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Battle of the Sexes: A Sexually Dimorphic Response to Fungal Infection in Drosophila
melanogaster
Neeka Farnoudi, Bridgett Hunt, and Samira Sadoughi
Advisor: Dr. Parvin Shahrestani
Department of Biological Science, California State University Fullerton

dimorphism. Differences among the sexes involve
variations of physical appearances and molecular
functions, and such distinctions can play pivotal roles in
the foundations of immune defense. The immune system
provides protection against dangerous bacteria, viruses,
and fungi through various mechanisms, including the
activation of different signaling pathways.
The functions of the innate immune system in
insects can be categorized into the humoral response,
which produces antimicrobial peptides to regulate
immune response levels, and the cellular response,
which induces phagocytosis and bacterial encapsulation.
The humoral response uses two main pathways, the Toll
and Imd pathways. The Toll pathway is initiated after
the introduction of fungi to the immune system, while
the Imd pathway is initiated by Gram negative bacteria.
Both pathways regulate genes involved in encoding
antimicrobial peptides (AMPs), which eliminate harmful
substances. These AMPs are diverse molecules, and
vary in their functions depending on their structure.
They protect their host by providing mechanisms
that kill harmful microbes, fungi, viruses, and cancer
cells (Zhang et al., 2016). Antimicrobial peptides are
involved in normal immune responses and are extremely
important to the host organism. Past studies have shown
that there are cases where autoimmune diseases are
elicited if the incorrect amount of AMPs are produced
(Zhang et al., 2016). The Toll and Imd pathways are
critical in the transcription of AMPs, and are imperative
to understanding immune defense.
A variation of immune defense responses can be
seen across all species, and vary immensely between
the sexes. Sexual selection is one of the most prevalent

Abstract
Sexual dimorphism is common among many species,
and contributes to evolutionary trade-offs. Previous
studies have indicated that there is sexual dimorphism
when Drosophila melanogaster, fruit flies, are subjected
to bacterial infections, where females die at a more
rapid rate compared to males. In this experiment, we
used fruit flies to test for sexual dimorphism in immune
susceptibility when introduced to the fungal pathogen
Beauveria bassiana. Directly administered injections
and a spray tower were used to infect outbred and
inbred fly populations, as well as several mutant fly lines
lacking genes in the Toll and Imd immune pathways.
Mortality assays and statistical analyses were conducted
to determine differences in susceptibility between
the sexes. We found that female flies had decreased
survival rates when compared to males when sprayed
and injected with various strains and dosages of B.
bassiana. In addition, the relish gene, previously thought
to be insignificant in fighting fungal infections, turned
out to be directly involved in regulating the dimorphic
response to the pathogen. It is therefore gathered that
cross talks happen between signaling pathways that were
otherwise thought to be distinct. More research should
be done to elucidate these cross talks and to better
understand the sexual dimorphism in immune defense.
Introduction
In evolutionary biology, processes such as natural
selection are examined to understand the diversity
of life on Earth. Some of the most eminent instances
of diversity within species can be attributed to sexual
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explanations for the rise of sexual dimorphism. In
Drosophila melanogaster, the laboratory fruit fly,
behavior and traits such as size, shape, and pigmentation,
all hold some role in the mating process and possibly
the sexual selection that led to current traits. Aside
from physiological differences, many variances on the
molecular level exist between the sexes, which may
correlate with immune defense. Past studies have shown
that sexual dimorphism greatly affects fruit fly immunity
(Lu et al., 2015).
Drosophila melanogaster are among the many
organisms that have encountered a variety of pathogens
throughout history, which like humans, increased their
need for an efficient immune system. They are small
insects that are easily maintained, and controlled in a
laboratory. They have a less intricate innate immune
system than humans, but are still genetically similar,
which makes them a model organism to further study
immune function (Buchon et al., 2014). The immune
system is costly, and thus only favored when it enhances
or maintains fitness. For example, there are some
instances where the immune defense response does
not increase the survival of the host. An increase in
antimicrobial peptide gene expression was found in
female D. melanogaster when mating, but the increase
did not contribute to a greater ability to fight infection.
Instead, the females displayed a decreased immune
defense (Fellowes et al., 1999). Past experiments
involving D. melanogaster and fungal pathogens have
shown that males are overall less susceptible to infection
than their female counterparts (Fellowes et al., 1999).
These studies suggest that there are trade-offs involving
sexual dimorphism and immune signaling pathways to
be further explored in Drosophila melanogaster.
In this project, populations of Drosophila
melanogaster were used to analyze the genetic
mechanisms that contribute to sexual dimorphism in
the host defense when introduced to a natural fungal
pathogen. Beauveria bassiana is the fungal pathogen
that was used to ascertain the processes involved in the
susceptibility differences between males and females of

both outbred and inbred fly populations. This fungal
pathogen has potential uses in biological control of
mosquito vectors of malaria and dengue virus (Tinsley
et al., 2006) and biological control of insect crop pests
(Xiao et al., 2012). Female flies were more susceptible to
infection than male flies when sprayed or injected with
fungus and this sexual dimorphism disappeared in fly
lines that were mutated for genes in the Toll pathway,
and in fly lines that were mutated for the relish gene of
the Imd pathway. This result suggests a genetic basis
to the sexual dimorphism, and it suggests that the Imd
pathway, which was previously thought to be irrelevant
to fungal infection, is involved in defense against fungal
pathogens.
Materials And Methods
Fly Populations
We used inbred and outbred fly populations from
various genetic backgrounds. The wild-type inbred
populations of Drosophila melanogaster used were
Canton-S (CS, Bloomington stock #1), Oregon
R (OrR, Bloomington stock #5), and white-1118
(w1118, Bloomington stock #6326). The outbred
population used was PopC3, which was derived from
the Global Diversity Lines (Grenier et al., 2004). D.
melanogaster mutants of the Imd pathway were PGRPLE112 (peptidoglycan recognition protein) (Takehana et
al., 2004), dTAK1D10 (Vidal et al., 2001), and Relish E20
(Hedengren et al., 1999). D. melanogaster mutants of the
Toll pathway were spzrm7/TM6C (Morisato et al., 1994),
modSP (Buchon et al., 2009), and Persephone (psh)
(Ming et al., 2014).
Fungal Pathogen
The strains of Beauveria bassiana we used were
retrieved from ARSEF (Agricultural Research Service
Collection of Entomopathogenic Fungi, USDA, Ithaca,
NY). GHA (ARSEF 64444) was originally isolated
from Locusta migratoria. Naturalis (ARSEF 7795) was
isolated from Anthonomis grandis.
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Fungal Infection Assay
Two methods were used to inoculate flies. In the
first method 0.34g of Beauveria bassiana spores were
suspended in 25ml of 0.03% silwet. Then 5ml of this
suspension was sprayed onto 50 male and 50 female
anesthetized flies (per experiment) using a Spray
Tower (Vandenberg, 1996) to introduce ~103 spores
per mm2 of fly surface area. In the second inoculation
method, a small volume of the fungal suspension was
injected into the fly through the side of the thorax. This
method bypassed the cuticle of the fly. Inoculated flies
were placed inside population cages and kept at 100%
humidity for 24 hours to allow the fungus to germinate.
Then the flies were monitored daily for mortality for ten
days. Dead flies were removed daily and fresh food was

provided to surviving flies daily. For each experiment we
tested for the presence or absence of sexual dimorphism
using Cox Proportion Hazard models in R (r-project.
org).
Results
When sprayed with fungal spores on the cuticle, female
flies were more susceptible to infection than male flies.
This result was consistent regardless of the dose of
fungus used (Figure 1), and regardless of the fly line used
(PopC3, w1118, or Canton S) or the fungal pathogens used
(Naturalis or GHA) (Figure 1).
We tested whether the dimorphism still persisted
when flies are inoculated by bypassing the cuticle and
directly injecting the flies with B. bassiana. This was

Figure 1. Sexual dimorphism in
susceptibility to fungal infection. Blue
lines show male survivorship and red
lines show female survivorship. In all
cases, age zero is the day of inoculation
with Beauveria bassiana and survival is
followed for ten days post inoculation.
The sexual dimorphism is present with
infection at multiple doses of GHA,
in multiple fly populations (Canton
S, PopC3, and w1118), and with two
fungal pathogens (GHA and Naturalis).
The stars indicate significance at p-value
<0.001 using Cox Proportion Hazard
models.
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done to control for various factors that could affect
susceptibility to infection when flies are sprayed with
fungus, such as cuticle thickness, grooming behaviors,
and cuticular hydrocarbon composition. The inbred fly
line w1118 was used for the B. bassiana injection assay. It
was found that in each of six replicate experiments, the
males were still more resistant to infection than females
(Figure 2).
Since D. melanogaster is sexually dimorphic for
resistance to fungal infection both when sprayed and
when injected with fungus, we thought that differences
in gene expression could be involved in the sexually
dimorphic response. We tested six mutant fly lines for
the presence or absence of sexual dimorphism, three
mutants of the Toll pathway (which is known to have
an effect on immune defense against fungal pathogens),
and three mutants of the Imd pathway (which was not
thought to have an effect on defense against fungal
pathogens).
We tested the Toll pathway mutant fly lines spz

(spaetzle), psh (Persephone), and modSP. We found
that for all three of the Toll pathway mutants the sexual
dimorphism disappeared, with males and females having
the same degree of susceptibility to infection (Figure 3).
To test for the involvement of the Imd pathway,
we tested mutant fly lines PGRPLE, Tak1, and Relish
for the presence of sexual dimorphism in response to
inoculation with B. bassiana. In PGRPLE and Tak1
mutants, the sexual dimorphism in survival after
inoculated persisted (Figure 4). Interestingly, the
disappearance of the sexual dimorphism from the relish
fly line indicated that the relish gene is involved in the
sexual dimorphism phenotype (Figure 4).
Discussion
We observed a sexually dimorphic response in D.
melanogaster to infection with B. bassiana, such that
females are more susceptible to infection than males.
This result is consistent with two distinct B. bassiana
strains, and in both inbred and outbred fly populations.
D. melanogaster females are about twice the size
of males, so at first we thought that the increased
susceptibility in females might be because they become
exposed to more fungal spores during our inoculation
assay, due to their larger surface area. But the sexual
dimorphism persisted even at very low doses of fungal
inoculation, and doubling the dose of inoculation for
males did not cause them to become as susceptible as
females.
Moreover, even when we bypassed the cuticle by
injecting the fungus into the fly instead of spraying
the fungus onto the fly cuticle, the sexual dimorphism
still persisted. This result suggests that the sexual
dimorphism does not solely result from pre-entry
differences between males and females. For example, it
cannot just be the case that male flies groom themselves
better and clean the fungal spores off of their cuticles
before the fungus has a chance to penetrate the
cuticle. The sexual dimorphism also cannot just result
from differences in cuticular thickness or cuticular
hydrocarbon compositions because these factors should

Figure 2. B. bassiana injection assay in Drosophila melanogaster inbred
population white1118. Malesurvival is shown in blue and female survival
is shown in red. The dashed lines show uninfected controls and the solid
lines show survival of flies injected with B. bassiana. The average of six
replicates is shown. The stars indicate significance at p-value <0.001
using Cox Proportional Hazard models.
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Figure 3. Toll pathway mutant fly lines spz, psh, and modSP are all
relevant to sexual dimorphism in Drosophila melanogaster. Male data
are shown in blue and female data are shown in red. The dashed lines
represent uninfected controls and the solid lines represent the survival of
flies inoculated with B. bassiana. Experiments with modsp and psh were
replicated three times and the spz experiments were replicated twice.
Females and males with mutations in the Toll pahtway had the same
susceptibility to infection as determined by Cox Proportional Hazard
models.

mechanisms of the observed sexual dimorphism. We
tested six mutant fly lines for the existence or absence
of sexual dimorphism in susceptibility to infection.
Three of these were mutants of the Toll pathway. The
Toll pathway is known to be involved in fighting fungal
infections, so we expected that mutations of Toll
pathway genes would eliminate the sexual dimorphism.
As expected, all three mutants of the Toll pathway genes
eliminated the sexual dimorphism in susceptibility
to fungal infection, confirming the role of these Toll
pathway genes in fighting fungal infections.
We next tested three mutants of the Imd pathway.
This pathway is thought to be involved in fighting Gram
negative bacterial infections and it is not thought to be
involved in fighting fungal pathogens. We expected that

not affect the flies when the fungus is injected instead of
sprayed.
Previous studies have shown that female flies have
higher levels of AMPs than males, but interestingly, the
presence of these proteins did not result in efficiently
fighting the fungal infection in females. Nevertheless,
we thought that genes in the innate immune response
pathways may provide insight into the underlying
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Figure 4. Drosophila melanogaster mutant fly lines of the IMD immune
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suggests that females should be less susceptible
to infection in order to increase their chances of
reproduction. However, a point that is not considered
is the antagonistic relationship between survival to
infection and decreased egg viability and egg output.
To combat this issue, fungal exposure to mated and
virgin female flies should be assessed on regular
diets and also on nutrient rich diets. Alternatively,
hormonal differences between virgin and mated
female flies, and between males and females, could
serve as a contributory factor in immune system
regulation. Juvenile hormone (JH) is known to aid in
the development of mature female ovaries while also
affecting learning, memory, and immune function
(Yamamoto et al., 2013), so it would be interesting to
look at the effects of JH on immune defense against
fungal infection.
The difference in susceptibility to infection in males
and females could result from differences in tolerance or
differences in resistance. The tolerance standpoint claims
that males and females show the same rate of fungal
growth yet, for mechanisms that are currently unknown,
males are able to endure the pathogen without any
symptoms or death. On the other hand, the resistance
standpoint would suggest that the pathogen grows better
and faster inside females than inside males, causing the
pathogen load to be higher in females and leading to
faster death in females. Differentiating between tolerance
and resistance will require more detailed studies that
include measures of pathogen-load at various time
points after inoculation.
B. bassiana has potential uses in biological control
of mosquito vectors of disease and crop pests. Using the
fungus to differentially target female insects will aid in
biological control efforts because females carry eggs. By
focusing efforts on females versus males, subsequent
disease vector or pest generations would be inhibited
since the females would no longer be able to lay eggs to
yield future progeny. This may allow the use of fewer
fungal spores for biological control and the avoidance of
harmful chemical pesticides.
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River Woolly Star, Eriastrum densifolium ssp. Sanctorum
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the population and that these plants may be utilizing
serotiny to increase their fitness. However, their efforts
may be in vain and the damming of the Santa Ana
River could be causing the population to decline in the
absence of floods. If this is true, it would be important
for the dams to establish controlled floods that are
not devastating to surrounding structures so that the
population does not become extinct.

Abstract
The Santa Ana River Woolly Star is an endangered
plant endemic to the floodplain of the Santa Ana
River (Species Profile for Santa Ana River woollystar). However, the floodplain no longer experiences
flooding because dams have been constructed in the
San Bernardino Mountains from where the river flows
(Prado Dam, Blakeslee). It has been hypothesized that
this may be a reason why this subspecies has become
endangered; perhaps flooding plays a key role in
the germination of its seeds. Furthermore, the plant
may exhibit serotiny and store a fraction of its seeds
in its flowerheads, hedging its bets on a future flood
event. To test this hypothesis, four treatments were
designed to discern if flooding improves the ability
of seeds to germinate from within the flowerheads.
Dried flowerheads were collected from the field and
divided into four groups. One group was designed to
simulate a calm flood by submerging the flowerheads
underwater. Another simulated turbulent flooding
by placing flowerheads in a rock tumbler before
submerging. The third group simulated rainfall through
misting and the fourth group was the control. 72% of
the control germinated but 0% of the experimental
groups germinated. Either flooding does not help
with germination or the treatments did not accurately
simulate flooding that they require. Future experiments
will attempt to eliminate possible sources of error
and investigate the necessary requirements to achieve
flood-induced germination if it is possible. If flooding
enables seeds to germinate from the flowerhead, it would
evidence that flooding is important to the success of

Introduction
The Woolly Star, Eriastrum densifolium, of the phlox
family is native to California. A subspecies known
as the Santa Ana River Woolly Star, ssp. sanctorum,
is endemic to the Santa Ana River floodplain in San
Bernardino County and was listed as endangered in
1987 (Species Profile for Santa Ana River woolly-star).
Water once drained from the San Bernardino Mountains
and into the region of sanctorum’s solitary population,
occasionally flooding the area. However, by 1941 the
river was seen as a large enough flood hazard to Orange
County that the Prado Dam was built to guard against
disasters (Prado Dam). Consequently more houses and
even sand mines were built in the flood area. By 2000
a second dam, Seven Oaks Dam, was completed and
the river was lined with concrete (Blakeslee). Today the
Santa Ana River floodplain no longer floods.
It has been suggested by CSUF botanists that
flooding may aid in the survival of the Woolly Star’s
population and that the damming of its habitat may have
contributed to the subspecies becoming endangered
in 1987. One example of how flooding can increase
the Woolly Star’s survival is that its habitat contains
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biotic crust which can potentially obstruct seeds from
reaching the soil, but after a flood the biotic crust is
washed away allowing seeds to enter the ground.
Secondly, the Woolly Star is an early successional species
and when the river floods, water should remain for a few
days and drown most plants. With competition out of
the way, Woolly Star seedlings have the opportunity to
recolonize the floodplain after the water drains.
Thirdly, the soil is sandy, fast-drying, and lacks nutrients.
This makes it hard for seedlings to grow and favors
mature plants with deep roots. However the flood brings
moist growing conditions along with nutrients from the
mountains to support the seedlings’ growth.
Fourth, after the Santa Ana River Woolly Star produces
flowers, it retains a portion of its seeds in its flowerheads
which may become utilized as an aerial seed bank.
Aerial seed banks exist in plants as a means of safely
storing seeds until the environment is better suited for
seedling germination and survival; this adaptation is
known as serotiny. Seed banks usually exist in areas
with unpredictable rainfall to bet-hedge against poor
seedling survival (Parker, et al., 1989). Additionally,
aerial seed banks may guard against granivory and decay
(Witkowski, et al., 1991). Seed banks can significantly
affect both a population’s evolutionary potential and its
ability to survive major disturbances such as flooding
(Cabin, et al., 1998).
A potential mechanism for the retention of seeds
in the flowerheads has been identified. In a process
known as myxospermy, when the flowerheads get wet
a gel is produced which glues any remaining seeds
inside allowing seeds to be stored for a future flood. The
primary purpose of myxospermy is to attach seeds to
objects that move and act as dispersing agents (Grubert
1974; 1981). A flowerhead could fulfill this role when
it is washed away during a flood. Furthermore, the
“wool” of the flower is hydrophobic, possibly preventing
water from reaching most of the seeds; this glues only a
small portion of the seeds into the flowerheads so that
it can still release the majority of its seeds to attempt
germination every year.

In addition, seed release can be triggered by
an environmental stimulus that cues for beneficial
growing conditions, in which case serotiny is adaptive
(Lamont and Enright, 2000). In the case of the Santa
Ana River Woolly Star, flooding is hypothesized to
be the trigger, physically ripping flowerheads from
plants and dispersing them to more hospitable soils.
This experiment was designed to test if seeds that were
retained in the flowerhead can germinate after flooding
occurs; the prediction is that they will. If the prediction
is correct, the Woolly Star may be bet-hedging a fraction
of its seeds to optimize its chances of reproduction in
either case of a flood occurring or not.
Methods
The seed samples for this experiment were retrieved in
early November from the floodplain in Redlands, CA.
One thousand flowerheads were retrieved, taking no
more than ten per plant. Only terminal flowerheads with
at least one opened capsule were collected. Flowerheads
were trimmed near the sepal to produce less variation
in flowerhead mass and a stronger correlation between
flowerhead mass and the number of seeds.
Five hundred of the flowerheads were divided
into four groups of equal mass to test for the best
condition for seed germination. Group A was the
reference group used to verify whether the seeds were
viable, group B was used to simulate stationary flooding
conditions, group C was used to simulate turbulent
flooding conditions, and group D was used to simulate
heavy, continuous rainfall. Some seeds fell out of the
flowerheads during transportation and they were not
used in this experiment.
Flowerheads from group A were dissected in order
to obtain their seeds. The number of visibly potentially
viable seeds and visibly unviable seeds were recorded for
each flowerhead and these seeds were separated. It was
assumed that groups B, C, and D had this same number
of seeds as well. The visibly potentially viable seeds from
group A were placed in a germination tray under water
misters in a greenhouse. Water was dispensed for five
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minutes, four times a day, over two days, for a total of 60
mm of water. The germination tray was lined with 1800
ml (2 cm depth) of washed field sand. The bottom of the
tray was constructed with sheets of fine plastic mesh to
hold the sand and allow water to drain.
Flowerheads from the remaining groups were left
intact. Group B was placed into a soaking apparatus. The
apparatus was constructed from a 2000 ml beaker filled
with 1800 ml of sand and a cloth secured over the top
to trap loose seeds; the beaker was placed under slowly
running tap which slowly introduced fresh water while
excess water was allowed to overflow. The flowerheads
were submerged for 48 hours to simulate stationary
flooding conditions. Group C was placed inside a
cement mixer with a sand (1800 ml) and water mixture
that had a consistency of slurry. The flowerheads were
tumbled for 1 hour and 15 minutes to simulate turbulent
flooding conditions. Then they were submerged in a
second soaking apparatus for 46 hours and 45 minutes.
Flowerheads from group D were placed on the surface
of sand inside a germination tray; the tray was placed
under a mister and leached. Over the course of 10 days
the flowerheads received about 300 ml of water; misting
occurred four times a day for five minutes. Trays were
rotated to ensure a more even distribution of water.
The seeds and sands from group B and C were
immediately placed in germination trays after soaking.
These trays and the trays from group A and D were
covered with a sheet of clear plastic and placed in a
growth chamber cycling at 12 hours of light (50 µmol
m-2 s-2) and 12 hours of darkness. The temperature was
held at 16oC. Germinations were counted after 6, 12, 18,
and 24 days.

flowerhead, whereas most seeds after the turbulent
flood germinated from within the sand. The fractions of
seeds that germinated as compared to the total number
of potentially viable seeds are displayed as percentages.
Additionally, assuming the number of germinations in
the reference group was the expected maximum for all
groups, percentages of that number (279) are displayed.
Conclusion
High germination in the reference group (42%) indicates
that many of the seeds in all experimental groups are
indeed viable. The germination rate in the group that
simulated heavy rainfall (7%) shows that seeds have the
ability to germinate from within the flowerhead; thus it
is not necessary for the seeds to be removed from the
flowerhead or for the flowerhead to be softened through
physical agitation from flooding in order for this bethedging strategy to function. Germination rates were
lowest in both flooding simulations (3%), however since
germination was still able to occur it may be sufficient
for a bet-hedging strategy to be evolutionarily relevant.
That 100% of the seeds remained inside the
flowerhead during the calm flood trial and that 86% of
the seeds where expelled from the flowerhead during the
turbulent flood trial indicate that the trials were distinct.
Even though the degrees of physical agitation in the two
groups were different the germination rates were still the
same (3%). This indicates that physical agitation from a
turbulent flood neither helps nor hinders germination.
For this reason, it is postulated that the flowerheads do
not function for protection during a flood; they likely
do not act as a shield against physical damage. However,
they may prevent seeds from being buried too deep.
Because of their low density, hydrophobicity, and their
ability to float on water, flowerheads are less likely to
be buried under sand during a flood. This could offer a
significant advantage for seeds that have been retained
inside a flowerhead because they will more likely be at
the correct depth for germination, they will remain in an
anaerobic environment for a shorter duration, and they
will be dispersed further by the flood. This experiment

Results
Seeds were able to germinate and grow after flooding
conditions, shown in figure 1. However, germination
rates were much higher in the reference group.
The results in Table 1 distinguish whether seeds
germinate from within the flowerhead or sand. All
seeds after the calm flood germinated from within the

20

Figure 1. Number of seedlings that emerged after placement in the growth chamber.

Table 1. Number of germinations from sand, from flowerhead, and in total. Germination percentage is based on 662 visibly potentially viable seeds
counted in reference group. Chi-square values for germination counts were 388 for reference, 23.3 for heavy rain, 58.6 for calm flooding, and 52.3
for turbulent flooding. Chi-squared values for germination percentage were 56 for reference, 3.5 for heavy rain, and 8.6 for both calm and turbulent
flooding. Chi-squared values for germination percent of reference were 3.5 for heavy rain, 1.4 for calm flooding, and 0.5 for turbulent flooding.

was unable to test for bury depth; if it had the seeds that
experienced turbulent flooding could be expected to
have the lowest germination rates. However, any seed
that was in the aerial seed bank during the time of the
flood could still have a greater probability of germinating
than seeds that were in the ground. That is the leading
question for further investigation.

If the Santa Ana River Woolly Star is serotinous
it is a very unusual example. Most known serotinous
species have seed releases that are triggered by fire
(Gutterman, 2002). Fire removes competition by
killing established plants; however flooding may also
produce this effect. Furthermore, the degree to which
the Woolly Star is serotinous is extremely minimal.
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Many serotinous plants can be exclusively serotinous,
meaning 100% of their seeds remain in the aerial seed
bank until a trigger occurs. For example, the Lodgepole
Pine (Pinus contorta) has cones that are sealed with
resin, trapping all seeds inside. When a fire occurs
the resin melts and only then are the seeds released
(Lotan 1976). However, the majority of Woolly Star
seeds are released spontaneously, thus the plant is only
weakly serotinous. If very little seeds are retained it
becomes harder to draw the line between serotiny and
happenstance. For example, even if only one retained
seed matured successfully per parent plant after a flood,
the survival rate could still be high enough to ensure
population replacement after a flood. However such low
levels of seed retention have a high possibility to be due
to chance. Future studies should examine percentages of
the seeds retained in the flowerhead to investigate if seed
retention could in fact be an adaptation rather than an
accident.
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A Novel Approach to Inoculating the Model Organism Drosophila melanogaster with
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(with the generous help of Aaron Daveler, Department
of Biological Science technician, and undergraduate
student, Quang Doan), a device that we call the “Spray
Tower.” Using this device, we can effectively inoculate
thousands of fruit flies simultaneously. But before the
device could be used in studies, we needed to calibrate
it with a series of experiments to ensure that each
inoculated fly would receive an even and accurate
dosage of fungus. It is imperative that the newly built
Spray Tower is properly calibrated to derive proper

Abstract
A substantial amount of research has contributed to the
vast knowledge acquired on immune defenses against
bacterial infections. In comparison, there has not been
sufficient research on resistance to fungal infections. We
are interested in investigating immune defense against
fungal pathogens from a population genetic standpoint.
The fruit fly, Drosophila melanogaster, is a model
organism for genetic and behavioral research due to the
biological, physiological, and neurological properties
shared with mammals. The fungal entomopathogen
Beauveria bassiana has broad potential uses in biological
control of mosquito vectors of human disease and in
biological control of insect crop pests. Understanding
D. melanogaster immune defense against B. bassiana
can aid biological control efforts and inform human
innate immune defenses against fungal infection. To
study population-level genetic and phenotypic variation
in immune defense against B. bassiana requires for
fungal inoculations to be performed simultaneously
on population samples of thousands of individuals.
Traditional methods for inoculating insects with fungus
do not allow for this kind of large-scale inoculation.
Traditionally, methods of inoculating flies involve
placing anesthetized flies in a petri dish containing
fungus and lightly shaking the dish to ensure maximal
fungal contact with the majority of flies, or spraying
fungal suspensions through the use of an airbrush
to place fungal spores onto the flies. Although these
methods can accurately deliver the desired fungal
dosage, both techniques are inefficient and time
consuming when handling flies in the thousands. In
an effort to establish a more efficient method, we built

Figure 1. Shahrestani Laboratory Spray Tower
Spray Tower in Dr. Parvin Shahrestani’s laboratory. The only device of
its kind in the West Coast, to our knowledge. Built by California State
University, Fullerton’s equipment technician, Aaron Daveler. Used for
entomopathogenic fungal inoculation on Drosophila melanogaster.
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protocols which will be used in all future experiments.
Through a series of assays, we determined the optimal
fungal dispersal air-flow setting to be at 12 L/min. We
discovered that the DI water source in Dan Black Hall
was contaminated with fungus and that therefore all
water used with the Spray Tower in the future will need
to be autoclaved. We established a protocol to quantify
the dispersal of fungal spores (spores/mm2) throughout
the spray tower by including microscope slide covers
in the spray area, re-suspending the spores from these
slides, and then counting spores in a set volume using a
hemocytometer. We demonstrated the effectiveness of
fungal inoculation on fruit flies by performing a dose

response assay, which showed that higher doses of
inoculation resulted in lower survival, as expected.
We established a protocol for proper cleaning of the
Spray Tower between experiments to prevent cross
contamination. The concept of the Spray Tower
was initially received from Dr. John Vandenberg’s
laboratory at the Department of Agriculture in
Ithaca NY where the device is used on agricultural
pests. Having this system at CSUF allows us to use D.
melanogaster as a powerful genetic tool and conduct
experiments that will allow us to obtain a better
understanding on immune function genes associated
with fungal infections.

Figure 2. Comparative Survival Percentages of D. melanogaster after Fungal Inoculation
Survival rates of males (top) and females (bottom). Each line in the graphs above represents the average deaths at each dosage
per day over the span of 10 days. Inoculated flies died at a faster rate than the control flies in a dose-dependent manner.
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macroura), an Exotic Obligate Brood Parasite, in Southern California
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Advisor: Dr. Paul Stapp
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Abstract
The Pin-tailed Whydah (Vidua macroura), a parasitic finch from sub-Saharan Africa, was recently introduced
to southern California, presumably a result of escapes from the exotic pet trade. We investigated the pattern of
population spread and potential host species of Pin-tailed Whydahs by documenting the occurrence and the relative
abundance of songbirds where whydahs have been reported. In addition, because other members of the whydah
family (Viduidae) mimic courtship songs of their host, we analyzed songs of male Pin-tailed Whydahs in southern
California and Africa, using Raven Pro, to determine if they were similar to those of prospective host species in the
region. Using historical records from the website eBird, we concluded that whydahs probably became established
in large numbers in approximately 2007, and that they commonly co-occur with House Finches (Haemorhous
mexicanus), House Sparrows (Passer domesticus), Lesser Goldfinches (Spinus psaltria), and Scaly-breasted Munias
(Lonchura punctulata). Our monthly field surveys over the past year suggests whydah abundance is positively related
to the abundance of the latter two species. Preliminary observations of courtship, mating, nesting, and feeding
behavior of Pin-tailed Whydahs suggests the Scaly-breasted Munia, an introduced species from Asia, is likely the
primary host in southern California.
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Abstract

2011, Valero-Jimenez et al. 2014), to help control the
spread of Malaria and dengue fever. They can also
control bed bugs (Barbarin et al. 2012) and crop pests,
like western flower thrips (Ugine et al. 2005). Insects
like western flower thrips can evolve resistance to
pesticides and biological control agents (Reitz 2009),
inhibiting the higher agricultural output that is needed
for a growing international human population (Gerland
et al. 2014). Resistance to Beauvaria bassiana is variable
among Drosophila populations across the globe, with
distinct divergence between African and tropical
populations (Tinsley et al. 2006). Understanding insect
immune defense against entomopathogens on genetic
and evolutionary bases can aid in biological control
efforts. Moreover, insects such as the model organism,
Drosophila melanogaster, share homologous genes and
pathways with human innate immunity (reviewed in
Buchon et al. 2014), making studies of insect immune
function informative to human health.
General processes of insect immune defense are
known, particularly more in bacterial infections than
fungal infections, but there are key genes involved in
these processes that are yet to be discovered (Nation.
2008). The first defense of D. melanogaster is the
cuticular barrier that prevents fungi from entering into
the hemolymph. The thickness of the cuticle, types
of cuticular hydrocarbons, and grooming behavior
can be factors in penetration. If the fungi do enter
into the hemolymph, then they may be consumed by
lamellocytes with phagocytosis or encapsulated by
plasmatocytes and suffocated. Inside the fly, B. bassiana

Drosophila melanogaster immunity is a highly
useful model for human innate immunity and has
potential applications in biological control. However,
differences in immune defense against bacterial and
fungal entomopathogens are undistinguished. For
19 generations, we carried out a selection regime for
immune defense on 4 fruit fly populations with controls
by inoculating them with Beauveria bassiana, an
entomopathogenic fungi. Selected populations did have
increased survival when inoculated with B. bassiana, but
experienced a decrease in longevity as an evolutionary
trade off. Soft sweep allelic trajectories, reflecting natural
D. melanogaster populations, was evident by evolution
from standing genetic variation at loci with small effects.
Genes at the highest differentiated genomic regions, psq
and Tango10, had no apparent relation to immunity, but
tended to be involved in the protein secretory pathway,
suggesting possible sequestering of antimicrobial
peptides in response to pathogen presence. Genomic
sequencing at every generation will clarify allelic
trajectories and molecular genetic studies can be done to
confirm immune-related function of differentiated noncanonical genes.
Introduction
Entomopathogenic fungi, such as Beauveria bassiana,
have potential to impact global health and agriculture
through use in biological control. B. bassiana can
suppress disease vectors, such as mosquitoes in the
genera Aedes and Anopheles (Garcia-Munguia et al.
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can also be poisoned from reactive nitrogen and oxygen
species and melanin produced through melanization. In
addition, antimicrobial peptides (AMPs), synthesized
following the trigger of Toll or Imd signaling pathways
can fight infections (reviewed in Buchon et al. 2014).
Another line of defense are Turnadot genes synthesized
from the JNK pathways for general stress response
(Myllymäki and Rämet 2014). There are likely other
unknown genes involved in these defenses, including
intracellular kinases, proteases, toll receptors, and other
genes related to cellular response or grooming behavior
(Nation 2008).
Most genetic studies of immune defense in D.
melanogaster have used the approaches of molecular
genetics (Guillou 2016, Xion et al. 2016, Tan et
al. 2014). Here we complement and extend such
studies with a novel approach for studying immune
defenses against fungal pathogens, namely through
experimental evolution and resequencing. In this
approach, we examine whole-genome differentiation
among populations that are selected for improved
defense against fungal infection compared to their
controls. Experimental evolution and resequencing
studies may better address the functional analyses of
genes and their genome-wide implications (discussed
in Rose et al. 2011). When using artificially-induced
mutations or gene knockdowns, extreme phenotypes
are considered relevant subjects for genetic probing,
and studies may overlook the complexity of gene
regulation and interactions, especially for complex
multigenic characters. From an evolutionary perspective,
only a small subset of genes and processes that can be
mutated to give a phenotype in the lab are expected to
be responsible for segregating phenotypic variation in
nature (Gruber et al. 2007). We expect that our evolveand-resequence approach will allow us to identify genes
belonging to this subset, potentially including those at
loci with small effects. This approach does not always
implicate canonical genes that can affect a trait. For
example, the response to longevity selection described
in Burke et al. 2010 did not involve two genes known to

extend lifespan greatly when mutated, methuselah and
Indy. Body size selection in Turner et al. 2011 did not
capture some of the genes that affect body size when
mutated in the laboratory (such as chico and insulin
receptor). In short-term adaptation of eukaryotes,
selection appears to act primarily on existing variation
(Burke et al. 2010). When diverse base populations are
used for selection experiments, if known loci that affect
a trait are not implicated in the evolve-and-resequence
study, the loci are perhaps unlikely to be commonly
involved in that trait in outbred populations where the
locus might be affected by forces of natural selection
and by interactions with other loci, or trade-offs. The
approach of evolve-and-resequence does not require
any priori information about the selected traits, so it
can track selective pressure on various genes across the
genome (reviewed in Rose et al. 2011). This approach
also allows researchers to examine the trajectories of
allele frequency change during short-term evolution
(Orozco-ter Wengel et al. 2012). In terms of fly
immunity, a known phagocytosis receptor, did not
show any adaptive evolution compared to other genes
involving Toll or Imd pathways (Obbard et al. 2009). The
genes implicated in evolve-and-resequence studies can
in some cases be validated with molecular genetic tools.
Our study uses Drosophila melanogaster inoculated
with Beauvaria bassiana as a model for insect immunity.
A selection pressure for increased immune defense
was imposed on four replicate populations, which
were paired with 4 replicate control populations. The
ancestral population was derived from five countries
around the world to include global genetic variation.
After nineteen generations of selection, control and
selected populations were tested for their susceptibility
to infection by Beauveria bassiana. We hypothesized
that the populations would respond to the imposed
directional selection and that we can identify some of the
loci involved in this evolution by comparing genomewide allele frequencies between the control and selected
populations at generation nineteen and the ancestral
population of generation zero. We identified many
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regions of genetic differentiation among the populations
and summarized the top differentiated loci.

assay was ARSEF 12460, which was isolated from
Drosophila melanogaster (Shahrestani and Vandenberg,
Ithaca NY). For all inoculations in this study, 0.34g of
B. bassiana spores were suspended in 25ml of 0.03%
silwet in DI water. Then 7.5ml of this suspension was
used to spray the flies (see methods of Vandenberg
et al. 1996). The approximate dose of B. bassiana was
estimated by placing a microscope slide adjacent to
the flies, then suspending this slide in 0.03% silwet and
using a hemocytometer to count the spores (see Ugine
et al. 2005). We introduced ~104 spores per mm2 of fly
cuticle. Briefly, flies were anesthetized using carbon
dioxide and then placed in Petri Dishes on an ice tray.
The tray was then moved into a spray chamber and the
fungal spore suspension was sprayed into the chamber
and allowed to settle onto the flies. After inoculation,
the flies were kept at 100% humidity, dark, and 25oC for
the first 24 hours to allow the fungus to germinate. We
presume that some of the fungus then penetrated the
cuticle and proliferated through the hemocoel. In each
infection assay, some of the flies that died were plated on
SDAY media and monitored for fungal sporulation on
their cuticle, thus showing that dead flies were infected.
The control populations underwent the same treatment
as the selected populations, but were sprayed with just
0.03% silwet suspension (no fungus). Cadavers from the
control groups did not show sporulation on their cuticle.

Materials and Methods
Ancestral Drosophila melanogaster population
Ancestor populations of Drosophila melanogaster
(N>2,000) originated from 5 locations globally to
represent the species genetic diversity. Ancestral
populations included, Beijing (Begun, D. J., and C. F.
Aquadro, 1995), Netherlands, which were cultured under
constant light and fed on standard corn medium diet
(Bochdanovits and Jong, 2003), Ithaca NY, Tasmania,
and Zimbabwe (Begun, D. J., and C. F. Aquadro, 1993);
these are the lines used in Greenberg et al. 2010. The
African populations were the most diverse genetically
compared to the other populations, however the other
populations also exhibited significant heterogeneity.
Genetic identity by descent revealed only a few regions
in the genome which would show recent common
ancestry, thus showing the descent of the populations
to be distinct. Non-African populations were found to
be less genetically diverse than the Zimbabwe lines, and
were more similar to one another than to the African
line. Following the Zimbabwe lines, the Beijing lines
were the next most differentiated populations amongst
the global populations. Linkage distribution was highest
in lines from Beijing and Netherlands, and lowest
in Zimbabwe, with intermediate levels in Ithaca and
Tasmania (Grenier et al, 2015).
Ninety-six isofemale lines from these locations
were round-robin crossed (first per population, then
across populations). This type of breeding allows for
populations to become genetically diverse over time.
The outbred population was maintained on discrete
14-day generations in a 12:12 light/dark incubator, with
developmental phase in bottles and egg-laying phase in
cages.

Selection Regime
First we increased the size of the ancestral
population over several generations. Then we divided
the population into eight groups and randomly assigned
these groups to four control (CS1-4) and four selected
populations (S1-4). For each of the eight populations,
10,000 eggs were collected per generation. In the four
S populations, these 10,000 flies were inoculated with
B. bassiana (as described above) and then divided into
five cages at densities of 2,000 flies per cage. Handling
thousands of flies was possible by briefly anesthetizing
them with carbon dioxide and estimating their number
by placing them in measuring tubes (for example,

Entomopathogenic Beauveria bassiana fungus
The strain of B. bassiana used to inoculate the
flies during the selection protocol and for the infection
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2,000 flies is 5ml of volume). For each of the four C
populations, 10,000 eggs were collected and 2,000 of
these were randomly selected as adults and sprayed with
0.03% silwet and placed in one cage.
Mortality assays were carried out until 80% of the
flies in the S populations died. Removing dead flies
each day prevented secondary infection from cadavers.
Surviving flies across all five cages of each population
were combined to form one 2,000-fly cage. The C
populations were kept on the same timing as their
corresponding S population, in which time only a few
percent died. The C1-4 and S1-4 flies were then given
food plates with yeast paste for oviposition. 100 vials of
eggs at densities of ~60-80 eggs/vial were collected for
each population to yield over 10,000 eggs. This protocol
was repeated for 19 generations.

Genome Sequencing
In generation zero and after generation 19, samples
of adult female flies were frozen in a -80 freezer. Then
nine genomic DNA libraries were made, each with
100 frozen females (pooled), one from each of the four
replicate control populations, each of the four replicated
selected populations, and from the founding population.
These were sequenced on Illumina Hi-Seq platforms
within the Cornell sequencing core facility, which
provided us with raw read data.
We completed preliminary sequence analyses
using procedures for QC, read mapping, and statistical
testing for consistent allele frequency changes following
Popoolation2 (Kofler et al., 2011) . The ConchranMantel-Haenzel test allowed us to determine nonrandom difference in magnitude and consistency of
allele frequency change among loci on each chromosome
arm. We identified regions of the genome that were
differentiated in allele frequency among the populations,
showing aberrant allele frequency dynamics inconsistent
with neutral genetic drift. These regions were indicative
of the response to selection.

Infection Resistance Assay
After generation 19, approximately 400 individuals
from each of the eight populations were used for the
infection resistance assay. These flies were divided into
four groups: two replicate control treatments and two
replicated infected treatments, with 100 flies in each
treatment, sexes mixed. The flies were handled in the
same manner as in the selection protocol, except that
they were kept in smaller population cages to control
for density effects. Mortality was recorded and dead
flies were removed from the cages daily. The cages were
monitored until every fly died.
Survival of replicate selected and control
populations were plotted and paired with cox
proportional mortality testing to see significant
difference between treatments, replicates, populations,
and sex. In the analysis, there were slight violations of
the underlying assumptions of the Cox proportional
hazard model, however the violations were not
significant to reject the model for this dataset. Other
survival models such as the frailty models and/or using
clusters might improve the fit/performance of the model,
and can be determined with future work.

Results
When infected with B. bassiana after nineteen
generations of selection, selected populations had
significantly higher survival than control populations
(Figure 1). In contrast, control populations had higher
survival than selected populations when flies were not
inoculated (Figure 1).
The top 20 differentiated genomic regions in the
contrast of the generation 0 sample versus generation
19 are summarized in Table 1. Table 2 shows results of
genes that were consistent both with the generation 0
vs. selected 19, and the contrast of control populations
vs. selected population samples at generation 19. It is
clear that there are many alleles in the samples changing
significantly in frequency, and the CMH test identifies
those that change consistently across replicates. There is
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Table 1. Top 20 CMH Scores of SNPs contrasting Gen0 vs Sample
Chromosome

Figure 1. Average survival over time among selected (S) and control (C)
populations with infected and control treatments. S1-4 populations have
higher survival than C1-4 populations when inoculated with Beauveria
bassiana but have notably lower survival than control populations
when not inoculated. The red and grey bands represent 95% pointwise
confidence intervals for the survival function. The separation of the
bands (no intersection) means that the difference in survival functions is
statistically significant (α=0.05).

