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PET (polyethylene terephthalate), the plastic that water bottles are made from, is not
NN naturally degraded and accumulates in oceans around the world, contributing to the

! ! problem of pollution and effectuating significant environmental damage. Our project
utilizes a strain of gram-positive, spore-forming, genetically engineered halophilic bacte-
ria, Bacillus tianshenii, that can break down PET in the presence of salt water. In their
inactive spore form, the bacteria are placed between a bottle and its full-length bottle
label, along with a dried medium of nutrients. When in salt water, the spores will ger-
minate and consequently express the two genes needed for the decomposition of the
bottle: PETase and MHETase, originating from the bacteria Ideonella sakaiensis. These
bacteria express the two genes coding for the enzymes required for breaking PET down
to its monomer, MHET (monoethylene terephthalate), and then further to environmen-
tally benign compounds ethylene glycol and terephthalic acid. These two genes are
ISF6_4831 (PETase) and ISF6_0224 (MHETase). Ethylene glycol and terephthalic acid
can be utilized by the engineered bacteria, as well as other ocean-living bacteria, as a
carbon source. The gene coding sequences are optimized for expression in Bacillus and
for activity in salt water. They are driven by two constitutive Bacillus subtilis promoters
(BBa_K143012 and BBa_K143013). Two strong ribosome binding sites (BBa_K780001
and BBa_K090505) and two terminators (BBa_K780000 and BBa_B0010) from B. sub-
tilis are also used. A Bacillus bacteriophage phi29 is part of the design as a kill switch to
control the population of the engineered bacteria in the environment if needed.
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Background

Due to its configurational versatility and convenience

in everyday living, polyethylene terephthalate (PET), a
type of plastic that is commonly used, has taken a role
in many aspects of our lives today in the form of plas-
tic wrappers, bottles, and more. However, plastic takes
an average of 1,000 years to decompose, which means
that every piece of plastic ever created is still present
on Earth (Gonzaga 2007). Considering its current rate
of production, the use of plastic products is not sus-
tainable. An estimated 5.25 trillion pieces of plastic are
floating in oceans and make up 60 to 90% of all marine
debris (Surfers Againts Sewage 2019). Furthermore,
microplastics have become a significant health risk due
to its increasing presence in our food sources, such as
seafood. Synthetic plastic was created as a way to lessen
the impact of human consumption on the natural world,
but is now a major cause of ecological, economic, and
human health problems.

Microplastics are everywhere. When ingested through
food like the fish we eat, it’s been proven to have ad-
verse effects on humans. This is because when humans
consume fish, they also consume these plastics (Borunda
2017). Though plastic ingestion has been found to cause
inflammation and scar tissue, scientists are now more
concerned that this consumption of plastic may be linked
to cancer as well (Ciccarelli 2019). Additionally, some
plastics break down into unsafe chemicals which can
harm both humans and the environment. For instance,
Bisphenol A, or BPA, can break down over time and let
toxic chemicals, like plasticizers, leach out. BPA and
other additives that break down in landfills hold the long-
term risk of further contaminating soils and groundwater
(Hopewell et al. 2009). When the groundwater is pollut-
ed, it can be swallowed by humans through their drinking
water source, and is yet another way that microplastics
can enter the body, resulting in severe side effects. BPA
has been “recognized since the 1940s as an endocrine
disrupting chemical that interferes with normal hormonal
function” (Harth 2010).

As a result of these problems, scientists are research-
ing ways to significantly reduce plastic waste, such as
biodegradable plastics. Without a sustainable solution,
there will be damaging repercussions for life on Earth.
We have developed a method of permanently removing
plastic from oceans by degrading it into simple organic
compounds using marine bacteria that are synthetically
engineered to decompose PET. Our objective throughout
this experiment was to create a tenable solution to plas-
tic pollution by finding a way to fully disintegrate plastics.
The plan we designed involves fixing our bacteria to the
inside of a plastic water bottle label such that when it
eventually reaches the ocean, it breaks down the bottle
and label it was placed on. Plastic has become an inte-
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gral part of daily life, thus it would be nearly impossible
to universally stop its use. Our idea to genetically engi-
neer bacteria to break PET down into two environmental-
ly benign compounds can revolutionize the way we use
plastics. The production of this bacteria can provide a
sustainable way to retain the versatility and convenience
of plastic while eradicating the debilitating effects of
plastic pollution.

