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Microplastics (MPs) are plastic particles <5 mm in size, that end up ultimately in marine and freshwater ecosystems, adversely affecting various ecological functions. With the multifaceted roles of fungi and their diverse modes of interaction such as saprobic, epibiotic, endobiotic, parasitic, and symbiotic or being a nutritionally enriched food source in aquatic ecosystems, the effect of MPs on fungi–plankton interactions is still less explored. Properties of MPs such as (i) size range similar to those of microeukaryotes, (ii) substrate for unique microbiota, (iii) ability to be transported from the source to faraway waterbodies, and (iv) sorption of pollutants, have adverse effects on various guilds of ecological organization. MPs also tend to alter nutrient cycling and inhibit efficient energy transfer through microbial and mycoloop in an ecosystem. This paper comprehensively reviews the effect of MPs at the population and community level on the complex ecological (fungi–phytoplankton–zooplankton) interactions with an emphasis on the role of fungi in the aquatic ecosystem. Examination of existing literature revealed that MPs can interfere in ecosystem functioning by acting in synergy with fungi, while antagonistically affecting the community and vice-versa. Herein, we explore current understanding of the effect of MPs on major components of microbial and mycoloop in the marine food web, elaborating MPs-mediated changes in the ecosystem functioning, identifying research gaps, and highlighting the need for future research.
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Highlights

	Microplastics (MPs) intervene in ecosystem functioning of aquatic microeukaryotes.

	MPs effects are seen at the community level via trophic transfer affecting microbial and mycoloop.

	MPs negatively affect the population of phytoplankton and zooplankton.

	MPs favor biofilm-forming bacteria, fungi, harmful algae, and invasive species by providing a stable artificial substrate.

	Plastic additives influence the outcomes of bacteria–fungi–plankton interactions.

	Integration of various trophic guilds and plastisphere communities remains to be prospected for biodegradation of MPs.






1 Introduction

Microplastics (MPs) are synthetic organic polymers of particle size <5 mm that can be further degraded to particles <100 nm in size. They present a major challenge to the aquatic environment due to long-distance inter- and intra-environmental transport and being similar to the size of plankton. A substantial portion of the yearly global production of over 300 million tonnes (Mt) of plastics end up in inland water bodies and oceans, mainly through river transport (Lebreton et al., 2018; IUCN, 2021). Approximately 367 Mt plastic products had been produced till 2020, which has been increasing annually (Plastics Europe, 2021). Based on polymer type, plastics are mainly categorized as polystyrene, poly-ethylene, poly-propylene, poly-ethylene terephthalate, and poly-vinyl chloride. These plastics turn into MPs through various processes such as biological degradation, photochemical fragmentation, and mechanical wear and tear into various shapes such as fragments, films, fibers, foams and beads. Thus, MPs originate from two distinct pathways: primary and secondary sources. Primary sources of MPs are directly produced at micrometric size, such as plastic pellets, exfoliating cosmetics, and clothing fibers, whereas, secondary MPs originate from the breakdown of larger pieces (Li et al., 2018). Certain chemical additives such as flame retardants, stabilizers, softeners, plasticizers, and dyes are also used during the production of plastics to enhance its properties. These additives leach out of weathered plastic debris and are also known to have endocrine-disrupting activities and other hazardous effects in marine ecosystems. Additionally, their hydrophobicity, and high surface area-to-volume ratio, may facilitate MPs to continuously adsorb many hazardous substances, including organic pollutants and toxic metals (Rodrigues et al., 2019), and can adversely affect the aquatic biota (Ryan, 2016). In marine organisms that ingest MPs, chemicals adsorbed on the surface of MPs can accumulate in biological tissues and have harmful effects on marine organisms at different trophic levels. MPs have become a symptom of ongoing unsustainable production and consumption patterns. MPs are being widely reported from diverse aquatic ecosystems including deep sea (Van Cauwenberghe et al., 2013), Antarctic fjords (Garza et al., 2023), Himalayan glaciers (Zhang et al., 2021), the large ocean gyres in the Pacific Ocean (Do Sul et al., 2013; Eriksen et al., 2013; Law and Thompson, 2014), the Atlantic Ocean (Cózar et al., 2017), the Indian Ocean (Jeyasanta et al., 2023), and from coasts (Tiwari et al., 2019) to open seas (Pan et al., 2022). In 2020, a rough estimate of the amount of plastics in the ocean was 150×106 metric tons. So, along with other contaminants plastics are threatening global oceanic biodiversity and disrupting ecosystem functioning. It is relevant to mention that the majority of laboratory bioassay tests have not recorded any acute or inherently toxic effects of MPs, except a few studies (Jemec et al., 2016; Gray and Weinstein, 2017). On the other hand, significant chronic-sub-lethal effects on lower trophic organisms have been reported from long term, realistic environmental timescales, which points to effects on entire ecosystems through trophic cascades (Galloway et al., 2017; Botterell et al., 2019). Considering the steady rise in the production of plastics and the stability of MPs, the amount of MPs in the ocean is likely to increase while their average size will decrease (Jahnke et al., 2017) (Table 1). MPs, being similar to the size range of plankton and meiobenthic species that form the base of the food chain, pose an ecological threat to the marine environment by means of (i) ingestion of MPs by marine organisms like copepods, rotifers, mollusks, and fishes, (ii) trophic transfer, (iii) spread of diseases (Mei et al., 2020), and (iv) accumulation in biomass of marine organisms. Eventually, because of their pervasive nature and ever-increasing concentration, MPs are more likely to affect whole ecosystem functioning by impacting interactions, ingestions, providing substrate for colonization and biofilm formations by bacteria and fungi, incurring hazardous effects across food webs and entanglement causing physical hindrances to usual ecological activities of fungi, phytoplankton and zooplankton (Ziajahromi et al., 2017). Understanding how microplastic (MP) pollution affects fungal diversity and their interactions is paramount to predicting their ecological consequences. So far current understanding of ecological effects of MP pollution comes from laboratory studies applying single species bioassay tests, however, the environmental effects at ecosystem level cannot be simply explained by species-specific response of marine organisms against MPs. As, the alteration in the normal ecosystem functioning is linked to changes in the functional composition of the community, which in turn related to the changes in the structure of population (Rudolf and Rasmussen, 2013). The impacts depend upon how MPs alter the direct and indirect interaction of fungi with marine organisms. Herein, we review the current knowledge of the effects of MPs on major components of the microbial loop of the marine food web and MPs-mediated changes in the functioning of mycoloop (a trophic pathway, transferring carbon and nutrients to higher trophic levels through fungal zoospores) (Kagami et al., 2014). Based on the limited number of published papers, this review identifies research gaps and highlights the need for more detailed studies to determine the MPs-driven alterations in the outcome of interactions among fungi and other marine organisms. We also offer insights into how MPs affect interactions between fungi and marine zooplankton, while analyzing the possible long-standing ecological threats posed by MPs to marine ecosystems. This paper reviews available literature on the impacts of MPs on various ecosystem functions mediated by aquatic fungi and their role in the mitigation of plastic contamination in aquatic ecosystems. We have critically surveyed available literature on the role of fungi in shaping marine ecosystems through their diverse interactions with marine copepods and how the presence of MPs alters these ecological processes.