Position

-log10(p-value)
Gen0 vs. Sample

Closest
Gene

chr2R

6444034

15.37401

psq

chr3L

12776112

15.63932

CG17666

chr2R

6444046

14.91908

psq

chr3R

3112156

18.85046

RacGAP84C

chr3R

11079459

13.64952

CG42404

chr3LHet

620540

16.76115

UQCR-11

chr2R

2482193

17.10542

CG15233

chr2R

4632191

17.23078

CR44277

chr2R

19428275

16.84144

ppk3

chr2R

19428276

16.72646

ppk3

chr2R

6021847

14.73537

gem

chr3R

14109990

12.13001

CG8064

chr2R

6962936

11.60075

CG43188

chr2R

6962934

11.24686

CG43188

chr2R

5126941

12.721

Cyp4p1

chr2R

9978214

15.66122

CG42288

chr3L

8271993

15.65115

cert

chr3R

11079462

12.01316

CG42404

chr2L

3424654

15.38319

pgant2

chr2R

9483139

15.40218

S-Lap5

had decreases in longevity (Travers et al. 2015). One
possible explanation for trade-offs is reallocations of
limited energy. For example, stressors like cold exposure
can lead to a physiological response that allows certain
treatment groups to be better acclimated to non-stress
environments, but the price is less energy investment
in other life history traits (Marshall et al. 2010). The
production of immune cells in Williamson 2014 is an
energy investment that could have been curtailed if
populations were instead selected for longevity.
In our genomic analysis, we did not see many of
the known canonical immune defense genes. Instead
we see a tendency for involvement of Golgi and ER
function, organelles part of the protein secretory
pathway and involved in glycoprotein tagging and
transport. Cyp4p1, besides the usual cytochrome P450
function, also is implicated in iron binding, and may
play a role that way. Of the highly differentiated genes
(Table 1 and Table 2), only psq, pppk3 and Tango 10

a tendency for X-linked genes to show a more consistent
change across replicates in the contrast of control vs
selected lines (Table 1 and Table 2).
Discussion
Drosophila melanogaster rely on multiple forms of
defense when it comes to pathogens, including physical
factors such as the cuticle of the fly, and more complex
factors involving the Toll, JAK/STAT, and Imd pathways.
The selection regime resulted in the S populations
having more resistance against fungal infection
than the C populations, confirming the evolution of
increased fungal resistance in these populations. When
not infected, lower survivorship of the S populations
compared to C populations can be attributed to potential
evolutionary trade-offs. Populations selected for
immune defense had decreased longevity. Previously,
D. melanogaster populations selected for fecundity
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Table 2. Top CMH Scores Overlapping SNPs for Gen0 vs Sample and Control vs Sample
Chromosome

Position

-log10(pvalue)
Gen0 vs Sample

-log10(pvalue)
Control vs Sample

Closest Gene

chr3R

16415827

20.10295

12.19503

Srp72

chrX

11658525

10.87295

14.34552

CG9360

chrX

11299768

12.71706

12.30235

CG15196

chrX

11613182

13.43463

11.56676

Tango10

chrX

11613115

12.36094

11.8503

Tango10

chrX

12485353

12.68392

11.50095

LIMK1

chrX

11613133

10.38276

13.34921

Tango10

chrX

11276575

11.19907

11.59659

dlg1

chr2R

7265728

11.9135

10.4241

Tsp47F

chr3R

17322400

11.34748

10.38104

CR44032

chrX

11902886

11.1843

10.35955

CG1806

chr3R

16388014

10.03887

10.81004

CG5191

were associated with immune defense. Although no cert
alleles were as differentiated, cert has been linked to
transport of molecules from the endoplasmic reticulum
to Golgi apparatus which could allude to enhanced
protein secretion such as AMPs and serpins. Earlier
studies for pipsqueak (psq) are extensive but reveal
no apparent link to immunity function. The psq is a
BTB/POZ protein, a family of proteins associated in
transcriptional repression (Huynh et al. 1998), which
may explain its importance as a homeotic gene, to allow
certain longevity genes to be suppressed and immunity
genes to be upregulated. Ppk3 has been related to the
mouse gene Scnn1a, which codes for a sodium channel
(Curators 2008). The protein family for Tango (transport
and Golgi organization) termed by Saito et al. 2009,
could hold the key to further exploitation of an advanced
system for protein secretion in response to pathogens.
Tango 10 is a Class D, which when inhibited, will stall
protein secretion from the Golgi apparatus (Rabouille
2006). Similar to calcium ions, immunity proteins
could be sequestered within the Golgi until a pathogen

is recognized by PRP’s. A sudden increase in immune
proteins may be more effective in eliciting an immune
response; this is conditional on that AMPs have not been
observed to be constitutively expressed. This suggests
that through the generations and treatment groups, the
Tango 10 gene was better able to sequester then secrete
proteins out of the Golgi apparatus once a pathogen has
actually entered the hemocoel.
Molecules of hemocytes are phagocytically
involved during the course of infection in the hemocoel.
These phagocytes will encapsulate harmful particles.
Production of hemocytes may be activated through
the Toll or JAK/STAT pathways. For biological control,
an entomopathogen like B. bassiana might have to use
these defenses to their advantage. For example, a fungus
that could down regulate the gene for a kinase could
potentially decrease antimicrobial peptide production
and allow for fungi proliferation. However, the
intracellular proteolytic kinases that release the dorsal
immune factor in Toll signaling are unknown (Nation
2008). Identifying a kinase may allow for prevention of
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down regulation via transcription factors. Furthermore,
there are non-canonical (non-specific) genes that may
play a factor in resistance or tolerance against fungal
infection, such as genes relating to cuticular hydrocarbon
or grooming behavior. For instance, a fly may have a
tougher cuticular hydrocarbon than others, making it
more difficult for the fungi to seep in. Depending on
how well the organism grooms itself, it may be more or
less susceptible to fungal infection because it might clear
off the fungal spores.
We did not see any fixations of genes in the selected
populations compared to the founding population
or compared to the control populations. Moreover, it
appears that the selection acted on standing genetic
variation, rather than on mutations that occurred during
the selection regime, which is unsurprising given that
selection was only maintained for 19 generations
In response to fungal infection, D. melanogaster and
mammalian innate immune systems function in similar
ways. The Toll pathway in Drosophila is homologous
to the mammalian hToll pathway, in that both produce
reactive oxygen species (ROS) and antimicrobial
peptides (AMP) to fight off infection. ROS has a role
in tissue repair and wound healing. By utilizing and
learning more about Drosophila, we can hope to better
understand innate immunity in humans. In future
studies, our lab hopes to pursue research in reverse
evolution as well as immunosenescence. Research
in reverse evolution in fruit flies can teach us about
adaptation and the potential costs of immune defense.
Immunosenescence studies can help us understand the
complex relationships between immune defense and
aging.
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Abstract
Species identification is one of the most important uses of DNA barcoding, allowing researchers to be able to
quickly identify a species without the often expensive and time consuming process of consulting a specialist. Some
animal groups are very difficult to identify and are currently lacking DNA barcodes for simple species identification.
One of these groups are marine free-living polyclad flatworms. This group is found worldwide with over 1000
species classified into 27 families and almost none of these have DNA barcodes available. This is due to the lack of
compatibility between the common, universal barcoding primers and the corresponding gene region on polyclads.
Newly designed polyclad-specific primers will be tested for successful PCR amplification of the mitochondrial COI
gene using DNA extraction from expert-identified museum California polyclad flatworm specimens. Any positive
results will be sequenced to obtain the very first (worldwide) DNA barcodes for coastal free-living polyclad flatworms
of California. These barcodes will then become available internationally for researchers to utilize by comparing new
DNA barcode sequences to reference sequences in a database that will identify the species or possibly lead to the
discovery of a brand new species.
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often determine whether a portion of a protein-coding
sequence is included or excluded in the resulting
mRNA, leading to a change in the translated amino
acid sequence, and consequently a change in chemical
and biological activity of the encoded protein. The
protein coding portions of a gene are referred to as
exonic sequences, while noncoding portions are referred
to as intronic sequences. Often, these splicing events
are controlled by trans-acting repressor and activator
proteins in correspondence with cis-acting regulatory
sites located on the pre-mRNA. However, the effects
of a given regulatory protein are often highly positiondependent (1,2). Thus, a protein that acts as a splicing
activator at one binding site may act as a splicing
repressor at a different site. Together, these binding
proteins govern when and where splicing will occur
under different cellular conditions.
Deregulation of alternative splicing is commonly
associated with several human diseases. Many reports
exist that describe the expression of alternative, and
even tumor-specific, splice variants in certain cancers
(3). These splice variants have been linked to critical
cancer events such as proliferation, cancer cell motility,
and drug treatment response (4). Changes in the
expression, concentration, localization, and activity
of trans-acting splicing regulators have been directly
linked to the aberrant and detrimental changes in splice
site selection seen in these cancers (5-7). For example,
increased mRNA levels and phosphorylation of the
splicing regulators YB-1, SC35, hnRNP A1, and ASF
have been identified in human ovarian cancer and
mouse models of breast cancer (5-8). These changes in
splicing regulation can ultimately lead to the aberrant
splicing of tumor suppressing genes into non-functional

Abstract
Alternative splicing of pre-mRNA transcripts contributes
to cellular proteome diversity. This process is partly
regulated by RNA binding proteins that bind pre-mRNA
to modulate splice site selection. Splice variants have
been identified in many neurodegenerative diseases and
cancers, underscoring the importance of alternative
splicing regulation. Polypyrimidine Tract Binding
Protein 1 (PTBP1) is an RNA-binding protein that
acts primarily as a splicing repressor. PTBP1 contains
four RNA Recognition Motifs (RRMs) joined via three
linker regions that bind to pyrimidine-rich sequences.
Understanding how PTBP1 binds to its target RNA
during exon repression hinges on obtaining atomic
resolution structures of PTBP1 bound to a target RNA.
RNA-bound PTBP1 crystallization has been hindered
by the presence of flexible linker regions between RRMs
1 and 2, and RRMs 2 and 3. Here, we have identified
and characterized a minimal functional PTBP1 linker
deletion mutant. A series of PTBP1 mutants were created
with deletions in linker 1 (Δ19, Δ29, Δ37, Δ40) as well as
linker 2 (Δ21, Δ44, Δ53, Δ71). Splicing assays on three
PTBP1-repressed test exons reveal that the minimal
construct (PTBP1 L1Δ40 - L2Δ71) maintains activity
similar to full-length PTBP1. Our studies also reveal
that PTBP1 L1Δ40 - L2Δ71 is well expressed and soluble
in vitro, thus will serve as an ideal candidate for use in
x-ray crystallography.
Introduction
Alternative splicing of pre-mRNA transcripts is an
important and versatile regulatory step in eukaryotic
gene expression. This highly regulated process will
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isoforms (9). Similar splicing deregulation events have
been implicated in other debilitating diseases as well,
including Alzheimer’s disease, muscular atrophy, and
Prader-Willi Syndrome, highlighting the importance
of understanding splicing regulation for human health
(9,10).
One family of splicing repressors are the hnRNPs,
which bind to silencing sites on pre-mRNA and inhibit
the assembly of a functional spliceosome at an adjacent
splice site (11). Among many hnRNPs, Polypyrimidine
Tract Binding Protein (PTBP/hnRNP I) was one of
the earliest splicing regulators discovered. Human
PTBP, also known as PTBP1, is well studied and serves
as an important model for understanding the role of
RNA binding proteins in alternative splicing (12). In
addition to its role in splicing, PTBP1 also affects several
cytoplasmic processes, such as mRNA localization,
mRNA stability, and internal ribosome entry site (IRES)mediated translation. Some of the important gene
transcripts that PTBP1 has been implicated in splicing
are c-src, GABA-A receptor-γ2, FGFR2, α-tropomyosin,
α-actinin, and others (13-18). Aberrant overexpression
of PTBP1 contributes to the deregulation of alternative
splicing found in human glioma and ovarian cancer,
and increased PTBP1 expression in neurons has been
implicated in Alzheimer’s disease. (19-23).
The human PTBP gene (PTBP1) locus is found on
chromosome 19 and encodes several different spliced
isoforms as part of its expression program (12). PTBP1
isoform 4 (PTBP1-4) is generated by the alternative
splicing inclusion of exon 9 in the PTBP1 transcript,
which lengthens the linker peptide between RRMs 2 and
3 by twenty-six amino acids to generate a 557 amino acid
protein. If exon 9 is skipped during alternative splicing,
the shorter PTBP1 isoform 1 (PTBP1-1) is generated
at 531 amino acids in length (24-26). Together, these
two PTBP isoforms equally constitute the majority
of expressed PTBPs, but cell type and environmental
cues can change their relative abundances (26,27). The
binding affinity of both PTBP isoforms is nearly identical
across many different RNA substrates as demonstrated

by gel mobility shift assays; however, it was also shown
that the regulation of exon 9 in PTBP can significantly
change alternative splicing outcomes of target RNAs
without altering RRM structure (28). These findings
have led to studies on the differential targeting exhibited
by these nearly identical proteins, with a focus on the
involvement of RRM2, linkers 1 and 2 as well as the
post-translational modification profiles of each isoform
(29-31). Despite the differences among orthologs and
spliced isoforms of PTBP, the commonalities shared by
these proteins include the similar RBD structures and
the shared RNA binding properties (12).
Although originally thought to behave exclusively
as a dimer, PTBP1 is now known to act as a monomer in
solution at low concentrations (32,33). As further studies
were carried out, researchers found that PTBP1 has
highly variable RRM arrangements, but does take part
in both homomeric and heteromeric protein-protein
interactions when bound to a target RNA (30,32-38).
PTBP1 dimerization has been demonstrated under
oxidizing treatments, mediated by a disulfide link
between the 23rd cysteine of two PTBP1 molecules (39).
PTBP1 binding sites occur frequently in the
transcriptome and can generally be classified into two
groups (40). Single-stranded RNA regions containing
multiple alternating C and U residues can be bound by
PTBP1 with high affinity, and are often found within
cis-acting splicing regulatory elements (32,33,41). In
addition, PTBP1 can also bind with high affinity to
bulged pyrimidines formed in stems and loops of RNA
secondary structure, most often associated with IRESmediated translation initiation (42-45). Pyrimidine
tract length within binding sites can vary from as little
as six nucleotides to dozens of alternating pyrimidines,
but PTBP1 affinity generally increases with tract length
(12). Studies on the minimal high-affinity binding site
for PTBP1 found that 30 nucleotides of RNA containing
three separate pyrimidine regions were required to
achieve high-affinity binding (33).
The requirements for PTBP1-mediated splicing
repression following RNA binding has also been
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characterized. It was found that efficiently spliced exons
require a minimum of two PTBP1 high-affinity binding
sites within the target exon or the downstream intron
in order to be repressed. In contrast, weakly spliced
exons only require one high-affinity binding site to
be repressed (33,46). Most PTBP1-regulated systems
contain multiple binding sites within or flanking the
repressed exon, indicating that splicing repression
requires a multimeric PTBP1 complex across several
binding sites (13,16,33,34,47,48). Overall, PTBP1
exhibits a dynamic and diverse system of interactions
with different pre-mRNAs, suggesting that the
mechanism for PTBP1 binding and exon repression are
likely equally as complex and intricate.
Several different mechanisms for PTBP1 binding
have been described as a result of both the highly
variable nature of binding sites and of PTBP1 domain
structure, but no model can properly generalize the
binding and repression mechanism at this time. A
simple and efficient model for repression describes
PTBP1 competing with splicing factor U2AF (16,49,50).
This binding likely occurs when high-affinity PTBP1
binding sites are present within the polypyrimidine tract
of a transcript, allowing PTBP1 to physically impede
the assembly of a functional spliceosome (16,49,50).
However, it has also been shown that a high-affinity
pyrimidine tract is not always sufficient to induce exon
skipping, and efficient repression can be achieved by
high-affinity binding sites outside of the polypyrimidine
tract (33,51). Additionally, some early spliceosomal
components have been shown to still assemble, only to
fail in later steps of assembly and catalysis (45). These
exceptions indicate that there must be more complex
models of PTBP1-induced exon skipping beyond a
simple blocking mechanism.
One model that goes beyond the competitive
description suggests that PTBP1 that is bound to a highaffinity site could multimerize with several other PTBP1
molecules, essentially coating the regulated exon and
nearby low-affinity regions in PTBP1 ribonucleoprotein
(RNP) structures (16). However, evidence of PTBP1

binding to non-pyrimidine regions, as this model
suggests, is lacking. A third model proposes that
multiple PTBP1 molecules bound to high-affinity sites
distant from one another could multimerize, looping
and sequestering the regulated exon from spliceosome
assembly (34). A single PTBP1 monomer has already
been shown to induce RNA looping, but whether or
not PTBP1 dimerization is required to induce exon
exclusion is unclear and likely context-specific (29,52).
Additionally, PTBP1 may induce additional PTBP1
binding at distant sites and engage in homomeric
interactions with these other bound PTBP1 molecules
(33,34,48,53). Despite these data, no single model can
fully explain the mechanism of action for PTBP1 at all
of its target exons, adding to the complexity of PTBP1
as a regulator of splicing and gene expression. Thus,
structural data of the full-length PTBP1 bound to an
RNA substrate is required in order to fully understand
PTBP1 as an RNA-binding protein and splicing
regulator.
NMR studies of each individual PTBP1 RRM
binding were performed using a 5' CUCUCU 3' RNA
oligonucleotide (29). This particular sequence is
found in several intronic regulatory sites, such as the
introns flanking the N1 exon of the c-Src gene (47,54).
Structures indicate that the folds of each RRM in the
free and RNA-bound state remain largely unchanged,
and the beta sheet surfaces make specific contacts with
the bases and backbone of the RNA (29). Additionally,
the base specificity for the RRM is primarily towards
pyrimidine triplets with UC or CU dinucleotides, and
each RRM domain mediates base-specific binding in a
similar fashion to each other (29). Taken together, these
RNA-bound RRM structures explain the preferential
binding of PTBP1 to pyrimidine tracts consisting of C
and U nucleotides, but do not sufficiently explain how
the more distinct structural features of each RRM affects
the binding of PTBP1 to a variety of different binding
sites as a whole protein (12,29).
Further full-length protein NMR studies indicated
that the linker regions between RRMs 1 and 2 and
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between RRMs 2 and 3 are highly flexible, granting
RRMs 1 and 2 independent movement in solution
(29,55). However, it has also been shown that linkers
1 and 2 show relatively high rigidity when bound to
a pre-mRNA target, suggesting their potential role in
structuring PTBP1 when bound to RNA (30,31). RRMs
3 and 4 were found to be in strict physical contact with
each other in a specific orientation in relation to the
bound RNA. The α-helices of both RRMs and the linker
between the domains form a hydrophobic pocket that
orients the RNA binding surfaces outwards (29). Given
this orientation, a single bound RNA molecule will end
up looping from one outward RNA interface to the
other. This type of binding restriction also dictates that
in order for a target RNA to interact with both domains,
it must contain two CU tracts separated by at least 15
nucleotides to form the loop (52). The flexible linkers
between domains 1, 2, and 3, combined with the specific
orientation of RRMs 3 and 4, indicate that the PTBP1
RRM arrangement will vary widely from one target
RNA to another. A complete understanding of how
PTBP1 interacts with its target RNAs will depend on
obtaining high-resolution structures of PTBP1 bound to
a naturally targeted RNA substrate.
Here, we have introduced staggered amino acid
deletions into linker 1 of a PTBP1 linker 2 deletion
template (Figure 1) and have identified a minimal and
functional PTBP1 linker deletion mutant using in vivo

expression and splicing reporter assays. The minimal
functional mutant has been purified for use in RNAbound crystallization and x-ray crystallography.
Materials and Methods
Plasmid Construction
Linker 1 and linker 2 staggared mutants were
constructed by two-step overlap PCR. Primers were
designed to excluded linker codons and amplify
specific regions of PTBP1 carrying overlapping flanking
sequences. The PCR fragments were cloned into
pcDNA3.1 (+) (Life Technologies) using the BamHI
and EcoRV restriction sites. Each linker mutant was
sequenced completely to verify that no codon changes
had occurred. All transfection constructs carried an
amino-terminal Flag tag. The minimal functional mutant
PTBP1 L1∆40-L2∆71 was subcloned into pQE80L
by using primers to incorporate BamH1 and HindIII
restriction sites at the 5' and 3' end of the mutant coding
sequence, respectively.
Cell Culture and Transfection
Mouse N2A cells were grown according to
the American Type Culture Collection (ATCC)
recommended protocols in Dulbecco’s Modified
Eagle Medium (DMEM [Thermo Fischer Scientific,
MT-101-02CV]) with 10% fetal bovine serum (FBS).

Figure 1. Domain structure of PTBP1 and amino acid sequence of the linker regions. Depicted are the ribbon structures of PTBP1 RBDs as well as a
schematic representation of FLAG-tagged PTBP1 domain structure.The amino acid alignments depict the linker regions of full-length PTBP1 and each
PTBP1 linker mutant. NT = N-terminal region, RBD = RNA-binding domain, L = Linker region. PDB codes 2AD9, 2ADB, 2ADC.
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Transfections were carried out using Lipofectamine
2000 (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Transfected cells were
incubated for 48 hours before RNA and protein were
extracted from the cells.

LB media containing 0.1 mg/mL ampicillin until the
A600 reached ~0.6. The cultures were adjusted to 0.5
mM isopropyl β-D-1-thiogalactopyranoside (IPTG)
and incubated at 37°C for 4 h with constant agitation.
Cells were harvested by centrifugation, and the pellets
were stored at −80°C. All subsequent procedures were
performed at 4°C. Cells were resuspended in 50 mL of
binding buffer (50 mM NaPO4, pH 8.0, 300 mM NaCl,
and 10 mM imidazole). Cell lysis was achieved by the
addition of lysozyme to a final concentration of 1 mg/
mL and sonicated to reduce viscosity. Insoluble material
was removed by centrifugation. The soluble fraction was
applied to a 10 mL column of Ni-NTA agarose beads
that had been equilibrated with binding buffer using a
BioLogic LP fast protein liquid chromatography (FPLC)
pump system (Bio-Rad Laboratories Inc., Hercules,
CA). The columns were washed with 100 mL of wash
buffer (50 mM NaPO4, pH 8.0, 300 mM NaCl, 30 mM
imidazole). A 0 – 100% gradient was used to introduce
elution buffer (50 mM NaPO4, pH 8.0, 300 mM NaCl,
and 250 mM imidazole) and 2 mL fractions were
collected. Peak fraction samples were separated by 12%
SDS-PAGE and stained with Coomassie dye

Protein Immunoblotting
Soluable whole-cell lysates were extracted and
separated by 12% sodium dodecyl – polyacrylamide
gel electrophoresis (SDS-PAGE), transferred to a
polyvinylidene fluoride (PVDF) (Millipore, Billerica,
MA) membrane, and probed using anti-Flag (Sigma)
and anti-GAPDH (Ambion) antibodies at a ratio
of 1:5000 and 1:2500 respectively. After incubation
with secondary fluorescent-conjugated ECL Plex
goat α-mouse IgG Cy5 (GE Healthcare Life Sciences)
antibodies secondary antibodies, Cy5 laser excitation
was detected using the Storm™ 860 phosphoimager
(Molecular Dynamics, Caesarea, Israel). Immunoblot
band intensities were captured using ImageQuant
software (Amersham Biosciences). Relative protein
expression was calculated by normalizing the amount of
flag-PTBP1 levels to the levels of GAPDH intensity.
Reverse-Transcription PCR
Cellular RNA was extracted from transfected N2A
cells using the RNeasy Mini kit (Qiagen). Isolated RNA
samples were then reverse transcribed with oligo dT
and SuperScript® III Reverse Transcriptase (Invitrogen)
to generate cDNA according to the manufacturer’s
instructions. Spliced reporter cDNA was amplified
using a 5' primer and a 3' fluorescent-conjugated primer
(Table 1). The PCR products were separated on an 8%
polyacrylamide/7.5 M urea denaturing gel, visualized
using a Storm™ 860 phosphoimager (Molecular
Dynamics), and quantified using ImageQuant software
(Amersham Biosciences).

Results
Expression and Splicing Activity Assays
In order to assess the functionality of these new
PTBP1 linker mutants, an in vivo assay was utilized to
verify protein expression and to quantify the splicing
repression activity of these mutants. Splicing repression
exerted by PTBP1 was quantified via three different
DUP splicing reporter minigenes (Figure 3). The
activity of the mutants was calculated by comparing
the relative percentage of DUP reporter mRNA that
was repressed during splicing (excluded) to the amount
that was not repressed during splicing (included). Each
reporter contains different regulated exons with PTBP1
regulatory sites in different positions.
Immunoblots from DUP175-DS9 transfection
experiments indicate stable expression of four PTBP1

Expression and Purification of Recombinant Protein
The His¬6-tagged pQE-PTBP1 L1∆40-L2∆71
plasmid was transformed into E. coli BL21 (DE3) cells.
One liter of bacterial cultures were grown at 37°C in
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Figure 3. Schematics of three DUP splicing reporter minigenes utilized for in vivo splicing assays. Each reporter contains a unique cassette exon that is
repressed by PTBP1. Exons 1 and 3 correspond to the human β-globin gene exons 1 and 2 respectively. The black marks along the minigenes indicate
high-affinityPTBP1bindingsites.Depictedbeloweachrespectiveminigenearetheincludedsplicingproductsaswellastheexcludedsplicingproducts.
Functional PTBP1 will favor the excluded product of each reporter shown here. (A) The DUP175-DS9 reporter minigene contains a 175 nucleotide
(nt) hybrid cassette exon derived from fusing the 5' end of β-globin exon 2 to the 3' of β-globin exon 1. (B) The DUP4-5 reporter minigene contains an
endogenous 23 nt neural-specific N1 exon derived from the human c-src gene. (C) The DUP4-1 E8a reporter minigene contains a 104 nt endogenous
exon derived from the mouse CaV1.2 calcium channel gene.

linker mutants, including the minimal mutant PTBP1
L1∆40-L2∆71 (Figure 4A). Urea-PAGE analysis of the
RT-PCR products showed varying intensities for the two
spliced products (Figure 4B). The data was quantified in
order to generate a ratio of excluded product compared
to the total products that we call the percent spliced out.
Quantification of three replicates shows that the spliced
out ratios for the linker mutants vary but are consistently
and significantly greater than the empty vector. The
quantified data also showed that each linker mutant
tested has no significant change in splicing activity when
compared to the wild-type, full-length PTBP1 (Figure
4C).
Immunoblots from DUP175-DS9 transfection
experiments indicate stable expression of four PTBP1
linker mutants, including the minimal mutant PTBP1
L1∆40-L2∆71 (Figure 4A). Urea-PAGE analysis of the
RT-PCR products showed varying intensities for the two
spliced products (Figure 4B). The data was quantified in
order to generate a ratio of excluded product compared
to the total products that we call the percent spliced out.
Quantification of three replicates shows that the spliced
out ratios for the linker mutants vary but are consistently
and significantly greater than the empty vector. The
quantified data also showed that each linker mutant
tested has no significant change in splicing activity when
compared to the wild-type, full-length PTBP1 (Figure
4C).
Immunoblots confirm that each PTBP1 construct is

expressed stably in the DUP4-5 transfection experiments
(Figure 5A). Since the N1 exon is highly repressed by
endogenous PTBP1, exogenous PTBP1 sensitivity was
achieved by shRNA knockdown of endogenous PTBP1.
RT-PCR products were separated on a urea-PAGE gel
and the resulting included and excluded band intensities
were quantified and compared to calculate the percent
spliced out (Figure 5B-C). No significant difference was
found in the repression of this reporter exon between
all mutants and full-length PTBP1. This experiment
suggests that all four tested mutants, including the
minimal mutant, can repress the N1 exon to the same
degree as wild-type PTBP1.
When testing the DUP4-1 E8a reporter,
immunoblots confirmed that the linker deletions do
not perturb their expression (Figure 6A). The products
from RT-PCR were separated on a urea-PAGE gel and
the percent spliced out was calculated and averaged from
three biological replicate experiments (Figure 6B-C).
These data suggest that all four linker deletion mutants
can repress the E8A target exon to the same degree as the
wild-type PTBP1. Together, all three splicing reporter
assays strongly suggest that each of the linker deletion
mutants have the same capacity to repress target exons
as does the wild-type PTBP1. From this, the PTBP1
L1∆40-L2∆71 deletion mutant used in each experiment
has been identified as the function minimal-linker
mutant.
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Figure 5. Protein expression analysis of FLAG-tagged PTBP1 constructs
and analysis of splicing activity using the DUP4-5 reporter. (A) Western
blot of whole cell mouse N2A protein lysates treated with different
plasmid constructs. The first two lanes starting from the left contain
empty vector and full-length PTBP1 respectively, while the remaining
lanes contain four different PTBP1 linker deletion mutants. The α-FLAG
signal indicates PTBP1 protein, while α-GAPDH used as loading control.
(B) Urea-PAGE analysis of the RT-PCR products generated using primers
specific for the DUP4-5 splicing reporter minigene.The exon diagrams on
the left of the gel image are representations of the two different splicing
products that were quantified. (C) Quantification of reporter cassette
exon exclusion from three separate experiments. n.s. = p > 0.05.

Figure 4. Protein expression analysis of FLAG-tagged PTBP1 constructs
and analysis of splicing activity using the DUP175-DS9 reporter. (A)
Western blot of whole cell transfected mouse N2A protein lysates. The
first two lanes starting from the left contain empty vector and full-length
PTBP1 respectively, while the remaining lanes contain four different
PTBP1 linker deletion mutants. The α-FLAG signal indicates PTBP1
protein, while α-GAPDH was used as loading control. (B) Urea-PAGE
analysis of the RT-PCR products generated using primers specific for the
DUP175-DS9 splicing reporter minigene. The exon diagrams on the left
of the gel image are representations of the two different splicing products
that were quantified. (C) Quantification of reporter cassette exon
exclusion from three separate experiments. n.s. = p > 0.05.
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intron (Figure 3B). The final reporter we included in
this study, DUP4-1 E8a, consists of three exons and
two introns in which the cassette exon is derived from
the mouse calcium channel gene exon 8a incorporated
between β-globin exons 1 and 2 (Figure 3C). Along
with exon 8a, 316 nucleotides of the adjacent upstream
intron containing two high-affinity binding sites and 266
nucleotides of the adjacent downstream intron from the
mouse genomic sequence were incorporated into the
minigene (57).
The differences in positions of the PTBP1 binding
sites across each reporter and the lack of binding
sites for other splicing regulatory factors presents a
rigorous system to assess the binding and repression
of the minimal functional mutant and can help inform
potential conformations of RNA-bound PTBP1 in
solution. It has been shown that PTBP1 requires more
than one binding site for efficient repression of each
test exon. Highly efficient repression is achieved due to
the presence and placement of the additional binding
sites in these test exons. In the case of DUP175-DS9, the
binding site within the test exon and upstream of the
exon may provide a suitable environment for monomeric
binding of PTBP1, especially at low concentrations
(33). The additional binding site may provide a greater
suite of conformational choices for binding when low
concentrations of PTBP1 are present, while at higher
PTBP1 concentrations the binding sites may facilitate
multiple binding events and possibly dimerization (33).
Considering the linker mutants tested here, it is possible
that the monomeric binding event is less favorable as
the lack of linkers significantly reduced PTBP1’s overall
length and its potential conformations along a target
RNA. Essentially, each PTBP1 linker mutant molecule
is less likely to bind to both sites, instead relying on
multiple PTBP1 binding events and/or dimerization to
repress the cassette exon similar. This type of binding
mechanism has been experimentally reported (29,34).
In the case of DUP4-5, it is known that while
PTBP1 RNA-binding and multimeric complex
formation can be accomplished via the two upstream

Overexpression and Nickel FPLC purification of the
minimal functional mutant
Having identified a minimal mutant and good
candidate for structural studies, PTBP1 L1∆40-L2∆71
was subcloned into the pQE-80L bacterial expression
vector.
Overexpression of PTBP1 L1∆40-L2∆71 was
achieved using an IPTG induction in BL21(DE3) E. coli
strain carrying the overexpression construct. The soluble
protein fraction was separated on a column containing
10 ml of nickel-NTA beads and was monitored over
the course of the run to identify the point when PTBP1
L1∆40-L2∆71 would elute (Figure 8A). Based on the
time lapse and UV analysis of the FPLC run, a bound
protein was eluted separately from all other protein
contaminants. Coomassie SDS-PAGE gel analysis of five
elution fractions suggested that the final protein peaks
represent PTBP1 L1∆40-L2∆71. Although successfully
purified, the two minor peaks in the UV spectra may
indicate heterogeneity across these fractions which will
have to be addressed before crystallization can begin
Discussion
Our data suggest that deletion of nearly all residues
from PTBP1 linkers 1 and 2 has not affected its ability
to repress three different test exons. The first reporter
minigene we tested, DUP175-DS9, consists of three
exons derived from the human β- globin gene. The
second exon was constructed by fusing the 5' end of
β-globin exon 2 with the 3' end of β-globin exon 1,
which resulted in the incorporation of a high-affinity
binding site for PTBP1 within the hybrid exon as well
as an additional high affinity binding site within the
intron upstream of the hybrid exon (Figure 3A) (33).
DUP4-5 is the second reporter we tested, constructed by
incorporating the neuronal specific c-src N1 exon along
with 60 nucleotides of the adjacent upstream intron
and 344 nucleotides of the adjacent downstream intron
(54,56). This reporter contains two PTBP1 high-affinity
binding sites within the intron upstream of the N1
exon and one weak binding site within the downstream
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high-affinity sites, efficient repression of N1 is only
achievable when the third downstream weak binding
site is present (33,35). These data suggests that PTBP1
utilizes the additional weak site to help form dynamic
multimeric complexes including cross-exon bridges to
induce RNA looping and repress the N1 exon (29,33).
Considering this DUP4-5 requirement and the extent of
repression exhibited by the minimal mutant, it is likely
that multimeric complex formation and possibly RNAlooping are occurring even without the linker regions.
In the case of DUP4-1 E8a, whether or not PTBP1
monomeric versus multimeric interactions occur at
the high-affinity binding sites is not well studied. The
two high-affinity binding sites are separated by two
nucleotides which may increase the chance of a single
PTBP1 molecule occupying both sites (57). However,
there are several pyrimidine-rich sequences flanking
exon E8a which may act as the sites for complex
formation at high PTBP1 concentration. Based on the
nature of the three splicing reporter minigenes, our
results indicate that the minimal functional PTBP1
mutant remains capable of repressing these three exon
reporter systems potential by forming monomeric and
multimeric complexes despite linker deletions.
Our testing suggests the minimal mutant is
functional and is a strong candidate for protein
crystallization due to the removal of the highly isordered
regions. These results alone have intriguing implications
in regards to PTBP1’s dynamic functional nature. It is
not uncommon for linker sequences between protein
domains to lack a significant role in biological function;
however, some groups have reported functional changes
in splicing repression connected to PTBP1’s linkers
(28,50). When comparing the repression profiles of
PTBP1-4 (full-length) to PTBP1-1 (linker 2 truncated
isoform), a large set of exons that require PTBP1 linker
2 in order to exhibit strong repression was reported,
although the exact reason for this finding remains
unclear (28). Some genes in this report include Clip1,
Daam1, and Snap91, all of which are involved in
early neuronal development and displayed low exon

repression to PTBP1-1 (28). Conversely, there are a
large number of exons that appear sensitive to PTBP1
repression independent of the length of linker 2 region.
Comparison of the splicing target profiles of PTBP14 versus PTBP1-1 reveals that many targets have no
preference between these isoforms, such as MYH14,
ROD1, and PTCH2 (28). Our minimal linker mutant
studies suggest that the c-src N1 exon also falls into the
category of linker-independent.
It remains unknown exactly what mechanism
controls the dynamic nature of linker-dependent and
linker-independent PTBP1 splicing regulation. Notably,
the length and flexibility of linker 2 make it a likely
region for protein-protein interactions to occur which
may explain the sensitivity of certain exons towards
linker 2 (31). However, low-angle x-ray diffraction data
shows that PTBP1’s conformation is rigid in solution
which may indicate some form of structuring of the
linker regions (30). Additionally, other DNA and
RNA-binding proteins such as STAT, CPEB1, CPEB4
have been shown to utilize interactions between the
nucleotide binding domain and their respective linker
regions to achieve binding and function, setting a
precedent for the functionality of linkers in other
systems (58,59).
Another intriguing possibility is that the linker
regions play a role in the differential activity of PTBP1
paralogs via post-translational modification (PTM)
which may modulate RNA-binding and/or protein
factor recruitment (60). The modulation of proteinprotein and protein-nucleic acid interactions is partly
controlled by the PTM state within or surrounding the
interaction sites (61-63). Proteomic mass spectrometry
has identified numerous residues that undergo PTM
in PTBP1 and PTBP2 and it has also been shown that
RRM1 and linker 2 greatly influences the repressive
differences between these two paralogs (31,64). Bringing
these findings together, it seems reasonable to investigate
the sites of PTM along the different domains of PTBP1
for their role in splicing repression and RNA-binding.
In light of all the variability exhibited by PTBP1, it is
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entirely possible that multiple mechanisms contribute to
the differences amongst PTBP1 isoforms and paralogs,
forming a complex combinatorial network of contextspecific splicing repression. Structural studies using our
minimal functional mutant would provide a critical look
at the conformational dynamics of PTBP1 repression in
the context of a linker-independent system.
Our protein purification experiments have
shown that the minimal functional PTBP1 mutant
is well expressed and soluble. However, the FPLC
chromatogram of the purification indicates there may be
some form of heterogeneity within the elution fractions
based on the doublet peak. We hypothesize that this is
due to two cysteine residues in the RRM2 regions of
the minimal mutant that are known to form disulfide
bonds (39,65). In order to alleviate this elution doublet,
the amount of reducing agent has been increased and
incorporated into all steps of the purification protocol
and has resulted in a promising consolidation of the
two peaks, although further experiments are required
to improve this purification method. Obtaining highresolution structural data of PTBP1 bound to an RNA
substrate would provide a powerful new understanding
of how this protein mechanistically carries out its
function. It will be interesting to see the conformation of
PTBP1 bound to a target and how each domain interacts
with the target to repress splicing.
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Abstract

Introduction

Climate change does not only affect us, but it also affects
other species which have to face the problematic effects
and stresses of changing environmental conditions.
Adaptations which evolve through natural selection, can
potentially result from these influential stress factors.
Environmental change can be modeled in the laboratory
setting, allowing for testing if populations are able to
adapt, what genomic factors might occur in adapting
populations, and how permanent are the genetic changes
if the environment returns to pre-selection state? To
answer those questions, model organism Drosophila
melanogaster, the laboratory fruit fly, were used. D.
melanogaster populations were selected for desiccation
resistance then underwent relaxed selection. We focused
on determining the genomic differentiation involved
as well as differentiation in other characteristics that
can potentially correlate with desiccation resistance,
specifically longevity and development time. It was
hypothesized that the fly populations that were
previously selected for desiccation resistance will exhibit
increased developmental time, decreased longevity, and
fixation of alleles that confer desiccation resistance. We
found that males from evolved desiccation-resistant
populations had increased development time and both
males and females had increased longevity compared
to control populations. Moreover, comparisons of
whole-genome sequence data from the desiccationresistant and control populations revealed twelve sites of
differentiation, but none had gone to fixation. Currently
these twelve sites of differentiation are being analyzed for
their impact on desiccation resistance.

As our human global population grows, pollution
and the burning of fossil fuels have led to a buildup of
greenhouse gasses, which have led to climate change,
leaving us susceptible to potential desiccating effects
of global warming. Climate change does not only
affect us, but it also affects other species which have to
face the problematic effects and stresses of changing
environmental conditions. For one, the extreme changes
of temperature have left some ecosystems drier than ever,
creating worldwide droughts. The stress of dehydration,
an ever-existing abiotic stress factor for organisms
including humans, is increasing for populations that lack
the accessibility and availability of water. Adaptations
which evolve through natural selection, can potentially
result from these influential stress factors. However, it
is unclear whether species can adapt fast enough to the
quickly changing environments. If populations do adapt
to their dryer environments, what genomic changes
might occur in these populations, and how permanent
are the genetic changes if the environment returns to its
previous state?
Environmental change can be modeled in the
laboratory setting, allowing us to test the abovementioned questions using model organisms. Studies
of complex organisms such as humans are benefited
by well-controlled studies done on simpler organisms
such as the model Drosophila melanogaster, the
laboratory fruit fly. D. melanogaster, is widely used
as a model organism for human health and disease
(Chintapalli et al., 2007) due to its ease of rearing
in laboratory conditions and its relatively simple
genome. For this project, five D. melanogaster
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populations were selected for desiccation resistance
for ~260 generations and were otherwise maintained
identically to five control populations. We expected
that desiccation-resistant populations would revert
back to their original desiccation phenotypes when
selection stress is removed. However, preliminary studies
showed that populations that had been evolved for
increased desiccation resistance continued to have more
desiccation resistance compared to their controls even
after ~209 generations of relaxed selection. We sought
to determine the genomic differentiation involved
as well as differentiation in other characteristics that
can potentially correlate with desiccation resistance,
specifically longevity and development time.
We hypothesized that genes that confer desiccation
resistance have gone to fixation, the loss of allele
variation to a state where only one allele remains,
from being under an extreme selection regime that
eliminated all allele variability. We expected that
desiccation resistant populations will exhibit longer
periods of development time in order to acquire more
resources and prepare for the stresses of their historical
environment, and exhibit greater mortality due to the
existence of a tradeoff between stress resistance and
longevity.

Methods
Drosophila melanogaster populations: The D.
melanogaster populations used were founded in 1988
by the Rose lab. Five desiccation resistant (D1-5)
populations were selected for survival of desiccation
stress at 14 days past the egg stage, and five control (C15) populations were selected in order to control for the
effect of starvation (Fig.1). Selection continued for ~260
generations. The populations have been maintained on a
3-week cycle under relaxed selection since then for ~209
generations. The populations are kept in cages at 24-hour
light and ~25C, densities of ~1000 flies, and are fed daily
with Petri dishes containing standard banana-molasses
food.
Desiccation Resistance Assay: On day 15 from
egg, 30 female flies from each population were placed
in separate desiccant straws attached to a pipet tip
containing 0.75 grams of desiccant. The straws were
sealed with a layer of parafilm. Mortality was checked
hourly, using lack of movement under provocation as a
sign of death.
Longevity Assay: 3 cages for each of the 10
populations at densities of ~1000 flies/cage, were fed
daily with Petri dishes containing the standard diet.
Dead flies were removed daily from the cages and
the number and sex of dead flies was recorded. The
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D
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allowed to mate
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~9000 fly/
population are
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maximum likelihood methods to estimate parameters
of two-stage Gompertz models. Cochran-MantelHaenzsel (CMH) tests of differentiation were used to
compare SNP frequencies between the C1-5 and D1-5
populations. The CMH test was performed at each
polymorphic site across our 10 populations.
Results
Desiccation Resistance: desiccation-selected
populations survived significantly longer in dry air than
control populations (p < 0.0001; Fig. 2) Thus, indicating
that populations selected for increased desiccation
resistance continued to have more desiccation resistance
after >209 generations of relaxed selection.
Longevity: Both male (Fig. 3A) and female (Fig. 3B) flies
from desiccation-selected ancestry exhibited increased
survival compared to the control populations. The D1-5
populations had lower aging rates (p<0.011) and lower
age-independent mortality (p<0.0001) compared to the
C1-5 populations, and reached mortality plateaus at later
ages (60.8 days versus 55.1 days).
Development: The mean egg to adult development
time of male and female flies for D1-5 and C1-5
populations were compared (Fig. 4). Male flies from
populations selected for desiccation resistance allocated
significantly more time for their development compared
to the control (p < 0.0001; Fig. 4). The difference
in female development time between flies from
populations selected for desiccation and their controls

Figure 2. Mean survival times (desiccation resistance) for individual flies
in dry air for C1-5 (red) and D1-5 (blue) populations. Error bars depict
standard errors for the means of N=5 population means (p < 0.0001).

Percent Survival

mortality assay was continued until all flies died.
Development Assay: Fifteen 30 ml vials for each of the
10 populations, densities of ~50 larvae per vial, were
used. The larvae to adult survival rates of all populations
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differentiation between these populations were found
based on this procedure, with only 12 sites meeting the
set significance thresholds. None of these 12 sites had
gone to fixation.
Discussion

We first confirmed that populations that had been
selected for desiccation resistance for ~260 generations
and then had been under relaxed selection for ~209
6
generations, retained their ability to better tolerate
stress compared to their controls (Fig.
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Results
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51 are indicated by a red line.
comparison is derived from permutation tests and

losing their ability to tolerate extreme desiccation
conditions.
Desiccation resistant populations on average
allocate an hour longer to their development in
comparison to control populations, and this difference
is significant in males. Longer development times
may allow them to uptake more nutrients during
development. An increase in development time may
indicate a trade-off between stress resistance and
development because longer development times can
be potentially harmful in natural fruit fly populations.
Contrary to our hypothesis, the desiccation resistant
populations had increased survival compared to their
controls (Fig 3). This suggests that evolved desiccation
resistance does not come at a cost to survival.
Lastly, in the genomic analysis, only 12 locations in
the genome were differentiated between the desiccation
resistant populations and their controls (Fig. 5). All 12
of these sites arose in the left arm of chromosome three.
The analysis of what these genes are involved in and their
impact on desiccation resistance is in progress. None of
the sites of differentiation were found to be at fixation,
which is consistent with the reduction in desiccation
resistance that has occurred over ~209 generations of
relaxed selection.
Our study shows that adaptation to dehydrating
environments is possible in outbred populations of
Drosophila melanogaster. These adaptations may
come at a cost to some other phenotypes. In future
months we will be testing the desiccation-resistant and
control populations for differentiation in reproductive
output and infection resistance. When organisms are
under stress, much of their resources are dedicated to
responding to the stress, which is expected to result in
declining function of other traits. When stress resistance
is an evolved trait, there might be evolutionary tradeoffs with other traits. The availability and accessibility
of water is essential to survival of humans and other
organisms, so it is important to continue to study the
question of “what will the trade-offs be?”
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Abstract
Suburban development in southern California may negatively affect rodent communities by fragmenting and
destroying native habitat. Anthropogenic disturbances that influence rodent populations can also affect the spread
of diseases transmitted by the ectoparasites, e.g., ticks and fleas, that these rodents carry. We hypothesized that
areas of coastal sage scrub (CSS) that were heavily impacted by human development would have lower rodent and
ectoparasite diversity, and higher ectoparasite loads, than less developed areas. In June 2016 we live-trapped rodents
and collected their ectoparasites at five sites in Trabuco Canyon, California, which represented a gradient of human
impact (percent cover of houses and roads vs. CSS). We calculated diversity of rodents and ectoparasites, as well
as the prevalence, load, and intensity of ectoparasite infestation of woodrats (Neotoma spp.), the most common
rodents captured. We captured 52 individual rodents, representing seven species; two-thirds (35) of individuals
were woodrats. Woodrats were infested with three genera of fleas and two genera of ticks, including taxa known to
transmit diseases to humans. Although the amount of human disturbance varied greatly among sites (1 to 74%),
disturbance was not significantly correlated with rodent diversity or abundance or ectoparasite species richness.
Infestation by fleas and ticks generally increased with the abundance of woodrat hosts across sites. Although
increasing levels of human disturbance would, at some point, be expected to negatively impact native rodent
communities and affect risk of spread of vector-borne diseases, the level of disturbance at our sites apparently has not
yet met that threshold.
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Abstract
Beer brewing is a growing industry and is responsible for an estimated $6.8 billion in annual revenue in California.
However, for one liter of product, up to 10 liters of wastewater, the excess water and plant matter generated in the
brewing process are produced. Generally, beer brewery wastewater enters the local municipal sanitation treatment
facility, which treats and discharges wastewater. The plant matter in brewery wastewater contains natural plant
compounds (e.g., phytoestrogens) which have the potential to mimic estrogen hormones produced by the vertebrate
endocrine system. Thus, phytoestrogens may evoke a similar response to estrogen by binding to the same hormone
receptors. Genistein is a commonly measured phytoestrogen in industrial streams. Our hypothesis is that genistein
may affect the reproductive physiology of young fish in a dose-dependent manner. Two-week old zebrafish (Danio
rerio; n=358) were exposed in triplicate to genistein (5, 50, and 500 μg/L), a positive control (0.1 μg/L estradiol 17-β),
and a negative solvent control (ethanol) for eight weeks. After the exposure period, fish standard length (mm) and
body mass (mg) were measured. Fish exposed to genistein were significantly greater in standard length (p<0.0001)
and weight (p<0.0001) compared to negative and positive control fish. Currently, reproductive tissues (i.e., ovary and
testis) are being examined histologically to determine differences in gonadal development. Genistein is an important
phytoestrogen to study as it may affect developmental reproductive physiology of aquatic organisms and vertebrates.
Increased awareness of phytoestrogens and the brewing industry will be important as microbreweries grow in
popularity and in protection of wildlife.

54
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the possibility of soil legacy effects. Legacy effects are
exhibited when a plant continues to exert an impact on
a system after the original biological entity is deceased
(Wurst & Ohgushi 2015), which can tip the balance of
competition across generations. Over the long term,
the proliferation of allelopathic invaders could lead to
declines in native grassland plants due to their soil legacy
effects (Vink et. al 2015).
Anecdotal accounts suggest that fennel (Foeniculum
vulgare), a plant of Mediterranean origins, has benefited
from employing allelopathy in California’s plant
communities (Ruiz 1999, Colvin & Gleissman 1996).
F. vulgare successfully invades numerous habitats,
such as chaparral, valley grassland, coastal sage scrub,
and oak savannah (Bell et al. 2008). In these areas, F.
vulgare can develop a monotypic strand by replacing or
reducing native flora until it is the single most-dominant
species (Bell et al. 2008). In a companion study (K.L.
Gunther et al., unpublished data), we found strong
evidence that F. vulgare alters the soil environment in a
manner consistent with allelopathy, and that this impact
continues after removal of fennel from the soil. Even
after F. vulgare is removed from wildlands, the challenge
of recovering native species remains because of the
possibility of a continued suppression of growth due to
residual allelochemicals.
Ecological restoration is the employment of
methods that restore degraded sites to environmental
conditions that favor native conditions (Young and
Vaughn 2007). However, the possibility of sustained
impacts from soil legacies means that some common
ecological restoration management practices, such
as herbicide treatments, mechanical removal, or

Introduction
California has the highest plant species richness of
any state in the United States (Ecosystems of California
2016). California also has a high level of endemic native
plants, which are plant species found exclusively in
California. With the accelerating losses of biodiversity
globally, many California native plants are under high
conservation priority. In total, 283 plant taxa are state
listed as rare, threatened, or endangered (CDFW 2017).
One of the challenges that poses a significant threat
to California native plants is the encroachment of nonnative plant species. For instance, over 9 million hectares
of California grasslands have been converted from native
flora to introduced, non-native plant dominated systems
(Seabloom et. al 2003). Many studies have documented
negative impacts of non-native species on ecosystems,
including changes in soil properties and resource
distribution (Holmes and Rice 1996), decreased plant
biodiversity (Hejda 2009), imbalances in nutrient cycling
(Ehrenfeld 2003) and loss of ecosystem services (Mack et
al. 2000).
Studies may focus on the attributes of non-native
plants to explain their ability to competitively exclude
native plants. One study proposed the novel weapons
hypothesis, a concept that states non-native species
can chemically alter the ecology of their invaded
community by the release of chemical compounds,
called allelochemicals (Callaway and Ridenour 2004).
When allelochemicals are released, neighboring plants
can experience inhibited germination, reduced growth,
lower survival, and lower reproductive output (Bais et al.
2003). Although this impact is immediate, it also raises
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replanting of native species, may not be sufficient. In
the case of allelopathic invaders, alternative restoration
management practices must be employed.
The application of activated carbon to soil is one
management practice used to improve soil productivity
in degraded soil systems (Kimentu et. al 2008). Activated
carbon is a porous carbon substance with micropores
sizes of smaller than 2 nanometers, and is associated
with a high surface area (Rouquerol et. al 1994,
Lehhman 2009). Activated carbon is commonly used for
the adsorption of organic material from water treatment
plants seeking to remove industrial waste (Hager 1967).
The adsorptive properties of activated carbon have
also led to its use in restoration for removal of organic
contaminants from soil, including allelochemicals (Arao
et. al 2011, Ridenour and Callaway 2001, Tian et al.
2007). The main aim of this study was to determine if the
application of activated carbon to soil can counteract the
observed soil legacy effects of F. vulgare on California
native plant productivity. We hypothesized that soil
amended with activated carbon would mitigate the
impact of F. vulgare conditioned soil on the growth of
two native California grassland forbs, California poppy
(Eschscholzia californica) and common yarrow (Achillea
millefolium).

or perennial herb, a dicot of the family Papaveraceae
(Smith 2010). Climatic conditions and precipitation
determines whether or not E. californica shifts
reproductive strategies to its annual or perennial form,
although blooming periods are typically within February
to September (Smith 2010, Calflora 2017). A. millefolium
is a perennial herb, a dicot of the family Asteraceae
(Hurteau 2001), with a blooming period typically within
the months of April to August (Calflora 2017).

Methods

Soil Conditioning
We created “conditioned” soil, which is soil in
which F. vulgare had completed one year of growth in.
We reasoned that if F. vulgare had legacy effects on soils,
the effect should remain well after a growing season.
Conditioned soil was prepared by planting twelve F.
vulgare seeds each in six 0.6 x 0.25 m diameter PVC
pipes filled with Sunshine Mix #1. After germination,
14.79 mL of time-release Osmocote® fertilizer (NPK:
14-14-14) was added in each PVC pipe with spheres.
After the appearance of the first true leaves, plants were
thinned to 4-5 plants per pot, and were provided with
water as needed. Plants were grown for approximately
6 months. After the F. vulgare plants seeded, they were
harvested and removed through the soil. The remaining
soil was then sieved to remove any remaining fine roots
and F. vulgare plant matter.

