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FCRL3 Gene Association with Asthma and Allergic
Rhinitis
Shanzeh Sheikh, Emily Adams
The Walker School, Marietta, Georgia
SUMMARY

This study sought to determine if there
is an association between the single nucleotide
polymorphism rs7528684 of the Fc receptor-like-3
(FCRL3) gene and asthma or allergic rhinitis (AR).
Based on previous studies in an Asian population, we
hypothesized that participants with an AA genotype
of FCRL3 would be more likely to have asthma and/
or allergic rhinitis. To test the hypothesis, surveys
were administered to participants, and genotyping
was performed on spit samples via PCR, restriction
digest, and gel electrophoresis. Our results identified
a statistically significant association between the
GG genotype of FCRL3 and an increased risk of
asthma with comorbid AR. Additionally, we found
a statistically significant association between
the presence of other allergies with asthma and
comorbid AR. These results suggest that having the
GG genotype of FCRL3 or having a history of other
allergies predisposes one to having asthma with
comorbid AR. The results of the study are important
in more clearly identifying asthma and AR-related
genes such as FCRL3 and the variation in such genes
across ethnicities. These findings could lead to earlier
diagnosis and advancements in targeted therapies for
the highly prevalent diseases of asthma and allergic
rhinitis.
INTRODUCTION
Asthma is a chronic lung disease that causes
inflammation of the airways, which can result in coughing,
wheezing, and difficulty breathing (1). Thirteen percent of
children under eighteen years of age and 13.4% of adults
eighteen or older have asthma in the United States (2). These
numbers translate to over 25 million people, 6 million of them
children (3). In addition, 40 to 60 million Americans have
allergic rhinitis (AR), a sensitivity to inhaled particles such
as pet dander, pollen, or dust that can occur seasonally or
throughout the year, causing sinus congestion, coughing,
sneezing, nasal and ocular itching, and rhinorrhea (4).
About two-thirds of asthma cases are allergy related (1).
Asthma and AR can also occur simultaneously, worsening
symptoms for both (5). In most cases, the exact cause of
asthma and a possible cure are unknown (3). Patients must
instead rely on various treatments that can provide relief
from their symptoms (1). However, around 50% of children
with asthma in the United States have uncontrolled asthma,
meaning their symptoms can occur frequently and in intense

episodes, potentially resulting in death (6). Further study into
asthma and allergic rhinitis and their genetic determinants
is essential for improving diagnosis, increasing awareness
of symptom control options, and implementing effective,
targeted treatment strategies.
Cookson and Moffatt noted that the etiology of asthma
is 50% genetic and 50% environmental (7). Numerous
studies have researched the genetic component of asthma,
particularly genes connected to the immune system, because
asthma and AR are considered to result from an overlysensitive immune response (1). The Fc receptor-like-3
(or FCRL3) gene in particular has been associated with
autoimmune diseases like rheumatoid arthritis, autoimmune
thyroid disease, and systemic lupus erythematosus (8). This
gene is believed to play an important role in the regulation of
the immune system by promoting the proliferation, activation,
and survival of B-cells while suppressing the differentiation of
plasma cells and inhibiting the production of antibodies (9).
FCRL3 is expressed in B-cells, particularly memory B-cells,
as well as T-cells and cells of the lymphoid organs and spleen
(10).
Due to the relation of FCRL3 with various autoimmune
diseases, Gu et al. (2015, 2019) have researched single
nucleotide polymorphisms (SNPs) in FCRL3 in patients with
asthma and/or AR, along with healthy controls in the Chinese
Han population. They found a significant association between
the SNP rs7528684 (-169 A/G) and AR, as well as asthma with
comorbid AR, and concluded that SNPs of FCRL3 may be
related to regulating B- and T-cell proliferation and function,
although the actual pathways are unclear, and it is unknown if
these SNPs increase or decrease function (11, 12). However,
based on a study by Swainson et al. (2010), it is possible
that these SNPs may result in increased FCRL3 expression,
leading to T regulatory cell dysfunction, thus causing the
development of an unregulated immune response (8).
No research on the association between asthma and/
or AR and the SNP rs7528684 has been reported to date in
populations outside of Asia, which is important because the
relationship between SNPs in various immune system-related
genes and asthma can vary greatly between ethnic groups
(11). The purpose of this study was to determine if there is
an association between the SNP rs7528684 of FCRL3 and
asthma and/or allergic rhinitis in a North American population.
The results indicate an association between the GG genotype
of FCRL3 and an increased risk of asthma with comorbid AR,
as well as an association between participants who had other
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allergies and an increased risk of asthma with comorbid AR.
The results of the study will aid in identifying asthma and ARrelated genes such as FCRL3 and determining the variation
in such genes across ethnicities, which could lead to earlier
diagnosis and advancements in targeted therapies (7).
RESULTS
There were 38 participants in the study, including 17
healthy controls who had neither asthma nor AR. Summaries
of the demographic results obtained from the surveys
completed by the study population as well as the demographic
characteristics in relation to asthma alone, allergic rhinitis
(AR) alone, and asthma with comorbid AR were compiled
(Table 1, Table 2). The patients were divided into three age
ranges: young adult (16-26), adult (27-55), and senior adult
(56+). The type of location (suburban, city, multi, or rural) that
participants lived in for 7 or more years was also recorded
(Table 1). We collected this information in order to determine
a possible correlation between where one has lived and
asthma and/or AR. None of the participants were related or
lived together. Two participants did not provide information on
their AR diagnosis or other allergies (Table 2, designated as
(-)). Only information about a diagnosis of asthma was known.
Both of these participants did not have asthma. Their samples
were not included in the genotype or risk ratio calculations.

AR, or neither asthma nor AR, were calculated, along with the
corresponding risk ratios and confidence intervals (Table 3,
Table 4).

Table 2: Frequencies of demographic characteristics of study
population in relation to asthma alone, AR alone, and asthma with
comorbid AR (Asthma-AR).

Table 3: Frequencies and percentages of genotypes of SNP
rs7528684 in relation to asthma alone, AR alone, and asthma with
comorbid AR (Asthma-AR).

Table 4: Risk Ratios for genotypes in relation to asthma alone, AR
alone, and asthma with comorbid AR (Asthma-AR).

Table 1: General demographic characteristics of the study population.

There was a significant association between males and
asthma with comorbid AR (RR 5.2, 95% CI 1.12-24.08). Males
were 5.2 times as likely to have asthma with comorbid AR
compared to females. Additionally, there was a significant
association between other allergies and asthma with comorbid
AR (RR 7, 95% CI 1.56-31.51). Participants with other
allergies were 7 times as likely to have asthma with comorbid
AR compared to participants without other allergies. No other
demographic such as age, race, or location was significantly
associated with asthma, AR, or asthma with comorbid AR.
In the study population, we found 16 (42.11%) individuals
with an AA genotype, 17 (44.74%) with an AG genotype, and 5
(13.16%) with a GG genotype. Frequency distributions of each
genotype with regards to asthma, AR, asthma with comorbid

Table 5: Risk Ratio of FCRL3 GG Genotype and Asthma with
comorbid AR (Asthma-AR).

Risk ratios containing counts of zero were substituted with
0.1 to allow completion of the calculation, conducted using
OpenEpi, online software for epidemiological calculations
(13). The GG genotype was significantly associated with an
increased risk for asthma with comorbid AR (RR 4, 95% CI
1.05-15.3) (Table 4). The risk ratio calculation and analysis
was completed using a risk ratio table (Table 5).
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DISCUSSION
Asthma and allergic rhinitis cause significant morbidity
worldwide, with etiologies linked to both genetics and the
environment. The hypothesis for this study was developed
based on previous research studying the association
between SNPs of FCRL3 and asthma as well as AR in a
Chinese Han population. Unlike previous research, this study
was based in a predominantly Caucasian population. It was
hypothesized that the AA genotype would be associated with
an increased risk of asthma and/or AR. However, in this North
American study, the AA genotype seemed to be associated
with a decreased risk for asthma, AR, and asthma with
comorbid AR, although this was not statistically significant.
Previous research had indicated a possible protection against
asthma and/or AR with the GG genotype in the Chinese Han
population, but in this United States study, the GG genotype
was significantly associated with an increased risk for asthma
with comorbid AR (11). People with the GG genotype were
4 times as likely to have asthma with comorbid AR than
people without the GG genotype (RR 4, 95% CI 1.05-15.3).
Previous studies have mentioned the possible differences
across ethnicities in the expression of genes related to the
immune system (7). Results from this study suggest that
those differences are present in FCRL3. The variation in
results between ethnicities may be due to the multi-factorial
nature of asthma and AR. Asthma and AR involve multiple
genes and proteins interacting with each other and with the
environment, which can result in different consequences for
various populations (7).
Another significant result was that participants with
allergies other than asthma or AR were 7 times as likely to
have asthma with comorbid AR as compared to participants
without other allergies (RR 7, 95% CI 1.56-31.51). This result
corroborates previous research that indicates AR is a complex
allergic disease associated with other atopic diseases such as
asthma, eczema, and food allergies (14). Additionally, males
were 5.2 times as likely to have asthma with comorbid AR as
compared to females (RR 5.2, 95% CI 1.12-24.08). Although
this significant result may have been due to a small sample
size rather than an actual correlation, a higher incidence of
asthma with comorbid AR in males has been described in an
Italian population of a similar age range to this study (15).
One limitation of the study is the small study sample size
of 38 drawn from a primarily Caucasian population located
in the southeastern United States. Research by Gu et al.
(2015, 2019) was performed in a predominantly Chinese Han
population with a sample size of 1140 and 506, respectively (11,
12). Based on power analysis for a one sample, dichotomous
outcome, future studies with sample sizes of around 383
participants in a larger, more racially and geographically
diverse population would enhance the significance of the
results. Additionally, this study did not take into account
different types of asthma or AR, primarily because it sought
only to identify a general association between a FCRL3 SNP
and asthma and/or allergic rhinitis in a population where

