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Amyloids are dense, fibrillar, proteinaceous structures that have historically, been
associated with a wide variety of systemic and neurological pathologies [1, 2]. These
beta-sheet rich aggregates are extremely stable and resistant to degradation [2, 3].
Owing to their prevalence in several pathological conditions, these aggregates have
gained a notorious reputation, however, several studies have shown that these structures
are also capable of playing a physiological role [1, 4, 5, 6]. The Audas laboratory at
SFU, studies a form a of physiological, subnuclear amyloid aggregation. It has been
shown that, in response to certain stresses, mammalian cells can undergo a form of
physiological amyloid aggregation [7]. These aggregates have been shown to have
a cellular protective effect, and are seeded within the nucleoli by long non-coding
RNA [7, 8, 9]. These structures share several biophysical properties with classical
amyloid aggregates, for example, the proteins that make up these structures are both
insolubilized and immobilized [7]. Additionally, these structures also stain positively
with classical amyloid binding dyes such as Congo-red and thioflavin S [7]. These
structures have been termed as “Amyloid bodies” or “A-bodies” [7]. The picture on
the front page shows heat-shocked (43 °C) MCF-7 cells, stained with Congo-red; the
bright-red foci are the A-bodies.
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The image was taken and processed by using the Zeiss super resolution fluorescence
microscope at Simon Fraser University, Burnaby, Canada on April 11, 2019. The Congo-
red dye was excited by exposing the cells to green light, with a wavelength of 487 nm
and observed using the 62× oil immersion lens.
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Foreword

Dear Reader,

Established in 2015, the SFU Science Undergraduate Research Journal has cultivated
a community of young scientific researchers whose goal is to improve and expand
scientific boundaries. Through our annual poster competition and journal publication,
SFU SURJ has provided opportunities to encourage students to showcase their work
while providing a dynamic environment for students and faculties to engage in scientific
discussions. This journal is the product of the endeavours of SFU undergraduate
students who care deeply about fostering a scientific community and supporting their
fellow students in their research projects. Also, this journal would not be possible if it
was not for the hard work of faculty members who took time from their busy schedules
to provide constructive feedback to authors.

Due to the COVID–19 pandemic, this year was one of the most difficult years for the
SURJ team. The disruption to weekly editorial meetings and the transition to online
platforms caused challenges which we had never experienced. Despite this, our team,
authors, and reviewers stayed dedicated to the process and overcame many obstacles
that came our way. This challenging time revealed the resiliency of our community and
that the passion for scientific advancement will be able to weather any storm. We would
like to thank everyone involved in the process for their hard work and perseverance for
making this publication a reality.

Without further ado, we present to you, the fifth edition of SFU Science Undergraduate
Research Journal.

Soheil Saeidiborojeni, Matthew Nguyen, and Elaine Lam

Executive Editors
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Attract to Kill: Are Male German
Cockroaches (Blattella germanica) Deterred
by the Presence of Permethrin Insecticide;
and If So, Does the Surface of Application

Matter?

Jessica Willows1**, Samantha Li-Jin Lam1*, Tasneem Azad1,
Gabriella Prai1, Anshu Sharma1, Blake Danis1, Kevin Lam1 †

1Simon Fraser University, Department of Biological Sciences

Abstract

Blattella germanica, the German cockroach, are unsanitary pests that are pro-
lific in human-inhabited areas such as households, hospitals, and commercial
kitchens. Pyrethroid insecticides have been used to manage cockroach infestations
for decades, and while studies have shown that B. germanica populations can evolve
resistance to pyrethroid exposure, few studies have determined whether they can
also evolve behaviors for avoiding exposure to these insecticides. Therefore, our
group aimed to study whether male B. germanica were deterred by the permethrin-
based insecticide and if so, whether the surface of application of the insecticide
mattered through two-choice bioassays. Through the two experiments, our team
tested whether the scent of a 0.35% permethrin insecticide affected the attractive-
ness of rye bread baits to male B. germanica. Our team hypothesized that there
would be no significant difference between the groups treated with insecticides
compared to those with no insecticide and that changing the surface of application
to the bread bait would not reduce this deterrence. Traps containing filter paper
treated with insecticide and placed adjacent to rye bread baits caught significantly
less B. germanica than traps containing untreated filter paper. However, there was
no significant difference between treated and untreated bread baits. Our findings
suggest that when an insecticide is mixed with a bait such as rye bread, B. germanica
is more likely to be deterred by the insecticide, which can help create new and
more efficient ways of managing infestation.

Keywords — German cockroaches, Pests, Pest control, Bait traps

1. Introduction

Blattella germanica are a globally widespread invasive species found on all con-
tinents where humans are present, including Alaska [1], and are resilient and
unsanitary urban pests. These cockroaches are found close to human settlements,

as they have a preference for human and animal waste products [2, 3].
There are numerous urban problems associated with these pests, because B. ger-

manica are important carriers of multiple strains of antibiotic resistant bacteria [4]. In

*Equal First Authorship
†Corresponding Author. Contact: klamf@sfu.ca
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hospitals, cockroach infestations increase the potential spread of resistant bacterial and
fungal infections [5], which is a significant issue for immuno-compromised individuals.
B. germanica have been suspected of being spreading antibiotic resistant bacterial strains
of Kl. pneumoniae that causes pneumonia in hospitals [6]. Moreover, B. germanica are
also capable of carrying virulent strains of bacteria that are associated with food borne
diseases such as Escherichia coli in their gut, feces, vomit and exoskeleton [6]. German
cockroaches also carry allergens that may induce respiratory irritation and asthma
attacks [7]. It was observed in the United States that many residents experiencing
cockroach infestations were found to have significantly higher levels of allergens in their
homes [8]. With the prevalence of asthma increasing in areas with a high frequency of
infestations [9], and antibiotic resistant bacteria becoming a global issue [10], there is
an increasing need for more effective and efficient methods of baiting, trapping, and
killing these harmful pests.

Current strategies to control B. germanica populations involve application of
pyrethroid-based insecticides. Pyrethroids such as permethrin are highly toxic to
B. germanica and other species of cockroaches [11], with cockroaches dying upon direct
contact with permethrin [12]. As such, permethrin is commonly used as the active
ingredient in many insecticides [12, 13]. Of the approximately 907,000 kg of permethrin
used in the United States, 41% are applied by homeowners [7].

The most common method of application of permethrin-based insecticide is indoor
residual spraying (IRS). IRS refers to spraying a residual insecticide as an aerosol
indoors in either a singular spot, spot treatment, or in cracks and crevices in the
buildings, such as behind the fridge or under baseboards [13]. A residual aerosol
ensures that the insecticide stays on sprayed surfaces until disturbed [12]. Whilst
spot treatment is precise, there is a lack of research on its efficacy [13]. Studies have
also suggested that crack and crevice application is less effective than baited traps in
school environments [13]. This may be due to permethrin’s tendency to bind to mobile
particles [12] in the crevices. These particles are able to freely distribute themselves
within the crevices, thus reducing the concentration and affecting the efficacy of the
applied insecticide [13].

Therefore, in an effort to find more efficient methods than spot treatment or crack
and crevice application, our team wanted to determine whether we could create effective
bait traps by placing permethrin-based insecticides near attractive sources such as rye
bread. As B. germanica have been observed to develop deterrence for permethrin if not
killed upon initial contact [14], our team decided to create bait traps that relied only on
B. germanica’s sense of smell.

As such, our team had to test whether the permethrin-based insecticide caused
an olfactory response and therefore deterrence in B. germanica. Our team tested for
possible deterrence through a two-choice bioassay which used rye bread placed by
itself and rye bread that was in close proximity to filter paper that was treated with
the insecticide. Our team then tested if the surface of application affected deterrence
through a two-choice bioassay with insecticide applied directly to the rye bread bait
and rye bread bait without the insecticide. Through this process, our team aimed to test
the preference of the cockroaches and ultimately whether they are deterred, attracted,
or indifferent to the insecticide. We also tested to see whether or not the surface of
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application for the insecticide matters.

2. Materials and Methods

2.1. Experimental Insects

The cockroaches used in our experiment were obtained from glass enclosures in an
insect raising facility [15]. All cockroaches were collected in falcon tubes the day before
testing. There were four cockroaches per tube, with a small piece of dampened cotton
ball to act as a water source. They were then starved together for 24 hours to make the
cockroaches more receptive to the rye bread baits [15].

2.2. Preparing the Bioassay

German cockroaches typically display colonizing behaviours such as following one
another or communicating via sonic communication [16]. Therefore, working with
one cockroach per bioassay would present fewer confounding variables. However,
when B. germanica are isolated, they often tend to display unusual behaviour, such as
a reduced tendency to explore [16], which could skew experimental data. Our team
chose to use eight cockroaches per assay, which was akin to the format of groups used
in experiments described by Pol, Gries & Gries [15].

A sixty eight-litre black Husky bin (product number: 1001 036 558, Husky) was
used as an arena to hold the cockroaches, electrocuting coffee cans, and all other
experimental materials during the 24 hour assay procedure (Fig. 1). Before any testing
was done, a lux meter (product number: X000LDS2WZ) was placed inside the bin to
measure the amount of light present. B. germanica are nocturnal in nature, and as such,
they forage for food mainly in the dark [15]. Therefore, by creating a dark environment,
our team aimed to create optimal foraging conditions. No light penetrated into the bin,
as confirmed by our reading of 0 Lux, so no adjustments were made, as the complete
lack of light meant that light would not influence the bioassay.

Before use for the first time, all Husky bins were washed with Nature Clean
unscented hypoallergenic soap, dried, and sterilized with ethanol in order to minimize
scents and contaminants from previous assays. After each experiment run, the bins
and electrocuting coffee cans were only sterilized with ethanol for the same reason. A
mixture of 48.8 g petroleum jelly (product number: 03228 JB00) and 110g of mineral
oil (product number: 66102-540, Lot: 15F300021) was made in a plastic container and
applied around the top rim of the bin with paintbrushes to ensure that the cockroaches
would not escape.

The insecticide of choice, targeted for both ants and cockroaches, was Ortho Ant
BGon Max (BGon), a residual aerosol (400g) that has 0.35% permethrin listed as the
active ingredient. To prepare the filter papers, the insecticide was first sprayed from
the aerosol can into a glass petri dish under a fume hood. A micropipette was then
used to pipette 0.03 mL of the insecticide into 30 mm diameter Whatman filter paper
(CAT No. 1001-329, Lot: 9659074), which was then placed in a fume hood for three
minutes to allow evaporation of any fumes. A separate filter paper was left with no
insecticide, to be placed into the other coffee can. A petri dish was used as a cookie
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cutter on Mestemacher Organic Whole Rye Bread (product number: 2301673) in order
to have the bread identical every time. The rye bread was placed in electrocuting coffee
cans that would prevent the cockroaches from escaping the cans once they had crawled
inside. This allowed for data collection by recording their ‘first choices’.

Once all materials were prepared, arena materials were placed in a quiet and
undisturbed room (B8241) where the Husky bins were stored. To limit confounding
variables, the experiment was run in a setup that was isolated from sound and light so
that B. germanica would only be influenced by smell. The layout of materials is shown
in Fig. 1. Placement of cans and bins was randomized.

2.3. The Bioassay Procedures

2.3.1 Insecticide on Filter Paper (n = 24)

After the set up was completed in all six bins, the falcon tubes containing the B.
germanica were placed in the center of each bin and opened. The bins were then
closed and left undisturbed for 24 hours. Once 24 hours had passed, the number of
cockroaches in each section of the bin were counted: the can trap containing insecticide
covered filter paper, the can trap containing no insecticide on the filter paper or another
place. This experiment was conducted four times, over four separate days, with the six
bins, giving a total of 24 replicates (n = 24).

2.3.2 Insecticide on Bread (n = 6)

These experiments were conducted as described above with the exception that the
insecticide was applied directly on the bread (n = 6). This experiment was conducted
once due to time constraints, giving six replicates.

Figure 1 shows a more specific set up that differed between trials where filter papers
were used and the trials where no filter paper was used. Together, the two bioassays
assessed whether the permethrin based insecticide was a deterrent to B. germanica and
whether the application surface was a factor.

2.4. Statistics

For all trials, the number of cockroaches in either the can containing insecticide or the
can containing no insecticide were converted into percentages by dividing by the total
number of cockroaches that were initially released. The mean percent of the number of
cockroaches in each respective can was then taken and compared using a paired t-test
to determine the amount of difference between the means. Tests were run in JMP®,
Version 14.1.0. SAS Institute Inc., Cary, NC, 1989-2019.

3. Results

3.1. Insecticide on Filter Paper

The data collected from the trials where insecticide was applied in close proximity to
the rye bread bait, Fig. 2 (p = 0.0245) showed that a significant difference was found
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Figure 1: General Two-Choice Set up for both bioassays. The set up on the left was used in the first
bioassay where the insecticide, Ortho Ant BGon Max (Bgon), was applied to the filter paper.
The set up on the right was used in the second bioassay where insecticide was applied directly
to the rye bread. The copper strip was placed 80 mm from the bottom of the aluminum
electrocuting coffee cans. The coffee cans ran an electric current of 7.5 V through the copper.
The copper strip prevented cockroaches from crawling out of the cans by shocking them once
they had ‘made a choice’ by crawling inside a can. The eight starved cockroaches were released
from the falcon tube in the centre of the arena at the start of the 24 hour bioassay where they
could then move into a coffee can containing bread and insecticide or bread and no insecticide,
as described above.

between the rye bread without insecticide in close proximity and the rye bread with
insecticide in close proximity. Rye bread without insecticide in close proximity attracted
more male B. germanica.

3.2. Insecticide on Rye Bread (n = 6)

The data collected from the trials where the insecticide was pipetted directly onto
the rye bread bait, Fig. 3 (p = 0.5710), showed that there was no observed statistical
difference between the bread with the insecticide and the bread without insecticide.

4. Discussion

Results from the first bioassay indicated that B. germanica were deterred by the insecti-
cide treated filter paper in close proximity to the bread and were attracted to the bread
with clean filter paper in close proximity. To explain these results, permethrin, which is
the only known ingredient of the insecticide, due to the formulation being protected,
was examined as the possible deterrent. Permethrin is non-volatile and thus was shown
to not deter B. germanica via an olfactory response [17], so it could not have been the
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Figure 2: Trial with insecticide in proximity to a bait (n=24). Percent of cockroaches found in the can
trap containing either the filter paper treated with 0.03 mL of Ortho Ant BGon or 0 mL of
Ortho Ant BGon. Error bars represent 95% confidence intervals. A significant difference was
found, p = 0.0245. Percent of total is based on the total number of cockroaches that were
present in the arena.

Figure 3: Trial with insecticide applied directly to a bait (n = 6). Percent of cockroaches found in the
can trap with either the rye bread treated with 0.03 mL Ortho Ant BGon or the bread treated
with 0 mL of Ortho Ant BGon. Error bars represent 95% confidence intervals. No significant
difference was found (p = 0.5710). Percent of total is based on the total number of cockroaches
that were present in the arena.
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deterrent to the cockroaches. Our team proposes that some other volatile compound or
a mix of volatile compounds in the formulation may have caused the deterrence.

As a significant difference was not found in the second bioassay, this suggests that B.
germanica are unable to detect insecticide applied directly onto rye bread. By comparing
the two bioassays, our team can safely infer that applying the insecticide directly to
the rye bread affected how deterred B. germanica were by the insecticide. This could
be due to an interaction occurring between the rye bread and the insecticide wherein
the volatile compound(s) mentioned possibly had a better binding affinity to the rye
bread than to the filter paper. The main ingredients of rye bread used in this study
were organic whole kernel rye and organic whole rye flour. Both are mainly composed
of soluble fibers which are polar and bioactive compounds which are non-polar [18].
Therefore, there is a basis for polar, non-polar interactions between the insecticide
and the rye bread. The lack of a volatile compound in the two choice study arena to
induce an olfactory response from B. germanica would eliminate the deterrence the
insecticide previously had to the cockroaches. More broadly speaking, we can infer
from comparing our two bioassays that bait traps where an insecticide is mixed with a
bait are more effective compared to those where insecticide and bait are not mixed.

Finding that B. germanica cannot detect BGon when it is mixed in with a rye bread
bait specifically, could minimize the duration of infestations by making the insecticide
harder for cockroaches to avoid. Future experimentation could look into the success
rates of these rye-bread bait traps being used in real life settings such as in households
or hospitals with B. germanica infestations, as this might prove to be more efficient than
the current recommended methods of spot treatment or crack and crevice application.
Also, the bait in question, rye bread, is relatively inexpensive to consumers, which
means there is an ease of accessibility for both households and larger facilities such as
hospitals. The minimization of both the size and duration of B. germanica infestations
would reduce: respiratory distress in those that have asthma [7], and the spread of
harmful bacteria [5] and fungi 6. This, in turn, would reduce the risk of infections
by antibiotic resistant bacteria strain in hospitals and, as such, reduce the strain on
hospital resources.

5. Conclusion

Our team chose a permethrin-based insecticide due to its large availability and acces-
sibility on the market, and lack of available research on its repellency to B. germanica.
Rye bread is known to be attractive to B. germanica and is similarly largely accessible
to most households. There was a significant difference between the insecticide group
and no insecticide group when the insecticide was in proximity to the rye bread bait
(p = 0.0245) and no significant difference when the insecticide was applied directly to
with the rye bread bait (p = 0.5710). Our team has shown that B. germanica are deterred
by permethrin containing insecticide when it is in proximity to a rye bread bait, but
not when the insecticide is applied directly to the rye bread bait. Most interestingly,
comparing the two experiments, our team suspect that an interaction occurred between
the insecticide and the rye bread resulting in B. germanica displaying less deterrence to
the insecticide. In future experiments, it would be interesting to see how successful this
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method of pest management is when applied in a real world setting. In summary, this
experiment has found a more effective method of pest management: using attractant
mixed with insecticide as bait traps while also showing how applying insecticide near
rye bread versus on it changes deterrence of B. germanica to the insecticide.
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Abstract

Without antibiotics, individuals would be more susceptible to potentially fatal
diseases. Due to the overuse of prescription and commercial drugs, mainstream
antibiotics may become ineffective due to developed tolerance by bacteria. Several
commonly disregarded or discarded resources from the environment contain many
potential antimicrobial properties, such as Carica papaya seeds (papaya seeds),
Solenopsis invicta venom (fire ant venom), Calliphora coloradensis larvae (blowfly
larvae), and Alnus rubra bark (red alder bark). Our objective was to test whether
papaya seeds, red alder bark, blowfly larvae, and red ant venom are an effective
antibiotic on ampicillin resistant Escherichia coli (E. Coli S17-1) and nalidixic acid
resistant E. coli (E. Coli JMP109). The best performing antibiotic, which ultimately
was the Carica papaya seeds, was then tested to assess its preservative properties.
A paste composed of these Carica papaya seeds was used as a food preservative
on fish and strawberries. The fish controls began to develop dark brown spots
during the testing period, while the treatment groups experienced no new growths
in comparison to the control. The strawberry controls changed in color but did not
have any growth until the fourth day, while the treatment groups began developing
a white fuzzy growth on the third day. Based on these findings we do see some
preservative properties in the Carica papaya seeds. However, further research should
be conducted to determine whether Carica papaya seeds could be utilized against
other potentially harmful microbes.

