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causes a dimming in the detected amount of light emitted 
from the host star (3). This change in stellar flux is analyzed 
through the process of photometry (light measurement) to 
determine whether a planet is transiting or not. The transit 
detection method is the only exoplanet detection method that 
can measure the radius of the given exoplanet, making it a 
highly valuable and efficient approach (4). 
 Moreover, the recent development of new technologies 
and equipment has allowed for further exploration and 
discovery of exoplanets specifically using the transit detection 
method. A clear example of this advancement was the Kepler 
Mission, launched in 2009 by the National Aeronautics 
and Space Administration. This mission aimed to detect 
exoplanets specifically using the transit photometry method. 
By 2015, Kepler had detected 1030 exoplanets (5). 
 In this study, we analyzed the transit light curves of 
three exoplanets: HAT-P-25b, HAT-P-9b, and HAT-P-30b, 
to measure their radii and constrain their orbital periods 
to analyze if and how these planets have changed since 
their discovery. HAT-P-25b, HAT-P-9b, and HAT-P-30b are 
all hot Jupiter exoplanets, which are defined as gas giants 
with orbital periods of ten days or less. We hypothesized 
that the differences between the dates the exoplanets were 
discovered and the dates on which we observed them would 
have no effect on the radius and time of mid-transit parameters 
of the exoplanets. To test this hypothesis, we compared our 
calculated values to the previously published literature values 
for the radius and time of mid-transit parameters of each 
exoplanet observed: HAT-P-25b, HAT-P-9b, and HAT-P-30b 
(6-8). The literature values for each planet were obtained in 
2010, 2009, and 2011, respectively (6-8). 
 The overarching goal of our research was to gain 
information regarding how exoplanets change over time 
and how these exoplanets compare to the planets within 
the Earth’s solar system through the analysis of exoplanet 
characteristics. The results from this study would increase 
the understanding of planetary characteristics in general, and 
may provide information on how the parameters of planets in 
the Earth’s solar system are projected to change in the near 
and far future. We focus on the radii and orbital periods of 
exoplanets because these measurements are used in many 
equations that calculate other planetary characteristics, such 
as mass and density. Furthermore, the study of exoplanets is 
a relatively new field, and limited follow-up analysis has been 
performed on the exoplanets already detected and confirmed. 

Measuring exoplanetary radii using transit photometry

SUMMARY
The goal of this study was to measure the radii and 
constrain the orbital periods of three hot Jupiter 
exoplanets: HAT-P-25b, HAT-P-9b, and HAT-P-30b. 
Raw images of the host stars were acquired from 
the Apache Point Observatory in New Mexico. 
A data processing pipeline utilizing the Python 
programming language was used to convert the 
raw data images into calibrated pixels and transit 
light curve graphs. The graphs of HAT-P-25b and 
HAT-P-30b were fit with multiple light curve models, 
which varied based on a given range of radius and 
time of mid-transit parameters within the code. The 
data of HAT-P-9b were not further analyzed due to a 
non-detection in the data. We hypothesized that the 
differences between the dates the exoplanets were 
discovered and the dates on which we observed 
them have no effect on the radii of the exoplanets 
and their times of mid-transit. Chi-square Goodness 
of Fit tests were performed on all light curve models 
to isolate the chi-square value closest to 1.0. Chi-
square maps were used to estimate the 1σ error bars 
for all light curve calculations. A significant shift in 
mid-transit time (-0.41 ± 0.31 hours from expected 
value) was detected for HAT-P-25, and a significant 
difference (0.04 ± 0.0020) from the literature value 
was calculated for the normalized radius (Rp/R*) of 
HAT-P-30b. These findings stress the importance of 
updating exoplanetary measurements and will help 
scientists obtain more accurate knowledge about 
the characteristics of these exoplanets and their 
evolution over time.

INTRODUCTION
 Exoplanets are planets that orbit a star other than the Sun 
(1). The study of exoplanets enables increased understanding 
about the formation of planets, interactions between planets, 
and how Earth’s solar system differs from other solar systems 
(2). 
 Many detection methods exist to help discover these 
exoplanets; one such method is known as the transit detection 
method. Since planets orbit their host stars in consistent time 
frames, they can be detected through planetary transits, 
which occur when a planet crosses the disk of its host star. 
From the observer's viewpoint, the exoplanetary transit 
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Research regarding follow-up studies on exoplanets is critical 
for ensuring that we are obtaining accurate data regarding 
general planetary characteristics, so that in a larger sense, 
we can meticulously study planetary populations.

RESULTS
Light Curve Analysis
 To study the transit light curve graphs of HAT-P-25b 
and HAT-P-30b in terms of relative light flux, the graphs 
were normalized to a baseline value of one. We were able 
to calculate the normalized radii of both planets using the 
following transit depth equation:

where ΔF is the observed change in flux, F is the stellar flux, 
Rp is the radius of the planet, and R* is the radius of the star 
that hosts the planet. 
 Our results do not support our hypothesis because the 
values that we detected for the time of mid-transit of HAT-P-
25b and the radius of HAT-P-30b (calculated to be 0.15 ± 0.02) 
differed from the literature values with statistical significance. 
For HAT-P-25b, we found the normalized radius to be 0.13 ± 
0.03, which is consistent with the literature value of 0.1275 ± 
0.0024 (Table 1). However, the mid-transit time we found for 
HAT-P-25b was shifted -0.41 ± 0.31 hours from the expected 
value (Figure 1a). Our calculated mid-transit time significantly 
differs from the expected mid-transit time of 0 by more than 
the 1σ error bar value (Figure 2a). The 1σ error bar values 
for our light curve measurements were determined through 
chi-squared maps, which are visualizations of the 1σ error bar 
region of a measurement.
 The expected mid-transit time is 0 because the best-
fit model for our transit light curve is based on the orbital period 
stated in the literature (6). Basing our light curve model on this 
existing parameter, comparisons can be made between our 
measurements and the literature values, namely in regards 
to the mid-transit time of the exoplanet. This detected shift for 
HAT-P-25b indicates that the orbital period of this planet can 
be constrained further with future analysis. 
 For HAT-P-30b, the normalized planetary radius 
was calculated using equation 1 to be 0.15 ± 0.02 Rp/R*. This 

value significantly differs from the literature result by a value 
of 0.04 ± 0.0020 Rp/R* (Table 2) (8). This signifies that the 
radius of this planet can be constrained further. As for the 
time of mid-transit, we detected a value of 0.11 ± 0.20 hours 
from the expected time, and since the expected mid-transit 
time of 0 falls within the 1σ error bar values of our results, 
we can conclude that the period of this planet is robust and 
consistent (Figure 1c).

Table 1. Measured results and the corresponding literature values 
for the normalized planetary radius (Rp/R*), time of expected mid-
transit (hours), and orbital period (days) of HAT-P-25b.

Equation 1

Figure 1. Normalized transit light curve graphs for the planets (a)
HAT-P-25b, (b)HAT-P-9b, and (c)HAT-P-30b. These transit light 
curve graphs have been modeled with a best-fit transit light curve. 

a

b

c

Parameter Calculated 
value

Literature 
value

Normalized planetary 
radius (Rp/R*)

0.13 ± 0.030 0.13 ± 0.002

Mid-transit time (hours 
from expected value) -0.41 ± 0.310

Orbital period (days) 3.65 ± 0.00002
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DISCUSSION
In this study, we detected a significant shift from the 

literature value in the mid-transit time of the hot Jupiter 
exoplanet, HAT-P-25b (6). This information will be helpful to 
more accurately predict the transit times for this planet in the 
near future. HAT-P-25b was discovered in 2010, and since 
our plots are modeled on the parameters found at that time, 
our study signifies that the time of mid-transit has shifted by 
-0.41 hours in the past 8 years, and approximately 3.1 minutes 
every year. This means that the center of this transit occurred 
approximately 24 minutes earlier than expected. 

It is important to keep information about planetary periods 
updated to actively study and keep track of these planets. The 
importance of this detected change in the time of mid-transit 
is demonstrated by the fact that in 20 years, HAT-P-25b will 
transit more than one hour earlier than the expected time. 
This is a substantial amount of time when observing planets.

Furthermore, the shift in the mid-transit time of HAT-P-
25b implies that the orbital period of this exoplanet has 
shifted from 3.652836 days ± 0.000019 days, as stated in the 
literature, to around 3.653 days ± 0.017 days (6). However, 
the actual constrainment of the orbital period of HAT-P-25b 
cannot be determined until additional data is collected of a 
current span of continuous transits of HAT-P-25b.

The significant difference that was detected for the 
normalized radius of HAT-P-30b (0.04 ± 0.0020 Rp/R*) can 
be used to more accurately constrain the radius of this planet 
for more precise measurements. No significant difference 
was found for the mid-transit time of this planet compared 
to literature results found in 2011 (8). This signifies that the 
orbital period of this planet is consistent and unfluctuating. 

These detected differences may be the result of 
instrumentation factors or slight dissimilarities to the 
instrumentation techniques used by the mission that initially 
detected these exoplanets. Alternatively, these results 
may have occurred from the existence of true planetary 
characteristic changes, although this conclusion cannot 
be drawn until more data concerning these exoplanets are 
analyzed.

Since our hypothesis was not supported by our data, and 
statistically significant differences were found for the time of 
mid-transit of HAT-P-25b and the radius of HAT-P-30b, we can 
conclude that these characteristics can be constrained with 
further analysis. These results also stress the importance of 
updating exoplanetary characteristics’ measurements for the 
accurate study of planetary populations and solar systems 
as a whole. Overall, these findings will encourage and allow 
scientists to obtain more accurate knowledge about these 
exoplanets and their characteristics.

METHODS
In the Kepler Mission, the Kepler Data Processing Pipeline 

was used to convert raw photos taken from a telescope and 
camera into calibrated pixels and transit graphs. The stages 
in the Kepler Pipeline include data acquisition, calibration, 
photometry, presearch data conditioning, transiting planet 
search, and data validation (9). In our study, we used a data 
processing pipeline with similar stages to the Kepler Pipeline: 
data acquisition, calibration, photometry, light curve modeling, 
and light curve analysis.