Systems Level

The basic components of our design (Figure 1) include a
standard water bottle made of PET, a full-length bottle
label also made of PET, and our synthetically engineered
bacteria, Bacillus tianshenii. The bacteria will be placed
in between the label and the bottle, along with dried
nutrients, such as marine agar 2216, and an antibiotic
reagent (American Type Culture Collection 2015). When
this design interacts with ocean water, the bacteria will
germinate, as the salt water concentration of the ocean
is ideal for B. tianshenii. The bacteria will also utilize the
nutrients provided to aid its growth. Once the bacteria
have germinated and become fully active, they will ex-
press the inserted genes and synthesize enzymes PETase
and MHETase to break down the bottle and its label.

Team VYSP

Between Label and Bottle

(Poly)ethylene
terephthalate bottle

Full-Length (Poly)ethylene
—Terephthalate Bottle Label

@ Dried Medium of Marine
Agar 2216

@ Antibiotic Regent

@ Bacillus tianshenii * diagram ot o scale

Figure 1. Diagram of intended design

Through the process of complete enzymatic hydrolysis,
the enzyme PETase can degrade PET to its monomer,
monoethylene terephthalate (MHET). Then, the enzyme
MHETase will degrade MHET to ethylene glycol (EG) and
terephthalic acid (TPA). These are two organic com-
pounds that naturally occur in the ocean and can be
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used as a carbon source for several marine organisms,
including B. tianshenii. Our design has the capability to
repurpose plastic pollution and yield a useful product for
marine life.

Device Level

Upon beginning research, we delved into the chemical
composition of PET (Figure 2) as well as previous studies
conducted on the nature of its decomposition. According
to a recent study done, bacteria Ideonella sakaiensis
201-F6 have been found to hold the genes necessary for
the production of PET-degrading enzymes (Yoshida et al.
2016).

O O_/_—

Figure 2. Polymer structure of (poly)ethylene terephthalate,
where n is the number of times this polymer structure is re-
peated

1. sakaiensis 201-F6 has been found to hydrolyze a thin
layer of PET film in an average of 6 weeks (Coghlan
2016). This analysis was done under a temperature of
30° C, and Ideonella’s maximum growth temperature for
PET hydrolysis spans from 55 to 70°C (Universal Protein
Resource 2016). However, noticeable degradation had
been made after 6 weeks under its conditions, leading
us to research other bacteria that may do this, but under
the stipulation that they are halophilic and native to the
ocean. With these set prerequisites in mind, we were
able to distinguish the bacteria that could potentially
produce optimal results for our desired purpose.

A study published in the International Journal of Recent
Advances in Multidisciplinary Research revealed results
of biodegradation of PET by a bacteria called Bacillus
subtilis (Nakkabi et al. 2015). However, this bacteria

is found to live in the gastrointestinal tract of rumi-
nants and humans, as well as soil (Wickham Laborato-
ries 2015). This would mean that B. subtilis is not well
equipped to withstand marine environments. However,
Bacillus’s ability to become inactive by forming spores
that protect it against extreme environments is ideal for
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our intended purpose. Furthermore, this genus has been
thoroughly experimented on within the synthetic biolo-
gy field. This means that many resources, such as parts
optimized for Bacillus, are available to us for use. There-
fore, rather than choosing an entirely different genus, we
sought out an isolate of B. subtilis. Marine isolates of the
strain can still grow starting from 15°C, and on average,
the temperature of the ocean is reported to be 17°C
(Windows to the Universe 2011). However, the average
pH of the ocean is 8.1 and optimal growth was not found
at this specified pH (Jiang et al. 2014). Taking this into
consideration, we continued to search for marine iso-
lates.

As a result, we were able to find a bacteria that grew
optimally at 30°C, pH 7.0 and in the presence of 2-4%
sodium chloride. This bacteria is B. tianshenii, isolated
from a marine sample in the South China Sea. Though
its optimal pH is 7.0, it can withstand a pH range of 6.0-
9.0. Its temperature range is 10 to 50°C, and growth
can occur in the presence of 0-7% NaCl. Additionally,

it produces endospores in inhospitable environments,
rendering itself inactive (Setlow 2014). This is a neces-
sity if this bacteria will be placed where humans can
potentially make contact. Additionally, the ability to form
endospores ensures that the bacteria will survive while
the bottle is in use or storage. From the information
gathered, it can be inferred that B. tianshenii can survive
in the ocean.

