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ABSTRACT

Plastics have been an essential part of life. Each year, over 300 million tons of plastics are being processed each year
into other products (Boucher and Friot, 2017). However, only a small portion of the plastic gets recycled while up to
79% is discarded into landfills or directly into the natural environment (Garcia and Robertson, 2017; Geyer et al.,
2017). Microplastics refer to smaller plastic particles or pieces with a characteristic size less than 5 millimeters
(NOAA, 2021). Primary and secondary microplastics either float in the ocean or sink and accumulate on the ocean
floor depending on their weight (Eriksen et al., 2014; Sebille et al. 2015). Because of their small sizes, microplastics
are able to pass through filtration systems and size-exclusion-based separation mechanisms. This allows them to re-
main in the environment for a longer period of time, harming microorganisms, marine life, animal life, and human
life. Microorganisms have the ability to transform microplastics, and there have been numerous studies on the biodeg-
radation of bio-based and fossil based plastics. This paper approaches the interactions of microplastics and microor-
ganisms from three main angles— biodegradation, production, and impacts— by synthesizing and analyzing known
information. In particular, biodegradability is linked to physical and chemical structures, while plastic polymers can
be broken down into smaller compounds which can be potentially processed through bacterial metabolism to be ulti-
mately mineralized as CO, (Shah et al., 2008; Sangale et al., 2012; Devi et al., 2016). Compared to regular plastic,
microplastics are more harmful and impactful to organisms (including humans), especially at the cellular level. The
analysis of this paper is a good starting point for the investigation of microplastics and how microbial communities
interact with them, however, it brings up further questions and gaps. Regardless, this paper highlights the significance
of understanding the environmental, ecological and health implications of plastic and microplastic pollution.

Introduction

Plastics are such a big part of daily life, ranging from containers to buildings to vehicles to clothing. Its flexible usage
and relatively cheap price make it extremely common. Over 300 million tons of plastics are being processed each year
into other products (Boucher and Friot, 2017). The impacts of plastics are so prominent that researchers have coined
terms like Plastisphere—a diverse microbial community found on microplastic surfaces, and Plasticene—the age of
plastic in the current world (Zettler et al., 2013; Reed, 2016). With the amount comes problems like the disposal of
the material. Jambeck et al. estimate that between 5 to 14 metric tons of plastic trash flow into the ocean every year
(2015). It is reported that only 9 and 12% of global plastic wastes is recycled and incinerated, while up to 79% is
discarded into landfills or disposed into the natural environment (Garcia and Robertson, 2017; Geyer et al., 2017).
Plastic production contributes greatly to climate change, as it emits about 400 million tons of CO2 per year (Kaufman,
2018). The most common plastic present in waste, polyethylene, also emits methane, which is a highly potent green-
house gas (Royer et al., 2018).

Microplastics are small pieces of plastic less than five millimeters long (NOAA, 2021). There are two types
of microplastics: primary and secondary (Boucher and Friot, 2017). Primary microplastics are those that are directly
released into the environment or formed from the abrasion of larger plastics in the manufacturing products, while
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secondary microplastics originate once larger plastic items are exposed to the marine environment (Boucher and Friot,
2017). An estimate of 93 to 268 ktons of microplastics are floating in the ocean (Eriksen et al., 2014) (Sebille et al.
2015). Other microplastics that are heavier than seawater sink and accumulate on the ocean floor.

Since the size of microplastics allows them to pass through filtration systems, they end up in various water
bodies and are very harmful to aquatic life. Marine biota like corals, phytoplanktons, sea urchins, lobsters, fish, etc.
mistake microplastics as food and ingest them (Chatterjee and Sharma, 2019). Microplastics are then transferred to
higher trophic levels through biomagnification. Human health concerns are also reported because of the accumulation
of microplastics in the food chain as well as toxicants of plastics while they travel through the environment (Eriksen
et al. 2014). Microplastics are also not visible to the human eye, therefore their impacts are less obvious.