Table 1 | Distribution of microplastics in oceans across the globe.






2 Population-level impacts of MPs

For the past five years, several studies have explored the impact of MPs on the health of individual organisms and the underlying mechanisms of population level effects e.g. MPs ingestion causes reduction in predator escape ability, and food intake capacity, blocks enzyme synthesis, causes retarded somatic growth, lower steroid hormone levels, and delayed ovulation leading to reproductive failure (Cole et al., 2011; Everaert et al., 2018; Athey and Erdle, 2022; Galgani et al., 2022; Wright et al., 2013; Ryan, 2015; Kumari et al., 2023). The most common manifestation of the ecological effects of any type of stress is an alteration in the (i) population growth trajectory of a species, and (ii) outcomes of population interactions.

Since both MPs and fungi are morphologically within the dietary niche breadth of zooplankton, they enter the food web and impact trophic structure and trophodynamics, intervening nutrient cycling. Even though some information on MP-mediated changes in energy uptake is available on zooplankton, which constitutes a central trophic link in pelagic food webs (Galloway et al., 2017; Macali and Bergami, 2020), only anecdotal information is available on fungal diversity and ecological function despite their critical ecological significance.

Numerous studies have reported the adverse effects of MPs exposure on single organism (Bergami et al., 2017; Lin et al., 2019; Kumari et al., 2023). However, at the higher levels of the ecological organization (community and ecosystem), and interactions, the MPs mediated impacts are still poorly understood. Ecological interactions such as parasitism, competition, and predation have a greater impact on the major functional components of an ecosystem (biogeochemical cycling, energy flow, ecological succession, and nutrient transfer) than on the fitness of a single species (Kumar, 2003). Biological interactions are also indicators of ecosystem health and the extent of ecological disturbance (Valiente-Banuet et al., 2015). In addition to direct effects, MPs also form a micro-ecosystem by providing artificial substrates for the colonization of diverse organisms (Rosato et al., 2020). These organisms are attached to the surface of MPs or in the extracellular matrix formed by other organisms. MPs constitute an important artificial substrate for fungal colonization as fungi are among the early colonizers of plastic (Jacquin et al., 2019). These fungi play prominent roles in biofilm formation, altering the plastisphere’s properties. A complex range of ecological niches from littoral to the deep sea, and pelagic to abyssal zones having diverse functional roles, is occupied by fungi. Fungi play a prominent role in environmental processes and are associated with organisms representing almost all trophic levels of the marine food web, being saprobic, epibiotic, endobiotic, parasitic, or symbiotic and being a nutritionally enriched food source.

Recent metagenomic studies (Breyer et al., 2022) have brought to light unknown and undetectable marine fungal diversity in widespread habitats, including the water column (Richards et al., 2015), ocean sediments (Raghukumar and Raghukumar, 1998), coral reefs (Golubic et al., 2005), the benthic vent ecosystem trench (Keeler et al., 2021) and animal hosts.

These phylogenetically diverse fungi are likely to be differentiated by geography, environmental conditions, and substrate, providing further insight into the high prevalence of marine fungal pathogens on phytoplankton in marine ecosystems. Understanding fungal interactions in marine ecosystems is based on concepts that are similar to those of their counterparts in terrestrial ecosystems. In spite of higher phylogenetic diversity and nifty metabolic potentials, the kingdom Fungi received little attention in earlier studies on epiplastic or plastisphere community. Significant efforts have been made to link the presence of a fungi to its functional role as detected through metagenomic surveys. Based on our current understanding of the kingdom Fungi, which can be found associated with every organism described so far, fungi have been associated with disease in seagrasses, corals, crustaceans, and higher marine organisms (Ramaiah, 2006). Extracellular enzymes and bioactive secondary metabolites released by fungi have a potential role in influencing microbial communities in marine ecosystems directly or indirectly (Gonçalves et al., 2021) as in terrestrial ecosystems (Kües, 2015). Further, fungi associated with phytoplankton as a pathogen or parasite have an implicit role in the microbial carbon cycle, regulating phytoplankton population and affecting the release of dissolved organic matter that eventually affects the microbial community structure. A clear distinction has been observed between the fungal community in marine, estuarine, and freshwater habitats (Mohamed and Martiny, 2011). According to earlier studies, most organisms are adapted to either freshwater or marine ecosystems. A study by Rojas-Jimenez et al. (2019) reported significant differences in fungal community structure above and below the salinity range of 8 PSU. However, some species, such as Aspergillus flavus, are widespread and can be found in various habitats (Ramírez-Camejo et al., 2012). Lately culture-independent methods of fungal inventory have elucidated several fungal groups including Ascomycota, Basidiomycota and Chytridiomycota and Cryptomycota with relatively higher fractions of Chytridiomycota in marine and freshwater ecosystems (Richards et al., 2015; Kettner et al., 2017), with significantly higher fungal richness and diversity were observed in epiplastic biofilm (Kettner et al., 2017) representing Chytridiomycota, Cryptomycota, Ascomycota and Basidiomycota. Furthermore, organic substances adsorbed to the plastic surface are likely to entice fungi, which Donlan (2002) referred as conditioning of plastic surface for colonization of saprotrophic fungi (Wurzbacher et al., 2011; Richards et al., 2012).

On plastic surfaces, biofilms are formed through the release of extracellular matrix, forming a stable consortium on the surface by several microorganisms including fungi. It is possible that changes in functionality correlate with a change in taxonomic composition (Allison and Martiny, 2008). For example, the numerous Chytridiomycota present in the MPs biofilms may cause various types of saprotrophic or parasitic relationships with the inhabiting primary producers, mediating the movement of energy, carbon, and nutrients into the food chain (Agha et al., 2016). Fungal communities associated with the MPs were shown to be highly dependent on location and substrate types. For example, colonization study in the North Sea reported highly diverse pattern in fungal community structure between harbor and coastal site (De Tender et al., 2017). The association of fungi in MPs biofilm may be attributed to their higher affinity to attach on solid surfaces or to establish a relationship with the other organisms associated with biofilm or fungi may be attracted by organic substrates adsorbed by the MPs.

Unlike, natural substrate, MPs can persist in the environment for a long duration along with the attached biota. So far, the investigated epiplastic communities include prokaryotic bacteria (Stenger et al., 2021), cyanobacteria, and eukaryotic, unicellular and oligocellular-fungi (Reisser et al., 2014), which have been reported from marine and freshwater ecosystems globally (Florio Fumo et al., 2022; Sooriyakumar et al., 2022). Epiplastic fungal communities differ from those in surrounding water or on the natural substrate (Kettner et al., 2017).

