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Pericyte Polarity is Dependent on Location Along the Retinal 
Vasculature  

Lauren Azrin 
White Plains High School, 550 North Street, White Plains, NY, 10605, USA; Laa7green@gmail.com

ABSTRACT: Pericytes are contractile cells that surround the microvasculature, highly concentrated in the retina. As blood 
flows from arteries to veins through capillaries, the pericyte structure allows them to control blood flow. However, it is not known 
if these cells have spatial differences in shape and structure (polarity) that would enable them to carry out specialized functions. 
The goal of this research was to understand how pericytes control blood flow by examining their structural symmetry along 
different parts of the microvasculature, and to see if structure is consistent with the direction of blood flow. Through dissection 
and imaging of mouse retinas, it was found that while the smooth muscle cells in large vessels are overall symmetrical, pericytes 
are polar and asymmetrical, with the artery side significantly longer and wider than the vein side. This suggests that pericytes 
help circulate blood by using the longer and wider artery side to communicate, control, and coordinate the blood flow. This helps 
to understand the movement of blood in response to a stimulus in various disciplines, such as imaging, or to better comprehend 
certain diseases, such as diabetic retinopathy, characterized by a decline in pericyte fnction or number.

KEYWORDS: Eyes; Cell structure; Vasculature; Retina; Pericytes. 

� Introduction
Pericytes, also referred to as a “forgotten cell type,”¹ are 

multi-functional cells embedded in the walls of capillaries 
(Figure 1) throughout the body, including the brain and the 
retina where they are highly concentrated. Little attention 
has been paid to them during the previous century, but they 
have recently been identified for regulating cerebral and retinal 
blood flow, maintaining the blood-brain barrier (BBB) and the 
blood-retinal barrier (BRB), and controlling vascular develop-
ment and angiogenesis.

Until recently, it has been difficult to accurately character-
ize the sub-types of pericytes, or to specifically target them 
to alter shape or function. New techniques are beginning to 
be developed both in vitro and in vivo that will improve the 
investigation of pericytes and help to identify their possible 
roles in diseases. Pericyte dysfunction is growing in recognition 
as a contributor to the development of vascular diseases like 
diabetic retinopathy – associated with strokes - and neurode-
generative diseases like Alzheimer's disease.³ Pericyte role and 
function has been largely neglected in past research. Besides 
knowledge of their location, wrapped along blood microvessels, 

little is known about how they interact with these vessels or 
their exact shape.

It has been shown that pericyte dropout or loss may have 
consequences on the eyes of diabetics affected by diabetic reti-
nopathy, a disease that occurs with an excess buildup of sugar.⁴ 
This leads to abnormalities that can be clinically observed. 
Pericyte loss has been defined as characteristic of the diabet-
ic retina; therefore, retinal capillary coverage with pericytes is 
crucial for the survival of endothelial cells, especially under 
stress conditions like diabetes.⁴,⁵ More exploration into peri-
cyte shape and function could help to clarify the mechanisms 
of pericyte loss in order to develop new effective drugs for the 
prevention of diabetic retinopathy.

A more recent study tried to connect pericyte function with 
blood flow since they surround blood vessels in the retina and 
found that the density of pericytes and their reactivity to stim-
ulation were reduced in diabetes.⁶ The study focused on the 
regulation of capillary diameter by pericytes, showing how dis-
ruption of this balance can contribute to a decline in control 
in diabetes. Another recent study revealed that pericytes play 
a key role in the regulation of the vasculature and blood flow.⁷ 
Because diabetic retinopathy can develop due to blood flow 
complications, a loss or decline in function of pericytes could 
have a similar role and help to understand this relation. There-
fore, using a mouse model of diabetic retinopathy to get a closer 
look into pericyte shape and location and a clearer picture of 
how they contribute to this phenomenon could be of help.

It is important to take images of pericytes in different 
locations along the retinal microvasculature to get a better un-
derstanding of where they are located in relation to the major 
vessels. By dissecting and fixing retinal tissue using paraformal-
dehyde fixation and methods described by Ivanova et al., vessels 
in the tissue can be imaged under a confocal microscope.⁸ Ret

Figure 1: What a pericyte looks like as it wraps around the capillary.2
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inal whole-mount observation by confocal laser technology is 
the only method that allows a three-dimensional analysis of 
the entire retina.⁹ Mapping pericytes helps to get a full picture 
of their relative location and if this has a role in their function. 
Moreover, measuring both sides of the pericyte, along with its 
area, can help researchers determine if pericyte arms favor one 
side in particular and if this may have an effect on pericyte 
function and/or control on blood flow from the artery to the 
vein. Putting pericyte’s shape in perspective with the direction 
of blood flow will help to understand their movement and 
constriction.

The shape of pericytes, and their polarity, as well as mapping 
them out along the layers of vessels in the retina to look for 
any trends, has not been addressed in previous literature. This 
study will include images of numerous pericytes in different 
layers and use precise measurements to analyze and classify 
them. Pericytes contain contractile proteins that may enable 
them to initiate signaling, suggesting that blood flow control 
originates in the retinal microvessels where pericytes monitor 
capillary diameter, also in response to changes in neural activi-
ty, which may in turn contribute to vascular disease.¹⁰ Pericytes 
contract the blood vessels they surround and have an effect on 
the amount of blood flow, with arms extending from the feed-
ing arteries to the finest capillaries, and it is previously known 
that blood flows in one way from arteries to veins (Figure 2).¹¹

Statement of Purpose:
The hypothesis of this paper is that the pericytes will be 

longer and have a greater area on the artery facing side be-
cause of their prominence in the movement of blood flow and 
their role in communication during a stimulus.
� Methods
First, the eyes of two female mice (4 eyes) were obtained. 

The eyes had a GCaMP6f calcium sensor under the NG2 
promoter; pericytes in the retina are positive for NG2, so 
this sensor made them fluorescent and able to be mapped 
out through the different retinal layers. The other two were 
a result of a crossbreed in the lab of a leaky cyclization re-
combination (Cre) mouse that resulted in the individual 
staining of the pericytes, which is rare since they are usually 
interconnected. These were specifically targeted and able to 
be measured. 

The retinas were then placed in hydroxyethyl pipera-
zineethhanesulfonic acid (HEPES) solution to be dissected 
by a process outlined by Ivanova et al.⁸ While in the HEPES 
solution, the cornea was first cut in a circular direction to be 
removed. Then the lens was carefully removed. At this stage 
in the dissection the eye cap with the retina still attached was 
fixed in a solution of paraformaldehyde (PFA). After fixing 
for 15 minutes on an oscillator, the PFA was removed, and the 
eye cap and retina were washed twice in a phosphate-buffered 
saline solution (PBS) while remaining on the oscillator. Af-
ter washing, another thin layer of the eye cap as well as the 
optic nerve were cut to slowly undo attachments to the eye 
cap and free the retina. Retinas were then transferred into 
individual wells with 1 mL PBS solution and kept in humidi-
fied atmosphere to prevent them from drying. Any retina that 
had folded over in the process was carefully unfolded. Then, 
they were cut in 4 places so that they could be flattened for 
whole mounting. Once the retinas were flattened, the PBS 
was removed and 0.5 mL of chemiblock triton sodium azide 
(CTA), a permeabilizing solution, was added and changed 
every hour to maintain hydration. The retinas were kept in 
CTA at 4oC overnight in enough solution to keep them from 
dying out, but not enough to cause flotation and folding. 

Then, the retinas were stained red with isolectin Alexa 
568. Isolectin sticks to the blood vessels and Alexa 568 stains
isolectin with a fluorescent label, making the vessels appear
red under a microscope. The vessels were stained overnight
and then washed with 1 mL of PBS two times to make sure
the retinas were fully clean. The wells were then put back on
the oscillator, covered in tinfoil to protect the now fluorescent
retinas from the light. The retinas were then whole mounted
for imaging under the confocal microscope.

Images were taken of numerous pericytes individually 
found throughout different layers of the vasculature. Each 
pericyte location along the vascular tree was analyzed to de-
termine which side was facing the artery and which side was 
facing the vein. Every pericyte imaged was then classified by 
which point in the vasculature it was in and mapped out on 
the whole retina to determine a relation between location and 
structure.

After imaging under the microscope, each pericyte ob-
served was measured for its length in micrometers and area 
(pixel count) on both the artery and vein facing side, not in-
cluding the soma, using ImageJ software (Figure 3). A total 
of 40 pericytes from both eyes were collected and analyzed. 
The 2 eyes of the second mouse were used to locate pericytes 
along the retinal vasculature and analyze shape. The statistical 
analyses were performed on Microsoft Excel using homosce-
dastic one-tailed t-tests between the two average areas (artery 
facing side and vein facing side) and the two average lengths 
(artery facing side and vein facing side). 
� Results and Discussion
First, our results show that pericytes are polar, or asymmet-

rical in arm length, and do not all have one universal shape or 
symmetry, like many other types of cells do. In images of the 
vessels, the pericytes were not symmetrical on the sides facing 

Figure 2. (a): An image of the retinal blood vessels taken by a confocal 
microscope. (b): The direction that blood flows from artery to vein within 
the vascular system.
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ral significance in favor of the artery, being longer and wider 
on its related side, it can be concluded that pericytes help to 
circulate blood by using the longer and wider (indicating more 
muscular) side to communicate, control, and coordinate blood 
circulation in the vascular tree.

This information can be used to understand the movement 
of blood in response to a stimulus in various disciplines, such 
as in imaging (the BOLD contrast MRI or optogenetics) or 
targeting certain diseases that occur when there is a decline in 
pericyte function or number, like diabetic retinopathy, neuro-
vascular diseases, and neurological diseases. This information 
could also help to explain pericyte structure and role in blood 
circulation, so that if they were to be impaired during certain 
diseases, there is a baseline for what they should look like and 
how they should function in relation to blood flow.

the vein compared to the artery, suggesting polarity. The sides 
to the left and right of the soma (head of the cell or cell body) 
that branch into other directions, varied in length, width, and 
shape as they wrapped around the vessel (Figure 3).  

It was also found that the smooth muscle cells located on 
the main large vessels in the superficial layer are overall sym-
metrical. All the smooth muscle cells located on the major 
arteries that branch out directly from the center of the retina 
in the superficial layer were symmetrical and did not express 
polarity; both sides appeared similar in structure (Figure 4).

We also found that the hierarchy within the vascular tree, 
meaning the layer of the retina that pericytes are in, dictates 
their shape (Figure 5).

Moreover, it was found when comparing vein length and 
artery length that the artery side is longer than the vein side 
(Figure 6), and this did prove significant with statistical anal-
yses (Figure 7).

Lastly, it was found that when comparing the vein area and 
the artery area, that the artery side has a larger area (pixel 
count) than the vein side (Figure 8), and this did prove signif-
icant with statistical analyses (Figure 9).
� Conclusions
This study helps to understand the structure and function 

of the pericyte in relation to blood flow, which has not been 
largely covered in past research. By determining their structu

Figure 3: Displays how each pericyte was thresholded and zoomed in on 
through the ImageJ software to effectively measure the length and the pixel 
count of both the artery and vein side. This is a flattened image of how one 
specific pericyte looked like when being measured on ImageJ software.

Figure 6: Representative images of pericytes, with the arrow identifying the 
pericyte being measured. A= artery facing side, V= vein facing side. It is clear 
that the artery sides are longer than the vein sides. Again, each pericyte is 
shown with and without the vessels.

Figure 4: The smooth muscle cells located on major arteries, displaying 
a symmetrical structure. The left image shows the cells only, and the right 
image shows the same cells located on the vessels. This is achieved on ImageJ 
software by inactivating the channel that displays the vessels to get a closer 
look at the pericytes. 

Figure 5: An image displaying the changes in pericyte structure depending 
on their relative closeness to arteries or veins. The blue represents the arms of 
the cell and the red represents the soma or cell body.

Figure 7: The bar graph of the average length in microns of the artery and 
vein facing side of all 40 pericytes. When a one-tailed t-test was applied, the 
p-value was less than 0.001, demonstrating that the artery facing side was
significantly longer.

Figure 8: Representative images of pericytes, with the arrow pointing to the 
pericyte being measured and the A and V standing for artery facing side and 
vein facing side. Again, each pericyte is shown with and without the vessels. 
The artery facing side appears to have a larger area, and this proved true by 
pixel counting through ImageJ software.

DOI: 10.36838/v3i4.1
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Future studies can look at pericytes under a 2-photon mi-

croscope to assess not just fixed retinas and pericytes, but live 
ones to see how pericyte shape changes as blood flows and to 
get an even further understanding of how they contribute to 
movement in the vascular tree.
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� Introduction
The world has been confronted with many issues in the 21st 

century, beginning at the start of the Industrial Revolution. En-
vironmental issues have been rising and one such issue revolves 
around water as only 2.5 % of the water on Earth is freshwa-
ter and drinkable. Due to infrastructure and other issues, this 
fresh water gets contaminated with many harmful chemicals. 
One category of such chemicals is heavy metals. Heavy metals, 
including arsenic, have been shown to cause cancer and other 
health issues.¹

Water is an essential for both human and wildlife; howev-
er, heavy metal pollution around the world already decreases 
what little clean water is already available. Heavy metals can 
cause negative effects on the human body’s immune system, 
nervous system, and chromosomes and they often contain ions 
that form complexes with proteins that have carboxylic acid, 
amine, and thiol groups as attachments. The metal can bind to 
biological molecules and can inactivate vital enzymes, affecting 
protein structures, and also affecting certain functions of en-
zymes in the body.²  

It can take roughly 40-50 years to fully dispose of heavy met-
als in the human body.³ Moreover, metals the public believes to 
be simple and harmless such as aluminum can result in Alzhei-
mer’s, and/or dementia. Copper nitrate is found in many paints 
and when it drains into the sea, it can easily poison and kill off 
marine wildlife.⁴ These metals can easily enter both humans 
and the ecosystem. They can first enter into fish and physically 
harm them. Furthermore, metals can then enter humans since 
fish is a source of protein.⁵ According to the University of Vir-
ginia, in the United States, there are 1,305 sites scheduled for 
cleanup on the National Priorities List.⁶ Heavy metal pollution 
is dangerous and is a prevalent issue that needs to be resolved. 

 In this study, a method of adsorbing these heavy metals 
from water will be explored. Pumice, an igneous rock and po-
rous rock, is presented as a possible solution to this problem. 

Pumice is so porous that when put into water, it floats until 
becoming waterlogged.⁷ Due to these characteristics, pumice is 
hypothesized to be a potential adsorbent of heavy metals pres-
ent in water and could be used to purify it. 

Essentially, the problem at hand can be surmised into one 
question; can the porous rock pumice act an adsorbent to heavy 
metals such as copper nitrate? The goal of this study is to be 
able to find a potential material that can make water purifica-
tion not only practical but also affordable.  
� Methods
This experiment was controlled, as variables including tem-

perature, mass of copper nitrate (Cu(NO₃)₂), the pH of the 
water solutions, the amount of time given for adsorption to 
occur, and amount of water given to each solution were all 
held constant across trials. The independent variable being the 
amount of pumice provided to the water solutions. There were 
samples with 0 g (control), 2 g, 4 g, or 8 g in it. Therefore, the 
dependent variable is the amount of copper nitrate remaining 
in the water after a period of time given for the pumice to 
potentially undergo adsorption. This will be measured using 
both a UV-VIS (Ultraviolet Visible Imaging Spectroscopy) 
and an EPR (Electron paramagnetic resonance spectrosco-
py). 42 g of pumice were required for the entire experiment 
and the brands SimplyFoot™ and U.S. Pumice™ were used. 
The former pumice brand was a lighter colored rock when 
compared to the latter. A furnace was required to heat the 
pumice at 160-170 °C. Then deionized water or water at pH 
7 was required as well for a total of 2400 mL. 2.4 g of copper 
nitrate, a metal spatula, rock hammer, plastic tray, tin foil, scale 
(OHAUS™), liquid pipette, 12 beakers, and parafilm were 
also required. As mentioned, the UV-VIS and EPR devices 
were also required as well. For the UV-VIS, 1 cm by 1 cm by 
4 cm cuvette is required. For the EPR, twelve 50 μL, micropi-
pette tips, a test tube (that fits exclusively with the EPR), and 
wax seal were required. Both systems come with a computer 

Water Purification and Adsorption Ability of Pumice 
Betul M. Agirman
Southington High School, 720 Pleasant Street, Southington, CT, 06489, USA; b.munise.a@gmail.com

ABSTRACT: Many places in the United States have the problems of heavy metal contamination in their waters. New Jersey, 
for example, is facing problems with arsenic and other metals found in tap water, causing the environment to be more polluted and 
dangerous for both humans and wildlife. New solutions must be pursued to alleviate this problem. This research project addresses 
this topic and presents a possible solution to heavy metal pollution. Pumice, a porous and igneous rock, can possibly act as an 
adsorbent to heavy metals such as copper nitrate. In this study, the adsorption capability of pumice was tested, in which different 
amounts of pumice were added to deionized water solutions with a fixed amount of copper nitrate. After several days, the solutions 
are tested to see if any remaining pumice was present in the water solutions. It was found that pumice does have the capability to 
purify water. The results show that certain samples purified water completely. Future studies can be conducted to see how different 
brands of pumice purify water along with how different pH’s can possibly affect the purification water.

KEYWORDS: Earth and Environmental Sciences; Water Science; Heavy Metal Pollution; Pumice; Adsorption.
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being absorbed by the electrons in the sample, at different 
wavelengths. Normal, (pH 7) water had no adsorption levels. 
To see if absorption occurred, the data was compared with the 
absorption levels of the control with the rest of the samples.

Normally, the data from the UV-VIS would suffice to tell 
whether adsorption occurred in the solutions with the pum-
ice. However, this particular study went one step further and 
used the EPR to get a better view of the signal copper ni-
trate had in water (this was done 120 hours after the beakers 
were covered by parafilm). The EPR works by causing the 
spare electron to flip over, measuring the number of electrons 
flipping over, and thus not needing a colored metal for its 
effectiveness (this is done with a magnet in the EPR). First, 
twelve 50 μL samples were taken from each beaker. Using the 
EPR test tube to place the correct amount of solution in each 
micropipette, the samples were placed in a 4 mm diameter 
tube (which could be placed in the test tube in the EPR). The 
EPR gave a signal that told how much copper nitrate is in 
the solution. To see if adsorption occurred, the signals were 
compared the signal found in the control with the rest of the 
samples.
� Results and Discussion
It is hypothesized that the water solution with 8 g of pumice 

will be the most purified of the copper nitrate. This is believed 
because pumice is very porous, and more of it should be able to 
completely clean the water of the heavy metals.

To start, an important observation to mention is the fact 
that the white pumice, upon going through the waiting period, 
turned a color blue. Figures 1 and 2 show images of all of the 
water samples:

program that displays how much metal is in a water solution 
(computer program used is Bruker EMX_nano spectrome-
ter). 

Note: the EPR is a magnet that causes the spare electrons 
on the copper nitrate atoms to flip over, effectively getting 
a signal from the control over whether there is metal in the 
water sample or not. The EPR has an x axis that measures 
the intensity of the magnetic field in Gauss (G). It has an 
arbitrary y axis, and thus uses the fundamentals of calculus to 
determine how many “spins”, or electrons are in the sample 
being scanned by the EPR. The computer program linked to 
the EPR was able to read the red highlighted area on the 
signal graphs and see how many “spins” were in the sample, 
which can be seen in the corresponding chart. The EPR was 
used to get more accurate data than the UV-VIS, since the 
signals on that were smaller in comparison to the EPR. Also, 
the EPR was used since there was an outlier in the 8 g of 
pumice water samples data collection from the UV-VIS. The 
EPR conveyed why this outlier existed, which will be later 
discussed.

Procedure:
First, the pumice samples were taken and placed in a 

furnace at 160-170 °C for 96 hours. This killed organic im-
purities in the rock (i.e., microorganisms) that might affect 
the absorption capability of pumice. After this is done, the 
pumice samples were left to cool down for one hour. While 
the pumice cooled, a 0.2 g sample of copper nitrate was mea-
sured and placed in each of the 12 beakers. Then, 200 mL of 
deionized (pH 7) water was placed in each beaker. Then the 
beakers were mixed thoroughly so that the metal dissolved 
with the water. Afterwards, the pumice was crushed into 
smaller chunks. The chunks were no larger than 3 cm by 3 
cm by 3 cm. Three of the beakers did not have any pumice; 
these beakers were the control variables. Subsequently, anoth-
er three beakers had 2 g of pumice each. Then three beakers 
with 4 g of pumice each and finally, three beakers with 8 g of 
pumice each. All beakers were covered with a 5 in. by 5 in. 
piece of parafilm. This prevented evaporation of water that 
could hinder the results of the experiment. Then, the samples 
were left for 72 hours or more for potential adsorption to 
occur. The reason for this long wait time was due to the fact 
that it was unclear as to how much time would be required 
for adsorption to occur. So, a long-time window was put in 
place as the purpose of this study was to discover if pumice 
has adsorption capabilities. 

After this waiting period, the UV-VIS was used to measure 
each beaker’s water sample. The UV-VIS essentially measured 
the samples by using color. The copper nitrate had a blue col-
or, which gave the water a slight blue hue. The UV-VIS works 
by causing spare electrons on a metal to shift positions. This 
was what caused color to be seen in the copper nitrate similar 
to optical density which is the degree to which a refractive 
medium retards the transmitted rays of light. Then a dispos-
able liquid pipette was used to transfer 1-2 mL of the water 
into the cuvette which was then placed into the UV-VIS. This 
step was repeated for all 12 beakers and the data was saved. 
This data showed the absorption level, or the amount of light 

Figure 1: All of the water samples before the 72-120 hour absorption 
waiting period.

Figure 2: All of the water samples after the 72-120 hour absorption waiting 
period.
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The reason for this change in color could be directly tied 
to the adsorption capability of the pumice, especially for the 
stone white in color. This is due to the fact that adsorption 
is essentially the attaching of molecules on a surface of a 
solid, whether that be the outer or inner surfaces of a solid.⁸ 
In terms of the pumice, since the rock is porous, the copper 
nitrate adsorbed to both the inner and outer surface of the 
rock, staining it a color blue.⁹

The results shown by the UV-VIS and EPR also indicate 
that adsorption did occur for all three of the pumice samples 
(Tables 1-7, Figures 3-13). The UV-VIS essentially functions by 
reflecting light on the copper nitrate in water. The remaining 
light that goes through the system can then be used to calculate 
how much metal is in the particular solution.¹⁰ When looking 
at the UV-VIS absorbance levels at 800 nm, the signal could be 
seen (Figure 13). pH 7 water has a straight line on the UV-VIS. 
The control however does not, displaying that there is metal 
in the water.

When looking at the 2 g of pumice water samples, the UV-
VIS data showed that a majority of the metal has been purified 
from the water. On average, about a decrease in 0.04 OD 
occurred between the control and the 2 g of pumice samples, 
meaning that there was barely any copper nitrate left in the 
2 g of pumice sample. In the 4 g of pumice water samples, 
the data shows negative numbers on the UV-VIS. This means 
that the instrument could not find any other copper nitrate in 
the solution to absorb the light, which leads to the conclusion 
that the 4 g of pumice purified the water completely. The 8 g 
of pumice, while not performing as well as the 4 g of pumice, 
still adsorbed more than the 2 g of pumice. Its absorbance 
difference from the control was 0.044 OD, meaning that it 
still mostly purified the water, similarly the 2 g of pumice 
sample. The potential reason for this phenomenon will be fully 
discussed.
Table 1: Light absorption for heavy metals in the controlled water samples 
as well as the average absorption for each wavelength.

Figure 3: Average UV-VIS heavy metal light absorption for the control 
group.

Table 2: Light absorption for heavy metals in the 2 g pumice water samples 
as well as the average absorption for each wavelength.

Figure 4: Average UV-VIS heavy metal light absorption for the samples 
with 2 g of pumice.
Table 3: Light absorption for heavy metals in the 4 g pumice water samples 
as well as the average absorption for each wavelength.
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Figure 5: Average UV-VIS heavy metal light absorption for the samples 
with 4 g of pumice.
Table 4: Light absorption for heavy metals in the 8 g pumice water samples 
as well as the average absorption for each wavelength.

Figure 6: Average UV-VIS heavy metal light absorption for the samples 
with 8 g of pumice.

Table 5: Average absorption for each sample at various wavelengths.

Figure 7: Average UV-VIS heavy metal light absorption for all samples.

Table 6: Average lights absorption for each sample at a wavelength of 
800 nm.

Figure 8: Average absorption of all samples at a wavelength of 800 nm.

Table 7: Number of spins for all water samples, determined from the EPR.