Keywords — Papaya seeds, fire ant venom, red alder bark, blowfly larvae, antibiotic,
preservative, sustainability

1. Introduction

Due to the misuse or overuse of antibiotics, drugs have the potential to be deemed
ineffective due to an increase of antibiotic resistant bacteria [1]. This could
eventually lead to a deflation of available resources that were once considered

adequate in treating disease and infection before one developed immunity. Therefore, it
is important to cultivate new unconventional forms of antibiotics to fight against these
resistant bacteria [1] and ensure resources won’t be exhausted. Another prominent
issue in our world today is waste. As waste products increase, it is accompanied by
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an exponential increase of economic stressors [2]. Several commonly disregarded or
discarded resources from the environment, such as papaya seeds, red alder, and various
pests, contain many benefits that could simultaneously reduce the amount of environ-
mental impurities and act as a possible solution to the accumulation of antimicrobial
resistance. The Carica papaya, also known as the papaya fruit, is a great example of a
waste product that contains antibacterial properties as an “inhibitor of conjugative R
plasmid transfer from Salmonella typhimurium to Escherichia coli” [3]. Similarly, Alnus
rubra, known as red alder, is another example of a commonly overlooked substance
that also contains attributes that are able to combat the growth of harmful microbes
[4]. Certain molecular components found in pests such as ants and blowflies have also
been shown to possess the ability to combat harmful microbes, due to the gut bacteria
that fights infections, which is found in in these insects [5].

To explore the power of unconventional materials and their impact as antibacterial
agents, papaya seeds, red alder, fire ant venom, and blowfly larvae extracts were tested
against antibiotic resistant Escherichia coli. We then decided to test the preservative
properties of the strongest antibiotic, since antibiotics have been experimentally used on
fish and red meat products [6]. Preservatives that are found in a variety of foods today
are composed of synthetic compounds such as sodium acetate and sodium benzoate,
which have been proven to quicken the development of many diseases including cancer,
diabetes, and cardiac disease [7]. Thus, the discovery of a new environmentally friendly
antibacterial agent that can serve as a potential food preservative, can be very beneficial.

2. Materials and Methods

2.1. Papaya Seed Extraction

One Chula Vista Papaya was cut in half using a serrated knife. We scooped out the
papaya seeds manually, and placed them into a mortar and pestle where they were
ground into a fine paste. We then transferred 10.52 g - 11.91 g of the papaya seeds into
two 20 ml scintillation vials using a scoopula to be later centrifuged and plated with 10
discs for each bacteria to be tested.

2.2. Red Alder Extraction

Using a serrated knife, we cut out a 2.5 by 3 cm piece of bark from a red alder tree
which contains antimicrobial properties. The bark was cut using dissecting scissors and
further broken down using a mortar and pestle. About 2.8 g of red alder pieces was
placed into two 20 ml scintillation vials.

2.3. Blowfly Larvae Extraction

2.8 g of blowfly larvae that pupated for 4 days were picked out of a cow’s liver using
sterile metal forceps and transferred into a Gentistar tube. The larvae were cleansed
by adding 3 ml of distilled water into the Gentistar tube, the lid was then closed and
the tube was shaken for one minute. We poured it onto a 4 by 5 cm paper towel
to drain the water. The larvae were transferred to a mortar and pestle using metal
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forceps, where they were manually homogenized. The paste was transferred to a 20 ml
scintillation vial. Once the papaya seeds, red alder, and blowfly larvae were transferred
into scintillation vials, we used a serological pipet to add 6 ml of ethyl acetate into the
papaya seeds and red alder, and 1 ml was added to the blowfly larvae. Ethyl acetate is
a polar aprotic solvent that acts to extract our antibiotic source and concentrate it via
evaporation. With the lids on, each sample was mixed using the vortex for 5 minutes.
After mixing, we extracted the liquid using a Pasteur pipette and transferred it into
centrifuge tubes and centrifuged it at 10 × 1000 rpm for 10 minutes. We removed the
top liquid transparent using a disposable pipet and used it for our experiment.

2.4. Fire Ant Venom Extraction

25 ml of water and 50 ml of hexane was added to a 150 ml beaker. Hexane is a
less volatile and a strong nonpolar solvent which allows the water-hexane mixture to
separate into two phases [8]. The beaker was then placed inside a 250 ml beaker lined
with a plastic bag to stop any fire ants from escaping once they were added (Fig. 1). We
had 200 fire ants in a small vial with the opening covered with a cotton ball to entrap
the ants inside. We then repeatedly tapped the vial while holding it right side up, to
ensure the ant have fallen to the bottom of the vial. Once the ants were sufficiently
on the bottom and none were crawling up, we swiftly removed the cotton ball and
poured the fire ants inside a beaker containing the hexane-water solution. Once the
ants have been submerged in the organic hexane solvent, they would then discharge
their venom proteins, possibly due to their aggressive nature [8]. The venom proteins
would be suspended in the hexane layer, which floats above the water layer [8] of the
hexane-water solution (Fig. 2). After 10 minutes we pipetted out the top hexane layer,
with the venom proteins, using a disposable pipet and put it into a centrifuge vial (Fig.
3).

2.5. Disc Diffusion Set

We applied 30 ul of each of the four extracts onto 20 7 mm filter paper discs for a total
of 80 discs. Since ethyl acetate was used in the red alder extract along with the blowfly
larvae extract, and hexane was used in the fire ant extract, we decided to use ethyl
acetate and hexane as our controls. We had two controls which were ethyl acetate
and hexane. These discs were then left to evaporate for 10 minutes. One colony of
each strain of bacteria was placed into corresponding pre-purchased Muller Hinsten
broths in their respective vials, which was then covered with a 9cm by 5 cm piece of
aluminum and left in a shaker at 37 degrees Celsius for 27 hours. Following proper
aseptic technique, 50 uL of the corresponding strain of bacteria was spread onto each
agar plate. Four discs were allocated to each antimicrobial plate and were stored
overnight in a 37-degree incubator. Zones of inhibition were then measured using a
millimetre caliper after 24 hours.
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Figure 1: Beaker Set Up for Transferring Fire Ants into Hexane Solution. A plastic bag was placed
inside of a 250mL beaker. A 150mL beaker, containing hexane and water, was placed within
this setup.

2.6. Preservative Assessment

The papaya extract was created using the same methods from the first experiment, but
the organic solvent ethyl acetate was not added so that it could be safe to place onto
food. 1000 ul of the pure papaya seed extract was directly pipetted onto strawberries
and pacific wild sole fillets in petri-dishes (Fig. 4). The petri-dishes were sealed using
parafilm and placed into drawers at room temperature. Both the strawberries and fish
each had 10 treatments with 1 mL of papaya seed extract pipetted onto its surface and
10 controls with no extract added. The experiment for the fish and strawberry occurred
all at once on the same day. Pictures were taken daily along with corresponding visual
observations.
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Figure 2: Extraction Process of Fire Ant Venom using Water and Hexane.

Figure 3: Extraction Process of Papaya Seeds, Red Alder Bark, and Blowfly Larvae.

2.7. Data Analysis

2.7.1 Antibacterial Power Assessment

Using an average diametre (mm) of the zones of inhibition, an ANOVA (Analysis of
Variance) test at level α = 0.05 was conducted first to see if there were differences
among the zone of inhibition means of our four extracts and the controls. Our ANOVA
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Figure 4: Extraction Process of Papaya Seeds, Red Alder Bark, and Blowfly Larvae.

Figure 5: Preparation of Papaya Seed Extract Treatment Groups. Extract was not added in control
groups.

yielded p = 0.05, which allowed us to run our Multiple Comparison Test (MCT) to
determine which extract means are significantly different from each other and which
show no differences (Fig. 6).
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Figure 6: Mean Zone of Inhibition (mm) by Type of Treatment on E. coli JM109 (nalidixic acid resistant
E. coli) and E. coli S17-1 (ampicillin resistant E. coli). Error bars represent 95% confidence
intervals. Means sharing the same letter are not significantly different, α = 0.05. Ethyl
acetate and hexane were used as negative controls. Blowfly larvae was only tested on E. coli
S17-1 bacteria.

2.8. Preservative Assessment

To assess the preservative effects of the papaya seed extract, visual observations were
taken each day for a week. Observations on physical appearance such as mold growth
on the surface and colour of the strawberries and sole were recorded.

3. Results

3.1. Antibacterial Power Assessment

Our results suggest a significant difference between the papaya seed extract and the
other three extracts (Fig. 6; F(3, 72) = 23.9845, P = 0.001). By running a MCT, we
see that the papaya seed extract had a far greater impact against the two bacterial
strains in comparison to all the other extracts tested (Fig. 6). The papaya seed extract
exhibited zones of inhibition on both strains of antibiotic resistant bacteria. The zone
of inhibition on the ampicillin resistant E. coli had a higher average diameter of 4.43
mm, calculated through all zones found per plate, excluding zones of inhibition of 0
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(Fig. 1). In contrast, the papaya seed extracts on the nalidixic resistant bacteria had an
average diameter of 1.78 mm. The red alder, fire ant venom, blow fly larvae extracts,
and negative controls of ethyl acetate and hexane displayed no zones of inhibitions on
both strains of bacteria.

3.2. Preservative Assessment

The strawberry control changed in color but did not have any growth until the fourth
day, while the treatment began growing white, fuzzy, fungi characteristics on the third
day (Fig. 7). The fish control began to develop dark brown spots during the testing
period, while the treatment group experienced no new growths in comparison (Fig. 8).

Figure 7: Treatment and Control of Strawberries for the Duration of Five Days. The treatment (bottom
row) strawberry contains 1000 uL of papaya seed extract. The control strawberry (upper row)
does not contain papaya seed extract. The treatment strawberry has white fuzz on day four
and five. The control strawberry does not have white fuzz on these days.

4. Discussion

4.1. Antibacterial Power Assessment

Our results suggest that the papaya seed extract has a potential antibacterial effect. The
papaya seed extract showed positive results with zones of inhibition on both strains
of antibiotic resistant Escherichia coli, which suggests that papaya seeds do contain
antimicrobial properties that are effective against antibiotic resistant bacteria. The
zones of inhibition were lower on the Nalidixic resistant bacteria, which is said to have
higher antibiotic resistance. The papaya seed extract being effective may be caused by
antimicrobial substrates found in papaya seeds that modify active sites of the target
enzymes to inhibit events necessary for bacterial growth [9].

In contrast, the extracts of red alder bark, fire ant venom, and blowfly larvae were
not effective at killing bacteria. The negative results may have risen possibly due to the
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Figure 8: Treatment Eight and Control Eight of Pacific Sole Fish for the Duration of Five Days. The
treatment fish contains 1000 uL of papaya seed extract. The control fish has no papaya seed
extract on it. The treatment fish has no spots present. The control fish developed two dark
brown dots starting day 2.

gram-negative bacteria having stable cell walls, which could make it difficult for our
extracts to penetrate [9, 10].

Due to resource limitation, we were unable to completely isolate the alkaloid
component of the fire ant venom, which is said to be antibacterial [8]. The upper
organic phase contains venom alkaloids and cuticular hydrocarbons. Venom alkaloids
can be separated from the cuticular hydrocarbons by washing this organic phase
with additional hexane through a silica column and then eluting the alkaloids with
acetone [8]. This suggests that the fire ant venom may not have any antibacterial
properties at all, given the concentration of alkaloids in the amount of venom used.
Further experimentation needs to be conducted where the alkaloids in ant venom are
isolated and increased in concentration in order to determine the true potential of
this substance in terms of a possible antibiotic substitution [11]. Based on the results,
the blowfly larvae and red alder extracts were not effective on antibiotic resistant
bacteria, as it does not have antibacterial effects on the certain strains of antibiotic
resistant bacteria [12]. The secretions of blowfly larvae are expected to contain the
antibacterial properties [13]. Due to the resources that were available, the most efficient
way to retrieve the antibacterial properties of the blowfly larvae was to homogenize
it as a whole. This could have possibly affected the concentration of the antibacterial
component of the blowfly larvae leading to the ineffective results. It is also possible
that other chemicals that are present in the solution could counteract the effects of
the antibacterial chemicals. In red alder bark, the component diarylheptanoids are
responsible for antibacterial properties and are the bioactive constituents [14]. The
diarylheptanoids contribute antioxidant properties and contribute to inhibitory activity
against kappaB activation [14]. Many bacteria activate kappaB pathway and inhibitory
property of diarylheptanoids leads to its antibacterial property [14]. It is possible that,
due to low concentration of diarylheptanoids in the red alder, it was not effective
antibiotic on antibiotic resistant bacteria.
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4.2. Preservative Assessment

The treatment sole having fewer or no dark brown dots in comparison to the controls
suggests that the papaya seeds extract is antimicrobial as it inhibited the growth of
the brown spots. The brown dots could possibly be caused by oxidation, but further
experimentation would be necessary to determine this. The papaya seed extracts on the
strawberries was not an effective preservative as white growth occurred earlier on the
treatment group, possibly because of the added sugar and moisture from the papaya
seed extract, which is an essential source for growth and respiration of fungi [15]. Also,
the abundance of fungi on our treatment strawberries could be due to papaya seeds
having a slightly acidic pH level [16]. This is ideal for fungi growth, but unideal for
bacteria due to newly acidic pH level [17]. This suggests that our papaya seed extract
may have been effective at inhibiting bacterial growth that is present on food.

Further research could identify the brown dots on the sole and possibly replicate
Experiment #2 to account for differences in bacterial concentration. This will guide
future experiments done on other foods to replace common chemical preservatives
showcasing the power of papaya seed extract and the effects of a single waste product
on a major global issue. In addition to the preservative effects the use of natural
ingredients with antimicrobial properties such as papaya seeds can be further researched
to understand what specific component or molecular contents of the papaya seed
contributes to the antimicrobial effect.
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Abstract

Metallic copper has historically been recognized for its antimicrobial properties
[1]. Recent research undermines copper’s use as a ‘self-sterilizing’ surface due to
bacterial resistance to copper’s lysis mechanisms. In response to this burgeoning
resistance, we sought to find an innovative method to enhance copper’s antimi-
crobial effects, to reinstate copper as an effective self-sterilizing surface. Research
suggests that copper lyses bacteria through a process called cationic lysis, where
copper releases cations into its surrounding environment thereby disrupting cellu-
lar processes. We hypothesize that by applying a direct current to copper, we can
amplify this effect. To test the effects of a direct electrical current through a piece
of copper metal on the lysis of Escherichia coli ATCC 113303, we ran 9 milliamps
of current through 3 by 4 cm copper plates for 15 minutes. We found there were
significantly lower colony counts observed on copper plates with the added current
compared to copper plates alone. This suggests that the administration of current
can be an innovative and effective way to enhance copper’s lysis mechanisms. The
results indicate that current and copper can be used in conjunction to create a
self-sterilizing surface that is significantly more effective than copper alone. This
study proposes two novel ‘current-copper conjugate’ bacterial lysis mechanisms
that attempt to explain the observed results.

Keywords — Transmembrane Potential, Escherichia Coli ATCC 11303, Cationic
Bacterial Lysis, Self-Sterilizing Surfaces, Antibacterial Resistance

1. Introduction

Frequently used touch surfaces can be highly contaminated with infectious bac-
teria [1]. Relatively recently, bacterial strains found on these touch surfaces have
shown increased resistance to antibiotic compounds in contemporary antibacterial

cleaning supplies [2]. A wide array of these cleaning products, commonly used in
clinical and non-clinical settings alike, are found to contain broad-spectrum antibiotic
additives such as triclosan [2]. In a lab study, the excessive and repetitive use of
triclosan in Staphylococcus aureus samples has been linked to supporting the growth
of strains that require higher inhibitory concentrations of the additive to be lysed. The
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researchers extrapolated the bacteria’s decreased susceptibility to triclosan likely also
means a decreased susceptibility to other similar antibiotics and antimicrobial additives
[3]. In their review article, Meek, Vyas and Piddock [4] go further in describing that the
careless use of antibiotic cleaning supplies creates stressful environments for bacteria in
which they are spurred to replicate and transfer plasmids more effectively. The article
points out that in naturally occurring bacterial populations, a minority of bacteria are
antibiotic-resistant and a lack of environmental stresses which foster plasmid transfer
keeps the resistant population in check. As soon as a selective pressure for the resis-
tant strain is applied (e.g. use of antibiotic compounds), resistant bacterial presence
increases due to the increased environmental stress conducive for plasmid transfer
between bacteria, transferring the resistance horizontally within the same generation
which ultimately ensures the vertical transfer of antibiotic-resistant chromosomal muta-
tions [4]. Thus, through these mechanisms, the improper use of antibacterial cleaning
supplies is shown to dramatically increase the presence of resistant bacterial species
where they pose immediate threats to human well-being [4].

It is due to these issues that the use of self-sterilizing surfaces such as copper
have been popularized. Copper proves to be a more effective antimicrobial substance
than additives found in cleaning supplies as it employs a different approach to lysing
bacteria. At a time where antibiotic resistance is on the rise and the production of
new antibiotics is unsustainable, copper’s lysis mechanisms provide a new realm of
understanding where creating novel methods to support the fight against infectious
bacterial strains is possible [5]. Consequently, copper has been widely researched for
its lysis mechanisms and evaluated for its use in ‘self-sterilizing’ surfaces [6]. Research
suggests that the core characteristic of copper, which results in its antibiotic properties,
is its inherent ability to release copper cations [6]. The cations released from copper
metal are strong oxidizing agents [1]. If they hit building blocks of the cell membrane,
they can cause localized reductions by ‘stealing’ electrons and destroying the lipid and
protein structures [1]. As well, concentrations of copper compete with other metal ions
that play important roles in protein binding sites and displace iron from iron-sulphur
clusters [7]. The cell membrane ruptures because of this oxidative stress, leading to loss
of membrane potential and cytoplasmic content. Grass et. al. found that copper metal
initiates a Fenton-like reaction and forms hydroxyl radicals which in turn damage
cellular macromolecules and processes, like the cross-linking of peptidoglycan chains
in bacterial cell walls. These radicals also play a part in the degradation of genomic
and plasmid DNA, completing the process of bacterial lysis [1]. It is important to note
that copper can also prove to be cytotoxic to larger organisms, such as humans, due to
the non-specificity of its lysis mechanisms to all plasma membranes. Through similar
mechanisms as listed above, copper can cause cellular damage leading to the disruption
of biological systems, hence it is important to consider the benefits of its antimicrobial
properties versus copper’s potential cytotoxicity.

Nevertheless, scientists have also long been recording instances of strains resistant
to cationic lysis with some cases even resulting in human infection [8, 9]. Systems of
resistance to copper in bacteria occur in a variety of ways, usually stemming from a
chromosomal or plasmidal origin [10]. Mechanisms that bacteria use to resist oxidation
by copper cations include reduced copper transport, enhanced efflux of cupric ions, or
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copper complexation by cell components [11].
Despite the above-mentioned bacterial resistance, copper still proves to be a rela-

tively unexplored frontier of research where innovation in improving its antimicrobial
capabilities can be made. Whereas, in the field of traditional antibiotic compounds, the
discovery of new antibiotics is slowly coming to a halt and proving to be unsustainable.
This study aims to test and propose the basic principles for a new method of increasing
copper’s self-sterilizing properties making the conjugate more potent than copper metal
alone. Our study puts this aim into practice by administering 9 milliamps (mA) of
direct electrical current, the highest amount of current a person can safely withstand
[12], through a copper surface inoculated with Escherichia coli. We hypothesize that the
application of the current will amplify the release of cations, thereby resulting in a more
efficient and effective decimation of bacterial populations via cationic lysis mechanisms
[1].

2. Materials and Methods

These methods are adapted from Douha et al. [13].

2.1. Preparation of the Bacterial Broth

To prepare our bacterial strain, one colony of Escherichia coli ATCC 11303 was picked
up from a stock plate using a sterile inoculating loop and introduced into 10 mL of
tryptic soy broth (TSB) in a test tube. The tube was incubated at 37 ◦C and 200 rpm for
22 hours (Forma Scientific IN2-MIC E-63 incubator) to grow the colony. This procedure
was conducted under a biosafety cabinet to limit the possibility of contamination.

