively 
charged fungi. Harvesting of Chlorella vulgaris with Aspergillus niger 
reduced harvesting time, energy, and environmental costs, thus in-
creased harvesting efficiency.

53. Isaroyati L, Hadiyanto H: The effect of bioflocculants and 
cationic inducers concentration on harvesting Chlorella 
vulgaris biomass using fungal Aspergillus niger bioflocculation 
method. IOP Conf Ser: Earth Environ Sci 2022, 1098:012062.

54. Shitanaka T, Higa L, Bryson AE, Bertucci C, Vande Pol N, Lucker B, 
Khanal SK, Bonito G, Du Z-Y: Flocculation of oleaginous green 
algae with Mortierella alpina fungi. Bioresour Technol 2023, 
385:129391. 

In this paper a highly efficient and sustainable harvesting of 
Chlamydomonas with the oleaginous fungus Mortierella alpina is pre-
sented. The efficient flocculation is due to cell-wall attachment and extra 
polymeric substances (EPS) production by the fungus, and results in an 
algal-fungal biomass enriched in unsaturated fatty acids.

55. Du Z-Y, Alvaro J, Hyden B, Zienkiewicz K, Benning N, Zienkiewicz 
A, Bonito G, Benning C: Enhancing oil production and harvest by 
combining the marine alga Nannochloropsis oceanica and the 
oleaginous fungus Mortierella elongata. Biotechnol Biofuels 
2018, 11:174.

56. Wu W, Li S, Xie P, Li X, Chang H, Ho S-H: Algal-fungal 
interactions and biomass production in wastewater treatment: 
Current status and future perspectives. Algal Res 2023, 
70:103021.

57. Liu J, Wang Z, Zhao C, Li AJ, Chen X, Zhang H, Zhao Y: Co- 
pelletization of fungi and microalgae for efficient tetracycline 
and nutrient removal. J Environ Chem Eng 2024, 12:111857.

58. Grossart H-P, Wurzbacher C, James TY, Kagami M: Discovery of 
dark matter fungi in aquatic ecosystems demands a 
reappraisal of the phylogeny and ecology of zoosporic fungi. 
Fungal Ecol 2016, 19:28-38.

59. Grossart H-P, Van den Wyngaert S, Kagami M, Wurzbacher C, 
Cunliffe M, Rojas-Jimenez K: Fungi in aquatic ecosystems. Nat 
Rev Microbiol 2019, 17:339-354.

Evolution and Ecology of Algal-Fungal Symbioses Bonito 7

www.sciencedirect.com Current Opinion in Microbiology 2024, 79:102452


	Ecology and evolution of algal–fungal symbioses
	Introduction
	Algal and fungal diversity
	Lichens: the quintessential algal–fungal symbiosis
	Noncanonical algal–fungal symbiosis
	Macroalgal mycobiomes and environmental sequencing
	Synthetic algal–fungal interactions
	Biotechnology and applications related to algal–fungal interactions
	Conclusions
	Data Availability
	Declaration of Competing Interest
	Acknowledgements
	References


