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PREFACE

Oklahoma State University is pleased to present the enclosed reports of the 2025-26 Niblack
Research Scholars.

Thanks to the continued support of OSU alumnus and retired Pfizer executive Dr. John
Niblack, the Niblack Research Scholars program affords OSU students the unique opportunity to
conduct real scientific research as undergraduates. Dr. Niblack himself participated in research at
OSU during his undergraduate experience and believes it impacted his decision to pursue science as
a career. His vision and passion to inspire a new generation of scientists lives on in this program.

Dr. John and Heidi Niblack with the 2025-26 Niblack Research Scholars.

(front row, L to R)
Nicholette DuCom, Ty Young, Keira Hine, Heidi Niblack, Dr. John Niblack, Parker Huizinga,
Brandon Lee, Rachel Davis

(back row, L to R)
Cody Moss, MaKayla Friend, Taylor Mills, OSU V.P. for Research Dr. Kenneth Sewell,
Molly McGaughy, Noor Atiyeh, Chole Tolle, Omar Ameen






SESSION ONE:

Brandon Lee

“Development of a New Treatment for Cystic Fibrosis Patients with Bacterial Lung
Infections”

Research Area: Biochemistry and Molecular Biology

Faculty Sponsor: Dr. Yong Cheng

Graduate Student Mentor: Carlyn Guthrie

Parker Huizinga

“Investigating Micronutrient—Gene Interactions Influencing Serum Urate
Concentrations Using a Custom Polygenic Risk Score”

Research Area: Nutritional Sciences

Faculty Sponsor: Dr. Winyoo Chowanadisai

Graduate Student Mentor: Parker Johnson

Cody Moss

“Matcha Supplementation Attenuates High-Fat, High-Sugar Diet-Induced
Cardiomyocyte Hypertrophy by Reshaping the Gut Microbiota in Mice”
Research Area: Nutritional Sciences

Faculty Sponsor: Dr. Yoo Kim

Graduate Student Mentor: Gopal Lamichhane






Development of a New Treatment for Cystic Fibrosis Patients with
Bacterial Lung Infections

Brandon Lee
Biochemistry and Molecular Biology

Faculty Sponsor: Dr. Yong Cheng
Graduate Student Mentor: Carlyn Guthrie

ABSTRACT

Cystic fibrosis (CF) is a genetic disorder that impairs chloride ion transport, resulting in thick
mucus accumulation that promotes chronic lung infections in humans. Among these pathogens,
nontuberculous mycobacteria (NTM) are particularly difficult to treat due to multidrug
therapies, often requiring 18-24 months of treatment and increasing antibiotic resistance
limiting their effectiveness. This study investigated novel treatment as potential addition to
existing NTM therapies while examining extracellular vesicle (EV) production in infected
macrophages. EVs released from infected and uninfected macrophages were isolated using
sucrose density gradient centrifugation and characterized using BCA protein assays,
NanoSight nanoparticle tracking analysis, and Western blotting for EV-carried host proteins.
NanoSight analysis quantified EV concentration and size distributions among experimental
groups. Western blotting detected B-actin in EV samples and lysed cell controls, providing
information regarding protein expression and EV characterization. Collectively, these methods
establish a framework for evaluating novel antimycobacterial therapy and investigating host
cell responses during NTM infection. Continued optimization of these approaches may support
the development of improved therapies and future EV-based drug delivery strategies for
patients with cystic fibrosis.

1. Introduction

Cystic fibrosis (CF) is caused by pathogenic mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene on human chromosome 7 (Chen et al.,
2021). Normally, the CFTR protein allows chloride and water to accumulate, but CF patients
are unable to carry out chloride ion transport (Chen et al., 2021). This leads to a lack of
hydration and a buildup of extracellular mucus, allowing nontuberculous mycobacteria (NTM)
to thrive.

Nontuberculous mycobacteria have been found in approximately 10% of CF patients
(Skolnik et al., 2016). Globally, NTM infections have increased by approximately 4% annually,
with more than 80% of epidemiologic studies reporting rising infection rates (Dahl et al., 2022).
Most NTM infections are made up of either Mycobacterium avium complex (MAC) or



Mycobacterium abscessus (MABSC) making up 95% of all NTM infecting in CF patients
(Skolnik et al., 2016). MAC accounts for 75% of NTM infections while MABSC accounts for
the remaining 20% of infections (Skolnik et al., 2016). Treatment of NTM is very lengthy and
often lasts between 18 to 24 months in total (Skolnik et al., 2016). Thus, developing alternative
treatment or more efficient treatment of NTM within CF patients will prove great benefit.

Extracellular vesicles (EVs) are membrane-bound particles released by cells that can
transport proteins, lipids, and nucleic acids between cells. They play an important role in host-
pathogen interactions during NTM infection. Cheng and Schorey (2019) demonstrated that
EVs released from Mpycobacterium tuberculosis-infected macrophages can transport
mycobacterial RNA to recipient cells, activating innate immune responses and promoting
bacterial killing. These findings demonstrate that EVs can transport bacterial components from
infected macrophages and influence surrounding cells during mycobacterial infection.

More recent studies have demonstrated important roles for both bacterial and host-derived
EVs during M. abscessus infection. For instance, it has been found that clarithromycin
treatment increased EV release from M. abscessus infection and altered the trafficking of
mycobacterial proteins into EVs (Vermeire et al., 2024). EVs released following
clarithromycin treatment also increased bacterial resistance to the antibiotic, suggesting
a possible role for bacterial EVs in antimicrobial resistance. It has also been
demonstrated that M. abscessus infection altered release and protein composition of
exosomes produced by macrophages (Vermeire et al., 2025). These changes resulted in
differing metabolism and promotion of intracellular M. abscessus growth. These findings
demonstrate that EVs from both bacterium and infected host cells can influence the
outcome of M. abscessus infection.

Host-derived EVs may also alter the intracellular environment of recipient
macrophages. Ramos-Wolfley et al. (2025) found that EVs released from M. abscessus-
infected macrophages increased iron uptake in recipient macrophages and promoted
intracellular bacterial growth. Collectively, these studies demonstrate that mycobacterial
infection can alter EV composition and function. These changes can then affect bacterial
survival and host-cell responses. Therefore, characterizing EVs released from NTM-infected
macrophages may provide insight into host responses during NTM infection as well as reveal
potential therapeutic applications.

2. Materials and Methods

EV Isolation. A sucrose gradient isolation was performed to purify extracellular vesicles
(EVs) from either infected or uninfected macrophages as did previously (Kowal et al., 2016).
A sucrose gradient from high molar (2.1 M) to low molar (0.4 M) was created to isolate EVs
based on their density. After an overnight ultra-centrifugation, the EVs are separated
throughout the sucrose gradient and then multiple fractions were collected.
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BCA assay. A BCA assay (Thermo Scientific Cat. No. 23277) was performed to
determine the total protein concentration in each collected fraction. This allows samples to
later be normalized or to identify which fractions have the highest protein concentration.

NanoSight analysis. A NanoSight NS300 (Malvern Panalytical, UK) was used to
measure EV concentration, diameter, and size distribution as did previously (Vermeire et al.,
2025). This can be used to directly compare how many vesicles are yielded from healthy
versus NTM-infected macrophages.

Western blot analysis. Finally, a Western blot was performed to determine which
proteins are present using human specific antibodies. A Western blot can confirm successful
EV isolation and detect specific protein expression. A Western blot was performed to test for
B-actin in each collected fraction. B-actin was detected using a B-actin primary antibody
(Invitrogen, Cat. No. 15739), followed by a mouse secondary antibody (Invitrogen, Cat. No.
G21040). Protein bands were visualized using a Pico chemiluminescent substrate (Thermo
Scientific, Cat. No. 34580).

3. Results
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Figure 1: BCA assay results. BCA results from the 12 factions collected from the sucrose
gradient (M.ab-infected macrophage sample).



The BCA assay (Fig.1) demonstrated differences in total protein concentrations across the
12 fractions collected from the sucrose gradient. Protein concentrations were relatively low in
fractions 1-6 while protein concentrations were higher in fractions 7-12. Fraction 10 contained
the highest protein concentration followed by fractions 8, 9, and 11. These results indicate that
protein-containing material was concentrated in the later fractions of the sucrose gradient.
Because the BCA assay measures total protein rather than EV-specific proteins, the increase
protein concentration alone cannot confirm these fractions contained the greatest abundance
of extracellular vesicles.
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Figure 2: NanoSight results for 12 collected factions. A) The concentration of particles per
ml. B) The mean size of particles.

NanoSight analysis (Fig.2) demonstrated differences in both particle concentration and
mean particle size among the 12 sucrose-gradient fractions. Particle concentrations (Fig.2A)
were relatively high in fractions 1-4 and 10-12, with fraction 11 containing the highest particle
concentration. In contrast, fractions 5-9 generally contain fewer particles. Mean particle size
(Fig.2B) also varies across the gradient. Fractions 1-3 and 11-12 contained smaller particles,
whereas fractions 4-10 generally contained larger particles. Fraction 11 was particularly
notable because it contained the highest particle concentration while also having the smallest
mean particle size. These results indicate that sucrose-gradient fractionation separated
populations with distinct particle concentrations and sizes. The particle concentration
measured by NanoSight did not directly correspond with total protein concentration measured
by BCA, suggesting that protein and particle abundance varied independently among the
collected fractions.
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Figure 3: Western Blot results for host B-actin. A) Western blot with two minutes
exposure. B) Western blot with twenty minutes exposure.

Western blot analysis detected B-actin at approximately 42 kDa in the whole cell lysate
positive control and in the EV sample before sucrose-gradient isolation. Detection of B-actin
in the positive control supports successful antibody detection, while its presence in the pre-
fractionation EV sample indicates that -actin was present before sucrose-gradient separation.
B-actin was below the detection limit with short exposure time as shown in figure 3A. However,
B-actin is detected in 12 fractions in figure 3B with extended exposure time. -actin intensity

in fraction 7 was more prominent while fraction 10 has only a faint band. Bands seem to have
merged due to small loading lane size.

4. Discussion and Conclusions

Nontuberculous mycobacterial (NTM) infections remain a significant challenge in
patients with cystic fibrosis because treatment often requires prolonged therapy and antibiotic
resistance is becoming increasingly common (Skolnik et al., 2016). The goal of this project
was to develop novel treatment as potential additions to current treatment regimens, and
investigate how extracellular vesicles (EVs) may contribute to host responses in infection.

The BCA assay identified fractions with higher protein concentrations for downstream
analysis. NanoSight analysis quantified both EV concentration and particle size, allowing



comparisons between infected and uninfected macrophages. Because EVs naturally transport
proteins, lipids, and nucleic acids between cells, they may also serve as a promising vehicle
for targeted drug delivery (Hu et al., 2025). Understanding how NTM infection change EV
characteristics may contribute to the development of EV-based therapeutic strategies for
intracellular pathogens such as NTM.

Western blot analysis was performed to evaluate protein expression within isolated
samples. Detection of B-actin in the infected samples before sucrose isolation confirmed the
presence of cellular protein. B-actin was detected in all 12 fractions but only after extended
exposure. This suggests that additional optimization of the EV isolation protocol or increased
sample yield may be necessary to improve recovery of EV-associated proteins for future
studies.

Future work should optimize EV isolation and Western blot protocols. This will help
improve confirmation of EV isolation. Furthermore, the characterization of protein cargo of
EVs, and investigating the engineering of EVs as a method of drug delivery would all prove
beneficial towards furthering the project.

5. Summary

Overall, this project intends to demonstrate the value of host cell-derived EVs and
potential application as anti-NTM drugs. While additional experiments are needed to fully
determine the therapeutic potential of EVs and to optimize EV isolation, these methods provide
a foundation for identifying host-directed novel treatments for NTM infections in cystic
fibrosis patients.

6. Appendices
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ABSTRACT

Gout is a chronic inflammatory disease strongly associated with elevated serum urate
concentrations and influenced by both genetic and dietary factors. This study investigated
micronutrient-gene interactions affecting serum urate levels and evaluated these interactions
using a custom polygenic risk score (PRS). Data from the UK Biobank were analyzed using
linear regression models to examine associations between micronutrients, candidate single
nucleotide polymorphisms (SNPs), and serum urate concentrations while controlling for
demographic, lifestyle, and genetic covariates. Preliminary analyses identified SNP
1512498742 within the SLC2A49 gene as having significant interactions with multiple
micronutrients. To determine whether these interactions reflected broader polygenic
susceptibility or were primarily driven by SLC249, a full and custom PRS excluding the
SLC2A49 region was generated. Several micronutrients, including magnesium, zinc, calcium,
manganese, and B-vitamins, were associated with lower serum urate concentrations.
Individuals carrying SLC2AO9 risk alleles also demonstrated stronger urate-lowering
responses to micronutrients such as folate, magnesium, biotin, and non-heme iron. However,
these interaction signals disappeared after removal of the SLC249 region from the PRS,
suggesting that the observed nutrient-gene interactions were primarily driven by this locus
rather than broader genome-wide susceptibility. These findings highlight the importance of
validating nutrient-gene interactions and support the future application of precision nutrition
for personalized dietary interventions and chronic disease prevention.

1. Introduction

Millions of people worldwide suffer from gout, a painful inflammatory arthritis caused
by the deposition of monosodium urate crystals within joints and connective tissues (Timsans
et al., 2024). Gout develops primarily due to elevated serum urate concentrations, commonly
referred to as hyperuricemia, which serves as the strongest predictor of disease risk and
severity. Beyond its role in gout, elevated serum urate has been associated with an increased
risk of cardiovascular disease mortality, chronic kidney disease, hypertension, type 2
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diabetes, and metabolic dysfunction-associated steatotic liver disease (Ali et al., 2019; Wu et
al., 2021; Tian et al., 2022; Lv et al., 2024; Chang & Liu, 2025). Higher serum urate
concentrations have also been linked to greater visceral and hepatic fat accumulation,
highlighting its broader relevance to cardiometabolic health (Rospleszcz et al., 2020). As a
result, identifying modifiable factors that influence serum urate concentrations may have
important implications for preventing both gout and other chronic diseases.

However, gout is not solely determined by urate levels alone. Genetics, dietary intake,
lifestyle behaviors, obesity, and other environmental factors all contribute to disease
development and progression (Jeon & Yoo, 2023; Timsans et al., 2024). Recent research has
increasingly demonstrated that both genetic predisposition and nutritional exposures
influence how individuals regulate urate metabolism and respond to inflammatory processes
associated with gout.

Dietary intake plays a particularly important role in gout pathophysiology. Foods rich in
purines, especially red meats and seafood, can elevate serum urate concentrations since urate
is a product of purine metabolism (Ragab et al., 2017; Zhang et al., 2022). Conversely,
several micronutrients have been associated with lower urate concentrations and reduced
gout risk. Vitamin C, for example, has been shown to reduce oxidative stress and
inflammation while potentially enhancing renal urate excretion (Choi & Curhan, 2008).
Minerals such as magnesium, zinc, manganese, and calcium have also been implicated in
urate metabolism and inflammatory regulation, with calcium specifically demonstrating
associations with gout risk. Despite these findings, it remains unclear how micronutrients
interact with genetic variation to influence gout susceptibility and serum urate
concentrations.

One major source of genetic variability arises from single nucleotide polymorphisms
(SNPs), which are small variations occurring at a single nucleotide position within DNA.
Although SNPs may appear minor, they can significantly alter gene function, protein
expression, and metabolic regulation (Shastry, 2009). Genome-wide association studies
(GWADS) have identified numerous SNPs associated with gout and serum urate
concentrations, including variants within genes involved in urate transport and excretion
(Kottgen et al., 2013; Jeon & Yoo, 2023). Among these genes, SLC2A49 has consistently
emerged as one of the strongest genetic determinants of serum urate concentrations and gout
susceptibility (Kottgen et al., 2013).

The interaction between genes and nutrients is a central concept within the field of
nutrigenomics, which examines how dietary factors influence gene expression and how
genetic variation alters responses to nutrients (Zhang et al., 2022). Nutrient-gene interactions
may explain why individuals respond differently to similar diets and why certain dietary
interventions are more effective in some populations than others. These interactions form the
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scientific foundation of precision nutrition, an emerging field focused on tailoring dietary
recommendations according to an individual’s genetic profile, lifestyle, and biological
characteristics (Zhang et al., 2022). Precision nutrition seeks to move beyond generalized
dietary guidelines toward personalized interventions capable of reducing chronic disease risk
and improving health outcomes.

A major challenge in studying nutrient-gene interactions is distinguishing whether
observed interactions reflect true genome-wide susceptibility or are primarily driven by a
single highly influential genetic locus. Polygenic risk scores (PRS) provide one method of
addressing this issue. A PRS summarizes the cumulative contribution of many genetic
variants to estimate an individual’s inherited predisposition to a disease or trait (Escott-Price
et al., 2019; Chang et al., 2022). However, when a particularly strong gene exerts a dominant
influence, it may artificially inflate or obscure nutrient-gene interaction signals within the
PRS.

The primary objective of this study was to investigate micronutrient-gene interactions
influencing serum urate concentrations using UK Biobank data while evaluating the validity
of these interactions through the development of a custom polygenic risk score. Specifically,
we aimed to determine whether nutrient-gene interactions associated with serum urate were
truly polygenic or primarily driven by the SLC2A49 gene region. By isolating and validating
these interactions, this study sought to further advance the understanding of nutrigenomics
and support the future application of precision nutrition strategies for chronic disease
prevention.

2. Experimental Details

This study utilized data from the UK Biobank, a large longitudinal cohort consisting of
over 500,000 participants between the ages of 40 and 69 years recruited between 2006 and
2010 (Sudlow et al., 2015). The UK Biobank provides extensive phenotypic, lifestyle,
dietary, and genetic information collected through questionnaires, interviews, biological
sampling, imaging, and long-term follow-up assessments. Genetic data were generated
through large-scale genotyping and imputation methods, while additional participant
information included biomarkers, socioeconomic measures, medical diagnoses,
anthropometric measurements, and dietary intake data (Bycroft et al., 2018). Participants also
had the option to provide blood, urine, and other biomedical samples for analysis (Sudlow et
al., 2015). The breadth and depth of the UK Biobank dataset provide a unique opportunity to
investigate the interaction between genetics, nutrition, and chronic disease risk.

In preliminary analyses, data from 502,154 UK Biobank participants were analyzed to
examine associations between micronutrients, genetic variation, and serum urate
concentrations. Linear regression analyses were conducted in R Studio to evaluate



relationships between individual micronutrients and serum urate levels. Following these
analyses, associations between serum urate and 30 candidate SNPs previously identified
through the Kdottgen et al. genome-wide association study were examined. Finally, nutrient-
gene interaction analyses were performed to determine whether interactions between these
SNPs and 23 micronutrients significantly influenced serum urate concentrations.

All regression analyses included several covariates to minimize confounding and
improve model accuracy. These covariates included sex, body mass index (BMI), smoking
status, alcohol intake, Townsend deprivation index as a measure of socioeconomic status,
income, education level, kidney disease prevalence, diuretic use, and ten genetic principal
components to account for population stratification.

Preliminary analyses identified SNP rs12498742 located within the SLC2A49 gene on
chromosome 4 as having significant interactions with multiple micronutrients. Because
SLC2A49 is strongly associated with urate transport and gout susceptibility, we hypothesized
that this gene region may disproportionately influence nutrient-gene interaction signals. To
test this hypothesis, a custom polygenic risk score (PRS) was developed to estimate genetic
susceptibility to elevated serum urate concentrations while excluding the SLC249 gene
region.

To construct the PRS, GWAS summary statistics from the K&ttgen et al. serum urate
study was obtained from the European Bioinformatics Institute GWAS catalog (Kottgen et
al., 2013). These summary statistics served the basis to estimate genetic predisposition
toward elevated serum urate concentrations in our cohort. Genetic target data for UK
Biobank participants were extracted using the PLINK2 software platform. Quality control
procedures included removal of ambiguous SNPs, multi-allelic variants, and SNPs with
minor allele frequencies below 0.01 (Chang et al., 2022).

Polygenic risk scores were generated using PRSice-2 software within the UK Biobank
cloud computing environment for 108,992 participants (Choi et al., 2019). Both the base PRS
and the custom PRS were adjusted for age, sex, and forty genetic principal components. To
create the custom PRS, the SLC249 gene region was systematically excluded using
progressively larger exclusion windows. Exclusion began at one million base pairs on each
side of the gene and expanded in 500,000 base pair increments up to ten million base pairs. A
5.5 million base pair exclusion window was ultimately identified as the optimal threshold for
minimizing the association between the custom PRS and SNP rs12498742 while preserving
overall genome-wide urate risk prediction.

Following PRS generation, linear regression analyses were performed to validate
associations between the PRSs and serum urate concentrations. Additional analyses
examined relationships between rs12498742 and both the base and custom PRSs to confirm
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successful attenuation of the SLC249 contribution within the custom score. Finally,
regression models were conducted to evaluate interactions between micronutrients and both
PRSs on serum urate concentrations.

3. Results

Initial analyses examining associations between micronutrients and serum urate
concentrations demonstrated that several vitamins and minerals were significantly associated
with lower serum urate levels. These included riboflavin, pantothenic acid, biotin, vitamin
B12, calcium, magnesium, total iron, non-heme iron, zinc, manganese, copper, and iodine,
among others. These findings supported previous evidence suggesting that dietary
micronutrients may influence urate metabolism and inflammatory processes associated with
gout risk.

Subsequent analyses evaluating nutrient-gene interactions identified a particularly strong
interaction signal involving SNP rs12498742 within the SLC2A49 gene region. Compared to
the other candidate SNPs analyzed, rs12498742 demonstrated a substantially greater number
of significant interactions with micronutrients, suggesting that this locus may play a
dominant role in mediating nutrient effects on serum urate concentrations.

Several micronutrients displayed altered effects on serum urate concentrations
depending on interactions with their genotype at rs12498742. Specifically, riboflavin,
pantothenic acid, biotin, calcium, and magnesium demonstrated stronger associations with
lower serum urate concentrations among individuals carrying one or two rs12498742 risk
alleles compared to individuals without risk alleles. These findings indicate that genetic
variation within SLC249 modifies the physiological response to certain micronutrients and
may influence the effectiveness of dietary interventions targeting urate reduction.

When a genome-wide polygenic risk score incorporating the SLC249 region was
analyzed, similar nutrient interaction patterns were observed. Individuals with higher genetic
susceptibility demonstrated stronger micronutrient interactions influencing serum urate
concentrations. However, after removing the SLC249 gene region from the PRS to generate
the custom score, these nutrient interaction signals disappeared. This finding suggests that the
previously observed nutrient-gene interactions were not broadly polygenic in nature but were
instead largely driven by the SLC249 locus itself.

Together, these findings demonstrate that SLC249 rs12498742 serves as a key driver of
micronutrient-gene interactions affecting serum urate concentrations and highlight the
importance of validating nutrient-gene interaction findings through targeted genetic modeling
approaches such as custom polygenic risk scores.
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Figure 1: Associations between micronutrient—genetic interactions and serum urate
concentrations. Results were analyzed using linear regression, with blue and red indicating
negative and positive beta coefficients, respectively. Sample sizes ranged from 107,028 to
108,992 participants. Asterisks denote statistically significant interactions after Benjamini—
Hochberg false discovery rate (FDR) correction: *FDR < 0.05, **FDR < 0.01, and ***FDR
<0.001.
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The findings of this study demonstrate that nutrient-gene interactions influencing serum
urate concentrations are strongly mediated by genetic variation within the SLC249 gene
region. While several micronutrients were initially associated with reduced serum urate
concentrations, the interaction analyses revealed that these effects differed substantially
depending on genotype. In particular, individuals carrying risk alleles at rs12498742
demonstrated stronger associations between micronutrient intake and lower serum urate
concentrations, especially for riboflavin, pantothenic acid, biotin, calcium, and magnesium.
These findings suggest that genetic variation within SLC249 may alter nutrient
responsiveness and contribute to interindividual differences in gout susceptibility.

The SLC2A49 gene is biologically relevant because it encodes a urate transporter
involved in renal uric acid handling. Variants within this gene have consistently
demonstrated strong associations with serum urate concentrations and gout risk across
multiple genome-wide association studies (Kottgen et al., 2013). Therefore, the identification
of nutrient interactions at this locus is biologically plausible and further supports the role of
SLC2A49 as a central regulator of urate metabolism.

