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Abstract:

Plastic waste is problematic for marine and terrestrial ecosystems due to the mass

production of polyethylene terephthalate (PET) single use plastics (Carr et al., 2020; Doyle, et

al., 2011). What is unclear is a well-thought-out solution to solve pollution problems that will not

further damage the environment. Throughout this literature review, I will investigate the role

microbes play in plastic degradation, and if plastic eating microbes are an effective solution to

the plastic pollution problem. Polyethylene terephthalate (PET) is the chemical name for

polyester. It is a clear, strong, and lightweight plastic that is typically used for food and beverage

packaging, and other single-use purposes. The most well understood organism identified to be

capable of plastic degradation is the heterotrophic bacteria Ideonella sakaiensis (Flashman,

2018). I. sakaiensis can ultimately break down polyethylene plastics with the enzymes PETase

and MHETase, making them potentially effective at mitigating the plastic waste crisis. On the

scale necessary to solve the global problem of plastic pollution, relying primarily on

plastic-eating microbes is currently unrealistic. Currently, research is branching in several

different directions: 1) how plastic affects marine and terrestrial organisms, 2) how plastic enters

the human food chain and causes health problems, and 3) how microbes degrade plastic. Future

research could likely focus on expanding small-scale experiments on heterotrophic microbes to

larger scale processing in an industrial waste facility (Carr et al., 2020), or working to combine

the high PETase hydrolytic activity with thermostable PHEs to incorporate higher

thermostability to PETase (Taniguchi et al., 2019).

Introduction:
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It is well known that plastic waste is problematic for both marine and terrestrial

ecosystems, with the cause being attributed to the mass production of polyethylene terephthalate

(PET) plastics for food containers, films, fibers, and bottles (Carr et al., 2020; Doyle, et al.,

2011). What is unclear is a well-thought-out solution to solve pollution problems that will not

further damage the environment. With this in mind, my thesis will explore the potential to use

plastic-eating microorganisms for plastic degradation rather than conventional methods, such as

burning and landfilling which release harmful byproducts, and recycling, which is often limited.

Specifically, I will investigate two primary questions: 1) What role can microbes play in plastic

degradation? and 2) Are plastic eating microbes an effective solution to the plastic pollution

problem? Through a literature review, I will further investigate how microorganisms use plastic

as an energy source to determine if they are a viable solution to shield our ecosystems from the

rise of plastic pollution.

Background Information:

Microbes are microscopic organisms that belong to two Domains of life: Archaea and

Eubacteria. Microbes include primary producers that convert light and other compounds to

energy, heterotrophs/decomposers who obtain energy from external sources, and are found

everywhere. Microbes have a substantial influence on people’s lives; they clean up the

environment, make soil fertile, influence food technology, and produce nutrients that our bodies

need (Postgate, 2003). Most of the time, we coexist with microbes without even realizing it.

While some microbes protect us from other harmful organisms, others can be responsible for

outbreaks of disease, food spoilage, deterioration or decomposition, etc. (Postgate, 2003). For

this particular project, I am focusing on the environmental and deterioration capabilities of
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heterotrophic microbes from the Domain Eubacteria, specifically Ideonella sakaiensis and those

similar to it who have been hypothesized to be able to directly break down plastic compounds.

Polyethylene terephthalate (PET) is the chemical name for polyester. It is a clear, strong,

and lightweight plastic that is typically used for food and beverage packaging, and other

single-use purposes such as mouthwash, shampoo, hand soap, cleaners, and even tennis balls.

PET was first synthesized in North America during the 1940s by Dupont chemists who were

searching for new synthetic fibers (PETRA, 2015). To this day, over 50% of the world’s

synthetic fiber is made from PET, referred to as “polyester” when used for fibers or fabrics, and

PET or PET resin when used for containers. See Table 1 for a breakdown down the most

common applications for PET plastic and the amount produced annually.

Table 1: a compilation of the different categories of plastic and the products that fit into them,

measured by millions of tons produced annually (Cornwall, 2021).