Data Acquisition
We used the 0.5 meter Astrophysical Research Consortium 

Small Aperture Telescope (ARCSAT) and Flare Camera 
imaging instrument located in Sunspot, New Mexico, during 
the nights of January 16, 17, and 18 of 2018 to collect the 
data. We used these instruments through remote observing 
on a computer. The three planets we observed (HAT-P-25b, 

Table 2.Measured results and the corresponding literature values 
for the normalized planetary radius (Rp/R*), time of expected mid-
transit (hours), and orbital period (days) of HAT-P-30b. 

Figure 2. Chi-square maps for the calculated values of (a)HAT-P-
25b and (b)HAT-P-30b. The 1σ error bar range is shown in purple, 
blue, and green.

a

b

Parameter Calculated 
value

Literature 
value

Normalized planetary 
radius (Rp/R*)

0.15 ± 0.020 0.11 ± 0.002

Mid-transit time (hours 
from expected value) 0.11 ± 0.200

Orbital period (days) 2.81 ± 0.000005
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HAT-P-9b, and HAT-P-30b) are all hot Jupiter exoplanets, 
therefore, we used the R filter on the Flare Camera because 
these types of planets and their host stars tend to emit 
wavelengths of light between 550 and 800 nanometers (10-
11). This filter was used to produce the most accurate images 
possible for the given target host stars.

Calibration
Using the ARCSAT telescope and the Flare Camera 

imaging instrument, we acquired four types of images: raw 
data science images, bias images, dark images, and domeflat 
images. The raw data science images were taken of the 
target star and neighboring comparison stars. Bias images 
are short exposures taken with the camera cover on to block 
out any light exposure. Dark images are bias images with 
shorter frame times, that specifically correct for the amount 
of accumulated electrons currently present on the Charge-
Coupled Device (CCD) detector. Both dark and bias images 
reduce CCD flaws and increase signal-to-noise ratio of the 
data to obtain the highest amount of accuracy. Domeflat 
images are 60 second exposures taken of the inside of the 
observatory dome for consistency. These images reduce 
pixel sensitivity variations within the CCD (12). 

Using these bias, dark, and domeflat images, we created 
the Masterbias, Masterdark, and Masterflat images. To create 
these Masterimages, all images of that specified image type 
were stacked and averaged using the Python programming 
language. Equation 2 was then used to obtain the final 
calibrated images:  

These calculations were completed using the Python 
programming language. 

Photometry
We used a graphical user interface titled AstroImageJ to 

stack all of the final calibrated image files to perform aperture 
photometry (light measurement within a fixed size) on the 
target star and three neighboring comparison stars (13). 
These light measurements of the target and comparison stars 
were then normalized and converted into numerical values 
of light flux. These values of relative light flux for each image 
were stored in text files along with their corresponding 1σ 
error bar values (generated by AstroImageJ) and barycentric 
Julian date, which is the time that the image was taken.

 
Light Curve Modeling

For each observed exoplanet, we used the timestamp 
and light flux value (as generated by AstroImageJ) of the 
target star from each image to generate the transit light curve 
graphs of HAT-P-25b (Figure 1a), HAT-P-9b (Figure 1b), 
and HAT-P-30 (Figure 1c), with hours from mid-transit on the 
x-axis and normalized flux on the y-axis. These graphs were 
created through the Python programming language. Then, to 

study the transit light curves in terms of relative light flux and 
transit depth, we fit a line to the baseline flux of the transit light 
curve graph and normalized that baseline value to a value of 
one.

 However, the data collected for HAT-P-9b were not 
analyzed further because there is a non-detection in the data, 
which could be due to instrumentation or Charge-Coupled 
Device errors. 

The BATMAN Python package was used to fit multiple light 
curve models to the HAT-P-25b and HAT-P-30b normalized 
transit light curve graphs (14). These models were varying 
based on a given range of values for the radius and time of mid-
transit parameters within the code. Chi-squared goodness of 
fit tests were performed on each light curve model to find the 
chi-squared value closest to 1.0, which would signify a strong 
data to model fitting. We found the reduced chi-square values 
for HAT-P-25b and HAT-P-30b to be 1.1 (Figure 2a) and 2.9 
(Figure 2b), respectively. 
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Cemeteries contain unique microbiomes that require 
special attention due to the risks of soil or water contamination 
(4). The type of embalming fluids used may contribute to 
pollutants in aquifers. Revolutionary War cemeteries used no 
embalming techniques, Civil War cemeteries used arsenic, 
and modern cemeteries use formaldehyde (5). Approximately 
827,060 gallons of embalming fluid is also buried, which 
primarily consists of formaldehyde (6). 

Leachate is water that has percolated through the soil and 
retains some of the pollutants within the soil. Leachate can 
contribute to the spreading of harmful substances such as the 
components of embalming fluids. If not properly contained, 
leachate can have noticeable implications to the surrounding 
ecosystem health, as contaminated leachate may contain 
pathogenic bacteria and viruses that can contaminate 
drinking water (4). 

Certain microbes have been identified as able to 
metabolize either arsenic or formaldehyde, which are used 
by these microbes to perform functions such as anaerobic 
respiration, methylation, detoxification, and assimilation (7). 
Previous research suggests the possibility for heavy metal 
contamination from embalming fluids at gravesite locations. 
Copper, lead, zinc, and iron have been found in increased 
concentrations at gravesites as well was a dramatic increase, 
as opposed to cemeteries not using embalming fluids, in 
arsenic levels indicating graveyard contaminates (8). Heavy 
metal pollution from sources such as iron, copper, and zinc 
has been shown to have carcinogenic and non-carcinogenic 
negative health implications, especially for children and 
people living on or near contaminated areas (9).

Three cemeteries were selected in Long Island, NY in this 
study based on the time period when burials were taking place. 
The Manor of St. George, New York contains a cemetery that 
houses bodies from 1775-1783, the Revolutionary War era. 
The Union Cemetery in Middle Island contains bodies from 
1861-1865, the Civil War era. The Holy Sepulcher Cemetery 
in Coram contains bodies which have been buried in the past 
50 years, roughly. 

The purpose of the study is to determine if the different 
burial techniques utilized have affected the surrounding 
areas’ soil microbiomes. We hypothesized that there will be a 
high variation in microbiomes between the three cemeteries, 
due to the dissimilarities in embalming techniques. Triplicate 
samples were collected from three different cemeteries and 
the 16S gene was isolated and amplified. The samples were 

Introduction
A microbiome is a collection of microorganisms that reside 

in a particular environment, and microbiomes are the basis for 
all ecosystems. Microorganisms are partially responsible for 
the intake of carbon into an organism, as well as contributing 
to tissue growth or the decomposition and recycling of 
biomatter (1). The biodiversity within microbiomes is important 
to study because it can indicate the health of an environment 
and whether or not pollution is present (2). Microbiomes can 
metabolize or respond to many different chemicals, and 
different microbes can succeed in different environments 
due to their metabolisms. Additionally, microorganisms are 
responsible for carbon uptake, oxygen release, and nitrogen 
conversion (3).

SUMMARY
Previously established data indicate that cemeteries 
have contributed to groundwater and soil pollution. 
This study aimed to determine whether there was 
a variation in the microbes in cemeteries due to 
embalming techniques and to identify primary 
microbial communities in each cemetery. Different 
embalming techniques were used during different 
eras in recent history. These fluids can impact 
both epinecrotic and thanatomicrobiomes, the 
microbiomes that exist in decomposing remains. 
Additionally, these fluids can seep into the microbial 
communities, affecting the microbiome composition, 
and continue to leach into the larger surrounding 
environment, contributing to water source and 
aquifer pollution. We evaluated the 16S rDNA 
microbial gene followed by QIIME analyses using the 
Jupyter Notebooks application. We hypothesized that 
microbial variation would be high between cemeteries 
of different eras due to dissimilarities between 
embalming techniques employed, and furthermore, 
that specific microbes would act as an indication 
for certain contaminants. The results indicate that 
the following phyla were present: Proteobacteria, 
Planctomycetes, Bacteroidetes, Actinobacteria, 
Chloroflexi, Verrucomicrobia, Acidobacteria, and 
AD3. These taxonomic classifications were present in 
all sites with the exception of AD3 which was absent 
in the Civil War Cemetery. Overall, cemetery sites 
were clustered together based on location due to 
variations in the concentrations of the phyla and their 
more specific taxa.

Dominick Caputo1, Jason Rattansingh1, Victoria Hernandez1, and Bruce Nash2

1 William Floyd High School, Long Island, NY
2 Cold Spring Harbor Laboratory, Long Island, NY

An analysis of soil microhabitats in Revolutionary War, 
Civil War, and modern graveyards on Long Island, NY
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then sequenced and processed through a data informatics 
pipeline to create graphical representations of the data. 
There was variation between all three locations; however, the 
distance was the greatest between the Civil War cemetery 
relative to the other two cemeteries.

Results
Phyla Present Across All Cemeteries

To reiterate, this research was conducted in order 
to determine if there were varying concentrations of 
microbiomes, due to dissimilarities in embalming technique. 
This research was conducted by analyzing the 16S rRNA 
gene which yields data on microbial taxonomic presence and 
approximate population counts. Post sequencing, the data 
was analyzed through a bioinformatics pipeline (QIIME) and 
generated graphical representations of microbial data.

Each sample taken from the various cemeteries 
contained similar phyla. The predominant phyla present 
included: Proteobacteria, Planctomycetes, Bacteroidetes, 
Actinobacteria, Chloroflexi, Verrucomicrobia, Acidobacteria. 
The phylum AD3 is present in both the modern and 
Revolutionary cemeteries but appears to be absent within the 
Civil War cemeteries (Figures 1 and 2). 

Alpha Diversity Between the Soil of Different Cemeteries 
Alpha diversity is a measure of microbial diversity within a 

specific location, which indicate species richness. Again, the 
aims of this project were to determine if microbiomes varied 
due to different embalming techniques. The sediments of 
the Civil War cemetery appear to have the highest microbial 
species richness while the Revolutionary War cemetery 
contains the lowest (Figure 3).  

Variations Between the Civil War, Modern, and 
Revolutionary War Cemeteries

The Civil War cemetery contained many phyla that are 
similar to the other cemeteries but are present in different 
concentrations (Figure 1). The Civil War site contained more 
taxa that appeared to be evenly distributed (Figure 3 and 
5). The Principal Component Analysis (PCoA) demonstrated 
the increased variation between the microbial Civil War 
community in comparison to the Revolutionary War and 

modern cemeteries (Figure 4). This indicates that there are 
differences in the microbial communities, with the Civil War 
cemetery demonstrating the largest difference as compared 
to the other two sites. 