no such study had been reported to date. Therefore, the
proportion of participants with asthma who had atopic asthma
is unknown. Furthermore, the physician diagnosis of asthma
and AR was self-reported by the participants, and could be
subject to reporting error. Finally, the sample was restricted
to people sixteen years of age and above and thus did not
include a younger pediatric population.
The results of this study could be important in identifying
genes related to asthma and allowing earlier diagnosis and
targeted therapy. For instance, if one can identity a risk of
asthma early on, physicians can prescribe immunotherapy
for allergic rhinitis to prevent the development of asthma
later in life (16). To establish significance of the findings, we
recommend further study of FCRL3 and asthma as well as
allergic rhinitis in a larger, more diverse population, with a
wider age range and physician-documented diagnoses.
MATERIALS AND METHODS
Volunteers were recruited from a suburban Atlanta
school’s junior and senior classes as well as teachers during
school assembly. Volunteers included both those without
a history or diagnosis of allergies and those with allergies,
particularly asthma and/or allergic rhinitis. Participants gave
their informed consent through consent forms. A 1% NaCl
solution was used to collect saliva samples. During the study,
the researcher was blinded to sample identification.
DNA extraction was completed by centrifuging the spit
samples, mixing together 50 µL of DNA and 200 µL of 10%
Chelex, and placing mixed samples in a dry bath at 95ºC
for 10 minutes. FCRL3 SNP rs7528684 (-169A/G) was
analyzed using PCR-RFLP (polymerase chain reactionrestriction fragment length polymorphism). The PCR tubes
were each labeled with the participant identification number.
The PCR-RFLP methodology was modeled after a study
by Jin et al (2015) (17). The tubes were placed in a rack
over ice, with 12.5 µL GoTaq Green Master Mix (Promega),
2.5 µL of the forward primer, 2.5 µL of the reverse primer,
and 7.5 µL of DNA pipetted into each tube (Forward:
5’-CCCTTCACTACCTTGTCTTCACAC-3’;
Reverse:
5’-GGGTGGAACCTCTTTGATTGC-3’). The tubes were
placed into the thermal cycler with the following conditions:
pre-denaturation at 95ºC for 5 minutes, 95ºC for 30 seconds,
annealing at 58ºC for 20 seconds, extension at 72ºC for 60
seconds (40 cycles), and a final extension at 72ºC for 10
minutes.
Restriction enzyme digestion was performed with a mix
of 7.5 µL of PCR product, 36 µL nuclease-free water, 5 µL
10X Buffer Tango, and 1 µL FaqI (BsmFI) restriction enzyme
(New England Biolabs). The reaction tube was then incubated
for 60 minutes at 65ºC and another 20 minutes at 80ºC to
deactivate the enzyme. The products were detected using 2%
agarose gel electrophoresis. The finished gels were stained
overnight on a rocker in 1X FastBlast stain (Bio Rad).
Two samples from each subject were genotyped to
confirm results. Samples were genotyped by the number of
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lines in each lane of the gel (Figure 1). There were three
possible genotypes: AA, GG, and AG. The AA genotype
corresponded to one fragment of 296 bp; the GG genotype to
two fragments of 184 bp and 112 bp; and the AG genotype to
three fragments of 296 bp, 184 bp, and 112 bp. Results were
used to determine the frequency distribution of genotypes and
alleles for each group (asthma, AR, asthma with comorbid
AR, none), which was recorded in a Google spreadsheet.
Results were found by calculating risk ratios and determining
confidence intervals using OpenEpi.
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SUMMARY

Green chemistry involves reducing the production
of hazardous substances in chemical processes to
be more sustainable, thereby decreasing pollution
and other environmental damage. Solvent is a major
contributor of waste in organic synthesis, so the
greenness of a chemical reaction can be improved
by changing the solvent. The oxidation of (-)-menthol
to (-)-menthone in different solvent systems was
monitored using Fourier-transform infrared (FTIR)
spectroscopy. Our study conducted this reaction in
solvent systems of acetic acid and other solvents as
replacements for acetonitrile: acetone, ethyl acetate,
and dichloromethane. Solvent choice was determined
based on the principles of green chemistry, and
kinetics and yield of the reactions in different solvents
were investigated. Through FTIR spectroscopy, the
products of all the reactions were characterized as
(-)-menthone. Since a limiting factor in hypochloritemediated oxidations of alcohols to carbonyls is the
solubility of the hypochlorite salt, we hypothesize that
the most polar solvent systems will give the fastest
reaction rate and highest yields. Our hypothesis
was incorrect, as the reaction time was shortest and
product yield was greatest for the oxidation performed
in ethyl acetate and acetic acid, which are less polar
than acetonitrile. The green oxidation of (-)-menthol
to (-)-menthone was optimized in this solvent system.
INTRODUCTION
Green chemistry is defined as the design of chemical
operations that utilize the most economical usage of reagents
by maximizing yields, exploring safer methodology to conduct
chemical reactions, and reducing unnecessary byproducts
and hazardous waste (1). The concept of green chemistry is
important because it reduces pollution on a molecular scale
and reduces the harmful effects of hazardous byproducts
and reagents on people and the environment by increasing
the safety and efficiency of chemical processes. Here, we
investigated the oxidation of (-)-menthol to (-)-menthone
in a variety of solvent systems, which were selected based
on the distribution of cost, availability, and sustainability.

In 2014, reactions involving the oxidation of alcohols were
used in 10.4% of medicinal chemistry papers and appeared
in 46% of manuscripts regarding the chemical synthesis of
natural products (2). It is clear that oxidation of alcohols is an
important step in the diversification and synthesis of natural
products. Therefore, an efficient and green oxidation would
be beneficial in the large-scale synthesis of complex chemical
compounds. The initial reaction procedure developed by
Nwaukwa and Keehn used a solvent system of acetonitrile
and acetic acid (3). The principles of green chemistry were
important to further optimize these initial conditions to conduct
a greener reaction overall.
(-)-Menthol is a natural product that can be extracted
from peppermint (Mentha piperita). The compound is a
chiral crystalline white solid with a strong peppermint odor.
(-)-Menthol is a biologically active compound and also has
industrial uses in cosmetics and perfumes because of its
minty fragrance (4). (-)-Menthol is a useful test substrate
for other reactions in industry given its structural simplicity.
(-)-Menthone, another biologically active compound, shares
similar characteristics with (-)-menthol, most notably its slight
peppermint odor (5).This molecule also has similar uses in the
cosmetic and perfume industries. Menthone’s natural form is
a colorless, viscous liquid, and it can be obtained by oxidation
of the secondary alcohol in (-)-menthol to a ketone (Figure
1) (6). (-)-Menthone, a reported natural product, is a useful
synthetic intermediate, which can be used in a variety of other
chemical reactions. It is a versatile chiral building block for the

Figure 1. Reaction mechanism of (-)-menthol to (-)-menthone
oxidation tested in four different solvent systems. The arrow
pushing mechanism of the calcium hypochlorite oxidation is depicted.
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Table 1. Comparison of atom economy of oxidation reactions with
different mild oxidizing agents.

synthesis of other compounds.
There are a number of reactions that can efficiently oxidize
secondary alcohols into ketones; we focused on optimizing
green conditions for this transformation. Calcium hypochlorite
was chosen as a mild oxidizing agent because it is relatively
inexpensive, and involves minimal production of hazardous
byproducts. Hypochlorite salts can perform oxidations with
high atom economy, as it produces only calcium chloride as
a byproduct, which can be removed through an extraction
rather than via column chromatography, thereby minimizing
the use of solvent in the purification process (Table 1). Most
suffer from the coproduction of other substances during an
oxidation reaction, many of which are themselves highly
reactive, toxic, or challenging to remove (Figure 2).
A limitation in hypochlorite-mediated oxidations of alcohols
to carbonyls is the solubility of the hypochlorite salt, so more
polar solvent systems for these reactions will result in faster
reaction rates and higher yields. The oxidation of (-)-menthol
to (-)-menthone was tested in a variety of solvents, chosen
based on their polarity and relative greenness. All the reactions
produced the desired product, (-)-menthone, confirmed by
Fourier-transform infrared (FTIR) spectroscopy. The reaction
performed in ethyl acetate, the least polar solvent, completed
first with the greatest yield as opposed to the reaction with
acetonitrile, so our hypothesis was incorrect.
RESULTS
Solvent optimization
The solvents screened for the oxidation reaction included
acetonitrile, ethyl acetate, acetone, or dichloromethane,
which are of different polarities (Table 2). We hypothesized
that the most polar solvent systems will result in the fastest
reaction rate and highest yield because the solubility of the
hypochlorite salt, a limiting factor, will be greater. All reactions
were conducted at room temperature and in an ice bath. The
starting material, (-)-menthol, was first characterized through
Fourier-transform infrared (FTIR) spectroscopy, with a broad

Figure 2. Chemical structures of reagents and byproducts
of common oxidation reactions. The byproducts of four other
common reactions to oxidize secondary alcohols to ketones were
compared to a calcium hypochlorite oxidation.

O-H stretch at 3250 cm-1, representing an alcohol, and 3
medium C-H stretches from 2850 to 2950 cm-1 (Figure 3).
Reasonable yields of (-)-menthone were produced from every
reaction with an average yield of 75%. During synthesis,
reaction progress was tracked by thin-layer chromatography
(TLC) because the polarity of the alcohol in (-)-menthol is
greater than the polarity of the ketone in (-)-menthone,. The
silica gel plate used in TLC shows the less polar spot for the
(-)-menthone traveled farther along the plate than the spot
for (-)-menthol, verifying the alcohol to ketone transformation.
The products were characterized by FTIR spectroscopy,
which showed the lack of a broad alcohol stretch at 3250
cm-1 and the appearance of a ketone stretch at 1706cm-1 in
the spectrum of the product (Figure 4). The other IR spectra
includes all products from (-)-menthol oxidations; all products
have 3 matching C-H stretches near or at 2955, 2928, and
2870cm-1 in their spectra and strong C=O peaks at 1706cm-1
(Figure 3). The 3 C-H and C=O stretches in IR spectra of
all products near 3000cm-1 and 1700cm-1 match the strong
C-H stretches at 2953cm-1 , 2926cm-1 , and 2869cm-1 , and
the strong C=O stretch at 1706cm-1 in the IR spectrum of
isolated (-)-menthone, confirming that (-)-menthone was
produced (Figure 5). The spectra of (-)-menthone from the
oxidation conducted in dichloromethane contains the same

Table 2. Comparison of each solvent tested in oxidation reaction of
(-)-Menthol to (-)-Menthone.
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Figure 3. IR Spectra of (-)-menthol. (-)-menthol is seen in red with broad O-H stretch at 3250 cm -1 and 3 medium C-H stretches from 2850
to 2950 cm -1 and (-)-menthone (blue) with strong C=O peak at 1706cm -1.

Figure 4. IR Spectra of product from all (-)-menthol oxidation. The oxidation product from reaction performed in DCM (green),
(-)-menthone from oxidation in acetone (purple), (-)-menthone from oxidation in acetonitrile (red), (-)-menthone from oxidation in ethyl acetate
(blue) with C-H stretches near/at 2955, 2928, and 2870cm -1 and strong C=O peaks at 1706cm -1.

major stretches as the other products, but includes a weak
peak at 1800cm-1 , suggesting an impurity in the product
(Figure 4). The yields of the reactions are also reported
(Figure 6). Because there was an impurity in the reaction
in dichloromethane (DCM), yield of that reaction was not
taken. All four reactions had at least two trials, once at room
temperature and once in an ice bath, so each solvent was
tested for percent yield twice and the kinetics experiments
were done twice total. The solvents acetonitrile and ethyl
acetate were tested two more times beyond the initial
two trials. Overall, the greatest yield of (-)-menthone was
produced in the reaction with ethyl acetate, the least polar

solvent, which does not support our hypothesis.
Kinetics Study
Two kinetics studies were conducted for this reaction: at
room temperature and in an ice bath. The completion of each
reaction was monitored using thin-layer chromatography.
At room temperature, there was no significant difference in
kinetics of the reactions in different solvent systems, with
all the reactions completing within minutes of each other,
so this data was not recorded. The reactions in an ice bath
were performed on a smaller scale than the reactions at
room temperature due to a decreasing supply of the starting
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Figure 5. IR Spectrum of isolated (-)-menthone. Strong C-H stretches at 2953cm -1, 2926cm -1, and 2869cm -1 and strong C=O stretch at
1706cm -1 are observed.