Figure 9: Average number of spins for all water samples determined from 
the EPR.
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Figure 10: EPR signal comparison of the control and a sample that 
contained 2 g of pumice.

Figure 12: EPR signal comparison of the control and a sample that 
contained 8 g of pumice for the white pumice variation.

Figure 13: EPR signal comparison of the control and a sample that 
contained 2 g of pumice for the gray pumice variation.

The results of the research project show that pumice does 
indeed act as an adsorbent to heavy metals, particularly for 
copper nitrate. The hypothesis was somewhat shown to be 
correct. According to the data, for the UV-VIS, the water 
sample that contained 4 g of pumice was the most effective in 
purifying the water of copper nitrate. Both the UV-VIS and 
EPR could not detect metal in the samples that were scanned, 
including their averages. In reality, a negative amount of 
metal cannot exist in the water, meaning that the UV-VIS 
and EPR were giving results that suggested that the copper 

Figure 11: EPR signal comparison of the control and a sample that 
contained 4 g of pumice.

can be detected at 800 nm, when the water sample shows no 
light absorption at this wavelength, it signifies that there is no 
more copper nitrate in the solution. For the EPR, the system 
simply could be so accurate, and will eventually provide 
a signal that is closer to a signal of neutral pH water. The 
sample with 2 g of pumice got most of the copper nitrate out 
of the water, and the 8 g did the same as well, better than the 
2 g sample. However, the sample with 4 g was most effective 
at purifying the water.

In the future, if this study is to bring about new innovations 
in purifying water for both the environment and human use, 
refinements for future research need to be made. For example, 
a study on the effectiveness of different pumice rock brands 
is necessary. As seen in the data for the 8 g of pumice water 
samples, the data is slightly skewed to make it appear that 
while it was effective, it was not as effective the 4 g of pumice 
sample. A potential reason for this is the fact that when 
conducting the experiment, the original white pumice ran out 
and thus a different brand of gray colored pumice was used to 
finish up the samples for the 8 g of pumice. Logically speaking, 
if the 8 g of pumice samples all had white pumice just like the 
2 and 4-gram samples, they too should have fully purified the 
water. This data demonstrates that the brand of pumice (i.e., 
how pumice is treated, color, quality) plays an important role 
in the rate of adsorption. The gray pumice did still adsorb 
metal, just not as effectively as its white counterpart. It did 
not turn blue like the white pumice did (see data analysis and 
observations for photography of lab setup). 

Also, determining how the rate of adsorption is affected in 
different pH’s is also another step in this research. In 2015, a 
similar study had been undertaken by the same experimenter 
for this study, in which pumice powder was tested at different 
pH’s of water with copper nitrate in them.¹¹ However, 
there was no conclusive difference in the water, meaning 
the pumice powder was not effective in purifying the water 
by adsorption. The pumice was initially crushed to powder 
because of the fact that keeping pumice chunks constant 
is difficult. However, once the original study showed that 
pumice powder was ineffective as an adsorbent, it was realized 
that upon crushing the pumice to powder, its porous nature 
was destroyed. Thus, this study was taken up again in 2018, 
in which a range was given for the pumice chunk sizes, and 
it proved effective. In relation to the original study, the idea 
of pH affecting adsorption could be explored. Another future 
study could be measuring pumice adsorption with different 
types of metals. 

Finally, a study on the ratio between the amount of pumice, 
amount of metal, and amount of water must be tested so the 
efficiency of pumice can be properly tested.
� Conclusion
This research project concludes that pumice does indeed 

have the capability to adsorb heavy metals such as copper 
nitrate. Pumice effectively purified the water of the copper 
nitrate, opening up the doors for new methods of water puri-
fication. The study showed that when a water sample has 0.2 g 
of copper nitrate, 4 g of pumice could purify 200 mL of water. 
The 2 g of pumice also greatly decreased the amount of copper 
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nitrate in the water overall. The 8 g of pumice purified the 
water more than the sample with 2 g of pumice but less than 
the sample with 4 g. Regardless, this study shows that pumice 
is an adsorbent of heavy metals. 
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� Introduction

As countries’ transportation infrastructure services have ad-
vanced in the recent decades, the demand for automatic license 
plate recognition (ALPR) for security and law enforcement, 
especially in urban areas, and highway surveillance has also 
grown. In addition to performing surveillance, license plates 
are useful as identification for vehicle access in gated com-
munities, private property, and electronic toll systems. Thus, 
ALPR will reduce the need for workers and will also be much 
more efficient for traffic intake. Installing ALPR into road sur-
veillance systems, especially in road junctions and traffic zones, 
will decrease the need for physical surveillance by police for 
unauthorized or stolen vehicles and assist in crime prevention 
as well. The movement of vehicles can be more easily tracked 
by an ALPR system. ALPR can also be used for documenting 
any traffic accidents such as a hit-and-run.

License plate recognition has many difficulties and obstacles 
in practical situations and environments. A vehicle may be pho-

tographed or video-taped while experiencing conditions such 
as glare, low resolution, low lighting, blur, having low contrast 
to surroundings, or being tilted. In addition, weather inter-
ference may be present such as rain, snow, fog or hail, which 
increases the difficulty of the recognition process. The variety 
of license plate shapes, characters, and sizes further complicates 
successful recognition. Lastly, the different backgrounds of the 
images or videos may lead the detection system to misinterpret 
where the license plate is actually located.

Previously, many attempts to detect license plates were 
based on certain hand-picked features, such as the color of 
the plates.¹,² However, these models often perform signifi-
cantly worse under low visibility conditions. The downscaling 
technique through a line density filter (LDF)² was proposed, 
followed by a cascaded license plate classifier (CLPC), where 
the localization of the license plate was based on color salien-
cy. These methods are useful only when there are dominant 
colors, and images processed through a grayscale filter had the 
best performance.² Such models are limited by their inability 
to detect variations in license plates, as colors on the license 
plate must match the color the model was trained with. Many 
of these networks take over a second to process images, ham-
pering the real-time applications of the software. It was then 
decided to analyze the performance of a pre-existing high-per-
formance lightweight model.

The two main processes involved in automatic license plate 
recognition include license plate detection (LPD), where the 
localization of the license plates occurs, and license plate rec-
ognition (LPR), where the license plate’s characters are inter
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Figure 1: Examples of the model successfully detecting multiple license 
plates.
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preted and read. To avoid needing to use high-resolution im-
ages, many of these models³-⁵ rely on convolutional neural 
networks (CNNs), networks that excel in image processing 
and feature extraction. These CNN-based models addition-
ally use sliding windows, which result in over-processing of 
the data and slow efficiency. While using deep CNNs⁶ can 
ensure high accuracy, it involves the classification of too many 
unnecessary sliding windows and is not practical due to high 
computational cost. To combat this problem, a shallow CNN 
was combined with the deep CNN to remove non-license 
plate regions,⁷ creating a hybrid CNN model. Despite reduc-
ing the number of candidate license plate regions and using 
the non-maximum suppression (NMS) technique to remove 
highly overlapped sliding windows, the resulting regions that 
are processed by the deep CNN can still be reduced further as 
the reported speed was only 6 fps(frames per second).⁷ Many 
similar hybrid CNN models have recently been created,⁷,⁸ but 
inefficient and fail to recognize plates under more realistic 
conditions.

Additionally, some unorthodox methods have been tried in 
the past, such as using support vector machines (SVMs),²,⁹ 
but the consensus is that the exclusive use of a CNN is nec-
essary for high-quality results. Car segmentation is used to 
divide images further, where each part is processed through a 
CNN-based feature extraction model and the SVM classifier,⁹ 
resulting in the classification of unrelated regions.

In order for the network to detect the license plate, the mod-
el has a two-stage process.¹⁰ The first stage, detection, utilizes a 
multi-task cascaded convolutional neural network (MTCNN) 
in order to efficiently generate a bounding box around license 
plates.  In Figure 1, it can be seen that the network is capable of 
detecting multiple license plates at a time. The network con-
sists of 2 sub-networks, Pnet and Onet, consisting of 3 and 4 
convolutions, respectively, and employs the use of a parametric 
RELU activation function. The second stage is the reading of 
the license plates, which consists of 2D convolutional layers, 
2D max-pooling layers, etc. 
�   Methods
In order for the model to detect and identify various license 

plates, the researchers had trained and built a model with 
multiple fully connected convolutional layers.¹⁰ Although 
there are many well-established models of image process-
ing to choose from, such as visual geometry group (VGG), 
the researchers decided to implement an algorithm called 
LPRNet,¹¹ as it had the benefit of being able to process 
data in real-time, as well as driving down the computation-
al demands compared to well-established models.³,⁷ As the 
quality of character segmentation is dependent on the res-
olution of the images, it was found that it was important to 
test the network on a database that contained both high- and 
low-resolution images to compare their performances and 
potential improvements. Furthermore, the researchers were 
able to encompass a wide variety of images using the CCPD 
dataset.¹²

The Network:
The model that was used had two stages. The first stage 

was the detection stage. The model used a MTCNN¹³ to 

etect the location of the license plate using bounding box re-
gression. MTCNN originally consisted of 3 sub-networks: 
proposal network (Pnet), refine network (Rnet), and output 
network (Onet), where the outputs of Pnet and Rnet are 
used as proposals for Onet. In this specific implementation, 
however, the researchers discarded Rnet to minimize the 
processing time, as it did not contribute significantly to the 
accuracy.¹⁰ After the data was split into train, validate and 
test sets, it was passed into the Pnet where images were scaled 
and candidate bounding boxes with the dimensions of 12x47 
were made and was processed through 4 convolutional layers 
as seen in Figure 2. The candidate bounding box was then 
searched if it contained a part of the license plate and each 
pixel was classified as containing a part of a license plate or 
not. Each layer has a parametric RELU activation function 
and Cross Entropy loss function, and the final output is a 
bounding box around the plate as seen in Figure 3.

Realistically, cars will not be in the direct view of a sur-
veillance camera and many plates seen in images or videos 
are only visible at various horizontal angles, heights, and 
vertical degrees of rotation. This poses a challenge for some 
license plates to fit even the best candidate bounding boxes. 
To address this problem, a spatial transformation layer¹⁴ is 
implemented to resize and align the edges of the license plate 
with the bounding box as seen in Figure 4. This stage consists 
of two convolutional layers, each with RELU activation func-
tions. The result of the process is a straighter image which 
is easier for the final stage, identification, to recognize the 
numbers and characters on the license plate.

The second stage¹¹ consists of a multi-layered process 
which includes another spatial transformer along with the 
convolution, normalization, RELU activation function, and 
max-pooling layers. The input of LPRNet is 24x94x3, equiv-
alent to the output of the Onet and the spatial transformer 

Figure 3: The final output, a bounding box around the plate.

Figure 2: Model of Modified MTCNN Network.10
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model. The first step performs a convolution on the input 
with 64 output channels and a stride of one. After normal-
izing the data and passing it through a RELU function, the 
data passes through four convolutions with a total input of 
the 64 channels and a final output of 128 channels. In the 
second iteration, the network is normalized with 128 features. 
After another RELU activation, the data is max-pooled to 
reduce the number of features to 64. Next, four convolutions 
are grouped with an initial input of 64 channels to an out-
put of 256 channels. After being normalized, this process is 
then repeated with input and output of 256 channels. At this 
late stage in the model, dropout is introduced to increase the 
effectiveness of each neuron and to prevent overfitting to a 
specific set of training plates. Finally, a convolution layer takes 
in the 256 channels and has the same number of outputs as 
the number of characters possible, in China being 68 possi-
ble characters. This prediction is then evaluated against the 
ground truth to determine the accuracy of the prediction. The 
network only classifies an identification as correct if all char-
acters in the ground truth match with the prediction, as this 
is the same criteria that the original researchers used. In total, 
this LPRNet network has around 30 layers.

Dataset:
The researchers used a subset of a Chinese license plate 

dataset called CCPD¹² which contained around 300,000 
images of license plates. A subset of this dataset was used, 
containing 25,000 images to test the network. The dataset is 
split into categories defining various images of plates taken 
in different scenarios and environments. There was a total 
of 7 categories that was used, those being: 1. blurred images, 
2. challenging images, which were examples especially diffi-
cult to recognize, 3. darker images which also generally had 
lower resolution, 4. rotated images, 5. images with tilted li-
cense plates, 6. images for plates taken in varying weather 
conditions such as rain, snow, etc., and 7. the base images that 
were taken in good conditions and high visibility. Having so 
many different images exposed the network to a multitude of 
scenarios that would exist in the real world, allowing them 
to become more robust. In addition, a dataset with empty 
plates, having no characters on them, was used to train the 
detection model to be able to look for the shape of the plate. 
The training data consisted of randomly selected images so 
that the network would not learn order and recognize only a 
certain image. Of a chosen 5000 images, 3750 were used to 
train the networks while 1250 were used to validate it, estab-
lishing a 3:1 ratio. The researchers heavily pre-processed the 
data before it was used to train the model,¹⁰ where a series 

of steps were taken to prepare for Pnet and Onet processing. 
The candidate bounding boxes made by Onet were sized to 
satisfy the input dimensions of LPRNet, whereas Pnet’s can-
didate bounding boxes were half the size both in length and 
width compared to Onet to ensure strict moderation of the 
image so the target license plate would not be missed. Along 
with splitting the dataset into training and validation sets, 
the ground truth provided from each image was obtained to 
use as a comparison with the predicted characters made by 
LPRNet. After MTCNN detection, the network crops the 
image to be left with only the bounding box of the license 
plate, resulting in a 94x24 image in order to satisfy the input 
requirements for both the spatial transformation layer, as well 
as the final identification layer. In order to test the accura-
cy of the trained network, subsets of 1270 images from each 
dataset category were supplied into the main program and 
were able to calculate the final accuracy of the model using 
the ground truths. Through conducting such testing, the re-
searchers were able to analyze the advantages and limitations 
in the current model, as well as common errors, mistakes and 
trends specific to each dataset category.
�   Results and Discussion
Although the model could not be trained, experiments were 

conducted by testing each category in the CCPD dataset 
with the pretrained network and thoroughly analyzed their 
accuracy and shortcomings, as well as stating some techniques 
that would improve their performance and efficiency. The 
goal was to find areas for improvement in LPR technology 
and pinpoint the direction the software should advance in the 
future.

Testing:
In order to have a better grasp of LPR technology’s 

strengths and limitations, the advertised pre-trained models 
needed to be thoroughly tested. This was accomplished by 
modifying the main method to not only create an output 
of an image, but also to compare an image’s output with 
the ground truth and calculate an overall accuracy. To test, 
a generator that would randomize the order of the images 
within the file was built to accurately test the capability of the 
networks and prevent any previous learning of image order 
to jeopardize the results. By comparing which images had a 
successful recognition to those that had failed, the true flaws 
and limitations of the technology became clear.

It was found that altering conditions for the worst case 
had a tremendous effect on the accuracy. In the base set, with 
simple, clear images, the network returned a 98.2 % accuracy. 
Although this set is strictly limited to images with good 
conditions, the high accuracy proves the network’s potential 
to be used in the future. There was an impressive performance 
for images in the weather dataset, where cars were often 
covered in snow and rain, as the network returned an accuracy 
of 93.31 %. However, in every other category, the network 
failed to exceed 50 % accuracy, showing that many realistic 
scenarios are still unaccounted for and not trained enough 
for. The conditions that most heavily impacted performance 
was darkness and blur, where the overall accuracy for dark 
was only 10.6 % and blurred at 23.05 %. An example of an

Figure 4: Process the neural network takes in order to determine the 
bounding box.
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incorrect prediction of a blurred license plate is shown 
in Figure 5, where the model identified more than one 
character as a Chinese character. With low contrast between 
the surroundings and the license plate, the localization of 
the license plate was difficult, and the recognition of the 
characters was even more so. After analyzing the results of 
the tilted and rotated dataset, it was clear that many candidate 
bounding boxes did not encompass the entire license plate, 
leading to incomplete predictions as seen in Figure 6. This is 
due to having the bounding boxes created not being parallel 
to the misaligned license plate, out of which many did not 
fit the bounding box correctly until the spatial transformer 
adjusted the angle and dimension of the license plate. Even 
then, the output of the spatial transformer did not always 
encompass the entire license plate. Many of the images were 
not only dark with little illumination, but also pixelated and 
blurry as seen in Figure 7, some to the extent that even one 
could not determine the license plate characters without 
using the ground truth.  As a result, many outputs only 
accurately predicted the first half or last half of the license 
plate characters and failed to identify all the characters of 
the original license plate contained in the input image. A 
graph was used to visually interpret the data to see the stark 
differences shown in Figure 8.

Errors/Inconsistencies:
There were many instances where the model predicted the 

license plate characters incorrectly. The common trends as

Figure 5: Blurred license plate predicted as 皖皖皖L皖 should have been: 
皖A4U500.

Figure 7: Dark license plate Predicted as: 皖AWX24Z Ground Truth: 皖
AWX242.

to why errors were occurring were found in most of the poor 
performing datasets. First, characters that look alike such as 
“4” and “A” or “2” and “Z” were hard to differentiate in low 
light scenarios, blurry images, or tilted license plates where 
the letters would appear slightly narrower, and the lines could 
not be easily differentiated as shown in Figure 7. Next, the 
model guessed either too little or too many characters, just 
forgetting one or adding one with the rest of the characters 
being found correctly. Most commonly, the reason for this 
would be having the same character appear consecutively 
on the license plate and the network would not identify 
all of them, having narrow letters such as “1” or “T” being 
skipped. The model would also guess the same license plate 
sequence multiple times on different vehicles. This is most 
likely something the network learned while training and is an 
obvious indication of an overfit model. Many of the license 
plates that were hard to read were at extreme angles and in 
adverse conditions, some of which were not even identifiable 
by the human eye. On the other hand, there were cases when 
clear and obvious plates were misinterpreted, and the output 
was wildly different from the input. Inconsistencies can be 
overcome with more adjustment to the spatial transformation 
layer and training of the network. It was hypothesized that 
the results would be distinctly different from those reported 
because the dataset could be more exhaustive with more edge 
cases when it came to each category than the training dataset, 
but there would have to be more experimentation to isolate 
the cause. 

The Future of License Plate Recognition:
An external method will probably be necessary since 

license plates are unique and the predictions must be perfectly 
accurate. A possible solution would be to substitute a 
temporary character for all the characters on the plate that the 
model is not over 80 % confident about. Then, the plate can 
be run against a government’s national database of registered 
vehicles to find one that matches the known characters to 
identify the unknown characters. Another solution would be 
to spatially transform the image earlier, which might solve 
incomplete bounding box problems, increasing the accuracy

Figure 8: Comparison of the accuracies between reported results10 and 
the results: there were many discrepancies due to incorrect bounding boxes 
with tilted or rotated license plates as well as low contrast of license plate to 
surroundings for dark and blurred license plates.

Figure 6: Rotated license plate predicted as 闽AV2 should have been: 皖
AV229P.
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for the tilted and rotated images. To improve the contrast, 
especially when there is glare or poor lighting, one could 
increase the intensity of the image and saturate the blue 
and yellow colors of the RGB image,10 since they are the 
main colors found in Chinese license plates. With the 
implementation of color, brightness, and orientation feature 
maps as seen in Figure 9 in addition to increasing contrast, 
this will allow for more defined edges and lines, which 
results in easier localization of license plates as well as a way 
to differentiate characters that look similar. In addition, a 
possible implementation of a line density filter will ensure 
the candidate bounding box’s accuracy.

As ALPR has many different applications in a vast range of 
fields, in the future, developing an accurate model that is able 
to perform reliably in all different types of conditions should 
be considered. Due to the fact that this particular model that 
was analyzed was trained using data from Chinese license 
plates, it would also be possible for the model to be trained 
on a dataset containing plates not limited to one particular 
country. This way, the technology could be used in a variety 
of different countries, which would increase the versatility of 
the network and become more applicable for more countries. 
Another limitation is storage, as in many situations, there 
is simply not enough storage to keep hours upon hours of 
high-resolution video. As a result, many surveillance cameras 
have low-quality videos, and if any frame of those videos 
containing a vehicle were to be put into an ALPR model, 
the license plate would most likely not be detected. This is 
due to the low performance for the blurred images category. 
Due to this limitation, there is hope that it would be possible 
to train the network to be able to localize license plates in 
low-resolution images in the future. More extensive tests and 
comparisons should be performed on larger sets of data in the 
future for better accuracy and better overall results. There is 
a lot of potential for this network and with the improvement 
of these areas, it can be used in the future for a wide range of 
applications

�   Conclusion
It was concluded that the two-stage MTCNN and LPR-

Net model that was studied was efficient, however, both the 
MTCNN and LPRNet were susceptible to many different 
inaccuracies and errors when non-optimal scenarios were pre-
sented. There were many limiting factors and drawbacks 

Figure 9: Amplify color intensity and certain layers to improve contrast 
of license plate compared to surroundings. SPIE. digital library May 4, 2015.⁹

that the networks had, such as the inability to locate license 
plates that are in a low contrast environment, tilted images, 
and rotated images, as well as identify all characters on the 
license plate given correctly. Even with the help of the spatial 
transformer layer, the model that was analyzed still struggled 
to handle such images effectively. On the other hand, images 
captured under bad weather conditions performed well, and 
such performance shows the potential that the network may 
become worthy of use in the real world in the future.

Despite the limitations of the current technology, ALPR is 
an incredibly useful tool that has a vast range of applications. 
In the future, there is hope to develop a model capable of over-
coming such challenges through better training techniques, 
more training data, implement new features such as a color 
feature map to increase the contrast between the license plate 
and the surrounding vehicle, and exposing the network to var-
ious countries’ license plates to increase the versatility of this 
technology. In addition, human judgement can be added in 
the loop to improve the accuracy of the model. Hyperspecific 
networks, targeted to countries, character sets, or conditions, 
can also be developed on top of the base network. With these 
modifications, the model will become more robust and can en-
sure better results in the future for many applications.
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�   Introduction
A genetically modified organism (GMO) is an organism 

whose gene structure has been altered by genetic engineering 
techniques. These techniques usually refer to methods that 
cannot be achieved through natural mating or recombination. 
Genetic manipulation is being actively studied, regardless of 
organism type. Through genetic manipulation, it is possible to 
cross genes within the same species, between different species 
and kingdoms.

Genetic modification is the most commercialized in crops. 
Genetically modified crops (GMCs) can be immune to certain 
pests or herbicides and can be made to be spoilage resistant.¹ 
Improvements in nutrient content can also be achieved (e.g., 
golden rice, which contains more vitamin A than normal rice).²

There is not much information on how GMCs have bene-
fited farmers economically and in terms of efficiency.³,⁴ This 
study seeks to provide a more detailed analysis of the advantag-
es of GMCs. GMCs have a considerable effect on farmers and 
the crop industry.⁵ A quantitative analysis of GMCs enables 
farmers to predict industry trends and calculate benefits they 
can obtain from genetic engineering. It will also be of inter-
est to investors and other stakeholders looking to invest in the 
GMO industry.

The objective of this study is to analyze quantitatively how 
GMCs affect the industry. Currently, genetic engineering tech-
niques are the most often applied in soybean, corn, and cotton 
production.⁶ Analysis of these crops will make the benefits of 
applying the same genetic engineering techniques available for 
extrapolation to other crops. The study addresses the following 
questions:

1. To what extent do GMCs improve yield?
2. By how much does GMCS reduce costs?
3. How much management time is saved by GMC use?
To answer these questions, linear regression will be used to 

determine the yield and GMC percentage relationship. This 
relationship will reveal whether there is an improvement in 
yield. Next, GMC and non-GMC consumption costs will be 

calculated and compared to determine cost improvement. Fi-
nally, the management time saved will be estimated using the 
herbicide requirement of the crops.
�   Methods
Literature Review:
In the past, the existence of genes was not known, but breed-

ing was carried out by obtaining the offspring of organisms 
with desired traits, selecting some of them and crossing them 
again. Owing to the development of genetic engineering, a 
more direct approach is possible,⁷ unlike breeding, which de-
pends somewhat on chance.

GMCs can be divided into two categories: transgenic or 
cisgenic. Cisgenesis refers to the genetic modification of 
two species that can cross in nature. The difference between 
breeding and cisgenesis is that breeding relies on the prob-
ability that the desired genes will interact, but the cisgenic 
method can derive results quickly by insertion of the required 
desired genes. Transgenic is the genetic modification of two 
species that cannot be crossed in nature. The gene inserted 
into the crop may be of animal or bacterial origin.

Sample Selection
Type of Crops:
The growing areas shown in Table 1 indicate that in 2014 

corn, soybean, and cotton were the most cultivated GMCs; 
their data will be used in the present study.