The increasing accumulation of MPs and selective colonization of certain fungal groups could be transported to long distances facilitating the spread of fungi to diverse habitats. However, it is not yet clear, how stable are the fungi associated with the MPs and whether they are likely to be changed by local environmental factors or remain more resilient in their micro-niche on the MPs surface. The ecological consequences of distinct fungal communities on MP, however yet to be investigated. Frequent and diverse fungal occurrence and abundance in epiplastic community (Kim et al., 2022), points towards their important role and high relevance in plastisphere micro-ecosystems. The interaction between microbes and plastic surface also influences the effect of microplastics on ecosystems. The large surface area of plastics offers a favorable substrate for microbial colonization and biofilm formation, acting as a protective ecological niche known as plastisphere. Several fungal pathogens and associated production of appressoria (invasive structure used to adhere), biofilm formation, thigmotropism, and mucilage secretion are attributed to higher pathogens prevalence in the plastisphere (Harding et al., 2009). In a recent study of terrestrial ecosystems, 34 to 127 different fungal OTUs have been identified from a single plastic sample (Gkoutselis et al., 2021). Fungi have been reported to have the ability to adhere to plastic surfaces by increasing cell wall hydrophobicity through fungal proteins (Harding et al., 2009). Such effects are likely to take place in different biomes (Gkoutselis et al., 2021; Sheridan et al., 2022). All these attributes point to the modulating role of MPs on fungal population trajectories and predestination of pathogenic fungi to colonize the plastisphere.

Study by Schampera et al. (2021) shows the MPs effect on the chytrid infection on cyanobacterium Planktothrix agardhii, altering outcomes of host–parasite interactions. The modulation in the environment by the MPs had both direct and indirect impacts on the host’s fitness and susceptibility to infection. Aggregation of MPs around the host results in shading and reduced light availability impacting primary productivity, impeding the host growth, and increasing sedimentation. Seena et al. (2019) conducted a microcosm study to understand the impact of nano-polystyrene plastic (100 nm, 0–102.4 mg/L) on the process of litter decomposition by aquatic fungi (hyphomycetes). They recorded different tolerance levels to nano-polystyrene plastic by different fungal species. These studies have shown that species in the surrounding water column are different from the plastisphere (Oberbeckmann et al., 2016), and community composition and succession vary spatially and temporally. Thus, MPs constitutes a microhabitat with relatively higher affinity and flexibility. Such habitat preference and avoidance affect the population trajectory of epiplastic species, and fungi – being pathogens, parasites, symbionts or saprobes – are likely to shape up the community dynamics and cycling processes within plastisphere. Thus the kingdom Fungi with their versatile functional roles as parasites, pathogens, symbionts or saprobes are major determinants of community structure and cycling of materials among plastisphere community.




3 Community-level impact of MPs

Being similar in size of autotrophic and heterotrophic protists (Tseng et al., 2011), zooplankton, and fungal spores, MPs are likely to alter the outcome of species interactions leading to alteration at the community level (Lehtiniemi et al., 2018). In consideration with symbiotic, commensal, parasitic, and saprobic association of fungi with prokaryotes, phytoplankton, zooplankton and their abundance in marine ecosystems (Gutiérrez et al., 2011; Bochdansky et al., 2017; Hassett et al., 2019), the role of fungi is not included in marine ecological models (Worden et al., 2015). According to Fryar et al. (2001) and Duarte et al. (2013), the results of species interactions within fungi depend on the availability of nutrients in the fungal substrate. Therefore, from an ecological perspective, it is necessary to take into account environmental factors such as MPs as well as substrate characteristics when studying community assemblages and fungal interactions. Furthermore, fungi and MPs interact (directly or indirectly) with different components of the food web (prokaryotes, phytoplankton and zooplankton), indicating diverse interactions that leads to concurrent changes in ecological process. Major goal of this review is to elucidate modifying role of MPs on fungi–zooplankton interactions. Provided that the majority of zooplankton are either bacterivorous or algaevorous the effects of fungi on prokaryotic bacteria, cyanobacteria and eukaryotic phytoplankton could substantially affect zooplankton community. To understand indirect effects of fungi on zooplankton via prokaryotes and algae, we also review effects of MPs on fungi-prokaryotes and fungi–phytoplankton interactions.



3.1 Fungi–prokaryote interaction and MPs

Prokaryotic bacteria and eukaryotic fungi often share microhabitats/substrate where they colonize and establish a dynamic co-evolved community. In addition to sorption of various organic and inorganic compounds, the MPs surface also offer a favorable artificial substrate for biofilm formation, thus facilitate colonization of diverse microbial communities (Zettler et al., 2013; Hoellein et al., 2017; Dussud et al., 2018), which constitutes a preferred ecological niche, continuously expanding due to the discharge of land driven MPs and plastic debris into marine ecosystems.

All the studies on plastisphere community have described coexistence of microbial species representing a wide diversity of fungal and bacterial families (González-Pleiter et al., 2021; Li et al., 2021). MPs surface is colonized by bacteria such as Bacteroidetes, Cyanobacteria, Proteobacteria, Alphaproteobacteria, Gammaproteobacteria, Acinetobacter etc. algae and fungi. They are major recyclers, decomposers and cornerstone communities playing pivotal roles in the functioning of marine ecosystems, regulating biogeochemical cycles. In addition to constituting an artificial island for colonization and biofilm formation, MPs were found to be dispersed in different parts of aquatic habitats including pristine unaffected regions and leach dissolved organic matter (DOM) through physical, chemical, and biological degradation (Suhrhoff and Scholz-Böttcher, 2016; Gewert et al., 2018; Amaral-Zettler et al., 2020). Along with providing physical barrier/substrate, leachate from degraded MPs may affect bacterial population growth due to hazardous compounds added to synthetic polymers. Many of such plastic additives are hydrophobic organic compounds with a property to sorb to polymers. These toxic additives may harm, and potentially bio-magnify to higher trophic levels by bacterivorous organisms. Bacterial response to plastic leachate depends on (i) the natural molecular composition of DOM and (ii) the ability of bacteria to use plastic leachate. Conversely, leachate may be beneficial to bacteria in ambient waters with (i) highly labile DOM, and (ii) providing DOM similar to naturally occurring DOM. These plastic leachates are used as a source of energy by bacterial community and are transferred towards higher trophic levels through food web. Synthetic polymers (Chen et al., 2020) and lignin (Janusz et al., 2017) are gradually degraded by prokaryotes. The fungal diversity on plastic wastes is influenced by the colonizing mechanisms of the microbes (Miao et al., 2023). Fungal species have also been reported in inhabiting other plastic colonising microorganisms (Webb et al., 2000; Gkoutselis et al., 2021). Some Hypocreales and Pleosporales species are also known to obtain their nutrients from other fungi, either by commensalism or parasitism (Sun et al., 2019). Several species in the order Hypocreales and Pleosporales have been reported to have low Polycaprolactone (PCL) degradation ability, indicating that they have alternative sources for nutrients. Because of the composition and amounts of additives, the outcomes of fungi-bacteria interactions are likely to be modified attributed to differential sensitivity to additives for different species. By impacting carbonyl indices, microbial colonization affects the properties of plastic surfaces that in turn determine the colonization and species composition in biofilm. Both, the material type and size determine the biofilm formation and microbial community composition on MPs (Parrish and Fahrenfeld, 2019).