To induce B. tianshenii into an inactive state, a dry en-
vironment will be provided to initiate the production of
endospores, as this bacteria is halophilic and its spore
form will deactivate in the presence of salt water. Spores
are formed as a means of protection in unfavorable en-
vironments. Formed within the mother cell compartment
of a sporulating cell, the spores are then released into
the environment when the mother cell lyses, and become
extremely resistant to most environmentally stressful
conditions. Additionally, spores of the Bacillus genus
have little to no metabolic activity and are considered
inactive as a result, although just after their formation,
a brief period may occur in which the produced spores
display some metabolic activity. After this interval, how-
ever, spore metabolic activity has shown to be minimal
and potentially nonexistent (Setlow 2014). Because of
this, should anyone come into direct contact with these
bacteria, it will theoretically have no harmful effect upon
the subject, and an energy source will not be required to
keep the bacteria alive for extended periods of time.

B. tianshenii has a positive gram stain, as is also pre-
ferred, due to the possibility of saline-lacking water or
condensation appearing on the labels of water bottles.
Gram-positive bacteria have been found to survive lon-
ger in PBS (phosphate-buffered saline) solutions com-
pared to water (Liao and Shollenberger 2003). Therefore,
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in addition to an unfavorable dry environment rendering
it inactive, should any water infiltrate our design and
reach our bacteria, it should not germinate, and in the
event that it does, its survival rates will be low. For this
reason, when choosing our bacteria, we kept in mind
that gram-positive bacteria would be the ideal choice.
Figure 3 depicts the difference in the cellular structure
of gram-positive and gram-negative bacteria. Gram-pos-
itive bacteria typically have a cell wall consisting of a
thick layer of peptidoglycan. Many bacteria in this group
are also known to produce spores in response to starva-
tion or harsh conditions (Gontang et al 2007). B. tiansh-
enii, our chosen chassis, meets this condition in addition
to its marine origin.

Gram Positive

Plasma Membrane

Periplasmic Space

Peptidoglycan

Gram Negative

Plasma Membrane

Periplasmic Space

Peptidoglycan

Outer Membrane
(lipopolysaccharide
and protein)

Figure 3. A visual depiction comparing the cellular structures of
gram positive and gram negative prokaryotic organisms

Although B. tianshenii is aerobic, it will still survive near
the water’s surface, which is where the plastic bottle will
be present. Thus, its preferred method of respiration will
not pose an issue (Jiang et al. 2014).

When our modified strain of B. tianshenii makes contact
with ocean water, it will germinate as a result of its ideal
environment and a medium of nutrients, located under
the label of the bottle alongside the bacteria. Once the
spores have germinated, they will become fully func-
tioning cells and will begin to transcribe the genes for
PETase and MHETase, as our bacteria are designed to
produce these enzymes. PETase breaks down PET into its
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monomer, MHET. Then, MHETase breaks down MHET to
ethylene glycol and terephthalic acid. Ethylene glycol and
terephthalic acid are organic, environmentally benign
compounds. They can be used as carbon sources for
several marine organisms, primarily bacteria, including
B. tianshenii.

Parts Level

We have created a theoretical design to express the
genes and their respective coding sequences needed to
produce the enzymes that will break PET into its mono-
mer, MHET, and then further into compounds ethylene
glycol and terephthalic acid. These genes come from the
aforementioned bacteria, I. sakaiensis, that produces
enzymes PETase and MHETase to break down PET and
MHET, respectively. The gene that codes for PETase

is ISF6_4831, and the gene that codes for MHETase

is ISF6_0224. The genes would be extracted from I.
sakaiensis 201-F6 and put into our chassis, B. tianshenii.
The gene coding sequences would be codon-optimized
for expression in Bacillus and engineered for activity in
salt water.

Our design utilizes two gene coding sequences; thus,
two promoters, ribosome binding sites, and termina-
tors are also required to express the integrated genes.
The promoters that would be used are two constitu-
tive promoters for B. subtilis (BBa_K143012 and BBa_
K143013). Additionally, we have chosen two strong ribo-
some binding sites (BBa_K780001 and BBa_K090505).
Lastly, we included two terminators (BBa_K780000 and
BBa_B0010). The chosen parts are optimal for B. sub-
tilis and can be codon optimized for use in our strain.

A separate experiment regarding the duration of the
bacteria’s circuit and potential time mutations will be
performed.

