Computer Science
Association

The Biotechnol And ﬁ‘m“

€ blotecnhnoliogy An " o

xBACSA 2 nga
; @

: = *,4".{
RESEARCH - o,
MAGAZINE '

2026

UNIVERSITY OF

*9 TORONTO



BACSA

FROM THE
PRESIDENTS

We are proud to present the 2026
BACSA Research Magazine, the
result of the incredible talent, hard
work, and creativity of the Research
Project 2025-2026 participants and
the entire BACSA team.

This year’s collection showcases the
power of interdisciplinary
collaboration, where biotechnology
meets computer science to solve
real-world problems.

Enjoy!

Astrid Chavez Chavira Nathan Padua
Co-President Co-President

BACSA is not responsible for any academic misconduct

BACSA Research Magazine 2026 0




TABLE OF CONTENTS

Research Competition Awards

CNN-Based Vibroacoustic Detection of Triatomine Vectors for Early
Chagas Disease Prevention (VibraPatrol)

Cancer Mutation Pattern Recognition (CAMPR): An Interactive
Simulation Platform for Teaching Cancer Genomics

A Patient-Focused Interface for Optimizing Care During Long
Emergency Department Wait Times

Cold-Weather Ammonia Removal and Downstream Ecological Risk in
Ontario Wastewater Systems: A BioCord-Informed Assessment
Framework

Comparative Analysis of CRISPR-Cas9 Strategies in Wheat and Yeast
for Gluten Detoxification

Early-Life Chronic Stress, Epigenetic Resilience, and Adult Stress-
Related Outcomes: A Computational and Systematic Review Approach

In Silico Identification of Cas12a crRNA Targets in the HIV-1/SIVcpz pol
Region

Multimodal Prediction of Alzheimer's Disease Conversion in in Mild
Cognitive Impairment: Integrating Cognitive Assessments, APOE
Genotype, and Plasma Biomarkers to Predict Alzheimer’s Disease
Conversion

Structural Modeling of the CFTR G500D Variant: An AlphaFold-Based
Analysis of Protein Folding Defects



RESEARCH COMPETITION AWARDS

R RNMXRKR

FIRST PLACE

Team : VibraPatrol

loli Ntasi Vieira
Adaeze Egwuatuonwu
Winnie Shan Ying Gu

PAPER:
CNN-Based Vibroacoustic Detection of Triatomine Vectors for Early
Chagas Disease Prevention (VibraPatrol)

SECOND PLACE

Team: MUTacj

Amir Kanbar
Calvin Joy Thomas
Jerin Varghese John

PAPER:
Cancer Mutation Pattern Recognition (CAMPR): An Interactive
Simulation Platform for Teaching Cancer Genomics

BACSA Research Magazine 2026 04




CNN-Based Vibroacoustic Detection of
Triatomine Vectors for Early Chagas
Disease Prevention (VibraPatrol)

loli Ntasi Vieira, Adaeze Egwuatuonwu, Winnie Shan Ying Gu

Abstract:

Chagas disease is a parasitic disease resulting in over 10,000 deaths annually and
progressing asymptomatically before severe cardiac complications, which remains a significant
public health concern in Latin America. The disease, transmitted by the feces of triatomine
(“kissing™) bugs, is currently poorly addressed by public health agencies. resulting in late-stage
diagnosis and reliance on manual vector detection, which in furn limits early intervention. That
said, VibraPatrol proposes a machine-learning-based acoustic detection system designed to
identify the specific vibroacoustic signals emitted by trnatomine (“kissing™) bugs upon
disturbance. This system uses microphone-embedded sensors in public spaces, such as lamp
posts, and trains a Convolutional Neural Network (CNN) on at least 50 validated triatomine
acoustic patterns.

Audio signals are preprocessed using bandpass filtering and transformed into log-mel
spectrogram representations for classification. The model performance would be evaluated based
on accuracy, precision, recall, F1 score, and false positive rate under simulated low and
high-noise environments. Based on comparable msect acoustic classification studies, VibraPatrol
would allow detection of vector presence under varying noise and distance conditions, with a
target accuracy of ~80-90% and a false-positive rate of ~15%.

Upon detection, automated risk alerts (high, medium, low) would be sent to nearby
mobile devices, informing and encowaging early testing and treatment, while supporting the
development of geospatial risk maps for disease regulation within the public health sector
Overall, VibraPatrol offers a scalable and data-driven approach to reduce Chagas disease risk in

Latin American communities through earlier detection.

BACSA Research Magazine 2026




Introduction:

Chagas disease, or American trypanosomiasis, i1s a life-threatening parasitic infection
caused by the protozoan parasite Trvpanesoma cruzi and transmitted primarily by the feces and
bites of infected triatomine insects known as “kissing bugs”, affecting more than 7 mullion
people around the world and resulting in more than 10,000 deaths every year (World, 2022). The
asymptomatic nature of this disease results in the development of severe cardiac, digestive, and
newrological medical conditions associated with chronic Chagas disease, resulting in lhigh
mortality rates, especially in Latin America (Cammo et al., 2024). While there is vet to be a
vaccine, and testing methods require innovative solutions to boost productivity and improve
diagnostics, research funding for tlis disease remams very low (Heukelbach et al, 2021).
Moreover, few studies have applied Convolutional Neural Networks (CNNs) to detect triatomine
bugs in urban settings. Therefore, earlier detection of Chagas disease is significant to reducing
disease transmission and enabling timely testing and treatment, and the reduction of total annual
healthcare burden and associated economic losses (Lee et al, 2013). Considering that early
detection requires identifying triatomine bugs before they transmut infection, more effective
detection methods leveraging technology to identify specific biological traifs of the vector are

required to reduce incidence rates of Chagas disease,

Triatomine bugs are known for the biological vibroacoustic signals they emit as
stridulation frequencies when commmunicating with members of the species (Quiroga et al.,

2019). Similar to existing acoustic technologies in agriculture, VibraPatrol aims to utilize this

feature of I' cruzi by analyzing these signals through CNN software that draws comparisons
between detected vibracoustic signals in the enviromment, with existing insect frequency
databases to identify the vector. Subsequently, this alerts Latin American Populations of their
potential exposure to Chagas disease, thereby promoting early diagnosis and disease prevention

(Mankin et al., 2021). The CNN training model was chosen due to its effectiveness in the
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analysis of bioacoustic data, and its specialty in detecting short recwring rhythms reflected
through the analyzed spectrograms of the audio. The spectrograms will convert time-frequency
sound data into 1mages, allowing deep learning of the CNN, which creates models of high
accuracy and attention to the recuming frequencies of the Tniatomine bugs (Balingbing et al.,
2024). Additionally, the CNN-based acoustic model shows high classification accuracy in
varying noise environments, including conditions characterized by elevated noise levels
(Stowell, 2022).

This study aims to develop and evaluate a CNN-based acoustic detection system trained
to identify triatomine vibroacoustic signals with >80% accuracy under varving environmental
conditions. We hypothesize that this detection system is capable of simmltaneously alerting
nearby mobile devices to triatomine presence, while providing information on Chagas disease
test centers and treatment, which allows earlier treatment and reduced transmission risk of

Chagas disease.

Method/Approach:

Data Acquisition

The method for the development of VibraPatrol commences with the collection of
triatomine (“kissing”) bug audio and/or vibration recordings from public entomology and
bioacoustic repositories on published supplementary datasets. To include a recording within our
data set, the recording should comprise a verified triatomine label with a sufficient duration (>3
seconds) for segmentation. At the end of this section of the method, a dataset should be produced
with ~50 different triatomine recordings.
Preprocessing and signal standardization

In order to properly analyze all of the different recordings gathered in the “Data
Acquisition" section of this method, all of the recordings should be standardized to a consistent
sampling rate of 22,050 Hz and for normalized amplitude consistency. Background noise
reduction was applied using a fourth-order Butterworth bandpass filter to isolate relevant

frequency ranges, using the SciPy library. Audio clips were then frinmed into fixed-length
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windows of 2-3 seconds to ensure input dimensions. All preprocessing was performed using
Python (v3.11).
Feature extraction
Two feature representations were generated:
1. Log-mel spectrograms, created using the librosa library, capture time-frequency structure.
2. Mel-frequency Cepstral Coefficients (MFCCs) to quantify spectral texture and tone

characteristics

A distinct buzzing pattern can then be cross-identified in the different audios. Spectrograms were
then resized into standardized images for CNN input.
Model development:

The data would then be divided into 70% training (the data the model learns from), 15%
validation (used during development to improve the model), and 15% unseen-test used to
evaluate performance levels. subsets using stratified sampling to preserve class balance. These
different sections of data are then fed into a CNN (Convolutional Neural Network), which
specializes in detecting textures and recognizing frequency patterns which resemble insect
acoustics. For model development and training, TensorFlow (v2.x) was used, combined with
Keras APL
The structure of the CNN model consisted of the following:

1. Convolutional layer: detects simple patterns
2. ReLU activation layer: (converts negative values to zero and keeps positive values;
allows more stable, faster, and better detection of complex patterns)
. Max-pooling layers: reduce the images and analyze a small section

Dropout (0.3) for Overfitting Prevention: turms off 30% of machine-learning neurons to

prevent performing poorly on new sounds

Fully Connected Dense Layer: combines all detected features and weighs their

importance

Sigmoid Output for Binary Classification: 2 possible outcomes (triatomine present or

absent); allows triggering of alerts based on probability
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Performance Evaluation:

To match real-world conditions, the trained CNN product would be tested in different
conditions. These would include high, medium, and low background noises from urban, public,
and rural areas. Additionally, we would test the tramed product under different distances (5m,
10m, 15m) of the tnatomine bug frequencies. The results would be analyzed on the basis of:

1. Accuracy

Precision

Recall (sensitivity)

Fl-score (measure of model accuracy while balancing missed detection and false alarms)

False positive rate
For performance evaluation metrics, scikit-learn was used.

Alert Prototype:

Simulate the alert output of the system under the same conditions in the “testing” section
of the method. Different risk notification tags (low, medium, high) would be designed and based
on the model probability outputs (=0.20 high, 0.70-0.90 medium, <0.70 low).

Marker Analysis:

VibraPatrol’s audience 1s directed towards municipal governments and public agencies in
Chagas-endemic regions of Latin America. Secondary markets would include smart-city
infrastructure imitiatives and non-govermmental organizations involved with Chagas disease.
Current prevention methods in place witlun these areas are highly reliant on manual home
imspections, reactive sprays, and passive reporting systems, which not only require significant
amounts of time and money but are also commonly incapable of detecting the parasite before

exposure has occwrred. That said, current methods do not minimize the cost involved in

medically treating Chagas disease, which m Brazil alone, has been approximated to $11.44
billion US dollars annually (Andrade et al., 2025). In this way, by providing continuous, auditory
momnitoring through a software-based system, VibraPatrol offers an innovative alternative to early
detection treatment, which solely costs around $200, compared to the $45,034 lifetime cost per

patient (Andrade et al., 2025). The system would run on a subscription model, where cities pay a
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yearly fee for each installed sensor. When taking into consideration the estimated price of the
VibraPatrol product, the following components were taken into account (DigiKey Electronics -
Electronic Components Distributor, n.d.):

Table 1. Price Estunation

Component Estimated Unit Cost (USD)

Outdoor Microphone Sensor 25

Microcontroller/Processor

Connectivity Module (Wi-Fi)

Power Interface/Adapter

Outdoor Weatherproof Enclosure

Assembly and Misc Hardware

Manufacturing

Packaging and logistics

Warranty allocations

Total

That said, in order to retain profit, the estimated sales price per unit charged to
government clients would be approximately 200 dollars, which aligns with the prices of many
smart-city sensors. This would provide a steady income for the company and would allow the
technology to be gradually expanded and, with time, advance mto both urban and surrounding
areas. Since mobile phone ownership within Latin America exceeds 70%, even in rural areas, the
platform’s real-time alert capability would further increase public health impact. Furthermore,

beyond Chagas disease, the underlying acoustic detection basis of this software could be
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expanded towards other vector-bome diseases and agricultural pests, increasing long-term
commercial viability while positioning VibraPatrol as a legitimate bio-surveillance technology.

Results:

Previous studies have demonstrated that CNN can achieve classification accuracies of
around 80-90% on acoustic insect sound datasets (Balingbing et al., 2024). It is expected that the
CNN-based acoustic model will achieve high detection performance under controlled conditions
with a target accuracy of approximately 90% in a low noise environment and approximately 80%
accuracy i high noise conditions In high noise conditions, this decrease in accuracy can be
explained by the effects of interference between the weak sound waves of the triatomine bugs,
and waves emitted from external sources (Stowell, 2022). Due to the possible similarity of
triatomine bug frequencies with other frequencies of similar insects, false positives are also
likely to occur, with an approximate 15% rate.

Additionally, when observing CNN testing results from Balingbing’s study, it becomes
clear that with increased numbers of iterations, the training and validation accuracy values
increased to approximately 97.5% and 81.7%, respectively, with training losses decreasing to
approximately 0.2% (Figure 1). This provides evidence for the accuracy found through using a
CNN model and exhibits mcreased accuracy through trammg. Even so, in Figure 1, it should be
noted that validation losses do not follow the general trend of decrease that was seen with
training losses, with a 73.4% increase with increased iterations. This increase in training loss can
be attributed towards an overfitting signal, where the model starts becoming specialized on the
data being provided for training, and becomes unfamiliar and unable to identify new incoming

audio.
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Figure 1. Training and validation loss and accuracy curves for the CNN model, plotted using
Python’s Matplotlib in Balingbing et al.

With this said, 1t should also be noted that the accuracy of VibraPatrol is highly
dependent on the conditions it is being placed within. This is seen in a study performed by Tey et
al., which aimed to detect Cicada species using a similar CNN-based acoustic device. In this
study, there were approximate “accuracies ranging from 66.67% to 100%”, which varied
depending on the background noise present and the distance from the detector device (Tey et al.,
2022). Still, when analyzing the results from their study, it became evident that when the Harma

algorithm was combined with the data, the configuration achieved 100% accuracy on the

full-length dataset and 93.02% on the cut dataset, indicating enhanced signal segmentation and
improved model reliability (Figure 2). That said, the improved Harméd method was selected as
the final model architecture for VibraPatrol, allowing an approximate 100% accuracy in audio
detection of the triatomine vibrations. Still, further validation on larger real-world datasets is

required to confirm this near-perfect performance.
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Method Description Input Accuracy

Butterworth filter + Spectrogram  Full-Length
Benchmark Test 77.78%
+ CNN Datasel

Fuli-Length
Butterworth filter + Harm3 Dataset

algorithm+ Spectrogram + CNN

TT.78%
Harma algorithm

Cut Dataset 82.70%

Butterworth filier + Harma Full-Length 77.78%
Hirma algorithm + g : Dataset :
algorithm + Thresholding +
Threshelding

SRCHCG T+ NN CutDataset 91.87%

Butterworth filter + Improved Full-Length 100%

Improved Harma
Hérmé algorithm+ Spectrogram Dataset

algorithm
+ CNN

Cut Dataset 93.02%

Figure 2. Table on accuracy comparison of CNN-based models from Tey et al’s study

In this way, we expect our device to perform n a similar manner, ranging in accuracy
based on the provided conditions. The performance of VibraPatrol is predicted to decrease
slightly as the simulated distance between the sound source and the sensor increases. This is due
to the strength of the signal; still, detection accuracy should remain above 70% within a 5-10
meter range, which supports the feasibility of a streetlight-level installation.

The alert system prototype is expected to trigger successful risk notifications within
seconds of confirmed triatomine bug presence, encouraging early testing and early treatment.
This 1s seen in studies such as Meckawy et al, which observed the effectiveness of early waming

systems in the detection of infectious disease outbreaks and found that there is consistent data

that systems compiling pre-diagnosis data are more proactive at preventing infection (Meckawy
et al., 2022). Furthermore, the data collected by VibraPatrol is expected to generate geospatial
heatmaps indicating high-frequency of triatomine activity zones, which further supports the

potential for predictive public health mapping
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that systems compiling pre-diagnosis data are more proactive at preventing infection (Meckawy
et al., 2022). Furthermore, the data collected by VibraPatrol is expected to generate geospatial
heatmaps indicating high-frequency of triatomine activity zones, which further supports the

potential for predictive public health mapping

Discussion:

The results of this study demonstrate that a CNN-based acoustic detection system can
reliably identify friatomine vibroacoustic signals under controlled and moderately noisy
conditions. While detection accuracy may vary depending on the conditions, the overall
detection is approximated to be around 80-90% (Balingbing et al., 2024). This indicates that
spectrogram-based learning 1s an appropriate computational strategy for tlus application.
Although performance decreases with imcreased background noise and at greater distances,
accuracy remains within a range that supports practical deployment on streetlight-level
infrastructure. These findings align with previous research demonstrating that CNN performs
effectively in insect sound classification tasks.

Furthermore, the integration of an automated alert system transforms acoustic detection
into an actionable public health intervention. This was found consistent with studies regarding
early waming systems that evidenced an increase n earlier testing and vector control measures.
However, limitations include dependence on high-quality acoustic datasets, potential
environmental mterventions (wind, overlapping insect species), and the need for real-world field
validation. It should also be noted that maintaining low false-positive rates will be critical in
preventing alert fatigue among users while ensuring public trust.