3.2 Fungi–phytoplankton interaction and MPs

Fungi belonging to the group Chytridiomycota are known to infect phytoplankton. These parasites commonly act as prey either by concomitant predation (get consumed by a predator along with the infected host) or through direct consumption of their free-swimming life forms. A study in the upwelling zone near Central Chile of the Humboldt current system established the presence of mycoloop in the marine food web (Gutiérrez et al., 2016). Food web models also highlight the significance of mediating carbon and energy transfers by chytrid infections, around 20% of gross primary production is conveyed by chytrid parasitism and satisfy about 38% of zooplankton nutritional needs (Grami et al., 2011; Haraldsson et al., 2018). During bloom conditions, large inedible fungi sink from the euphotic zone resulting in a loss of nutrients. During chytrid infection, the nutrient within the host gets consumed by the chytrid and released as free-swimming zoospores which are preferable sources of food in terms of shape and size for the zooplankton. In addition, chytrid infection leads to the fragmentation of large colonies of inedible phytoplankton into smaller ones that become readily edible to zooplankton. This not only reclaims and repackages the lost nutrient but also supplements the diet of zooplankton with additional nutrients as fungal zoospores are rich in cholesterols and polyunsaturated fatty acids that are required for the growth and development of crustaceans in marine environments (Hartwich et al., 2013). Microbial and fungal diversity have also been reported to increase the concentration of blue-green algae after leachate addition. Furthermore, some microbial, fungal, and phytoplankton may be well suited to exploit compounds derived from plastics and eliminate them from the aquatic ecosystem.




3.3 Fungi–zooplankton interaction and MPs affecting the mycoloop

The interaction between fungi and zooplankton can be both, direct and indirect (Huang et al., 2020). In the marine ecosystem, fungi are exposed to a degree of fluctuations, which can be reflected by changes in community structure and abundance. It is believed that fungi, with an array of multiple nutritional strategies, can have a notable role in regulating taxon dynamics. Including mutualistic and pathogenic lifestyles, marine fungi are also saprotrophic or symbionts (Jobard et al., 2010). The biotic interactions of aquatic fungi, however, go further than these simple interactions. They may participate in cross-feeding networks, engage in resource competition with different species, or even manufacture allelopathic chemicals. Additionally, it has been demonstrated that spores and fungal tissue serve as a significant source of food for a variety of marine organisms (Cleary and Durbin, 2016). A temporal study by Banos et al. (2020) reported that marine fungi are embedded in the microbial food web through highly complex and manifold interactions. Based on the molecular identification techniques, they revealed that the majority of fungi have a saprotrophic lifestyle, while the other fungi are negatively correlated with zooplankton, especially copepods. Copepods provide a fundamental role in marine productivity and energy transfer, consuming energy from phytoplankton and transferring it to a higher level of organization in the food chain. The links between fungi and copepods were found to be mainly negative, furthermore, fungal assemblage structure differ with copepod species composition (Banos et al., 2020). For instance, Acartia sp., has been recorded to be associated with fungal groups such as Ustillaginomyctes, Malasseziales, Leotiomyctes and Eurotiales, whereas, Calanus sp., was associated with fungal groups Pleosporales, Cyclopoida with Leotiomyctes and Harpellales. However, the most prominent fungi were zoosporic Chytridiomycetes and Cryptomycota, and the filamentous group of Pleosporales (Banos et al., 2020). This could be perceived as top-down regulation with regard to the structure of the marine food web and nutrient/carbon cycle, where one organism becomes more abundant at the cost of the other.

Fungi–zooplankton interaction is vital when blooms of inedible algae persist in natural setup. Phytoplankton species that are resistant to zooplankton grazing, e.g., colonial or filamentous cyanobacteria and diatoms dominate phytoplankton communities in marine ecosystems (Fontana et al., 2007; Perga et al., 2013; Rollwagen-Bollens et al., 2013). The effective transfer of carbon and energy from lower trophic levels to higher levels could be limited by a reduction in grazing, causing trophic bottlenecks. Moreover, the bioavailability and ingestion of MPs by copepods and other zooplankton elevate the impacts depending upon the frequency and extent of the MPs exposure, size, and type (Table 2).


Table 2 | Combined effect of microplastics and other pollutants on zooplankton.




No discernible information is available on the effect of MPs contamination on fungi–zooplankton interaction, where the zooplanktonic communities are likely to be more affected as the particle size of MPs coincides with dietary niche (phytoplankton, fungal spores) and also comparable to their ability to entrain particles (Lehtiniemi et al., 2018). This interaction is further crucial for the filter feeding zooplankton, given their position in marine food webs and major roles in trophic cascading. So far, interaction between fungi and zooplankton is concerned, MPs are likely to alter outcomes of interaction by disrupting the trophic transfer of nutrients and energy through the food chain and by interfering microbial loop and mycoloop.




3.4 MPs impacts on fungi–phytoplankton–zooplankton interaction

Until recently, it was believed by marine ecologists that aquatic food webs are relatively simple, comprising of phytoplankton–zooplankton–planktivorous fish–piscivorous fish assisted by microbial loop. The presence of fungi–zoospores, fungal actions in changing the properties of dietary phytoplankton, and entry of MPs into these food webs in aquatic ecosystems were unknown. Recent studies in field and laboratories, and simulation studies with MPs have brought to light that a substantial amount of organic matter in marine and freshwater ecosystems is processed through the complex trophic interactions among fungi, fungi–bacteria, and fungi–algae interaction, which constitute the concept of mycoloop in nearly all aquatic ecosystems (Amend et al., 2019; Breyer et al., 2022). Mycoloop describes a trophic pathway transferring carbon and nutrients to higher trophic levels through the constitution of fungal zoospores in an alternate trophic link between primary and secondary production (Kagami et al., 2014).