One of the most significant contributions of this study was the development and
application of a custom polygenic risk score excluding the SLC249 region. Traditional PRSs
are designed to summarize cumulative genome-wide genetic risk; however, highly influential
loci can dominate these scores and potentially create misleading interaction signals. By
systematically removing the SLC249 region and reevaluating nutrient interactions, this study
demonstrated that the observed interactions were largely driven by a single dominant locus
rather than broader genome-wide susceptibility (Escott-Price et al., 2019; Chang et al., 2022).
This approach highlights the importance of validating nutrient-gene interactions and
improving the methodological rigor of nutrigenomic research.

These findings have important implications for the future of precision nutrition.
Traditional dietary recommendations are typically generalized across populations despite
significant biological variation between individuals (Zhang et al., 2022). However, this study
demonstrates that individuals with different genetic profiles may respond differently to the
same nutrients. As a result, dietary interventions designed to reduce gout risk or lower serum
urate concentrations may need to be personalized according to genotype rather than
universally applied.

The long-term potential of precision nutrition is substantial. In the future, clinicians may
be able to use genetic information to identify individuals at elevated risk for gout and provide
personalized nutritional recommendations aimed at preventing disease onset before
symptoms occur. For example, individuals carrying specific SLC2A49 variants may benefit
from targeted micronutrient interventions that optimize urate metabolism and reduce
inflammation. More broadly, the framework established in this study may extend beyond
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gout to other chronic diseases influenced by nutrient-gene interactions, including obesity,
cardiovascular disease, diabetes, and inflammatory disorders.

Future research should focus on replicating these findings in independent and more
diverse populations to improve generalizability. Additionally, mechanistic studies are needed
to better understand how micronutrients biologically interact with SLC249 and related
metabolic pathways. Expanding this work through multi-omics approaches, including
metabolomics, transcriptomics, and proteomics, may further clarify the complex biological
networks underlying nutrient-gene interactions.

Emerging technologies such as artificial intelligence and machine learning may also
accelerate the development of precision nutrition. Integrating genomic information with
dietary intake, biomarker data, and lifestyle factors could allow predictive models to generate
highly individualized dietary recommendations tailored to a person’s unique biological
profile. As precision nutrition continues to evolve, studies such as this one provide important
foundational evidence supporting the transition from generalized nutrition guidelines toward
personalized strategies capable of improving chronic disease prevention and long-term health
outcomes.

5. Summary

This study investigated micronutrient-gene interactions influencing serum urate
concentrations using UK Biobank data and a custom polygenic risk score approach. Several
micronutrients, including riboflavin, pantothenic acid, biotin, calcium, magnesium, iron,
zinc, manganese, copper, and iodine, were associated with lower serum urate concentrations.
Interaction analyses identified SNP rs12498742 within the SLC2A49 gene as the primary
driver of nutrient-gene interactions affecting serum urate concentrations. Individuals carrying
rs12498742 risk alleles demonstrated stronger associations between micronutrient intake and
lower serum urate concentrations than non-carriers. Although these interaction patterns
persisted when using a standard genome-wide polygenic risk score, they disappeared after
removing the SLC249 region from the score, indicating that the observed effects were
primarily driven by this locus rather than broader polygenic susceptibility. These findings
highlight the importance of validating nutrient-gene interactions and support the growing role
of precision nutrition in developing personalized dietary interventions for chronic disease
prevention and gout risk reduction.
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Matcha Supplementation Attenuates High-Fat, High-Sugar Diet-Induced
Cardiomyocyte Hypertrophy by Reshaping the Gut Microbiota in Mice
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Department of Nutritional Sciences

Faculty Sponsor: Dr. Yoo Kim
Graduate Student Mentor: Gopal Lamichhane

ABSTRACT

Matcha, a powdered form of green tea, is rich in bioactive compounds, including L-theanine
and polyphenols, that have been associated with beneficial effects on cardiometabolic and
gut health. This study aimed to evaluate whether dietary matcha supplementation attenuates
high-fat, high-sugar diet (HFHSD)-induced cardiac hypertrophy and whether these effects
are related to alterations in the gut microbiota along the gut-heart axis. Five-week-old male
C57BL/6 mice were randomly assigned to either a normal chow diet (NCD) group or one of
three HFHSD groups (HFHSD alone, HFHSD + 0.2% matcha, or HFHSD + 1% matcha).
The dietary intervention lasted 10 weeks, during which body weight was continuously
monitored. Results showed that after the 10-week intervention, heart weight was significantly
reduced in the 1% matcha-supplemented mice compared with HFHSD controls. Wheat germ
agglutinin (WGA) staining showed that both 0.2% and 1% matcha supplementation
significantly reduced cardiomyocyte cross-sectional area relative to HFHSD controls.
Furthermore, matcha supplementation altered gut microbiome composition, characterized by
a marked increase in the abundance of beneficial taxa (Ligilactobacillus, Lactobacillus,
Oscillospiraceae) while reducing potentially pathogenic taxa (Enterobacteriaceae,
Klebsiella). In conclusion, dietary matcha supplementation attenuated HFHSD—-induced
cardiac hypertrophy in mice, potentially via modulation of the gut microbiota.

1. Introduction

High-fat, high-sugar diets (HFHSD) are major contributors to cardiometabolic
dysfunction, which includes the development of cardiac hypertrophy. Emerging evidence
highlights the critical role of the gut microbiome in systemic health. Diet-induced alterations
in gut microbiota can influence cardiovascular outcomes, suggesting the presence of a vital
“gut-heart axis” that may serve as a target for therapeutic intervention.

Matcha, a powdered green tea, is rich in bioactive compounds like L-theanine and
polyphenols, which are associated with beneficial effects on cardiometabolic and gut health.
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However, its specific ability to attenuate HFHSD—induced cardiac hypertrophy via gut
microbiome modulation requires further evaluation. Therefore, this study was designed to
evaluate whether dietary matcha supplementation attenuates HFHSD—-induced cardiac
hypertrophy and if these effects relate to alterations in the gut microbiota along the gut-heart
axis.

2. Experimental Details

Five-week-old male C57BL/6 mice were utilized for the study and randomly assigned to
four dietary groups: a normal chow diet (NCD), a high-fat, high-sugar diet (HFHSD),
HFHSD + 0.2% ceremonial-grade matcha, or HFHSD + 1% ceremonial-grade matcha. The
dietary intervention lasted for 10 weeks, with continuous monitoring of body weight
throughout the study. During the 10th week, fecal samples were collected for gut microbiota
analysis using 16S rRNA sequencing of the extracted genomic DNA. At the end of the
experiment, blood samples were collected to assess serum lipid profiles. Additionally,
metabolic organs including the liver, epididymal white adipose tissue (WAT), and heart were
harvested, weighed, and collected for further analysis.

For histological analysis, the collected hearts were processed and evaluated for
cardiomyocyte hypertrophy and fibrosis. This evaluation was conducted using Wheat Germ
Agglutinin (WGA) staining and Picro-Sirius Red staining. ImageJ software was used to
quantify the cross-sectional area, collagen area fraction, and a semi-quantitative collagen
score.

Statistical analyses were performed using ordinary one-way or two-way repeated
measures analysis of variance (ANOVA). This was followed by Tukey’s multiple
comparison tests. Data were presented as the mean + standard error of the mean (SEM), with
statistical significance indicated as p < 0.05, p <0.01, p <0.001, and p < 0.0001.

3. Results

After the 10-week dietary intervention, measurements were recorded for final body
weight, final heart weight, and the ratio of heart weight to body weight. Heart weight was
significantly reduced in the 1% matcha-supplemented mice compared to the HFHSD control
group (Figure 1A-C). Wheat Germ Agglutinin (WGA) and Picro-Sirius Red staining
revealed a significant increase in cardiomyocyte size and collagen deposition in HFHSD-fed
mice compared with NCD animals. However, supplementation with both 0.2% and 1%
matcha significantly reduced the cardiomyocyte cross-sectional area and fibrosis parameters
relative to HFHSD controls (Figure 1E, G-I). All statistical data are presented as mean +
standard error of the mean (SEM), with significance evaluated via ANOVA.

Regarding the gut microbiome, matcha supplementation improved the gut dysbiosis
induced by the HFHSD under obesity. Alpha diversity was evaluated using Observed ASVs
and the Shannon Index (Figure 2A-B), while Beta diversity was evaluated by Principal
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Coordinate Analysis (PCoA) using Weighted and Unweighted UniFrac distances (Figure
2C-D). The relative abundance of taxa was assessed at the Phylum, Family, and Genus levels
(Figure 2E-G). Matcha supplementation successfully altered the microbiome composition by
markedly increasing the abundance of beneficial taxa (Ligilactobacillus, Lactobacillus,
Oscillospiraceae). Conversely, it reduced the abundance of potentially pathogenic taxa such
as Enterobacteriaceae and Klebsiella.
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Figure 1. Matcha supplementation attenuates HFHSD—-induced cardiomyocyte
hypertrophy and fibrosis in mice. (A) Final body weight (g), (B) Final heart weight (g), (C)
Ratio of heart weight to body weight, (D) Serum cholesterol concentrations (mg/dL), (E)
Representative images of Wheat Germ Agglutinin (WGA) and Picro-Sirius Red stained heart
cross-sections, (F) Serum VLDL, (G) Quantification of cardiomyocyte cross-sectional area
(um?), (H) Quantification of collagen area fraction (%), (I) Semi-quantitative collagen score.
Data are presented as mean + SEM. Statistical significance is indicated as *p < 0.05, p <
0.01, ***p <0.001, ****p <0.0001.

Observed ASVs Shannon Index Weighted UniFrac Unweighted UniFrac
500 b 5+ 3 S a ® ®
a a - P <0.001 P <0.001
4004 3 ¢ @b =) T Ex =] R?=0518 ® R?= 0.462
b4 é 3 ? = ® NCD = ® NCD
2 3001 E ) & °
< <37 % ® HFD < o °| ® HFD
5 @ § Slg e o S
< 200 . %2' < ° o © eloHM < ® ® HML
7] [&] (o]
S 100+ % 1] e ® ® HVH 5 ° ® HMH
oo
0{ P=0.058 0l P=0097 °, %% oyt

NC'ZD H&D HI:/IL HI\IAH

T T T T
NCD HFD HML HMH

PCOA1(43.1%)

PCoA1(34.2%)

F Relative Abundance
(Family)

G Relative Abundance
(Genus)

E Relative Abundance
(Phylum)

0 I | | |
=} a g o
o e =
z T T z

100 -,

Genus
Others
Adlercreutzia
| = — E W Thomasclavelia
75 — Sporofaciens
— W Clostridium
Bacillota
M Cuneatibacter
Alistipes
W Flintibacter
Klebsiella
W Ligilactobacillus
W Lactobacillus
Petralouisia
W Acetatifactor
1 Dubosiella
M Muribaculaceae_Unclassified
W Romboutsia
W Oscillospiraceae_Unclassified
W Lepagella
Wl Akkermansia
M Lachnospiraceae_Unclassified

Family
Others
W Bacillota
Rikenellaceae
M Enterobacteriaceae
W Erysipelotrichaceae
M Lactobacillaceae
B Peptostreptococcaceae
W Akkermansiaceae
W Oscillospiraceae
W Muribaculaceae
W Lachnospiraceae

Phylum
Mycoplasmatota
Thermodesulfobacteriota
W Deferribacterota
W Candidatus_Saccharibacteria
W Bacteria_Unclassified
W Actinomycetota
W Pseudomonadota
W Verrucomicrobiota
W Bacteroidota
W Bacillota

Relative Abundance (%)
Relative Abundance (%)
Relative Abundance (%)

Figure 2. Matcha supplementation modulates gut microbiota diversity and composition
in HFHSD-fed mice. Alpha diversity of the gut microbiome measured by (A) Observed
ASVs and (B) Shannon Index. Beta diversity evaluated by Principal Coordinate Analysis
(PCoA) using (C) Weighted UniFrac and (D) Unweighted UniFrac distances. Relative
abundance of gut microbiota taxa at the (E) Phylum, (F) Family, and (G) Genus levels across
the different dietary groups. (Note: NCD = Normal Chow Diet, HFD = High-Fat Diet, HML
= High-Fat + 0.2% Matcha, HMH = High-Fat + 1% Matcha).

4. Discussion and Conclusions



The findings of this study demonstrate that dietary matcha supplementation successfully
attenuates HFHSD-induced cardiac hypertrophy and fibrosis in mice. Matcha
supplementation reduces cardiomyocyte hypertrophy and fibrosis induced by HFHSD—
mediated obesity, counteracting the cardiometabolic dysfunction typically caused by poor
diets. Furthermore, matcha supplementation significantly reshapes the gut microbiota.

These findings suggest that matcha improves cardiometabolic health potentially by
modulating the gut microbiota along the gut-heart axis. Future studies are needed to
determine whether these reductions in hypertrophy translate into enhanced cardiac function.
Additionally, further research is required to determine whether the observed microbiota
changes exert causal effects on cardiovascular disease risk.

5.  Summary

This study investigated the therapeutic potential of matcha green tea on cardiometabolic
dysfunction. Male C57BL/6 mice fed a high-fat, high-sugar diet supplemented with 0.2% or
1% matcha for 10 weeks showed significantly reduced heart weights, cardiomyocyte cross-
sectional area, and collagen deposition compared to HFHSD controls. Matcha also
successfully altered the gut microbiome by increasing beneficial bacteria and reducing
pathogenic taxa. Ultimately, dietary matcha supplementation attenuated HFHSD—induced
cardiac hypertrophy, likely through mechanisms involving the gut-heart axis.
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Evaluating Soil Physical Properties of Stillwater Soils:
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MaKayla Friend

Department of Environmental Science
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Graduate Student Mentor: Nimalka Weerasuriya

ABSTRACT

Promoting soil health and stimulating natural soil processes that have been depleted over
time are the goal of current agriculture practices, including the use of organic
amendments. Biochar application has been associated with an increase in soil organic
carbon content, suggesting improved microbial activity. In addition to soil biochemistry,
biochar might also influence soil physical properties. Biochar use was also associated
with increasing microbial community size, due to the addition of microsites on biochar
particles and organic carbon. Besides soil biochemistry, biochar might also influence soil
physical properties due to its influence on the fate of contaminants as well as nutrient and
water absorption by plants. Agricultural systems also heavily rely on the use of biocides,
which could indirectly alter soil health. My aims of this study are (1) to evaluate the
impacts of different biochar amendments on soil properties, and (2) to assess the possible
interaction between biochar amendments and the use of biocides on soil health. We
analyzed biomass, infiltration rate, mean weight diameter of aggregates, percent
destruction of aggregates, and root colonization rates across differing biochar and biocide
treatments. We found that poultry litter biochar had more of an effect on soil health and
plant community dynamics than BSG biochar, or no biochar. We found that biocide
treatments did not significantly influence soil health or plant communities. We did not
observe any significant interaction between biocide and biochar treatments, which
provides more insights into how land management practices may alter soil health and
productivity.

1. Introduction

As the world’s population exponentially grows year after year, food security becomes
an increasingly important task for agricultural systems. We need to increase yield while
decreasing land needed for cultivation and decreasing negative impacts on the
environment. Healthy soils have the potential to increase crop yields, provide
environmental benefits, and sequester terrestrial carbon. Promoting soil health and
stimulating natural soil processes that have been depleted over time is the goal of new
agriculture practices, such as the use of biochar. Biochar is a material made of organic



waste partially combusted. It is therefore rich in carbon and has been used as a soil
primer. Biochar has a prominent role in the carbon cycle and terrestrial carbon
sequestration potential (Khan et al., 2024). Biochar can have other outcomes on the soil
properties, such as higher water retention capabilities and nutrient retention (Khan et al.,
2024). Biochar implementation has also been associated with an increase in soil organic
carbon content, suggesting improved soil carbon sequestration (El-Naggar, Awad, Tang et
al., 2018). Biochar use was also associated with increasing microbial community size,
due to the addition of microsites on biochar particles and organic carbon (Gul, Whalen,
Thumas, et al., 2015). Besides soil biochemistry, biochar might also influence soil
physical properties such as bulk density, soil porosity, field capacity, and nutrient
adsorption. This is important as soil physical properties influence the fate of
contaminants as well as nutrient and water absorption by plants (Dhaliwal, et al., 2019).
Biochar implementation may not occur on organic land management practices only, as
different land management practices have different intended impacts. Biocide
amendments, such as fungicide, insecticide, and molluscicide, are commonly used in
agricultural, forest, and pastureland management practices. Agricultural systems heavily
rely on the use of biocides for pest control (United States Geological Survey, 2019). In
this study, I am interested in investigating the impacts of biochar on soil physical
properties in a system using biocides. Specifically, I have two aims. Aim 1: evaluate the
impacts of different land management practices (biochar and biocide) on soil physical
and plant community properties. Aim 2: access the possible correlation between biochar
amendments and the use of biocides on soil physical properties and health.

2. Experiment Details

Experimental Site and Design: The study utilizes an existing experimental
collaborative research site, BugNet at James K. McPherson Botanical Preserve.
McPherson Preserve is owned and operated by the College of Arts and Science at
Oklahoma State University, and is located at 36.099° N and -97.204° W. The BugNet
experiment consists of three blocks (repetitions) of 8 5 meter x 5 meter plots which have
been receiving one of 8 biocide treatment combinations for the last four years. The
fungicide treatment utilizes Ortiva (Azoxystrobin) and Score (Difenoconazol). The
insecticide treatment utilizes Karate Zeon (Lambda-Cyhalothrin). The molluscicide
treatment utilizes generic slug bait (1.25% ferric phosphate). This project used three
quadrants (1 meter x 1 meter) within each plot of the experiment. In each plot, two
different feedstocks, spent brewer’s grain (BSG) and poultry litter, were converted to
biochar and applied to two of the three quadrants. BSG and poultry litter feedstock was
collected from Iron Monk Brewery (Stillwater, OK, USA) and a local Tulsa egg farm
(Sand Springs, OK, USA). Firewood was collected from downed trees and mulched into
5-10 cm wood chips. Biochar feedstocks were oven-dried (90 °C, 14 days) and placed
into a 15-gallon metal drum with a thermocouple attached. Biochar feedstock was heated



to 300-500 °C for 3-5 hours, depending on the feedstock material. 1 L of biochar was
applied to each 1 m? quadrant. One quadrant served as a control treatment with no
biochar applied to it.
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Figure 1: A graphical representation of the experimental site and design. A) shows the
block design. B) shows the three randomized blocks. C) shows the subplots (4,B,C,D) and
quadrants (i,ii,iii,iv). BI represents the BSG biochar. B2 represents the poultry litter
biochar. Quadrant iv served as the control treatment (no biochar).

Physical properties sampling: Soil aggregate stability, aboveground biomass, root
colonization, and infiltration rate was assessed in all three quadrants. Soil aggregate
stability was analyzed using dry and wet sieving methods to determine the percent
destruction of aggregates and mean weight diameter of aggregates (Xukai et al., 2020).
Dry sieving soil data was obtained by determining the fraction of soil particles at each
sieve size in a 100-gram soil samples (<4 mm, 2-4 mm, 1-2 mm, 0.5 mm-1 mm, 0.25
mm-0.5 mm, <0.25 mm). Wet sieving soil data was obtained by placing a piece of filter
paper (100 mm) on top of the previous sieve set, running a faucet of 1 L/min DI water,
and oscillating the sieve set at 30-50 rpm. The fraction of soil particles at each sieve size
in a 100-gram soil sample was recorded. Infiltration rate was analyzed using a double
ring infiltrometer (13 cm diameter) and the infiltration ring was placed flush against the
bare soil surface. Then, water was dispersed into the outer ring before filling the inner
ring. The water drained (in cm) per unit of time was recorded, and each repetition ended
after 5 minutes.

Biological properties sampling: Biomass was determined by collecting above ground
biomass samples in the same subquadrant (5x10cm) in each experimental quadrant. Then,
biomass samples were oven-dried (90 C for 48 hours) and weighed to determine
aboveground plant biomass. Root colonization samples were collected from little
bluestem, Schizachyrium scoparium, individuals in each subplot for single biocide
treatments (I+,M+,F+,Control,I+M+F+). One individual plant was collected and divided
into three representative root samples. Root samples were cleared with 10% KOH for 1



hr at 90 °C and acidified with 1% HCI for 5 min before staining. Roots were stained with
0.05% Trypan blue for 10 min at 110 °C. Root samples were transferred into 30% lactic
acid before analysis. We utilized 3 equal sections from each root sample to determine
percent arbuscular mycorrhizal fungi (AMF) colonization using the modified gridline
method (McGoningle et al, 1990), under x200 magnification (Hirox KH 7700, Tokyo,
Japan). Fungal hyphae, arbuscules, vesicles, and fungal spores of AMF counted towards
total root colonization rate.

Statistical Analysis: Statistical analysis was performed using R-STUDIO (ver. 2025-05.0-
526). We used analysis of variance (Kenward-Roger and TukeyHSD) and reported
significance at 0.001, 0.01, and 0.05 significance levels, with the experimental block as a
random effect. When appropriate, multiple comparison adjustments were employed for
statistical grouping. To determine interactions, significance levels were displayed for all
biochar and biocide interactions. Significant differences between means were estimated at
95% confidence intervals. For spider plots, the data was normalized into z-scores, which
determined how many standard deviations from the mean a treatment type was.

3. Results
Aim 1: Management practices differently influenced soil health

Biochar Treatments: PDA did not significantly differ across biochar treatments (p-
value>0.05). B1 biochar had a mean of 25.9%, B2 biochar had a mean of 21.3%, and the
control had a mean of 26.2% (Figure 1). There was no statistically significant difference
across treatment groups for PDA. MWD did not significantly differ across biochar
treatments (p-value>0.05). B1 biochar had a mean of 2.02 mm, B2 had a mean of 2.18
mm, and the control had a mean of 1.94 mm (Figure 2). There was no statistical
difference across treatment groups for MWD. Biomass did not significantly differ across
biochar treatments (p-value>0.05). B1 biochar had a mean of 19.2 g, B2 biochar had a
mean of 22 g, and the control had a mean of 19.1 g (Figure 3). There was no statistical
difference across the treatment groups for biomass. Infiltration rate did not significantly
differ across biochar treatments (p-value>0.05). Bl biochar had a mean of 1.75 log (cm
per hour), B2 biochar had a mean of 1.72 log (cm per hour), and the control had a mean
of 1.76 log (cm per hour) (Figure 4). There was no statistical difference across treatment
groups for infiltration rate. Root colonization rates did significantly differ across biochar
treatments (p-value=0.09). B1 biochar had a mean of 27.9%, B2 biochar had a mean of
32.5% and the control had a mean of 25.7% (Figure 5). B2 biochar and the control were
significantly different (p-value=0.09). B1 biochar was not statistically different from B2
biochar or the control treatment.



Figure 1: Percent Destruction of Aggregates (in %) Figure 2: Mean Weight Diameter (in mm)
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Figure 5: Root Colonization Rate (in %) Figure 6: Spider plot of Biochar Treatments (in z-scores)
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Figure 7: Percent Destruction of Aggregates (in %) Figure 8: Mean Weight Diameter (in mm)
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Biocide Treatments: PDA did not statistically differ across biocide treatments. F+ had a
mean of 19.6%, M+ had a mean of 24.8%, [+M+ had a mean of 25.8%, I+ had a mean of
26.5%, and the control had a mean of 25.7% (Figure 7). There was no statistical
difference across the treatment groups for PDA. MWD did not significantly differ across
biocide treatments (p-value>0.05). F+ had a mean of 2.35 mm, I+ had a mean of 2.08
mm, [+M+F+ had a mean of 1.98 mm, M+ had a mean of 1.97 mm, and the control had a
mean of 1.87 mm (Figure 8). There was no statistically significant difference across the
treatment groups for MWD. Biomass did not significantly differ across biocide
treatments (p-value>0.05). I+ had a mean of 15.4 g, M+F+ had a mean of 18.2 g, M+ had
amean of 19.2 g, [+M+F+ had a mean of 19.4 g, [+F+ had a mean of 21.1 g, F+ had a
mean of 22.2 g, [+M+ had a mean of 22.2 g, and the control treatment had a mean of 22.2
g (Figure 9). Infiltration did not significantly differ across biocide treatment (p-
value>0.05). [+M+F+ had a mean of log 1.68 (cm per hour), F+ had a mean of 1.76 log
(cm per hour), I+ had a mean of 1.79 log (cm per hour), M+ had a mean of 1.85 log (cm
per hour), [+ F+ had a mean of 1.51 log (cm per hour), M+F+ had a mean of 1.92 log(cm
per hour), and the control had a mean of 1.68 log (cm per hour) (Figure 10). Root
colonization rates did not statistically differ across biocide treatments. F+ had a mean of
27.7%, I+ had a mean of 26.8%, M+ had a mean of 32.9%, [+M+F+ had a mean of
30.4%, and the control had a mean of 23.6% (Figure 11). There was no significant
difference across the treatment groups for root colonization rates.