2.2. Preparation of the Copper Plates

hree C110 copper squares (3 cm x 4 cm, the thickness of 0.064 inches, 99.9% pure copper
obtained from Metal Supermarket), all one year old with minor oxidation, were initially
exposed to an acid wash. To remove some oxidation and expose the pure copper
underneath, the copper pieces were submerged in glacial acetic acid for 15 seconds,
removed from the acid and then washed with distilled water. The copper pieces were
wiped with disposable towels and then allowed to air dry for 30 minutes to ensure the
removal of all acid and water. Each copper piece was then placed individually in a
glass petri dish and autoclaved. When not in use, petri dishes were para-filmed and
placed in a covered drawer to prevent contamination.

2.3. Treatment Conditions

The circuit was set up (Refer to Fig. 1) and the copper squares were hooked up to
the circuit using sanitized crocodile leads, which were submerged in 95% ethanol for
15 seconds and flamed to remove excess ethanol. The potentiometer (Bourns Rotary
Potentiometer, PDB181 Series) and 1000-ohm resistors were set to work together to draw
9 milliamps of current from a President’s Choice 9 V battery. The battery and RoHS
(Restriction of Hazardous Substances Directive) compliant wires with crocodile leads
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(Batch 50123) were used. The ammeter, resistor and potentiometer were all obtained
from SFU’s science stores.

Figure 1: Setup of the circuit for treatment and control trials. The potentiometer was set to its highest
setting and the setting was shifted throughout the replicates to ensure the amperage remained
consistent at 9 mA. In the control setup, the switch was turned to the OFF position (as shown)
and in the treatment setup, the switch was turned ON.

Using a P100 pipette, 10 microliters of the E. coli broth were pipetted on to each
copper square and a plastic inoculation loop was used to spread the broth over the
copper, except the corners where the clips were attached [13]. The switch was turned
to the ’on’ position and a timer was started for 15 minutes. Douha et al 2018 found
very little lytic effects of copper at 1 minute and almost a total reduction of bacteria
colonies at 30 minutes, hence a median time of 15 minutes was chosen as exposure time
for this study. Additionally, preliminary tests determined that a 15-minute exposure to
9 milliamps of current on our copper pieces did not increase temperature or visible
change in the structure of metallic properties. It was also ensured by visual observation
that the copper remained wet throughout the electrical exposure and at a consistent
temperature of 21 ◦C measured at 2-minute intervals using a laser temperature gun
(HDE-B01). When the timer ended, the switch was turned off and using an autoclaved
Puritan cotton-tipped applicator, we swabbed the copper square by swiping five times
across without turning the swab to determine if any E. coli remained on the surface.
Immediately, the applicators were put into one millilitre of TSB and swirled for 30
seconds to dislodge the bacteria into the broth. The broth then underwent three 10×
serial dilutions and 100 microliters of each diluted broth were plated on tryptic soy
agar (TSA) using the spread plate technique to quantify the level of E. coli remaining
on the copper. After incubation for 24 hours at 37 ◦C (Forma Scientific IN2-MIC E-63
incubator), colony-forming units were then counted. A total of ten replicates were run.
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2.4. Control Conditions

The controls were run similarly to the above description of the treatment trials, but
without the application of current. Copper squares in petri dishes were inoculated with
10 microliters of E. coli broth and spread. The copper was still hooked to the circuit
with sterilized crocodile leads attached, but the switch was placed in the off position for
the entirety of the trial. The copper and broth were allowed to interact for 15 minutes
and then were swabbed and diluted similar to the treatments. The temperature was
kept consistent at 21 degrees Celsius and the copper was visually ensured to remain
wet throughout the exposure time. The dilutions were plated on TSA and then counted.
A total of six replicates were run.

Results from Douha et al.’s negative control condition establish that copper alone
is more efficient than stainless steel at reducing bacterial colony counts over any
time period [13]. Due to identical methods between this study and Douha et al.,
their negative control condition results were extrapolated to also be applicable in our
investigation.

2.5. Statistical Analysis

For each of our agar plates, we converted the number of visible colonies into colony-
forming units per mL of the original inoculum. We then graphed the log of mean
colony forming units (with 95% confidence intervals shown as error bars) of both
copper with and without 9 mA of current. Log counts were used to normalize large
and small CFUs into a nominal scale.

Statistical tests were performed on original, non-logarithmic data.

3. Results

Colony counts of E. coli found on copper plates with the added current were fewer
than the counts observed on copper plates without direct current. A statistical F-test
was completed to determine the p-value and it was found to be less than 0.05 (Fig. 2;
F(1, 14) = 46.69, p < 0.0001). Due to this statistical confidence, we can say that the
colony counts on the copper alone are significantly higher than on the copper with 9
mA of current.

In this study, a titre of the original broth used to inoculate the copper squares could
have been completed to determine the density of the original inoculum to enhance
replicability and more strongly link the data as a result of bacterial lysis. However,
since the exposure time was less than E. coli’s average doubling time, we can say that
the reduction in colony-forming units in the treatment versus control conditions can
be attributed to bacterial lysis since the bacteria likely did not have enough time to
proliferate. Regardless, it is recommended that future studies complete an original titre
to determine inoculum density and compare initial versus post-exposure inoculum
densities to also determine a percentage reduction in the bacterial count and compare
with existing literature.
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Figure 2: Mean Escherichia coli strain ATCC 11303 colonies present on copper with and without
application of 9 mA of current. The value shown is the logarithm of the mean colony forming
units per millilitre. The error bars represent the 95% confidence intervals.

4. Discussion

Before proceeding to discuss the results of the study and proposing possible mecha-
nisms of lysis, we must briefly discuss the prevalent dry-contact or dissolved cationic
basis of microbe destruction debate in the field of heavy metal mediated bacterial
lysis. Studies have shown conflicting proposed mechanisms where some claim dry
and direct contact between the bacterium and the metal surface is necessary for lysing
mechanisms to occur while others claim that an aqueous solution of copper cations is
required [14, 15]. The pieces of copper in our treatment were coated with a TSB broth
and the bacteria were therefore in an aqueous environment. Although our methodology
does not allow us to make specific claims on how or why the aqueous environment
is conducive to copper’s cationic lysis mechanisms as we did not compare aqueous
and dry environments; we can simply state with a reasonable degree of certainty that
cationic lysis is possible in aqueous environments and seems to be enhanced by the
addition of low currents of electricity. Our results suggest that applying 9 mA of
current for fifteen minutes to copper metal results in significantly decreased E. coli
bacterial counts, compared to the trials on copper without current. Copper metal and
an electrical current independently have antibacterial properties [1]. Studies show
that copper kills bacteria via a three-pronged attack: oxidative damage of bacterial
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membrane, metabolic disruption, and eventual degradation of metabolic processes [1].
Additionally, electric currents generate electric fields that are known to ‘charge’ the
lipid membranes of bacteria disrupting the organism’s transmembrane potential [16].
We believe that in the case of our experimental setup where current and copper are
working in conjunction, the current plays a supporting role to the lysing mechanisms
of copper. Due to the small amount of current applied and the absence of an effective
opposing charge in the setup, the likelihood of an electric field is generated that could
lyse bacteria on its own is minuscule. We theorize that the multitude of mechanisms
already mentioned previously in the paper, conjugated with the two novel mechanisms
further proposed in this study, likely played a role in producing the effects we see in
our results.

The first novel copper-current conjugate bacterial lysis mechanism that we believe
may have occurred, is based on the fact that adding current forces the conducting
electrons metallic bonds to move faster unidirectionally [17]. We postulate that when
these electrons eventually collide with vibrating cations in the metal, the cations
absorb the kinetic energy and are more likely to break their bonds and be released,
therefore lysing the cell as the released cations perform the same function as described
earlier: oxidative damage of the cellular membrane, metabolic disruption and eventual
degradation of metabolic processes [1]. On the other hand, copper cations without the
added current are likely to lack the extra kinetic energy provided to the electrons and
release cations into an aqueous environment at a lower rate.

Furthermore, our second proposed mechanism is based on an interaction between
the current, the copper pieces and their aqueous environment (TSB). In this case, we
believe the tryptic soy broth functioned as an electrolyte, as it is inherently composed
of a very high ionic concentration. The broth, acting as an electrolyte, conducted some
of the current moving through the piece of copper into the aqueous environment and
the vicinity of the E. coli. Knowledge of how electricity interacts with bacteria is still
quite unclear. However, an aspect that has been studied is bacterial conductivity with
many strains of bacteria using sensitive electron balances and applying the concept
of electroneutrality as a conduit for controlling cellular osmolarity [18]. Intact cells
of Streptococcus faecalis were found to have electric conductivities of 0.90 mho/m - a
number that reflects movements of ions both within the cytoplasm and the cell wall
space [19]. We believe that the introduction of electrons near the cell wall and perhaps
even within the cell will disrupt the transmembrane potential by disturbing the ionic
balance. Without a proper membrane potential and ionic balance, the bacterium fails to
uptake and release ions efficiently which hampers vital cell processes.

Evidently, many mechanisms of bacterial lysis attributed to both electrical currents
and copper metal, individually and in combination, work in tandem to produce the
results we obtained. There is a clearly urgent need for future research to corrobo-
rate or provide definite evidence for any of these mechanisms with future research
focusing on producing a concrete understanding of the relationship between kill-times,
amperages, and types of bacteria. Other types of microorganisms and metals could
also be tested. Additionally, a substantial concern for applications of such research in
future technologies is copper’s cytotoxicity. Before developing enhanced self-sterilizing
surface technologies, there is a need to investigate copper’s cytotoxic effects in humans.

29



Vol. 5 (2019-20)

Innovations in material science must collaborate with these theories to mitigate these
concerns whilst preserving copper’s antimicrobial effects. Long exposures to low
currents, or novel materials that regulate cation release could considerably minimize
cytotoxic effects.

A newly identified coronavirus, SARS-CoV-2, has caused a worldwide pandemic of
respiratory illness, called COVID-19 [20]. Medical professionals are urgently trying to
slow the spread, which can occur by touch if an infected person has used their hands
to touch their nose or mouth, making doorknobs and other touch surfaces potential
sources of infection [20]. Some studies have shown that copper and current are effective
at viral deactivation on MS2 bacteriophages and Influenza A viruses after extended
exposure times [7, 21]. Although more research is required specific to the SARS-CoV-2
virus, we can see the potential applicability of copper and current conjunction in
preventing similar viral disease outbreaks, which could be a boost to public health
efforts as well.

5. Conclusion

Our results suggest that the administration of some current to a copper surface can
result in the efficient destruction of gram-negative bacteria, such as Escherichia coli
(strain ATCC 11303). This concept can be applied in the ground-breaking field of
self-sterilizing surfaces. Our study tested the effects of 9 mA of current on bacterial
counts after just fifteen minutes. With promising results from low currents, we believe
this concept can be applied as a novel solution against bacterial resistance in clinical
and non-clinical settings alike.
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Abstract

Fungal diseases cause billions of dollars in agricultural damage and around one
and a half million human deaths each year. To combat this emerging threat,
scientists focus on researching ways to improve the effects of current antifungal
treatments. Cranberries contain a compound, proanthocyanidin, that is known
to kill and reduce the spread of pathogenic fungi infections in human epidermal
tissue. However, the use of a general cranberry extract to assist an antifungal
agent on fungal fruit infections, such as Mucor rot, has not been heavily studied.
By performing three experiments, we studied whether an ethyl acetate extract
of frozen cranberries can inhibit the growth of and/or kill M. racemosus, as well
as whether the extract would degrade at room temperature. A mixture of equal
parts extract and amphotericin B were shown to be significantly more effective at
inhibiting the growth of the fungi. The extract was shown to degrade significantly
when left at room temperature in a sealed container, based on data from the same
treatment groups 10 days apart. The data shows that an ethyl acetate extract of
frozen cranberries can be used to increase the efficacy of antifungal agents, but
storage methods need to be studied to lengthen the half-life.

Keywords — Proanthocyanidin, Vaccinium macrocarpon, Mucormycosis, Mucor
Rot, Fungal diseases

1. Introduction

Fungal Fungal diseases are a threat with few current countermeasures in place to
arrest their spread [1, 2, 3]. Currently, fungal infections destroy 125 million tonnes
of food crops each year and are increasingly being recognized as a worldwide

threat to food security [2]. This threat is predicted to expand due to accidental
introductions of pathogenic fungi through global agricultural transportation, which
is necessary to sustain an ever-growing population around the globe [4, 5]. Studies to
combat this emerging threat prioritize inhibiting antifungal resistance properties of
fungi to improve the effects of antifungal treatments [6].

*Equal First Authorship
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One such fungal disease is Mucor rot, which infects fruits such as apples, pears, and
tomatoes [7, 8, 9]. The infection originates at the calyx end of the fruit or at wound
punctures and matures inside the soft tissue of the fruit [7, 8, 9]. Mucor rot is caused by
several Mucor species including the model organism for our research, Mucor racemosus.

Humans are also susceptible to fungal diseases, which account for around one
and a half million deaths every year [1, 3, 10]. Mucormycosis is a fungal disease with
a high mortality rate that can affect immunocompromised individuals and can be
caused by Mucor species, including M. racemosus [11]. Mucormycosis can be treated by
the intravenous administration of amphotericin B (AB), which has remained effective
since its initial synthesis because fungal infections treated with AB do not develop
antifungal resistance to this drug due to the phenotypic consequences of doing so
[12]. Any AB resistance capable mutations lead to severe growth deficiencies, limiting
fitness levels of carriers [12]. Early-stage treatment of mucormycosis is limited by AB’s
dose-dependent nephrotoxicity [13, 14]. Proanthocyanidin (PAC) is a compound that is
found in higher concentrations in cranberries (418.8 ± 75.3 mg/L) relative to its other
common dietary sources [15]. PAC has shown to be an effective antifungal agent at
inhibiting the growth of Candida albicans, which can cause epithelial tissue infections in
humans [16, 17, 18, 19]. PAC works by inhibiting C. albicans’ ability to adhere to human
epithelial tissue and preventing the formation of biofilms [? ]. This stops C. albicans
from obtaining nutrients from the tissue or spreading to other areas on the host. Severe
epidermal C. albicans infections in humans, such as candidiasis, can also be treated
with AB using the same dosage precautions as treatment of mucormycosis due to the
nephrotoxicity risk [13, 14, 19].

Use of PAC-containing grape seed extracts have been shown to have a synergistic
effect when used in tandem with AB at reducing C. albicans growth [20, 21]. We
hypothesize that an ethyl acetate extract of frozen cranberries (CE) mixed with equal
parts AB will inhibit the growth of M. racemosus more effectively than either CE or
AB on their own [21]. If so, we predict that if we run a disk diffusion assay on a
grown culture of M. racemosus, using the same solute concentrations as in experiment 1,
the disk saturated in a mixture of CE and AB should be more effective than the disk
saturated in AB. Furthermore, we hypothesize that increasing the ratio of CE to AB to
300:30 uL should be more effective than a 30:30 uL ratio of CE and AB. This experiment
will also test the stability of CE over 10 days.

2. Materials and Methods

2.1. Experimental Design

We conducted three experiments to compare the use of an ethyl acetate extract of
cranberries (CE) as an antifungal agent against M. racemosus grown on potato dextrose
agar (PDA). We used amphotericin B (AB; Thermo Fisher, 15290026; 6 mL, 32 mg/mL)
as our positive control to compare the zones of inhibition against CE on its own and
mixtures of CE and AB. The ratios used were determined by the loading capacity for
the filter paper disks that were used. Ethyl acetate was used as the negative control
for all experiments. Our initial experiment was designed to determine if a mixture of
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30:30 uL of CE and AB was more effective than 30 uL of AB at inhibiting the growth
of M. racemosus. The second experiment was to determine if a mixture of 30:30 uL of
CE and AB could be applied to a filter paper disk to kill M. racemosus mycelia. This
would be measured by how far the filter paper disks had sunk into the mycelia. The
final experiment was to determine if increasing the concentration of CE in the CE and
AB mixture to a 300:30 uL ratio would increase the inhibitory effects on growing M.
racemosus compared to a 30:30 uL mixture and 30 uL of AB.

The first stock plate of M. racemosus was provided by SFU’s Department of Biology.
We inoculated a new stock plate each week to control for the culture’s age. Each
experiment began with the inoculation of petri dishes using forceps to place a pinch
(maximum 2x2 mm2) of M. racemosus mycelia on the agar at the center of each dish
(Fig. 1).

Each petri dish used was divided into quadrants which were labelled for their
respective solutions. For Experiments 1 and 3, we pipetted our solutions directly onto
the agar in 20 mm arcs, 5 mm from the edge of the plate. We used direct application of
the solutions to better visualize the zones of inhibition and relative growth rate of the
fungus around the treatment zone. Experiment 2 required us to apply the solutions
to quadrants via filter paper disks because pipetting directly onto the fungus could
outright kill it due to the ethyl acetate.

2.2. Ethyl Acetate Extract of Frozen Cranberries (CE) Preparation

We scooped 44.65 g of President’s Choice®frozen cranberries (Loblaws Inc., #
06038399388) into a stone mortar and pestle and ground them into a pulp. The
pulp was transferred to a 125 mL glass media bottle (DWK Life Sciences, # 219455)
along with 36.1 mL of ethyl acetate (SFU, Department of Biology), with the meniscus
just 1-2 mm above the cranberry pulp [21]. The bottle was then sealed with parafilm
and vortexed (Maxi Mix II, Thermo Scientific, M37615; 300 rpm) for 10 minutes, then
shaken and inverted by hand for 5 minutes. We moved the bottle to an incubator shaker
(Barnstead MaxQ 4000, Thermo Scientific, SHKE4000-7; 200 rpm at 27.7◦C – 28.4◦C) for
19 hours [20].

Using an Eppendorf 5810 centrifuge, we spun four falcon tubes containing CE for
10 minutes at 1100 rpm. We retrieved 15-16 mL of CE supernatant from the tubes. The
CE was divided into 3-3.5 mL aliquots among five 15 mL scintillation vials. These vials
were left unsealed to allow the ethyl acetate to evaporate and concentrate the extract.

The CE evaporated for 13 hours and 7 minutes at 21◦C and the extract was sterilized
by pipetting it through a syringe filter (Thermo Scientific, F2513-2) into a new 15 mL
scintillation vial and sealed the vial with parafilm. 12 mL of CE remained from the
15-16 mL retrieved.

2.3. Experiment 1: Comparison of a Mixture of 30:30 uL CE + Amphotericin
B (AB) to 30 uL of AB on M. racemosus

Each petri dish was divided into quadrants and had the solutions pipetted onto the
agar in the respective quadrant (Fig. 1). The AB was in an H2O solution, which has
a dielectric constant of 78.54. The CE was in a solution of ethyl acetate, which has a
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dielectric constant of 6.02. This difference in dielectric constant means that the solutions
were immiscible. To make it so our intended solute mixture occurred, we applied the
AB using a micropipette and allowed the water to evaporate for 15 minutes, leaving the
solute on the agar before applying the extract in solution. The plates were incubated in
a dark cupboard at 21◦C for 7 days.

Figure 1: Application of Mucor racemosus and solutions on PDA plates. 30 uL of each solution (ovals)
were pipetted onto the agar, except for the CE+AB quadrant which had 30 uL of AB applied
first, then 30 uL of CE applied after 15 minutes. M. racemosus (yellow) was placed on top of
the agar. CE = Cranberry Extract. AB = Amphotericin B.