From a commercialization perspective, VibraPatrol demonstrates how software can act as
a service that allows mumcipalities to expand sensor networks based on risk density and budget
constraints, The ability to combine detection data into geospatial risk maps further increases its

value beyond individual alerts, but as a surveillance and epidemiological analytics tool.
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Conclusion:

VibraPatrol presents itself as a novel, data-driven approach to Chagas disease prevention
by combining bioacoustic science with inmovative machine-learning techniques. By utilizing
CNN-based spectrogram classification, the system reflects the technical feasibility of detecting
triatomine acoustic signals under varying environmental conditions. This provides a proactive
alternative to traditional, labor-intensive vector surveillance methods. With the integration of

automated mobile alerts, the passive detection from the system is converted mto an actionable

public health intervention, which in tumn enables earlier testing, targeted vector control, and

improved community awareness. Furthermore, VibraPatrol is positioned as a commercially
viable solution within the public health sector, allowing municipalities to implement continuous
monitoring infrastructures with predictable costs and coverage. Future work would focus on pilot
testing in endemic regions while expanding to larger datasets to validate performance under
authentic environmental conditions. Overall, VibraPatrol represents an innovative intersection
between biotechnology and public health, with the potential of significantly enhancing early

detection and treatment for Chagas disease across endemic regions.
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Cancer Mutation Pattern Recognition
(CAMPR): An Interactive Simulation Platform
for Teaching Cancer Genomics

Amir Kanbar, Calvin Joy Thomas, Jerin Varghese John

Abstract

CAMPR. also known as Cancer Mutation Pattern Recognition, is a newly developed interactive R Shiny
educational web application that aims to bridge the gap between theoretical cancer genomics education
and practical expenience with real-world mutation data for undergraduate students pursuing biomedical
studies. CAMPR provides a simulation of paired cancer and normal genomic profiles using the empirical
distribution of mutation burdens. driver gene frequencies, mutational signatures, and copy-number
alterations from the TCGA and COSMIC public repositories, integrating them into a 0-100 single cancer
likelihood score that mirrors the reasoning process of a pathologist. A pilot study was conducted with 31
students enrolled in biotechnology. molecular biology. or related programs at the University of Toronto
who used CAMPR to analyze patient cohorts and interpret results, followed by a post-use survey
regarding the application's educational value. Results of significant improvement (mean 2.48 £ 0.93 to
4.26 + 0.68; paired #(30) = 9.09, p < 0.0001) were achieved for self-reported understanding of DNA
sequencing post-use. with strong support of the interactive visualizations as well as increased confidence
in data analysis. Participants requested more onboarding instructions and methods of integration into
curicula. Overall, CAMPR emphasizes the rue value of simulation-based tools for scalable genomics

within the biomedical field
Introduction

Cancer is a genomic disease driven by the accumulation of somatic mutations and structural changes,
such as amplification, that disrupt regular cellular processes (Vogelstein et al., 2013). In the year 2022
alone, approximately 20 million new cancer cases were logged. along with 9.7 million deaths,
emphasizing the disease's drastic impacts on contemporary civilizations (Bray et al., 2024). Nevertheless,
statistics could only be fully representative of real-time disease progression if supported by accurate
reporting, which is not consistently observed in countries with low standards of care. Large-scale
initiatives such as The Cancer Genome Atlas (TCGA) have generated extensive datasets that reveal
mutation signatures, driver genes, and genomic patterns associated with various types of cancers. These
discoveries have transformed cancer research and clinical oncology to help better the lives of those who

have been diagnosed with cancer with better diagnosis, prognosis, and therapy to combat the cancer as a
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result of proper genomic sequencing (Alexandrov et al., 2013; Vogelstein et al., 201 3). Despite the critical
nature of genomic data and its central role in cancer research and treatment, the capability that students
have to analyse and interpret such data should be a core competency within the biomedical sciences

industry.

integrated cancer likelihood scores. By providing students with guided engagement with diverse genomic
datasets mimicking a clinical research setting, they can develop analytical reasoning skills used in cancer
genomics while building upon their computational and data interpretation skills. This study investigates
whether an interactive simulation platform that models realistic cancer mutation patterns can improve

undergraduate students’ understanding and confidence in interpreting cancer genomic data.

Hypothesis

An interactive, simulation-based computational platform that models realistic cancer mutation patterns
and guides students through structured genomic data analysis will significantly improve undergraduate
biomedical students’ understanding of cancer DNA sequencing interpretation and increase their

confidence in applying genomics concepts within research and clinical contexts.

Methods

Study Design and Objective

This computational genomics study aimed to develop and evaluate the Cancer Mutation Pattern
Recognition (CAMPR) web application, an interactive simulation tool designed to improve understanding
of cancer DNA sequencing analysis and clinical interpretation among undergraduate biotechnology
students. The project consisted of three phases: (1) data acquisition and modeling of realistic cancer

mutation pattems from public repositories; (2) development of a probabilistic scoring algorithm and

Shiny-based web application (https://ak-pjcis. shinvapps.io/campr/); and (3) user testing with

undergraduate and graduate peers to assess leaming onfcomes via a post-use survey

Data Acquisition and Mutation

Modeling Somatic mutation and copy number alteration data were obtained from publicly available
cancer genomics repositories, including The Cancer Genome Atlas (TCGA), the Catalogue of Somatic
Mutations in Cancer (COSMIC), and the Sequence Read Archive (SRA). Mutation frequencies, variant
types (single-nucleotide variants, insertions/deletions, structural variants), and mutational signatures were
extracted and sumimarized 1o parameterize realistic simulation profiles. For each of n virtual patients,
paired cancer and normal genomic profiles were generated by sampling from these empirical
distributions. Driver genes (e.g.. TP33, EGFR, KRAS, PIK3CA, BRCA1/2) were assigned elevated

mutation probabilities to reflect their established roles in oncogenesis. Mutation burden ranges were
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undergraduate students’ understanding and confidence in interpreting cancer genomic data.

Hypothesis

An interactive, simulation-based computational platform that models realistic cancer mutation patterns
and guides students through structured genomic data analysis will significantly improve undergraduate
biomedical students’ understanding of cancer DNA sequencing interpretation and increase their

confidence in applying genomics concepts within research and clinical contexts.

Methods

Study Design and Objective

This computational genomics study aimed to develop and evaluate the Cancer Mutation Pattern
Recognition (CAMPR) web application, an interactive simulation tool designed to improve understanding
of cancer DNA sequencing analysis and clinical interpretation among undergraduate biotechnology
students. The project consisted of three phases: (1) data acquisition and modeling of realistic cancer

mutation pattems from public repositories; (2) development of a probabilistic scoring algorithm and

Shiny-based web application (https://ak-pjcis. shinvapps.io/campr/); and (3) user testing with

undergraduate and graduate peers to assess leaming onfcomes via a post-use survey

Data Acquisition and Mutation

Modeling Somatic mutation and copy number alteration data were obtained from publicly available
cancer genomics repositories, including The Cancer Genome Atlas (TCGA), the Catalogue of Somatic
Mutations in Cancer (COSMIC), and the Sequence Read Archive (SRA). Mutation frequencies, variant
types (single-nucleotide variants, insertions/deletions, structural variants), and mutational signatures were
extracted and sumimarized 1o parameterize realistic simulation profiles. For each of n virtual patients,
paired cancer and normal genomic profiles were generated by sampling from these empirical
distributions. Driver genes (e.g.. TP33, EGFR, KRAS, PIK3CA, BRCA1/2) were assigned elevated

mutation probabilities to reflect their established roles in oncogenesis. Mutation burden ranges were
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calibrated separately for cancer and normal samples to recapitulate typical Tumor Mutational Burden

(TMB) differences observed in clinical cohorts.

Algorithm Development

A composite probabilistic scoring algorithm was constructed to integrate multiple genomic features into a
single cancer likelihood score. mirroring the reasoning process of a pathologist. Biological weights were
assigned to each feature based on prior evidence (Alexandrov et al., 2013) and validated associations with
cancer hallmarks. Features included: (i) total mutation count and TMB percentile, (ii) presence of driver
gene mutations, (iii) specific mutational signatures linked to exogenous or endogenous mutagenic
processes (e.g.., APOBEC, UV-light, defective DNA repair), and (iv) focal amplifications or homozygous
deletions in known oncogenes or tumor suppressors. The weighted sum of these features was transformed

into a 0—100 score, where higher values indicate greater genomic evidence of malignancy.

Web Application Development

The CAMPR web application was built using the R Shiny framework to provide an interactive,
browser-based interface. Users can simulate customizable cohorts by adjusting the total number of
patients, cancer:normal sample ratio, driver gene list, and mutation frequency ranges. Upon generation,
the application displays descriptive visualizations (mufation plots, copv number heatmaps, TMB boxplots,
mutational signature bar charts) and computes the cancer likelihood score for each simulated sample.
Embedded instructional prompis guide users through stepwise interpretation. from raw variant calls to
clinical reporting. No prior programming experience is required. The application is hosted on a secure

Shiny server and is accessible on standard computing devices.

Algorithm Validation and Simulation Fidelity

Researchers developed and validated the CAMPR algorithm using somatic mutation and copy number
data from TCGA. COSMIC, and SRA. They then tested it on independent cohorts to evaluate how well it
generalizes (Bailey et al., 2018). Statistical comparisons between simulated and real datasets revealed no
significant differences in mutation burden, proportions of mutation classes, or driver gene mutation
frequencies when analyzed with t-tests and ANOVA. These results confirm the accuracy of the simulation
(TCGA: COSMIC). Researchers also calibrated separate nmtation burden ranges for cancer and normal
samples, which successfully reproduced the typical TMB separation observed i clinical datasets

(Chalmers et al., 2017).

CAMPR combines total mutation count, TMB percentile, driver gene status, mutational signatures, and
focal copy number changes into a single weighted score ranging from 0 to 100. The algorithm bases these
weights on well-established associations with cancer development (Alexandrov et al., 2013; Vogelstein et
al., 2013). Testing with TCGA and COSMIC data showed that cancer samples consistently received
higher scores than normal samples. The contributions from individual features also matched expected

biological patterns. For example. nunors with TP53 mutations or signamres from APOBEC activity or
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mismatch repair deficiency produced appropriately elevated scores (Martincorena & Campbell, 2015;
Helleday et al.. 2014). Researchers visually examined simulated mutation plots and copy number
heatmaps, which accurately captured characteristic patterns of oncogenic alterations and confinned the

biological realism of the synthetic datasets.

User Testing and Educational Assessment

A convenience sample of 31 students. 25 undergradunate and 6 graduate students enrolled in
biotechnology, molecular biology, or related programs at the University of Toronto, participated in the
evaluation. All participants had completed at least one foundational course in genefics or genomics.
Testing was conducted in February 2026 during a one-week window (1-7th). Smdents were instructed o
mndependently explore the CAMPR application. Immediately following the independent session.
participants completed a post-use anonymous survey designed to measure learning outcomes, perceived
confidence, and user experience. The survey included: (i) Likert-scale questions assessing self-rated
understanding of key concepts (germline vs. somatic variants, TMB, driver mutations. mutational
signatures); (11) multiple-choice and short-answer questions evaluating the ability to interpret simulation
outputs and apply concepts to clinical scenarios: (iii) items on perceived educational value and platform
usability: and (iv) open-ended prompts for qualitative feedback. The survey instrument (Google Forms)

was adapted from validated educational assessment tools.

Data Analysis

Quantitative survey responses were analyzed using descriptive statistics (means, standard deviations,
frequencies). Pre- and post-activity self-assessment ratings were compared using paired t-tests fo evaluate
perceived learning gains following interaction with the platform. Likert-scale itlems were treated as
continuous for the calcunlation of mean scores and standard deviations. Qualitative responses from
open-ended questions were analyzed using thematic analysis: two researchers independently coded the
text, identified recurring themes. and resolved discrepancies through discussion. All data were

anonymized and stored in password-protected systems accessible only to the research team.

Ethics Statement

This study was conducted in accordance with the University of Toronto’s guidelines for educational
research involving human participants. All participants provided informed consent before data collection.
No personal identifying information was collected, and participation was entirely voluntary. No

compensation was provided for participation in this study.
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Results

Participant characteristics

Thirty-one students completed the CAMPR post-exploration survey, including 26 undergraduate and 6
graduate students enrolled in biotechnology. molecular biology. or related programs. All participants
reported prior exposure to at least one genetics or genomics course, consistent with the inclusion criteria
described in the Methods. As shown in Figure 1, self-rated pre-activity understanding of cancer DNA
sequencing analysis clustered in the low-to-moderate range (1-4 on a 5-point Likert scale), whereas
post-activity ratings were predominantly in the moderate-to-high range (3-5). indicating perceived gains
in conceptual understanding following a single independent CAMPR session. While the study primarily
evaluated perceived leaming outcomes through self-reported survey responses, several swrvey items also
required interpretation of simulated genomic outputs. These responses provided evidence that students

were able to apply concepts introduced through the CAMPR platform.

#%4% (0 < 0.0001)

Pre-CAMPR Post-CAMPR

Figure 1. CAMPR significantly improves self-reported understanding of cancer DNA genomic
analysis. Paired responses from 31 participants were collected before and after trying the CAMPR
simulation. Each line represents an individual participant’s change in self-reported understanding. Mean
scores increased from 2.48 + 0.93 (SD) before CAMPR to 4.26 + 0.68 after CAMPR. A paired two-tailed

i-test revealed a significant improvement following the simulation (1(30) =9.09, p < 0.0001).

CAMPR feature usage was broad: most students engaged with mulfiple components, including synthetic

cohort generation, driver gene customization, cancer probability score calculation, TMB analysis,
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visualization of mutation patterns, and interactive data exploration. A small subset of participants used
only a more resiricted feature set (for example, focusing on cancer probability scores and interactive
exploration), which provides a natural gradient of exposure for evaluating which components contributed
most strongly to perceived learning. Nearly all students reported that the simulation was at least as
effective as, and often more effective than, textbook-based leaming for understanding cancer genomics

concepts, suggesting high perceived educational value of the platform.

Across attitudinal items, students generally agreed that CAMPR improved their understanding of driver

murations, mutation burden, and cancer probability scoring logic. Figure 2 illustrates the distribution of

ratings across these core conceptual domains. demonstrating consistently positive post-activity

perceptions.

Cancer Probability Score Understanding

Understanding Mutation Patterns

Understanding of Cancer Mutation Count

Understanding of Cancer Mutation Burden

Understanding of Impact of Driver Genes l

0% 20% 40% 60% 80%

Bl =2 23 =4 BS

Figure 2. Student understanding of key cancer genomics concepts after completing the CANMPR
simulation. Participants rated statements assessing understanding of cancer probability scores. mutation
pattemns, count. burden. and driver gene identification using a 1-5 Likert scale (1 =strongly disagree, 5=

strongly agree). Bars show the distribution of participant responses across all rating categories.

Many respondents also endorsed increased confidence in analyzing genomic data, explaining basic cancer
genomics concepts to peers, and approaching primary cancer genomics literature, although responses to
the latter were more heterogeneous, with a minority indicating limited perceived preparedness for reading
research papers. Open-ended feedback converged on the interface organization, visualizations, and
interactive sliders as particularly clear and helpful. while repeatedly highlighting a desire for more
structured onboarding materials (for example, mtornals or an overview of tools at the start of the
dashboard). Figure 3 summarizes students’ perceptions of learning outcomes and self-efficacy following

the simulation, including confidence in data interpretation and concept explanation
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Ability to Explain Basic Cancer Genomic
Concepts to Peers

Confidence in Analysing Genomic Data

Efficiency of CAMPR Compared to Reading
a Textbook

0% 20% 40%

Bl m2 m5

Figure 3. Student perceptions of learning outcomes and self-efficacy following the CAMPR

simulation. Participants rated statements regarding sumulation efficiency, confidence in analyzing

genomic data, and ability to explain cancer genomics concepts using a 1-5 Likert scale (1 = strongly
disagree. 5 = strongly agree). Bars represent the distribution of participant responses across all rating

categornies.
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Mutation Count Distnbution
Mutation Count: Cancer vs Normal Samples

Humiber of Mulaions

Sample Typs

Figure 5. Mutation counts for simulated cancer and normal patients. Bar plots display the total
nuimber of mutations per patient for a cohort of 50 simulated individuals, separated by cancer and normal
eroups. illustrating the higher mutation burden characteristic of tumors. Driver genes contributing to these

ounts include TP53, KRAS, BRCA1, BRCA2 EGFR. PIK3CA, PTEN, APC, BRAF, MYC. CDKN2A,
nd VHL.

Tumor Mutational Burden (TMB)
Tumor Mutational Burden (TME)

Muialons per MagaDass

Sampia Type

Figure 6. Tumor mutational burden (TMB) in simulated cohorts. Boxplots compare TMB
1stributions between 50 simulated cancer and nonmal patients, highhighting the elevated and more

rariable mutation loads in cancer samples relative to normals.
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Figure 7. Copy-number heatmap for simulated cancer and normal cohorts. A genome-wide heatmap
depicts copy-number gains and losses across all sitmlated patients, with rows corresponding to
individuals and columns to genomic regions. Distinct patterns of broad amplifications and deletions in

cancer samples, contrasted with relatively stable copy number in normals.

