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Cyanobacteria (e.g., Synechocystis sp. PCC 6803, and Synechococcus elongatus PCC 7942), which are photosynthetic

prokaryotes and were previously identified as blue-green algae, are currently under close attention for their abilities to

capture solar energy and the greenhouse gas carbon dioxide for the production of high-value products. In the last few

decades, these microorganisms have been exploited for different purposes (e.g., biofuels, antioxidants, fertilizers, and

‘superfood’ production). Microalgae (e.g., Chlamydomonas reinhardtii, and Phaeodactylum tricornutum) are also suitable

for environmental and biotechnological applications based on the exploitation of solar light.

In recent years, several studies have been targeting the utilization of microorganisms for plastic bioremediation. Among

the different phyla, the employment of wild-type or engineered cyanobacteria may represent an interesting,

environmentally friendly, and sustainable option (e.g., mismanaged plastics as source of carbons for their cultivation: the

connection between their simultaneous utilization for biofuels or chemicals production and microplastics consumption on

the surface of basins).
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1. Introduction

The use of plastic materials has advantages and disadvantages, as huge societal benefits have arisen from its utilization,

especially due to their ease of production, low cost, and wide applicability. However, the ‘plastic age’ has negatively

impacted the natural landscape and the lifetime of several wild species. One issue of emerging concern is the aggregation

of plastics in the aquatic environment. Nowadays, numerous data documenting massive plastic accumulation in water are

easily available. Plastic fragments diametrically smaller than 5 mm are generally referred to as microplastics, and as

nanoplastics if the diameters are in the nanoscale . No analytical methods exist for the identification and quantification

of nanoplastics in food, and generally, there is little information .

Small-scale fragments are of special concern due to their entrance into the food chain and being able to absorb

contaminants. The average size of plastic particles in the environment seems to have decreased, and the abundance and

global distribution of microplastic fragments have increased significantly over the last few decades. Population size and

the quality of country waste management systems largely determine the mass of uncaptured waste available to become

marine plastic debris. Plastics typically constitute approximately 10% of discarded waste, but the impact is very severe

through the accumulation of debris in terrestrial environments and open oceans . Plastics have been considered a key

geological indicator of the Anthropocene, as a peculiar constituent . Studies about microplastics in various environments

have highlighted the ubiquity of synthetic fibers . Without waste management infrastructure improvements, the

cumulative quantity of plastic waste available to enter the ocean from land has been predicted to increase from about 8.8

million metric tons in 2010 to 88 million metric tons by 2025 .

2. Past and Present Applications Involving Microalgae and Cyanobacteria

Microalgae have been largely investigated for biotechnological applications in the last decades, especially to produce

biofuels . C. reinhardtii has been considered as a model microorganism for investigations of mechanisms related to

microalgal physiology, and also as a platform for industrial biotechnology . Cyanobacteria, prokaryotic

microorganisms with oxygenic photosynthesis, have also been under close attention for utilizations based on the

exploitation of the photosynthetic machinery. These Gram-negative bacteria have the capacity to convert solar energy,

CO , and water into chemical energy while releasing O  into the atmosphere. Chlorophyll a and phycobiliproteins are the

primary photosynthetic pigments . Some strains are able to fix N  into ammonia. Synechococcus and Prochlorococcus
are two examples of abundant cyanobacteria in seawater . The outer and plasma membranes are two of the three

membranes present in cyanobacteria, constituting the cell envelope and delimiting the periplasmic space. The third barrier
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is the thylakoid membrane system, localized inside the cell and containing the complexes involved in the photosynthetic

electron transfer chain (e.g., photosystem I and photosystem II) . Compared with other oxygenic photosynthetic

organisms, cyanobacteria possess the highest solar energy capturing efficiency with corresponding adequate CO -

concentrating mechanisms and CO  fixation. These prokaryotes have a long tradition and history of use as a source for

human food and as a fertilizer in rice fields. They were also recognized early as an excellent source of proteins and

vitamins, and therefore, they were used to produce health food products. Biologically active compounds with antiviral,

antibacterial, antifungal, and anticancer activities can be derived from these photosynthetic microorganisms

. The role of cyanobacteria in the carbon cycle and for other nutrients (e.g., nitrogen) in different environments, their

evolution, their adaptation to climate change, and issues related to some toxic blooms are also topics of investigation .