Modified traitss:
The modified traits shown in Table 2 will be used in the 

present study as they are the most common traits.
Statistical Method:
Crop yield was modeled using linear regression determined 

by the following equation, where x is the percentage of GMCs 
and y is the yield:

To evaluate the relationship between the yield and the per-
centage of GMC, the correlation coefficient (r), slope of linear 
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regression (a), and coefficient of determination (R²) were cal-
culated. The following equation shows how r was calculated:

�   Results and Discussion
Yield: 
To employ linear regression, the data used in this study were 

derived from the dataset sources shown in Figures 1 and 2. 
Figure 1 plots the percentage of genetic engineering(GE) 

Table 1: This is the table of the planted areas of genetically modified crops 
in the USA.

Figure 1: The adoption of genetic engineering (GE) crops was rapid in the 
USA from 1995 to 2018. Y axis is GE crops percentage. X axis is year.

Figure 2: The yield in GE crops(kg/ha) increased remarkably from 1995 to 
2018. Left Y axis is for cotton and soybean. Right Y axis is for corn. Y axis is 
crop yield. X axis is year.

Table 2: This is the table of the modified traits in soybean and cotton.

Source: Food and Agriculture Organization of the United Nations (FAO), 
Left Y axis is for cotton and soybean.

Source: Food and Agriculture Organization of the United Na-
tions (FAO), Left Y axis is for cotton and soybean.

Figure 3 provides the empirical results of the regression 
analysis using the yield of soybean, cotton and corn as depen-
dent variable against GMC percentage. Table 3 provides three 
parameters, correlation coefficient, slope of linear regression 
equation, and coefficient of determination, estimated from 
the regression analysis in three major field crops.

As seen in Table 3, the percentage of GMCs and the yield 
have a clear correlation (p < 0.05). If the GMC percentage is 
increased by 1 %, the yields of soybean, cotton, and corn will 
be improved by 67.702 kg/ha, 97.792 kg/ha, and 298.97 kg/
ha, respectively.

When analyzing the correlation between GMC percentage 
and yield, it should be ensured that other factors are con-
trolled. Since the yield increases with the development of 
agricultural technology over time, it can be said that the in-
troduction of GMC is related to the yield when the increase 
in yield over time is different before and after the introduc-
tion of GMC. 

Figure 4 shows a graph of regression analysis indicating 
the yield as dependent variable against year before and after 
GMC use. The following formula shows how yield increase 
is calculated:

As technology advances, agricultural yields can be suffi-
ciently high owing to other factors apart from GE. However, 
a yield increase of sufficiently high 57.286 % before and after 
GE indicates a yield improvement through GE even though 
there may be an impact of technological advances.

Table 3: This table shows the results for estimated parameters used to 
evaluate the relationship between yield and GMC percentage.

Figure 3: The 1 % increase of GMC percentage improved crop yield (kg/
ha) by 67.702 (soybean), 97.792 (cotton), and 298.97 (corn). Y axis is crop 
yield. X axis is GMC percentage.

Source: 1995-2000 data, Fernandez-Cornejo (2000) based on USDA data; 
2001-2018 data, U.S. Department of Agriculture (USDA), Economic Re-
search Service (ERS)
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Cost:
The decrease in chemical usage and increase in seed price 

were calculated to evaluate the cost reduction. To calculate 
the cost consumption in detail, the crop type is limited to 
corn. First, the decrease in the amount of chemicals used for 
corn cultivation was measured. The cost–benefit due to the 
chemicals was calculated. Then, the cost required to purchase 
GE seeds was also calculated. Finally, it was checked whether 
there is a cost–benefit, overall.

(a)

(b)

 Figure 5 presents the outcome of the regression analysis 
of insecticide and herbicide usages against year during 1996-
2010. The yearly usage of insecticide and herbicide decreased 
by 0.1848 lb/acre and 0.2246 lb/acre, respectively.

The following equations show the determination of per 
unit area of herbicide and insecticide used, which decreased 
over 15 years. The values were calculated using data presented 
in Table 4 (herbicides) and Table 5 (insecticides).

Figure 5: The yearly usage (lb/acre) of (a) insecticide and (b) herbicide 
(1996-2010) decreased by 0.1848 and 0.2246, respectively. Y axis is chemical 
usage. X axis is year.

The cost increase due to the use of GE seeds is as follows.

The total cost–benefit is
Farmers cannot directly implement genetic modification 

technologies, so they have to buy genetically modified seeds 
from manufacturers (Table 6). GMC seeds cost approximate-
ly $50 more than regular seeds. Therefore, farmers should be 
able to determine whether GMC use is profitable. Despite 
paying a premium for GMC seeds, farmers make a consid-
erable cost saving on herbicides and insecticides, resulting in 
profits of approximately $18 per unit acre.

Managing Time:
It is difficult to produce statistics directly for the working 

hours of farmers. Therefore, rather than directly calculating 
the working time,⁸ it will be determined whether the working 
time is improved by analyzing the factors affecting working 
time. The factors affecting working time depend on the GE 
function. Here, the study focused on the HT and BT present-
ed previously and the gene modifying technique with other 
functions.

Weed control is an important challenge in crop production. 
If the time spent on weed control could be reduced, it could 
be concluded that the management time was reduced. Herbi-
cide tolerance in crops can be created by genetic modification 
techniques that impart tolerance to particular herbicides al-
lowing farmers to selectively kill weeds without harming their 
crops. Previously, it was found that an herbicide can remove 
weeds without affecting the crop; it is not necessary to do so 
for GMC. What is required is to select an herbicide that is 
effective against weeds and then create a GMC resistant to 

Table 4: The price for the three most commonly used herbicides in field 
corn.

Table 5: The price for the two most commonly used insecticides in field 
corn.

Table 6: The cost for purchasing non-GE seed and GE seed.

Source: Nebraska's Top Weed Problems and Most Common Herbicides; 
JULY 26, 2018; Debalin Sarangi.

Source: Courtesy of USDA Agricultural Chemicals and Production 
Technology: Pest Management.

Source: USDA Economic Research Service using data from USDA Na-
tional Agricultural Statistics Service Agricultural Prices for various years.
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Figure 4: The yearly yield (kg/ha) increased by 1107.6 before GMC use 
and 1742.1 after GMC use. Y axis is crop yield. X axis is year.

Source: USDA 2010 Corn, Upland Cotton, and Fall  Potatoes - Released 
May 25, 2011.
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that herbicide. In other words, GMC can make the process of 
killing weeds more efficient and flexible.

The management of pests is also an important task in crop 
production. The management of pests directly affects the 
freshness and quality of the crop and is also an important 
part of the yield. Therefore, farmers must apply the appro-
priate pesticides every season to avoid damaging their crops. 
However, crops with BTs provide seasonal protection against 
many pests, reducing or eliminating pesticide use, allowing 
farmers to avoid crop losses due to pests, permitting more 
time to be spent on other farm management tasks.

In addition to HT and BT, there are several other traits that 
are beneficial for crops. These traits that can be genetically 
modified to include extended shelf life, improved photosyn-
thesis, improved nutritive value, stress resistance, and toxic 
reduction. Applying these, the farmer can allow the crop to 
solve at least one problem on its own. Thus, it is clear that 
GMC reduces farmer management time.
�   Conclusion
An assessment of the relationship between yield increase 

and the rate at which GMCs were planted indicated that 
the use of GMCs significantly increases crop yield. In gen-
eral, when planting rate of GMCs is increased by 1 %, yield 
improved by 100–300 (kg/ha). However, before making any 
conclusions, it is necessary to examine whether the increase in 
yield interfered with factors other than GMCs. Other tech-
niques besides GMC can improve the yield. Therefore, it is 
necessary to compare the rate of increase in yield before and 
after GMC to determine whether this is due to GMCs. The 
results show that yield improved by approximately 57% since 
the introduction of GMCs even though there may partly some 
impacts from technological advances.

The second research question concerns whether GMC brings 
cost-benefits. There are several costs associated with growing 
crops, but among these, the cost associated with GMC use was 
evaluated. GMCs have cost benefits related to herbicides and 
pesticides, but a premium must be paid to GMC companies 
for the GMC seed. Therefore, the difference between the two 
should be used to calculate the actual cost savings. The pres-
ent study revealed that GMC provides farmers with a gain of 
$18.43 per unit area.

The third research question was whether GMC reduces 
farm management time. Since it is difficult to access statistics 
for farm management time directly, we qualitatively checked 
whether GMCs affect farm management time by analyzing its 
functions. Both HT and BT were judged to reduce manage-
ment time as they affect weeding and pest removal, which are 
important in crop cultivation. In addition, GMCs with other 
functions have been found to play a role in removing one or 
more farm management concerns by farmers.

The study has shown that GMC is, in many ways, a relief 
for farmers. It was confirmed that there were improvements in 
many areas, such as yield, cost, and time. Through this study, a 
methodology for calculating the effect of technology on food 
was proposed. The GMC production was analyzed using this 
method.

This study investigated only HT and BT, corn, soybean, and 
cotton. Future studies may include GMCs with other features 
in the market. This study provides a methodology for analyz 
ing other crops in the future. More, usage of non-GMC data 
as control will improve the study with better and stronger re-
sults.

This study also analyzed only the net function of the GMC. 
It will be necessary to analyze the negative aspects of GMCs 
(e.g., allergies, environmental problems, etc.) and evaluate 
whether it has a good effect on society.
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�   Introduction
Melanin is a light-absorbing polymer present in the animal  

and plant kingdoms. It is one of the primary pigments that are 
present in vertebrates' surface structures. The primary function 
of melanin is to protect the skin from ultraviolet radiation com-
ing from the sun. This pigment is further used for commercial 
purposes such as a component of photoprotective creams and 
as a prospective target for anti-myeloma therapy. Products that 
make up this polymer, such as indoles, are all derived from ty-
rosine oxidation.¹ Oxidation of tyrosine caused by the enzyme 
tyrosinase leads to dopa-dopaquinone couple generation, which 
consequently forms melanin pigments.² Melanin is produced 
by melanocytes as a response to UV exposure. These melanin 
are transferred to neighboring keratinocytes, commonly known 
as skin cells, in form of melanosomes to protect the DNA from 
UV damage. However, when these melanocytes become hyper-
active, skin may suffer the consequence of hyperpigmentation 
including melasma, freckles, and senile lentigines.³

Hydroquinone can be defined as a bleaching agent. About 
35,000 tons of hydroquinone are manufactured annually 
around the world with various usages: cosmetic ingredient for 
skin lightening, photographic developer for black and white 
film, stabilizer for paints, motor oils, varnishes, etc.⁴ Amongst 
these usages, hydroquinone is used most effectively as a skin 
lightening ingredient in the field of dermatology and for treat-
ing disorders such as hyperpigmentation or melasma, where 
hydroquinone effectively inhibits enzymatic oxidation of ty-
rosine and its conversion to melanin by acting as a competitor 
for enzyme tyrosinase in presence of dopa.⁴ This reduction of 

melanin in skin cells leads to skin lightening. However, some 
unpropitious consequences of the usage of hydroquinone may 
be irritant contact dermatitis and exogenous ochronosis. These 
detrimental effect of hydroquinone can be explained as a re-
sult of free-radical production caused by tyrosinase-promoted 
phenol oxidation, which may lead to lipid peroxidation.² An-
other possible explanation might be that the rapid oxidation of 
hydroquinone by tyrosinase induces a temporary depletion of 
intracellular oxygen, which may disrupt essential functions of 
melanocytes.⁵ Despite these side effects, hydroquinone is still 
widely used as one of the few safe skin lightening and depig-
menting agents.⁴

 To enhance the efficacy of hydroquinone’s melanogenesis 
inhibition effect while mitigating the unwanted side effects, 
another compound that may relieve oxidative stress needs to 
be used concurrently. Previous studies have found EGCG as 
a potential protective agent against UVB-induced apopto-
sis through reducing intracellular oxidative stress.⁶-⁸ EGCG 
is found in green tea as a significant source of catechin, ac-
counting for more than 50% of it. In addition, green tea also 
consists of epicatechin-3-gallate, epigallocatechin, epicatechin, 
and catechin. EGCG is a source of abundant polyphenol as 
well. Previous studies have shown EGCG’s roles as potent 
antioxidant and anti-inflammatory reagent that affects prolif-
eration, differentiation and apoptosis of skin cells.⁸ According 
to preclinical evidence derived from expanding bodies of study, 
EGCG has great potential to impact and cure various human 
diseases positively.⁹
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Alpha-melanocyte stimulating hormone (α-MSH) is a 
major component in the response of melanocytes to ultravi-
olet radiation (UV) and is required for hyperpigmentation in 
mammals.¹⁰,¹¹ It stimulates melanogenesis by activating mi-
crophthalmia-associated transcription factor (MITF), which is 
a melanocyte-specific transcription factor. This hormone can 
therefore be introduced to cells to mimic hyperpigmentation 
conditions and also can be a promising target for melanin in-
hibition. The objective of the experiment was to test the effect 
of hydroquinone and EGCG on α-MSH dependent melanin 
synthesis in intracellular B16F10 cells.
�   Methods
Cell Culture and Maintenance:
Frozen B16F1, which originated from the skin of a mouse, 

was thawed and placed into a cell culture plate with RPMI 
1640 medium to maintain the cells and used for the down-
stream experiment. The cells were maintained in a 37 oC, 5 
% CO2 incubator. The cell media was changed every 2-3 days 
after cell seeding.
α-MSH Treatment:
5 μM stock solution of α-MSH was prepared with 0.2 mg 

of α-MSH and 24 ml of deionized water. The final concen-
tration of 0-50 μM α-MSH was prepared and diluted in a 
culture medium to final concentrations and incubated for 72 
h to synthesize melanin. 

Imaging of B16F1:
Image data of melanin-producing cells were acquired after 

the trypsinization of cells and centrifugation in 5000 rpm for 
5 minutes. Then, cells were washed with PBS buffer solution 
in 1.5 ml EppendorfTM tubes.

Treatment of Hydroquinone:
100 mM of stock solution of hydroquinone was prepared 

by dissolving 11.1 mg of hydroquinone in 1 ml DMSO. The 
final concentration of 0-100 μM was tested for downstream 
experiments to inhibit melanin synthesis.

Treatment of EGCG:
100 mM of stock solution of EGCG was prepared by dis-

solving 1 mg of EGCG into DMSO.
Procedure for Forming Standard for Melanin Quantifica-

tion by a Microplate Reader:
A standard melanin stock solution was made in order to be 

used in melanin quantification by a microplate reader. 1 ml 
of NaOH, which was used to dissolve melanin in the stock 
solution, was mixed with 20 mg of melanin powder in order 
to make the 20 mg/ml stock solution. Varying amounts of 
this stock solution were put in each of the wells of the 96 well 
plate along with the corresponding amount of NaOH. 7 dif-
ferent concentrations of the stock solution were placed in the 
wells (0-500 μg/ml). The well plate containing the standard 
stock solutions was put into the microplate reader in order to 
have its melanin quantification measured. 

Procedure for Testing Microplate Reader for Measuring 
Melanin Quantification Based on Cell Samples:

A solution of 1 N NaOH and 10 % DMSO was mixed 
with each of the cell samples collected beforehand in order 
to break the cell walls and help melanin release. A heat block 
was used in order to completely melt the clumped cells into 

each of its solutions. When the cells were fully melted, 100 
μL from each of the solutions was placed into the wells of 
the 96-well plate previously used. The well plate was put into 
the microplate reader in order for its melanin quantification 
to be measured. TAn absorbance of 490 nm was measured 
for all prepared samples. The results of melanin quantification 
based on cell samples were compared with that of the stan-
dard stock solution. 

Cell Viability Test:
The cells were trypsinized at the indicated time and the 

percentage of viable cells was measured by counting cells, 
which were stained by acridine orange/propidium iodide, an 
apoptosis indicator, with the Luna-FL Dual Fluorescence 
Cell CounterTM (Logos Biosystems). This instrument is in-
tegrated with dual fluorescence microscope optics. Live and 
dead cells are stained with the green (live) and red (dead) 
fluorescence dye and labeled cell images are analyzed with 
integrated image analysis software. 
�   Results and Discussion
First, α-MSH-dependent melanogenesis of B16F1 cell line 

was investigated in a conventional 2D monolayer culture en-
vironment. B16F1 cells are melanoma cell lines derived from 
C57BL/6 mice, which are transgenic mice that are often used 
to study melanin pigmentation. To quantify melanin pigmen-
tation, a melanin concentration dependent standard line graph 
was generated by measuring the absorbance of cell pellet (Fig-
ure 1A and B). As α-MSH concentration increased, melanin 
concentration increased correspondingly. It is shown that the 
control group (α-MSH-free) had significantly lower melanin 
concentration compared to the experimental groups with 5, 10, 
20, and 50 nM of α-MSH (Figure 1C). It could be concluded 
that α-MSH successfully increases the melanin concentration 
in B16F1 cells after 72 h of treatment.

Secondly, cell cytotoxicity of hydroquinone and EGCG in 
various concentrations (0-100 mM) was measured. Cell viabil-
ity decreased with increasing concentrations of hydroquinone 
(Figure 2A). This reduction in the number of live cells became 
significant at 25 μM of hydroquinone treatment, and the cell 
viability drastically decreased further with increasing con

Figure 1: Effect of α-MSH treatment on melanin synthesis in B16F1. (A) 
A pellet of melanocyte aggregate indicated the increase of melanin produced 
by α-MSH treatment for 72 h. (B) The standard curve was obtained from 
synthetic melanin to detect the concentration of melanin using 490 nm 
absorbance. (C) The amount of intracellular melanin was increased after 
α-MSH treatment.
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�   Conclusion
In conclusion, a combined treatment of α-MSH, EGCG, 

and hydroquinone on B16F1 demonstrated each treatment's 
roles. α-MSH treatment (10 nM) effectively mimicked hy-
perpigmented melanocytes by increasing melanin synthesis in 
B16F1 cells, which showed significant differences in melanin 
concentrations from each experiment, while hydroquinone 
and EGCG had the effect of inhibiting melanin synthesis 
when used together. The most significant decrease in mela-
nin concentrations was observed when both 25 μM EGCG 
and 10 μM hydroquinone were treated on hyperpigment-
ed B16F1 cells. This reduction was significantly higher than 
when the same concentration of hydroquinone was used alone. 
As proposed previously, EGCG may influence melanogenesis 
via different pathways. One possible explanation is through 
down-regulation of microphthalmia-associated transcription 
factor (MITF), which is known to be induced by α-MSH to 
increase melanogenesis.⁴ Also, it has been demonstrated that 
EGCG may reduce the detrimental effect of UVB on mTOR 
signaling, which is known to regulate autophagy to effectively 
remove damaged components in cells.⁶ Further studies need 
to be conducted to fully analyze the effectiveness of EGCG as 
a potential cohort of hydroquinone to maximize the efficiency 
of the drug. 
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Figure 2: Significant reductions in cell viability were measured at 
concentrations of (A) 25 μM or higher for hydroquinone and (B) 50 μM or 
higher for EGCG. Student t-test, n=3, 0.05 < p-value (ns), 0.05 > p-value (*), 
0.01 > p-value (**).

Figure 3: Effect of combined treatment of EGCG and hydroquinone on 
melanin synthesis. (A) A pellet of melanocyte aggregate after treatment of 
EGCG, hydroquinone, and both. (B) Change in melanin concentration on 
B16F1 after treatment of EGCG, hydroquinone, and both. Student t-test, 
n=3, 0.01 > p-value (**).
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� Introduction
Air temperature “describes the kinetic energy, or energy of 

motion, of the gases that make up air.”¹ Since kinetic energy 
and temperature are directly proportional, an increase in the 
velocity of gas molecules means a higher the air temperature.¹ 
Air temperature is particularly significant because of its effect 
on factors that may affect plants’ and animals’ wellbeing and 
on other weather factors, including humidity, rate of evapo-
ration, both the wind’s speed and direction, and precipitation 
patterns.¹ While warmer temperatures are more ideal for  re-
production, animals who thrive in colder temperatures could be 
negatively affected by significant temperature changes.¹ There 
is an interest in studying air temperature for several reasons, in-
cluding analyzing how global warming and air pollution affects 
animals and plants through changes in temperature in different 
areas.² Complex animal behaviors can be affected by climate 
change.³ Global warming has likely been facilitating tempera-
ture changes and this can have extremely negative effects in 
both the near and far future.⁴ For example, severe weather can 
worsen and become commonplace.⁴ The sea level can also rise, 
leading to negative effects.⁴ Death rates will increase not only 
due to natural disasters, but also because of some people’s in-
ability to afford a heater or air conditioner on cold and warm 
days, respectively.⁵ Often, the urban areas are much more hu-
mid than the rural areas and that has a large effect on all aspects 
of a person’s life, including health.⁶ Specifically, those most 
vulnerable include pregnant woman and children, who can be 
affected by OTC levels; “OTC refers to comfort level of a per-
son with regards to an exposed outdoor environment.”⁷ Even 
in urban locations, the places that provided the most comfort 
are those most similar to natural landscapes, such as parks.¹³

In this paper, long-term data entailing air temperature is 
analyzed. In doing this research, more insight into how air 

temperature in areas in the northeastern part of the United 
States, specifically New York, has changed over long periods 
of time, is gained. Previous research from the United States 
Environmental Protection Agency (EPA) has shown that the 
average annual temperature within the US states (excluding 
Hawaii and Alaska) has fluctuated, but has a general upward 
trend over time, although some experience a lower increase 
in temperature than others. For example, the Northern and 
Western areas have experienced the most change, while the 
Southeast has had the least change. Past results will be reana-
lyzed, using publicly available data.⁹

There is a scientific phenomenon called the Urban Heat 
Island Effect where structures that are typical of urban areas, 
such as buildings and roads, take in and release more heat than 
natural places, such as forests.¹⁰ It has a very close relationship 
with increasing urban heat, but also with other factors such 
as making “urban pollution more severe, affecting citizens’ 
health.”¹¹
� Methods
Study Area:
The state of New York was chosen as the study area, since 

there is a diverse demographic with areas that have large pop-
ulation and areas with a small population. Some important 
information relating to the data about the area is as follows: 
The average annual minimum temperature is 8.9 degrees 
Celsius and the average annual maximum temperature is 
16.8 degrees Celsius.¹² The total area of the region is 54, 555 
square miles (land area is 47, 126 m²).¹³

Data:
Publicly available weather station data from the NOAA’s 

National Centers for Environmental Information was used.¹⁴ 
The data was recorded on a daily basis for long periods of 
time. It included maximum temperature, minimum tempratu-
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re, and temperature observed at the time (in degrees Celsius). 
The six data sets were chosen because of how large the range 
of data was and also how complete the data was. Although 
some data points are missing, they include as much of the 
long-term data as could be found in the study area. The 
weather stations are in the state of New York, with one in 
Manhattan and others in Upstate New York: Angelica, Delhi, 
Alfred, Alcove Dam, and Addison (Figure 1). The data was 
cleaned in order to do analysis by making all dates the same 
format (Year-Day-Month). The Angelica station dataset had 
97% coverage, the Delhi station dataset had 84% coverage, 
the Alfred station dataset had 88% coverage, the Alcove Dam 
station had 95% coverage, the Addison station dataset had 
83% coverage, and the Manhattan station data had 100% 
coverage (coverage refers to the percentage of the data that 
is intact from the original).¹⁴ These six data sets were chosen 
for several reasons. First, they all have relatively high cover-
age percentages, which means that they are mostly intact in 
terms of the data. Second, they cover a long stretch of data 
(since the late 1800s and early 1900s), which was needed so 
the analysis could be done effectively. Third, Manhattan is 
the only data set in which there is a population significantly 
higher than the other five locations in order to test if popula-
tion would affect long-term temperature trends. The number 
of data stations picked was also limited so that the data would 
be manageable.

The population statistics of the areas around each weather 
station are as follows:¹⁵

Angelica (2019) – 818
Addison (2019) – 1652
Delhi (2019) – 2949
Alfred (2019) – 3991
Manhattan, NYC (2020) – 1,631,990¹⁶
Alcove, zip code 12007 – 60¹⁷
Hypothesis:
It was hypothesized that the air temperature of the data 

would increase over time in general and the data that came 

Figure 1: Map of stations in which the selected ones are highlighted in 
orange.

from the farthest north part of New York would show the 
most significant change. 
�   Methods
It was decided to choose one month in each season for fur-

ther analysis. Therefore, January, April, July, and October were 
chosen representing winter, spring, summer, and fall, respec-
tively. Each graph was the average of the TMAX and TMIN 
for each month. Each graph had trendlines of form 

y=ax³+bx²+cx+d and y=ax+b. 
Pandas was used for importing, preparing, and analyzing the 

data. The data was in a Comma Separated Version (CSV) file 
format. Out of all the data columns that existed in the original 
data set only, TMAX, TMIN, and DATE were imported.¹⁸

Variables were set for TMAX and TMIN to create an aver-
age for each day in each data set. Again, Pandas was used to 
group the averages by month. Finally, it was coded so a partic-
ular month could be selected to graph.