Site Description
We conducted a pot experiment within a lath
house in the Biology Greenhouse Complex at California
State University, Fullerton from January 19th, 2015 to
May 24th, 2016. A rain cover was constructed out of
polycarbonate roofing and installed above the site area to
protect the pots from rain precipitation.
Study species
Eschscholzia californica (California poppy) and
Achillea millefolium (common yarrow) were selected
as the California native plants in this experiment. Both
species are also found in sites subject to invasion by
fennel (Calflora, 2017). E. californica is a native annual

Experimental Design
We grew California native plants under four soil
treatments: (1) control soil with no activated carbon
addition and no soil conditioning (normal control),
(2) control soil with activated carbon addition and no
soil conditioning (carbon control), (3) conditioned soil
with no activated carbon addition and soil conditioning
(normal conditioned), and (4) conditioned soil with
activated carbon addition and soil conditioning (carbon
conditioned).
Normal control soil was Sunshine Mix #1.
Activated carbon was prepared by grinding granular
activated carbon into powdered activated carbon with
a coffee grinder. Then, the activated carbon was mixed
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at the rate of 25 mL/L soil in a cement mixer. The
conditioned soil was also mixed in a cement mixer, to
avoid confounding possible differences in soil aeration
from soil mixed with activated carbon. Four seeds of
each species were planted in 1.42 L nursery pots for all
soil treatments. Each treatment had ten replicates for a
combined total of 80 pots. After planting, a thin layer of
vermiculite was placed at the soil surface of each pot to
aid in moisture retention. All pots were fertilized after
germination with 6.9 mL of time-release Osmocote®
(NPK: 14-14-14) spheres. We thinned each species to
one plant per pot, keeping the most centrally-located
plant. If living plants were absent in a pot, extraneous
replicates within the same treatment were transplanted
as needed. Throughout the experiment, pot locations
were randomized weekly.

capture fine root hairs. After removing A. millefolium,
roots were separated from soil manually. After harvest,
all plants were divided into root and shoot components,
bagged in paper bags, and stored in a drying oven to be
dried at 60°C for a minimum of 5 days. Any remaining
soil was removed prior to weighing.
Data Analysis
The effects of carbon and soil conditioning on E.
californica plant height and biomass were compared
using a two-way ANOVA with weighted means, with
Tukey post-hoc tests for pairwise comparisons. Due to
low emergence, the sample size for A. millefolium was
too low (normal control: n=9, carbon control: n=9,
carbon conditioned: n=4, normal conditioned: n=3)
to allow adequate statistical analysis for biomass, plant
height, or emergence.

Emergence Proportion Assessment
After germination, we recorded emergence for
approximately one month by taking bi-weekly counts
of seedlings emerging from the soil surface per pot.
The cumulative number of seedlings that had emerged
per pot was summed at the end of the period and was
expressed as the proportion (percentage) of emerged
plants from the total number of seeds (4) sown per pot.
The average emergence proportion of each treatment per
species was then calculated.

Results
Soil conditioning had a significant negative impact on
the total biomass (F = 331.01, df = 1, p < 0.0001) of E.
californica, across both soil carbon treatments (Figure
1). Biomass decreased by approximately 70% when E.

Plant Height Assessment
Plant height measurements were recorded weekly
for both plants after emergence of the first true leaf until
the first plant flowered. For A. millefolium, the longest
leaf was selected from a bunch gathered centrally, and its
length was measured from the soil to the end of the leaf.
Biomass Assessment
E. californica was harvested approximately three
months after planting, while A. millefolium was
harvested approximately four months after planting. For
both plants, aboveground and belowground biomass
was measured. After removing E. californica from the
soil, the plants were rinsed with water above a sieve to

Figure 1. E. californica average dry root and shoot biomass (g) for each soil treatment. Le
Figure
1. E. californica
dry root
shoot biomass
(g) for eachdecreased total biomas
indicate
significant average
differences.
Soiland
conditioning
significantly
conditioned
soil treatments
in comparison
to control
treatments (F = 331.01, df = 1,
soil
treatment. Letters
indicate significant
differences.
Soilsoil
conditioning
0.0001). There
was nototal
significant
difference
in the average
total E. in
californica biomass prod
significantly
decreased
biomass
in conditioned
soil treatments
in either the control or conditioned soil treatments by carbon addition (F = 2.49, df = 1, p > 0
comparison to control soil treatments (F = 331.01, df = 1, p < 0.0001).
Error bars represent ±1 standard error.
There was no significant difference in the average total E. californica
biomass produced in either the control or conditioned soil treatments
by carbon addition (F = 2.49, df = 1, p > 0.05). Error bars represent ±1
standard error.
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californica was grown in conditioned soil. However, E.
californica total biomass did not significantly differ in
response to activated carbon addition (F = 0.8946, df =
1, p > 0.3505) (Figure 1). Furthermore, carbon addition
did not interact with soil conditioning in this study (F =
0.895, df = 1, p > 0.351) (Figure 1).
E. californica final height also decreased significantly
due to soil conditioning, but only in non-carbon
conditions. E. californica in treatments without activated
carbon addition were significantly shorter in soil
Figure 3. E. californica and A. millefolium average emergence proportion (%) for each
conditioning treatments relative to control treatments (F
Figure 3. E. californica and A. millefolium average emergence
proportion (%) for each soil treatment. No statistical analysis on E.
= 25.13, df = 1, p < 0.0005) (Figure 2). However, in the
californica or A. millefolium emergence proportion was performed. A.
carbon addition treatments, no significant difference of
millefolium appeared to have low emergence relative to E. californica, but
final height was found in response to soil conditioning
carbon addition had a positive effect on emergence in the control. Error
bars represent ±1 standard error.
(F = 25.13, df = 1, p > 0.051) (Figure 2). Soil conditions
did not appear to influence the emergence proportion of
E. californica seeds (Figure 3).
Due to the loss of A. millefolium replicates from low
emergence, statistical analysis was not performed on
biomass, plant height, and emergence for A. millefolium.
However, the emergence of A. millefolium appeared
to be much higher in activated carbon in control soil

Figure 4. A. millefolium average dry root and shoot biomass (g) for each
soil treatment. There appeared to be a significant trend of decreased
biomass in treatments with soil conditioning in comparison to control
treatments. Due to the loss of replicates in the conditioning treatments,
statistical analyses are omitted (normal control: n=9, carbon control:
n=9, carbon conditioned: n=4, normal conditioned: n=3). Error bars
represent ±1 standard error.

(Figure 3). A. millefolium biomass appeared to increase
slightly with the addition of activated carbon in both
conditioned treatments (Figure 4). A.
Figure 2. E. californica and A. millefolium average final plant height (cm)control
for each and
soil treatment.
Figure 2. E. californica and A. millefolium average final plant height
millefolium biomass was lower in soil conditioning
(cm) for each soil treatment. Letters indicate significant differences.
treatments (Figure 4). A. millefolium plant height
Soil conditioning significantly decreased E. californica height relative
appeared to decrease in response to soil conditioning,
to control treatments (F = 25.13, df = 1, p < 0.00001). There was no
although differences do not appear pronounced (Figure
significant difference in E. californica plant height produced in either the
2). Carbon appeared to have a positive effect on A.
control or conditioned soil treatments by carbon addition (F = 0.08, df =
1, p > 0.77). Due to the loss of replicates in the conditioning treatments,
millefolium plant height, while soil conditioning had a
statistical analyses for A. millefolium are omitted. Error bars represent ±1
negative effect (Figure 2).
standard error.
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activated carbon added in this experiment may have had
negative impacts on plant performance, either through
reductions in rates of nitrogen uptake or changes in
microbial activity. If so, these negative impacts may
have counteracted or outweighed any positive impacts
produced by mitigating a soil legacy effect.
Also, differences in the application of carbon to
this soil between this experiment and the study by Tian
et. al (2007) may have led to differences in our results.
The distributional effect of uniformly mixing activated
carbon, as opposed to mixing solely within the topsoil,
may alter the physical nature of soil. Adding even small
amounts of activated carbon can alter water retention
properties (Ridenour and Callaway 2001). Activated
carbon exhibits similar water-retention properties to
organic amendments, and has a specific surface area
similar to or higher than clay (Lehmann and Stephen
2009). E. californica commonly grows in well-drained,
dry soils (Smit 2010). Thus, an increase in the net total
amount of water retention in the soil may have adversely
affected E. californica growth rate, espcially since since
the plants were grown under conditions of plentiful
water.
The impacts of carbon addition on A. millefolium
growth are more surprising; there was a trend of
increased biomass and improved emergence in
control soil when activated carbon was added. One
explanation for this result is the propensity for A.
millefolium to succeed on arable cropland or pastoral
farmland (Bourdŏt et al. 1985). In several instances, A.
millefolium has become a weed on arable land in New
Zealand (Bourdŏt et al. 1985). Because adding activated
carbon as a soil amendment may increasingly mimic
the conditions for organically rich soils found in arable
land, A. millefolium growth would respond positively
to activated carbon addition. While the results of this
study do not support the use of activated carbon as a
soil amendment for fennel soil legacy effects, they do
indicate that it may have mixed effects as a restoration
tool. The different responses of E. californica and A.
millefolium to carbon support the importance of research

Discussion
By manipulating soil factors, we demonstrated that
Foeniculum vulgare (fennel) demonstrates soil legacy
effects that inhibit the growth of California native
plants. However, contrary to results obtained in previous
literature (Ridenour and Callaway 2001, Tian et al.
2007), we did not find strong evidence that activated
carbon application ameliorates those legacy effects for
E. californica or A. millefolium. Furthermore, the A.
millefolium results support a possible positive effect of
carbon addition on growth and emergence.
It may be that soil legacy effects of fennel are
not due to allelopathy, or that the compounds that
are allelopathic are not reduced by the addition of
activated carbon. However, the difference in effect of
activated carbon seen in this study vs. other published
studies could also stem from the specific concentration
of activated carbon and soil texture of the potting
soil. Ridenour and Callaway (2001) applied activated
carbon at a rate of 20mL per liter of sand; in this study
we applied activated carbon after Tian et. al (2007) at
the rate of 25 mL per liter of soil. The optimal rate of
application for activated carbon needs to be determined
for each soil type and plant type (FFTC 2007). Although
reports describing the positive effects of carbon
application are more common, negative effects of plant
nutrient limitation have been reported with the use
of activated charcoal (Lehmann and Stephen 2009). It
may be that higher concentrations of activated charcoal
addition led to lower nitrogen uptake (Lehmann and
Stephen 2009). The carbon to nitrogen (C/N) ratio of
activated charcoals are variable, ranging anywhere from
7 to 400, with a mean of 67 (Lehmann and Stephen
2009). A C/N ratio of 25 to 30 has been found to cause
nitrogen immobilization by microorganisms (Sullivan
and Miller 2001). Ishii and Kadoya (1994) have also
reported increased mycorrhizal infection in citrus
trees due to carbon application. Since activated carbon
purified toxins and agrochemicals from soil, it could
also inadvertantly interfere with root microbial activity
(Ishii and Kadoya 1994). Therefore, the amount of
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on the impacts of restoration tactics on native plants.
The specific mechanisms responsible for fennel’s
inhibitory effects on E. californica and A. millefolium
are still unknown. In one study, researchers tested
the potential of fenchone, the second-most prevelant
chemical constituant in fennel seed oil, as an
allelochemical (Lamoureux and Koning, unpublished
data). The researchers found that fenchone inhibited
germination and root elongation of lettuce seed.
Bioassays alone are insufficient to identify allelopathic
agents because other explanations and factors, such
as chemical longevity or accumlation in the soil for
biologically-realistic dosages, can influence results
(Ridenour and Callaway 2001). However, the potential
for direct inhibitory impacts of fennel seed on plants,
such as A. millefolium, raises additional points for
consideration during restoration efforts beyond soil
legacy effects. We are currently planning a germination
study to investigate the potental for soil legacy and direct
impacts on A. millefolium germination.
The results of this study demonstrate that, under
controlled conditions, F. vulgare has soil legacy effects
that negatively impact California native plants, but
that the addition of activated carbon, at the levels we
used in this study, does not appear to mitigate those
effects. Furthmore, activated carbon appeared to have
a positive effect on A. millefolium growth. If activated
carbon influences plant emergence or growth, the
results of restoration may differ when it is included as
part of the restoration plan. Our hope is that the results
from this study, and complementay studies, will inform
researchers and site managers in their work to design
effective restoration strategies for California wildlands.

the Research Careers Preparatory Program, which is
funded by a Maximizing Access to Research Careers
grant to CSUF from the National Institutes of Health
[5T34GM008612-20].
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Abstract
Humic Acid is a complex molecule that is produced from the degradation of organic matter and is proposed to
react with nitrogen dioxide to produce nitrous acid (HONO) 1. This molecule is a precursor for an important
atmospheric oxidizer, which is the the OH radical. Phenolic compounds found in this molecule are suggested to be
responsible for the production of HONO. Dr. Fu Ming Tao, a computational chemist, predicted that HONO was
being produced from the abstraction of a hydrogen from the phenolic compound. He also hypothesized that certain
phenolic compounds react faster than others based on their activation energies.2 Under constant parameters, it was
experimentally determined that 4-methoxyphenol was the fastest reaction, and phenol was the slowest reaction,
which was predicted. However, experimentally determined rates for 3- methoxyphenol and 2-methoxyphenol did
not match the computational trends. The samples from the reaction cell were removed using solid-phase micro
extraction. Gas Chromatography/Mass Spectrometry (GC/MS) was used to observe the organic products from these
reactions. It was found that nitrophenol was produced. Fourier Transform Infrared Spectroscopy (FTIR) was also
used to observe the reaction mixture. The product nitrophenol was detected by FTIR, but not the computationally
hypothesized product HONO. These results indicate that a simple nitration reaction is occurring.
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just general intelligence to an ability, which involves
the manipulation, orientation, and reimaging of a
stimulus6. Gender had also been identified as a possible
factor, where some visuospatial exams such as the Shard
Metzler rotations test suggested a gender difference, with
males having a stronger visuospatial abiltiy2-4. The use
of the Tobii eye tracker would allow for the visualization
and tracking of a student's fixations, and thereby their
attention while comparing several answers from one
another to the associated question. A Quiz on Organic
Chemistry (QOC) was created that consisted of first
semester organic chemistry topics, such as molecule
matching, Newman projections, and elimination. The
QOC was utilized with Google Drive to receive answers
as all questions were multiple choice. Observing the
participant’s approach by following their eye movements
with the eye tracker would allow to determine their
similarity judgements when solving the problem5. All
participants were given the QOC, while half were only
given the exam were categorized as "2D" and the other
half given and utilized the use of the 3D visualizing
program Jmol as "3D".

Abstract
In this study, we utilized the use of the Tobii x300
eye trackers, visuospatial ability identifier, and, a post
question survey to identify a student's methodology
while solving Organic chemistry problems focused on
visuospatial ability. 72 participants were observed in
taking a quiz on basic Organic chemistry problems. The
eye tracker allowed for us to determine a student's focus
while solving the problem, and allowed for the recording
of visit and fixation count and duration on specific areas
of the problem. The data collected was set to specific
areas that were created, known as Areas of Interest
(AOIs). Overall students who had access and used
Jmol to solve the questions scored higher as opposed to
students who just had the 2D materials, and factors such
as gender and level of chemistry knowledge did not play
a significant difference when solving the problems.
Introduction
Since the discovery of visuospatial ability there have
been several theories about its range and difference
between individuals. By understanding the effect, it has
on individuals it can allow for us to determine for ways
to assist individuals that may benefit from developing
better visuospatial abilities. Within the natural sciences
the filter courses such as calculus, physics, and organic
chemistry, which typically have low pass rates and are
historically difficult. These filter courses can prevent a
student from succeeding and change their major. Within
Organic chemistry the use of visuospatial ability has
been identified as a key component1. In the early 1920s
the use of visuospatial ability had been identified from

Methodology
PVRT
To understand the struggles of visuospatial ability
that the participant may have had we utilized the Purdie
Visualization of Rotations Test (PVNRT) from Dr.
George Bodner of Purdue University. The PVRT quiz
allowed us to quantify as participant’s visuospatial ability
as low, medium, or high. The cut offs from Dr. Bodner's
quantifications were adjusted to fit the population and
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average score California State University Students.
The PVRT quiz consisted of 20 questions, and had an
example question and its associated answer. A time
limit of 10 minutes was also set as part of the test. The
comparison between the original cutoffs by Dr. Bodner's
PVRT and the cutoffs used in this study are shown in
table 1. It was also at the recording of the participant's
gender, highest level of chemistry completed, and major
were recorded.

QOC was conducted through Google forms and saved
onto an online storage, where students were unable to
see their overall score. All participants took the same
quiz, however students that were placed as “3D" had
Jmol open on half the screen. A 15 second tutorial video
was played for the 3D students that showed the process
of "dragging" and dropping the Jmol file to view the
molecule, and received no further assistance on how to
use Jmol.

Table 1. The cutoff difference between strong, moderate, and weak
rotators was adjusted from Purdue to that of Cal State Fullerton.

AOI collection
The Tobii x300 eye tracker allows for the collections
of all eye fixations that a participant produces. The Areas
of Interest (AOIs) allow the collection of how much
time a participant would spend on a specific area, and
how many times. Data that was counted and collected
were categorized as fixation duration, total fixation,
visit duration and visit count. Fixation durations is
described as how long a participant would directly spend
looking at an area, while total fixation was the amount
of times a student spent looking or referring to that area.
Visit count and duration were similar as the reciprocal

Purdue

Cal State Fullerton

Strong

18-20

16-20

Moderate

11-17

8-15

Weak

0-10

0-7

QOC
After completion of PVRT the participants returned
approximately a week later to complete the Quiz on
Organic Chemistry on the Tobii Tx3000 eye tracker. The
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first viewing
of a molecule
matching
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Figure 1. Figure
1 shows
student's first
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students
eye
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Jmol, followed
by a single
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time
spent
that focal
point.
Here we can view a single visits and single fixation on the program
Jmol, followed by a single visit on option B that had two fixations.
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Figure 1 shows a student's first viewing of a molecule matching problem. The green
sphere represents the students eye focus, with the larger the sphere correlating to the student's
time spent at that focal point. Here we can view a single visits and single fixation on the program
Jmol, followed by a single visit on option B that had two fixations.

the participant would orientate the molecule to view
from the side view and view the center carbons are
separate it was labelled as “3side.” If the molecule was
slightly pushed to view the molecule slightly down the
carbon-carbon bond and have the atoms in a staggered
conformation. “3newman” was decided as
the participant having the molecule in the correct
Newman project that matched the Newman projection
provided in the question,

Figure 2. The Areas of Interest were labeled to show differentiation
between any similar containing atoms, along with the possible answers.
The larger Areas of Interest that encompassed the views of the molecule
were used to also to record total time or fixations spent on the overall
structure.

Post QOC Surveys
After completion of the QOC the participants then
filled out a survey about their opinions and the quiz.
The survey focused on their opinions on solving the
Figureto
2 The
Areas
of Interest
were labeled
to show differentiation between
problems in respect
their
process
as opposed
their
containing atoms, along with the possible answers. The larger Areas of Interest tha
knowledge.
The
2D
participants
were
also
asked
if
the
encompassed the views of the molecule were used to also to record total time or fix
on theof
overall
possible help
a 3Dstructure.
visualizing molecular program
would assist them, and the 3D participants ere were
focused in their opinion in the usage of Jmol.

fixations, however a single visit could consist of multiple
fixations, while multiple fixations on a specific area could Results
count as a single visit.
After all participants, had finished all three
To receive a better understanding of most possible
assessments, their QOC exam was then evaluated. The
factors that may improve a student's visuospatial ability
Tobii x300 allowed for the summary option to show
AOIs were placed on all atoms, options, and on different
the "Percentage recorded," where if a participant’s eye
orientations that the structure on Jmol may have been
fixations and gazes were not accurately recorded of over
Figure 2 The Areas of Interest were labeled to show differentiation between any similar
viewed upon.
containing atoms, along with the possible answers. The larger Areas of Interest that 80% then their results were voided. Causes of incorrect
use
of the
3D visualizing
Jmol
was
encompassed theThe
views
of the
molecule
were used to program
also to record
total
time or fixations
dataspent
collected by the Tobii eye tracker were due to height
on the overall structure.
also recorded, based on the view of the molecule being
issues about the eye tracker, looking outside of the eye
utilized while the participant solved the QOC. When
tracker's range, and astigmatisms. The final distribution

Figure 3. Three different viewpoints were analyzed to view the different viewpoints that students may have utilized to solving the problems.These were
the three main views that were seen and recordable.
Figure 3 Three different viewpoints were analyzed to view the different viewpoints that students
may have utilized to solving the problems. These were the three main views that were seen and
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recordable.

of all the participants that identified as male or female
and in addition the visuospatial ability distribution.

Q4a Total Fixation Duration
Correct vs Incorrect

Table 2. The distribution of the participants that had identified as male
or female, in addition to the total amount of the participant’s and their
visuospatial score results.
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33

35

4
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39

5
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4
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Figure 5 The participant's total fixation duration were compared between their answer
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Figure 4 Question 4a question and the associated resources that were provided5 for both 2D and
3D QOC’s. The Areas of Interest were not visible to the students when working4on the questions.
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Figure 6. The total number of fixations that the participants that utilized

Figure 4. Question 4a question and the associated resources that were
provided for both 2D and 3D QOC’s. The Areas of Interest were not
visible to the students when working on the questions.
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In addition to time being misspent, figure 6 shows
the difference in fixation count between participants that
just had the 2D resources or 3D visualizing program
Jmol available. There was a noticeable difference between
the fixations on AOI 1, and comparing the Bromine
and the Fluorine from the structure, with p<0.05. The
difference could show that the use of Jmol allowed
for more fixations on factors that contributed to the
stereochemistry that would lead to solving the problem,
as opposed to having more fixations on other factors that
would not contribute to the solving of the problem.

Visit Count

Q4a 2D vs 3D
6
5
4
3
2
1
0

Figure 8 Question 4b was presented after completion of Question 4a, and had the similar
8 Question
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2D

3D

frontbromine
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2D

Figure
8. Question 4b was presented after completion of Question 4a,
concept of utilizing wedges and dashes with Newman projections.
and had the similar concept of utilizing wedges and dashes with Newman
projections.
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and front chlorine allowed to be reference points when determining the
associated substituents, and focus less on the given Br substituent on the
Newman projection.

In addition to the use of Jmol, there was a noticeable
different in these AOIs, with p<0.05, where the reference
points that were “viewed” to be in the front were heavily
referred to while determining the correct substituent.
The use of Jmol allowed for more participants to solve
the problem and utilize the given atoms to assist in
solving the substituent that was to be matched.
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2side

newmanoptionc
Area of Interest

Figure 10 Participants that were labeled as "weak" visuospatial ability were compared to
participants that were labeled as "moderate" and "strong." There was a noticeable different in
the number of fixations that the participants referred to the side view of the molecule, and the
incorrect Newman projection answer "C."
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females2-4. Based on the 72 participants we found that
gender did not predict visuospatial ability, with a p=.673.
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include an analysis of using online videos and tutorials
with an eye tracker to view different techniques to see
how they assist a student’s understanding of the material.
In addition to online programs the use of a non-evasive
eye tracker that is wearable would also be interesting to
view how a student utilizes materials that are not limited
to that of a computer screen, such as in class lectures,
textbooks, or supplemental mentoring programs that
include tutors or leaders.

Discussion
Through the 72 counted and analyzed recording of
the participants, we can suggest that the use the 3D
visualizing program Jmol can help assist participant
in solving organic chemistry problems that utilize
visuospatial ability. The use of Jmol did allow for
better problem solving techniques, where in the videos
recorded there was a much stronger methodological
approach when solving the problem. The participants
that did not have Jmol available spent more time and
had more fixations on the AOIs recorded as opposed to
participants that utilized Jmol. To have obtained more
information besides gender, chemistry knowledge, and
visuospatial ability that could not have been collected
but would have allowed for further analysis of the
data would have included grade obtained in organic
chemistry, organic chemistry experience, and associated
professor influence. Information that included the
possible multiple attempts to pass organic chemistry may
have caused in influence in a participant’s ability to solve
the questions, and in addition the style in which the
learned how to solve these visuospatial based problems.
Previous analysis was done on the overall data, where
this study focused and raised the requirements for a
participant’s information to be analyzed. Participant’s
data was excluded due to low eye tracker recording
collection and rushing in the solving of a question
that showed no attempt in solving the problem. In
comparison of the 72 participants that had 2D vs 3D
there was no found significant difference to the overall
score between them, with p=0.12. We can suggest that
this was due to a few of the available question consisted
of carbon and or hydrogen counting problems, where the
use of Jmol did not play a significant factor when solving
the problem. When the questions analyzed were adjusted
to include questions that utilized visuospatial ability
such as molecule matching, enantiomer match, Newman
projections, and elimination from double Newman
Projections there was a significant difference between
2D vs 3D with p<0.05. Future work that could further
assist student who struggle in Organic chemistry could
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Understanding How Two Similar RNA Binding Domains Mediate Different ProteinProtein Interactions
Collin Marshall and Jeffrey Pina
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Abstract
The process of alternative splicing is partly regulated by RNA binding proteins that bind to cis-elements on the
pre-mRNA transcript and influence the assembly of a functional spliceosome at adjacent splice sites. Many RNA
binding proteins occur as gene families with members sharing high sequence identity and domain arrangement yet
have non-overlapping expression patterns and different splicing activity. Polypyrimidine Tract Binding Protein 1
(PTBP1) and Polypyrimidine Tract Binding Protein 2 (PTBP2) are paralogous RNA binding proteins that share 74%
sequence identity and a similar domain arrangement, which consists of four RNA binding domains connected by
3 linker regions. The two proteins differ in their splicing activity, where both proteins repress certain target exons
well while others are more strongly repressed by PTBP1. Recent studies conducted to identify regions of primary
structure that contribute to the different repression activity highlighted that RNA binding domain 2 (RRM2) of
PTBP1 confers higher splicing repression compared to PTBP2. The RRM2 region of PTBP1 and PTBP2 share 87%
sequence identity and have identical RNA interacting residues. PTBP1 RRM2 binds strongly to co-repressor Raver 1.
PTBP2 RRM2 has counterparts of most of the residues in the Raver interacting motif, however interacts weakly with
Raver 1. These results indicate that the two proteins engage in different protein-protein interactions albeit the high
sequence identity in the RRM2 region. Thus, we hypothesize that the RRM2 region is post-translationally modified
and plays a role in protein-protein interactions, which lead to differences in splicing repression activity. To test this,
we have over-expressed Flag-tagged PTBP1 RRM2 and PTBP2-RRM2 in mouse neuro 2A cells, purified via Flagimmunoprecipitation and analyzed for modifications via Mass Spectrometry. Preliminary results indicate that the
region is modified in the two proteins. We are currently conducting site-directed mutagenesis to identify the role of
modifications on protein-protein interactions and splicing repression activity.
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Design and Synthesis of Alpha-Helix Mimetics for Treatment of High Risk Human
Papillomavirus Infection
Daisy Gonzalez
Advisor: Dr. Alexandra Orchard

Department of Chemistry and Biochemistry, California State University, Fullerton

Abstract
The human papillomavirus can lead to genital warts and cervical cancer. The patient can receive this infection
through abrasions in the skin when they are sexually active. The infection travels down the skin to the basal layer
infecting the keratinocytes. It produces the E6 protein which immortalizes the infected cells. When it binds to
the human protein E6-AP, it uses ubiquitination to kill the tumor suppressing and apoptosis inducing protein
p53. Inhibiting the interaction between the complex allows for p53 to conduct its role in signaling cell death for
infected cells. The Orchard group used MolSoft ICM Pro to search for the target molecule by designing various
types of molecules to dock them computationally into the E6 protein. For this project, the synthetic route that will
be observed is producing fluorine containing molecules and hydroxyl groups in the glutamine mimic. The fluorine
can make the molecule more polar adding in more hydrophilic interactions. Along with the fluorine, alpha-helix
mimetics will set up the side chains in the correct position. Once a testable compound is produced, it will be sent to
the collaborators in the biochemistry labs. They will test for the target molecule and E6 binding, and its ability for
apoptosis on the infected cell.
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Crystallization of Orf22 of Methylobacterium extorquens AM1, the Homolog of
Methanocaldococcus jannaschii 1099
Dorith Anda
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Abstract
Methanogens are microorganisms that synthesize methane. The synthesis of methane requires a cofactor
called tetrahydromethanopterin (H4MPT). Many aerobic bacteria utilize H4MPT to consume methane or
methanol. Complementation studies indicate that Orf22 from Methylobacterium extorquens AM1, a homolog of
Methanocaldococcus jannaschii 1099 (MJ1099), catalyzes one of the reactions in H4MPT biosynthesis. In contrast,
a recent biochemical study suggests that MJ1099 plays a role in methanofuran biosynthesis, which is a carbon
dioxide reduction cofactor needed to synthesize methane. However, bacterial methanol oxidation does not involve
in reducing CO2. To enhance our understanding of whether Orf22 in bacteria has multiple functions similar to those
of MJ1099, the purpose of our investigation is to determine the X-ray crystal structure of Orf22. For the structure
determination, here we report on the purification and crystallization of Orf22. Orf22 was purified by nickel-affinity
chromatography followed by gel filtration column chromatography. Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) showed the protein to be more than 90% pure. Dynamic light scattering (DLS) showed
that the protein solutions concentrated to 2.6 mg/ml or 6.8 mg/ml solution were 100% pure without aggregation.
Crystallization has been achieved from droplets containing 32% 2-methyl-2,4-pentanediol (MPD). More extensive
screening of crystallization conditions is now underway at the Macromolecular Crystallization Core Technology
Center at UCLA using a TPP LabTech Mosquito nanodispenser robot to increase the dimensions of the crystal for
X-ray data collection. Obtaining a 3D structure of Orf22 should initiate a better understanding of its controversial
role in cofactor biosynthesis.
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ADP-Glucose Pyrophosphorylase in Agrobacterium tumefacians
Dylan Campbell
Advisor: Dr. Christopher Meyers
Department of Chemistry and Biochemistry, California State University, Fullerton

Abstract
There is an increasing demand for the energy storage compound- starch. Starch is prevalent in a variety of different
areas such as industry, pharmaceuticals, cosmetics, and our diets. The most interesting application of starch is its
ability to be fermented into bioethanol. Bioethanol is a biodegradable and renewable carbon source that may act as a
petroleum substitute. Unlike petroleum, bioethanol is combusted into water and carbon dioxide to produce energy.
These waste products are more environmentally friendly, as the carbon dioxide produced is offset by the carbon
dioxide intake of the crops themselves. Consequentially, starch is a very valuable resource. Instead of planting more
crops to harvest starch, the biosynthetic process of starch synthesis can be enhanced to yield a larger quantity of
starch per plant.
ADP-Glucose Pyrophosphorylase (ADPG PPase) is the enzyme that catalyzes the rate-limiting step in the
glucan synthesis pathways of bacteria and plants. A plasmid, Pse420, was engineered to contain a mutated form of
the glgC- gene used to produce the T110A variant of ADPG PPase. It was subcloned into Agrobacterium tumefacians
(Ag. t) and a restriction enzyme digest was performed to confirm the success of the subcloning. A small-scale growth
of the subcloned bacterium was used to produce our protein of interest. The specific activity was quantified at 0.024
nmoles/10min/mg using a kinetic assay. A heat study on the crude sample indicated the T110A ADPG PPase is not
heat stable at temperatures above 55˚C. Currently, a large-scale purification is underway to characterize the mutated
T110A’s substrate affinity, activation and inhibition with effector molecules, and enzyme rate compared to the Wild
Type (WT).
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Recent Advances in Immunotherapy Cancer Treatments by Inhibition of the PD-1/PDL1 and CTLA-4/B7 Pathways
Kimberly Navarro
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Abstract
Immunotherapy uses humans’ immune system to locate cancer cells for degradation. Immunotherapy has the
potential to prevent and treat various types of cancer. Many previous and current treatments that aim to terminate
cancer cells have been found to cause harm to immune system cells. The white blood cell, T-lymphocyte (T-cell), is
essential for human immunity and existence. T-cells are able to identify cells as healthy or pathogenic by scanning
and binding to a cell surface. This allows them to be able to search and destroy infected cells. Some cancer cells are
overlooked because they are able to bind to and deactivate T-cells. Consequently, cancer cells can continue to grow
into tumors because they are able to deceive the T-cells into believing they are normal cells. An immune checkpoint
medication blocks proteins from binding to their ligands on other cells. Developing an immune checkpoint
medication would affect a critical step within a T-cell activation pathway and can inhibit both the PD-1/PD-L1 and
CTLA-4/B7 pathways. By developing this medication cancer cells that contain the surface protein ligands PD-L1 and
B7, which bypass immune attacks, can be targeted and eliminated.
The analysis presented in this review focuses on selected detailed biochemical reactions that T-cells undergo
when inhibition of PD-1 and CTLA-4 cell surface receptors takes place. T-cells recognize other cells by binding
to their surface ligands. Binding of both the PD-1 and CTLA-4 proteins respectively to their ligands, PD-L1 and
B7, inhibit T-cell activation and therefore prevents cell phagocytosis. Cancer cells present abundant PD-L1 and B7
ligands and ultimately escape cell death induced by T-cells. By combining checkpoint blockades of both PD-1 and
CTLA-4 receptors, T-cell activation should increase. Studies have shown that using a combination of medications
that block both pathways has cooperative potential. Current research on Ipilimumab, a CTLA-4/B7 blocking
antibody, has shown positive results in treatment for advanced melanoma and other cancer types. Similar results
have been found with Nivolumab, a PD-1/PD-L1 blocking antibody. By furthering research on checkpoint blockade
medications, different forms of cancer could be controlled, sent into remission, or possibly eliminated.
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Understanding the Reactivity of Iminoxyl Radicals with Built-ion Alkynyl Radical
Traps
Laura Marsalla
Advisor: Dr. Andrew Petit

Department of Chemistry and Biochemistry, California State University, Fullerton

Oximes are widely found in pharmaceuticals and
pesticides such as vasodilators 2,3, antidotes to
organophosphorous nerve agents 4-5, and antiparasitic
agents 6. For example, Figure 3 shows three
pharmaceuticals that were studied by Lugokenski et al. to
test the efficacy of using oximes to reverse the effects of
organophosphorus poisoning caused by the insecticide
methamidophos 5. When oximes are ingested, the
oximes become oxidized in the body, forming reactive
radical cations and iminoxyl radicals. These radical
intermediates cause damage to DNA, tissue, and proteins
5
. An improved understanding of the chemical and
physical properties of these reactive intermediates will
lead to better methods for treating the toxicity of oxime
and oxime ether compounds as well as offer insights
into the development of new oxime drugs that are not
metabolized into harmful reactive intermediates.
In organic synthesis, the oximes are used as selective
reagents that can be reduced to form amines 1,7. Oximes
and oxime ethers are also used as protecting groups for
aldehydes and ketones and restoration of the carbonyl
group is often accomplished through oxidations 1,8,9.
This oxidation is typically accomplished using heavy
metal catalysts. Metal catalysts produce heavy metal
waste which in return is toxic for the environment.
Using photoinduced electron transfer (PET) to oxidize
oximes and oxime ethers offers the potential for greener
synthesis conditions that do not produce heavy metal
waste.
The de Lijser lab uses PET to oxidize oximes
and oxime ethers and form reactive intermediates
such as radical cations and iminoxyl radicals (Figure
4) 1,10. These experiments involve mixing the oxime/

Abstract
Recently, the de Lijser lab used photoinduced electron
transfer (PET) to prepare reactive radical cations and
iminoxyl radical intermediates from oxime derivatives
containing a built-in alkynyl group. They used nuclear
magnetic resonance (NMR) to monitor the reaction
mixture and look for evidence of intramolecular
cyclization. Their results suggest that once the iminoxyl
radical forms, the alkynyl group can act as a radical
trap causing intramolecular cyclization. Isolation of the
cyclized products has been difficult, preventing their
experimental characterization. In order to aid in the
identification of the cyclized products, we calculated
NMR chemical shifts for a series of possible products
using computational chemistry. Our results suggest that
five-membered heterocyclic exo products were formed
via intramolecular cyclization of the iminoxyl radical.
Introduction
Imines are compounds that contain a carbon-nitrogen
double bond with the general structure R1R2C=N-R3. The
structure of oximes is similar to that of imines because
it contains a carbon-nitrogen double bond. However,
in oximes, the nitrogen atom is also attached to an OR
group that gives the general structure R1R2C=N-OR3.
As shown in Figure 1, R1 represents an organic side
group while R2 is either another organic side group
for ketoximes or a hydrogen atom for aldoximes. As
summarized in Figure 2, R3 follows a similar concept as
R2; if R3 is an OH then the compound is an oxime while
if R3 is an alkyl group then the compound is an oxime
ether. 1
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oxime ether of interest with the photosensitizer,
9,10-dicyanoanthracene (DCA). As show in Figure 5,
electron transfer from the highest occupied molecular
orbital (HOMO) of the oxime/oxime ether to the lowest
unoccupied molecular orbital (LUMO) of DCA will not
occur for this mixture because the electron transfer is
significantly uphill in energy. Upon exposure to a 419
nm photon of ultraviolet light, an electron from the
HOMO of the DCA will become excited and jump to the
LUMO, leaving behind a hole in the HOMO. Because
the HOMO of the oxime/oxime ether is typically higher
in energy than the HOMO of DCA, the transfer of the
electron from the oxime/oxime ether to DCA is now
downhill in energy and therefore readily occurs. This
one-electron transfer from the oxime/oxime ether to
the DCA results in the oxime/oxime ether becoming a
radical cation. The proton on the OH group of the oxime
radical cation is very acidic and therefore is rapidly
deprotonated to form the iminoxyl radical. For oxime
ethers, the acidic hydrogen is replaced with an alkyl
group and therefore, the iminoxyl radical cannot form
because there is not an acidic enough proton to undergo
deprotonation. Proton nuclear magnetic resonance
1.
spectroscopy (1HNMR) is used to monitor the reaction
mixture after various periods of exposure to the
CH3
HO
OH
+
N
N
ultraviolet light.
OH
N
+
+
N
N
N
Previous studies in the de Lijser lab have illustrated
2.
CH3
the effects of different substituents of the oxime/
1. +
OH
N
oxime ethers on the products produced by PET. They
H3C
CH3 N
HO
OHfound that oximes with ketones reacted under PET
N
N
conditions to regenerate the parent ketone, whereas
HO1.N
N NH
+
+
N
N
aldehyde oximes were found to react to give both the
NH2
2.HO
OH corresponding aldehyde and nitrile products 1,9, 10.
S
3.
N
N
H3C
CH+3
+
Interestingly, oxime ethers containing an aryl group at
N
N
2.
the R2 position were found to undergo intramolecular
Figure
3. example
Three pharmaceuticals
example pharmaceuticals
Figure
3. Three
that
contain
oxime
groups:
HO N
N NH
cyclization under PET conditions 10. In contrast, the
that contain
oxime
groups:
Pralidoxime (1),
Pralidoxime
(1), Bidoxime
and
Butane,2-3,dionethiosemicarbazone
H(2),
CH3
3C
NH
2
corresponding oximes did not appear to cyclize. Because
(3)5.
S
3.
of these observations, de Lijser and coworkers concluded
HO N
N NH
that the intramolecular cyclization only occurs for
NH
Figure 3. Three example2 pharmaceuticals the radical cation and that the aryl group acts as a
3. contain oximeS groups: Pralidoxime (1),
that
nucleophile and attacks the nitrogen atom of the oxime
group 10.

Figure 3. Three example pharmaceuticals
that contain oxime groups: Pralidoxime (1),
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Inspired by the intramolecular cyclization
in the mechanism. The de Lijser lab proposed that upon
observed in the PET reactions of oxime ethers with aryl
formation of the iminoxyl radical by the deprotonation
substituents, the de Lijser lab turned to oxime and oxime of the oxime radical cation, the alkynyl group acts as a
ethers with alkynyl groups. For these experiments, the
radical trap producing intramolecular cyclization.
de Lijser lab first took an 1H NMR spectrum of the DCA
As shown in Figure 6, there are two general reaction
and oxime/oxime ether mixture prior to initializing the
pathways for the intramolecular cyclization: endoPET. They then exposed the mixture to 419 nm light
cyclization and exo-cyclization. As indicated in Figure 6,
1
and collected H NMR spectra as a monitoring tool
all of the cyclized products contain an alkenyl hydrogen.
to track changes to the reaction mixture. When the
The peak in the 1H NMR spectrum associated with this
reaction mixture contained oximes, they observed new
alkenyl hydrogen is the major peak of interest because
peaks appear in the 1H NMR spectra after the first hour
it is not found in the 1H NMR spectrum of the parent
of exposure to light and the intensity of these peaks
oxime and therefore provides a clear indication that
grew with further exposure to the light. These new
intramolecular cyclization has occurred. Moreover, this
peaks are indicative of intramolecular cyclization like
alkenyl hydrogen has very different neighboring groups
they first saw with the oxime ethers that contain an aryl
in the endo- and exo- products, resulting in distinct
group. However, oxime ethers containing an alkynyl
splitting patterns for the alkenyl hydrogen peak in the 1H
group did not exhibit any evidence of intramolecular
NMR spectrum.
cyclization. The fact that the oximes and not the oxime
Figure 7 displays the experimental 1H NMR spectra
ethers underwent intramolecular cyclization strongly
for Compound A after several different periods of
Figure 6. The oxime starting material can produce four possible products; endo products 1 and
suggests that the iminoxyl radical is the key4intermediate irradiation ranging from 0 hours (blue spectrum) to
2 and exo products 3 and 4. R denotes the organic side groups of compounds A, B, and C.
The alkenyl hydrogen that is produced after cyclization is highlighted in red.
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Figure 6. The oxime starting material can produce
four possible products; endo products 1 and 2 and exo products 3 and 4. R4 denotes the
2 and exo products 3 and 4. R4 denotes
the organic side groups of compounds A, B, and C.
organic side groups of compounds A, B, and C. The alkenyl hydrogen that is produced after cyclization is highlighted in red.

The alkenyl hydrogen that is produced after cyclization is highlighted in red.

4 hours (red spectrum). The peak associated with the
alkenyl hydrogen, which is boxed in yellow, is clearly a
doublet. This doublet splitting pattern is consistent with
the structures of the two exo-cyclized products as these
compounds have an allylic hydrogen that is adjacent to
the alkenyl hydrogen. The two endo-cyclized products,
shown on the left side of Figure 7, would produce a
singlet splitting pattern because the alkenyl hydrogen is
not adjacent to any other hydrogens. This singlet splitting
pattern for the alkenyl hydrogen is seen throughout
for all endo-cyclized products. For Compound B, the
exo-cyclized products would produce a triplet and for
Compound C a singlet would be produced. Analysis of
the 1H NMR spectra of compounds B and C indicates
that, as in Compound A, the exo-cyclized products
are formed. An attempt was made to isolate the

cyclized product but the products underwent thermal
degradation, preventing an experimental determination
of which exo- product was produced 10.
In this study, we use computational chemistry to aid
in the identification of the products of the intramolecular
cyclization of Compounds A-C. Figure 8 summarizes
the group of potential products that we considered in
the study. For each of these compounds, we calculated
the 1H NMR chemical shifts and in what follows, we will
compare the calculated values with experiment.
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Figure 8. All twelve potential cyclized products of Compounds A-C considered in this study.
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Method
Based on the scaling factors developed by Pierens,
we used the following procedure to calculate the 1H
NMR chemical shifts 12. Specifically, we used density
functional theory (DFT) with the B3LYP functional and
the 6-31+G(d,p) basis set to optimize the geometries
of the starting materials and potential products. We
then calculated the proton isotropic magnetic shielding
constants at the optimized geometries using DFT
with the GIAO method with a polarizable continuum
solvation model parametrized for acetonitrile. These
calculations employed the WP04 functional with the
aug-cc-pVDZ basis for compounds A and B and the
B3LYP functional with the 6-311+G(2d,p) basis for
compound C. We used a smaller basis for compound C
because of the convergence difficulties with the larger
basis; we verified with representative calculations of
compound A that both approaches provide comparable
1
H NMR chemical shifts. All electronic structure
calculations were performed with Gaussian 09W 13.
Figure 9 illustrates the procedure Pierens used to
develop the empirical scaling factors used to relate the
proton isotropic magnetic shielding constants with
the 1H NMR chemical shifts. Pierens selected a group
of 23 organic reference compounds and calculated
their proton isotropic magnetic shielding constants
using the procedure described above. He then plotted
the experimental 1H NMR chemical shifts versus the
calculated proton isotropic magnetic shielding constants.
As shown in Figure 9, the calculated and experimental
quantities are strongly correlated and linear regression
results in a best fit line with R2=0.99935. We used
Pierens’ best fit like to convert our calculated proton
isotropic magnetic shielding constants into 1H NMR
chemical shifts for both the starting material and the
potential products.

Figure
9.correlation
The correlation
proton
isotropic magnetic shie
Figure
9. The
betweenbetween
calculatedcalculated
proton isotropic
magnetic
experimental
chemical
shifts
determined
by
Pierens
for
shielding values and experimental chemical shifts determined by Pierens23 reference organi
for 23 reference organic molecules 12.

Results and Discussion
CH

CH3

3
of

In order to verify the validity
the procedure for
+ O
N
N
calculating 1H NMR chemical
shifts for the types of
CH3
systems considered in this study, the computed
chemical
shift of the two isoquinoline-N-oxide derivatives
H
H
shown in Figure 10 are compared to the experimental
1
H NMR. The isoquinoline-N-oxide derivatives were
Figure 10. in
The
endo-cyclized
abovetriflate
were synthesized using silver
synthesized
the
de Lijser lab products
using a silver
catalyst 9by the de Lijser lab. They serve as a control to validate the accuracy
synthesis . Importantly, these compounds
are possible
computational approach for calculating 1H NMR chemical shifts used in thi
endo-cyclized
products
compounds
B and
C. Thein Table 1.
hydrogen shown
is the for
alkenyl
hydrogen
of interest
experimental chemical shift of the alkenyl hydrogen
of the isoquinoline-N-oxide is 7.6 ppm while our
theoretical chemical shift shows that a peak would form
at 7.55 ppm. For compound C, the experimental 1H
NMR spectrum of the isoquinoline-N-oxide standard
has an alkenyl hydrogen peak at 7.9 ppm while our
calculated chemical shift is 7.78 ppm. In both cases,
the experimental and calculated chemical shifts for the
alkenyl hydrogen are within 0.12 ppm of each other.
These results serve as a control to demonstrate that our
approach is appropriate for the heterocyclic compounds
considered in this study.
The experimental 1H NMR spectra for compounds
A-C contain two key features which we attempted to
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Figure 9. The correlation between calculated proton isotropic magnetic shielding values and
experimental chemical shifts determined by Pierens for 23 reference organic molecules 12.
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compounds to confirm that they were not formed. As
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5-membered ring formed by the nitrogen atom bonding with one of the alkynyl carbon atoms has
a theoretical chemical shift for the alkenyl proton that is in significantly better agreement with
the experimental chemical shift than any of the other potential cyclized products.

Figure
11. Red arrows indicate the new alkenyl hydrogens present in the cyclized products.
Figure 11. Red arrows indicate the new alkenyl hydrogens present in the cyclized products. Purple arrows show the aromatic hydrogens that
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Compound A

Experimental
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Endo-6
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Exo-6
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Exo-5
(ppm)

Alkenyl
6.91
6.17
7.58
5.29
7.03
Hydrogen
Table 2. Comparison between experimental and calculated alkenyl hydrogen 1H NMR chemical
shifts of the potential cyclized products of Compound A.
In order to more completely identify the product of the PET reaction, we considered the
cis and trans isomers of the exo-cyclized products as showing in Figure 12. The cis isomer will
have the alkenyl hydrogen of interest facing toward the N-O group and the trans isomer will have
the hydrogen of interest facing away from the N-O group. Comparing isomers of the 6membered exo-cyclized product, we found that the cis isomer has a theoretical chemical shift of
825.11 ppm; the chemical shift for the trans
5.29 ppm for the alkenyl proton while the trans is

In order to more completely identify the product
of the PET reaction, we considered the cis and trans
isomers of the exo-cyclized products as showing in
Figure 12. The cis isomer will have the alkenyl hydrogen
of interest facing toward the N-O group and the
trans isomer will have the hydrogen of interest facing
away from the N-O group. Comparing isomers of the
6-membered exo-cyclized product, we found that the
cis isomer has a theoretical chemical shift of 5.29 ppm
for the alkenyl proton while the trans is 5.11 ppm; the
chemical shift for the trans isomer is more upfield. For
the cis and trans isomers of the 5-membered exo-

an

cyclized product, the alkenyl hydrogen has a calculated
chemical shift of 7.03 ppm and 6.50 ppm, respectively;
as before, the chemical shift for the trans isomer is more
upfield. The calculated chemical shift of the alkenyl
hydrogen in the cis isomer of the 5-membered exocyclized product is in much better agreement with
experiment than any of the other possible products,
which strongly suggests that this is the cyclized product
produced in the PET reaction. That the cis isomer
formed rather than the trans is likely due to there being
less steric hindrance if the isopropyl group is oriented
away from the oxygen atom.
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Figure 12. The four possible isomers of the two exo-cyclized
products of Compound A.