These are also able to produce biopolymers, such as polyhydroxyalkanoates (PHAs), and polyhydroxybutyrate (PHB) 

. PHAs are polyesters, which accumulate in different microorganisms. They are recognized as alternatives for the

most daily utilized plastics . The physiological function of PHAs in the oxygen-producing photosynthetic prokaryotes is

still not fully elucidated. PHB has been considered as an intracellular storage of carbon and energy in the model

cyanobacterium Synechocystis sp. PCC 6803 . In addition, cyanobacteria have great potential as a source of

renewable and carbon-neutral chemicals, including biofertilizers and biofuels. Specifically, the native capacities to produce

the energy carrier hydrogen (H ) from solar energy and water were earlier recognized and have been discussed for a long

time . Large scale research initiatives are starting to address cyanobacteria as green cell factories. This can be

exemplified by the so-called “CyanoFactory” approach, which includes, for example, the development of needed genetic

tools, improved photosynthetic efficiencies, analyses and understanding of the modified metabolism with its further

modeling, design and development of efficient photobioreactor systems, and biosafety aspects . These photosynthetic

micro-factories are increasingly considered important biocatalysts for the production of renewable and carbon-neutral

chemicals and fuels from carbon dioxide and solar energy. As a proof-of-concept, strains have been engineered to

produce numerous compounds. However, very few products show titers comparable to those achieved in heterotrophic

organisms. One recent example is the systematic modular engineering of Synechocystis sp. PCC 6803, which resulted in

a cumulative production titer of 4.8 g photosynthetic 1-butanol per liter with a maximal rate of 302 mg per liter and day .

This is the highest productivity of 1-butanol from CO  reported so far, and the strategy outlined can be seen as a blueprint

for future systematic engineering in photosynthetic microorganisms. A combination of efficient genetic engineering and

metabolic modeling will accelerate the development of solar chemical and fuel production in these bacteria. From a

broader perspective, a recent review addressed diverse approaches to further enhance the production of all products

derived from acetyl-CoA . All these studies collectively demonstrate that cyanobacteria, as photosynthetic

microorganisms, have a real potential to function as dedicated green cell factories for a truly carbon-neutral production of

renewable chemicals and fuels. Moreover, with the use of advanced genetic engineering and synthetic biology in

combination with improved modeling, they might be modified to address additional societal challenges, specifically for the

bioremediation of plastics-based fragments, which is an important topic in the present review.

3. The Potential of Microalgae and Cyanobacteria for Plastics
Biodegradation

Towards bioremediation, the metabolism-dependent processes for biosorption involves generally two steps: (i) the

attachment of the pollutant on the surface of the cell, or vice-versa, depending on the size ratio, and (ii) the active or

passive transportation of the pollutant into the cell . The biomass can be immobilized or combined with membrane

separation in order to improve the uptake of plastic particles . Biodegradation can be summarized in four essential

steps, which have been described in detail in previous works .

(i) Bio-deterioration is the initiation of biodegradation, indicated by superficial degradation attacking mechanical and

chemical properties of the macromolecular structure, generally through abiotic parameters (mechanical, light, thermal, and

chemical), for example, air turbulences, sunlight, and atmospheric pollutants . Soon after, a biofilm grows on the plastic

particle and microbial communities produce extracellular polymeric substances, which enter the pores of the plastic and

cause cracks. A probable release of acid compounds, like nitrous acid by chemolithotrophic bacteria, would weaken the

structure further .

(ii) Bio-fragmentation mainly destabilizes long carbon chains, which microorganisms accomplish by enzymes called

oxygenases (mono- and di-oxygenases) to form, for instance, alcohols, by adding oxygen to the carbon chain, or by

hydrolases (such as proteases and lipases). It is supported by environmental influences like UV radiation, mechanical,

and/or chemical factors .
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(iii) Assimilation by microorganisms can only occur when specific carriers (e.g., receptors) are used to cross the

cytoplasmic membrane . Once inside, building blocks are oxidized via catabolic pathways (aerobic respiration,

anaerobic respiration, and fermentation) for energy and biomass production.

(iv) Mineralization refers to complete degradation, as assimilation results in secondary metabolites by the biodegrading

organism, remains that might be used by other organisms. The final products are oxidized metabolites (CO , N , CH ,

H O) .

Degradation of plastic fragments via living photosynthetic microorganisms should be considered as a future strategy

(Figure 1).

Figure 1. Main current and future strategies for plastics bioremediation. The main current (e.g., filtration, chemical

degradation, distillation, and coagulation) and future (e.g., in vivo degradation via microorganisms, and enzyme-based

degradation) strategies are separated into two different blocks in the figure. Future strategies are based on biological tools

and potentially on in vivo approaches. Biosorption (e.g., ion-exchange, complexation, precipitation, and physical

absorption), intracellular bioaccumulation (e.g., bioprecipitation and biotransformation) and extracellular mechanisms are

approaches to be further investigated with the aim of capturing fragments of plastic comparable in size to photosynthetic

microorganisms (e.g., the dimensions of nanoplastics and cyanobacteria).

