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Trichloroethylene or TCE (C,HCI,), a common industrial chemical used as a degreaser and a refriger-
ant, often leaks into groundwater supplies surrounding factories or developed areas. In the USA, 54%
of the Environmental Protection Agency (EPA) designated Superfund sites contain TCE . According

to the US Department of Health and Human Services, TCE can cause non-Hodgkin’s lymphoma, kid-
ney, and liver cancers. Research conducted in 2012 by a team led by Stan Wullschleger has suggest-
ed that planting Populus trichocarpa, commonly known as the poplar tree or the black cottonwood,
could ameliorate this issue of groundwater pollution by TCE. Located on chromosome 1 of the tree’s
19 chromosomes are cytochrome P450 genes that code for cytochrome P450 enzymes. These en-
zymes are known for filtering out chemical impurities in water. Additionally, the P450 enzymes of the
poplar tree break down TCE into harmless byproducts such as chloride ions, a harmless salt that the
tree releases, water, and carbon dioxide. However, P450 enzymes are not naturally expressed at great
enough rates for poplars to make a noticeable difference in lessening groundwater pollution. This
project proposes the use of clustered regularly interspaced short palindromic repeats (CRISPER) Cas9
technology, specifically, the CRISPR dCas9 (deactivated Cas9) complex, to upregulate the expression
of cytochrome P450 genes, allowing poplars to remove TCE from groundwater and metabolize it into
harmless byproducts at significantly increased rates compared to poplars for which the expression of
cytochrome P450 genes is unaltered.

Is it possible to genetically engineer poplars in order to upregulate the expression of cytochrome
P450 to make poplar trees safely remove pollutants from groundwater through phytoremediation and
metabolize the pollutants into harmless byproducts?
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Background

In Italy, the Pontine Marshes were drained in the 1930s
to make the area into farmland (Dizikes 2010). Today,
this farmland has been heavily polluted by runoff and
animal waste, making it difficult for people to live and
cultivate agriculture (Dizikes 2010). Dr. Alan Berger from
the Department of Civil and Environmental Engineering
at MIT proposed in 2008 that plants, which filter out im-
purities and pollutants, be planted in the marsh (Dizikes
2010). After two years of campaigning, the government
agreed that this was the best course of action to solve
the issue of pollution in the marshes and Dr. Berger be-
gan testing and researching with his team back in Boston
(Dizikes 2010). He notes in his findings from observa-
tions of the Pontine Marshes, as well as his findings in
the laboratory, that trees in wetlands can decrease water
pollution by up to 90% (Dizikes 2010).

Since the early 1990s, the potential of using plants to
remove pollutants from groundwater by means of their
roots, a process known as phytoremediation, has been
clear to scientists (University of Washington 2007). The
plants change those pollutants into the harmless byprod-
ucts of chloride salts, carbon, and hydrogen. Carbon and
hydrogen combine with oxygen to form carbon dioxide
and water, respectively. The plant uses the byproducts
for itself or releases them into its surrounding environ-
ment (University of Washington 2007). Of the known
plants that do this, the most prominent is the poplar
tree, which is able to remove up to 3% of trichloroeth-
ylene (TCE) from the groundwater that passes by its
roots (University of Washington 2007).

Only 2.5% of water on earth is fresh, and a small frac-
tion of this water is potable (Kukreja 2017). Many coun-
tries do not have sufficient access to consumable water
(Kukreja 2017). Roughly twenty percent of groundwater
in China, the main source of drinking water, is heavily
contaminated by industrial runoff (Kukreja 2017). Around
the world, in less developed countries, 700 million people
are still without access to clean drinking water, although
this is an issue which has been getting better since water
purification has become a major focus of humanitarian
organizations (Kukreja 2017).

Groundwater pollution is an extremely pressing issue as
the increase of pollutants in the environment leads to the
contamination of potable water. It is increasingly neces-
sary to find an efficient and cost-effective method to fix
this problem.