Marine microbes are marine organisms that are smaller than 0.1 mm while the smallest well-known marine
microorganism Candidatus Pelagibacter ubique HTCC1062 measures at 0.5 x 0.15 um (Glockner et al., 2011). The
diversity of marine microbes is evident in the fact that they belong to both the prokaryotic (bacteria) and eukaryotic
(fungi, protists) branches on the tree of life. They make up 98% of the biomass of the world’s ocean, supply the world’s
oxygen, and can process greenhouse gases (AIMS, 2021). These organisms and assemblages mediate cycling and
reactions of different elements (C, N, P, and others) at a global scale; however, they are being impacted by global
climate change events. For example, higher levels of CO2, which causes ocean acidification, affect the relationship
between the photosynthetic bacterium Prochlorococcus and its helper bacterium Alteromonas (Tsang, 2020). Micro-
plastics are known to negatively influence sediment-associated microbial communities and nitrogen cycling. Seeley
et al. have explored the effects of microplastics on the structure and function of microbial communities in coastal salt
marsh sediments (2020). Their results indicate that bacterial diversity is the lowest in polyethylene amended sediments
while community composition over time exhibited the most variation for polyethylene-amended sediments (Seeley et
al., 2020).

Microorganisms, on the other hand, also have the ability to transform microplastics. According to Rogers et
al.’s study, pelagic and benthic microbial communities associated with microplastics can affect their ingestion and
transfer in the food webs (2020). Certain bacteria and fungi have the ability to biodegrade plastics, although they are
not a viable and reliable source to remediate or recycle plastics.

This paper aims to fill in the gaps of knowledge present regarding the interactions between microplastics and
marine microbial communities by synthesizing and analyzing known information. We arrive at three central questions:
(1) what different types of organisms are known to break down microplastics, and what is the relationship between a
plastic’s degradability and its durability, which is defined by its physical and chemical properties. (2) What are the
challenges associated with microplastic bio-production, and what are the common biological structures and functions
associated with microplastic bio-production. (3) How do microplastic impact biological systems and the environment?
How do these impacts influence human society? We intend to incorporate the biodegradability and bioproduction of
microplastics from various literature sources, and aim to deduce the viability and importance of these techniques for
their impact on our global environment.

Biodegradability

Impact of physical and chemical structure on the biodegradability of plastics

The term bioplastics is oftentimes associated with biodegradability. However, it isn’t entirely this simple. Bioplastic
is a broadly-encompassing term for biodegradable plastics or bio-based plastics. The difference between the two is
that biodegradable plastics refers to those that can be assimilated by bacteria and/or fungi (but can refer to plastics

produced from fossil materials) while bio-based plastics are synthesized from biomass or renewable resources (Tokiwa
et al., 2009; Filiciotto and Rothenberg, 2020). There could also be plastics that are identified in both groups.
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Figure 1. Different types of plastics categorized as bio-based (top), fossil-based (bottom), biodegradable (right), non-
biodegradable (left), or both bio-based and biodegradable (top right). Figure was adapted from https://www.european-

bioplastics.org/bioplastics/.

Both the chemical and physical properties of plastics can influence their biodegradability. Biodegradability
also varies depending on environmental factors such as humidity, temperature, and oxygen (Filiciotto and Rothenberg,
2020). Bio-based plastics that are not biodegradable are usually structurally similar to petroleum-based plastics.

Physically, the bigger the surface area of the plastic, the greater its biodegradation (typically proportional)
(Filiciotto and Rothenberg, 2020). Usually, microbes are drawn to hydrophilic surfaces, so plastics with similar prop-
erties may undergo higher biodegradation rates. Therefore bio-based plastics containing heteroatoms are more biode-
gradable (Shah et al., 2014). In addition, higher crystallinity and molecular weight can reduce biodegradability (Fili-
ciotto and Rothenberg, 2020). Branching could improve bio-assimilation but does not guarantee it (Gewert et al.,
2015).

Chemically, the presence of oxygen-containing groups like ester, acid, alcohol, and aldehyde is an enhancer
to biodegradation because it improves the polar interaction with water (Okey and Stensel, 1996). Another factor that
favors biodegradability is the introduction of amine or amide groups (Ebbesen et al., 2016; Luo et al., 2011). Okey
and Stensel also found that the carboxyl group enhanced the rate significantly while the hydroxyl group did not have
a big impact (Okey and Stensel, 1996). On the other hand, halogenation can decrease bio-assimilation due to their
toxicity and aliphatic groups are a barrier because of their general low reactivity (Boethling et al., 2007). The presence
of aromatic groups reduces biodegradability but the addition of aliphatic esters can improve the process (Gewert et
al., 2015; Shah et al., 2014).

Enzymatic degradation involves two important processes that can be measured by weight loss and additions
of functional groups (Aristilde, 2017). In Mohanan et al.’s study, they examined the various enzymes expressed by
microbes that have the ability to degrade petro-polymers under in vitro conditions (2020). The enzymatic degradation
occurs in two stages, which are adsorption of enzymes on the polymer surface and hydro-peroxidation/hydrolysis of
the bonds (Mohanan et al. 2020).