Aim 2: There was no interaction between biocide and biochar on soil health

We performed pair comparisons across all biochar and biocides treatments and did not
detect any significant effect of multiple treatments. Most comparisons had high p-values,
which may mean a different statistical test is needed, or the sample size is too small to
compare two factors.

4. Discussion and Conclusions

This study highlights the benefits of poultry litter biochar on soil health. Poulty litter
biochar had the highest biomass, MWD, and root colonization rates (Figure 6). Poultry
litter biochar also had the lowest infiltration rate and PDA across biochar treatments.
Root colonization rates were significantly higher in the poultry litter biochar treatment,
when compared to the control treatment. We propose this is due to the high phosphorus
content of poultry litter manure, which served as the main feedstock for this treatment.
Phosphorus is a limiting nutrient in tallgrass prairie ecosystems due to the soil parent
material (Hein et al., 2002). Previous literature also finds higher root colonization rates
and plant biomass with AMF inoculum (Sawant, 2023). BSG biochar was more like the
control treatment than poultry litter biochar treatment. BSG biochar also had a smaller
particle size, which could have led to higher rates of loss, when compared to poultry litter



biochar. Previous literature finds BSG biochar to increase soil organic matter (SOM),
which can improve soil aggregation (Yoo et al., 2021).

In contrast to the biochar treatments, the biocide treatments had little effects on soil
health. However, there were some interesting differences across biocides. Insecticide
treatment had the highest biomass and MWD, due to less plant herbivory and larger plant
belowground root biomass. Molluscide treatment had the highest root colonization rate
and infiltration rate, which suggests it is different from other biocides. Overall, the
molluscide treatment had the highest positive effect on soil health out of all the biocides,
most likely due to its solid, pelletized form applied directly on the soil surface. Fungicide
and insecticide treatments were foliar applications, which have more interactions with
soil-water dynamics. Biocide treatments have also been established for multiple years,
which could explain significance in biocide treatments, but not biochar treatments.

Finally, contrary to our expectations, the combination of biochar and biocide
treatments did not have any significant interaction between treatment responses. Biomass,
infiltration rate, root colonization rate, MWD, and PDA were not significantly affected by
biochar and biocide treatment at the same time. We performed multiple statistical tests to
ensure the issue was not statistical methodology, but the experimental design could have
used more plot replications of biochar within each randomized block. Biocide treatment
was applied to four of the subplots, so the addition of biochar to those additional subplots
and additional samples could have produced different results.

5. Summary

My work provides insight into the benefits associated with the use of biochar for
soil health and whether these benefits hold for biocides. Poultry litter biochar
significantly improves AMF colonization rates in little bluestem, a keystone species in
tallgrass prairies. Improved plant resource acquisition via AMF networks can improve
soil biological health, and in return improve plant community dynamics. Future research
into soil amendments should include emphasis on plant and microbe communities, which
may alter or impact soil health. The increasing demand for biocides to control biological
problems, exasperated by rapid land use change, coincides with an overall decrease in
soil carbon across the world’s arable soils. Biochar, and other organic soil amendments
have continually increased in popularity for land management practices, and our research
seeks to fill our understanding of its impacts on soil ecology. Soil types, such as the soil
orders present in Central Oklahoma, represent a large population of the country’s most
agriculturally productive soils, encompassing a global 12% of all arable soils (Anderson
and Lafond, 2010). Better understanding of the complicated dynamics between soil
chemistry, physics, and biology could provide more opportunities for soil and land
conservation. Our experiment therefore serves as a bridge between soil ecology and
human impact, which can lead to more restoration initiatives.
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Department of Chemistry, Oklahoma State University
Faculty Sponsor: Dr. Jimmie D. Weaver
Graduate Student Mentor: Osaid Alkhamayseh
ABSTRACT

This project investigates the use of visible-light-mediated photoisomerization of
arylcyclohexenes to generate strained trans-cyclohexene intermediates that can be used for
haloalkylation of arylcyclohexene frameworks. My primary role was to synthesize
arylcyclohexene starting materials and support optimization and scope studies for the
haloalkylation reaction. Optimization identified 0.25 mol% Ir(dFppy);, 20 mol%
collidinesHPFs, dichloromethane, blue light, room temperature, and an argon atmosphere as
effective conditions. Scope studies showed that electron-withdrawing aryl substituents on the
cyclohexene generally increased product formation, whereas electron-donating groups and
some expanded-ring substrates reduced productive haloalkylation. The halogenated-substrate
study also revealed a selectivity trend of Br > Cl >> F. Overall, these results support a mild
visible-light approach for installing polyhaloalkyl units onto arylcyclohexene frameworks and
provide a foundation for expanded substrate scope, product characterization, and mechanistic
studies. Beginning in January 2026, I transitioned from experimental work on the
haloalkylation project to contributing to an invited Chemical Review article focused on the
photoisomerization of cycloalkenes. This review examines the historical development,
mechanistic basis, and synthetic applications of light-mediated cis/trans cycloalkene
photoisomerization. My work on the review helped me understand the broader context of light-
mediated transducer catalysis, where photonic energy is converted into molecular strain and
then used to promote productive chemical reactivity.

1. Introduction

Cyclic alkenes are useful platforms for studying the conversion of light energy into
chemical strain energy. In the Weaver group, cis-arylcyclohexenes are used as molecular
transducers that convert photonic energy into molecular strain energy. After visible-light
excitation of a photocatalyst, triplet energy transfer can convert a lower-energy cis-cycloalkene
into a highly strained trans-cycloalkene. The existence, structure, and unusual strain of trans-
cyclohexene derivatives has been investigated for decades, and prior studies report that these
intermediates are short-lived but chemically useful when generated under controlled
photochemical conditions.'®
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Figure 1. Photoisomerization energy diagram showing conversion of cis-phenylcyclohexene to the strained
trans intermediate and the energetic basis for strain-release reactivity.

The central advantage of this platform is that the frans isomer stores enough strain
energy to undergo reactions that are not normally accessible from the cis isomer. Visible-light
approaches developed by the Weaver group have shown that frans-arylcyclohexenes can be
generated under mild conditions and then used in ionic additions, including bridged ether
formation, alcohol protection, CO, valorization, and Friedel-Crafts alkylation.”!! This strategy
is significant because classical carbenium ion chemistry often relies on strongly acidic media,
whereas this approach uses visible-light-mediated formation of strained trans-cyclohexene
intermediates to access carbenium ions under remarkably mild conditions.?

The goal of my Niblack project was to help develop a related haloalkylation reaction
using photoisomerized arylcyclohexenes and halogenated substrates. Polyhaloalkyl motifs are
valuable because they can serve as versatile handles for further functionalization, but many
existing approaches rely on radical generation through C—H or C—X bond cleavage (Scheme
1A and B). Those radical pathways are powerful but can suffer from selectivity challenges
because haloalkyl radicals are highly reactive intermediates.'*'* Our project tests whether the
light-generated frans-arylcyclohexene platform can provide a complementary route to
polyhaloalkylated arylcyclohexenes under mild photochemical conditions (Scheme 1C).



Scheme 1. Project background and rationale, including previous radical methods for installing
polyhaloalkyl units and the light-driven aryleyclohexene platform
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2. Experimental Details

The arylcyclohexene starting materials used in the photochemical studies were
prepared through a two-step synthetic sequence. First, an aryl bromide was added to a
cyclohexanone derivative by Grignard addition to form the corresponding tertiary alcohol. The
tertiary alcohol was then converted to the desired arylcyclohexene through acid-catalyzed
dehydration under Dean-Stark conditions. Each arylcyclohexene was purified via column
chromatography before use. Photochemical reactions were performed on approximately 0.253
mmol scale using an arylcyclohexene and a halogenated substrate in dichloromethane or
chlorobenzene under an argon atmosphere. Blue LED irradiation was used to activate the
iridium photosensitizer and collidinesHPFs was the weak acid used for carbenium ion
formation. Both components of this salt are important: collidine is sterically hindered enough
to avoid trapping the carbenium ion after proton transfer, while PF¢™ is a weakly coordinating,
non-nucleophilic counterion that does not compete with the desired halogen-abstraction
pathway. For example, pyridinium*PFs would generate less hindered pyridine, which could



attack the carbenium ion, while collidinesHCI would introduce chloride, a more nucleophilic
counterion that could also interfere with productive reactivity. Optimization experiments
varied photocatalyst loading, acid loading, solvent composition, substrate concentration, water
content, and temperature. Reaction progress and yields were evaluated primarily by NMR
analysis, while product structures in the substrate-scope studies were supported by 'H NMR,
13C NMR, COSY, HSQC, HMBC, and GC(EI) analysis when available.

Beginning in January 2026, my role shifted from lab work on the haloalkylation project
to literature-based work on a review paper focused on cycloalkene photoisomerization. The
purpose of this review is to organize decades of work on how cis-cycloalkenes are converted
into strained trans-cycloalkenes and to explain how the field has progressed from direct UV
irradiation to milder sensitized and visible-light-mediated approaches. For this portion of the
project, I read and interpreted primary literature on UV photoisomerization, excited state
energy transfer, ring-size effects on trans-cycloalkene strain, and synthetic applications of
strain-loaded intermediates. This work
required me to connect fundamental
photochemical principles to modern
applications in light-mediated transducer O Ir(dFppy); - 0.25 mol% O
catalysis. ChemDraw schemes, figures, and collidine-HPF - 20 mol% -~
tables were prepared to represent key ideas ‘ hv - blue LEDs, rt, Ar ‘ cl

2

Table 1. Optimization study for visible-light-
mediated arylcyclohexene haloalkylation

from the text, strengthening my ability to CH,Cl, - 415 mM
translate complex photochemistry concepts
into clear visual figures. Through this work,
I became more proficient in literature
searching, evaluating primary sources, using
ChemDraw, and scientific  writing.
Ultimately, this review gave me a clearer
understanding of how my haloalkylation

1b
0.253 mmol

b

[y

None 60 86

project fits into the broader development of 3 | 5mol % coll.LHPFs 0 12
photochemical strategies that convert light
energy into molecular strain and use that
strain to drive new reactivity. 5 | DCM/DCE (50V:50V) 3 41

3. Results

An  optimization study  was
conducted to identify reaction conditions
that maximized productive haloalkylation. 9 50 °C 0 3
Under the optimized conditions, the desired
product was observed in 60% NMR
conversion after 4.3 h and 86% after 21 h.
Increasing the collidinesHPFs loading to

7 208 mM of SM 22 35

11 0.125 mol % PC 37 21

A |



100 mol% strongly suppressed product formation, while lowering the salt loading to 5 mol%
also reduced reactivity. The lower conversion at 5 mol% may reflect the deleterious effect of
trace water on the reaction system, where 20 mol% collidinesHPFs is sufficient to overcome
small amounts of water present, but 5 mol% is not. Adding water, changing solvent ratio,
varying substrate concentration, increasing temperature, or changing photocatalyst loading
generally reduced conversion relative to the optimized condition.

The arylcyclohexene scope revealed a clear substituent effect. A m-CF3 substrate and
the parent phenylcyclohexene gave high NMR yields, whereas electron-donating and highly
deactivating substitution patterns were less effective. For example, the m-CF3 substrate gave
87% yield, the parent substrate gave 86%, and the m-F substrate gave 73%. In contrast, the m-
OMe substrate gave 43%, the p-CF; substrate gave 17%, and the methyl-substituted substrate
gave 5%. The bis-CF3 substrate did not produce the desired product likely due to excessive
carbenium-ion destabilization caused by the two strongly electron-withdrawing substituents.
Cycloheptene-derived substrates did not provide productive haloalkylation under the screened
conditions. Our hypothesis is that the corresponding trans-cycloheptene intermediates contain
less strain energy than frams-cyclohexenes, making them less basic and therefore less
susceptible to protonation by the relatively weak acid present under the reaction conditions.

Scheme 2. Arylcyclohexene substrate scope
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The halogenated-substrate scope expanded the reaction beyond a single halogen donor
and allowed preliminary analysis of halide selectivity. Products from chlorinated, brominated,
fluorinated, deuterated, allylic, and carbonyl-containing substrates were either confirmed or
tentatively assigned by available NMR and GC(EI) data. The most important empirical trend
was the halogen abstraction selectivity in the order Br > Cl >> F. This trend provides a practical
design rule for future substrate selection, although the mechanism responsible for the observed
selectivity still requires further investigation.

Scheme 3. Halogenated-substrate scope
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The formation of these products have been conclusively confirmed through comprehensive characterization of the
products formed using 'H NMR, *C NMR, COSY, HSQC, and GC-MS (EI) analysis.
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These substrates are still under investigation to confirm product formation. Based on crude '"H NMR data, there are
indications that the desired product is being formed.

4. Discussion and Conclusions



The optimization and substrate-scope data show that the haloalkylation reaction is
sensitive to reaction conditions, aryl substitution, aliphatic ring structure, and the identity of
the halogenated substrate. Electron-withdrawing substituents generally improved productive
reactivity, provided that they were not so extreme as to prevent protonation, whereas electron-
donating groups and expanded-ring substrates were less effective. The halogen-selectivity
trend, Br > CI >> F, was especially useful because it provides a practical design rule for future
reactions with mixed-halogen substrates. Overall, these results are best interpreted as
structure—reactivity relationships that support the involvement of strained photoisomerized
intermediates and carbenium-ion reactivity, although the detailed mechanism responsible for
product formation and selectivity, as well as the high observed selectivity in the
regioselectivity of the resulting alkene all still requires further study. Compared with
established radical approaches to polyhaloalkylation, this method offers a complementary
visible-light pathway for accessing polyhaloalkylated arylcyclohexenes under mild conditions
and challenges the prevailing dogma about utility of carbenium ion chemistry.!>!#

My transition into the review-paper portion of this project was valuable because it
connected the haloalkylation results to the larger field of cycloalkene photoisomerization. Our
review can serve as a useful resource for researchers interested in applying cycloalkene
photoisomerization to new reactions. This work is significant because it brings together
scattered literature and highlights how light can be used to generate strain-loaded intermediates
that provide potential energy that enables productive chemical reactivity. In doing so, the
review has the potential to guide future reaction design, help researchers identify gaps in the
field, and support the continued development of light-mediated transducer catalysis. Beyond
the chemistry itself, contributing to this review strengthened my ability to evaluate primary
literature, prepare ChemDraw schemes, and communicate photochemical concepts in a clear
scientific fashion.

Future work should focus on improving product isolation, expanding the halogenated-
substrate scope, and testing whether the Br > Cl >> F selectivity trend holds across broader
substrate classes. Targeted experiments such as Stern—Volmer quenching, quantum-yield
measurements, isotope-effect studies, trapping experiments, and competition experiments
would help clarify the factors responsible for product formation and selectivity. The method
should also be tested on more complex targets to evaluate its synthetic utility.

5. Summary

This Niblack project developed a visible-light-mediated approach for using
arylcyclohexenes in halogen abstraction from halogenated compounds. My experimental role
was to synthesize arylcyclohexene starting materials and support optimization and scope
studies. The optimized conditions used low photocatalyst loading, collidinesHPFs,
dichloromethane, blue LEDs, room temperature, and argon. Electron-withdrawing aryl
substituents generally improved reaction efficiency, while electron-donating groups and
expanded-ring substrates were less effective. The substrate study showed halide selectivity in



the order Br > Cl >> F. After my experimental work on this project ended in January 2026, I
continued contributing to the broader research direction through work on a Weaver Lab review
paper about cycloalkene photoisomerization and light-mediated transducer catalysis. Together,
these experimental and literature-based contributions establish a foundation for mild, visible-
light polyhaloalkylation of arylcyclohexenes while leaving the detailed product-forming
mechanism to future targeted experiments.
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Faculty Sponsor: Dr. Eric Benton
Graduate Student Mentors: Conner Heffernan and Garrett Thornton

ABSTRACT

During high-altitude transoceanic flights, frequent flyers are exposed to higher levels of
ionizing radiation than they experience on the ground. This radiation is produced when
cosmic rays interact with atmospheric nuclei, initiating nuclear interactions that produce
cascading secondary particle avalanches. This is an effect known as cosmic ray air showers.
Although most secondary radiation is absorbed at higher altitudes, some particles penetrate to
aviation altitudes, where aircrew and frequent passengers may experience increased radiation
exposure that can pose potential health risks. This project focuses on the development of a
portable, handheld radiation detector designed to be carried by frequent flyers to measure
exposure during long duration flights. The device utilizes a Geiger-Miiller counter and a
microcontroller to detect, process, and record ionizing radiation counts from the atmosphere.
The detector has been tested on commercial airline flights and high-altitude balloon flights.
The data collected from the detector have provided the E.V. Benton Radiation Physics
Laboratory with successful computational models that can be used to refine the conversion of
the count rate that is being measured to a standard unit of human radiation exposure and to
benchmark CARI-7 predictions under real flight conditions. This work contributes to a more
comprehensive understanding of radiation levels at aviation altitudes and further emphasizes
the importance of continued monitoring for health and safety.

1. Introduction

Earth's atmosphere acts as a shield against galactic cosmic rays, which continuously
bombard the planet from deep space. These high-energy particles consist primarily of
protons; hydrogen nuclei, along with heavier nuclei extending up to uranium. When cosmic
rays enter the atmosphere, they interact with atmospheric nuclei, producing cascades of



secondary particles through nuclear interactions. These cascades, known as cosmic ray air
showers, include a mixture of particles such as muons, electrons, and gamma radiation.

While most secondary radiation is absorbed before reaching the Earth's surface, a
significant portion persists at higher altitudes. As a result, radiation levels increase with
altitude due to the reduced atmospheric shielding. This effect is relevant in the context of
aviation, where aircraft routinely operate at altitudes of 30,000—40,000 feet. At these
elevations, aircrew and frequent flyers are exposed to higher levels of ionizing radiation
compared to ground level, raising concerns about long-term cumulative exposure.

Accurate measurement of radiation exposure at aviation altitudes is important for both
scientific understanding and health risk assessment. The purpose of this detector is to collect
radiation data during high-altitude flights in order to improve understanding of radiation
levels in aviation environments and to enable comparison with existing computational
models.

2. Experimental Details

An initial Geiger-Miiller (GM) system was constructed using a commercially available
CAJOE Geiger counter kit. The kit was interfaced with an Arduino Uno micro-controller
system for data acquisition, shown in Figure 1. The system included a BME280 sensor that
measures barometric pressure, humidity, and temperature, a DS3231 real-time clock (RTC),
a micro-SD card module for data storage, and a 16x2 LCD display for real-time count rate.
The initial prototype is shown in figure 2.




Figure 1. Initial breadboard setup of the CAJOE Geiger counter system interfaced with an
Arduino Microcontroller.

Figure 2. On the left is the outside of the first prototype. On the right is the inside of the
enclosure. Shown is the CAJOE Geiger counter kit and Arduino Uno.

A custom Arduino script was developed using the Arduino IDE to log the time and day,
atmospheric pressure, temperature, humidity, and counts per minute (CPM) to the SD card
module at fixed time intervals. The script also allowed for real-time CPM and a running
average (RA) of the count rate on the LCD display.

Following validation of the initial GM kit, a custom Geiger-Miiller circuit was designed
to improve portability and performance. The circuit was developed using KiCad for
schematic capture and printed circuit board (PCB) layout. The design utilized a 9V input
supply that was regulated to 5V using linear voltage regulators. A NE555 timer was
configured to generate a pulsed DC signal, which drove a Cockcroft-Walton voltage
multiplier to produce around 480V for the GM tube. lonizing radiation is detected by the GM
tube, which generates electrical pulses that are conditioned and transmitted to the Arduino
micro-controller. These pulses are counted and displayed in real time by the Arduino. The
schematic can be seen in figure 3.



Figure 3. Schematic of the Geiger-Miiller circuit. The circuit shows an input of 9V into two
linear voltage regulators to maintain a constant voltage output. The constant voltage output
then enters the NE555 timer, producing a pulsed signal into the Cockcroft-Walton voltage
multiplier chain. The voltage is stepped up to a high voltage of 480V. This signals the
Arduino software, which produces data logging and display.

Prior to PCB fabrication, the circuit was assembled and tested on a breadboard. Tests
were made using a multimeter and oscilloscope to confirm proper voltage levels and pulse
behavior. After successful validation, the PCB was fabricated, assembled, and integrated into
a compact enclosure.

The detector’s response to radiation was evaluated using a controlled Cesium-137
source to verify count detection and the system's functionality. Multiple design iterations
were performed to improve reliability, reduce size, and enhance the detector's usability.
These iterations included optimization of component selection, reduction of board
dimensions, and transition from a metal to a plastic enclosure.

The finalized detector was deployed on high-altitude, long-duration commercial flights
to collect radiation data, shown in figure 4. The flight data was recorded for analysis and
comparison with CARI-7A, a computer program developed by the FAA that calculates the
effective dose of galactic cosmic radiation received by an individual on an aircraft
(Copeland, 2016).



Figure 4. On the left is the outside of the final prototype used to collect data during high-
altitude flights. The external battery compartment improved user accessibility but will be
redesigned in future iterations. On the left is the inside of the final prototype. The battery can
be seen initially in the enclosure.

3. Results

The ionizing radiation count rates were recorded during multiple high-altitude
commercial flights using both the OSURPL detector and a GMC-800 Geiger counter. Both
detectors exhibited similar trends across all phases of flight. This is shown in a commercial
flight to London in figure 5. Figure 7 shows the flight path for AAL154 to London. The
calculated conversion factors were 2.43 X 10 (—4) uSv/count (£20.75%) for the
OSURPL detector and 2.47 X 10" (—4) uSv/count (£20.9%) for the GMC-800. The
average ratio of absorbed dose, H*10 to count rate across all flights is shown in figure 6.
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Figure 5. Counts per minute (CPM) recorded during a flight AAL154 to London as a
function of time, comparing the OSURPL detector (blue) and GMC-800 (black). Flight
altitude (red) and latitude (green) are also shown. Both detectors exhibit increasing count
rates with altitude, stable behavior during cruise, and a sharp decrease during descent.
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Figure 6. Average ratio of absorbed dose H*10 to count uSv/count all altitudes for each
flight. Values remain relatively consistent across flights, indicating stable detector response
under varying flight conditions.
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Figure 7. Shows a geodesic flight path of AAL154 on 08/30/2025 from Dallas/Fort Worth
International Airport (DFW) to London Heathrow International Airport (LHR).

4. Discussion and Conclusions

Discuss in detail the meaning (interpretation) of your results, how your results relate to
the existing (prior) literature, and what you conclude. Discuss what future work needs to be
done based on your findings. The observed increase in count rate with altitude is consistent
with the expected behavior of cosmic radiation in the atmosphere. As altitude increases, a
greater flux of secondary particles from cosmic ray air showers reach the detector. The
constant count rate observed during cruise is also consistent with the aircraft maintaining a
nearly constant altitude, resulting in stable radiation exposure conditions.

The close agreement between the OSURPL detector and the GMC-800 Geiger counter
indicates that the detector is capable of reliably measuring ionizing radiation during flights.
The similarity in response across all phases of flight suggests that the detector's electronics,
high-voltage system, and data acquisition method are functioning as intended. The calculated
conversion factors for both detectors were in strong agreement, with values of
2.43 X 10" (—4) uSv/count (£20.75%) and 2.47 x 10" (—4) uSv/count (£20.9%).
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The small difference between these values suggests that the detector provides a
comparable estimate of radiation exposure when calibrated against established models. The
large uncertainties can likely be attributed to the fact that Geiger-Miiller tubes do not provide
energy discrimination, which can limit the ability to relate the count rate to absorbed dose
without calibration. The use of computational models such as CARI-7A provides a useful
reference for estimating effective dose during flight.