There are many other options available to remove TCE
from groundwater. These include more convention-

al techniques to remove TCE, such as excavation and
transport, soil washing, addition of oxidants, incineration,
extraction, pumping, and treating of contaminated water
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(McCutcheon and Schnoor 2003). Cometabolic aerobic
and anaerobic bioremediation are also effective meth-
ods for breaking down TCE in groundwater. Cometabolic
bioremediation relies on microorganisms that degrade
contaminants using a cofactor that is produced while the
microorganisms are reducing other compounds for ener-
gy and carbon (EPA 2006). Cometabolic bioremediation
may be aerobic or anaerobic (EPA 2006). In aerobic com-
etabolic bioremediation, the contaminant is degraded by
a cofactor produced by a microorganism during the me-
tabolism of another compound with oxygen, whereas in
anaerobic cometabolic bioremediation this process occurs
without oxygen (EPA 2006). Each of these methods for
removing TCE from groundwater has benefits and draw-
backs, but the most important reason for why they are
not heavily utilized is that the costs of establishing and
managing these methods are prohibitively high. After the
initial testing phases, the method of removing TCE from
groundwater provided in this paper would ultimately be
much more cost effective both to establish and manage.

Unfortunately, phytoremediation in its current state is
too slow to be a worthwhile method for removing con-
taminants from highly polluted aquifers (University

of Washington 2007). Poplars remove pollutants from
groundwater at a much slower rate than pollutants

are added to groundwater (University of Washington
2007). Additionally, poplars only remove pollutants from
groundwater when they are growing, and poplar growth
halts in the winter (University of Washington 2007).
However, genetically modifying poplars to allow them

to remove pollutants from groundwater water at much
greater rates and in greater quantities, as well as allow-
ing them to be more efficient in converting the contami-
nant into harmless byproducts, could provide a highly ef-
fective method of removing pollutants from groundwater
(University of Washington 2007). This method would also
be lower cost and lower maintenance than current meth-
ods to remove TCE from groundwater. We plan to modify
the poplars using CRISPR Cas9 technology. This technol-
ogy, which was discovered in bacteria and functions in a
bacterial immune system, allows gene editing (Doudna
and Sternberg 2017). Depending on how it is used, this
technology can delete segments of a gene, insert new
base pairs into a gene, or change the expression of a
gene by binding to the gene and influencing the expres-
sion of the gene with outside elements that have been
added to this system (Doudna and Sternberg 2017). We
plan to upregulate the expression of cytochrome P450
using this last method. The technology used in this
method is called CRISPR dCas9 (Doudna and Sternberg
2017). In this system, the Cas9 enzyme, which cuts DNA
strands to allow for the insertion or deletion of base pair,
has been deactivated (Doudna and Sternberg 2017).

This experiment focuses on the poplar tree because
poplars have deep, expansive root systems which
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stretch generally between 160 to 450 feet into the earth
from the base of the tree, and easily reach into under-
ground aquifers (Rockwood n.d.). Furthermore, Poplars
are ideal for this experiment because they have one of
the highest water uptake rates of all trees (Doty et al.
2007). The U.S. Department of Energy Joint Genome
Institute (JGI) provides access to analysis tools and a
public genome database. Over the course of the past
few years, the JGI has sequenced over 56 trillion nu-
cleotides of everything from microorganisms to plants
(Nordberg et al. 2014). In 2014, they were able to map
the genome of the poplar tree (Populus trichocarpa
v3.0) (Nordberg et al. 2014). The poplar was sequenced
ten times in order to achieve the most accurate results
(Nordberg et al. 2014). It was chosen to be mapped as
its sequence is significantly shorter than that of oth-

er common trees, but also, with its 19 chromosomes
containing 388 mega-base pairs of sequence, the poplar
genome is four times the size of the first plant to be ever
mapped (Nordberg et al. 2014).

This genome was mapped thanks to Arachne version
20071016HA, a computer genome mapping system,
which allowed the researchers to merge the outbred
haploids on the genome, as well as to remove contam-
inants and integrate a clone sequence (Nordberg et al.
2014). Using Program to Assemble Spliced Alignments
(PASA), transcript assemblies of many different poplar
species were mapped at JGI (Nordberg et al. 2014). Us-
ing previously mapped organisms such as rice, soybeans,
and fruits, JGI was able to designate the transcript as-
sembly alignments of the genome (Nordberg et al. 2014).
The gene loci were predicted using various different soft-
ware, and the best prediction for each locus was select-
ed using many positive factors and the single negative
factor of overlap with repeats (Nordberg et al. 2014). The
loci were then paired by aligning their proteins (Nordberg
et al. 2014).