There is a wide range of organisms capable of microplastic biodegradation. Notably, the genus Amycolatopsis
has been associated with breaking down poly-lactic acid (PLA) films (Ikura and Kudo, 1999; Pranamuda et al. 1997).
PLA is considered a viable option for renewable plastics due to its make-up of lactic acid, which can serve as a carbon
source for certain bacteria species such as Amycolatopsis sp. Furthermore, its high melting point (180 C) and easy
manufacturing is suitable for plastic production and distribution. Studies have shown that PLA can be subject to
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biodegradation at different temperatures (30 C or 43 C) by the same genus of Amycolatopsis, but the rate of its degra-
dability can be dependent on a variety of factors such as temperature, nutrient content, and type of PLA film. Con-
ceivably, higher temperatures (43 C) enable a faster rate of biodegradation, but a low concentration (0.002%) of yeast
extract in the cultures can stimulate the degradation process while a high concentration (0.02%) may impede it. Ad-
ditionally, PLA containing certain percentages of D-type isomers or chemicals such as glycolic acids may be degraded
more easily and rapidly than the 100% L-type PLA that is conventionally manufactured (Ikura and Kudo 1999). The
caveat to PLA production lies in the fact that it cannot yet be produced cheaply, and thus still has yet to replace the
major commercial plastics that are less biodegradable.

In other circumstances, certain phytopathogens such as fungi can break down polycaprolactone (PCL), a
synthetic polyester that can be used as an alternative to the major commercial plastics such as polypropylene, poly-
styrene, and polyvinyl chloride. The enzymes and substrates by which organisms use to break down and grow on PCL
are still largely unknown, but studies have found that the fungus Fusarium moniliforme may utilize PCL depolymerase
to degrade cutin, a structural polymer of the plant cuticle, and potentially a chemical intermediate with which F.
moniliforme may grow on and use as a carbon source (Murphy et al. 1996). Another study found that the yeast
Pseudozyma japonica is also capable of PCL as well as polystyrene degradation, and achieved a maximum weight
loss of 93.33% of PCL (70,000 - 100,000 Daltons) film in 15 days (Abdel-Motaal et al., 2013). Nevertheless, PCL’s
high biodegradability is also overshadowed by its less functional physical properties, with its low melting point (62
C) a problematic barrier to many applications (Murphy et al. 2012; Murphy et al. 1996).

PLA and PCL are some of the main representatives of commercially produced polyesters, but their applica-
bility is hindered by either their cost of production and/or their poor mechanical properties, respectively. Polybutylene
succinate (PBS), therefore, may provide for a polyester alternative that is both cheap to synthesize and also adequate
in mechanical properties. With a high melting point of (115 C), it is characteristically broken down through compost-
ing (Zhao et al. 2005). A diverse set of compost organisms can be used for the biodegradation of PBS, namely Asper-
gillus versicolor, Penicillium, Bacillus, and Thermopolyspora. However, the rate at which PBS is broken down is
largely dependent on its structure and surface area. A study (Zhao et al. 2005) conducted under controlled composting
conditions (58 C) found that PBS powder in liquid medium had the highest rate of biodegradation compared to its
other forms (film and granule). It is likely that the powdered PBS dissolved in chloroform and precipitated in methanol
provided for a larger and rougher surface with which microorganisms may favorably adhere to. Contrary to PCL, there
is no specific biodegradation enzyme for PBS, and is gradually degraded by lipases into CO2 or metabolites (Kunioka
et al., 2009).

Durability is an important factor to plastic usage. Polyethylene, a thermoplastic with high durability, is con-
sidered the most widely used plastic today. Such high durability correlates to a low degradability in the environment,
and allows polyethylene materials to persist and accumulate at an alarming rate. Recently, however, studies have
found specific strains of bacteria capable of degrading low-molecular-weight polyethylene (LMWPE) or low-density
polyethylene (LDPE). A thermophilic bacterium, Chelatococcus sp. E1, was isolated from compost and identified as
being able to break down LMWPE at a temperature of 58 C (Jeon and Kim 2013). Interestingly, the microbe exhibited
preferential assimilation of the low-molecular-weight fractions of the LMWPESs, as higher molecular weight was con-
sistent with lower degradability. One caveat to LMWPE biodegradation is that it needs to be prepared from the thermal
degradation of HDPE or LDPE under strict circumstances, the complexity in this process should be further investi-
gated to examine its effects on a commercial scale. Hence, another bacterium, Pseudomonas sp. AKS2, is capable of
breaking down LDPE at 30 C without any prior oxidation process (Tribedi and Sil 2013). It is common knowledge
that polyethylene materials are hydrophobic, which prevent adhesion to their surfaces as most bacteria have hydro-
philic surfaces. However, Pseudomonas sp. AKS2 shows increased attachment to LDPE due to its similarly hydro-
phobic nature, allowing it to partially degrade the plastic. Furthermore, bacterial biofilms have been shown to enhance
biodegradability of polyethylene, as the prevention of biofilm formation lowers the rate of LDPE degradation. There-
fore, the use of mineral oils, which can not only increase bacterial attachment to the plastic surface but also stimulate
biofilm formation, has been found to significantly enhance LDPE degradation rates. However, the use of mineral oils
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has only been studied under controlled laboratory conditions, but its applications to a broader scale in the environment
is limited by our current knowledge gap.