The Civil War cemetery contained greater Proteobacteria 
concentrations, which varied from 29% – 35% (Figure 
1).  In contrast, the other cemetery samples had lower 
representations with the highest being 26% and the lowest 
being 18%. Another aspect contributing to this variation in 
beta diversity, is the Civil War cemetery consisted of greater 
Bacteroidetes proportions, averaging 9.22% in contrast 
to modern Cemeteries, which contained approximately 
2.16% and Revolutionary which contained 1.38% relative 
amount, which would heavily impact species richness. The 
two phyla in which the Civil War cemetery contained lower 
representations were: Acidobacteria and Verrucomicrobia. 
The Civil War Cemetery contained the least Acidobacteria 
representation, averaging 10.26% compared to modern 
Cemeteries which is shown to have approximately 40.91% 
and Revolutionary which contained 23.56% Acidobacteria 
representation. The Civil War cemetery contained the lowest 
Verrucomicrobia representation, averaging 4.36% as opposed 
to modern cemeteries which contained approximately 8.23%, 
and Revolutionary cemeteries, which contained 10.46% 
Verrucomicrobia representation. 

Discussion
The research question posed was: Is there a variation 

in microbiomes in Revolutionary, Civil War, and modern 
cemeteries? It was hypothesized that microbial variation 
would be high between different era cemeteries due to 
dissimilarities between embalming techniques employed. 
The data indicates the microbial communities within each 
of the cemeteries are clearly distinct but consist of many 
of the same bacterial phyla. Phyla such as Proteobacteria, 
Planctomycetes, Bacteroidetes, Actinobacteria, Chloroflexi, 
Verrucomicrobia, and Acidobacteria were present across all 

Figure 2. Microbe concentrations in different cemeteries. 
Results from the bar graph further support the lack of AD3 within 
the Civil War Cemetery. Additionally, of the primary phyla present, 
Proteobacteria, Bacteroidetes, and Actinobacteria are at notably 
higher concentrations at the Civil War site.

Figure 1. Phyla concentrations in different cemeteries. Shown 
above is a taxonomic plot that represents the phyla concentrations in 
different cemeteries. Most notably, AD3 was present in all sites, with 
the exception of the Civil War cemetery.



JUNE 2019  |  VOL 2  |  11Journal of Emerging Investigators  •  www.emerginginvestigators.org

locations (Figures 1 and 2). Proteobacteria and Acidobacteria 
are a diverse set of heterotrophic microorganisms that are 
expected to reside within soil microbial communities.  Previous 
research indicates that cultured Acidobacteria are capable 
of utilizing carbohydrates, fixating nitrites, and can respond 
to both macronutrients and micronutrients within acidic soil 
(10). Additionally, Verrucomicrobia and ɑ-Proteobacteria 
are associated with the soil microbial communities near 
forested regions (11). The only phyla that was highest in the 
Revolutionary War cemetery was Verrucomicrobia (Figure 
2). This is relevant as this cemetery was more heavily 
wooded than the other two sites. The Revolutionary site 
also had the highest concentration of Planctomycetes.  This 
phylum is metabolically diverse but is capable of sulfur and 
sulfide reduction in both aerobic and anaerobic conditions 
(12). Throughout all sample sites, the Revolutionary War site 
had the lowest concentrations of Chloroflexi, a phylum that 
is strongly associated with the metabolism in ecosystems 
containing high nitrogen and organic matter concentrations 
(13). This may indicate that the Revolutionary War site 
contained the lowest concentrations of organic decaying 
matter.

The rarefaction plot in suggests that the Civil War 
cemetery had the highest microbial species richness while 
the Revolutionary War cemetery contained the lowest (Figure 
3). This may be attributed to the variations between microbial 
presence between the different sites. 

Each community is clearly clustered together based on 
location, as seen in the PCoA plot (Figure 4). Out of the sites 
analyzed, the most distinct microbiome was found at the site 
containing bodies from the Civil War time period. This was 
evident as it had the highest distance in relation to the other 
sample sites (Figure 4). For example, although Proteobacteria, 
Bacteroidetes, and Actinobacteria were present in all sites, 
they are present in notably higher concentrations at the Civil 

War site (Figure 2). Additionally, this site also contained the 
highest species richness (Figure 3). These distinctions may 
be attributed to numerous abiotic and biotic factors including 
but not limited to: soil pH, biomatter presence, different rates 
of decaying bodies, embalming techniques, and different 
ecosystems in close proximity to the cemeteries (14).

 High concentrations of Koribacteraceae and Ellin 
6513 bacteria are present within the modern and Civil War 
cemeteries and are decreased or negligible within the 
Revolutionary War cemetery.  This may be attributed to 
decomposing biomatter present in modern and Civil War 

Figure 5. Distribution of taxa. The taxonomic plot depicts the 
microbial orders and distribution of taxa present. Bolded boxes 
highlight the orders on the legend to the right. This depicts that the 
Civil War era cemetery has a microbiome that is greatly different than 
the other two. The iii1-15 microbes were somewhat successful in the 
Civil War era cemetery while present in near negligible amounts 
in the Modern and Revolutionary War cemeteries. The Ellin6513 
microbes are the opposite of iii1-15, where they are successful in the 
Modern and Revolutionary war era cemeteries while present in small 
amounts in the Civil war era cemeteries.

Figure 4. Principle component clusters of microbes from 
Revolutionary, Civil War, and Modern eras. The large distance 
between the three sample sites on the principle component analysis  
(PCoA) plot is indicative of high beta diversity between the Civil War 
microbial community and the other two cemeteries.  The modern and 
Revolutionary War cemeteries are clustered more closely together 
suggesting similarities between microbes present in those two 
communities while still maintaining distinct microbiomes. Additionally, 
it is important to note that the lab controls are distinctly separate from 
all samples, supporting the validity of the results. 

Figure 3. Microbial species richness of sediments from 
different era cemeteries. The rarefaction chart data indicates that 
the Civil War cemetery had the highest alpha diversity while the 
Revolutionary War contained the lowest.
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cemeteries, but not necessarily present in Revolutionary 
War cemeteries due to increased time elapsed for bodies 
to decompose (15).  Another variation evident between 
communities was that increased Acidobacteria was present in 
the Revolutionary War cemetery (Figure 2).  This is indicative 
of low soil pH; however, that cannot be confirmed (14). 

The PCoA plot also demonstrates that the distance was 
the least between the Revolutionary War cemetery and the 
modern cemetery (Figure 4). They also had similar microbe 
concentrations (Figure 2) and were closer in species richness 
(Figure 3). This may be attributed to caskets used in modern 
cemeteries and increased decomposition of bodies present 
in the Revolutionary War cemetery. Conversely, the Civil War 
cemetery was the furthest from the other sample sites on 
the PCoA plot (Figure 4). This variation may be due to the 
lack of the AD3 or containing sediment that can support high 
species richness (Figures 2 and 3). This could also be due to 
consisting of notably higher concentrations of Proteobacteria, 
Bacteroidetes, and Actinobacteria or, containing notably 
lower concentrations of Verrucomicrobia and Acidobacteria 
(Figures 1 and 2). It could also be due to different abiotic and 
biotic factors influencing microbial diversity. 

Overall, according to the data presented, there is a 
variation in the microbiomes of the different eras’ cemeteries. 
Data indicates the following: Proteobacteria, Bacteriodetes 
and, Actinobacteria concentration is increased in the Civil 
War cemetery. Verrucomicrobia and Planctomycetes 
concentration is increased in the Revolutionary War cemetery. 
While AD3 is only present in increased concentration in the 
modern cemetery, and Chloroflexi is present in decreased 
concentration in the modern cemetery. These variations are 
believed to be due to a number of factors such as pH level, 
biomatter variation, caskets utilized, and dissimilarities in 
burial techniques.

Materials and Methods
At each graveyard, samples were collected 12 inches 

beneath the organic layer in a corner that is not directly above 
a gravesite. At each sample site, approximately 2.0 grams of 
soil was collected in triplicate. The 2014 Detailed MO BIO 
protocol (Powersoil DNA isolation kit, Qiagen) was used for 
DNA extraction and isolation (16). 0.25 grams of soil was 
added into MO BIO PowerBead Tubes alongside negative 
controls, which were comprised of empty microfuge tubes. 
Following this, the tubes were mixed using a vortex. Then, 
60 µl of Solution C1, a type of cell membrane lysis solution, 
was added. Afterwards, the tubes were vortexed to mix the 
contents. The tubes were mixed for 10 minutes using the 
vortex at maximum speed. The tubes were then centrifuged 
at 10,000 x g for 30 seconds at room temperature (16).  

Then, 250 µl of Solution C2, a solution that aids in the 
precipitation of non-DNA organic and inorganic material such 
as humic substances, cell debris, and proteins, was added 
and the tubes were centrifuged again for 5 seconds, then 
incubated at 4°C for 5 minutes. After incubation, the tubes 

were centrifuged again for 1 minute at 10,000 x g. Then, 
avoiding the pellet, 600 µl of the supernatant was transferred 
to a clean tube (16). 

Then, 200 µl of Solution C3, another solution that aids in 
the precipitation of non-DNA material, was added, vortexed 
briefly, and incubated at 4˚C for 5 minutes. The tubes were 
then centrifuged for 1 minute at 10,000 x g, and 750 µl of 
the supernatant was transferred to a clean tube. The solution 
was mixed before adding 1.2 ml of the Solution C4, a high-
concentration salt solution, to the supernatant and vortexed 
for 5 minutes. Then, 675 µl of supernatant was loaded onto 
a spin filter and centrifuged at 10,000 x g for 1 minute at 
room temperature. The flow-through was discarded, and 
an additional 675 µl of supernatant was added to the spin 
filter and centrifuged at 10,000 x g for 1 minute at room 
temperature. The flow-through was discarded, and the 
remaining supernatant was loaded and centrifuged at 10,000 
x g for 1 minute at room temperature (16).