2.4. Experiment 2: Disk Diffusion Assay Comparing a Mixture of 30:30 uL
CE+AB to 30 uL of AB on M. racemosus

The fungus was incubated in a dark cupboard at 21◦C until each plate was completely
blanketed in fungus. Each solution was pipetted onto filter paper disks; volumes
applied were the same as in Experiment 1. For the mixture, AB was applied and
allowed to dry for 15 minutes before CE was applied. Once the disks were dry, they
were placed 10 mm away from the edge of the plate, centered within their quadrant on
top of the mycelia (Fig. 2). The plates were incubated in a dark cupboard at 21◦C for 2
days.

2.5. Experiment 3: Comparison of Mixtures of 300:30 uL and 30:30 uL
CE+AB to 30 uL of AB on M. racemosus

CE was stored for 10 days at lab room temperature before Experiment 3 occurred. 8
petri dishes were divided into quadrants; 300:30 uL and 30:30 uL mixtures of CE+AB,
300 uL of ethyl acetate and 30 uL of AB. We applied the 300 uL of CE and ethyl acetate
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Figure 2: Placement of filter paper disks onto plates with Mucor racemosus. 30 uL of each solution
were applied to filter paper disks; dried for 15 minutes, then placed onto the mycelia. For the
CE+AB treatment, 30 uL of CE were applied, dried before applying 30 uL of AB, dried again
before transferring onto mycelia. CE = Cranberry Extract. AB = Amphotericin B.

over ten 30 uL increments, waiting 3 minutes between each increment to control for the
area of application by reducing the amount of liquid spread. 30 uL of AB was applied
to the corresponding quadrant 10 minutes after the ethyl acetate solutions were applied.
Plates were incubated as in Experiment 1.

2.6. Statistical Analysis

We measured the area of any zones of inhibition by tracing over the area clear of M.
racemosus growth on the petri dishes using 1x1 mm2 graphing paper and recording
the area corresponding to zones of inhibition from the dishes(Fig. 3). For each
experiment, we graphed the mean area for zones of inhibition for each treatment, with
95% confidence intervals. A graph that compared the mixture of 30:30 uL CE and AB
between Experiment 1 and Experiment 3 was made to determine if the extract was
subject to significant degradation over the 10 days between the experiments within
either the AB or the CE. We ran F-tests from the collected data using an alpha of 0.05
(JMP®, Version 14. SAS Institute Inc., 1989- 2019).

3. Results

We defined the zone of inhibition as the are which fungal hyphae did not approach,
creating a clear area (Fig. 3). In Experiment 1, we found that a mixture of 30 uL of
ethyl acetate extract of frozen cranberries (CE) mixed with 30 uL amphotericin B (AB)
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Figure 3: M. racemosus Growth after 7 Days from Experiment 1. Zones of inhibition (red) were found
using 1x1 mm2 graph paper. ABC = Amphotericin B and Cranberry Extract. “-” = Ethyl
Acetate. “+” = Amphotericin B. CE = Cranberry Extract.

produced a significantly larger mean zone of inhibition than the mean zone of inhibition
from AB (Fig. 4; F(1, 38) = 10.2290, p = 0.0028). Both quadrants that contained either
30 uL of CE or ethyl acetate had no zones of inhibition in any of the replicates.

In Experiment 2, we found there to be no observable differences between the plates
of M. racemosus before the saturated filter paper disks were applied compared to two
days after the disks were rested on top of the mycelia. We believe that this could be
quantified through a light absorbance test of the fungi, measuring the amount of UV
rays that are able to pass through the dish where the disks were resting, but lacked
the equipment required. In Experiment 3, we found that there were no significant
differences between the mean zones of inhibition of the 300:30 ul mixture of CE to
AB compared to the mean zone of inhibition of 30 ul of AB (Fig. 4; F(2, 21) = 0.1816,
p = 0.8353). Both quadrants that contained 300 uL of CE or ethyl acetate had no
zones of inhibition in any of the replicates. When we compared our results with
Experiment 1, we found that the there was a significant decrease in mean zones of
inhibition of the CE in Experiment 3 compared to the mean zones of inhibition from CE
in experiment 1 (Fig. 6; CE+AB: F(1, 26) = 8.2304, p = 0.0081; AB: F(1, 26) = 0.0160,
p = 0.9003). The data sets from both Experiment 1 and 3 were analyzed with a two-way
ANOVA to gain further insight (Solution: F(1, 1) = 2.4426, p = 0.1241; Experiment
Date: F(1, 1) = 5.6006, p = 0.0217; Solution*Day: F(1, 1) = 3.8025, p = 0.0566).
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Figure 4: Comparing mean zones of inhibition measured on M. racemosus between an AB+CE mixture
and AB alone. Mixture was made from 30 uL of AB and 30 uL of CE. 30 uL of AB was used
in the comparison. Measurements were taken 7 days after solution application. Error bars
represent 95% confidence. N = 20.

Figure 5: Comparing mean zones of inhibition on M. racemosus between mixtures of AB+CE with
different volumes of CE. 30 uL of AB (Left). Mixture of 30 uL of AB with 30 uL of CE
(Middle). Mixture of 30 uL of AB with 300 uL of CE (Right). Measurements taken 7 days
after solution application. Error bars represent 95% confidence. N = 8.
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Figure 6: Mean zones of inhibition on M. racemosus produced by an AB+CE mixture and AB alone,
compared between June 25th and July 4th. Mixtures were made of 30 uL of AB with 30 uL
of CE. 30 uL of AB was used in the comparisons. Measurements were taken 7 days after
solutions were applied. Error bars represent 95% confidence. N = 28.

4. Discussion

The results from our first experiment suggest that the addition of an ethyl acetate
extract of frozen cranberries (CE) significantly increased the efficacy of amphotericin
B (AB) compared to AB without the extract (Fig. 4). This suggests that there is a
compound in CE that could be working with AB to increase the efficacy of AB, yet has
no effect when AB is not present (Fig. 3). This supports our primary hypothesis that
the CE on its own will not show any antifungal properties, but a mixture of CE and AB
will have a larger zone of inhibition than either AB or CE on their own (Fig. 4).

Our second experiment showed no differences among any of the dishes. The M.
racemosus growth was unaffected by the addition of the saturated disks on top of the
mycelia. This could be because the fungus had reached its maximum growth in the
dish and stopped absorbing nutrients, so the solutions were unable to enter the fungus
and cause any effect.

Previous studies using disk-diffusion assays with AB inhibited the growth of Mucor
fungi by applying approximately tenfold the amount of AB that we applied to the disks
(0.96 mg) [22]. This fails to support our second hypothesis that a mixture of CE and AB
can kill M. racemosus mycelia more effectively than AB.

Our Experiment 1 and 2 results suggest that a 30:30 uL mixture ratio of CE and
AB can prevent the growth of M. racemosus but they are inconclusive in determining
whether or not this mixture can kill grown fungal cells (Fig. 4). If this mixture were to
be used in its current state to fight Mucor rot it could be useful to stop further spread
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of the pathogen but would have no effect if a fruit was already infected.
In Experiment 3, we found that there was no significant difference in inhibitory

zone areas when a 300:30 uL mixture of CE+AB was compared to a 30:30 uL mixture of
CE+AB (Fig. 5). This may be due to the difference in age of the CE between Experiment
1 and 3, leading to some degradation of CE. When comparing Experiments 1 and 3,
where there was a significant decrease in the mean zones of inhibition area of the 30:30
uL mixture of CE to AB (Fig. 6). A two-way ANOVA analysis of both solutions in
Experiments 1 and 3 provided additional evidence that the difference in the mean
zone of inhibition was due to the time period between experiments (F(1, 1) = 3.8025,
p = 0.0566).

Due to this degradation, we were unable to verify if increasing the relative amount
of CE to AB in the mixture would increase the efficacy at preventing fungal growth
(Fig. 5). This means that different storage methods would need to be compared to
maximize the half-life of the CE. These results suggest that some compound responsible
for enhancing the efficacy of AB may have degraded between Experiments 1 and 3.
Wissam et al. showed that the lowest yield of proanthocyanidin is obtained using
ethyl acetate, compared to water and aqueous ethanol, and the most degradation
occurs when the CE is stored at lab room temperature of 20◦C [23]. Prior studies show
that proanthocyanidin has antifungal properties. Therefore, we hypothesize that the
compound in the CE is proanthocyanidin due to the similar decrease in antifungal
effectiveness over time suggested by Experiment 3.

Identification of the compound that causes this increase in amphotericin B efficacy
would be the ideal focus of future studies. If proanthocyanidin could be confirmed to
exist in an ethyl acetate extract of frozen cranberries, such as through high-performance
liquid chromatography [24], it could be determined whether it had a large effect on the
efficacy of amphotericin B. Once it is identified, further studies should test how the
compound interacts with other fungi and antifungal treatments.

Alternatively, a future study could make changes to the extraction and storage
methods, as outlined by Wissam et al., to target for high proanthocyanidin yield
[23]. This could provide more evidence that proanthocyanidin is possibly the primary
compound that improves the efficacy of AB.

5. Conclusion

Our hypothesis that the addition of an ethyl acetate extract of frozen cranberries
(CE) would significantly improve the efficacy of amphotericin B (AB) at inhibiting
the growth of Mucor racemosus when compared to AB alone was supported by the
results from Experiment 1 (Fig. 4). Our second hypothesis was not supported by
the results of Experiment 2. Experiment 2 failed to work and produced inconclusive
results. A comparison of the zones of inhibition from the mixture of CE and AB
compared to AB alone between Experiments 1 and 3 suggest that the CE undergoes
significant degradation when stored at 21◦C (Fig. 6). This degradation prevented us
from determining if increasing the CE amount in the mixture would increase the zones
of inhibition observed (Fig. 5).
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Abstract

Bacteria possess intricate systems of rapidly assembling and disassembling fil-
aments called Type IV Pili (T4P), which are responsible for diverse functions
including bacterial aggregation, twitching motility, and phage and DNA uptake.
Each pilus is a polymer of thousands of copies of the major pilin and small numbers
of minor pilins that have roles in assembly, retraction and pilus functions. In simple
T4P systems minor pilins form a homotrimer that initiates pilus assembly and
localizes to the pilus tip. In the Vibrio cholerae toxin coregulated pilus, this minor
pilin homotrimer binds to the CTXφ phage, which is taken into the bacterium
by pilus retraction. In complex T4P systems, like those of Neisseria gonorrhoeae
and Pseudomonas aeruginosa, five different minor pilins form a homopentamer that
primes pilus assembly and is involved in DNA binding and uptake. The adhesive
and retractile features of T4P make them ideal targets for antibody carriers that can
deliver antibiotics into the bacterial periplasm. The long term goal of this research
is to exploit the T4P machinery as an antibiotic delivery system by selecting from
diverse phage display library antibodies that bind to minor pilins at the tip of the
pilus that can be used as antibiotic carriers. To this end, this paper demonstrates
the successful cloning of an AviTag onto the N-terminus of recombinant minor pilin
TcpB of V. cholerae but was unable to clone in CofB of enterotoxigenic Escherichia
coli (ETEC). However, the AviTag of TcpB can then be biotinylated using the biotin
ligase BirA, allowing the minor pilin to be immobilized on streptavidin-coated
plates in an orientation that mimics the pilus tip for antibody library screening.

Keywords — Antibiotic Resistance, Type IV Pili, Cloning, AviTag, Recombinant
Proteins

1. Introduction

Worldwide overuse of antibiotics has resulted in widespread antibiotic re-
sistance, making it increasingly difficult to treat many infectious diseases.
Along with developing new drugs, alternative methods for antibiotic de-

livery should be considered. Gram-negative bacteria tend to be more resistant than
Gram-positive bacteria due to the presence of an outer membrane that prevents passage
of large antibiotics such as vancomycin [1]. Many bacteria have Type IV Pili (T4P),
adhesive protein polymers that rapidly assemble and disassemble, facilitating DNA
uptake, microcolony formation, secretion and twitching motility among other processes.
We hypothesize that retractile T4P can act as delivery systems for antibiotics. We wish
to exploit the binding and retraction mechanism of T4P to introduce antibiotics into
the bacterial periplasm. To this end, I plan to produce recombinant Avi-Tagged minor
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pilins that can be biotinylated and displayed on microtiter plates for antibody library
screens to identify high affinity molecules that will serve as antibiotic carriers.

T4P filaments are made of thousands of copies of a major pilin protein and one or
more minor pilins. Pilus assembly occurs at the inner membrane, where pilin subunits
dock via electrostatic attractions at the base of the growing pilus, which is incrementally
extruded outward with each subunit addition, powered by an assembly ATPase [? ].
The pilus grows across the periplasm and through an outer membrane secretin channel
for display on the bacterial surface. Pilus assembly is initiated by the minor pilins,
which are thought to form a “priming complex” in the inner membrane via interactions
among their C-terminal periplasmic domains [2, 3]. This priming complex then recruits
the major pilins to grow the pilus. The V. cholerae and E. coli (ETEC) T4P are considered
“simple” T4P systems, having a single minor pilin that forms a homotrimer [4, 5, 6],
whereas more complex T4P systems, like those of N. gonorrhoeae and N. meningitidis,
have a heteropentameric minor pilin priming complex [2, 3]. The Craig lab previously
cloned the minor pilin genes encoding tcpB residues 43-423 and ETEC cofB 25-516
into vector pET15b, and expressed soluble minor pilins in E. coli. From there, they
were able to solve the crystal structures of Vibrio cholerae minor pilin TcpB and the
enterotoxigenic ETEC minor pilin CofB, both of which form homotrimers in the crystal
and in solution [5, 6]. Using immunogold labeling they showed that TcpB forms a trimer
at the pilus tip and binds to the tip protein of the filamentous bacteriophage CTXφ to
facilitate phage uptake [5]. Similarly, Ellison et al. showed that a second V. cholerae T4P,
the competence pilus, which is a complex T4P, binds to DNA via its tip, and that minor
pilin mutants were defective in DNA uptake [7]. These data support a model in which
T4P bind to large substrates, like phage and DNA, via their tip-associated minor pilins,
and draw them into the periplasm via pilus retraction. We aim to exploit this system
to introduce antibiotics into the bacterium (Fig. 1). By bypassing the outer membrane
barrier, this strategy would sensitise Gram-negative bacteria to large antibiotics like
vancomycin.

To this end, we plan to screen vast antibody libraries to identify antibodies that bind
with high affinity to tip-associated minor pilins as a vehicle to introduce antibiotics into
bacteria via pilus retraction. Our goal is to prepare recombinant minor pilins for ETEC,
CofB, and V. cholerae, TcpB, that can be used to “fish” such carriers out of libraries of
millions of antibodies. This goal is divided into three aims: 1) Engineer an AviTag gene
segment onto the 5’ end of the minor pilin genes tcpB and cofB in pET15b; 2) Express
and purify the engineered minor pilins via the N-terminal His tag; 3) Biotinylate the
minor pilins for display on streptavidin-coated plates for library screening. This paper
demonstrates the molecular cloning done to achieve the first of the three goals.

2. Results

2.1. Cloning in the 5’ Avitag using Two Successive PCR Reactions

The minor pilin genes co f B and tcpB were previously cloned into pET15b at the NdeI
and BamH1 sites, replacing the α1N α-helix of these pilins with a hexa-histidine tag
(His-tag). Primers were designed to clone out the minor pilin gene, insert the AviTag
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Figure 1: Structure of the pilus assembly machinery on the bacterial membrane. Antibiotic carriers can
bind to minor pilins located at the tip of pilus to enable delivery of antimicrobial agents into
the bacteria via retraction.

gene sequence at the 5’ end of this gene in two PCR steps, then digest the final product
with NdeI and BamHI and insert it into these sites in pET15b. This strategy places the
His-tag N-terminal to the AviTag, maintaining a thrombin cleavage site that allows the
His-tag to be removed, producing an N-terminal AviTag.

To insert the AviTag sequence between the His-tag and the minor pilin, the 3’ half of
the AviTag gene was first added via the forward primer during PCR I, while amplifying
the minor pilin gene and BamH1 restriction site. The presence of bands in the PCR I
gel showed that the 3’ end of the Avitag was successfully cloned into the tcpB and cofB
genes at all PCR temperatures, with the exception of tcpB23-423 at 56 oC (Fig. 2). Next,
the 5’ half of the AviTag gene was inserted by PCR-amplifying PCR I products using
a forward primer containing this segment and the reverse primer used for PCR I. In
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addition to the expected product at 1500 base pairs (bps) for PCR II, a second diffuse
band was present at 250 bps for all reactions (Fig. 2).

Figure 2: PCR I and II Results. Bands are seen in all lanes except for tcpB25-423 at 56 oC on a 1%
agarose gel in PCR I (left). CofB and tcpB samples show prominent bands at 1500 bp and
1200 bp respectively, with by-products appearing around 250 b on a 1% agarose gel for PCR
II (right).

2.2. Digestion, Ligation, Transformation and Sanger Sequencing

The PCR II products and pET15b were double-digested with NdeI and BamH1 for 6
hr at 37 ◦C. Single digests were also performed for pET15b, and the reactions were
analysed by agarose gel electrophoresis to ensure that both enzymes were active (Fig.
3). The observed mobility shift for each single digest confirmed enzyme activity.
The digested PCR II products were purified using the Thermo Scientific GeneJET
PCR Purification Kit, where samples were ran on silica-membrane spin columns to
remove excess primers, dNTPs, polymerase and buffer. The inserts were then ligated
into digested pET15b at various insert:plasmid ratios, and the ligation products were
transformed by heat shock into E. coli DH5α cells. Cells were grown on LB agar plates
with 100 ug/mL ampicillin.

Colony PCRs were performed using the insert-specific primers, revealing bands
for all products at 250 bp (Fig. 4) instead of the desired 1500 bp products. External
sequencing performed by Genewiz using the Avitag 5’-fpcr primer revealed that only
the 3’ end of the insert gene is present followed by the BamHI site. There is some
alignment with internal regions but no obvious site that would produce a product at
250 bp. Looking back at Fig. 2B, the 250 bp bands may be due to the contamination of
a by-product from PCR II that was not removed during the PCR clean-up. Thus, the
restriction digestion was repeated on PCR II products and the digested inserts were cut
out of the gel to eliminate contaminants. These were ligated into gel extracted, alkaline
phosphatase treated pET15b at various insert:plasmid ratios.

The ligation reactions were electroporated into electrocompetent E. coli DH5α and
cells were grown overnight on LB-Amp plates. The resultant colonies were analysed by
colony PCR using the T7 promoter and T7 terminator (Fig. 5). The results showed that
both cofB plasmids were empty, while the tcpB clone produced a band at approximately
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Figure 3: Diagnostic digest to confirm the activity of both restriction enzymes (left) and a diagnostic
gel on restriction enzyme digestion products (RED) and gel-extracted products (GE) (right).
The mobility shift seen from the undigested to single and double digests of NdeI and BamHI
confirm their activity (left). Estimated 200 ng of pET15b in 5 uL for RED (40n ng/uL) and
80 ng in GE (13 ng/uL). 25 ng in 6 uL of cofB and tcpB (4.3 ng/uL) (right).

Figure 4: 6-hour digestion gel results (upper left), first colony PCR with a 1-minute extension time
(3 gels on upper right), and second colony PCR with a 4 minute extension time (2 gels on
bottom). Estimated concentration of 40 ng/uL for pET15b, 8 ng/uL for cofB and 15 ng/uL for
tcpB (upper left). All bands appear around 250 bp in the first colony PCR (3 gels on upper
right). Both colonies (first transformation) and purified plasmids (second transformation) have
products around 250 bp (2 gels on bottom).