Polyethylene Polypropylene Polyvinyl
Chloride

Polyethylene
Terephthalate

(PET)

Polystyrene Polyurethane Other

Sandwich
bags

Trays and
containers

Food
packaging
film

Food
packaging

Snack
wrappers

Microwavable
containers

Automotive
parts

Window
frames

Cable
insulation

Garden
hoses

Inflatable
pools

Water bottles

Soft drink
bottles

Cleaner
bottles

Dairy and
meat
packaging

Disposable
cutlery

Building
insulation

Kitchen
sponges

Pillows and
mattresses

Touch
screens

Optical
fibers

Hub
caps

Surgery
devices

116 Mt 68 Mt 38 Mt 33 Mt 25 Mt 27 Mt 75 Mt
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Plastic products are durable, have a low production cost, and have vast applications in

several sectors, which makes them high in demand from a convenience and cost perspective

(Sharuddin et al., 2016). Thirty to 40% of plastics are produced across the world for various

packaging purposes and other single-use products, all of which contributes to the rising plastic

garbage at a rate of 12% per year (Jaiswal, et al., 2020). Further complicating the waste problem

is that plastics are made to be robust and the physical factors of the plastic including: surface

area, functional chemical groups that are used to make the plastics, molecular weight,

hydrophilicity/hydrophobicity, melting temperature, and chemical structure, among others

significantly impact and limit deterioration rates (Jaiswal, et al., 2020). These properties in

tandem with the increased demand has led to a continued build up and persistence of plastics in

marine and terrestrial environments over the years.

PET waste accumulates in both marine and terrestrial environments, which leads to harm

and/or death of inhabitants. Plastic is responsible for the death of approximately one million sea

birds, and 100,000 marine mammals and turtles per year, due largely to strangulation and

suffocation (Carr et al., 2020; Isangedighi et al., 2021). Furthering the pervasiveness of plastic

waste and harm is the partial breakdown of discarded plastics and treatment of synthetic fibers

that results in widespread dispersal of microplastics and microfilms, termed “microplastics.”

Microplastics are small plastic pieces that are no more than five millimeters long, and can

originate from a number of sources including: fragmentation of larger macro-plastic debris,

pre-production pellets spilled during transport, outflow of wastewater containing microbeads

from cosmetics or fibers, and road-run-off containing fragments of vehicle tires and paint (Nelms

et al., 2019). These microplastic shards can be ingested directly through accidental consumption,

or they may be ingested indirectly through trophic transfer where predators consume prey that
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have been contaminated with microplastics (Nelms et al., 2019). In marine environments,

organisms ingesting microplastics is a relatively new subject of interest and has recently become

a large concern (Markie et al., 2019). A recent study assessed the presence of microplastics in the

digestive tracts of 43 cetaceans of eight different species, and seven pinnipeds of two different

species (Nelms et al., 2019). The researchers were seeking to understand the general abundance

of microplastics ingested by individuals, what polymers were involved, and if they are egested

(discharged as undigested food) or are retained in the digestive tract (Nelms et al., 2019).

Through an assessment of the entire digestive system of each individual, the team detected

microplastics in all 50 mammals examined in the study, however the average amount of

microplastics detected was low (mean 5.5), which implies that the microplastic particles of

interest are transitory, able to be passed by the animal and are not considered permanent (Nelms

et al., 2019). This does not mean that all microplastic particles consumed are transitory, however,

because the researchers discovered that the mammals’ stomachs contained more microplastics

than the intestines which would indicate at least some retention in their systems (Nelms et al.,

2019). After analyzing their data, the researchers discovered a potential relationship between the

cause of death category of the mammals and their microplastic abundance. Animals that died due

to infectious diseases contained a slightly higher amount of particles than those that died of

trauma or other causes, however it is worth noting that this is a casual relationship until more

research is conducted (Nelms et al., 2019). This study should be eye opening, because in terms of

ocean pollution whales, dolphins, and seals are considered important indicators of marine

ecosystem health because most of them have a long life span, high trophic level feeding status,

and are susceptible to bioaccumulation and biomagnification of chemical contaminants (Nelms

et al., 2019). Such results should leave us wondering what remediations to mitigate our waste
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crisis are available, and where new groundbreaking work can be done if we are to save such

organisms from the pain and suffering of humanity's solution to cheap containers and clothing

fibers.