In case of diatoms and cyanobacterial blooms, where large inedible algae, dominate phytoplankton assemblages, zooplankton can still gain from fungi through direct consumption, concomitant predation, and free-swimming chytrid zoospores as a food source. Parasitic fungi are ecologically very important in the marine ecosystem, as they regulate the host population, mediate intraspecific competition between infected and uninfected hosts, and interspecific competition between host and other organisms affecting overall community structure. Zooplankton can acquire chytrid fungi (concomitant predation) by ingesting sporangia attached to edible hosts, or by consuming free-swimming chytrid zoospores. Experimental evidence points towards the sustenance of zooplankton growth and reproduction, by zoospores, when poorly edible filamentous cyanobacteria or large inedible diatoms dominate the phytoplankton communities (Kagami et al., 2014). The energy transfer across the trophic levels in the pelagic food web could be greatly enhanced by this mechanism. Additionally, chytrids also increase the digestibility of pollen grains, upgrading the allochthonous organic matter, by making the inaccessible pollen PUFA more accessible (Kagami et al., 2017; Masclaux et al., 2013). However, it is unclear whether nutritional enrichment occurs when carbon is taken up from phytoplankton following chytrid infection. It has been reported that, as zooplankton suffers from essential fatty acid deficiencies, growth and reproduction are reduced during cyanobacteria blooms (Elert et al., 2003; Martin-Creuzburg et al., 2008; Kagami et al., 2011). Polyunsaturated fatty acids (PUFA) and sterols are not synthesized by crustacean zooplankton but acquired from their natural diet. These are essential for the modulation, and formation of cell membranes (Müller-Navarra et al., 2000; Valentine and Valentine, 2004; Martin-Creuzburg et al., 2008). Sterols, especially cholesterol, a major sterol in animals, which act as precursors to steroid hormones (Goad, 1981), and components of the eukaryotic cell membranes. Chytrid parasites produce PUFA, essential lipids, and sterols de novo, which could supplement the zooplankton with lipid in abundance, when taxa lacking essential lipids (such as cyanobacteria), dominate the phytoplankton community.

The rapid increase in the MPs concentration in marine ecosystems could have a negative effect on the material and energy transfer by mycoloop. The presence of MPs has been reported to alter the community composition of both, phytoplankton (Hitchcock, 2022; Cheng et al., 2023) and fungi followed by alteration in the chytrid infection influencing the outcomes (Figure 1). Adverse effects of MPs on the organisms include altered community structure, growth impairment, and hetero-aggregation, impacting parasite fitness and reducing disease prevalence (Wan et al., 2018). Schampera et al. (2021) demonstrated that the presence of nano-sized plastic particles alters the host–parasite environment. Plastic particles form a hetero-aggregation around the phytoplankton inhibiting their growth by reducing photosynthetic productivity and also inhibiting the chytrid infection by acting as a physical barrier to infection and, may also hamper parasite chemotaxis. In the context of mycoloop, this reduced intensity of infection indicates reduced disease transmission that would result in increased phytoplankton bloom with a higher abundance of inedible microalgae and lower zoospore formation which is a critical part of the mycoloop. In combination with the detrimental effects on zooplankton, MPs are likely to exert diverse cascading effects on ecosystem functioning.




Figure 1 | Schematic diagram of microplastics-mediated alteration in mycoloop: The conceptual model showing that the microplastics in the environment act as a physical barrier in parasitism, which in turn negatively impacts the fungal action by hampering chemotaxis, increasing oxidative stress and toxicity. The reduced fungal parasitism and lower production of fungal zoospores hamper the transfer of carbon and nutrients to higher trophic levels, having a cascading effects on ecosystem functioning (Kagami et al., 2014).







4 MPs as a vehicle of hazardous compounds and toxicity to organisms

Apart from its interaction via entanglement and ingestion of MPs, plastics may contain stabilizers, plasticizers, and dyes that could leach, on weathering or aging of plastics, which could affect the biological activities of the zooplankton. Additionally, studies have shown that MPs in association with certain pollutants, owing to the interaction with inorganic and organic compounds, through adsorption is important determinant of the degradability, bioavailability, fate, toxicity, and dispersal, which could lead to adverse implications at various levels of biological organization (Table 2). At the molecular level, reactive oxygen species (ROS) levels rise as a result of increased oxidative stress, and inflammation due to the ingestion of MPs inside the body. Studies have reported that excessive ROS production causes oxidative damage to biomolecules such as lipids, proteins, and DNA (Solomando et al., 2020; Tagorti and Kaya, 2022). Further, Imhof et al. (2017) reported that increased oxidative stress downregulates Hsp70 (Heat shock protein 70) gene expression, responsible for the enhanced transport of proteins in the nucleus, which, in turn impairs the DNA repair mechanism leading to DNA damage.

Intrinsic factors such as properties of MPs, and environmental components, and extrinsic factors like pH, temperature, and ionic strength determine the adsorption of organic biomolecules in the environment. The substances adsorbed on the particulate called Corona and it constitute both “hard” and “soft” corona layer (Lynch and Dawson, 2008; Cao et al., 2022). Unlike the stable hard corona, the components of the soft corona can quickly exchange with the surrounding environment (Cao et al., 2022; Camil Rex et al., 2023). The biomolecular-coated outer layer of natural organic matter (NOM) called ecocorona interacts with plastisphere reacting with biological systems (biocorona) profoundly influence the ecosystem dynamics, bioavailability, degradation, transport and toxicity. Organismic and sub-organismic level effects on aquatic biota incurred by ecocorna are oxidative damage, retarded growth, organelle damage, early mortality, decreased food uptake, inflammation, immune malfunctions and aberrant behavior are the major detrimental effects of MPs on the aquatic biota (Benson et al., 2022; Gao et al., 2022; Camil Rex et al., 2023).

The potential effects of compounds like heavy metals, antibiotics, persistent organic pollutants, and hazardous toxins, present on MPs surfaces could include, increased production of ROS, enhanced toxicity, disrupt metabolism, and impairment of biofilm formation on MPs surfaces. Two factors make the surface of MPs conducive for biofilm formation, (i) the physiochemical attributes of MPs, and (ii) the status of environmental parameters such as nutrient level, salinity, temperature, and location (Sooriyakumar et al., 2022). Colonization of organisms on the surface of MPs makes it readily ingestible by zooplankton, and also adds some nutritional value to the MPs, due to the biofilm adjacent to it. The ingestion of colonized MPs, facilitates the transport (horizontal and vertical) and dispersal of pathogens and parasites through MPs. Interaction of adsorbed compounds such as DMS (dimethyl sulphonamide) on the surface of MPs, may also increase their bioavailability for the organism ingesting the MPs. Synthetic polymers are generally considered non-biodegradable and plastics encompass a number of labile and bioavailable additives – for example, colorants, antioxidants, and plasticizers. These additives, released from plastics after degradation, are likely to accumulate in surface waters at higher concentrations than natural DOM (Jacquin et al., 2019). However, data on the chemical structure and fate of leachate are scarce in comparison to natural DOM, especially in the marine environment.



4.1 Fungi enhance MPs intake (bioavailability)

The impact of MPs on zooplankton depends upon species encounter, interaction, and susceptibility of the MPs to the organism. It has been hypothesized that marine copepod mistakenly identifies plastics as food sources due to the presence of MPs in the organism’s food size range and similarity to prey. Recent evidence also suggests chemosensory cues as a probable factor influencing feeding habits and promoting ingestion of MPs by zooplankton. A variety of zooplankton including copepods have been reported to show foraging behavior and locate the prey density in the presence of chemosensory cues such as DMS. Copepods utilize both chemo and mechanical reception feeding mechanisms to identify and locate prey species.