Like polyethylene, polypropylene (PP) is another synthetic polymer that is recalcitrant to degradation in na-
ture, but has appreciable physical properties that make it widely applicable. However, different microbial species have
been found to break down PP at an extended amount of incubation time (Cacciari et al., 1993). The study identified
Enterobacteriaceae and other gram negative bacteria as capable of degrading PP at 30 C. Through aerobic and anaer-
obic degradation, the bacterial community degraded 40% of PP in 175 incubation days, producing hydrocarbons and
aromatic esters as metabolic byproducts of the degradation process. Ultimately, the study thus showcased a coexist-
ence of aerobic and anaerobic species in the biodegradation process, despite their different catabolic activities. This is
one of the more significant discoveries of metabolic plasticity and its important role in biodegradation of the recalci-
trant polymer polypropylene.

Another hydrophobic plastic, polystyrene (PS), is also a widely used and durable thermoplastic thought to be
non-biodegradable. The actinomycete Rhodococcus ruber (C208) has been shown to partially degrade polystyrene
under favorable conditions (Mor and Sivan, 2008). Similar to polyethylene biodegradation, the formation of C208
biofilms was stimulated with an addition of mineral oil and correlated with enhanced degradation of polystyrene
flakes. Interestingly, polystyrene can serve as not only the substrate but also the carbon source for C208 specifically,
suggesting that carbon starvation experiments in which polystyrene is the sole source of organic carbon may enhance
biofilm development in this bacterial strain. It seems likely that Rhodococcus bacteria under low carbon conditions
are likely to exhibit higher hydrophobicity and affinity for non-degradable plastics such as polyethylene and polysty-
rene, using them not only to as adhesive surfaces but also carbon sources (Sanin et al., 2003; Sivan et al., 2006).

Polyurethane (PUR) is another synthetic polymer that is known to withstand biodegradation. It is commonly
found that the polyester-type PURs are more degradable than the polyether-type PURs in fungal degradation studies
(Darby and Kaplan, 1968). More recently, bacteria such as Comamonas acidovorans strain TB-35 has been shown to
degrade the polyester-type PUR using it as both a carbon and nitrogen source (Nakajima-Kambe et al. 1995). The
study integrated PUR into a basal medium and incubated at 30 C. After 7 days, it was found that PUR was completely
degraded when it was supplied as the sole carbon source, and was 48% degraded when supplied as both the carbon
and nitrogen sources. High-performance liquid chromatography (HPLC) analysis showed peaks corresponding to di-
ethylene glycol and trimethylol-propane as breakdown products when PUR was supplied as the sole carbon source,
while an additional product - adipic acid - was found when PUR was the sole carbon and nitrogen source. The high
rate of PUR degradation here should be observed with more caution, as while TB-35 was not able to grow without
PUR in the study, it was still amended with a basal medium that supplied other forms of nutrients.

Similarly, polyvinyl chloride (PVC) is one of the main synthetic plastics noted for its recalcitrant character-
istics. However, as indicated previously, Pseudomonas spp. have been widely studied for their ability to degrade
otherwise non-degradable polymers. A study recently discovered the biodegradation of PVC film by Pseudomonas
citronellolis at 30 C under aerobic conditions (Giacomucci et al., 2019). The study specifically determined a 13.90 +/-
6.84% weight loss in the virgin PVC film in 30 days of incubation, but also found that waste PVC films underwent
higher biodegradability in the same time frame. Furthermore, the study examined the possibility of biofilm production
during the degradation process, and recorded higher expression of adherent and ribosomal proteins at 45 days into the
incubation, suggesting that biofilm production was highest during this stage of the incubation. While it is often found
that Pseudomonas is capable of degrading various polymers, the study indicated that another bacterium - Bacillus
flexus - may also break down PVC under controlled aerobic conditions. It is thus imperative to factor in other types
of organisms in our search for optimal biodegradation rates. How each organism responds and utilizes the specific
polymer should be subject to further investigation.