In terrestrial environments, soils may pose as a sink for plastics and microplastics

because they can readily leach from soil into groundwater and contaminate other water sources,

which can be problematic for the terrestrial organisms and ecosystems (Carr et al., 2020). For

example, one team of researchers conducted a study on stinging wasps to examine the ingestion

and toxicity of polyamide (nylon) particles that fall into different size categories (Lahive et al.,

2019). The researchers used the stinging wasp Euodynerus crypticus to determine how particle

size affected their survival and reproduction when exposed to nylon particles from the two size

ranges 13-18 and 90-150 micrometers, and concentrations of 20, 50, 90, and 120 g/kg, which is

2-12% w/w (Lahive et al., 2019). In addition to nylon, polyvinyl chloride (PVC) particles at

106-150 micrometers in size and 90 g/kg concentration were tested as well (Lahive et al., 2019).

It was determined that neither polymer types at any size range affected the ability for E. crypticus

to survive, however reproduction ability was significantly reduced on a scale controlled by

dosage and/or concentration (Lahive et al., 2019). Reproduction was most greatly affected by

nylon particles at high exposure concentrations, 90 g/kg and higher (Lahive et al., 2019). Smaller

size ranges (13-18 micrometers) had a larger effect than larger size ranges of particles (greater

than 63 micrometers), which could potentially be linked to E. crypticus ingesting a greater

amount of those smaller particles, however more research is needed to explore this relationship

(Lahive et al., 2019). This study demonstrates the possibility of toxic effects from plastics and

microplastics in-dwelling organisms at high exposure concentrations, which poses a threat to the

terrestrial environment. A different study was conducted on the earthworm Lumbricus terrestris
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that exposed them to polyethylene microplastics that were 150 micrometers in size or smaller in

concentrations of 7, 28, 45, and 60% dry weight (Lwanga et al., 2016).

Microplastics not only contaminate marine and terrestrial ecosystems and organisms, they

also enter human food chains. This contamination can lead to adverse health effects including

immune disorders, congenital diabetes, and cancer in both animals and humans (Llorca and

Farré, 2021). Plankton, fish, and humans ingest carcinogens from plastic waste through the food

chain, either directly from the water or soil, or indirectly from their food where these plastics are

“bio accumulated” in the food web, eventually concentrating in animals that humans consume

(Jaiswal et al., 2020). In addition to direct consumption in food, animals, including humans, are

exposed to micro and nanoplastics (MNPLs) through inhalation, accidental ingestion, and less

significantly through skin contact (Llorca and Farré, 2021). For reference, nanoplastics are

particles less than 100 nanometers in size, which is 0.0001 millimeters or smaller - these are of

concern because they are small enough to likely pass through biological membranes and affect

functioning cells. MNLPs have complex additives such as plasticisers (increase plastic softness

and flexibility), flame retardants, fillers, UV stabilizers, coating finishers, colorants, and metals

to name a few (Llorca and Farré, 2021). While the plastic shards on their own can cause damage,

it is the complex additives that significantly do harm when they are broken down and released in

the body where toxic effects are demonstrated. Additives such as polybrominated diphenyl ethers

(PBDEs), bisphenol A, and some phthalates have been studied the most in the last ten years, and

have been determined by researchers to be linked to carcinogenicity, neurotoxicity, obesity, and

endocrine disruption (Llorca and Farré, 2021). These consequences, along with those mentioned

regarding marine digestion of plastic, are monumental issues that need to be addressed. We

should ask ourselves, where we go from here and who is responsible for how we rectify these
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serious consequences because if remediation does not occur soon, more animals will fall ill and

die due to plastic consumption from their environment.

Plastic mitigation requires attention from several different fields of study. This issue can

be thought about through several different lenses: economics, ecology (the study of organisms

and their relationship to their physical environment), microbiology (the study of living organisms

too small to be visible with the naked eye), macrobiology (the study of large living organisms),

marine biology, and organic chemistry. Each of these disciplines investigates how plastics

directly affect what is of interest to them. For example, biologists are interested in how plastic or

biodegradable products impact the environment and organisms; those in economics concern

themselves with how communities are monetarily impacted by plastics and recycling in general

(Eriksen et al., 2018). Why after years of research is plastic waste mitigation still such a large

issue? The answer depends on the field. Recycling can be expensive for businesses and

communities from a financial perspective. Individuals are only monetarily incentivized to recycle

certain items like soda cans and some bottles, but overall, it is cheaper and more convenient to

throw away recyclables, which is highly problematic (Eriksen et al., 2018). Another important

issue to address is cost: how do we make recycling both easier for the average person, and also

cheaper for the communities to participate in? Another recycling-related question that often

arises is the science behind biodegradable plastics and biodegradable products because no system

is perfect. The average person believes that biodegradable products are better because they

degrade “naturally,” but most of the time that is simply not the case. Most products that state

they are “biodegradable” still require processing in a specific facility that unnaturally heats them

to a high temperature to degrade them – this does not solve the problem because, like recycling,
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they are simply not ending up in the facility necessary to break them down properly and are

instead being put in landfills (Thompson, 2018).