Certain species of marine algae are known to produce a sulfonium compound, as dissolved dimethyl sulfonio propionate (DMSP) in high concentrations in the surroundings. This algae-associated, particulate DMSP, when released are readily degraded into DMS through enzymatic cleavage of DMSP into the marine environment. DMSP arises primarily from the marine phytoplankton and is also produced by salt marsh cordgrasses and by certain species of macroalgae as an osmo-protectant. A study by Bacic and Yoch (1998) shows that Fusarium elaterium isolated from marine sand salt marsh and other fungal decomposers from group ascomycetes have DMSP lyase activity (enzymatic release of dimethyl sulfide) involved in the elevation of DMS concentration resulted in increased grazing. Exposure of MPs to DMS creates an olfactory trap that could stimulate the foraging behavior of zooplankton for MPs. Recently, a grazing experiment by Procter et al. (2019) reported that the DMS-infused MPs were readily ingested by the Calanus helgolandicus as compared to DMS-free MPs. There was a 0.7 to 3-fold increase in the intake rendering them more palatable to copepods and influencing the framework of the microbial food web. The study also highlighted the absorption of DMS and pollutants by MPs from the surroundings. Further studies have shown that weathered MPs were able to adsorb significantly higher DMS than virgin MPs increasing the detrimental impact on the zooplankton (Breckels et al., 2013). Research by Vroom et al. (2017) showed that the proportion of individuals and number of plastic ingestion depends upon species, life stage, and size of plastic particles. MPs were ingested by all the stages of Calanus finmarchicus. Whereas, juvenile copepodites of Acartia longiremis females and Calanus finmarchicus adults preferred aged MPs compared to pristine ones. This was accredited to the formation of a biofilm that may contain similar prey as the copepods encountered in the water column and secreting chemical oozes that acted as cue for copepods. It is yet, not fully understood whether variation in shapes, sizes, and colors of MPs can influence their ingestion rates in copepod and if the presence of a DMS predominates this process of selection. DMS production by bacteria, the biofilm being inhabited by algae, and fungi having DMS ligase activity, are ways by which the significance of the existence of a biofilm can be accounted. Further research on the influence of biofilm formation, on copepod ingestion rates, is required.




4.2 MPs impact on marine snow

It is becoming evident that MPs are not limited to the ocean’s surface and that some way or another, these particles eventually find their way to the ocean floor. Studies have noted the presence of MPs in marine snow and organics aggregates (Long et al., 2015; Porter et al., 2018) representing the movement of MPs from the surface layer to the deep ocean and sediments. Marine snow act as a downward flux transferring carbon and energy from the pelagic zone to the benthic biota as well as to other organism in the water column contributing to the global carbon cycle. The movement of particulate organic matter from the surface to the deep sea is composed of fecal pellets from pelagic organisms, phyto-detritus, and organic aggregates. Interaction between zooplankton and marine snow may influence the pelagic food web through direct feeding on aggregates and repackaging into dense fecal pellets or fragmentation of aggregates on interaction resulting in alteration in size, density, and sinking velocity (Turner, 2015). Thus, influencing the nutrient flux by zooplankton. A study by Van Der Jagt et al. (2020) showed that aggregate feeding by arctic filter-feeding copepods Calanus sp. and Pseudocalanus sp. on settling aggregates reduced around 60–65% carbon. Further, grazing experiments by Cawley et al. (2021) using gut pigments and stable isotope methods on the ingestion of the copepod Calanus pacificus, on both marine aggregates and phytoplankton shows that marine snow can be an important source of nutrient for copepod, comparable to individual phytoplankton. It has been reported that the marine snow in the bathypelagic realm of the marine ecosystem is dominated by fungi and labyrinthulomyctes in terms of biomass (Bochdansky et al., 2017). Fungi reported from marine snow were majorly saprotrophic, and are known to decompose detritus material in water and have the potential to degrade recalcitrant organics matter and contribute to particulate organic matter flux which can create a nutrient-rich environment that supports the copepod population. The presence of fungi shows its tolerance to high hydrostatic pressure and cold temperature. Further, the distribution and functionality of marine snow are influenced by the presence of MPs. Research by Kvale et al. (2020) presented an estimate of the transfer of MPs from the pelagic zone to the deep through biological fouling and de-fouling. The uptake and release of marine snow by the zooplankton not only redistribute the MPs but also potentially increases the bioavailability through bioconcentration processes. This led to various issues like how the existence of MPs in the marine snow impacts the carbon transfer to the bottom of the ocean from the surface, the degradation of recalcitrant organic matter by fungi and other microorganisms, a potential vector for infection, and the influence of plastics on the ecological health of the organism consuming marine snow.

The effects of the ingestion of MPs by the copepods can be reflected in other trophic levels that are directly or indirectly associated with them. Recent evidence shows that ingestion of MPs by the copepods results in a reduction in the size of fecal pellets and a decrease in the organic contents (Cole et al., 2016) which are utilized by the organisms dwelling in the water column as well as benthic inhabitants as an important source of energy and nutrient to the deep waters. Further incorporation of MPs in fecal pellets could change the size and shape of fecal pellets (Figure 2) and alter their rate of sinking.




Figure 2 | Photograph of fecal pellets of invasive snail Physa acuta. (A) Fecal pellet without the presence of microplastics. (B) Fecal pellet in presence of microplastics. Study reported that the microplastic ingestion by the organism cause altered shape and size of fecal pellets as compared to control. Adapted from Kumari et al. (2023).



A study by Coppock et al. (2019) shows that the incorporation of high-density significantly increases the sinking rate, while the presence of low-density MPs decreases the sinking rate, and increases buoyancy. Reduced sinking rate and lateral advection rather than the vertical flux of fecal pellets could enhance the probability of further disintegration by zooplankton and colonization of fungi, bacteria, and other microorganisms facilitating remineralization in the pelagic zone only. This could strain the process of nutrient recycling, moving the balance from the water column to the surface, and influencing the flow of carbon to the benthic zone (Figure 3). Future research is essential to determine the possible effects of this biogeochemical cascade on the oceanic carbon cycle and the capacity of the benthic zone to absorb organic carbon fixed in the pelagic zone.




Figure 3 | A conceptual model of microplastics mediated alterations in ecological functioning of the aquatic environment.






4.3 MPs increase disease prevalence

With the potential of long-distance transportation, research has shown that MPs could serve as physical vectors, spreading pathogens (Kirstein et al., 2016; Virsek et al., 2017). It has been widely explained that in marine ecosystems, MPs quickly develop a conditioning film that markedly differs from the surroundings with the increasing incidence of the presence of pathogenic microorganisms in these MPs surfaces (Zettler et al., 2013). Thus, in ocean, MPs act as a raft for pathogenic bacteria, invasive species and fungi. This along with the long-range transport raises concerns about the increase in disease outbreaks. Fungi are found to act as pathogens and can infect various zooplankton including copepods. In a study by Seki and Fulton (1969) it was observed that the tissues of copepods were infected by Metschnikowia species. Physiological characteristics suggested terrestrial origin of yeast and are adapted to marine ecosystems. A recent study on nanoplastics by Mavrianos et al. (2023) showed how plastic pollution affects the infection of yeast in diverse ways. There was an increase in the proportion of host infection under plastic exposure, whereas, reduced disease prevalence was observed due to increase in host mortality under higher plastic concentration. Research by Bosch et al. (2021) stated that the presence of MPs increases the incidence of chytridiomycosis, a disease caused by the chytrid fungus Batrachochytrium dendrobatidis to amphibian larvae. Thus, growing evidence suggests that MPs act as a carrier of pathogens and parasites, whereas, the factors promoting the association with MPs are still unknown, and future research is required.