750 bps, consistent with the presence of the correct insert. The sequence of the tcpB
insert was verified using primers NdeI- Avitag5’-fpcr and Vc-tcpB423-BAM-HI-rpcr.

The 3:1 and 4:1 cofB ligations were transformed into pET15b vector via electropora-
tion, yielding colonies in both ratios that were sequenced with the T7 promoter and
BamHI reverse primers. However, Genewiz was not able to sequence either plasmids.
The results of another colony PCR showed that the bands present in the cofB samples
ran with the T7 promoter, and terminator primers were empty plasmids, as no band
was present using the insert specific primers (Fig. 6).
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Figure 5: Colony PCR with gel extracted inserts and alkaline phosphatase treated pET15b. The tcpB
colony reveals the expected band at 1200 bp, while both cofB colonies have bands less than
250 bp.

3. Methods

IDT’s OligoAnalyzer tool was used to calculate the primer Tm values and obtain a Tm

of 60-65◦C. The sequences for the primers are as follows:

• NdeI-AviTag5’-fpcr: 5’ GGAATTCCATATGGGGTCCGGGTTGAATGATATTTTC-
GAAGCACAGAAAATTGAATGGCA

• ETEC-cofB-AviTag3’-fpcr: 5’ TATTTTCGAAGCACAGAAAATTGAATGGCAT-
GAGGAGAAAGAAGCAGATGAAGCCAGACG

• ETEC-cofB-BamHI-rpcr: 5’ CAGCCGGATCCTTAGGTTTGTGGTTCTGTAC

• Vc-tcpB25-AviTag3’-fpcr: 5’ ATATTTTCGAAGCACAGAAAATTGAATGGCAT-
GAGAAGCGGGAAGCTGAACTCATGATTA
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Figure 6: Colony PCR of the 3:1 and 4:1 cofB colonies using two sets of primers. T7 refers to the T7
Promoter and Terminator primer pairs, while Avi refers to the Avitag5’-fpcr and ETEC-CofB-
BamHI-rpcr primer pairs. No bands are seen in the insert specific primer pairs for both cofB
samples.

• Vc-tcpB423-BamHI-rpcr: 5’ CAGCCGGATCCTTAATTTTCACACCATTGAAAC

3.1. Polymerase Chain Reaction (PCR)

Since the AviTag gene segment is 45 nucleotides, it is too long to insert into the 5’ end
of the minor pilin genes using a single primer. Therefore, two successive PCR reactions
were carried out to first clone V. cholerae TcpB (243-423) and ETEC CofB (25-516) from
pET15b expression plasmids, simultaneously adding the 3’ half of the AviTag gene at
the 5’ end and a BamHI site at the 3’ end (Fig. 7). The second PCR reaction added
the 5’ half of the AviTag gene to the 5’ end of the first PCR product. Primers were
purchased from IDT and resuspended in H2O to give 100 uM, then diluted 1/10 for a
10 uM working stock. The PCR reaction used 5X Q5 buffer at 1X, 1 mM dNTPs, 0.5 uM
of forward and reverse primers, 1 ng-1 ug template, 1% DMSO and 20 units/ml of Q5
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polymerase. The samples ran at a gradient from 50 ◦C to 58 ◦C with a PCR program
as follows: 95 ◦C initial denaturation for 1 minute, 34 cycles of 95 ◦C denaturation
for 1 minute, annealing at a gradient for 0.5 minute, 70 ◦C extension for 4 minutes
( 1 minute/400 bases) and a final 72 oC extension for 5 minutes. PCR products were
analysed for correct product size on a 1% agarose gel containing 0.1 g/uL ethidium
bromide, run at 100 V for 30 minutes. One of the successful reactions was chosen for
purification of the PCR product using the ThermoScientific GeneJet PCR I cleanup kit.

Figure 7: PCR I was done on previously characterized minor pilins by first adding the 3’ end of the
AviTag (left). The PCR I product then had the 5’ end of the AviTag cloned in (middle). The
final PCR II product has the entire AviTag cloned in as well the both restriction sites, NdeI
and BamHI (right).

3.2. Restriction Digests and Dephosphorylation of Vector

PCR inserts and the pET15b vector added at 1 ug were digested with 1 uL Thermo
FastDigest NdeI and BamHI in 1X FastDigest Green Buffer for 6 hours at 37 ◦C. To
prevent the religation of incompletely digested vector, the sample was treated with
5 units of Antarctic Phosphatase per 1 ug of DNA in the 50 uL reaction, along with
1X AP Reaction Buffer for 30 minutes at 37 ◦C before heat inactivating at 65 ◦C for
5 minutes. Another PCR cleanup was performed on the digested products before
running an agarose gel to quantify the amount of insert and vector.

3.3. Ligation and Transformation

Ligations were carried out at 4 molar ratios of insert to plasmid: 2:1, 3:1, 4:1 and 5:1. The
calculated amount of insert was ligated with 30 ng of NdeI/BamH1-digested pET15b in
1X T4 ligase buffer and 1 uL T4 DNA Ligase. The reaction was incubated at 16 ◦C for
16 hours before heat inactivating at 65 ◦C for 20 minutes. Fifty uL aliquots of competent
E. coli DH5α were used for transforming 5 ng of ligated plasmid. Two methods of
transformation were used: heat shock transformation at 42 ◦C for 45 seconds and
electroporation transformation using the Bio-Rad Micropulser. Cells were then grown
on LB-Ampicillin plates over the weekend at room temperature.
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3.4. Colony PCR, Plasmid Purification and Sanger Sequencing

Colony PCR was used to identity colonies carrying the minor pilin:pET15b plasmids.
Half of each test colony was transferred to 20 uL of ddH2O and heated at 94 ◦C for 5
minutes; 2 ul of the boiled cells was added to a standard PCR reaction with 0.5 uM of
each forward and reverse primers (T7 promoter and terminator primers or pilin-specific
primers). The PCR program is as follows: 98 ◦C initial denaturation for 3 minutes, 4
cycles of 98 ◦C denaturation for 20 seconds, 56 ◦C annealing for 30 seconds and 72 ◦C
extension for 4 minutes, followed by 32 cycles of 98 ◦C denaturation for 1 minute, 58
◦C annealing for 30 seconds and 72 ◦C extension for 4 minutes, then an additional 10
minutes of final extension at this temperature. The test colonies were grown overnight
in LB at 37 ◦C shaking, and plasmids were purified from the overnight cultures using
the QIAprep Spin Miniprep Kit. The gene inserts were confirmed using the T7 promoter
and terminator primers at Genewiz through Sanger sequencing.

4. Discussion

In this paper, we describe the cloning of AviTag gene sequences at the 5’ ends of minor
pilin genes tcpB from V. cholerae and cofB from enterotoxigenic E. coli. Furthermore,
the AviTag-tcpB gene was inserted into pET15b, downstream of the gene segment
encoding a His-tag and thrombin cleavage site. This plasmid is ready for expression of
His-tagged/Avi-Tagged TcpB. Test expressions will be performed at a broader range of
temperatures and more cell cultures will be analyzed by SDS-PAGE.

While the cofB gene was successfully cloned from its expression plasmid and the
AviTag gene was added, I was unable to ligate this construct into pET15b, despite
implementing various insert:vector ratios and transformation strategies. Perhaps testing
insert to vector molar ratios as high as 10:1 would be effective [8]. Electroporation
rather than heat-shock should be used to transform the plasmid into E. coli cells as this
is seen to have higher transformation efficiency. Once the ligation and transformation
are completed, test expressions for both Avi-Tagged minor pilins will be performed at
a broader range of temperatures and more cell cultures will be analyzed by SDS-PAGE.
These proteins as well as BirA will be expressed in large scale (1-3) and purified using
the nickel-NTA column. Biotin will be covalently attached to the AviTag of the minor
pilins using purified BirA. The biotinylated proteins will be oriented on a streptavidin-
coated plate for screening of antibody libraries. The end goal of the project is to find an
antibody that can bind with high affinity to the tips of these minor pilins in hopes to
utilize it as an antibiotic delivery system for therapeutic uses.

5. Conclusion

With increasing antibiotic overuse and poor regulation within the health care system,
antibiotic resistant strains are becoming more prevalent as this environment is fostering
their survival. While the spread of antibiotic resistance worldwide is partially due
to misuse, the pause in discovery of new agents to target bacterial infections is also
contributing to this issue. As a result, the drugs that are currently available are
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becoming less and less effective. The traditional methods of antibiotic uptake through
pores and active transport is limited by size, making it difficult for larger agents, like
vancomycin, to pass the cell membrane. For this reason, considering alternate methods
for uptake, such as through the Type IV pili, can be promising in delivering antibiotics
into a cell. The T4P system would rely on binding an antibody intermediate that acts as
a carrier of the antimicrobial agent. This study demonstrated the workflow of cloning
an AviTag into minor pilins to allow for it to be placed in an orientation that mimics
the bacterial surface for testing. More research will need to be done in expressing
the Avi-Tagged plasmids generated in this study into proteins, followed by screening
antibody libraries to find potential candidates to act as carriers for drug delivery.
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Abstract

Abnormal insulin concentrations in diabetes mellitus have been shown to affect
vascular smooth muscle cell (VSMC) phenotype. To investigate if these effects are
related to changes in α-smooth muscle actin (α-SMA) in VSMC, we examined the
density of α-SMA in A7r5 cells that were incubated in different concentrations
of insulin-containing growth media. Glucose concentrations in the media were
collected intermittently to monitor insulin function. After incubation, the cells
were fixed and immunostained, followed by image capture using fluorescence
microscopy. The density of α-SMA was quantified by pixel intensity. Visual
comparison and statistical analysis revealed that α-SMA density was significantly
higher in the medium insulin condition.

Keywords — Insulin, alpha-smooth muscle actin, A7r5 cells, immunocytochemistry,
hyperinsulinemia

1. Introduction

Vascular smooth muscle cells (VSMC) play two critical roles in maintaining
optimal arterial wall health and integrity: fully differentiated, contractile VSMC
modulate blood vessel contractility and regulate blood pressure, whereas prolif-

erative and non-contractile VSMC repair arterial wall injuries [1]. Consequently, any
dysfunctions associated with VSMC may pose prominent risks for vascular pathologies
[2]. Abnormal insulin concentrations present in diabetes mellitus have been shown
to alter VSMC morphology and phenotype [3]. Other studies have also found that
compensatory hyperinsulinemia that is present at varying severities in Type 2 diabetes
patients may be correlated with a higher risk for arterial plaques [1]. The underlying
cellular mechanism has not been fully understood, however, one study has found that
insulin contributes to VSMC differentiation by increasing the level of α-SMA expression
[3].

Building on these findings, this study used non-contractile, A7r5 cells in culture to
examine the effects of the presence of insulin. We asked whether various concentrations
of insulin converted the cultured cells into a contractile phenotype by inducing α-SMA
expression or arrangement. We hypothesized that incubation in higher concentrations
of insulin would cause increased density of α-SMA in cultured A7r5 cells. We used
HUMALOG®insulin lispro, which is a rapid-acting human insulin analog used to lower
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blood glucose in patients with Type 1 diabetes [4]. It has the same molecular weight as
human insulin but has a slightly different molecular structure [4].

In this experiment, our initial purpose was to obtain insulin concentrations that are
physiologically relevant to those present in normal and diabetic individuals through
dilution. A healthy individual would have a circulating fasting concentration of
0.018-0.09 nmol/L of insulin, whereas an individual with hyperinsulinemia would
have a circulating fasting concentration of approximately 0.109 nmol/L of insulin
[5]. Due to insufficient growth media (GM) quantity, we were not able to dilute the
insulin to match these concentrations. Therefore, for our low, medium, and high
insulin conditions, we chose to dilute 1 uL, 10 uL, and 50 uL of insulin, respectively,
in GM, which resulted in insulin concentrations of 375 nmol/L, 3750 nmol/L, and
18800 nmol/L respectively. These values provided adequate differences in insulin
concentration, which we hoped would contribute to distinctive results between our four
experimental conditions. Moreover, our chosen insulin concentrations, although not
equivalent to physiological concentrations in humans, still provided similar intervals
to compare insulin concentrations between normal and diabetic individuals [5]. We
assessed the effects of insulin concentration on α-SMA density by adding insulin
at varying concentrations to A7r5 cells. We chose to use GM because it contains
a high concentration of fetal calf serum, which promotes proliferation, but also de-
differentiation of smooth muscle cells. This would eliminate the media as a potential,
confounding variable, thus, any changes in α-SMA density would likely have been
caused by the varying insulin concentrations. The cells were fixed, immunostained for
α-SMA, then fluorescent and brightfield images were captured. α-SMA density was
quantified by averaging the red pixel intensity of fluorescent microscopy images, which
was used in a prior study as a method of quantifying protein expression [6].

Visual comparison of the images, as well as statistical analysis of red pixel intensity
demonstrated that A7r5 cells treated with medium concentration insulin exhibited
significantly higher α-SMA density compared to the control group. On the other hand,
the A7r5 cells treated with low and high insulin concentrations did not show any
statistically significant increase in α-SMA density compared to the control condition.

The findings from this experiment are relevant to the current knowledge regarding
Type 1 and Type 2 diabetes, which both present as abnormal insulin levels in those
who are affected [3]. Considering that abnormal concentrations of insulin may affect
VSMC phenotype and morphology, the present experiment may contribute to the
understanding of vascular conditions and pathology amongst diabetes patients.

2. Materials and Methods

2.1. Materials

All experimental protocols were adapted from weeks 5, 6, and 7 of the BPK408W
Cell Physiology Laboratory Manual [7]. The growth media consisted of Dulbecco’s
Modified Eagle’s Media (with Glutamax, pyruvate, and 25 mM glucose) obtained from
Life Technologies, 10% fetal calf serum, and Antibiotic-Antimycotic (100 units/mL
penicillin, 100 units/mL streptomycin, 0.25 ug/mL amphotericin B) [7]. The mouse
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IgG2a, anti-α-SMA primary antibody was obtained from Santa Cruz Biotech (sc-32251),
and the Goat anti-Mouse IgG2a secondary antibody conjugated to Alexa Fluor 555
was obtained from Thermo Fisher Scientific (A-21137) [7]. The insulin used was
HUMALOG®insulin lispro which is a human insulin analog.

2.2. Experimental Procedure

A7r5 cells were exposed to four concentrations of insulin: no insulin (control group),
low insulin, medium insulin, and high insulin. Each condition was replicated three
times. For the four conditions being tested on the A7r5 cells, varying volumes of
insulin were diluted in GM to obtain specific concentrations of insulin (Tab. 1). The
prepared mixtures were used to replace the original GM in the twelve wells that
contained approximately 7 × 104 A7r5 cells at confluence. The control cells were
incubated in pure GM, while the experimental cells were exposed to their corresponding
concentrations of insulin-containing GM. Each well was filled with 500 uL of media
then incubated overnight. After 20 hours, the media in all four experimental groups
was replaced with either fresh GM (control group) or insulin-containing GM (insulin
groups), and the wells were imaged using a Bio-Rad ZOE microscope to obtain initial
brightfield images. After an additional 95-hour incubation period, the cells were imaged
using brightfield microscopy to observe any possible changes, then fixed using 1%
paraformaldehyde. Hoescht-33342 at 1 ug/mL was used to stain double-stranded DNA
in cellular nuclei, then a primary antibody (Mouse IgG2a) at a concentration of 0.67
ug/mL, and a secondary antibody (Goat anti-Mouse IgG2a Secondary Antibody with
Alexa Fluor®555) with a dilution factor of 500, were used to immunostain the α-SMA.
All of the cells were stained simultaneously under identical experimental conditions.

Images were captured under brightfield, red, and blue channels, and settings such
as contrast and exposure were kept constant within each channel. The red channel
visualized the Alexa Fluor 555 fluorophore which stained α-SMA, the blue channel
visualized Hoescht-33342 dye which stained the nuclei of all cells. The blue channel
had an excitation wavelength of 355/40 nm and an emission wavelength of 433/36 nm,
while the red channel had an excitation wavelength of 556/20 nm and an emission
wavelength of 615/61 nm [7]. Composite images combining the red and the blue
channel images were created for comparison to ensure that the red channel images
captured α-SMA of all cells.

Before and after the addition of insulin, glucose concentration in the media was mea-
sured using a calibrated glucometer (Contour®Next One Smart Meter) and test strips
(Contour®Next Test Strips). As insulin is known to promote cellular glucose uptake,
the glucose readings provided supplementary results in addition to the microscopy
images obtained. It is important to note that we had limited access to the laboratory as
well as shared laboratory equipment such as the Bio-Rad ZOE microscope; this put a
time constraint on our image collection process. Although it would have provided the
most accurate data, we were not able to obtain brightfield and fluorescent images from
every single well because some wells had cells that were not stained properly, resulting
in blurry images. Hence, only the wells containing A7r5 cells that demonstrated the
greatest glucose uptake, and most clarity, were selected and imaged.
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Table 1: Recipe table for insulin dilution in growth media and the resulting concentrations.

3. Results

3.1. Glucose Concentration Readings

Prior to media replacement in the wells, glucose concentration in the original media was
measured to be 25.5 mmol/L. Considering that in GM, 25 mmol of glucose was diluted
in serum, the original glucose reading and control data had higher readings than
expected. This may have been because the stock media had more concentrated glucose
or that the glucometer had a systemic error and consistently measured higher than the
actual value. Glucose concentration in media was recorded intermittently throughout
the incubation process for all twelve wells. These data were used to monitor whether
insulin was exhibiting an effect on the A7r5 cells. Readings were taken immediately
after the initial addition of insulin, after 20 hours of incubation, immediately after
media was changed at 20 hours of incubation, and after 95 hours of incubation in the
changed media. The glucose readings for each condition were averaged over the three
replicates (Tab. 2).

The difference in glucose concentration was graphed (Fig. 1) and single-factor
ANOVA was computed using Microsoft Excel. It appears that incubation of A7r5
cells in various insulin concentrations did not cause statistically significant differences
between glucose concentration for the four conditions (p = 0.3998), with p < 0.05
considered to be significant. This indicates that the various insulin concentrations
exerted insignificant effects on glucose uptake.

3.2. Image Analysis

Following incubation, a visual comparison of these images revealed an increase in the
proportion of spindle-like, contractile A7r5 cells in the 95-hour images (Fig. 2 second
column). The red channel images displayed minimal α-SMA in the control group, and
a slight increase in α-SMA in A7r5 cells of the low insulin condition. Prominent parallel
α-SMA was observed in the medium insulin condition, and some increase in α-SMA
was observed in A7r5 cells of the high insulin condition, although not as prominent as
the medium insulin condition (Fig. 3 right column). It is also important to note that an
increase in the number of dead A7r5 cells was noted in the high insulin condition after
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Table 2: Glucose concentration reading (mmol/L) from three replications and their averages within each
condition, organized by incubation time.

95-hour incubation, which was evident from the numerous round, dark cells that were
visible in the brightfield images (Fig. 2D second column). Cell death was observed
in the red channel where auto-fluorescence was remarkable, indicating non-specific
binding to antibodies by dead cells (Fig. 2D third column) [8]. Additionally, in the
control and low insulin conditions, red staining was predominantly localized to the
nuclei, whereas there was little red staining in nuclei in the medium and high insulin
conditions. This finding was unexpected as α-SMA in VSMC usually traverses the
nuclei. We speculate that this could have been a result of a change in cellular phenotype,
and the increased peri-nuclei α-SMA may be an indication of a contractile phenotype,
however, the underlying signalling pathway is yet to be elucidated.
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Figure 1: Differences in glucose concentration after 95 hours of incubation in insulin-containing media.
Bar graph displays glucose uptake from all four experimental conditions. Error bars depict
within-condition standard deviation, data labels are shown. Single-factor ANOVA: p = 0.3998
with p <0.05 set to be significant.