material, so comparisons between the reaction times cannot
be made. Of the reactions performed in an ice bath, the
oxidation in the solvent system of ethyl acetate and acetic
acid completed first in 18 minutes, followed by the reactions
in dichloromethane and acetic acid, acetonitrile and acetic
acid, and acetone and acetic acid, respectively (Figure 6).
This also contradicts our initial hypothesis of the reaction
completing fastest in the most polar solvent because the
reaction completed fastest in ethyl acetate, the least polar of
all the solvent systems. Still, from these results, it appears that
this reaction works to produce (-)-menthone with a relatively
green solvent system and a green oxidant.
DISCUSSION
Optimization of solvent scope & kinetics study
The oxidation of (-)-menthol to (-)-menthone converts a
secondary alcohol into a ketone (Figure 1). The initial solvent
system for this reaction reported by Nwaukwa and coworkers
is acetonitrile and acetic acid (3). Solvents that were
considered in place of acetonitrile included dichloromethane,
ethyl acetate, and acetone (Figure 1). In a paper by Byrne
et al., GlaxoSmithKline’s, Pfizer’s, and Sanofi’s solvent
selection guides were compared, providing a comprehensive
assessment of certain solvents (12). Green solvents are
evaluated based on their environmental, health, and safety
(EHS) effects and energy demand. Based on the updated
GSK’s solvent sustainability guide and the solvent selection
guides from Pfizer and Sanofi, ethyl acetate and acetone
were considered more green replacements for acetonitrile
(13). Furthermore, ethyl acetate and acetone cost less than
acetonitrile. Although dichloromethane was not recommended
as a green solvent in comparison, it was chosen in our study

due to its widespread availability. While changing the solvent
system, we also compared the kinetics of the reaction. Each
reaction condition was then assessed on the basis of yield
and reaction time. In all conditions screened, acetic acid was
added as a green acid source to catalyze the reaction.
We report the synthesis of (-)-menthone from (-)-menthol
in four different solvent systems, acetonitrile and acetic acid,
ethyl acetate and acetic acid, acetone and acetic acid, and
dichloromethane and acetic acid. This was confirmed by
Fourier-transform infrared (FTIR) spectroscopy. We initially
hypothesized that the more polar solvents would give higher
yields due to better solubility of the hypochlorite salt. Contrary
to initial expectations, the oxidation reaction conducted in
ethyl acetate gave the greatest yield of (-)-menthone and
completed the fastest, so this solvent system was confirmed
as the most efficient. We believe the reaction progressed
fastest in ethyl acetate because it can harbor a greater
concentration of the active oxidizing agent, hypochlorous
acid. Therefore, the oxidation of (-)-menthol to (-)-menthone
using calcium hypochlorite is optimal in a solvent system
of acetic acid and ethyl acetate. Although the reaction in
dichloromethane did take considerably less time compared to
the reactions in acetone and acetonitrile, attempts to oxidize
(-)-menthol consistently contained an impurity that we were
not able to characterize, but was detected by FTIR.
We did face certain experimental limitations in that only
two trials were run for each experiment reaction, and the
kinetics study results for the reactions at room temperature
could not be fully quantified. Due to a decreasing supply of
(-)-menthol, the reactions for the experiment in an ice bath
were run at a smaller scale, which made it difficult to compare
to the reactions at room temperature. Also, the product was
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Figure 6. Percent yield by mass of each oxidation reaction product vs. time for completion. Each data point is labeled according to the
solvent the reaction was completed in. (The percent yield for the reaction in DCM was not taken due to an impurity, so its data point shows
as 0% yield).

initially extracted in DCM, which is not considered a “green”
solvent. Instead, the solvent-based extraction could be
performed with cyclohexane or better, ethyl acetate, both of
which are organic solvents that are not miscible with water.
This change would contribute to an even more green reaction.
Despite these setbacks, data was still collected although
it did not support our hypothesis. The oxidation reaction of
(-)-menthol to (-)-menthone conducted in a solvent system of
ethyl acetate and acetic acid resulted in the greatest yield,
with the least amount of time for the reaction to complete.
The product of our reaction was characterized through FTIR
to monitor the conversion of the alcohol on (-)-menthol to
a ketone. The transformation of the alcohol to ketone was
confirmed through IR spectra of the products, which either
contained or did not contain the peak for the functional group.
Considering that the natural product is the stereoisomer
(-)-menthol, the product of its oxidation was (-)-menthone.
To further characterize the product, we can use proton
nuclear magnetic resonance spectroscopy (1H NMR) and a
polarimeter to measure optical rotation, which will provide
more information about the structure of the products. Further,
the impurity produced in DCM may be a higher frequency
carbonyl, and this could be investigated by tracking the
reaction progress of the reaction mixture with FTIR and
determining which compounds were formed during the
reaction.
Ultimately, our research optimizes an oxidation reaction
by utilizing a green solvent system, green oxidant, and
column-free purification. Further, the reaction can be scaledup easily while using greener solvents for extractions. As a
more sustainable chemical reaction, this work contributes to
the promotion and development of green chemistry principles
in the future.
METHODS

Oxidation of (-)-menthol to (-)-menthone
In a beaker, (-)-menthol (1g, 0.0064 mol, 1 equivalence)
was dissolved in a solvent system of concentrated acetic acid
(5mL, 0.084 mol) and then 1 molar equivalent of acetonitrile,
ethyl acetate, acetone, or dichloromethane. The dissolved
solution was added dropwise to a cooled solution of calcium
hypochlorite (0.09g, 0.0064 mol, 1 equivalence) and water
in a round bottom flask equipped with a Teflon stir bar. The
reaction was stirred in an ice bath, and reaction progress
was monitored by thin-layer chromatography (TLC) in a
solvent system of hexane to ethyl acetate (90:10). Since the
polarity of the alcohol in (-)-menthol, the starting material, is
greater than the polarity of the ketone in (-)-menthone, the
assumed product, TLC can be used to track this reaction.
The silica gel plate visually shows how the less polar spot
for the product would have traveled farther along the plate
than the spot for starting material, thus confirming the alcohol
to ketone transformation. The TLCs were visualized using
a potassium permanganate stain. Upon completion, water
was added, and the product was extracted in four portions
of DCM (4x30mL). The organic layers were washed with a
saturated sodium carbonate aqueous solution, combined,
dried over anhydrous magnesium sulfate and concentrated in
vacuo to afford (-)-menthone as light-yellow colored oil with a
slight peppermint odor. The product was then characterized
with FTIR. IR spectra were collected on a Thermo Nicolet
iS5 Fourier-transform infrared (FTIR) spectrometer equipped
with an iD5 attenuated total reflectance (ATR) sample
assembly. IR spectra were processed on OMICS software
from Thermo Scientific. Then, after taking the mass of the
final product, percent yield of the reaction was determined by
dividing the mass of the product by the mass of the starting
material used and then multiplying by 100. The percent yield
for each reaction was calculated based on the assumption
that the final product following the extractions is pure. This
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assumption was made because no solvent peaks were found
in the IR spectra of the products. The percent yield reported
in Figure 6 was the greater yield of each reaction between the
initial two trials.
Kinetics Study
The oxidation reaction described above was conducted for
all solvent systems simultaneously at a 1-gram scale at room
temperature. Four stir plates were arranged side by side and
solutions of 1g of (-)-menthol (1g, 0.0064 mol, 1 equivalence)
were dissolved into solvent systems of acetic acid and the
solvents in Table 2 in the specified quantities. Each solution
was added dropwise to a round bottom flask containing 1g
of calcium hypochlorite (0.09g, 0.0064 mol, 1 equivalence)
and 13.33 mL of water over a period of 10 minutes at room
temperature. Reaction progress was monitored by TLC
immediately, 15 minutes, 30 minutes, 1 hour, and 2 hours
after stirring began.
The (-)-menthol oxidation reaction was also performed
on a 100mg scale with (-)-menthol (0.01g, 0.00064 mol, 1
equivalence) and calcium hypochlorite (0.009g, 0.00064
mol, 1 equivalence) in an ice bath for all solvent systems.
These reactions were performed in vials in an ice bath.
Reaction progress was monitored by TLC immediately after
the reactions were stirred, until up to 1.5 hours when the last
reaction completed.
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SUMMARY

The Scripps National Spelling Bee (SNSB)
is an iconic academic competition for United
States (US) schoolchildren, held annually since
1925. Historically, children qualified for the SNSB
by winning a sponsored regional spelling bee.
However, the sizes and geographic distributions of
sponsored regions are uneven. One state may send
more than twice as many spellers as another state,
despite similar numbers in child population. In 2018,
the SNSB introduced a wildcard program known as
RSVBee, which allowed students to apply to compete
as a national finalist, even if they did not win their
regional spelling bee. This allowed more students to
compete, but it was unknown how this would affect
the geographic distribution of spellers. The purpose
of our experiment was to test our hypothesis that the
geographic distribution of SNSB national finalists
more closely matched the child population of the
US after RSVBee was implemented. We compared
the number of sponsored (non-RSVBee)
national
finalists to the US child population from each of
the 50 states, the District of Columbia, and Puerto
Rico, for the years 2012–2019 and found a stable,
strong correlation in each year, with correlation
coefficients ranging from 0.741–0.774. With RSVBee
in 2018 and 2019, we found the correlations increased
significantly, with correlation coefficients ranging
from 0.916–0.917 for all spellers (p-value = 0.032 by
paired t-test). We conclude that the RSVBee program
significantly improved the geographic distribution of
the SNSB by matching the geographic distribution of
SNSB finalists to the child population of the US.
INTRODUCTION
The Scripps National Spelling Bee (SNSB) is a high
profile, annual academic competition primarily for United
States (US) schoolchildren, run by the E.W. Scripps Company
(1). To qualify for the SNSB, a speller must attend a school
enrolled in the SNSB program and win their final regional
spelling bee sponsored by a newspaper, a university, or
another community organization. The sponsor typically
pays for the speller and one chaperone to attend the weeklong SNSB, which is held at the Gaylord National Resort
and Convention Center in National Harbor, Maryland (2).
There are, however, some geographic inequalities in the
regional sponsor system, and Scripps has made recent