Recent efforts have begun to analyze the idea of using heterotrophic microbes and their

enzymes as a reliable mechanism for plastic degradation. Initially, synthetic polymers such as

PET were thought to be resistant to microbial degradation, but recent research has shown that

certain microbes can produce hydrolase enzymes that break down or modify the plastic (Carr et

al., 2020). The most well-studied plastic-eating microbe is the Eubacteria Ideonella sakaiensis,

which utilizes PET plastic as a carbon and energy source (Carr et al., 2020). This means that the

microbe I. sakaiensis has the ability to degrade and consume PET, by catalyzing the

oxidation–reduction reaction to break down the chemical bonds in the plastic polymers.

Deterioration of PET by microbes relies on several physical factors of the plastic, such as surface

area, functional groups present, molecular weight, hydrophilic/hydrophobicity, melting

temperature, chemical structure, and crystallinity, among others (Jaiswal et al., 2020). Polyesters

for example are less likely to degrade because they have side chains (less assimilated than those

without side chains). Molecular weight is an important factor, because the higher the molecular

weight of a polymer the slower the degradation potential (Jaiswal et al., 2020).  Genetic and

protein engineering tools have been used to increase microorganisms’ ability to degrade plastic,

such as modifying the protein’s amino acid sequence to increase enzymatic activity and to

tolerate reaction conditions (Carr et al., 2020). While this is a scientific breakthrough for the

better of our environment, it may be futile if the broken-down plastic, or the organisms

performing the degradation release harmful chemicals into the environment (Carr et al., 2020).

Overall, we can see the potential for heterotrophic microbes to serve as a greener

approach to recycling certain plastics that may otherwise be put into landfills, burned, or washed
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into rivers and oceans. Through microbial intervention, we can see the life cycle that plastic

would take from production, to discard, to breakdown. One of the major attributes to using

microorganisms to degrade plastic is the lack of additional external chemicals required to

perform the job. Microorganisms are a greener approach that overall costs less energy, is more

environmentally friendly, and can target specific plastics that are mixed in with other forms of

waste (Cornwall, 2021). From here, we will introduce the bacteria responsible for plastic

degradation currently, and address their effectiveness in this role.

Section 1: The Role of Heterotrophic Microbes in Plastic Degradation

Recycling is not a new concept, however utilizing microbes and their enzymes to degrade

plastic is. The most well understood organism identified to be capable of plastic degradation is

the heterotrophic bacteria Ideonella sakaiensis. This bacterium was discovered by Japanese

scientists in 2016, within a consortium of microorganisms found in a sediment sample taken near

a bottle recycling plant in Japan (Flashman, 2018). Researchers were initially unclear on what its

mode of energy production was, but genetic analysis determined it was most closely related to

Ideonella dechloratans - a chlorate-respiring heterotrophic bacterium (Tanasupawat et al., 2016).

Along with the discovery of the bacterium itself was a novel enzyme it produces called PETase.

Upon closer observation, researchers realized that the plastic bottles at the facility served as a

nutrient source for the bacterium: I. sakaiensis, it uses the hydrolase enzyme PETase to convert

PET to mono terephthalate-degrading (MHET), where MHETase finishes breaking down the

monomers, however, CO2 is its oxidation byproduct (Carr et al., 2020). I. sakaiensis was then put

to the test to determine how its PETase compared to other known PET hydrolyzing enzymes and
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determined  that the combination of PETase and MHETase enables I. sakaiensis to degrade

plastic at a faster rate than any previously discovered enzymes (Tanasupawat, et al., 2016). The

ability for I. sakaiensis to utilize carbon sources for energy rather than creating its own from the

sun defines it as a heterotrophic microbe. In this case it appears that PETase allows I. sakaiensis

to utilize plastic as a source of energy, which suggests that PETase could be a potential solution

in mitigating plastic waste. There is one problem with this process, however. While I. sakaiensis

is a naturally occurring bacterium, those harnessed for this study were taken to a bioreactor

where they are modified for optimum use, rather than studied in their purely natural form