Figure 12. The four possible isomers of the two exo-cyclized products of Compound A.
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To further confirm that the exo-cyclized product
containing a 5-membered ring was produced in the PET
experiment, we looked at the aromatic hydrogens. In
the experiment, de Lijser and coworkers found that a
new multiplet formed at 7.72-7.75 ppm after irradiation
with light. Looking at Table 3, we calculated the parent
oxime aromatic protons to range from 7.21 ppm to 7.38
ppm, which is consistent with the experimental aromatic
region of 7.20-7.41 ppm. From there, we calculated
the aromatic protons for the 5-membered exo-cyclized
product in which we found that some protons remained

within the original region (indicated by the purple
arrows in Figure 11). However, one aromatic proton
shifted outside of this range to a higher chemical shift
of 7.56 ppm (indicated by the green arrow in Figure
11), which is within 0.175 ppm of the center of the
new multiplet observed in the experimental 1H NMR
spectrum. Our results are therefore consistent with
the experiment and this allows us to assign the new
multiplet at 7.72-7.75 ppm in the 1H NMR spectrum
to an aromatic proton that shifts downfield after the
intramolecular cyclization.

Figure 13. Red arrows indicate the new alkenyl hydrogens formed. Purple arrows show the aromatic hydrogens that remained in the same
region as 13.
the parent
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thatPurple
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of
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The
black
arrows
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hydrogens.
aromatic hydrogens that remained in the same region as the parent compound in Exo-5. The
green arrow indicates the aromatic hydrogen that moved downfield outside of the aromatic region
of Compound B. The black arrows indicate the allylic hydrogens.
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85 The 6-membered ring has a calculated
chemical shift of 2.20 ppm for the allylic protons while the 5-membered ring has a calculated
chemical shift of 2.64 ppm. As with the alkenyl and aromatic regions, the calculated allylic
chemical shift for the 5-membered ring is in significantly better agreement with experiment than
the 6-membered ring, further confirming our assignment.
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products, with a difference between the experimental and theoretical values of only 0.06 ppm.
Looking at the cis and trans isomers of the Exo-5 cyclized product, the cis isomer is again in
better agreement with experiment than the trans isomer, suggesting that steric hindrance is a key
factor in determining which isomer forms.
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Table 6. Comparison between experimental and calculated H NMR chemical shifts of the alkenyl hydrogen of the possible
cis-products of Compound C.

Compound Experimental
Endo-7
Endo-6
Exo-6
Exo-5
C
(ppm)
(ppm)
(ppm)
(ppm)
(ppm)
Alkenyl
8.01
7.16
7.78
6.39
8.07
Hydrogen
Table 6. Comparison between experimental and calculated 1H NMR chemical shifts of the
alkenyl hydrogen of the possible cis-products of86
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7.86-7.90 ppm as compared to 7.72 ppm. Collectively, these results strengthen our claim that the
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in the de Lijser lab’s PET experiments, more work needs to be done in order to fully understand

the mechanism underlying the intramolecular cyclization. Future work will involve calculating
the relative energies of the minima and transition states in an effort to understand why the 5membered exo-cyclized product is formed instead
87 of the 6-membered exo-cyclized product.
Additonal future work will involve working to understand why other oxime compounds
containing an alkynyl group did not react in the de Lijser lab PET experiments. Understanding
the effects of different substituents will provide further mechanistic insight.
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Abstract
The West Nile virus (WNV) is commonly spread to humans by infected mosquitoes and has spread globally to
various countries. WNV is dependent on the feeding cycle of infected mosquito carriers, which help in the spread
of the virus. Approximately 1% of WNV cases lead to a fatal neurological condition. Currently, there are no vaccines
or other therapeutic methods to treat WNV infections; only mosquito control is a viable method of lowering
WNV infections. The virus contains a (+)ssRNA and a viral envelope which allows for invasion of the host cell.
Encapsulated RNA is translated to produce three structural and seven non-structural peptides. Successful replication
in host cells depends on the modification of the viral polypeptide into active viral proteins, which are transported
out of the cell by exocytosis. The viral NS2B-NS3 protease is part of the genomic polyprotein involved in WNV
replication. The peptide complex contains a serine protease, nucleoside triphosphate, and helicase activity. Inhibiting
the protease activity of NS2B-NS3 protein would affect WNV infection. A small molecule inhibitor could prevent
the enzymatic activity, thereby ending WNV replication in host cells. Using organic synthesis, our research focused
on changing the peptoide side chain and the carboxylic acid side chain of a peptide/peptoide sequence. Potential
inhibitors were evaluated using a FRET assay for the NS2B-NS3 protease inhibition and a potential scaffold was
detected.
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Abstract
α-Helices are common secondary structural elements forming key parts of protein–protein interactions. These
protein-protein interactions (PPIs) are key drug targets due to their significance in regulating and deregulating
cellular signaling pathways. Targeting these interactions by creating inhibitors in that pathway have lead to small
molecular α-helical mimetic design. The challenges that arise with α-helical drug targeting include size, limited
residue mimicking, and creating an amphipathic molecule. The Orchard Group has designed a library of α-helical
compounds that vary in size and residue mimics to use as potential therapeutic treatment against viruses such as the
Human Papilloma Virus (HPV). By mimicking the viral binding protein E6AP that inhibits the tumor suppressor
protein P53, we hope to disrupt the viral cycle, thus promoting apoptosis of infected viral cells. Our library of
molecules has been composed through using the computational molecular docking aid Molsoft ICM Pro to predict
binding abilities and α-helical compounds. A synthesis of these compounds has been proposed and is currently being
pursued as well as continually increasing the library of compounds by computational docking.
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Abstract
Monoesters are commonly used to synthesize common compounds that we use in everyday life. Transesterification
allows for the synthesis of a desired monoester from another ester. One such transesterification reaction involves
dimethyl isophthalate (DMI), a diester, reacting with an alcohol in the presence of a base in order to yield a
monoester benzoic acid. However, these reactions can be further improved upon. This study focuses on optimizing
this one-step transesterification by varying a number of different reaction parameters in order to maximize product
yields. The reaction was executed with a number of different alcohols to yield a series of different monoester
products. Parameters that were adjusted in this study was reaction temperature, reaction time, and reactant molar
concentration.
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correspond to increases in terrestrially-derived elements
(Zr and TiO2). Therefore, it appears that increases in
productivity within the Phroso Siltstone were the result
of enhanced upwelling and nutrient input from the deep
sea. Overall, the results of this study show that anoxic
conditions persisted in the deep oceans long after the
Permian-Triassic mass extinction and periodically
impinged onto the continental margin. These harsh
waters led to a long, complex recovery wherever they
influenced local conditions, and strongly controlled
when recovery began.

Abstract
The Permian-Triassic mass extinction was the most
devastating mass extinction in Earth history, and
caused a catastrophic loss of marine and terrestrial life.
Recovery from the mass extinction was strongly tied
to the presence or absence of environmental stress,
including anoxia in the world’s oceans, which may have
been driven by large-scale changes in ocean chemistry,
or eutrophication as the result of denudation of the
continents and runoff of nutrients. In order to examine
the cause of anoxia in the oceans during the period,
38 samples were collected from the Lower Triassic
(Griesbachian-Dienerian) Phroso Siltstone (Sulphur
Mountain Formation, Western Canada Sedimentary
Basin), and analyzed for major, minor and trace
elements. Results indicate that the Phroso Siltstone was
primarily deposited under anoxic (V enrichment factor
(EF) values average 1.25±0.18) to euxinic conditions (Mo
EF values average 8.65±4.57). Productivity indicators
are more variable, with Ba, Ni and Zn indicative of
high primary productivity (average values of 1.49±1.39,
1.14±0.30, and 1.82±0.69, respectively), while Cu values
are depleted (EF of 0.25±1.33). Overall, it appears
that anoxic conditions were driven by high primary
productivity based on similar trends in the data, and in
particular, a prominent peak in V from about 15 - 28
meters that matches with similar peaks in Ba, Ni and Zn.
Algeo and Twitchett (2010) proposed that stripping of
the continents of vegetation as a result of the extinction
led to increased runoff and nutrient input to the oceans,
however, the periods of elevated productivity do not

Introduction
The Permian-Triassic mass extinction event occurred
about 252 million years ago, and represents the largest
biotic crisis in the Phanerozoic, during which ~90% of
marine invertebrate species died out (Erwin et al., 2002,
Algeo and Twitchett, 2010). Terrestrial ecosystems were
also devastated, resulting in major extinctions among
tetrapods (Retallack, 1995; Algeo and Twitchett, 2010),
while a shift from gymnosperm-dominated floras
to rapidly growing, early successional communities
dominated by lycopsids and ferns occurred within
terrestrial plant ecosystems (Looy et al., 2001; Algeo
and Twitchett, 2010). Many hypotheses have been
proposed as to the cause of the Permian-Triassic (P-T)
extinction event, and many have noted changes in the
ocean, including the development of widespread anoxia
(Isozaki, 1997).
Isozaki (1997) documented the establishment of
widespread oceanic anoxia in cherts from an accreted
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terrane in Japan. Cherts adjacent to the Permian-Triassic
Boundary Unit (PTBU), which stretches from the Late
Permian to the Middle Triassic are grey to black color
and contain framboidal pyrite (FeS2) while lacking
hematite (Fe2O3). The absence of hematite suggests the
former presence of deep,-anoxic waters in Panthalassa
that persisted from the Late Permian to the late Early
or Middle Triassic (Isozaki, 1997). Deep, anoxic waters
likely flooded onto the continental shelves, including,
for example, the western margin of Pangea, where loss of
benthic biota and a decline in bioturbation, along with
the widespread deposition of black to dark grey, pyritic,
thin-bedded shale and siltstone within the Sulphur
Mountain Formation and Montney formation are
interpreted to be indicative of deposition under suboxic
or anoxic conditions (Gibson, 1969, 1974; Gibson and
Barclay, 1989; Henderson, 1997; Schoepfer et al., 2013).
According to Schoepfer et al. (2013), trace element data
from the Sulphur Mountain Formation indicates high
productivity across the Permian-Triassic Boundary
along with the development of anoxic conditions
(Schoepfer et al., 2013). High productivity may have
further exacerbated anoxic conditions on the continental
shelves as the result of an increase in sediment fluxes
to marine depositional systems, which are proposed to
have increased roughly 700% due to denudation of the
continents as a result of the mass extinction, along with
the deposition of large volumes of clay-rich sediments
(Algeo and Twitchett, 2010).

Figure 1. Paleogeography of the Western Canada Sedimentary Basin
during the Early Triassic. The Opal Creek locality is within the central
part of the Spray River Basin. Modified from Davies et al. (1997).

Geologic Background
The Sulphur Mountain Formation of the southern
portion of the Western Canada Sedimentary Basin
(WCSB) is comprised of black to dark grey, pyritic,
thin-bedded shale and siltstone (Gibson, 1993). The
Phroso Siltstone Member of the Sulphur Mountain
Formation was deposited from the uppermost Permian
to the middle Early Triassic (Dienerian; Henderson,
1997) (Figure 2) in depositional settings ranging from
shoreface to offshore. (Wignall and Newton, 2003,
Schoepfer et al., 2013). The Opal Creek locality is located
within the Peace River sub basin of the WCSB (Figure

Figure 2. Chronostratigraphy of the Western Canada Sedimentary
Basin.The Phroso Siltstone Member of the Sulphur Mountain Formation
is shown as Griesbachian – Dienerian in age, although the base of the
unit was deposited in the uppermost Permian (Henderson, 1997).

1), and sediments there were deposited in depositional
environments ranging from offshore to lower shoreface,
and therefore provide a means to examine changes in
ocean chemistry following the Permian – Triassic mass
extinction.
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Cu EF’s are typically <1, however multiple, large
peaks push the overall average value of Cu > 1. Cu EF
values average 1.54±1.39 with significant spikes of 1.49
at 0.4 m, 1.39 at 13 m, 1.54 at 26.5 m, and 1.54 at 32.5 m
(Figure 4).
Ni EF’s are enriched overall, with an average value
of 1.14±0.30, and contains five significant peaks of 1.59,
1.81, 1.61, 1.84, and 1.63 at 0.4 m, 6 m, 9 m, 21.7 m, and
25 m. Ni EF’s also demonstrate a prominent increasing
trend from 0.83 – 1.84 from 16 m – 21.7 m and a
prominent decreasing trend from 1.63 – 0.70 from 25
m – 28 m. Values increase from 0.79 – 0.96 from 29.5 m
– 32.5 m and then decrease from 1.15 – 0.85 from 36.5 m
to the top of the section (41.0 m) (Figure 5).
Zn EF values are enriched across the section (average
values 1.82±0.69) with one elevated peak that reaches
4.09 at 21.7 m; there is a prominent increasing EF trend
from 0.83-1.84 from 16 m – 21.7 m and a prominent
decreasing EF trend from 2.74 – 1.08 from 28 m – 29.5
m. Overall, values never drop below an EF of 1 (Figure
6).
V EF’s shows an average value of 1.25±0.18 with
a significant peak value of 1.74 at 21.7 m; there is a
prominent increasing EF trend from 1.26-1.74 from 16
m - 21.7 m and a prominent decreasing trend from 1.27
– 0.29 from 36.5 m – 39.5 m (Figure 7) .
Mo EF values are much higher than for other studied
elements, with an average value of 8.65±4.57. Five
significant peaks of 18.72, 17.29, 21.89, 16.81, 14.46
occur at 0.8 m, 6 m, 9 m, 21.7 m, and 25 m. There is a
prominent increasing trend in Mo EF’s from 3.13-18.72
from 0.1 m – 0.8 m. Overall, values never drop below an
EF of 1 (Figure 8).
TiO2% and Zr average 0.61±0.12% and 179.7±40.8,
respectively. Values for both undergo a decrease from
16 to 21.7 m (0.63 to 0.20% for TiO2 and 151.3 to 57.6
ppm for Zr), followed by an increase from 21.7 to 26.5m
(0.20% to 0.72% for TiO2 and 57.6 to 220.4 ppm for Zr)
(Figures 9-10).

Methodology
Thirty-eight samples were collected from the Phroso
Siltstone at the Opal Creek locality in southeastern
Alberta, Canada. These samples were powdered using a
ball mill upon return to CSU Fullerton, and underwent
microwave digestion using the method of Zeigler and
Murray (2007) in order to measure major, minor, and
trace elements. The method is as follows: an estimated
50 mg of powdered sample is put into a Teflon liner
along with a mixture of 6 mL of HNO3, 2 mL of HCl,
and 2 mL of HF is added. The liners are placed into
reaction vessels that are sealed and placed into an Anton
Paar Multiwave 3000 microwave digestion system.
Temperatures are increased to 160°C over 12 minutes,
followed by an increase to 210°C for 8 minutes, and then
held constant at 210°C for approximately 30 minutes.
The vessels are then vented for 30 minutes and cooled
until it reaches a temperature under 50°C. The vessels are
opened and 1.0 mL of 30% hydrogen peroxide (H2O2)
and 10 mL of 5% boric acid (H3BO4) are immediately
added to the vessel. The vessels are resealed and placed
back into the microwave to prepare for a second and
final digestion. The samples are heated over 8 minutes
to a temperature of 160°C and held at a 160o°C for
approximately 7 minutes. The vessels are cooled for 30
minutes to a temperature below 50°C before opening
the reaction vessels. The samples are decanted to falcon
tubes and diluted to a volume of about 50 mL with
ultrapure water. Major, minor and trace elements are
determined from the samples using a Perkin – Elmer
Optima 7300 DV ICP-OES housed in the Department of
Geological Sciences.
Results
Ba EF values average 1.49±1.39 across the section.
The Ba values are less than 1 in the lower 7.5 m of the
section, followed by several spikes between 7.5 m and
28 m, including peaks at 2.5, 4.0, 9.75, 19, and 21.7 m
of 5.92, 1.82, 3.28, 2.11, and 6.29, respectively. Values
are depleted (<1) from 23.5 m to the top of the section
(Figure 3).
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data from the same locality by Schoepfer et al. (2013),
that suggest low productivity, and dysoxic oxygenation
levels (but not anoxic) following the mass extinction.
Schoepfer et al. (2013), however, compare their data
to that from the Late Permian when productivity was
several times higher along the coast (Beauchamp and
Baud, 2002), which distorts the overall importance of the
data, which still demonstrate enrichment with regards
to productivity proxies, and are indicative of enhanced
productivity, albeit less than that of the Permian.

Discussion
The Phroso Siltstone was primarily deposited under
anoxic conditions, as suggested by V enrichment factor
(EF) values that average 1.25±0.18. Vanadium EF’s
demonstrate a prominent increasing trend from 1.261.74 from 16 m - 21.7 m and a prominent decreasing
trend from 1.27 – 0.29 from 36.5 m – 39.5 m. This EF
trend is indicative of decreasing oxygenation from
the base of the section to 21.7 m, followed by an
improvement of benthic oxygenation. Euxinic conditions
are reflected by enriched levels of Mo (EF values average
8.65±4.57) and the Mo EF results shows a similar
increasing and decreasing trend.
Productivity indicators are more variable, with
Ba, Ni, and Zn indicative of high primary productivity
(average values of 1.49±1.39, 1.14±0.30, 1.82±0.69
respectively), while Cu values are more depleted.
Enriched levels of Ba, Cu, Ni, and Zn indicate high
primary productivity that was likely driving the anoxic
conditions reflected in the V and Mo data. Large
fluctuations in Cu values are likely due to diagenetic pore
waters that redistributed Cu (Tribovillard et al., 2006).
TiO2% and Zr average 0.61±0.12% and 179.7±40.8,
respectively, and are an indicator of the amount of
runoff into the basin. Overall, TiO2% and Zr show no
correlation with any of the productivity or oxygenation
proxies, and appear to show inverse trends to the other
proxies (e.g., the prominent peak at 21.7m in all of the
productivity and oxygenation proxies is a prominent
valley with regards to TiO2% and Zr data). Therefore, it
appears that nutrient input that would have driven high
productivity was not from terrestrial runoff (as proposed
by Algeo and Twitchett, 2010), but was instead due to
enhanced upwelling and nutrient input from the deep
sea.
Anoxic conditions were therefore driven by high
primary productivity based on similar trends in the data,
and in particular, a prominent peak in V from about 1528 meters that matches with similar peaks in Ba, Ni, and
Zn, suggesting that anoxic conditions are being driven by
high primary productivity. This data is in contrast with

Conclusions
Algeo and Twitchett (2010) proposed that stripping of
the continents of vegetation as a result of the extinction
led to increased runoff and nutrient input to the
oceans, however, periods of elevated productivity at
Opal Creek do not correspond to increases in detritalderived elements (Zr and TiO2), and argue against this
hypothesis. The appearance of increased productivity
within the Phroso Siltstone was therefore the result
of enhanced upwelling and nutrient input from the
deep sea, perhaps during a rise in sea level that also
led to a drop in detrital input. The results of this study
demonstrate that anoxic conditions persisted in the deep
oceans long after the Permian-Triassic mass extinction
and periodically impinged onto the continental
margin. The appearance of harsh waters into shallower
environments led to a long, complex recovery wherever
they appeared.
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Figure 9. Phroso Siltstone Cumulative Thickness vs. TiO2% Graph
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Are Southern California Salt Marshes Keeping Pace with Sea Level Rise?: An
Investigation of Salt Marsh Sedimentation in Upper Newport Bay, CA, USA
Dane Anthony Van Orman
Advisor: Dr. Joseph Carlin

Department of Geological Sciences, California State University, Fullerton

Abstract
Salt marshes are one of Earth’s most valuable ecosystems,
as they protect against storms, trap sediments and
nutrients, and export carbon. Presently however, salt
marshes are threatened by sea level rise due to climate
change, and human activities in the watershed. Human
activities such as urbanization within the watershed can
alter sediment fluxes to the marsh, and prevent marsh
habitats from migrating landward with RSRL. In this
study, we sought to assess salt marsh vulnerability in

to characterize the sediment, and measure decadal
sedimentation rates using short-lived radioisotopes.
Each core was subsampled in 1 cm intervals. To
determine the mineralogical sediment texture, samples
were pre-treated to remove all sedimentary organic
material, and then the samples were analyzed via laser
diffraction to determine grain size distributions. To
measure decadal sedimentation rates, we used 210Pb
and 137Cs as independent sedimentary chronometers.
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Figure 1. Map showing core locations in Upper Newport Bay. Blue
dots indicate salt marsh cores discussed in this study. Yellow dots
indicate sampling locations for adjacent mudflat habitats as part of a
complimentary study.

Upper Newport Bay (UNB) to relative sea level rise
(RSLR).
We collected three, short (~30 cm) sediment cores
from throughout UNB (locations shown in Figure 1)

reaches of the bay, th
Figure 2. Radioisotope results from the Salt Marsh 2 (SM2) core.
Natural log of 210Pb activity versus depth. Sediment Accumulation Rate
(SAR) was determined from the slope of the regression line.
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Lead-210 has a ~ 22 year half-life, and we determined
sediment accumulation rates using the Constant Initial
Concentration model. Ceasium-137 is an isotope that
is not naturally produced, but was introduced into the
environment following nuclear weapons testing in 1953.
Thus the maximum depth of 137Cs penetration is a time
stamp for 1953, and the average accumulation rate since
this time can be estimated.
The results showed that at site 1 (SM1) in the
upper reaches of the bay, the sediment was dominantly
muddy, although did exhibit a ~10 cm sandy-gravel layer
mid-core, and an accumulation rate of 3.1 mm/yr. Site
2 (SM2), proximal to the San Diego Creek mouth, was
consistently muddy throughout, with an accumulation
rate of 8.0 mm/yr. Site 3 (SM3), in the lower reaches
near the bay mouth, was a mix of mud and sand with an
accumulation rate of 3.4 mm/yr. Overall, these results
show that sedimentation rates are highest at SM2 located
downstream of the primary sediment source, with rates
at SM1 and SM3 similar to one another. Interestingly, all
three sites demonstrated rates higher than RSLR (~2.2
mm/yr), indicating sedimentation is outpacing RSRL.
Further, we observed three types of accumulation.
First, constant accumulation in SM2 greatly exceeds
RLSR, due to its proximity to San Diego Creek. Second,

hree types of
accumulation
R, due to its
the

the timing of the sandy-gravel layer within SM1 is
believed to be associated with massive winter flooding
events in 1969, highlighting the impact to the marsh
from high-energy events. Without this added sediment,
sedimentation at SM1 might not have kept pace with
RSLR. Third, SM3 exhibited an erosional contact,
indicating that high sedimentation rates were buffered
by periods of prolonged erosion (late 1960s -2000s)
resulting in overall sedimentation rates only slightly
higher than SLR.
These three types of accumulation translate
into two local sea level change environments, stable
and prograding. SM1 and SM3 both exhibit a stable
environment where sediment accumulation rate and SLR
are relatively similar resulting in no net change of sea
level, thus in these areas habitats are building vertically
as sea level rises. SM2, however, exhibits a prograding
environment where sediment is accumulating much
quicker than SLR causing the net sea level to decrease.
This may allow the salt marsh habitats at this location
to migrate seaward even as there is a net increase in sea
level in the region.
Ultimately this study has shown that UNB salt
marshes have been keeping pace with RSRL over the
past several decades, but those areas distal from the
primary depocenter are subject to greater variability in
sedimentary processes that may have negative impacts
due to future climate change, increases in RSRL, and
continued changes to sediment fluxes due to human
activities in the watershed.

marsh from

M1 might not
SM3
, indicating

Figure
Conceptual
model
of sediment
accumulation
types
Figure 3:
3. Conceptual
model
of sediment
accumulation
types observed
during this study. Type 1 accumulation shows constant accumulation
at a rate that greatly exceeds relative sea level rise. Type 2 depicts
relatively slow accumulation that is supplement. Type 3 illustrates rapid
accumulation buffeted by erosion.
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Playing in the Sand: The AR Sandbox as an Interactive Topographic Lesson
Danielle Jackson
Advisor: Dr. Natalie Bursztyn
Department of Geological Sciences, California State University, Fullerton

Abstract
The daily use of technology has become the norm in modern society. The simplicity of cellular phones and GPS
navigation systems in our digital age has resulted in a new challenge for educators teaching topographic maps.
Visualizing landforms from a 2-dimensional map and understanding the basic concept of contour intervals has
become increasingly troublesome for many students new to the geosciences. Research has shown that undergraduate
students have significant difficulties understanding how to interpret information presented on topographic maps. In
the last several years, as virtual reality (VR) and augmented reality (AR) technologies have become more accessible to
classrooms, researchers are seeing an improvement in student learning through their use. AR used in various STEM
fields has improved teacher and student collaboration, and has been especially useful in facilitating the learning of
three dimensional forms.
In the last couple of years, AR sandboxes have been popping up across the nation in museums, universities,
and schools. This project will assess the educational effectiveness of the AR sandbox by directly comparing it with
a traditional topographic map lesson. Based on the educational successes of AR, and the growing popularity of the
AR sandbox, we suggest that this cutting edge tool will result in improved student understanding of topographic
maps and can easily be integrated with already existing geology 101 labs. We are adapting an introductory paper
topographic map lab from a geology 101 class to include the AR sandbox while maintaining the same questions and
exercises. After students complete the traditional paper and AR-adapted labs, we will qualitatively assess student
perception of the experiences. Students typically look at a paper map and have trouble visualizing the landforms,
therefore for them to be able to view and manipulate the map in three dimensions (by playing in the sand) is
interactive, engaging and exciting.
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Recent Sedimentation Along Intertidal Mudflats Within an Urban Estuary
Dulce Cortez
Advisor: Dr. Joseph Carlin
Department of Geological Sciences, California State University, Fullerton

Abstract
In southern California, many of the historic estuarine
habitats have been lost to urbanization. Those that
remain are often bound by development that prevents
these habitats from migrating landward with relative sea
level rise (RSLR). In these systems therefore, it is critical
that habitats maintain elevation relative to RSLR, and
sediment accumulation will be critical to this process.
This project investigated recent sedimentation along
mudflats in Upper Newport Bay, an estuary located
in Orange County, CA, in order to better understand
seasonal sediment deposition, and long-term sediment
accumulation. The goal of this project was to assess the
bay's vulnerability to future RSLR. To accomplish this
goal, we collected sediment cores from three mudflats
located throughout the bay in both June and October
of 2016. The sediment was analyzed for grain size, total
organic matter, and short-lived radioisotopes. The
results showed the deepest penetration (~7 cm) of 7Be
in June was observed at the primary channel site. In
October at this site however, 7Be was only detected at the
surface, and with overall lower activities. At the sites, 7Be
penetration was comparable between seasons, although
activities were lower. This 7Be data suggest centimeterscale deposition over the 2015-2016 winter and spring in
the upper reaches of the bay, but in summer 2016 these
sites experienced no-deposition or up to 6 cm of erosion
at one site. These results demonstrate that deposition
only occurred during the winter (wet-season), and where
winter deposition was the highest, those deposits were
nearly completely reworked and redistributed during
the summer (dry-season). In spite of this seasonal
deposition/erosion cycles in the upper reaches of the bay,

long-term accumulation rates ranged from ~3 mm/yr to
> 5 mm/yr. These rates are greater than recent estimates
of relative RSLR for Newport Bay. From this project we
conclude that sedimentation throughout the estuary is
dynamic on short time scales, but over time appears to
be out-pacing relative RSLR.
1.0 INTRODUCTION
Estuaries, located between the ocean and land, are
valuable coastal environments because they provide
storm protection, sediment and nutrient filtering,
biomass export and habitat for living organisms (Kirwan
and Temmerman, 2009). While valuable, they are also
among earth’s most vulnerable ecosystems. Salt marshes,
a specific subset of estuaries, are particularly vulnerable
because of sea level rise, human activities, and other
processes that impact habitat or overall functioning
(Larson, 2001). Human activities can alter the sediment
supplied to the marshes (Trimble, 2003), or lead to
marsh disappearance all together (Larson, 2001). The
largest threat however, may be SLR, which may amplify
the impacts from humans (Hartig, 2002).
Today, salt marshes are under great threat due to the
recent increases in global sea level rise, which was slow
during the late Holocene, but has been increasing since
the late 18th or 19th century (Kirwan and Temmerman,
2009). As relative sea level rise (RSLR) increases in the
marsh, areas of the marsh may experience erosion or
deposition; from this, marshes must maintain their
elevation relative to RSLR. A low rate of sea level rise
reduces the water depth above the tidal flat as sediment
is deposited, increasing wave dissipation; but a high rate
of sea level rise leads to deeper water above the tidal
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flat and therefore higher waves that erode the marsh
boundary (Martiotti and Fagherazzi, 2010). Thus, when
RSLR is slow, mudflats can keep pace and dissipate wave
energy thereby minimizing erosion. When RSLR is fast
they cannot keep pace, the marsh floods, which increases
open water areas leading to increased wave energy,
leading to more erosion and the cycle continues.
Historically, salt marsh – tidal flat systems are
the dominant estuary type in southern California
(Grossinger et al., 2011), but with only 10 – 20 % of the
coast being suitable for marsh development (Frey and
Basan, 1978), coupled with pressures from urbanization,
southern California marsh ecosystems are increasingly
vulnerable to RSLR. In Upper Newport Bay, RSLR
has averaged 2.22 mm/yr since 1955 (NOAA, 2013),
and anthropogenic CO2 emissions could result in a
rise of 1m above present sea level at certain localities
(Hartig, 2002). As habitats in the bay are prevented from
migrating landward with RSRL due to development, the

into the early 1970s. After this time however, the
channel system expanded, channels have eroded,
growing in capacity, and more of the sediment has been
conveyed downstream and into Upper Newport Bay
(Trimble, 2003). It has therefore been in this period
following the 1970s, where upland sediment storage
has been reduced, and channel erosion has supplied
much of the sediment transported to the bay. With
these increases to sediment supply to the bay however,
it remains to be determined if this will be enough to
counter recent increases in RSLR, and future RSLR
predictions.
This project proposes to measure sedimentation in
Upper Newport Bay to quantify both seasonal trends in
sediment delivery, and long-term sediment accumulation
rates. To accomplish this, we will characterize the
sediment texture and composition, and measure shortlived radioisotopes (7Be, 210Pb, and 137Cs) in sediment
cores to determine seasonal and decadal sedimentation

Figure 1. Maps of habitat changes in Upper Newport Bay resulting from sea level rise. The current habitat distributions
are shown on the left. Habitat change in 100 years with 90 cm of sea-level rise and low sedimentation rate are shown in the
middle, while the right panel also depicts habitats in 100 years with 90 cm of sea-level rise, but with high sedimentation rate.

fate of these ecosystems may ultimately be dependent on
building up in elevation through sediment accumulation
(Figure 1).
Overall, there have been increases in sediment
supplied to the bay in recent decades. Sediment
accretion throughout many upland areas was substantial

rates. Our focus specifically will be on mudflats habitats
in the bay as these would be the first critical environment
flooded with increase in RSLR. The goal of this project
is to determine better understand sedimentation in
mudflat habitats throughout the bay on short and longterm scales, in an effort to improve management of the
system in the face of RSLR and future climate change.
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2.0 BACKGROUND
An estuary is a partly enclosed coastal body of brackish
water; it usually has one or more sources of freshwater
flowing into it, and a free connection to the sea.
Estuaries typically form in a triangular or elongated
shape due to their original topography, as they are
often the result from the submergence of river valleys
(Stevenson and Emery 1958). Overall, estuaries occupy
a transition from freshwater environments to maritime
environments. The mixing of fresh and salt water in
these systems results in estuarine circulation, where tides
and waves result in the net landward flow of saltwater,
and fluvial influences result in a net seaward flow of
freshwater (Postma, 1967).
The mixture of salt water and fresh water create
a high nutrient environment not only in the water
column, but also in the sediments, making estuaries
among the most productive natural habitats in the world
(Mclusky and Elliot, 2004). In addition to being highly
productive habitats, estuaries are also effective traps
for sediments. As a result of the estuarine circulation,
marine processes transport sediment landward into the
estuary, while rivers transport sediment seaward into the
estuary (Postma, 1967). This transport regime results
in distinct sedimentary facies distributions along the
estuary, where coarser sediment is deposited at both the
freshwater and marine end members where energies are
higher, and fine-grained sediment collects in the middle
of the estuary (Dalrymple, et al., 1992). Within an
estuary, there may be other sedimentary features as well
including deltas and tidal flats. A delta may form in the
upper reaches of the estuary proximal to the freshwater
inflow from the river-derived sediment. Tidal flats form
along the sides of the basin, and small channels, as
sediment accumulates as the result of tidal processes.
In southern California, salt marshes and tidal flat
systems are the dominant estuary type for the region. A
typical example would be Upper Newport Bay, located in
Orange County (Figure 2). Upper Newport Bay is part
of the Newport Bay system, which formed in the middle
of the Pleistocene Epoch when the seal level was more

than 30 m lower than today, and a paleo-river system
would have carved into the landscape (Stevenson and
Emery 1958). Upper Newport Bay extends landward
from the coast in a trough bordered by the bluffs to
30 m high, and is considered to be one of the primary
estuarine wildlife habitats in southern California
(Trimble, 2003). Freshwater inflow to the bay is provided
presently by San Diego Creek, which drains about 320
km2 watershed extending to the Sana Ana Mountains.

Figure 2. Map of Upper Newport Bay with its watershed. The location of
the bay is outlined in yellow, while the watershed boundaries are shown
in blue.

With increasing urbanization in the 20th century,
storm runoff and channel erosion increased rapidly so
that Newport Bay began to fill with sediment (Trimble,
2003). As a result, there has been considerable effort
in the past to control sedimentation in the bay. For
example, it has been dredged multiple times, which helps
clean the bed by removing mud, weeds, and rubbish.
Although dredging helps clean the bay, dredging
and filling used for port and marina development
are also examples of activities that have contributed
to the dramatic loss of California’s wetlands (Larson,
2001). While excess sediment conveyed to the bay has
problematic to the point of requiring dredging in the
bay, channel erosion has been a significant source of that
sediment (Trimble, 2003). In the most recent decades
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Figure 3. Map of Upper Newport Bay and sampling sites. Sampling sites are represented by yellow points.

however, more channels have been stabilized, with the
lasting impacts of these practices on sediment supply to
the bay yet to be fully realized.

development in the City of Newport Beach. This was
selected to represent the marine end member to the
system.

3.0 METHODS

3.2 Core Collection and Subsampling
In June 2016, we collected short (< 20 cm) sediment
cores from all three sites using ~ 10 cm diameter PVC
pipe that was pushed into the sediment by hand. All
three sites were re-occupied in October 2016 to collected
longer cores (~30 cm in length) using ~ 9 cm diameter
acrylic pipes pushed directly into the sediment. During
both collection periods, the cores were transport intact
and upright to California State University, Fullerton,
and stored in the Department of Geological Sciences
Cold Storage Facility until analyzed. For MF1, the
exact site could not reoccupied in October due it being
inaccessible by foot. The alternative site (MF1B) was
located <150 m from the MF1 site.
For analyses, the cores were extruded
vertically, and subsampled at 1 cm intervals within

3.1 Sampling Design
Cores were collected from three locations throughout
the bay (Figure 3). Mudflat Site 1 (MF1) was located
in the upper reaches of the bay, downstream of the
Delhi Channel. Located in the northwestern section
of the bay, this stream represents the second largest
source of freshwater to the bay (Masters and Inman,
2000). Mudflat Site 2 (MF2) was located proximal to
the San Diego Creek, the bay’s primary freshwater and
sediment source (Masters and Inman, 2000), located
in the northeastern portion of the upper reaches
of the bay. Mudflat Site 3 (MF3) was located in the
lower reaches of the bay, upstream of the dense urban
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2 weeks following collection. The 1 cm intervals
were split for different sediment analyses; ~ 1 g
(wet) was put into test tube to be used for grain size
analyses, ~ 5 g (wet) was placed in small pre-weighed
aluminum dishes to determine water content, and to use
for Loss-on-ignition (LOI) analyses, and the remaining
sediment was placed in large aluminum dishes for
the radioisotope analyses. The water content of each
interval was determined gravimetrically by drying the
sediment overnight in a 70°C oven, and measuring the
difference in weight after drying. These results were used
to determine sediment dry bulk density for use in other
analyses, and are not specifically reported herein.
3.3 Sediment Analyses
3.3.1 Grain Size Analysis
Grain size distributions for each sample interval
were determined. Prior to analysis, each sample was pretreated with 30 - 90 ml of 30 % H2O2 to remove organic
matter, 10 ml 1 M HCL to remove carbonates, and 10
mL 1 M NaOH to remove biogenic silica. Following
the sample pre-treatments the grain size distribution of
each sample was determined via laser diffraction using
a Malvern Mastersizer 2000. Instrument quality control
was assessed every tenth sample using a 1-16 μm tuff
standard. Grain size data were binned in the software
to report the percentage of sand, silt, and clay of every
sample.
3.3.2 Total Organic Matter
The percent total organic matter (%TOM) was
determined for every sample interval by loss-on-ignition
(LOI) analysis. The dry sediment used to determine
water content (~ 1 g dry) was placed into pre-weighed
crucibles, weighed, and heated in a muffle furnace at
550° C for 2 hours. After the crucibles cooled, the sample
and crucible were re-weighed, with the weight difference
used to determine %TOM. The sample and crucibles
were returned to the furnace, and heated at 950° C for 2
hours to measure the percent Total Carbonate, although
these results will not be reported herein.

3.3.3 Short-lived Radioisotope Geochronology
Sediment from each 1 cm interval were dried
in a 70°C oven overnight, ground to consistent fine
powder, packed into petri dishes, and sealed with wax
for the radioisotope analysis. Each sediment sample
was counted for at least 24 hours on a High-Purity
Broad Energy Germanium Gamma Detector (BE3825,
Canberra Industries Inc.) with a multi-channel analyzer
(DSA-LX, Canberra Industries Inc.). The following
radioisotope activities were measured for each sample
from their corresponding energy peak(s): 210Pb (46.5
keV), 226Ra (from 214Pb at 295 keV and 351.9 keV; and
214
Bi at 609 keV), 7Be (477 keV), and 137Cs (661 keV).
Specific activities were determined from a calibration
curve derived from a 1 μCi, 9-istope standard in a soil
matrix with the same geometry as the sediment samples.
Seasonal sedimentation was determined from
down-core measurements of 7Be. Beryllium-7, with a
53-day half-life, forms naturally within the atmosphere
from cosmic ray spallation, and is deposited directly
to surface of the mudflats, to estuarine surface waters,
and to surface soils in the watershed via wet or dry
deposition. If a system has a high drainage-basin to
estuarine surface area ratio, then the 7Be supplied from
rivers becomes increasingly more important (Baskaran
et al., 1997), and 7Be can be used as a tracer for recent
fluvial deposition (Sommerfield et al., 1999). The
samples were immediately measured within 1 month
of collection, starting at the surface of each core, and
ending when 2 consecutive intervals contained no 7Be
activity. Seasonal erosion/deposition at each site was
determined by comparing the results between the cores
collected in June and October following the methods of
Canuel et al. (1990).
Decadal-scale sedimentation rates were determined
from 210Pb and 137Cs. Lead-210 is a naturally occurring
radioisotope with a half-life of 22.23 years and is
produced in the environment from the decay of
226
Ra. it is deposited on the marsh surface via wet or
dry deposition from the atmosphere (Swarzenski,
2014). Cesium-137 can be used as an independent
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geochronometer of 210Pb, it is not a naturally occurring
isotope, and was introduced in the 1950s because of
nuclear weapons testing (Krishnaswamy et al., 1971).
For the 210Pb geochronology, the samples were
counted/recounted after being sealed and incubated
for at least 20 days prior to analysis to ensure secular
equilibrium between 226Ra and the measured daughter
isotopes (214Pb and 214Bi). Total 210Pb (210Pbtot) was
determined from the 210Pb peak at 46.5 keV, supported
210
Pb (210Pbsup) was determined by averaging the
activities of the measured 226Ra daughters, and excess
210
Pb (210Pbxs) was determined from: [210Pbxs] =
210
[ Pbtot] – [210Pbsup]. Long-term averaged 210Pbderrived sedimentation rates were calculated using the
constant initial concentration (CIC) model (Shukla and
Joshi, 1989) from a plot of the natural log of 210Pbxs
versus core depth (in cm), where the slope of a linear
regression line (r) is related to the sedimentation rate
by the following equation: r = -λ/s, where s λ is the 210Pb
decay constant (0.03118 yr-1) and s is the sedimentation
rate (cm/yr).

Figure 5. Plot of percent total organic matter for all three sites from June.
Mudflat 1 is represented by blue diamonds, Mudflat 2 by green circles,
and Mudflat 3 by pink triangles.

4.0 RESULTS
4.1 Mudflat Site 1 (MF1)

Figure 4. Total percent sand as determined in the June cores for each site.
Mudflat 1 is represented by blue diamonds, Mudflat 2 by green circles,
and Mudflat 3 by pink triangles.

4.1.1 Sediment Characteristics
Grain size was measured in both the June and
October cores, but we will use the data from June to
characterize the environment (blue diamonds in Figure
4). The MF1 site overall, was dominantly muddy (< 20
% sand). Overall however, most of the core consisted of
< 10 % sand, although there was a spike in sand (~ 20 %)
observed at a depth of ~ 6 cm in the core.
The %TOM was also measured at both time periods,
but here we will also only focus on the data from June
(blue diamonds in Figure 5). The MF1 site overall, had
relatively high %TOM (10 - 25 %), although there were
some noticeable fluctuations. At the base of the core we
observed the highest %TOM (~25 %), this decreased to
< 12 % at a depth of about 6 cm in the core. Above 6 cm,
%TOM increases to ~ 15% at 4 cm, before decreasing to
~10% at the surface.
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Figure 6. Plots of 7Be activity down core for June (left) and October (right) for A. The depth of penetration in A
represents seasonal deposition, while the grey circles in B are June activities decay corrected to October sampling time,
and the blue circles are measured activities in October.

Figure 7. 210Pb data from Mudflat site 1 from June. A. Down core activity of 210Pb, and B. Natural log of 210Pb activity
versus depth. Sediment accumulation rate (SAR) was determined from the slope of the regression line. Grey shaded
regions in both plots represent the seasonal deposition layer determined from the 7Be data.
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4.1.2 Radioisotopes
In June, 7Be activity was detected down at the depth
of 3 cm in the core, with the highest activity (> 1 dpm/g)
measured at the surface. In October, 7Be activity was
also detected down at the depth of 3 cm in the core, with
the highest activity at surface, but the activity was lower
compared to the June activity (~0.2 dpm/g) (Figure 6).
The 210Pb and 137Cs activities were measured in both
the June and October cores at the MF1 site. We will only
focus on the 210Pb data from June to characterize longterm accumulation at this site (Figure 7). The results
showed that below the 7Be layer (upper 3 cm), excess
210
Pb activities decreased exponentially with depth.
From this data we estimated a sedimentation rate of 3.5
mm/yr from, where from the plot there was a strong
negative relationship (r2 = 0.86) using the CIC model.

Figure 8. Percent sand for mudflat 2 in October.

4.2 Mudflat Site 2 (MF2)
4.2.1 Sediment Characteristics
Grain size was measured in both the June and
October cores, which we will use to characterize the
environment (green circles in Figure 4). The MF2 site in
June overall, had interbedded layers of sand- and muddominated sediment. In the bottom portion of the core,
below 12 cm, the sand content was relatively low, while
in the upper 12 cm of the core the sand content increased
to ~20% - 40%. In the core from October (green circles
in Figure 4), depth below 20 were dominantly muddy,
but the upper 20 cm of the core, captured the similar
interbedded sand and mud layers (~ 20 – 60 % sand) as
what was observed in the June core.
The %TOM was also measured at both time periods,
but here we will focus only on the data from June (Figure
5). The MF2 site overall, had relatively constant %TOM
throughout the core (~ 10 – 12 %).
4.2.2 Radioisotopes
In June, 7Be activity was detected down at the depth of 7
cm in the core, with a peak in activity (~ 0.73 dpm/g) at
4 cm. Below 4 cm, there was steady decay. In October,
7
Be activity was only present at the surface. Although
surface activities were much lower (0.35 dpm/g) at this
time compared to June (Figure 9).
The 210Pb and 137Cs activities were measured in
both the June and October cores at the MF2 site. We
will focus on the 210Pb and 137Cs data from October to
characterize long-term accumulation rates at this site
(Figure 10). For 137Cs, isotope activity was detected
throughout the core (total core depth 35 cm), but there
was no clear peak in activity. From this we can only
assume a minimum sedimentation rate attributing the
base of the core as 1953, assuming that there would be
no penetration deeper, which would be 5.4 mm/yr.
For the 210Pb activities, to correct for the variation
in sediment texture discussed above, 210Pb activities
were normalized to the amount of fine sediment (< 8
μm) in each interval (He and Walling, 1996) (Figure
11). After this correction, the data showed a general
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Figure 9. Plots of 7Be activity down core for June (left)
and October (right) for A. The depth of penetration in
A represents seasonal deposition, while the grey circles
in B are June activities decay corrected to October
sampling time, and the blue circles are measured
activities in October.

Figure 10. 210Pb data from Mudflat site 2 from
October. A. Down core activity of 210Pb (black
circles), and 137Cs (grey squares). Measured
activities for each isotope were normalized to
the amount of fine sediment (< 8 μm) in the
sample. B. Natural log of 210Pb activity versus
depth. Sediment accumulation rate (SAR) was
determined from the slope of the regression line.
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Figure 11. Total percent sand for mudflat site 2 in June (green) and October (blue). Grey shaded region depicts the
minimum erosion estimate determined by the 7Be data. Dash line shows an erosion estimate by correlating grain
size data between time periods.

trend of exponential decay with depth, although there
remained some significant fluctuations. From this data,
we estimated a minimum sediment accumulation rate
(SAR) using the CIC of 13.7 mm/yr, which may be
viewed as an upper estimate for overall net accumulation
at this site.

4.3.2 Radioisotopes
In June, 7Be activity was detected only at the surface
with minimal activity (0.40 dpm/g). In October, 7Be
activity was not detected throughout the core (Figure
12). The 210Pb and 137Cs activities were not measured at
this location.

4.3 Mudflat 3 (MF3)

5.0 Discussion

4.3.1 Sediment Characteristics
Grain size and %TOM were measured in both the
June and October cores, but we will use the data from
June to characterize the environment (pink triangles
figure 4 and pink triangles in figure 5). The MF3 site
overall, was consistently sand (~80%) throughout the
core. The MF3 site also exhibited consistently low
%TOM (< 5 %) (Figure 4).

5.1 Spatial Variation in Sedimentation
From these results we observed some clear
variations in sedimentation spatially throughout
the bay. First, there were overall clear variations in
sediment characteristics between the upper and lower
reaches of the bay. Using the data from MF3, we would
characterize the lower reaches of the bay as being
dominantly sandy, with low %TOM. By contrast, the
upper reaches of the bay (MF1 and MF2) were muddier,
and comprised of a larger percentage of organic matter.
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Figure 12. Plots of 7Be activity down core for June (left) and October
(right) for A. The depth of penetration in A represents seasonal
deposition, while the grey circles in B are June activities decay corrected
to October sampling time, and the blue circles are measured activities in
October.