attempts to address them. For instance, even though there
are more than 200 sponsors every year, some regions of the
US may not have any sponsors. Starting in 2015, spellers
living in a region with no local sponsor could compete in the
SNSB through the self-sponsorship program, in which the
families of spellers who won their school spelling bee could
pay their own way to attend the SNSB (3). Self-sponsorship
did provide more spellers an opportunity to compete in the
SNSB, however, from 2015—2017, only 30 spellers selfsponsored in all 3 years combined. The low number of
self-sponsorships could possibly be attributed to the high
cost of self-sponsorship, which, in 2016 cost $3,450 plus
travel expenses. Furthermore, self-sponsoring was only
available to those living in a region with no local sponsor.
Another disparity with the regional sponsor system lies in the
unequal size and geographic distribution of sponsored regions
across the US. For instance, in 2018, the state of Massachusetts
had 4 regional sponsors while the state of Maryland, which
has a slightly smaller child population, had 11. Furthermore,
the size of individual regions is highly variable—the median
number of schools competing in a regional bee is 40, while
the largest region has more than 1,000—leading to variability
in the competitiveness of regional spelling bees (4). Thus,
geographical factors can affect advancement to the SNSB
as opposed to merit alone. In 2018, the SNSB introduced a
wildcard program known as RSVBee with the intent of giving
more spellers the experience of competing at the SNSB and
providing more opportunities for students to improve their
spelling and vocabulary. RSVBee allowed students who were
either previous national finalists or winners of their school
spelling bee to apply for a chance to compete as a national
finalist, even if they did not win their regional spelling bee. In
2018, over 230 spellers competed through RSVBee, and the
champion was an RSVBee speller (5). In 2019, the program
continued with a slight increase in financial contribution from
the spellers (6). Despite the increase, the number of RSVBee
spellers increased to 285, once again giving more spellers
the opportunity to compete at the SNSB. As illustrated,
through the RSVBee program, the SNSB aimed to increase
the number of spellers who could compete at the SNSB.
In this manuscript, we tested the hypothesis that the
RSVBee program increased the strength of the correlation
between the geographic distribution of national finalists and
the child population of the United States. An increase in this
correlation might suggest that RSVBee helped the 52 regions
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become more appropriately represented at the SNSB.
Overall, we were able to show that the RSVBee program
improved the correlation between the geographic distribution
of SNSB spellers and the child population of the US.
RESULTS
We obtained child population data and the number of
spellers at the SNSB for the years 2012 through 2019 for each
of the 50 states, the District of Columbia (DC), and Puerto
Rico (PR) from publicly available sources. For each year, we
compared the percentage of sponsored spellers from a state/
territory with the percentage of children residing in each state/
territory as a ratio of sponsored spellers to child population,
with 1 being the ideal ratio. For the years during which either
self-sponsorship (2015–2017) or RSVBee (2018–2019) was
available, we also calculated the ratio of the total spellers
to child population. We found the Pearson correlation
coefficient for each year between sponsored spellers and
child population. For years during which self-sponsorship or
RSVBee was available, we also found the correlation between
the total spellers and the child population. We used the Fisher
z-transformation and a paired sample t-test to assess the
improvement in correlations attributable to self-sponsorship
and RSVBee. We found that the RSVBee program improved
the correlation between the geographic distribution of SNSB
spellers and the child population of the US.
From 2012 through 2014, there was no form of selfsponsorship or RSVBee, so we only calculated a sponsored
speller to child population ratio (Table 1). There was a strong
positive correlation between the percentage of sponsored
spellers and the percentage of child population by state in
2012 (Figure 1). If spellers were distributed proportionally to
the population of children in the 52 regions, the ratios would be
approximately 1, and the overall correlation would approach
1. We defined underrepresented states as those with a
speller to population ratio less than 0.5 and overrepresented
states as those with a speller to population ratio greater
than 1.5. In 2012, there were 11 underrepresented regions,
16 overrepresented regions and the Pearson correlation
coefficient between sponsored speller percentage and child
population percentage was 0.772. In 2013, there were 11
underrepresented regions, 15 overrepresented regions and
the Pearson correlation coefficient was 0.769. In 2014, there
were 11 underrepresented regions, 15 overrepresented
regions and the Pearson correlation coefficient was 0.763.
Thus, the geographic representation in the SNSB was
relatively stable across the 50 US states, DC, and PR from
2012–2014.
From 2015 through 2017, self-sponsorship was available
only for spellers with no local sponsor. We calculated
a sponsored speller to child population ratio and a total
speller (sponsored plus self-sponsored) to child population
ratio, with 1 being the ideal ratio. In 2015, when 6 spellers
self-sponsored (3 from CT, 1 each from NJ, NY, and MO),
11 regions were underrepresented and 16 regions were

overrepresented. The Pearson correlation coefficient was
0.744 for sponsored spellers to child population and increased
minimally to 0.746 for total speller to child population. In
2016, when 8 spellers self-sponsored (2 each from MO and
NY, 1 each from NJ, CA, OR, and TN), 10 regions were
underrepresented and 14 regions were overrepresented.
The correlation of sponsored speller to child population was
0.754 and increased slightly to 0.763 for total speller to child
population. In 2017, when 16 spellers self-sponsored (7 from
FL, 2 each from NJ and NY, 1 each from CA, OR, IL, IN,
and MO), 11 regions were underrepresented and 15 regions
were overrepresented. The correlation between sponsored
speller and child population was 0.741 and increased to 0.766
for total speller and child population (Figure 2). We Fisher
z-transformed the correlations and performed a paired t-test
comparing the correlations before and after self-sponsorship
in order to test for a statistically significant effect of selfsponsorship on the correlation. The sponsored to population
and total to population correlations for 2015–2017 were not
statistically significantly different (p-value = 0.219). Thus, the
geographic representation across the 50 US states, DC, and
PR was relatively stable from 2015–2017, with no statistically
significant increase in the correlation between spellers and
child population attributable to self-sponsorship.

Figure 1: Scatterplot of percentage of SNSB spellers by state vs
percentage of child population by state in 2012 shows a strong
positive correlation (Pearson r = 0.772).

For both 2018 and 2019, we calculated a sponsored
speller to child population ratio (before RSVBee) and a total
speller to child population ratio (after RSVBee), with 1 being
the ideal ratio (Table 2). In 2018, there were 259 sponsored
spellers and 242 RSVBee spellers. Before RSVBee, there
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were 12 underrepresented regions; after RSVBee, 8 of those
12 had appropriate representation (speller to population
ratio between 0.5 and 1.5). Before RSVBee, there were
16 overrepresented regions; after RSVBee, 8 of those 16
had appropriate representation. The correlation coefficient
between sponsored spellers and child population was
0.747, and the correlation coefficient of total speller to child
population was 0.916 (Figure 3). In 2019, there were 256
sponsored spellers and 285 RSVBee spellers from the 52
regions. Before RSVBee, there were 10 underrepresented
regions; after RSVBee, 7 of those 10 were appropriately
represented (1 became overrepresented). There were 14
overrepresented regions; after RSVBee, 7 of those 14 regions
were appropriately represented. The correlation coefficient
between sponsored spellers and child population was 0.774
and increased to 0.917 for total speller to child population.
We compared the Fisher z-transformed correlations before
and after RSVBee with a paired t-test and observed a
statistically significant difference (p-value = 0.032) for
2018 and 2019. Thus, we observed a large and statistically
significant increase in the correlation between the geographic
distribution of national finalists and the child population of the
United States attributable to the RSVBee program (Figure
4). With the RSVBee program, more individual states had
appropriate representation based on the size of their child
population (Figure 5). Overall, these results demonstrate that
RSVBee improved the correlation between the geographic
distribution of national finalists and the US child population.

Figure 3: Scatterplot of percentage of sponsored (open circles) and
total (filled yellow circles) SNSB spellers by state vs percentage of
child population by state in 2018 shows a positive correlation (r =
0.747), which increases significantly with RSVBee (r = 0.916).

Figure 4: Correlation between geographic distribution of SNSB
spellers and US child population from 2012–2019. Sponsored speller
to child population correlations are in white, total speller to population
correlations are in black (self-sponsor years) or yellow (RSVBee
years). The asterisks indicate statistical significance (p-value < 0.05).

Figure 2: Scatterplot of percentage of sponsored (open circles) and
total (filled black circles) SNSB spellers by state vs percentage of
child population by state in 2017 shows a positive correlation (r =
0.741) which does not change significantly with self-sponsorship
(r = 0.766).

DISCUSSION
The main findings of our analysis were that the geographic
distribution of sponsored spellers from the 50 US states, DC,
and PR at the SNSB was relatively stable from 2012–2019,
that self-sponsorship in 2015–2017 had minimal impact on
the geographic distribution of SNSB spellers, and that the
RSVBee program (2018–2019) resulted in a statistically
significant change in the geographic distribution of spellers
that more closely resembled the geographic distribution of
the US child population. The increased strength of correlation
reflected that states and regions that were underrepresented
by sponsors relative to their child population generally had
increased speller to population ratios after counting RSVBee
spellers. Similarly, states and regions that were relatively
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overrepresented had more appropriate speller to population
ratios after RSVBee. The wildcard program implemented in
2018 and 2019 appears to be a robust mechanism for SNSB
national finalists to reflect the geographic distribution of
school-aged children in the US more accurately.
Academic contests can take one of several approaches
to determine qualifiers for a national competition. Some
allow a single state-wide winner to compete at the national
competition. The SNSB relies on regional sponsors to
support qualification to the national finals. Even though the
SNSB makes no explicit claim that national finalists should
be proportional to child population, this regional system is
already reasonably well-matched to the US child population,
as evidenced by the strong positive correlations (0.741– 0.774)
we observed between the percentage of sponsored spellers
and percentage of child population by state from 2012–2019.
However, inequalities are still present. The two states with
the largest percentage of child population are relatively
underrepresented by sponsors at the SNSB (Figure 1). With
the implementation of the RSVBee wildcard system, some
of these inequities are mitigated as most of the under and
overrepresented states had more appropriate representation
at the SNSB.

Figure 5: Maps of the United States showing 2018 sponsored (panel
A), 2018 total (panel B), 2019 sponsored (Panel C) and 2019 total
(Panel D) speller/child population ratios for each state in the SNSB.
Ratios < 0.5 (relative underrepresentation) are colored red, ratios
between 0.5-1.5 (appropriate) are yellow, and ratios > 1.5 (relative
overrepresentation) are colored green.

Certain demographic factors can have large impacts
on the results. States with large child populations such as
California and Texas would need a very large number of
spellers to reach a speller to population ratio of 1. Regions
with very small populations, such as Alaska and the District
of Columbia, can experience a large increase in total speller
to child population ratio from sponsored speller to child
population ratio because of just one or two RSVBee spellers.
Regions closer to National Harbor, Maryland may be more
likely to have RSVBee spellers because in 2018, RSVBee
spellers paid for their own travel and accommodations and

had no requirement to stay at the Gaylord National Hotel,
making the cost of RSVBee much less expensive for those
who live near National Harbor (7). In 2019, spellers were
responsible for their own travel and accommodations and
were required to stay at the Gaylord National or pay a $600
non-participation fee, somewhat offsetting the disparity in
costs for spellers who live near National Harbor (6).
Our experiment had several limitations . First of all, certain
factors, such as the number of enrolled schools in each region
may be more important than overall child population, but such
data is not publicly available. Second, we only had access to
the child population data for the 50 US states, the District of
Columbia, and Puerto Rico, so any SNSB spellers outside of
these regions are not included in this analysis.
In conclusion, the RSVBee wildcard program positively
impacted the SNSB by allowing more spellers to compete in
the SNSB and significantly improving the correlation between
geographic location of national finalists and child population
of the United States. In 2018, 242 spellers came to the SNSB
through RSVBee. In 2019, there was more awareness for
RSVBee, and 285 spellers competed through RSVBee. In
2020, plans were underway to have a reduced number (about
140) of RSVBee spellers limited to 7th and 8th graders, with
a $7.50 application fee and up to 18 financial aid packages
(which would include the $1,500 participation fee, six-night
hotel, and $1,000 for travel and meals) (8). The 2020 SNSB
was canceled due to the COVID-19 pandemic (9).