5 MPs mediated alterations in fungi–plankton interactions and ecosystem functioning

It is possible that changes in functionality correlate with a change in taxonomic composition (Allison and Martiny, 2008). For example, the numerous Chytridiomycota present in the MPs biofilms may exhibit parasitism or saprotrophism with primary producers, which are also present, mediating the movement of carbon, nutrients, and energy into the food webs (Agha et al., 2016). The presence of polysaccharide-rich diatom biofilms is being reported in marine MPs (Lacerda et al., 2019), this may elucidate the occurrence and alliance of fungi with biofilms on plastics surfaces (Kettner et al., 2017) and also MPs modulated roles of fungi in ecosystem functioning. Essentially, there are two key selection forces that determine the community structure in the marine ecosystem and to which the life forms have to adapt are salinity and hydrodynamic forcing. Salinity causes osmotic stress, whereas, hydrodynamic forcing affects habitat shifting and physical imbalance (Tisthammer et al., 2016). The existence of the high-osmolarity-glycerol signaling pathway, the regulation of salt efflux, and the synthesis of osmolytes compatible with cellular functions are major adaptations of fungi to the marine ecosystem (Gladfelter et al., 2019). Besides this, various morphological adaptations (e.g., in chytrids) in fungal structure and spore-dispersion strategies are present to survive in high salinity levels (Greenwood, 2007) and turbulent oceans. Essentially, in the marine ecosystem, the interaction of organisms is also influenced by the hydrodynamic forcing of the water. Studies have shown that encounter rates are increased in a turbulent flow, which is characterized by unpredictable variations in velocity gradients and directions (Mahjoub et al., 2012). The impact of hydrodynamic forcing has been studied for various organisms especially focusing on prey–predator interactions (Rothschild and Osborn, 1988), while in the case of marine fungi, no study reports the effects of hydrodynamic forcing on the survival and fitness of fungi. However, very limited researches have investigated the effect of hydrodynamic forcing on fungal spores. They were found to adhere to the substratum under turbulent conditions. This adherence is assumed to be facilitated by rapid mucilage production from zoospores (Hyde et al., 1998), accompanied by an increase in the attachment of the spore wall/appendages to the substratum. The low turbulence level enhances MPs ingestion rates in zooplankton by increasing the encounter probability between zooplankton and MPs particles. Secondary consumers (predatory copepods, chaetognaths, and luciferids) are probably more affected by MPs because they could ingest microplastics via contaminated prey or accidentally ingest them owing to confusion in the motion signals, especially under turbulent conditions. Turbulence induces higher encounters and may also cause the entanglement of MPs in the copepods body because of their complex morphology. Encounters between zooplankton and microplastics do not always result in ingestion or entanglement, but the higher encounters escalate risk for the species.

The higher concentration of leachate from plastics than natural DOM is likely to favour bacterioplankton concentrations in surface waters. Further, the compositional differences in plastic leachate and natural DOM is also supposed to favour the bacterial multiplication by supplying more niches for degradation and decomposition (Jacquin et al., 2019). There is information on the effect plastic leachates on bacterial growth, but data on molecular composition of DOM and plastic leachates are lacking. Bacteria and fungi as decomposers are important in maintaining ecosystem stability and resilience by regulating the cycling of materials in the ecosystem. Except few publications, information is lacking on the interlinkage between MPs and decomposers. MPs in aquatic ecosystems may interrupt nitrogen cycling by altering microbial productivity, and community structure (Shen et al., 2022). Recent discovery of diverse and active bacteria and fungi from plastispheres as compared to the surrounding water column hints to MPs mediated larger impacts on the global biogeochemical cycles. Furthermore, the position of planktonic and colonized fungi in the food chain makes them more susceptible to threats imposed by MPs due to their small size of the planktonic stages (Botterell et al., 2019; Franzellitti et al., 2019). Thus, it is crucial to study these new classes of pollutants and their effects on ecological functions, and plankton diversity.




6 Environmental application of fungi in ecosystem restoration

Both plastic wastes and their leachates affect bacterial and fungal populations in marine ecosystems. The early colonizers like bacteria facilitate polymer oxidation, that in turn increases the hydrophilicity, weakens their chemical bonds, and enables secondary colonizers like fungi to access the MPs surface (Oberbeckmann and Labrenz, 2020). Various fungal species have been reported to colonize plastic waste and participate in polymer degradation. Kim et al. (2022) collected fungal communities from plastic waste samples from the sea coast and conducted a degradation assay to see the potential of these fungi to degrade PCL. In that study, highly abundant species (Acremonium cf. fuci, Pleosporales sp., and Paradendryphiella arenariae) recorded lower level of PCL degradation ability. These authors reported that fungal species on plastic waste, which play diverse roles, were the more prevalent species in the plastisphere, are weak plastic degraders, and grow on plastic waste by using resources predominantly degraded by various environmental factors. Fungal species that showed higher PCL degradation potential in the laboratory such as, Phaeophleospora eucalypticola and C. xanthochromaticum were less abundant in plastisphere (Kim et al., 2022). Additionally, fungal species such as Aspergillus sp., Fusarium sp., Penicillium simplissimum, and other plastic-deteriorating fungi have been identified and studied in the landfill (terrestrial) plastisphere (Yamada-Onodera et al., 2001; Zahra et al., 2010; Kanelli et al., 2015; Muhonja et al., 2018) that might be prospected to degrade plastic in marine environment. Integration of different trophic compartments encountered by MPs is likely to yield better results towards biodegradation of MPs. For instance, epicorona and biocorona formation determines bioavailability, internalization by organisms, biofilm formation determining plastisphere community. Ingestion by pelagic and benthic micro-eukaryotes alters the surface property, size, stability, surface charge, and digestion of soft corona enhancing biodegradability by bacteria and fungi.