(Flashman, 2018). For example, I. sakaiensis optimally grows at a pH of 7.0-7.5 and a

temperature of 30-37°C, however it can successfully grow outside of those ranges - in the

bioreactor, cultures were growing at 30°C (Flashman, 2018; Tanasupawat, et al. 2016). These

naturally occurring species have evolved to withstand hardy plastics in the wild and use them as

a substrate for energy, but what happens when these modified versions of the natural bacteria

make their way into the wild? If bacteria begin eating plastic in the wild rather than in a

biological facility, then the product packaging designed to last could potentially come under

threat. The plastic/packaging industry would feel forced to prevent their plastics from being

contaminated with hungry plastic-eating microorganisms, thus rendering this potential solution

to our recycling problem useless because they will create a plastic that is resistant to such

bacterial contamination (Flashman, 2018).

Ideonella sakaiensis is not the only bacterium that possesses PET hydrolases - other

organisms with similar hydrolases including Thermobifida fusca, Bacillus subtilis, and species

from the genera Thermomonospora (Danso et al., 2019).The original function of Thermobifida

fusca (formerly belonging to the genus Thermomonaspora) was to degrade the cellulose that
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makes up plant cell walls (Wilson, 2004). This bacterium can be found in decaying organic

matter and is a major contributor to degrading plant cell walls (Wilson, 2004). Polyesterase

(promoting the degradation of polyesters) was first reported for T. fusca by a German research

group (Kawai et al., 2019). While this is a function that the organisms still serve, they also

contain cutinases (the category to which all PET hydrolases fall under) which degrade the cutin

of the cuticular layer in leaves or suberin in bark (Kawai et al., 2019).

Bacillus subtilis is the best studied Gram-positive bacterium, serving as a model

organism to study chromosome replication and cell differentiation (Errington and Aart, 2020).

Like other Bacillus species, it can form endospores to survive during extreme environmental

conditions of temperature and desiccation (Madigan and Martinko, 2006). B. subtilis is unique

because it is particularly susceptible to genetic manipulation, which explains its model organism

status (Errington and Aart, 2020). B. subtilis has the ability to breakdown PET using PETase,

however it does not possess MHETase so it can only break down the larger polymers and not the

monomers like I. sakaiensis can with its version of PETase (Danso et al., 2020). While I.

sakaiensis is more effective by breaking down the monomers, it is more sensitive to extreme

temperatures and pH changes than B. subtilis is, thus demonstrating an important trade-off in this

research (Danso et al., 2020).

Microbes in the genus Thermomonospora, have contributed to new antibiotics, enzymes,

and products capable of pharmacological activity (Chertkov et al., 2011). Like Thermobifida

fusca, Thermomonospora species participate in active degradation of cellulose, and this is logical

because T. fusca and Thermomonospora spp. are related (Chertkov et al., 2011; Wei et al., 2014).

Thermomonospora curvata, for example, is a thermophilic bacterium that produces extracellular

hydrolases that degrade synthetic polyesters (Wei et al., 2014). In onestudy, researchers cloned
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and expressed T. curvata genes Tcur1278 and Tcur0390 into the E. coli genome - what is unique

about these two specific genes is that they share a 61% sequence identity with the T. fusca

enzymes (Wei et al., 2014). The experiment demonstrated that Tcur0390 showed an increased

hydrolytic activity against PET nanoparticles when compared to Tcur1278 at 50 degrees celsius.

At both 55 and 60 degrees celsius, hydrolytic activity against PET nanoparticles was only

present with Tcur1278 (Wei et al., 2014). This confirms the idea that thermal stability in

Tcur1278 is the main contributor for higher hydrolytic activity (Wei et al., 2014).

Among the bacteria discussed, Ideonella sakaiensis is the only known organism that

contains the MHETase enzyme, which breaks down the monomers of PET after its degradation

by PETase, making it the best-suited organism for the job (Danso et al., 2019). Furthermore,

unlike I. sakaiensis, PET degradation is not the primary role for any of the other bacteria

discussed here, nor for their enzymes. I. sakaiensis has been studied more than other organisms

for plastic degradation because it possesses the MHETase enzyme that the others lack, however it

is by no means a perfect organism. The largest flaw with using I. sakaiensis and its PETase

enzyme is the fact that it is sensitive to changes in temperature and pH, while others are less-so

(Danso et al., 2020). Future research could pursue a path in which we find a way to combine

strong attributes of several organisms to survive harsh conditions for degradation, without

making them so strong that we cannot control them.