These differences between the upper and lower reaches
are also evident in the June 7Be data, where at the lower
reaches activities were only observed at the surface, but
at the upper reach sites activities were detected 3 – 7 cm
down-core.
Within the upper reach of the bay however, there
were also differences in seasonal sedimentation between
the two sites. MF1, the site located proximal to the
smaller Delhi Channel, was muddier and comprised of
more organic matter. While MF2, proximal to San Diego
Creek, was slightly sandier with relatively lower %TOM,
it also exhibited deeper penetration of 7Be in June.
Further, long-term sedimentation rates were also higher
at the MF2 site as compared to MF1.
When taken as a whole, we may place these results
with the spatial context of typical estuarine gradients
(Dalrymple et al., 1992). The lower reaches (MF3), with
the low-organic sandy sediment, represent the marine
end member of the estuary. A location proximal to the
mouth of the bay, where the impact from tides and waves
create a relatively high-energy environment. The MF1
location, although located near the secondary inflow
channel, represents a mid-estuary muddy location,
where the influences from marine processes (waves and
tides) are minimized, but also removed from significant
influence from fluvial processes at the head of the bay.
It is at MF2, proximal to San Diego Creek, where

the influence of fluvial processes has the greatest impact.
Not only was this observed in the relative increase in
sand compared to MF1, but also as increases in both
seasonal deposition, and long-term accumulation. From
these results, we can conclude that San Diego Creek
is the primary sediment source to the bay, where both
the total amount, and amount of sand decrease downestuary from MF2 to MF1. As MF1 is removed from
the elevated fluvial processes at MF2, finer sediment
accumulates, along with a greater percentage of
sedimentary organic matter. At MF3, the sedimentary
influence from San Diego Creek is likely minimal, if
any, where this site is likely only influenced by marine
processes.
5.2 Temporal Trends in Accumulation
In addition to spatial variations throughout the bay,
the results also highlight temporal variations in sediment
deposition. By comparing the 7Be data at each site
between the cores collected in June and October, we can
get of sense of when each site is depositional, erosional,
or stable (e.g. Canuel et al., 1990, Corbett et al., 2007).
For MF2 and MF3, the deepest 7Be penetration was
observed in the June cores, while at MF1 the depth of
penetration was equal in both June and October.
For MF3 specifically, in June activities were only
detected at the surface. The activity was also relatively
low (~ 0.3 dpm/g), near the detection limit for the
detector (0.2 dpm/g). In October, there was no activity
detected, even at the surface. Therefore, from these
results we can conclude that at MF3, if anything, there
was likely only minimal deposition that occurred during
the winter as reflected by the low detectable surface
activity in June. Over the summer, this location was at
minimum non-deposition, but may have experienced net
erosion. From the data it is difficult to say for certain.
Whatever the case, this is in keeping with the spatial
trends discussed above, as this site is marine-dominated,
and likely receives little sediment input from upstream
sources.
For MF1, in June activities were detected at the
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Figure 13. Conceptual model of seasonal sediment fluxes as determined from the cores. Each site depicts the winter deposit
(beige) from the 7Be data, and subsequent change during the summer.The arrows show the inferred winter sediment fluxes
(red), and subsequent summer fluxes (light blue) at each site.
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depth of 3 cm, and while in October, there was again
activity detected to a depth of 3 cm, these overall
activities were much lower than the activities measured
in June. In fact, October activities were comparable
to the expected decay corrected activities from June.
Therefore, from these results we can conclude that
at MF1, there was some deposition (up to 3 cm) that
occurred during the winter as reflected by the activity
in June. Over the summer, this location experienced no
deposition nor erosion. Given the proximity of to the
Delhi Channel, it is likely that this winter sediment was
derived from the channel.
For MF2 had the deepest activity in June down
to 7 cm with a peak in activity at 4 cm (0.73 dpm/g).
In October, there was only low activity (> 0.2 dpm/g)
detected at the surface. This low activity in October, was
at the minimum detectable activity threshold for the
detector, but also comparable to the decay-corrected
activity of the June peak at a depth of 4 cm. Therefore,
from these results we can conclude that there was an
overall high deposition in the winter (7 cm), but over the
summer, there was erosion of at least 3-4 cm as estimated
from the isotope data. By looking at the grain size data
in both cores however, we can also estimate erosion
based the observed layering. From this we would
estimate as much as 6 cm of erosion, placing a range on
the amount of summer erosion at 3 – 6 cm.
From Figure 12 we illustrate the seasonal
sedimentation processes. Overall these results show the
sediment is supplied primarily during the winter (wet
seasons) and is primarily brought in from terrestrial
sources, most likely San Diego Creek. The Delhi Channel
also brings in sediment to the bay but to a lesser
extent. Although there is deposition in the winter, in
the summer we observed summer non-deposition at
MF1, and erosion at MF2. This suggests a significant
amount of reworking of the winter sedimentary deposits
throughout the bay.
5.3 Long-Term Habitat Sustainability
In spite of seasonal scales we are seeing cycles

of deposition and erosion, in order assess habitat
sustainability to relative sea level rise we must take
into account the long-term accumulation rates. For
this discussion we will only focus on the sites within
the upper reaches of the bay, as those are the only sites
with data. At MF2, proximal to San Diego Creek,
we observed the most dynamic changes in seasonal
sedimentation, with 7 cm of winter deposition
followed by upwards of 6 cm of erosion in the summer.
Extrapolating these seasonal sedimentation rates
would result in a net accumulation rate of 10 mm/
yr, a rate within the range of long-term accumulation
rate estimates from the 210Pb and 137Cs data (~ 5 – 12
mm/yr). This suggests these seasonal cycles capture
long-term term accumulation characteristics. Most
importantly however, all of these rates, even the low-end
estimate, are well above RSRL rate of 2.2 mm/yr (Figure
13). This demonstrates that this location of the bay is
accumulating sediment at a rate that exceeds RSRL, not
surprising given the proximity to San Diego Creek, and
thus these habitats are sustainable provided the sediment
supply and RSRL remain at current levels.
The real test for habitat sustainability however,
would be expected at locations removed from the
direct influence of San Diego Creek. If we extrapolate
the seasonal deposition rate from MF1 over a full year
assuming continued non-deposition, the sedimentation
rate would be 30 cm/yr. This rate greatly exceed the
actual measured accumulation rate of ~ 3.3 mm/yr,. The
difference means that from our observation from the
past year are not indicative of the long-term conditions,
and MF1 site may experience increased year-to-year
variability in sediment delivery. As MF1 exhibits yearto-year variability, and in the long-term it is just barely
outpacing RSLR, this makes MF1 more vulnerable to any
changes in the current sediment supply or RSLR due to
climate change or human activities. In figure X, we see a
conceptual model of the long-term accumulation rates
at the MF1 and MF2 sites using 210Pb data that illustrates
this level of vulnerability at MF1 as compared to MF2.
The results of this study suggest that moving forward,
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Figure 14. Conceptual model of long-term sediment accumulation at
the Mudflat 1 and Mudflat 2 sites from the 210Pb data, as compared to
recent relative sea level rise. Sea level rise values were determined from
nearby tide gage data for the period of 1950 – 1990 (NOAA 2013).

of the by also demonstrated long-term accumulation
rates that were greater than the rate of RSRL for the bay,
suggesting that the upper reaches of the bay appear to be
keeping up with, or outpacing RSLR.
While these results are promising in terms of habitat
sustainability with future changes in RSLR, additional
work is need to characterize other areas of the bay, and
to better refine sedimentation estimates through time
to highlight the link between human activities in the
watershed and sediment fluxes to the bay.
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Abstract
Understanding how magma plumbing systems operate at different levels of the crust helps us better understand
volcanic eruptions and ultimately their prediction. Investigating how exactly volcanic materials and deeper
magma chambers (preserved as plutons) are geochemically linked can provide insights into the magma processes
that produce the compositional variations observed at different levels of the magma plumbing and their vertical
interconnectivity. Vertical cross sections of contemporaneous volcanic and plutonic rocks, however, are rare.
One such location is the Minarets caldera in the eastern central Sierra Nevada Mountains, where both the
surficial, volcanic and the deeper, plutonic parts are exposed. The rock record in the Minarets caldera shows a wellpreserved intracaldera ignimbrite, an intercalated caldera-collapse breccia, and a granitic to granodioritic intrusion
known as the Shellenbarger Lake pluton located at the center of the volcanic complex. The volcanic and plutonic
rocks have been determined to be contemporaneous at ca. 100 Ma (Tomek et al., 2015). Fiske and Tobisch (1994)
hypothesized that the Shellenbarger Lake pluton might represent the magma source for the volcanic deposits. If true
and the Minarets caldera represents an upper crustal magma plumbing system, we can test the following hypothesis:
Are the volcanic and plutonic rocks of the exact same composition or are they complementary to one another? The
former will imply that the volcanics are partial extractions of a homogeneous magma chamber, whereas the latter
will imply that the erupted materials may have fractionated from the magma reservoir and the pluton represents the
restitic crystal-rich magma.
To test this hypothesis, volcanic and plutonic samples from the Minarets caldera were analyzed for petrography
and XRF major and minor trace elements. The XRF results were furthermore used for geochemical modeling to test a
fractionation model. Preliminary results indicate that the volcanic rocks include both equivalent and complementary
compositions. Major oxide and trace element data of complementary rocks indicate that plagioclase was likely
fractionated, which is variably abundant as a phenocryst in the plutonic rocks. Some volcanic units plot with or near
plutonic compositions, indicating equivalent compositions.
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Abstract
Oyster diversity steadily declined from four species in the Cenozoic to two oyster species in the Pleistocene.
Currently only one native species remains: Ostrea lurida. Biologists attribute the decline of oyster beds to
industrialization and urbanization of southern California. Restoration efforts continue within southern California
but researchers lack the deep-time perspective of oyster bed community history. Here we examine an oyster
paleocommunity to better understand pre-human oyster habitats by documenting fossil content from the Late
Pleistocene Palos Verdes Sands on Knoll Hill, San Pedro, California and comparing that to oyster data documented
by Kelly Vreeland (2014). Two samples have been wet sieved, sorted and all usable fossils are identified to the species
level and counted. Length and width measurements of all oyster fossils are recorded. Ostrea lurida accounts for 11.6
% of all taxa recovered from my sample. It is the most abundant taxa present, with 86.5 individual specimens. Oyster
specimens from the other sample only account for 6.7% of the total taxa determined. Average oyster sizes from both
samples are less than one millimeter in difference. The addition of the Late Pleistocene San Pedro locality oyster sizes
disproves the hypothesis that oyster size decreases through the Quaternary. However, oyster diversity data from the
Late Pleistocene San Pedro locality supports the hypothesis that oyster diversity decreases post-Miocene.
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Abstract
A salt dome is a column of salt that has protruded upward into overlying strata due to downward pressure of
overlying sedimentary units and the lateral pressure of tectonic movement. Salt, unlike other sediment, has the ability
to change its shape and flow when placed under enough pressure, which must be great enough to overcome several
different obstacles, including the weight and strength of overlying strata, gravity, and frictional forces. The salt will
continue to flow upward as long as the pressure is high enough to overcome these resisting forces until a height
is reached where equilibrium exists. These salt domes are composed mainly of salt and other evaporite minerals,
including minor amounts of anhydrite and gypsum.
Salt domes are associated with extensive sulfur accumulations and trapped hydrocarbons. Oil and other
hydrocarbons migrate upward due to their low density and will accumulate in reservoirs if their upward movement
is halted. Salt domes are common structural traps for oil and other hydrocarbons because the surrounding strata are
warped upward due to deformation as salt domes develop. In addition to their significance in the petroleum industry,
salt domes are also mined as an economically significant source of salt. The impermeability of salt also makes salt
domes a popular site for underground storage carbon dioxide and for the disposal of hazardous waste.
The salt domes of the Gulf Coast (see attached map) are the structures being examined for this study. They are
sourced from the Jurassic Louann Formation, an extensive evaporite unit that formed during the early stages of
rifting in the Gulf Coast (see figure 1). Here we will determine the sulfur isotope composition of minor anhydrite
within these salt domes and compare them to Jurassic seawater sulfate. If different, we will explore potential processes
that could have led to isotopic fractionation.

Figure 1. Salt dome distribution in the Gulf Coast, including a solid blue line indicating the northern limit of subsurface salt.
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X-Ray Fluorescence (XRF) Analysis Of Basalt Flows, Northern Panamint Valley Area,
California
Kenneth Heitkamp
Advisor: Dr. Jeffrey R. Knott

Department of Geological Sciences, California State University, Fullerton

Abstract
Panamint Valley is located southeast of Bishop, CA
and west of Las Vegas, adjacent to Death Valley. Basalt
outcrops are found on each side of the valley at the
Darwin Plateau and Nova Basin. These basalt flows could
be from the same source, the same flow or different
sources and flows. Analyzing major and minor trace
elements of basalt samples on both sides of Panamint
Valley may correlate the various basalt flows and possibly
indicate a relative age of the opening of the valley.
I collected seven samples across the northern end
of Panamint Valley. The samples were crushed and
powdered at California State University, Fullerton.
The samples were then melted and prepped for X-ray
fluorescence (XRF) analysis at Pomona College.
The total alkali vs silica (TAS) diagram indicates
that the seven samples plot as two different rock types;
basalt and trachyandesite. The basalt samples were
found only on the Darwin Plateau west of Panamint
Valley, whereas the trachyandesite samples were found
at several locations on both sides of Panamint Valley.
The trachyandesitic flows have minimum ages of 4 Ma
and probably predate formation of Panamint Valley
and consequently, the basalt flow on Darwin Plateau
occurred after the valley formation.
Introduction
The problem in Panamint Valley is that basalt
outcrops found intermittently across the valley could
or could not be from the same source. On the highest
elevation, basalt outcrops west of the valley (Darwin
Plateau) have no previous age control (Hall and
MacKevett, 1962). East of Panamint Valley (Nova Basin),

however, basalt outcrops have been previously dated and
studied by Larsen (1979) and Hall (1979).
The MIT Geophysics Course and Biehler (1987)
determined that the basalt flows found on either side of
Panamint Valley are not detectable beneath the valley.
Burchfiel et al. (1987) used this information to infer
that basalts erupted on the Darwin Plateau and flowed
east across a broad erosional surface. Sometime after
the youngest basalts erupted 4.3-4.0 Ma (Larsen, 1979),
slip on the Panamint Valley – Saline Valley pull-apart
system formed northern Panamint Valley leaving basalt
outcrops on either side of the valley.
Collecting basalt samples on the Darwin Plateau
and Nova Basin then using XRF analysis will help
determine if these mafic volcanic rocks on either side
of Panamint Valley are the same rocks as inferred in
previous studies. Rocks from the same volcanic flow
will have similar major and minor trace elements and
will be the same age. Correlating the rocks on either
side of Panamint Valley will assist with determining the
age of the opening of Panamint Valley. The results are
important because it would provide useful information
for biologists in determining when pupfish arrived
in the surrounding area, as well as helping geologists
understand the Death Valley extended area.
Location
The study area is located in the Mojave Desert in eastern
California. It is located in Inyo County about 140 km
(87 mi) southeast of Bishop, CA and 200 km (124 mi)
west of Las Vegas, Nevada in Death Valley National
Park. Panamint Valley and Death Valley are north-south
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results are important because it would provide useful information for biologists in determining
when pupfish arrived in the surrounding area, as well as helping geologists understand the
Death Valley extended area.
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middle of the valley sits at 457 m. Late Cenozoic basalt
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flows are littered on Nevada
both sides
Panamint
Valley,
system
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upper
Nova
Formation
subcrop,
inofDeath
Valley
National Park.
Panamint
Valleyon
and
Death
Valley
are north-south
found on Darwin Plateau and Nova Basin in the Nova
suggesting a post-3.6 Ma age of valley initiation (Hodges
oriented basins separated by the Panamint Mountains (Figure 1). Darwin Plateau, to the west
Formation.
et al., 1989). Hall (1971) and Larsen (1979) determined

of Panamint Valley, is about 1524 m in elevation and Nova Basin, to the east of Panamint
Valley, is about 1219 m,
and the middle of the
valley sits at 457 m.
Late Cenozoic basalt
flows are littered on
both sides of Panamint
Valley, found on
Darwin Plateau and
Nova Basin in the Nova
Formation.

Figure
1: Major faults of the Death Valley extended area and location of the northern Panamint
Figure 1. Major faults of the Death Valley extended area and location of the northern Panamint
Valley pull-apart basin (Burchfiel et al., 1987).
Valley
pull-apart basin (Burchfiel et al., 1987).

Background
The Death Valley region was produced by large-scale
extension of the Western Great Basin (WGB) along
listric normal faults that trend perpendicular to NWtrending, right-lateral strike-slip faults. This produced
both Panamint Valley and Death Valley and the
intervening Panamint Mountains (Burchfiel et al., 1987).
The Nova Formation is a terrestrial conglomerate
and sandstone unit found at the margin of the Panamint
Mountains and Death Valley. The estimated stratigraphic
thickness of the Nova Formation is 300 m with an age
from 6.1-3.6 Ma (K-Ar dating) including multiple basalt

ages of4.3-4.0 Ma (Table 1) on basalts using K-Ar dating,
on both sides of the valley, suggesting that these basalts
provide a pre-Panamint Valley age (Larsen, 1979). Larsen
(1979) and Hall (1971) also completed geochemical
analysis using X-ray fluorescence on two samples each
(Table 2).
Burchfiel et al. (1987) noted that fragments of the
Nova Basin are found near Darwin Plateau in the Argus
Range, as well as Darwin Plateau itself. Burchfiel et al.
(1987) believes the basaltic volcanic rocks are identical.
Thus, basalt flows of the Darwin Plateau and Nova Basin
should have similar major and minor trace element
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The basaltic lithology from the Nova Formation is found on each side of Panamint
Valley, therefore a relative age of the Panamint Valley may be found from ages of these basalt
flows. Scarps of the Panamint Valley system are developed on upper Nova Formation subcrop,
suggesting a post-3.6 Ma age of valley initiation (Hodges et al., 1989). Hall (1971) and Larsen
basalts using
K-Arand
dating,
on both
the of Panamint
signatures. (1979) determined ages of4.3-4.0 Ma (Table 1) on Panamint
Butte,
Black
Pointsides
(eastofside
87 basalts
thatand
these
Valley
ageThese
(Larsen,
1979).were
Larsen
Ormerod et al.valley,
(1988)suggesting
used Zr/Ba
Sr/86Sr toprovide a pre-Panamint
Valley) 4 to
6 Ma.
regions
probably adjacent,
distinguish late(1979)
Cenozoic
basalt
flows
in
the
Basin
and
indicating
that
Panamint
Valley
has
opened
in the last 4
and Hall (1971) also completed geochemical analysis using X-ray fluorescence on two
samples each (Table 2).
Table 1. Sample locations and K/Ar ages in northern Panamint Valley of previous studies.

Sample ID

Latitude

Longitude

Age

Rock Type

DV-25A

36.44499

-117.28277

4.0±0.2 (K/Ar)

Tholetic basalt

Larsen (1979)

DV-26

36.45055

-117.28

4.3±0.4 (K/Ar)

Alkali basalt

Larsen (1979)

WH-68-3

36.36484

-117.28542

5.13±0.35 (K/Ar)

Olivine basalt

Hall (1971)

WH-68-1

36.307980

-117.423710

4.05±0.15 (K/Ar)

Quartz olivine basalt

Hall (1971)

Table 1: Sample locations and K/Ar ages in northern Panamint Valley of previous studies.
Table 2. Chemical analyses of basaltic rocks in northern Panamint Geological
Kenneth Heitkamp
Sciences and Walker, 1990).
Ma (Coleman
Valley.

Sample

WH-68-3

DV-25A

DV-26

SiO2

56.5

54.82

55.86

Al2O3

16.7

15.37

16.68

Fe2O3

2.5

8.30

7.63

MnO

0.12

0.15

0.10

MgO

5.7

7.04

4.97

CaO

5.9

7.37

7.16

Kempton et al. (1991) showed that the ratio of Zr/
Ba versus Ce/Y was suitable for differentiating basalt
magmas from different sources and of different ages in
the western Basin and Range.
Objectives

4

In this study, I will test the following hypotheses by
completing XRF analysis of basalt flow samples in the
Na2O
3.6
3.29
3.65
northern area of Panamint Valley (Figure 2):
K 2O
-2.09
2.15
• If the basalts on the Darwin Plateau and Nova Basin
P2O5
-0.41
0.28
are from the same source, then the trace element
Table 2: Chemical analyses of basaltic rocks in northern Panamint Valley.
(e.g., Zr, Ba, Ce, Y,) composition of these basalts will
Range Province. They found the Zr/Ba ratio of 0.2
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Burchfielwas
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noted
that fragments
of the
are found near
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magma
provenance
andNova
age.Basin
Basalts
• If the basalts on the Darwin Plateau and Nova Basin
withRange,
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to ocean
island
basaltettype
Plateau in the Argus
wellare
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itself.
Burchfiel
al. (1987) believes
the different sources, then the trace element
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mantle (asthenosphere dominated). Basalts with Zr/
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basaltic volcanic rocks are identical. Thus, basalt flows of the Darwin Plateau and Nova composition
Basin
Ba <0.2 have an insignificant amount of high field
should have similar major and minor trace element signatures.
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Methods
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Ormerodeither
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mantle
enriched
a for magma
in the Basin and from
Rangelithospheric
Province. They
foundpreviously
the Zr/Ba ratio
of 0.2 above
was critical
Valley along Highway 190. One sample was collected
subduction zone (Ormerod et al., 1988). At the latitude
provenance and age. Basalts with Zr/Ba ≥0.2 are similar to ocean island basalt typenear
mantle
Death Valley at Black Point (KAH-BP-041616-1).
of Big Pine, CA, the transition from older basalts with
sample (KAH-TP-041616-2) was collected just
(asthenosphere dominated). Basalts with Zr/Ba <0.2 have an insignificant amount A
of second
high field
a Zr/Ba ratio <0.2 to younger basalts with a Zr/Ba ratio
northeast
of Towne Pass near a previous study (DV-26,
strength elements
(i.e.,
and reflect
≥0.2
is Zr)
at about
5 M.contributions either directly from subducted oceanic
DV-25A) by Larsen (1979). Two basalt samples were
material, or from lithospheric
mantle
previously
enriched
abovethat
a subduction
zone (Ormerod et
Coleman
and Walker
(1990)
suggested
a
collected just south of Towne Pass (KAH-TPC-041616-3,
center
located
near
the Darwin
is with a Zr/Ba ratio
al., 1988). At thevolcanic
latitude of
Big Pine,
CA, the
transition
fromPlateau
older basalts
the same origin of the basalt flows at Darwin Plateau,
<0.2 to younger basalts with a Zr/Ba ratio ≥0.2 is at about 5 M.

Coleman and Walker (1990) suggested that a volcanic center located near the Darwin
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Plateau is the same origin of the basalt flows at Darwin Plateau, Panamint Butte, and Black
Point (east side of Panamint Valley) 4 to 6 Ma. These regions were probably adjacent,
indicating that Panamint Valley has opened in the last 4 Ma (Coleman and Walker, 1990).

If the basalts on the Darwin Plateau and Nova Basin are from different so
then the trace element composition will differ.

Figure 2: General g

map of northern Pa

Valley (from MIT an

Biehler, 1987) with

locations from prev
studies (black) and
study (red).

Figure 2. General geologic map of northern Panamint Valley (from MIT and Biehler, 1987) with sample
locations from previous studies (black) and my study (red).

KAH-TPW-041616-6). A fifth basalt sample was also
collected from a road cut along Highway 190 near
Panamint Springs (KAH-PS-041616-4). A sixth sample
was collected at Darwin Plateau (KAH-DP-041616-5).
A final basalt sample (KAH-AR-041616-7) was collected
near a previous sample (WH-68-1) by Hall (1971)

north of the Argus Range. The samples collected were
described on site, the coordinates were noted using
a GPS handheld device (Table 3), and photographs
were taken of each sample (Figures 8-11) with the GPS
handheld as a scale.
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Darwin Plateau (KAH-DP-041616-5). A final basalt sample (KAH-AR-041616-7) was collected
near a previous sample (WH-68-1) by Hall (1971) north of the Argus Range. The samples
collected were described on site, the coordinates were noted using a GPS handheld device
(Table 3), and photographs were taken of each sample (Figures 8-11) with the GPS handheld as
a scale.
Table 3. UniversalTransverse Mercator (UTM) coordinates of basalt samples collected with geologic map and photograph information.

Sample ID

Latitude

Longitude

Geologic Map

Photograph

KAH-BP-041616-1

36.54655

-117.20561

Figure 3

Figure 8

KAH-TP-041616-2

36.45631

-117.23982

Figure 4

Figure 8

KAH-TPC-041616-3

36.36489

-117.28547

Figure 5

Figure 9

KAH-PS-041616-4

36.34579

-117.49615

Figure 6

Figure 10

KAH-DP-041616-5

36.37963

-117.59550

Figure 7

Figure 10

KAH-TPW-041616-6

36.34840

-117.33440

Figure 5

Figure 11

KAH-AR-041616-7

36.30798

-117.42371

Figure 6

Figure 11

Table 3: Universal Transverse Mercator (UTM) coordinates of basalt samples collected with
geologic map and photograph information.
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Figure 3: Portion of the Nova
Basin map (Knott et al., in
review). Tnb is the Nova Basin
basalt, where sample KAH-BP-

7

041616-1 was taken.

Figure 3. Portion of the Nova Basin map
(Knott et al., in review). Tnb is the Nova Basin
basalt, where sample KAH-BP-041616-1 was
taken.

Figure 4: Portion of the geology of
the Panamint Butte Quadrangle
(Hall, 1971) and Google Earth. The
light red units (Tb) indicate olivine
basalts, which becomes cut off.
The dashed outline continues the
Tb unit as described in the field
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Figure 4: Portion of the geology of
the Panamint Butte Quadrangle
(Hall, 1971) and Google Earth. The
light red units (Tb) indicate olivine
basalts, which becomes cut off.
The dashed outline continues the
Tb unit as described in the field
where KAH-TP-041616-2 was
collected.
The ofblue
dot indicates
Figure 4. Portion
the geology
of the a
Panamint Butte Quadrangle (Hall, 1971)
sample
from Larsen (1971).

and Google Earth. The light red units (Tb)
indicate olivine basalts, which becomes cut off.
The dashed outline continues the Tb unit as
described in the field where KAH-TP-041616-2
was collected. The blue dot indicates a sample
from Larsen (1971).
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the geology of the
Panamint Butte
Quadrangle (Hall,
1971). The light red
units (Tb) indicate
olivine basalts. The
blue dot indicates a
sample
Hall
Figure 5. from
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Figure 6: Portion of the
geology of the
Panamint Butte
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and the green dots
are from this study.

Figure 6: Portion of the
geology of the
Panamint Butte
Quadrangle (Hall,
1971). The light red
units (Tb) indicate
olivine basalts. The
white dot indicates a
sample from both Hall
Figure 6. Portion of the geology of the
and this study. The
Panamint Butte Quadrangle (Hall, 1971). The
light red unitsgreen
(Tb) indicate
olivine
basalts.
dot is
from
this The
white dot indicates a sample from both Hall and
this study. The
green dot is from this study.
study.
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Figure 7: Portion of the
geology and ore deposits
of the Darwin quadrangle9
(Hall, 1962). The light red
units (Qb) indicate olivine
basalts. The green dot is
from this study.

Figure 7. Portion of the geology and ore
deposits of the Darwin quadrangle (Hall,
1962). The light red units (Qb) indicate
olivine basalts. The green dot is from this
study.
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Figure 8. Photo of location sample KAH-BP-041616-1 (left) and KAH-TP-041616-2 (right).

Kenneth Heitkamp
Geological Sciences
Figure 8: Photo of location sample KAH-BP-041616-1 (left) and KAH-TP-041616-2 (right).
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Figure 9. Photo of KAH-TPC-041616-3 location (left) and gneiss xenolith of same sample (right).

Figure 9: Photo of KAH-TPC-041616-3 location (left) and gneiss xenolith of same sample (right).
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Figure 9: Photo of KAH-TPC-041616-3 location (left) and gneiss xenolith of same sample (right).

Kenneth
Heitkamp
Figure
10. Photo
of location sample KAH-PS-041616-4 (left) and KAH-DP-041616-5 (right).
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Figure 10: Photo of location sample KAH-PS-041616-4 (left) and KAH-DP-041616-5 (right).
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Figure 11. Photo of location sample KAH-TPW-041616-6 (left) and KAH-AR-041616-7 (right).

Figure 11: Photo of location sample KAH-TPW-041616-6 (left) and KAH-AR-041616-7 (right).
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The basalt samples were crushed and powdered
at California State University, Fullerton.
A flux was added to the basalt samples in preparation for melting at Pomona College. The
prepared samples were transferred into graphite crucibles with a duplicate sample to ensure

The basalt samples were crushed and powdered

accuracy. The powered basalt samples with flux were
Geological
Sciences
melted to
black glass
beads in a furnace at 1000°C
added to the basalt samples in preparation for melting at
(Figure 12). The beads were crushed, powdered and rehand samples will indicate if the rocks are compositionally
consistent, therefore the same rock
itkamp
Sciences
Pomona College. The prepared samplesGeological
were transferred
melted in the furnace at 1000°C a second time to ensure
or rock
type, orcrucibles
the samples
have
different abundance,
which indicate
different rocks. basalt sample with flux. The black beads
into
graphite
with
a duplicate
sample to ensure
a homogeneous
es will indicate if the rocks are compositionally consistent, therefore the same rock
(Figure 13) were polished and sent to the XRF machine
Figure 12: Melted basalt
e, or the samples have different abundance, which indicate different rocks.
where each samples trace elements were measured.
samples in the furnace.
The use of an XRF spectrometer can reveal a rocks
Figure 12: Melted basalt
major and trace elements and its abundance (Wirth and
samples in the furnace.
Barth, 2016). This method uses X-ray or gamma rays to
extricate an inner electron from an element (ionization).
Once the inner photon is removed, the unstable element
will force an outer electron to substitute for the missing
particle. Fluorescent radiation energy is released due
to the substitution. The energy of the emitted photon is
characteristic of a transition between specific electron
orbitals in a particular element, the resulting fluorescent
X-rays can be used to detect the abundances of elements
that are present in the sample (Wirth and Barth, 2016).
Detectors are used to measure each wavelength of the
Figure 12.
basaltof
samples
Figure
13: Melted
Glass beads
each in the furnace.
released radiation to determine elements typically
sample for XRF analyses at
heavier than sodium (atomic number: 11). Results
Pomona College.
Glass beads of each
from multiple hand samples will indicate if the rocks
XRF analyses at
are compositionally consistent, therefore the same rock
llege.
or rock type, or the samples have different abundance,
which indicate different rocks.
Heitkamp
atKenneth
California
State University, Fullerton. A flux was

Results

Figure 13. Glass beads of each sample for XRF analyses at Pomona
13
College.

Table 4 shows the XRF normalized data processed
at Pomona College of each basalt sample. Figure 14
determines the type of volcanic rock based on alkali and
silica content. Figures 15 and 16 spider diagrams show
data normalized with chondrite because chondritic
meteorites are thought to be relatively unfractionated
samples of the solar system from the original
nucleosynthesis (Rollinson, 1993). Figure 17 follows
Ormerod et al. that basalts
13 with a Zr/Ba ratio >0.2 is
common for basalts <5 Ma whereas basalts >5 Ma had a
Zr/Ba ratio <0.2.
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Table 4. XRF normalized data measured in weight percentage (wt %) or parts per million (ppm).

48.25
750.16
848.82
182.46
21.04
20.68
0.00
21.40
147.27
173.76
115.72
39.18
82.34
17.41
35.55
85.61
7.25
16.69
7.25
11.97
3.63
0.00

38.29
801.99
786.75
178.34
21.63
19.15
2.13
22.34
191.46
128.70
73.75
49.64
80.48
18.79
33.33
67.01
8.86
33.68
9.22
10.99
2.84
0.00

42.53
789.32
859.50
200.96
19.14
17.72
0.00
17.01
135.39
95.34
62.38
23.04
71.24
18.78
26.94
62.38
8.86
25.17
7.09
12.76
2.48
0.00

22.91
768.22
641.47
164.80
24.02
17.74
0.00
33.26
358.06
450.81
231.68
65.03
106.05
17.37
36.58
77.60
8.13
35.48
9.98
8.87
0.00
0.00

22.71
1519.07
941.07
207.92
26.21
31.10
0.00
24.81
189.40
221.20
132.44
41.24
83.52
17.82
59.76
113.92
12.58
54.51
11.18
13.98
15.03
5.59

65.29
562.72
520.08
200.78
17.74
21.13
1.89
18.12
110.58
141.15
75.86
24.53
48.31
16.61
26.42
55.11
6.79
12.07
0.38
12.45
0.00
0.00

46.72
659.79
672.63
181.53
19.26
18.19
0.00
16.76
123.40
156.57
123.76
32.81
57.06
16.05
29.24
53.85
6.78
20.33
4.64
9.99
4.99
0.00

Sample KAH-BP-041616-1 KAH-TP-041616-2 KAH-TPC-041616-3 KAH-PS-041616-4 KAH-DP-041616-5 KAH-TPW-041616-6 KAH-AR-041616-7
SiO2 (wt %)
56.19
53.26
56.37
47.63
48.81
57.53
55.90
Al2O3 (wt %)
15.72
17.19
18.01
14.80
16.78
17.05
16.71
Fe2O3 (wt %)
6.86
7.40
6.20
12.05
8.67
6.43
6.65
MgO (wt %)
4.69
5.58
4.14
8.77
7.74
3.98
5.29
MnO (wt %)
0.09
0.14
0.11
0.19
0.16
0.10
0.12
CaO (wt %)
8.17
8.47
6.66
10.34
9.97
6.13
7.12
Na2 O (wt %)
3.37
3.66
4.18
2.46
3.43
4.26
3.96
TiO2 (wt %)
1.49
1.50
1.30
1.71
1.58
1.20
1.26
K2O (wt %)
2.61
2.04
2.31
1.19
1.50
2.74
2.41
(wt %)
0.50
0.45
0.41
0.47
0.90
0.34
0.30
Total:
99.68
99.69
99.70
99.61
99.54
99.76
99.72
P2O5

Rb (ppm)
Sr (ppm)
Ba (ppm)
Zr (ppm)
Y (ppm)
Nb (ppm)
Cs (ppm)
Sc (ppm)
V (ppm)
Cr (ppm)
Ni (ppm)
Cu (ppm)
Zn (ppm)
Ga (ppm)
La (ppm)
Ce (ppm)
Pr (ppm)
Nd (ppm)
Hf (ppm)
Pb (ppm)
Th (ppm)
U (ppm)

Table 4: XRF normalized data measured in weight percentage (wt %) or parts per million (ppm).
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Fields for IUGS Total
Alkalis vs. Silica
KAH-BP-041616-1

Total Alkalis vs. Silica Diagram
IUGS classification

16

KAH-TP-041616-2
14

Phonolite

Na2O + K2O (wt%)

12
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Figure 14. TAS Diagram (www.neiu.edu/~kbartels/DrBartelsExcelSpreadsheetModel.xls)
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Table 4 shows the XRF normalized data processed at Pomona College of each basalt
Table 4 shows the XRF normalized data processed at Pomona College of each basalt
sample. Figure 14 determines the type of volcanic rock based on alkali and silica content.
sample. Figure 14 determines the type of volcanic rock based on alkali and silica content.
Figures 15 and 16 spider diagrams show data normalized
with chondrite because chondritic
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Figures 15 and 16 spider diagrams show data normalized with chondrite because chondritic
16

meteorites are thought to be relatively unfractionated samples of the solar system from the
original nucleosynthesis (Rollinson, 1993). Figure 17 follows Ormerod et al. that basalts with a
Zr/Ba ratio >0.2 is common for basalts <5 Ma whereas basalts >5 Ma had a Zr/Ba ratio <0.2.
Discussion
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Table 5. Sample ages and rock types in northern Panamint Valley.

from a single source in the Darwin Plateau. There is an Hf anomaly with sample KAH-TPW-

Sample ID

Rock Type

041616-6. The cause of the anomaly is unknown.
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Table 5: Sample ages and rock types in northern Panamint Valley.
One possible cause for higher SiO2 content in the older volcanic rocks is assimilation of
higher-silica crustal rocks like gneiss (Figure 9). Post-4 Ma crustal extension may have provided
another path for mafic magma to rise through the crust with less interaction with the
surrounding crust.
The spider diagrams (Figures 15 and 16) for the volcanic rocks across Panamint Valley
have a similar pattern, which suggests a similar magma source and evolution. This is consistent
with Coleman and Walker’s (1990) hypothesis that the volcanic rocks in the region emanated

17

Figure 18. Interpretation of 2 flows and the formation of Panamint Valley (not to scale). Red represents trachyandesite.
Figure
18: Interpretation
2 flows and the and
formation
of Panamint Valley (not to scale). Red
Orange
represents
basalt (samplesofKAH-PS-041616-4
KAH-DP-041616-5).

represents trachyandesite. Orange represents basalt (samples KAH-PS-041616-4 and KAH-DP-

(1962) mapped 041616-5).
these as stratigraphically younger than
the underlying basalts (Hall and MacKevett, 1962). There
is a clear distinction between age and rock type within
the volcanic rocks (Table 5).
One possible cause for higher SiO2 content in
the older volcanic rocks is assimilation of higher-silica

and evolution. This is consistent with Coleman and
Walker’s (1990) hypothesis that the volcanic rocks in
the region emanated from a single source in the Darwin
Plateau. There is an Hf anomaly with sample KAHTPW-041616-6. The cause of the anomaly is unknown.
The geochemical data suggests an evolution of volcanic
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flows related to tectonic extension. The source of the
younger Darwin Plateau volcanics must be at the Darwin
Plateau and the spider diagrams suggest a similar source,
but separate flows because of the ages and geochemical
composition. An illustration (Figure 18) shows how two
different flows would look in Panamint Valley.
Conclusions and Future Work

Hodges, K. V., McKenna, L. W., Stock, J., Knapp, J., Page, L.,
Sternlof, K., Silverberg, D., Wüst, G., and Walker, J. D.,
1989, Evolution of Extensional Basins and Basin and
Range Topography West of Death Valley, California:
Tectonics, v. 8, NO. 3, p. 453-467.
Kempton, P. D., Fitton, J. G., Hawkesworth, C. J., and Ormerod,
D. S., 1991, Isotopic and trace element constraints on the
composition and evolution of the lithosphere beneath
the southwestern United States: Journal of Geophysical
Research, v. 96, no. B8, p. 13,713-713,735.

The geochemical data of the TAS diagram (Figure 14)
suggests two different rock types. This difference is
correlative to different basalt flows: Darwin Plateau and
Nova Formation. The Nova Formation trachyandesite
was deposited prior to the extensional environment/
opening of Panamint Valley (Figure 18). Basalt deposited
on the Darwin Plateau is younger.
Future research should focus on basalt on the west
side of the valley on Darwin Plateau. An 40Ar/39Ar date
on the Darwin Plateau basalt would be beneficial to
support or disprove the geochemical/age correlation.
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Manageable Molecular Mineralogy: Developing a User-Friendly Interactive
Mineralogy Game for Mobile Devices
Leah Wiitablake
Advisor: Dr. Natalie Bursztyn
Department of Geological Sciences, California State University, Fullerton

Abstract
In this digital age, pedagogy falls short with methods of teaching mineralogy being stuck in the past. This project
addresses the problem documented in the chemistry community and anecdotal in the geology community:
students cannot visualize crystal structure. In the geoscience community, there are papers published on students
having difficulty with the visualization of structural geology and ways to solve this problem. However, with respect
to molecular mineralogy, the struggle students have with the material has not been documented. Nonetheless,
anecdotally, there is teacher dissatisfaction with the poor retention of material from mineralogy classes.
Research has found that information relayed through images is retained better than information relayed through
text. In fact, three-dimensional (3D) models and visuals have been shown to be the most effective methods for
teaching and have results of greatest student retention of material. Due to the great leap in technology in the last
decade, reports on the use and effectiveness of virtual reality and games in education has taken off.
Here we describe the design of an interactive game to teach crystal structure to undergraduates. Game-like
elements engage the user, while touch-manipulated 3D models allow students to play with the structure of a mineral
at the molecular level. Starting from an outcrop and zooming into minerals, then to individual atoms, students will
be able to build different silicate minerals by rearranging silicon tetrahedra to see how different structures affect the
outward appearance of the crystal. We believe this game will improve student learning of minerals and their structure
and will help bridge the technology gap between the outdated ball and stick models and today’s digital native
undergraduates. By using up-to-date technology we can combine text, audio, video, and user-manipulated 3D models
to better help students understand the molecular world with a game for mobile smart devices.
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Analysis of Thirteen Years of Data Collection: Water Pressure and Chemical Changes
from Well CSF-1, Fullerton, CA
Terrinda Alonzo
Advisor: Dr. William Laton
Department of Geological Sciences, California State University, Fullerton

Abstract
To better understand the hydrogeology surrounding CSF-1, a deep multiport monitoring well located in the
northwest corner of California State University, Fullerton (CSUF) was installed in 2003. Since the installation of the
well, Orange County Water District (OCWD) has been collecting both water pressure and water chemistry either
seasonally or annually. In order to understand the groundwater conditions under CSUF, it was proposed that a
detailed review of the past 13 years’ worth of data collected from well CSF-1 be reviewed. Patterns in the assembled
data composed correlations that can be traced to a potential source of recharge. The graphed datasets of the chemicals
Nitrate and Perchlorate showed a correlation to this recharge water but at lower than expected depths. There are
abnormally high concentrations in aquifers 2 and 5 with lower but still significant levels in aquifers 3, 4, and 6. The
key finding is that even though the lower aquifers showed abnormally high amounts of these chemicals, they showed
low to no traces of the tracer chemicals in the upper unconfined aquifer. Based upon this finding, it was determined
that the tracer chemicals Nitrate and Perchlorate do not originate from local runoff or recharge. But rather that
the recharge of the lower aquifers originates further away, most likely the OCWD recharge area east of the town of
Placentia by the Santa Ana River and import of water from the Colorado River.
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Geochemical and Petrographic Relations Between Mafic Intrusions in Post-Peach
Spring Tuff Deposits in the Southern Black Mountains, Meadow Creek Basin, Near
Oatman, Arizona
Veronica Smith
Advisor: Dr. Diane Clemens-Knott

Department of Geological Sciences, California State University, Fullerton

Abstract
Mafic rocks intrude and overlie the rhyolite- and
trachyte- dominated Miocene volcanic stratigraphy
of the Meadow Creek basin in the Southern Black
Mountains, AZ. The Meadow Creek sequence postdates
formation of the nearby Silver Creek Caldera, the source
of the 18.8 Ma Peach Spring Tuff (PST) supereruption
(Ferguson, et all, 2012). Mafic magmas that intruded this
volcanic center and formed capping lavas can provide
insights into the evolution of magmatism as the silicic
system that fed the supereruption waned.
Three large, NNW-striking aphanitic dikes that
cut the younger lavas and tuffs are compositionally
and texturally similar trachyandesites with sparse
phenocrysts of plagioclase and cpx and a plag-dominated
groundmass (SiO2 avg = 55-57 wt%, Fe2O3 (t) avg =
~7%, MgO avg = ~3%, K2O avg = ~ 3%, Sr avg = ~
700 ppm, Ba avg = ~1123ppm, Zr avg = ~ 300ppm, Rb
avg = ~60 ppm[by XRF]). Another parallel dike and a
lopolith are diabase-textured (olivine and laths of plag
with interstitial cpx; traces of apatite, Fe-Ti oxide, and
interstitial amphibole) and more mafic (SiO2 avg = 4951%, Fe2O3(t) avg = 11%, MgO avg = 5-8%, K2O avg =
0.3-0.7%, Sr avg = 350-530ppm, Ba avg = 320-430ppm,
Zr avg =110-135ppm, Rb avg = 20-30ppm). Capping lava
has similar elemental composition. MELTS modeling
indicates that these mafic magmas were emplaced at
~1200° C. The diabases and lava define a clear tholeiitic
Fe-enrichment trend on an AFM ternary. The more
silicic dikes are clearly distinct from the diabases and
cluster tightly near the calc-alkaline:tholeiitic boundary.

The diabase intrusions are likely part of a system
that fed the ~14-16 Ma capping lavas of the region,
which have been interpreted to have been late- to post
extensional (Thorson, 1971; Faulds et al., 2001; Varga et
al 2004). Proximity and orientation of the trachyandesite
dikes suggests that they are part of the same intrusive
episode, but their distinct characteristics indicate that
they not closely related petrogenetically.
Mafic to intermediate volcanics that predate the
PST in the southern Black Mountains form a continuous
calc-alkaline compositional trend (Flansburg et al
2014), while younger capping lavas are uniformly basalt
(Spencer et al 2007) and form an identical tholeiitic
trend to mafic rocks in Meadow Creek basin. This
compositional shift corresponds to evolution in tectonic
setting from early synextensional to late or postextensional.
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 " 1SPQFSUZ PG $PNQMFY /VNCFST <>
4-  -FU u v CF UXP DPNQMFY OVNCFST TVDI UIBU u + v = 10 BOE |u| = |v| = 13 4IPX UIBU UIF OVNCFS
u2016 + v 2016 JT SFBM
4PMVUJPO
-FU u = 13eiθ  4JODF UIF TVN PG u BOE v JT SFBM OVNCFS v TIPVME CF B DPOKVHBUF PG u ćFSFGPSF v = 13e−iθ 
4JODF
u2016 = 132016 e2016iθ
BOE

v 2016 = 132016 e−2016iθ ,

u2016 BOE v 2016 BSF BMTP DPOKVHBUFT UIFSFGPSF UIFJS TVN TIPVME CF B SFBM OVNCFS
 5XP ,OJHIUT PO B $IFTT #PBSE <>
4-  %FUFSNJOF UIF QSPCBCJMJUZ UIBU QMBDJOH SBOEPNMZ UXP LOJHIUT PO UIF DIFTT CPBSE UIFZ BUUBDL FBDI PUIFS
4PMVUJPO
8F BTTVNFE UIBU UIF ĕSTU LOJHIU JT PO UIF 4 × 4 MFęCPUUPN QPSUJPO PG UIF DIFTTCPBSE 'SPN UIFSF XF DBO EJWJEF
UIJT JOUP  DBTFT
t $BTF  ćF ĕSTU LOJHIU JT PO "
ćFSF BSF  QPTTJCJMJUJFT GPS UIF TFDPOE LOJHIU ćFSFGPSF 2 UPUBM QPTTJCJMJUJFT GPS UIJT DBTF
t $BTF  ćF ĕSTU LOJHIU JT PO FJUIFS " PS #
ćFSF BSF  QPTTJCJMJUJFT GPS UIF ĕSTU LOJHIU ćFSF BSF  QPTTJCJMJUJFT GPS UIF TFDPOE LOJHIU GPS FBDI QPTTJCJMJUZ PG
UIF ĕSTU LOJHIU ćFSFGPSF 2 × 3 = 6 UPUBM QPTTJCJMJUJFT GPS UIJT DBTF
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t $BTF  ćF ĕSTU LOJHIU JT PO FJUIFS " " $ % PS #
ćFSF BSF  QPTTJCJMJUJFT GPS UIF ĕSTU LOJHIU ćFSF BSF  QPTTJCJMJUJFT GPS UIF TFDPOE LOJHIU GPS FBDI QPTTJCJMJUZ PG
UIF ĕSTU LOJHIU ćFSFGPSF 5 × 4 = 20 UPUBM QPTTJCJMJUJFT GPS UIJT DBTF
t $BTF  ćF ĕSTU LOJHIU JT PO POF FJUIFS # # $ PS %
ćFSF BSF  QPTTJCJMJUJFT GPS UIF ĕSTU LOJHIU ćFSF BSF  QPTTJCJMJUJFT GPS UIF TFDPOE LOJHIU GPS FBDI QPTTJCJMJUZ PG
UIF ĕSTU LOJHIU ćFSFGPSF 4 × 6 = 24 UPUBM QPTTJCJMJUJFT GPS UIJT DBTF
t $BTF  ćF ĕSTU LOJHIU JT PO $ $ % % UIF SFNBJOJOH UJMFT 
ćFSF BSF  QPTTJCJMJUJFT GPS UIF ĕSTU LOJHIU ćFSF BSF  QPTTJCJMJUJFT GPS UIF TFDPOE LOJHIU GPS FBDI QPTTJCJMJUZ PG
UIF ĕSTU LOJHIU ćFSFGPSF 4 × 8 = 32 UPUBM QPTTJCJMJUJFT GPS UIJT DBTF
*G ZPV BEE BMM UIFTF VQ ZPV HFU  QPTTJCMF DBTFT XIFSF UIF ĕSTU LOJHIU XBT PO POF PG UIF GPVS SFHJPOT UIBU XBT
TQFDJĕFE ćFSFGPSF JO PSEFS UP PCUBJO UIF UPUBM OVNCFS PG DBTFT PG UXP LOJHIUT BUUBDLJOH FBDI PUIFS XF XPVME NVMUJQMZ
336
1
 CZ  HFUUJOH  ćFSF XPVME CF 64 × 63 UPUBM DBTFT XIJDI JT  ćFSFGPSF UIF BOTXFS XPVME CF 4032
= 12
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" DMBTTJDBM UPQJD JO OVNCFS UIFPSZ JT UIF TUVEZ PG QPMZHPOBM OVNCFST ćF YUI BHPOBM OVNCFS p(a, x) JT HJWFO CZ
p(a, x) =

x[(a − 2)x − (a − 4)]
2

XIFSF x JT B QPTJUJWF JOUFHFS BOE a ≥ 3
0SJHJOBMMZ NPUJWBUFE CZ UIF TFBSDI GPS JOUFHFST XIJDI BSF TJNVMUBOFPVTMZ USJBOHVMBS TRVBSF BOE QFOUBHPOBM XF FY
QBOEFE PVS TDPQF UP EFUFSNJOJOH XIJDI JOUFHFST DBO CF XSJUUFO BT B QPMZHPOBM OVNCFS JO  EJTUJODU XBZT ćBU JT XF
XBOUFE UP EJTDPWFS XIFO BO JOUFHFS n NBZ CF XSJUUFO JO UIF GPSN n = p(a, x) = p(b, y) = p(c, z) GPS EJTUJODU a, b, c
BOE QPTJUJWF JOUFHFST x, y, z ćJT RVFTUJPO JT FRVJWBMFOU UP ĕOEJOH JOUFHSBM TPMVUJPOT (x, y, z) UP UIF GPMMPXJOH TZTUFN
{ x [(a − 2)x − (a − 4)] = y[(b − 2)y − (b − 4)]z[(c − 2)z − (c − 4)] = y[(b − 2)y − (b − 4)]



/PUF UIBU GPS NPTU USJQMFT a, b, c  SFMBUFT UP BO FMMJQUJD DVSWF Eabc . (FOFSBM UIFPSZ UFMMT VT UIBU UIJT DVSWF DPOUBJOT
POMZ ĕOUJUFMZ NBOZ JOUFHSBM QPJOUT CVU UIFTF BSF EJďDVMU UP EFUFSNJOF JO QSBDUJDF 8F IBWF UPPMT IPXFWFS UIBU XPVME
BMMPX VT UP FYQMJDJUMZ EFUFSNJOF UIF SBUJPOBM QPJOUT PO Eabc XIFO UIFSF FYJTU POMZ ĕOJUFMZ NBOZ
.PUJWBUFE CZ UIJT XF UIFO QPTF UIF GPMMPXJOH RVFTUJPO
2VFTUJPO
'PS XIJDI USJQMFT (a, b, c) EPFT Eabc IBWF POMZ ĕOJUFMZ NBOZ SBUJPOBM QPJOUT
5P BEESFTT UIJT RVFTUJPO XF ĕSTU GPVOE SBUJPOBM QBSBNFUSJ[BUJPOT GPS FBDI PG UIF FRVBUJPOT JO   8F UIFO VTFE UIJT UP
EFTDSJCF UIF TPMVUJPOT UP  JO UFSNT PG B DVCJD DVSWF JO UIF QSPKFDUJWF QMBOF BOE UIFO GVSUIFS USBOTGPSNFE UIJT DVSWF
JOUP 8FJFSTUSBTT TUBOEBSE GPSN ćJT BMMPXFE VT UP VTF UIF DPNQVUFS TPęXBSF .BHNB UP PCUBJO UIF GPMMPXJOH SFTVMU
5IFPSFN
-FU S = {(3, 4, 12), (4, 5, 20), (4, 6, 12), (4, 10, 20)}.