Additional challenges were observed during early high-altitude balloon testing, where
initial detector designs failed to produce reliable data. These issues were likely due to the
high-voltage supply stability, reduced performance of the Geiger-Miiller tubes, and the
interference from the placement of the LCD display and control switches. As a result, later
design iterations focused on improving high-voltage regulation, signal conditioning, and
component selection. These modifications contributed to reliable performance on later
commercial flights.

During one of the last flights, data loss occurred due to failure of the SD card's storage.
To fix this, future designs will incorporate redundant data storage through multiple SD card
modules, along with higher reliability SD cards to enhance reliability.

Overall, the results demonstrate that the detector is capable of tracking changes in
radiation exposure at aviation altitudes and produces measurements that are consistent with a
commercial reference instrument.

5.  Summary

A portable Geiger—Miiller—based radiation detector was successfully designed,
constructed, and tested for measuring ionizing radiation at aviation altitudes. The detector
demonstrated consistent performance during high-altitude commercial flights, with measured
count rates increasing with altitude and remaining stable during cruise conditions.

Comparison with a reference GMC-800 Geiger counter showed strong agreement in
detector response, and the calculated conversion factors were found to be consistent between
the two systems. These results indicate that the detector is capable of reliably measuring
radiation exposure during high-altitude flights.

The detector provides a practical and user-friendly solution to monitoring radiation
levels in aviation environments. Future work will focus on improving the system's design,
component selection, and further reducing measurement uncertainty through additional
testing and data collection.
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UV-Treatment of Contaminants of Emerging Concern in Wastewater
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Department of Microbiology and Molecular Genetics
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ABSTRACT

The persistence of macrolide antibiotics in wastewater presents a growing environmental and
public health concern due to their role in promoting antimicrobial resistance (AMR).
Antibiotics such as azithromycin and gamithromycin are frequently detected in municipal
and agricultural wastewater because conventional treatment systems are often unable to
remove them fully. Their continued release into aquatic environments contributes to the
development of resistant bacterial populations and ecological disruption. This study
investigated the degradation of azithromycin and gamithromycin using ultraviolet (UV)
treatment and advanced oxidation processes (AOPs) involving UV and hydrogen peroxide
(UV/H20.). Experiments were conducted using a bench-scale carousel-type UV reactor
equipped with eight low-pressure UV lamps emitting at 254 nm. Treatment conditions
included solution pH values of 4, 7, and 10 and hydrogen peroxide concentrations of 0.3, 0.5,
1, and 2 mM. (0.3, 0.5, 1, and 2 mM). UV dose was standardized using phosphate
ferrioxalate actinometry to determine photon flux accurately. Results showed that direct UV
photolysis alone resulted in less than 10% degradation, confirming that azithromycin is
resistant to UV-only treatment. However, the addition of hydrogen peroxide significantly
improved degradation by generating hydroxyl radicals. The highest removal efficiency of
58.76% was seen at pH 10 with 2 mM H:0.. These findings show that UV/H:20- treatment is
a more effective strategy for removing persistent antibiotics from wastewater and that pH
plays a critical role in treatment performance. Future work will include testing
gamithromycin and evaluating treatment performance in more complex water matrices.

1. Introduction

Contaminants of emerging concern (CECs) are compounds increasingly detected in aquatic
environments that may pose risks to both environmental and human health. Among these
contaminants, antibiotics have received considerable attention because of their persistence in
wastewater and their contribution to antimicrobial resistance (AMR). Macrolide antibiotics
such as azithromycin and gamithromycin are widely used in both human and veterinary
medicines to treat bacterial infections. Due to their extensive use, these compounds are often
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detected in wastewater treatment plant effluents, agricultural runoff, and surface waters.
Conventional wastewater treatment systems are designed primarily to remove nutrients,
suspended solids, and pathogens, and are often ineffective at completely removing
pharmaceutical contaminants. As a result, residual antibiotics can enter aquatic environments
where they may contribute to ecological toxicity and the spread of antibiotic-resistant
bacteria.

The presence of antibiotics in environmental waters is particularly concerning because
antimicrobial resistance has become one of the most significant global public health threats.
Continuous exposure of microorganisms to low concentrations of antibiotics can promote the
selection of resistant strains, reducing the effectiveness of clinically important antibiotics.
Because of these concerns, improving the removal of antibiotics during wastewater treatment
has become an important research priority. The United States Environmental Protection
Agency and researchers worldwide have identified pharmaceutical contaminants as emerging
pollutants that require improved treatment technologies to prevent long-term environmental
impacts.

Macrolide antibiotics are among the most often detected pharmaceutical contaminants in
aquatic environments due to their extensive use in human and veterinary medicine.
Azithromycin is commonly prescribed for respiratory, skin, and bacterial infections, while
gamithromycin is widely used in livestock production, particularly in cattle (Zouli, 2024;
Wang et al., 2023). Because humans and animals do not completely metabolize these
compounds, significant portions are excreted and later enter wastewater treatment systems.
Studies have reported the presence of macrolides in wastewater treatment plant influent and
effluent, surface waters, sediments, and agricultural runoff. Their continuous introduction
into the environment raises concerns regarding persistence, ecological toxicity, and the
development of antimicrobial resistance.

Ultraviolet (UV) disinfection is commonly used in wastewater treatment facilities to
inactivate pathogens; however, UV irradiation alone is often insufficient to degrade stable
pharmaceutical compounds, such as macrolide antibiotics. Earlier studies have shown that
azithromycin exhibits limited direct photolysis under standard UV treatment conditions due
to its low UV absorbance and stable molecular structure (Zouli, 2024). Our earlier research
has similarly shown that direct UV photolysis resulted in less than 10% degradation of
azithromycin, confirming the limited effectiveness of UV-only treatment.

Advanced Oxidation Processes (AOPs) are water treatment technologies that generate highly
reactive species, primarily hydroxyl radicals (*OH), capable of degrading persistent organic
contaminants that are resistant to conventional treatment methods. They have appeared as
promising alternatives for removing persistent contaminants from water. Among these
technologies, UV/H-0: systems are particularly effective because they generate highly
reactive hydroxyl radicals (*OH) through the photolysis of hydrogen peroxide. These radicals
can rapidly oxidize complex organic molecules and degrade contaminants resistant to
conventional treatment methods. Cuerda-Correa et al. (2020) described advanced oxidation
processes as among the most effective technologies for antibiotic removal, owing to their
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ability to generate powerful oxidizing species capable of degrading persistent pharmaceutical
contaminants. Similarly, Zhang et al. (2023) emphasized that advanced redox processes offer
sustainable approaches for water treatment by enhancing the degradation of contaminants
that conventional systems do not remove. Hiibner et al. (2024) further reported that hydroxyl
radical-based advanced oxidation processes have become increasingly important for
wastewater treatment because they can effectively degrade contaminants that are poorly
removed by conventional biological treatment systems.

Recent studies have proved the effectiveness of UV/H.O: systems for degrading antibiotics.
Wang et al. (2023) reported that H.O--based advanced oxidation processes are among the
most promising technologies for antibiotic removal due to their strong oxidation potential
and rapid degradation of pharmaceutical contaminants. Zouli (2024) reported that increasing
hydrogen peroxide concentrations significantly improved azithromycin degradation,
particularly under alkaline conditions where hydroxyl radical production was enhanced.
Complete degradation of azithromycin was achieved within 60 minutes under optimized
treatment conditions, highlighting the potential of advanced oxidation processes for
pharmaceutical removal. Although substantial research has focused on azithromycin, fewer
studies have investigated gamithromycin degradation. Because gamithromycin is widely used
in livestock production, understanding its environmental fate and degradation behavior is
important for managing agricultural wastewater.

Although UV/H:0: treatment has shown promise for degrading pharmaceutical
contaminants, treatment efficiency can be influenced by several environmental factors. Water
quality constituents, such as bicarbonate, chloride, nitrate, and natural organic matter, may
compete with target contaminants for hydroxyl radicals, thereby reducing degradation
efficiency. Hiibner et al. (2024) noted that water matrix constituents can significantly
influence the performance of advanced oxidation processes by scavenging reactive radicals
and reducing oxidant availability. Bicarbonate and carbonate species can act as radical
scavengers, while natural organic matter may absorb UV light and decrease oxidant
availability.

The goal of this study was to evaluate the effectiveness of UV photolysis and UV/H20-
advanced oxidation processes for degrading azithromycin and gamithromycin in water.
Emphasis was placed on determining how hydrogen peroxide concentration and pH influence
degradation efficiency.

2. Experimental Details

Azithromycin and gamithromycin solutions were prepared at a target concentration of 1
mg/L using a 10 mM phosphate buffer. Experimental solutions were adjusted to pH 4, 7, or
10 to evaluate the influence of water chemistry on degradation performance. These pH values
were selected to represent acidic, neutral, and alkaline conditions commonly encountered in
environmental and wastewater treatment systems. Although both compounds belong to the
macrolide antibiotic class, gamithromycin has structural differences that may influence its
reactivity toward UV/H20: treatment and hydroxyl radical oxidation. Therefore, both



antibiotics were evaluated to compare their degradation behavior under identical treatment
conditions.

Phosphate buffer solutions (10 mM) were prepared and adjusted to pH 4, 7, and 10 using acid
or base additions. These pH conditions were selected to represent acidic, neutral, and alkaline
water environments commonly encountered in wastewater treatment systems. The influence
of pH on degradation efficiency was evaluated under identical UV and UV/H20O: treatment
conditions.

Degradation experiments were conducted using a bench-scale 254 nm carousel UV reactor to
evaluate both direct UV photolysis and UV/H20. advanced oxidation processes (AOPs), as
shown in Figure 1. The UV dose was standardized using phosphoric ferrioxalate actinometry
to quantify photon flux and ensure consistent treatment conditions across experiments. This
method measures the photoreduction of ferric ions (Fe**) to ferrous ions (Fe?*), followed by
complexation with o-phenanthroline and spectrophotometric measurement at 510 nm. A
quantum yield of 1.25 was applied, and the average photon flux was calculated as 1.87 (+
0.03) x 107° Einstein L™ s71.

Fig 1. carousel-type UV reactor used for UV photolysis and
UV/H:0: advanced oxidation experiments. UV dose was
standardized using ferrioxalate actinometry to ensure
consistent treatment conditions.

For UV/H:0: experiments, hydrogen peroxide was added at
concentrations of 0.3, 0.5, 1.0, and 2.0 mM before UV
exposure. Aliquots of 6 mL were transferred into quartz
tubes and exposed to controlled UV irradiation intervals.
Samples were collected over 30 minutes at multiple reaction
times to monitor degradation progress. All experiments were
conducted in duplicate to ensure reproducibility. For
advanced oxidation experiments, sodium thiosulfate was
added immediately after irradiation to quench residual
oxidants and prevent further degradation reactions. Samples
were transferred into amber liquid chromatography (LC) vials, thoroughly mixed, and stored
at —20°C until analysis. Storage in amber vials minimized photodegradation and preserved
sample integrity before instrumental analysis.

Residual concentrations of azithromycin and gamithromycin were quantified using liquid
chromatography—tandem mass spectrometry (LC-MS/MS), a sensitive analytical technique
capable of detecting trace levels of pharmaceutical contaminants in water. LC-MS/MS
separates compounds based on chromatographic retention and identifies analytes using mass-
to-charge ratios, allowing accurate quantification of antibiotic concentrations before and after
treatment.

Degradation performance was evaluated by calculating removal percentages based on
changes in concentration during treatment. Pseudo-first-order kinetics were analyzed using

4



plots of In(C/Co) versus reaction time, where Co is the initial antibiotic concentration, and C
is the concentration at a given time. Linear regression was used to determine apparent
degradation rate constants (k), with steeper slopes indicating faster degradation. Rate
constants were compared among treatment conditions to evaluate the effects of hydrogen
peroxide concentration and pH on degradation behavior. Data are presented as mean +
standard deviation from duplicate experiments, and error bars represent the standard
deviation of replicate measurements.

3. Results and Discussion

3.1 Kinetic Analysis

Pseudo-first-order kinetic analysis was used to compare degradation rates under different
treatment conditions. Linear relationships between In(C/Co) and reaction time indicated that
degradation followed first-order behavior, where Co represents the initial concentration, and
C represents the concentration at a given reaction time. The slope of each regression line
corresponds to the apparent degradation rate constant (k), with steeper negative slopes
indicating faster degradation. Increasing hydrogen peroxide concentration yielded larger rate
constants because additional HOe were generated during UV irradiation, thereby enhancing
azithromycin oxidation
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Figure 2. Pseudo-first-order degradation kinetics of azithromycin under UV-only and
UV/H:O: treatment conditions at pH 10. Linear relationships between In(C/Co) and reaction
time indicate first-order degradation behavior, with steeper slopes corresponding to faster
degradation rates.

3.2 Direct UV Photolysis of Azithromycin

To compare treatment effectiveness between direct photolysis and advanced oxidation,
azithromycin and gamithromycin concentrations were monitored during UV-only and
UV/H20: treatment. As expected, the addition of hydrogen peroxide enhanced degradation
by generating HOe, a a highly reactive oxidizing species capable of rapidly degrading



pharmaceutical contaminants. Increased degradation was observed with increasing H20-
concentration, indicating that greater HO+ production improved oxidation efficiency. In
contrast, UV-only treatment resulted in substantially lower removal, demonstrating that
direct photolysis was less effective than the UV/H2O: process under the conditions tested.
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Figure 3. Comparison of azithromycin (AZI) and gamithromycin (GAM) concentrations
during UV-only and UV/H:O: treatment. Greater concentration reductions were observed
under UV/H:O: conditions for both antibiotics, indicating enhanced degradation through
hydroxyl radical-mediated oxidation.

Direct UV photolysis produced limited degradation for both macrolides, indicating that
azithromycin and gamithromycin were relatively resistant to direct UV irradiation at 254 nm.
Azithromycin showed less than 10% removal under UV-only conditions, while
gamithromycin showed only slightly different degradation behavior under the same treatment
conditions. Overall, UV-only treatment was not sufficient for substantial removal of either
compound. Based on organic chemistry principles, this limited degradation may be due to the
macrolide structure, which contains a large lactone ring and saturated functional groups that
do not strongly absorb at 254 nm. Any slight differences between azithromycin and
gamithromycin may be related to differences in substituents, molecular size, and functional
groups that affect UV absorbance and susceptibility to bond cleavage.

The addition of H.O: generated HOe+, which increased macrolide degradation compared with
UV-only treatment. For azithromycin, direct UV photolysis resulted in less than 10%
removal, while the addition of 2 mM H:O: increased degradation to 34.80% at pH 4, 36.08%
at pH 7, and 58.76% at pH 10. This shows that azithromycin degradation increased by at
least 24.80 percentage points and up to 48.76 percentage points compared with UV-only
treatment. Gamithromycin showed a similar trend, with greater removal under UV/H20-
treatment than UV-only treatment, indicating that H.O: addition also improved oxidation of

6



this compound. These results demonstrate that UV/H20. advanced oxidation is more
effective than UV-only treatment for degrading macrolide antibiotics.

3.3 Effect of Hydrogen Peroxide Addition

To evaluate the influence of oxidant concentration on treatment performance, azithromycin
degradation was compared across multiple hydrogen peroxide concentrations under UV/H-20-
treatment conditions. Hydrogen peroxide serves as the precursor for hydroxyl radical
generation during UV irradiation; therefore, increasing H>0O. concentration is expected to
enhance degradation efficiency.

70

10

Azithromycin Removal (%)

0 0.5 1 15 2 X5
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Figure 4. Effect ffect of H-O: concentration on azithromycin removal at pH 10 after 30 min
of UV/H20: treatment. Removal increased from approximately 21% at 0.1 mM to 59% at 2.0
mM H:O.. Error bars represent the standard deviation of replicate analyses.

Hydrogen peroxide concentration significantly influenced the degradation efficiency of
azithromycin. Although removal increased with increasing H>O: concentration, the
magnitude of improvement was greater at lower H20O: doses than at higher doses. For
example, increasing the H>0O: concentration from 0 to 0.3 mM increased azithromycin
removal from 21.2% to 32.4%, representing a 1.53-fold increase in degradation efficiency. In
contrast, further increases in H-O2 concentration produced smaller relative improvements in
removal, suggesting diminishing returns at higher oxidant doses. This trend is consistent with
the degradation rate constants, which increased with H.O: concentration but at a decreasing
rate. The reduced benefit observed at higher H.O. concentrations may be attributed to radical
scavenging reactions, in which excess H-02 competes with azithromycin for HOe, thereby
reducing the fraction of radicals available for contaminant degradation. Similar behavior has
been reported in UV/H:20: systems treating pharmaceutical contaminants, where an optimal
oxidant concentration exists beyond which additional H-O: provides limited improvements in
treatment performance.



The results of this study are consistent with broader findings reported for advanced oxidation
processes. Miklos et al. (2018) conducted a comprehensive review of advanced oxidation
technologies. They concluded that UV/H-O: systems are among the most effective
approaches for degrading persistent organic contaminants, as they generate highly reactive
hydroxyl radicals that rapidly oxidize complex molecules. The authors also reported that
treatment performance is strongly influenced by operational parameters, including oxidant
concentration, UV fluence, and water chemistry. In the present study, increasing hydrogen
peroxide concentration resulted in greater azithromycin degradation, supporting the

conclusion that hydroxyl radical availability is a key factor controlling treatment efficiency in
UV/H:0: systems.
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Figure 5. Effect of solution pH on azithromycin removal during UV/H:O: treatment with 2
mM H:O: after 30 min of irradiation. Removal efficiency increased from 34.80% at pH 4 to
58.76% at pH 10, indicating that alkaline conditions favored degradation.

3.4 Effect of pH on Azithromycin Degradation

Solution pH significantly influenced treatment efficiency, as shown in Figure 5. At pH 4, the
highest removal efficiency achieved with 2 mM H:0. was 34.80% after 30 minutes of
treatment. At pH 7, removal increased slightly to 36.08%. The greatest degradation occurred
at pH 10, where 58.76% removal was observed after 30 minutes using 2 mM hydrogen

peroxide. These results indicate that alkaline conditions favored degradation within the
UV/H:20: system.

Solution pH affects UV/H20: degradation because it influences the chemistry of both the
antibiotic and the oxidant system. The effectiveness of HO formation can vary under acidic,
neutral, and alkaline conditions because pH influences radical formation, radical scavenging
reactions, and the chemical form of the target compound.

Increased degradation under alkaline conditions may be attributed to enhanced oxidant
activity and more favorable reaction pathways between hydroxyl radicals and azithromycin.
Similar trends were reported by Zouli (2024), who observed improved azithromycin
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degradation at higher pH values and increased hydrogen peroxide concentrations. These
findings further support the conclusion that water chemistry plays an important role in
determining the performance of UV/H20: treatment.

Miklos et al. (2018) also identified water chemistry and operational conditions as major
factors controlling the performance of advanced oxidation processes. Their review
emphasized that treatment efficiency can vary with changes in pH because solution chemistry
influences radical generation, radical scavenging reactions, and contaminant reactivity. The
agreement between the present study and previous literature highlights the importance of
optimizing pH conditions when applying UV/H20. treatment for antibiotic removal.

4. Conclusions

UV/H20: treatment significantly improved azithromycin degradation compared to UV
photolysis alone. The highest removal efficiency (58.76%) was observed at pH 10 with 2
mM H:0., demonstrating the importance of both oxidant concentration and solution pH.
The highest removal efficiency (58.76%) was observed at pH 10 with 2 mM H:20.,
demonstrating the importance of both oxidant concentration and solution pH. Future work
will focus on completing gamithromycin degradation experiments and evaluating the
influence of pH on treatment performance for both macrolides. Additional studies will
investigate the effects of environmentally relevant water matrix constituents, including
bicarbonate, chloride, nitrate, salinity, and dissolved organic matter, on the efficiency of
UV/H:0: treatment. These experiments will provide a better understanding of how real
water quality conditions affect antibiotic degradation and will support the development of
advanced oxidation processes for practical wastewater treatment applications.
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ABSTRACT

Sustainable aviation fuel (SAF) is needed to reduce the aviation industry’s reliance on fossil
fuels. In this study, the self-aldol condensation of biomass-derived cyclopentanone (CPO) to
form sustainable aviation fuel precursor (dimer of CPO; CPO») was investigated using zeolite
catalysts. The effects of the zeolite structure, pore size, Bronsted acidity, and metal oxide
loading on catalytic performance under solvent and solventless conditions were evaluated.
Zeolite Y, ZSM-5, and Al-BEA were studied. Among the parent catalysts tested, zeolite Y
exhibited the highest CPO; yield due to its larger pore size and volume, which improved
reactant diffusion and access to active sites. Lower Bronsted acid site density of zeolites
promoted higher selectivity towards the desired product. Loading CaO onto the parent zeolite
drastically reduced reactant conversion, while MgO loading moderately reduced reactant
conversion while improving selectivity towards CPO». These results demonstrate that zeolite
pore structure and acidity influence catalytic performance in the aldol condensation of CPO.

1. Introduction

The depletion of petroleum resources to meet global oil demands has led to a growing
shift towards renewable energy sources. While the auto industry is addressing this challenge
through the partial adoption of electric vehicles, fully electrifying airplanes is not currently
feasible, leaving a critical need for alternative energy sources. In the United States alone,
over 26 billion gallons of jet fuel are consumed annually, a figure that is expected to double
within the next twenty years (Holladay, Abdullah and Heyne, 2020). Additionally, the
aviation sector is responsible for approximately 2.4% of global CO: emissions, significantly
contributing to the greenhouse effect and global warming (Abrantes et al., 2021). This
underscores the critical need for sustainable aviation fuel (SAF) to address the industry’s
dependence on fossil fuels and contribution to climate change. According to earlier research,
meeting 100% of aviation fuel demand with SAF by 2050 could cut emissions by 63%
(ICAO, 2019). In this regard, biomass has garnered significant attention for SAF production
because it is abundant, renewable, low-cost, carbon-neutral, and compatible with existing
infrastructure (Holladay, Abdullah and Heyne, 2020). Specifically, biomass-derived

1



oxygenates such as cyclopentanone (CPO) can undergo aldol condensation over zeolite
catalysts to produce jet fuel precursors (i.e., 10-carbon CPO> and 15-carbon CPO3) due to
zeolites’ porosity
and Brensted

CPO;

o

W Jet Fuel

Cyclopentanone

acidity (Figure 1) (v ~ V=

(Holladay, —_ Jet Fuel Precursors ———»

Abdullah and é Zeolite Catalyst 0 x
Heyne, 2020; Biomass O:%j

Abrantes et al., CPO,

2021; Cueto etal.,  Figure I Sustainable Routes for Producing Aviation Fuels from

2024). However, it  Biomass

is not yet clearly

understood how zeolite porosity and Brensted acidity, in combination with solvents,
influence the overall catalytic performance in this reaction. Moreover, integrating basic metal
oxides such as CaO and MgO with zeolites show promise in the reaction due to the synergy
of acid-base catalytic active sites, but its effectiveness remains elusive.

The overarching goal of this project is to improve catalyst performance in converting
biomass-derived compounds (CPO) into SAF precursors. This requires improving
understanding of how 1) zeolite porosity and Brensted acid density combined with solvents
and 2) zeolite-supported basic metal oxides impact catalytic performance in jet fuel precursor
synthesis via the aldol condensation reactions.

2. Experimental Details
2.1 Catalyst Preparation

The parent zeolite catalysts tested were zeolite Y (Si/Al=15), zeolite Y (Si/Al=40), Al-
BEA (Si/Al=12.5; CP814E), and ZSM-5 (Si/Al=15; CBV3024E). The two zeolite Y samples
were obtained from Thermo Fisher Scientific, and AI-BEA and ZSM-5 were obtained from
Zeolyst. CaCl, was obtained from Fisher Bioreagents and MgCl, was obtained from Sigma
Aldrich, which were used as precursor salts for the loading of CaO and MgO onto the parent
zeolite catalysts. To prepare the metal oxide loaded zeolites, the desired amount of metal salt
precursor was dissolved in DI water. Half of the solution was added to the zeolite catalyst,



and the resulting mixture =
was stirred. The
remaining metal chloride
solution was then added,
and the mixture was
stirred. The catalyst was

Vortex Add to Zeolite Dry in Oven @ 80°C

dried at 80°C for 18 h. Metal Chloride + Water and Mix Calcine in Tube Furnace
Finally, the loaded Figure 2 Catalyst Preparation Procedure

zeolites were calcined in
a tube furnace under air
flow at 550°C for 4 h with a heating ramp of 2°C/min.