Discussion

Researchers created CAMPR to address the clear gap between classroom lessons on cancer genomics and
students' opportunities 1o work hands-on with realistic mutation datasets (Banta et al., 2012; Shaffer et al.,
2010: Gerace & Wojiski, 2025). Survey data and participant backgrounds show that the web application
reached students who finished basic coursework but lacked real experience with computational genomics
tools. A single independent session led to clear gains in their confidence and self-reported grasp of key
genonics ideas. These results match earlier studies that found inquiry-based, research-style leamning in
genomics and biomformatics improves conceptual understanding, sharpens analytical skills, and boosts
confidence. even on a small scale within regular courses (Banta et al., 2012; Shaffer et al., 2010: Gerace
& Wojiski, 2025). Studies on inquiry-based leaming with medical and nursing trainees also report greater
satisfaction, better perceived skill gains, and stronger critical thinking (Verma et al., 2022). Additionally,
tools like the OncoSim and OncoWiki simulations produced similar positive outcomes by providing

supportive, engaging. and realistic learning experiences (Schoenbom et al., 2019).
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Figures from CAMPR clearly illustrate how the sinmlated genomic patterns match real-world data. They
also highlight the interface features that help students interpret these results (Alexandrov et al., 2013;
TCGA: COSMIC). For example. in Figure 5, mutation plots reveal repeated changes in key driver genes.
including TP53. EGFR. KRAS. PIK3CA, and BRCA1,2. These changes cluster around established
mutation hotspots, which helps students understand that oncogenic mutations follow non-random patterns
(Nik-Zainal et al., 2016). Additionally, copy number heatmaps and TMB boxplots make it 2asy to spol
differences between cancer and normal samples, as 1llustrated in Figure 6 and Figure 7. These visuals
connect numerical data like mutation burden and percentile rankings to recognizable pattems of genomic

instability (Chalmers et al., 2017).

From an educational standpoint, figures that display cancer likelihood scores across simulated patients
help clanfy the idea of a probabilistic classifier. These visuals organize data by mutation patterns and
driver gene setups, which proves especially helpful for students lacking a statistics background.
Moreover, student comments emphasized how the visuals and interactive sliders let them observe the
effects of changing driver genes, mutation ranges, or cohort makeup on TMB, mutation profiles, and
cancer probability scores. Consequently. this feedback indicates the interface effectively revealed the
algorithm's underlying logic. Overall, these graphical elements proved crucial for converting complex
genomic data into a clear workflow that mirrors the interpretive process used by clinical genomic analysts

and pathologists (Li et al., 2017).

The accuracy of the simulation plays a key role in its educational value. Realistic mutation burdens, driver
gene frequencies. and mutational signatures let students practice with data that closely resembles what
they will see in modern cancer genomics research and clinical work (Alexandrov et al., 2013; Vogelstein
et al., 2013; TCGA:; COSMIC). For instance, researchers based the synthetic cohorts on real distributions
from TCGA. COSMIC, and SRA. They also verified that simulated and actual datasets showed no major
differences in critical features. As a result, CAMPR avoids overly simple datasets that miss the true
complexity of tumor genomes (Alexandrov et al., 2013; TCGA: COSMIC). Furthermore, the composite
cancer likelihood score pulls together data from TMB, dniver gene status, mutational patterns, and copy
number changes. This approach helps students grasp how multiple genomic factors signal malignancy,

instead of relying on just one cutoff value (Alexandrov et al.. 2013; Vogelstein et al.. 2013).

Student feedback reveals both the strengths of CAMPR's instructional design and cpportunities for
refinement. As illustrated in Figure 4, many students praised the clear visualizations, well-organized
interface. and helpful interactive controls. These comments show that the Shiny platform works well for

users without coding expenience. This finding matches results from other cancer genomics courses that
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rely on computational tools to engage students (Gerace & Wojiski, 2025). However, students frequently
asked for a more detailed introductory mtorial, a quick overview of dashboard tools, and additional
context about the clinical importance of cancer genomics. Therefore, adding a brief guided walkthrough
that links each feature to specific learning goals would help. For instance, it could explain how to use
TMB boxplots to compare mutation burdens across cohorts. Such changes would reduce initial confusion
and clarify how individual steps fit mto broader clinical workflows (Banta et al.. 2012; ShalTfer et al.,

2010; Gerace & Wojiski. 2025).

Another important finding emerged from the survey results. Most participants reported increased
confidence in data analysis. as shown in Figure 1, and in explaining concepts to peers. as shown in Figure
2. However, fewer indicated readiness 1o engage with primary cancer genomics research articles
following a single session. Consequently, these results suggest that CAMPR functions most effectively as
an introductory platform for core concepts. workflows. and visualization techniques. Nevertheless.
integration into a broader curriculum incorporating structured journal discussions or guided readings of
TCGA and COSMIC-based studies would enhance its impact (Tate et al., 2018). Within such a
framework. CAMPR could serve as a critical bridge between foundational textbook instruction and the
data-intensive analyses characteristic of primary literature, thereby facilitating progressive development
of scientific literacy essential for precision oncology (Stratton et al.. 2009: The ICGC/TCGA Pan-Cancer

Analysis of Whole Genomes Consortium, 2020).

Several limitations of this stady warrant consideration. First. the use of a convenience sample drawn from
a single institution, coupled with reliance on self-reported Likert-scale measures rather than paired testing
or objective performance metrics, constrains the strength of inferences that can be drawn regarding
leaming outcomes. Additionally, the analysis did not account for the poteniial influence of participants’
prior computational experience, winch may moderate the effectiveness of an mteractive web-based
platform such as CAMPR. Additionally, the educational evaluation relied largely on self-reported
perceptions of leaming rather than objective assessments of knowledge acquisition albeit sfill including
them, which may limit the strength of conclusions regarding educational effectiveness. Future studies
should therefore incorporate controlled pre- and post-assessments, longitudinal follow-up to evaluate
knowledge retention, and stratification by relevant background vanables. including coding proficiency.
Such enhancements would enable more precise identification of student subgroups that benefit most from
CAMPR and inform targeted adaptations for diverse educational contexts (Banta et al_, 2012; Shaffer et

al., 2010; Gerace & Wojiski, 2025).
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A Patient-Focused Interface for Optimizing
Care During Long Emergency Department
Wait Times
Tisya Pramanik, Seevitha Totapalli
Abstract
Overcrowding in emergency departments remains a chronic issue, where long wait fimes often
leave patients feeling anxious and neglected. Without readily available staff to provide updates,
many patients struggle to monitor their symptoms effectively, creating a clear gap in
patient-centred care. This project explored whether a digital interface offering structured,

non-diagnostic guidance could improve psychological reassurance and clarity for those waiting,

all without encouraging risky self-diagnosis.

To improve this, mobile and computer-friendly data interfaces were created using Wix,
following a design process that focused on conceptual modelling and iterative refinement. The
interface featured symptom-category menus, evidence-based coping tips, and doctor-approved
Al-driven descriptions, alongside automated prompts to notify hospital staff if symptoms
worsened. We ran usability tests with 1000 volunteers in non-clinical settings, using 7-point

Likert scales to measure user efficiency and satisfaction.

The results showed mean scores of 5/7 for navigation and clarity, while utility and trust both
averaged 4/7. Qualitative feedback was that the participants felt less stressed and confused, and
found that the Al-driven de-escalation prompts were highly reassuring. The overall findings
indicate that thoughtfully designed digital tools can bridge the support gap during delays in the

emergency department, offering patients comfort while ensuring clinical oversight remains the

priority.
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Introduction

Emergency departments serve as critical entry points into healthcare systems by managing urgent

and unpredictable medical needs. Regardless of its essential nature, Emergency department

overcrowding has become a persistent national issue. Patients frequently experience prolonged
waiting periods before assessment or treatment. (Richert & Jacobs, 2018) This creates stress, and
potential health risks that can be avoided by implementing health care policies and strategies to
address prolonged waiting periods. Scenario-based studies demonstrate that patients waiting
without communication experience increased anxiety and reduced trust, especially as symptoms
progress. (Kim et al, 2023) In Canada, the demand for emergency services is rapidly rising and is
paired with workforce shortages, intensifying the crisis. Increasing patient volumes and limited
inpatient capacity contribute to extended wait periods, reducing system effectiveness. Studies
indicate that delays potentially lead to patients leaving before receiving care, or misunderstanding
severity, worsening outcomes. (Darraj et al., 2023) Approximately 14% of emergency visits
result in hospitalization. (Barrett et al., 2022) This highlights the clinical need

for timely assessment. National healthcare analyses continue to show a consistent increase in
Emergency Department wait times, with overcrowdmg linked to poor patient satisfaction and
delayed treatment mitiation. Alongside, the worsening symptom severity increases operational

costs and staff burden. (Savioli et al., 2022)

Several approaches have been attempted to address wait times 1n hospitals, including lean
workflow optimization, triage restructuring, and digital quene management. These management
models streamline patient flow; however, they primarily target institutional processing rather
than patient experience. While operational improvements play a key role in shortening wait
tunes, patients often remain unsupported during the delays. Educational brochures and

informational displays are often present in waiting areas. However, due to their static and
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generalized nature, they present limitations as the diagnostic suggestions increase anxiety and
encourage inappropriate self-assessment. Current systems largely overlook patient needs,
creating a gap between operational efficiency solutions and patient-centred tools. Our proposed
mode] addresses this gap by providing structured, non-diagnostic support, emphasizing
reassurance, safety awareness, and clear escalation guidance. By avoiding diagnostic claims and
implementing proper ethical safeguards, this interface aims to enhance patient autonomy, while

remaining clinically responsible.

Hypothesis

It was hypothesized that implementation of a patient-centered digital interface providing
structured, non-diagnostic symptom guidance would significantly improve users’ perceived
clarity and psychological reassurance during emergency department wait times, without
mcreasing reliance on self-diagnosis or reducing perceived necessity for professional medical

evaluation.

Methods

The prototype application and accompanying website were developed using Wix Sites, and Wix
App Builder. The methodology used to develop this app centered around users, emphasizing
accessibility, simplicity, and risk mitigation, especially during high-stress environments. The
development followed three stages: conceptual modeling, structural implementation, and
refinement. During conceptual modelling, a literature review was conducted to understand the
root causes of patient anxiety during emergency wait times. The app and website prototype will
address anxiety related to worsening symptoms, and accurate symptom management. During

structural implementation, the interface design was created using Wix. Core elements of the app
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diagnose. For improved usability purposes, language preferences, patient status summary and
visuals were also embedded. In the refinement stage. we conducted pilot usability testing with
1000 volunteers in non-clinical settings to navigate the app, and provide msight on its ease of
navigation, information clarity, perceived usefulness, trust perception and overall satisfaction.
The Likert Scale from 1 to 7 was used to assess each section. Qualitative written feedback was

collected to 1dentify strengths and hinitations.

[PATIENT NAME] STATUS: M /| ASTHMA/f BP: 125
WHILE YOU WAIT, LET US KNOW ANY

UPDATES REGARDING YOUR SYMPTOMS! e
FOR STRESS RELIEF,

JUST TAKE A DEEP BREATH.

Start the week colm with four deep bresthing techniques. LIE YOUE R WAL WHERHEIL e SR ories

Rate your paln [1= barely feel paim, B=very palnfull

Do you leel any new symprems? il yos. please shase:

STRESSED OR CONCERNED? TALK TO OUR PHYSICIAN-APPROVED Al WHILE YOU WAIT FOR THE DOCTOR!

Figure 1: Prototype of proposed website questionnaire consisting of patient data summary,

symptom change surveys, language preferences, physician-approved Al chatbot, and emergency

button, for life-threatening situations.
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Participant Feedback on Interface Usability

Ease of Perceived Trust Parception Informaticn Orverall
Navigation Usefulness Charity Satisfaction

Graph 1: Summary of feedback from 1000 participants, suggesting highest ease of navigation

and information clarity in the digital platform. Overall, very positive feedback with the website.

Participants demonstrated rapid adaptation to interface navigation. This outlines that the usability
1s infuitive. A Likert rating of 5 indicates high clarity ratings, with minimal confusion when
selecting symptoms and monitoring progression. Perceived usefulness scores averaged at 4.
Participants indicated appreciation for escalation prompts, which were identified as “reassuring”
and “not alarming.” Qualitative feedback revealed recurring accounts of reassurance and
organization in intense, waiting scenarios. Several volunteers reported structured steps that
reduced uncertainty about appropriate actions while waiting. Minor challenges arose in

participants requested a wait time estimation feature in the emergency department.

Discussion

The present study tested the usability and perceived impact of a digital interface offering suppoit

fo patients during hospital wait times. Overall, the findings support the hypothesis that

patient-centred digital tools meaningfully enhance patient support during prolonged emergency

BACSA Research Magazine 2026




patient-centred digital tools meaningfully enhance patient support during prolonged emergency
department wait periods. The results highlight the role of ethically designed digital health tools.
Strengths of this project lie in its system-level positioning. Prior interventions focused on
workflow redesign. This interface addresses experiential differences, specifically mformational
gaps during delays. By targeting patient cognition and perception, the intervention complements
existing strategies. Additionally, the design approach enhanced accessibility and nunimized
cognitive load. The approach steps towards combatting decision fatigue and misinterpretation
nisk. Persistent disclaimers controlled the informational environment. Several limitations can be
acknowledged. Firstly, the pilot sample size was small and limited demographically, restricting

its generalizability. The absence of a control group prevented definitive conclusions on interface

usage and impact. Usability testing occurred outside the emergency environment. The real-world

setting would involve noise, heightened emotions, physical discomfort, and time pressure. These
contextual variables can influence navigation behaviour. Lastly, long-term behavioural effects
were not assessed. It remains unknown whether repeated exposure would change trust dynamics
and rehance patterns over time. This interface contributes to the evolving field of patient
engagement technologies. This app extends beyond the emergency department and can be used
any setting requiring medical emergency. Future research should include controlled trials
measuring objective outcomes. Longitudinal assessment is also warranted to examine sustained

behavioural effects and unintended consequences, such as delayed help-seeking.
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Conclusion

This study demonstrates the usability of patient centered digital interfaces designed to support
individuals during prolonged wait times. The prototype improved perceived clarity, reassurance,

and usability without compromising safety or encouraging diagnostic behavior. As healthcare

systems increasingly implement digital engagement tools, patient support interfaces may stand as

an important complement to traditional care. Future scaling efforts could expand accessibility,

integrate multilingual support, and connect with institutional systems to enhance real-time public

impact.
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Cold-Weather Ammonia Removal and
Downstream

Ecological Risk in Ontario Wastewater
Systems: A

BioCord-Informed Assessment Framework
Yi Luo, Jincheng Yang, Shiqi Lan, Ziang Chen

Introduction

The health and sustainability of Ontario's freshwater ecosystems are fundamentally linked to the efficacy of
municipal wastewater treatment infrastructure. A long-term study in the Grand River watershed has demonstrated
that ammonia in municipal wastewater effluent poses a direct threat to aquatic ecosystem health. Nikel et al. (2023)
reported that elevated ammonia concentrations (25-26 mg/L) downstream of the Waterloo wastewater treatment
plant were associated with significant physiological disruption in fish populations, while reductions in ammeonia
concentrations corresponded with recovery of normal biological function. These findings highlight the unportance

of effective ammomnia removal in protecting downstream ecosystems.

Ammonia removal during cold weather presents a particular challenge due to the temperature sensitivity of
nitrifying microorganisms. Alawi et al. (2007) identified cold-adapted nitrite-oxidizing bacteria capable of
maitaining activity at temperatures as low as 4°C, suggesting that microbial community composition plays a
critical role in winter treatment performance. This is supported by Skoyles (2019), who observed a seasonal shift
toward cold-adapted nitrifying bacteria in BioCord-based lagoon systems in Ontario, indicating that

attached-growth biofilm systems may help sustain nitrification under low-temperature conditions.

BioCord technology, consisting of high-surface-area polymer media that support biofilin growth, has
demonstrated strong ammonia removal performance under controlled conditions. Tian et al. (2019) reported
removal efficiencies of 92-97% under moderate loading rates, while Yuan et al. (2012) showed that BioCord

biofilms support diverse microbial communities capable of simultaneous nitrification and denitrification. These
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findings suggest that BioCord systems have the potential to enhance treatment performance, particularly in cold

climates.

Despite these advances, important gaps remain in understanding how BioCord systems perform under real

operational conditions. Existing studies are largely experimental or descriptive and do not provide quantitative

models linking environmental variables to ammonia concentrations in full-scale systems. Additionally, operational
monitoring data collected from wastewater facilities are often underutilized for statistical analysis and predictive

assessment.

This study addresses these gaps by integrating operational monitoring data and literature-derived datasets to
evaluate ammonia removal performance in BioCord wastewater freatment systems. Specifically, this study aims to
(1) evaluate ammonia removal efficiency under varying loading conditions using bench-scale data, and (2) develop
a regression-based model relating ammonia concentration to environmental variables including temperature, pH,
and biochemical oxygen demand in a full-scale lagoon system. By linking environmental conditions to treatment
performance, this study provides a quantitative framework for understanding ammonia removal dynamics in

cold-weather wastewater systems.
Hypothesis and Objective

The objective of this study 1s fo evaluate ammonia removal performance in BioCord wastewater treatment
systems and to identify key environmental and operational factors influencing treatment efficiency under

cold-weather conditions.
We hypothesize that:

e Lower water temperatures are associated with reduced ammonia removal efficiency.

e Environmental variables including temperature, pH, and biochemical oxygen demand (BOD) influence
amimonia concentrations in BioCord-enhanced lagoon systems.
Increasing surface area loading rate (SALR) reduces ammonia removal efficiency while increasing total

amimonia removal capacity.
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Method

Data Base:

Water quality monitoring data were retrieved from the Dundalk Wastewater Lagoon BioCord Performance
Dataset as reported in Skoyles (2019), a technical thesis evaluating the performance of BioCord media in the

Dundalk, Ontario lagoon treatment system.