J *G 3 ≤ a < b < c ≤ 102 UIFO UIF DVSWF Eabc JT BO FMMJQUJD DVSWF XJUI ĕOJUFMZ NBOZ SBUJPOBM QPJOUT JG BOE POMZ JG
(a, b, c) ∈ S
JJ *G (a, b, c) ∈ S UIFO UIF POMZ JOUFHFS n ≥ 1 XIJDI JT TJNVMUBOFPVTMZ aHPOBM bHPOBM BOE cHPOBM JT n = 1.

145

Mathitude: Mathematical Concept Knowledge and Attitudes and Perceptions in
Precalculus and Calculus I
Oyuki Aispuro, Jerica Baares, and Grant Dolmat
Advisors: Dr. Todd CadwalladerOlsker and Dr. Sissi Li
Department of Mathematics, California State University, Fullerton

Abstract
Calculus is often seen as a "gatekeeper'' course for
STEM majors, who often drop out of their STEM
majors after failing one or more calculus courses. As
part of a multidisciplinary study of the effects of the
Supplemental Instruction (SI) program at California
State University, Fullerton (CSUF), we examine both the
content knowledge and the mathematical attitudes and
beliefs of students in calculus and in precalculus. Both
mathematical concept knowledge and mathematical
attitude – that is, beliefs and practices in mathematics
– are key components to mathematical expertise. In
this report, we evaluate and compare test scores from
the Precalculus Concept Assessment and the Math
Attitude Perceptions Survey of CSUF students enrolled
in calculus and precalculus across three semesters
to observe the relationships involving mathematical
concept knowledge and attitudes. Our findings consisted
of differences between male and female students as well
as differences between students who regularly attended
an SI workshop and those who did not attend SI. We also
found slightly significant correlations among knowledge,
attitude, and course grades. These results are suggestive,
but further research is necessary.
Introduction
According to a 2012 report by the President's Council
of Advisors on Science and Technology, a substantial
number of college and university students abandon
their intended STEM (science, technology, engineering,
and mathematics) major. Of students entering college
intending to complete a STEM major, fewer than 40%

of students actually do, with mathematics having the
highest attrition rate (Presidents Council of Advisors
on Science and Technology, 2012). Research suggests
that several factors may contribute to students switching
from STEM majors---including course pace, course
load, inadequate counseling or advising, insufficient
preparation, financial problems, conceptual difficulties,
length of study, and language difficulties (Seymour
and Hewitt, 1997). Students often cite calculus as a
major factor in their decision to leave STEM majors
(Rassmussen and Ellis, 2013) as there is a high failure
rate in precalculus and calculus courses. Since calculus
is a prerequisite for many STEM courses, we are losing
many potential engineers, biologists, and computer
scientists who are unable to complete their majors. This
may lead to adverse effects in the nation's economy and
intellectual power as the U.S. is increasingly reliant on
the STEM workforce to remain competitive in the global
economy (Christensen et al., 2014). In order for the U.S.
to retain its international standing as a leader in science
and technology, the advisory council approximates that
the retention of STEM majors would need to increase to
over 50\% annually over the next decade. If we can have
more students passing calculus, then we can retain more
students in STEM majors and ultimately have more
STEM graduates. Educators and educational institutions
are attempting to address this issue by offering
supplementary services and programs.
California State University, Fullerton (CSUF) offers
academic assistance through several academic assistance
programs, including tutoring and the Supplemental
Instruction (SI) program. The SI program consists of
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peer-led group study workshops for students in courses
with low pass and/or high withdrawal rates. Student
peers who have mastered the course guide students to
become independent learners through carefully planned
activities. The goals of the SI program include improving
students' conceptual understanding as well as their
course grades.
In order to better understand the effects of the SI
program, this study explored the relationships between
students' concept knowledge and their attitudes and
perceptions, specifically in the field of mathematics.
While a strong conceptual foundation is important to
succeed in mathematics courses, students' confidence
and interest in the subject is just as significant.
``Mathematical attitude'' is not a reference to one's
attitude toward mathematics – such as whether one
enjoys doing mathematics – but a reference to one's
attitude in mathematics. In other words, mathematical
attitude is one's approach and practices in solving
problems and learning mathematics.
Methods

items might both require students to show a process
view of function, but they vary in how students need
to understand the meaning of function concepts and
function representations. The PCA items cover two
categories: Reasoning Abilities (process view of function,
covariational reasoning, and computational abilities) and
Understandings (meaning of function concepts, growth
rate of function types, and function representations).
The Mathematics Attitudes and Perceptions
Survey (MAPS) (Code et al., 2016) was modeled on the
Colorado Learning Attitudes about Science Survey, a
survey used to assess Physics, developed at Colorado
University. MAPS is used to measure the alignment of
student attitudes with mathematical expert attitudes.
The survey consists of 40 statements (one of which is a
filter question) to which a participant can respond one
of the following: "Strongly Agree'', "Agree'', "Neutral'',
"Disagree'', or "Strongly Disagree''. If a participant's
response is in the same direction – that is, in the "agree''
or the "disagree'' direction – as the expert consensus for
that statement, he or she receives one point. The "expert
consensus'' was determined by a large-scale survey of
mathematicians conducted by the authors of the MAPS
instrument. The statements are divided into seven
categories (Figure 1):

This study explored three questions: (1) Are concept
knowledge and mathematical attitudes and practices
related to each other? (2) Are concept knowledge and
mathematical attitudes related to grades? (3) Are there
Category
Topic
any significant differences in mathematical attitudes and
Real World
Relation to the Real World
practices between different groups of students?
Understanding Need to Understand Formulas or Procedures
Dependence
Dependence on Procedures
The Precalculus Concept Assessment (PCA)
Confidence
Confidence
is a 25-item multiple-choice exam used to assess
Exploration
Exploration in Problem Solving
Independence
Independence in Learning
student learning in college algebra and precalculus,
Uncategorized Uncategorized
effectiveness of curriculum, and student readiness for
Figure 1. MAPS score categories (Code et al., 2016)
calculus (Carlson et al., 2010). The PCA was developed
Figure 1: MAPS score categories (Code et al., 2016)
over four phases that included studies to understand
An example of the type of statements in the
reasoning abilities and understandings foundationalThe
for Mathematics Attitudes and Perceptions Survey (MAPS) (Code et al., 2016) was
Confidence
categoryAttitudes
is: "If I am
stuck
on aSurvey,
math problem
modeled on the
Colorado Learning
about
Science
a survey used to assess
precalculus and calculus, initial and follow-up student
Physics, developed
at Colorado
University.
is used
to measure
the alignment of stufor more
than five
minutes MAPS
I give up
or get
help from
interviews, identification and removal of distractors,
dent attitudes with mathematical expert attitudes. The survey consists of 40 statements
– and
consensus
fromcan
experts
is one of the following:
(one of whichsomeone
is a filter else''
question)
to the
which
a participant
respond
and many revisions. Since the PCA assesses reasoning
“Strongly Agree”,
“Agree”,A“Neutral”,
“Disagree”,
or “Strongly
Disagree”.
"Disagree''.
Real World
statement
is: "Learning
math If a participant’s
abilities and understandings that interact in complex
response is in the same direction that is, in the “agree” or the “disagree” direction as the
changes my ideas about how the world works.'' In this
ways, each PCA item assess different combinations
of consensus for that statement, he or she receives one point. The “expert consensus”
expert
case,
consensus
of experts
is "Agree''. conducted by the authors of the
was
determined
by the
a large-scale
survey
of mathematicians
understanding and reasoning ability. For example, two
MAPS instrument. The statements are divided into seven categories (Figure 1):
An example of the type of statements in the Confidence category is: “If I am stuck on a
math problem
147 for more than five minutes I give up or get help from someone else” and the
consensus from experts is “Disagree”. A Real World statement is: “Learning math changes
my ideas about how the world works.” In this case, the consensus of experts is “Agree”.
Results

Results
Using a matched data set of 181 participants, the study
found that a significant, but weak, positive correlation
exists between starting math attitude and starting
concept knowledge (p=0.009, r=0.195, see Figure
2). Similarly, there is a significant, but weak, positive
correlation between ending attitude and ending
knowledge (p=0.001, r=0.250, see Figure 3). This
suggests that participants who have more expert-like
mathematical attitudes and perceptions tend to have
higher concept knowledge. This is in line with one idea
that as one becomes more exposed to mathematics
coursework, one's understanding and way of thinking
Figure 3. Scatterplot comparing MAPS and PCA scores at the beginning
becomes more similar to that of a mathematics expert.
of the course.
This is also in line with the converse idea that if one has
Table 1. Signicant correlations between grades and test scores.
a mindset similar to that of a mathematical expert, one is
Test
score/category
Sig.
Correlation
able to understand more mathematics concepts.
Post-PCA
0.013
0.185
For the second research question, we compared
Post-MAPS
0.028
0.164
Pre-MAPS,
Understanding
0.024
-0.168
grades and the test scores and found some significant
Post-MAPS, Confidence
<0.001 0.271
correlations (see Table 1). As expected, students with
Post-MAPS, Exploration
0.008
0.196
MAPS
gain,
Confidence
0.045
0.149
a higher course grade tended to have a slightly better
attitude towards mathematics and higher concept
Figure 4: Significant correlations between grades and test scores.
knowledge. Results also show that students who do
with the expert opinion in Exploration tend to receive
not agree with the expert opinion in Understanding at
a higher grade. Lastly, students who grow to agree, and
the beginning of a course tend to end the course with
those who end the course agreeing, with the expert
a higher grade. Students who end the course agreeing
opinion in Confidence tend to receive a higher course
grade.
Finally, in regard to our third question, our two
major findings were differences in mathematical
attitudes in specific categories between male and female
students, as well as between SI and non-SI students.
Figure 5: Comparing Male and Female students’ pre- and post-MAPS results in Real World.
Comparing male and female students' responses about
mathematics
Relation
to the
RealinWorld
category,
wereceive
Students who end the
the course
agreeing with
the expert
opinion
Exploration
tend to
a higher grade. Lastly,
students
who grow
to agree,
and those
whoinend
the the
course
agreeing,
found
that male
students'
scored
higher
both
prewith the expert opinion in Confidence tend to receive a higher course grade.
MAPS and the post-MAPS. That is, male students' beliefs
Finally, in regard
to our
third question,
our expert-like
two major findings
were
in mathewere
significantly
more
before
thediﬀerences
course (p
matical attitudes in specific categories between male and female students, as well as between
= 0.017)
and more
after
the students’
course (p
< 0.001)
than
SI and non-SI students.
Comparing
malesoand
female
responses
about
the mathematics Relation totheir
the Real
World
category, we found
that4).
male students’ scored higher in
female
counterparts
(Figure
both the pre-MAPS and the post-MAPS. That is, male students’ beliefs were significantly
also found
a significant
(p = 0.036)
in than
more
expert-like before We
the course
(p = 0.017)
and more difference
so after the course
(p ¡ 0.001)
Figure 2. Scatterplot comparing MAPS and PCA scores at the
beginning
their
female
counterparts
(Figure
5).
the
gain
in
Confidence
in
solving
math
problems
between
of the course.
We also found a significant diﬀerence (p = 0.036) in the gain in Confidence in solving
math problems
between those who regularly participated in SI (attend 10 or more sessions),
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compared to those who did not. Regular SI attendees’ Confidence score improved by 6.43%
while non-SI students’ confidence decreased by 5.76% over the 15-week semester (Figure 6).
Discussion

Figure 4. Comparing Male and Female students' pre- and post-MAPS results in Real World.

those who regularly participated in SI (attend 10 or more
sessions), compared to those who did not. Regular SI
attendees' Confidence score improved by 6.43% while
non-SI students' confidence decreased by 5.76% over the
15-week semester (Figure 6).
Discussion
Our findings on the differences between male and female
students are in line with comprehensive findings. In a
study of 6000 high school students Christensen, male
students were 2.9 times more likely to be interested in a
STEM careers. Girls need to see connections between the
content they are learning in the classroom and the real
world. Our data indicates that this need is not currently
being met.
Finding evidence that the SI program is having
some impact on mathematical attitudes, particularly
in Confidence, is encouraging. Non-SI students did not
remain stagnant in their mathematical attitudes, but
actually regressed in the Confidence score after taking
a pre-calculus or calculus course. The SI program is
facilitating students' development in confidence in
mathematics, which may ultimately contribute to
retention of STEM majors. Because we found that
Confidence in particular is associated with higher grades,
this suggests that SI workshops can help foster higher
grades for participants by increasing confidence.

Better sample collection and more research is
necessary in order to investigate the causes of these
differences as well as how these categories affect students'
content knowledge and grades. Continued sample
collection in the Supplemental Instruction program
is also necessary to see its effects on students and the
difference between students who take advantage of the SI
program and those who do not. Further research would
help to understand the usefulness of the SI program in
developing students' attitudes and knowledge in the field
of mathematics. Our hope is that continued research into
mathematical attitudes inform us how these different
groups of students are developing their mathematical
attitudes and finding solutions so all students develop
more expert-like mathematical attitudes and, in turn,
develop their content knowledge and ultimately stay in
STEM majors.
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 "CTUSBDU
ćF CJRVBUFSOJPOT B BSF B OPODPNNVUBUJWF BMHFCSB UIBU DPOUBJOT [FSP EJWJTPST *U IBT CFFO QSFWJPVTMZ TIPXO UIBU B RVP
UJFOUJOH QSPDFTT DBO CF FNQMPZFE UP DPOTUSVDU UIF CJRVBUFSOJPOJD QSPKFDUJWF QPJOU BP0 GSPN B *U JT LOPXO UIBU BP0
QPTTFTTFT B OBUVSBM UXJTUPS TUSVDUVSF UIBU DPNFT BCPVU GSPN QSPQFSUJFT XJUIJO JUT UPQPMPHZ 8IJMF JU JT VOEFSTUPPE UIBU
UIF UXJTUPS TUSVDUVSF BSJTFT GSPN UIF RVPUJFOU UPQPMPHZ PG BP0 UIF UPQPMPHZ JUTFMG JT OPU XFMM VOEFSTUPPE *O UIJT QBQFS
XF TFFL UP FYQMPSF UIF UPQPMPHJDBM TUSVDUVSF PG BP0  8F CFHJO CZ EJTDVTTJOH UIF QSPQFSUJFT PG UPQPMPHJDBM TQBDFT UIBU
DPOUBJO EFOTF QPJOUT *O QBSUJDVMBS XF EJTDVTT IPX IZQFSDPOOFDUFEOFTT BSJTFT GSPN UIF JODMVTJPO PG B EFOTF QPJOU 8F
UIFO DPOTUSVDU BP0 BOE EJTDVTT JUT QSPQFSUJFT BT B TQFDJBM DBTF PG UIF NPSF HFOFSBM SFTVMUT HJWFO JO TFDUJPO  BP0 EPFT
OPU IBWF UIF TUSVDUVSF PG B NBOJGPME EVF UP JUT OPOIBVTEPSČ DIBSBDUFS IPXFWFS JU TBUJTĕFT DFSUBJO QSPQFSUJFT JOUSJOTJD
UP NBOJGPMET 8F EFNPOTUSBUF UIBU BP0 JT DPNQBDU TFRVFOUJBMMZ DPNQBDU BOE MJNJU QPJOU DPNQBDU B QSPQFSUZ UIBU JT
UZQJDBMMZ JOUSJOTJD UP NBOJGPMET BOE NFUSJD TQBDFT ćJT JT UIF QSPQFSUZ UIBU GPSNBMMZ MFBET UP UIF #PM[BOP8FJFSTUSBTT
UIFPSFN JO SFBM BOBMZTJT
 *OUSPEVDUJPO
ćF #JRVBUFSOJPOJD 1SPKFDUJWF 1PJOU XBT PSJHJOBMMZ EFSJWFE BOE TUVEJFE FYUFOTJWFMZ JO <> 8IJMF UIF TQBDF JUTFMG IBT
QSPQFSUJFT UIBU BSF OPU UZQJDBMMZ TFFO JO NPTU UPQPMPHJDBM TQBDFT JU IBT B QIZTJDBM SFQSFTFOUBUJPO BT B MJHIU DPOF JO
.JOLPXTLJ TQBDFUJNF ćF EFOTF QPJOU PG BP0 DPSSFTQPOET UP UIF DIPTFO PSJHJO PG TQBDFUJNF BOE UIF SFTU PG BP0
DPSSFTQPOET UP UIF MJHIU DPOF FNFOBUJOH GSPN UIF PSJHJO ćFTF QSPQFSUJFT BSJTF GSPN UIF JODMVTJPO PG UIF EFOTF QPJOU
JO UIF UPQPMPHZ )PXFWFS UIF JODMVTJPO PG UIJT QPJOU QSFWFOUT BP0 GSPN CFJOH DPOTJEFSFE BT B UPQPMPHJDBM NBOJGPME
4JODF UIF EFOTF QPJOU MJFT JO FWFSZ PQFO TFU UIF TQBDF JT OPU )BVTEPSČ ćF JODMVTJPO PG B EFOTF QPJOU MFBET UP B QSPQ
FSUZ LOPXO BT IZQFSDPOOFDUFEOFTT PS JSSFEVDJCJMJUZ JO BMHFCSBJD HFPNFUSZ ćJT QSPQFSUZ JT NPTU DPNNPOMZ TFFO JO
TVCTQBDFT PG UIF ;BSJTLJ 5PQPMPHZ DPSSFTQPOEJOH UP QSJNF JEFBMT *U XBT TVHHFTUFE JO <> UIBU BP0 DPVME CF DPOTJEFSFE
BT UIF TDIFNFUIFPSFUJD DPNQMFY QSPKFDUJWF MJOF
 #BTJD 1SPQFSUJFT PG %FOTF 1PJOU 5PQPMPHJFT
-FU VT DPOTJEFS B UPQPMPHJDBM TQBDF (Xbase , τbase ) BOE DPOTUSVDU B TQBDF
9 τ XJUI X = Xbase ∪ {∗}
%FĕOJUJPO  8F DBMM ∗ B EFOTF QPJOU GPS UIF UPQPMPHJDBM TQBDF 9 JČ UIF DMPTVSF PG BOZ TFU DPOUBJOJOH ∗ JT OFDFTTBSJMZ
EFOTF JO 9
1SPQPTJUJPO  *G 6 JT PQFO JO 9 UIFO ∗ ∈ U 
1SPPG 4VQQPTF XF IBWF UIBU ∗ ∈
/ U UIFO ∗ ∈ U c  #Z EFĕOJUJPO UIFO Cl(U c ) = X 4JODF Cl(U c ) ̸= U c UIFO U c JT
c c
OPU DMPTFE ćVT (U ) = U JT OPU PQFO ćVT ∗ ∈
/ U → U JT OPU PQFO XIJDI JT UIF DPOUSBQPTJUJWF PG PVS PSJHJOBM
TUBUFNFOU ćVT UIF SFTVMU IPMET ćJT DPNQMFUFT UIF QSPPG
 "HOFX

" '   ćF 5XJTUPS 4USVDUVSF PG UIF #JRVBUFSOJPOJD 1SPKFDUJWF 1PJOU "EWBODFT JO "QQMJFE $MJČPSE "MHFCSBT   
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ćFO XF TFF UIBU FWFSZ PQFO TFU PG 9 DPOUBJOT UIF EFOTF QPJOU ćJT DBO BMTP CF VUJMJ[FE BT UIF EFĕOJUJPO PG B EFOTF
QPJOU BOE UIF QSPQFSUZ UIBU FWFSZ TFU DPOUBJOJOH UIF EFOTF QPJOU JT EFOTF JO 9 DBO CF SFDPWFSFE 'SPN UIFTF SFTVMUT XF
BMTP IBWF UIF GPMMPXJOH
1SPQPTJUJPO  *G p ∈ X UIFO Q JT B MJNJU QPJOU PG {∗}

1SPPG 8F IBWF UIBU BOZ TFU DPOUBJOJOH UIF EFOTF QPJOU JT EFOTF ćVT
ćJT DPNQMFUFT UIF QSPPG

Cl({∗}) = {∗} ∪ {p  Q JT B MJNJU QPJOU PG {∗}} = X

ćVT FWFSZ FMFNFOU p ∈ BP0 JT B MJNJU QPJOU GPS UIF TFU {∗} ćJT QSPQFSUZ DPVME BMTP CF VUJMJ[FE BT UIF EFĕOJUJPO PG B
EFOTF QPJOU BOE UIF UXP QSFWJPVT QSPQFSUJFT DPVME CF EFSJWFE GSPN QSPQPTJUJPO  %FĕOJUJPO  BOE QSPQPTJUJPOT  BOE
 BSF UIF EFĕOJOH RVBMJUJFT PG UIF EFOTF QPJOU 8F OPX JOWFTUJHBUF UIF CFIBWJPS PG BSCJUSBSZ TVCTFUT PG 9
1SPQPTJUJPO  *G V ⊂ X JT DMPTFE UIFO ∗ ∈
/ V

1SPPG -FU V ⊂ X CF DMPTFE ćFO V c JT PQFO #Z 1SPQPTJUJPO  UIFO ∗ ∈ V c  ćVT
ćJT DPNQMFUFT UIF QSPPG

∗∈
/ (V c )c = V

1SPQPTJUJPO  -FU 6 CF PQFO JO 9 ćFO $M 6  9
1SPPG ćF QSPPG PG UIJT GPMMPXT JNNFEJBUFMZ GSPN UIF QSPQFSUJFT PG UIF EFOTF QPJOU BOE QSPQPTJUJPO 
1SPQPTJUJPO  -FU 7 CF DMPTFE JO 9 UIFO int(V ) = ∅

1SPPG 4VQQPTF PO UIF DPOUSBSZ UIBU 7 JT DMPTFE BOE UIBU int(V ) ̸= ∅ 4JODF int(V ) ̸= ∅ UIFO ∗ ∈ int(V ) ćVT TJODF
int(V ) ⊂ V XF IBWF UIBU ∗ ∈ V  )PXFWFS TJODF 7 JT DMPTFE ∗ ∈
/ V  ćVT XF IBWF B DPOUSBEJDUJPO

ćVT FWFSZ DMPTFE TFU IBT BO FNQUZ JOUFSJPS 8F TFF UIBU PQFO TFUT BSF EFOTF BT XFMM ćVT PQFO TFUT BSF JO B TFOTF
wMBSHFw BOE DMPTFE TFUT BSF JO B TFOTF wTNBMMw 8F TIBMM TFF JO UIF OFYU TFDUJPO UIBU UIJT JT BMM EVF UP B GVOEBNFOUBM
QSPQFSUZ UIBU BMM UPQPMPHJDBM TQBDFT DPOUBJOJOH EFOTF QPJOUT IBWF DBMMFE IZQFSDPOOFDUFEOFTT
 )ZQFSDPOOFDUFEOFTT
*O XIBU GPMMPXT XF EFĕOF QSPQFSUJFT PG IZQFSDPOOFDUFE UPQPMPHJDBM TQBDFT )FSF : TJNQMZ SFGFST UP BOZ BSCJUSBSZ
UPQPMPHJDBM TQBDF
%FĕOJUJPO  8F TBZ UIBU B UPQPMPHJDBM TQBDF JT IZQFSDPOOFDUFE JG JU DBOOPU CF XSJUUFO BT UIF VOJPO PG UXP QSPQFS
DMPTFE TFUT XIFUIFS EJTKPJOU PS OPOEJTKPJOU 
8F IBWF UIBU IZQFSDPOOFDUFE TQBDFT TBUJTGZ  LFZ QSPQFSUJFT XIJDI DBO CF DPOTJEFSFE BT FRVJWBMFOU EFĕOJUJPOT PG
IZQFSDPOOFDUFE TQBDFT
-FNNB  *G 9 JT IZQFSDPOOFDUFE UIFO OP QBJS PG OPOFNQUZ PQFO TFUT BSF EJTKPJOU
1SPPG ćF DPOUSBQPTJUJWF PG UIJT TUBUFNFOU JT UIBU JG UIFSF FYJTUT UXP OPOFNQUZ PQFO TFUT U1 BOE U2 TVDI UIBU
U1 ∩ U2 = ∅ UIFO 9 DBO CF XSJUUFO BT UIF VOJPO PG UXP QSPQFS DMPTFE TFUT 4JODF U1 ∩ U2 = ∅ UIFO CZ %F.PSHBOT
MBX XF IBWF UIBU (U1 ∩ U2 )c = U1c ∪ U2c = Y  4JODF U1 BOE U2 BSF CPUI PQFO UIFO UIFJS DPNQMFNFOUT BSF DMPTFE
ćVT XF IBWF UIBU : DBO CF XSJUUFO BT UIF VOJPO PG UXP DMPTFE TFUT
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-FNNB  *G OP QBJS PG OPOFNQUZ PQFO TFUT BSF EJTKPJOU UIFO FWFSZ OPOFNQUZ PQFO TVCTFU PG : JT EFOTF JO :
1SPPG ćF DPOUSBQPTJUJWF PG UIJT TUBUFNFOU JT JG UIFSF FYJTUT BO PQFO TFU 6 TVDI UIBU Cl(U ) ̸= Y UIFO UIFSF FYJTUT B
QBJS PG PQFO TVCTFUT XIJDI BSF EJTKPJOU -FU 6 CF B OPO EFOTF PQFO TVCTFU PG : 4JODF 6 JT OPU EFOTF UIFO XF IBWF UIBU
Cl(U ) ̸= Y  4JODF $M 6 JT B DMPTFE TFU UIFO (Cl(U ))c JT PQFO "MTP TJODF U ⊂ Cl(U ) UIFO U ∩ Cl(U )c = ∅ 4JODF
CPUI 6 BOE Cl(U )c BSF PQFO UIFO UIF SFTVMU IPMET
-FNNB  *G FWFSZ OPOFNQUZ PQFO TVCTFU PG : JT EFOTF JO : UIFO UIF JOUFSJPS PG BOZ QSPQFS DMPTFE TVCTFU PG : JT
FNQUZ
1SPPG 4VQQPTF UIBU FWFSZ OPOFNQUZ PQFO TVCTFU JT EFOTF -FU 7 CF DMPTFE ćFO V c JT PQFO 8F IBWF UIBU
Cl(V c ) = Y  ćFO XF VTF UIF GBDU UIBU GPS BOZ BSCJUSBSZ TVCTFU " PG B UPQPMPHJDBM TQBDF (Cl(A))c = int(Ac ) ćVT
XF IBWF UIBU int(V ) = (Cl(V c ))c = ∅
-PPLJOH BU FBDI PG UIFTF JNQMJDBUJPOT XF DBO QSPQPTF B TJOHMF UIFPSFN UIBU XJMM EFUFSNJOF UIF EFĕOJOH RVBMJUJFT PG B
IZQFSDPOOFDUFE UPQPMPHJDBM TQBDF
ćFPSFN  8F IBWF UIBU UIF GPMMPXJOH BSF FRVJWBMFOU
 : JT IZQFSDPOOFDUFE
 /P QBJS PG OPOFNQUZ PQFO TVCTFUT PG : BSF EJTKPJOU
 &WFSZ OPOFNQUZ PQFO TVCTFU JT EFOTF
 ćF JOUFSJPS PG FWFSZ QSPQFS DMPTFE TVCTFU JT FNQUZ
1SPPG 4JODF XF IBWF BMSFBEZ QSPWFE UIF  QSFWJPVT MFNNB BMM UIBU SFNBJOT JT UP TIPX UIBU (4) → (1) 4VQQPTF UIBU :
DBO CF XSJUUFO BT UIF VOJPO PG UXP QSPQFS DMPTFE TVCTFUT V1 BOE V2  ćFO XF IBWF Y = V1 ∪ V2  6TJOH %F.PSHBOT
MBX XF IBWF UIBU
(V1 ∪ V2 )c = V1c ∩ V2c = ∅.

4JODF V1 BOE V2 BSF DMPTFE UIFO UIFJS DPNQMFNFOUT BSF PQFO ćVT V1c BOE V2c BSF EJTKPJOU PQFO TVCTFUT PG : ćFO XF
IBWF UIBU
V1c ⊂ (V2c )c =⇒ V1c ⊂ V2

)PXFWFS V2 JT B QSPQFS DMPTFE TVCTFU PG : ćVT XF IBWF B QSPQFS DMPTFE TVCTFU UIBU IBT B OPOFNQUZ JOUFSJPS ćFO XF
IBWF QSPWFO UIF DPOUSBQPTJUJWF PG PVS PSJHJOBM TUBUFNFOU ćF SFTVMU IPMET CZ MPHJDBM FRVJWBMFODF PG UIF DPOUSBQPTJUJWF
PG TUBUFNFOUT
/PUJOH  BOE  JO ćFPSFN  XF DBO DMFBSMZ TFF UIBU UPQPMPHJDBM TQBDFT DPOUBJOJOH EFOTF QPJOUT BSF
IZQFSDPOOFDUFE ćVT XF IBWF UIBU PVS UPQPMPHJDBM TQBDF 9 BCPWF JT IZQFSDPOOFDUFE 8F IBWF UIBU
IZQFSDPOOFDUFEOFTT JT B TUSPOHFS DPOEJUJPO UIBO DPOOFDUFEOFTT UIVT 9 JT BMTP DPOOFDUFE " QBSUJDVMBS FYBNQMF PG B
IZQFSDPOOFDUFE UPQPMPHJDBM TQBDF UIBU JT PG QBSUJDVMBS JOUFSFTU PDDVST JO BMHFCSBJD HFPNFUSZ ćF NBYJNBM QSJNF JEFBMT
PG B DPNNVUBUJWF SJOH DPSSFTQPOE UP UIF JSSFEVDJCMF DPNQPOFOUT PG UIF ;BSJTLJ 5PQPMPHZ XIJDI BSF IZQFSDPOOFDUFE
TVCTQBDFT ćF UFSNT IZQFSDPOOFDUFE BOE JSSFEVDJCMF BSF FRVJWBMFOU XIFSFBT JSSFEVDJCMF JT UIF UFSN UZQJDBMMZ VUJMJ[FE
JO BMHFCSBJD HFPNFUSZ
 5IF #JRVBUFSOJPOJD 1SPKFDUJWF 1PJOU
)FSF XF HJWF BO PWFSWJFX PG UIF DPOTUSVDUJPO PG UIF #JRVBUFSOJPOJD 1SPKFDUJWF 1PJOU EFOPUFE BP0 PSJHJOBMMZ HJWFO CZ
<> 8F TUBSU XJUI UIF #JRVBUFSOJPOT B XIPTF DPNQMFY BMHFCSB JT HFOFSBUFE CZ \iµ ^ µ = 0, 1, 2, 3 " UZQJDBM FMFNFOU
IBT UIF GPSN
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q=

3
!

q µ iµ = q 0 + q 1 i1 + q 2 i2 + q 3 i3



µ=0

XIFSF FBDI q µ JT B DPNQMFY OVNCFS BOE UIF TFU \iµ ^ BSF EFĕOFE CZ UIF SFMBUJPOT
i2l = −1, l = 1, 2, 3
i 1 i 2 = i3




8F IBWF UIBU UIFSF FYJTUT BO JTPNPSQIJTN CFUXFFO UIF #JRVBUFSOJPOT BOE UIF TFU PG  Y  DPNQMFY NBUSJDFT EFOPUFE
C2x2  ćJT JTPNPSQIJTN JT HJWFO CZ UIF NBQQJOH
#
" 0
q + iq 3 −q 2 + iq 1
µ
ı(q iµ ) := 2

q + iq 1 q 0 − iq 3
ćVT VUJMJ[JOH UIJT JTPNPSQIJTN XF DBO DPOTUSVDU BP0 WJB B TUBOEBSE RVPUJFOUJOH QSPDFTT 8F EFĕOF UIF GPMMPXJOH
FRVJWBMFODF SFMBUJPOTIJQ
A ∼ B ⇐⇒ B = AΛ, Λ ∈ GL(2, C).



p : C2x2 \ {0} &→ C2x2 / ∼



)FSF GL(2, C) EFOPUFT UIF TFU PG JOWFSUJCMF NBUSJDFT ćFO XF EFĕOF B RVPUJFOU NBQ Q BT

8F EFĕOF UIF UPQPMPHJDBM TQBDF HJWFO CZ UIF RVPUJFOU UPQPMPHZ DPOTUSVDUFE GSPN UIJT NBQQJOH UP CF BP0  ćVT UIF
PQFO TFUT PG BP0 BSF HJWFO CZ UIF PQFO TFUT PG C2x2 \ {0} 0OF PSCJU PG UIF NBQQJOH Q JT TJNQMZ GL(2, C) JUTFMG ćVT
BMM PG UIF JOWFSUJCMF NBUSJDFT NBQ UP B TJOHMF FMFNFOU JO BP0  4JODF GL(2, C) JT EFOTF JO UIF TFU PG  Y  DPNQMFY
NBUSJDFT UIFO UIF QPJOU UIBU XF HFU JO BP0 JT B EFOTF QPJOU ćF SFNBJOJOH PSCJUT XF HFU GSPN Q BSF DPOTUSVDUFE GSPN
TJOHVMBS NBUSJDFT (JWFO UIF GSFFEPN UIBU GL(2, C) HJWFT VT XJUIJO UIF FRVJWBMFODF DMBTTFT XF DBO UBLF BOZ TJOHVMBS
NBUSJY BOE SFEVDF JU UP B NBUSJY XJUI POMZ POF OPO[FSP DPMVNO BT GPMMPXT 4VQQPTF " JT B TJOHVMBS NBUSJY 8F EFOPUF
BO FMFNFOU PG BP0 JF BO FRVJWBMFODF DMBTT UISPVHI UIF NBQQJOH Q XJUI MJOFT CSBDLFUJOH UIF NBUSJY ćFO XF IBWF
UIBU
$
$
$ $
→$ $−
→ −
→ −
$−
→$

p(A) = $Q0 Q1 $ = $Q0 0 $
ćFO PVS SFNBJOJOH GSFFEPN JT TJNQMZ HJWFO CZ DPNQMFY NVMUJQMFT PG UIF SFNBJOJOH WFDUPS
$ $
$
$
→ −
→ −
$−
→$ $ −
→$
p(A) = $Q0 0 $ = $αQ0 0 $



)PXFWFS UIJT JT KVTU UIF FRVJWBMFODF DMBTT HJWFO CZ BMM DPNQMFY NVMUJQMFT PG UXP DPNQMFY DPNQPOFOU WFDUPST *O PUIFS
XPSET UIJT JT UIF DPMMFDUJPO PG POFEJNFOTJPOBM MJOFBS TVCTQBDFT PG C2 XIJDI JT QSFDJTFMZ CP1  ćVT XF IBWF UIBU
BP0 = CP1 ∪ {∗}



ćVT XF DBO TFF UIBU BP JT B EFOTF QPJOU DPOUBJOJOH UPQPMPHJDBM TQBDF ćFO JUT UPQPMPHJDBM QSPQFSUJFT GPMMPX GSPN
UIF SFTVMUT PG TFDUJPO  BOE  ćF NPTU JNQPSUBOU PG UIFTF JT UIBU BP0 JT IZQFSDPOOFDUFE 'SPN UIJT XF IBWF UIBU
FWFSZ PQFO TVCTFU PG BP0 JT EFOTF BOE UIBU FWFSZ DMPTFE TVCTFU PG BP0 IBT BO FNQUZ JOUFSJPS ćF QSPQFSUJFT PG
ćFPSFN  BMM IPME GPS BP0 BOE UIF TQBDF JT BMTP DMFBSMZ DPOOFDUFE TJODF JU JT IZQFSDPOOFDUFE ćVT UIF PQFO TFUT PG
BP0 BSF MBSHF BOE UIF DMPTFE TFUT BSF TNBMM 8F OFYU EJTDVTT B QSPQFSUZ PG BP0 UIBU BSJTFT EVF UP UIF GBDU UIBU CP1 JT JUT
CBTF UPQPMPHJDBM TQBDF
0
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 5IF $PNQBDUOFTT BOE $PVOUBCJMJUZ PG BP0
*O XIBU GPMMPXT XF OPUF UIBU CP1 JT B DPNQBDU NBOJGPME 8F XJTI UP EFUFSNJOF UIF DPNQBDUOFTT QSPQFSUJFT PG BP0 
8F GSJTU SFDBMM DFSUBJO GBDUT BCPVU DPNQBDU NBOJGPMET 8F IBWF UIBU NBOJGPMET BSF TFDPOE DPVOUBCMF BOE IBVTEPSČ 0O
NFUSJ[BCMF TQBDFT BOE TFDPOE DPVOUBCMF IBVTEPSČ TQBDFT XF IBWF UIBU DPNQBDUOFTT MJNJU QPJOU DPNQBDUOFTT BOE
TFRVFOUJBM DPNQBDUOFTT BSF BMM FRVJWBMFOU 8F SFDBMM UIBU GPS B UPQPMPHJDBM TQBDF 9
 9 JT DPNQBDU JČ FWFSZ PQFO DPWFS IBT B ĕOJUF TVCDPWFS
 9 JT MJNJU QPJOU DPNQBDU JČ FWFSZ JOĕOJUF TVCTFU PG 9 DPOUBJOT B MJNJU QPJOU JO 9
 9 JT TFRVFOUJBMMZ DPNQBDU JČ FWFSZ TFRVFODF JO 9 IBT B DPOWFSHFOU TVCTFRVFODF
ćFTF QSPQFSUJFT PG DPNQBDU NFUSJ[BCMF BOE TFDPOE IBVTEPSČ TQBDFT DVMNJOBUF JO UIF CPM[BOOPXFJFSTUSBTT UIFPSFN
UZQJDBMMZ TFFO JO ĕSTU TFNFTUFS BEWBODFE DBMDVMVT DPVSTFT 8F TIPX UIBU BP0 QPTTFTTFT UIFTF QSPQFSUJFT
1SPQPTJUJPO  BP0 JT DPNQBDU
1SPPG 8F IBWF UIBU BP0 = CP1 ∪ {∗} -FU C = ∪α {Uα }α∈I CF BO PQFO DPWFS PG BP0  8F IBWF UIBU UIF EFOTF QPJOU
∗ ∈ Uα ∀α TJODF FBDI Uα JT BO PQFO TFU JO BP0  4JODF C JT B DPWFS XF IBWF UIBU ∃ B TVCDPWFS
C̃ = {Vβ : ∀β, Vβ ∩ CP1 ̸= ∅}
8F DPOTUSVDU B TFU C ′ EFĕOFE BT
C ′ = {Wα : Wα = Vα \ {∗}}.
8F IBWF UIBU UIJT JT DMFBSMZ B DPWFS PG CP1 BOE FBDI TVCTFU JT PQFO JO UIF TVCTQBDF UPQPMPHZ CZ EFĕOJUJPO CP1 JT B
DPNQBDU NBOJGPME UIVT ∃ B ĕOJUF TVCDPWFS C ′′  ćFO UBLJOH C ′′ ∪ {∗} XF IBWF B DPWFS PG BP0 XIJDI JT ĕOJUF BOE JT B
TVCDPWFS PG C ćJT DPNQMFUFT UIF QSPPG
ćVT XF IBWF UIBU BP0 JT B DPNQBDU UPQPMPHJDBM TQBDF *O GBDU XF XJMM TFF UIBU BP0 XJMM SFUBJO BMM PG UIF DPNQBDUOFTT
QSPQFSUJFT PG CP1 
1SPQPTJUJPO  BP0 JT MJNJU QPJOU DPNQBDU
1SPPG 8F OFFE UP TIPX UIBU GPS BOZ JOĕOJUF TVCTFU PG BP0 ∃ B MJNJU QPJOU Q MZJOH JO BP0  -FU 6 CF BO JOĕOJUF TVCTFU PG
BP0  ćFO MFU V = U \ {∗} ćFO XF IBWF UIF 7 JT BO JOĕOJUF TVCTFU PG CP1  4JODF CP1 JT B DPNQBDU NBOJGPME UIFO JU
JT MJNJU QPJOU DPNQBDU ćVT ∃ B MJNJU QPJOU Q PG 7 UIBU MJFT JO CP1  4JODF CP1 JT B TVCTFU PG BP0 UIFO p ∈ BP0  4JODF
V ⊂ U XF IBWF UIBU Q JT BMTP B MJNJU QPJOU GPS 6 ćVT BP0 JT MJNJU QPJOU DPNQBDU ćJT DPNQMFUFT UIF QSPPG
1SPQPTJUJPO  BP0 JT TFRVFOUJBMMZ DPNQBDU
1SPPG -FU (xn ) CF B TFRVFODF PG QPJOUT JO BP0 
$BTF  4VQQPTF ∗ ∈
/ (xn ) ćFO BMM PG UIFTF QPJOUT MJF JO CP1  8F IBWF UIBU CP1 JT TFRVFOUJBMMZ DPNQBDU UIVT FWFSZ
1
TFRVFODF JO CP IBT B DPOWFSHFOU TVCTFRVFODF TBZ xnk  5BLJOH UIJT UP CF PVS TVCTFRVFODF GPS (xn ) UIJT DPNQMFUFT
UIF QSPPG GPS DBTF
$BTF  4VQQPTF ∗ ∈ (xn ) 8F ĕSTU UBLF UIF TVCTFRVFODF FYMVEJOH ∗ DBMM JU (yn ) ćFO UIF SFTU GPMMPXT JEFOUJDBMMZ GSPN
DBTF  ćVT UIJT QSPWFT DBTF  ćJT DPNQFUFT UIF QSPPG
ćVT BP0 IBT BMM UISFF PG UIF DPNQBDUOFTT QSPQFSUJFT ćFTF BSF UIF QSPQFSUJFT UIBU DVMNJOBUF JO UIF
CPM[BOOPXFJFSTUSBTT UIFPSFN GPS DPNQMFUF NFUSJD TQBDFT BOE UIF FRVJWBMFODF PG UIFTF QSPQFSUJFT JT DIBSBDUFSJTUJD PG
.BOJGPMET BP0 JT OPU B NBOJGPME EVF UP UIF JODMVTJPO PG UIF EFOTF QPJOU IPXFWFS XF DBO TFF UIBU BP0 TUJMM SFUBJOT
TPNF PG UIF NBOJGPME QSPQFSUZ PG JUT CBTF TQBDF CP1  8F BMTP IBWF UIBU BP0 JT TFDPOE DPVOUBCMF #FGPSF QSPWJOH UIJT
GBDU XF SFDBMM B XFMM LOPXO UIFPSFN XIPTF QSPPG DBO CF GPVOE JO TUBOEBSE UPQPMPHZ UFYUCPPLT TVDI BT .VOLSFT
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ćFPSFN  -FU f : X → Y CF DPOUJOVPVT -FU B CF B CBTJT GPS 9 -FU f (B) EFOPUF UIF JNBHF PG UIF CBTJT ćFO
f (B) JT B CBTJT GPS : JČ G JT TVSKFDUJWF BOE PQFO
/PX XF DBO QSPWF UIBU BP0 JT TFDPOE DPVOUBCMF
1SPQPTJUJPO  BP0 JT TFDPOE DPVOUBCMF
1SPPG 8F OPUF UIBU UIF RVPUJFOU NBQ EFĕOJOH BP0 JT TVSKFDUJWF BOE PQFO 8F OFFE UP ĕOE B DPVOUBCMF CBTJT GPS BP0 
8F CFHJO CZ TFBSDIJOH GPS B DPVOUBCMF CBTJT GPS C2x2  8F EFĕOF UIF HBVTTJBO SBUJPOBMT 2 J BT GPMMPXT
Q(i) = {a + bi ∈ C : a, b ∈ Q}

8F IBWF UIBU 2 J JT EFOTF JO C UIVT JG z ∈ C UIFO ∀ϵ > 0, ∃p ∈ Q(i) TVDI UIBU p ∈ Dϵ (z) 8F OPUF JO UIF DBTF PG
Rn UIBU
{Br (x) S JT SBUJPOBM BOE Y IBT SBUJPOBM DPPSEJOBUFT}

DPOTUJUVUFT B CBTJT GPS Rn  8F IBWF UIBU C JT IPNFPNPSQIJD UP R2 HJWFO CZ UIF IPNFPNPSQIJTN
f : R2 → C
f : (x, y) %→ x + iy

ćFO TJODF Br (x, y) JT B CBTJT GPS R2 UIFO f (Br (x, y)) DPOTUJUVUFT B CBTJT GPS C 8F OPUF UIBU TJODF Y BOE Z BSF CPUI
SBUJPOBM UIFO UIF JNBHF PG G Y Z JT B HBVTTJBO SBUJPOBM ćVT f (Br (x, y)) JT UIF TFU PG PQFO CBMMT BCPVU HBVTTJBO
SBUJPOBMT XJUI SBUJPOBM SBEJJ -FU Dr (z) = f (Br (x, y)) XIFSF z ∈ Q(i) /PX DPOTJEFS C2x2  8F OFFE UP TIPX UIBU
UIF TFU
!
"
Dr (z1 ) Dr (z2 )
B  {Br (A) =
}
Dr (z3 ) Dr (z4 )

DPOTUJUVUFT B CBTJT GPS C2x2  8F IBWF UIBU Dr (zi ) DPOTUJUVUFT B CBTJT GPS C BOE DPOTJEFS UIBU UIF PQFO TFUT PG C2x2 BSF
HJWFO CZ VOJPOT PG FMFNFOUT PG UIF GPSN
!
"
Dϵ (z1 ) Dϵ (z2 )
Bϵ (A) =
Dϵ (z3 ) Dϵ (z4 )
/PX XF IBWF UIBU Dϵ (zi ) JT BO PQFO TFU JO C UIVT XF IBWF UIBU JU JT B VOJPO PG FMFNFOUT PG Dr (z) ćJT IPMET GPS FBDI
zi UIVT XF IBWF UIBU B DPOTUJUVUFT B CBTJT GPS C2x2  ćFO TJODF p JT B TVSKFDUJWF PQFO NBQ UIFO p(B) DPOTUJUVUFT B
CBTJT GPS BP0  8F IBWF UIBU FBDI Dr (zi ) JT DPVOUBCMF TJODF UIF HBVTTJBO SBUJPOBMT BSF DPVOUBCMF " ĕOJUF QSPEVDU PG
DPVOUBCMF TFUT JT DPVOUBCMF ćVT B JT B DPVOUBCMF CBTJT " RVPUJFOU NBQ PG B DPVOUBCMF CBTJT JT DPVOUBCMF UIVT p(B)
JT B DPVOUBCMF CBTJT GPS BP0  ćVT BP0 JT TFDPOE DPVOUBCMF ćJT DPNQMFUFT UIF QSPPG
ćVT BP0 JT B TFDPOE DPVOUBCMF DPNQBDU UPQPMPHJDBM TQBDF ćF BEEJUJPO PG UIF EFOTF QPJOU UP UIF DPNQMFY QSPKFDUJWF
MJOF SFNPWFT UIF IBVTEPSČ QSPQFSUZ CVU EPFT OPU FČFDU UIF DPNQBDUOFTT BOE DPVOUBCJMJUZ QSPQFSUJFT PG UIF TQBDF
 $PODMVTJPO
8F DBO BQQSPBDI BP0 CZ DPOTJEFSJOH UIF TQBDF BT CP1 VOJPO B EFOTF QPJOU BOE XPSLJOH XJUI JU BT B EFOTF QPJOU
UPQPMPHZ 8F DBO TFF UIBU UIF DPNQBDUOFTT BOE DPVOUBCJMJUZ QSPQFSUJFT PG CP1 BSF BMTP QSFTFOU JO BP0  ćVT UIF
JODMVTJPO PG B EFOTF QPJOU XJMM OPU BMUFS DPNQBDUOFTT PS DPVOUBCJMJUZ QSPQFSUJFT .PTU PG UIF JOUSJOTJD QSPQFSUJFT PG
BP0 T UPQPMPHZ BOE EFOTF QPJOU UPQPMPHJFT JO HFOFSBM DBO CF BUUSJCVUFE UP UIF IZQFSDPOOFDUFEOFTT PG UIF TQBDF ćVT
IZQFSDPOOFDUFEOFTT JO UFSNT PG B EFOTF QPJOU UPQPMPHZ DBO CF VOEFSTUPPE BT UIF EFOTF QPJOU OFFEJOH UP CF BSCJUSBSJMZ
DMPTF UP FWFSZ PUIFS QPJOU PG UIF TQBDF BOE UIVT FWFSZ PUIFS QPJOU JT TJNJMBSMZ DMPTF UP FBDI PUIFS ćJT NBLFT TFOTF
DPOTJEFSJOH BP0 QIZTJDBMMZ SFQSFTFOUT B QPJOU JO TQBDFUJNF UPHFUIFS XJUI UIF DPMMFDUJPO PG OVMM EJSFDUJPOT FNBOBUJOH
GSPN UIF QPJOU *O GVUVSF XPSL XF EJTDVTT IPX BP0 DBO CF FNCFEEFE JOUP JUT IJHIFS EJNFOTJPOBM BOBMPH BP1 XIJDI
DBO CF DPOTJEFSFE BT UIF DPMMFDUJPO PG BMM QPJOUT UPHFUIFS XJUI UIFJS OVMM DPOFT JO BMM PG TQBDFUJNF
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Fullerton Mathematical Circle: Designing a Math Circle Session
Robert Gudino and Angelica Ureña
Advisor: Dr. Bogdan Suceavă

Department of Mathematics, California State University, Fullerton

Introduction

Problem Solving

Orange County, where California State University,
Fullerton is based, is a vibrant area of crossroads of
cultures and traditions in every way of the meaning.
Much of the program's success is rooted in the potential
of nurturing gifted students at their highest potential.
Besides the many students enrolled in the K-12 schools
of Orange County, our Fullerton Math Circle is also
attended by talented students from Los Angeles County
and Riverside County. The present paper describes the
designing of a session intended to serve a program that
brings together the highly gifted middle- and highschool students with the future middle- and high-school
teachers. It is well known that a mathematical circle is
a program for exceptional students. The students range
from elementary to high school, and it is open to anyone.
One of the objectives is to prepare the students for the
American Mathematical Competitions, the programs
administered by the Mathematical Association of
America, and which are hosted every year at CSUF.
Furthermore, we, as instructors who worked for the
Fullerton Mathematical Circle, see it as a way for the
students to develop logical reasoning and critical
thinking. We provide math sessions that sometimes
involve a lecture on new ideas and always involve a
presentation of problems. These problems come from
different sources and the students are presented with an
opportunity to progress in a higher level of mathematical
complexity. The important question is how to address
the needs and the training for such interested and bright
students. The present work showcases a session for
students in grades 5-6.