Biological degradation and metabolism have the potential to eliminate plastics from contaminated environ-
ments (Kovenbach et al., 2014). The structure of the polymer surface determines the ability of bacterial cells to degrade
plastic (Donlan, 2002). The nutritional value of the environment may influence the extent of the biofilm formation
(Sivan, 2011). Additionally, plastic polymers can be broken down into smaller compounds, some of which can be
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potentially processed through bacterial metabolism (Shah et al., 2008; Sangale et al., 2012; Devi et al., 2016). Our
literature review has provided us with a better understanding of the different organisms that are capable of breaking
down respective plastics (table 1). Of the major plastics, polyurethane, polylactic acids, and polycaprolactone seem to
be the most biodegradable but also the least commercially applicable. On the other spectrum, polypropylene, polyeth-
ylene, and polystyrene exhibit the lowest biodegradation rates but are highly durable in their physical and chemical
properties (Fig. 2). Nevertheless, the rate of biodegradation for different plastics vary drastically and are influenced
by many abiotic factors.

Plastic Organism(s) Source

Polyurethane (PUR) Comamonas acidovorans (TB-35) Nakajima-Kambe et al. 1995
Polyactic Acids (PLA) Amycolatopsis sp. Ikura and Kudo 1999
Polyacaprolactone (PCL) | Pseudozyma japonica Abdel-Motaal et al. 2013
Polybutylene (PBS) Aspergillus versi- color, Penicillium, Bacillus, and Thermopolyspora Zhao et al. 2005
Polyethylene (LMWPE) Chelatococcus sp. E1 Jeon and Kim 2013
Polyvinyl chloride (PVC) Pseudomonas citronellosis Giacomucci et al. 2019
Polypropylene (PP) Entercbacteriaceae Cacciari et al. 1993
Polyethylene (LDPE) Rhodococcus ruber Sivan et al. 2006
Polystyrene (PS) Rhodococcus ruber (C208) Mor and Sivan 2008

Table 1. A compiled summary of the aerobic microbes and their respective biodegradable plastics, as referenced

through our literature review.
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Figure 2. Bar plot of the different types of plastics and their respective biodegradation rates in percentage weight loss
per day. Rates were compiled from different literature focused on the respective plastic material and its degradability
under different microorganisms as according to the references in table 1.

Production

Bioplastics are an innovative solution to reduce the pollution of plastics. Bio-based plastics are gaining in popularity
as an alternative to fossil-based plastics (Cinar et al., 2020). However, as outlined in the previous sections of the paper,
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there are nuances for bioplastics as well. This section aims to explore the different ways of bioplastic production and
examine their merits.

Bio-based plastics are classified into three categories, which are modified natural polymers, synthesized bio-
based polymers from synthesized bio-based monomers, and bioplastics from waste (Thielen, 2014). As of 2020, bio-
plastics make up approximately one percent of plastic produced annually. However, bioplastic production is set to
increase from 2.11 million tonnes in 2020 to about 2.87 million tons in 2025 according to the market data compiled
by European Bioplastics and the nova-Institute (European Bioplastics 2020). Currently, the main applications of bio-
plastics include the packaging industry, the textile industry, the automotive industry, and construction (Alaerts et al.,
2018). The sources used for bioplastic production include plant-based raw materials, natural polymers (carbohydrates,
proteins, etc.), and other small molecules (sugar, disaccharides, and fatty acids) (Thielen, 2014).