Bench-scale ammonia removal performance data were extracted from Skoyles (2019), Microbial Community
Dynamics of Attached Biofilm BioCord Technology in Wastewater Treatment (University of Windsor, Canada).
Specifically, mfluent and effluent amnmonia concentrations were digitized from Figure 2.4 (Page 25), and ammonia
removal efficiency values were obtained from Page 19. The experiments were conducted at 20°C with stable pH

(7.8-8.4) under increasing influent ammonia concentrations (0.07, 4,01, 10.3, and 28.2 mg NH.-N/L).

Surface area loading rate (SALR), surface area removal rate (SARR), and removal efficiency data were obtained
from Tian et al. (2017), Nitrifying bio-cord reactor: performance optimization and effects of substratum and air
scouring, Enviromnental Technology. Data were extracted from Table 1, which reports performance metries under

varying surface area loading rates.

Data inclusion criteria consisted of all steady-state measurements reported under the specified loading
conditions. No filtering or transformation was applied beyond unit standardization. A total of n= 12 observations

were used in regression analysis of SALR versus removal efficiency.

All sources were accessed February 2026 via institutional library databases.

Software & Tools:

All statistical analyses were conducted using Python (version 3.11). Data processing and regression modeling
were performed using the following libraries:
e NumPy (numerical computation)
e pandas (data organization and manipulation)
e statsmodels (ordinary least squares regression)

e matplotlib (data visualization)

All analyses were executed in a local virtual environment (.venv) using Python’s OLS implementation in

statsmodels.
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lytical Procedures

Raw data were manually extracted from published tables and figures and entered into structured data frames
using pandas. Units were verified for consistency (mg NH:-N/L and g NH:'-N/m?-d). No imputation or outher

removal was performed.

For bench-scale influent—effluent analysis, removal efficiency was calculated as:

Remova] ((KI) L “11 —

C.

i

Ammonia removal capacity was calculated as:

Cf'n - (-?am

Removed(mg/L) =

For loading-based analysis, quadratic regression modeling was performed to evaluate the non-linear relationship

between surface area loading rate (SALR) and ammonia removal efficiency:

Removal = 3, + 8, -SALR + 3,-SALR?

Model parameters were estimmated using ordinary least squares (OLS). Model significance was assessed using

F-tests and t-tests. Statistical significance was defined as p<0.03p < 0.05p<0.05.

No cross-validation was performed due to limited sample size (n= 12).
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Figure 1. Pairwise Scatter Plot Matrix of Water Quality Variables Under BioCord-Enhanced Lagoon Conditions
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Quadratic Regression: Removal vs SALR oLS REQI’ESSiﬂH Results

Dependent Varable: y

No. Observations: 12
R-squared: .65
Adjusted R-squared: 0.578
F-skatistic; B.545 -
Prob (F-statistic): 0.00832 Std. Error k 95%Cl

Intercent 65,382 16.327 B.449, 102.313)
xl 58639 25428 1 1.317, 116.360)

x2 -24.4536 8553 44,713, 4198

Mode! interpretation:

+ k1 has a positive and statistically signilicant Association with ¥ (p = 0.0461.
+ x2 has a negative and statistically significant association with y (p = 0.023)
+ The model expiains 63.5% of the variance in y.

10 L2 14 16
SALR

Figure 4 Figure 5

log-linear ordinary least squares (OLS) regression model was specified as:

Ammonia = 0.274 - e"(—0.0878T) - e"(—1.2234pH) * ¢”(0.9124BOD).

To evaluate the non-linear relationship between surface area loading rate (SALR) and ammonia removal
efficiency, a quadratic regression model of the form:

Removal = 65.38 4+ 58.84 - SALR —24.46-SALR'?

1. The linear regression model was used to evaluate the effects of water temperature, pH, and BOD on ammonia
concentration. Data were obtained from the Dundalk Wastewater Lagoon BioCord performance dataset reported by
Skoyles (2019).The results showed that: Water temperature had a negative coefficient ( = —0.0878). pH also had a
negative coefficient (f = —1.2234), suggesting a decrease in ammonia concentration with increasing pH. BOD had
a positive coefficient (= +0.9124), indicating that ammonia concentration increased with higher BOD levels. The
overall model had an R? value of 0.481, but none of the predictors were statistically significant (p > 0.05)(Skoyles,
2019).(figure 1)

2. Ammonia removal capacity: Animonia removal capacity increased with influent concentration. BioCord
removed approximately 3.9 mg/L at 4 mg/L influent; 10.2 mg/L at 10 mg/L influent; 12.2 mg/L at 28 mg/L
influent. In comparison, the control removed significantly less ammomia 0 mg/L; 1.9 mg/L; 6.2 mg/L. This

demonstrates the superior ammonia removal capacity of the BioCord system.(figure 2)

3. Surface area ammonia removal rate (SARR): Surface area ammonia removal rate increased with increasing

surface area loading rate. SARR increased from approximately 0.79 g NHi-N/m?-d to 1.72 g NH-N/m?-d.
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However, the rate of increase slowed at higher loading levels, suggesting the system approached its maximum

removal capacity.(figure 3)

4. Regression between SALR and removal efficiency: Regression analysis showed a negative relationship
between surface area loading rate and ammonia removal efficiency. Removal efficiency decreased from
approximately 98% to approximately 70-90% as SALR increased. The regression model showed:R?* = 0.369, p=

0.036, indicating a statistically significant relationship. This suggests that increasing loading rates reduce removal

efficiency.(figure 4)

Discussion

1. Interpretation of key findings

The results demonstrate that the BioCord system effectively enhances ammonia removal performance. Removal
efficiency was highest at lower swface area loading rates (SALR), while efficiency declined as SALR increased. In
contrast, total ammonia removal capacity and removal rate increased with increasing SALR. This pattern indicates
that the system was able to process more ammonia at higher loading rates, but its efficiency declined due to
biological and physical lumitations. The quadratic regression model further confirmed this relationship, showing a
statistically significant non-linear association between SALR and removal efficiency (R? = 0.655, p = 0.008). The
negative quadratic coefficient suggests that removal efficiency reaches an optimal range and declines at higher
loading levels. This indicates that the BioCord systein has a finite biological processing capacity, beyond which

efficiency decreases.

2. Literature comparison

The results of this study are consistent with previous research on BioCord technology. BioCord has been shown
to achieve ammonia removal efficiency up to approximately 98%, significantly higher than control systems, due to
the activity of attached nitrifying biofilm communities (Skoyles, 2019). Key nitrifying bacteria such as
Nitrosomonas, Nitrospira, and Candidatus Nitrotoga have been identified as major confributors to ammomia
oxidation in BioCord systems (Skoyles, 2019). The high removal efficiency observed in this study supports these
findings and confirms the effectiveness of BioCord in enhancing ammonia removal. Additionally, previous studies
have shown that reducing ammonia discharge from wastewater treatment systems can unprove aquatic ecosystem

health. ( Nikel, Kirsten E., Gerald R. Tetreault, Patricija Marjan, Keegan A. Hicks, Meghan L. M. Fuzzen, Nivetha
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Srikanthan, Emily K. McCann, et al. 2023). These findings support the potential application of BioCord technology

m wastewater treatinent.

3. Biological interpretation

Ammonia removal in the BioCord system 1s primarnly driven by nitrifying bacteria attached to the biofilm
surface. At lower loading rates, ammonia supply remains within the processing capacity of the microbial
community, allowing efficient conversion. However, at higher loading rates, several limitations may occur,
mclhiding oxygen diffusion limitation, substrate overload and biofiln saturation. These limitations reduce the
proportion of ammonia that can be processed efficiently. As a result, removal efficiency declines even though the

total amount of ammonia removed increases. This reflects the biological capacity limits of the system.

4. Environmental and practical implications

Ammonia pollution poses significant risks to aquatic ecosystems and wastewater treatment systems. The strong
ammomnia removal performance observed in the BioCord system demonstrates its potential as an effective treatment
technology. The quadratic relationship between loading rate and removal efficiency suggests that system
performance depends strongly on operational conditions. Operating the system within an optimal loading range
may maximize efficiency while maintaining high treatment capacity. This finding has practical importance for

system design and operation.

5. Model implications

The regression models provided useful msights inte factors affecting ammeonia removal performance.
Environmental variables explained approximately 48% of amnmonia concentration variation, indicating that
environmental conditions play an important role. The quadratic SALR model explained approximately 65.5% of
removal efficiency variation, suggesting that loading rate is a major determinant of system performance. However,

some variation remains unexplained, indicating that additional factors such as microbial activity, oxygen

availability, and biofilm structure may also influence performance. This highlights the complexity of biological

treatment systems.

6. Limitations
This study has several limitations. First, the sample size was relatively small, particularly for the environmental

regression model (n = 7), which reduced statistical power and limited the significance of some predictors. Second,
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the quadratic regression model included only SALR as a predictor. Other environmental and biological variables
were not included and may also affect removal efficiency. Third, the observed data covered a limited range of
environmental and loading conditions. Therefore, model predictions outside this range may not be reliable. Fourth,
regression analysis identifies statistical relationships but does not confirm causation. Finally, the use of secondary
data sources may introduce variability due to differences in measurement conditions. These limitations should be

considered when interpreting the results.

7. Future improvements

Future studies should expand the dataset to improve statistical reliability and model robustness. Increasing the
number of observations across a wider range of surface area loading rates (SALR) would help better define the
optimal loading range and reduce uncertainty mn regression estimates. Controlled laboratory experiments should
also be conducted to 1solate the effects of individual variables such as temperature, pH, and dissolved oxygen. This
would allow more precise identification of the environmental factors influencing ammonia removal performance.
In addition, future studies should include additional environmental and operational variables, such as dissolved
oxygen concentration, hydraulic retention time, and influent ammonia concentration, to nmprove the explanatory

power of regression models.

Conclusion

This study evaluated ammonia removal performance in the BioCord wastewater treatment system using
regression analysis and literature-derived performance data. The results showed that BioCord achieved
substantially higher ammonia removal efficiency compared to the control lagoon across a range of mfluent
concentrations. Removal efficiency was highest at lower loading levels and declined at higher loading rates, while
overall removal capacity increased. Regression analysis indicated that environmental variables such as
temperature, pH, and BOD influenced ammonia concentration, although statistical significance was limited by the
small sample size. Quadratic regression analysis further demonstrated a significant non-linear relationship between
loading rate and removal efficiency, suggesting the presence of an optimal loading range for maximum
performance. These findings demonstrate that BioCord is an effective biological treatment technology for ammonia
removal and highlight the importance of operational conditions in determining treatment efficiency. This study
contributes to the understanding of BioCord performance and supports its potential application in wastewater
treatment systems. Future research with larger datasets and controlled experiments will help improve predictive

accuracy and optimize system design.
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Comparative Analysis of CRISPR-Cas9
Strategies in Wheat and Yeast for Gluten
Detoxification
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Gaal

water-insoluble proteins are called glutenins (Mesta-Coral et al., 2024). Gliadin and glutenin,
together, trap gas within the bread dough to enhance the viscosity and elasticity of the dough
(Ting et al., 2025). However, they are also the gluten protein strands (peptides) that cause the
inflammatory autoimmune reaction within gluten intolerant mndividuals (Gliadin - an Overview |
ScienceDirect Topics,n.d.). Gliadin is rich in amino acids, glutamines and prolines, which
compromise the digestibility of gluten in the intestines. This gives rise to indigestible peptides,
mimicking harmful microorganisms, causing the autoimmune reaction. The biological
mechanism allows for mcreased permeability in tight junctions, the barrier between cell layers;
this is caused by two-alpha-gliadin motifs and zonulin, a molecule released by gliadin. After
breakmg through the fight junction complex, crossing the intestinal barrier, gluten stimulates the
counteractive expression of the transferring receptor CD71. This leads to retrotranscytosis of IgA
peptides, attached with gliadin peptides creating the IgA-gliadin complex. This complex protects
ghadin particles from lysosomal degradation and allows entry into the intestinal lamina propria,
causing inflamiation in the intestines. The gluten immunogenic peptides continue further mto
the bloodstream, perpetuating inflammation until it is finally excreted in urine (Caio et al., 2019).

The gluten composition within daily consumed bread makes it difficult for gluten-free
individuals to find alternatives and protect their immune systems from gluten particles. A method
to remove gluten from bread includes using CRISPR-Cas9 to genetically engimeer bread yeast to
provide a healthy, reliable, gluten-free solution to individuals with celiac disease, gluten
tolerance, irritable bowel syndrome, etc. This research paper focuses on Saccharomyces
cerevisiae, an Industry-wide standard for Baker’s yeast, and Triticum aestivum, Hexaploid wheat
naturally occurring offspring of macaroni wheat and wild goat grass (Aberkane et al., 2020;
Liang et al., 2024). S. cerevisiae secretes neprosin, an enzyme that neutralizes the harmful,
inflammatory components of gluten. Recombinant neprosin degrades gliadin particles in wheat
flour, and further digest all immunogenic epitopes i alpha-gliadin. This was tested in-vitro and
has shown promising results in creating gluten-free, safe food options. While this research
provides the groundwork for a revolution of realizable, gluten-safe options for
comimercialization. Gluten detoxification with neprosin impacts the rheology, elasticity, and
durability of the baked bread (Ting et al., 2025). This limitation suggests further research in
utilizing CRISPR-Cas9 and neprosin in various approaches to explore the best method of
producing uncompromised gluten-free bread. In pursuit of the best method, this research paper
questions the optimal methodology utilizing CRISPR-Cas9 to cleave gene segments encoding for
mumunodominant epitopes, while maintaining viscoelasticity.
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water-insoluble proteins are called glutenins (Mesta-Comal et al., 2024). Gliadin and glutenin,
together, trap gas within the bread dough to enhance the viscosity and elasticity of the dough
(Ting et al., 2025). However, they are also the gluten protein strands (peptides) that cause the
inflammatory autoimmune reaction within gluten intolerant individuals (Gliadin - an Overview |
ScienceDirect Topics, n.d.). Gliadin is rich in amino acids, glutamines and prolines, which
compromise the digestibility of gluten 1n the intestines. This gives rise to indigestible peptides,
mimicking harmful microorganisms, causing the autommmune reaction. The biological
mechanism allows for increased permeability in tight junctions, the barrier between cell layers;
this 1s caused by two-alpha-gliadin motifs and zonulin, a molecule released by ghadin. After
breakmg through the fight junction complex, crossing the intestinal barrier, gluten stimulates the
counteractive expression of the transferring receptor CD71. This leads to retrotranscytosis of IgA
peptides, attached with ghadin peptides creating the IgA-ghadin complex. This complex protects
gliadin particles from lysosomal degradation and allows entry into the intestinal lamina propria,
causing inflammation in the intestines. The gluten immunogenic peptides continue further mto
the bloodstream, perpetuating inflammation until it 1s finally excreted i urine (Caio et al., 2019).

The gluten composition within daily consumed bread makes it difficult for gluten-free
individuals to find alternatives and protect their immune systems from gluten particles. A method
to remove gluten from bread includes using CRISPR-Cas9 to genetically engineer bread yeast to
provide a healthy, reliable, gluten-free solution to individuals with celiac disease, gluten
tolerance, irritable bowel syndrome, etc. This research paper focuses on Saccharomyces
cerevisiae, an Industry-wide standard for Baker’s yeast, and Triticum aestivum, Hexaploid wheat
naturally occurring offspring of macaroni wheat and wild goat grass (Aberkane et al., 2020;
Liang et al., 2024). S. cerevisiae secretes neprosin, an enzyme that neutralizes the harmful,
inflammatory components of gluten. Recombinant neprosin degrades gliadin particles in wheat
flour, and further digest all immunogenic epitopes in alpha-gliadin. This was tested in-vitro and
has shown promising results in creating gluten-free, safe food options. While this research
provides the groundwork for a revolution of realizable, gluten-safe options for
commercialization. Gluten detoxification with neprosin unpacts the rheology, elasticity, and
durability of the baked bread (Ting et al., 2025). This limitation suggests further research in
utilizing CRISPR-Cas9 and neprosin in various approaches to explore the best method of
producing uncompromised gluten-free bread. In pursuit of the best method, this research paper
questions the optimal methodology utilizing CRISPR-Cas9 to cleave gene segments encoding for
mununodominant epitopes, while maintaining viscoelasticity.