Figure 2: Representative multi-panel image of A7r5 cells in GM imaged under four conditions. From
left to right: unstained cells after 20 hours of insulin exposure, unstained cells after 95 hours of
insulin exposure, red channel of immunostained cells, and composite images of immunostained
cells. From top to bottom: A) Control B) Low C) Medium, and D) High insulin concentrations.

From initial visual inspection, it appears that the medium insulin concentration
most prominently promoted α-SMA synthesis, because the red channel image displayed
the most staining compared to all other conditions (Fig.2C third column). To further
quantify this comparison, red channel pixel intensity was averaged using the “His-
togram” function in ImageJ software with a minimum threshold of 21, and a maximum
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Figure 3: Representative multi-panel image of Alexa Fluor 555 immunostained A7r5 cells in GM after
95 hours of insulin exposure. Left column shows the original image and the right column
shows a zoomed subregion of the same image. From top to bottom: A) Control B) Low C)
Medium, and D) High insulin concentrations.

threshold of 255. The histogram function coupled with a threshold provided an average
pixel intensity from every single pixel in an image, while eliminating background
intensity from parts of the image in which there were no cells. This allowed for mean-
ingful and unbiased comparison between conditions. The red pixel intensity was then
averaged across the two fields-of-view captured from one well of each condition that
provided the image with the most clear staining. Figure 4 shows that the average red
pixel intensity was considerably higher for images of the medium insulin condition.
Single-factor ANOVA yielded a p-value of 0.0017, indicating between-group difference
is significant, with p < 0.05 considered significant. A two-tailed unpaired t-test was
then conducted to confirm which insulin condition produced statistically significant
differences compared to the control group. The t-tests yielded p = 0.855 for control vs.
low insulin, p = 0.00357 for control vs. medium insulin, and p = 0.250 for control vs.
high insulin. A posthoc Bonferroni test was computed to account for the inflation of
type I error with multiple t-tests; the Bonferroni-adjusted p-value was 0.0167 (0.05/3 =
0.0167). Comparison of the p-values from the t-test to the Bonferroni-adjusted p-value
determined that only the images taken from the medium insulin well had red pixel
intensity that was significantly higher than that of the control. Hence, this demonstrated
that only A7r5 cells in the medium insulin condition had significantly increased α-SMA
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density.

Figure 4: Bar graph comparing average pixel intensity in red channel measured using ImageJ software
between control (no insulin), low insulin concentration, medium insulin concentration, and
high insulin concentration in GM. Error bars depict standard deviation within each condition;
data labels are displayed. Statistical analysis results shown: * = significant difference at
p < 0.05 (with posthoc Bonferroni test).

4. Discussion

In the present experiment, the cells treated with the medium concentration insulin (3750
nmol/L) exhibited a significantly higher increase in α-SMA density. This was shown
through comparison of red pixel intensities and confirmed using statistical analysis
(Fig. 4). Although the mechanism underlying this insulin-dependent increase in α-SMA
density is not yet fully understood, one possibility may be that the increased glucose
uptake by A7r5 cells allowed for greater ATP production, which provided the cells with
more energy to perform cellular functions such as α-SMA synthesis. Conversely, the
A7r5 cells treated with the low (375 nmol/L) and high (18800 nmol/L) concentrations
of insulin displayed no statistically significant changes in α-SMA compared to the
control group. We speculate that the low concentration of insulin may not have been
sufficient to induce a significant increase in α-SMA expression, however, the medium
concentration of insulin was adequate in inducing a significant increase in α-SMA
expression. Contrary to our initial hypothesis that α-SMA expression will increase with
increasing concentrations of insulin, the high insulin condition exhibited lower increase
of α-SMA density compared to the medium insulin condition. Both visual comparison
of the images and quantitative comparison of red pixel intensities confirmed this finding.
Additionally, our supplementary data of glucose readings revealed that all three high
insulin condition replicates had the least glucose uptake after 95 hours of incubation.
This was also inconsistent with our initial prediction that the high concentration of
insulin would stimulate the most glucose uptake by A7r5 cells, causing the greatest
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reduction of glucose concentration in the media.
Combining the results of image analysis and glucose readings, we speculate that the

high insulin concentration of 18800 nmol/L may have contributed to an initial period of
excessive intracellular glucose and led to glucose toxicity, which has been studied as a
potential cause of pancreatic β-cell apoptosis in patients with Type 2 diabetes [9]. This
excessive intracellular glucose may have increased the intracellular osmolarity, which
would have caused an influx of water that would have caused cell lysis in early stages
of incubation. We speculate that the rationale behind the least glucose uptake in high
insulin groups was that the intracellular glucose was released back into the media after
cell lysis, and there were less live cells actively taking up glucose. This initial cell lysis
and the decrease in total viable cell count early in the incubation process meant that
not as many cells survived long enough to synthesize α-SMA, which resulted in lesser
α-SMA density observed in the high insulin condition wells. This was also evident in
the brightfield image taken 95 hours after incubation, cell death was evident within
the high insulin group as many cells appeared round and shrunken with dark borders
(Fig. 2D, second column). To further support this speculation, visual analysis of the red
channel images from the high insulin condition show that the cells that remained alive
until fixation appeared to exhibit increased α-SMA density similar to that observed in
the medium insulin condition. However, not as many cells survived long enough until
fixation for this to occur, hence, the overall red pixel intensity of images collected from
the high insulin concentration wells was lower than that of wells treated with medium
insulin concentration.

There were no prior studies that tested this combination of HUMALOG®insulin
lispro on A7r5 rat cells, so it was uncertain if the insulin would exert any effect on
the cells. We thought wells with little or no change in glucose uptake may have
indicated that this pairing was not compatible. Therefore, in conjunction with the time
constraint, we selected wells that demonstrated glucose uptake to be analyzed, as this
reflected that insulin was indeed affecting the cells in some way. Additionally, this
limits the sample size and decreases statistical power, which reduces the possibility of
the experiment reflecting the true effect. In other words, if all wells had been included
in the analysis, there may be a possibility that insulin’s effect on α-SMA density would
not be significant in any of the experimental conditions.

Previous studies have found that, under normal physiological conditions, insulin
would increase VSMC differentiation and α-SMA density via the phosphoinositide
3-kinase (PI3K) pathway and would minimally stimulate VSMC proliferation via the
mitogen-activated protein kinase (MAPK) pathway [3]. With insulin resistance and
hyperinsulinemia, the PI3K pathway is disrupted but the MAPK pathway is enhanced,
therefore VSMC differentiation would decrease, and proliferation would increase [3].
This is contrary to our results, as our medium insulin condition significantly increased
α-SMA density, which is reflective of the differentiated phenotype. This discrepancy
could be due to the fact that our study utilized rat VSMC, whereas the referenced
study utilized bovine VSMC; it is possible that much higher insulin concentrations
are required to mimic the insulin-resistant pathways in A7r5 cells. In addition, it
should be emphasized that the HUMALOG®insulin used in our study contained non-
medical ingredients, notably glycerol, sodium hydroxide (NaOH), and m-cresol [4]. A
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past study found that cell proliferation was significantly decreased in five different
cell lines when glycerol concentrations were 2-4% of the media [10]. Porcine VSMCs
exposed to NaOH had enhanced proliferation [11]. 4-chloro-m-cresol (4-CMC) is a
monochlorinated m-cresol that functions as a ryanodine receptor agonist, and studies
have shown that it can stimulate cellular contraction [12, 13]. However, another study
found that cultured rat aortic smooth muscle cells do not express ryanodine receptors,
hence confounding effects of m-cresol on A7r5 cells in our study may be reduced or
eliminated [14]. As the exact concentrations of these ingredients are unknown, it is
difficult to state that they affected the A7r5 cells, however, the possibility should be
considered.

5. Conclusion

Statistical analysis showed that incubating A7r5 cells in GM with an insulin concentra-
tion of 3750nmol/L significantly increased α-SMA density, which is also reflective of
a contractile phenotype. However, it is important to emphasize the many limitations
of the current study; further improvements and adjustments should be made to the
protocol to improve clinical relevance for human models. Due to a lack of available
reagents, it was not possible to match physiologically relevant levels of insulin by
dilution. Therefore, the concentrations used were unlike what is experienced in physio-
logical conditions. Instead of using tiers of levels, manipulating insulin concentrations
to be within the range of healthy and diabetic individuals would aid in excluding
variables, such as osmotic stress caused by our high insulin condition. Furthermore, as
a result of having limited access to the equipment, we were unable to obtain data at
consistent intervals of time. Test points taken at shorter, regular time intervals would
help to observe more changes in regard to cell morphology and glucose uptake.

For the present study, we chose to compare α-SMA density between conditions
instead of α-SMA arrangement because software that could accurately categorize
different cellular morphologies was not available. Without the appropriate software,
quantification of α-SMA arrangement would be prone to human error and experimenter
bias. We would suggest future studies that wish to use pixel intensity as a method of
protein expression quantification, to normalize the intensity to the number of cells. This
was challenging for our experiment as our Hoescht-33342 was defective, as a result, we
did not obtain accurate total cell counts. In addition, we expected the therapeutic effects
of HUMALOG®to be similar to those of human insulin, however, the discrepancy
in molecular structure should be considered a potential confounding variable when
applying the results of the present study on human models [4]. Hence, future studies
could use human arterial smooth muscle cells instead of A7r5 cells, and human insulin
could be added to these cells instead of an insulin analog. This would eliminate the
molecular structure discrepancy between different types of insulin as a confounding
variable. This would also exclude the pairing of the human insulin analog with rat
aortic smooth muscle cells as a potential confound since these two molecules were not
meant to interact. Lastly, a more accurate and direct alternative to quantify α-SMA
density would be to conduct droplet digital polymerase chain reaction (ddPCR) to
quantify the level of gene expression of contractile proteins such as α-SMA.
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Taking the above experimental limitations into consideration, the present study
should be considered a precursor for future studies, and the results may provide
additional information into how compensatory hyperinsulinemia that is often present
in Type 2 diabetes may increase the risk for vascular pathologies [15]. The increase in
α-SMA density may adversely affect blood vessel contractility, which consequently may
cause hypertension [15]. Considering that VSMCs also play a critical role in blood vessel
injury repair and α-SMA can significantly alter VSMC morphology and phenotype, an
abnormally high α-SMA density may exacerbate atherogenesis and increase the risk for
atherosclerosis, especially in the presence of repeated injuries [1].
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Abstract

On the north-western coast of North America, spawning salmon heavily influence
riparian communities. An example of this is the positive correlation found between
the density of spawning salmon and the stomatal density of Salmonberry (Rubus
spectabilis) growing nearby. This relationship could exist because when nutrients,
including nitrogen, are added to the environment by decomposing salmon, plants
are no longer limited by nutrient availability, but instead are limited by CO2 intake.
As a result, plants may increase the stomatal density of new leaves to increase
CO2 intake to support photosynthesis and plant growth. To test this, we grew
Salmonberry in low and high nitrogen level solutions. We measured plant growth
as stem length, leaf width, and leaf length, and we measured the stomatal density
of new leaves. As expected, measurements of growth were significantly higher at
high nitrogen levels – average stem length and leaf size were larger – indicating
that administration of treatment levels was effective. However, stomatal density
was significantly lower at high nitrogen levels, the opposite of what we predicted.
The reason for this relationship is unclear, but it may be that larger leaves have
larger cell sizes, resulting in fewer stomata per unit area than smaller leaves, even if
the leaves have a similar total number of stomata. Overall, the inverse relationship
we found between stomatal density and nitrogen level may indicate a different
relationship than previous studies indicated, but further studies need to be done
that also consider leaf cell size before we can make this conclusion.

Keywords — Stomatal Density, Nutrient Availability, Nitrogen, Salmonberry,
Salmon

1. Introduction

On the north-western coast of North America, spawning salmon provide an
important source of nutrients to riparian systems, which can shape riparian
plant communities [1, 2, 3, 4]. One study found that with an increased density

of spawning salmon, there was an increase in the density of pores in the leaves of
Salmonberry (Rubus spectabilis) that grew on the banks of these streams [5]. The pores
in plant leaves are called stomata, and they are the site for the uptake of carbon dioxide
(CO2) and release of water vapour and oxygen (O2). The positive correlation between
the density of spawning salmon and the stomatal density of Salmonberry suggests that
stomatal density may increase with nutrient availability. However, this relationship has
not been established experimentally.

To understand why there would be a positive relationship between nutrient level
and stomatal density, we should first consider Liebig’s law of the minimum: at any
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point in time, there is only one factor limiting plant growth [6]. Light, water availability,
CO2, and various nutrients are all important for plant growth, but nitrogen is often
the limiting factor [7]. This is because, although nitrogen is abundant in the air as
nitrogen gas (N2), nitrogen is only useable to plants in the forms of nitrate (NO−

3 ) and
ammonium (NH+

4 ), which can be lost from the soil by volatilization or being washed
away with running water [8]. These forms of nitrogen are supplied to the soil by
nitrogen-fixing bacteria, by fertilizer from agricultural fields, and by the decomposition
of dead organisms (such as salmon after spawning) [9]. Interestingly, an experimental
study found that plant foliar nitrogen was higher around streams where decomposing
salmon were added than around control streams [10]. This indicates that nitrogen is
subsidized to the riparian plant communities by spawning salmon, and if nitrogen was
limiting plant growth, the limitation is lifted to an extent dependent upon the amount
of nitrogen subsidized and the plant’s need.

If nitrogen’s limitation on plant growth is relaxed as a result of subsidization, the
next possible limiting factor could be CO2, which is taken into plants via stomata.
However, water-vapour also leaves through the stomata resulting in a trade-off between
CO2 intake and water-loss. Because of this, plants optimize stomatal characteristics
– including stomatal aperture and stomatal density – to limit water-loss, while still
taking in enough CO2 for photosynthesis and growth [11]. Stomatal aperture adjusts
as environmental conditions fluctuate due to changes in the turgidity of the guard
cells that form the stomata [12]. Alternatively, stomatal density is determined during
leaf development. When nitrogen levels increase, the capacity for photosynthesis and
growth increases as well. Carbon dioxide may then limit photosynthesis, so the plant
may change these stomatal characteristics to adjust carbon dioxide intake.

In this study, our goal was to provide experimental evidence of the effects of
nutrient subsidies, specifically nitrogen, on stomatal density in plant leaves. Our first
hypothesis was that nitrogen would limit plant growth at low levels. However, at high
nitrogen levels, CO2 would replace nitrogen as the limiting factor, so stomatal density
in new leaves would increase to facilitate CO2 uptake. We conducted this experiment
by growing Salmonberry stems harvested from a local forest in two different nitrogen
concentrations, low and high. Then, we measured growth in terms of stem length, leaf
length, and leaf width, and we measured the stomatal density of newly developed
leaves. Overall, we predicted that plant growth measurements and stomatal density
would all be higher in the high nitrogen level treatment groups.

2. Materials and Methods

2.1. Sampling and Preparation

On May 10th, 2019, we harvested stems of Salmonberry from two different patches
just off a path within Naheeno Park, south of Simon Fraser University on Burnaby
Mountain, British Columbia. The path is frequented by pedestrians and mountain
bikers, and it is at 320 m above sea level. Since Salmonberry clones are < 5 m in
diameter, and the patches we sampled from were greater than 5 m apart – roughly
100m apart, we sampled from at least 2 different clones [5]. We prepared one tray of
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stems the same day they were harvested and refrigerated the rest in a sealed plastic bag.
We prepared the refrigerated stems three days later. We prepared all the stems and
trays in the same way: a) we first rinsed the stems under running tap water to dislodge
any pests; b) we submerged the stems in water, to prevent air bubbles entering the
vascular tissue, and cut the stems into sections containing two leaf nodes each ; c) to
lessen water loss, we cut the leaves in half and coated the cut stem tops with “Pruning
Sealer” (Green Earth); d) using a razor blade, we longitudinally scarred the last inch of
the stem base, dipped them in water, then dipped them in a powdered rooting agent
(“Stim-Root No. 3”, 0.8% Indole-3-butyric acid); e) we placed the stems in sheets of
rockwool cubes with pre-made holes, one stem per cube, and placed the rockwool in a
black plastic plant tray. We watered the rockwool with 2 litres of tap water, covered
the trays with clear plastic tops to reduce water loss, and placed them side-by-side in a
growth chamber. The growth-chamber controlled light levels, temperature, humidity,
and air flow – 16 hours of light at 24◦C, 8 hours in the dark at 18◦C, 90-100% humidity,
and a fan speed of 85%. We chose settings conducive to growth and similar to warm
summer conditions with humidity high enough to prevent the leaves from drying out.
We kept the rock wool damp by adding water as needed, and we removed any stems
that died. After two weeks, we found pests on the plants, so we sprayed all the plant
surfaces once with ”Safer’s 3-in-1 Garden Spray” – a fungicide, insecticide, and miticide.
If we found the plants were drying too quickly, or they were too damp, we adjusted
the position of the plastic coverings accordingly.

Initiating Roots and New Leaves After three weeks, we added a 1 g/L solution of
20:20:20 fertilizer to the base of the stems to promote root growth. To reduce the chance
of fungal growth, we increased airflow around the plants by placing the plastic covers
slightly ajar from the plant trays. Five weeks into the experiment, root growth had
increased, but no new leaves had started growing. To break dormancy, we placed the
trays in a cold dark room for 17 days, then treated the nodes with a 500 mL solution of
50 uL of 1 mM benzyl adenine purine in dimethylsulfoxide, 0.200 g gibberellic acid
potassium salt 10%, and 0.50 mL “Agral 90” wetting agent before placing them back in
the growth chamber with the plastic covers. Three days later, all plants were growing
roots, and new leaves were initiated, so we removed the plastic covers.

2.2. Treatment Design

We rinsed all rockwool cubes to remove any left-over fertilizer, then put each cube – each
containing one stem – into its own clear plastic container. We filled 5 containers with
7 ppm nitrogen solution and 5 containers with 224 ppm nitrogen solution to a depth
of approximately 5 mm. The nitrogen used in the solutions was in the form of potas-
sium nitrate (KNO3), calcium nitrate (Ca(NO3)2 · 4H2O), and ammonium molybdate
((NH4)6Mo7O24 · 4H2O). The treatment solutions only varied nitrogen concentration
but contained the same levels of all other important nutrients for plant growth [13]. We
also added “Funginex 6.5” fungicide to each nutrient solution at 1.67 ml/L nutrient
solution. We kept the stock solutions refrigerated throughout the experiment. We
labelled each box with the treatment solution we used, distributed the containers in
a random arrangement within the plant trays, covered them with clear plastic covers,
and placed them next to each other in the growth chamber.
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2.3. Maintenance

Weekly, we removed the old nutrient solution from each container, put in fresh solution,
and rearranged the positions of the containers. During the week, we kept the solution
at the same level to prevent the roots from drying by topping-up with water. Algae
started growing a few days after the initial addition of the nutrient solutions, so we
rinsed the containers and rockwool plugs each time the nutrient solution was changed,
and we scrubbed the containers two different times throughout the experiment. Initially,
we kept the plastic covers on the trays to prevent drying. However, to allow the plants
to transpire, we removed the plastic covers and increased the level of solution to
approximately 2.5 cm deep (Fig. 1). If flower buds started growing, we cut them off.
We gave the plants nutrient solution as described for 6 weeks, then we topped-up the
containers only with tap water. This was because useable leaves had already grown
and adding nutrient solution was not required to keep the plants alive for the duration
of data collection.