Currently, most bioplastics are produced from agricultural crops that are rich in carbohydrates (Karan et al.,
2019). The sources of bioplastics include a vast range of carbohydrate-rich feedstock like sugarcane, corn, sugar beet,
and cassava (Lovett and de Bie, 2016). In which raw sugar extracted from sugarcane or dextrose from corn starch are
the main feedstocks used today to produce lactic acid and its derivatives (Lovett and de Bie, 2016). Monomers and
polymers like polylactic acid (PLA), cellulose, renewable polyethylene, and polyvinyl chloride (PVC), can be sourced
from higher plant crops (Karan et al., 2019). For example, PLA is based on lactic acid and is mainly produced by the
fermentation of sugar or starch with the help of microorganisms (Thielen, 2020). Polyethelyenterephthalat (PET) is
produced using monoethylene glycol, which is obtained from sugar cane molasses, and terephthalic acid (Thielen,
2020). Polybutylene succinate (PBS), a biodegradable bioplastic, is produced from butanediol, which is produced
from renewable resources such as maize starch, and succinic acid, which can be produced by fermentation from starch
and different oligosaccharides (Thielen, 2020). However, Bioplastics derived from terrestrial and agricultural crops
compete with food supplies or use up large amounts of water, land areas, and nutrients (Cinar et al., 2020). Bioplastics
from crops are also shown to be unsustainable long-term (Cinar et al., 2020). In the future, it is predicted that forestry
will play an increasingly important role as a raw material supplier for bio-based plastics, as the use of cellulose and
lignin does not compete with food and animal feed supplies (Thielen, 2020). On the other hand, there are also reports
showing that the land use for bioplastic production is minimal and does not compete with the land used for food
(Lovett and de Bie, 2016).

Bioplastics from microalgae, on the other hand, are much more sustainable. Microalgae-based bioplastics
can be designed for biodegradability in natural as well as industrial settings (Karan et al., 2019). Internationally, this
technique could offer the capacity to support distributed production, while locally it can enable regional communities
to be more self-sufficient (Karan et al., 2019). Photosynthetic organisms like microalgae can grow and produce feed-
stocks using inorganic materials such as nitrogen and phosphate (Nakanishi et al., 2020). The system using microalgae
has the advantage of producing resources for bioplastics because microalgae can be cultivated in fresh water and
seawater instead of terrestrial cropland (Kaparapu, 2018; Machmud et al., 2013).

The other option is to generate bioplastics using residual and waste materials. Perotto et al. have found a way
to fully convert a variety of vegetable waste materials (like carrot, parsley, radicchio, and cauliflower) into bioplastic
film in one step (2018). The flexible bioplastic films were produced without environmental concerns and are com-
pletely biodegradable (Perotto et al., 2018). Another option of using waste material to produce plastics is using the
potato peel from the french fries industry and processed water high in starch. In New Zealand and the Netherlands,
municipal wastewater serves as the source for PHA-producing bacteria (Thielen 2020). Non-food biomass crops, ag-
ricultural byproducts, and waste streams are also alternative feedstocks, while specific examples include miscanthus,
wheat straw, bagasse, corn stover, and wood chips (Lovett and de Bie, 2016).

Bacterial production of PHAs

In relation to bacterial plastic bioproduction, Polyhydroxyalkanoates (PHA) and more specifically Poly-S-hydroxy-
butyrates (PHB) are the main polymers synthesized by microorganisms which are fully degradable. More importantly,
these PHAs are thermomechanically similar to the conventional plastics such as polypropylene, but are unique in the
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sense that they can be 100% broken down into water and carbon dioxide through aerobic degradation and methane
through anaerobic degradation. PHB is the most widely studied form of PHA, and its stiff and crystalline structure
contributes to its brittleness. Its melting point (175C) is also only slightly lower than the temperature at which it is
degraded by crotonic acid. These poor physical properties make PHB processing quite difficult, and has led to the
study of other copolymers with better properties (Khanna and Srivastava, 2005).

Nevertheless, the biological properties of PHA synthesis in microorganisms must be taken into account. Ral-
Stonia eutropha, is a gram-negative bacterium capable of accumulating PHB from simple carbon sources such as
glucose, fructose, and acetic acid. However, it belongs to a group of bacteria that require nutrient limitation of nitrogen,
phosphorus, magnesium, or sulfur in order to synthesize PHB, with potential for a high production rate of 2.42 (g/1/h)
when glucose is utilized as the carbon source (Kim et al., 1994) (Fig. 3). Alicaligenes Latus is one bacterium that does
not require any nutrient limitation during PHA production, and is able to use cheap C resources such as glucose and
sucrose to produce PHB at a rate similar to that of R. eutropha. Certain strains of A. latus may also be used to produce
PHB from molasses or sugar syrup at an approximate PHB productivity rate of 1.15 (g/I/h) through a fed-batch fer-
mentation process (Grothe and Christi, 2000) (Fig. 3). PHA may also be synthesized by methylotrophs, in which the
use of methanol as the growth substrate may reduce the cost of production. The methylotroph Protomonas extorquens
has been shown to produce PHB from this cheap carbon source, but its low production rate of 0.88 (g/I/h) will require
further experimentation that may enhance productivity in the future (Suzuki et al., 1986). PHA production by Pseu-
domonas oleovorans has also been documented, yielding lower productivity values of 0.58 (g/l/h) through the fed-
batch continuous culture process (Preusting et al., 1993). Lastly, recombinant Escherichia coli harboring PHA bio-
synthesis genes have also been studied and used in experimentation, where a PHB productivity of 2 (g/l/h) has been
observed in pH-stat fed-batch cultures (Kim et al., 1992) (Fig. 3). However, the high oxygen demand during the
fermentation process needs to be addressed in order to apply it on an economical and commercial level.