In our case, we facilitated math sessions for 2 hours
every other week. The targeted population were 5th and
6th grade students, but was open to all grade levels, since
sometimes younger students are curious to see what
kind of mathematics is presented in the higher grades.
Most of the questions that we presented come from
the Paul Erdös Abacus International Math Challenge.
Another source we used was the recent volume
First Steps for Math Olympians: Using the American
Mathematics Competitions. The Paul Erdös International
Math Challenge provides new and an intriguing number
of math problems monthly. Students work on solving
problems and writing and are submitting their solutions,
for which they receive feedback from qualified graders
working for the program. The North-American version
of the program, which was originally rooted in the
tradition of the Hungarian school of mathematics, is
based in the Grace School in New York.
In a typical math session when we do not provide a
lecture, we present a selection of about 8 to 13 problems
on a PowerPoint . The first thing we focus on is comfort,
so that the students do not feel pressured, but rather
encouraged to participate and attempt all the problems.
This is an opportunity for students to challenge
themselves and to expand their mathematical abilities.
For example, we will start with such a problem
Find the 2015th digit to the right of the decimal
point in the expansion of 1/13. (1)
If one looks at this problem and focuses on
having to find the 2015th digit, they could easily get
discouraged. For this particular problem the students
were given a couple minutes, enough time for us to
walk around the classroom and see whether or not the
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students had found a method of approach. As some had
found a strategy, some different to ours, we gave a hint
to those that did not. We said that if you simply start
by dividing 1/13, it would equate to .07692307692. One
could see that the following 6 digits .076923 repeat and
a simple guess and check would result in finding that
6 goes into 2016 evenly, 336 times. If you minus one
from the 2016th digit, the number 3, this will give you
the 2015th digit, the number 2. To push my excitement
over the edge, I noticed that some of the students were
able to recognize a similar pattern using the primitive
form of the Division Algorithm. Due to this recognition,
students will be more receptive to the formal Division
Algorithm.
During the workshops we noticed that the students
were able to answer questions faster when they were
concise, direct, and plain in vocabulary. Questions were
not always short; sometimes the questions contained
items or words that seemed foreign to the students.
However, using context clues, the students were able to
decipher what the problem was asking. For example:
Ali Baba's camel eats 1 kg of dates while he walks
1 km, and he can carry 100 kg of dates on his back. Ali
Baba grows dates at the edge of the desert, and 100 km
away, across the desert, is the market. There are oases
in the desert every 25 km where you can store dates,
nowhere else. Ali Baba has 300 kg of dates and he
wants to sell 50 kg on the market. Can he do it? (If yes,
how; if not, why not?) (2)
As "dates'' might be unfamiliar to some of us, most
students did not know what "oases" were. We started by
encouraging the students to draw an image that would
help them piece the question together and derive a
method to solving the problem. Students took about 5
minutes trying to produce an image in their head and
some even continued to answer it in their head, as they
were reluctant to draw something out. As we re-read the
problem together, students started to see more clearly
what the question at hand was. Some quickly came to
the conclusion that the problem was impossible; Ali
Baba would have no dates to sell at the end of the trip

since he would have used all of them up by the end of
his travels. However, with a little guidance, students
started to believe the trip would be possible provided
that they make use of the oases rather than just trying to
go directly to the market. The following is a solution the
students came up with:

If Ali Baba starts with 100 kg of dates on his back
and walks to the first oasis, upon arrival, he has 75 kg
remaining and can deposit 50 kg. He then uses the last
25 kg to walk back and pick up another 100 kg, leaving a
remainder of 100kg. If he repeats the process two more
times, he will have 100 kg of dates in the first oasis and
75 kg on his back for a total of 175 kg. If he loads 100 kg
on his back, he will have 75 kg in the 25 km oasis. He
then travels to the 50 km oasis and drops off 50 kg and
walks back to pick up the remaining 75 kg. When he
ends up walking back to the 50 km oasis, he has a total
of 50 kg on him and 50 kg in the oasis. Therefore, if he
loads up the 100 kg and expends 50 kg of dates to walk to
the market he will have the desired 50 kg that he would
like to sell. Hence, with a little bit of strategy, it is doable.
Students had difficulty approaching problems in the
Paul Erdös International Math Challenge that required
listing many things in order to reach a solution. The
following problem is an example of this type:
We wrote down all the 3 digit numbers in an
increasing order, so that we used a red pen for the even
numbers' digits and a blue pen for the odd numbers'
digits. How many red zeros are there on the paper? (3)
The first road block students encountered was
identifying a way to list all 3 digit numbers. However,
in order to save themselves the trouble of listing all the
three digit numbers, students had to realize they only
need to list the even three digit numbers that contain
zeros. Some students suggested counting numbers that
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had a 0 in the hundreds place, but quickly realized a
three digit number could only have a zero in the tens
or ones place. Once they found a pattern or listed all of
them, they could determine how many red zeros there
were. A common mistake was not counting the numbers
that had two zeros.
Over time, students learned to check their answers
and verify whether their answer made logical sense.
In the first few sessions, we struggled to get students
to write down their solutions. Part of the Paul Erdös
International Math Challenge is writing down the
solution and submitting it. The solution has to show
to process of how the students get from one step to the
next. At times, students would explain their solution
off the top of their head. They would stop mid sentence
and realize they had made a mistake. By having students
write out their work, they were able to recognize
mistakes along the way and adjust accordingly.
Throughout the sessions, we would show the
students a variety ways to approach problems such as
using charts or pictures to organize ideas, ultimately,
having a way for students to back-track just in case path
A did not work. The following question is an example of
a problem that makes good-use of charts:
Steve, Alex, Leslie, and Kate each have a favorite
car, a favorite type of chocolate, and they each have a
dog. We have the following information about them:
The owner of bell loves chocolate with almond. Alex is
dreaming of a Honda while he is eating milk chocolate.
Kate takes Caesar for a walk every Sunday. The owner
of Trixie would love to have a Jaguar. Leslie never buys
anything but chocolate with yogurt. What is the name
of the owner of Fletcher? Who loves chocolate with
raspberry? (4)
At first many students thought it was impossible
to determine the name of the owner of Fletcher and
the person who likes chocolate raspberry. They did not
know of a way to take all the information they were
given and organize it in a meaningful way. We suggested
they make a chart containing all the information given.
Once students had created a chart, they placed each

item corresponding to the individual being described.
Some information was extra and not needed to solve
the problem, and became agitated by the fact. They
felt that every piece of information should have been
needed as part of the solution. We explained that part of
the challenge some times is being able to weed out the
necessary in order to progress.
Conclusion
Many of the Math Circle students attended our program
for four years, quite a few of them being there for
every session. With the belief that the spirit of what the
mathematicians do can be communicated to early stages
of one mathematical career, our Math Circle presented
various opportunities for our students to develop their
mathematical work and discover for themselves a strong
interest in research, as it can be trained and developed
at this age. The main idea in developing such a program
is that a pleasant training for research is possible, in
mathematics more than in physics, chemistry, writing or
any other disciplines of human creativity.
Through our Mathematical Circle, an outreach
program open to students of all ages and grades, we
feel that this training increases both our students
logical and critical thinking, as well as their exposure
to mathematics. We strongly encourage all students
to partake in the seminars so that they can push their
limits. Students genuinely like the problems we present,
and furthermore, they often times always want to do
more problems than time allows. Many times, the
problems they encounter in their respective schools
do not require much critical thinking but rather the
ability to apply a formula or routine step taught to them.
The problems we provide them with give them the
opportunity to expand their minds and be challenged
in fun ways. We express our hope that, in the future, a
variety of schools will create their own Math Circles to
provide students with an appropriate intellectual and
scholarly challenge and have students see a different side
to mathematics as an interesting and attractive process in
which one can participate from an early age.
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4FNJHSPVQT BSF JNQPSUBOU JO TVDI ĕFMET BT DPNQVUFS TDJFODF DSZQUPHSBQIZ BCTUSBDU BMHFCSB BOE PUIFS CSBODIFT PG
NBUIFNBUJDT " TFNJHSPVQ JT B OPOFNQUZ TFU 4 XJUI B CJOBSZ PQFSBUJPO UIBU TBUJTĕFT UIF GPMMPXJOH BYJPNT
 $MPTVSF *G a, b ∈ S UIFO a ∗ b ∈ S
 "TTPDJBUJWJUZ a ∗ (b ∗ c) = (a ∗ b) ∗ c, f or all a, b, c ∈ S
"O FYBNQMF PG B TFNJHSPVQ JT UIF TFU PG QPTJUJWF SFBM OVNCFST Z+ VOEFS BEEJUJPO PS NVMUJQMJDBUJPO "MTP MFU X BOE
Y CF BOZ UXP TFUT BOE EFĕOF B CJOBSZ PQFSBUJPO JO S = X × Y BT GPMMPXT (x1 , y1 ) ∗ (x2 , y2 ) = (x1 , y2 )
(x1 , x2 in X; y1 , y2 in Y ) ćFO 4 JT B TFNJHSPVQ /FYU UIF GSFF TFNJHSPVQ Fx PO B TFU X JT EFĕOFE BT GPMMPX
MFU X CF BOZ TFU BOE Fx DPOTJTU PG BMM ĕOJUF TFRVFODFT PG FMFNFOUT PG 9 *G (x1 , ..., xm ) BOE (y1 , ..., yn ) BSF FMFNFOUT
PG Fx (xi ∈ X, i = 1, ..., m; yj ∈ X, j = 1, ..., n) UIFO XF EFĕOF UIFJS QSPEVDU JO Fx CZ TJNQMF KVYUBQPTJUJPO
(x1 , ..., xm )∗(y1 , ..., yn ) = (x1 , ..., xm , y1 , ..., yn ). "OPUIFS FYBNQMF PG B TFNJHSPVQ JT UIF TZNNFUSJD JOWFSTF NPOPJE
EFOPUFE CZ 4*. O XIJDI XF EFTDSJCF CFMPX
*O UIJT SFTFBSDI QSPKFDU XF TFFL UP EFUFSNJOF FDPOPNJDBM HFOFSBUJOH TFUT GPS UIF NPOPJE PG PSEFSQSFTFSWJOH JOKFD
UJPOT PG BO OFMFNFOU TFU 10* O XIJDI JT B TVCTFNJHSPVQ PG 4*. O  5ZQJDBM FMFNFOUT JO 4*. O DBO CF EFOPUFE CZ
UIF DMBTTJD UXP MJOF OPUBUJPO BOE SFQSFTFOU NBQQJOHT PG UIF TFU \     O ^ JOUP JUTFMG  )FSF JT BO FYBNQMF
!
"
1 2 3 4 5 6
τ=
.
2 1 4 6 − 5

ćF EPNBJO PG BO FMFNFOU τ ∈ SIM (n) JT Dom(τ ) = {i ∈ {1, 2, 3, ..., n} : τ (i) JT EFĕOFE } *O UIF FYBNQMF BCPWF
JU DBO FBTJMZ CF TFFO UIBU Dom(τ ) = {1, 2, 3, 4, 6} ćF SBOHF PG BO FMFNFOU τ ∈ P OI(n) JT Rng(τ ) = {τ (i) : i ∈
{1, 2, 3, ..., n}}. "HBJO SFGFSFODJOH τ XF DBO TFF Rng(τ ) = {2, 1, 4, 6, 5} "O FMFNFOU PG 4*. O JT BO FMFNFOU PG
10* O JG XIFOFWFS J < K UIFO τ (i) < τ (j) XIFSF i, j ∈ {1, 2, 3, ..., n} 'PS FYBNQMF
!
"
1 2 3 4 5 6
σ=
3 4 − 5 6 −

JT BO FMFNFOU PG 4*. O BT XFMM BT BO FMFNFOU PG 10* O TJODF UIF SBOHF JT JO JODSFBTJOH PSEFS ćF SBOL PG BO FMFNFOU
σ JT EFĕOFE BT rank(σ) = |Dom(σ)| = |Rng(σ)|

" HFOFSBUJOH TFU GPS BOZ TFNJHSPVQ JT B DPMMFDUJPO PG FMFNFOUT S TVDI UIBU FWFSZ FMFNFOU PG UIF TFNJHSPVQ DBO CF
FYQSFTTFE BT B QSPEVDU PG FMFNFOUT GSPN S (FOFSBUJOH TFUT BSF PG GVOEBNFOUBM JNQPSUBODF JO ĕFMET BDSPTT NBUI BOE
TDJFODF BOE NBUIFNBUJDJBOT IBWF HSFBU JOUFSFTU JO TUVEZJOH HFOFSBUJOH TFUT PG B WBSJFUZ PG BMHFCSBJD TUSVDUVSFT (JWFO
B HFOFSBUJOH TFU 4 PG 10* O UIF MFOHUI PG BO FMFNFOU σ ∈ P OI(n) EFOPUFE BT lengthS (σ) JT UIF TNBMMFTU OVNCFS
PG FMFNFOUT PG 4 UIBU NVTU CF NVMUJQMJFE UP PCUBJO UIF FMFNFOU σ 0G DPVSTF JG σ JT BO FMFNFOU PG 4 UIFO lengthS (σ) = 1.
6TJOH <> XF FYBNJOF UIF LFZ GFBUVSFT PG WBSJPVT HFOFSBUJOH TFUT PG P OI(n) JODMVEJOH UIFJS TJ[FT UIF EPNBJOT BOE
SBOHFT PG UIF JOKFDUJPOT BSJTJOH JO UIFN BOE NPSF ćFTF MFBE VT UP UIF GPMMPXJOH UIFPSFNT
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ćFPSFN  -FU 9 CF B TFU XJUI n FMFNFOUT JO P OI(n) PG SBOL n − 1 ćFO 9 JT B HFOFSBUJOH TFU PG P OI(n) POMZ JG
Dom(σi ) ̸= Dom(σj ), Rng(σi ) ̸= Rng(σj ), Dom(σi ) ̸= Rng(σi ) GPS BMM i ̸= j ∈ {1, 2, 3, .., n}
ćFPSFN  -FU 9 CF BT JO ćFPSFN  ćFO 9 JT B HFOFSBUJOH TFU GPS 10* O JG BOE POMZ JG EPFT OPU DPOUBJO BOZ TVCTFU
PG HFOFSBUJOH TFUT GPS 10* J GPS J      O 
'PS FYBNQMF ćFPSFN  TIPXT UIBU BMM PG UIF HFOFSBUJOH TFUT GPS 10*
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ćJT XBT WFSJĕFE CZ B QSPHSBN XSJUUFO JO <> 'JOBMMZ XF VTF B DPNCJOBUPSJBM BSHVNFOU UP TIPX UIBU UIF OVNCFS PG
HFOFSBUJOH TFUT PG 10* O DPOTJTUJOH PG O FMFNFOUT PG SBOL n − 1 JT (n − 1)!
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Optical Tweezers for Force Measurement in Living Cells
Corbyn Jones
Advisor: Dr. Wylie Ahmed
Department of Physics, California State University, Fullerton

Abstract
Optical tweezers are used to manipulate microscopic objects for the purpose of measuring forces and displacements
at the piconewton and nanometer scale. This is accomplished by tightly focusing a laser, which is capable of locally
trapping objects. These types of measurements were typically done in simple viscous liquids, such as water, where
calibration is straightforward. However, in order to analyze the inner components of living cells (submerged in
cytoplasm) a new calibration method for the optical tweezers, the Photon Momentum Method (PMM), must be
used [1]. We have setup and are in the process of calibrating a microscope with an optical tweezer that uses the
PMM method. This will enable us to precisely measure the force kinetics in the cytoplasm of living cells and quantify
cellular mechanical activity. We are investigating the relationship between Brownian motion (an equilibrium
state) and non-thermal fluctuations (active, non-equilibrium state) [2]. Once this relationship is quantified, it will
provide insight on the basic physics of the biological processes occurring in living cells. This type of research sets the
foundation for future applications in biomaterial science and biotechnology.
References
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Quantifying Subcellular Transport in Living Cells
Danielle Posey
Advisor: Dr. Wylie Ahmed
Department of Physics, California State University, Fullerton

Abstract
The cell interior is a dynamic place where many molecules, vesicles, and organelles must be able to move through
the cytoplasm to either reach specific locations where important biological processes take place or to more evenly
disperse throughout the cell. Active intracellular transport is of vital importance to maintain normal cell function,
and it is achieved by the use of molecular motors that consume energy and transport cargo on microtubules and
actin filaments. At the microscopic level, it has been observed that particles can also move stochastically via passive
diffusion (Brownian motion). The crowded and noisy intracellular environment can make it a challenge to determine
whether any molecular movement being observed is due to active biological processes aided by molecular motors
or if it is simply due to passive diffusion. Ahmed et al. have developed a method to characterize passive and active
transport by analyzing the temporal mean squared displacement of vesicle motion [1,2]. Using this method, we
are studying the role of several major cytoskeletal components (actin, microtubules, myosin-II) in the transport
of vesicles in fibroblasts. In this study, we seek to further our understanding of how vesicles and organelles are
dynamically positioned within cells.
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bĜ1 iQ k8y FK bĜ1 BM BM+`2K2Mib Q7 8y FK bĜ1 X 1+? b2i Q7 KQ/2Hb ?b i?`22 bm#b2ib ;2M2`i2/ rBi? HQ; ; 4
jX8y- 9Xyy- M/ 9X8y `2bT2+iBp2Hv Ub b?QrM BM 6B;m`2 k- i?2 p2`;2 HQ; ; 7Q` Qm` +QM}`K2/ GK#/ bi`b
Bb ∼ 9XyRVX q2 HbQ 2tTHQ`2/  `M;2 Q7 afL M/ 7QmM/ i?i `M/QK MQBb2 ?b HBiiH2 2z2+i QM i?2 * A f
J; AA 2[mBpH2Mi rB/i? `iBQ B7 afL = kyyX "2+mb2 KQbi Q7 Qm` T`Q;`K bi`bǶ Q#b2`p2/ bT2+i` ?p2 afL
= kyy- r2 //2/ `M/QK MQBb2 +Q``2bTQM/BM; iQ  afL Q7 kyy iQ HH Q7 Qm` bvMi?2iB+ bT2+i` M/ K2bm`2/
i?2K mbBM; i?2 bK2 2[mBpH2Mi rB/i? K2bm`BM; T`Q+2/m`2 r2 mb2/ iQ K2bm`2 i?2 2[mBpH2Mi rB/i?b Q7 * A
8y8kXRd ³ M/ J; AA 993R ³ #bQ`TiBQM 72im`2b BM Q#b2`p2/ bT2+i`X
h?2 `2bmHib Q7 i?Bb BM@/2Ti? MHvbBb `2 BHHmbi`i2/ BM 6B;m`2 RRX h?2 b?/2/ #M/b `2T`2b2Mi i?2 Qp2`HH
2Mp2HQT2 rBi?BM r?B+? HH Q7 Qm` KQ/2Hb 7HHX q?BH2  GK#/ "QQ bi` Kv 7HH rBi?BM i?2 ;`22M #M/
KQM; KQ/2Hb rBi? #mM/M+2b b+H2/ mMB7Q`KHv 7`QK i?2 bQH` #mM/M+2b- i?Bb HQM2 Bb MQi BM/B+iBp2
i?i i?2 bi` Bb MQi  GK#/ "QQ ivT2 bi`X h?2b2 #M/b BHHmbi`i2 i?2 `M;2 Q7 mM+2`iBMiv r?2M i?Bb
/B;MQbiB+ Bb TTHB2/ iQ  bKTH2 Q7 bi`b rBi? mM/2i2`KBM2/ bi2HH` T`K2i2`bX A7 p bBM B ?b #22M /2i2`@
KBM2/ 7Q`  T`iB+mH` bKTH2 bi`- i?Bb `M;2 Q7 mM+2`iBMiv +M #2 `2/m+2/ #v mbBM; i?2 `2pBb2/ rp2H2M;i?
`M;2b b?QrM BM h#H2 9X A/2HHv- 2+? bi` b?QmH/ #2 +QKT`2/ iQ bT2+B}+ KQ/2Hb rBi? +QKT`#H2 bi2HH`
T`K2i2`bX 6B;m`2 RR BHHmbi`i2b i?i Qm` T`Q;`K GK#/ "QQ bi`b `2 biBHH b2T`i2/ 7`QK MQ`KH M/
MQM@K2K#2` bi`b BM  bBKBH` KMM2` b BHHmbi`i2/ BM 6B;m`2 Ry- bQ Qm` BMBiBH- bBKTH2` T`Q+2/m`2 T`QpB/2b
 pHB/ 2KTB`B+H /B;MQbiB+ iQ b2T`i2 KQbi GK#/ "QQ bi`b 7`QK Qi?2` K2iH r2F bi`bX 6Q` bi`b rBi?
p bBM B = kyy FK bĜ1 - i?Bb `iBQ #2+QK2b ?B;?Hv mM+2`iBM- #mi KQbi Q7 Qm` T`Q;`K bi`b `2 r2HH #2HQr i?Bb
i?`2b?QH/X
 HQM;@biM/BM; T`Q#H2K BM i?2 +HbbB}+iBQM Q7 GK#/ "QQ bi`b Bb i?2 biimb Q7 TT`2Mi GK#/ "QQ
bi`b rBi? bT2+i`H ivT2b Q7 6R M/ Hi2`X 6B;m`2 9 b?Qrb i?2 /`KiB+ /2+`2b2 BM GK#/ "QQ 7`2[m2M+v
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7Q` bT2+i`H ivT2b Hi2` i?M 6R Uh277 = dyyy EVc i?Bb Bb T`2bmK#Hv /m2 iQ i?2 KBtBM; #`Qm;?i #Qmi #v
i?2 /2p2HQTK2Mi Q7  /22T bm`7+2 +QMp2+iBQM xQM2- r?B+? rQmH/ 2`b2 i?2 T2+mHB` bm`7+2 #mM/M+2b Q7
i?2 GK#/ "QQ bi`bX LQM2i?2H2bb-  MmK#2` Q7 TQi2MiBH GK#/ "QQ bi`b ?p2 #22M B/2MiB}2/ BM i?2
HBi2`im`2 rBi? bT2+i`H ivT2b U?v/`Q;2M@HBM2 ivT2bV b Hi2 b 6jX
 +b2 BM TQBMi Bb >. Ryekkj- r?B+? ?b #22M +HbbB}2/ b  }2H/ ?Q`BxQMiH@#`M+? bi` UPF2 2i HX RNeeV GK#/ "QQ bi` UaH2ii2#F RNe3V- M/  }2H/ #Hm2 bi`;;H2` U"QM/  J+*QMM2HH RNdRVX :`v URN33V
+HbbB}2/ i?Bb bi` b ǳ6j o FRKy λ "QQ\Ǵ #mi H27i i?2 GK#/ "QQ biimb mM+2`iBMX JQ`2 `2+2Mi
#mM/M+2 /2i2`KBMiBQMb U>2Bi2` kyykc M/`B2pbFv 2i HX kyykV ?p2 b?QrM M mMK#B;mQmb GK#/ "QQ
#mM/M+2 Tii2`M- rBi? i?2 +`#QM #mM/M+2 M2` Q` 2p2M 2t+22/BM; bQH` U+0X3c >2Bi2` kyykV- r?2`2b
i?2 K2iHb BM ;2M2`H `2 #Qmi RX8 /2t #2HQr bQH`X SmMx2M 2i HX UkyR9V HbQ bim/B2/ >. Ryekkj BM i?2B`
BMp2biB;iBQM Q7 i?2 TQbbB#BHBiv Q7 M BMi`BMbB+ +?2KB+H T2+mHB`Biv BM i?2 GK#/ "QQ bi`bX Ai Bb i?mb Q7
+QMbB/2`#H2 BMi2`2bi i?i i?2 * A 8y8kXRd³ f J; AA 993R³ +HbbB}+iBQM +`Bi2`BQM 2bi#HBb?2/ BM i?Bb TT2`
+H2`Hv bmTTQ`ib i?2 GK#/ "QQ biimb Q7 #Qi? >. Ryekkj M/  bBKBH` bi` >. 9R83 Ub22 h#H2 R M/
6B;m`2b Ry  RRVX h?Bb BHHmbi`i2b i?2 mb2 Q7 i?Bb +`Bi2`BQM 7Q` b2T`iBM; Hi2@ivT2 U6R M/ Hi2`V GK#/
"QQ bi`b 7`QK K2iH@r2F i?B+F@/BbF 2`Hv 6@ivT2 bi`bX
q2 HbQ BMp2biB;i2/ r?v i?2 J; AA 993R ³ f 62 A 9j3jX8 ³ 2[mBpH2Mi rB/i? `iBQ Bb mb27mH BM ǳpBbmHǴ
+HbbB}+iBQM- #mi +MMQi #2 mb2/ b  ǳ[mMiBiiBp2Ǵ /B;MQbiB+ `iBQ Ub22 6B;m`2 8V BM i?2 bK2 rv i?i
i?2 * A 8y8kXRd ³ f J; AA 993R ³ `iBQ +M #2 mb2/X h?2 J; AA 993R ³ /Qm#H2i ;Q2b i?`Qm;?  KtBKmK
BM bi`2M;i? BM i?2 Hi2@"- 2`Hv @ivT2 bi`b Uh277 ∼ Ryyyy EV- M/ /2+HBM2b BM bi`2M;i? rBi? /2+`2bBM;
i2KT2`im`2 Ub22 6B;m`2 3VX PM i?2 Qi?2` ?M/- 62 A 9j3jX8 ³ Bb  HQr@2t+BiiBQM HBM2 U∼ RX8 2oV- M/
i?mb ;`Qrb BM bi`2M;i? rBi? /2+HBMBM; i2KT2`im`2X h?Bb K2Mb i?i i?2 J; AA f 62 A `iBQ /2+`2b2b rBi?
/2+`2bBM; h277 BM #Qi? MQ`KH M/ K2iH@r2F bi`bX h?Bb Bb r?v- i  ;Bp2M i2KT2`im`2- i?2 J; AA 993R ³
f 62 A 9j3jX8 ³ `iBQ ?b MQ TQr2` iQ /Bb+`BKBMi2 #2ir22M K2iH@TQQ` M/ K2iH@`B+? bi`b Ub22 6B;m`2 8VX
Ai Bb BKTQ`iMi iQ MQi2 i?i BM bT2+i`H +HbbB}+iBQM- r2 Q7i2M +QKT`2 bT2+i` Q7 bi`b rBi? [mBi2 /Bz2`2Mi
2z2+iBp2 i2KT2`im`2bX h?Bb Bb i?2 +b2 rBi? i?2 GK#/ "QQ bi`bX  +HbbB}2` +QM7`QMi2/ rBi? i?2 #Hm2@
pBQH2i bT2+i`mK Q7  ǳbi`QM;-Ǵ +QQH GK#/ "QQ bi` rBHH }`bi +QMbB/2` i?2 bi`2M;i? Q7 i?2 K2iHHB+@HBM2
bT2+i`mK M/ i?2 * AA E@HBM2- M/ MQi2 i?2B` bBKBH`Biv iQ i?2 bT2+i`mK Q7 M 2`Hv @ivT2 bi`- 2t+2Ti
7Q` QM2 BM+QMbBbi2M+v@i?2 ǳT2+mHB`Ǵ r2FM2bb Q7 i?2 J; AA 993R ³ HBM2 UvB2H/BM;  bKHH J; AA f 62 A `iBQVX
6m`i?2` BMp2biB;iBQM rBHH b?Qr i?i i?2 ?v/`Q;2M HBM2b ?p2 T`Q}H2b KQ`2 +QMbBbi2Mi rBi?  Hi2@ Q` 2p2M
2`Hv 6@ivT2 bi`- `2p2HBM; i?2 i`m2 h277 Q7 i?2 bi` M/ Bib ;2M2`H K2iH@r2F Mim`2X PM+2 i?2 h277 Bb
FMQrM- Bi Bb +H2` i?i i?2 J; AA f 62 A `iBQ 7Q` i?2 GK#/ "QQ bi` Bb MQi BM 7+i mMmbmH- #mi Bb M2`Hv
2[mH iQ i?i Q7  bQH`@K2iHHB+Biv biM/`/ bi` Q7 i?2 bK2 2z2+iBp2 i2KT2`im`2X h?2`27Q`2 i?2 J; AA f
62 A `iBQ THvb M BKTQ`iMi `QH2 BM i?2 /Bb+Qp2`v Q7 GK#/ "QQ bi`b pB ǳpBbmHǴ +HbbB}+iBQM i2+?MB[m2bi?Qm;? Bi ?b HBiiH2 Q` MQ TQr2` BM ǳ[mMiBiiBp2Ǵ MHvbBb iQ /BbiBM;mBb? K2K#2`b Q7 i?2 +HbbX
 $PODMVTJPOT
q2 bim/B2/ 9d GK#/ "QQ bi`b rBi? 2tBbiBM; 1GP.A1 M/fQ` 1aP pBbB#H2 bT2+i`X q2 HbQ MHvx2/
KQ/2H bT2+i` Q7 MQ`KHf`272`2M+2 bi`b- K2iH@TQQ` bi`b- M/ ǳK2MǴ GK#/ "QQ bi`bX q2 +QM+Hm/2
i?i,
Ç h?2 pBbB#H2 bT2+i` Q7 GK#/ "QQ bi`b +M #2 `2T`Q/m+2/ r2HH rBi? Gh1 bvMi?2iB+ bT2+i`X h?2b2
bvMi?2iB+ bT2+i` +M i?2M #2 mb2/ iQ T`2/B+i M/ 2tTHBM i?2 #2?pBQ` Q7 Q#b2`p2/ bT2+i` b  7mM+iBQM
Q7 bi2HH` T`QT2`iB2bc
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Ç h?2 * A 8y8kXRd ³ f J; AA 993R ³ 2[mBpH2Mi rB/i? `iBQ +M #2 mb2/ b  pBbB#H2 +`Bi2`BQM iQ /BbiBM;mBb?
#2ir22M GK#/ "QQ bi`b M/ Qi?2` K2iH@r2F bi`bX h?Bb `iBQ Bb  7mM+iBQM Q7 i?2 BM/BpB/mH bi`Ƕb
2z2+iBp2 i2KT2`im`2 M/ (Jf>)X "2ir22M eyyy E M/ N8yy E- i?2 * A f J; AA 2[mBpH2Mi rB/i? `iBQb
Q7 GK#/ "QQ bi`b `2 p2`v /Bz2`2Mi 7`QK i?2 * A f J; AA `iBQb Q7 MQ`KH bi` KQ/2Hb M/ 7`QK
Qi?2` K2iH@TQQ` bi`bc
Ç h?Bb `iBQ +M #2 mb2/ b M 2KTB`B+H /B;MQbiB+- 2p2M 7Q`  bKTH2 rBi? mMFMQrM bi2HH` T`K2i2`b#v mbBM; ǳ}t2/Ǵ 2[mBpH2Mi rB/i? K2bm`2K2Mi rp2H2M;i? `M;2b U8y8y @ 8y89X9  7Q` * A M/ 99dN
@ 993jX8 ³ 7Q` J; AAVX A7 i?2 bi`Ƕb p bBM B Bb FMQrM- i?2 TQr2` iQ /Bb+`BKBMi2 GK#/ "QQ 7`QK
MQ`KH bi`b M/ Qi?2` K2iH@r2F bi`b +M #2 BKT`Qp2/ #v mbBM; ǳp bBM B@/2T2M/2MiǴ 2[mBpH2Mi
rB/i? K2bm`2K2Mi `M;2bc
Ç q2 +MMQi mb2 i?2 * A 8y8kXRd ³ f J; AA 993R ³ 2[mBpH2Mi rB/i? `iBQ b  +HbbB}+iBQM +`Bi2`BQM 7Q`
bi`b ?Qii2` i?M N8yy E #2+mb2 i?2B` * A 8y8kXRd ³ #bQ`TiBQM 72im`2b `2 iQQ r2F iQ #2 K2bm`2/
++m`i2Hvc
Ç q2 +miBQM ;BMbi mbBM; i?Bb 2[mBpH2Mi rB/i? `iBQ b  +HbbB}+iBQM +`Bi2`BQM 7Q` bi`b rBi? p bBM B
= kyy FK bĜ1 c
Ç PM2 Q7 i?2 KDQ` /pMi;2b Q7 2bi#HBb?BM;  pBbB#H2 GK#/ "QQ +HbbB}+iBQM +`Bi2`BQM Bb i?i
`+?BpH pBbB#H2 /i `2 rB/2Hv pBH#H2- M/ M2r pBbB#H2 Q#b2`piBQMb `2 2bB2` iQ Q#iBM i?M lo
Q#b2`piBQMbX
Pm` 7mim`2 rQ`F rBHH BM+Hm/2,
Ç T2`7Q`K M #mM/M+2 MHvbBb 7Q` T`Q;`K GK#/ "QQ bi`b rBi?Qmi M #mM/M+2 MHvbBb T`2b2Mi
BM i?2 HBi2`im`2c
Ç +QKTBH2 M mT/i2/ HBbi Q7 ǳ#QM@}/2Ǵ GK#/ "QQ bi`b i?i K22i Qm` [mMiBiiBp2 pBbB#H2 M/fQ`
lo +HbbB}+iBQM +`Bi2`B- r?B+? +M #2 mb2/ iQ BMp2biB;i2 ;`QmT T`QT2`iB2b BM Q`/2` iQ 2tTHBM i?2
Q`B;BM Q7 i?2 GK#/ "QQ T?2MQK2MQMX
 "DLOPXMFEHNFOUT
h?Bb T`Q;`K Bb bmTTQ`i2/ #v ;`Mib 7`QK i?2 LiBQMH a+B2M+2 6QmM/iBQM iQ *HB7Q`MB aii2 lMBp2`bBiv
6mHH2`iQM Uah@RkRRkRjV- i?2 *QHH2;2 Q7 *?`H2biQM Uah@RkRRkkR- ah@RRyNeN8V- M/ TTH+?BM aii2
lMBp2`bBiv Uah@RkRRkR8VX aQK2 Q7 i?2 /i T`2b2Mi2/ BM i?Bb TT2` r2`2 Q#iBM2/ 7`QK i?2 JBFmHbFB
`+?Bp2 7Q` aT+2 h2H2b+QT2b UJahVX aha+A Bb QT2`i2/ #v i?2 bbQ+BiBQM Q7 lMBp2`bBiB2b 7Q` _2b2`+? BM
bi`QMQKv- AM+X- mM/2` La +QMi`+i La8@ke888X amTTQ`i 7Q` Jah 7Q` MQM@>ah /i Bb T`QpB/2/ #v
i?2 La P{+2 Q7 aT+2 a+B2M+2 pB ;`Mi LLsRj*yd: M/ #v Qi?2` ;`Mib M/ +QMi`+ibX "b2/ QM
/i Q#iBM2/ 7`QK i?2 1aP a+B2M+2 `+?Bp2 6+BHBiv mM/2` `2[m2bi MmK#2`b, /DQ?MbQM kkdjjd  k9y8eNX
h?Bb `2b2`+? ?b K/2 mb2 Q7 i?2 aAJ". /i#b2- QT2`i2/ i *.a- ai`b#Qm`;- 6`M+2X h?Bb `2b2`+?
?b HbQ K/2 mb2 Q7 i?2 oBxB2_ +iHQ;m2 ++2bb iQQH- *.a- ai`b#Qm`;- 6`M+2X
_161_1L*1a
M/`B2pbFv- aX JX- *?2`Mvb?Qp- AX oX- SmMx2M- 1X-

*?2M;- EX@SX- L2z- CX 1X- CQ?MbQM- .X JX- 2i HX kyReC- R8R- Ry8

2i HX kyyk- - jNe- e9R

:`v- _X PX RN33- C- N8- kky

"QM/- >X 1X-  J+*QMM2HH- .X CX RNdR- TC- Re8- 8R

:`v- _X PX-  *Q`#HHv- *X CX RNN9- C- Ryd- d9k
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10. Tables and Figures
Table 1. Lambda Boo Stars
Identification*

Table 1. Lambda Boo Stars
Mean Teff

Teff Diﬀerence**

(K)

(K)

[Fe/H]

[M/H]

v sin i***

Dataset

S/N****

bin

HD 141569

10260 (2), (3), (4), (5)

-260/+240

-0.5 (47)

...

f

ELODIE 19970703/0014

HD 294253

10103 (1), (9)

-798/+798

-0.54 (1)

...

b

FEROS 2009-12-02T07:52:58.138 164

HD 170680

9774 (7), (8), (9)

-151/+226

-0.4 (7)

...

f

FEROS 2009-06-05T04:42:29.580 313

HD 23392

9759 (2), (9), (10)

-494/+741

...

...

d

FEROS 2010-07-22T09:18:51.642 208

HD 36726

9542 (1), (9), (11), (27)

-222/+258

-0.58 (1)

...

c

FEROS 2009-12-04T06:34:07.441 231

HD 130767

9209 (9), (11), (12)

-14/+18

...

...

d

ELODIE 20020331/0010

HD 37411

9100 (13)

-0/+0

...

-1.5 (48)

e

FEROS 2010-01-28T04:11:12.612 107

HD 183324

9050 (8), (12), (14), (15)

-350/+250

-1.24 (54) -1.80 (49)

c

FEROS 2010-07-22T05:02:20.981 352

HD 110411

8976 (7), (11), (16), (17)

-176/+224

-1.0 (7)

-1.10 (40)

d

ELODIE 20040519/0017

209

HD 31295

8871 (8), (12), (15), (16), (18)

-96/+119

-0.89 (15) -1.24 (40)

c

ELODIE 20031105/0069

225

HD 74873

8815 (12), (19), (20), (21)

-225/+435

-0.01 (50)

c

HARPS 2014-09-16T11:04:01.560 193

HD 221756

8733 (8), (12), (16), (17), (18)

-223/+287

-0.64 (18) -0.75 (49)

c

ELODIE 20011127/0012

107

HD 125162

8700 (12), (17), (22), (23)

-50/+29

-2.05 (22) -2.00 (49)

c

ELODIE 19960522/0014

303

HD 101412

8500 (6), (59), (60)

-1.0 (4)

a

HARPS 2014-09-23T11:03:07.090 80

HD 120500

8394 (1), (9)

-7/+7

-0.67 (51)

...

d

FEROS 2009-06-06T00:49:43.346 357

HD 319

8348 (12), (14), (15), (18)

-328/+294

-0.35 (18)

...

b

HARPS 2014-10-02T10:00:01.553 213

HD 35242

8327 (9), (10), (12), (27)

-190/+184

...

...

c

ELODIE 20030122/0007

HD 153747

8256 (11), (12), (28)

-52/+104

0.00 (50)

...

c

HARPS 2014-09-26T16:53:39.050 134

HD 204041

8239 (14), (15), (29)

-239/+378

-0.44 (18) -0.83 (19)

b

FEROS 2009-06-05T06:59:05.057 229

HD 91130

8159 (1), (9), (10), (11), (30)

-159/+199

-1.69 (1)

...

d

ELODIE 19970322/0015

HD 105759

8157 (2), (9)

-443/+443

...

...

c

FEROS 2009-06-04T02:41:19.045 382

HD 192640

7988 (11), (15), (31)

-2.0 (31)

...

HD 30422

7977 (9), (10), (11), (32)

HD 11413

7956 (5), (9), (16), (33)

HD 198160

7912 (10), (16), (34), (35)

-316/+169

HD 290799

7864 (5), (9), (12), (36)

-151/+136

-0.97 (1)

HD 111604

7798 (1), (9), (17)

-198/+202

-1.08 (1)

HD 193256

7739 (9), (10), (16)

-653/+531

-0.95 (63)

HD 168740

7582 (9), (10), (37)

-182/+292

...

0.0 (43)

d

FEROS 2009-06-02T07:05:57.888 453

HD 210111

7521 (5), (9), (10), (16), (23)

-71/+72

-1.1 (16)

-1.0 (53)

b

FEROS 2009-11-29T02:01:05.469 359

HD 111786

7500 (8), (14), (15)

-1.45 (54) -0.58 (55)

d

FEROS 2009-06-07T23:34:24.541 160

HD 139614

7500 (4), (38)

-100/+100

-0.5 (4)

a

FEROS 2009-06-10T03:49:51.778 226

HD 218396

7465 (9), (27), (39), (40)

-110/+121

-0.7 (62)

b

ELODIE 20030730/0010

336

HD 87271

7434 (9), (10), (11)

-233/+151

...

c

ELODIE 20030121/0011

104

HD 174005

7412 (9), (10), (41)

-292/+325

-0.20 (56) -0.77 (61)

c

FEROS 2009-06-03T07:28:27.034 333

HD 75654

7341 (9), (10), (11), (19)

-81/+90

-0.02 (50) -0.95 (19)

b

FEROS 2010-01-27T06:04:24.542 386

HD 7908

7340 (2), (9), (34), (42)

-337/+510

-0.03 (50)

c

FEROS 2010-01-29T01:15:24.839 291

HD 6870

7337 (9), (11), (19)

-97/+107

...

d

FEROS 2009-12-05T00:54:59.865 235

HD 107233

7274 (9), (10), (32)

-74/+96

...

c

FEROS 2010-03-08T06:07:26.136 283

-200/+300

-45/+42
-107/+210
-31/+42

-50/+49

...

...

158

140

168

124

c

ELODIE 19990604/0032

-0.02 (50) -0.52 (19)

c

FEROS 2009-12-05T06:35:55.983 371

-1.5 (16)

-2.03 (52)

d

FEROS 2010-07-22T10:39:57.651 366

-0.850 (16) -1.00 (34)

e

FEROS 2010-08-31T01:06:00.125 261

b

FEROS 2009-12-05T07:17:58.019 97

e

ELODIE 19960502/0029

f

FEROS 2009-06-09T10:14:21.058 243

...
-0.75 (49)
...

...
-0.47 (25)
...

...
-1.08 (19)
...

Table 1 continued
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Table 1. Contd.
Identification*

Table 1 (continued)
Mean Teff

Teff Diﬀerence**

(K)

(K)
-31/+30

[Fe/H]

[M/H]

v sin i***

Dataset

S/N****

bin

HD 142703

7231 (8), (11), (14), (15), (43)

-1.10 (18) ...

c

FEROS 2010-03-05T09:36:21.595 360

HD 120896

7213 (9), (10), (37)

-194/+171

-0.074 (57) -0.5 (58)

c

FEROS 2009-06-06T00:59:59.932 266

HD 13755

7195 (2), (9), (10), (42)

-119/+105

0.15 (34)

c

FEROS 2009-12-08T03:07:21.235 121

HD 15165

7157 (11), (44)

-143/+143

-0.46 (44)

HD 64491

7055 (5), (9), (30), (45), (46)

-147/+104

HD 142994

7016 (9), (29)

HD 106223

6769 (1), (7), (9), (37)

HD 4158

6483 (19), (30), (32)

-66/+66

...

-0.18 (34)
...

c

ELODIE 20020813/0028

246

...

a

ELODIE 20020328/0022

138

HARPS 2014-09-26T16:52:50.327 176

-0.56 (29) -0.88 (19)

e

-269/+231

-1.44 (7)

c

ELODIE 20030121/0012

-83/+67

-0.17 (9)

c

FEROS 2009-12-14T00:48:21.918 135

...
-1.59 (19)

135

∗ Note that these stars are listed in descending T
eff order to assist with locating each star in Figure 10.
∗∗ The diﬀerence between the mean eﬀective temperature and the lowest/highest eﬀective temperature.
∗∗∗ The v sin i bin indicates the wavelength ranges listed in Table 4 that we used to measure this star’s equivalent width values. Each
star’s v sin i bin was determined by comparing their observed spectra to models with similar stellar parameters.
∗∗∗∗Signal to noise ratios are provided for ELODIE, HARPS and X-SHOOTER data by the ELODIE and ESO archives, respectively. We
estimated signal to noise ratios for the FEROS data near 5500 Å.