Hypothesis

The null hypothesis is that CRISPR-Cas 9 on yeast and CRISPR-Cas 9 on wheat would
both effectively eliminate immunodominant epitopes through the tTG and PEP pathways while
maintaining dough viscoelasticity. The alternative hypothesis CRISPR - Cas9 on yeast most
effectively eliminates immunodominant epitopes through the tTG and PEP pathways while
mamtaining dough viscoelasticity.
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Methods

The gene IDs for both Triticum aestivum and Saccharomyces cerevisiae can be found in
CHOPCHOP. CHOPCHOP is a computational biology platform that matches coding sequence
made of alphabetic nucleotides (A,T,C,G) to represent the chemical subunits that make up DNA
with gene IDs known colloquially amongst researchers to efficiently inquire for selecting and
designing target sites for CRISPR/Cas9.

The process begins with designing a specialized single-guide RNA (sgRNA) targeting the
y-ghadin genes in wheat, a family of genes responsible for immunoreactive gluten protemns. This
sgRINA 1s designed using biomformatics tools like CHOPCHOP to ensure specificity and
minimize off-target effects (Sanchez-Leon, 2024).

Uc content (%) soli-complementarity
o

1

Figure 1: Target Sequence to remove -Gliadin from Chromosome 1B Trificum aestivun.
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Figure 2: Targetf Sequence to insert Neprosin, a protease identiffed in carnivorous pitcher plants (source) , inte
Saccharomyces cerevisiae cleaving gluten peptides upon fermentation.

CRISPR-Cas9
Protein

TARGET STRAND

NON-TARGET STRAND

Figure 3: * The Aligning Process’: The Target sequence, in Triticum aestivam, from CHOPCHOP
‘GTACGTGTICTGAGATACTAGI GG’ has a 23 base pair including the PAM 3 base pair sequence ‘TGG". The sgRNA binds
Cas9 and divects it to the complementary DNA sequence adjacent to a PAM. Upon recognition, Cas? undergoes a
conformational change activating its HNH and RuvC nuclease domains, which cleave the target and non-target sirands,
respectively. The resulting double-strand break (Jiang & Doudna, 2017).
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Figure 4: © The Aligning Process : The Target sequence, in Saccharomyces cerevisine, from CHOPCHOP
CCACACCCAAATCTACTGTI T’ has a 23 base pair including the PAM 3 base pair sequence ‘CCC” ,[See Figure 3 for
Description of Double-strand break processes)

For wheat, the plasmid can contain a Cas9 expression cassette with a strong constitutive
promoter (maize ubiquitin, ZmUbi), a codon-optimized Cas9 coding sequence, and a nopaline
synthase (Nos) terminator. An antibiotic resistance gene (/ipt for hygromycin or nptll for
kanamyein) can serve as a selectable marker during Agrobacterium-mediated transformation
(Smedley et al., 2021). The guide RNA expression cassette can be driven by a plant U6
polymerase III promoter (TaU6) (Zhang et al., 2019). These components are assembled between
the left and right borders of a binary vector for Agrobacrerium tumefaciens delivery (Zhang et
al., 2019).

For yeast, the plasimd can be driven by a yeast-specific promoter (constitutive TEF1 or
inducible GAL1) (Elison et al., 2017). The Cas9 coding sequence can be then codon-optimized
for S. cerevisiae and include a nuclear localization signal (NLS). A yeast terminator (CYC1) can
complete the cassette (Goldberg et al., 2021). The guide RNA expression cassette can use a yeast
U6 polymerase III promoter (SNR52) (Holland et al., 2025). An antibiotic resistance gene
(kanMX) can confer G418 resistance for selection (Lorenz et al., 2015). The neprosin coding
sequence, obtained from NCBI GenBank or UniProt and codon-optimized for yeast, can serve as
the donor DNA for precise integration via HDR (Elison et al., 2017).

The sgRNA gene can be assembled alongside a Cas9 expression cassette and an

antibiotic resistance marker mto a single T-DNA. construct. This construct 1s synthesized by a
biotechnology company and mtroduced into Agrobacterium tumefaciens cells.
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Figure 5: Removing plasmid from Agrobacterium fhumefuciens can make room for incoming sgRNA information.
Agrobacterium tumefuciens is a bacteria used as a delivery system only in plants. A. tumefaciens can be sourced from biotech
companies with the confirmed sgRNA from CHOPCHOP. The bacteria can be grown using a shake flask method at 28°C.
Transformed wheat embryos can be housed in a selection medium to ensure only transformed cells survived and divided,

During this process, the oviginal plasmid can be removed from Agrobacterium fumefuciens to make vroom for the newly
designed plasmid with the transfer DNA(Azizi-Dargahiou & Pouresmaeil, 2024).
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Figure 6: Inserting sgRNA specialized can cleave out p-gliadin. A competent A. tumefaciens cell disrupts wheat
cell walls to make them permeable to DNA, The synthetic constrict containing the Cas9, sgRNA, and antibiotic resistance
genes can be added to these cells, which then undergo heat shock at 42°C for 30 minutes—a standard method for inducing
bacterial uptake of plasmid DNA. After recovery, the transformed A. umefiaciens cells can be plated on selective medium

containing antibiotics. Only colonies that have successfully taken up the plasmid survive, and these can be selected for the
subsequent co-cultivation step (Milner, et. al. 2021).

BACSA Research Magazine 2026

03



T-DNA: sgRNA, Cas
9 ,antibiotic resistance gene/
selectable marker

Vir genes

Nucieus Y Co-cultivation: Triticum aestivum
L. (wheat) + Argobacterium T.

T-OMNA mseris inl
plant cell nucheus |
produces hormones
fhat multiply celis

CONCEPTUAL WET LAB

Figure 7: For wheal, Agrobacterium co-cultivation can be used to deliver ZDNA into the wheat cell nucfeus. Once
transformed A. tumefaciens colonies are obtained, they can be used to deliver the CRISPR machinery into wheat cells. A.
tumefaciens can harbor a fumor-inducing (Ti) plasmid with viralence (vir) genes that become activated in the presence af
plant-derived signals. These vir genes can process the T-DNA—which contains the sg RNA, Cas9, and anfibiotic resistance
cassefte—and can produce VirD2 and VirE2 proteins that bind to the T-DNA, profecting it and guiding it info the plant cell
nuclens. Upon integration info the wheat genome, the T-DNA can also carry genes that preduce plant hormones, stimulafing
the transformed plant cells te mulfiply and form callus tissue (Zupan ef. al , 1996). Immature wheal embryos can be
co-cultivated with the transformed A. tumefaciens for a defined period, ypically two lo three days, under controlled
conditions. During this time, A. tumefuciens can atfach to wheat cells and transfer the T-DNA into them. After co-cultivation,
the plant material can be washed with antibiotics to Kill any remaining A. tumefaciens, ensuring that only plant cells that
have integrated the T-DNA proceed to selection(Sparks ef. al., 2013)
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Figure 8: NHEJ can cleave yp-Gliadin in wheat. Upon recognition, Cas? can introduce a double-strand
break(Guzman-Lopes, 2021): the HNH damain cuts the target strand, while the RuvC domain cuts the non-target strand
(Sun, 2017). The cell can repair this break through the error-prone non-homoiogous end joining (NHEJ) pathway, which can
often introdice small insertions or deletions (indels) that disrupt the y-gliadin gene, effectively knocking if out (Milner, 2021).
Following co-cultivation, wheat embryos can be transferred to a selection medium containing the corresponding antibiotic
(e.g., hygromycin or kanamycin). Only cells that have successfully integrated the T-DNA survive and can begin actively
dividing (Sparks et. al, 2013). Surviving callus tissue can then be transferred o a regeneration medium containing plant
growth regulators that induce shoot formation(Sparks el. al., 2013). These shools can then root, acclimize, and grow to
maturity. The resulting plants can be screened molecularly to confirm the presence of the desived edits in the y-gliadin genes,
vielding a stably fransformed wheaf line with reduced immunaoreactive giuten content.
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Figure 9: Yeast ceils can be maintained in a buffered solution and cultured on plates following electroperation (Thompson,
1998). Transformed yeast cells can housed in a selection medium to ensure only transformed cells survived and divided. The
yeast cell waill acts as an initial barrier to DNA uptake. It's thinner and more flexible strucfure compared to plant cell walls,
thus ,allowing electroporation to create fransient pares without prior wall removal (Zerbih & Donker, 2024; Ganeva et al.,
2014).
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Figure 10: HDR resulting in Neprosin secretion fo detoxify gluten in bread fermentation process. The new double-strand
break serves as the inserition site for the neprosin coding sequence, a prolyi endopeptidase derived from Nepenthes species
that degrades immunogenic gliadin peptides under acidic conditions. To enable secretion from yeast, the neprosin sequence
can be fused to a yeast secrefion signal (e.g., from SUC2) and coden-optimized for Saccharomyces cerevisiae{Schrider el. al.,

2017).

Through homology-directed repair (HDR), transformed cells can then be transferred to
selection medium containing G418; only those with successful integration survive and actively
divide (Stafa et al., 2017). These selected transformants can be cultured to produce neprosin,
which is secreted into the medium.

The final outcome can be stable genomic integration of the neprosin coding sequence,
ensuring heritable and consistent enzyme production without continuous selection. In bread
making, this engineered yeast can either be used directly as a leavening agent or serve as a
source of secreted neprosin to degrade gliadin during dough fermentation, thereby reducing
gluten immunogenicity.
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Figure I11: Extraction of gluten proteins with extraction buffer. Success can be validated (Lagrain, 2007).
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Figure 12: Validation. An ELISA test and an absorbance microplate reader can be used fo generate a standard curve and
calcuiate parts per million (PPM) of ghiten (Sajic, 2017). The analyfical goal is to determine if giuten levels were reduced fo <

20 ppm (Thempsen, 20135).
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It was assumed that sgRNA design must prioritize high efficiency, low predicted
off-targets, and target only exons/coding regions. (Stovicek et al., 2017) It was assumed that 1f
efficiency is low in CHOPCHOP, there would be an allowance for the target sequence to be
captured by a designed sgRNA sequence. It was assumed for the wheat genome is that
CHOPCHOP’s alpha-gliadin method would work for y-gliadin.

In yeast, it was assumed that the HDR (Homology-Directed Repair) pathway would
dominate, allowing for predictable and precise gene insertions.

Results

The following results represent predicted outcomes generated using CHOPCHOP-based
sgRNA design and supported by findings from existing literature. No experimental CRISPR
editing was conducted in this study; instead, results reflect computational predictions and
previously reported empirical data.

Case 1: CRISPR-Cas9 Editing in Hexaploid Wheat (a- and y-Gliadin
Silencing)

sgRINA Design and Predicted Editing Performance

Guide RNA design using CHOPCHOP for conserved a-gliadin target regions in Triticum
aestivion 1dentified multiple candidate SpCas9 sgRNAs distributed across the coding sequence.
The top five ranked guides demonstrated predicted on-target efficiency scores ranging from
57.09 to 64.80 (mean = 61.04), with GC content between 40-55% and low self-complementarity
(0-3). All five guides showed zero predicted off-target matches across MMO-MM3 categories
within the selected genome index.

These parameters met the predefined design criteria of:

High predicted efficiency

Zero predicted off-targets

Targeting within conserved exon regions
Appropriate GC balance for stability
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Target GC(%) Self Efficiency
Sequence Complemen
tarity

GCGCGAT
TGTGCAA
TATGGAG
GG

ACAACAA
CTGATTC
CATGCAT
GG

TGGAACC
TAACTGC
AGTTGTG
G

AACACCG
TTTTCTC

ATGACG
CGG

Impact on Immunodominant Epitopes

Saccharomyces cerevisiae does not produce gliadin. CRISPR editing in yeast therefore
targeted isertion of genes encoding gluten-degrading enzymes rather than removal of wheat
gluten genes (Liang et al., 2024). Engineered yeast expressing neprosin demonstrated effective
degradation of the 33-mer o-gliadin peptide under physiological conditions (del Amo-Maestro et
al., 2022; Ting et al., 2025).

Enzymatic cleavage of proline-rich ghadin peptides reduced the presence of mtact
immunogenic fragments during fermentation.

tTG Pathway Impact

Because enzymatic degradation occurred prior to intestinal exposure, the availability of
intact ghiadin peptides for tTG-mediated deamidation was reduced. This reduction occurred
through substrate degradation before immune interaction.

PEP Pathway Impact

Yeast-expressed neprosin functioned similarly to prolyl endopeptidase therapy by
cleaving proline-rich sequences resistant to endogenous digestive enzymes (Rey et al., 2016;
Mitea et al., 2008).
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Effect on Dough Viscoelasticity

Yeast-based editing did not alter the wheat genome, allowing native gluten gene
expression to remain intact. Fermentation-dependent detoxification was less disruptive to
theological properties compared to upstream gliadin removal strategies (Pilolli et al., 2020;
Zhang et al., 2024).

Hexaploid Wheat CRISPR
Dominant repair pathway

controls (Jouanin et al., 2020; Zhang et al., 2024). Partial silencing approaches demonstrated less
severe effects on viscoelastic properties.

Case 2: CRISPR-Cas9 Editing in Yeast (Neprosin Expression Strategy):

sgRNA Design and Predicted Editing Performance

For the yeast HO locus in Saccharomyces cerevisiae, CHOPCHOP identified top-ranked
sgRNAs with predicted efficiency scores ranging from 67.40 to 74.49 (mean = 69.95). GC
content ranged from 30-55%, and self-complementarity values were low (0-2). All five guides
showed zero predicted off-target matches across MMO-MM3 categories.

Comparative analysis demonstrated higher predicted mean sgRNA efficiency in yeast
relative to wheat under identical SpCas9 parameters.
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Target Strand GC(%) Self Efficiency

Sequence Complemen
tarity

TATGGA 0
AGATAC
AAATTTC
AGCGG

CACAAC

TCTTATG
AGGCCC

CCGG

ATAGAA
GTGAAA
TCATGIC
GAGG

ATCATGT
CGAGGC
TGCTGT
GTGG

CCTGTGT
GACATTT

ATGACG
CGG

Impact on Immunodominant Epitopes

Saccharomyces cerevisiae does not produce ghiadin. CRISPR editing in yeast therefore
targeted insertion of genes encoding gluten-degrading enzymes rather than removal of wheat
gluten genes (Liang et al., 2024). Engineered yeast expressing neprosin demonstrated effective
degradation of the 33-mer o-gliadin peptide under physiological conditions (del Amo-Maestro et
al., 2022; Ting et al., 2025).

Enzymatic cleavage of proline-rich ghadin peptides reduced the presence of intact
immunogenic fragments during fermentation.

tTG Pathway Impact

Because enzymatic degradation occurred prior to intestinal exposure, the availability of
mtact gliadin peptides for tTG-mediated deamidation was reduced. This reduction occurred
through substrate degradation before immune interaction.
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PEP Pathway Impact

Yeast-expressed neprosin functioned similarly to prolyl endopeptidase therapy by
cleaving proline-rich sequences resistant to endogenous digestive enzymes (Rey et al., 2016;

Mitea et al., 2008).

Effect on Dough Viscoelasticity

Yeast-based editing did not alter the wheat genome, allowing native gluten gene
expression to remain intact. Fermentation-dependent detoxification was less disruptive to
rheological properties compared to upstream ghadin removal strategies (Piloll et al., 2020;

Zhang et al., 2024).

Feature

Hexaploid Wheat CRISPR

Yeast CRISPR

Target of editing

Gliadin genes

Yeast genome

Genome complexity

Extremely high

Low

Dominant repair pathway

NHE]

HDR

Precision

Moderate

High

Mosaicism risk

High

Low

Strategy

Upstream gene removal

Downstream processing
modification

tTG pathway

Eliminates substrate

Degrades substrate

PEP pathway

Reduces need

Mimics PEP action

Dough viscoelasticity

Potentially altered

Preserved

Discussion

This research study compared CRISPR-Cas9 methods in yeast versus wheat to mediate
the silencing of the a- and y-gliadin gene families, evaluating which method most effectively
eliminates immunodominant epitopes through the tTG and PEP pathways while preserving
dough viscoelasticity. Both methods differed in how they reduced immunegenic gluten, where
hexaploid wheat relied on upstream gene removal, and engineered yeast enabled downstream
detoxification of gluten using neprosin (Pilolli et al., 2020; Zhang et al., 2024). In general, results
support the alternative hypothesis that CRISPR-Cas9 in yeast most effectively eliminates
immunodominant epitopes through the tTG and PEP pathways with higher precision whilst
preserving dough viscoelasticity. However, one limitation that needs to be considered is that the
results were drawn from different studies that conducted independent research under different
uncontrolled experimental conditions.
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The major impact on immunodominant epitopes in hexaploid wheat was that multiplex
CRISPR-Cas9 targeting significantly reducing o- and y-gliadin immunoreactive fractions and
distupted major immunodominant sequences encoding for 33-mer related regions, mainly
through NHEJ-driven frameshifts that produced non-functional gliadin proteins (Jouanin et al.,
2020; Verma et al., 2021; del Amo-Maestro et al., 2022; Ting et al., 2025). Nonetheless, all of a-
and y-gliadin epitopes could not be completely eliminated across the A B, and D subgenomes
with clusters at a- Gli-2 (chr 6) and y- Gli-1 (chr 1) loci, and results were inconsistent due to
factors such as mosaicism in polyploid systems with high gene redundancy and complex
genomes (Verma et al., 2021). In multi-allelic crops such as wheat, a-gliadin genes are
positioned in tandem arrays, leading to off-target genome targeting of bordering gliadin proteins,
and increasing the difficulty in targeting conserved regions of the genome (Schaart et al., 2021).
Conversely, CRISPR-engineered yeast affects gluten indirectly, as it does not produce gliadin,
and instead enables neprosin-controlled expression as proposed by Shan et al (2002). In regards
to the tTG and PEP pathways, hexaploid wheat eliminates substrate availability for tTG and
reduces the need for the PEP pathway, whereas yeast degreades the substrate and mimics the
PEP action by cleaving proline-rich peptides. Above all, the CRISPR-Cas9 editing effects on
dough viscoelasticity provide the main tradeoff between the two systems because they determine
baking performance. In wheat, gliadins mainly contribute to dough extensibility, while glutenins
support elasticity, thus proving that extensive o- and y-glhadin silencing changes rheological
balance and decreases extensibility when compared to wild type controls (Jouanin et al., 2020;
Zhang et al., 2024). In contrast, yeast’s fermentation-dependent detoxification was less disruptive
to rheological properties because its editing did not change the wheat genome and left gluten
gene expression intact, rather than removing structural protein families as wheat, thereby
preserving dough viscoelasticity (Piloli et al.2020; Zhang et al., 2024).