Created in https://BioRender.com

2.2 Catalyst Characterization

Crystallinity and framework structure of the catalysts were confirmed using X-ray
diffraction (XRD) on a Philips diffractometer with CuKa radiation (A= 1.5406 A, A= 1.5444
A, Kax/Ka; = 0.5) operated at 45 kV and 40 mA. Diffraction patterns were collected in
continuous scan mode over a 20 range of 4° to 40° with a 0.06° step size and 0.5 s per step.
The textural properties of the zeolites, including BET surface area, micropore volume, and
total pore volume, were determined via nitrogen physisorption at 77 K on a Quantachrome
Autosorb 1Q-C-XR (3-station) analyzer. Prior to measurement, 400-600 mg of each sample
was degassed at 300 °C for 4 h to remove any adsorbed impurities and moisture. Subsequently,
nitrogen adsorption-desorption isotherms were recorded across a relative pressure range (P/Po)
of 0.005-0.995 with a 30 s equilibration time. The Brunauer-Emmett-Teller (BET) method
(P/Po = 0.05-0.25) was used to calculate BET surface area. Micropore volume was obtained
from the #-plot method. The total pore volume was calculated from the amount of nitrogen
adsorbed at P/Po = 0.995.

2.3 Reaction Performance Testing

To evaluate catalytic performance, aldol condensation reactions were carried out in a
thick-walled glass vial used as a batch reactor. Catalytic performance was studied under two
reaction conditions:

I.  0.0875 mL CPO + 1.5 mL solvent + 120 mg catalyst, 130°C, 24 h

II.  2.285 mL CPO + 100 mg catalyst, 130°C, 24 h



Reaction temperature was controlled using an aluminum heating block, and the reaction
mixture was continuously

stirred by a magnetic stir _ @
bar. Samples were then U 1 l
filtered using a syringe - — & —

filter. Gas chromatography {@? 2
(GC) and GC-mass -
spectrometry (MS) were Glass Reactor Filtration GC-MS Analysis
used for product Figure 3 Experimental Procedure

guan‘Flﬁcatllon and Created in https://BioRender.com
identification, as well as

for calculating reactant conversion and product selectivity.

3. Results
3.1 Evaluating Catalyst Properties

Zeolite Y possesses 12-membered aluminosilicate rings and wide supercages (Hattori
and Ono, 2018). Zeolite Y exhibits both larger pore size (0.75 nm and 1.1 nm) and larger
pore volume than AI-BEA and ZSM-5 (Table 1). Additionally, zeolite Y exhibits a higher
BET surface area than the other zeolites (Table 2). AI-BEA also possesses 12-membered
rings and is considered a large pore zeolite due to its pore size of 0.75 nm (Hattori and Ono,
2018). ZSM-5 contains 10-membered ring channels and is considered a medium pore zeolite
(Hattori and Ono, 2018). ZSM-5 exhibits the smallest pore size and micropore volume
among the tested zeolites.

Table 1 Structural Properties of Catalysts

Zeolite Y
Framework Code FAU
Pore Size 0.7 mm & 1.1 nm

Structure

Zeolite framework structures adapted from the International Zeolite Association Structure
Database (Baerlocher et al.).



Table 2 Textural Properties of Catalysts

Micropore Volume BET Surface Area Total Pore Volume

Catalyst
e (cm/g) (m*/g) (cm/g)
Zeolite Y (Si/Al=15) 0.20 716 0.33
Zeolite Y (Si/Al=40) 0.20 789 0.53
Al-BEA (Si/Al=12.5) 0.17 674 1.13
ZSM-5 (Si/Al=15) 0.11 420 0.27
XRD and nitrogen physisorption data were W
—_ Zeolite Y (Si/Al=15)
used to confirm the structural and textural 5
properties of the commercially obtained zeolite :: Zeolite Y (S/AI=40)
catalysts. The XRD data in Figure 4 confirm 2
. 2 AI-BEA (Si/Al=12.5)
that the zeolites show FAU, BEA, and MFI E
frameworks, respectively, without having phase
impurity. 10 20 30 40
20 (degree)
The silica-to-alumina ratio (Si/Al) of a Figure 4 XRD Patterns of Zeolites Used in

zeolite influences the Bronsted acid site density  the Reaction

of the catalyst. Within the tetrahedral zeolite

framework, substitution of Si*" by AI** introduces a negative charge that must be balanced by
a cation (Hattori and Ono, 2018). In H-form zeolites, this charge is balanced by H', creating
Brensted acid sites. Therefore, increasing the aluminum content increases the number of
Brensted acid sites, causing zeolites with lower Si/Al ratios to exhibit higher Bronsted
acidity. Zeolite Y (Si/Al=40) exhibits the lowest Bronsted acidity among the parent catalysts.

Aldol condensation reactions can be catalyzed by either acid sites or base sites. Loading
basic metal oxides such as CaO or MgO onto the zeolite introduces basic sites that can
promote aldol condensation through enolate formation mechanisms (Kovacheva et al., 2002;
Ngo et al., 2019). These newly introduced basic sites alter the overall acid-base properties of
the catalyst, which can affect reactant conversion and product selectivity.

3.2 Aldol Condensation Tests

The performance of the zeolite catalysts was evaluated under varying reaction
conditions, including the self-aldol condensation of CPO with and without solvent. The
reactions were carried out in a batch reactor for 22 h or 24 h. The temperature of the reaction
was held constant at 130°C.



Moderate reactant conversion was achieved in
the self-aldol condensation of CPO in ethanol
(EtOH) solvent. Reactant conversion was highest
using zeolite Y (Si/Al=15) at approximately 50%,
while the lowest observed conversion was obtained
with zeolite Y (Si/Al=40) at approximately 35%.
CPO conversion with AI-BEA and ZSM-5 fell
within the range of 35-50%. The highest yield of the
desired product, CPO,, was obtained with zeolite Y
(S1/A1=40) at 32%. This zeolite exhibited high
selectivity toward the desired product under these
reaction conditions. Zeolite Y (Si/Al=15) displayed
lower selectivity toward the desired product, and
most of the yield was oligomerized product. No
CPO:; formation was observed with Al-BEA or

Conv. (%) or Yield (%)
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I CPO, Yield

ECPO Yield
I Oligomerized

Product Yield

Figure 6 Product Distribution for
0.0875 mL CPO + 1.5 mL EtOH +

ZSM-5. These results are likely attributed to limited 120 mg Catalyst, 130°C, 22 h

pore sizes of BEA and MFI, compared with CPO
(kinetic diameter=0.58 nm) and CPO; (kinetic
diameter=0.72 nm). ZSM-5 catalyst promoted the
formation of ECPO (2-ethyl-2-cyclopenten-1-one).
Reaction performance with zeolite Y was also
evaluated using cyclohexane solvent. The CPO
conversion in cyclohexane solvent is higher than in
EtOH solvent for both zeolite Y (Si/Al=15) and
zeolite Y (Si/Al=40). However, the selectivity
toward CPO; was lower. Product yield using zeolite
Y (Si/Al=15) was 19% and 22% with zeolite Y
(Si/A1=40).

Due to the low selectivity toward the desired
product in solvent, the self-aldol condensation of
CPO was further evaluated under solventless
conditions. The catalyst to reactant ratio was
lowered from 1.37g catalyst/mL CPO to 0.04 g

Conv. (%) or Yield (%)

100 -
90 |
80 |
70 -
60 |
50 -
40 |
30 -
20 -
10 -

CPO Conv.

m CPO, Yield

Figure 5 Product Distribution for

0.0875 mL CPO + 1.5 mL
Cyclohexane + 120 mg Catalyst,

130°C, 22 h

catalyst/mL CPO. The conversion of CPO with zeolite Y (Si/Al=15) and zeolite Y
(S1/A1=40) was 16.1% and 15.8%, respectively. CPO; yield was higher with zeolite Y

(Si/A1=40) at 11.2%, compared to 6.0% with zeolite Y (Si/Al=15).




To improve selectivity, the zeolite 18 - [+ CPO Conv. |
catalysts were loaded with either 10 wt% _ 1 = CPO2 Yield
CaO (Ca0Y) or MgO (MgOY). Reactant §14
conversion decreased substantially with g iz 1
CaO-loaded zeolites, with CPO conversion _‘i .
ranging from 1-2%. A more moderate &\°, 6
decrease in reactant conversion was E 4
observed with MgO-loaded zeolite Y - I I I I
compared to the parent zeolite. CPO 0 o -
conversion with MgOY (Si/Al=15) was .\\P.\’/'\a\ .\\P.\’/““\ cﬁ)o“\‘) Gao*b‘g ‘wo“'\‘J ‘wo“”‘Q
12.4%, and 13.2% with MgOY (Si/Al=40). LET L ET T g g
CPO; yields of 9.6% and 11.2% were Figure 7 Product Distribution for 2.285 mL
obtained using MgOY (Si/Al=15) and CPO + 100 mg Catalyst, 130°C, 24 h

MgOY (Si/A1=40), respectively.

4. Discussion and Conclusions

Of the tested parent zeolite catalysts, only zeolite Y (Si/Al=15 and Si/Al=40) promoted
CPO:> formation. Zeolites AlI-BEA (Si/Al=12.5) and ZSM-5 (Si/Al=15) primarily promoted
the formation of oligomerized products and ECPO in ethanol solvent. The larger pore sizes
of zeolite Y allow reactant molecules to diffuse more easily through the zeolite and access
the acid sites required to catalyze the aldol condensation reaction. Additionally, the higher
acid site density of zeolite Y (Si/Al=15) compared to zeolite Y (Si/Al=40) promoted
increased oligomerization and coke formation. In ethanol solvent, zeolite Y (Si/Al=40)
exhibited a CPO: yield of 32% and the highest selectivity toward the desired product.

Reaction testing under solventless conditions revealed similar conversions between
zeolite Y (Si/Al=15) and zeolite Y (Si/Al=40), but higher CPO; yields with zeolite Y
(Si/A1=40). Overall, selectivity toward CPO; was higher with the less acidic zeolite. Loading
CaO onto Zeolite Y reduced conversion to approximately 1-2%, while loading MgO caused
only a moderate decrease in reactant conversion. Higher selectivity was achieved with the
introduction of basic sites through MgO loading compared to the parent zeolite. The addition
of basic sites promotes the base-catalyzed aldol condensation pathway of CPO. No trimer
products of CPO (CPO3) formation were observed, likely due to steric hindrance caused by
the micropores of zeolite catalysts.

Future work includes increasing the catalyst-to-reactant ratio under solventless
conditions for the aldol condensation reaction. Additionally, hierarchical zeolites with dual



micropores and mesopores (i.e., pores between 2 nm and 50 nm) may be evaluated as
catalysts to alleviate mass transfer of reactants and products.

5. Summary

The self-aldol condensation of CPO proceeds over zeolite catalysts to form the
sustainable aviation fuel precursor CPO». Catalyst properties such as zeolite structure and
acidity affect the performance of the reaction. Overall, zeolite Y showed the highest CPO,
yield due to its larger pore size. Reduced acid site density promoted greater selectivity
towards CPOxz. Introducing basic sites via CaO loading reduced reactant conversion, while
MgO loading increased selectivity toward CPO,.
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ABSTRACT

Hydrogels are a dynamic class of materials with significant potential in biomedical and
dental applications due to their viscoelasticity, porosity, biocompatibility, and high-water
content. Hydrogels made of natural materials such as alginates, chitosan, and gelatin have been
explored for various regenerative applications. However, the structural stability of sodium
alginate hydrogels under physiologically relevant oral conditions of fluctuating pH at body
temperature remains insufficiently characterized. These conditions may influence long-term
dimensional stability, swelling behavior, and degradation. Additionally, crosslinking
conditions and fabrication techniques on hydrogel performance require further investigation.
In this study, 3% sodium alginate hydrogels containing 6% gelatin were fabricated using
casting protocol and custom-built 3D printers. Hydrogels were crosslinked with either 1% or
4% calcium chloride, incubated in potassium phosphate buffers at pH 5.8, 6.6, and 7.2 under
temperatures of 18 °C or 37°C and monitored for 96 hours. The pH was measured over time.
Also, structural changes were quantified using ImageJ and DinoCapture 3.0 analysis. Buffer-
only conditions were included as controls. Results demonstrated that hydrogel behavior was
strongly influenced by pH, crosslinking concentration, casted gel diameter, and fabrication
method. Acidic conditions (pH 5.8) resulted in the greatest structural stability and retention,
while neutral conditions (pH 7.2) led to increased swelling and degradation. Higher
crosslinking concentration (4% CaCl;) enhanced stability, while 1% crosslinking required
longer soak times but enabled successful 3D printing with maintained fiber geometry over 96
hours. These findings highlight the multifactorial nature of hydrogel stability and suggest that
stability is highly dependent on the environment in addition to preparation techniques. This
work establishes a framework for understanding structural behavior of sodium alginate
hydrogels under varying pH conditions and supports the development of innovative
biomaterials for improved long-term treatment outcomes in restorative dentistry.
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1. Introduction

The oral environment is a dynamic, complex ecosystem, characterized by continuous
microbial activity and fluctuations in saliva composition. Salivary pH typically ranges from
6.5 to 7.8 under normal conditions but can decrease significantly due to dietary intake and
bacterial metabolism, reaching values as low as 4.5, when saliva buffering conditions cannot
effectively neutralize erosive acids. Critically, enamel demineralization occurs below a pH of
approximately 5.5, making pH fluctuations a key factor in the development of dental caries.
Dental caries and periodontal disease remain among the most prevalent chronic conditions
worldwide, often requiring restorative intervention. Carbohydrate intake feeds bacteria, which
secrete organic acids and lead to the dissolution of the minerals in the tooth. Cavities are
typically treated by removing the decayed tissue and filling the structure with restorative
material.

Current restorative materials (amalgam, resin-based composite, glass ionomer, and resin-
modified glass ionomer) have demonstrated clinical success but present several limitations,
including susceptibility to degradation in acidic environments, limited long-term durability,
aesthetic concerns, high cost, and potential biocompatibility issues. Over time, exposure to
fluctuating oral conditions may contribute to material failure, secondary decay, and the need
for replacement. As a result, there is a growing need for innovative biomaterials that can better
withstand the chemical and physical challenges of the oral environment while maintaining
functionality and aesthetics. Materials must ideally be less susceptible to decay and
degradation, as they are expected to last for many years, potentially decades, withstand
mechanical stress and fluctuations in oral pH, demonstrate longevity and affordability, and
resist microleakage. Cosmetics are also at play, with dentists and patients valuing
biocompatible materials that are aesthetically similar to the natural coloration of teeth.

Hydrogels are a cutting-edge biomaterial with vast potential for dental applications, with
attractive properties like biocompatibility, porosity, and viscoelasticity. Hydrogels consist of
crosslinked hydrophilic polymers which can mimic aspects of natural tissue and have been
widely investigated for applications in drug delivery, tissue engineering, and regenerative
dentistry, including periodontal/pulp diseases, craniomaxillofacial defects, oral cancer,
orthodontic tooth moving, and peri-implantitis. Though hydrogels have been extensively
studied as effective scaffolding for the regeneration of dental tissues, there is little evaluation
of their effectiveness of potential for use in restorative procedures. Additionally, previous work
has shown the potential for 3D printing hydrogels, especially for soft tissue regeneration.
Sodium alginate is an attractive hydrogel-forming polymer due to its ease of gelation, low
toxicity, and ability to be ionically crosslinked using calcium ions. Alginate (AG) is a naturally
derived polysaccharide composed of B-D-mannuronic acid and a-L-guluronic acid residues
arranged in block structures. Gelation occurs through ionic crosslinking with divalent cations
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such as Ca**, forming an egg-box structure. The structural stability of alginate-based hydrogels
under fluctuating oral pH and temperature conditions is not well understood, limiting their
translation into clinical use. Furthermore, emerging fabrication techniques such as 3D printing
introduce additional variables, including printability and shape fidelity, which must be
evaluated alongside traditional material properties.

This study addresses these gaps by systematically investigating the effects of key variables
relevant to the oral environment and hydrogel fabrication methods. Specifically, pH (5.8-7.2)
was selected to represent acidic to near-neutral intraoral conditions, temperature (18°C vs.
37°C) to compare ambient and physiological conditions, crosslinking concentration (1% vs.
4% CaCl) to evaluate structural integrity, and gel size to assess dimensional effects on stability
and measurement reliability. Additionally, both casting and 3D printing fabrication methods
were examined to evaluate their influence on hydrogel performance. The objective of this work
is to evaluate how these factors influence the structural stability, swelling behavior, and
degradation of sodium alginate—gelatin (AG-G) hydrogels in simulated oral conditions, while
also assessing their feasibility for 3D printing applications, building a framework to inform the
design of hydrogel-based materials for dental applications.

2. Experimental Details

Hydrogel Preparation

Hydrogels were prepared using a formulation of 3% (w/v) sodium alginate and 6% (w/v)
gelatin (Type B, bovine skin). A 3% alginate concentration was selected due to its established
use in biomedical applications and its increased stiffness compared to lower concentrations
(e.g., 2%), providing improved structural integrity. The polymer solution was heated in a
convection oven (1000 W) at 120°C for 1-1.25 hours and subsequently mixed under
continuous heat using magnetic stirrer until homogeneous. Prepared hydrogels were stored
under refrigeration and reheated to approximately 65°C, or until fully liquefied, prior to sample
preparation. Hydrogels were crosslinked using calcium chloride (CaClz) solutions at
concentrations of either 1% or 4% (w/v), depending on experimental condition.

Buffer Preparation and Experimental Conditions

To simulate intraoral conditions, hydrogels were incubated in phosphate buffer solutions
prepared using potassium phosphate dibasic and potassium phosphate monobasic. Buffer
solutions were prepared at a concentration of 9 mM, consistent with reported salivary
potassium levels (8.9 + 4.2 mmol/L) and adjusted to target pH values of 5.8, 6.6, and 7.2
(selected to represent intraoral pH range) using hydrochloric acid (HCI) or sodium hydroxide
(NaOH). Phosphate buffers were chosen due to their ability to reliably maintain pH within this
physiologically relevant range and prepared according to AAT Bioquest Online Calculator.



Hydrogel samples were submerged in buffer solutions and incubated at either 18°C (room
temperature) or 37°C (physiological temperature) for up to 96 hours. Buffer-only controls were
included to distinguish solution-driven pH changes from those caused by hydrogel
degradation.

Hydrogel Casting and Sample Preparation

For casted samples, the heated hydrogel solution was poured into casting trays and
subjected to sonication for 20—25 minutes to remove air bubbles. Crosslinking solution (1% or
4% CaCl.) was then applied to induce gelation. Biopsy punch of diameter of approximately 8
mm and 15 mm were used to prepare uniform circular discs.

3D Printing of Hydrogels

Hydrogels were also fabricated using a custom-built 3D printing system to evaluate
printability and structural integrity at smaller scales. Printing was conducted using a coaxial
extrusion setup (PBS core, gel solution entering from side) with a core flow rate of 0.0542
mL/min and shell flow rate of 2 mL/min. Crosslinking occurred during printing within a 10
mL bath of 1% CaCl. maintained at 37°C. Printed hydrogel fibers were then transferred to 1
mL phosphate buffer solutions at pH 5.8 and 7.2 and incubated at 37°C for up to 96 hours.

Data Collection and Analysis

Hydrogel samples were monitored and photographed at defined time intervals over a 96-
hour period. Buffer pH was measured using a calibrated Fisher Scientific Accumet Basic AB15
pH meter. Structural changes, including swelling, shrinkage, and degradation, were assessed
through visual inspection and quantitative image analysis using Image] software, while
DinoLite microscopy with DinoCapture 3.0 software was used for printed fibers.

3. Results

Buffer Control Validation and Dimensional Changes of Hydrogel

Buffer-only controls exhibited minimal variation in pH over the 96-hour incubation period
under both 18°C and 37°C conditions. Across all tested pH levels (5.8, 6.6, and 7.2), pH
fluctuations remained below 0.6 units, confirming that the phosphate buffer systems effectively
resisted external perturbations, and no differences were found between temperature. These
findings indicate that subsequent pH changes observed in hydrogel-containing samples can be
attributed primarily to gel-environment interactions rather than buffer instability. Diameters
of 15 mm gels increased significantly at neutral pH (7.2) whereas at acidic pH (5.8) stability
was maintained, with intermediate changes observed in pH 6.6.
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Figure 1. Effect of incubation pH, temperature, and hydrogel size on stability of the hydrogel.

Effect of pH on Hydrogel Properties

Hydrogel stability was strongly influenced by
environmental pH. Samples incubated at pH 5.8
demonstrated the highest structural integrity,
maintaining shape and exhibiting minimal swelling
over the 96-hour period. In contrast, gels at pH 7.2
showed swelling and progressive degradation earlier,
while pH 6.6 exhibited intermediate behavior. All
conditions demonstrated gradual increases in
surrounding pH over time. No significant differences
were observed in diameter changes based on starting
gel diameter or with gels incubated at room
temperature vs. body temperature. 15 mm gels
provided more reliable quantification, and 37 °C
represents physiological conditions thus these were
selected to proceed with testing.

Crosslinking Variations and Effect of Gelatin

pH

0 hr 20hr 32hr 46hr 56hr 72hr 96 hr

15 mm

b
#} degraded

7.2

degraded

Figure 2. Stability of 8 mm and 15 mm AG-
G casted hydrogel discs incubated at 37°C
under varying pH conditions.

Crosslinking duration (0.5, 2, and 24 hours) did not significantly affect hydrogel diameter
or swelling behavior. However, crosslinking concentration significantly influenced hydrogel
stability. Gels crosslinked with 4% CaCl. exhibited minimal diameter changes compared to
swelling observed with 1% crosslinked gels. Additionally, at pH 5.8, 1% crosslinked gels
showed increasing pH over time, whereas 4% gels remained stable or slightly decreased in pH
but at pH 7.2, no differences were found with both conditions exhibiting similar pH increase.
The presence of gelatin did not affect diameter changes but led to more variation in pH

behavior.
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Figure 3. 15 mm size hydrogels were formed in CaCl; bath for different times and incubated
at 37 °C and pH was measured at intervals. (a —b) initial pH = 5.8 and (c-d) initial pH =7.2
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Figure 4. 3% AG with and without 6% G were formed in CaCl, bath and then 15 mm size
samples were incubated at 37 °C at 5.8 pH. (a) pH changes and (b) diameter changes.

3D Printed Hydrogels

3D printed hydrogel fibers crosslinked with 1% CaCl. were evaluated to assess hydrogel
behavior at smaller scale. These fibers maintained stable diameter over 96 hours under acidic
conditions while neutral conditions resulted in shrinkage. Gelatin inclusion improved fiber
stability and reduced diameter variability in acidic conditions. Overall, 1% printed fibers
demonstrated enhanced stability trends to 1% casted gels.
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Figure 5. 3% AG with and without 6% G formed in 1% CaCl; bath and then incubated at 37
°C. (a) 5.8 pH and (b) 7.2 pH. (¢) Example microscope image of 3D-printed gel fiber.

4. Discussion

The results of this study demonstrate that the structural stability of AG-G hydrogels is
strongly dependent on pH, crosslinking, and fabrication techniques. pH emerged as a dominant
factor governing hydrogel behavior, with acidic conditions (pH 5.8) promoting structural
integrity and neutral conditions (pH 7.2) accelerating swelling and degradation. These findings
are consistent with previous work with AG hydrogels and the egg-box model of alginate
crosslinking. The observed pH-dependent behavior may be attributed to ion exchange
mechanisms, where in higher pH environments divalent calcium ions that stabilize the gel
matrix are displaced, weakening the crosslinked network, resulting in increased swelling, loss
of structural integrity, and degradation. The gradual increase in pH observed across conditions
may be due to the release of residual ions and polymer relaxation processes. This behavior
highlights the importance of considering not only how the environment affects the material,
but also how the material alters the surroundings.