MATERIALS AND METHODS
Child Population Data
We collected child population data from the 50 US states,
the District of Columbia, and Puerto Rico from the United
States Census Bureau, Population Division (datacenter.
kidscount.org) (10). We added the data for children ages
5–11 and 12–14 to determine the number of children aged
5–14 years in each state/territory. We used the population
data from the previous year for each corresponding SNSB
(for example, 2011 population data for the 2012 SNSB) to
estimate the number of children ages 6–15 years during the
SNSB. This spans the ages of the youngest (6 years) and
oldest (15 years) spellers at the SNSB to date. For example,
for New Jersey (NJ) from the 2011 population data, the
number of children from the age 5–11 cohort was 792,356
and the number of children from the age 12–14 cohort
was 350,977. We added these numbers to get 1,143,333
children ages 5–14. We added the number of children ages
5–14 from each of the 52 regions to find the total number of
children ages 5–14 in the 52 regions combined. When using
the 2011 population data, this number was 41,534,282. We
then calculated a percentage for each region by dividing the
number of children from each region ages 5–14 by the total
number of children ages 5–14. The population percentage
from the 2011 population data (used for the 2012 SNSB) for
NJ was 1,143,333/41,534,282 = 2.75%.
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SNSB Data
We used the SNSB round results from each year to
find the number of spellers from each state at the SNSB.
The results from 2019 are available online (11). Results from
2012 through 2018 are available using the internet archive:
Wayback Machine (12–18). For each year, we counted the
number of sponsored spellers and, if present, self-sponsored
spellers or RSVBee spellers from each region. The sponsored
spellers could be distinguished from self-sponsored and
RSVBee spellers because the name of the sponsor was listed
for each speller—self-sponsored and RSVBee spellers have
their school listed as their sponsor. In cases where it was not
clear whether a speller was sponsored, we used open source
intelligence to collect information regarding regional spelling
bee winners to identify sponsored spellers. In cases where a
sponsor covered more than one state or sponsored spellers
from a state other than where the sponsor was based, the
speller was counted as being from the state in which they
attend school.
Analysis
For each year, we calculated the percentage of sponsored
spellers from each region by dividing the number of sponsored
spellers from each region by the total number of sponsored
spellers. For example, in 2012, there were 7 sponsored
spellers from NJ and 264 sponsored spellers from the 52
regions. The sponsored speller percentage for NJ was 7/264
= 2.65%. In NJ for the 2012 SNSB, the sponsored speller to
population ratio was 2.65%/2.75% = 0.96. For the years 2015–
2017, in addition to finding the sponsored speller to population
ratio, we also added the number of self-sponsored spellers to
the number of sponsored spellers to find the new total number
of spellers. From there, we calculated a new percentage by
dividing the number of total spellers (with any self-sponsored
spellers added) from each region by the new total. We then
found the total speller to population ratio. For the years 2018
and 2019, in addition to finding the sponsored speller to
population ratio, we added the number of RSVBee spellers
from each region to the number of sponsored spellers from
each region. We calculated a new percentage of spellers from
each region by dividing the new number of spellers from each
region by the new total number of spellers. We then found
the total speller to population ratio. For 2012–2014, we found
the correlation between sponsored spellers and population.
For 2015–2017, we found the correlation between sponsored
spellers and population and the correlation between the total
spellers (sponsored plus self-sponsored) and population. For
2018 and 2019, we found the correlation between sponsored
spellers and population and the correlation between the
total spellers (sponsored plus RSVBee) and population. We
used a Fisher z-transformation on the correlation coefficients
and a paired sample t-test to compare sponsored spellers/
population to total spellers/population (2015–2017) to assess
the effect of self-sponsorship and sponsored spellers/
population to total spellers/population (2018–2019) to

assess the effect of RSVBee. A two-tailed p-value of < 0.05
was considered statistically significant. Calculations and
correlations were performed using Microsoft Excel 2019.
Fisher z-transformation and paired t-test were performed
using SPSS for Windows version 26.

Table 1: Child population aged 5-14 years (2011), 2012 spellers,
and speller to child population ratios for 2012–2014 at the Scripps
National Spelling Bee (SNSB) by US region. Column 2 shows the
percentage of US children aged 5 –14 years living in a specific state
or territory in 2011. Column 3 shows the percentage of spellers from
each state or territory at the 2012 SNSB. Column 4 shows the ratio
of 2012 speller percentage to the 2011 child population percentage
(column 3 divided by column 2) for each state or territory for 2012.
Columns 5 and 6 show the speller to population ratios for 2013 and
2014 respectively.
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Table 2: 2018 child population aged 5-14 years, 2019 SNSB
sponsored and total spellers, and speller to child population ratios
for 2019 at the SNSB by US region. Column 2 shows the percentage
of US children aged 5 –14 years living in a specific state or territory
in 2018. Column 3 shows the percentage of sponsored spellers
from each state or territory at the 2019 SNSB. Column 4 shows the
percentage of total (sponsored plus RSVBee) spellers from each
state or territory at the 2019 SNSB. Column 5 shows the ratio of
2019 sponsored speller percentage to the 2018 child population
percentage (column 3 divided by column 2) for each state or territory
for 2019. Column 6 shows the ratio of 2019 total speller percentage
to the 2018 child population percentage (column 4 divided by column
2) for each state or territory for 2019.

Received: April 2, 2020
Accepted: July 20, 2020
Published: August 17, 2020

REFERENCES
1. Shankar, Shalini. “Coming in First: Sound and Embodiment
in Spelling Bees.” Journal of Linguistic Anthropology, vol. 26,
no. 2, 2016, pp. 119–140., doi:10.1111/jola.12117.
2. Remer, Scott B. Words of Wisdom: Keys to Success in
the Scripps National Spelling Bee. 3rd ed., CreateSpace
Independent Publishing Platform, 2014, pp. 5, 13, 288.
3. Hofstra University. Adm_spelling_bee_2015.pdf. 2015,
pg. 11, https://www.hofstra.edu/pdf/admission/adm_spelling_
bee_2015.pdf.
4. Communication with the E.W. Scripps Company.
5. The E.W. Scripps Company. Scripps National Spelling
Bee announces changes, new opportunities through
RSVB. The Denver Channel, 13 Nov. 2018, https://www.
thedenverchannel.com/news/national/scripps-nationalspelling-bee-announces-changes-new-opportunities-rsvbee.
6. The E.W. Scripps Company. RSVBee FAQ Expanded List
2019.pdf. 2019, https://spellingbee.com/sites/default/files/
inline-files/RSVBee%20FAQ%20expanded%20list%202019.
pdf.
7. The E.W. Scripps Company. RSVBee FAQ.pdf. 2018, https://
spellingbee.com/sites/default/files/inline-files/RSVBee%20
FAQ.pdf.
8. The E.W. Scripps Company. 2020_RSVBee_Fact_Sheet.
pdf. 2020, https://www.spellingbee.com/sites/default/files/
inline-files/2020_RSVBee_Fact_Sheet.pdf.
9.The E.W. Scripps Company. Updates Regarding COVID-19.
21 Apr. 2020, https://spellingbee.com/updates.
10. The Annie E. Casey Foundation. “Child Population by
Age Group in the United States.” Kids Count Data Center,
2020, https://datacenter.kidscount.org/data/tables/101-childpopulation-by-age-group?loc=1&loct=1#detailed/2/2-53/
false /37,871,870,573,869,36,868,867,133,38/62,63,64,6,46
93/419,420.
11. The E.W. Scripps Company. Summary of Round 2. 2019,
https://secure.spellingbee.com/public/results/2019/round_
results/summary/2.
12. The E.W. Scripps Company. Summary of Round 2. 2012,
ht tps:// web.archive.org / web/2015 02 2 211293 8/ ht tp://
spellingbee.c om /public /re sult s / 2012 /round _ re sult s /
summary/2.
13. The E.W. Scripps Company. Summary of Round 2. 2013,
ht tps:// web.archive.org / web/2015 0 5 3 0 02 2411/ ht tp://
spellingbee.c om /public /re sult s / 2013 /round _ re sult s /
summary/2.
14. The E.W. Scripps Company. Summary of Round 2. 2014,
ht tps:// web.archive.org/ web/201502210 929 53/ht tp://
spellingbee.c om /public /re sult s / 2014 /round _ re sult s /
summary/2.
15. The E.W. Scripps Company. Summary of Round 2. 2015,
ht tps:// web.archive.org / web/20191216 015 3 48/ ht tp://
spellingbee.c om /public /re sult s / 2015 /round _ re sult s /
summary/2.
16. The E.W. Scripps Company. Summary of Round 2. 2016,
ht tps:// web.archive.org / web/20191216 0210 03/ ht tp://

Journal of Emerging
Emerging Investigators
Investigators •• www.emerginginvestigators.org
www.emerginginvestigators.org

SEPTEMBER
17 AUGUST2020
2020| |VOL
VOL32| |20
6

spellingbee.c om /public /re sult s / 2016 /round _ re sult s /
summary/2.
17. The E.W. Scripps Company. Summary of Round 2. 2017,
ht tps:// web.arc hive.org / web/2019120 5 0712 27/ ht tp://
sp e llingb e e.c o m /pub li c /re sult s / 2 017/r ound _ re sult s /
summary/2.
18. The E.W. Scripps Company. Summary of Round 2.
2018,ht t ps: // web.arc hive.o rg / web/ 2 0191216 015718 /
http://spellingbee.com/public/results/2018/round_results/
summary/2.
ACKNOWLEDGEMENTS
“We would like to thank Ann Vessey Kannankeril and Sarah
Kannankeril for their continual support. Above all, we would
like to thank our Lord and Savior Jesus Christ.”
Copyright: © 2020 Kannankeril and Kannankeril . All JEI
articles are distributed under the attribution non-commercial,
no derivative license (http://creativecommons.org/licenses/
by-nc-nd/3.0/). This means that anyone is free to share,
copy and distribute an unaltered article for non-commercial
purposes provided the original author and source is credited.

Journal of Emerging
Emerging Investigators
Investigators •• www.emerginginvestigators.org
www.emerginginvestigators.org

SEPTEMBER
17 AUGUST2020
2020| |VOL
VOL32| |21
7

Article
Bacteria and Antibiotic Resistance in School
Bathrooms
Isabella Ciarlet1, Youssef Gehad2, Vinamra Jain3, Emma Liu3, Eileen Ablondi4, Michael Mazzola4, Caroline
B. Palavicino-Maggio4 and Eddie W. Rodriguez4
St. Peter’s School, 96 Concord Ave, Cambridge, MA 021381
Medford High School, 489 Winthrop Street, Medford, MA 021552
3
Acton-Boxborough Regional School, 36 Charter Road, Acton, MA 017203
4
Harvard Medical School, 220 Longwood Ave, Boston, MA 021154
1
2

SUMMARY

Antibiotics are a class of compounds that can be used
to treat patients with bacterial infections. Although
these drugs are largely effective, the widespread use
of antibiotics has led to the development of antibioticresistant bacteria. Since school bathrooms are widely
suspected to be unsanitary, we wanted to compare the
total amount of bacteria with the amount of bacteria
that had ampicillin or streptomycin resistance across
different school bathrooms in the Boston area. We
hypothesized that because people interact with the
faucet, outdoor handle, and indoor handle of the
bathroom, based on whether or not they have washed
their hands, there would be differences in the quantity
of the bacteria presented on these surfaces. Therefore,
we predicted certain surfaces of the bathroom would
be less sanitary than others. After plating samples
with or without antibiotics, we concluded that the
only swabbed surface with bacteria was the faucet.
As a whole, our results demonstrate that we need to
clean our bathroom better in some places more than
others. Future research questions could investigate
more surfaces in the bathrooms, more bathrooms
across Boston, or different times of the day.