While many studies are focused on the impact one microbial species can have on

degrading plastic, scientists at Reed College in Portland, Oregon currently are performing

groundbreaking research to study the impact of using multiple species of bacteria to break down

PET. This research project started with Morgan Vague, a 2018 graduate from Reed, who was

interested in researching the relationship between bacteria and plastic for her thesis work under
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Professor Jay Mellies (Lydgate, 2021). The work of Mellies, Vague, and other students on the

project is unique because they are investigating soil samples composed of five different strains of

bacteria, including Pseudomonas and Bacillus, that are hypothesized to work synergistically to

consume PET and convert it into an energy source (Lydgate, 2021). These organisms working

synergistically means that they are interacting or cooperating to produce a combined effect that is

greater than the sum of their separate effects. Vague wanted to test the bacteria’s ability to feed

on hydrocarbons, thus she attempted to culture bacteria on shards of plastic. Most of the

organisms died, however some did in fact survive - since PET was their only source of nutrition,

Vague deducted that they had to be digesting the plastic (Lydgate, 2021). PET is a polymer with

long tough strands that are tangled up together, which contributes to its durability but also

renders it resistant to biological reactions; however the microbes studied also produce hydrolases

that are responsible for the degradation of PET (Lydgate, 2021). Hydrolases are the enzymes that

bacteria use to digest food, in this case PET, by chopping long, complex molecules down to a

size in which the organisms can absorb or consume them. Plastic is far tougher to digest than any

other food source bacteria are likely to be exposed to naturally, however they are adaptable

(Lydgate, 2021). The research team spent several months culturing the organisms on PET, and

after eight weeks they determined that the PET in one sample had lost three percent of its mass

due to bacterial digestion (Lydgate, 2021). Furthermore, this sample contained five different

strains of bacteria in which some strains broke down the PET into pieces that other strains could

digest, proving yet again that these organisms are synergistic. Now that they have determined

that their samples can in fact degrade plastic, the team is now focused on determining ways to

make the process more efficient (Lydgate, 2021).
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Section 2: Are plastic-eating microbes an effective solution to the plastic pollution problem?

As discussed in Section 1, some species of heterotrophic microbes, such as Ideonella

sakaiensis can ultimately break down polyethylene plastics, making them potentially effective at

mitigating the plastic waste crisis (Danso et al., 2020). While limited work has attempted to

study the feasibility of larger-scale processing of plastic waste by microbes, there is still plenty

of room for research to be conducted on how effective this solution is for the crisis (Lydgate,

2021). The research conducted by Mellies on plastic-degrading bacteria is not the only success

story (Lydgate, 2021). Another team of researchers cultured a consortium of organisms (bacteria,

yeast-like cells, and protozoa) on PET film to investigate the microorganisms capable of relying

on PET nutritionally (Yoshida et al., 2016). They successfully isolated I. sakaiensis from the

consortium, which demonstrated its capability to assimilate PET within the group (Yoshida et al.,

2016). Upon observation, the researchers noticed that the PET film was damaged significantly

and was almost completely degraded after six weeks at 30°C (Yoshida et al., 2016). Shortly after

this determination, the researchers performed a subculture analysis where they discovered a

sub-consortium that had lost the ability to degrade PET, however this was due to a lack of I.

sakaiensis in the sample (Yoshida et al., 2016). This indicates that I. sakaiensis is the major

functional contributor to degrading PET, and is successful at degrading PET film in as little as

six weeks, when compared to nature where the breakdown process could take upwards of 50 to

several hundred years depending on the conditions (Yoshida et al., 2016). This is a significant

breakthrough in terms of the time in which it takes to break down plastics, however there are

concerns for commercializing this technique due to drawbacks from the breakdown process

(Taniguchi et al., 2019).
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The PETase enzyme found in Ideonella sakaiensis demonstrates the highest PET

hydrolytic activity when compared to the PETase enzymes from other bacteria, like

Thermobifida fusca for example (Taniguchi et al., 2019). While this would typically be a positive

attribute to this bacteria and its respective enzyme, this characteristic is only true at mild

temperatures, because the enzyme is heat-labile, or able to be destroyed or altered by heat