Systems Level

The goal of this project is to upregulate the expression
of the cytochrome P450 genes in poplar trees in order to
make poplar trees remove pollutants from groundwater
and process them into harmless byproducts at greater
rates. All organisms have cytochrome P450 genes which
moderate and help with the synthesis and metabolism

of proteins a cell needs to survive (Cytochrome P450...
n.d.). It is this cytochrome P450 gene family that gives
the poplar tree its ability to phytoremediate. Poplars high
numbers of P450s allow them to naturally be able to re-
move more pollutants from groundwater than other trees
(University of Washington 2007). We will be working with
the black cottonwood, a poplar tree common on the west
coast of North America (Poplar n.d.). CRISPR Cas9 will

be used to upregulate the specific cytochrome P450 gene
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CYP87A, also called P450 87A3. This is the gene found in
poplars that allows the tree to metabolize trichloroeth-
ylene (Wullschleger et al. n.d.).

Poplar trees produce enzymes that break down this com-
pound into chloride ions, and recombine the hydrogen
and carbon with oxygen, producing water and carbon
dioxide (University of Washington 2007). The poplar tree
metabolizes and degrades TCE in a pathway similar to
that used in mammals (Doty et al. 2007). This system is
called P450 mediated oxidative transformation (Shang et
al. 2001). The precise metabolic pathway through which
this metabolism occurs is not yet fully understood. At
this point, scientists are only able to analyze the byprod-
ucts of P450 mediated oxidative transformation after the
metabolism has occurred. Once the metabolic pathway
is better understood, it will be necessary to evaluate the
risks of upregulating the function of this pathway.

The promoter, which allows for gene expression, for the
gene CYP87A3 in poplars likely has some rate limiting
function (University of Washington 2007). If the pro-
moter was activated whenever it sensed specific con-
taminants, then the gene would always be expressed in
poplars that grow above highly polluted aquifers Howev-
er, that is not the case. The promoter must have some
way for it to limit the expression of the cytochrome P450
enzyme associated with metabolizing TCE. It is also
possible that the rate limiting function is epigenetic, or
some combination of genetic and epigenetic limiters.
The understanding of this function, and what the effects
would be for the tree if CRISPR was used to override that
function, is essential to this experiment. The next step
in the experiment would be one of the following: edit the
genome and override the rate-limiting function to allow
for very high expressions of cytochrome P450, or dis-
cover that the rate-limiting function is in place for a very
important reason and that overriding it could be danger-
ous to the tree’s health.

In an experiment conducted by a research team at the
University of Washington led by Sharon Doty that used
transgenic poplar trees with increased phytoremedia-
tion function to remove TCE from goundwater, it was
found that the transgenic tree grew normally, and did
not display any adverse reaction to the drastic rise in
the intake and metabolization of TCE (Doty et al. 2007).
This suggests that it is unlikely that overriding the rate
limiting function and upregulating the expression of the
cytochrome P450 gene in poplars will the dangerous to
the trees’ health. However, there is a possibility that the
use of CRISPR dCas9 to override the rate limiting func-
tion could result in off-target effects deleterious to the
trees’ health since dCas9 deactivates the gene to which
it bonds and essentially becomes an epigenetic tag on
that gene. If it is decided that it is safe to override the
rate limiting function of the promoter, and that no harm-
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ful off-target effects will result from using CRISPR to do
this, then we would have to discover what part of the
promoter causes that rate limiting function, and how that
segment could be edited using CRISPR to override the
rate-limiting function.

Device Level

This experiment looks to upregulate expression of the
poplar gene cytochrome P450 87A3. This gene controls
cytochrome P450 and related proteins that are used in
the phytoremediation process, particularly with regard
to the metabolization of TCE. P450 87A3 is located on
Chromosome 1 of 19 (Cytochrome P450 n.d.; The Popu-
lus Genome..., n.d.). To upregulate this gene, we will use
a specific type of CRISPR system called CRISPR dCas9.
dCas9, or deactivated Cas9, is a Cas9 protein that does
not cut out sections of DNA, but can still be programmed
to fuse to the DNA and attract or repel transcription ini-
tiation factors in order to upregulate or restrict expres-
sion (Gilbert et al. 2013). By fusing the dCas9 protein to
the effector domains of cytochrome P450 genes we can
upregulate the expression in a controllable and stable
fashion (Figure 1; Gilbert et al. 2013). The dCas9 protein
can be used to very specifically target effector domains
on the DNA of the poplar and not only repress but also
allow upregulation of DNA binding and expression (Gil-
bert et al. 2013).