INTRODUCTION
Although humans interact with bacteria every day,
some strains are pathogenic and can lead to diseases like
tuberculosis or cholera. The rise of antibiotic-resistant
bacteria is making it harder for doctors to prescribe
effective antibiotics (1). The global emergence and spread
of extensively drug-resistant bacteria exemplifies the threat
that antibiotic resistance presents. Some studies indicate
that antibiotic resistance found in clinical settings is closely
related to mechanisms found in environmental bacteria (2).
This mechanism of antibiotic resistance involves part of
the global microbial population and predates the modern
selective pressure of clinical human use and abuse of
antibiotics (3). Interestingly, bacteria’s antibiotic resistance
increases healthcare costs by $20 billion in the United States
alone (4).
An estimated 15.8 million students attend public schools

every day, and each of these students typically use the school
restroom at least once a day (5). Therefore, we would expect
to find a lot of bacteria in school bathrooms because humans
touch bathroom surfaces. We wanted to see how many
antibiotic-resistant bacteria live in our school bathrooms.
We hypothesized that surfaces with the most human contact
prior to hand-washing would be most likely to have antibioticresistant bacteria. Each member of our group swabbed the
doorknob going into the bathroom, the doorknob going out of
the bathroom, and the faucet of their sink in their own school
bathrooms, representing three different schools in the Boston
area. We could only detect bacteria from the faucets of two
schools. In fact, one of the plates not only showed a bacterial
lawn, but also showed significant growth when plated on both
ampicillin and streptomycin containing plates, suggesting that
the bacteria are antibiotic resistant. We chose to use ampicillin
because it is an antibiotic that is used to treat different types
of infections, including bacterial infections. Similarly, we
chose to use streptomycin because it is an antibiotic used
to prevent bacterial infection and contamination. Our data
hint that while school bathroom faucets should be cleaned
properly to prevent the spread of antibiotic-resistant bacteria,
in general, school bathroom handles are surprisingly free of
bacteria.
RESULTS
Initial visual assessment of the bacterial plates grown from
swabbed samples revealed differences in bacterial growth
between samples collected from different schools. The plates
containing samples taken from the female and male restrooms
in school #1 had no bacterial colonies visible on any plates
(Figure 1). Although the sample collected from the bathroom
faucet (F) at school 3 generated a single bacterial colony on
the no-antibiotic plate, none of the other samples taken from
this school generated observable bacterial growth (Figure
1-3). In contrast, the samples collected from the bathroom
faucet at school 2 produced bacterial lawns that were green
and had an odor not only when grown without antibiotics, but
also when grown in the presence of ampicillin or streptomycin
(Figure 1). Chemicals released from dying bacteria were
probably the source of odorant (6). We confirmed that bacteria
known not to be resistant to ampicillin and streptomycin would
not grow on plates with either antibiotic (Figure 2) and that
bacteria transformed with a plasmid conferring antibiotic
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Figure 1: Bacterial growth. Bacterial swabs were collected from
three schools around Boston (school 1, 2 & 3), plated without
antibiotic, 20 μg/mL ampicillin, or 10 μg/mL streptomycin, and
assessed for the percentage of the plate covered in bacterial growth
after 24 h incubation.

Figure 2: E. coli growth. E.
coli with no known resistance
to antibiotics were grown
on plates without antibiotic,
20 μg/mL ampicillin, or 10
μg/mL
streptomycin,
and
the percentage of the plate
covered in bacterial growth was
calculated after 24 h incubation.

Figure 3: E. coli growth with
ampicillin resistance. E. coli
transformed with a plasmid
known to confer antibiotic resistance to ampicillin were grown
on plates without antibiotic or
20 μg/mL ampicillin, and colonies were counted after 24 h
incubation.

resistance to ampicillin and streptomycin would grow on both
no antibiotic and antibiotic-containing plates.
DISCUSSION
In the experiment, we found that only 1 school had major
growth that was in the faucet. Additionally, another school
had little growth in the faucet. The remaining school and the
rest of the surfaces for the two previously mentioned schools
were clean.
Our experiment found that there was no bacterial growth
on the door knobs on either side of bathroom doors, regardless
of if samples were plated on soft agar with streptomycin,
ampicillin, or no antibiotics. For three of the four samples of
faucets, there was also little to no growth. However, there
were antibiotic resistant bacteria isolated from the faucet of
one bathroom.
Essentially, our data suggested that, despite our initial
hypothesis that significant differences would be found between
F, OD, and ID samples, the most dramatic differences were
actually observed between samples collected from different
schools on faucet samples alone. These results indicate
that faucets may be a place that can harbor lots of bacteria.
Moreover, a considerable amount of the bacteria on bathroom
faucets may be antibiotic resistant, as suggested by their
ability to grow on plates with streptomycin and ampicillin.
These data highlight the importance of cleaning bathroom
faucets in schools.
Future experiments should control for the time of sample
collection. It is possible that bacterial growth is dependent
on the time the bathroom was last cleaned. Another
improvement that could be made to our experiment would
be to incubate the swabs as soon as samples were collected

Figure 4: E. coli growth with
streptomycin resistance. E.
coli transformed with a plasmid
known to confer antibiotic resistance to streptomycin were
grown on plates without antibiotic or 10 μg/mL streptomycin,
and colonies were counted after 24 h incubation.

to ensure that no bacteria died while the samples were kept
at room temperature. Future research could use the same
experimental method to sample other public places. This
work could reveal if dangerous bacterial species inhabit public
areas. Ultimately, we have identified that bacteria resistant
to streptomycin and ampicillin exist in school bathrooms,
suggesting the prevalence of these strains in widely used
environments.
MATERIALS AND METHODS

Sample Collection

Each experimenter was provided with three swabs and
three sample collection tubes to swab each of the three
locations. First, we swabbed using a sterile cotton swab three
times. Following collection, we placed the swab into a sterile
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Eppendorf tube containing 500 uL phosphate-buffered saline
(PBS) for storage. After collecting all samples, we refrigerated
the tubes at 2-5ºC for storage until platting. Two of our sample
sets came from female student bathrooms, and one from
male student bathroom.

Plating Samples

Tryptic soy agar plates were prepared and supplemented
with 20 μg/mL ampicillin, 10 μg/mL streptomycin, or no
antibiotic. Each group member swabbed the inside door knobs
of their school restroom (ID), the outside of the doorknob of
their school restrooms (OD), and the faucet of their school
restroom (F). Samples from these swabs were suspended
in PBS as above, spread on these plates, and incubated
for 16 h at 37ºC. Throughout our experiment, we followed
sterile procedures when handling samples and limiting our
samples’ exposure to air to avoid contamination. Escherichia
coli transformed with a plasmid known to confer resistance
to ampicillin and streptomycin were plated on ampicillin
and streptomycin plates, respectively, to confirm antibiotic
resistant bacteria could grow on the plates (positive control).
Additionally, a plate without antibiotic and without sample was
grown and shown to not be contaminated (negative control).

6.

nationalpartnership.org/our-work/resources/economicjustice/paid-sick-days/healthy-kids-healthy-schools-thecase-for-paid-sick-days.pdf.
Wolfe, Benjamin E. “Why Does Rotting Food Smell
Bad?” Tufts Now, 15 Dec. 2014, now.tufts.edu/articles/
why-does-rotting-food-smell-bad.
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Plate Analysis

We did not count the individual colonies because some
plates had lawns; therefore, we calculated the ratio of the
surface area of the bacterial growth and compared it to the
total surface area of the plate. This ratio was calculated by
drawing bacterial growth on graph paper and calculating the
area of the plate covered by bacteria
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SUMMARY

Global warming is becoming an increasingly
prominent issue. It is commonly disputed whether
electronics and the radiation they emit are harmful
towards the growth of organisms. As this cannot
be tested on a human, we chose plants which are a
key element of Earth. To be specific, this research
was conducted on basil plants. The purpose of this
experiment is to find out if electromagnetic (EM)
radiation from electronics affects plant growth. After
experimentation, it can be concluded that EM radiation
did affect basil plant growth. The plants exposed to
EM radiation were taller, thinner, and a much lighter
shade of green compared to the unexposed plants.
With the help of this experiment, the effects of EM
radiation on the growth of organisms can be seen and
studied. Further study is necessary to determine if the
EM radiation affected the plants on a molecular level,
as well as understand how they adapt or if they die.
This research can be used to determine the potential
detrimental effects that electronics can have on living
organisms and the environment to eventually help
create a solution to reduce or eliminate this harm.
INTRODUCTION
Much of the ecosystem relies on plant growth. Plants
are the main producers of oxygen and organic compounds.
Ensuring the health of these organisms is vital. Recent
technologies could be damaging them, which is what this
research intends to find out. Cell phones emit microwave (type
of light) radiation. Cell phones transmit about one to two watts
of power in the range of 824 - 1780 MHz. Computers emit
infrared radiation in the range of 410.0048 - 900.0074 THz
due to processes such as the device becoming heated, the
Bluetooth antenna, and the display (1). Multiple experiments
have been conducted, using lentils to soy beans to chili
plants, to be able conclude EM radiation does affect plant
growth with varying results, mostly negative. Due to mixed
results from previous studies, scientists still debate much on
whether EM radiation affects plant growth or not.
An experiment conducted with fenugreek seed and pea
plants to see which one grew faster and healthier consisted
of exposing multiple plants of one species to different
amounts of EM radiation. This study concluded that mobile
phone radiation does cause changes in the morphology and
biochemistry of the plants since the plant height, germination,

seedling vigor, root length, and biomass % decreased (2).
Scientists conducted a similar experiment with lentils. There
were several discrepancies in the EM radiation-exposed
plants in comparison to the unexposed plants. For example,
only 10.35% of the seeds germinated, while the control group
had a germination rate of 22.85%. They also observed many
mitotic abnormalities in the plants exposed to EM radiation
(3). In another study, researchers analyzed plants near the
remains of a nuclear reactor and found that the soybeans had
adapted to the new conditions. To retest this, they planted
soybeans at the 5 km point and the 100 km point from the
remains of the reactor. There was 163 times less cesium-137
in that area. The results of this experiment deduced the
soybeans next to the nuclear site had adapted to their
environment. The soybeans weighed half as much and took
up water much slower compared to the soybeans exposed to
little to no radiation. On the molecular level, they were even
stranger. The soybeans exposed to high levels of radiation had
three times more cysteine synthase, which protects the plant
by binding heavy metals. They also had 32% more betaine
aldehyde dehydrogenase, a compound found in human
blood when exposed to radiation that reduces chromosomal
abnormalities. They also had fluctuating amounts of seed
storage proteins, a source of nitrogen for germinating seeds,
compared to a regular soy plant (4). An experiment in Kolkata,
India, tested 50 chili plants with exposure to EM radiation from
the seed stage to fully grown. They exposed the plants to over
71,954 minutes of radiation over the course of 50 days. This
experiment had highly mixed results as the plants and leaves
grew taller and longer, but were duller in color and wrinkly
(5). All the results corroborated that EM radiation negatively
affects plant growth. Blocking EM radiation exposure to the
best extent possible is necessary for maintaining normal plant
growth, as these studies have demonstrated diverse effects
that negatively impact the plant life cycle.
A few plants can absorb EM waves such as the cactus,
betel leaf, spider plant, sansevieria, and the stone lotus flower.
NASA has proved that the cactus can absorb radioactive
waves with extensive research. Betel leaf extract has proven
to protect DNA from radiation by preventing radiation-induced
DNA strand breaks in a concentration-dependent matter (6).
The spider plant, also known as Chlorophytum comosum, can
absorb a large number of air pollutants including formic acid
and aldehyde. This same concept of absorption also applies
to EM radiation (7). Sansevieria can harmlessly absorb 100
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different types of poison and is an anti-pollutant (6). It is an
antidote to certain forms of radiation. Lastly, the stone lotus
flower, though small, can absorb radiation effectively (7).
This project aims to determine whether nearby sources
of EM radiation affects household plants. We can also use
this research to identify if the devices used by agricultural
workers, assuming those devices put out EM radiation, affect
crop yields, which could potentially waste money, time, and
resources. Based on previous findings already mentioned,
I hypothesize that if a plant is exposed to the EM radiation
of many electronics, the plant will have smaller leaves,
slower growth and have a weaker structure because the EM
radiation will cause the plant to adapt or die. The results of
the experiment supported the hypothesis. The EM-exposed
plants were visibly weaker. They had thinner stems and
smaller leaves. Not only that, but they were also a much
lighter shade of green, though they did grow taller at a much
quicker rate.
RESULTS
This study examined the effects of EM radiation on plant
growth by placing a cup near electronics and a cup away from
all electronics. Two identical cups were set up in each area
and plant growth was measured daily for a period of 42 days.
This experiment was conducted as a triplicate. The physical
characteristics observed in the EM plants were weak stems,
brittle leaves, and an extremely light shade of green. Plant
height was significantly higher but was maintained for a longer
period in the control plants compared to the EM plants for all
studies (Fig. 1, Fig. 2). More germination occurred in the EM
plants compared to the control plants for all studies (Fig. 3).
There was an increase in height in all of the EM plants
compared to the control plants. However, as time went by, the
EM plants died while the control plant heights started wilting
but later started becoming taller again. Control Plant 3 never
grew; none of its eight seeds germinated. Due to the death
of plants earlier in the study, the data is skewed, since about
66% of the plants did not live long. Overall, the data suggests
that EM radiation affects plant growth factors such as height
and length of life of the plant (Fig. 2). The EM plants were
taller, germinated first, and grew faster than the control plants,
but did not live long. On the other hand, the control plants
germinated later, grew slower, and lived much longer. The
EM plants have an average maximum height of 0.958 inches
while the control plants have an average maximum height of
0.6875 inches. The control plants were approximately 0.2705
cm taller than EM plants overall and taller by 0.1149 inches
on a daily average. The results of the one-way ANOVAs
conducted for each EM and control set shows that there is a
significant statistical difference (EM 1 and control 1 : f-ratio
= 6.28096, EM 2 and control 2 : f-ratio = 25.7887, EM 3 and
control 3 : f-ratio = 8.89215). All of the results proved to have a
p-value less than 0.05, which proved there to be a significant
difference. A statistical difference can also be proven as all of
the f-ratio is greater than one, proving there is more variance