Furthermore, Numpy was used to create the trendlines 
(y = ax+b and y = ax³+bx²+cx+d), 

with numpy.polyfit for the graphs. The variable x represents 
the date exactly in the middle of each month in which the 
average daily temperature on that day was recorded. For ex-
ample, it could be January 15, 1899. Polyfit is a function that 
is built into numpy with several parameters. If it is a line, only 
2 parameters are used, but if it is a cubic, there needs to be 4 
parameters.¹⁹ Bokeh is used to show the graph, along with the 
trendline. The numpy function, is finite, and was used to com-
pensate for missing data so that trendlines (of which one has 
the equation of a polynomial and the other the form of a linear 
equation) could be properly produced and graphed.²⁰

Simple linear regression is an assumption that data can be 
modeled through a linear relationship (y= ax+b). Polynomial 
regression is similar, except the relationship can be assumed to 
be of a trendline of the form of a standard polynomial like a cu-
bic. It uses the method of least squares. The matrix operations 
used in this study were meant to organize and standardize the 
data so it could be used more easily. A matrix is an array of rows 
and columns that contain variables (in this case numbers; years 
and temperature) which I treated as a single identity. Numpy.
array was used to make the data into matrices. SciPy was a tool 
also utilized to perform the T-test for the linear regression and 
retrieve the p-values to validate the equations.²¹

The T-test is a way to indicate the statistical significance of 
the results by looking at the coefficients gotten through simple 
linear regression. The overall method is to sum up the deviation 
for each value of the data set, ei  = yi - a*xi  - b, and determines 
if the standard deviation is small enough and determine the 
accuracy of the linear equation.²² 

Besides the T-test algorithm, the validity of the results was 
tested in Excel by importing the data and using the data anal-
ysis regression function.
�   Results and Discussion 
In each of the January graphs, there was variation in the 

trend in Upstate NY locations. For the station in Angelica, 
NY (Figure 2-13), the curve started in 1893 and went up, then 
went down, starting around 1930, and then up again in around 
2000. There was an overall downward trend, from
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approximately -4.8 °C to -5.2 °C. For the station in Delhi, NY 
(Figure 11), the graph goes in an upward direction, from -7.2 
°C to -2.8 °C, going gradually down from just after 1920 to 
around the mid-1990s where the curve started to go up. For 
the station in Alfred, NY (Figure 12), the curve started in 1893 
and went down, then gradually up, starting in around 1940 
and went back down around 2000. There is a slight downward 
trend of an estimated 0.1 °C. For the station in Alcove Dam, 
NY (Figure 13), there seems to be several ups and downs, but 
the graph’s trendline goes upwards generally from -6.8 °C to 
-5.4 °C. The curve goes down gradually at first but then starts 
to go back up around the mid-1970s. For the station in Ad-
dison, NY (Figure 9), it goes down from 1893 to around the 
1990s and goes up, with a slight downward trend from -3.6 °C 
to -4.8 °C.

First location of focus: Angelica, NY. 

Second location of focus: Manhattan

Table 1: Summary of trendline equations and p-values. Manhattan has 
larger positive slopes and smaller p-values..

Figure 2: January temperature data 
in Angelica, NY.

Figure 3: April temperature data 
in Angelica, NY. 

Figure 4: July temperature data in 
Angelica, NY.

Figure 5: October temperature 
data in Angelica, NY. 

Figure 6: January temperature data 
in Manhattan, NY.

Figure 7: April temperature data in 
Manhattan, NY. 

Other locations in January: Addison, Delhi, Alfred, 
Alcove Dam

But in Manhattan, the overall trend is a more obvious up-
ward change from -0.8 °C to 0.8 °C. It goes up from around 
1869 to 1940 and then goes down slightly until 1980, where it 
begins to go up again (Figure 6). 

There is similar behavior in all the other months for each 
location as demonstrated in Table 1 and Figures 2-13.
�   Conclusion
Overall, the hypothesis was partially supported. There was 

no overall general upwards trend over time in all the stations, 
except Manhattan. There was much variation in the Upstate 
New York locations, according to the graphs with trendlines 
of form y= ax+b. Each station behaved relatively similarly to 
each other in that there was an approximately equal number 
of trendlines going in a downward direction as the number 
of trendlines going in an upward direction. There was also a 
mix of how extreme the upward trend or downward trend 
was. However, stations that had more fully complete data sets 
(not missing any data) were more likely to have less of a large 
absolute value in beginning point temperature and end point 
temperatures. One interesting observation noticed was that the 
April graphs tended to have fewer extreme trends. Addition-
ally, most of the graphs started to trend upward very recently 
(as indicated by the polynomial trend lines). It is possible that 
the exponential population growth within the last century, and 

Figure 8: July temperature data in 
Manhattan, NY.

Figure 9: October temperature 
data in Manhattan, NY. 

Figure 10: January temperature in 
Addison, NY.

Figure 11: January temperature in 
Delhi, NY. 

Figure 12: January temperature in 
Alfred, NY.

Figure 13: January temperature in 
Alcove Dam, NY. 
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also the rise of innovational technology, lead to increases in 
carbon emissions and therefore, higher temperatures for any 
areas, urban or not. 

On the other hand, Manhattan graphs all had an upward 
trend that was very noticeable, which can be attributed to 
climate change due to the large population compared to the 
other areas. The large population likely causes higher emission 
of greenhouses gases and other negative effects that cause the 
temperature to increase noticeably over long periods of time. 
Carbon emissions can often build up over time in local envi-
ronments and then, the effects spread to larger areas. 

Furthermore, based on p-value of  T-test analysis, Manhattan 
p-values were all below 0.05, indicating statistical significance 
while all the other locations p-values were generally above that 
threshold, which shows insignificance. One interesting thing 
to note is that the July values were the lowest, which could be 
due to the fact that more people are outside, furthering the 
congestion of greenhouse gases in the atmosphere. 

 To build off of this, there are several ways to continue this 
research. One is to expand the number of data sets and/or the 
area covered by the stations. In this paper, the data was only 
limited to the New York region and five data sets. Another is 
to have more specific graphs, on trends for one specific year or 
decade. A third, which is slightly controversial, is to “fill the 
gap”, as in make the graph complete. It can make for more 
complete graphs, but not necessarily more accurate or more 
precise.
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�   Introduction
Soybeans are a major component of the human diet and are 

a nourishing livestock feed. The wide use of soybeans is largely 
due to the fact that they are 50% protein, making them highly 
nutritious. Soybeans also play a crucial role in the growing veg-
an lifestyle as plant-based alternatives in foods such as soymilk, 
plant-based meat products, and tofu. In 2019, plant-based food 
retails increased by over 11%, making it a 4.5-billion-dollar in-
dustry.1 Furthermore, soybeans are a versatile crop, and their 
components are often utilized in a variety of products such as 
margarine, paint, adhesive, fertilizer, and fire-extinguisher fluid. 
The most significant role of soybeans is in the diet of livestock. 
More than 70% of soybeans grown are used as feed for poultry 
and livestock such as cattle and pigs due to their high protein 
content and availability year-round. Thus, the soybean indus-
try directly affects the meat industry.² Consequently, the loss 
of soybeans would entail the loss of a major food source for 
livestock, causing humans to lose a significant component of 
their diet as well.

Soybeans were the top agricultural export of the United 
States in 2017, generating $21.6 billion in revenue. The United 
States produced 108 million metric tons of soybeans in 2018, 
accounting for 34% of the world’s soybeans, and has a 42% 
market share, making it the largest exporter of soybeans on a 
commodity basis.³

 Over 80% of the United States’ soybeans are grown in the 
Midwest, with Missouri being one of the leading ten states 
in soybean production. With approximately 95,000 soybean 
farms in Missouri, two-thirds of the state’s total land acreage is 
allocated to soybean farms.⁴ 

As demand for soybeans continues to grow, Missouri will 
need to find a way to address the challenges it faces due to 
climate change as its economy will depend on it. 

Considering that the United States is responsible for a large 
amount of soybean production in the world, it is imperative to 
analyze how climate change may impact soybean production. 
After examining the elements that affect soybean production,⁵ 
we found that precipitation irregularities have the greatest 
repercussions on indemnities. Missouri has been faced with 
greater precipitation anomalies in recent years, which pose a 
threat to soybean production. Studies show that there has been 
a significant increase in extreme precipitation occurrences from 
1948 to 1978, specifically in the Central United States as, “53% 
of the total precipitation increase was a result of positive trends 
in the upper 10th percentile of the distribution”. On the other 
end of the spectrum, “drought is expanding during the summer 
to cover 39% of the contiguous United States (PDSI ≤ −3.0), 
which is the largest extent since the 1950s.”⁶ The repercussions 
of water deficit or water inundation affect the soybeans during 
their reproductive stage, leading to decrease in yield.⁷ For op-
timal growth, soybeans require adequate exposure to oxygen. 
After 24 hours in flooded soil, oxygen concentration can be 
close to zero. Flooded soils can contain 50 times more toxins 
than non-flooded soils, which can contaminate soybean plants 
and reduce yields as well.⁸

In 2018, $98.8 million were paid as indemnities by insurance 
companies in Missouri for soybeans due to precipitation anom-
alies, including drought, excess precipitation, and flooding; this 
amount accounts for approximately 87% of total indemnities 
paid for soybeans due to all causes ($113,396,727), suggesting 
that much of the losses attributed to soybean production are 
due to precipitation anomalies.⁵ 
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The relationship between climate change and agriculture 
has already been discussed by previous studies. For example, in 
a study published on the impacts of climate change in the Mis-
souri, Iowa, Nebraska, and Kansas (MINK) region, the main 
focus was on carbon dioxide fertilizer on the agriculture and 
economy of the whole region.⁹ The study addressed multiple 
crops without specifically examining the effects on soybeans. 
Furthermore, there was no reference to possible solutions, and 
although the economic impact was analyzed, the potential re-
percussions on the insurance industry were not considered. A 
study conducted in India utilized different locations, weather 
patterns, soils, and temperatures to determine whether soybean 
yields were in fact affected by global warming. The authors 
found that there was a decrease of at least 10-20 percent in 
soybean yield in all three future scenarios analyzed when the 
surface air temperature rose, and carbon dioxide concentrations 
increased.¹⁰ Delaying the sowing of soybeans in the growth 
season could help mitigate the consequences of these climate 
change impacts. In a similar simulation study conducted by 
the American Society of Agronomy,¹¹ three soybean growth 
models were produced based on hypothetical weather scenar-
ios. The findings concluded that the main threat to soybean 
production in the United States is the increased levels of at-
mospheric carbon dioxide in regions with limited water access.

Our paper addresses the economic impacts of climate change 
on soybeans while focusing specifically on the risks posed to 
insurance companies. Not only do we predict the impacts of 
climate change on crop yield, but we also provide potential 
solutions and recommendations to mitigate its consequences. 
Our research is specifically aimed to make future predictions 
and propose solutions to climate change impacts on soybean 
farmers in Missouri, insurance companies, and the agricultur-
al industry as a whole. With the frequency of precipitation 
anomalies in Missouri showing upward trends due to climate 
change, it is necessary to identify ways to minimize losses at-
tributed to decreases in soybean yields.
�   Results and Discussion
The slope we found from the NOAA of +0.94 inches per 

decade indicates that there will likely be a steady increase in 
precipitation in Missouri. Furthermore, Missouri can expect 
to see extreme anomalies as seen by how Figure 1’s moving av-
erage (the red trend line) shows drastic irregularities in recent 
years. Such extreme anomalies, specifically floods, will have 
negative impacts on soybean farmers.

Figure 1: Precipitation anomaly (inches).

We found the average precipitation value in 2050 to be 
56.029 inches. However, this value is also an underestimate 
because it was calculated using the underestimated precip-
itation anomaly value. This means that Missouri can expect 
to see approximately 56.029 inches of rain or more in 2050. 

After plotting the quadratic regression model for the rela-
tionship between soybean yield and precipitation anomaly, we 
saw a moderately strong relationship correlation coefficient of 
0.617. This value is significant because it indicates that pre-
cipitation anomalies have a negative impact on soybean yield. 
As anomalies become more extreme and unpredictable in the 
future, soybean farmers in Missouri will need to mitigate the 
risks posed by excess precipitation and floods.

The percent yield computed for 2050 is 96.88% and serves 
as an indication of the negative impacts of the high precip-
itation values and anomalies on the industry. Although this 
may seem like a high percent, it is lower compared to the 
percent yields of other years which ranged between 98% - 
99%. Looking at the percent yields for previous years, only 
the years 1993 and 2008 produced lower percent yields, 
which can be attributed to the Great Flood of ‘93 and the 
June Floods of ‘08.12 This shows that in the future, farmers 
will need to invest more money on solutions to increase their 
yield in order to ensure that their profits and farms are not 
severely impacted by extreme precipitation anomalies.

Using a least squares regression line (LSRL), we estimated 
the total indemnities paid for precipitation anomalies in 2050 
to be approximately $141,786,302.90. The estimated total in-
demnities paid using our exponential regression model will 
be $1,040,995,171. The indemnity value in 2050, according 
to our power model, will be $75,946,940.62. It is unrealistic 
that the indemnities paid will continue to increase at an expo-
nential rate in future years, so Missouri should expect to pay 
an amount that is between the estimates found in the power 
model and the LSRL.

When adjusted for inflation, the total indemnities 
paid in 2050 based on the 96.88 percent yield is between 
$492,694,498.80 and $919,817,584.03 where the lower 
bound is the adjusted value from the power model and the 
upper bound is the adjusted value from the LSRL. It was 
necessary to create a range, as on one hand, the power model 
is the most accurate and so a value closer to the lower bound 
is expected, however on the other hand, it is highly likely that 
total indemnities paid will be much greater due to the greater 
frequency of extreme precipitation anomalies.

Recommendations for the Agricultural Industry:
In the case of droughts, which may become more frequent 

in the future, policies that encourage drip irrigation systems 
can be implemented. Additionally, using technology such as 
pivot control panels to remotely control and track systems, 
variable-frequency drives to optimize the speed and pressure 
of water pumps, and soil moisture sensors to monitor soil can 
be beneficial.¹³ These technologies control and monitor irri-
gation systems, allowing for a more conserved and effective 
use of water. In order to combat the losses suffered due to 
lower percent yields, farmers can choose to plant soybeans 
before corn as these two crops are usually planted together.

DOI: 10.36838/v3i4.7

ijhighschoolresearch.org



 31 

Planting soybeans before corn augments yield potential with-
out increasing cost.¹⁴ This will also remedy the problem of 
delayed planting due to heavy precipitation during growing 
seasons. Farmers also must take measures after floods to re-
tain nutrient levels of soil for soybean growth. After floods, 
fungi in the soil, such as Arbuscular mycorrhizae are lost. These 
fungi are crucial to maintain the nutrient levels of the soil, and 
farmers must reestablish fungi populations after flooding.¹⁵ 
One way to do so is to plant cover crops to provide protection 
from debris and stimulate microbial and fungal activity. In or-
der to manage the quality of soil it is important to implement 
solutions that deal with run-off properly and maintain cor-
rect drainage systems, such as loosening compacted soil beds 
to reopen pores and adjusting cropping patterns by splitting 
long fields to decrease erosion from wind.¹⁶ Additionally, to 
increase pest resistance, genetically modified crops (GMOs) 
are often implemented. While studies show that GMOs 
enable lower use of insecticides, consumers are hesitant to 
purchase crops that have been genetically modified. Increased 
research and awareness on the actual effects of GMOs on 
human health should be implemented to dispel unwarranted 
stigmas.¹⁷

Recommendations for Insurance Companies :
As seen in Figures 1 and 2, the frequency of precipitation 

anomalies, specifically occurrences of floods and excess pre-
cipitation, will most likely continue to increase, so insurance 
companies should design appropriate policies as preventative 
measures. One policy that can be implemented is a Rainy-
Day Fund, where insurance companies have a safety reserve 
for Emergency Farm Loans, specifically for high-risk areas, 
that must be paid when rainfall passes a certain threshold. 
This ensures that insurance companies will have enough 
money to compensate for the damage. Insurance companies 
can analyze historical data to find which agricultural areas 
in Missouri are at a higher risk of flooding and excess rain-
fall and to find the amount of rainfall that preceded severe 
storms or floods. They can then set a predetermined amount 
of money to be paid as a one-time fee when precipitation ex-
ceeds a measurable parameter. Recently, Missouri’s governor 
called for a $100 million Rainy Day Fund, which could help 
bring state savings up to 10% in general revenue, along with 
Missouri’s existing Budget Reserve Fund.¹⁸ Other preventa-
tive measures that can be taken include providing discounted 
premiums to farmers who take preventative measures such as 
developing weed management plans that prevent crop dam-
age from new weed growths, which occur when flood waters 
wash away the top layers of soil and reveal weeds buried deep 
in the tillage. Developing adequate drainage systems, such as 
water courses for flooded water to quickly drain into rivers 
and creeks, should also be encouraged. Farmers will be less 
likely to file claims for losses due to floods as they will be 
prepared to deal with weeds and to minimize flooded crops. 
In the past, the government has been accommodating when 
farmers lobbied for greater subsidies to be paid. In 2019, for 
example, soybean farmers threatened to stop all trade due to 
the consequences that they faced from the tariffs that the US 
President placed on Chinese goods.¹⁹ When soybean farmers 

lobbied Congress, the Federal Government announced a new 
deal that entailed 16 billion dollars of aid, which overcom-
pensated farmers greatly, causing losses to the government. 
The Federal Government can prevent such losses in the fu-
ture by developing a concrete method to accurately quantify 
how much farmers need to be compensated and creating cri-
teria to ensure eligibility for the amount of aid farmers need 
after floods. On the other hand, insurance companies can 
benefit from the government’s generous support of farmers 
by investing money to lobby Congress for increased subsi-
dies on crop insurance policies, specifically yield protection 
policies, instead of Revenue Protection Insurance Plans. Fur-
thermore, lobbying Congress allows for huge revenue returns 
which would be very beneficial to Congress. By investing in 
lobbying, many corporations received “22,000% in returns 
meaning 220 dollars for every dollar invested.”²⁰ Although 
this value may be an overestimate, insurance companies can 
expect high returns for the amount invested. 

Public Policies :
One public policy that can be utilized is conducting fre-

quent soil tests to ensure that soil that has been affected by 
floods or excessive rainfall has adequate infiltration and nu-
trients. Flooded soil often has changes in composition due to 
exposure to various elements such as silicon, nitrogen, phos-
phorus, and potassium²¹ from flood water. When soil does 
not have proper infiltration, flood waters can carry away nu-
trients and prevent soil from holding clean water. Through 
soil tests, the federal government can ensure that farmers are 
aware of the nutrients that the soil is lacking and the water 
concentration, which has a large impact on the quality of the 
yields as well as the types of fertilization used in the next sea-
son. Frequent soil tests can help to prevent damage from pest 
invasions as well as inadequate soil conditions. For example, 
soils with low pH or low nutrient levels, which are often re-
sults of flooding, have a difficult time resisting pest invasions. 
In months after flooding, farmers should frequently test soil 
to ensure that soybeans have the means to effectively tolerate 
insect feeding.²² Since certain areas in Missouri are at a high-
er risk of drought or floods, examining the land will clarify 
which areas have the best soil composition, best infiltration, 
and lowest risk of severe precipitation anomalies. Lastly, 
government agencies such as the Cybersecurity and Infra-
structure Security Agency can develop infrastructure, such 
as flood walls, in high-risk farming lands to protect farm-
ing lands from floods and droughts to minimize the costs of 
damage on soybeans. 

Other Recommendations:
The agricultural industry can increase awareness of their 

needs through independent agricultural organizations. In-
stitutions such as the American Soybean Association should 
cooperate with the government in order to develop practi-
cal solutions for environmental and food safety issues. Since 
farm and commodity organizations have the most experien-
tial knowledge, their input should be highly valued by the 
government. By working cooperatively, new policies can be 
created to protect soybean farmers and consumers through 
greater education on product safety and handling. To minimi-
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ze carbon emissions, we recommend further research on 
biofuels with coconuts, starch, sugarcane, and corn bases as 
a renewable energy source.²³ The implementation of biofu-
els could potentially reduce the amount of carbon emissions 
released into the atmosphere and reduce US dependence on 
foreign energy sources. Fossil fuels provide 80% of the US 
energy needs,²⁴ and approximately 19% of US petroleum is 
imported from foreign energy sources.²⁵ By shifting to pro-
duce biofuels, instead of nonrenewable petroleum, it could 
take as little as 15 years to offset the greenhouse gas emis-
sions produced by liquid fossil fuels.²⁶ In addition, switching 
to biofuels could reduce the amount of particulates in the air, 
as diesel has an opacity percent of 2.9%, while biofuels such 
as B5 and B100 have opacity percentages of 2.4% and 1.1%, 
respectively.²⁷ However, there are several concerns with the 
use of certain biofuels, like corn ethanol, including ethical 
concerns, increased prices of food products, and erosion of 
land.²⁸ These positive and negative implications surround-
ing biofuels need to be investigated further. For a long-term 
solution, the government, specifically the US Department 
of Agriculture, should collect accurate data and frequently 
update data on soybean yields. By updating data frequently, 
the USDA would more effectively monitor trends and make 
accurate predictions in the future. The NOAA should also 
frequently collect data on rainfall measurements and flooding 
incidents for this purpose as well.           

If these recommendations are taken into consideration, 
farmers will be more prepared for damages from precipitation 
anomalies, insurance companies and the government will be 
less susceptible to monetary loss, and other institutions such 
as the food industry will benefit as well.

Limitations:
Our projections are based on historical climate patterns, 

so they may not be accurate predictions since future climate 
patterns will be affected by other factors, such as increased 
amounts of carbon emissions and new regulations. Since ex-
cess precipitation is a more prevalent issue in Missouri, we 
did not consider the negative anomaly value which accounts 
for droughts. Although our calculations considered all the 
acres to be grown under the same conditions, we also realize 
that distinct areas grow soybeans differently, at different times 
throughout the year, with different soil compositions. Many 
soybeans are genetically engineered to be resistant to precip-
itation anomalies, and irrigation systems are implemented to 
limit losses due to precipitation, but this was not taken into 
account when calculating percent yield. We created multiple 
models to consider over and underestimations and accounted 
for the rate of inflation. However, our calculations were based 
on extrapolations.
�   Conclusion
Based on our model, it is likely that severe floods and 

droughts due to precipitation anomalies will become a more 
alarming issue in the future for soybean farmers in Missouri, 
insurance companies, and other institutions. As precipitation 
anomalies increase, all stakeholders must prepare to deal with 
extreme irregularities harming soybean yield. Considering the 
value that soybeans hold in the agricultural industry and in 

the US economy, it is crucial that all parties including insur-
ance companies take preventative measures to reduce the risk 
of damage on soybeans. Soybeans are the foundation of a wide 
variety of sectors. As climate change heightens, it is imperative 
to address and prevent the destruction of this precious crop. 
The cultural, political, and environmental repercussions from 
soybean devastation can only be avoided through the cooper-
ation and immediate response of all parties both domestically 
and globally. 
�   Methods
Step 1:
As shown in Figure 1, we see that as years go on, precip-

itation becomes more frequent and irregular, exemplified by 
the red moving average trend line. While examining soybean 
production in Missouri, we noticed that it is negatively im-
pacted by precipitation, which we anticipate will increase in 
irregularity. This indicates that as climate change increases, 
the frequency of precipitation anomaly occurrences increases 
as well. To prove this, we first examined precipitation anom-
alies from 1991-2019 using data from the NOAA. With the 
given statewide time series tool, we found that the rate of 
change of precipitation per decade is a positive value (0.94 
inches), indicating that precipitation is increasing in Missou-
ri. Thus, we decided to examine if a linear regression was an 
appropriate model to extrapolate and estimate the precipita-
tion anomaly value in 2050.

Step 2:
Using the precipitation data from NOAA for 1991-2019, 

letting x be decade (1991 as x=0) and y be average precipita-
tion, we performed a linear regression to obtain an equation 
for predicted precipitation in inches per year:

P(x) = 0.94x + 42.274
This model resulted in a correlation coefficient of r=0.12518, 

a coefficient of determination of r2=0.01567, and a standard 
deviation of residuals of s=0.8515.