Next, 500 µl of Solution C5, an ethanol-based wash 
solution used to further clean the DNA, was added and 
centrifuged at room temperature for 30 seconds at 10,000 
x g. The flow-through was discarded from the 2ml Collection 
Tube. The remainder was centrifuged at room temperature for 
1 minute at 10,000 x g. The spin filter was placed into a clean 
2ml Collection Tube (16). 

Then, 100 µl of Solution C6, an elution buffer, was added 
to the center of the white filter membrane. Then the tube was 
centrifuged for 30 seconds at 10,000 x g at room temperature. 
The spin filter was discarded. The DNA in the tube was then 
ready for further downstream applications (16).

After DNA extraction, the 16S gene was amplified using 
the 16S primer and a thermocycler. Gel electrophoresis was 
used in order to confirm that the 16S gene was amplified. 
The samples that successfully amplified were sent to Cold 
Spring Harbor Laboratory for indexing, and from there, to 
be sequenced using Illumina’s MiSeq system. The resulting 
collection of sequences from each sample were analyzed 
using Quantitative Insights Into Microbial Ecology (QIIME) 
analyses conducted through the Jupyter Notebook web 
application, which allowed for the generation of the PCoA, 
rarefaction, and taxonomy plots.  
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release of oxidative enzymes [3,4]. Oxidation is the natural 
chemical reaction by which new compounds are unlocked.  
The tea leaves begin to turn brown and new flavors are gener-
ated through biochemical modifications within the leaves [3]. 
When the desired oxidation process is over, fixation and dry-
ing are performed to reduce the activity of oxidative enzymes. 
Green tea is un-oxidized, black tea is fully-oxidized, and Bao 
Chong tea is semi-oxidized [2]. 

Out of the thousands of compounds found in tea, caffeine, 
catechins, and L-theanine are the most well-known ones [2]. 
Caffeine is popularly known for its ability to increase alert-
ness and to keep people awake (Figure 1A). Catechins are 
famous for their antiviral properties, which can, for example, 
interfere with the replication cycle of DNA viruses and keep 
people healthier (Figure 1C) [5]. L-theanine is recognized for 
its anxiety-relieving effects as it increases dopamine levels 
and increases the production of alpha waves, which makes 
people more relaxed (Figure 1B) [6,7]. 

A temperature-based comparison of compounds found 
in Bao Chong tea, green tea, and black tea

SUMMARY
Tea is a widely-consumed beverage, and different 
types of tea can be produced depending on their 
oxidation levels. However, how different types of tea 
and brewing water temperature can affect health has 
not been considered. This investigation studied how 
compounds in tea such as caffeine, catechins, and 
L-theanine, were different in green tea, Bao Chong 
tea, and black tea, as well as in Bao Chong tea brewed 
with different water temperatures (25ºC, 45ºC, 75ºC, 
90ºC) using NMR analysis. The results showed that 
Bao Chong Tea had the highest caffeine, catechins, 
and L-theanine content, followed by green tea and 
then black tea. The best temperature for brewing tea 
to produce caffeine, catechins and L-theanine was 
between 45ºC and 75ºC, and all chemical contents 
were reduced greatly at 90ºC. A better understanding 
of the relationship between tea and its chemical 
contents will allow people to have better knowledge 
of their food intake, and possibly allow people to 
choose accordingly. 

INTRODUCTION
The ability of a small green leaf to weave itself into cul-

tures and societies throughout history is remarkable. From 
Imperial China to Victorian Britain, from Emperors to build-
ers, tea is a rich, complex beverage that has affected numer-
ous decisions and people. Since tea is a healthy and popular 
drink, this research aims to investigate tea. As people care 
more about their health, the benefits of tea have been more 
widely explored.  People no longer only drink hot tea; cold tea 
has become a trending beverage as well [1]. However, the 
impacts of drinking various teas brewed in different tempera-
tures remain uncertain. 

Tea, the common name for Camellia sinensis, contains 
thousands of chemical compounds. Different compounds 
are released depending on how the tea is processed and 
brewed [2]. To make different types of tea that people like 
to drink, tea leaves are subjected to distinct processes [3]. 
The most known types of tea are: green tea, Bao Chong tea, 
and black tea. All tea starts off as Camellia sinensis leaves 
but are then distinguished further based on different levels 
of oxidation and processing [3]. Tea leaves are first harvest-
ed and withered, reducing the water content and allowing the 
antioxidants to develop and amino acids to degrade [4]. Mac-
eration is then performed to allow oxidation by the physical 
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Figure 1. Chemical structures compunds found in tea. 
A. Chemical structure of caffeine (8). B. Chemical structure of 
L-theanine (10). C. Chemical structure of catechins (9).  
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It is important to study the relationship between tea con-
tents and the types of tea because tea is a widely consumed 
beverage, and a better understanding of its composition will 
allow people to choose their preferences accordingly. Also, a 
better understanding of chemical contents in tea could lead 
to more developed applications in health. For example, green 
tea is suggested to be beneficial in reducing the risk for car-
diovascular diseases [11]. Therefore, this research aims to 
gain a better understanding of how green tea, Bao Chong tea, 
and black tea can affect health, and how brewing tempera-
ture can affect the release of caffeine, catechins, and L-the-
anine. This research investigated how caffeine, catechins, 
and L-theanine are different in green tea, Bao Chong tea, 
and black tea and how water temperature affects the levels 
of caffeine, catechins, and L-theanine in Bao Chong tea. It 
was hypothesized that the levels of caffeine, catechins, and 
L-theanine in Bao Chong tea would be in between the lev-
els found in non-oxidized green tea and fully-oxidized black 
tea because it is semi-oxidized. It was also hypothesized that 
higher water temperatures used to brew tea would result in 
higher concentrations of caffeine, catechins, and L-theanine 
because the high water temperature causes the breakdown 
of cell walls and the release of compounds.
 
RESULTS
Comparing caffeine, catechins and L-theanine in 
green tea, Bao Chong tea, and black tea

Three types of tea samples, green tea, Bao Chong tea 
and black tea, were brewed with 75ºC water for three minutes 
and analyzed using NMR to compare the levels of caffeine, 
catechins, and L-theanine in tea. This experiment was con-
ducted to test the hypothesis that semi-oxidized tea produces 
levels of tea compounds between non-oxidized and fully-ox-
idized tea. 

The peaks are the highest in Bao Chong tea than in green 
tea and black tea. Bao Chong tea contained the most caf-
feine, catechin, and L-theanine content, followed by green tea 
and then black tea (Figure 2).

Comparing Bao Chong tea under 45º, 75º, and 90ºC 
brewing water

Bao Chong tea samples were brewed in 45ºC, 75ºC, and 
90ºC water for three minutes. The supernatant liquid was 
extracted and analyzed using NMR to answer the research 
question of this investigation “How does water temperature 
affect the levels of caffeine, catechins, and L-theanine in 
green tea, Bao Chong tea, and black tea?”

The experiment showed that lower water temperatures re-
sulted in higher chemical content (Figure 3). Both catechins 
and L-theanine content decreased as the brewing water tem-
perature increased. The caffeine content remained about the 
same for 45ºC and 75ºC, then decreased for 90ºC. Both caf-
feine and catechins peaks shifted upfield for 45ºC and 75ºC. 
There was also an unordered shifting pattern of caffeine peak 
in 7.60 ppm.

Through this experiment, it was found that levels of all 
three compounds tested: caffeine, catechins and L-theanine, 
remained the same for 45ºC and 75ºC, then decreased for 
90ºC (Table 1). 

Comparing Bao Chong tea under 25º and 45ºC brewing 
water

Bao Chong tea samples that were brewed under 25ºC and 
45ºC were also analyzed using NMR. The 25ºC trial used tea 

Figure 2. NMR analysis of the three tea samples. The spectra 
have been modified for easier reading. Corresponding peaks are 
denoted by  ■ [caffeine]; ▲ [catechins]; circle [L-theanine]. Caffeine, 
catechins, and L-theanine are labeled according to the literature [12].

Table 1. Ratio of Caffeine, Catechins, and L-theanine content 
integrated peaks. Each number represents a different peak.
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leaves and was immersed for 12 hours, while the 45ºC tri-
al used tea leaf powder and was brewed for only 3 minutes. 
The different conditions were designed to match how people 
typically make cold tea, so the sample will be in a condition 
similar to when it is normally consumed [13]. This expands 
the brewing water temperature range and compares the two 
samples in a more applicable condition.

In this experiment, it was found that the amount of caffeine 
increased, catechins decreased, and L-theanine remained 
the same from 25ºC to 45ºC (Figure 4-6). However, there 
is a suspected structural change to either caffeine or a type 
of catechin (Figure 5,6). It was also found that the Caffeine 
and catechins peaks shifted upfield for about 0.01 ppm, and 
the peaks remain about the same in L-theanine (Figure 5,6). 
Besides the shifts, there was also a peak structural change at 
3.8 ppm (Figure 5). The implications of the results are further 
clarified in the discussion section. 

DISCUSSION
Comparing caffeine, catechins and L-theanine in 
green tea, bao chong tea, and black tea

A better understanding of the amounts of caffeine, cate-
chins and L-theanine in different types of tea will allow peo-
ple to choose their preferred type of beverage. For example, 
elders might want to consume less caffeine to prevent sleep 
disturbance [14]. The signals of the studied compounds are 
clearly detected: L-theanine within 1 to 2 ppm, caffeine within 
3 to 4 and 7 to 8 ppm, and catechins within 6 to 7 ppm (parts 
per million) (Figure 2). Bao Chong tea had the highest caf-
feine, catechin, and L-theanine content, followed by green tea 

and then by black tea (Figure 2). 
However, the findings are not supported by existing litera-

ture. From the literature review, many studies suggested that 
green tea, which is un-oxidized tea, has the highest content 
of catechins and L-theanine, while black tea, which is the ful-
ly-oxidized tea, has the highest caffeine content [1,15,16]. The 
literature also suggests that half-oxidized tea has the high-
est caffeine content [17]. The outcome of this study, however, 
suggests that Bao Chong tea is the richest in all three com-
pounds. A possible explanation of the differences could be 
the different production process or tea leaves used. There-
fore, various tea brands or origins could be compared in fu-
ture studies.