Crosslinking concentration was identified as another factor influencing hydrogel
performance. Hydrogels crosslinked with 4% CaClz. consistently demonstrated greater
dimensional stability and resistance to pH fluctuations compared to those crosslinked with 1%
CaCl.. This is attributed to the increased crosslink density, which enhances network rigidity
and reduces susceptibility to ion exchange and mechanical deformation. In contrast, lower
crosslinking concentrations resulted in more swelling and pH variation, indicating a less stable
polymer network. Other variables, including temperature, sample size, and crosslinking time,
exhibited minimal influence on hydrogel behavior, suggesting that hydrogel stability is
primarily governed by chemical interactions. Results from 3D printed hydrogels showed
similar trends to casted gels, although improved structural retention was observed under certain
conditions, suggesting fabrication-dependent differences in stability. Printed fibers with 1%
CaCl; crosslinking exhibited better stability, retaining structural integrity in conditions that



were shown to degrade in prior experiments. Future study is needed to optimize material
formulation and fabrication parameters for successful biomaterial design.

Most previous work on hydrogels has focused on regenerative applications rather than
evaluating performance under conditions relevant to the oral environment. This study adds to
existing knowledge by systematically examining hydrogel behavior under simulated intraoral
conditions and by incorporating fabrication methods relevant to clinical translation, including
3D printing, which is now widely used in custom-fit restoration. Results suggest that alginate-
based hydrogels are currently more suitable for temporary or short-term applications. Their
stability under acidic conditions and tunable properties make them promising candidates for
applications such as drug delivery systems, provisional restorations, and regenerative
scaffolds. However, their susceptibility to degradation under neutral conditions limits their use
in load-bearing or long-term restorative applications without further modification.

Future work should consider evaluating the mechanical properties for use in dental
applications such as strength and fracture resistance. Also, the experimental duration should
be extended beyond 96 hours for evaluating long-term behavior. Further, using more complex
buffers mimicking proteins, enzymes, and microbial components present in saliva would help
understand their role in hydrogel stability. Additionally, investigation of microbial interactions
and other clinically relevant oral conditions is needed. Additionally, assessment of
biocompatibility, adhesion, and integration with natural tooth structure will be essential for
determining clinical feasibility.

5. Summary

e pH: Acidic conditions (pH 5.8) produced the greatest stability, while neutral pH (7.2) led
to increased swelling and degradation.

e Crosslinking concentration: Higher crosslinking (4% CaCl:) significantly improved
structural stability compared to 1%.

e Temperature: No significant effect on hydrogel stability between 18°C and 37°C.

e Sample size: Gel diameter (8 mm vs. 15 mm) did not affect behavior, though 15 mm
improved measurement reliability.

e Crosslinking time: No impact on structural stability across 0.5-24 hours.

e (Gelatin inclusion minimized diameter changes resulting in more stable gels.

e 3D printing: Printed hydrogels remained stable in acidic conditions but exhibited
shrinkage in neutral pH

e 4% CaCl: crosslinked, 3%AG6%G hydrogel is most stable and best for resisting pH and
diameter changes



6. Appendices
6a. Acknowledgements

I would like to thank Dr. and Mrs. Niblack for the Niblack Research Scholars Program,
as well as for providing the opportunity and funding for this research project. I also gratefully
acknowledge Dr. Johnson and the Division of the Vice President for Research for their support
during my time as a scholar. I am especially grateful to my faculty mentor, Dr. Sundar
Madihally, for his guidance, support, and encouragement throughout this project and during
my time as an undergraduate researcher. I would also like to thank my graduate mentor, Finn
Poling, for teaching me new 3D printing techniques and providing valuable support. I would
like to acknowledge Dr. Bikkina for providing access to microscopy equipment. I also extend
thanks to Dr. Florez and Dr. Khajotia at the University of Oklahoma College of Dentistry for
the opportunity to be involved in clinically relevant dental research on a project involving
bleaching hydrogels.

6b. Papers Published
Poster Presentations:

1. Multifactorial Evaluation of pH Stability and 3D Printability of Sodium Alginate
Hydrogels for Dental Applications (Spring 2026)

2. Effects of pH and Temperature on the Stability and Structural Characteristics of
Hydrogels (Summer 2025)

3. Evaluating Structural Properties of Hydrogels for Use in Dental Applications (Spring
2025)

Publications:
Two publications are in preparation at the time of writing this report.
6¢. Literature Cited

ADA Library & Archives, R.S. and S.I. (2024). Materials for Direct Restorations. [online]
www.ada.org. Available at: https://www.ada.org/resources/ada-library/oral-health-
topics/materials-for-direct-restorations.

ADA Science Institute, D. of S.1. (2019). Information Sheet on pH of Home Oral Care
Products. [online] Available at: https://www.ada.org/-/media/project/ada-
organization/ada/ada-org/files/resources/research/hpi/sci_2019information-sheet-on-
ph-of-home-oral-care-
products_final aug2019.pdf?rev=69¢261edd66747d4bb46254852031t90d&hash=0AC
A8BSF7A7132A2FDB4C82F3E46FD54.

9



Cai, H., Xu, X., Lu, X., Zhao, M., Jia, Q., Heng Bo Jiang and Kwon, J.-S. (2023). Dental
Materials Applied to 3D and 4D Printing Technologies: A Review. Polymers, 15(10),
pp.2405-2405. doi:https://doi.org/10.3390/polym15102405.

Chen, A., Deng, S., Lai, J., Li, J., Chen, W., Swastina Nath Varma, Zhang, J., Lei, C., Liu, C.
and Huang, L. (2023). Hydrogels for Oral Tissue Engineering: Challenges and
Opportunities. Molecules, [online] 28(9), pp.3946-3946.
doi:https://doi.org/10.3390/molecules28093946.

Chen, W., Zhang, C., Peng, S., Lin, Y. and Ye, Z. (2023). Hydrogels in Dental Medicine.
Advanced therapeutics, 7(1). doi:https://doi.org/10.1002/adtp.202300128.

Heng, C.C. (2016). Tooth Decay Is the Most Prevalent Disease. Federal Practitioner,
[online] 33(10), p.31. Available at:
https://pme.ncbi.nlm.nih.gov/articles/PMC6373711/.

Kallapur, B., Ramalingam, K., Bastian, Mujib, A., Sarkar, A. and Sethuraman, S. (2013).
Quantitative estimation of sodium, potassium and total protein in saliva of diabetic

smokers and nonsmokers: A novel study. Journal of natural science, biology, and
medicine, 4(2), pp.341-341. doi:https://doi.org/10.4103/0976-9668.117006.

Kianoush, N., Adler, C.J., Nguyen, K.-A.T., Browne, G.V., Simonian, M. and Hunter, N.
(2014). Bacterial Profile of Dentine Caries and the Impact of pH on Bacterial
Population Diversity. PLoS ONE, [online] 9(3), p.€92940.
doi:https://doi.org/10.1371/journal.pone.0092940.

Lamont, R.J., Koo, H. and Hajishengallis, G. (2018). The oral microbiota: dynamic
communities and host interactions. Nature Reviews Microbiology, [online] 16(12),
pp.745-759. doi:https://doi.org/10.1038/s41579-018-0089-x.

Liao, J., Qiu, J., Lin, Y. and Li, Z. (2024). The application of hydrogels for enamel
remineralization. Heliyon, [online] 10(13), p.e33574.
doi:https://doi.org/10.1016/j.heliyon.2024.e33574.

Malektaj, H., Drozdov, A.D. and deClaville Christiansen, J. (2023). Swelling of
Homogeneous Alginate Gels with Multi-Stimuli Sensitivity. International Journal of
Molecular Sciences, [online] 24(6), p.5064.
doi:https://doi.org/10.3390/ijms24065064.

Oliveira, M., Silva-Correia, J. and Reis, R.L. (2022). Hydrogels for Tissue Engineering and
Regenerative Medicine. Academic Press.

10



Pribadi, N. and Soetojo, A. (2011). Effects of different saliva pH on hybrid composite resin
surface roughness. Dental Journal (Majalah Kedokteran Gigi), 44(2), p.63.
doi:https://doi.org/10.20473/j.djmkg.v44.i2.p63-66.

Rekow, E.D., Bayne, S.C., Carvalho, R.M. and Steele, J.G. (2013). What Constitutes an Ideal
Dental Restorative Material? Advances in Dental Research, 25(1), pp.18-23.
doi:https://doi.org/10.1177/0022034513502206.

Schmalz, G., Falk Schwendicke, Hickel, R. and Platt, J.A. (2023). Alternative Direct
Restorative Materials for Dental Amalgam: A Concise Review Based on an FDI

Policy Statement. International Dental Journal.
doi:https://doi.org/10.1016/j.identj.2023.11.004.

Sharma, C.P. (2018). Drug Delivery Nanosystems for Biomedical Applications. Elsevier.

www.aatbio.com. (n.d.). Potassium Phosphate (pH 5.8 to 8.0) Preparation and Recipe | AAT
Bioquest. [online] Available at: https://www.aatbio.com/resources/buffer-
preparations-and-recipes/potassium-phosphate-ph-5-8-to-8-0.

Wei, Q., Zhou, J., An, Y., Li, M., Zhang, J. and Yang, S. (2023). Modification, 3D printing
process and application of sodium alginate based hydrogels in soft tissue engineering:
A review. Int J Biol Macromol, 232, pp.123450—-123450.
doi:https://doi.org/10.1016/j.ijbiomac.2023.123450.

Zero, D.T., Fontana, M., Martinez-Mier, E.A., Ferreira-Zandona, A., Ando, M., Gonzalez-
Cabezas, C. and Bayne, S. (2009). The Biology, Prevention, Diagnosis and Treatment
of Dental Caries. The Journal of the American Dental Association, 140(1),
pp-25S348S. doi:https://doi.org/10.14219/jada.archive.2009.0355.

11



NVAIO0Ud SYVIOHIS HO¥MVISIH MOVIgIN

Buijod uul{ :10jud\ JUSPN}S djenpe.n)
Alleyipey sepung iq :1osuodg Ajjnoe4

siAe( |ayoey

suoinesljddy jejuag
10} s|aboipAH unejan-ajeulb|y
wniposg jo Ajijigels |eanjonng
JO uoljenjeAg jeliojoeji}|n|N

ABOjoUYd3] pue 2iN303)IY21Y ‘BulidauIbug JO 963[0D)

ONIY3INION3T TVIIWIHD

40 TO0HDS




e T T uollepel3ap 1SISaJ pue ‘SsaJls |edlueydsw
o ‘uoilen1on|} Hd pueISYlIM 1SnW S|eldalew [eauaq e

uoljeJo|oasip/3ululels e

3S0D Y3IH
(suonipuod a1pioe ul *dsa) ainjie) ainlewald
S|elid9}e\l ©AI1RI0}SDY Judliny 90U mu.m_mm.h
2Jn1oed} 3 Alljiqiredwod0iq WJal-3uo| PalWIT
SaInuIN
e 0 o S|eldale|A 1ualin) JO SIPISUMO(Q e
\/ G'G Hd > sazljeJaulwap |[oweud .
(ouoz Jabuep)
uonesielauiwa(] . { . _ °
! o G'{~ 01 doJp ued ‘g'/-G'g Ajjewdou sI Hd AJeAljes .
o \ , ‘ Wa1SAS023 JIWRUAP B SI JUSWUOUIAUS |BJQ
" 1uajenasd Aysiy aJe (sanAed) salied [elus( e

aAIN) ueydals

uoneAo



9A1}09}}J0 }S09

Jusjuo9 uone|ab
J9)em ybiH Q Jo aseq
& s|aboapAH %
ajeuIBy S9AI1eJ01594 0] paljdde yiom [9304pAY paiwI] «
O_ﬂwﬁ_woow_>% @ QO_XO”TCOZ mms_u_cr_uwu. CO_HWU_LQW.._. .._.O Huw.._..._.m =
s|quedwosolg paziialoeseyoun Ajaualind
(zz0z ‘Bueyz) ‘z 2inbi wo.y pajdepy Sl mCO_u.__QCOU _mLOm.hu.C_ U_u.m__mm.h ul >H___Qm“_.m _mw °
/ | pumnnu x0g-339 ”Qmmu °
| RS +28D 1M SUD|uI|SSOID DIUO]
........... ©@L©
B SanpIsaJ ploe dluoJin|ng-1-o pue
) (o ploe dluoJnuuew-q-g Jo pasodwod 31eulsd|y

S}JoM1au JawAjod dljiydoipAy payjul|ssol)

I9poN xog-663

s|eridjewolg se s|oaboipAH



w
suolneinp
sJaynq )BOoS SNolBA
ajeydsoyd z'/ sJaqy pajulid-ae 2 (% "SA %)
. ® ‘9’9 ‘g'G Hd ul "SA SOSIp pajse) UOIJEJIUSOUOY)
DL€ SA D81 palen|eAs S|a9) pPoYIo 21oen
ainjesadwa] s}094J3 Hd uoljesLiqe Buijuissouad

\_ /L / \_ VRN J

uonisodwon JswAjod

JUSWUOJIAUT]

S|[9304pAY D-DY JO uollepes3dap pue
‘Bulj|ams ‘Ajljigels |eanionJls 109)je sajgelden Ay 9sayl Moy al1en|eAns .

e
saAl23lqo



peq D . L€ ‘e|pssu [eixe0] Jaynq ul eos

_ Weqoeo %l SOSIp LwJojun —
Jaynqg ui yeos 3
— .» | uonnjos
— I « 0-9V |
M_,/ — = y (auinoq ‘9)
IR UneeD %9 +
Jo1owelp (96 Ayuenb (9V) sjeulbly
0} sisAjeuy abeuw| (siy 96 pue ‘z/ ‘sy ‘¥Z ‘0) WwnIpos %€

‘ S|eAlalul 1e palod||09
ejep Hd g J818Wwelq

e e ]
2 -

*DOWIS

Bunuiid-qe Bunse)

N\ 4

uonesujuUeN) (e :o:wm:o:_ == uoljedlIe{ <==m UONeledaid

1020}0.4d



(4y) swinL (y) swny

0oL 08 09 o 0T 0001 08 09 ov oz 0
. . . . ] ] . L oL
)
»
i B
[ ] m M § * * “ 1 . [ i * w clL o
w ® m * [ 4 o
® ﬂ 14" w
L ® ® [ ] _nuw..
@
- ol \W
[ ]
2lL=Hd | 2 l=Hd e 3
- T
* 9'9=Hd 9'9=Hd e
ajqeys g'6=Hd - o glieazis ww gl (q)} 8'G=Hd « D, /gie0zZISWwgL(e) | .

2Jn1eJadwal JO 109)J9 ON e
98ueyaIxs uol elA ,.e) sade|dsip Hd JaysiH

uolepei3ap Ajaes

e b RIS N pue Sul||ams Pa1IqIYxd SUOILPUOD [BIINBN e

e Jygl A4Yo9s uayoy IYyge JIyoe

JUSWUOJIIAUD 21pIde 0] P31INS 1SOW 3Je S|35) »

—
J9ALIQ Jueulwoq 9y} sI HA



(1y) sy (4y) swiny
0oL 08 09 0)7 0c 0 001 08 09 or 0z 0
L L L L OP. M M

R ﬁ [T

lw)
>
-
§ . ! m ° T
F 9l -
Y 2108D%¥ © w 1 ¥ vaioeowre
Y 210eD%lL - gL T Y 210e0%]L ® L/
oY 2108D%Y * oY Z108D%1 ©
OV Z210e2%L (@} oz oY 210e0%L (e)

Alljigels Jaql} panosduwi 13 AlljigeleA Jalawelp padnpad uoisnjoul (9) uile|ao
}40M18U J353U0J41S Ul s3nsal [,,eD)] J9YSIH «
so3ueyd Hd 01 aouelsISaJ U19119g .
a3ueyd Ja1awelp 1§ SUl||[9MS |BWIULIA o

A11j1ge1s J0) [ew11do 1SOW aJe SUOILPUOID JUI[SSOID Z[DBD) %ty e

SJ9)JB|\ UOoIjel3uaduU0) Buyul|sso.ln



(1y) iy
96 cL 517 ve 0 96 cL 8y e 0

" W M | 2SIy 96 1B 9|gels suolleuiquiod ||V e
r F €0 w
: § m i - : o g >u___o_m_._m> JolaWelp padnpaJl pue
ovog o |} ovues {73 Aujgels Jaqly panoidwi uile|o
DUIOVRLE © zr=nd (@)]| O%OOV%E © t w.wu Hd (v)] *° m_wm %T 1sed U@ELO.._..\_GQH_.DO
abeyunys ybis :Hd jesynaN  siaqi4 a|qels :Hd a1pIoy ° S19(l} PaXUI|SSOJD %T Palulid «

uoiljeslige
IN}SS829Ng sa|qeugy bunuld-gs



asn [ealul|d 4oy Adedija aulWwld1ap 01 PaPa3U UoIIeN|eAd Jaylin4

1sow sagueyod
J919welp pue Hd SullsisaJ ‘@|gels 1sow Si [9304pAY ¢DeD) %Y ‘D %9 OV %E
(9%T) suonpuod Suul|SSOJI JAMO| YIIM 3|qISea) SI SUljuUlid-g€ e

Alljigels panoisdwi Ajauedijliusis (%t7) uoijeiuaduod suul|SSOJI JIBYSIH e
uollepel3ap pue 3ul||aMs paseatdul 01 pa| (z°/) HA |eJina e
Al|Igels 1s91ea.8 ayl paonpoud (8°G) HA JIpIdY

UOI1eJIU3IUO0I Sul)UI|SSoJd pue HA AQ pauJdanosg sl Alljigels D-OY ‘||edaAQ

Alewwwng



s|el djewolg |ejuaq jo Juswiiedag
Szomﬁmo fo ALISYIAINN %1

josionon | HESH

VLIA Japun paliwi| sjieiaq

A||ealulja pasn s|as804pAy
suiyoea|q ul sa1islualdeseyd asea|al U33AX0 PIA|OSSIP P3aIPNIS

}ybijybiH uoneioqeljod



NOA MNVHL

S|eldajewolq [euad aod NO —enoleyy| Qg 1 zaiol4 uq
101U A JUSpN]S 31enpelr — 3uljod uul4
AdoosoudiN — eunpyig i@
101U\ A1jnoe4 — AjjeyipelAl Jepuns °iQ
ddA 943 JO UOISIAIQ '3 uosuyor 4@

AI€|GQIN "SIIA pue “uQ

sjusawabpamouoy



SESSION FOUR:

Molly McGaughy

“Defining the Antifungal Mechanism of Myeloperoxidase Against Cryptococcus
neoformans”

Research Area: Microbiology and Molecular Genetics

Faculty Sponsor: Dr. Karen Wozniak

Graduate Student Mentor: Ayesha Nair

Taylor Mills

“Diversity and Evolutionary Significance of Anaerobic Gut Fungi in Testudines”
Research Area: Microbiology and Molecular Genetics

Faculty Sponsor: Dr. Mostafa Elshahed

Graduate Student Mentor: Sakalya De Silva

Ty Young

“Comparative Metagenomic Analysis of the Gut Community of Ratites”
Research Area: Microbiology and Molecular Genetics

Faculty Sponsor: Dr. Mostafa Elshahed

Graduate Student Mentor: Md. Mehedi Hasan






Defining the Antifungal Mechanism of Myeloperoxidase Against
Cryptococcus neoformans

Molly McGaughy

Microbiology and Molecular Genetics
Faculty Sponsor: Dr. Karen Wozniak
Graduate Student Mentor: Ayesha Nair

Abstract:

Cryptococcus neoformans is an opportunistic fungal pathogen that primarily affects those
who are immunocompromised and causes the disease cryptococcal meningitis. C.
neoformans infections have become increasingly important in many communities due to
the higher prevalence of HIV/AIDS, killing approximately 112,000 individuals with
AIDS annually. The current antifungal drugs are extremely toxic, and combined with the
rise of antifungal resistance, new therapies are needed. Previous work by our lab showed
that dendritic cells (DCs) can kill Cryptococcus, and components of the DC lysosome are
important in antifungal activity. DCs are phagocytic cells that engulf Cryptococcus for
antigen presentation to T cells, which then mount an immune response. Our lab identified
five DC lysosomal proteins with antifungal activity, one of which is myeloperoxidase
(MPO). We hypothesized that MPO kills C. neoformans by damaging the cell wall and
membrane of the fungus. To test this, we conducted MIC assays to determine the
concentration needed for antifungal activity for future experiments using fluorescent and
electron microscopy. I have also used Crypfococcus mutant libraries specific to
cryptococcal phosphatases and kinases to identify mutants affected by treatment with
MPO to identify the mechanism of action. I also used scanning and transmission electron
microscopy (SEM and TEM) to examine physical effects of MPO treatment. Results of
mutant library analyses after MPO treatment showed increased resistance in mutants with
genes involved in inositol phosphate metabolism. SEM and TEM studies of MPO-treated
cryptococcal cells showed release of intracellular contents and misshapen fungal cells.
This phenotype was rescued by the addition of sorbitol for osmotic stability, indicating
potential cell wall/membrane damage followed by osmotic lysis Cryptococcus due to
MPO treatment. Future studies will examine the resistant mutants to determine their
susceptibility to MPO in antifungal assays. With these studies, we hope to gain a better
understanding of the effects that MPO has on C. neoformans, which could potentially
lead to more effective therapies for cryptococcosis.

1. Introduction:

Cryptococcus neoformans 1s an opportunistic fungal pathogen that primarily affects
immunocompromised individuals and is the causative agent of cryptococcal meningitis, a
life-threatening fungal infection of the central nervous system. The disease is especially
prevalent in patients with HIV/AIDS and remains a major global health concern, causing



approximately 112,000 AIDS-related deaths annually [1]. Infection typically begins
through inhalation of fungal spores into the lungs, where the organism can survive host
immune defenses and disseminate to the brain. Current treatment options for
cryptococcosis include amphotericin B, flucytosine and azole antifungals [2]. These are
associated with significant toxicity, prolonged treatment durations, limited accessibility
in developing regions and the growing emergence of antifungal resistance [2,3]. As a
result, there is a critical need to identify alternative antifungal mechanisms and develop
novel therapeutic strategies against C. neoformans, such as immune-based therapies.

Dendritic cells (DCs) are professional antigen-presenting cells that play an
essential role in both innate and adaptive immunity. These immune cells engulf fungal
pathogens and process antigens for presentation to T cells, ultimately initiating antifungal
immune responses [4]. They also possess lysosomal compartments containing
antimicrobial proteins and enzymes capable of directly damaging pathogens [4]. Previous
work from our laboratory identified DC lysosomal proteins with anti-cryptococcal
activity including Coronin, matrix metalloproteinase-25 (MMP25), human neutrophil
elastase (HNE), NOSTRIN and myeloperoxidase (MPO) [5].

Myeloperoxidase is a heme-containing enzyme most commonly associated with
neutrophils and other phagocytic cells, where it contributes to microbial killing through
the production of reactive oxygen species and hypochlorous acid [6]. MPO-mediated
oxidative stress has been shown to damage proteins, lipids, membranes and nucleic acids
in a variety of microbial organisms [6]. However, the precise antifungal mechanism of
MPO against C. neoformans remains poorly understood. Preliminary findings from our
laboratory suggested that MPO may disrupt fungal cell wall or membrane integrity,
leading to fungal death.

The fungal cell wall and membrane are critical for maintaining structural
integrity, osmotic stability, and survival within hostile host environments. Alterations in
these structures can lead to membrane collapse, leakage of intracellular contents, and
eventual osmotic lysis. In addition, pathways involved in phospholipid signaling,
membrane organization and stress responses are known to contribute to fungal resistance
against environmental and oxidative stresses [7]. Therefore, understanding how MPO
interacts with these cellular systems may provide insight into novel antifungal targets.

In this study, we investigated the mechanism of MPO-mediated anti-cryptococcal
activity. Minimum inhibitory concentration (MIC) assays were used to determine the
antifungal activity of MPO at different fungal inoculum densities. Mutant library
screening was performed to identify genes and pathways associated with resistance or
susceptibility to MPO treatment. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were used to visualize structural damage flowing MPO
exposure. Finally, growth assays using sorbitol as an osmotic stabilizer were conducted to
evaluate whether MPO-induced killing involved disruption of osmotic stability. These
studies aimed to determine whether MPO targets the fungal cell wall/membrane and to
characterize the mechanisms.