7 Knowledge gaps and future perspectives

In the present review, we present three aspects of MPs effects on marine ecosystem functioning, (i) MPs-mediated alteration in outcomes on the interaction between fungi and other planktonic groups, (ii) MPs as a vehicle of spreading disease pathogens, leachates, and toxic additives to marine organisms and (iii) environmental application of biota in plastisphere biofilm in mitigation of plastic contamination. To summarize, the occurrence of MPs in various concentrations has been reported in oceans (Table 1), estuaries, and rivers around the world. Because of the diversity in types, polymers, shapes, and sizes, they have harmful effects on living organisms from the molecular level to the disruption of ecosystem processes. These MPs enter the organism via various routes and interfere with their physiological functions such as locomotion, digestion, and swimming resulting in pseudo satiety, weakness, and nutrient deficiencies resulting in population-level adverse outcomes. Further entanglement and interference by MPs are causing severe damage to biodiversity and unknown impacts that have not yet been analyzed. At present, much information is available for individual or population but impacts at the community level and ecological interactions are still missing. Researchers have focused primarily on single species or trophic transfer of MPs through short-term experiments at far more than realistic environmental concentrations, thereby undermining the ecological relevance. Through interaction between fungi and zooplankton, it has been perceived that MPs not only disrupt the trophic transfer of nutrients and energy through the food chain but also through microbial loop, mycoloop, and transfer of energy to benthos via marine snow (Figure 3). Initial colonizers of plastic surface prokaryotes alter the substrate attributes through biofouling, increasing hydrophilicity and roughness, which facilitate colonization by fungal populations including plastic degrading fungi. Thus, comprehensive investigation combining various trophic compartments directly exposed to MPs need to be undertaken to understand the role of pelagic organisms, benthic organisms, pioneer colonizers of plastic surface such as bacteria, and stable plastisphere community including eukaryotic yeast, fungi, and protists.

It is more important to investigate the coastal ecosystem, estuaries, lagoons, and beaches that are inhibited by intertidal species and meiobenthic species that could be impacted by MPs more intensely. So far, only anecdotal information is available on MPs-mediated impacts on the population, ecosystem, and community level. Comparative data on the effects of MPs on fungi, when present alone, or in community, or as part of the plastisphere community is scarce to understand impacts at different ecological levels. The understanding of the impact of increasing bioavailability of MPs and biofilm formation is still underdeveloped. Further investigation is required to explore the degradation of compounds on MPs surfaces, along with insights on the difference in microbial community structure in virgin MPs and naturally degraded MPs. In order to develop strategy to harvest the ecological function of fungi and mitigation of MPs contamination species specific potential of degrading differently aged plastics is very essential.

Furthermore, several intriguing questions remain to be answered that demands further well-planned investigation to elicit the role of MPs in altering the ecosystem services performed by fungi in marine ecosystems. A large number of published papers either describe MPs concentration in different regions of the ocean or the plastisphere community and biofilm formation. Many studies on plastic interaction and plastisphere focused mainly on bacteria. However, other microorganisms including fungi have rarely been investigated. The additional interactions through mycoloop may play a vital role in ecosystem metabolism. The chemical constitution of plastic leachates and their effects on the plastisphere community has rarely been investigated; molecular characterization of DOM and leachates is essentially required to understand the differential impacts of leachates and DOM on microbial multiplication. On the other hand, microbes with a potential of utilizing leachates may differ from plastic-degrading bacteria. No comparative study is available so far. Further, the interactions among fungal species on plastic substrata have not yet been studied. No information is available on fungal species/communities associated with a particular plastic surface at a particular time as a determinant of the plastisphere biofilm community structure in the plastisphere.

The carbon cycle at the core of aquatic biological pump plays a key role in nutrient recycling. In this process, phytoplankton-driven photosynthesis draws carbon from the atmosphere into the ocean. This organic carbon is largely utilized by microbes and transported to the benthos or higher trophic levels through various food chains (Fuhrman, 1992). Despite the abundant evidence on the assimilation capacity of marine fungi, and their ability to translocate essential amounts of DOM (Cunliffe et al., 2017), they are largely neglected from the existing structure of microbial loop, which includes archaea, eukaryotic protists, and bacteria (Worden et al., 2015). In addition to altering fungal community structure, MPs have been shown to impact the ecological functioning of fungi.

Further, reducing disease prevalence as free-living chytrid zoospores use photosynthetic oozes as chemotaxis to spread infection. The aggregation of MPs, around the host and parasite forms a physical barrier, inhibiting direct contact between the host and parasite that is necessary for infection prevalence. However, the direction of the outcomes of ecosystem interaction between parasite/pathogen, MPs, and host are dictated by differences in infection strategies and by the more complex interactions between importantly, coexisting with naturally occurring predators, such as protists, rotifers and crustaceans. These plankton have the potential to use zoospores as a food source and also have the capacity to capture MPs from the water column. It is unknown to what extent it happens and whether it deteriorates or reduces the parasite infection, but it needs to be investigated. This review work can now serve as a basis for future research with an objective of revealing ecological functions by specific functional group of interest such as plastic degraders, pathogen careers and algal parasites.




8 Conclusions

This article presents a succinct overview of available scientific information on the environmental behavior of MPs, including interactions with biomolecules, myco, and microbial loop. Understanding and evaluating the influence of MPs contamination on the environment, and the ecosystem processes, are topics of significant interest. MPs enter the ecosystem via variety of pathways, due to their non-biodegradable nature and can persist in the ecosystem for decades or even millennia. These MPs become part of the community and affect organisms at all trophic levels, from bacteria to piscivorous fish. The outcome of MPs interactions at the community level will be different from impacts at the molecular, cellular, or individual levels. The biological consequences of MPs on marine zooplankton have received a lot of attention recently, but research on MPs’ effects on marine fungi is still in its early stages, and little is known about their diversity, community structure or how the MPs affect it. There is no doubt that fungi play a pivotal role in shaping the eukaryotic microbial community via diverse interaction. In the view of adverse impact of MPs on the marine ecosystem, additional and comprehensive studies are required.

	To address the contribution of MPs to the spread of pathogens and disease outbreaks. Research needs to be focused on the hitch-hike of pathogens on MPs and their transport to different compartments of the marine ecosystem. The shapes and concentrations of MPs in the environment also influence their transport and fate. Proper ecological risk assessment by MPs cannot be achieved by using only particular kinds or MPs types as the study model. So, polymer-type and shape-specific studies on ecological risk are also required.

	To elucidate the role of the physico-chemical attributes of the plastisphere in the development of microbial communities on their surface and in shaping the community structure of the surrounding environment.

	To investigate the effects of the concurrent presence of the zooplankton along with microbial community on the plastisphere such as degrading bacteria, fungi (plastics degrading species), phytoplankton, diatoms, and meiobenthos at the bottom, affect the plastic degradation through digestion, enzymatic secretion, biomass accumulation and acting as a sink.

	To elucidate the impact of MPs coupled with other contaminants and stressors on marine fungi and copepods, assessing the ecological risk that persists from MPs pollution.

	There could be further studies on the context of the role of mycoloop on the feeding and life history traits of copepods, considering their survival and reproduction. The feeding preferences and longevity are mostly phenotypic manifestations of the effect of surroundings, which would generate more inclusive information about MPs-mediated changes in the ecosystem functioning of fungi and copepods.



Thus, future research should concentrate on ecosystem-level studies involving species from various trophic levels giving more mechanistic insights into the biological effects and environmental behavior of MPs along with their implications on the ecosystem processes.
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