For all three tea samples, no phase shifts were observed, 
indicating there were no environmental changes to hydrogen 
and therefore no structural changes to the chemical contents 
in tea [18,19]. This is important as any slight changes to the 
chemical structure might not produce the same health effects 
[18]. As tea contains more than thirty thousand compounds, it 
is crucial to understand that tea processing does not change 
chemical structures and is safe for human consumption [1]. 

Comparing Bao Chong tea under 45º, 75º, and 90ºC 
brewing water

Tea is valued not only for its taste, but also for its 
antioxidant content, which can bring health benefits. Besides 
the production of tea, temperature of the brewing water could 
also cause great differences in the taste of tea or even the 
released compounds. Based on the results of this study, 
the best temperature for brewing tea to produce caffeine, 

Figure 3. NMR Spectra of  Bao Chong tea brewed in different temperatures of water. Tea was brewed at 25ºC for 12hrs (purple), 45ºC 
for 3 mins (green), 75ºC for 3 mins (red), and 90ºC for 3 mins (blue). Corresponding peaks are denoted by ■ [caffeine], ▲ [catechins], and 
circle [L-theanine]. 
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Figure 4. 0 to 2.5 ppm NMR spectra of 25ºC and 45ºC Bao Chong Tea. Spectra represent brewing temperatures  25ºC [red] and 45ºC 
[blue].Corresponding peaks are denoted by ■ [caffeine], ▲ [catechins], and circle [L-theanine].

Figure 5. 3.1 to 4.0 ppm NMR of 25ºC and 45ºC Bao Chong Tea. Spectra represent brewing temperatures of 25ºC [red] and 45ºC [blue]. 
Corresponding peaks are denoted by ■ [caffeine], ▲ [catechins], and circle [L-theanine].

Figure 6. 6.0 to 8.0 ppm NMR of 25ºC and 45ºC Bao Chong Tea. Spectra represent brewing temperatures of 25ºC [red] and 45ºC [blue]. 
Corresponding peaks are denoted by ■ [caffeine], ▲ [catechins], and circle [L-theanine]. 
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catechins and L-theanine was between 45ºC and 75ºC. 
Caffeine, catechins and L-theanine levels remained the same 
for 45ºC to 75ºC but reduced greatly when the temperature 
increased to 90ºC (Figure 3, Table 1). The varying amounts 
of compounds in the tea when brewed with different water 
temperatures might be due to the fact that there are certain 
ranges of temperatures that are best for the compounds to be 
released [20-22]. 

However, the literature suggests that the optimum 
conditions to extract L-theanine is 80ºC, 85ºC for catechins, 
and 90ºC or 100ºC for caffeine [20-22]. This difference might 
be due to different measuring methods. For further research, 
various types of tea could be brewed at different temperatures, 
followed by analysis of the levels of different compounds. 

Another finding in this study was that the caffeine and 
catechins peaks shifted upfield to different amounts for 45ºC 
and 75ºC compared to 90ºC (Figure 3). Also, the shifting 
pattern of the caffeine peak to 7.60 ppm is unordered (Figure 
3). The shifting peaks might indicate slight changes in the 
NMR magnetic field or changes in concentration or additives 
[19]. It could be concluded that there were hydrogen related 
environmental changes, but the compound itself did not 
change [19]. Since the shifting was not appreciable, it can 
be assumed that the changes were minimal [19]. Further 
investigation is required to identify the nature of the changes 
that occurred.

All the peaks that do not indicate caffeine, catechins and 
L-theanine represent different compounds found in tea. There 
were not many significant changes observed for those other 
peaks besides the area between 5.20 ppm to 5.40 ppm, which 
is suspected to be sugar, indicating that most compounds 
were not sensitive to brewing water temperature (Figure 
3) [12]. An explanation to this could be that sugar becomes 
very sensitive to molecular changes when it reaches around 
90ºC and will be released greatly at 90ºC. However, an in-
depth literature search found no supporting evidence to prove 
or disprove the explanation, so this could be a direction for 
future research. 

Comparing Bao Chong tea under 25º and 45ºC brewing 
water

Cold-brewed tea is also a common drink and can be made 
easily by immersing tea leaves in bottled water for 12 hours 
[13]. Therefore, this experiment aimed to compare 25ºC and 
45ºC brewing water. However, the experiment between 25ºC 
and 45ºC Bao Chong tea is distinct from the previous two 
because the two samples were prepared differently. The 
25ºC trial used tea leaves that were immersed for 12 hours, 
while the 45ºC trial used tea leaf powder that was immersed 
for 3 minutes. Thus, the outcome cannot be attributed to the 
temperature change. 

Although the 25ºC and 45ºC trials differed by their 
preparation, the changes were noteworthy. The amount of 
caffeine increased, catechins decreased, and L-theanine 
remained the same from 25ºC to 45ºC (Figure 2). The 

general pattern remained as well, indicating that the length 
of time which tea leaves are immersed in water will not 
affect the overall contents in the tea. However, there are two 
independent variables in this experiment, which makes the 
cause of the changes uncertain. Therefore, future research 
could compare 25ºC and 45ºC brewing temperature for the 
same amount of time, or brewing tea at the same temperature 
for various amount of times. This would clarify the changes 
within this experiment.  

Additionally, shifted peaks were found for caffeine, 
catechins, and L-theanine (Figures 4-6). The shifting peaks 
indicate changes in NMR magnetic field, concentration, or 
additives [19]. This could be due to different temperatures 
or brewing time. However, a more in-depth investigation is 
required to better understand the reason behind the changes.

A structural difference at 3.8 ppm was also found (Figure 
5). The compound was suspected to be caffeine or a type 
of catechin [12]. It is a conformational change, which means 
the changes in the environment have caused changes in 
shape of the macromolecule [23]. Although most of the 
changes seen in this experiment may be caused by external 
variations such as hydrogen related environmental changes, 
the compound at 3.8 ppm had structural changes because 
of its sensitivity towards temperature. This sensitivity might 
be due to the compound structure where the hydrogens in 
caffeine compounds are more widely spread compared to the 
unchanged L-theanine and are more easily affected by water 
temperature. 

Besides the limitations mentioned in previous sections, 
there are also possible errors within this research. Only one 
trial was conducted for each water temperature, and the lack 
of replication might lead to unidentified errors. The measure-
ments made during the experiment might contain random 
errors because of the variable measurements, including the 
milligram balance, pipet, and the NMR machine. The tem-
perature control during the experiment is unstable because it 
is controlled by a hot plate without a precise temperature and 
was monitored by a thermometer, causing the temperature of 
the water to be variable. Therefore, a few improvements for 
future research include conducting more trials of the same 
temperature to ensure accuracy and reduce errors, using a 
hot plate with a temperature control along with a covered bea-
ker, and other additions when brewing water to prevent heat 
loss. Another aspect to improve upon in future research is the 
NMR set up. NMR spectra can be highly accurate when all 
the sources of errors are properly addressed [24]. The get-
prosol would need to be set correctly to get the probe head 
and solvent to the corresponding acquisition parameter [25]. 
Moreover, the number of scans would need to be set appro-
priately to ensure the level of accuracy, and the relaxation 
times would need to be long enough for the spectrometer to 
adjust measurements in order to produce accurate results 
[24]. To ensure that the collected data was accurate, various 
setting conditions should be conducted and the results should 
be compared to ensure the outcomes are the same [24]. 
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Specific future investigations could be performed on the 
basis of this research. Various brands of tea could be tested 
to investigate if the result is suitable regardless of the brand. 
Samples can be analyzed using other NMR techniques such 
as 13C-NMR or 15N-NMR or the two-dimensional nuclear 
magnetic resonance spectroscopy (2D NMR) to offer a more 
precise understanding of the structural change of caffeine, 
catachins and L-theanine. A more comprehensive investiga-
tion can be conducted by extracting the compounds in the tea 
for more accurate comparison. A brewing water temperature 
comparison could be conducted on different types of tea, for 
example, green tea or black tea. Also, the relationship be-
tween brewing time and the number of times tea leaves are 
brewed and the levels of chemicals that make up tea content 
can be investigated. Additionally, how the environmental con-
ditions of tea farms affect chemical contents of tea could also 
be studied. Various types of compounds and their correlation 
with brewing water temperature, types of tea, brewing time 
could also be investigated. For example, specific types of cat-
echins such as EGCG and ECG, various kinds of sugar, or 
flavanols such as kaempferol and quercetin glycoside [21], 
could all be future research topics. 

In conclusion, drinking Bao Chong tea was suggested to 
be more beneficial than green tea or black tea as it has the 
highest content of the investigated compounds, where black 
tea has the lowest for all. Therefore, Bao Chong tea could 
be selected to drink if the consumer is looking to drink tea 
for its health benefits. Also, brewing water between 45ºC 
and 75ºC was suggested as the best for releasing caffeine, 
catechins, and L-theanine. Therefore, in the future, people 
could measure their tea brewing water temperature and make 
tea according to their desired beverages. Lastly, although a 
relationship between caffeine, catechins, and L-theanine and 
25ºC and 45º C brewing water cannot be drawn directly, there 
are significant changes in the NMR results which require 
future investigation. 

METHODS 
1H NMR is a technology used to detect the different hydrogen 
environments in the compound [25]. By using NMR, the 
changes in compounds caused by the different brewing 
temperatures can be detected.

Preparation for tea samples 
Green tea, Bao Chong tea, and black tea leaves, depend-

ing on the experiment, were first ground into powder and 
100mg was measured and transferred into an Eppendorf 
tube. Distilled water was added into a second Eppendorf tube 
and placed into a beaker with water and “cooked” on a hot 
plate for ten minutes after reaching the desired temperature 
(75ºC for tea type comparison and 45ºC, 75ºC, and 90ºC for 
temperature comparaison). 1.2 mL of cooked distilled water 
was taken from the second Eppendorf tube and added into 
the Eppendorf tube with tea powder as mentioned above, 
and the Eppendorf tube with tea powder was then put into the 

same beaker and “cooked” on the hot plate for three minutes. 
After that, the Eppendorf tube was removed from the beaker 
and put into a centrifuge for ten minutes. After centrifugation, 
0.4 mL of the supernatant liquid was extracted and mixed with 
0.1 mL of D2O in an NMR tube. NMR samples were vortexed 
for thirty seconds before being placed into a 500Hz NMR to 
be analyzed. 