To predict the mean precipitation in 2050, we will use an x 
value of 5.9 decades:

P(5.9) = 0.94(5.9) + 42.274 = 47.82 inches 
Since s=0.8515, we know that predictions made with our 

linear model will deviate from the true precipitation values by 
about 0.8515 inches per year. With this in mind, we are ap-
proximately 95% confident that the actual mean precipitation 
value for 2050 is likely between 46.117 and 49.523 inches per 
year, which is plus and minus 2(0.8515) from the predicted 
value.

Step 3:
After using the linear regression model to calculate mean 

precipitation in 2050 (47.82 inches), we decided to estimate the 
precipitation anomaly value in 2050 based on the precipitation 
anomaly values from 1991-2019. We estimate it to be 47.82. 
We decided to use the absolute value of each precipitation 
anomaly value because we want to calculate the approximate 
deviation from the mean of 43.59 inches. We graphed a linear 
regression equation with years as the dependent variable and 
|precipitation anomaly| as the independent variable to predict 
the |precipitation anomaly| value in 2050.
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During this flood, precipitation exceeded the mean by 13.47 
inches of rain, and cost almost 15 billion dollars in total losses 
for the country.¹¹, ²⁹

Thus, we decided to re-examine the strength of the relation-
ship between precipitation yield and precipitation anomaly by 
excluding the year 1993. In doing so, we observed a slightly 
lower correlation coefficient of 0.572.  

After creating the quadratic regression model, we realized 
that a linear model might be more appropriate. Hence, we cre-
ated an LSRL for precipitation anomaly(inches) vs. percent 
yield. When including 1993 in the LSRL, we saw a correlation 
coefficient of -0.44, and when we excluded 1993 the correla-
tion coefficient was -0.25. 

Examining the strengths of these different models along 
with the fact that extreme floods would increase in the future 
as global warming persists³⁰ (points such as 1993 would occur 
with increasing frequency), we concluded that the quadratic 
model with the extreme value is most appropriate. Thus, we 
will use the equation from our first model.

Y(x) = 0.991 -0.000752x -0.000239x^2 
Step 5:
Using the precipitation anomaly found in step 3 and the 

model for percent yield from step 4, we predicted the soybean 
percent yield for 2050 to be approximately 96.88% soybeans 
harvested/total amount of soybeans planted. 

Y(x) =  0.991 -0.000752x -0.000239x2 
Y(8.2) = 0.991-0.000752(8.2) -0.000239(8.2)2= 0.9688
Step 6:
Overall, we were able to see that high precipitation anom-

alies generally reduce soybean yield; we predicted that lower 
yield would indicate an increase in indemnity cost as well. We 
utilized the data from the USDA RMA and adjusted each 
data point for inflation, so the monetary value would match 
the value of the dollar in 1991.  We used the compound interest 
equation, A=P(1+r)t, along with the inflation rate of 3.22%.³¹ 
Using the adjusted values, we created a scatterplot and least 
squares regression line of indemnities paid due to precipitation 
anomalies against years. 

A(x) = 0.0758x + 3.7367, where x = 0 represents 1991
Looking at Figure 2, we saw a weak linear relationship be-

tween years and |precipitation anomaly|, with a correlation 
coefficient of 0.157. A low correlation implies that there is no 
firm incremental increase or decrease in |precipitation anom-
alies| as years increase; this further validates our claim that 
climate change will make precipitation anomalies even more 
erratic in the future. Despite the low correlation value, we still 
used our model as a baseline as we are underestimating the 
value. With this model, we are able to obtain an estimated 
|precipitation anomaly| for 2050 of:

A(59) = 0.0758(59) + 3.7367 = 8.2089
As seen in step 1, the precipitation in Missouri shows an 

increasing trend. As a result, we assumed that the precipitation 
anomaly in 2050 will be a positive value. Using this predict-
ed precipitation anomaly along with our predicted mean 
precipitation from step 2, we are able to find the expected pre-
cipitation for 2050 as 47.82 + 8.2089 = 56.029 inches. 

Step 4:
In order to confirm that precipitation anomalies negative-

ly affect the soybean industry, we examined the relationship 
between the two from 1991 to 2019. Considering the data, 
we presumed that years with large anomalies —or years where 
there is a larger deviation from the mean precipitation —would 
produce a smaller yield, while years with an optimal amount of 
precipitation would produce a larger yield. If this was the case, 
it would result in a negatively oriented parabolic curve.  For 
this reason, we chose to create a quadratic regression model 
with precipitation anomaly as the independent variable and 
percent yield (acres harvested divided by acres planted) as our 
dependent variable.

After plotting, in Figure 3, we saw a moderately strong re-
lationship with a correlation coefficient of 0.617; however, we 
noticed a potential outlier in 1993, where the percent yield 
was relatively low, and the precipitation anomaly was unusually 
high. Interestingly, that year was marked by the Great Flood 
of 1993 that devastated the Midwest, including Missouri. 
During this flood, precipitation exceeded the mean by 13.47 
inches of rain, and cost almost 15 billion dollars in total losses 
for the country.¹¹, ²⁹

Y(x) = 0.991 -0.000752x -0.000239x^2
After plotting, in Figure 3, we saw a moderately strong re-

lationship with a correlation coefficient of 0.617; however, we 
noticed a potential outlier in 1993, where the percent yield 
was relatively low, and the precipitation anomaly was unusually 
high. Interestingly, that year was marked by the Great Flood 
of 1993 that devastated the Midwest, including Missouri. 

Figure 2: Absolute value of precipitation anomaly (inches) vs years.

Figure 3: Precipitation anomaly vs percent yield in Missouri, including 
Grear Flood of 1993.

Figure 4: Indemnities paid in dollars (due to precipitation anomalies) per 
year from 1991-2018 for soybeans in.

DOI: 10.36838/v3i4.7

ijhighschoolresearch.org



 34 

model respectively.  We used the number of years(t) as 59, since 
1991 represents year 0. 

From (6) we obtained the linear model prediction for indem-
nities paid of $141,786,302.90, and adjusted this for inflation: 

I(59)adj= 141,786,302.90(1+0.0322)59 = $919,817,584.03
From (8) we obtained the power model prediction for indem-

nities paid of $75,946,940.629, and adjusted this for inflation:
W(59)adj=75,946,940.629(1+0.0322)59  = $492,694,498.80
Using $492,694,498.80 achieved from the power regression 

model W(x) as our lower bound, and $919,817,584.03 achieved 
from the linear regression model I(x) as our upper bound, we 
can safely assume that total indemnity value due to precipita-
tion anomalies in 2050 will be between $492,694,498.80 and 
$919,817,584.03 

$492,694,498.80 < Total indemnities due to precipitation in 
2050 < $919,817,584.03.
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�   Introduction

On Earth, we are contending with a major plastic prob-
lem, exemplified by the Great Pacific Garbage Patch. This is 
a floating island of garbage in the North Pacific Ocean which 
is twice the size of Texas and contains over 100,000,000 tons 
of plastic debris.¹ The current global consumption of petro-
leum-based synthetic plastic is approximately 299 million tons 
per year.² Global production of petroleum-based plastic has 
grown 200-fold from 1.5 million tons in 1950 to 299 million 
tons presently per year.³ Polystyrene (PS), molecular formula 
[−CH(C6H5)CH2−]n, commonly known as Styrofoam, ac-
counts for approximately 7.1% (21 Mt/year) of the total plastic 
consumption.4  PS is generally considered non-biodegradable 
as a result of its high molecular weight and highly stable struc-
ture.² However, PS products are often designed for a short 
service time and one-time use because of the low cost of this 
material. The sharp contrast between the remarkable durability 
and short service time of PS products has led to the increasing 
accumulation of PS waste in our environment. We need to find 
sustainable approaches in which we can reduce PS waste in 
environmentally responsible ways.

Larvae of the mealworm, Tenebrio molitor, digest polysty-
rene, converting up to 49% of ingested PS into carbon dioxide 
and the rest into biomass.² Microbiota in the mealworm gut 
are responsible for breaking down the PS, but little is known 
about the specific bacteria within the gut, or the enzymes 
within these bacteria that digest PS.⁵ The mealworm gut can 
be considered an efficient bioreactor, or system supporting a 
biologically active environment. Physical and biochemical 
“treatment” (by chewing, ingesting, mixing, reacting with gut 
contents, and microbial degradation) are critical for the success 
of rapid PS degradation in the bioreactor.⁵ The mealworm gut 
microbiome may be adaptable, with different species of bacte-
ria proliferating and enabling degradation of PS.⁵

This study focuses on estimating the microbial bacterial 
community makeup and size in the mealworm gut by sequenc-
ing the V4 region of the 16S rRNA gene, the marker gene 
for bacterial species.⁶ The study also attempts to modify the 
gut microbiome with administration of various antibiotics, to 
determine how the microbiome is altered and whether such 
alterations are associated with changes in PS digestion. With 
growing concern regarding health effects of ingestion of plastic, 
this study also addresses effects on the mealworm gut during 
plastic ingestion, looking for evidence of oxidative stress or 
damage visualized histopathologically.⁷-⁹ 

Hypotheses for this study were two-fold: First, we hypothe-
size that the administration of antibiotics to mealworms alters 
the gut microbiome and decreases efficiency of Styrofoam in-
gestion. Second, we hypothesize that ingestion of Styrofoam is 
associated with the following gut inflammatory changes in the 
mealworm: histopathologic changes in the gut epithelium, and 
oxidative stress measured by decreased catalase and glutathione 
levels.

Antibiotic Effects on Tenebrio molitor Ingestion of Styrofoam

Kieran Dunn
Boston College High School, 150 William T. Morrissey Boulevard, Boston, MA, 02125 USA; kn.dunn22@students.bchigh.edu

ABSTRACT: Polystyrene is a significant environmental contaminant.  Larvae of the mealworm, Tenebrio molitor, digest poly-
styrene, converting up to 49% of ingested polystyrene into carbon dioxide and the remainder into biomass.  Microbiota in the 
mealworm gut help break down polystyrene, but little is known about the specific bacteria. This study estimates the microbial 
bacterial community makeup and size in the mealworm gut by sequencing the V4 region of the 16S rRNA gene, the conserved 
gene in bacterial species. By modifying the gut microbiome with the administration of antibiotics, this study also attempts to 
determine how the microbiome is altered and whether such modifications are associated with changes in polystyrene digestion. 
Additionally, this study addresses whether an intake of polystyrene has adverse effects on the mealworm gut by looking for damage 
at the microscopic level and by measuring the antioxidants catalase and glutathione to assess for oxidative stress. Findings were 
that microbial diversity was key to maximal consumption of polystyrene. Suppression of microbiome diversity with antibiotics was 
associated with decreased polystyrene digestion. Polystyrene ingestion was associated with gut inflammation and damage, with 
decreased catalase levels and epithelial cell vacuolization.

KEYWORDS: Polystyrene; mealworms; Tenebrio molitor; 16s rRNA gene; microbiome; oxidative stress.
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�   Results and Discussion
Mealworm Mortality:
The mealworm mortality did not vary markedly among 

experimental groups with an average survival of 73%; this 
included surviving worms, worms that had developed into 
pupae, and sacrificed worms, p=0.99 (Figure 1).

Styrofoam Weight Loss:
All groups of worms exposed to antibiotics digested less 

Styrofoam than worms fed Styrofoam alone (on average 73% 
less by weight), p=0. Worms exposed to Styrofoam alone 
consumed up to 9g of Styrofoam (Figure 2). Worms exposed 
to bran + Styrofoam showed variable consumption of Sty-
rofoam. One group appeared to prefer bran and ate little 
Styrofoam; the other group ate more Styrofoam than anti-
biotic-exposed worms, but less than worms fed Styrofoam 
alone. Surface area damage revealed a similar trend with bran 
+ Styrofoam exhibiting maximal surface damage (11%), and 
antibiotic exposure correlating with decreased surface dam-
age, p=0 (Figure 2).

Microbiome Testing:
The microbial diversity in the mealworm gut was decreased 

with administration of antibiotics (Figure 3). Spiroplas-
mataceae was the most resistant bacteria to antibiotics and 
was present in most of the experimental groups. Enterobac-
teriaceae was the second most prevalent bacteria. Bacteria 
associated with maximal Styrofoam ingestion included a 
mixture of spiroplasmatacea, enterobacteriaceae, enterococcaceae, 
lactobacillaceae, flavobacteriaceae, veillonellaceae, moraxellaceae, 
leptotrichiaceae, pseudomonadaceae, cytophagaceae. There was a 
direct correlation between bacterial diversity and Styrofoam 
consumption, such that increased bacterial diversity was 

Figure 1: Antibiotic administration or Styrofoam exposure did not 
affect mealworm survival as measured by percent survivors at end of 
experimentation. (Br = bran, Sty = Styrofoam, PCN = penicillin, Cipro = 
ciprofloxacin, Ampi = Ampicillin, Clinda = Clindamycin.).

Figure 2: Antibiotic exposure was associated with decreased Styrofoam 
digestion as measured by Styrofoam weight loss and surface damage.

associated with increased consumption of Styrofoam, and 
decreased Styrofoam degradation occurred with decreased 
bacterial diversity. This direct correlation was most readily 
observed by superimposing relative abundance, weight loss 
and surface damage statistics in Figure 4. 

Gut Inflammation
Histopathology Testing:
All worms exposed to Styrofoam demonstrated some 

degree of vacuolization, with vacuoles visible within the ep-
ithelial cells lining the midgut (Figure 5), p=0.0006. Only 
mild-moderate vacuolization was noted in worms exposed to 
bran + Styrofoam; all worms exposed to Styrofoam alone, or 
Styrofoam + antibiotics, demonstrated severe vacuolization.

Catalase and Glutathione Testing:
Worms exposed to Styrofoam alone, or Styrofoam + anti-

biotics, demonstrated decreased levels of catalase activity, a 
marker of oxidative stress, p=0.01 (Figure 6).  Worms exposed 

Figure 4: Styrofoam weight loss and surface damage are significantly 
correlated with intestinal bacterial relative abundance.

Table 1: Matrix K containing pairwise correlation coefficients and matrix 
P containing p-values for Pearson’s correlation where bacterial relative 
abundance a, Styrofoam weight loss w, and Styrofoam surface damage s 
are correlated. Since the off-diagonal elements (cross correlations) of the P 
matrix are less than 0.05, the correlation statistic is significantly different 
than zero as highlighted in yellow.

Figure 3: Decreased intestinal microbial diversity was observed with 
antibiotic exposure, as measured by relative abundance of bacterial families in 
intestinal samples.
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to bran + Styrofoam demonstrated increased levels of catalase 
activity, but these worms were taken from the group which 
had degraded minimal Styrofoam. A negative value was ob-
tained for catalase activity in the Styrofoam + ciprofloxacin 
group.  Since the catalase activity was determined by measur-
ing the absorbance of a product of the catalase enzyme using 
a microplate reader, the negative value was interpreted as zero, 
or absent catalase activity, understanding the limitations of 
the technique.

There was no demonstrable change in glutathione activity 
within the experimental groups, p=0.87 (Figure 7). 

�   Conclusion
Mealworms consumed Styrofoam without an observable 

impact on mortality or progression to the next phase of their 

Figure 5: Vacuoles were observed in intestinal epithelial cells with 
Styrofoam exposure, and with increased severity with addition of antibiotics.

Figure 6: Gut catalase activity was decreased with Styrofoam alone, or 
Styrofoam + antibiotics, compared with bran or bran + Styrofoam.  

Figure 7: Gut glutathione concentration did not vary significantly among 
experimental groups.  

life cycle (pupation), which bodes well for their resilience and 
their potential as a sustainable method of degrading Styro-
foam. Studying the microbiome of the mealworm gut enhances 
our understanding of the mechanisms by which Tenebrio de-
grade Styrofoam. Microbial diversity appears to be substantial 
in maximizing Styrofoam consumption, notably so that the 
suppression of microbiome diversity with administration of 
antibiotics was associated with decreased Styrofoam digestion 
in this series of experiments. Spiroplasmataceae was very resis-
tant to antibiotics, and perhaps its presence in the gut is crucial 
to a base threshold of Styrofoam degradation. Furthermore, 
bacteria that were sensitive to antibiotics may play additional 
essential roles in driving the consumption and processing of 
Styrofoam:  enterobacteriaceae, enterococcaceae, lactobacillaceae, 
flavobacteriaceae, veillonellaceae, moraxellaceae, leptotrichiaceae, 
pseudomonadaceae, and cytophagaceae.

Intestinal inflammation and damage occurred after the 
regimented Styrofoam ingestion. Decreased midgut catalase 
levels with Styrofoam exposure were indicative of oxidative 
stress, damage done by free radicals inadequately neutralized 
by antioxidants. Catalase starts the decomposition of hydro-
gen peroxide to water and oxygen, and with decreased catalase 
levels, reactive oxygen species cause cellular oxidative damage 
and death.  Midgut epithelial cell vacuolization was another 
manifestation of cell damage in all mealworm groups exposed 
to Styrofoam. Vacuoles are degradative organelles, enclosed 
compartments filled with water, inorganic and organic mol-
ecules, enzymes, and cellular waste. Vacuole formation in 
Styrofoam-fed worms may occur as cell surface proteins are 
degraded and processed for removal. These findings are indic-
ative of intestinal damage and are concerning to the health of 
the gastrointestinal system, considering the amount of plastic 
and Styrofoam is ingested by humans and wildlife.

A limitation that spanned the entire study was access to fi-
nite resources, as well as the timeline. It would have been most 
ideal to study more worms and to repeat the microbiome, oxi-
dative stress experiments, and histopathology studies multiple 
times to be able to increase sample size and achieve levels of 
statistical significance. With a dearth of prior studies to guide 
antibiotic administration, it was challenging to ensure adequate 
delivery of the antibiotics to the worms without overdosing. It 
would be optimal to determine the most effective method of 
giving antibiotics by conducting multiple studies evaluating 
different doses and routes of administration. The study design 
was also limited by a paucity of information about the micro-
biome within the mealworm gut.  Furthermore, there was very 
little literature pertaining to the anatomy and histopathology 
of the mealworm midgut.

Future applications of this project include identifying specific 
enzymes in the bacteria of the mealworm gut and determining 
their specific abilities to break down Styrofoam. It would be 
interesting to study whether a film of the bacteria from the 
mealworm gut would be effective in decomposing Styrofoam. 
Perhaps a coating or spray of this bacterial film or enzymes 
from the bacteria could be a novel way of decomposing Styro-
foam in the future. Additionally, it could be important to study 
whether ingestion of Styrofoam leads to 
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additional concerning effects on the gut, including pre-can-
cerous changes. Lastly, a further step for this research could 
be to study whether humans who consume significant food 
and drink from Styrofoam containers demonstrate intestinal 
microbiome changes, and if these correlate with inflammatory 
bowel disease.  
�   Methods
Styrofoam-Antibiotic Experimental Setup:
14 glass aquaria were set up with fine mesh lids in con-

trolled conditions:  77 degrees F, 16:8 light/dark photoperiod. 
Mealworms were purchased from Rainbow Mealworms, 
Compton, CA. Seven experimental groups of mealworms 
were organized in duplicate (Figure 1):

a) Fed bran alone
b) Fed Styrofoam alone
c) Fed bran + Styrofoam
d) Fed bran + Styrofoam + penicillin (intended to cover 

gram positive bacteria)
e) Fed bran + Styrofoam + ciprofloxacin (intended to cover 

gram negative bacteria)
f ) Fed bran + Styrofoam + ampicillin (intended to cov-

er a broader spectrum of bacteria than penicillin, including 
Escherichia coli, Haemphilus influenza, Helicobacter pylori, En-
terococcus faecalis, and Proteus mirabilis)

g) Fed bran + Styrofoam + clindamycin (intended to cover 
anaerobic bacteria).

Styrofoam blocks were weighed, and laser scanned prior to 
experimentation. Antibiotic – bran mixtures were prepared. 
Antibiotics were crushed and mixed with bran in a ratio of 30 
mg antibiotic / 1g bran based on prior work by Yang et al.⁴. A 
potential concern in administering the same dose of antibiot-
ic to each group was that each drug has variable efficacy, but 
since there were no prior studies to guide dosage, a standard 
dose was chosen for all antibiotics for uniformity.⁴ For 7 days, 
in duplicate, 350 mealworms were maintained in bran alone. 
115 worms were maintained in bran plus the four antibiotics, 
in duplicate (Figure 8). At the 7-day mark, the mealworms 
were removed from the bran.  Mealworm intestines were ex-
cised from 5 worms from the bran and four bran + antibiotic 
groups for microbiome testing. The intestines were removed 
by dousing the worms with ethanol and cutting the inferi-
or aspect of the worms, squeezing the intestines into sterile 
containers, using sterile gloves and scissors. The containers 
were placed on dry ice and brought for freezing at -80 de-
grees Celsius for later microbiome testing. For the following 
20 days, in duplicate, 110 worms were placed in bran alone, 
110 in bran + Styrofoam, 110 in Styrofoam, and 110 in Sty-
rofoam + antibiotics. 500 mg of antibiotics were crushed and 
sprinkled into the aquaria every three days. At the 27- day 
mark, all worms were removed from the aquaria. Styrofoam 
blocks were set aside for later weighing and laser scanning. 
Intestines from 5 worms from each experimental group were 
excised and frozen for microbiome testing. Ten mealworms 
from each group were brought for catalase and glutathione 
testing. Intestines from 5 worms from each group were pre-
pared for histopathologic testing.

Microbial Community Analysis:
For the microbiome testing, DNA extraction was per-

formed using the Quick-DNA Fecal/Soil Microbe MiniPrep 
Kit (Zymo Research, item no. D6010). The genomic DNA 
needed for 16S rDNA amplification of the isolated strains 
was extracted from cells grown in the late log phase using a 
conventional proteinase K treatment and phenol−chloroform 
extraction. The 16S rRNA gene was sequenced following 
methods previously described using the 341F and 806R uni-
versal primers to amplify the V3-V4 region. 300nt paired-end 
sequences were generated on the Illumina MiSeq platform.¹⁰ 
Reads were assembled and clustered, and a taxonomic abun-
dance table (OTU table) was generated using the UPARSE 
pipeline.¹¹ Taxonomic classifications were determined using 
SINTAX (2) and RDP training set v16 (with species names) 
(https://drive5.com/usearch/manual/sintax_downloads.html).

Measures of Gut Inflammation:
The intestines from 5 worms from each experimental group 

were excised and placed in Bouin’s solution (Sigma-Aldrich, 
item no. HT10132). The guts were transversely cut and de-
hydrated (done by passing the tissue through solutions of 
increasing alcohol concentration until 100% alcohol is 
reached), cleared with xylene, and embedded in paraffin wax. 
From these, 3 micrometer thick sections were obtained, placed 
on slides, de-paraffinized (with xylene solution), and rehydrat-
ed (with decreasing alcohol concentration, until 70% alcohol 
is reached).

The slides were stained with hematoxylin and eosin, per-
formed with nuclear stain (Harris hematoxylin) for 8 mins, 
submerged in water for 10 minutes, and counterstained with 
1% alcoholic eosin, in which samples remained for 6 minutes 
(Sigma-Aldrich, item no. HHS16). To achieve dehydration, 
the reverse process was performed, passing through increasing 
alcohol concentrations and xylene. Slides were cover slipped 
and examined with light microscopy. A semi-quantitative rat-
ing was assigned to vacuolization observed in the epithelial 
cells.

The intestines from 10 worms from each experimental 
group were extracted and frozen at -80 degrees Celsius for 
catalase and glutathione testing. To measure catalase activity, 
frozen intestines were homogenized in 5 ml of cold 50 mM 
potassium phosphate buffer, pH 7.0, containing 1 mM EDTA, 
and then centrifuged at 10,000 × g for 15 min at 4°C. The 
pellet was discarded, and the resulting supernatant was used 
for the following steps. The absorbance of an enzyme product 
was read at 540 nm using a Bio-Rad model 550-microplate 
reader, according to the manufacturer’s instructions (Catalase 
Assay Kit, Cayman Chemical, item no. 707002). One unit of 
catalse was defined as the amount of enzyme needed for the 
formation of 1.0 nmol of formaldehyde per minute at 25°C.

Figure 8: Styrofoam-antibiotic experimental setup.
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For glutathione testing, frozen intestines were washed with 
chilled PBS and lysed with chilled RIPA buffer (phenylmeth-
ylsulphonyl fluoride and phosphatase inhibitor) for 30 min. 
Lysates were centrifuged at 12,000 rpm for 10 min at 4°C and 
the supernatant was collected for determination of glutathi-
one activity. The concentration of protein from cell lysates was 
quantified using the Bradford method.¹² All observations were 
done by using Cayman Chemical kit for glutathione accord-
ing to the manufacturer’s instructions (Glutathione Assay Kit, 
Cayman Chemical, item no. 703002).