Ralstonia eutropha
Escherichia coli

Alicaligenes latus

Organism

Protomonas
extorquens

Pseudomonas
oleovorans NRRL
B-778

0.0 0.5 1.0 1.5 20 25

Bioproductivity rate (g/l/h)

Figure 3. PHA/PHB productivity rates (g/L/h) of different wild-type and genetically engineered microorganisms
that are able to synthesize and accumulate polymers. Data was derived from our literature review of the different
organisms and their bioproductivity rates, references are included in the text.

Multitudes of microorganisms have been implicated in the biosynthesis of PHAs and PHBs. Their ability to
thrive on simple forms of sugar as their carbon sources and enhanced accumulation of these hydroxyalkanoates may
have a profound impact on our understanding of plastic production. Yet, due to the high cost of PHA synthesis, it
hasn’t made an impact on the commercial scale. The underlying biosynthesis pathways of plastic production must be
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coupled with the culturing applications in order to broaden our scope of understanding PHA production in microbes.
In this sense, the use of genomic tools such as metabolic engineering may unlock the potential for these polymers to
be produced on an economic level. Future studies should focus on such novel techniques to enhance productivity rates
and contribute to the advancement of knowledge that may one day bring about the feasibility of commercially pro-
ducing fully degradable plastics.

Impacts
Microplastics are inherently more harmful than other plastics due to their size

In sedimentary microbial communities, microplastics are particularly abundant because of land runoff, poor waste
management, storm drains and sewage overflows, and wastewater treatment plant outfalls (Seeley et al., 2020). Seeley
et al.’s study also reveals that microplastic contamination affects both composition and function of sediment microbial
communities (2020). They found that the PVC treatment inhibits both nitrification and denitrification.

Researchers that collected sediment samples from the Huangjinxia Reservoir in China have found that the
different microplastic concentrations might have affected the microbial communities and their diversity in the sedi-
ments (Li et al., 2020). They also found a significant impact on the structure of the microbial community (Li et al.,
2020). Microplastics can produce toxic substances such as phthalates during the degradation process, which have a
toxic effect on microorganisms (Di and Wang, 2017). Mughini-Gras et al. identified microplastics and microbial com-
munities in samples from the Rhine River and found that microbial composition on microplastics 100-500 pm differed
significantly from 10-100 um (2020). Additionally, as particles become smaller, the microbial community was ob-
served to be more “water-like” (the surface water) (Mughini-Gras et al., 2020).

For marine organisms, global plastic pollution has great impacts on their lives. Eighty-eight kilograms of
plastic waste caused the death of a Cuvier’s beaked whale in the Philippines and 220kg of refuse showed up in the
necropsy of a young sperm whale on a Scottish beach (Borunda, 2018; Beachum, 2019). Microplastic has direct neg-
ative impacts such as entanglement, ingestion, smothering, hangers-on, hitch-hiking, and alien invasions on organisms
in aquatic systems (Gregory. 2009). Microplastics consumed by the lower levels of the food chain can also move up
to pose threats to species not in the ocean.

Plankton, the most essential element of marine habitat, are adversely affected. Zooplankton in particular, are
found to interact with microplastics the most since they are similar in size (Cole et al., 2013). Additionally, Cole et al.
found that zooplankton has the tendency to ingest polystyrene beads of dimensions 107-30.6 um (2013). In particular,
some copepods like Centropages typicus can ingest enough microplastic that they ultimately lose their feeding abilities
(Cole et al., 2013). Microplastics mainly affect planktons indirectly through toxic effects of hazardous chemicals,
while nanoplastics are small enough to penetrate cell walls and membranes (Nerland et al., 2014; Besseling et al.,
2014).

Benthic species like sea urchins and polychaete ingest microplastics in experimental conditions, while Are-
nicola marina, a high lipid benthic worm, ingests microplastic particles at the same time as feeding (Nerland et al.,
2014). Microplastics are also present in wild mussels and can stay in their digestive system in 48 days following (Moos
etal., 2012; Browne et al., 2008). Researchers also found that organisms with gills (like shore crabs) are more vulner-
able to microplastics due to the different uptake pathways (Nerland et al., 2014).