(Taniguchi et al., 2019). Researchers find the heat-labile characteristic of the I. sakaiensis

PETase to be rather unusual when compared to the thermophilic bacteria’s PETase enzymes

because their PET Hydrolytic Enzymes (PHEs) are biochemically characteristic of their

thermophilic hosts, making the enzyme more thermostable but less hydrolytically active than the

I. sakaiensis version (Taniguchi et al., 2019).

One of the largest downfalls of using bacteria and their enzymes as a prominent

technique to combat plastic waste is that the PETase can only target the one specific type of

plastic - PET. Unfortunately, several different types of plastics accumulate in marine and

terrestrial environments that often contain solubilizers and other chemical additives used to alter

the plastic’s properties to make them stronger and more resistant to degradation (Carr et al.,

2020; Danso et al., 2019). While it is not concrete, researchers are concerned that the added

solubilizers may interfere with the enzyme’s degradation activities (Carr et al., 2020; Danso et

al., 2019). One concept that researchers are in agreement with is the low turnover rates of PET

hydrolase enzymes (PHEs), especially when interacting with highly crystallized forms of PET

plastic (Carr et al., 2020; Danso et al., 2019; Taniguchi et al., 2019). The turnover rate of an

enzyme is the maximum number of molecules of substrate that are converted to product when

the enzyme is saturated with substrate, so in this case PHEs have a low maximum number of



18

PET molecules that they convert to the products terephthalate (TPA) and ethylene glycol (EG)

(Roskowski, 2007; Tanigushi et al., 2019).

Previously, issues related more to chemical drawbacks have been discussed, however it is

worth noting some of the environmental drawbacks that could come from releasing such bacteria

into the natural environment. Releasing plastic-eating microorganisms into the environment is a

potential problem for manufacturers because they want to protect their plastic food and drink

packaging from microbial contamination as much as possible (Thompson, 2018). If the

organisms are not contained in a facility for their work, manufacturers would be forced to make

their already problematic single-use packaging resistant to microbial degradation - thus

completely undermining the process of using microorganisms in the first place (Thompson,

2018).

Another significant environmental drawback stems from the release of CO2, a known

greenhouse gas, as a waste product of the plastic consumption process (Thompson, 2018) This is

problematic because excessive levels of CO2 cause the “greenhouse effect,” where excess gasses

released into the atmosphere create a “dome” that traps the sun’s heat energy, resulting in the

warming of the planet/oceans, and significant changes in weather patterns (Buis, 2021). The only

potential solution to solve this problem is to either find an organism to harvest the CO2 for

another purpose or contain the bacteria in a facility where they can control what happens to the

CO2 byproduct (Thompson, 2018). If one were to pursue finding an organism to harvest carbon

dioxide for another purpose, methanogens would be a natural group to start with. However,

methanogens are methane-producing bacteria that reduce carbon dioxide into methane,

unfortunately producing another powerful greenhouse gas that may only contribute further to the

problem. While CO2 production by microbes is a major drawback, it is still a step in the right
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direction in terms of solving our problem. It is important to acknowledge that we should not

release genetically modified bacteria into the environment without fully understanding potential

consequences such as gene transfer. Horizontal gene transfer is a realistic consequence upon

release into the natural environment because bacteria naturally share genes as they  respond and

adapt to their environment rapidly by acquiring DNA sequences from another bacterium

(Keeling & Palmer, 2008). Horizontal gene transfer in this case could result in at least a couple

of scenarios: 1) Ideonella sakaiensis, for example, could acquire new genes in the natural

environment that could affect what it feeds on and how it responds in the environment, and 2)

Other microorganisms that could not previously breakdown plastic may acquire the genetic

material to do so - this could be good or bad.  The important point to remember is that the use of

recombinant organisms for environmental application differs greatly from a contained laboratory

environment. Given the potential drawbacks from using I. sakaiensis for plastic degradation,

researchers still have unknowns to address, especially regarding the greenhouse effect. This work

must be conducted before we should consider microbes as a viable solution to plastic mitigation,

however the work that has been conducted regarding microbes is certainly a step in the right

direction.