Preparation for Bao Chong tea under 25º C brewing 
water

An extra trial of 25ºC was prepared the day before the 
experiment. 1g of tea leaves was added to 600 mL of water 
for 12 hours [13]. 

The use of NMR
To compare the different chemical contents of tea under 

various conditions, proton nuclear magnetic resonance spec-
troscopy (1H NMR) was utilized. Access to this technology 
was provided by the Department of Chemistry at Academia 
Sinica. The set-up of NMR was as listed: the solvent selected 
as D2O, the acquisition time set as 0.5 per second, the num-
ber of scans set as 128, time domain data size set as 5000, 
and spectra width in hertz set as 5000.

NMR peak integration
After combining the NMR spectra, the magnifications 

were increased on a computer for measurements. A ruler was 
used to measure the length of the desired peaks. After that, 
peaks of the same temperature were divided by the smallest 
measure and written as a ratio. 
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which is on the rise due to depletion of atmospheric ozone 
[2].  Ultraviolet radiation can cause both direct and indirect 
damage to the DNA of living organisms [3]. Cells do have some 
repair mechanisms to fix the damage, but these pathways are 
not always completely successful [3]. For example, the form 
of UV radiation known as UVB (290-320 nm wavelength), can 
damage living cells and alter the molecular structure of DNA 
by causing physical breaks or mutations in DNA structure 
[4], a phenomenon that is implicated in carcinogenesis. UV 
radiation can also cause indirect DNA damage by creating 
free radicals. Free radicals are molecules that are highly 
reactive due to the presence of unpaired electrons. Such 
hydroxyl radicals can attack the DNA backbone and bases, 
potentially causing cells to die or develop mutations. [3]. By 
causing damage to cells and DNA, free radical build-up can 
lead to cancer and other diseases. 

Just as the environment can negatively influence our 
genetic information, some naturally occurring protective 
factors have also been identified. One such tool is a set of 
compounds called antioxidants [5]. Endogenous antioxidants 
are those which living organisms may produce for the sole 
purpose of neutralizing free radicals by donating electrons 
while exogenous antioxidants are extracted from external 
sources such as food and supplements. Beta-carotene, 
lycopene, and vitamins A, C, and E are primary forms of 
exogenous antioxidants. Studies in the 1990s reported that 
individuals with a low intake of antioxidant-rich food were at a 
greater risk for developing chronic diseases, including cancer 
[5]. However, studies that looked at the relationship between 
antioxidants and conditions like cardiovascular disease and 
cancer did not find convincing evidence for antioxidants’ 
protective effects. It is important to note, however, that those 
trials were of short duration, were conducted in people with 
existing diseases, and utilized artificially manufactured 
antioxidant supplements [5]. 

Prior research has looked at UV-radiation-induced DNA 
damage in animal models, including Drosophila melanogaster, 
or the simple fruit fly, and shown that such radiation can 
have harmful effects on flies’ lifespan, fertility and physical 
structure [6, 7]. Research has also shown that antioxidants 
such as curcumin can extend the Drosophila lifespan [8]. 
Drosophila also has a short, simple reproductive cycle lasting 
about 8-14 days, so several generations can be observed in 

INTRODUCTION
The genetic code, inscribed in the DNA of each species, 

is vital to the unique and efficient functioning of every living 
organism [1]. However, this genetic code is not securely 
protected. External forces may influence our genetic 
instructions and cause devastating diseases such as cancer. 
One such environmental force is ultraviolet (UV) radiation, 

SUMMARY
Ultraviolet (UV) radiation is known to alter DNA 
structure and impair cellular function in all living 
organisms.  One proposed mechanism of injury 
involves the production of harmful free radicals. 
The DNA damage caused by UV radiation can lead 
to a myriad of medical issues, but there is limited 
research on potential rescue interventions. However, 
studies have suggested that naturally occurring 
antioxidants may exert their positive influence on an 
organism by reducing oxidative injury, which leads to 
the purpose of this project: to study the effects of UV 
radiation and determine whether antioxidant-enriched 
nutrition can combat the potential deleterious effects 
of UV radiation on Drosophila melanogaster. We 
hypothesized that UV radiation would diminish the 
lifespan and fertility of Drosophila, as well as causing 
physical abnormalities. We also predicted that 
Drosophila cultured in the presence of media enriched 
with the antioxidant curcumin would have enhanced 
lifespans and fertility. Finally, we hypothesized that 
raising Drosophila with curcumin-enriched media, 
would diminish the negative impact of UV radiation on 
the organism’s longevity and fertility. We found that 
UVB (320nm) radiation caused a 59% decrease in the 
Drosophila lifespan and mutagenic effects on flies' 
physical appearance, but did not significantly affect 
fertility. Curcumin significantly prolonged lifespan 
and enhanced fertility for both UV- and non-UV-
exposed flies. Therefore, we conclude that curcumin 
can prolong lifespan, enhance fertility, and mitigate 
the deleterious effects of UV radiation on Drosophila. 
Our research demonstrates that we can harness the 
positive potential of natural antioxidants and use 
them as weapons in our war against radiation-induced 
diseases, including conditions like cancer.
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weeks [8]. Curcumin is a natural, organic antioxidant found in 
turmeric, a spice which is consumed and used for medicinal 
purposes in Asia [9]. Curcumin has been shown to scavenge 
free radicals such as the superoxide anion and to exhibit anti-
cancer properties [9].

Based on a thorough review of the scientific literature, we 
posed the following questions: If UV radiation damages DNA 
at least in part by creating free radicals, and antioxidants are 
effective neutralizers of those free radicals, can we use one 
agent to protect us from the harmful effects of the other? If 
an organism is provided with antioxidant-rich nutrition, will 
this diet make it less likely to succumb to the harmful effects 
of UV radiation? To our knowledge, these questions have 
never been answered by the scientific community. We chose 
to study these questions using Drosophila melanogaster for 
several reasons. They are small and inexpensive to maintain, 
and 75% of the genes that cause disease in humans are also 
found in the fruit fly [10].

We designed an experiment to study the effects of UV 
radiation and antioxidant-enriched nutrition on Drosophila 
and to study whether the potential beneficial effects of 
antioxidant treatment can mitigate the harmful effects of 
UV radiation. We hypothesized that: 1) flies exposed to UV 
radiation will show reduced lifespan and fertility, as well 
as physical abnormalities; 2) flies cultured with curcumin-
enriched media will show increased lifespan and fertility; 
and 3) flies cultured with curcumin-enriched media will be 
protected against the negative impact of UV radiation on 
longevity and fertility. As a result of these experiments, we 
concluded that treatment with the antioxidant curcumin 
increases the fertility of fruit flies, both in UV- and non-UV-
exposed flies. UV radiation caused devastating mutagenic 
effects to the physical structure in both parent and offspring 
generations, including tumors and crippling wing mutations. 
UV radiation also caused a significant decrease in lifespan, 
but this effect was counteracted by treatment with curcumin. 
Additionally, curcumin treatment increased Drosophila 
lifespan and even had the ability to mitigate the effect of UV 
radiation on lifespan. Therefore, curcumin has the ability to 
act as a preventative measure against ultraviolet radiation 
and resulting health risks in flies. 

RESULTS
We placed Drosophila cultures into four experimental 

groups: control, UV-exposure only, curcumin-enriched media 
only, and UV exposure with curcumin-enriched media. The 
UV group was exposed to UVB (320 nm) radiation in a dark 
room for three minutes. We transferred flies into fresh vials 
every four days and recorded numbers of alive flies. To 
assess fertility, we anesthetized flies and separated them by 
sex. Five flies of each sex were placed into each vial. We 
used the same four experimental groups. We then counted 
the larvae and pupae on days 5 and 10 similar to previously 
published methods [6]. To study physical structure, 4-5 flies 
were anaesthetized and their physical characteristics were 

observed. After UV exposure, we examined flies for any 
mutagenic effects on both first and second generations.

At each time point studied, the antioxidant group did the 
best in terms of survival and the UV-exposed group did the 
worst (Figure 1, Table 1). Importantly, flies that were given 
curcumin-enriched media but were also exposed to UV 
radiation lived longer than control flies, but not as long as 
those who were given the same media but not exposed to 
radiation. This demonstrates that the antioxidant was able to 
partially protect the Drosophila from radiation-induced injury. 

We assessed fertility by counting larvae and pupae on 
days 5 and 10. By day 10, the antioxidant group had many 
more offspring (mean = 44.7, SEM = 21.1) than either the 
control (mean = 7.0, SEM = 3.2) or UV-exposed (mean = 
8.7, SEM = 3.5) groups (Table 2, Figures 2-3). On day 10, 
we also observed that the UV + antioxidant group (mean = 

 

Figure 1. Drosophila longevity of all experimental groups.  This 
graph displays the relative survival rates for all experimental groups 
as well as the 50% Cohort Survival (n = 20-25 flies per vial). UV 
radiation alone caused a significant decrease in lifespan, which was 
associated with an extremely steep slope. The antioxidant nutrition 
was somewhat able to mitigate this effect.

Table 1. Time taken for 50% of flies to die. 

Table 2. Effect of UV radiation and curcumin of Drosophila 
fertility. 

Experimental 
Condition

Mean (Std Error)
Day 5 Day 10

Larvae & pupae Larvae & pupae
No UV, no antiox 0.7 (0.58 7.0 (3.21)

+UV only 0.3 (0.33) 8.7 (3.48)
+Antioxidant only 3.7 (1.40) 44.7 (21.07)
+Antioxidant, +UV 1.7 (1.67) 40.0 (22.01)

Experimental Condition Days
No UV, no antiox 9.7

+UV only 4.0
+Antioxidant only 10.5
+Antioxidant, +UV 12.0
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40.0, SEM = 22.0) had greater survival than the control or 
UV-only groups (Table 2, Figure 2-3). We also found that 
the Drosophila that were raised on antioxidant-rich media had 
far more pupae than those without. In summary, UV radiation 
did not significantly decrease the reproductive potential of 
Drosophila.  We also found that antioxidant treatment led to 
an increased number of offspring, even in flies exposed to UV 
radiation, but this effect was not statistically significant (p = 
0.2464, two-way ANOVA).  