It has been shown that dCas9 can be efficiently used to
regulate the expression of proteins (Gilbert et al. 2013).
dCas9 can be sent to a promoter which couples with
CRISPR guide RNA, and it can either block the promot-
er, or attract other proteins to upregulate the promoter
(Gilbert et al. 2013). Another way in which Cas9 can be
used to regulate genetic output is by means of devel-
oping catalytically inactive Cas9 (Gilbert et al. 2013). In
a study by Le Sage and Cross (n.d.) called "CRISPRa:
Transcriptional upregulation screening with genome-wide

Cytochrome p450 Gene P450 87A3
()
. [ Activator

/

Promoter

Effector - Transcription

) Coding Region
Guide (Target Gene)

RNA

Figure 1. The dCas9 system uses a transcription activator to
induce upregulation

BioTreks | www.biotreks.org

Upregulating cytochrome P450

CRISPR activation,” researchers used CRISPRa, activa-
tion, in order to upregulate the production of a certain
resistance gene. While this gene is virtually irrelevant to
our poplar study, the technique used in this Cambridge
University study is.

The first step necessary in completing this experiment
is locating the gene P450 87A3 on the poplar genome.
Next, the CRISPR dCas9 system will be inserted into
the poplar genome so as to target the promoter of the
cytochrome P450 gene and upregulate it. The system
provides elements of stability, as the targeting of genes
is very precise, and the gene is activated by a variety
of elements across the gene involved in regulation of
expression.

Parts Level

The 19-chromosome long genome of P. trichocarpa
v3.0 was sequenced in 2003 and released to the public
in 2006 (Wullschleger et al. 2012). The CYP87A3 gene,
which produces the cytochrome protein that metabo-
lizes trichloroethylene, is located on chromosome one
(Wullschleger et al. 2012).

This experiment looks to use the CRISPR dCas9 system
to upregulate the promoter of CYP87A3. CRISPRs are the
most widely shared family of repeating DNA sequenc-

es in all prokaryotes, with about half of the bacterial
genomes that have been sequenced to date including
CRISPRs, and almost every archaeal genome sequenced
to date including CRISPRs (Doudna and Sternberg 2017).
CRISPRs are exact copies of the genetic information of
various bacteriophages, or viruses that infect bacteria
(Doudna and Sternberg 2017). The more CRISPR spac-
ers a bacteria has, the less likely that bacteria is to get
infected by a virus (Doudna and Sternberg 2017). The
CRISPR spacers, along with the CRISPRs themselves, are
part of a bacterial immune system (Doudna and Stern-
berg 2017).

CRISPR-associated genes, or Cas genes, are a set of
genes that almost always flank the CRISPR regions of
bacterial genomes (Doudna and Sternberg 2017). Cas
genes code for specialized enzymes, which function to
unzip the DNA double helix or cleave RNA or DNA mole-
cules (Doudna and Sternberg 2017).

The Cascade molecular machinery, which functions as
a bacterial immune system, contains CRISPR RNA and
10 or 11 different Cas proteins (Doudna and Sternberg
2017). The Cascade molecular machinery works by latch-
ing on to its viral DNA targets and determining the exact
sequence of viral DNA that is to be destroyed (Doudna
and Sternberg 2017). Cascade is very adept at locking
onto perfect or near perfect matches of the CRISPR RNA,
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and its high level of discrimination ensures that it does
not accidently target a sequence in the bacterial DNA
that is similar to the CRISPR RNA sequence (Doudna and
Sternberg 2017).

In the CRISPR-Cas9 system, CRISPR RNA plays the role
of recognizing a sequence of viral DNA that is identical to
the sequence of the CRISPR RNA (Doudna and Sternberg
2017). CRISPR RNA also plays the role of bonding to one
of the strands of viral DNA, forming a DNA-RNA double
helix (Doudna and Sternberg 2017). TracrRNA performs
the simple but necessary task of holding the CRISPR
RNA - Cas9 complex together (Doudna and Sternberg
2017). Cas9 plays the role of separating the viral DNA
double helix, allowing for the CRISPR RNA to form an
RNA-DNA double helix with one of the viral DNA strands
(Doudna and Sternberg 2017). Cas9 then performs the
task of snipping both of the strands of viral DNA using
two nuclease modules, initiating a double-strand break
(Doudna and Sternberg 2017).