CRISPR-Cas9 efficiency strongly depends on sgRNA design, thus CHOPCHOP was
used to identify target gene IDs that helped generate the target sequences, and the sgRNA design
was compared between the two systems, wheat and yeast. Results showed that yeast had an
overall higher mean efficiency of 69.95, as compared to wheat’s mean efficiency of 61.04 and 0
predicted off-targets. However, this computational design had some limiting implications with
the wheat genome as CHOPCHOP’s database only contained chromosome 1 of Triticum
aestivum. Moreover, editing performance depends on sgRNA design, in which the same target
sequences adjacent to PAM must be conserved across wheat chromosomes, and if not conserved,
then three different sgRNAs would need to be designed in one construct, making it less efficient
than yeast’s design. Comparatively, this study also contained some biological implications in
terms of the repair pathway of both organisms, where wheat transformation relied on
Agrobacterium delivering T-DNA into wheat cells, with the repair being mainly NHEJ-guided
and thus more associated with indels and frameshift mutations, whereas yeast editing used more
precise HDR-based insertion as neprosin expression enabling downstream detoxification,
degradation of immunogenic peptides, and lowering intact epitopes before they pass through the
intestine(Azizi-Dargahlou & Pouresmaeil, 2024). This difference in NHEJ and HDR mechanism
of wheat and yeast supports why yeast was deemed to be the more precise system in comparison.
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Future improvements are needed to better the research about the CRISPR-Cas9 strategies
used m editing yeast and wheat genomes, which includes expanding multiplexing in wheat Gli-1
and Gli-2 targeting to cover a wider majority of gliadin copies to combat effects of mosaicism.
Additionally, techmques as proteogenomic should be used to measure the presence of mtact
33-mer immunogenic peptides instead of only relying on gene disruption. For yeast, testing and
controlling fermentation conditions such as temperature, time and pH to increase efficiency of
neprosin for breakdown of peptides, and quantifying detoxification of gluten by measuring the
remaining immunogenic peptides after fermentation would provide a better comparison of results
(Pilolli et al., 2020; Zhang et al., 2024). Moreover, future applications should take ito account
the biosafety protocols and ethical barriers, particularly for engineered yeast, as its
implementation in the production of bread in the food industry would require consideration of
several factors as industrial fermentation, food manufacturing, regulatory approvals, and
biosafety law.

Conclusion

This study compared the effectiveness of two methods of CRISPR-Cas9 in yeast and
wheat for reducing immunodominant epitopes of gluten whilst preserving dough viscoelasticity,
mcluding the upstream silencing of o- and y-gliadin families m wheat and downstream
processing modification using engineered neprosin-expressing yeast (Pilolli et al., 2020; Zhang
et al., 2024). In hexaploid wheat, there are three distinct but closely related subgenomes A, B,
and D with repeated clusters at o- Gli-2 (chr 6) and y- Gli-1 (chr 1), which create a challenge in
targeting all epitopes for removal due the complex nature of the wheat genome (Verma et al.,
2021). Even though CHOPCHOP’s sgRINA design provided SpCas9 targets with 0 predicted
off-targets, editing still depends on the conserved 20-bp sequence adjacent to PAM sites across
group 1 chromosomes (1AS, 1BS, 1DS) and group 6 chromosomes (6AS, 6BS, 6DS), with
NHEJ-drven repair mainly producing indels and non-functional ghadin proteins. In contrast,
yeast editing consists of a small genome with highly efficient homologous recombination,
supporting easier transformation with CRISPR plasmids and more precise HDR gene insertions
such as neprosin, while reducing immunogenic peptides reaching the intestines by limiting the
tTG substrates and PEP pathways (Verma et al., 2021). This 1s done by modifying the
environment instead of removing the gluten genes as in wheat. However, this comparison is
limited as it draws their differences from several independent studies.Overall, results show more
promising scalability and improvement potential for gluten detoxification using engineered
yeast, whilst edited wheat strategies still require more improvement in key methods such as the
range of multiplex coverage in its genome (Pilolli et al., 2020; Zhang et al., 2024).
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Early-Life Chronic Stress, Epigenetic
Resilience, and Adult Stress-Related
Outcomes: A Computational and Systematic
Review Approach

Sosan Akram, Pol Reznichenko, Camilla de Solminihae

Abstract

Early-life stressors (ELS) and adverse childhood experiences (ACEs) trigger hypermethylation of the
NR3Clgene (1Fexon). reducing glucocorticoid receptor (GR) production and disrupting HPA axis
negative feedback, leading to prolonged cortisol elevation, poor sleep quality, emotional instability, and
heightened suicide risk. This project systematically reviews public datasets via PubMed and related
databases, applies linear regression and t-tests to coirelate ELS with outcomes like sleep disruption and
daily stress, and identifies resilient outliers despite high exposure. Findings highlight epigenetic plasticity,
with positive childhood experiences (PCEs) showing reversal potential, informing interventions for stress
resilience; limitations include reliance on existing data without new primary collection.

Introduction

Childhood adversity and chronic early-life stress (ELS), such as adverse childhood experiences (ACEs),
are robust predictors of long-term mental and physical health vulnerabilities. including anxiety,
depression, nervous system dysregulation, and impaired sleep quality. These outcomes emerge
progressively due to sustained environmental adversity during sensitive developmental periods, often
through epigenetic mechanisms like DNA hypennethylation, where methyl groups bind primarily to CpG
sites on nucleotides, silencing gene expression and preventing protein production (Lopez et al., 2021).

Under nommal acute stress, the Hypothalamic-Pituitary-Adrenal (HPA) axis, comprising the
hypothalamus, pituitary gland, and adrenal glands, activates to release adrenocorticotropic hormone
(ACTH), prompting cortisol production, a stress hormone, for environmental adaptation. Cortisol then
binds to glucocorticoid receptors (GR), encoded by the NR3C1 gene (exon 1F), to provide negative
feedback and halt further HPA activity (van der Knaap et al., 2014). However. ELS often induces
hypermethylation at NR3C1 exon 1F, reducing GR expression, elevating the cortisol threshold. and
resulting in prolonged hypercortisolemia, overactive siress responses, emotional instability. heightened
suicide risk, and sleep disruptions via methylation of related genes like SLC6A4 (chromosome 17) or
AVP (chromosome 5) (Bakusic et al., 2020; Dempster et al., 2007).

While epigenetic marks were once considered irreversible, recent evidence highlights substantial

plasticity, including active demethylation pathways involving TET enzymes and base excision repair, as

well as longitudinal data showing positive childhood experiences (PCEs) can mitigate adverse effects and

foster natural resilience (Turecki et al., 2014). Not all ELS-exposed individuals develop maladaptive

outcomes; some exhibit adaptive sleep pattemns, lower daily stress, and preserved functioning, reflecting
in vulnerability and resilience (Liu & Nusslock, 2018).
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Despite these advances, few studies have simultaneously examined the relationship between ELS, sleep
and stress outcomes, and NR3C1 methylation while explicitly identifying resilient individuals. Therefore,
this study aims to investigate how early-life stress influences sleep quality, daily stress, and epigenetic
regulation, while identifying individuals who demonstrate resilience despite high levels of exposure.

Rationale

Early-life stress has been widely studied in relation to adverse health outcomes and epigenetic
mechanisms: however, limited research has mtegrated sleep and daily stress outcomes with epigenetic
data while explicitly identifying resilient individuals. This gap restricts a more complete understanding of
how biological mechanisms and behavioral outcomes interact in the context of resilience. This study
addresses this limitation by examining the relationship between early-life stress, sleep quality, daily stress,
and, where available, DNA methylation patterns, while identifying individuals who demonstrate
better-than-expected outcomes. By doing so, it aims to clarify pathways of both vulnerability and
resilience and contribute to more targeted approaches for mitigating the long-term effects of childhood
adversity (DiMarzio et al., 2024).

Hypothesis

Individuals with high ELS/ACE exposure will exhibit significantly elevated mean daily stress scores
(p<0.05) and diminished mean sleep quality/efficiency (p<0.05). and these differences will be partly
associated with altered DNA methylation patterns in stress-related genes such as the glucocorticoid
receptor gene. The data will be accompanied by greater between-subject standard deviations (SD
highELS > SD lowELS), reflecting underlying heterogeneity in epigenetic resilience characterized by
relatively favorable sleep and daily stress outcomes despite high early-life stress exposure.

Objective

The primary objectives are to: (1) systematically identify and curate public datasets linking ELS/ACEs to
quantifiable sleep quality, daily stress, health outcomes, and NR3C1 methylation; (2) apply linear
regression to estimate effect sizes of ELS on outcomes, adjusting for covariates like age/sex; (3) use
t-tests and residual thresholds (>1.5 SD) to detect resilient outliers and compare their profiles; (4)
synthesize findings with epigenetic plasticity literature (e.g., TET pathways, PCE effects) to model
vulnerability-resilience and (5) propose intervention targets based on asset efficacy across exposure.

Methods

A systematic review protocol was conducted using databases including PubMed, ScienceDirect, the
National Library of Medicine, and APA PsycINFO. Search tenmns included “adverse childhood
experiences,” “early-life stress,” “NR3C 1 methylation,” “sleep quality,” “resilience,” and “HPA axis.”
Studies were included if they involved human participants, reported quantitative measures of early-life
stress (e.g., 10-item ACE scores, ELS survey), and provided outcomes related to sleep, daily stress, or
health, with accessible summary statistics or individual-level data suitable for analysis. While DNA
methylation data were prioritized, studies without epigenetic measures were included if they met other
criteria. Smdies were also required to have accessible statistics and cohort data suitable for secondary
analysis. Studies were excluded if they were non-human, qualitative-only, or lacked accessible data.

preferred. Data extraction included means, standard deviations (SD). comrelations, and relevant covariates
such as age and sex.
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In total, 12 primary datasets and supporting mechanistic studies were retained because each contributed a
distinct link in the proposed pathway from early-life stress to adult outcomes. Large population surveys
(Client Challenge, 2026: Wu et al., 2024) were selected for their quantitative measures of adverse
childhood experiences (ACEs), health and sleep outcomes. and resilience or positive childhood
experiences. These data directly informed the pooled estimates presented in Tables 1-2 and the regression
analyses in Figures 1-3. Mechanistic and epigenetic studies (Bakusic et al.. 2020: Cicchetti & Handley,
2017; Daskalakis et al., 2015; Liu & Nusslock, 2018; Forum et al., 2025) were included to explain
underlying biological processes, demonstrating how early adversity is associated with differential
methylation of NR3C1 and related stress-pathway genes, leading to dysregulation of
hypothalamic-pituitary-adrenal (HPA) axis feedback. Additional methodological and contextual sources
(Murata et al.. 2019; Lopez et al., 2021; Turecki et al.. 2014) supported the use of saliva-based
methylation measures in large cohorts and reinforced evidence that epigenetic markers remain partially
plastic and responsive to positive environmental influences.

Computational analyses were performed using Microseft Excel. Linear regression models were applied to
assess early-life stress (ELS) as a predictor of continuous outcomes, including daily stress and sleep
efficiency. Independent t-tests were conducted to compare high- and low-ELS groups, as well as resilient
and non-resilient individuals. Resilient outliers were identified using residual values exceeding +1.5
standard deviations from the regression line, consistent with established approaches for detecting
heterogeneity.

Effect sizes (Cohen’s d and standardized regression coefficients, ) were calculated to quantify
associations, and variability across groups was assessed using standard deviation comparisons as an
indicator of heterogeneity. Statistical significance was set at a = 0.05.

Analyses were conducted using de-identified secondary datasets. Ethical considerations included accurate
representation of findings and sensitivity in reporting results related to trauma and early-life adversity,

Results

The review draws pooled data across 12 datasets, including DiMarzio et al. (2024), which linked
early-life adversity (ELA) to reduced sleep efficiency and delayed sleep timing, and Client Challenge
(2026), which examined relationships between ACE exposure and health outcomes. Studies were selected
based on the following inclusion criteria: (1) subjects idenfified via the quantitative ACE/ELS surveys, (2)
reported outcomes in relation to categories such as methylation, sleep, health, mental health as well as
daily stress, (3) accessible data that could be used for secondary analysis.

For Table 1, data was compiled from Client Challenge (2026), a nationally representative British cohort
(n=2,452; ages 18-69), which utilized the standard 10-item ACE questionnaire alongside seven
retrospectively reported childhood resilience assets, including feeling loved, access to trusted adults,
opportunities for skill development, fair treatment. friendships, role models. and school enjoyment. As
summarized in Table 1, increasing ACE/ELS exposure was associated with progressively poorer
outcomes across domains. The prevalence of poor health rose from 17.2% in individuals with 0 ACEs to
37% in those with >4 ACEs. However. high levels of resilience assets reduced this risk by 38.5%,
highlighting a substantial protective effect. Similar dose-response pattems were observed in sleep
outcomes (DiMarzio et al., 2024; Wu et al., 2024), where individuals with high ACE/ELS exposure
exhibited delayed sleep timing and reduced efficiency (SD =2.95, n = 861). while low-exposure groups
maintained typical sleep patterns. Notably, some individuals with high ACE/ELS exposure demonstrated
preserved sleep function. indicating resilience despite adversity.

BACSA Research Magazine 2026




Epigenetic outcomes showed a parallel pattemn, with accelerated aging observed in high ACE/ELS groups
(PedBE SD = 0.85 above baseline), potentially moderated by positive childhood experiences (PCEs).
Mechanistic studies further indicated that high ACE/ELS exposure was associated with increased NR3C1
methylation at exon 1F (Bakusic et al., 2020; Cicchetti & Handley, 2017), contributing to dysregulation of
the HPA axis. In contrast, resilient individuals exhibited comparatively lower methylation levels,
suggesting biological variability that may support adaptive functioning.

For Table 2. additional data were drawn from the Taiwan Youth Panel Survey, a national longitudinal
cohort tracking 2,841 participants from early adolescence (age 14 in 2004) to emerging adulthood (ages
20-22 in 2011). This dataset included measures of depressive symptoms, insomnia. and positive
childhood experiences. While insomnia symptoms were slightly higher in the high-ACE
group—consistent with expected trends—depressive symptoms did not follow the same pattem.
Specifically, individuals with <4 ACEs reported lower depressive symptoms compared to those with >4
ACEs, partially contradicting the hypothesis. This inconsistency highlights variability in individual
responses to early-life stress and suggests that outcomes may differ across domains or be moderated by
additional protective factors..

To further examine these relationships, linear regression models were applied (Figures 1-3). The resulting
scatter plots demonstrated a clear graded relationship between ACE exposure and multiple outcomes,
including high school absenteeism (Figure 1), asthma prevalence (Figure 2), and poor childhood health
(Figure 3). In each case, increasing ACE count was associated with a higher prevalence of negative
outcomes, reinforcing the overall pattern that greater exposure to early-life stress is linked to poorer
health and behavioral outcomes.

Findings

Table 1. Pooled outcomes across high vs. low early-life stress (ELS)/ACE exposure groups from
systematic review of sources. showing mean poor health prevalence, sleep efficiency metrics, epigenetic
age acceleration, and NR3C1 methylation levels, alongside resilience asset effects (n > 7.000 total
participants) (Client Challenge, 2026).

Outcome Metric High ELS/ACEs (Means/SD) Low ELS/ACEs Resilience Assets
(Means/SD) Effect

Poor Health % 37% (4+ ACEs) 17.2% (0 ACEs) 138.5% (high assets)

Sleep Efficiency  Reduced (SD=2.95; n=861) Nommal timing Healthy despite EL

Epigenetic Age Accelerated (PedBE SD=0.85) Baseline PCE-buffered

NR3C1 Hypermethylated (exon 1F) Nommative Lower in outhers
Methylation

Table 2. Collected results comparing variables in relation to ACE count, separated by predetermined
threshold. Variables of depressive symptoms. Insomnia symptoms and PCE relate the effects and potential
reversibility of ACE consequences (n = 2,841) (Wu et al., 2024).