For fish, it is known that a fish that accumulates plastics in its gut is more likely to become malnourished and
starve, while more information is needed on the translocation of microplastic across the fish gut (Nerland et al., 2014).
There are two types of microplastic uptake by fish, active and passive uptake. Active uptake means that fish confuse
microplastics with food while passive uptake could mean accidental ingestion during feeding or drinking or transfer
within the food chain (Roch et al., 2020). According to Roch et al., microplastics that remain in wild organisms mainly
concentrate in the gut (2020).
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Microplastics are also examined in mammalian models, most commonly in mice. Ingested plastics are usually
found in the gut, liver, and kidney (Deng et al., 2017; Yang et al., 2019). The gut experiences pathological changes
like mucus secretion, gut barrier dysfunction, intestinal inflammation, and gut microbiota dysbiosis (Yong et al.,
2020). For mammalian cells, generally, extremely high concentrations of microplastics are cytotoxic and could cause
cell death through necrotic plasma membrane rupture (Yong et al., 2020). High concentrations of microplastics could
disrupt the lipid bilayer of the plasma membrane while moderate levels could disrupt cellular surface structures like
proteoglycans and extracellular matrix components (Yong et et., 2020).

On the human level, microplastic exposure can cause oxidative stress, inflammatory lesions, and increased
uptake or translocation. Additionally, there are also potentials for metabolic disturbances, neurotoxicity, and increased
cancer risks (Rahman et al., 2021). Microplastics enter the human body through either inhalation or ingestion (Vethaak
and Legler, 2021). Limited experiments revealed that only small fractions of administered microplastics are capable
of crossing epithelial barriers of lungs and intestines, while uptake efficiency generally increases as particle size de-
creases (Wright and Kelly, 2017). Although the proportion of particle uptake is relatively low, it is still important
because of life-long exposure and accumulation in tissues and organs (Vethaak and Legler, 2021). Young et al. reveals
that translocation of microplastics <10um from the gut to the lymph and circulatory systems cause systemic exposures
and accumulation in tissues like the liver, kidney, and brain (2020). The smallest particles (<0.1um) may be capable
of crossing cell membranes, the placenta, and the brain, therefore, accessing all organs (Young et al., 2020; Gruber et
al., 2020; Priist et al., 2020). Microplastics could cause physical, chemical, and microbiological toxicity when in con-
tact with epithelial linings in the lungs or intestines. In vitro and in vivo rodent studies also indicate the potential of
microplastics to cause a variety of biological effects such as physical(particle toxicity, leading to oxidative stress,
secretion of cytokines, cellular damage, inflammatory and immune reactions, DNA damage, and neurotoxic and met-
abolic effects (Young et al., 2020). However, these effects are usually triggered only at high microplastic concentra-
tions and by a combination of particles that are inconsistent with those encountered in the actual environment. Some
studies also suggest that aquatic microplastics may act as vectors of microbiological toxicity, carrying biofilm-asso-
ciated opportunistic bacterial pathogens and antibiotic-resistant genes that interact with the gut microbiota (Lu et al.,
2019).

Microplastics, due to their smaller sizes, are easier to be taken up by microorganisms, fish, and other animals
(Issac and Kandasubramanian, 2021). They are therefore more likely to be transported through the food chain through
bioaccumulation and biomagnification. Additionally, microplastics remain in the environment for a longer period of
time due to the difficulties associated with cleanup. Compared to regular plastic, microplastics are more harmful and
impactful to organisms (including humans), especially at the cellular level. However, there is also the possibility that
microplastics may be degraded by microorganisms, yet the differential rates of biodegradation from these various
microorganisms that are capable of breaking down otherwise recalcitrant plastic should be taken into account in the
context of commercial applications. Further research is needed to directly compare the difference in impacts of regular
plastic versus microplastic for the same type of material.

Conclusions and Perspectives

Conventional plastics are a central concern to the scientific community today, and much of these recalcitrant polymers
are steadily accumulating in both the terrestrial and marine environments. This could have major implications on not
only ecological processes but also on human health. Microplastics, in particular, are more persistent in the environment
and have greater impacts on organisms. Therefore, studies focusing on introducing renewable plastics through either
microbial degradation of commercial-grade polymers or bioproduction of fully degradable plastics must be taken into
consideration. It is imperative that we devote effort and resources to better enhance our understanding of these degra-
dation and production rate processes on a metabolic level, so that future plastic production and degradation may be
applied on a widely utilized commercial scale.
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