Cas9 (160 kDa) is an enzyme, meaning that it is built

up of hundreds to thousands of amino acids (Doudna
and Sternberg 2017). However, nearly all of these amino
acids are there only to define the enzyme’s shape. Only
a few contribute to the actual biochemical function of
the enzyme (Doudna and Sternberg 2017). Deactivating
those few amino acids in Cas9 that allow it to snip DNA
takes away the DNA cutting ability of Cas9, but leaves
Cas9 still able to interact with the RNA guiding sequence
and attach itself to a matching DNA sequence (Doudna
and Sternberg 2017). By adding proteins that influence
the output of genes to the CRISPR-Cas9 complex with

a deactivated Cas9 enzyme, scientists can control gene
expression (Doudna and Sternberg 2017).

We do not have enough information about the promoter
of the P. trichocarpa v3.0 gene to go into further detail
at this point in the discussion of the parts level. The next
steps would be to thoroughly examine the promoter of
the CYP87A3 gene, and to use the information from this
analysis to determine which proteins should be added to
the CRISPR dCas9 complex in order to upregulate the
expression of CYP87A3. It would then be necessary to
investigate the method by which these proteins are add-
ed to the CRISPR dCas9 complex, as well as the method
by which this complex is most effectively inserted into

a poplar cell to cause the upregulation of CYP87A3 to
occur.

Safety

This experiment has minimal safety risks, but how it may
be perceived by the public is a question which requires
further investigation. Federal regulations allow genetical-
ly modified trees to be grown for research purposes in
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greenhouses or controlled fields, but they are not per-
mitted to be grown for commercial purposes (University
of Washington 2007). The one major safety risk regard-
ing genetically engineered trees is how they might affect
the ecosystem that they enter (University of Washington
2007). How might bugs and other animals that feed on
the leaves and twigs of trees be affected by a genetical-
ly engineered poplar grove? What if some of the trees
experience off-targeting effects from being genetically
modified that cause harm to not just the tree, but the
surrounding environment. The main worry surrounding
these trees is what may happen if seeds from the genet-
ically engineered poplars spread before it can be discov-
ered if they have any negative effects on their surround-
ing environment (University of Washington 2007). The
ultimate goal is to remove carcinogens and other harmful
substances from water supplies, so it makes sense to do
as much testing as possible to ensure that nothing is be-
ing introduced into the environment that would be even
worse than carcinogens in drinking water (University of
Washington 2007). If the trees would be better off not
being allowed to spread, there is still potential for them
to be used. Poplars grow quickly, but grow for several
years before flowering (University of Washington 2007).
It could be possible to plant genetically engineered pop-
lars above highly polluted aquifers, let the poplars grow
and remove many contaminants from the aquifer, and
then remove the poplars before they flower and spread
(University of Washington 2007). Even if someday the
trees are approved and permitted to be used for phy-
toremediation, they will undoubtedly require close mon-
itoring, even as nothing more than a simple precaution
(University of Washington 2007).

Discussion

While there are worries about how the general public will
receive the genetic modification of trees, there are no
other foreseeable issues with gene expression when the
promoter of the CYP87A3 gene is upregulated (University
of Washington 2007). This project examines the upreg-
ulation of the production of the cytochrome P450 gene
CYP87A3 in poplar trees using the CRISPR dCas9 sys-
tem. This will allow the trees to break down TCE taken

in from groundwater at much greater rates than poplars
are naturally able. The poplar trees break down the TCE
into chloride ions, carbon, and hydrogen, and the carbon
and hydrogen are then combined with oxygen to form
CO, and water. Some of these harmless byproducts the
tree uses for itself, while others can even be beneficial
to the surrounding environment, (University of Washing-
ton 2007). Hopefully, the general public will understand
that this specific genetic modification using the CRISPR
dCas9 system to upregulate expression of the CYP87A3
gene is safe and aims to clean up the freshwater of

our world.
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