between groups rather than within.
EM radiation also affected plant germination since all
of the EM plants had more sprouts overall, though they died
much faster (Fig. 3). The average of the maximum number
of sprouts for the EM cups was 6.3, while the average of
maximum sprouts for the control cups was 4. Though this

Figure 1: Timeline of EM plants and control plants. Images of EM
and control plants are shown for Day 6, 15, and 42. The EM plants
sprouted before control plants, the first ones appearing on Day 6.
Moderate growth is visible in both groups on Day 15. On Day 42, the
last day of the study, all of the EM plants had died, but control plants
1 and 2 appeared healthy. Control plant 3 never sprouted.

Figure 2: Timeline of EM plants and control plants. Images of EM
and control plants are shown for Day 6, 15, and 42. The EM plants
sprouted before control plants, the first ones appearing on Day 6.
Moderate growth is visible in both groups on Day 15. On Day 42, the
last day of the study, all of the EM plants had died, but control plants
1 and 2 appeared healthy. Control plant 3 never sprouted.

Figure 3: The line graph represents the number of sprouts and
germination in the cup every day for 42 days. All trials were carried
out indoors in the designated EM exposed and natural, unexposed
area. Each cup can grow up to 8 sprouts. Control plant 1 and EM
plant 1 were observed to hit 8 sprouts, though Control maintained it
much longer.
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data provides evidence against the hypothesis, human error
could have played a role in the lack of germination in control
plant 3. Even with the small sample size, there are significant
statistical differences observed between the three sets (EM 1
and control 1 : f-ratio = 16.54675, EM 2 and control 2 : f-ratio
= 25.65636, EM 3 and control 3 : f-ratio = 9.64706). All of the
results also proved to have a p-value less than 0.05 and a
f-ratio greater than one, which proves there to be a significant
statistical difference.
DISCUSSION
EM radiation affects plants in many different ways, both
positive and negative. The germination levels increased by
57.5%, though human error could have played a role since
none of the control plant 3 seeds sprouted. The height of the
plants also differs greatly between the groups. This shows
that EM radiation tends to make plants grow a lot faster,
though they died much quicker. The results both contradict
and agree with previous experiments. The basil grew slightly
taller when exposed to EM radiation, similar to the experiment
conducted in Kolkata. However, the plants also died much
quicker, supporting the other experiments. This could have
been due to the fact that basil has not been tested yet, as
all of the experiments used other plant species. The physical
characteristics of the EM plants could have been due to
destruction or mutations of chloroplasts in the plant's leaves
as chloroplasts allow for photosynthesis and the green color of
plants. EM radiation could also be changing the plants' genetic
makeup since the stems grew faster but were much weaker.
In an experiment conducted on the effects of EM radiation on
the photosynthesis of a plant, the results concluded damage
in the membrane of photosynthetic cells in the leaf, the halt of
the transmission process of electrons in photosynthesis, and
the decrease in potential active and photochemical efficiency
(8). To confirm these results, it would be necessary to repeat
this experiment multiple times, as human error and a small
sample size could have played a role in the outcome of this
study. Examination of the plants under a microscope would
also be valuable in future studies. If a change in the makeup
of the cells is present, it could have negative effects on all of
the organisms that consume them. As agriculture feeds future
generations, we must ensure the safety of their growth and
consumption. This can be done with the use of future studies
to be able to take the necessary precautions. Along with this,
it is important to see if these devices affect other organisms
similarly, such as humans, since it could potentially impact
many lives.
MATERIALS AND METHODS
This experiment was conducted indoors with the use
of two different areas. The first area, identified for the EM
plants, had electronics and was in front of a window for
adequate sunlight. In this experiment, we used three laptops
and two phones that added up to a minimum of 2878 MHz
of radiation. The devices were all functional and were

active to the accordance of a 9-5 workday to model reallife circumstances. A second area, identified for the control
plants, was completely devoid of electronics. This area was
also in front of a window to make sure the plants would have
sufficient lighting. We used six plastic drinking cups to plant
basil seeds within. Each cup had three small holes the size
of a pencil tip at the bottom in a triangular shape to ensure
proper drainage of water. Then, we filled each cup halfway
with potting soil and placed eight basil seeds on top of the soil.
On top of the seeds, 1/4 cup more of soil was poured. After
these steps were completed, half of the cups (three cups)
were placed in the first area and the other half in the second
area. The plants were routinely watered ⅛ cup of water once
in the morning around 8 a.m. The soil should be damp an inch
down into the soil to ensure enough water for the plant. Along
with this, the number of sprouts and the height of the tallest
sprout was recorded into a spreadsheet and with pictures.
To analyze the results, two line graphs and two ANOVAs
were made: one of each to compare seed germination and
another to compare sprout heights. The graphs make it
possible to observe and note down significant trends, identify
outliers, and possible errors in the data. This is how we came
to the conclusion that EM radiation does affect plant growth
and that human errors could have played a role in the growth
of control plant 3. One-way ANOVAs were conducted to
ensure there was a significant difference between the EM and
control plants. As this experiment was conducted in triplicates,
the respective EM and control pair were cross analyzed and
compared to each other (EM plant 1 and control plant 1). If
the p-value was less than 0.05, the group can be marked
statistically significantly different. A statistical difference can
also be proven if there is more variance between groups
rather than within, meaning the f-ratio must be greater than
one. Else, the groups do not have a strong enough statistical
difference to be considered so.
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SUMMARY

Population forecasting is a necessary effort to
understand population growth, which affects
various aspects of a country’s society and economy,
including future demand for food, water, energy, and
services. Mathematical models are commonly used
to understand the interplay of the migration, birth
and death rates on population growth. Mathematical
models help population forecasting by capturing
statistical trends from historical datasets. However,
these need to be carefully compared to understand
the implications of different model formulations in
predicting future population, which the models have
not seen or were trained on. In this work, we have
compared two common population growth models,
namely Malthusian law and Logistic law, using US
population data from 1951 to 2019. By formulating
a least-squared curve fitting problem, the birth and
death rates can be estimated using MATLAB software.
MATLAB simulations showed that the Logistic law
of population growth yields smaller sum of squared
residuals than the Malthusian law. In this case, a
better population model may be beneficial in the social
science, such as political science and sociology.
INTRODUCTION
In view of the world population continuously evolving
in the last century, population prediction becomes more
and more important in policy making, economic planning,
education, and so on [1]. Population is affected by numerous
factors such as policy, economy, and culture. Therefore, it
is hard for demographic researchers to analyze each factor.
Among all principles, historical data are the significant
foundation in forecasting. By analyzing the inherent tendency
inside the historical data, a comprehensive and reasonable
forecast can be made without discussing each factor that
affects the population. In order to achieve satisfying forecast
performance, authentic historical data are needed. The
Malthusian model and the Logistic model are two widely
used methods for population forecast and have shown good
performance. The Logistic model was firstly introduced in
1837 by the Dutch biomathematician Pierre Verhulst [2, 3].
Miranda [4] later developed the Logistic model which has
proved to be well suited for population forecasting. As shown
in this paper, predictions obtained via the Logistic model are
in quite acceptable agreement with current official forecasts

from the US Census Bureau.
The matrix laboratory (MATLAB) is primarily intended for
mathematical and scientific computation and is a powerful
programming software for problem solving. MATLAB allows
sophisticated functions, matrix manipulations, algorithmic
design, and so on to be implemented in a relatively simple
manner [5]. The growth of a population is often described by
ordinary differential equations (ODEs), which can be effectively
solved by MATLAB. Given the importance of forecasting
population and the competitive ability of MATLAB on dealing
with mathematical problems encountered in real life, the goal
of our research was to figure out an accurate population
growth model by utilizing MATLAB. We hypothesized that the
Logistic law, which considers the death rate to be a function
of population size, would be more accurate and realistic than
the Malthusian law in which the death rate is a constant for a
long term prediction. To test this hypothesis, we obtained the
US population data from 1951 to 2019 from the US Census
Bureau. Then, we adopted the data for numerical verification
and to compare the accuracy of the mathematical models
by the Malthusian law and the Logistic law for population
predictions. Furthermore, to determine whether the Logistic
law gives a statistically significant improvement in the fit as
compared to the Malthusian law, we conducted an F-test.
In order to verify and bolster the conclusion, we applied the
F-test to 20 different countries to test if the Logistic model can
be widely used. The population data of the countries were
obtained originally from United Nations - World Population
Prospects [10].
RESULTS
We utilized the mathematical models, described by ODEs
using the Malthusian law and the Logistic law, to describe
the US population growth and to predict future population.
The Logistic law considers the death rate as a function of
population size and the Malthusian law assumes a constant
death rate. We adopted the ODE45 solver in MATLAB to
solve these two models, utilizing for data the US population
from 1951 to 2019 [6] to determine the birth and death rates
and to show how well the model fit the data.
Compared to the actual populations sizes, the Logistic
law is more accurate and realistic than the Malthusian law
for predicting the US population from 1951 to 2019 as sum
of squared residual for the Logistic law 8.78 x 1014 is smaller
than the sum of squared residual for the Malthusian law
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Figure 1: Fitted solutions of the mathematical models using the
Malthusian law and the Logistic law using the US resident population
data from 1951 to 2019. The parameters values found from
fminsearch for the Malthusian law (r = 0.0122) and the Logistic law
(b = 0.0235, n = 5.0471×10 -11).