In terms of physical structure, Drosophila exposed to UV 
radiation showed a darkened exoskeleton. The offspring 
of UV-exposed flies showed many more mutagenic effects 
(Figure 4), including vestigial and curved wing structures, 
which are well-established mutations that map to chromosome 
2 [11].  We also found abnormal head growths and tumors.  
In addition, we observed that second-generation larvae 
and pupae had very translucent body chambers compared 
to the more-opaque controls, perhaps making them more 
susceptible to environmental insults. 

DISCUSSION
The purpose of this experiment was to determine the effects 

of UV radiation and antioxidant (curcumin)-rich nutrition on the 
phenotype of Drosophila melanogaster, as well as to assess 
whether antioxidant treatment could diminish the harmful 
effects of UV radiation on the organism. Our hypotheses were 
partially supported by our results. UV radiation appeared 
to decrease Drosophila lifespan based on the form of the 
longevity curves, however, this was not subjected to a test 
of statistical significance. UV radiation did cause mutagenic 
effects on their physical structure. However, UV radiation 
did not decrease the fertility of Drosophila. Antioxidant-rich 
nutrition, in the form of curcumin-enriched media, appeared 
to increase Drosophila lifespan and fertility but the latter 
effect was not statistically significant. Although not subject to 
statistical testing, our data suggested that curcumin treatment 
may enable UV-exposed flies to live much longer than both 
flies who only received UV radiation and control flies. Lastly, 
curcumin treatment increased the number of larvae and pupae 

produced, even after the flies been exposed to UV radiation. 
We recognize that our quantitative data is preliminary and 
not subject to rigorous statistical testing, however, it does 
suggest an interesting trend it terms of the harmful effects 
of UV radiation and the potentially beneficial effects of the 
antioxidant, curcumin.  Due to the fact that Drosophila share 
75% of the genes that cause diseases in humans, the data 
collected in this experiment would be clinically relevant to 
a degree, but with some discrepancies due to the natural 
differences between Drosophila and humans. A clinical trial 
or further research in mammalian systems would be useful in 
order to solidify the validity between our data and its effects 
on humans. 

The decrease in Drosophila lifespan due to UV radiation 
may be caused by DNA damage and the induction of cancer, 
as has been previously described [10]. It could also reflect 

Figure 4. The effects of UV radiation on Drosophila physical 
structure. These figures display the phenotypic effects of UV 
radiation on Drosophila. Dichaite and vestigial wing mutations (in the 
F1 generation) were produced in response to exposure (n = 15-20 
flies per group).

Figure 2. Fertility results on day 10 . Shown here is the average 
number of offspring (larvae/pupae) per experimental group on Day 
10. UV radiation did not influence fertility. However, antioxidant 
nutrition significantly enhanced fertility in flies with and without 
exposure to UV radiation. (5 male and 5 female flies per vial)

Figure 3. Fertility-larvae and pupae day 10. This figure displays 
the distribution of offspring among larvae and pupae for each 
experimental group. The antioxidant nutrition groups seemed to 
have an accelerated life cycle with more pupae present on day ten 
compared to larvae. (5 male and 5 female flies per vial)
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tissue injury and aging mechanisms caused by excessive free 
radical production [11]. Prolongation of lifespan by curcumin 
supports prior literature [9], and our data shows, for the first 
time, that this naturally-derived antioxidant can even mitigate 
the negative effects on lifespan induced by UV radiation. 
UV radiation did not affect Drosophila fertility, possibly 
indicating that the rays did not affect gonadal cells or that 
the DNA repair mechanisms within the reproductive system 
were more proficient. Antioxidant treatment may enhance 
fertility, perhaps by increasing the overall health and vigor 
of the organism and also indirectly by prolonging lifespan 
and allowing a longer reproductive time frame. UV radiation 
produced mutagenic effects on the Drosophila physical 
structure as previously described, especially with regards to 
wing development [7].

Our findings are extremely exciting and promise a 
potential breakthrough in the prevention of radiation-induced 
diseases such as cancer. Our research demonstrates that 
we can utilize the positive potential of natural antioxidants 
in our war on cancer. It is possible that antioxidants exert 
their positive effects by protecting against injury within 
various organ systems and by scavenging mutation-causing 
free radicals, which can be formed naturally or under the 
influence of radiation. The findings of our study have broad 
implications for the design of preventive approaches against 
environmental hazards such as UV radiation. Clinical research 
and human studies are vital to furthering our understanding 
of this protective phenomenon and its applicability to public 
health. It would also be extremely informative to study the 
effect of antioxidant dosages and determine a minimum and 
maximum effective dosage, as well as toxicity at large doses 
if applicable.

Our study is limited by a small number of fruit flies, due to 
space and budget limitations. Future studies should analyze the 
corresponding DNA changes associated with the phenotypic 
effects so that we can better understand carcinogenesis. 
Research in this field is critically necessary to help scientists 
design novel prevention strategies for devastating diseases, 
including cancer. While we must continue pursuing research 
to find a cure for cancer, we should be equally committed to 
stopping cancer before it even gets started.

METHODS
Experiment 1: Dependent Variable = Longevity

Wild-type Drosophila melanogaster were acquired 
from Carolina Biological Company and maintained at room 
temperature under normal lighting conditions. Eight vials of 
culture media were prepared and labeled, two for each of 
the following experimental conditions: 1) No UV exposure 
or curcumin treatment; 2) UV exposure only; 3) curcumin 
treatment; and 4) UV exposure and curcumin treatment. 
Four vials contained curcumin-enriched culture medium (100 
mg curcumin/1 g culture medium). USDA-certified organic 
curcumin was obtained from Micro Ingredients Company. 15-
20 drosophila were placed in each vial.

A 4-watt (254/354 nm) UV lamp was used to irradiate 
two experimental groups (UV only and UV + antioxidant) in a 
dark room for three minutes. All vials were placed in a small 
incubator and maintained at a temperature of 25-28ºC. The 
adult flies were transferred to new vials every four days to 
avoid including their offspring in the longevity count. During 
each transfer, we recorded the dead flies in the old vial, living 
flies in new vial, and the percentage of flies remaining alive 
in each of the experimental groups. Data were tabulated and 
graphed on survival curves.

Experiment 2: Dependent Variable = Fertility
Twelve vials of culture media were prepared and labeled, 

three for each of the four experimental groups described 
above. Six vials contained curcumin-enriched culture 
medium (1 mg curcumin/1 g culture medium). A Drosophila 
Kit from Carolina Biological was obtained in which sex is 
matched to eye color: red-eyed flies were female and white-
eyed flies were male. Flies were carefully anaesthetized using 
FlyNap (Carolina Biological) and separated into two groups 
by gender. Five male and five female flies were placed into 
each vial. Six vials were irradiated as described above.  The 
larvae and pupae were counted in each vial five and 10 days 
after UV exposure. Mean offspring and standard error were 
calculated for each group, and developmental distribution of 
offspring was noted. 

Experiment 3: Dependent Variable = Physical Structure
We examined 4-5 wild-type fruit flies under a microscope 

for characteristics such as body shape, eye color, and wing 
anatomy.  Microscopic photographs were taken in order to 
document the standard physical structure. From the same 
wild-type culture, we collected flies to set up four vials, two 
each for no-UV and for UV-exposed Drosophila. Two vials 
were exposed to UV radiation as described above.  We 
observed flies for the next three-to-four weeks. After one 
week, when larvae became visible, we transferred the 
parental generation to a new vial and studied these flies for 
physical abnormalities. After three weeks, we studied the 
second generation for mutagenic effects. Again, we used the 
FlyNap anesthetizer to immobilize the flies so that they could 
be observed and photographed under the microscope. 
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generally accepted by the scientific community that neuro-
genesis is evident in many areas of the brain, including the 
hippocampus (2).  However, the ability to regenerate neurons 
varies amongst species and diminishes most significantly in 
the human brain as it matures.. Given the hippocampus and 
striatum govern long-term memory and cognitive skills, re-
spectively, evidence of the ability to regenerate nerve cells, 
although limited, in these regions is a promising area for con-
tinued research that may benefit patients suffering from neu-
rodegenerative diseases (2).

Since research suggests that neurons in humans may 
regenerate, the use of models with regeneration capabilities 
may be useful for the study of neurodegenerative diseases 
like Parkinson’s. The central nervous system of planaria con-
sists of a bi-lobed brain connected to a pair of nerve cords 
that extend ventrally from the head (3) and has extensive 
regeneration capabilities. In fact, all parts of the planarian 
can regenerate, even from a fragment as small as 1/279th 
of the organism’s original size (4). Regeneration in planaria 
is caused by pluripotent stem cells distributed throughout the 
body, which give rise to all cell types (4). High levels of dopa-
mine have been extracted from regenerating planarian, sug-
gesting that dopamine has a role in the regeneration process 
(5). In addition, planaria share with vertebrates all the major 
developmental signaling pathways of cells (4). Regions of the 
planarian genome have been identified as having significant 
similarity to human disease-related genes (3). These com-
monalities, along with ease of maintenance and cost-effec-
tiveness of husbandry, make planaria an excellent test model. 
By studying the regeneration process in this system, we can 
learn how to positively impact neurogenesis. 

Caffeine is an alkaloid compound commonly found in cof-
fee, tea, and cacao and is used medicinally as a stimulant and 
diuretic. Caffeine enhances dopamine signaling in the brain 
by antagonizing adenosine receptors (6). Studies of planar-
ia treated with caffeine solutions have had varying results. 
In a study at East Tennessee State University, researchers 
found that levels of caffeine greater than 0.01 M were toxic 
to planaria after three days of exposure to the treatment (7). 
Measures of survivorship in this study also showed that after 
three days, 60% of the planaria died in the 1000 μM solu-
tion, while 50% died in the 100 μM solution (7). All planaria 
survived at a caffeine concentration of 10 μM (7). Another 
study suggested that 10 μM caffeine accelerates the stages 
of regeneration starting with blastema development, growth, 
and differentiation when compared to a control treatment of 

The effect of caffeine on the regeneration of Brown 
Planaria (Dugesia tigrina)

SUMMARY
Planaria are considered the most primitive form 
of cephalized animal with similarity to vertebrate 
nervous systems. They possess nearly every 
neurotransmitter present in most mammals, 
including dopamine. Planaria are known for their 
extraordinary ability to regenerate from a small 
tissue fragment, making planaria an ideal model to 
study the nervous system. Planaria have pluripotent 
somatic stem cells known as neoblasts.  Following 
amputation, neoblasts increase their rate of return 
and migrate to the wound site. They then give rise 
to a mass of new tissue called the blastemal. Cells 
in the blastemal differentiate over a period of several 
days to replace missing body structures. Previous 
research compared scoring methods of neurotoxicity 
on the neurological, locomotive, and morphological 
functions of planarian.  High levels of dopamine have 
been found in regenerating planaria, indicating that 
dopamine may have a role in regeneration. Caffeine 
enhances dopamine signaling in the brain. Therefore, 
this study aimed to explore the effect of caffeine on 
the regeneration rate of planaria. In this study, twenty-
one planaria were exposed to two concentrations 
of caffeine. The heads were amputated, and 
regeneration was recorded by digital photography. 
The study showed that the highest dosage of caffeine 
accelerated the regeneration rate of the planaria in 
comparison to the lower dosage and control. The 
planaria treated with the lower caffeine dosage also 
regenerated in less time than the control specimen. 
This study is evidence that a high dose of caffeine 
accelerates planaria regeneration and implicates 
caffeine as a possible treatment to stimulate the 
regeneration process.