Outcome Metric ACE<4 ACE=4
Depressive symptoms 1.59 [1.34, 1.89] 1.09[0.75, 1.59]
Insomnia symptom 1.73 [1.44, 2.09] 1.76 [0.96. 3.23]

PCE 0.93 [0.88, 0.99] 0.82 [0.66, 1.02]
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Figure 1. Association between ACE count and high school absenteeism. Scatter plot showing the
percentage of participants reporting high school absenteeism across ACE categories (0, 1, 2-3, 24). ACE
categories were converted to numeric values for visualization. and a linear regression line was fitted to
examine the relationship between ACE exposure and absenteeism (Client Challenge, 2026).
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Figure 2. Association between ACE count and asthma prevalence. Scatter plot displaying the percentage
of participants reporting asthma across ACE categories (0, 1, 2-3, >4). ACE categories were represented
numerically, and a linear regression model was applied to assess the relationship between ACE count and
asthma prevalence (Client Challenge, 2026).
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Figure 2. Association between ACE count and asthma prevalence. Scatter plot displaying the percentage
of participants reporting asthma across ACE categories (0, 1, 2-3. >4). ACE categories were represented
mimerically, and a linear regression model was applied to assess the relationship between ACE count and
asthma prevalence (Client Challenge, 2026).
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Figure 3. Association between ACE count and poor childhood health. Scatter plot illustrating the
percentage of participants reporting poor childhood health across ACE categories (0, 1, 2-3, >4). ACE
categories were converted to numeric values and a linear regression line was fitted to evaluate the
association between ACE exposure and reported childhood health outcomes (Client Challenge, 2026).
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percentage of participants reporting poor childhood health across ACE categories (0, 1, 2-3, >4). ACE
categories were converted to numeric values and a linear regression line was fitted to evaluate the
association between ACE exposure and reported childhood health outcomes (Client Challenge, 2026).
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Discussion

Based on the background research followed by the results focused on outlining the relationship between
ACE and PCE, the findings are generally in favor of the hypothesis. Specifically, beyond the established
background research highlighting the epigenetic consequences of ACEs on sleep disruption and
methylation changes associated with prolonged stress exposure, the compiled datasets demonstrate clear
associations between increasing ACE exposure and several health-related outcomes. Linear regression
visualizations of selected outcomes, including high school absenteeism, asthma prevalence, and poor
childhood health, further illustrate the graded relationship between ACE exposure levels and reported
health outcomes across the population datasets analyzed. These patterns align with existing literature
suggesting that early-life adversity confributes to cumulative physiological and behavioral risks.

These patterns may be partially explained by underlying biological mechanisms. Early-life stress is
associated with epigenetic modifications, particularly hypermethylation of the NR3C1 gene. which can
alter glucocorticoid receptor expression and disrupt HPA axis regulation. However, the presence of
resilient individuals suggests that these epigenetic changes may not be fixed. Instead, they may be
modifiable, allowing for more adaptive stress responses in some individuals despite high ACE exposure
(Forum et al., 2025).

However. not all findings aligned with the expected trend. Depressive symptom scores were lower in the
ACE =4 group compared to the ACE < 4 group, contradicting the hypothesis. This may reflect the
presence of resilient individuals within the high-ACE group or limitations i the data, such as differences
in measurement or self-reported bias. Importantly, this inconsistency points to increased variability in
outcomes, suggesting that responses to early-life stress are not uniform (Wu et al., 2024).

This variability, classified as a statistical trend across the previously mentioned categories, suggests the
presence of outliers that may represent individuals exhibiting resilience. Some data points display more
favorable outcomes than expected based on ACE exposure alone, indicating that certain individuals may
develop adaptive responses that mitigate negative effects. These deviations from expected patterns
highlight the heterogeneity in responses to early-life stress and reinforce that ACE exposure does not
uniformly predict negative outcomes.

Furthermore, the observation that some individuals with ACE > 4 display a greater likelihood of positive
childhood experiences (PCEs) than expected suggests a potential buffering or reversal effect. Positive
childhood experiences may act as protective factors capable of moderating the biological and behavioral
consequences of early adversity. This supports emerging evidence that epigenetic mechanisms, including
methylation patterns associated with stress-related genes such as NR3C1, may remain partially reversible
under supportive environmental conditions. As a result, the presence of resilient individuals within high
ACE exposure groups reinforces the concept that vulnerability and resilience coexist within populations
exposed to early-life adversity.

These findings cairy direct implications for clinical practice, as it would allow to improve current
screening and early interventions. By implementing a standardized 10-item ACE survey, individuals
could be screened and a vulnerability profile created, creating a profile that could have tailored
interventions aiming and partial methylation reversibility. While the current gap of artificial
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demethylation using gene editing technology is constantly shrinking, such implementation would take
time to translate to a clinical environment. Thus the proposal for an elaborate screening strategy focused
on establishing supportive enviromments as a means would promote a leading framework that could
enhance the current clinical practices in relation to the effects originating from ACE’s.

Conclusion

Overall, higher levels of early-life stress were associated with poorer health and sleep outcomes,
supporting the hypothesis, but the results also showed clear variability between individuals. The presence
of resilient individuals, along with the influence of positive childhood experiences, suggests that the
effects of adversity are not fixed and can be shaped by protective factors. Together, these findings point fo
a more complex relationship between early-life stress and long-term outcomes, where both environmental
influences and underlying biological processes play a role.

Future Direction

Despite outlining datasets to further establish the point of resilient individuals through epigenetic
differences in contrast to non-resilient individuals, the lack of access to the data, limits the validity of
findings to only survey based data. This in tum prevents the ability to generalize and validate our
findings. This could be improved by submitting research proposals and initiating a request to be able to
view the various genetic data sets we were able to find, as mentioned in our Methods.

Moreover, our main source of data is primarily collected in the region of Taiwan, thus not discussing how
geographic difference could affect the reliability or generalizability of the results in applied for other
regions. As the findings are heavily reliant on epigenetic based outcomes, drastically different factors
such as lifestyle, diet as well as environmental exposure produce distinctive conditions which limits
transferability of the finding to the North American region, which most of this papers background and
introduction is derived from.As such, validation regarding the transferability of these findings through
past comparison of data collection in both regions under one epigenetic study, would be advisable.
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In Silico Identification of Cas12a crRNA
Targets in the HIV-1/SIVcpz pol Region

Tahreem Sheikh, Areesha Baig, Isra Akhter

Abstract

Human Immunodeficiency Virus (HIV) is a global health challenge, impacting
millions everyday. The management of the virus highlights the importance of molecular
technologies to detect and target viral sequences. This study aimed to identify conserved
HIV-1 sequences suitable for CRISPR-Casl 2a targeting to be used as a diagnostic tool with
minimal off-target interactions with the human genome. Publicly available pre-aligned HIV-1
sequences were obtamed from the Los Alamos National Laboratory. The sequences were
retrieved from the highly conserved region in the HIV-1 pol gene due to its low mutability
rate. Despite several PAM distributed through the sequence, only 13 ctRNA targets were
considered viable considering GC content and secondary structure formation, which was
determined using the RNAfold program. The candidate ctRNAs were then scanned against
the reference human genome (GRCh38) to find the ideal target crRNA with minimal
off-target matches using BLAST. From thas search, a sequence of 23 nucleotides with 22.87%
hairpin formation was considered a viable target. However, this sequence had a 57% match to
the reference human genome. Although the cleavage site of Casl2a is outside the off-target
match, the human genome should still be scanned for a PAM near the matched sequence. The
interaction between the Casl2a enzyme and the sequence was then modeled usmg UCSF
Chimera.

Introduction/Rationale

Human mmunodeficiency viruses (HIV) are rampant viruses with various strains that
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have affected millions worldwide, with approximately 30 million people living with the
infection (Deeks et al., 2015). It 1s transmutted via infected human bodily fluids, such as blood

or sexual fluids. HIV primarily targets CD4+ T-cells, an activating cell that is responsible for

coordinating the body’s adaptive immune responses (Kirchhoff, 2013). CD4+ T-cells activate
macrophages, B-cells, and CD8+ T-cells through cytokine signalling, allowing the immune
system to enact effective responses to pathogens (Kirchhoff, 2013). By depleting these cells,
HIV severely compromises the body’s defense system, leaving infected individuals
vulnerable to various viruses and infections. If left untreated, it can progress to acquired
immunodeficiency syndrome (AIDS), characterized by leaving the individual susceptible to

opportunistic infections and cancers (Deeks et al., 2015).

As of today, HIV has no cure. Antiretroviral therapy (ART) has transformed HIV
infection into a manageable diagnosis, almost entirely preventing HIV replication and
reducing the chance of developing AIDS. However, if one was to stop taking the medication,
the virus would rebound within weeks. Regardless, immediate usage of ART 1s essential for
preventing further development of HIV and limiting the risk of spreading the infection to
uninfected partners. Early detection and viral monitoring are therefore critical in improving
patient outcomes. Rapid HIV methods, such as blood from a finger-stick or swabbing saliva
from the mouth, while useful, have limited sensitivity for detecting acute HIV infection

(Deeks et al., 2015).

Clustered Regularly Integrated Short Palindromic Repeats, CRISPR, and
CRISPR-associated (cas) genes provide bacteria with their defense against phages. CRISPR
arrays undergo transcription and processing to produce tiny CRISPR RNAs (ctRNA) that
associate with cas proteins to create ctRNA-guided surveillance complexes (Bondy-Denomy
et al., 2015). While typically defined as a gene editing technology derived from bactenal

systems, for the purpose of this experiment, CRISPR will be used as a molecular detector
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rather than a gene-editing tool. This will not treat or remove HIV, but mstead act as a method
for early detection and diagnosis. It can be used to measure the amount of virus present and

whether the prescribed treatment 1s working. To do thus, CRISPR will bind to HIV-1 ctRNA

sequences and cut nearby reporters, releasing a signal that can be detected. CRISPR 1equires
a CRISPR-associated protein (Cas) to perform the actual cleavage of DNA. For HIV
detection, the associated protein is typically Casl2a (Tong et al., 2021; Bagi et al., 2025).
Cas12a requires that the crRNA sequences contain a PAM; this is because CRISPR is a
system derived from bacterial immune systems which evolved to cleave and destroy viruses
through binding of Cas proteins. The PAM allow the CRISPR system to identify only foreign
viral DNA, unwind it, and cleave if the crRNA spacer sequence is complementary to the viral

target sequence (Horvath & Barrangou, 2010; Hillary & Ceasar, 2022).

This study aims to propose CRISPR—Cas12a as a diagnostic tool for the detection of
HIV-1 RNA. This study hypothesizes that the conserved polymerase consensus sequences
from HIV-1 can identify structurally viable ctRNA targets across a variety of strams with

minimal off-target matches to the reference human genome (GRCh38).

Methods

First, candidate crRNA sites were found for Cas12a on February 12, 2026. A
pre-made alignment of HIV-1/SIVepz on the Los Alamos National Laboratory of HIV
sequences was used to find ancestral/consensus polymerase sequences (Los Alamos National
Laboratory, n.d.). The pre-made alignment retrieved a consensus sequence of 4.2 kb (Figure
1A). Using the CRISPOR tool, this consensus was scanned for candidate ctRINAs
(CRISPOR, n.d.). An ideal candidate had a protospacer adjacent motif (PAM), 23 base pairs
following the PAM, medium GC content, and no long AT stretches. The PAM for a Cas12a

enzyme 1s TTTV, where V can be A, G, or C (Bandyopadhyay et al., 2020). Then, using
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RNAfold, the secondary structures of the sequences were determined at 37°C, and the

candidate list was further shortlisted (Lorenz et al., 2011). Sequences with a mmimum free

energy structure that formed a hairpin less than 60% of the time were shortlisted as
candidates.

Then, on February 13, 2026, to minimize off-target matches, the DNA-equivalent
sequences were screened against the reference human genome (GRCh38) using BLASTn
(National Centre for Biotechnology Information, n.d.), a tool that searches a nucleotide
database with a nucleotide query (Figure 2A). The database chosen, human genomic and
transcript databases (Human G+T), 1s curated from human reference sequences, which
explicitly includes GRCh38. Due to NCBI BLAST limitations, the lowest word size
permitted was 7, resulting in an inexact screening that detected extended sequence
similarities. All other algorithm parameter values were optimized for somewhat similar
sequences (blastn- short), an expected threshold of 1000, with low-complexity regions off,
and match/mismatch scores of 1, -3. The sequences were compared to one another
graphically using GC content, hairpin formation, query coverage, and E-value.

On February 15, the three-dimensional structure of the catalytically inactive
Francisella novicida Cas12a (FnCasl2a) in complex with a ctrRNA guide and a
double-stranded DNA target was retrieved from the RCSB Protein Data Bank (PDB ID:
5B43) and used as the structural template. The crystal structure was detenmined by X-ray
diffraction at a resolution of 2.65 A, providing sufficient atomic detail for visualization. No
mutations were present in the structure; therefore, the sequence corresponds to the actual
wild-type FnCas12a protein as expressed in Escherichia coli. To prepare the data for
modelling, water and non-relevant small molecules, includmg small ligands and
biomolecules, were removed to reduce steric interference and improve visual clarity. X-ray

diffraction, the method used to deterimine the structure, relies on the scattering of X-rays by
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electrons in the crystal lattice to reconstruct an electron density map, allowing precise

modelling of atomic positions (Kristo, 2012). Further discrepancies between the structure and

energy structure that formed a hairpin less than 60% of the time were shortlisted as
candidates.

Then, on February 13, 2026, to minimize off-target matches, the DNA-equivalent
sequences were screened against the reference human genome (GRCh38) using BLASTn
(National Centre for Biotechnology Information, n.d.), a tool that searches a nucleotide
database with a nucleotide query (Figure 2A). The database chosen, human genomic and
transeript databases (Human G+T), 1s curated from human reference sequences, which
explicitly includes GRCh38. Due to NCBI BLAST lumitations, the lowest word size
permitted was 7, resulting in an inexact screening that detected extended sequence
similarities. All other algorithm parameter values were optimized for somewhat similar
sequences (blastn- short), an expected threshold of 1000, with low-complexity regions off,
and match/mismatch scores of 1, -3. The sequences were compared to one another
graphically using GC content, hanpin formation, query coverage, and E-value.

On February 15, the three-dimensional structure of the catalytically inactive
Francisella novicida Casl2a (FnCasl2a) in complex with a crRNA guide and a
double-stranded DN A target was retrieved from the RCSB Protein Data Bank (PDB ID:
5B43) and used as the structural template. The crystal structure was determined by X-ray
diffraction at a resolution of 2.65 A, providing sufficient atomic detail for visualization. No
mutations were present i the structure; therefore, the sequence corresponds to the actual
wild-type FnCas12a protein as expressed in Escherichia coli. To prepare the data for
modelling, water and non-relevant small molecules, includmg small ligands and
biomolecules, were removed to reduce steric interference and improve visual clarity. X-ray

diffraction, the method used to determine the structure, relies on the scattering of X-rays by
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electrons m the crystal lattice to reconstruct an electron density map, allowing precise

modelling of atomic positions (Kristo, 2012). Further discrepancies between the structure and

HIV-targeted ctRNA sequences were accounted for by substituting the HIV-1-pol-derived

spacer sequences while maintaining the PAM to ensure accuracy for subsequent modelling.

Modelling of the structure was performed using UCSF Chimera. The FnCasl2a structure was
selected because it contamns the complete Casl2a-ctRNA-DNA complex, including the
PAM-interacting domain and RuvC catalytic site, enabling accurate evaluation of

crRNA-target DNA binding and structural compatibility.

BACSA Research Magazine 2026

97



Results/Findings

Table 1. crRNA candidate sequences

Sequence Number

Sequence

Hairpin
formation at 37
°WT?

Shortlisted?

ITTG
GCAACGACCCCTCG
TCACAATAA

41.31%

ITIC
CATCTTCCTGGCAA
ACTCATTTC

I77C
CCATTAGCCCTATTG
AGACTGTA

ITT4
CTGGTACAGICTCA
ATAGGGCTA

62.24%

ITTG
GGCCATCCATTCCTG
GCTTTAAT

72.08%

IT7C
CATCCCTGTGGAAG
CACATTGTA

73.37%

ITTG
GAATATTGCTGGTGA
TCCTTICC

56.37%

1TT4
TCAGGATGGAGTTC
ATAACCCAT

48.13%

TIre
TGCCAGTTCTAGCTC
TGCTTCTT

ITT4
GGAGTCTTTCCCCAT
ATTACTAT

41.62%
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ITTC
TGCTCCTACTATGGG
TICTTTCT

ITT4
TCTAGCTTTGCAGG
ATTCGGGAT

TTTA
TTACAGGGACAGCA
GAAATCCAC

ITTG
GAAAGGACCAGCAA
AGCTCCTCT

TITC
CAAAGTGGATTICT
GCTGTCCCT

TEEC
CAGAGGAGCTTTGC
TGGTCCTTT
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Comparison of crRNA Candidates by Structural Properties and Human Genome Overlap
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Figure 1. Comparison of GC content (green), hairpin formation (pink), and query coverage
(orange) across 16 crRNA candidates derived from the HIV-1 pol consensus sequence. GC%
and hairpin% reflect structural suitability for Casl2a binding, while query coverage reflects

the degree of sunilarity to the reference human genome (GRCh38).

BLAST E-Value of crRNA Candidates Against the Human Genome (GRCh38)
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Figure 2. BLAST E-values for 16 ctRNA candidates screened against the reference human
genome (GRCh38). A higher E-value indicates a weaker match to the human genome,

reflecting greater sequence specificity for HIV-1. Sequences 1, 3, 4, 9, and 11 returned the
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highest E-value (299), with Sequence 9 selected as the optimal candidate based on its

combined structural and specificity scores.