Statistical Analysis:
 One-way analysis of variance (ANOVA) testing setting 

p-value significance at 0.05 was done for analyses of meal-
worm mortality, Styrofoam weight loss and surface damage, 
midgut epithelial cell vacuolization, catalase activity, and glu-
tathione activity.  Correlation coefficients were calculated to 
assess correlation between gut bacterial relative abundance, 
Styrofoam weight loss, and Styrofoam surface damage. 

To quantify the correlation between the bacterial relative 
abundance a, Styrofoam weight loss w, and Styrofoam sur-
face damage s, the number of bacteria families whose relative 
abundance exceeded 5% in each of the experimental categories 
was summed and correlated with Styrofoam weight loss and 
surface damage 

Using MATLAB’s corr function, the correlation K and 
p-value P matrices for Pearson’s correlation were determined 
as follows:

•Normalized input vector X=[a/√(a’ *a):w/√(w’*w):s/√(s’*s)]
•Using the following command, [K, P] = corr( X ), K is the 

pairwise correlation matrix and P is the associated p-values for 
Pearson’s correlation.
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�   Introduction
Severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) is the cause of the novel coronavirus disease 2019 
(COVID-19). On 30 January 2020, the World Health Orga-
nization (WHO) declared the pandemic a global emergency of 
public health.¹ At the time of writing, infections are still rapidly 
spreading, increasing the number of reported daily cases. With 
no approved vaccine, drug, or treatment for COVID-19, a dire 
medical need continues to exist. Clinical trials are currently un-
derway for prevention and interventions of the disease,² but 
it is still paramount to continue fundamental research on the 
virus for a better understanding of the pathogenesis and devel-
opment strategies of therapeutic agents.

Clinical testing is typically a top predictor of drug and thera-
peutic efficacy, but it must proceed with caution due to possible 
unintended side effects, such as disease enhancement.³ For 
this, animal models that can successfully reproduce the behav-
ior and the pathology of COVID-19 are an important tool of 
study. These models, ranging from laboratory mice to mon-
keys, provide insight on the usefulness and effects of vaccines 
and antiviral therapeutic agents. Although no existing model 
of SARS-CoV-2 infection completely reproduces every feature 
of severe COVID-19 in humans, nonhuman primates share 
many aspects of their anatomy and physiology with humans, 
making them prime candidates of study. 

Currently, nonhuman primate models are being used to in-
vestigate the pathogenesis of SARS-CoV-2 infection and for 
preclinical evaluation of drugs and vaccines against the virus.

All animal models present considerable differences in dis-
ease susceptibility and transmission, and once infected, they 
show varying degrees of replication. The variances in disease 
progression among the models overlaps with human infection. 
Each model provides insights into the disease mechanism, and 
notably, nonhuman primates resemble human systems more 
closely than other phylogenetically distant models. As such, 
they have been commonly used to evaluate diseases. This re-
view will focus primarily on the nonhuman primate models 
of disease, including studies of rhesus macaques (Macaca mu-
latta), cynomolgus macaques (Macaca fascicularis), and more. 
Their use as a model of human COVID-19 for SARS-CoV-2 
therapeutic development will be addressed to show how they 
have contributed and will continue to aid global efforts against 
this disease.

Different Animal Models for COVID-19
Requirements of animal models for COVID-19:
A faithful animal model for SARS-CoV-2 infection should 

reflect the clinical signs, viral replication, and pathology seen 
in humans. It would ideally exhibit severe pneumonia, multiple 
organ failure, fatality, or other severe COVID-19 symptoms.⁴ 
The models do not need to reproduce all aspects of the disease 
to aid in human treatment efforts. Still, researchers around the 
world continue to develop models of the disease with various 
species to gather the most accurate results. They have used 
many models, especially those that were historically used for 
other coronaviruses, to best represent the novel coronavirus. 
These animal models permit an understanding of the disease 
and its complex pathophysiology through systemic virus host 
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interactions studied within the models. Since the pathology 
of the disease is reproducible in a range of animal models, 
numerous different animals and species have been useful to 
study disease and test candidate therapeutic compounds.

Among the many different animals that have been studied, 
such as laboratory mice, ferrets, cats, hamsters, nonhuman 
primates, and more,⁵ there are advantages and disadvantag-
es that affect experimental results. These animals have been 
used as models for other respiratory viruses before, such as 
SARS-CoV-1 and other previous and existing diseases.⁴ 
Scientists often test the susceptibility of various animals to 
SARS-CoV-2 to model pathogenic mechanisms and control 
interventions,⁶ which is important for preliminary studies. 
Studies have found this virus replicates poorly in dogs, pigs, 
chickens, and ducks, but many other small and large animals 
have served as useful tools of study.⁵

Small animal models:
SARS-CoV-2 infection has been studied in many small 

animal models that often reproduce faster and are easy to 
handle, making them advantageous for urgent studies. The 
use of mice and hamsters has proven to be cost-effective and 
efficient. It was found that in wild mice, the novel coronavirus 
cannot invade cells through mouse orthologue of the human 
SARS-CoV-2 receptor, ACE2. Rodent studies were initially 
a limited avenue of investigation since no mice or rodents 
AFAIK could be infected, but through the use of human 
ACE2 transgenic mice, researchers were able to successful-
ly overcome the natural resistance of mice to the infection.⁷ 
Results with the use of these subjects showed human signs 
of the disease, such as weight loss, virus replication in the 
lungs, and interstitial pneumonia. In the model developed 
by Dinnon et al.,⁸ they performed this with two amino acid 
substitutions in the viral SPIKE protein based on molecular 
modeling and rodent ACE2. Despite these alterations, mu-
rine models were limited in their evaluation of COVID-19 
pathogenesis due to their more acute differences in their 
genetics, anatomy, and physiology. Golden et al. developed a 
human ACE2 transgenic mice mode and used it to evaluate 
the pathogenesis of SARS-CoV-2 in male and female mice 
expressing the human ACE2 under the control of the keratin 
18 promoter (K18).⁹ In contrast to nontransgenic mice, intra-
nasal exposure of K18-hACE2 animals to 2 different doses of 
SARS-CoV-2 resulted in acute disease, including weight loss, 
lung injury, brain infection, and lethality. Smith et al. evalu-
ated the immunogenicity of a DNA vaccine INO-4800 in 
mice and guinea pigs.¹⁰ Following immunization of mice and 
guinea pigs with INO-4800 they measured antigen-specif-
ic T cell responses, functional antibodies that neutralize the 
SARS-CoV-2 infection with humoral immune response.

In golden hamsters, researchers have found they could be 
consistently infected by SARS-CoV-2, clinically resembling 
upper and lower respiratory tract infection manifestations 
in humans. The animals showed increasing respiratory rate, 
decreasing activity, and progressive weight loss. These symp-
toms were all similar to infected humans.¹¹ Since the hamster 
ACE2 is characterized by a higher degree of homology to 
humans ACE2 compared to mice, researchers discovered dis-

tinct findings, such as the possibility of convalescent plasma 
decreasing viral burden. The hamster model was natural-
ly susceptible to infection. Golden hamsters are genetically 
dissimilar from humans in important aspects, which slightly 
diminishes their value as suitable models of study.⁶ Overall, 
small animals like rodents lack many key human features 
that other models, such as primates, carry. Examples of these 
include sophisticated brain structure, developed immune sys-
tems, motor skills, metabolic functions, and more.¹² Thus, for 
further reproduction of pathology, large animal models may 
often be preferable. 

Large animal models:
Large animal models often include ferrets and cats. Fer-

rets have successfully modeled respiratory disease and its 
transmission in the past, such as cases of influenza and 
SARS-CoV-1. For SARS-CoV-2, they have the advantage of 
a cough reflex-like humans that rodents do not have.¹³ Since 
SARS-CoV-2 replicates efficiently in the upper respiratory 
tract, results from ferrets are useful to evaluate. Although 
fatality was not often observed in infected ferrets, the ani-
mals showed higher body temperature and virus replication. 
Additionally, they experienced viral shedding and acute 
bronchiolitis in the lungs.⁵ The findings suggest the ferret 
model will be especially helpful for studies of cough and fever 
symptoms. Cats, although not a traditional model, have also 
been studied, which primarily followed from reports showing 
cases of domestic animals infected.¹⁴ These animals exhibited 
some signs of disease, such as pulmonary oedema. Notably, it 
was discovered that SARS-CoV-2 in cats was transmissible 
via an airborne route. In comparison to ferrets, the cat model 
has a more limited transmission of disease, and tested subjects 
were noted to be particularly aggressive. Shi et al. experienced 
difficulty collecting samples and data from subadult cats, as 
the subjects responded violently to their attempts and pre-
vented the researchers from obtaining samples live. This 
hardship presents additional limitations to cats for study, as 
well as the ethical concerns in using a domesticated species in 
close proximity to humans. Ultimately, the high susceptibility 
of cats to infection has been warned as a consideration for 
human elimination of COVID-19.

As shown in Figure 1, many animals have been used to 
study SARS-CoV-2 infection to gain a clearer understanding 
of the disease before clincal trials proceed. Although animals 
such as ferrets and cats showed promising findings for spe-
cific areas of study, they presented limitations that could be 
explored with use of other animal models. For example, stud-
ies have found that inoculated ferrets did not exhibit lower 
respiratory pathological findings, and there was no oedema or 
pulmonary replication caused by the infection.¹³ Cats are not 
typically used for research for humanitarian and safety rea-
sons. A more often used model among the many large animal 
subjects (Figure 1) are nonhuman primates.

Nonhuman Primate Models for COVID-19:
Historically, nonhuman primates have been the main 

animals that allow for efficient response and research into 
emerging viruses. These characteristics are of utmost impor-
tance during the current pandemic.¹² Macaques and their 
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similarities to humans in almost all anatomical traits have 
made them a particularly accurate model for understanding 
the pathogenesis of SARS-CoV-2 infection. They respond 
similarly to many human immulogic, pathological agents, de-
veloping signs, and host responses humans experience. As one 
of the most readily available models, they are indispensable to 
medical research and development.¹⁵ The macaques appear 
naturally susceptible to SARS-CoV-2 infection and display 
many features of human COVID-19 disease, but it ranges 
mainly from mild to asymptomatic infection. Studies show 
that macaques and humans share extensive clinical mani-
festations of SARS-CoV-2, including pulmonary signs and 
symptoms.¹⁶ Researchers can monitor the disease progression 
of SARS-COV-2 infection in macaques by measuring similar 
parameters as tested in humans, from radiographic imaging 
and body fluid samples. 

Established macaque models:
Macaques are an animal model of particular utility because 

they replicate many features of human disease. Most studies to 
date have used the Old World Monkey rhesus macaque mod-
el, but other non-human primate species, such as Old World 
cynomolgus macaques, African green monkeys, and New 
World common marmosets have also been studied. The ani-
mals are inoculated via different routes, through intratracheal, 
intranasal, ocular, and/or oral routes. Clinical observations are 
made days after to varying degrees: for example, weight loss is 
sometimes observed moderately, sometimes in all of the ani-
mals or rarely.¹⁵,¹⁶ Many develop the respiratory disease and 
develop some pulmonary pathology - radiographs often show 
pulmonary infiltrates, the hallmark of human infection, and 
their viral shedding pattern is similar to humans. Typically, 
the rhesus macaque models mild disease observed in the ma-
jority of human cases.¹⁷ Fewer studies have been performed 
using cynomolgus macaques, some of which did not show 
weight loss or transient respiratory disease like other studies 
with rhesus macaques did.¹⁶ This suggests the cynomolgus 
macaque species models less severe cases of the infection.
emerging viruses. These characteristics are of utmost impor-
tance during the current pandemic.¹² Macaques and their 
similarities to humans in almost all anatomical traits have 

Figure 1: SARS-CoV-2 infection and animal models for vaccine and 
therapeutic development for the treatment of COVID-19. Small animals 
such as mice and golden hamsters are pictured on the right. Large animal 
candidates include dogs, cats, pigs, ferrets, and notably, nonhuman primates. 
These models are typically studied before clinical testing. The figure was 
created using BioRender (wwww.biorender.com).

made them a particularly accurate model for understanding 
the pathogenesis of SARS-CoV-2 infection. 

Due to differences in strain, inoculation route, age, and 
other factors, Lu et al. conducted a study to standardize re-
sults between cynomolgus macaques, rhesus macaques, and 
common marmosets. They found that out of the three, rhe-
sus macaques were the most suitable and susceptible model 
to SARS-CoV-2.¹⁸ More recently, the African green mon-
key model has been established as a reliable model, showing 
high levels of virus replication and development of the more 
pronounced respiratory disease than the rhesus macaque and 
cynomolgus macaque species. They needed a much lower 
dose of SARS-CoV-2 to cause this response in comparison 
to other nonhuman primate studies, suggesting their use is 
more cost-effective as well.¹⁹ African green monkeys should 
be further evaluated for these advantageous findings along-
side other species studies.

Aged Macaque Model:
Individuals of the aged population have been found to be at 

a greater risk of developing severe progression of COVID-19. 
The macaque models are essential for understanding the ag-
ing process and identifying interventions of disease in the 
aged, as they age similarly to humans. Yu et al. conducted a 
study with five rhesus macaques of different ages, 3 old (15 
years) and 2 young (3-5 years), by inoculating them with 
SARS-CoV-2 infection.²⁰ The monkeys showed clinical 
signs but no significant change in body temperature and 
other typical signs of human infection.²¹ Overall, the older 
monkeys infected with SARS-CoV-2 experienced more se-
vere interstitial pneumonia and more viral load than young 
monkeys demonstrated through more viral replication, chest 
X‐rays, histopathological changes and immune responses. 
The availability of older primate poses a timely limitation on 
researchers because many of the test candidates would need 
to wait years to age. Still, this aged animal model reinforced 
increased risks for aged populations and serves as an import-
ant investigative path for modeling severe cases.

Reinfection Macaque Model:
Bao et al. developed a short-term infection rechallenge 

macaque model to study whether patients have a risk of re-
infection and whether seroconversion provides immunity 
against SARS-CoV-2 in nonhuman primate rhesus macaque 
models.⁷ In this report, the model was characterized by in-
terstitial pneumonia and systemic viral dissemination in the 
respiratory and gastrointestinal tracts, as well as similar char-
acteristics of pathogenicity found in other studies.¹⁵,¹⁶,¹⁸ The 
monkeys were protected against short term reinfection, show-
ing a lack of viral shedding, histopathological changes, and 
other signs that suggest protective immunity. Other studies 
found similar results, indicating that the neutralizing anti-
body might provide protection from the secondary infection 
but COVID-19 patients have tested positive twice.²² Thus, 
more studies with a longer interval between the primary 
challenge and rechallenge are necessary to further understand 
the host-virus interactions and protective mechanism against 
SARS-CoV-2. Overall, this susceptibility of macaques and 
promising display of a similar disease spectrum in the models
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has allowed researchers to move forward with preclinical test-
ing of vaccines and drugs.

Animal Models for Vaccine and Therapeutic Development
Vaccine:
Applications of the macaque model in vaccine and ther-

apeutics development for the treatment of COVID-19 are 
summarized in Table 1. The ChAdOx MERS vaccine has 
been tested in mice and rhesus macaques infected with 
MERS-CoV.²³ In this study, animals were inoculated with a 
dose of virus that was higher than the amount most humans 
are exposed to. The results showed broad protection and im-
mune responses in the animals that allowed them to adapt to 
the single dose to SARS-CoV-2 infection. Researchers test-
ed vaccine efficacy on rhesus macaques once again, observing 
that it effectively prevented lung damage, caused no signs of 
virus replication in the lungs, and significantly lowered levels 
of respiratory disease. There was no sign of immune en-
hanced disease after vaccination, which had been a common 
problem for previous coronaviruses. These promising results 
pave a way for further development, as ChAdOx1 vaccines 
can be produced rapidly. In fact, clinical trials are currently 
underway with human volunteers. This is part of the ongoing 
phase I clinical trials, where safety, immunogenicity, and effi-
cacy against symptomatic PCR-positive COVID-19 disease 
are assessed in randomized human subjects.

Yu et al. confirmed the therapeutic effect of another po-
tential DNA vaccine candidate by testing the efficacy of a set 
of prototype DNA vaccines expressing various forms of the 
SARS-CoV-2 spike (S) protein.¹⁷ They assessed their im-
munogenicity and protective efficacy against SARS-CoV-2 
viral challenge in rhesus macaques. After being vaccinated, 
animals developed humoral and cellular immune responses, 
including neutralizing antibody titers at levels comparable to 
those found in convalescent humans and macaques infected 
with SARS-CoV-2. This showed that animals had vaccine 
protection against SARS-CoV-2 in nonhuman primates. 
The researchers defined NAb titers as an immune correlate 
of protection, which will be useful for vaccine development 
considerations. Although data from this study was restricted 
to DNA vaccines, findings may apply to other gene-based 
vaccines as well, including RNA vaccines and recombinant 
vector-based vaccines. If this NAb correlate is further shown 
across multiple vaccine studies in nonhuman primates and 
humans, it would be a simple and useful benchmark for clin-
ical development of SARS-CoV-2 vaccines. 

In another preclinical study, Gao et al. tested a purified in-
activated vaccine candidate, PiCoVacc, by immunizing rhesus 
macaques.²⁴ The animals showed no clinical abnormalities 
after the vaccine when compared to the unvaccinated control 
group. Researchers then inoculated the animals with SARS-
COV-2, and the vaccinated macaques were protected against 
infection, showing mild and focal histopathological changes 
in the lungs. Their data verified the protective efficacy: histo-
pathological evaluations of various organs demonstrated that 
PiCoVacc did not cause any notable pathology in macaques. 
With no observation of infection enhancement or immuno-
pathological exacerbation as well as complete protection with 

a higher dose of PiCoVacc, this vaccine shows a promising 
outlook for future human use and clinical development of a 
vaccine.

Antiviral drugs:
Remdesivir has been proven effective against MERS-CoV 

and SARS-CoV-1 infection in the past.²⁵ Williamson et 
al. tested remdesivir using the established rhesus macaque 
model of SARS-CoV-2 infection that resulted in lower respi-
ratory tract disease.²⁶ In contrast to vehicle-treated animals, 
remdesivir treated rhesus macaques did not show signs of re-
spiratory disease and had reduced pulmonary infiltrates on 
radiographs. Viral loads of remdesivir treated animals were 
significantly lower and there was a clear reduction in damage 
to the lung tissue. Thus, they showed that therapeutic rem-
desivir treatment initiated early during infection has a clear 
clinical benefit in the rhesus macaques. This supported early 
remdesivir treatment in COVID-19 patients to prevent se-
vere pneumonia progression. 

Hydroxychloroquine (HCQ) has also been extensively in-
vestigated in various animal models, but the results have not 
been as promising. Studies have shown no significant pro-
phylactic or therapeutic benefit of HCQ following in vivo 
infection in animal disease models, like nonhuman primates.²⁷ 
When tested in the rhesus macaque model, both high doses 
and the standard human dose yielded no significant benefit, 
clinical outcome, or reduction in virus replication or shedding 
in the upper and lower respiratory tract. In another study, 
Maisonnasse et al. infected cynomolgus macaques instead 
and administered HCQ daily to assess the anti-viral efficacy. 
No antiviral activity in respiratory compartments nor clinical 
efficacy of treatment was determined, regardless of the timing 
of treatment initiation.²⁸ Not only do these results exhibit 
the common discrepancy between results from in vitro classic 
assays and in vivo experiments, but they also fail to support 
the use of HCQ in prophylaxis or treatment of COVID-19.

 �   Discussion

Even with their close mimicry of the human disease spec-
trum, macaques are not a perfect proxy for COVID-19. 
Nonhuman primates are extremely expensive to care for and 
house in comparison to other models, even more so than hu-

DOI: 10.36838/v3i4.9

Table 1.

ijhighschoolresearch.org



 46 

mans. Studies are also frequently limited in the number of an-
imals in their studies, partly due to high maintenance costs 
and space requirements. Furthermore, equipment to conduct 
studies is expensive and handling the primates is often la-
bor-intensive. Their similar aging and development periods 
make them useful models for age-related studies, but this 
means studies can take many years, which may be unfavorable 
given the urgency of the current pandemic. The fewer num-
ber of animals studied also means that interpretation of data 
should be made with due caution. Additionally, researchers 
must make difficult choices about using primates for concept 
pathology studies or future vaccine tests. Finally, there are 
many ethical implications and legal constraints that limit re-
search with nonhuman primates that may raise adverse public 
opinion.³ Nonhuman primate research is an indispensable tool 
for disease study, but like other animal testing, it must proceed 
with thoughtful consideration of various factors.
�   Conclusion
Animal models are vital in vaccine and therapeutics treat-

ment development to identify mechanisms driving pathology. 
Nonhuman primates have been a critical model for respiratory 
infection to examine historically and at the same time as clin-
ical trials with humans. Since they mimic human COVID-19 
more faithfully than most other species because of anatom-
ic, molecular, and physiological similarities, they have helped 
shape our current understanding of the COVID-19 patho-
physiology tremendously. So far, established non-human 
primate models, mainly rhesus macaques, have recapitulated 
many aspects of human disease and are being used to test vac-
cine and other therapeutics efficacy and safety. Some species 
of nonhuman primates may potentially serve as more effective 
models of the disease, such as the African green monkey. Re-
searchers are often constrained to using only a few animals, 
making the organization of data across multiple studies more 
essential. The unprecedented speed of COVID-19 research 
has been helped by the Internet’s capacity for faster and more 
straightforward data sharing. Ultimately, the macaque models 
have assisted and will continue to benefit preventative meth-
ods and interventions for preclinical animal trials. These have 
paved the way for the ongoing human clinical trials. Further 
study and refinement of methodologies will enhance our 
knowledge as well as advance treatment and prevention of the 
ongoing pandemic. 
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�   Introduction
Dioscorea bulbifera L. (air potato) is an invasive vine native to 

tropical Africa and Asia. It can grow rapidly, up to 20cm daily, 
and can smother out vegetation and kill it, thereby displacing 
native plant species. These vines reproduce vegetatively and 
rapidly with aerial bulbils and tubers. A novel virus complex 
has recently been discovered, consisting of the viruses Dio-
scorea mosaic virus (genus Potyvirus) and air potato virus 1 
(genus ampelovirus).¹ These viruses can co-infect D. bulbifera, 
causing air potato leaves to develop a mosaic pattern (Figure 
6). The effects that this virus complex has on the growth of 
air potato plants are unknown and is one of the focuses of this 
investigation. 

Excess nutrients come from many sources including the nat-
ural weathering of rocks and soil or from human overuse of 
fertilizers.² This increase in the amount of nutrients can con-
tribute to dead zones in water which lack oxygen or cause an 
increase in the amount of toxic algal species in affected areas.³ 
The rate of nutrient pollution is increasing, especially in highly 
populated areas like Florida, and may be especially problematic 
when it comes to invasive plant species.

 Nitrogen (N) is a biologically important element for plants 
because plants invest nitrogen a major component of chlo-
rophyll, the pigment responsible for photosynthesis, and of 
amino acids.⁴ Photosynthesis is a biochemical process per-
formed plants in which they use sunlight to synthesize sugars 
from CO2 and H2O. Photosynthesis in plants involves the 
green pigment chlorophyll (which is responsible for absorbing 
energy from sunlight), with the products glucose (C6H12O6) 
and O2. Previous studies in rice (Oryza sativa L.) have shown 
that a higher N supply increased leaf N and chlorophyll con-

tent.⁵ A higher N supply can significantly increase the amount 
of carbon gained from CO2, leading to an increase in glucose 
production in plants with a higher N content.⁴ The impact of 
nitrogen supply on the growth of air potato plants is unknown, 
so this is another major focus of the investigation. 

The impact of the Dioscorea mosaic virus and air po-
tato virus 1 complex on air potato plants under both “base” 
and high-level nitrogen environments was investigated. The 
hypothesis of the experiment is that air potato plants will posi-
tively respond to a higher N content, regardless of plant health. 
A higher supply of N increases leaf N and chlorophyll content 
and increases CO2 gas exchange in plants. An increased leaf 
N supply, chlorophyll content, and a higher gas exchange rate 
will contribute to an increased photosynthetic rate of air potato 
plants. Therefore, a higher N content will result in an increased 
growth rate in the air potato plants due to an increased photo-
synthetic rate. This study will also help determine if the virus 
complex will have varying impacts on the vines under different 
soil nutrient conditions.
�   Results and Discussion
Fertilizer significantly lowered the rate of photosynthesis 

one week after administration to plants (p = 0.0057) (Fig-
ure 1). Photosynthesis was not statistically affected by plant 
health (virus or healthy) (p = 0.078) one week after application 
(Figure 1). However, because the p-value is very close to 0.05, 
there may be a trend in which the virus complex decreases 
photosynthetic rates of air potato plants. In both high-N and 
base-N environments, the healthy plants had a higher rate of 
photosynthesis than the infected plants. This trend was more 
prominent in the base N treatment (Figure 1). 
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Figure 1: Photosynthesis rate of air potato plants 1 week after being treated 
with nitrogen fertilizer. Fertilized plants had a significantly lower initial 
photosynthesis rate than their non-fertilized counterparts (p = 0.0057).