INTRODUCTION
Degeneration, or death of nerve cells, results in move-

ment and mental functioning problems.  These symptoms, 
commonly observed in Parkinson’s patients, are a result of 
the dopaminergic neuron death in the substania nigra region 
of the brain. As the disease progress, motor skills and mental 
acuity decline. The National Parkinson Foundation estimates 
that over 10 million people worldwide suffer from Parkinson’s 
disease. With 60,000 people diagnosed annually in the Unit-
ed States, it is estimated that by 2020 more than 1 million 
Americans will be living with Parkinson's disease (1). It is 
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spring water (8). Because planaria react to their environmen-
tal conditions using chemical, mechanical, and light sensory 
neurons, data can be collected on these cells to assess the 
effect of treatments. 

The goal of this research was to determine the ability of 
caffeine to accelerate the regeneration of pluripotent pla-
narian cells. Considering dopamine has found in high levels 
during planaria regeneration and caffeine enhances dopa-
mine signaling, we hypothesize that the caffeine treatment 
will decrease the time for planaria to regenerate after am-
putation. For the purpose of this study, amputation was per-
formed immediately below the head to separate the bi-lobed 
brain from the ventral nerve cord. The number of days from 
amputation to full regeneration was assessed through visual 
inspection. The purpose of the research is to investigate the 
usage of caffeine as a treatment to stimulate regeneration.

RESULTS
We measured the time to full regeneration of amputated 

planarian in three experimental groups: control, low caffeine 
dose (30 μM ) and high caffeine dose (60 μM). To measure 
the rate of regeneration, the head of each planarian was am-
putated to separate the bi-lobed brain from the nerve cord 
that extends ventrally from the head. Every 24 hours, a photo 
was taken of each planarian, the photo was analyzed, and 
the stage of regeneration was recorded. The time required for 
each specimen to reach each stage of regeneration was re-
corded and averaged across the experimental group. This al-
lowed us to calculate the average regeneration elapsed time 
(in days) for each stage in each experimental group (Figure 
1). 

The results indicate the high caffeine group accelerated 
the time (7.88 days) to reach full regeneration in comparison 
to the low caffeine (7.70 days) and control (7.76 days) groups.   

The high caffeine group accelerated the time to reach all re-
generation stages, except stage 4.  Planaria treated with low 
caffeine reached all regeneration stages in less time than 
control specimens

We calculated the average time to full regeneration for 
each experimental group by taking the duration in days from 
amputation to the first observation that a planarian reached 
stage 7. Planaria in the high caffeine group regenerated more 
quickly than planaria in the control group (Figure 2). The av-
erage regeneration time for the caffeine high group was 16 
days, 2.15 days shorter than the control time of 18.15 days, 
reflecting an 11.8% increase in regeneration rate (p=0.0225). 
We found no difference in the average regeneration time 
between the control and caffeine low treatment groups 
(p=0.1804). The difference in regeneration speed between 
caffeine high versus caffeine low was 0.74 days, or a 4.4% 
increased rate in the low caffeine treatment group; this differ-
ence was not statistically significant (p=0.6777).

As studies have shown, caffeine may have a positive or 
negative effect on planaria depending on dosage. Previous 
studies indicated fatalities at a dosage level of 0.01 M. This 
study compared the dosage of 30 μM to 60 μM of caffeine 
and found that the higher dosage accelerated planaria regen-
eration without fatalities. 

DISCUSSION
The results support our hypothesis that a caffeine treat-

ment stimulates regeneration by decreasing the time required 
for planaria to regenerate following amputation below the 
bi-lobed brain. Each planarian was amputated below the 
head and visually inspected to determine that the amputa-
tion was completed within the guidelines. The regeneration 
stage was assessed based on the presence of developmental 
milestones for each stage of regeneration, as documented 

Figure 1. Average time to reach each regeneration stage by 
experimental group. Each planarian was inspected to determine 
the stage of regeneration.  The average for each experimental group 
by stage was calculated and the standard error determined.  The high 
caffeine dose accelerated all regeneration stages except stage 4. The low 
caffeine dose accelerated the regeneration in stages when compared to 
the control group. 

Figure 2. Average time to reach full regeneration by
experimental group. Each planarian was inspected to determine
the final stage of regeneration, stage 7. The high caffeine reached
stage seven in the shortest period of time of 16.0 days ± 1.0699
(60 μM; p=0.0225, one-way ANOVA); low caffeine in 16.74 days ±
1.3495 (30 μM; p=0.1894, one-way ANOVA), and control in 18.15
days ± 1.549.
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in the material and methods section. Based on the average 
time it took each planarian to reach stage 7 (full regeneration), 
we found that the caffeine low group (30 μM; p=0.1804) did 
not regenerate more quickly than the control group. Howev-
er, the planaria treated with a high dose of caffeine (60 μM; 
p=0.0225)  regenerated in 11.8% less time and 2.14 fewer 
days as compared to the control group. As planaria regener-
ate completely in 16-18 days, this represents a substantial in-
crease in regeneration rate . These findings also suggest that 
regeneration in planaria was affected by the caffeine dosage, 
as only the higher dosage (60 μM) of caffeine had caused a 
significant increase in the rate of planaria regeneration.

Caffeine, a widely consumed psychoactive substance, 
works in the nervous system; it enhances dopamine signaling 
by slowing down dopamine reabsorption in the human brain. 
Previous studies support that planaria have dopaminergic re-
ceptors in their nervous system, and high levels of dopamine 
have been extracted from regenerating planaria. (9) Planaria 
absorb chemicals such as caffeine by epithelial diffusion or 
intake the chemicals through their pharynx. This has been 
demonstrated in pharmaceutical toxicology testing utilizing 
spectrophotometry (10). Caffeine is metabolically active in the 
planarian, as it has been found to increase planarian motili-
ty in a concentration-dependent manner, a behavioral effect 
consistent with findings in vertebrates (6).

Planaria maintain a large population of pluripotent stem 
cells. This study suggests that caffeine accelerates the re-
generation and differentiation of these pluripotent cells into 
neural cells. Stem cell therapy for patients suffering from Par-
kinson’s disease involves injecting stem cells directing into 
the basal ganglia, in hopes that these cells will differentiate 
into dopaminergic neurons. Caffeine may promote cell regen-
eration and neuronal differentiation in that context, as well, 
potentially improving therapeutic outcomes for patients with 
neurodegenerative disease.

MATERIALS AND METHODS 
Brown Planaria (Dugesia tigrina), a common freshwater 

representative of the phylum Platyhelminthes, was used in 
this experiment. The planaria were obtained from a com-
mercial source, Carolina Biological Supplies (n=21). Kaffn8 
liquid caffeine was used as the caffeine source. Three tem-
porary holding containers were filled with spring water (Po-
land Spring Water) and seven planaria were assigned to each 
holding container. One gram of egg yolk was placed into each 

holding container as food. After 24 hours, residual egg yolk 
was removed. 

The experiment began with creating two caffeine concen-
tration solutions (30 μM and 60 μM). Petri dishes (90 x 15 mm) 
were labeled to identify the treatment, and each petri dish 
was filled with 15 mL of the treatment per their label. Each 
planarian was transferred from the holding container to a petri 
dish filled with spring water tracked with a unique identifier 
(labeled with numbers 1-21). A baseline photo was taken of 
each planarian using a digital camera on macro mode. After 
all photos were taken, each planarian was randomly assigned 
to a treatment group and placed into the associated treatment 
petri dish. The unique tracking number and treatment associ-
ation was recorded. After 24 hours, each planarian was am-
putated by cutting the planarian slightly below its head with an 
X-Acto knife as it stretched to move. Post-amputation, each 
planarian was inspected to validate that the amputation was 
performed immediately below the head. The residual planari-
an (body without head) was placed back in the petri dish. The 
head section was placed in the surplus stock holding contain-
er (one for each environment). 

To track the regeneration stages, a photo of the planari-
an in an elongated position was taken every 24 hours with a 
digital camera in macro mode (Figure 3). The photo was vi-
sually inspected, and the stage of development was recorded 
as follows:  1. Pre-wound closure - no visible regrowth to fill 
gap from wound closure, 2. Wound closure - cut has flattened 
and started to regrow, 3. Pattern formation - wound closed 
and round, formation visible, 4. Head translucent, but visible, 
5. Head still mostly translucent, shape starting to peak, ear-
ly photoreceptors now visible, 6. Head and photoreceptors 
visible, but still more translucent than rest of body, 7. Head 
fully peaked, photoreceptors visible, head color same as the 
remainder of body

The visual inspection was not blinded given the naming 
convention. However, the model reference stage pictures 
minimized potential bias. 

The planaria were fed every seven days with one gram of 
cooked egg yolk. Any excess yolk was removed from each 
petri dish after two hours. At the conclusion of the experi-
ment, the planaria had the opportunity to live out their natural 
lifespan.

The data was analyzed utilizing the statistical functions 
of Excel. The one-way ANOVA comparisons test was per-
formed using GraphPad Prism (GraphPad Software, La Jolla 

Figure 3. Planaria regeneration score reference. Representative images of planeria taken in an elongated position every 24 hours in macro mode. 
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