Safety

Using a selective, complex growth medium, such as a
marine broth (ATCC medium formulation 2) with an an-
tibiotic reagent, B. tianshenii can be germinated (Amer-
ican Type Culture Collection 2015). Upon the conclusion
of its growth period (growth period dependent upon
the number of bacteria needed to complete an analysis
of B. tianshenii's efficiency of PET degradation [will be
obtained through bacterial titering]), the germinated
bacteria will be placed on the label and dried over the
course of 24 hours. Spores will be expected to form as
a result of its adverse environment. Its spores are not
known to produce any harmful effects on human life and
our ecosystem. However, if necessary, the spore popu-
lation can be eradicated with exposure to high pressure
(15 psi) and high temperature (121°C).
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In a lab environment, we will perform this process,

place the bacteria on the label, and subsequently place
the label on the bottle with a dried medium of nutrients
underneath. The bottle will then be placed in a simulated
ocean environment whose composition will consist of a
2.5% salt water solution. Over the course of 6 weeks,
this simulated environment will be monitored and record-
ed. In an outside environment, should lab results show
promise, the same procedure of the inducement of B.
tianshenii spores will be performed. The environment in
which the experiment is performed will be in a location
with minimal to some occurrence of human activity, and
in @ medium-sized body of water with a tested salinity of
at least 2.5%. A tracking tag will be put on the bottle.

As with all scientific designs, it is essential to consider its
potential consequences. As mentioned above, our bacteria
produces the enzymes PETase and MHETase to eventually
break down PET into ethylene glycol and terephthalic acid,
both of which are environmentally benign compounds
that are common carbon sources for a variety of marine
organisms. This means that, hypothetically, releasing our
bacteria into the ocean or other salt water environments
should not hold a directly negative impact on the ecosys-
tem. However, it may affect population sizes, and could,
therefore, impact the environment in various ways.

We recognize that the exact effects of our bacteria on
the ecosystem cannot be predicted, and for this reason,
our design includes a kill switch. Phi29, a bacteriophage
that has been used for the targeted elimination of the
Bacillus species, will be cultivated as a precaution if the
engineered bacteria are released into the ocean (Meijer
et al. 2001). Though this phage has been tested on Bacil-
lus strains and has been proven to effectively eliminate
colonies, a separate experiment regarding the effective-
ness of phi29 and its ability to eliminate the engineered
strain of B. tianshenii will be conducted.

Discussions

It is important to note that studies conducted on bacteria
or fungi concerning the degradation of PET are still in the
primary stage, as the compact chemical structure of this
polymer creates difficulties to the manner in which one
can decompose it. For this reason, it is not expected for
the decomposition of PET to be swift. The potential that
this design holds to remove plastic permanently proves
to be our greatest incentive, as no significant actions
have yet been taken to permanently eradicate PET.

The initial stage of our lab work is to use an online
Molecular Biology Suite platform called Benchling. Using
this platform, we plan to design our plasmid and iden-
tify restriction enzymes that cut the DNA at specific
sequences. We will insert our codon-optimized DNA
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sequences, in addition to selecting and testing replica-
tion origins, selection markers, promoters, and other
regulatory elements (Tolmachov 2009). The plasmid
design will also include antibiotic resistance, which is
just one of many methods of selection to shut down
cells that are not transformed. Via our designed plas-
mid, we will integrate our gene expression cassette into
the chromosome of the B. tianshenii by homologous
recombination, a type of genetic recombination in which
nucleotide sequences are exchanged between two
similar or identical molecules of DNA. It is most widely
used by cells to accurately repair harmful breaks that
occur on both strands of DNA, known as double-strand
breaks. The advantage of using homologous recombina-
tion is that it results in stable expression of the genes
and non-transfer to other bacteria (Alberts et al. 2002).
Additionally, we are considering the use of cell-free
protein expression as a way to create proteins and test
its ability to break down PET, as well as cell transfor-
mation to produce the proteins needed. This will allow
us to test the efficiency of PETase and MHETase prior to
expressing their genes in our chassis.

We are scheduled to begin experimental work soon. We
are affiliated with the BioBuilders Organization, located
at LabCentral in Cambridge, MA. With the help of our
teacher, Lindsey L'Ecuyer, mentor Patrick Holec, BioBuild-
er founder and executive director Dr. Natalie Kuldell, and
the BioBuilders team at LabCentral, we hope to physical-
ly construct a prototype of our design.
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