Figure 2: Photosynthesis rate of air potato plants 1 month after being 
treated with nitrogen fertilizer. Virus infected plants were observed to have a 
lower photosynthetic rate months after addition of the nitrogen and tended 
to have a lower photosynthetic rate than healthy plants in both N levels 
(p=0.075).

Figure 3: Change in leaf number per plant over one month under base and 
high N soil levels. No differences in leaf number across fertilizer (p=0.58) or 
plant health (p=0.66) treatments. 

Figure 4: Change in average leaf area per plant over one month under 
base and fertilized treatments. No differences in leaf area were found across 
fertilizer (p = 0.38).

The initial photosynthetic rates of air potato plants were 
significantly lower in the plants that received fertilizer (p = 
0.0057). The initial photosynthetic rate of the plants was not 
affected by plant health (p = 0.078). One month after fertilizer 
was added, the virus infected air potato plants were observed 
to have a lower photosynthetic rate than their healthy coun-
terparts (p = 0.075). However, the photosynthetic rate of the 
plants one month after fertilization was not significantly af-
fected by fertilizer treatment (p = 0.062). Fertilizer treatment 
did not significantly affect the change in the number of leaves 
(p = 0.57) or the change in leaf area in the air potato plants (p 
= 0.37). Furthermore, the virus complex did not significantly 
impact the change in leaf number (p = 0.66) or leaf area (p = 
0.47) of the air potato plants. 

An influx of nitrogen will significantly decrease the initial 
photosynthesis rate of air potato plants, as shown by (Figure 
1., p = 0.0057). In this study, an influx of nitrogen did not 
significantly affect the photosynthesis rate of air potato plants 
1 month after the nitrogen input (Figure 2., p = 0.062) or 
the change in leaf number (Figure 3., p = 0.58) or leaf area 
(Figure 4., p = 0.37) of the air potato plants. The virus com-
plex also did not significantly affect the photosynthesis rate 
of air potato plants (Figure 1., p = 0.078; Figure 2, p = 0.075), 
change in leaf area (Figure 3., p = 0.47), or the numbers of 
leaves (Figure 4., p = 0.66) per air potato plant.

It was observed that virus-infected plants had lower photo-
synthetic rates, change in the number of leaves, and leaf area 
at the end of the experiment. If the experiment was conduct-
ed over a longer period of time, it is likely that virus-infected 
plants would’ve had significantly lower photosynthetic rates 
than the healthy plants because the p-values for plant health 
(0.077), initial photosynthetic rate (0.078), and photosyn-
thetic rate 1 month after fertilization (0.075) were all close 
to 0.05. If this study was conducted over a longer period, or 
if more than five leaves per plant were tested, it is likely that 
the photosynthetic rates of the infected plants would have 
been significantly lower and therefore, the growth rate of the 
infected air potato plants would have been negatively impact-
ed as less food is being produced by photosynthesis that is 
needed for plant growth.

The fertilized plants responded negatively to nitrogen 
fertilizer, as the initial photosynthesis rate was significantly 
lower in the fertilized plants than in the non-fertilized plants. 
The specific effects of nitrogen influxes on air potato plants 
is unknown, however, it is known that high levels of nitrogen 
fertilizer on plants are favorable to aphid production, which 
is why many in the agricultural industry are advised to never 
use more nitrogen than necessary for their plants.⁶ During 
the study, several aphids were observed on the undersides 
of the leaves of the air potato plants, and the virus complex 
infecting the plants contains a potyvirus (Dioscorea mosaic 
virus); aphids have been known to spread several types of po-
tyviruses to plants and are hypothesized to be the vector that 
spreads the virus complex to the air potato plants.¹ Therefore, 
it is possible that aphid feeding may have negatively impacted 
the fertilized air potato plants one week after the application 
of fertilizer. Because the p-value for fertilizer treatment one 
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month after fertilization was 0.062, which is close to 0.05, 
the aphid feeding may have negatively impacted the fertilized 
plants, but its effects may have reduced due to loss of nitro-
gen in the soil from sources such as denitrifying bacteria or 
leaching which caused the aphids to be less attracted to the 
air potato plants.
�   Conclusion
Nitrogen pollution significantly decreases the initial photo-

synthesis rate of air potato plants. However, this effect does 
not last, as nitrogen pollution does not significantly affect the 
growth rate or the photosynthesis rate of air potato over time. 
The virus complex consisting of Dioscorea mosaic virus and 
air potato virus 1 does not significantly affect the growth rate 
or photosynthesis rate of air potato plants. Further studies 
should be done to investigate the long-term effects of nitrogen 
on healthy and virus-infected air potato plants.
�   Methods

Thirty-six (36) Dioscorea bulbifera plants were used in the 
study: 18 plants were infected with the virus complex (9 of 
these plants received nitrogen-based fertilizer, 9 did not) and 
18 D. bulbifera plants were not infected with the virus com-
plex (9 plants received nitrogen-based fertilizer, 9 did not). The 
plants were arranged in a randomized complete block design 
(RCBD) layout to control variation and prevent statistical bias. 
After arranging the plants in an RCBD layout, 6g of solid urea 
fertilizer (N-P-K/Nitrogen-Phosphorous-Potassium ratio: 
46-0-0) was added to each plant receiving nitrogen to maxi-
mize the amount of nitrogen received and to simulate an influx 
of nitrogen pollution. Each plant was watered after application. 
The plants were placed on irrigation to ensure they received a 
sufficient and consistent supply of water and were kept in a 
greenhouse to control temperature. The greenhouse was set to 
maintain a constant temperature (29 °C) and a photoperiod 
of 14:10 L:D to simulate summer conditions, in which the 
air potato plants grow best. One week after the addition of 
nitrogen, the number of leaves per plant were counted and leaf 
areas of the plants were measured by measuring the lengths 
and widths (Figure 5-6) of 5 leaves per plant. The approximate 
average leaf area per plant was calculated by multiplying these 
measurements for each leaf. The photosynthesis rate of the 
plants was measured using a Li-COR 6400XT photosynthe-
sis system (Figure 7). Photosynthetic rates were measured by 
placing a single leaf of the plant inside the chamber. Photosyn-
thetic rate of five leaves per plant were measured (μmol CO₂ 

Figure 5: Measuring the width of an air potato leaf (photo taken by 
researcher).

m-² s-¹) and CO₂ gas exchange readings were averaged for 
the 5 leaves in order to analyze the impacts of nitrogen and 
plant health on photosynthetic rate. After one month, the 
number of leaves per plant was recounted and average leaf 
area was recalculated to assess the growth rate of the air potato 
plants. The photosynthesis of the plants was again measured 
using the Li-COR 6400XT as described above to assess the 
long-term photosynthesis of the plants. A 2-way ANOVA 
(analysis of variance, α = 0.05), (leaf health/nitrogen level) was 
conducted on the photosynthetic rate and the change in leaf 
area and number to identify a significant statistical interaction 
between growth and photosynthetic rate, and leaf health and 
nitrogen level.
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�   Introduction
The possible insufficiency of land and water resources to 

meet the needs of humanity, particularly those pertaining to 
agriculture, is a pressing issue that is currently affecting rough-
ly a third of the world's population.¹ Without water, people 
do not have a means of irrigating their crops and thus can-
not provide food for the fast-growing population. According 
to the International Water Management Institute, agriculture, 
which accounts for about 70% of global water withdrawals, is 
constantly competing with domestic, industrial, and environ-
mental uses for scarce water supplies. In attempts to fix this 
ever-growing problem, many have tried to develop water man-
agement methods that are more effective.¹

Recent practices in precision agriculture to conserve wa-
ter usage include two main micro-irrigation methods, which 
promote increasing water efficiency. The first method is drip 
irrigation. Drip irrigation, one of the fastest-growing meth-
ods of irrigation for high-value crops and orchards, is used on 
about 73,000 acres in Georgia, mainly in peanut and vegetable 
farms. Because the water is placed directly at the roots, little 
is wasted in application. The second method is micro-sprin-
kler irrigation, which delivers water through a pressurized pipe 
network to low volume micro-sprinkler heads that spray the 
water into the air. However, this method is less efficient than 
the drip method, since more water is lost due to evaporation 
and runoff.² The table below compares the two irrigation sys-
tems Table1.³

 The critical advantages of drip irrigation systems are the re-
duced cost of water, the lower energy cost of operating pumps, 
and decreased usage cost of fertilizer and herbicides. Many 
farmers can justify the initial investment of drip irrigation 
based on the savings in water alone. 

Farmers today operate many individual plots of land that are 
distributed over several miles. Due to this geographic spread 
and the fact that the drip irrigation lines are underground and, 
thus, not visible, it difficult for farmers to monitor if the crop is 
irrigated as scheduled.⁴

Def inition of success criteria for proposed solution:
The success criteria for this project are the development 

of engineering solutions that help lower the difficulties with 
drip irrigation and support the expansion of this efficient ir-
rigation method. The solution was developed in two phases. 

In phase one, information was gathered on the hurdles 
faced in the expansion of drip irrigation through literature re-
view and farmer interviews. The literature review was done in 
two ways. One way was randomly using a search engine. Pa-
pers published by UGA extension services were also utilized 
and as well as the bibliography cited in those articles. Then, 
a scientific methodology was applied to prioritize the inputs 
received from farmer interviews. Based on this priority, a map 
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Table 1: Differentiation of overhead & drip irrigation systems. 
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was created to define elements of solutions that are in and out 
of scope for this project. 

In phase two, a prototype was built and tested at a farm at 
Watkinsville, GA. The prototype’s performance was moni-
tored over 45 days and adjustments were made to improve 
the robustness of the device. The results were analyzed for 
functionality and to identify next steps.

Explanation of constraints
The goal of this project was to develop an engineering 

solution to detect and communicate leaks and clogging in 
drip irrigation systems. The scope was to develop a prototype 
that completes the mentioned purpose above and conducts 
initial validation in a field. The project excludes any design 
of the initial irrigation system as well as the settings needed 
for individual crops. The project excluded ways to improve 
the reliability and reduce damage in the drip irrigation sys-
tem. For example, there are different methods to reduce the 
incidence of clogging: water filtration methods and water 
softeners. These were considered outside the scope of this 
study Table 3.
�   Methods
Exploration of alternatives:
Phase 1 of this project involved literature review and farm-

er interviews to understand customer needs and wants related 
to drip irrigation. The discussions with farmers were used to 
rank the importance of different needs. There are several 
Critical to Quality (CTQ’s) parameters that can be used in 
the development of an engineering solution. These CTQs 
were identified through literature review. By utilizing a Qual-
ity Function Deployment (QFD) table, the elements were 
prioritized that can bring the most impact based on farmer 
interviews. Quality Function Deployment (QFD) is a struc-
tured approach to defining customer needs or requirements 
and translating them into specific plans to produce products 
to meet those needs.

A brief explanation of how the table is constructed Table 2: 
The Customer Needs are listed vertically in the first column 
and all related CTQ’s are listed horizontally across the top.  
In the second column, 1 to 5 is assigned based on the impor-
tance of the Needs, where 5 is the most critical to the farmer.  
This ranking is based on the VOC (Voice of Customer) data 
received from farmer interviews.  Next, each CTQ is scored 
on how strongly it correlates to each Need by the author. A 
score of 5 is used for a strong correlation and 1 for a weak one.  
Finally, the importance rating for the Needs is multiplied by 
the correlation score for each CTQ and the scores are added 
up vertically for each CTQ. Once the scores are computed 
for all CTQs, the ones with the highest scores are selected 
for action.

“Flow monitoring” was the CTQ best able to meet the 
farmer’s needs with “Remote user interface the next high-
ly scored. The QFD table shows developing a remote flow 
monitoring system in drip irrigation could address multiple 
concerns of priority for the farmers related to the functioning 
status of the irrigation system. 

There are different design ideas to make the solution more 
complete. However, these design ideas could also make the 

project and solution more complex. The focus of this project 
was to validate a solution to remotely sense and communicate 
the functioning of the systems and to check for leaks and 
clogging. As an example, a closed-loop system with moisture 
sensing that can create a hands-off system could be a clear 
next phase for this project. 

Based on this table, the prototype development focused on 
remotely monitoring flow in the drip irrigation system, in-
tegrating it to Trellis micro-controller system for uploading 
to the cloud and displaying that to the farmer’s smartphone.

Identif ication of a solution:
The solution entailing remote flow monitoring requires a 

sensor to monitor flow in the field, a microprocessor system 
to receive and transmit the sensor signal, and a cloud-based 
reporting tool to share the information in a user-friendly way 
to farmers.

Sensor selection:
Flow monitoring for closed systems similar to drip ir-

rigation can be done at relatively low-cost using pressure 
transducers or mechanical flow meters.⁵ Table 4 compares the 
merits of each system relative to project requirements. 

The pressure transducer was selected due to its versatility 
in low flow conditions and lower cost.

Development of Prototype/ Prototype construction:
The Trellis microcontroller system and web portal were 

utilized as the platform to receive and communicate the sig-
nal from the pressure transducer. Coding was done to convert 
pressure transducer voltage to transmit pressure (psi) infor-
mation with a timestamp to the cloud-based server and to 

Table 2: QFD chart. 

Table 3: Scope for the project. 
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display the graphs. The basic layout of this system is shown 
in Figure 1 below.

The experiment was conducted at a farm in Georgia (1390 
Salem Rd, Watkinsville, GA). This field operates as a nursery, 
and it was growing crape myrtles during the experiment. The 
schematic of the irrigation systems is shown in Figure 2-7.

Trial Design :

The initial data collection involved the following valida-
tion steps. The pump was turned on and off to evaluate the 
pressure in the system. The expected pressure in the system is 
around 25psi. Next, scenarios were created to simulate leaks 
and clogs. To simulate leaks, one of the end caps was opened 
and closed after a couple of minutes. To simulate a clog, one 
of the drip lines was pinched and then opened. The system 
was monitored over four weeks to ensure proper functioning. 
The graphs from the experiment are shown below.

Table 4: Merits of flow monitoring sensors. 

Figure 1: Basic layout of prototype system. 

Figure 2: Basic schematic of drip 
irrigation system system. 

Figure 4: Drip irrigation site with 
prototype installed. 

Figure 5: Initial Installation. 

�   Results and Discussion
Trial Results & Discussion  :
(Charts Sequenced Over Time).

Charts 1-4 shows trials done at the beginning of the exper-
iment to simulate clogs and leaks.

The normal variation in steady state +/- 3psi, thus a clog or a 
leak would be indicated by a higher pressure differential. 

The pump was set to be turned on at 7 am daily. A few 
charts (6-9) were selected to show the pump operation over 
several days (replication).

Chart 1: Pump start, pressure 
stabilizing around 25psi. 

Chart 2: Leak created-detectable 
pressure drops of 5psi. 

Chart 3: Pump stops, pressure drops 
to zero. 

Chart 4: Clog created-detectable 
pressure increase of 6psi. 

Chart 5: (replication) Pumb starts, 
pressure stablizing around 25 psi.

Chart 6: Pumb starts, pressure 
stablizing around 25 psi. 

Chart 7: Pumb starts, pressure 
stabilizing around 25 psi.

Chart 9: Pumb starts, pressure 
stabilizing around 25 psi.

Chart 10: No data recorded in the 
system. 

Chart 8: Pumb starts, pressure 
stablizing around 25 psi. 
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The checks above showed the system was functioning nor-
mally. However, the data from 9/19/19 showed an anomaly 
with zero pressure throught the day.

This protype was field tested for about two months and re-
cieved favorable responses from the farmer and agricultural 
specialists. This solution will help expand drip irrigation.

Investigation in the field showed damage, possibly from ro-
dent activity, to the wire connecting transducer to the control 
board. The cut table was replaced with an industrial grade rub-
ber conduit cable that is more robust.

Economics of remote sensing of drip irrigation :
Studies conducted by the University of Georgia⁴ and by the 

University of California, Santa Barbara⁶ for peanut farmers 
in Georgia and fruit growers in the Central Valley, respec-
tively, show significant improvement in profitability due to 
drip irrigation. The UGA study has quantified the profit 
improvement of precision agriculture at $301/acre just on 
water savings. Drip irrigation also has the additional benefit 
of reduced fertilizer and herbicide costs compared to over-
head applications. By utilizing the drip irrigation pipes & 
emitters, the fertilizer is targeted to the roots and has signifi-
cantly lower waste. Herbicide usage is lower in drip-irrigated 
farms as the areas without crops stay dry, thereby, limiting 
weed growth.

Based on the cost of Trellis microcontroller, pressure trans-
ducer, piping, and labor, the installed cost of the remote 
sensing system is estimated to be $200/unit. This is a payoff 
of less than one year based on water savings (about $300/
acre). Thompson and Porter at UGA7 estimate the life of 
drip irrigation systems to be 10 to 15 years. This makes the 
investment payoff attractive to the farmer.
�   Conclusion
Overall, this project addresses a significant environmental 

issue of water scarcity. Drip irrigation can save millions of gal-
lons of water. By capturing the voice of customers, I was able to 
prioritize critical hurdles that are faced to explain this efficient 
irrigation method. This solution eliminated a major hurdle for 
detecting the functionality of buried irrigation systems by col-
lecting and viewing the information remotely at a reasonable 
cost. This protype was field tested for about two months and 
received favorable responses from the farmer and agricultur-
al specialists. This solution will help expand drip irrigation. A 
50-60% water savings from drip irrigation will translate to a 
million gallon in water savings per year per acre.
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�   Introduction
In December of 2019, clusters of respiratory illnesses of 

unknown etiology broke out in the Wuhan district of the Hu-
bei Province. This new illness was isolated and discovered by 
Chinese authorities to be a new form of Coronavirus (SARS-
Cov2) on January 7th, 2020.¹ SARS-Cov2 causes COVID-19 
which is a flu-like illness that is particularly fatal to the elderly. 
Before delving into treatment for the disease, it is important to 
examine SARS-Cov2.

History of The Coronavirus:
The Coronavirus is thought to have originated around 

as early as 2400 BC as a zoonotic disease which was later 
identified in the 1950’s.² The Coronavirus family consists of 
the Alpha, Beta (Originating in Bats), Gamma, and Delta 
coronavirus (Originating in Birds).³ The virus responsible 
for SARS (Severe Acute Respiratory Syndrome) and MERS 
(Middle Eastern Respiratory Syndrome) are all examples of 
Beta coronaviruses.⁴ Throughout history, the coronavirus has 
had multiple spillover events, for example the SARS epidemic 
in 2002 and the MERS epidemic in 2012.⁵

Transmission of SARS-Cov2:
Once a human is infected, SARS-Cov2 primarily spreads 

through respiratory droplets via coughing and sneez-
ing.⁶ However, recent evidence suggests that salivary gland 
transmission, ocular discharge transmission, and fecal-oral 
transmission are also potential transmission methods.⁷ This 
is still an ever-evolving area of research as new studies are 
constantly confirming/disproving hypotheses.

Viral Attachment and Entry:
As seen in Figure 1, after making its way into the human 

body, the SARS-Cov2 initially binds its Spike (S) protein to 
the host proteins ACE2 and the serine protease, TMPRSS2. 
Following binding, the viral S protein is cleaved into two 
functional subunits, S1 which interacts with ACE2, and S2 
that is further cleaved and activated by TMPRSS2. Togeth-
er, these actions result in viral-host membrane fusion.⁸ These 

high-affinity interactions are essential in viral entry and are 
therefore prime targets in the treatment of COVID-19. For 
example, hydroxychloroquine (HCQ) has formerly been 
shown to inhibit the terminal glycosylation of ACE2 in ma-
larial infections, and thus it was repurposed. Indeed, HCQ 
negatively influences the virus-receptor binding in SARS-
CoV infections.⁹ The beta-coronaviruses, SARS-CoV 1/2 
and MERS-CoV, have been shown to enter the host cell by 
endocytosis.¹⁰ During endocytosis, the virion is surrounded 
by the cell membrane and internalized via the formation of 
cytoplasmic vesicles termed endosomes. After entering the 
cell, the virus begins its replication cycle.¹¹

Viral Replication:
1. Virus Binding
After entry, the replication cycle that SARS-CoV-2 under-

goes consists of five key steps: virus binding, internalization, 
trafficking, membrane fusion, and RNA replication.¹²,¹³ Vi-
ruses attach to the host cell by specific molecular interactions 
between proteins present on the surface of the cell, and pro-
teins present on the surface of the virus.

2. Internalization
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Figure 1: Snapshot of potential COVID-19 treatments and vaccines in 
research pipeline. 
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After the virus has been bound, a variety of mechanisms 
occur directly through the plasma membrane or the mem-
brane of the endosome following endocytic internalization of 
the virus particle. Ultimately, the end result is the entry of the 
viral capsid into the host cell’s cytosol.

3. Trafficking
Nucleocytoplasmic trafficking of viral proteins is vital to 

viral infection. Virus trafficking in host cells depends upon 
a variety of host factors from cytoskeletal networks to endo-
cytic machinery, which can all be targeted. Additionally, the 
fact that the virus requires an acidic environment inside the 
endosome for viral uncoating and nuclear translocation can 
also be targeted.

4. Membrane Fusion
During this process, the cell membrane is punctured in or-

der to connect with the unfolding viral envelope. Once this 
occurs, the viral genome is injected into the host cell’s cyto-
plasm.

5. RNA Replication
Because SARS-CoV-2 is an RNA virus, it must undergo 

RNA replication by a virus encoded RdRp. After all require-
ments for replication are ready, the virus begins to create 
copies itself in vast amounts.

COVID-19 Symptoms in Humans:
After the virus has replicated enough times to the point 

where the immune system sees a major threat, symptoms be-
gin to appear in humans, which serves as a sign to show that 
the body is fighting the virus. The researchers of the Chi-
nese Center for Disease Control divided the symptoms into 
three sections based on clinical manifestation: mild, severe, 
and critical disease. During the mild component, the symp-
toms are subdivided into uncomplicated illness and moderate 
pneumonia. Uncomplicated illness has symptoms similar to 
that of the flu such as mild fever, cough, nasal congestion, sore 
throat, malaise, headache, muscle aches, loss of taste/smell, 
diarrhea, and vomiting. After the disease has progressed into 
moderate pneumonia, tachypnea can be seen. Subsequently, 
severe disease means that severe pneumonia is present whose 
symptoms include fever associated with severe dyspnea, re-
spiratory distress, hypoxia, and cyanosis appear. Once the 
disease manifests into critical disease, Acute Respiratory Dis-
tress Syndrome (ARDS), septic shock, and multiple organ 
dysfunction/failure can be observed. However, progression of 
the disease into the critical stage can be prevented through 
the use of antiviral drugs.¹⁴
�   Discussion
Potential Repurposing Agents Against COVID-19:
Antiviral drugs are designed to treat diseases such 

as COVID-19; however, creating drugs specifically for 
COVID-19 can take years due to the safety requirements and 
clinical trials necessary to prove its effectiveness and safety. 
In current situations where time is of the essence, it is best to 
utilize repurposed agents, or drugs that are effective against 
many kinds of viruses or diseases similar to COVID-19. As 
of right now, remdesivir, HCQ, and nebulized alpha inter-
feron treatment can all be utilized in the current outbreak, 

which requires urgent attention due to the vast number of 
growing cases.¹⁵

As seen in Figure 1, the majority of current research re-
garding COVID-19 is taking place in vaccine research, and 
repurposing compounds is one of the lowest priorities at this 
time. Although creating vaccines is important in the long 
run, it is important to note that vaccines will not help cur-
rent patients that are suffering, and vaccine creation is also 
time-consuming. Thus, due to the value of time, it is import-
ant that the focus is shifted onto repurposing agents rather 
than vaccines.¹⁶ When deciding what compounds to use, it 
is important that how the drug targets the virus is observed. 
Our targets are determined by the viral replication cycle, of 
the five steps described above.¹⁷ Of these five steps, remde-
sivir targets RNA Replication, HCQ targets endosomal pH 
during trafficking, and interferons (IFNs) boost the immune 
response.¹⁸-²⁰

Remdesivir: A Potential Repurposing Agent Against 
COVID-19:

Remdesivir is an antiviral agent that was originally devel-
oped to treat the filoviruses Marburg and Ebola.²¹ As seen 
in Figure 2, the active molecule in remdesivir, GS-441524, 
inhibits viral RNA replication, thus leading to it being rec-
ognized as a broad-spectrum drug against RNA viruses.²² 
Remdesivir is an adenosine analog that blocks all nucleotides 
after adenosine, thus prematurely terminating RNA sequenc-
es. Intravenous administration of 10 mg/kg dose of remdesivir 
shows that it grants 100 % protection against Ebola virus in-
fection and the EC90 value is about 1.76 μM in Vero E6 
cells.¹⁸ Thus, remdesivir’s potential against COVID-19 is 
promising.