6.12 x 1015 (Figure 1). In addition, near the year 2019, the
predicted population by the Malthusian model continues
to grow exponentially, while the predicted population by
the Logistic model starts to exhibit diminishing growth. To
further demonstrate that the Logistic growth model gives a
statistically significant improvement in the fit, we performed

an F-test. Using the degrees of freedom of 1 and 67 in the
numerator and denominator, respectively, we calculated an
F-statistic value of 400.22. The F-value is much larger than
the F-critical value of 3.984 at 5% significance level; hence,
we can reject the null hypothesis at 95% level of confidence.
In other words, the Logistic model fits the actual data better
than the Malthusian model does according to the F-test.
Using the birth and death rates obtained from data
fitting, we obtained the predicted US population for the year
2020 from both models, which yielded 328.60 million and
348.80 million from the Logistic and the Malthusian models,
respectively. Compared to the prediction value of 329.73
million from the US Census Bureau [6], the Logistic model
gives a better prediction than the Malthusian model.
To further analyze the fidelity of the Logistic model,
we repeated the above analysis for ten countries with high
Human Development Index (HDI) and ten countries with
low to medium HDI (see Method Section, “Analysis with
different countries”). Table 1 summarizes the sum of squared
residuals corresponding to the model using the Malthusian
law (SSRM) and the Logistic law (SSRL) and F-values of 20
countries. Table 1 shows that only one country, Norway, has
an F-value (2.62) lower than the critical value of 3.984. In this
case, Norway’s population is still in the period of accelerating
growth and, hence, the Malthusian model is a good model
for its population prediction (see the discussions in Section

Table 1: F-test results

Very high HDI countries

Low and medium HDI
countries

Country

SSRM

SSRL

F value

Result

Norway

6.67*1011

6.42*1011

2.62

fail to reject

Switzerland

5.62*1012

3.36*1012

45.15

reject

Argentina

1.28*1014

2.65*1012

3169.23

reject

Canada

2.73*10

2.93*10

557.27

reject

United States

6.13*1015

8.78*1014

400.22

reject

Australia

5.23*1013

1.34*1013

194.57

reject

Iceland

1.21*1010

2.17*109

306.63

reject

Sweden

1.83*1012

1.27*1012

29.54

reject

Singapore

4.06*1012

1.88*1012

77.69

reject

South Korea

1.69*1015

2.94*1012

38446.61

reject

Kenya

1.12*1014

9.18*1012

750.43

reject

Myanmar

7.86*1014

2.68*1013

1898

reject

Philippines

2.10*1015

1.48*1013

9439.76

reject

16

14

13

India

9.21*10

1.51*10

341.66

reject

Guatemala

1.50*1013

9.80*1011

958.51

reject

Morocco

3.89*10

12

7.02*10

3645.68

reject

Vietnam

3.14*1015

3.38*1013

6157.26

reject

Guyana

1.16*1012

1.69*1010

4531.81

reject

Bhutan

1.53*1011

1.01*1010

947.95

reject

Bangladesh

3.74*10

2.34*10

1003.85

reject

16

14

15

14

The sum of squared residuals corresponding to the model using Malthusian law (SSRM) and Logistic law (SSRL) and F values of 20 countries
in terms of the F-test (F-critical value at the confidence level of 95% equals to 3.984).
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“Methods”). For all other nineteen countries sampled, F-values
were much larger than the critical value. This result further
confirms our hypothesis that, in general, the Logistic model
provides a better population prediction than the Malthusian
model.
DISCUSSION
Comparing the actual US population and the predicted
US populations from the Malthusian law and the Logistic law
of population growth, we can see that the logistic model is
more in accord with the actual population than the Malthusian
model is (Figure 1). In addition, the Logistic model also
predicted a carrying capacity value of 465.61 million.
Furthermore, we can visualize the simulation results that when
the population size is smaller than half the carrying capacity,
the population's growth trend is in an accelerated growth
period. After crossing this cut-off point, the population's
growth rate decreases and eventually reaches zero near the
carrying capacity, which is the period of diminishing growth.
This characteristic of population growth using the Logistic
law, which is depicted by an S-shaped curve, seems to
make sense practically. The major difference between the
Malthusian law and the Logistic law is that the Logistic law
takes the dynamic death rate into consideration. This death
rate can be influenced by many factors. As the population
size gets very large, individual members are now competing
for limited resources such as food, living space, economic
conditions, and medical care. Hence, population does not
grow as fast as it does at the beginning, when the population
size is small. One way to slow down the growth of the
population for large population size is to make the death rate
a function of population size as was done with the Logistic
law. This means that as population grows larger, the death
rate will also become larger which, consequently, will slow
down population growth, so the population cannot grow at a
constant or an increasing growth rate. In contrast, the model
of the Malthusian law does not show the diminishing growth.
We can see the estimation based on Malthusian law exceeds
the actual population around 2005 and keeps growing at an
exponential rate from Figure 1. This means that the model
of the Malthusian law can only predict a very short period of
population pattern.
We assumed that the actual population of US resident
population from the US Census Bureau was reliable to test
our predictions based on the Malthusian Law and the Logistic
law. According to the US Census Bureau, the net growth rate
in US population size changes yearly, from -0.06% in 1918
to 2.12% in 1910 [6]. The mean US population growth rate
is 1.24%, and the median is 1.16%. Data fitting yielded a net
growth rate of 1.22% for the Malthusian law model which
is close to the US Census Bureau’s estimation. However,
the exponential growth characteristic of the Malthusian law
yields gross exaggeration of population value for long term
prediction into the future.

MATERIALS AND METHODS
In the literature, there are two common approaches
for modeling the population size: the Malthusian law of
population growth and the Logistic law of population growth.
They are both theoretically sound and can be applied to
practical censuses. We start with the US population in 1950
(about 152.27 million) as an initial condition and fit the two
mathematical models to the US population data from 1951
to 2019.
The Malthusian Law for Population Growth
Let P(t) denotes the population size at any given time
t. To simplify this sophisticated problem, we assume two
major impacts that would change the population, i.e., the birth
rate and the death rate. In the Malthusian law for population
growth, the birth rate and the death rate are assumed to be
proportional to the population size with the proportionality
constants denoted by b and d, respectively. The change in
population at any time would be described by:
(1)
In Equation (1), the birth rate term, bP(t), is positive
and will increase the population size. On the other hand,
the death rate, dP(t), is negative, and will decrease the size
of the population. The net effect, r = b - d, will increase the
population size if b is larger than d (more birth than death) and
will decrease the population size if b is smaller than d. When
b = d, the rate of change of the population is zero, and the
population will remain constant in size.
For the initial condition, we input the US resident
population in 1950. That is, t = 1950 is the initial time and
P(0) = 152.27×106.
The Logistic Law for Population Growth
The Logistic model was first developed by Pierre Verhulst
[2, 3]. As discussed in this paper, for a large population it is
more realistic to consider the death rate coefficient d to be a
function of population size since more people will die due to
limited resources, diseases, epidemics, and so on. A simple
model to account for this observation is to assume the death
rate coefficient to be proportional to the population size;
that is, d = nP(t). Hence, it is assumed when the population
size is small the death rate coefficient is small and when the
population size is large the death rate coefficient is large,
which will slow down the population growth. Thus, the change
in population size can be described as follows:
(2)
By factoring the constant b, Equation (2) can be rewritten as
(3)
Here, r = b and P(m) = b/n. In this form and by
comparison with the mathematical model for the Malthusian
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law of population growth (1), the net per capita growth rate,
r(1 - P(t)/P(m)), is a function of the population size P(t)
instead of a constant as in Equation (1). The parameter, P(m),
is called the carrying capacity of the human population or,
equivalently, the maximum population size. It is noted that the
population will grow in size if P(t) ≤ P(m) (that is, the net growth
rate is nonnegative). Furthermore, when the population is
small relative to P(m), the growth rate is large (period of
accelerated growth). On the other hand, if the population size
is larger and is closer to P(m), the growth rate is still positive
but getting smaller (period of decelerated growth). Finally,
when t gets larger enough to the point that P(t) = P(m) and
(1 - P(t)/P(m)) = 0, the growth rate will be zero, and the
population size is of constant size given by P(m).
With the initial condition P(0) = P0, the solution of Equation
(3) is
[7].
When t → ∞, we obtain e-tr → 0 and P(t) → P(m). If we
differentiate both sides of Equation (3) with respect to t, we
obtain the following equation:
(4)
Equation (4) is an expression for the second derivative
of P(t), which will give us information on the concavity of the
solution curve P(t). In particular, for P(t) < P(m), we observe:
1) When P(t) < P(m)/2, we have d2 P(t) / dt2 > 0, which means
the solution curve, P(t), is concave.
2) When P(t) > P(m)/2, we have d2 P(t) / dt2 < 0, which means
the solution curve, P(t), is convex.
3) When P(t) = P(m)/2, we have d2 P(t) / dt2 = 0, which
corresponds to an inflection point.
Similar to the mathematical model by the Malthusian
law, we take the US population of the year 1950 as the initial
condition, that is, P(0) = 152.27×10 6.
Solving ODEs using MATLAB
MATLAB is a powerful mathematical tool for curve-fitting
and solving ODEs. For a system of first order ODEs, an .m file
that contains the descriptions of ODEs is first created. Then,
by specifying input parameters (parameters in the model,
e.g., r, b, and n), initial conditions, and the time interval, where
we want to compute the solution, the MATLAB's built-in ODE
solver, i.e., ODE45 was used to approximate the solution of
the before-mentioned ODE. Besides, MATLAB was also used
to visualize the solution and we used ODE45 here. Although
MATLAB is powerful, it can only solve first order ODEs. In
order to solve higher order ODEs, extra variables were
introduced to convert a high order ODE to a system of first
order ODEs [7].
Curve Fitting and F-Test
When performing the curve fitting for population growth,

the fminsearch function in MATLAB is adopted to find the best
Logistic and Malthusian growth curve (that is, the best
parameters r, b, and n) that can fit the data. fminsearch is a
Nelder-Mead algorithm to minimize a scalar function of
several variables, which requires an initial guess of the
unknown parameters. fminsearch was used to find the model
parameters to give the best fitting curve via minimizing the
sum of squared residuals between the data and the model
solution as described by:
.
In this case, i denotes the year range, yidata represents the
human population data at year i, and yis denotes the model
(Malthusian law and Logistic law) population solution at year
i. When using the fminsearch function, the model parameter
values corresponding to the period of 1951 and 1965 were
selected as the initial guesses. As to the convergence criteria,
we adopt the default options of the fminsearch function which
used both the termination tolerance on the function value
and on the parameter value. To be specific, the fminsearch
function terminates when the tolerances on the function and
parameter values are smaller than or equal to 10 -4.
In order to identify the mathematical model that best fits
the population data using least squares formulation, we used
an F-test. To begin, the null hypothesis, H0, assumes that n
= 0 (that is, the nonlinear death rate term in the model using
Logistic law is not important, or, equivalently, the mathematical
models using the Malthusian and Logistic laws are the same).
The F-statistic is then computed from the following formula

where SSRM and SSRL are the sum of squared residuals
corresponding to the model using Malthusian law and Logistic
law, respectively. m is the number of restrictions (in our case,
m = 1) and n is the number of observations (in our case, n =
69). It is noted that SSRL < SSRM. The question is whether
the sum of squared residual associated with the model using
the Logistic law is significantly less than the sum of squared
residual associated with the model using the Malthusian law.
The answer to this question depends on how the F-statistic
value computed from the formula given above compares
to the F-critical value from the F-table at the required level
of significance. If the F-statistic is greater than the critical
value at the required level of significance (that is, SSRL is
significantly less than SSRM), we reject the null hypothesis.
Analysis with different countries
The countries were selected based on their HDI (Human
Development Index) which is a measure that accounts for
more than incomes. HDI takes many factors into account,
such as education, health, and economics, to create a score
between 0 and 1 [9]. A score over 0.800 is very high, a score
between 0.700 and 0.799 is high, a score between 0.550 and
0.699 is medium, and a score lower than 0.550 is low. We
selected ten countries with very high HDI and ten countries
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with medium and low HDI. Each country has a generally
increasing population and available data from 1950 to 2019.
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