Conclusion:

We know that plastic waste is problematic for marine and terrestrial ecosystems due to

the mass production and poor disposal of polyethylene terephthalate (PET) plastics for food

containers, films, fibers, and bottles. The primary aim of this thesis was to explore the potential

utility of plastic-eating microbes for plastic degradation, rather than conventional methods for

disposal (burning, landfilling) and recycling. In understanding this aim, I investigated two
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primary questions: 1) What role can microbes play in plastic degradation?  and 2) Are plastic

eating microbes an effective solution to the plastic pollution problem? Through a literature

review, I investigated how microbes used plastic as an energy source to determine if they were a

viable solution to shield our ecosystems from the rise of plastic pollution. Overall, I discovered

that, on the scale necessary to solve the global problem of plastic pollution, relying primarily on

these plastic-eating microbes is currently unrealistic. The work of Milles has demonstrated

success, however success in the lab does not yet correlate to success in real world applications

(Lydgate, 2021). The research behind the Ideonella sakaiensis model is groundbreaking, and will

likely lead to further research into mitigation of the plastic waste crisis using heterotrophic

microbes. Future research could likely continue to focus on expanding small-scale experiments

on heterotrophic microbes to larger scale processing in an industrial waste facility (Carr et al.,

2020), or working to combine the high PETase hydrolytic activity with thermostable PHEs to

incorporate higher thermostability to PETase (Taniguchi et al., 2019).

Unfortunately, Earth has experienced a continuous and growing problem with plastic

waste since the 1950s, when plastic production skyrocketed. An important question we should all

be asking is “Why after all these years, is plastic waste still a persistent problem?” Obviously, the

best way to mitigate our plastic problem is to stop producing new plastic and relying on plastic

altogether, however this is simply unrealistic. Even if plastic production were halted today, we

must still address the plastic pollution present on Earth. Recycling is a critical step, and to-date,

more well established than microbial heterotrophs to help mitigate waste (e.g. Eriksen et al.

2018). However, recycling relies on two factors: 1) citizens recycling their plastics and 2) plastic

waste ending  up in specific facilities where they can  be properly processed.
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Incentivisation has been promising when used but it is not used nationwide. Container

deposit fees incentivize returning containers in exchange for a small monetary incentive in states

California, Hawaii, Oregon, Connecticut, Delaware, Maine, Vermont, Massachusetts, Iowa,

Michigan, and New York. With that in mind, it is no surprise then that Maine, Vermont,

Massachusetts, Oregon, Connecticut, New York, Michigan, and Iowa are among New Jersey and

Minnesota for the ten states with the highest recycling rates. This method has been more

effective than curbside bin recycling because consumers are paid (Eriksen et al, 2018). Fees and

taxing on plastic bags have encouraged customers to bring their own reusable bags to avoid the

fee, which theoretically reduces plastic consumption, but this is less favorable than monetary

incentivization because individuals would rather be paid to participate in recycling than charged

to avoid using plastic (Eriksen et al., 2018).

More research obviously must be conducted to establish how viable long-term reuse

could be in practice, however at this time we know that the integrity of plastic decreases with

each turn at recycling. If PET does manage to be captured for recycling, it is typically

downcycled to a cheaper, lower quality, non-recyclable plastic where it becomes an even greater

problem to the environment.. Another form of recycling plastic could be to chemically break

them apart into other molecules that could be used for other purposes, such as fuels or

pharmaceuticals, however once again this requires more research on how feasible this is as a

solution as our ability to break down plastics into “safe” compounds is questionable (Thompson,

2018).

Even if halting the production of new plastics entirely is unrealistic, there are steps that

can be taken to lower our plastic demand, and thus carbon footprints, such as shopping more

frequently at local farmers markets (little to no packaging); avoid single-use plastics as best we
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can (drinking straws, plates, cutlery); using reusable bags made from cloth, string, or wicker; buy

in bulk; replace plastic tupperware with glass containers; reuse some of that packaging that you

do have to purchase rather than throwing it out immediately after its single use; and avoid using

cosmetics that contain microplastics. These are just a few simple ways that we as the consumer

can take matters into our own hands regarding our use of single-use plastics. We should also let

our wallets speak for themselves by simply not purchasing the types of products that require such

packaging if we can help it. This will drive down the demand for them, and may cause

companies to reconsider their approach. While it may feel like there is nothing we can do to

overcome our monumental amount of plastic waste, that is simply not the case. We can start by

making small changes in our daily lives and hold these large, plastic-producing companies

accountable for the waste that they are generating in our environment.
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