As seen in Figure 3, remdesivir is being tested across a 
variety of countries’ respective healthcare facilities. These 
trials could be crucial to finding an effective treatment for 
COVID-19, and few of these trials, such as Gileads and the 
National Institute of Health’s (NIH), are occurring in the US 
itself. Gilead’s Phase III clinical trial is an on-going random-
ized trial with roughly 6000 participants with Remdesivir as 
the standard of care with patients ranging from moderate 
to severe disease; the trial is split into 4 subcategories with 
different dosage periods ranging from 5 to 10 days and vary-
ing dosage amounts at either 100 mg or 200 mg. The NIH 
clinical trial is a randomized placebo-controlled study with a 
double-blind, the trial has currently enrolled over 1000 par-
ticipants.²³

Figure 2: Remdesivir and Hydroxychloroquine: potential mechanisms of 
action against coronavirus. 
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Hydroxychloroquine: A Potential Repurposing Agent 
Against COVID-19:

HCQ is an anti-malarial and immunosuppressive drug 
with potential as a broad-spectrum antiviral drug. HCQ 
stands out from other drugs as it is effective at both entry 
and post-entry due to the nature of its inhibition.¹⁹ During 
endocytosis, capsules known as endosomes transport the vi-
rus, and in order for viral replication to ensue, it is required 
that the endosome be acidic.¹¹ However, HCQ increases the 
pH of endosomes during viral entry, making the endosome 
inhospitable, and preventing viral RNA synthesis. As seen in 
Figure 2, these endosomes are present in both endocytosis 
and exocytosis, meaning HCQ functions at both points.²⁴ On 
top of this, hydroxychloroquine is inexpensive and has already 
been used in several patients with little to no adverse effects 
which highlight its treatment potential.

Additionally, looking at studies done on hydroxychloro-
quine, patients who took hydroxychloroquine as a medication 
began receiving significantly smaller amounts of positive 
PCR test results than the control group. As seen in Figure 
3, by day 6, the percentage of positive samples went from 
100 percent to roughly 30 percent, whereas the control group 
stayed around 90 to a 100 percent with smaller detectable 
amounts of virus particles.²⁵ However, recent clinical trials 
have shown that Hydroxychloroquine has no significant im-
pact on the clinical status of hospitalized adults.²⁶ 

Alpha Interferons: A Potential Repurposing Agent Against 
COVID-19 :

Pegylated (Pegylation is a type of chemical modification for 
therapeutic enhancement) interferon alfa-2a and alfa-2b have 
already been in use for treatment against HBV (Hepatitis B) 
and HCV (Hepatitis C).²⁰ This type of treatment involves 
the induction of interferons (IFNs), which are proteins that 
are naturally released as warning mechanisms against infec-
tion. The advantage in utilizing IFNs is the fact that they 
respond to a broad spectrum of viruses and they work effi-
ciently in all stages of viral replication. In essence, IFNs call 
immune cells such as Macrophages and Natural Killer (NK) 
cells to action, which ultimately contribute to fighting off the 
infection in the host.²⁷

As seen in Figure 4, IFNs bind their receptor and lead 
to the activation of certain signaling pathways, mainly the 
JAK/STAT pathway.²⁸ In normal cells, induction of STAT 
phosphorylation leads to interferon stimulated gene (ISG) 
expression and antiviral activity. However, in the case of a vi-
rus-infected cell, phosphorylation of STAT and ISG’s is 

Figure 3: COVID-19 clinical trials.

blocked, resulting in IFNs not being stimulated for use.²⁹ Be-
cause of this, IFNs can’t call the immune system to fight off 
the viruses, resulting in a lack of tools for the body's fight 
against the virus. In order to artificially stimulate these, IFNs 
will be administered intravenously or intramuscularly with 
varying dosages. These artificial IFNs will do the task of reg-
ular IFNs as if the virus-infected cell was healthy.

Although these drugs and treatments are extremely effec-
tive, each of these has their own drawbacks. Remdesivir has 
proven to be effective in-vitro; however, in previous years it’s 
success in-vitro and in-vivo have not translated to clinical 
trials.²³ Hydroxychloroquine, on the other hand, can pos-
sibly cause diarrhea, muscle cramps, dizziness, headaches, 
nausea, or vomiting.³⁰ Lastly, alpha interferon treatment is 
known to have several adverse effects such as anemia which 
need to be closely monitored.³¹ Despite these side effects, it 
is essential that we overlook the negative end of the spectrum 
as the benefits outweigh the disadvantages. Hydroxychloro-
quine is an extremely cheap drug that is relatively common 
and Remdesivir has a relatively safe track record; however, in 
recent trials, hydroxychloroquine has been linked to arrhyth-
mias and participants of the trial were twice as susceptible to 
heart attacks.³² Alpha Interferon treatment can also be safe 
if dosages are closely monitored and intervention is ready if 
necessary. Overall, these side effects can be overcome with 
careful planning and monitoring, and hydroxychloroquine 
can be monitored closely to ensure that serious side effects 
don’t appear.
�   Conclusion
Remdesivir, hydroxychloroquine, and alpha interferons are 

individually very effective; however, in order to account for the 
vast heterogeneity in patients, it would be best to use a cocktail 
of these drugs in carefully controlled dosages to due to the fact 
that it could effectively neutralize virus particles inside a pa-
tient in any stage of infection. Due to the individual strengths 
of each drug, the cocktail could be administered to a wide va-
riety of patients with varying levels of exposure and symptoms.

In addition to these three drugs, researchers are also looking 
into a corticosteroid called Dexamethasone and an anti-rheu-
matic drug called Tocilizumab. After COVID-19 progresses, 
diffuse lung damage can occur, but Dexamethasone modu-
lates inflammation-mediated lung injury, resulting in a higher 
survival rate for patients and decreasing the risk of further pro-
gression into respiratory failure.³³ Additionally, the body will 
sometimes release a cytokine storm as a last-ditch attempt to 
subdue COVID-19, however this storm damages the body as 

Figure 4: COVID-19 clinical trials.
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well as the virus. In order to mitigate the side effects, which 
can include lung tissue fibrosis, Tocilizumab is used.³⁴ It is 
clear that these are all very viable drugs, however they primar-
ily focus on alleviating symptoms of COVID-19 rather than 
directly affecting the viruses in the host, which makes remde-
sivir, hydroxychloroquine, and interferons a better approach. 

Although there are a good number of trials regarding 
COVID-19 treatment, a majority of the trials are focusing on 
vaccines. Rather than focusing on long-term issues, we should 
first prioritize repurposing drugs for COVID-19 treatment. 
If we take the time to look into the medicine of our past and 
see how it can be used now, we could accomplish our goal of 
creating a gold-standard treatment for COVID-19. Ideally, 
these trials wouldn’t just test a single drug against COVID-19, 
but rather a cocktail of drugs designed to inhibit the virus at 
several stages of disease. In a randomized placebo-controlled 
trial, this cocktail would be delivered at an effective dose and 
monitored for any adverse effects. These adverse effects would 
not only include side effects from each individual drug, but 
also any interactions between the drugs that could potentially 
be deadly. The most beneficial aspect in my opinion is the fact 
that SARS-CoV-2 will not have as great of a chance of mu-
tating in order to gain immunity from a drug as it would have 
had if only one drug was consistently used to treat it. This pro-
tection from developing immunity would be very important as 
it means there’s a lower chance of SARS-CoV-2 coming back 
annually.

As Benjamin Franklin stated, “Lost time is never found 
again”, and therefore it is important to safely find a treatment 
for COVID-19 as soon as possible. Repurposing drugs gives 
a chance to effectively use the time given, and efficiently using 
this time is of paramount importance in a pandemic.
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�   Introduction
Alzheimer’s Disease (AD) is a progressive neurodegenera-

tive disorder associated with memory loss and dementia.¹ At 
least 5.8 million individuals over the age of 65 within the Unit-
ed States live with the illness today and there were more than 
120,000 recorded mortalities in 2018 alone, making it the sixth 
leading cause of death in the nation.² There is no known cure 
for the disorder as of now, but the frequency of cases is rising 
exponentially per decade, making it increasingly important to 
further understand the underlying causes of the illness.

During initial stages of progression, AD targets areas of the 
brain that are responsible for controlling thought, memory, and 
language, including the hippocampus and the entorhinal cor-
tex, making these structures vulnerable to atrophy.³ This results 
in an inability to recall basic information such as recent events 
or familiar names. As the disease progresses, the patient may 
be unable to recognize friends and family. They may also have 
trouble with verbal communication including reading, writ-
ing, and in some cases, speaking. During late-stage AD, the 
patient will need around the clock care, and this can be very 
demanding of family members and/or caregivers.⁴ The patient 
will eventually lose the ability to carry out essential tasks such 
as bathing, eating, or dressing and will be in constant need of 
attention.⁵

The exact cause of AD is unknown, but genetics is specu-
lated to be one of the most prominent factors to be associated 
with the illness.⁶ Mutations in the Microtubule Associated 
Protein Tau (MAPT/Tau) gene can affect the functioning of 
the Tau protein. In healthy brains, the protein is primarily re-
sponsible for microtubule assembly and construction.⁷ Recent 

studies have also shown that Tau plays a vital role in cellular 
signaling, synaptic plasticity, and genomic stability. However, 
under certain conditions, it can become insoluble, resulting in 
synaptic dysfunction and eventually, neural cell death, often re-
ferred to as tauopathies. This process occurs in a wide range of 
neurodegenerative disorders, including AD and Parkinson’s.⁸ 
The amount of phosphate within the brain also has an im-
pact on the behavior of the Tau protein. In healthy adults, the 
brain consists of 2 to 3 moles phosphate per mole of Tau, and 
its biological activity is suppressed by hyperphosphorylation. 
However, in the brains of Alzheimer’s patients, Tau is hyper-
phosphorylated to approximately 3 to 4 times it should typically 
be. Because the function of the protein becomes compromised, 
abnormal Tau folding may occur, which can lead to a genesis 
of paired helical and straight filaments within neurons.⁹ This 
prompts the formation of neurofibrillary tangles and Tau ac-
cumulation within synapses and can lead to synaptic blockage, 
inhibiting cellular communication and resulting in cell death.

Genetic mutations always occur in cells but are often harm-
less. Occasional mutations in gene sequences that encode for 
crucial amino acids can, however, have severe repercussions as 
they may alter the way the protein functions altogether. This 
study looked at the various missense mutations of the MAPT/
Tau isoform 6 gene through the use of Geno2MP, an online 
software that searches a database of rare variants from exome 
sequencing data. Missense mutations were specifically targeted 
in this study due to their unknown effect on protein function 
and pathogenicity. Changes in hydrophobicity, charge, and po-
larity were determined, then analyzed through the addition of 
special criteria. The Clustal Omega server and NCBI 
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location with respect to tubulin-binding domains were also factored in to investigate overall impact. Through this comprehensive 
methodology, three mutations that were more likely to carry deleterious effects and potentially causing AD susceptibility in indi-
viduals with these alterations were identified. 

KEYWORDS: Biomedical and Health Sciences; Genetics and Molecular Biology of Disease; Alzheimer’s Disease; Tau; Bio-
informatics.
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were used to gauge AA conservation within the MAPT/Tau 
FASTA sequence in humans and other organisms including 
Caenorhabditis elegans (Ce), Danio rerio (Dr), Drosophila mela-
nogaster (Dm), Mus musculus (Mm), Rattus norvegicus (Rn), 
and Xenopus tropicalis (Xt). This would allow for the deter-
mination of the importance of each mutation and formulate 
a more accurate conclusion on mutation significance. In an 
effort to further improve the accuracy and validity of the anal-
ysis, the four tubulin-binding domains to which some of these 
altered amino acids belong were also identified through use 
of databases such as MARRVEL (Model organism Aggre-
gated Resources for Rare Variant ExpLoration) and NCBI. 
Typically, AAs within these domains are known to be essential 
for protein functionality therefore mutations taking place here 
were more closely examined. A combination of all these factors 
were used while evaluating and identifying the most harm-
ful missense mutations in the MAPT/Tau gene to see if they 
could potentially contribute to dementia and AD. 
�   Methods

Identifying Missense Mutations in the MAPT/Tau gene:
The online software, Geno2MP, was used to generate a 

list of all possible mutations and their properties within the 
MAPT/Tau isoform 6 gene (NP_001116538.2). Geno2MP 
is an online tool that searches a database for rare variants 
from exome sequencing data linked to phenotypic informa-
tion from a variety of Mendelian gene discovery projects. 
The database contains information from more than 19,000 
individuals that includes both persons affected by Mendelian 
conditions and unaffected relatives of these persons. A table 
containing all possible MAPT/Tau isoform 6 mutations was 
generated and then exported to Microsoft Excel, where fur-
ther analysis took place. Data was then filtered by looking at 
the “fxnAnnotation” column, where only missense 

Figure 1: Workflow diagrams for identifying most deleterious mutations 
of the MAPT/Tau gene. Analysis was mutually exclusive. 

mutations were included, while the rest were discarded. Mis-
sense mutations were closely examined because their effects 
on the protein are still unclear as they could carry negative 
or negligible effects. Identifying these mutations would later 
allow for a closer look at what effects they can inflict on the 
overall functioning of the Tau protein. They were evaluated 
in terms of resulting AA property changes, AA conservation, 
and their locations with respect to tubulin-binding domains. 
Mutations that satisfied these criteria (Figure 2) were deemed 
likely to alter the function of the Tau protein and contribute 
towards AD pathogenesis. 

Identifying specif ic Amino Acid (AA) changes:
Upon studying the “hgvsProteinVar” column in the table, 

specific AA changes, and their locations in the gene were 
identified. Following this process, the effects of these changes 
were then noted. The three properties that were investigat-
ed in this analysis were hydrophobicity, polarity, and charge. 
These properties were confirmed true with verified online 
tables and sources. A change in any of these factors as a re-
sult of a missense mutation could have potentially impaired 
the function of the Tau protein. If a change in AA property 
took place, the mutation was noted as significant in the next 
column. All 109 mutations were still taken to the next step of 
analysis even though some were found insignificant.

Gauging Gene Conservation :
The FASTA sequence of the MAPT/Tau isoform 6 gene 

in Homo Sapiens was obtained through NCBI and recorded. 
In order to determine conservation amongst Homo sapi-
ens (Hs) and the other organisms, the FASTA sequences of 
Caenorhabditis elegans (Ce), Drosophila melanogaster (Dm), 
Danio rerio (Dr), Mus musculus (Mm), Rattus norvegicus (Rn), 
and Xenopus tropicalis (Xt) were also taken note of. These se-
quences (including Hs) were entered into Clustal Omega, an 
online tool that aligned the AA sequences to test the level 
of AA conservation amongst different organisms. With this 
alignment data, each AA from the table was investigated to 
see which were shared with the other organisms at their re-
spective locations. If organisms shared one or more of the 
same AA in the same position, it was marked as conserved 
at that location. 

Finding Altered AAs in Tubulin-Binding Domains :
The MAPT/Tau protein has four tubulin-binding do-

mains. For each domain, AA sequences were found through 
the MARRVEL/DIOPT software for MAPT/Tau isoform 
X1. Typically, AAs within these domains are known to be 
essential for protein functionality so mutations taking place 
here were closely examined. These AA sequences were then 
identified within the MAPT/Tau isoform 6 gene and their 
beginnings and ends were defined. Then, it was investigated 
whether any of the reported mutations took place within the 
tubulin-binding domains. 
�   Results
Reported MAPT/Tau mutations :
The MAPT/Tau gene on chromosome 17 has a reported 

109 missense mutations that were found through the Ge-
no2MP online database. Each of these reported muta
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tions were from mRNA NM_001123066.3, the MAPT/
Tau isoform 6 gene was used as a reference in this study. 
See Supplemental Table 1, for full list of identified missense 
mutations. These mutations were analyzed throughout the 
duration of this study.

Analysis of AA changes :

Missense mutations occur at a nucleotide level and can 
therefore lead to potential AA changes, causing certain al-
terations in protein function. The first mutation reported 
was G>A (guanine to adenine), which led to a change of the 
AA arginine (Arg) to histidine (His), (Supplemental Table 
2). Three specific properties were investigated while evalu-
ating AA changes that included hydrophobicity, polarity, 
and charge. Each AA property was determined and con-
firmed true through the use of verified sources.¹⁰ Mutation 
#1 did not cause any changes in these properties, so it was 
marked as insignificant. The second mutation reported was 
G>T (guanine to thymine) and caused an AA change of ar-
ginine (Arg) to leucine (Leu). However, unlike the previous 
mutation, Mutation #2 was found to bring changes to the 
AA (Suplementel Table 2, Column 5), so it was marked as 
significant. This process was repeated several times in order 
to determine each mutation’s theoretical impact on the pro-
tein and all findings are listed (Supplemental Table 2). Of the 
109 identified missense mutations, 72 were found to alter the 
respective AA in regard to hydrophobicity, polarity, or charge 
and were therefore deemed significant (Figure 2). 

AA Conservation amongst other organisms :

Figure 2: . Significance of Mutations. Of the 109 missense mutations 
reported, 72 were found to be significant based solely on resulting property 
alterations in hydrophobicity, polarity, and charge. 37 were said to be 
insignificant as they resulted in no changes in the traits listed above. For full 
list of mutation property changes, see Supplemental Table 2.

Conservation is an important feature of AAs in a protein
as it can be very useful for evaluating the cruciality of certain
missense mutations. An essential AA is expected to be 
highly conserved amongst organisms, while relatively less 
important AAs are not as conserved. Significant changes in 
conserved AAs are more likely to alter the functioning of the 
protein because crucial AAs are at greater risk of resulting 
in property changes. In order to analyze the most important 
AA changes, then aligned the MAPT/Tau FASTA sequence 
of Caenorhabditis elegans (Ce), Drosophila melanogaster (Dm), 
Daniorerio (Dr), Mus musculus (Mm), Rattus norvegicus (Rn), 
Xenopus tropicalis (Xt), and Homo sapien (Hs) using the online 
software Clustal Omega (Figure 3). Of the 109 mutations, 
83 were found to be conserved in at least one or more of 
the listed organisms (Supplemental Table 3), however only 
Mutation #91, Mutation #92, and Mutation #102 were con-
served in all five (Table 1)

Mutations Within Tubulin-Binding Domains :

The MAPT/Tau protein has four tubulin-binding 
domains, highlighted in Figure 3. It was found that only Mu-
tation #101, #102, and #103 fall into one of these domains 
(Table 2). Mutations within these domains were explicitly 
inspected because AAs found within functional domains are 
known to be more essential for protein functionality.

Figure 3: Segment of Aligned FASTA sequence of Ce, Dm, Dr, Hs, Mm, 
Rn, and Xt - Image captured from Clustal Omega. Red letters signify small 
and hydrophobic AAs, blue represents acidic AAs, magenta letters represent 
basic AAs, and green represents AAs with a hydroxyl, sulfhydryl, or amine 
functional group. An asterisk (*) indicates positions which have a single, fully 
conserved residue (See highlighted columns for fully conserved AAs from 
mutation list), a colon (:) indicates conservation between groups of strongly 
similar properties, a period (.) indicates conservation between groups of 
weakly similar properties.

Table 1: Fully Conserved AAs from Mutation List. Within the 109 
missense mutations, it was found that only three AAs were fully conserved 
amongst all tested organisms. For a full list of AA conservation, see 
Supplemental Data Table 3, Appendix 1.

Figure 4: The four tubulin-binding domains of MAPT/Tau isoform 6 
marked in its FASTA sequence (Source: NCBI/Protein). Domains are 
represented with corresponding colors. Domain 1 (587-608) is highlighted 
in yellow; Domain 2 (626-639) is highlighted in blue; Domain 3 (641-654) is 
highlighted in red; and Domain 4 (672-702) is highlighted in green.
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�   Discussion
In this study, an approach to predict the pathogenicity of 

possible MAPT/Tau missense mutations was developed. It 
was found that depending on the type of mutation and its 
location in the gene, the overall effects may vary. AA chang-
es were analyzed in the context of polarity, hydrophobicity, 
charge, and conservation amongst various organisms. Spe-
cific AA changes were investigated based on their position 
in the different functional domains of the protein. This in-
formation could be used to predict the probability of having 
a damaged or impaired Tau protein and could further help 
in predicting the risk of AD occurrence in individuals. This 
general bioinformatics approach can be replicated to predict 
the occurrence of other genetic diseases/illnesses by utiliz-
ing the gene sequence of an affected protein. This technique 
could be used to predict certain cancers with a known genetic 
component and other proteins that play a role in AD such as 
amyloid beta. 

A total of 109 missense mutations were analyzed in the 
MAPT/Tau gene and 72 of them were determined to be sig-
nificant based on changes in their corresponding AA (Figure. 
1). Mutation #101 (p.(V635I)), Mutation #102 (p.(I643T)), 
and Mutation #103 (p.(V698I)) were the only alterations 
that were found to occur within a tubulin-binding domain. 
Furthermore, Mutation #102 was the only variant change de-
termined to be both significant and fully conserved amongst 
these three. Significance in this context refers to property 
changes in AAs as a direct result of a mutation. To test for 
overall significance on protein function and the vitality of 
the AA, conservation was also evaluated. Since the AA Iso-
leucine was fully conserved at its location (p.643), Mutation 
#102 is more likely to carry a deleterious effect on the overall 
functionality of the Tau protein. It is important here because 
based of this evidence, it can be concluded that Mutation 
#102 will most likely alter AA function, potentially impairing 
the functionality of the protein. 

Mutation #91 (p.(P512S)) and Mutation #92 (p.(P512H)) 
were also found to be both fully conserved and significant 
based on property changes. However, unlike Mutation #102, 
neither belonged to a tubulin-binding domain. Because fully 
conserved AAs are more likely to alter the overall function-
ality of the protein and these mutations were determined 
to be significant, changes are more likely to carry through. 
Therefore, it was concluded that Mutation #91 and #92 also 
carry a high probability of damaging the Tau protein and can 
potentially lead to AD.

Several other mutations were noted as significant as well, 
however they did not all meet the conservation threshold, 
nor did they belong to a tubulin-binding domain. Significant 
property changes alone, are not always enough to consider-
ably alter protein functionality. This needs to be taken into 
account along with AA conservation to obtain a more ac-
curate result as to which mutations can be most deleterious.
�   Conclusion
Three missense mutations that were likely to damage the 

functionality of the Tau protein were identified. Mutation 
#91, #92, and #102 were fully conserved and brought chang-
es to AA properties. Alterations as such in the MAPT/Tau 
gene could potentially increase the risk of developing Tau 
abnormalities and ultimately, AD. These specific changes 
can be detected early on through methods of gene analysis 
to predict AD occurrence and prevent or delay symptoms. 
By using this approach, there is a hope to pave the way for 
better understanding the underlying mechanisms of AD and 
predict its development in patients by looking at changes in 
relevant gene sequences. 

Supplemental Data :
Supplemental Table 1: Geno2Mp Generated Missense Mutation list. 
It was discovered that there were 109 reported missense mutations in this 
specific gene. This table was found in the online database Geno₂MP. It 
includes Mutation Number (#), Chromosome number (#), Chromosome 
position (chrPos), Reference SNP cluster ID (rsID), Allele Change 
(hgvsAlleleChange), Type of Mutation (fxnAnnotation), mrnaAccession, 
and the AA change and as a result of an alteration at the numbered 
locations(hgvsProteinVar). The symbols included here are change (>), 
adenine (A), cytosine (C), guanine(G), thymine (T), and position (p.). The 
mutation numbers shown here are constant throughout the entire analysis. 

Table 2: Mutations that took place in tubulin-binding Domains. Of the 
109 different missense mutations, it was determined that only three (101-
103) took place in the tubulin-binding domain. Mutation #101 occurred 
in Domain 2, Mutation #102 occurred in Domain 3, and Mutation #103 
occurred in Domain 4. None of the recorded missense mutations took place 
in Domain 1.
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