2.4. Data Collection

We collected data from a total of 10 plants – 5 replicates in each of 2 different nitrogen
level solutions – and measured stem length for each plant. We also measured the length
and width of 3 leaves per plant for a total of 30 leaves measured. For each leaf, we
measured the stomatal density of 2 segments for a total of 60 segments measured.

We measured the stem length of the longest stem from the leaf node it arose from to
the tip. To do this, we ran string along the stem from the node to the apical meristem.
Then, we measured the string to get the stem length measurements.

Counting the apical meristem as the first leaf, unless it was a flower bud, we
harvested the middle leaflet of the third and fourth leaves from each stem, as well as
the middle leaflet of the second leaf after bud-break. For each leaf, we measured the
length as the distance from the tip to where the leaf met the petiole. We measured the
width at the widest part of the leaf. We did not determine leaf area from leaf length
and leaf width because some leaves were immature, and the leaflets had not separated
yet, resulting in varied leaf shapes in our sample.

We dissected 2 segments from each leaf of roughly 10 mm by 5 mm. The segments
were taken directly adjacent to the midvein, on the left and right sides, and between the
second and third secondary veins. We placed the segments in labelled microcentrifuge
tubes filled with a fixative solution of 6-parts 95% ethanol and 1-part glacial acetic
acid. We fixed the leaf segments over 24 days. Once all the leaf segments were fixed,
we replaced the fixative in the microcentrifuge tube with lactic acid. Then, we heated
the samples at 90◦C for 2 hours until the samples were transparent. We mounted the
segments on slides and took pictures of one area of each segment, adjusting the focus
between each picture. We took enough pictures of the area to capture the whole area in
focus, resulting in a range of 5 to 11 photos taken per segment. The pictures were taken
using a Canon 5D Mark II camera, attached to a Nikon Eclipse 600 microscope, with
a Nikon plan fluor 20× objective, and a Nikon 2.5× phototube lens using brightfield
illumination. In Adobe Photoshop CC 2018, we viewed all the pictures from each leaf
and marked a black dot over each stoma on a blank layer. Then, using the software
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ImageJ, we counted the black dots and recorded the stomatal count. To get the stomatal
density, we divided the stomatal count by the area captured in the picture, which was
0.1944 mm2.

2.5. Analysis

For the stomatal density measurements on each side of the leaf midvein, we performed
a regression analysis to determine if the two stomatal density measurements from each
leaf could be averaged for further use in analyses. Since leaf width, leaf length, and
stomatal density were measured on the third, fourth, and bottom leaves, leaf position
could have had some influence on those response variables, so we conducted two-way
ANOVAs, using Excel version 1902, to see if there were any significant interactions
between leaf position and nitrogen level effects on our response variables. If there
were no interaction effects between leaf position and treatment level for leaf width, leaf
length, and stomatal density, we could average the leaf measurements within each plant
and perform one-way ANOVAs to determine the variation in our response variables
between treatment groups. We also did a one-way ANOVA for stem length, which only
had one measurement per plant.

3. Results

After running a regression analysis, we determined we could average the stomatal
density for each leaf (Fig. 2). Moreover, there were no significant interactions between
leaf position and nitrogen level effects for leaf length (F(2, 24) = 1.32, p = 0.29), leaf
width (F(2, 24) = 0.17, p = 0.85), or stomatal density (F(2, 24) = 0.14, p = 0.87), so we
averaged the measurements within each plant.

We found that nitrogen concentration had a significant effect on leaf length
(F(1, 8) = 19.5, p = 0.0022; Fig. 3), leaf width (F(1, 8) = 20.4, p = 0.0020; Fig.
4), and stem length (F(1, 8) = 5.94, p = 0.041; Fig. 5). Higher levels of nitrogen
increased plant growth in all measurements; in high nitrogen levels average leaf length
was 52% greater, average leaf width was 44% greater, and average stem length was
167% greater. Nitrogen concentration also had a significant effect on stomatal density
(F(1, 8) = 7.95, p = 0.022; Fig. 6). At high levels of nitrogen, average stomatal density
was 61% lower.

4. Discussion

First, consistent with our hypotheses and predictions, all measurements representing
plant growth – stem length, leaf length, leaf width – were significantly greater in the
high nitrogen concentration treatment group than in the low nitrogen concentration
treatment group. These findings are consistent with previous laboratory studies
that show that increasing the nitrogen available to plants increases plant growth
[14]. Moreover, these results indicate that we successfully administered two different
treatment levels of nitrogen, different enough to observe differing effects between the
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treatment groups. Therefore, we can be confident that we successfully applied the
intended treatments.

Since we observed effects on plant growth consistent with our intended treatment
levels, our findings for stomatal density by treatment group were surprising. We hy-
pothesized that stomatal density would be greater in the high nitrogen treatment group
due to an increase in demand for CO2 uptake to support the increase in photosyn-
thesis and growth. Although stomatal density was significantly different between the
treatment groups, the effect was in the opposite direction than we predicted; stomatal
density decreased with an increase in nitrogen concentration. Because we have reason
to believe that the plants received the intended nitrogen levels, our results indicate
that nitrogen does affect stomatal density, and that there is an inverse relationship
between the two. The reason for this relationship is unclear, but it is possible that in
our experiment it was related to leaf size.

We observed that lower nitrogen levels resulted in smaller leaf sizes as measured
by leaf length and width. This is important because developing leaves go through
two phases, cell proliferation and cell expansion [15]. The initial leaf cells divide, for
a time, and once this phase ends, the cells only expand. Therefore, small mature
leaves can have the same number of cells as large mature leaves, but because their
cells have not expanded as much, they are smaller in size. If the number of stomata
is the same between leaves of different sizes, the small leaf would have more stomata
per unit area than the large leaf. In this way, the difference in leaf size between the
nitrogen level treatment groups could have affected our measured stomatal density.
Future studies should control for cell and leaf size by measuring stomatal density on
leaves of similar sizes or, better yet, measure the size of the cells and consider cell size
when analyzing differences in stomatal density. Another explanation for our results
could be that Salmonberry has a non-linear response curve to nitrogen levels, and we
did not use enough nitrogen levels to observe that relationship. One study done in
southeastern Alaska measured nitrates and ammonium in soil where decomposing
salmon were placed and compared it with control soil nearby (3). In control samples,
nitrogen levels were under 5µg/g (5ppm) while in plots with decomposing salmon, the
highest nitrogen levels were around 150 ug/g (150 ppm) [3]). These levels indicate that
our low nitrogen concentration level (7 ppm) was similar to field levels, but our high
nitrogen concentration level (224 ppm) may not be. Considering this information, it is
possible that the response we saw in stomatal density was due to a non-linear response
curve to nitrogen level; at very high levels of nitrogen like in our fertilizer, stomatal
density may decrease, but we may see an increase in stomatal density from low to
moderate nitrogen levels. Future studies should ensure that the nitrogen levels used
are reflective of natural levels, and a larger range of nitrogen levels should be used to
rule out non-linear relationships.

Moreover, our study focused on isolating the relationship between nitrogen and
stomatal density, but other nutrients may also be responsible for effects on stomatal
density in the field. Research into the relationship between specific sources of nutrients
on stomatal density such as spawning salmon, or seabird guano, could use different
levels of these sources as fertilizer instead to take into account other nutrients and
factors present in those sources that may affect stomatal density in the field.

73



Vol. 5 (2019-20)

5. Conclusion

By growing Salmonberry in two different nitrogen levels, we found experimental
evidence that stomatal density has an inverse relationship with nitrogen level. We also
observed significant increases in plant growth at higher levels of nitrogen, indicating
that nitrogen limited plant growth at low levels, and that the plants were successfully
exposed to the intended nitrogen treatment levels. Although our results indicate an
inverse relationship between stomatal density and nitrogen level, it is possible leaf cell
size differences between the treatment groups affected the measured stomatal density
due to smaller cell sizes in small leaves. Future studies should control for leaf size or
measure epidermal cell size as well. It is also important to consider that the stomatal
density response curve to nitrogen level may not be linear, so more concentrations need
to be used, and at levels reflective of natural environments.
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7. Tables and Figures

Figure 1: Stems growing in nutrient solution within clear containers placed in black trays within the
growth chamber.

Figure 2: Stomatal density measured on the right side of the midvein as a function of the stomatal
density measured on the left side. The near-linear relationship indicates no major difference
between sides in each leaf (R2 = 0.8846).
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Figure 3: Mean leaf length ± one standard deviation for plants grown in low and high nitrogen level
solutions. Leaf length was significantly higher in the high nitrogen level solution than in the
low nitrogen level solution (F(1, 8) = 19.5, p = 0.0022).

Figure 4: Mean leaf width ± one standard deviation for plants grown in low and high nitrogen level
solutions. Leaf width was significantly higher in the high nitrogen level solution than in the
low nitrogen level solution (F(1, 8) = 20.4, p = 0.0020).
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Figure 5: Mean stem length ± one standard deviation for plants grown in low and high nitrogen level
solutions. Stem length was marginally significantly higher in the high nitrogen level solution
than in the low nitrogen level solution (F(1, 8) = 5.94, p = 0.041).

Figure 6: Mean stomatal density ± one standard deviation for plants grown in low and high nitrogen
level solutions. Stomatal density was significantly higher in the low-level nitrogen solution
(F(1, 8) = 7.95, p = 0.022).
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Abstract

Large bodies of international research have demonstrated that there are variations
in air pollutant levels (including NO2 and PM2.5) by numerous socioeconomic
status (SES) indicators, often with higher levels of air pollution exposure in groups
with lower SES. This literature review describes the overall trends that emerge
from the literature in North America, discusses methods used to assess the relation-
ship between SES and air pollutant exposure, and discusses differences in trends
observed between urban and rural regions. Additionally, challenges related to
assessing environmental justice trends in air pollution research are explored. The
results of the 21 studies examined in this review suggest that there are significant
associations between measures of social and material deprivation (including in-
come, education, unemployment, and individuals living alone) and NO2 and PM2.5
air pollution exposure, typically with lower SES individuals and communities being
exposed to higher levels of certain air pollutants. Future research in this area is
required to expand our understanding of inequalities in air pollution exposure and
health impacts across urban and rural regions of North America to inform public
health policy development for the protection of vulnerable populations.

Keywords — Air Pollution, Environment, North America, NO2, PM2.5

1. Introduction

The field of environmental justice aims to assess and address inequalities in the
distribution of environmental risk factors [1, 2]. Previous research efforts have
generated the triple-jeopardy hypothesis [3]. This hypothesis states that low

socioeconomic status (SES) communities not only experience higher exposure to envi-
ronmental contaminants but are also more susceptible to negative health consequences
(due to psycho-social stressors and lack of opportunity to engage in health promot-
ing activities) which ultimately result in environmentally-driven health disparities [3].
While there have been significant research efforts investigating susceptibility to negative
health impacts, it is believed that differences in exposure based on SES indicators may
be the mechanism that has been least thoroughly researched [4].

Ambient air pollution exposure to air pollutants (including NO2 and PM2.5) has
been identified as a major planetary health risk and the fifth highest risk factor for
global mortality (5,6). For example, it is estimated that air pollution contributed to
approximately 1 in 10 deaths in 2017, for a global total of 5 million deaths [5]. Since the
1950s, there have been significant global efforts to protect public health through the

*Corresponding author. Contact e-mail:ttakaro@sfu.ca
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reduction of air pollution levels [6]. However, air pollution exposure continues to have
significant impacts on morbidity and mortality rates in both developing and developed
countries [7, 8]. At a national level in Canada, air pollution related disease has been
estimated to cost between $ 3.6-9.1 billion annually and contribute to a diverse number
of health impacts including over 78,000 hospitalizations for cardiovascular disease [8].

Large bodies of international research have demonstrated that there are variations in
air pollution exposure by numerous socioeconomic indicators, often with higher levels
of air pollution exposure in groups with lower socioeconomic status [6, 9]. A global
review paper in 2015 demonstrated that the relationship between air pollution and
indicators of SES varies depending on the region of the world where the study takes
place [3]. Overall, while there were some variations by pollutant type and in specific
cities, there was a consistent trend in North American studies indicating that lower SES
individuals and communities bear a disproportionate burden of air pollution exposure
for primary pollutants such as NO2 and PM2.5 [3]. However, several studies show that
the relationship between SES and air pollution may differ over time and space, perhaps
resulting from unique differences in regional urban development characteristics [3, 10].

Generally, research has tended to analyze and document disparities in exposure
levels rather than investigating the processes that contribute to the inequalities [9]. How-
ever, there are several hypotheses and theoretical frameworks that have been proposed
to explain the relationship between socioeconomic status and air pollution exposure
[9]. Processes such as housing market dynamics and systemic racial discrimination
may have contributed to spatial clustering of air pollution sources and “class-based
residential segregation” [3, 9, 11]. Within country and regional boundaries, individuals
of lower socioeconomic status and more deprived communities tend to be in closer
proximity to high traffic density roads and industrial facilities [6, 8]. This may be
because these individuals may have limited financial resources that constrain their
ability to move away as well as less political power to advocate against undesirable
land use such as industrial sites or major roadways within their communities [4, 8, 11].
In many countries, including the United States, research indicates that some minority
ethnicity groups are exposed to higher levels of air pollution, even after adjusting
for community poverty levels and other individual and community level factors [12].
Lievanos et al. argue that variations in exposure to PM2.5 by race in the United States
reflect broader social inequities including the ongoing impacts of structural racism on
exposure to environmental health threats [12]. The objective of this paper is to review
environmental equity research regarding exposure to air pollution (specifically PM2.5

and NO2) in North America. Specifically, the review will include studies that describe
unequal exposure levels of pollutants rather than studies that explore the processes
contributing to unequal exposures or the health effects resulting from differential ex-
posures. While there has been a significant amount of research regarding differences
in air pollution exposure in the United States, there is a dearth of research on this
topic in Canada [8]. For example, a review article from 2015 identified that only two
ambient air pollutants (total suspended particles and NO2) have been investigated
and in only three locations across the country [8]. The review considers PM2.5 and
NO2 exposures because of the relevance of these primary pollutants for adverse health
outcomes [13]. Additionally, the review will focus on socioeconomic indicators rather
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than racial characteristics of communities because they are more consistently recorded
and interpretable across different regions in Canada [3]. The goal of this literature
review is to qualitatively describe the overall trends that emerge from the literature and
discuss methods used to assess the relationship between deprivation and air pollutant
exposure.

2. Methods

A scoping literature review was performed to comprehensively explore the established
literature regarding the relationship between community deprivation measures of SES
and air pollutant exposure (PM2.5 and NO2) in North America. The requirements for
the PRISMA tracking system (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) were followed.

Literature searches were performed in PubMed using the following set of search
terms: “socioeconomic inequality”, “socioeconomic injustice”, “socioeconomic dispar-
ity”, “air pollution”, “air pollution exposure”, “air quality”, “material deprivation”,
“social deprivation”, “community deprivation”, “neighbourhood deprivation”, “neigh-
borhood deprivation”, “environmental justice”, “environmental inequality”, “environ-
mental disparity”, “environmental injustice”, “particulate matter”, “PM2.5”, nitrogen
dioxide”, and “NO2.” A comprehensive set of 22 searches using each combination of
search terms was performed. The database searches yielded 2181 records published
between 2000-2019. An additional 21 papers were identified from Google Scholar and
the reference lists of the identified papers. There were 1501 records remaining after
duplicates were removed. The title and abstract of the 1501 records were screened,
resulting in the exclusion of 1420 records mainly due to authors not considering in-
equalities in exposure (Tab. 1). Following screening, each of the remaining 81 papers
was then tagged in the Zotero library to indicate the geographic location of the study.
Articles were identified as being from North America (38), South American (1), Africa
(1), Europe (20), Asia (9), and Oceania (1). There were also 11 review articles that did
not conduct original primary research. The 38 North American studies were assessed
for eligibility and ultimately 21 eligible records were identified. The exclusion criteria
were modeled after the criteria used by Hajat et al. in their global review conducted in
2015 [3]. Table 1 shows the reasons for exclusion at each stage of the screening process.
Figure 1 shows the PRISMA reporting flowchart for this literature review.

3. Results

Table 2 in the Appendix summarizes the methods and results of the 21 North American
articles included in this review.

3.1. Canadian Studies

There are only three studies identified that investigated inequalities in air pollution
exposure in Canada and met criteria for inclusion in the review. Each of these studies
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Assessment Stage Reason for Exclusion
Number of 

Articles 
Excluded

Number of 
Remaining 

Eligible 
Articles

Title and Abstract 
Screening (1420 
articles excluded out of 
1501)

The article focused only on indoor air pollution and did 
not investigate outdoor air pollution exposure. 108

The article focused on health outcomes resulting from air 
pollution exposure and did not explore inequalities in 
exposures.

1071

The article only evaluated socioeconomic status as a 
modifier between air pollution exposure and health 
outcomes.

13

The article focused on air quality policy or air pollution 
assessment methodology/monitoring systems (without 
assessing inequalities in exposure).

218

The researchers only evaluated race/ethnicity without 
analyzing socioeconomic data to evaluate inequality.

2

The article focused on climate change projections of air 
quality rather than current air quality measurements.

8 81

Location Screening 
(38 North American 
articles selected from 81 
papers)

Research not conducted in North America:
i. South America (1)
ii. Africa (1)
iii. Europe (20)
iv. Asia (9)
v. Oceania (1)

32

Review Article (no primary research conducted) 11 38
Full-Text Eligibility 
Assessment (21 articles 
selected from 38 North 
American articles)

The researchers did not evaluate NO2 and/or PM2.5.

6

The researchers combined air pollutants into an index 
without performing analysis for individual pollutants.

3

The researchers only evaluated race/ethnicity without 
analyzing socioeconomic data to evaluate inequality.

4

The researchers assessed health outcomes and/or mortality 
but did not assess differences in exposure by 
socioeconomic variables.

4 21

Table 1: Reason for Exclusion and Number of Articles Excluded at each Stage of the Screening Process.

investigated NO2 distribution by SES indicators. Crouse et al. investigated NO2 distri-
bution at a census tract level in Montreal and included 14 indicators of SES including
measures of material deprivation (education and income) and social deprivation (unem-
ployment, lone parents, and individuals living alone) [4]. Through their analysis, they
demonstrated associations between NO2 levels and neighbourhood level indicators of
material and social deprivation [4]. While the majority of the associations were in the
expected direction (e.g. neighbourhoods with lower socioeconomic indicators were
associated with higher air pollution exposure), there were also important exceptions to
this trend that the authors suggest could be attributable to unique community-level
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Figure 1: PRISMA flow diagram: Overview of the PRISMA results from the search process.

characteristics such as dense student neighbourhoods in downtown Montreal [4].
Pinault et al. performed two studies of inequalities in NO2 exposure by socioeco-

nomic status in Vancouver, Toronto, and Montreal in 2016 [14, 15]. In the first study, the
researchers investigated the differences in NO2 exposure between children of different
socioeconomic status using ordinary least square regression and spatial autoregressive
modeling approaches [15]. Their analysis suggests that there is a mean exposure level
difference of 1.71 ppb between the lowest (mean NO2 20.56 ppb) and highest (mean
NO2 22.27 ppb) income quintile, indicating that children from lower income families
tend to be exposed to higher NO2 levels [15]. In the second study, the researchers
investigated the associations between socioeconomic status and NO2 pollution exposure
at the dissemination area unit of analysis [14]. In this study, the researchers consid-
ered multiple indicators of social and material deprivation and used a simultaneous
autoregressive (SAR) model to identify associations between deprivation indicators
and air pollution exposure [14]. Their analysis suggests that positive associations exist
between measures of social deprivation (e.g. proportion of people living alone) in each
of the three major Canadian cities. However, they did not identify any associations
between more traditional measures of material deprivation (e.g. unemployment) and
NO2 exposures [14].