The consideration of plastics as sources of nutrients for microorganisms depends on the presence of oxygen and the

metabolic pathways of the species involved. Colonies of bacteria are present on the surface of most investigated plastic

litter found on the surface of oceans or freshwater basins. Among them, cyanobacteria are included . Bacteroidetes and

cyanobacteria dominate in many plastics communities and may play an important role in the ecological process occurring

in microbial films on plastics . The performance of nanoplastic remediation in nature based on cyanobacteria has still

not been taken into consideration. On the downside, the rates of degradation of conventional plastic by microorganisms

are extremely low, even in optimized laboratory conditions . On the upside, chemically sensitive polymers are more

suitable for microbial growth . We still lack information about the cyanobacterial potential for plastic degradation.

3.1. Plastics Biodegradation via Photosynthetic Microorganisms in Freshwater and Marine Basins

Cyanobacteria and green algae are a fundamental part of phytoplankton, organisms at the base of the trophic chain in

freshwaters. They may have a role in plastic degradation . The time scale of their action does not reduce the amount

of plastic in a contaminated basin as quickly as desired. ROS formation has been a common response to nanoparticles,

which affects lipids and proteins, eventually leading to the damage of the cytoplasmic membrane . Furthermore, the

existence of microplastics in groundwater has been confirmed, albeit in small amounts . One example of the

bioremediation of plastics in freshwater has recently been shown . The researchers collected PE bags found in

suburban water bodies (three sites along the same river in Chennai City, India) and isolated green algae, cyanobacteria,

and diatoms. The most common organisms were Scenedesmus dimorphus, Anabaena spiroides, and Navicula pupula;

they have been studied for their potency on the deterioration of PE . The surfaces of LDPE sheets were found to be

more readily colonized by the algae than HDPE sheets, with A. spiroides being the most efficient microorganism. While

biological degradation of LDPE was observed for all three mentioned algae, A. spiroides caused a loss of 8.18% of mass

per month on average (the test set being sheets of 1 cm  of PE bags, held at ~27 °C), followed by N. pupula at 4.4% loss

of mass per month on average. Microorganisms with enhanced capacity to produce oxidative and ligninolytic enzymes are

more efficient in the biodegradation of PE . Due to the fact that cyanobacteria need light sources for survival, it is

generally believed that degradation via these bacteria might be limited to surface-accessible particles . In another study,
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two cyanobacterial species, Phormidium lucidum and Oscillatoria subbrevis (found in domestic sewage water) were

investigated for their potential in the biodegradation of PE . It is also assumed that cyanobacterial interaction enhances

the surface hydrophilicity of PE by the formation of carbonyl, a key marker of biodegradation. PE strips (1 cm , with 20 μm

thickness) treated with the aforementioned cyanobacteria had an increased carbonyl index, and the crystallinity of these

strips decreased up to 62%. Both algae utilized about 3 to 4% of the carbon present within a period of 6 weeks. A loss of

weight of these pieces was reported to be 30% after 42 days . Though the main focus of research regarding

microplastics is on marine environments and the pollution of the oceans, some articles deal with plastic pollution of soil

. Microplastic particles, for example, PE beads, can be transported below the soil surface via earthworms and

potentially reach groundwater . The freshwater microalgae C. reinhardtii was investigated within solutions of PS

microplastic powder at concentrations of 0 to 100 mg/L in ultrapure water . The authors observed decreased

chlorophyll a fluorescence yields and diminished photosynthetic activity, which started to recover after approximately 10

days . Plastic particles were attached to the surface of this microalgae, damaging the cell membrane. On the other

hand, this might also indicate a potential cell-based approach to reduce PS concentration in the water. This hints at a

tolerance of PS by photosynthetic bacteria, such as cyanobacteria. In another study, the effects of plastic intake by

Daphnia magna were investigated . The main diet of this zooplankton is based on green algae, which attach to plastic

particles and thus, microplastics are present in its digestive system. Over a duration of three weeks, D. magna were

exposed to microplastics in moderately hard water. The researchers found that an organism of D. magna accumulated

after 5 days an average amount of 0.44, 1.56 and 1.75 microplastic particles for concentrations of 25, 50, and 100 mg/L of

microplastics in the solution, respectively. These numbers increased about eight-fold after 21 days. Interestingly, the

researchers did not observe a significant alteration of survival and reproduction rates of D. magna .