2. Materials and Methods:



Strains and Media: C. neoformans strain mNeon Green H99 (gift of Damian Krysan,
University of lowa) was grown on Yeast Peptone Dextrose (BD Biosciences, San Diego,
CA) agar plates (YPD plates) for 48 hours. For minimum concentration assays (MIC) and
modified growth assays, they were grown in shaking YPD broth at 30 °C for 18 hours.
They were then washed with sterile phosphate buffered saline (PBS) three times. The
concentration of the cells was then counted on a hemocytometer with trypan blue to
exclude dead cells. The concentrations were then determined by these counts. For growth
assays, phosphate buffer at pH 5.5 and phosphate buffer containing sorbitol were used.
For mutant libraries, we acquired cryptococcal mutants from the Fungal Genetics Stock
Center (Kansas State University, deposited by Yong-Sun Bahn, Yonsei University,
Korea). These are cryptococcal mutants with mutations in kinase and phosphatase
signaling pathways. For studies using the mutant libraries, the same growth steps were
taken, but they were aliquoted into a 96 well plate for storage in the freezer.

Minimum Concentration Assay (MIC): C. neoformans was grown as described above
and washed. Following quantification, a media control RPMI-MOPS, pH 7.0, was placed
in the final column of a 96 well plate. The cells were placed in all wells at 0.5x10°
cells/mL. MPO (Novus Biotechne, Minneapolis, MN) was diluted to 100pug/mL in the
first column of wells in the plate and then serially diluted. They were then incubated for
48 hours at 35°C and then analyzed by optical density using a BioTek platereader
(Aligent, Santa Clara, CA).The study was repeated with 1x10° cells/mL. This was done
twice at each concentration because the MIC at a lower concentration needed to be
verified for mutant library studies and a higher is needed for electron microscopy.

Mutant Libraries: Mutant library studies were based on published flow cytometery
studies [8]. The mNeonGreen H99 stock and a mutant library stock were removed from
the -80°C freezer and then allowed to thaw. Once thawed, using a frogger, the cells were
transferred into 96 well plates of YPD to incubate for 18h at 30°C. ells were read in the
platereader, and if optical densities (ODs) were similar, then cells were transferred to new
96-well plates at a 1:1 ratio in phosphate buffer at pH 5.5. These were then either treated
with MPO at the MIC concentration or untreated and incubated for 1.5 hours at 30°C.
The 1.5-hour time frame is the half killing time for MPO. After incubating, controls for
the flow cytometer were made and then samples from the plates were evaluated on a flow
cytometer (Novocyte 3000, Aligent) using NovoExpress software (Agilent).

Growth Assays: C. neoformans were grown and washed as above, and then were either
grown with/without sorbitol and treated with/without MPO at the MIC concentration. The
initial inoculum was diluted and plated on YPD plates for 48 hours at 30°C, and then
CFUs were counted. Following incubation of cryptococcal cells under the various
conditions for 24 hours at 30°C, cells from those wells were diluted and plated on YPD
plates for 48 hours at 30°C, and then CFUs were counted. Then using the software Prism
(GraphPad, San Diego, CA), the CFUs were graphed with error bars and the statistics
were analyzed.

Electron Microscopy (EM): C. neoformans cells were grown in YPD broth in a shaking
incubator at 30°C for 18h. Following washing and counting, cells were diluted to 1x10°
cells/mL in phosphate buffer or phosphate buffer with sorbitol. Cells were treated with
the MIC of MPO for 1.5h at 30°C. Control cells were incubated in phosphate buffer



alone. Following incubation, cells were fixed for 2 hr. in 2.0% glutaraldehyde in 0.1M
cacodylate buffer at room temperature. Following fixation, samples were rinsed 3 times
in buffered wash for 15 minutes each. Samples were then taken to the Microscopy center
for remaining steps. Cells were fixed for 1 hr in 1% OSO4 (aqueous) at room
temperature, then rinsed 3 times in buffered wash for 15 minutes each. Samples were
then dehydrated in increasing concentrations of ethanol for 15 minutes each (50%, 70%,
90%, 95% and 100% three times). Following dehydration, for Scanning EM (SEM) cells
were washed 2 times for 5 minutes with hexamethyldisilazane. Cell pellets were mounted
on stubs with silver paint or double-sticky tape. Then samples were coated with Au-Pd.
Cells were viewed on the scanning electron microscope and images were taken.
Following dehydration for Transmission EM (TEM), cells were washed 2 times for 5
minutes each with propylene oxide. Cells were then put into a mix of propylene oxide
and Poly/Bed overnight. The vials were then uncapped in a fume hood until most of the
solvent evaporated. Cells were then embedded in 100% embedding medium and placed
in a 60°C oven to polymerize for 48h. Embedded cells were sliced using a diamond
blade, and cells were imaged using a transmission electron microscope.

3. Results

Minimum inhibitory concentration (MIC) was determined for MPO. In these studies
we evaluated the MIC for two different concentrations of C. neoformans — one for mutant
hbrary studies and one for mlcroscopy studles Results in Figure 1A, B show that the

Al T a2 [ @ 4 5 6 | 7 8 9 [ 10 | n | 12 MIC for MPO agalnst
A | 0.050 | 0,065 | 0.057 | 0.059 | 0.061 | 0. 84 [10:092)] 0.068 | 0.041
"B 0,056 | 0,071 | 0.060 | 0.063 | 0.066 0.039 C. neoformans was
‘0062 | 0.063 | 0.071 | 0.062 | 0.067 -- 0.076 o040 6.25nug/ml, regardless
/D | 0.056 | 0.050 | 0.063 | 0.066 | 0.072 | 0.082 0080 | 0.080 | 0.041 of inoculum.
B. 1 2 3 4 12
A | 0057 0053 0053 0055 0053 0048 0059 --- 0.041
_ Cryptococcal mutant
5 0060 0070 0060 002 0057 0058 - 0.041

library analyses show
¢#2 MPO affects fungal
002 signaling pathways.
Figure 1: Minimum inhibitory concentration (MIC) assay of MPO against C. We next aSked Whether

neoformans. Heatmap representation of optical density (OD) measurements from a broth cryptococcal

microdilution MIC assay evaluating the antifungal activity of myeloperoxidase (MPO) :
against C. neoformans at an inoculum density of (A) 0.5x10* cells/ml or (B) 1x10° phOSp hatase and kmase
cells/mL. The MIC for MPO was determined to be 6.25 pg/ml, corresponding to column 5 mutants were more
(A) or 6 (1.3) of the assay plat.c. Llowcr oD valucs.mQIcam. decreased fungal grlowth.and Susceptible to MPO
greater antifungal activity, while higher OD values indicate increases fungal proliferation. .

than WT cells. Using

flow cytometry to measure populations, we found that several cryptococcal mutants were
either more or less susceptible to MPO treatment (Table 1). Pathways affected were the
inositol phosphate metabolism pathway, the nicotinate and nicotinamide metabolism
pathway, the glycerol lipid metabolism pathway, and the Glycosylphosphatidylinositol
(GPI)-anchor bio-synthesis pathway. Genes involved in the Inositol phosphate
metabolism pathway included INM1, INM101, and SAC101, which are associated with
phosphatidylinositol signaling, osmotic regulation, and maintenance of cell wall integrity.
In the nicotinate and nicotinamide metabolism pathway, NYPI encodes a NAD

C 0063 0061 0060 0069 0070 0.059

D 0067 0058 0067 0060 0060 0.053 0.067



diphosphatase involved in NAD metabolism and cellular stress responses. In the
glycerolipid metabolism pathway, DPP101 encodes a hypothetical protein associated
with lipid metabolic processes and membrane-associated pathways. In involved in the
GPI-anchor synthesis pathway, CWH43 encodes a hypersensitive response-related
membrane protein involved in membrane organization and cell wall-associated processes.
Resistance of these mutants to MPO suggests that alterations in inositol metabolism,
NAD metabolism, glycolipid metabolism, and GPI-anchor biosynthesis and membrane
integrity contribute to cryptococcal resistance to MPO-induced cell wall/membrane
damage.

Myo-inositol-1 (or 4) - . )
INM1 monophophatase 3.89:1 30.54:1 784.85%
Nucleotide
URKI metabolism and 1.23:1 0.95:1 -24.16%
pyrimidine metabolism

Calcofluor white

hypersensitive protein 7.50:1 12.33:1 69.63%

DPP101 Hypothetical protein 23.10:1 86.20%
PKA2 Hormone signaling 1.15:1 -15.88%
Glucose-repressible
CCR4 alcohol 10.08:1 24.78:1 115.13%
dehydrogenase
Carbon metabolism .12: 0.95:1 -23.98%
1GI2 Pyrimidine metabolism 1.18:1 0.71:1 -38.59%

Table 1: Differential representation of C. neoformans mutant strains following MPO treatment in
mutant library screening assays. Mutant library screening following myeloperoxidase (MPO) on C.
neoformans mutant strains compared to wild-type cells. Ratios of mutant to wild-type (mNeonGreen) cells
were determined, and percent change was calculated. Positive percent change values indicate increased
growth of mutant strains after MPO treatment, and negative values indicate decreased growth of mutants.

Electron microscopy reveals cell wall and membrane changes following MPO
treatment. We next wanted to visualize the cryptococcal cells following treatment with
MPO. Scanning electron microscopy (SEM) was used to evaluate surface changes in C.
neoformans following treatment with MPO in phosphate buffer or phosphate buffer with



sorbitol. Results (Figure 2) showed that untreated cells displayed normal spherical
morphology with smooth and intact cell surfaces. In contrast, MPO-treated cells had
structural abnormalities, including cell surface collapse, deformation, and aggregation,

Untreated

Treated

Treated
with
sorbitol

Figure 2: Scanning electron microscopy (SEM) analysis of C. neoformans morphology
following MPO treatment in phosphate buffer. SEM was used to evaluate structural
changes in C. neoformans cells following treatment with myeloperoxidase (MPO) in
phosphate buffer. Untreated cells displayed normal spherical morphology with smooth and
intact cell surfaces, MPO-treated cells exhibited pronounced structural abnormalities (red
arrows). MPO treatment in phosphate buffer supplemented with sorbitol, an osmotic stabilizer,

shows a more intact and rounded morphology.

consistent with extensive
cellular damage. When
sorbitol, an osmotic stabilizer,
was added, cells retained a
more intact and rounded
morphology compared to
MPO treatment alone. These
data suggest that osmotic
stabilization protects C.
neoformans from MPO-
induced damage, supporting a
role for cell wall/membrane
stress in MPO antifungal
activity. Transmission electron
microscopy (TEM) was used
to examine structural changes
in the cell wall and membrane
of C. neoformans cells
following treatment with MPO
in phosphate buffer (Figure 3).

Untreated cells exhibited intact cellular architecture, including well-defined cell walls
and membranes. In contrast MPO-treated cells had structural damage characterized by

disrupted cell membranes, loss of
cellular integrity, and cellular
collapse. When sorbitol was
added, cells retained more intact
structural features with reduced
membrane and cell wall damage
compared to MPO treatment
alone. These observations support
the hypothesis that MPO-
mediated antifungal activity
involves disruption of cell
wall/membrane integrity.

Untreated

Treated

Treated
with
sorbitol

Figure 3: Transmission electron microscopy (TEM) analysis of C. neoformans
structure following MPQO treatment in phosphate buffer. Transmission electron

microscopy (TEM) was used o examine structural changes in C. neoformans cells
following treatment with myeloperoxidase (MPQ) in phosphate buffer. Untreated
cells exhibited intact cellular architecture. MPO-treated cells displayed severe
structural damage (red arrows). MPO treatment in phosphate buffer supplemented
with sorbitol, an osmotic stabilizer, showed reduced membrane damage.



Sorbitol rescued MPO Killing of C. neoformans. We next wanted to verify that
incubation in an osmotically stable buffer, such as sorbitol, could also prevent the
antifungal activity of MPO. Results (Figure 4) showed that cells treated with MPO in
phosphate buffer alone exhibited a
significant reduction in CFUs
(p<0.05), wheras MPO treatment in 1.5%106-
sorbitol buffer resulted in comparable

2.0%10%+

. =
survival to untreated controls. These 5 10x108
findings suggest that osmotic stress of wa— .
cell wall/membrane disruption may '
contribute to the antifungal effects 04
observed during treatment. PO d_q“" «*ﬁ&

. . L)
4. Discussion:

Figure 4: Effect of buffer conditions on C. neaformans survival following
treatment. Colony-forming units (CFUs) of €. neoformans were quantified

The results Of thlS StUdy Support in the untreated inoculum control, treatment in phosphate buffer (TX PB),
1 141 and treatment in sorbitol-containing phosphate buffer (TX SPB), with
the hyp OtheSIS that the dendrltlc Cell untreated cells in phosphate buffer (UTX) included as a comparison control.

lysosomal protein myeloperoxidase

(MPO) exhibits antifungal activity against C. neoformans through mechanisms involving
disruption of the fungal cell wall/membrane and osmotic instability. The MIC assays
consistently demonstrated growth inhibition at both high and low inoculum
concentrations. Mutant library analyses showed that several mutants were associated with
inositol phosphate metabolism. C. neoformans relies on inositol metabolism for survival
and virulence within the host environment, particularly within the central nervous system
were inositol concentrations are elevated [9].

Additional pathway analyses identified genes involved in membrane-associated and
metabolic processes (Table 1). The enrichment of the NYPI mutant suggests that NAD
metabolism and oxidative stress responses may influence fungal susceptibility to MPO.
Because MPO generates oxidative products, altered NAD metabolism may enhance
resistance to oxidative damage by affecting redox balance within the fungal cell.
Similarly, increased growth of DPP101 and CWH43 mutants implicates glycerolipid
metabolism and glycosylphosphatidylinositol (GPI)-anchor biosynthesis in resistance
mechanisms. GPI-anchor synthesis and membrane organization are critical for
maintaining fungal cell wall structure and membrane integrity. Alterations in these
pathways may modify membrane composition or reduce the effectiveness of MPO-
mediated oxidative damage.

The growth assays and microscopy further support a mechanism involving osmotic
stress and cell wall/membrane damage. Treatment with MPO in phosphate buffer alone
resulted in a significant reduction in fungal survival, whereas supplementation with
sorbitol significantly restored viability. Electron microscopy findings provided direct
visual evidence of MPO-induced structural damage. SEM demonstrated pronounced
morphological abnormalities in MPO-treated cells, including cell collapse, membrane
disruption, deformation and aggregation. TEM further revealed extensive intracellular
damage, including disorganized cytoplasmic contents, disrupted membranes and loss of
cellular integrity. Importantly, cells treated in sorbitol-containing buffer retained more
normal structural features, further supporting the conclusion that osmotic stabilization



partially protects against MPO-mediated damage. The protective effect of sorbitol
strongly suggests that MPO treatment compromises the integrity of the fungal cell wall or
membrane, resulting in osmotic instability and cellular death. Collectively, these
observations strongly support the hypothesis that MPO damages the fungal cell wall and
membrane, leading to osmotic imbalance and eventual cellular collapse.

One limitation of this study is that the precise targets of MPO within C. neoformans
remain undefined. While the mutant analyses and osmotic rescue experiments strongly
suggest membrane and cell wall involvement, additional studies are needed to determine
whether MPO directly oxidizes membrane lipids, cell wall polysaccharides or associated
proteins. Furthermore, MPO activity in vivo likely occurs in combination with other
lysosomal enzymes and immune effectors with dendritic cells and macrophages. Future
studies should examine synergistic interactions between MPO and other antifungal
lysosomal proteins identified in this study. Additional characterization of resistant
mutants may also provide greater insight into pathways involved in fungal stress
responses and survival during MPO exposure. Overall, this study demonstrates that MPO
possesses antifungal activity against C. neoformans and provides evidence that its
mechanism involves disruption of fungal cell wall/membrane integrity and osmotic
stability. These findings contribute to the growing understanding of how innate immune
effector molecules target fungal pathogens and may ultimately aid in the development of
novel antifungal therapies for cryptococcosis.

5. Summary:

This study investigated the antifungal effects and potential mechanism of action
of myeloperoxidase (MPO), a dendritic cell lysosomal protein, against Cryptococcus
neoformans. MIC assays demonstrated that MPO inhibited fungal growth in a
concentration-dependent manner at both high and low inoculum concentrations. Mutant
library analyses identified several enriched mutants associated with inositol phosphate
metabolism, glycerolipid metabolism, NAD metabolism and GPI-anchor biosynthesis
pathways, suggesting that membrane organization, osmotic regulation and stress response
pathways may contribute to resistance against MPO treatment.

Growth assays showed that supplementation with sorbitol, an osmotic stabilizer, \
rescued fungal morphology and survival following MPO treatment, indicating that
osmotic stress and disruption of cell envelope integrity likely contribute to MPO-
mediated killing. Structural analyses using SEM and TEM further supported this
conclusion by revealing severe morphological and intracellular damage in MPO-treated
cells, including membrane disruption, cellular collapse, cytoplasmic disorganization and
leakage of intracellular contents. Sorbitol-treated cells retained more intact morphology
and cellular organization, further supporting a role for osmotic stabilization in protection
against MPO-induced damage.

Overall, these findings suggest that MPO exerts antifungal activity against C.
neoformans by disrupting fungal cell wall and membrane integrity, leading to osmotic
instability and cellular damage. These results improve our understanding of dendritic
cell-mediated antifungal defense mechanisms and may contribute to the development of
novel therapeutic strategies targeting fungal cell envelope integrity in cryptococcosis.
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ABSTRACT

Anaerobic gut fungi (AGF; phylum Neocallimastigomycota) are strict anaerobes that
aid in plant biomass degradation in herbivorous animals. Their diversity and evolutionary
history in non-mammalian hosts remain poorly understood. My Niblack project focused on
two connected goals: 1) isolating and characterizing novel tortoise-affiliated AGF from
sulcata tortoise fecal samples and 2) helping evaluate the broader fungal community structure
of Testudines, the order including turtles and tortoises. Targeted anaerobic isolation yielded
strains SR0.6 and TMO0.3 from sulcata tortoises. These isolates, together with the Texas
tortoise isolate GXA2, represent three novel genera and species: Gopheromyces tardescens,
Gigasporangiomyces pilosus, and Kelyphomyces adhaerens, respectively. Morphological,
physiological, and phylogenetic analyses supported the placement of the isolates into distant
deep-branching tortoise-affiliated lineages and led to the proposal of a new family,
Testudinimycetaceae. In parallel, analysis of 71 fecal/cloacal samples from 27 Testudines
species revealed a highly diverse gut mycobiome containing 17 fungal phyla and 157 orders.
Neocallimastigomycota was detected in nearly all samples but was most abundant in
tortoises, suggesting that host family, feeding preference, and gut conditions influence fungal
community assembly. Together, these findings expand the known diversity of AGF, support
the importance of reptiles in AGF evolution, and provide a broader understanding of fungal
communities in underexplored animal hosts.

1. Introduction

Anaerobic gut fungi (AGF) are members of the phylum Neocallimastigomycota and are
the only fungi currently known to be strict anaerobes. They live in the gastrointestinal tracts
of herbivorous animals, where they contribute to the physical and enzymatic breakdown of
plant biomass. Although AGF are ecologically important, much of what is known about them
has come from mammalian hosts, particularly ruminants and hindgut fermenters. This leaves
a major gap in understanding how AGF diversity evolved and how the fungi interact with
non-mammalian hosts.



Two recently described AGF genera (Testudinimyces and Astrotestudinimyces) obtained
from tortoise fecal samples represent the first AGF isolates from non-mammalian hosts (4,5).
The novel tortoise-affiliated AGF (T-AGF) display an ecological preference to tortoises,
representing the predominant AGF taxa in the tortoise fecal samples examined, while being
absent in mammalian feces. This suggests that tortoises may harbor lineages that are
evolutionarily distinct from mammal-associated AGF (M-AGF). Molecular dating from
previous work further suggested that T-AGF may represent some of the oldest cultured AGF,
raising the possibility that reptiles hosted AGF before the rise of mammalian herbivores.
Because only a small number of tortoise fecal samples (n=11) had previously been examined,
we hypothesized that additional T-AGF lineages would be discovered through targeted
isolation from new tortoise samples.

This project also examined the broader fungal community of Testudines. Previous
Testudines gut microbiome studies have primarily focused on bacteria, despite the functional
importance of fungi in animal-associated microbiomes (7,8). By combining culture-
dependent isolation with culture-independent sequencing, the study aimed to describe novel
tortoise-affiliated AGF and place those findings into the wider context of fungal diversity
across turtles and tortoises.

My work specifically contributed to the isolation and characterization of novel AGF
strains from sulcata tortoises. These isolates were evaluated alongside a Texas tortoise
isolated recently isolated by another undergraduate student to determine whether they
represented new genera and whether their placement required changes to the current
taxonomy of Neocallimastigomycota. Because this project was part of a larger collaborative
effort in the Elshahed and Youssef laboratory, my report focuses primarily on the portions of
the study I directly contributed to, including targeted anaerobic isolation, culture
maintenance, substrate utilization testing, and temperature preference experiments.
Additionally, I was heavily involved in the laboratory work of microscopy, sequencing, and
phylogenetic and community-level analyses, but their interpretation and significance were
concluded higher-level individuals, and they are included only as needed to explain the
broader significance of my work.

2. Experimental Details

Targeted isolation efforts were guided by prior sequencing data that identified tortoise
fecal samples with high relative abundance of potentially novel AGF (5,6). Samples used for
my isolation work were obtained from a sulcata tortoise (Centrochelys sulcata) at the
Tanganyika Wildlife Park in August 2024 and from another sulcata tortoise at the Amarillo
Zoo in February 2025. Fecal samples were collected in sterile 50 mL Falcon tubes, frozen on
site, and stored at -20°C until used for isolation.

Isolation enrichments were prepared in an anaerobic chamber using rumen-fluid
cellobiose medium (RFC) with antibiotics (50 pg/mL chloramphenicol, 50 pg/mL penicillin
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G sodium salt, 20 pg/mL streptomycin sulfate). Enrichments were incubated at 30°C and
monitored for signs of fungal growth, including biomass formation, sticking to glass, and gas
production. Once growth was observed, roll tubes containing RFC medium, antibiotics, and
2% agar were prepared from the enrichment tubes and incubated again until colony growth
was present. Single colonies were picked in an anaerobic chamber and transferred to fresh
RFC medium with antibiotics. Roll tubing and colony-picking were repeated twice to ensure
culture purity.

Morphological characterization was conducted because the isolates appeared distinct
from previously described AGF. Cultures were evaluated using microscopy to observe
thallus structure, rhizomycelia, sporangia, zoospores, and zoospore-release mechanisms. For
selected samples, DAPI staining, confocal microscopy, and scanning electron microscopy
were used to examine nuclear localization and fine structural details.

To examine substrate utilization, cultures were grown in Balch tubes containing
rumen fluid (RF) media with individual carbon sources. Each tube had a total volume of 10
mL, consisting of 7 mL medium and 3 mL fungal culture. Three replicates were tested per
substrate and strain, along with uninoculated controls. Cultures were followed for four
consecutive subcultures. Growth was evaluated by visual inspection and gas pressure
measurements (MediaGauge). Gas pressure readings were conducted at 35 °C to eliminate
any that influence temperature changes might have on the pressure reading. Gas pressure
measurements and visual growth evaluation were condensed into a qualitative growth scale
of — (no growth), + (very slight growth), ++ (slight growth), +++ (good growth), and ++++
(very good growth), given that visually well-growing cultures did not produce noticeable gas
pressure on some substrates (Table 1).

To determine the optimal growth temperature, isolates were grown in RFC medium at
six different temperatures (22, 28, 32, 35, 37, and 39°C), and growth was evaluated using the
scale described above (Table 1). For each isolate, three replicates and one uninoculated
control were investigated at each temperature for six consecutive subcultures.

DNA was extracted from cultures grown in RFC medium and used for phylogenetic
analyses. The D1-D2 region of the LSU rRNA gene was amplified for initial identification.
For more detailed analysis, the region including ITS-1, 5.8S rRNA, ITS-2, and the D1/D2
domains of the 28S (LSU) rRNA gene was amplified (approximately 1.3 Kb). Sequencing
results were aligned to reference sequences, and phylogenetic trees were generated to
determine whether the isolates clustered with known AGF genera or represented novel
lineages.

For the broader Testudines mycobiome analysis, DNA was extracted from 71
additional fecal/cloacal samples from 27 Testudines species. Primers targeting the D2 region
of the LSU rRNA gene were used to amplify fungal sequences, which helps recover early
diverging fungal lineages that can be underrepresented by some commonly used fungal
markers (9). The samples were sent for Sanger sequencing at the Oklahoma State University



DNA Protein Core Facility. Sequence data were processed using the Mothur MiSeq standard
operating procedure (10). Sequences were quality filtered, clustered at 94% similarity as a
genus-equivalent threshold and classified using fungal LSU reference databases
supplemented with anaerobic fungal sequences. Unclassified sequences were compared to
additional databases and inserted into reference fungal trees to improve taxonomic
placement. Sequences clustering with Chytridiomycota outside described orders were
assigned putative new order designations, while Rozellomycota-aftiliated sequences were
assigned at higher taxonomic ranks when necessary.