References—(1) Andrievsky et al. (2002), (2) Wright et al. (2003), (3) Wyatt et al. (2007), (4) Guimarães et al. (2006), (5) Soubiran et al.
(2010), (6) Cowley et al. (2010), (7) Heiter (2002), (8) Solano & Paunzen (1999), (9) Ammons et al. (2006), (10) McDonald et al. (2012),
(11) Paunzen et al. (2002b), (12) Paunzen et al. (2002a), (13) Maaskant et al. (2014), (14) Koleva & Vazdekis (2012), (15) Cenarro et al.
(2007), (16) Sturenburg (1993), (17) Hauck et al. (1998), (18) Prugniel et al. (2011), (19) Gerbaldi et al. (2003), (20) Paunzen et al.
(1998), (21) Mittal et al. (2015), (22) Venn & Lambert (1990), (23) Paunzen et al. (2003), (24) Koleva & Vazdekis (2012), (25) Gray &
Kaye (1999), (26) Zorec & Royer (2012), (27) Allende Prieto & Lambert (1999), (28) Xu et al. (2002), (29) Solano et al. (2001), (30) Kamp
et al. (2001), (31) Heiter et al. (1998), (32) Solano & Paunzen (1998), (33) Koen et al. (2003), (34) Kordopatis et al. (2013), (35) David
& Hillenbrand (2015), (36) Faraggiana et al. (1997), (37) Masana et al. (2006), (38) Labadie et al. (2014), (39) Cuypers et al. (2009), (40)
Gray et al. (2003), (41) Ammler-von Eiﬀ & Reiners (2012), (42) Lafrasse et al. (2010), (43) North et al. (1994), (44) Andrievsky et al.
(1995), (45) Muñoz Bermejo et al. (2013), (46) Kamp et al. (2002), (47) Merı́n et al. (2004), (48) Gray & Corbally (1998), (49) Griﬃn
et al. (2012), (50) Gontcharov (2012), (51) Anderson & Francis (2012), (52) Faraggiana et al. (2004), (53) Paunzen et al. (2012), (54)
Saﬀe et al. (2008), (55) Ohanesyan (2008), (56) Marsakov & Shevelev (1995), (57) Luo et al. (2015), (58) Paunzen (2015), (59) Folsom
et al. (2012), (60) Hubrig et al. (2010), (61) Faraggiana et al. (2001), (62) Gebran et al. (2016), (63) Paunzen et al. (2001)
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Table 2. Normal (standard) stars
Identification*

Table 2. Normal (standard) stars

Mean Teff

Teff Diﬀerence**

(K)

(K)

[Fe/H]

[M/H]

v sin i***

Dataset

S/N****

bin

HD 196867

11012 (1), (2), (3)

-307/+208

-0.06 (45) -0.49 (46)

d

ELODIE 20031005/0014 196

HD 85504

10041 (4), (5), (6), (7), (8)

-280/+159

-0.14 (45) 0.0 (47)

b

ELODIE 19960424/0026 120

HD 133962

9890 (4), (7), (8), (9), (10)

-660/+610

0.019 (7)

b

ELODIE 20050421/0047 210

HD 71155

9755 (11), (12), (13)

-199/+195

-0.40 (48) -0.44 (11)

d

ELODIE 20040328/0028 329

HD 89774

9717 (4), (7), (8), (9), (10)

-487/+983

-0.038 (7)

b

ELODIE 20050422/0015 101

HD 58142

9599 (4), (7), (8), (9), (10)

-137/+401

-0.004 (7) -0.24 (46)

a

ELODIE 20050203/0012 437

HD 132145

9568 (4), (7), (8), (9), (14)

-284/+432

-0.097 (7)

...

a

ELODIE 20050421/0045 185

HD 104181

9564 (4), (7), (8), (10), (14)

-64/+96

-0.207 (7)

...

b

ELODIE 20040426/0037 230

HD 145788

9555 (4), (7), (10), (14), (15)

-145/+195

-0.137 (7) -0.22 (57)

a

ELODIE 20060601/0015 96

HD 103287

9379 (1), (11), (16)

-107/+124

-0.44 (1)

-0.19 (11)

e

ELODIE 19961230/0019 277

HD 23948

9088 (8), (10), (17), (18)

-118/+149

-0.130 (17) -0.47 (57)

c

ELODIE 20040106/0010 160

HD 102647

8632 (12), (11), (21)

-254/+225

-0.40 (12) 0.00 (11)

d

ELODIE 20040229/0047 305

HD 87696

8044 (4), (8), (10), (18), (22)

-194/+206

HD 158352

7648 (4), (8), (10), (18), (23)

-218/+205

-0.06 (45)

HD 187642

7623 (4), (24), (25), (26)

-73/+104

-0.24 (45) 0.02 (11)

HD 211336

7511 (8), (18), (27), (28)

-171/+279

HD 91480

6977 (11), (29), (30), (31), (32)

HD 58946

6955 (1), (4), (12), (30), (33)

HD 113139

6893 (11), (18), (31), (32), (34)

HD 134083

6571 (11), (12), (35)

-31/+29

HD 30652

6512 (29), (33), (36), (37), (38)

-35/+26

HD 222368

6392 (8), (29), (33), (39)

-104/+130

-0.12 (37) -0.10 (34)

a

ELODIE 19971017/0013 360

HD 142860

6371 (29), (37), (38), (39), (40)

-58/+125

-0.18 (54) -0.20 (55)

a

ELODIE 20040229/0064 298

HD 16895

6324 (29), (31), (37), (41), (42)

-15/+18

-0.02 (37) -0.13 (40)

a

ELODIE 20030929/0039 295

HD 126660

6278 (35), (43), (44)

-76/+60

0.02 (35)

b

ELODIE 19990601/0010 333

...

...

0.15 (49)

d

ELODIE 19970221/0030 289

...

e

ELODIE 19950606/0008 284

f

ELODIE 20031001/0016 280

c

ELODIE 19970919/0014 430

-0.12 (51) -0.05 (11)

b

ELODIE 20050203/0014 483

-56/+43

-0.25 (45) -0.21 (11)

b

ELODIE 20040202/0044 267

-64/+27

0.02 (52)

-0.10 (11)

c

ELODIE 20040513/0011 540

0.10 (53)

-0.08 (11)

b

ELODIE 19990602/0020 348

0.00 (37)

-0.17 (36)

a

ELODIE 20040229/0020 253

-79/+37

0.08 (45)

...

0.04 (50)

-0.01 (56)

∗ Note that these stars are listed in descending T
eff order to assist with locating each star in Figure 10.
∗∗ The diﬀerence between the mean eﬀective temperature and the lowest/highest eﬀective temperature.
∗∗∗ The v sin i bin indicates the wavelength ranges listed in Table 4 that we used to measure this star’s equivalent width values.
Each star’s v sin i bin was determined by comparing their observed spectra to models with similar stellar parameters.
∗∗∗∗ Signal to noise ratios are provided by the ELODIE archive.
References—(1) Wu et al. (2011), (2) Sokolov (1995), (3) Zorec et al. (2009), (4) Zorec & Royer (2012), (5) Adelman & Philip
(1992), (6) Adelman & Philip (1994), (7) Royer et al. (2014), (8) Ammons et al. (2006), (9) Gebran et al. (2016), (10) Wright et al.
(2003), (11) Gray et al. (2003), (12) Solano & Paunzen (1999), (13) Katz et al. (2011), (14) Lafrasse et al. (2010), (15) Fossati
et al. (2009), (16) McDonald et al. (2012), (17) Gebran & Monier (2008), (18) David & Hillenbrand (2015), (19) Hill (1995), (20)
Kontizas & Theodossiou (1980), (21) Malagnini & Morossi (1997), (22) Chen et al. (2014), (23) Masana et al. (2006), (24) Erspamer
& North (2003), (25) di Benedetto (1998), (26) Allende Prieto et al. (2004), (27) Gerbaldi et al. (2007), (28) Önehag et al. (2009),
(29) Marsakov & Shevelev (1995), (30) Casagrande et al. (2011), (31) Suchkov et al. (2003), (32) Ammler-von Eiﬀ & Reiners (2012),
(33) Boyajian et al. (2012), (34) Gray et al. (2001), (35) Prugniel et al. (2011), (36) Franchini et al. (2014), (37) Ramı́rez et al.
(2013), (38) Moro-Martı́n et al. (2015), (39) van Belle & von Braun (2009), (40) Edvardsson et al. (1993), (41) Ramı́rez et al. (2012),
(42) Valdes et al. (2004), (43) Balachandran (1990), (44) Cenarro et al. (2007), (45) Anderson & Francis (2012), (46) Fitzpatrick &
Massa (2005), (47) Cacciari et al. (1987), (48) Prugniel et al. (2007), (49) Griﬃn et al. (2012), (50) North et al. (1997), (51) Pace
(2013), (52) Cesetti et al. (2013), (53) Blackwell & Lynas-Gray (1994), (54) Lawler et al. (2009), (55) López-Valdivia et al. (2014),
(56) Mann et al. (2013), (57) Kordopatis et al. (2013)
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Table 3. Non-Member Stars

Table 3. Non-Member Stars
Identification*

Mean Teff

Teff Diﬀerence**

(K)

(K)

HD 78316

12643 (5), (6), (22), (29), (56)

-743/+806

0.12 (29)

...

a

FEROS 2012-01-07T07:02:20.361

HD 37886

12050 (6), (46), (57)

-850/+500

...

...

a

FEROS 2009-12-07T05:43:37.558

146

HD 22470

11990 (6), (8), (13), (58)

-1331/+1042

0.00 (40)

...

c

FEROS 2011-01-22T03:03:23.323

270

HD 177756

11249 (1), (2), (3), (4), (5)

-749/+713

-0.08 (5)

HD 130158

10719 (1), (2), (6), (46), (47)

-257/+281

0.00 (40)

HD 169009

10627 (2), (6), (18), (46), (48)

-370/+373

HD 79469

10392 (1), (2), (6), (7), (8)

-602/+808

HD 212061

10382 (1), (2), (3), (7), (9)

HD 123299

10250 (3), (4), (37)

HD 153808
HD 159082

[Fe/H]

[M/H]

v sin i***

Dataset

S/N****

bin

-0.50 (18)

256

e

ELODIE 20001004/0019

302

b

FEROS 2006-06-29T00:03:38.146

422

-0.01 (40) 0.00 (18)

b

FEROS 2009-06-03T07:06:37.204

284

0.4 (36)

...

c

ELODIE 19970122/0011

371

-592/+268

-0.35 (7)

...

c

ELODIE 20011128/0009

162

-150/+180

-0.56 (37)

...

a

ELODIE 20030115/0048

417

9898 (2), (3), (5), (6), (8)

-638/+996

-0.25 (5)

b

ELODIE 20040513/0014

538

9820 (2), (6), (8), (12), (13)

-789/+945

-0.06 (39)

...

a

X-SHOOTER 2014-09-16T10:02:07.013 117

-0.866 (49)

...

c

FEROS 2009-12-01T06:31:25.513

168

...

f

FEROS 2009-06-09T04:42:40.217

301

...

-0.13 (38)

HD 41580

9792 (6), (8), (17), (49)

-899/+870

HD 144708

9765 (2), (6), (8), (13), (46)

-1271/+885

HD 31293

9721 (7), (59), (60)

-201/+119

-1.04 (62) -0.3 (61)

c

ELODIE 19980117/0018

213

HD 79108

9719 (1), (2), (6), (8), (12)

-199/+281

0.00 (40)

d

FEROS 2009-12-13T08:34:18.212

330

HD 161868

9631 (1), (2), (6), (7), (8)

-320/+559

-0.21 (41) -0.23 (41)

HD 169022

9593 (4), (19), (21), (46), (50)

-260/+237

HD 34787

9546 (1), (2), (12), (13)

-653/+244

...

HD 30739

9345 (1), (6), (8)

-331/+175

-0.20 (5)

HD 56405

9273 (1), (3), (6), (8), (46)

-263/+289

-0.01 (40)

...

...

...

...

e

ELODIE 20040518/0044

264

0.0 (21)

f

FEROS 2010-09-04T00:39:49.027

431

...

e

ELODIE 20041113/0029

176

f

ELODIE 19990213/0013

192

...

d

FEROS 2009-12-12T08:34:36.779

385

...

e

ELODIE 20040228/0034

205

...

f

X-SHOOTER 2014-05-15T18:24:32.733 49

-0.10 (42)

HD 80081

9065 (1), (14), (15)

-385/+435

HD 68758

8982 (1), (2), (6), (8), (13)

-503/+518

HD 175445

8965 (1), (6), (8), (13), (46)

-655/+535

HD 210418

8735 (1), (2), (3), (16), (17)

-784/+444

-0.38 (43)

HD 179791

8616 (1), (8), (18)

-228/+244

-0.94 (44) 0.30 (18)

HD 98353

8479 (3), (13), (19)

-161/+241

...

HD 111164

8361 (1), (2), (3), (8), (13)

-370/+239

...

HD 141851

8280 (3), (8), (20), (21), (22)

-180/+244

HD 125489

8102 (3), (6), (8), (19), (46)

-159/+106

HD 160928

7990 (3), (8), (13), (19), (46)

-375/+217

-1.21 (46)

f

FEROS 2009-06-03T04:58:02.228

378

HD 21335

7948 (6), (8), (13), (46), (51)

-367/+652

-0.01 (40) -0.86 (46)

e

FEROS 2010-08-31T09:52:28.879

287

HD 142666

7867 (23), (24), (25)

-367/+633

-0.03 (41) -0.06 (41)

90

HD 110377

7858 (1), (2), (3), (8), (19)

-258/+270

...

HD 187949

7785 (8), (13), (52)

-259/+475

...

HD 118623

7674 (1), (3), (19)

-261/+326

HD 177120

7667 (8), (13), (46)

-77/+133

-0.01 (40)
...

...

e

FEROS 2010-09-04T00:16:32.932

250

...

d

ELODIE 20040923/0026

256

e

ELODIE 20010708/0028

106

...

b

ELODIE 20040427/0017

276

...

e

ELODIE 19980702/0020

204

-0.47 (22) 0.0 (21)

f

ELODIE 19980704/0013

243

-0.02 (40)

d

FEROS 2009-06-03T02:19:59.261

410

...

...

b

HARPS 2014-09-16T11:04:15.430

d

ELODIE 20020330/0024

146

...

c

FEROS 2015-05-14T06:33:44.526

264

...

...

e

ELODIE 20040118/0042

229

...

...

f

FEROS 2010-08-31T01:31:31.104

384

-0.59 (21)

HD 89353

7550 (53), (54)

-50/+50

-4.7 (10)

-5.0 (55)

a

FEROS 2010-01-28T06:13:44.915

400

HD 214454

7398 (1), (2), (3), (8), (16)

-248/+216

-0.20 (16)

...

c

ELODIE 19990810/0032

309

HD 24712

7315 (3), (8), (13), (26), (27)

-152/+201

a

ELODIE 19940918/0037

68

...

-0.34 (45)

Table 3 continued
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Table 3 (continued)

Table 3. Contd.
Identification*

Mean Teff

Teff Diﬀerence**

(K)

(K)

[Fe/H]

[M/H]

v sin i***

Dataset

S/N****

bin

HD 108283

7282 (1), (3), (8), (13), (28)

-112/+178

-0.03 (40) -0.35 (35)

e

ELODIE 20040409/0012

HD 128167

6767 (1), (8), (29), (30), (31)

-282/+191

-0.39 (37) -0.10 (42)

a

ELODIE 19950219/0010

344

HD 119288

6705 (1), (8), (30), (32), (33)

-111/+195

0.18 (8)

a

HARPS 2014-09-23T11:02:36.623

179

HD 207978

6456 (1), (8), (15), (31), (32)

-112/+122

-0.51 (33) -0.47 (11)

a

ELODIE 19961002/0018

208

...

332

∗ Note that these stars are listed in descending T
eff order to assist with locating each star in Figure 10.
∗∗ The diﬀerence between the mean eﬀective temperature and the lowest/highest eﬀective temperature.
∗∗∗ The v sin i bin indicates the wavelength ranges listed in Table 4 that we used to measure this star’s equivalent width values. Each
star’s v sin i bin was determined by comparing their observed spectra to models with similar stellar parameters.
∗∗∗∗Signal to noise ratios are provided for ELODIE, HARPS and X-SHOOTER data by the ELODIE and ESO archives, respectively. We
estimated signal to noise ratios for the FEROS data near 5500 Å.

References—(1) Lafrasse et al. (2010), (2) Zorec & Royer (2012), (3) David & Hillenbrand (2015), (4) Zorec et al. (2009), (5) Wu et al.
(2011), (6) Wright et al. (2003), (7) Prugniel et al. (2007), (8) Ammons et al. (2006), (9) Sokolov (1995), (10) Venn et al. (2014), (11)
Thorén et al. (2004), (12) Chen et al. (2014), (13) McDonald et al. (2012), (14) Landsman et al. (1982), (15) Takeda et al. (2009), (16)
Erspamer & North (2003), (17) Boyajian et al. (2012), (18) Griﬃn et al. (2012), (19) Allende Prieto & Lambert (1999), (20) Andrievsky
et al. (2002), (21) North et al. (1994), (22) Koleva & Vazdekis (2012), (23) Natta & Testi (2004), (24) Smith et al. (2004), (25) Meeus
et al. (2012), (26) Muñoz Bermejo et al. (2013), (27) Frasca et al. (2015), (28) Adamczak & Lambert (2014), (29) Le Borgne et al. (2003),
(30) Ramı́rez et al. (2013), (31) Bensby et al. (2014), (32) Marsakov & Shevelev (1995), (33) Casagrande et al. (2011), (34) Takeda et al.
(2005), (35) Valentini & Munari (2010), (36) Cayrel de Strobel et al. (1985), (37) Cenarro et al. (2007), (38) Fitzpatrick & Massa (2005),
(39) Saﬀe et al. (2008), (40) Gontcharov (2012), (41) Dunkin et al. (1997), (42) Morossi et al. (2002), (43) Boyajian et al. (2013), (44)
Katz et al. (2011), (45) Gelbmann (1998), (46) Gerbaldi et al. (2003), (47) Wraight et al. (2012), (48) Hempel & Holweger (2003), (49)
Luo et al. (2015), (50) Lanz et al. (1995), (51) Masana et al. (2006), (52) Iliev & Barzova (1994), (53) Lambert et al. (1988), (54) Stasińska
et al. (2006), (55) Monier & Parthasarathy (1999), (56) Valdes et al. (2004), (57) Grillo et al. (1992), (58) Kochukhov & Bagnulo (2006),
(59) Mohanty et al. (2013), (60) Salyk et al. (2013), (61) Folsom et al. (2012), (62) Montesinos et al. (2009)
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Table 4. Selected Features

Table 4. Selected Features

Blended Feature

Component

(Equivalent Width Measurement Range)

(Å)

C I 5052.17 Å (Air)
([a] 5050.5–5053.7 Å for 0 km s-1 ≤ v sin i < 25 km s-1 ;
[b] 5050.5–5053.7 Å for 25 km

s-1 ≤

v sin i < 75 km

s-1 ;

5050.7096

Ni I

5051.5065

Fe I

5051.6342

CI

5052.1673

Fe I

5052.9812

[e] 5049.9–5054.3 Å for 175 km s-1 ≤ v sin i < 225 km s-1 ;

CI

5053.5153

Fe I

5054.6422

Fe I

4479.6032

Fe I

4479.9622

Fe I

4480.1362

Mg II

4481.1304

Mg II

4481.3274

Fe I

4481.6092

Fe I

4482.1702

Fe I

4482.2522

Fe I

4482.7392

Fe I

4484.2202

[d] 5049.9–5054.0 Å for 125 km

s-1 ;

Co II

s-1 ;

[c] 5050.2–5053.7 Å for 75 km

s-1

Observed Wavelength1

≤ v sin i < 125 km

s-1

≤ v sin i < 175 km

[f] 5049.7–5055.0 Å for v sin i ≥ 225 km

s-1 )

Mg II 4481 Å (Air)
([a] 4479.0–4483.5 Å for 0 km s-1 ≤ v sin i < 25 km s-1 ;
[b] 4478.6–4483.5 Å for 25 km
[c] 4478.1–4483.9 Å for 75 km

s-1 ≤

s-1 ≤

[d] 4478.0–4485.1 Å for 125 km

v sin i < 75 km

s-1 ;

v sin i < 125 km

s-1 ≤

s-1 ;

v sin i < 175 km

s-1 ;

[e] 4477.5–4485.2 Å for 175 km s-1 ≤ v sin i < 225 km s-1 ;
[f] 4476.5–4485.6 Å for v sin i ≥ 225 km s-1 )

References—(1) Kramida et al. (2014), (2) Nave et al. (1994), (3) Moore (1970), (4) Risberg (1955),
(5) Kurucz & Bell (1995), (6) Pickering et al. (1998)
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Table
in Figure
Table 5. Stars
in Figure5.
10 Stars
with Unfilled
Symbols10
Identification*

with Unfilled Symbols

Mean Teff

Teff Diﬀerence**

(K)

(K)

[Fe/H]

[M/H]

Program Lambda Boo Stars

HD 120500 (mild)

8394

-7/+7

-0.67

...

HD 198160

7912

-316/+169

-0.850

-1.00

HD 193256

7739

-653/+531

-0.95

...

HD 139614 (mild)

7500

-100/+100

-0.5

...

HD 218396 (mild)

7465

-110/+121

-0.7

-0.47

HD 174005

7412

-292/+325

-0.20

-0.77

HD 120896 (mild)

7213

-194/+171

-0.074

-0.5

HD 30739

9345

-331/+175

-0.20

-0.10

HD 142666

7867

-367/+633

-0.03

-0.06

HD 110377

7858

-258/+270

...

-0.59

7550

-50/+50

-4.7

-5.0

7282

-112/+178

-0.03

-0.35

Program Non-Member Stars

HD

89353***

HD 108283

∗ Note that these stars are listed in descending T
eff order to assist with locating each
star in Figure 10.
∗∗ The diﬀerence between the mean eﬀective temperature and the lowest/highest eﬀective
temperature.
∗∗∗ This star is excluded from Figure 10 (see details in Section 5).
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Figure 1. Distribution of our 64 program Lambda Boo stars in the sky (in celestial coordinates). Note that
there is no concentration in any specic region.The unlled circles are those program Lambda Boo stars without
archival visible spectra.

Figure 1. Distribution of our 64 program Lambda Boo stars in the sky (in celestial coordinates). Note that
there is no concentration in any specific region. The unfilled circles23 are those program Lambda Boo stars
Figure 2a. Histogram of the log g distribution for 62 of our 64 program Lambda Boo
without archival visible spectra.
literature log g values. The average log g for these 62 program Lambda Boo stars is 4.01.

Figure 2a. Histogram of the log g distribution for 62 of our 64 program
Lambda Boo stars that have literature log g values. The average log g for

Figure 2b. Histogram of the projected rotational velocity distributions
for 48 of our 64 program Lambda Boo stars that have literature v sin i

stars that have
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width measurement range. There is a weak telluric line near the center of the C I line, but we have determined that its contribution to both the
of 29 Cyg (middle panels) are not generally seen in the other stars. Strong telluric lines are visible redward
equivalent width and the line ratio is negligible.

of the C I 5052.17 Å feature, however, they are not included in our equivalent width measurement range.
There is a weak telluric line near the center of the C I line, but we have determined that its contribution to
both the equivalent width and the line ratio is negligible.
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Figure 4.Figure
Effective temperature
distribution
of 47 program
Lambda Boo
with archival
ELODIE and/or
data.
56% of
them areELODIE
cooler than
4. Eﬀective
temperature
distribution
of stars
47 program
Lambda
Boo ESO
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archival
8000 K. Since these stars do not have enough flux shortward of 1700 Å, they cannot be classied by the UV criterion (C I 1657 Å/ Al II 1671 Å) specied
and/or ESO data. 56% of them are cooler than 8000 K. Since these stars do not have enough flux shortward
in Paper I (Cheng et al. 2016).

of 1700 Å, they cannot be classified by the UV criterion (C I 1657 Å/ Al II 1671 Å) specified in Paper I
(Cheng et al. 2016).
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Figure 5. The Mg II 4481Å / Fe I 4383.5 Å equivalent width ratio of Lambda Boo stars (blue star symbols), normal stars (green square symbols), and
three sets of model spectra (with no noise or rotational broadening) as a function of eective temperature. The solid line indicates the "normal star"
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Figureline).
5. Equivalent
The Mgwidth
II 4481
Å / Fe I 4383.5
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4481 Å / Fe I 4383.5 Å equivalent width ratio can not be used to discriminate Lambda Boo stars from other
metal-weak stars, or even from normal stars for eﬀective temperatures below 9000 K. This ratio is, however,
very useful in the discovery of Lambda Boo stars by “visual” spectral classification (see Section 5).

Fe I 5054.64 Å

C I 5053.52 Å

Fe I 5052.98 Å
C I 5052.17 Å

Ni I 5051.51 Å

0.8

Fe I 5051.63 Å

Co II 5050.71 Å

0.9

Fe I 5049.82 Å

Normalized Intensity

1.0

0.7

28
0.6
5046

5048

5050

5052
Wavelength (Å)

5054

5056

5058

Figure 6. ThisFigure
figure illustrates
Fe I contamination
present
in our measurement
of theinC our
I 5052.17
Å feature using
three
of an
6. Thisthe
figure
illustrates the
Fe I contamination
present
measurement
of the
C Imodels
5052.17
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Figure 9. This figure illustrates the use of our program "autocfeature" (see Section 4.4) to measure the equivalent widths of the blended
C I 5052.17 Å and Mg II 4481 A features in the standard star HD 113139's (v sin i 190 100 km s-1) ELODIE spectrum (left) and a
Figure 9. This figure illustrates the use of our program “autocfeature” (see Section 4.4) to measure the
model spectrum with similar stellar parameters (right). Our program performs a cubic spline interpolation between user selected anchor
equivalent widths of the blended C I 5052.17 Å and Mg II 4481 Å features in the standard star HD 113139’s
points (red crosses) to t the local
continuum, divides by that continuum to normalize the visible spectrum, then calculates the equivalent
(v sin i ∼ 100 km s–1 ) ELODIE spectrum (left) and a model spectrum with similar stellar parameters
width.The user's pre-selected equivalent width measurement wavelength ranges (values listed inTable 4) are then matched to the closest
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the observed and synthetic spectra (with various levels of noise and various amounts of rotational broadening
added) used in this work.
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Figure 10. The C I 5052.17 Å / Mg II 4481 Å equivalent width ratio (measured using fixed equivalent width measurement ranges; see Section 5)
of Lambda Boo stars (blue stars), normal stars (green squares), non-members (red circles), and four sets of model spectra (with no added noise or
rotational broadening) as a function of eective temperature. The long dashed line indicates the models generated using the average Lambda Boo
abundance pattern (see Section 4.2), the solid line indicates the "normal/reference star" [M/H] = 0.00 models, the dashed-dot-dot-dot line indicates
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non-member stars that fall above the “normal/reference star” models are denoted by unfilled symbols and
listed in Table 5. Measurement uncertainties (error bars representing the range of multiple measurements by
several co-authors) are given for individual stars’ observed spectra, but are not included for the “noise-free”
models (indicated by “+” signs; average model ratio error was less than 2%). A mean temperature for
each star was derived from literature values. Temperature ranges for individual stars are given in Tables
1-3. At temperatures hotter than 9500 K the models converge (gray region), so the C I 5052.17 Å / Mg II
4481 Å equivalent width ratio is no longer capable of clearly separating Lambda Boo-type stars from other
metal-poor stars and normal stars.
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Figure 11. The C I 5052.17 Å / Mg II 4481 Å equivalent width ratio (measured using the v sin i-dependent measurement ranges listed in Table 4) of
Lambda Boo stars (blue stars), normal stars (green squares), nonmembers (red circles), and 1575 model spectra as a function of eective temperature
(covering a range of v sin i and log g, all with S/N = 200; see Sections 4.2 and 5). Each of the shaded color bands represents the overall envelope within
which the associated models fall. These bands are formed by applying a polynomial fit to the minimum and maximum C I / Mg II equivalent width
ratios at each temperature and for each model set. The blue band (bounded by 3rd order polynomial fits) represents all data points contained in the
"average" Lambda Boo star model set (model set #1) and the light purple band (bounded by 4th order polynomials) represents all data points contained
in the [M/H] = -1.00 model set (model set #5).The green band (bounded by 5th order polynomials) represents all data points contained in the "normal"
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polynomials) represents all data points contained in the [M/H] = -1.00 model set (model set #5). The
green band (bounded by 5th order polynomials) represents all data points contained in the “normal” model
sets (model sets #2 and #3), and the [M/H] = -0.50 model set (model set #5). As shown in Table 2, our
program normal/reference stars have published [M/H] values ranging from +0.15 to -0.49 dex. Measurement
uncertainties (error bars representing the range of multiple measurements by several co-authors) are given
for individual stars’ C I / Mg II equivalent width ratio, but are not included for the models (indicated by “+”
signs; average model ratio error was less than 7%). Mean temperatures and temperature uncertainties for
individual stars are given in Tables 1-3. If a star falls within the green band among models with abundances
scaled uniformly from solar abundances, this alone is not indicative that the star is not a Lambda Boo type
star. These stars should be compared to specific “normal/reference” star models with comparable stellar
parameters. At temperatures hotter than 9500 K the models converge (gray region), so the C I 5052.17 Å /
Mg II 4481 Å equivalent width ratio is no longer capable of clearly separating Lambda Boo-type stars from
other metal-poor stars and normal stars.
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Abstract
Active matter is a new field that studies the complex phenomenon that emerges from interacting objects. For
instance, it has been used to describe flocks of birds, schools of fish, and herds of migrating animals. One model
system widely used in active matter is represented as self propelled particles that follow certain rules based on the
dynamics of neighboring particles. This new field could potentially be applied to a wide variety of topics, and could
attract aspiring new students to science. However, it's difficult to access for most people outside the active matter
community. To overcome this we are developing a graphical user interface that will simulate active matter using the
Vicsek Model. The user will be able to adjust several key factors and control variables and see the change in dynamics
in real time. The simulations will allow the user to make observations on the interesting behavior and patterns based
on geometric effects. This could lead to new revelations of social behavior in large populations, economics, or even
replication of flocking patterns.

193

Student Understanding of Unit Vectors and Coordinate Systems Beyond Cartesian
Coordinates in Upper Division Physics Courses
Marlene Vega1, Warren Christensen2, Brian Farlow2, Gina Passante1, and Michael Loverude1
Department of Physics, California State University, Fullerton
Department of Physics, North Dakota State University, Fargo

1
2

In upper division physics courses students are required
to work with various coordinate systems. This skill
becomes particularly important when learning
Electricity and Magnetism, where the most appropriate
coordinate system will often depend on the geometry
and symmetry of a problem. This study aims to identify
and describe “resources” used by students when
answering physics questions regarding unit vectors in
non-Cartesian coordinate systems, specifically polar
coordinates [1]. Data were collected in the form of
written responses and interviews in upper division
physics courses at two universities. After deeper analysis
we identified several resources that students use in ways
that can be productive and unproductive.

applied in the context of motion in two dimensions.
Previous work has also focused on unit vectors in
polar coordinates and spherical coordinates [4- 7].
For this paper, rather than simply looking at what
students are doing right and wrong, we seek to identify
and describe “resources” activated by students when
answering physics questions regarding unit vectors polar
coordinates.
II. Theoretical Framework

I. Introduction
This work is part of a collaborative study to investigate
student learning of mathematics in the context of
upper-division physics courses, particularly the math
methods courses offered in many physics departments.
While PER has primarily focused on introductory-level
courses, there are increasing efforts to expand into the
upper division [2]. Upper division physics courses such
as Mechanics and Electricity and Magnetism require a
considerable understanding of challenging mathematical
concepts. For example, the ability to incorporate the use
of vectors in different coordinate systems is an essential
skill in these courses. Many previous studies have shown
that students continue to struggle with making sense of
the mathematics necessary to solve physics problems [3].
In this portion of the project we have chosen to
focus on a small portion of the mathematics used in
upper division coursework: the unit vector formalism

This research project was originally guided by a
framework consistent with ‘identifying student
difficulties.’ Our goal was to study and describe student
reasoning and to improve instruction by targeting
student difficulties [8]. However, during our analysis of
the written data, we came to realize that this framework
was limiting when it came to explaining the various
incorrect responses we were seeing, and did not take into
account the productive resources that students may have
been using when constructing their answer [8]. Student
interviews provided additional motivation to consider
a resource-based model. In these interviews, students’
responses were not consistent with stable, strongly-held
ideas; rather, student responses seemed to be more fluid
and context dependent. In addition, incorrect answers
involved elements of correct thinking, and a resource
framework allowed us to make use of the productive
resources that students access and build upon them, as
well as to identify unproductively applied resources.
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written responses were coded and assigned to categories.
Responses will be described below.

III. Research Methods
Written Responses
The original unit vector question (Figure 1) was
part of a multipart problem given to physics majors
(N = 49) at two different universities; California State
University Fullerton (CSUF) and North Dakota State
University (NDSU). While we decided to focus on this
question, there are others who focused on other parts of
the multipart problem [9]. At NDSU the question was
given as an ungraded quiz in an E&M Theory course
before any instruction. For CSUF, this question was
included on course examinations in the Mathematical
Methods of Physics course (“Math Methods”). The Math
Methods course was taught by a study author and PER
professor who made this a topic a focus in their class.

Figure 2. The revised unit vector question given to students in an
interview type setting.

Figure 1. One of two versions of the original unit vector question given
to students on an exam or pretest. The second version is identical but
with the motion as shown in response (4) in Figure 3.

In order to be able to answer this question correctly,
students need to know that r points in the direction of
increasing r and θ̂ points in the direction of increasing θ,
by convention in a counter-clockwise direction starting
from the positive x-axis. As this is an orthonormal basis,
θ and r are orthogonal to one another. Lastly, for polar
coordinates this basis is local; the directions will depend
on the location of the point chosen. For points A and B,
r points away from the origin at each location and θ̂ is
perpendicular to r in a counterclockwise direction. The

Interviews
Analysis of the written responses suggested
limitations of the data set. Student explanations on the
written problems were typically brief and provided little
insight into student thinking. In addition, our analysis
suggested that we were unable to determine whether
correct answers were based on correct reasoning. Some
student explanations in support of correct answers
appeared to be based on the motion of the object, which
is irrelevant to the unit vectors. For that reason, we
solicited student interview volunteers and revised the
original question to limit this ambiguity. (see Figure 2)
The first revision was to the path of the particle. Rather
than having it move counter clockwise (in the same
direction as θ̂), the direction of motion was modified to
go in a clockwise direction. Second, we made sure that
θ̂ would not be coincidentally tangent to the path of the
particle. As above, correct responses would have r away
from the origin at each point and θ perpendicular to r in
a counter clockwise direction.
This revised question was posed in an interview setting
to 4 students at CSUF who were taking a Math Methods
course taught in a more traditional fashion by a nonPER professor. Students worked through the problem
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on a smart board as they spoke aloud their thought
process. Student responses were transcribed and coded
by members of the research team. Particular words and
phrases were identified as being related and clusters of
responses were developed through several iterations,
described below in section IV.

tangent to the path of the particle (answers (1) and (4)),
apparently responding to the direction of motion. A few
drew r tangent to the curve (answer (1)), which is clearly
incorrect. However, several others drew θ̂ tangent to the
curve (answer (4)), the correct θ̂ direction for point B but
not for point A (with inconsistent answers for r ). This
response also neglects the fact that polar coordinates
have an orthogonal basis. At NDSU, several students
indicated a direction out of the page (answer (2)).
These students were likely either thinking of rotational
motion and the angular velocity vector ω̂ or considering
spherical coordinates. In both groups, several students
drew r pointing to the center (3), presumably based on
forces or acceleration. However, written explanations
were often incomplete. Due to the limited insight gained
from the written responses, interviews were conducted
to provide a deeper, in-the-moment probe of student
thinking.

IV. Results And Discussion
Written Responses
Table 1 shows the number of students that
answered the unit vector question on the written version
correctly. While the success rate at CSUF is higher, the
question was given after instruction and in class where
the instructor made this topic a focus. Even with this
focus, a third of students answered incorrectly, and
some correct answers suggested incorrect underlying
reasoning.
Table I. Percentage of students who obtained a correct answer for the
written responses. N= number of students
School/Class

N Correct

Instruction

5% (1)

Before

64% (18)

After

NDSU: E & M Theory
(N=21)
CSUF: Math Methods
(N=28)

Interviews
The interviews were conducted late in the Math
Methods course after all instruction on coordinate
systems. However, all of the students who were
interviewed struggled with this task in answering
questions regarding coordinate systems and none
generated a completely correct answer. These student
responses gave us insight to the common incorrect
responses seen in the written data, and others were seen
for the first time. Figure 4 shows the responses given by
each student, where the red arrows represent r and the
violet arrows represent θ̂ .

Figure 3 shows the four common incorrect responses that students gave
for either r or θ . These incorrect responses were arbitrarily labeled (1),
(2), (3), (4).

Although explanations in the written data were
often brief, we attempted to identify the underlying
reasoning used by students. Many students drew vectors

Figure 4. Interview responses for for revised question.

As described above, student responses were coded and
tentatively assigned to categories. For each student
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statement we identified key words that we then grouped
into clusters of related terms. For example, ‘goes’ and
‘travels’ were identified with motion. Based on this
analysis, we have tentatively identified a number of
resources that students appear to be accessing in order
to create their responses. In our model, to answer a
physics question, a student will access a combination
of resources (often unconsciously) and assemble them
in a way that leads to an answer. Based on the structure
of student responses, we classified clusters of related
resources. It is important to note that these clusters
reflect the researchers’ identification; we do not mean to
imply that students consider these ideas to be in clusters.
(Indeed, different resources in a cluster might lead to
contradictory responses.) Due to the small sample in this
study, we also do not intend to claim that these represent
all possible resources. For example, some of the written
responses from NDSU show vectors pointing out of the
paper, and responses of this type were not present in the
interviews. Curvy arrows were not present in previous
written responses, though they are present in previous
research on 2D kinematics [10]. Below we describe each
cluster and our tentative identification of resources in
this cluster.
Coordinate Cluster
This cluster is based on the fundamental definitions
of the coordinates in plane polar coordinates. Students
returned to these definitions frequently in the interviews.
We have identified two resources within this cluster.
The first resource draws upon the basic definition of
the r coordinate: the distance from the origin to the
point. The second similarly draws upon the definition
of θ coordinate: the angle that is measured between
the radial vector (the vector from the origin to the
point of interest) and the positive x-axis. None of the
students in our sample used any other interpretation of
either coordinate. While these resources draw upon the
canonical definitions of r and theta, students seemed
to apply them in ways that were not productive for the
unit vector task. Student 2 and 4 both drew r from the

origin to each point. This suggested that the students
had a clear understanding of the coordinate r but were
not able to activate other necessary resources, described
below, needed to draw r correctly. (In particular, r-hat
should be of unit length, whereas the two r-hat vectors
here are drawn with different lengths.) Students 1, 2,
and 4 explicitly referenced the definition of θ in different
ways while drawing θ̂. For instance, student 1 correctly
described the definition of theta: “theta is just the angle
that is, this, it’s, um, the angle that is at to the origin of
this”, gesturing that theta is measured counterclockwise
starting from the positive x-axis. However, he applied
this definition in a way that was not productive, drawing
θ̂ from the origin to each point since it allowed him
to measure the correct value of θ. Students 2 and 4
also stated the definition of theta but applied it in a
completely different way, drawing not unit vectors but
curved arcs with arrowheads.
Motion Cluster
This cluster of resources was present in most of the
interviews. We identified several resources in this cluster
based on specific key words students used when drawing
their vectors (for example: moving, traveling). The first
resource is that when something is moving there is a
vector tangent to the trajectory. Second, in motion there
is a vector pointing towards the center or origin (We
suspect that this requires motion perceived as ‘circular’
or ‘rotation’ but have not tested against other motions.)
Finally, students seemed to use the sense of motion (e.g.
clockwise or counter-clockwise, inward or outward) to
determine their answers. Note that we have not specified
which vector is tangent or radial, as student responses
applied these ideas in a variety of ways that gave no two
students the same answer. For instance, student 1 drew
r rather than θ̂ tangent to the trajectory in the direction
of motion. When asked to explain, student 1 responded,
“I think, r goes this direction cause it’s following the path
and r is just the direction of the vector moving”. (This is
parallel to answer type (1) from the written responses in
Figure 3.) We interpreted this as the student relating r

197

to the direction of motion, as if it were a velocity vector,
but there is some ambiguity here. Student 3, who we will
discuss in more detail, seemed to activate several motion
resources. Student 4 appeared to use the definition of
theta from the coordinate cluster in conjunction with the
direction of motion to determine the orientation of θ̂.
Unit Vector Cluster
In the unit vector cluster we have gathered resources
that related to the canonical definitions of unit vectors
and orthogonal coordinate systems. Unlike the other
categories, we have included resources here that were not
explicitly articulated by students, simply for a sense of
completeness and to understand what kind of knowledge
pieces we feel students might need to draw upon to
have a complete understanding. The unit vector cluster
consists of these pieces of knowledge: a unit vector is
a vector; has 1-unit length; points in the direction of
increasing coordinate; and is dimensionless. While we
might have assumed students would have ready access
to these resources, responses suggest we cannot take
them for granted. The responses given by students 2
and 4 for θ̂ and r suggest that they either did not have
the knowledge or were not able to activate fundamental
resources that a unit vector cannot be curved and has a
magnitude of 1.
Student 3 did productively use the resource that r
and θ̂ should be perpendicular and stated, “r is always
away from the origin or whatever center is and θ̂ is
always perpendicular to that either in clockwise or
counter clockwise”, though he chose the wrong direction.
Location Dependent Resource
This resource is on a different logical footing than
the others, as it is basis-specific. In polar and spherical
coordinates, the unit vectors change with location, while
in Cartesian coordinates unit vectors are independent
of location. We asked a follow-up question regarding
the unit vectors in Cartesian coordinates. For the same
two points in figure 2, we asked students to draw î and
ĵ. While most students did not find this difficult, student
1 drew the Cartesian unit vectors differently for each

point: “We’re looking at the individual points. So they
have, each point has their own set of direction”. Student 4
originally drew the Cartesian unit vectors differently for
each point as well and stated, “they would be pointing
in the opposite direction because it’s in the opposite
quadrant”. After additional thought, student 4 realized
something was not right and changed their answer to
point B to be consistent with point A.
Special comment on Student 3
The responses of student 3 were of particular
interest. Student 3 seemed to invoke all the necessary
resources needed to answer the question correctly. As
seen in Figure 4, the student’s answers for r and θ̂ were
almost correct. However, the student’s responses proved
to more fluid than one might expect. The student started
by drawing r correctly away from the origin for each
point. The student stated that polar coordinates is an
orthogonal basis and clearly pointed out that there are
two ways that θ̂ can be oriented and still be orthogonal
to r . When trying to reason through which orientation
was more correct, the student began to second guess the
answer to r . They decided that r should instead point
towards the origin, and erased and redrew this vector.
After redrawing r , the student asked, “Are we going
from position or motion?”, suggesting the student was
conflicted in whether to apply the position resource
or the motion resource. We believe that the position
resource suggested that r should point outwards, while
the motion resource suggested instead that it should
be pointing towards the center due to the inward path
of the particle at point B. In the end the student chose
the correct r direction, again erasing and redrawing.
However, even after settling on the correct r , when
asked to justify the [incorrect] choice of orientation
for θ̂, the student said, “I was actually going for motion
for that”. We interpret this as a student activating an
additional, context-dependent resource due to the
motion,
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V. Conclusion
Examining the student interviews gave us much
needed insight into students’ written responses. While
not one student was able to give a complete correct
answer, a variety of productive and unproductive
resources were identified. Although further research is
needed, some preliminary conclusions are possible. First,
despite incorrect answers that might be described as
difficulties, students were knowledgeable and activated
productive resources when answering physics question
pertaining to polar coordinates. However, students also
activated additional resources that influence their answer
in unproductive ways. Second, students appeared to
lack some fundamental knowledge regarding what a
unit vector is. Not having access to these fundamental
resources made it difficult for students to check answers.
All of these questions are in the context of motion but we
plan future work involving other contexts to examine the
extent to which resources are context dependent.
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Abstract
Microfluidics is a field of research that revolves around dealing with very small amounts of volume and manipulating
them using the physics of fluids at small scales. Currently, an important goal of microfluidics is to fabricate a
Lab on a Chip “LOC”, a device capable of automating multiple tests at once while using very small amounts of
reagents. Microfluidic devices have potential to save time and labor; however, it is expensive to design and construct
such devices, because it requires microfabrication technology that is not accessible to all labs. In this study, we
are implementing a method to create a low-cost microfluidic device in a lab utilizing inexpensive equipment.
We are using a shrinkable material (Shrinky Dinks) and a method pioneered by Michelle Khine at UCI [1,2].
Materials needed to build a functioning chip are a typical household microwave, an oven, a vacuum chamber,
and polydimethylsiloxane (PDMS). In a matter of minutes, a microfluidic device can be designed and fabricated.
Currently, we are designing a device that allows control of the local pH of the aqueous environment that is
compatible with high-resolution microscopy and optical tweezers to study the force kinetics of active biomolecules.
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impacts our daily lives.
Robert Jordan Ontiveros
My name is Robert Jordan Ontiveros and I am a senior with a major in Biological
Science and a minor in Chemistry. I have conducted research in the laboratory of
Dr. Melanie Sacco investigating a viral effector protein and am currently conducting
research in Dr. Niroshika Keppetipola’s lab, where I research the regulation of alternative
splicing. I have accepted an offer to the Biochemistry and Molecular Biophysics Ph.D.
program at the University of Pennsylvania.
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Samira Sadoughi
My name is Samira Sadoughi and I'm a current post-baccalaureate student researcher
in the laboratory of Dr. Parvin Shahrestani at California State University, Fullerton. I
majored in biology at the University of Arkansas and plan to pursue a career in the
healthcare field. Working under the guidance of Dr. Shahrestani has not only greatly
expanded my knowledge of research but also improved my creativity and problemsolving skills that will be of great value in my future career. She has provided me with
countless support and opportunities for success, and I will continue to advance my
academic work into the future. Being a part of the lab has been an enjoyable experience!
Sara Matty
My name is Sara Matty, I’m a 3rd year Biology major with a concentration in Molecular
Biology and Biotechnology. I’m part of Dr. Shahrestani’s research lab and a member of
the Physician Assistant Coming Together Club on campus. My plan for the future is to
go to PA school after I earn my bachelor's degree.

Sean Zulueta
Sean Zulueta is pursuing a Bachelor of Science degree with a concentration of Ecology
and Evolutionary Biology at California State University, Fullerton. He is a Southern
California Ecosystems Research Program (SCERP) scholar and works under the
guidance of Dr. Kristy Forsgren to understand the gonadal development of a deepsea dragonfish. He is also the chair of the Natural Sciences and Mathematics InterClub Council (NSM-ICC). He is also a Peer Advisor for Project RAISE that assists
community college students through the transfer process. Finally, he is a member of
the professional biology fraternity, Beta Psi Omega. After graduation, he intends to
pursue a graduate degree in hopes to obtain a career that revolves around his interests in
evolutionary ecology and conservation of marine diversity.
Saul Lopez
I am a senior expected to graduate in Fall 2017 with a concentration in Classical Applied
Mathematics. I am a first generation undergraduate student and I am planning to
pursue a career in higher education. I like going hiking and running, and I enjoy road
trips.
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Sherine Khanbijian
Sherine Khanbijian is a junior pursuing a Bachelor of Arts in psychology and a minor in
pre-health professions. She participates in undergraduate research with Dr. Shahrestani,
where she investigates the relationship between immune defense and longevity at the
genomic level, and the complexity of mutations on the vitality of an organism. Sherine is
also passionate about community service, where she is involved in multiple activities and
internships in community health centers. She will pursue a career in psychiatry, where
she plans on working with underserved communities in a nonprofit clinic.
Stacy Schkoda
Stacy is a graduating biology student with a concentration in molecular biology and
biotechnology and a minor in health science. She will begin a PhD program in fall 2017
to pursue her interest in environmental and molecular toxicology. Ultimately, she hopes
to build a career as a professor at a primarily undergraduate university.

Stephanie Rendon
Stephanie Rendon is a senior pursuing Biochemistry with a minor in Sociology. She is
currently writing her thesis and has been working under Dr. Alexandra Orchard since
August 2014. Upon graduation, Stephanie will be applying to Master's in Business
Science programs.

Steven Pham
Steven Pham is a Biochemistry major as CSUF. He is a member of the de Lijser research
lab, which conducts studies on synthetic chemical mechanisms. He is graduating in
Spring 2017. He is taking a year off from school, and hoping to get into medical school
by 2020. He is pursuing a career in medicine, but has not decided on a specialty.

Susan Hipkins
Susan Hipkins is a 2nd year Biological Science major at CSUF who hopes to pursue a
career in the medical field. She is currently employed as a tutor at the Opportunity
Center for mathematics and science Students. This is her first time assisting with
DIMENSIONS and has had a fantastic time and has learned so much. She’d like to thank
Nancy Chen and Dr. Colleen McDonough for the opportunity and Gabriel Martinez
for making it look great. Most importantly, Susan appreciates the biology students who
submitted, you all made this possible!
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Terrinda Alonzo
I am currently a senior with a major in Geological Sciences and a minor in Geography.
I am involved in Geology club on campus and I spend my time doing lab work in
Hydrogeology under Dr. Richard Laton. In the future, I plan on continuing a career in
Geography and Geological Sciences.

Tilly Duong
Tilly Duong is a third-year undergraduate student pursuing her BS in biology, with a
concentration in plant biology. Her undergraduate research experience began through
the Research Careers Preparatory Program, and under the guidance of Dr. Joel K.
Abraham, Tilly's research explored the effects of applying activated carbon to soil to
study California native plant response to legacy effects of fennel. Tilly is currently a
university honors scholar, and her time at CSUF has allowed her to present her research
at conferences and develop strong campus involvement in clubs. She hopes to continue
her education in a graduate program with a goal to teach in higher education.
Veronica Smith
Veronica Smith is a senior double majoring in English and Geology. She is planning to
attend grad school next year focusing on volcanic hazards. Her ultimate career goal is to
work for the Volcanic Disaster Assistance Program through USAID.
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