Ultimately, the results of the three Canadian studies suggest a trend for a positive
association between lower SES and higher levels of NO2 exposure in urban settings
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using multiple ecological study analytic approaches and units of analysis [4, 14, 15]. A
review paper published in 2015 reported that only 6 analytical environmental inequality
exposure studies had been performed in a Canadian setting in only three different
locations (the majority of which investigated total suspended particles as a measure
of air pollution rather than direct measures of NO2 or PM2.5) [8]. When compared
to the review completed by Miao et al., this review indicates that there has not been
a significant expansion of air pollution exposure inequality research in Canada since
2015 and future research efforts should be expanded to consider a wider variety of
SES indicators and pollutants in a more comprehensive set of locations across Canada.
Additionally, none of the studies identified investigated rural regions, suggesting that
the results generated may only be relevant to major urban settings.

3.2. U.S. Studies

In the United States, there has been significantly more research regarding inequalities
in air pollution exposure by SES. 18 studies were identified that analyzed air pollution
exposure by individual and neighbourhood level socioeconomic status indicators in-
cluding education, employment, and proportion of renters, among others. Additionally,
some of the studies employed index measures such as social deprivation, material de-
privation, and neighbourhood quality [16, 17]. In contrast to the Canadian studies, the
American studies investigated a much wider range of locations within the United States
including urban and rural region-specific analyses as well as studies that investigated
the entire country.

The general trend that is observed from these studies is that there is a signifi-
cant positive association between low SES and high levels of primary air pollutants
including NO2 and PM2.5. There were numerous innovative approaches applied in
the studies conducted in the United States including analysis of individual pollutant
components, use of an individual level unit of analysis, monitoring shifts in inequality
trends over time, and applying geographic weighted regression models to allow for
the detection of spatial variability in the relationship between indicators of SES and
pollutant exposure [11, 18, 19, 20]. For example, Hajat et al. aimed to address a gap in
the research regarding the spatial association of individual (rather than neighbourhood)
SES characteristics with PM2.5 and nitrogen oxide (NO) pollutants across multiple
regions [11]. The researchers reported that average PM2.5 and NO levels tended to
decrease as SES increased [11]. Interestingly, neighbourhood SES measures were more
strongly associated with air pollutant levels than individual SES measures [11]. This
demonstrates the critical importance of selecting boundaries that appropriately define
neighbourhoods and communities in order to generate results that are relevant at an
individual level [11].

The majority of regression analyses performed in the North American studies rely
on ordinary least squares regression or spatial autoregressive models. While spatial
autoregressive models are advantageous over ordinary least squares regression models
due to their ability to account for spatial autocorrelation in air pollution data, neither
model allows for the assessment of spatial variability in the relationship between
air pollution and indicators of SES [3]. Previous analyses using these methods have
relied on the assumption that the association between SES and air pollution levels is
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stable across space, an assumption which multiple studies have called into question
[20]. Through the application of a geographic weighted regression model, Grineski
et al. demonstrated spatial variability in the association between income and PM2.5
exposure [20]. The results of their analysis provide support for the association between
income and PM2.5 exposure but demonstrate that this relationship is not necessarily
consistent across space [20]. The researchers argue that GWR can be implemented as a
powerful approach for generating a more comprehensive understanding of the complex
intersections between environmental exposures such as air pollution, SES indicators
such as income, and health inequalities such as asthma outcomes [20].

As demonstrated by the examples discussed above and the summary of results
presented in Tab. 1 in the appendix, the general trend that is observed from the
studies in the United States is that there is a positive association between low SES
and high levels of primary air pollutants, including PM2.5 and NO2. However, there
were also inconsistencies identified in the analyses for different regions, pollutants,
SES indicators, and units of analysis. For example, Li et al. identified inconsistent
results in their analysis of PM2.5, PM10, and SO2 emissions in Texas and found that
higher median household income was associated with higher air pollution levels [21].
The researchers suggest that the conflicting results for different SES indicators may
occur because industrial facilities that emit pollutants may contribute to the economic
activities of neighbourhoods, demonstrating the complex nature of the relationship
between pollution exposure levels and SES [21]. Additionally, differences in the social
geography of different cities can influence the consistency of the results within and
between regions [22]. For example, in major cities including New York, Los Angeles,
Rome, and Montreal, studies have demonstrated that there is a concentration of wealthy
individuals living in the dense urban core of the city that are exposed to relatively high
levels of air pollution [16, 22]. Therefore, the context-specific historical development
characteristics and current social geography of a region must be considered when
interpreting the results of environmental justice air quality research.

3.3. Analytic Approaches

A wide variety of analytical methods were employed in the 21 studies included in this
review. Each of the Canadian studies included in the review performed ecological
studies with a census tract or dissemination area unit of analysis [4, 14, 15]. However,
each study applied a unique analytical approach. Crouse et al. calculated Pearsons
correlation coefficients and 95% confidence intervals while both studies by Pinault et al.
applied regression approaches (ordinary least squares regression and/or spatial autore-
gressive models). For the studies conducted in the United States, the most common unit
of analysis was the census track. However, a variety of units of analysis were applied
including (by increasing geographic unit size): individual households, 1km2 blocks,
12km2 blocks, census blocks, and counties. The majority of studies conducted were
ecological studies. However, there were four studies that also performed individual
level analysis [11, 17, 20, 23]. Analytic methods applied include descriptive statistics
and ANOVA, adjusted and unadjusted linear regression models, spatial regression
approaches such as the spatial autoregressive model, the Gini Coefficient and Atkinson
Index, factor analysis, and geographically weighted regression models.
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3.4. Urban-Rural Differences in Trends

Due to the complex relationship between SES and environmental pollution exposures,
it is critical to assess results in a context-specific manner [20, 21]. For example, research
in European countries including Spain, England, and Italy has demonstrated variability
in the association between indicators of SES and air pollution exposure in rural and
urban regions [10, 24, 25].

In a North American setting, the majority of air pollution exposure inequality
assessments are performed in urban regions. For example, all three Canadian stud-
ies identified in this review focused on major urban centres and did not make any
comparisons to rural regions, which likely exhibit different pollution distribution and
inequality characteristics [18]. This lack of coverage of rural regions may exist due to a
lack of air-monitor coverage in Canada that prevents adequate investigation of exposure
inequality in rural populations [18]. However, several studies in the United States have
briefly reported on variability in the relationship between SES and air pollutants by
rural-urban status [26]. An analysis performed by Clark et al. in 2014 investigated the
entire contiguous US population, including both rural and urban populations. Their
Atkinson Index (AI) results demonstrated that the inequality measures differ between
urban and rural regions [26]. Overall, NO2 inequality as measured by the Atkinson
Index tended to be slightly higher in urban regions. However, not all studies have
demonstrated differences in the association between SES and air pollution levels by
urban-rural status. For example, Brochu et al. investigated the relationship between
education levels and PM2.5 levels in census tracts across rural and urban regions of
Northeastern US and identified consistent results in both urban and rural classified
census tracts, demonstrating that low levels of education are associated with increases
in PM2.5 in both urban and rural regions [27].

4. Discussion

4.1. Methodological Challenges

Despite the progress that has been made in the field of air pollution exposure and
inequality assessment, there are still many challenges inherent to these types of analyses
that must be considered ([3]. Some of the major challenges that must be addressed
include the modifiable areal unit problem, spatial autocorrelation of the data, correcting
for confounders in the relationship between the variables such as population density, as-
sessing individual level exposures, and allowing for spatial variability in the association
between deprivation and air pollution [3, 4, 11? ].

The modifiable areal unit problem is a common problem in ecological research
that refers to situations where the units of analysis are arbitrarily chosen and do not
represent true boundaries [4]. This can result in inconsistent results in environmental
inequality studies that are performed using different units of analysis [3]. For example,
many of the studies discussed in this review use neighbourhood level measurements
for air pollution and SES with a census tract or dissemination area unit of analysis,
despite these boundaries not having any true meaning for delineations in air pollution
levels [3, 4]. Using the smallest possible units is often encouraged in order to retain
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meaningful variation in the data, capture spatial variation at a fine resolution, and
improve the reliability of the research [3, 4]. Analyses performed with individual
level data are important to thoroughly assess the relationship between deprivation
and air pollution exposure and expanding the use of cross-sectional, cohort, and case-
control studies to assess environmental inequality would provide valuable and robust
individual-level analyses [8, 11].

Another major methodological challenge inherent to environmental inequality air
pollution research is the fact that air pollution often exhibits spatial autocorrelation and
cannot be accurately analyzed using traditional regression approaches [3]. Regression
based approaches are often applied to investigate the magnitude and direction of
inequality in air pollution exposure, using air pollution as the dependent variable [3].
Linear regression approaches assume that the observations of the dependent variable
are independent [3]. However, air pollution data often exhibits spatial autocorrelation,
meaning that linear regression analysis results may not be reliable [3, 6]. Several of
the studies reviewed in this paper used linear regression and did not account for
or report if they assessed spatial autocorrelation (air pollutant data tends to exhibit
positive spatial autocorrelation with nearby observations exhibiting similar values) in
air pollution data [21, 28, 29, 30]. It is critical for future research to assess and report
spatial autocorrelation in data using a measure such as Morans I that indicates the
extent of spatial autocorrelation in a spatial variable [3, 6].

Adjusting models for confounding is critically important in air pollution exposure
inequality research [3]. The air pollution and SES association is likely influenced by
multiple confounding variables including population density and land use character-
istics [3]. While adjusted models are created in some studies, many environmental
inequality studies have historically not adequately adjusted for confounding variables
[3]. In studies that provide a comparison of unadjusted and adjusted models, the
adjusted results appear to be attenuated, demonstrating their relevance in properly
assessing the association between air pollution and deprivation [3]. Further exploration
of possible confounding variables in the association between air pollution and depriva-
tion is necessary to determine whether the confounders are population specific and to
eventually produce less biased measures of the association between deprivation and air
pollution [3].

As noted above, the association between air pollution and deprivation can differ
over space [3, 20? ]. Approaches such as linear and spatial regression can fail to capture
this variability and therefore present an oversimplified view of the relationship between
these variables [? ]. There are several approaches for accounting for this variation
including performing stratified rather than pooled analyses and performing a geo-
graphic weighted regression that allow for spatial variability in regression coefficients
[3? ]. Papers that present pooled and stratified data demonstrate that pooled analysis
has the potential to mask spatial patterns in the data that may be meaningful [3].
Beyond performing multiple stratified analyses of different locations, another option is
to use geographic weighted regression, a modeling approach that does not impose a
geographically fixed relationship between the variables [? ]. Bailey et al. argue that this
approach should become more widespread in environmental equity research because
it does not assume a universal norm and therefore supports the consideration of a
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wider set of theoretical perspectives regarding the complex and variable relationship
between air pollution and measures of deprivation [? ]. It is critical to perform refined
environmental justice analyses to assess disparities in exposure because disadvantaged
communities are likely to be more susceptible to and suffer disproportionately from
the health impacts of air pollution exposures, therefore resulting in a double burden in
communities that are both over-exposed and extra-susceptible to air pollution [2, 22].

5. Conclusion

Generally, the North American studies assessed in this review align with previous
environmental justice studies that have demonstrated that individuals and communities
with lower SES are exposed to higher levels of PM2.5 and NO2 air pollution [3, 8].
The studies discussed above demonstrate that this relationship has been examined
using multiple units of analysis, analytic approaches, air pollutants, and measures of
deprivation. While there is strong support for the relationship between SES and PM2.5

and NO2 air pollutants, the studies demonstrated variable results in different contexts
as found in Montreal and New York City. Therefore, flexible and innovative data
analysis approaches are required to support the exploration of a wide set of theoretical
perspectives regarding the complex relationship between air pollution and deprivation.
Through the application of individual level analysis and analytic approaches that allow
for spatial variation in the association between multiple measures of deprivation and air
pollution, more comprehensive insight will be generated into the complex relationship
between these variables. The results of this review highlight the importance of local
analyses that consider context-specific community characteristics in order to provide
policy-relevant information for public health intervention delivery. From a social justice
perspective, air pollution inequality research provides important information for the
protection of public health in more vulnerable populations [4]. Future research in this
area is required to expand our understanding of inequalities in air pollution exposure
and health impacts across urban and rural regions of North America, particularly in
Canada [8].
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APPENDIX

First	
Author Year Location Unit(s)	of	

Analysis SES	Indicator(s) Pollutant(s) Analysis	Method Results

Crouse 2009 Montreal Census	tract

14	SES	variables	
(including	material	and	
social	deprivation	

measures)

NO2 Pearson	correlation	coefficients	
and	95%	confidence	intervals	(CI)	

Positive:	demonstrated	associations	between	NO2	and	
neighbourhood-level	indicators	of	material	deprivation	
(including	median	household	income)	and	indicators	of	social	
deprivation	(including	proportion	of	people	living	alone)

Pinault 2016 Toronto,	Vancouver,	
Montreal

Dissemination	
Area

Social	and	material	
deprivation	measures NO2 Spatial	autoregressive	model

Positive:	demonstrated	associations	between	NO2	
concentrations	and	indicators	of	social	deprivation,	but	not	
other	measues	of	deprivation	(e.g.	income).

Pinault 2016 Toronto,	Vancouver,	
Montreal

Dissemination	
Area

Children	socioeconomic	
measures	

(Neighbourhood	level	
SES)	

NO2
Regression	models	(OLS	and	
simultaneous	autoregressive	

models)

Posotive:	demonstrated	association	between	NO2	
concentrations	and	low	income.	Some	social	deprivation	
measures	associated	with	NO2	(differed	by	community).

First	
Author Year Location Unit(s)	of	

Analysis SES	Indicator(s) Pollutant(s) Analysis	Method Results

Bell 2012 215	US	Census	Tracts Census	Tract
Education,	Poverty	
status,	Employment,	

Earnings
PM2.5 Univariate	regression		 Positive:	demonstrated	association	between	lower	SES	and	

higher	exposures,	with	some	exceptions.

Bravo 2016 Urban	and	Rural	US	
Regions Census	Tract

Education,	
Socioeconomic	status,	
Racial	isolation	(RI)

PM2.5	and	O3 ANOVA
Positive:	demonstrated	association	for	low	education	with	
higher	exposures.	No	clear	patterns	in	PM2.5	exposure	by	
other	measures.

Brochu 2011 Rural	and	Urban	Areas	of	
the	Northeastern	US Census	Tract Poverty,	Education,	

Income PM2.5	and	PM10 Generalized	additive	models. Positive:	demonstrated	association	between	low	SES	and	high	
PM	exposures.

Clark 2017 Contiguous	USA Census	Blocks
Race-ethnicity,	

Socioeconomic	status,	
Lan-	guage,	Education,	Age

NO2
Estimated	changes	in	NO2	

concentrations	by	demographic	
groups.	

Positive:	Larger	NO2	disparities	by	race-ethnicity	than	by	
income.	Decreasing	disparity	levels	between	2000-2010.

Clark 2014 Contiguous	US Census	Blocks

Race-ethnicity,	
Household	income,	
Poverty	status,	

Education	status,	Age

NO2
Calculate	population-weighted	
mean	NO2	concentrations	by	SES	

indicators.

Positive:	demonstrated	significant	disparities	in	NO2	
concentrations	for	specific	socioeconomic	groups	(by	race,	
education,	and	income).	Different	patterns	in	urban	vs.	rural	
regions.

Fann 2018 Contiguous	USA 12	km	by	12	km	 Education PM2.5 Gini	Coefficient	and	Atkinson	Index
Positive:	demonstrated	association	between	low	education	
and	greater	exposure	and	higher	mortality	(but	inequalities	are	
decreasing	over	time).

First	
Author Year Location Unit(s)	of	

Analysis SES	Indicator(s) Pollutant(s) Analysis	Method Results

Gray 2013 North	Carolina Census	Tract SES,	Racial	composition PM2.5	and	O3 Linear	mixed
regression	models

Positive:	Lower	SES	and	higher	proportion	minority	
population	were	associated	with	higher	levels	of	PM2.5	
(opposite	for	O3).

Grineski 2007 Phoenix,	Arizona Census	Block SES,	Proportion	of	renters NOx,	CO,	O3 Multiple	regression	equation Positive:	demonstrated	an		association	between	exposure	and	
low-education	or	identifying	as	an	ethnic	minority.	

Grineski 2015 Texas Residential	
home Income Outdoor	PM2.5	 Geographically	weighted	regression Positive:	Lower	income	children	exposed	to	more	PM2.5

Hajat	 2013

USA	[6,140	participants	
from	the	Multi-Ethnic	
Study	of	Atherosclerosis	

(MESA)]

Residential	
home,	Census	

tract

Individual	and	
neighbourhood	SES	

measures
PM2.5,	NO Spatial	regression	(spatial	intrinsic	

conditional	autoregressive)

Positive:	Found	statistically	significant	associations	of	SES	
measures	with	predicted	air	pollutant	concentrations	
(significant	variability	between	regions).

Li 2019 Texas
Census	tract	
level,	Facility	

level

7	demographic	measures	
(including	percent	

owner-occupied,	income,	
education)

PM,	SO2	(among	
others)

Multinomial	logit	model,	ordinary	
least	squares	regression

Inconsistent:	Higher	median	household	income	associated	
with	excess	emissions.	Education,	median	housing	value,	and	
percentage	of	owner-occupied	housing	unit	are	negatively	
associated	with	excess	emission.

Liu	 2016 Western	USA Counties Education,	Poverty	level PM2.5		(wildfire	
smoke)

Log-linear	Poisson	mixed-effects	
regression	model

Positive:	Proportionof	residents	exposed	to	intense	smoke	
waves	decreased	as	poverty	decreased.

Marshall 2008 California Individual	and	
community	lev Ethnicity,	Income PM2.5 Linear	regression Positive:	demonstrated	association	between	nonwhite,	lower-

income	populations	and	higher	exposure	to	primary	pollutants.

Mikati	 2018 USA Census	Block Ethnicity,	poverty	status PM2.5
Proportional	exposure	burdens	
based	on	total	emissions	in	census	

block.

Postive:	For	PM2.5,		those	in	poverty	had	1.35	times	higher	
burden	than	did	the	overall	population,	and	non-Whites	had	
1.28	times	higher	burden.

Miranda 2011 USA County-level Poverty	demographics O3,	PM2.5

Population-weighted	univariate	t-
tests	and	multivariate	logistic	

regression	controlling	for	county	
population	

Positive:	Low	income	and	minority	communities	tend	to	
experience	higher	ambient	pollution	levels.

Rosofsky	 2018 Massachusetts	 1	km	by	1km,		
Census	Block	 Income,	Education PM2.5	and	NO2

Summary	statistics,	Population-
Weighted	Concentrations,	Atkinson	

Index	(AI)

Postive:	Urban	racial/ethnic	minorities,	low	income	and	
education	groups	have	highest	exposure	levels.	

Schmool	 2015 New	York	City Census	Tract Composite	index	of	area-
level	deprivation NO2	and	PM2.5 Summary	statistics,	regression	

models

Inconsistent:	Estimated	NO2	exposures	were	highest	among	
individuals	residing	in	the	most-affluent	census	tracts,	and	
lowest	among	those	in	mid-range	deprivation	tracts.

Wilhelm 2009 Los	Angeles
Census	Tract,	
Family-level,	
Individual-level

SES,	Neighborhood	
quality,	Social	support

CO,	NO2,	O3,	
PM10	and	PM2.5

Correlation	coefficients	and	factor	
analysis

Positive	but	weak:	NO2	levels	tended	to	increase	as	
neighborhood	quality	decreased	(r~0.3	or	lower).	
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