A complete study of the biodegradation of a polymer at sea must combine several monitoring parameters (e.g., the

research network initiative, “Polymers & Oceans”), and especially be confirmed in the field with experiments in situ .

Among the microorganisms colonizing plastic fragments, cyanobacteria are most certainly present . An outlook on the

possible degradation of floating fragments is illustrated in Figure 2. A recent study in seawater showed that plastic can

stimulate the activity of heterotrophic microbes, due to the release of dissolved organic carbon .

Figure 2. Outlook on the possible biodegradation and bioremediation of floating plastic fragments from accumulated

plastic waste in marine water with microalgae and cyanobacteria, via metabolic uptake or biosorption. Biofuel (e.g.,

H  and isobutanol), biochemicals, lipids, and biomass can be products based on photosynthetic microbial growth on

floating plastic wastes. Engineered strains can be utilized on a laboratory scale, utilizing macro-, micro- and nanoplastics

as sources of carbons. CBB cycle: Calvin–Benson–Bassham cycle; TCA cycle: tricarboxylic acid cycle; acetyl-CoA: acetyl

coenzyme A.

Several plastics of purely petrochemical origin are not biodegradable; consequently, biodegradable plastics were

developed, for example, poly(lactic acid) (PLA) and poly(ε-caprolactone) (PCL). Some potential enzymes that might play a

role in the biodegradation of these compounds include PHA-, PHB-, PLA- and PCL-depolymerases, esterases,

proteinases, cutinases, ureases, and dehydratases . The finding of cold-adapted bacterial strains with lipase activity is

potentially important in view of the biodegradation process . Furthermore, it can be expected that other enzymes

secreted by bacteria isolated from cold environments will show biodegradable activity. Extracellular lipase activity was

also detected in microbial strains isolated from Arctic sea ice of the Canada Basin . These were identified as belonging

to heterotrophic microorganisms from the genera Colwellia, Marinomonas, Pseudoalteromonas, Pseudomonas,

and Shewanella. A recent review on microbial ecotoxicology contains precise observations on the interplay between

pollutants and microbial communities, related to plastic pollution in the oceans . Microbial ecotoxicology focuses on the
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mutual influence of pollutants and microbial communities. Plastic pollutants in the ocean, for instance, are affected by

various communities, depending if the debris is floating or has sunk to the seafloor. Cyanobacteria of the

genera Phormidium and Rivularia are most certainly found in biofilms near the water surface, while the dominant

microbiomes of the seafloor seem to be Bacteroidetes (Flavobacteriaceae) and Proteobacteria

(Rhodobacteraceae and Alcanivoracaceae)—information on the composition of microbial communities from plastic at the

seafloor is still sparse . Biofilm growing on plastic fragments, able to support the additional weight, shows differences in

bacterial distributions between non-biodegradable and biodegradable plastics. While many factors influence the

composition of the biofilm, studies in the North Pacific indicate that biogeographic origins play a major role, more

important than the polymer type . Complex microbial communities, rather than single species, are necessary to degrade

plastic. Still, a representative test of biodegradation in oceans is missing, as current standards propose measurements of

CO  emissions that might be misleading; additional methods should be applied, and guidelines formulated .

Further research of native pathways and related enzymes is necessary for the applicability of cyanobacteria on this topic.

Species identified with roles in plastic degradation

(e.g., Pseudomonas, Streptomyces, Corynebacterium, Arthrobacter, Micrococcus, and Rhodococcus) give information for

key metabolic routes. These are the foundations to state any native potential of photosynthetic microorganisms. The

diversity of synthetic polymers in commerce results in very heterogeneous metabolic pathways of biodegradation. In these

regards, the focus should be channeled into model compounds (e.g., PE, PET, PS, and PHA) for conventional and

biodegradable plastics 37]. Metabolic pathways directly involved in the degradation of, for example, PE, PET, PS, and

PHAs have been identified . However, PE is, so far, difficult to degrade biologically, due to its balanced charges in the

long chains of carbons and hydrogen. The possible transformation via the tricarboxylic acid (TCA) cycle, in the case of

specific release products by capable wild-type or engineered microorganisms, also generates adenosine triphosphate

(ATP), which is a key factor for biomass production and cellular growth . Due to the difficulty of dealing with natural

conditions, and based on the information from previously published investigations, we suggest that the initial studies

regarding metabolic engineered cyanobacteria for plastic biodegradation should be performed using a culture-based

approach .
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