Statistical analyses were used to identify host factors associated with fungal
community differences. The relative abundance of major fungal phyla was compared across
host family, feeding preference, food retention time, carapace length, and domestication
status. Community assembly patterns were evaluated to distinguish deterministic processes,
such as host selection, from more stochastic patterns that may reflect transient environmental
fungi.

Table 1: Growth of strains GXA2, SR0.6, and TM0.3 on different substrates and temperatures.
¢-” refers to no growth, ‘++++’ refers to very good growth. (6)

Substrates GXA2 | SR0.6 | TMO0.3
Monosaccharides Arabinose - + -
Fructose +++ +++ ++
Galactose - +++ ++
Glucose -+ 4 -+
Xylose - - -
Disaccharides Cellobiose 4 -+ -
Lactose +++ +++ -
Trehalose - - +
Polysaccharides Cellulose -+ -+ o
Chitin ++ ++ -
Inulin ++ ++ -
Pectin + + -
Polygalacturonic Acid + + -
Xylan ++ ++ ++
Temperature (°C) GXA2 | SR0.6 | TMO0.3
22 - - +
28 + ++ ++
32 - -+ -+
35 -+ -+ -+
37 ++ +++ ++
39 - ++ +




3. Results

Targeted anaerobic isolation yielded three viable AGF

isolates for further characterization (6): GXA2 from an OKC

Zoo Texas tortoise (isolated by another undergrad in the lab,
Alex Morris), SR0.6 from a Tanganyika Wildlife Park
sulcata tortoise, and TMO0.3 from an Amarillo Zoo sulcata
tortoise. All three strains have remained viable on RFC
media with weekly transfers at 30°C.

The isolates displayed distinct morphological
characteristics. GXA2 produced filamentous, polycentric
thalli with nucleated rhizomycelia and elongated,
unbranched nucleated structures (Figure 1). SR0.6 produced
filamentous, monocentric thalli with mostly anucleated
rhizomycelia and globose sporangia with hair-like
projections. Sporangia increased in size with age, with some
reaching diameters of more than 100 um. SEM microscopy
revealed pores in the sporangial wall as a potential zoospore
release mechanism (Figure 2). TMO0.3 produced filamentous,

Figure 1. GXA2 microscopy.
Further figure description in
reference 6.

polycentric thalli with less branched but nucleated filaments. Sporangia were irregularly
shaped. Zoospore release was observed through a rupture of the sporangial wall (Figure 3).
These features helped distinguish the isolates from previously described AGF genera.

Figure 2. SR0.6 microscopy. Figure 3. TM0.3 microscopy.
Further figure description in Further figure description in
reference 6. reference 6.




Substrate utilization experiments showed the substrates glucose, fructose, cellobiose,
cellulose, and xylan supported growth of all three isolates through repeated subculturing.
Lactose supported the growth of GXA2 and SR0.6 but not TMO0.3. Chitin supported growth
of GXA2, while galactose supported the growth of SR0.6 and TMO0.3. Temperature trials
showed that all three isolates grew best at 35°C, with SR0.6 also showing very good growth
at 32°C. GXA2 grew between 28 and 37 °C (Table 1). Strain SR0.6 grew between 28 and
39°C. TMO.3 grew across the widest tested range, from 22 to 39°C.

Phylogenetic analyses placed the GX, SR, and
TM isolates into three deeply branching clades related
to previously described tortoise-affiliated genera but
distinct from both each other and M-AGF. The three
novel genera and species are proposed as
Gopheromyces tardescens (GXA2),
Gigasporangiomyces pilosus (SR0.6), and
Kelyphomyces adhaerens (TMO0.3) (6). Based on
phylogenetic, physiological, and ecological evidence,
four T-AGF genera (Testudinimyces, Gopheromyces,
Gigasporangiomyces, and Kelyphomyces) were
placed into the proposed family Testudinimycetaceae.
Previous molecular dating analysis with the two
tortoise AGF genera pushed the
Neocallimastigomycota divergence to the early
Cretaceous. The addition of the three novel taxa to

the AGF phylogenomic tree further suggested an
earlier divergence time of AGF, to the early
Cretaceous/late Jurassic (Figure 4).

The broader Testudines gut mycobiome analysis

Figure 4. Updated phylogenetic
tree of AGF. Further figure
description in reference 6.

revealed a highly diverse fungal community. Across 71 additional fecal/cloacal samples,
representatives of 17 phyla and 157 orders were identified (11). Four major phyla
(Neocallimastigomycota, Chytridiomycota, Ascomycota, and Basidiomycota) made up most
of the community. Neocallimastigomycota represented 19.56% of the total dataset and were
identified in nearly all (68/71) samples examined. Its relative abundance was higher in family
Testudinidae (tortoises) (42.36+£37.99%), compared to all other host families (3.31+4.28%)
combined, and it was significantly associated with feeding preference, gut retention time,
host family, carapace length, and domestication status. Comparisons of different feeding
preferences showed species with a primarily herbivorous diet harbored significantly more
Neocallimastigomycota than those that are primarily carnivorous or omnivorous with a
carnivore diet preference (Wilcoxon test p-value<0.05).



The sequencing survey also
identified representatives of several
recently described yet-uncultured fungal
phyla (11,12) (Figure 5). The analysis
also identified putative novel orders in
Chytridiomycota and higher-rank
lineages in Rozellomycota. Because
many of these lineages occurred at low
relative abundances, they may represent
rare community members, transient
fungi passing through the GI tract, or
environmental fungi associated with
sample collection.

Community assembly analyses
suggested that tortoise fungal
communities are more strongly shaped
by deterministic processes than those of
several other turtle families. This pattern indicated that host-
associated selection may be especially important in
Testudinidae. In contrast, more stochastic patterns in other
turtle families may reflect a larger contribution of transient

Figure 5. Phylogenetic fungal tree
of life based on D1-D2 regions of
LSU rRNA. Further figure
description in reference 11.

environmental fungi. Overall, differences in Testudines fungal community structure were
largely driven by the abundance and identity of Neocallimastigomycota.

4. Discussion and Conclusions

This project expands the known diversity of anaerobic gut fungi by describing
tortoise-affiliated AGF and the characterization of the Testudines fungal gut microbiome.
The isolation of SR0.6 and TMO0.3 from sulcata tortoises, together with the Texas tortoise
isolate GXAZ2, increased the number of known T-AGF genera from two to five. Their distinct
morphology, substrate utilization patterns, temperature preferences, and phylogenetic
positions support their recognition as three novel genera. The discovery of Gopheromyces,

Gigasporangiomyces, and Kelyphomyces also has taxonomic significance (6). The T-AGF
form deep-branching lineages that differ from M-AGF in host preference, phylogenetic
placement, and physiology. These differences support the proposal of Testudinimycetaceae
to accommodate several of the T-AGF genera. This taxonomic revision reflects the growing
evidence that reptile-associated AGF are not simply extensions of M-AGF diversity but

instead represent distinct evolutionary lineages.

The physiological results further suggest that T-AGF may be adapted to their host
environment. Compared with many M-AGF, these isolates grew across lower and broader
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temperature ranges, which help them persist in the poikilothermic hosts. Differences in
substrate use including growth on galactose by SR0.6 and TMO0.3 and growth on chitin by
GXAZ2 suggest that these fungi may have metabolic capabilities worth further investigation.
Future genomic work could clarify the genetic basis of these traits.

The Testudines mycobiome survey placed the culture-based finding in a broader
ecological context (11). Neocallimastigomycota was not limited to strict herbivorous
tortoises but was detected across nearly all Testudines samples examined. This challenges the
previous assumption, based largely on mammalian hosts, that AGF colonization requires
strict herbivory and a dedicated fermentation chamber. Although turtles are not strict
herbivores and do not possess the same gut structures as ruminants, they often have long food
retention times, anaerobic conditions in the large intestine, and at least some plant material in
the diet. These features may allow Neocallimastigomycota to colonize plant material within
the turtle GI tract.

At the same time, the much higher abundance of Neocallimastigomycota in
Testudinidae suggests that tortoises provide especially favorable conditions for resident AGF
communities. In contrast, many other fungal lineages detected in the broader survey were
rare or variably distributed, suggesting that some may be transient members introduced
through diet or the environment. This distinction between resident and transient fungi is
important for interpreting animal mycobiomes, especially in hosts that interact closely with
soil, sediment, aquatic environments, and diverse diets.

Together, these results show that Testudines are valuable hosts for understanding
fungal evolution and animal-associated mycobiomes. The project broadens the fungal tree of
life by identifying novel cultured AGF lineages as well as additional representatives of
uncultured fungal groups. Future work should continue sampling a wider range of tortoise
and turtle species, improve isolation strategies for difficult to culture lineages, and use
comparative genomics to understand how host ecology shapes AGF evolution and function.

5. Summary

My Niblack project contributed to the discovery and characterization of novel tortoise-
affiliated anaerobic gut fungi and to the broader description of fungal diversity in Testudines.
Targeted isolation from sulcata tortoise fecal samples yielded novel AGF strains that,
together with a Texas tortoise isolate, support the description of three new genera and
species: Gopheromyces tardescens, Gigasporangiomyces pilosus, and Kelyphomyces
adhaerens. These isolates expand the known diversity of tortoise-associated AGF and
support the proposal of the new family Testudinimycetaceae. Sequencing of 71 Testudines
fecal/cloacal samples revealed a diverse gut mycobiome and showed that
Neocallimastigomycota occurs across nearly all sampled host families but is most abundant
in tortoises. Overall, this work supports the importance of reptile hosts in AGF evolution and
highlights Testudines as an underexplored source of fungal diversity.
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ABSTRACT

Ratites are a commonly overlooked group of large flightless birds including the emu, ostrich,
and rhea that each possess a unique gastrointestinal makeup. Here we present a
comprehensive, comparative metagenomic analysis of the gut microbiome of these three
Ratites. We recovered 494 high-quality genomes from 3.2 Gbp of sequencing data. These
genomes represented 17 phyla, 21 classes, 55 orders, and 103 families. Each Ratite displayed
a significantly distinct microbial community with host phylogeny, gastrointestinal
architecture, and diet being identified as the main drivers of unique community composition.
The phyla, Bacillota and Bacilloita_A dominated the ostrich and rhea samples while
Bacillota and Actinomycetota dominated the emu community. Despite the phyla overlap,
each Ratite saw vast divergence at the family level. Carbohydrate-active enzyme (CAZyme)
profiling revealed a shared composition of GH13, GH43, and GHS5 across the Ratites, though
the distribution of these CAZyme classes varied between each animal. These findings
contribute to the classification of the uncharacterized Ratite gut microbiome and the
CAZyme profile within them.

Introduction

Animals harbor a wide array of microorganisms, including bacteria, fungi, protozoa
viruses and archaea within their gastrointestinal tract (Barko et al., 2018). Collectively, these
microorganisms make up an animal’s gut microbiome. The gut microbiome plays a multitude
of roles in the health of an animal such as nutrient absorption (Negash, 2022), immune
system regulation (Choden and Cohen, 2022), disease progression (Yoshida et al., 2018), and
brain health (Mohajeri et al., 2018). The study of the gut microbiome makes vast
contributions to expanding the known diversity of microorganisms, understanding the
intricacies of co-evolutionary relationships between a host and its microbiome, identifying
the impact specific taxa have on their host, and displaying the relation between the health of
other animals to humans. Over the past two decades, progress in studying the animal gut
microbiome has been remarkable (Peixoto et al., 2021). This progress has been marked with
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an emphasis on human health (Liang et al., 2018), animals of economic importance (e.g.
cattle) (Zhou et al., 2018), and studying common animal models such as mice (Park and Im,
2020) and zebra fish (Zhong et al., 2022). Beyond this, research into more unusual host, such
as pets and zoo animals, to address antimicrobial resistance and expand the known diversity
of microbes, has received relatively less attention (Youngblut et al., 2020) (Schmartz et al.,
2024). However, more is needed as a plethora of animals remains unstudied.

Birds (Aves) are an extremely diverse class of animals that potentially contain up to
18,000 species (Barrowclough et al., 2016). Within Aves, the order Struthioniformes
(commonly referred to as Ratites) are large, flightless birds that lack a kneel and are
comprised of the ostrich, emu, rhea, cassowary, and kiwi (Kummrow, 2015). Within the
Ratites, the ostrich, emu, and rhea possess differing gastrointestinal makeup. The ostrich
possesses a unique gastrointestinal makeup that relies on hindgut-fermentation in their
enlarged cecum and colon (Matsui et al., 2010). The rhea has a paired cecum but lacks a
distinct colon (Frei et al., 2015). The emu, more in-line with a typical Ave digestive system,
lack both a paired cecum and distinct colon (Frei et al., 2015). These differences in
gastrointestinal architecture point to potentially well adapted microbial communities fitted to
these birds’ diets and gastrointestinal makeup.

To date, examination of the microbial gut communities of these ratites has been sparse
and focused on identification of the cause of mortality in a farm setting, mostly using 16s
rRNA amplicon-based surveys (Videvall et al., 2020) (Curry et al., 2022) (Kim et al., 2023).
Nevertheless, a comprehensive detailed metagenomic analysis of the gastrointestinal tract
microbiome of these Ratites remains currently lacking.

To this end, we conducted a metagenomic based survey on three Ratite species, the
ostrich, emu, and rhea to address the microbial communities’ differences between and in
species, compare this to Aves as a whole, identify key organisms within their respective
communities, and highlight specific and prevalent metabolic functions.

Experimental Details

Ostrich fecal samples (n=7), emu fecal samples (n=7), and rhea fecal samples (n=7)
were passively collected in 2025 from various private farms located in Vermont, Arkansas,
Arizona, and Illinois within the USA. The fecal samples were aseptically collected in 50-mL
falcon tubes and put on ice for transport. Once in the laboratory, the fecal samples were
placed at -80°C for storage until being processed for DNA extraction.

DNA was extracted from each of the fecal samples using the Quick DNA fecal/soil
microbe miniprep kit according to the manufacturer’s instructions (Zymo, Irvine, California,
USA) Once extracted, the DNA was subjected to quantity and quality analysis using Qubit



™ dsDNA HS Assay Kit (Thermo Fisher, Waltham, Massachusetts, USA) and the 4200
TapeStation System (Agilent, Santa Clara, California, USA) to determine the concentration
and fragment length of the extracted DNA.

Extracted DNA was subjected to shotgun metagenome DNA sequencing using the
IMlumina NextSeq 2000 platform (San Diego, California, USA). The metagenomic reads were
trimmed and quality filtered using Trimmomatic v.0.39 (Bolger et al., 2014). The high-
quality trimmed metagenome reads were then assembled into metagenomic contigs using
Megahit v.1.2.9, using base parameters, with all samples being combined on a per animal
basis (Li et al., 2016). The metagenomic contigs were assessed for quality using QUAST
v.4.4, confirming large and complete contigs (Gurevich et al., 2013).

The high-quality contigs were binned into draft genomes using CONCOCT vl.1
(Alneberg et al. 2013), MetaBAT2 v1.7 (Kang et al., 2019), and MaxBin2 v2.2.4 (Wu et al.,
2016). DAS Tool v1.1.2 was used to combine and optimize the bins from each of the
previously listed programs (Sieber et al., 2018). CheckM v1.0.18 was used to estimate the
genome completeness and contamination of the draft genomes (Parks et al., 2015). Low-
quality bins (>10% contamination and/or <50% completeness) were not evaluated further.

Taxonomic classification and novelty assessment followed the Genome Taxonomy
Database (GTDB) release 226 (Parks et al., 2022) and were carried out using GTDB-Tk
v2.3.2 on default parameters (Chaumeil et al., 2022). The phylogenetic analysis evaluated the
alignment and identification of 120 bacterial and 122 archaeal single-copy marker genes
generated within GTDB-Tk (Chaumeil et al., 2022), using this data, a phylogenetic tree was
assembled using FastTree 2 (Price et al., 2010).

Common genomic features including genome size, coding density, GC content,
number of genes, and average gene length were gathered using a custom-made Pearl Script.
Other common features such as the number of ribosomal RNA and transfer RNA genes were
gathered using Barrnap v.1.10.5 (https://github.com/tseemann/barrnap) and tRNAscan-SE
(Chan and Lowe, 2019), respectively.

Due to the primarily herbivorous nature of the evaluated Ratites, a portion of their
carbohydrate metabolism was examined through looking at the community of carbohydrate-
active enzymes (CAZymes) produced by members of their gut microbiome. CAZymes are a
class of enzymes that are involved in the breakdown of complex polysaccharides, such as
cellulose, hemicellulose, and starch (Gavande et al., 2023). To see which CAZyme families
were present within the gut microbiome of each animal, the previously assembled
metagenomic contigs were annotated, using Prokka v1.14.5 (Seemann, 2014), and combined
for each Ratite then input into the meta server, dbCAN2 v10 (Zhang et al., 2018), whose
database includes ~500,000 individual CAZyme sequences (Zheng et al., 2023).
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Results

Metagenomic sequencing of the different Ratite fecal samples yielded a total of 3.2
Gbp of reads, with an average of 94.96% of the reads being assembled into contigs for each
animal. A total of 651 draft genomes were binned, of which, 494 genomes remained after
quality control. These high-quality metagenome-assembled genomes (MAGs) belonged to 17
phyla, 21 classes, 55 orders, and 103 families across the three Ratites. Each Ratite displayed
a unique distribution and composition of taxa within their respective gut communities. At the
phylum level, the emu samples were dominated by the phyla, Bacillota and Actinomycetota.
While the ostrich was comprised of, Bacillota A, Bacillota, and Bacteroidota. Lastly, the
rhea samples displayed a large distribution of, Bacillota A and to a lesser extent, Bacillota.
At the family level, the three Ratites display a wider divergence when compared to each
other. Within the emu microbiome, the prevalent families are Aerococcaceae and
Propionibacteriaceae. While the ostrich samples are comprised of Lachnospiraceae and the
uncultured family, UBA660. Similarly, the rhea samples are vastly dominated by the family,
Lachnospiraceae. The communities between these three Ratites, as displayed on an
exploratory analysis, shows a clear distinction in community composition between them,
with the emu and ostrich communities sharing the most similarity. Along with taxonomic
evaluation, assessment of the novelty of the MAGs was executed, displaying 1 novel family,
23 novel genera, and 262 novel species based on relative evolutionary divergence (RED)
value.
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Figure 1- Microbial community composition within each Ratite (Top- Emu, Middle- Rhea, Bottom- Ostrich) fecal sample at the phylum
(pie chart, colors indicate different phyla), class (brackets), and family (stacked bar plots, colors indicate different families) level.
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Analysis of the composition of CAZymes within each Ratite sample was conducted,
displaying that the samples shared a similar community of CAZyme families but varied in
the distribution of said families. Glycoside hydrolases (GHs) are a family of degradative
CAZymes that break down a variety of polysaccharides through hydrolyzing glycosidic
bonds (Gavande et al., 2023). This CAZyme family was the most dominate among the
samples, specifically, GH13, GH43, and GHS. GH13 is a group that is mostly comprised of
a-amylases which break the internal a 1-4 link in starch and glycogen (Gavande et al., 2023).
GH43 is a group of enzymes that break down hemicellulose, an abundant polysaccharide in
plant cell walls, through the activity of B-xylosidases and a-arabinofuranosidases (Morais et
al., 2021). GHS are a group that participates in the breakdown of cellulose, the main
component of plant cells walls, through the activity of endo-3-1-4-glucanase (endoglucanase)
(Gavande et al., 2023). The emu samples displayed a large domination of GH13 and GH43.
Similarly, the ostrich samples also contained large amounts of GH13 and GH43 but
presented a more even distribution of these two families when compared to the emu and
contained a higher amount of GHS. More in line with the ostrich, the rhea samples were
dominated by GH13 and GH43 but had a higher distribution of GH13 and less GH43, as
compared to the ostrich. The amount of GHS was similar between the ostrich and emu.
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Discussion and Conclusions

As displayed above, across the three Ratites, there lies a distinct microbiome community
and distribution within their respective gastrointestinal tracts. The taxonomic composition of
these Ratites displays the contributions made by microorganisms within their digestive
systems. At the phylum level, each of the hosts are dominated by Bacillota, which aligns
with the established role of these phyla in the greater avian gut microbiome previously
described in wild birds by Grond et al. (2018). In domestic chickens, Bacillota abundance
has been associated with mass gain, potentially due to the production of short-chain fatty
acids as byproducts of fermentation, supplying the animal with an additional energy source
(Grond et al., 2018). Notably, this pattern has not been displayed in non-poultry birds. In the
context of these ratite diets, this fermentation capacity is especially important as these Ratites
are primarily herbivores, having diets of high-fibrous plant biomass and seeds, reflecting
need for the Bacillota phylum within their gut microbiome. Strikingly, the rhea and ostrich
microbiomes show a high representation of Bacillota A (which includes lineages previously
classified within Clostridia). Commensal Clostridia constitutes a large portion of the gut
microbiome of vertebrates, where they play a crucial role in gut homeostasis through the
release of short-chain fatty acids as an end production of fermentation, providing a primary
energy source from consumed plant material (Lopetuso et al., 2013). On the other hand, the
emu has a more even split between the phyla Bacillota and Actinomycetota within their gut
community. Since emu’s consume a larger portion of small invertebrates along with plant
biomass, when compared to rheas and ostriches (Sales, 2006), the presence of
Actinomycetota could potentially be attributed to the omnivorous feeding pattern of emus.
Overall, the taxanomic differences between these ratites can be drawn back to their
differences in feed patterns, gastrointestinal makeup, and evolutionary history.



The CAZyme profiles recovered from each of the ratite gut microbiomes display a
functional dimension to the observed differences in community composition, with all the
ratites sharing a broadly similar community of enzymes while displaying a differing in the
distributions of the families. The abundance of the GH family of CAZymes, namely, GH13,
GH43, and GH5 are consistent with the primarily herbivorous diets of these animals. The
dominance of GH13 within every sample, a class comprised mostly of a-amylases, reflects
the high starch content of the plant biomass and seeds that form the basis of these animals’
diets. Similarly, the high representation of GH43 displays the importance of hemicellulose
degradation in the breakdown of the plant cell wall, through the activity of B-xylosidases and
a-arabinofuranosidases. The elevated GH5 composition in the ostrich and rhea compared to
the emu, is potentially due to their fermentative architecture, namely the cecum and colon, in
the gastrointestinal tract of these ratites, with the ostrich and to a lesser extent the rhea
favoring plant biomass retention within their gut. The alignment between the differing
distribution of CAZymes and the differing taxonomic composition of the Ratites potentially
points to varying contribution from the well-adapted microorganisms within their respective
gut microbiome, with the functional differences between hosts mirroring the compositional
differences.

This study provides one of the first comprehensive, comparative metagenomic analysis
of the Ratite gut microbiome across three different ratite species that differ in their
gastrointestinal makeup. We recovered 494 high-quality MAGs from these Ratite samples,
displaying a unique taxonomic and enzymatic composition and distribution within each
Ratite. The alignment between the differing taxonomic composition and CAZyme
distribution suggests that the Ratites microbes are well adapted to their respective metabolic
functions. The taxonomic novelty observed, including 1 novel family, 23 novel genera, and
262 novel species displays the uncharacterized nature of these Ratites gut microbiome,
warranting further investigation into the community composition and metabolic capabilities
of the animals. Future work evaluating a broader view of carbohydrate metabolism within
these Ratites can provide a necessary insight into potential unique enzyme production,
creating a more mechanistic understanding of the Ratite gut microbiome.

Summary

This study conducted a comparative metagenomic analysis of the gut microbiome of
three Ratites, the emu, ostrich, and rhea. These animals differ in their gastrointestinal makeup
and feeding patterns, leading them to possess unique taxonomic composition and a unique
CAZyme arsenal adapted to their gut anatomy and microbiome. We classified the specific
composition of these Ratites gut microbiome, a lacking area of microbiome research. While
displaying a portion of carbohydrate metabolism through an enzymatic analysis of the
CAZyme community and how taxonomic composition influences CAZyme composition.
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