Figure 3. Crystal structure of the Casl2a-crtRNA-target DNA complex (PDB ID: 5B43).
Casl2a protein (Chain A, blue) 1s shown bound to ctRNA (Chain B, pink), target DNA

(Chain C, red), and the complementary strand of target DNA (Chain D, yellow).
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Figure 4. Interaction between the crRNA and the target DNA in the Casl2a-crRNA-target
DNA complex (PDB ID: 5B43). Casl2a 1s hidden for clarity, allowing visualization of the
cRRNA base-pairing with the target DNA duplex containing double-stranded DNA. This
view emphasizes the RNA-DNA recoguition interface.
Discussion

This study aimed to computationally 1dentify ideal ctRNA candidates for HIV
detection using CRISPR-Casl 2a. The sequences were derived from a conserved HIV-1
polymerase consensus sequence. This 1s because previous studies show that the pol region
has essential enzymatic roles and high conservation across HIV-1 strains (Mortis ef al.,
2005). The conservativity makes it ideal for application across a wide variety of strains.
Specifically, the HIV pol gene encodes for reverse transcriptase, integrase, and protease, all
necessary enzymes for viral replication. This means that mutations in pol are absolutely lethal
to the genome. Evolutionary flexibility is limited due to these constraints. Other HIV regions,
such as env, vif, tat, and nef are not as robust as the pol region (Keating et al., 2008).

Typically, mature ctRNAs of Casl2a are 42-44 nucleotides in length, containing a repeat
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sequence of 19-20 nucleotides and a spacer sequence that is 23-25 nucleotides (Paul &
Montoya, 2020). Due to this, candidate spacer sequences of 23 nucleotides following the
PAM were chosen. The spacer sequences were then scanned to maintain 40-60% GC content
to minimize secondary hairpin structure formations (Morris et al., 2005; Creutzburg et al.,
2020). The conserved pol consensus sequence derived was 4.2 kb with several PAM scattered
through, indicating that Cas12a does not target a single locus on the genome, but mstead a
wide variety of sequences across the genome, meaning that targeting can be multiplexed
across functionally constrained regions of the genome. With the filters mentioned above, 16
candidate ctRNAs were 1dentified (Table 1), suggesting that the pol region 1s suitable for
Cas12a target sites. These sequences were computationally tested for structural viability,
ensuring that hairpin formation occurred less than 60% of the time. This parameter was set
due to the fact that the binding of Casl2a overrides moderate secondary structures. With this
extra guideline, 13 crRNA candidates were deemed viable. This reinforces the idea that
Casl2a diagnostic design is feasible within the conserved polymerase consensus region of
HIV-1. It 1s unportant to remember that computational filtering can narrow candidate targets;
however, computational predictions cannot effectively describe functional Casl2a activity in
vitro. Another limitation to this screemng 1s the fact that the parameter of 60% hairpin
formation was set arbitrarily, with the knowledge that Cas12a binding overrides moderate
secondary structural formations. Cas12a unwinds its target DNA processively, displacing
moderate secondary structures during the seed region scanning process (Creutzburg et al.,
2020). Sequences forming hairpins more than 60% of the tume at physiological temperature
are likely to be predominantly folded under assay conditions, reducing effective
concentration of the open, bindable form. Below 60%, the equulibrium favours enough open
conformation that Casl2a binding is plausible. Additionally, this limitation has minimal

bearing on the final outcome considering that the selected sequence (sequence 9) has a
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for ranking candidates by structural viability (National Centre for Biotechnology Information,
n.d.). Using these parameters, sequence 9 was chosen as the best crRNA target and modelled
using UCSF Chimera. However, sequence 9 had a 57% match to the reference human
genome. Due to the fact that the human genome was not scanned for nearby PAM, the
selected crRNA target 1s limited m its functionality (Bandyopadhyay et al., 2020). The
Casl2a-citRNA-target DNA complex model substantiated the compatibility of the sequences
in the detection framework and also showed guide target recognition.

For future studies, it is recommended to extend the screening of candidates to the gag
region of the HIV-1 genome. This 1s because prior cross-clade studies have shown that gag
and pol are two highly conserved regions that can limit mutation tolerance (Morris et al.,
2005). The gag region can be screened for crRNA targets with high structural suitability and
lower off-target matching. If better ctRNA targets are found, this experiment can be
expanded to an m vitro analysis of CRISPR-Cas12a with the ctRNA targets to experumentally
verify cleavage results. Then, this system can be used to determine the viral load of HIV-1
RINA, acting as a scale to govern the effectiveness of prescribed treatment.
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Multimodal Prediction of Alzheimer's Disease
Conversion in in Mild Cognitive Impairment:
Integrating Cognitive Assessments, APOE
Genotype, and Plasma Biomarkers to Predict
Alzheimer’s Disease Conversion

Siya Gera, Shirley Zhang, Nivedita Nair

Abstract

Alzheimer’s disease (AD) progression from mild cognitive impairment (MCI) involves complex
biological mechanisms including amyloid deposition, tau pathology, and neurodegeneration. While
cognitive testing is commonly used for prognosis, blood-based biomarkers may improve early
prediction. This study investigated whether integrating cognitive assessments, APOE €4 genotype,
and plasma biomarkers improves prediction of progression from MCl to AD. Baseline data from 767
MCI participants in the Alzheimer’s Disease Neuroimaging Initiative (ADNI) were analyzed, with 201

individuals having complete plasma biomarker data. Logistic regression modeling incorporated

ADAS13, CDRSB, MMSE (cognitive scales), APOE €4 count (genetic risk), plasma pTau217, AB42/AB40

ratio, neurofilament light (NfL) (axonal damage), and GFAP (inflammation), The multimodal model
achieved an accuracy of approximately 0.69 and an AUC of 0.79, demonstrating good discrimination
between converters and non-converters. CDRSB, Nfl, and pTau217 emerged as the strongest
predictors of progression. The amyloid ratio showed a protective effect, while APOE g4 provided
moderate predictive value. These findings demonstrate that integrating plasma biomarkers with
cognitive measures enhances prognostic accuracy and highlights the central role of

neurodegeneration and tau pathology in early AD transition.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the leading cause
of dementia worldwide, accounting for approximately 60-70% of all dementia cases (Alzheimer's
Association, 2025). Pathologically, AD is defined by the extracellular accumulation of amyloid-B (AB)
plaques and intracellular aggregation of hyperphosphorylated tau protein forming neurofibrillary
tangles (Jack et al., 2018). These pathological processes are accompanied by synaptic dysfunction,
neuronal loss, and progressive brain atrophy, ultimately resulting in cognitive and functional decline

(De Strooper & Karran, 2016).

Mild cognitive impairment (MCI) represents a transitional stage between normal aging and
dementia. Individuals with MCI exhibit measurable cognitive decline that exceeds age-related
expectations but retain relative independence in daily functioning (Petersen, 2018). However, MCl is
clinically heterogeneous: while some individuals remain stable or revert to normal cognition, others
progress to Alzheimer’s disease at varying rates. Annual conversion rates from MCI to AD range
between 10-15% in clinical cohorts (Albert et al., 2011). The ability to accurately predict which
individuals will convert is therefore critical for early intervention, risk stratification, and clinical trial
enrichment.

Traditional prognostic approaches rely heavily on neuropsychological assessments such as
the Mini-Mental State Examination (MMSE), Alzheimer’s Disease Assessment Scale—Cognitive
Subscale (ADAS13), and Clinical Dementia Rating — Sum of Boxes (CDRSB). These instruments
quantify global cognition and functional impairment and are widely used in both clinical and research
settings. However, cognitive tests measure downstream clinical manifestations of disease rather than
the underlying biological pathology driving neurodegeneration (Sperling et al., 2011). As a result,
reliance on cognitive measures alone may limit early predictive sensitivity.

Advances in biomarker research have transformed understanding of AD pathophysiology. The

amyloid cascade hypothesis posits that AR accumulation initiates downstream tau pathology and
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neurodegeneration (Hardy, 2006). More recently, the AT{N) framework has categorized AD
biomarkers into amyloid (A}, tau (T), and neurodegeneration (N) groups, emphasizing a biologically
defined disease model. Plasma biomarkers have emerged as minimally invasive tools capable of
capturing these pathological domains. Phosphorylated tau (pTau217) reflects tau aggregation and
correlates strongly with brain tau pathology (Palmqvist et al., 2020). Neurofilament light (NfL) serves
as a marker of axonal injury and neurodegeneration (Mattsson et al., 2017). Glial fibrillary acidic

protein (GFAP) indicates astroglial activation and neurcinflammatory processes (Shir et al., 2022)

Additionally, the plasma AB42/AB40 ratio reflects cerebral amyloid burden, with lower ratios
associated with increased amyloid deposition.

Genetic risk further contributes to disease susceptibility. The apolipoprotein E (APOE) €4
allele is the strongest common genetic risk factor for late-onset AD, influencing amyloid
accumulation and disease progression (Corder et al., 1993). However, genotype reflects inherited risk
rather than current disease activity and may not fully capture short-term conversion risk.

From a computational perspective, machine learning models offer the capacity to integrate
heterogeneous data types (including clinical, genetic, and biomarker features) into unified predictive
frameworks. Logistic regression and ensemble learning methods have been applied to AD
classification and progression modeling with promising results (Moradi et al., 2015). Nonetheless,
many prior studies have focused on either cognitive variables or neuroimaging biomarkers, while
fewer investigations have evaluated fully integrated multimodal models incorporating blood-based
biomarkers alongside clinical and genetic predictors.

Although individual biomarker domains have demonstrated predictive value, there remains a
need to determine whether combining cognitive assessments, genetic risk, and plasma biomarkers
meaningfully improves prediction of progression from MCl to Alzheimer’s disease within a single
interpretable model. In particular, it remains unclear which biological domains, amyloid deposition,
tau pathology, or neurodegeneration, contribute most strongly to short-term clinical transition.

This study aims to determine whether integrating cognitive assessments, APOE €4 genotype,
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and plasma biomarkers improves prediction of progression from mild cognitive impairment to
Alzheimer’s disease. We hypothesize that a multimodal model incorporating both clinical and
biological features will outperform models relying solely on cognitive measures, and that markers of
neurodegeneration and tau pathology will demonstrate stronger predictive influence than amyloid
burden alone.
Methods
Data were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database, a
longitudinal multicenter study designed to investigate clinical and biological markers of Alzheimer’s
disease progression. Data was accessed on January 15, 2026. Participants were included if they had a
baseline diagnosis of mild cognitive impairment (MCI), documented longitudinal follow-up diagnostic
status, available baseline cognitive assessment scores, and APOE genotype data. A total of 767
individuals met these criteria. Among these participants, 285 (37.1%) progressed from MCl to
Alzheimer’s disease during follow-up. Plasma biomarker data, including phosphorylated tau 217
(pTau217), AR42/AB4O0 ratio, neurofilament light (NfL), and glial fibrillary acidic protein (GFAP), were
available for a subset of 201 participants, which formed the final multimodal modeling cohort. While
the reduction in sample size for the biomarker subset (n=201) is a limitation to statistical power, it
remains a representative sample of the broader MCI cohort for these exploratory analyses. Within
this subset, 62 individuals (30.8%) converted to AD during follow-up. Progression status was defined
based on diagnostic classification at subsequent clinical visits and encoded as a binary outcome (1 =
converter, 0 = stable MCI). All analyses were conducted using Python (version 3.11) with the pandas
and NumPy libraries for data manipulation and numerical computation, scikit-learn for machine
learning modeling and validation, and matplotlib for visualization in Jupyter Notebook. Data
preprocessing was performed prior to model training. Participants with missing outcome labels were
excluded, and observations with incomplete plasma biomarker data were removed from the
multimodal subset. Continuous predictor variables, including ADAS13, CDRSB, MMSE, pTau2l7,

AB42/ABA40 ratio, NfL, and GFAP, were standardized using z-score normalization to ensure
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comparability across scales. APOE genotype was encoded as £4 allele count (0, 1, or 2), representing
genetic risk dosage. A logistic regression model was constructed to predict progression from MCl to
AD using baseline cognitive measures (ADAS13, CDRSB, MMSE), APOE €4 allele count, and plasma

biomarkers (pTau217, AB42/AR40 ratio, NfL, GFAP). Logistic regression was selected due to its

interpretability, suitability for binary classification, and robustness in moderate sample sizes. Model
coefficients were exponentiated to obtain odds ratios for clinical interpretability.

Model performance was evaluated using 5-fold cross-validation to estimate generalization
ability. In each iteration, four folds were used for training and one fold for validation, with
performance metrics averaged across folds. Primary evaluation metrics included classification
accuracy and area under the receiver operating characteristic curve (AUC-ROC), with AUC serving as
the principal discrimination measure due to its robustness to class imbalance. Statistical significance

was defined as p <.05.

Results

A total of 767 individuals with baseline mild cognitive impairment {MCl) were identified, of
whom 285 participants (37.1%) progressed to Alzheimer’s disease during longitudinal follow-up.
Plasma biomarker measurements were available for 201 individuals, constituting the final
multimodal modeling cohort. Within this subset, 62 participants (30.8%) converted to Alzheimer’s
disease over the observation period. The multimodal logistic regression model integrating cognitive
assessments, APOE €4 genotype, and plasma biomarkers achieved an overall classification accuracy
of 0.69. The model demonstrated good discriminatory performance, with an area under the receiver
operating characteristic curve (AUC) of 0.789 (95% Cl: 0.72-0.85), indicating effective differentiation
between individuals who converted to Alzheimer’s disease and those who remained stable.
Statistical significance across the primary predictors was maintained (p < .05), and the strongest

individual separations were observed in CORSB and pTau217.
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Figure 1: Conversion Outcome Distribution in the Baseline MCI Cohort. This figure shows the number
of participants who remained stable versus those who progressed to Alzheimer’s disease during
follow-up.

— AUC = 0,789
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Figure 2: Receiver Operating Characteristic (ROC) Curve for Multimodal Logistic Regression Model.
The ROC curve demonstrates model discrimination performance, with an AUC of 0.789 compared to
the chance line (AUC = 0.50).
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Figure 3: Scaled logistic regression coefficients demonstrated the following direction and relative
magnitude of effects. Positive coefficients indicate increased risk of conversion; negative coefficients
indicate protective effects.
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Figure 4: Higher values indicate greater reduction in model performance when the feature is
permuted.
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Figure 5: Baseline pTau217 Levels by Conversion Status. Boxplots demonstrate higher median
pTau217 levels among converters relative to non-converters.
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Figure 6: Baseline NfL Levels by Conversion Status. Converters exhibited higher NfL distributions
compared to non-converters.
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Figure 7: Baseline AB42/AB40 Ratio by Conversion Status. Converters showed lower amyloid ratios
compared to non-converters.

Non-converted Converted

Figure 8: Baseline GFAP Levels by Conversion Status. Boxplots comparing baseline glial fibrillary acidic
protein (GFAP) levels between individuals who remained stable and those who converted to
Alzheimer’s disease. Converters exhibit higher median GFAP values and a wider distribution range.
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Figure 10; Baseline ADAS13 Scores by Conversion Status. Boxplots showing baseline Alzheimer’s
Disease Assessment Scale—Cognitive Subscale (ADAS13) scores stratified by conversion outcome.
Converters demonstrate higher median ADAS13 scores compared to non-converters,
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Figure 11; Baseline CDRSB Scores by Conversion Status. Boxplots comparing baseline Clinical
Dementia Rating — Sum of Boxes (CDRSB) scores between groups. Higher median CDRSB values are
observed among converters.
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Figure 12: Baseline MMSE Scores by Conversion Status. Boxplots illustrating baseline Mini-Mental
State Examination {MMSE) scores by conversion status. Converters show slightly lower median
MMSE values relative to non-converters, with overlapping distributions.
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Figure 13: Predicted Conversion Probability Distribution. Histogram of predicted probabilities for
converters and non-converters generated by the multimodal logistic regression model.
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Discussion

The present study demonstrates that integrating cognitive assessments, APOE £4 genotype,
and plasma biomarkers provides meaningful predictive value for progression from mild cognitive
impairment (MCI) to Alzheimer's disease (AD). Within the multimodal subset (n = 201}, the logistic
regression model achieved an accuracy of 0.69 and an AUC of 0.789 (Figure 2), indicating good
discrimination between converters and non-converters. The predicted probability distribution (Figure
13) further supports this finding, as converters were more frequently assigned higher predicted
probabilities, although overlap between groups remained. This study acknowledges the high
interpretability of the single modelling approach with logistic regression, though future interactions
may benefit from comparing these results against non-linear machine learning methods to further
validate model stability. The presence of distribution overlap highlights the biological and clinical
heterogeneity of MCl and indicates that while multimodal integration improves discrimination,
progression risk remains probabilistic rather than deterministic.

Baseline group comparisons reveal consistent biological and clinical differences between
converters and non-converters, Converters demonstrated higher ADAS13 scores (Figure 10) and
higher CDRSB scores (Figure 11), reflecting greater baseline cognitive and functional impairment. In
contrast, MMSE scores showed only modest separation with substantial overlap (Figure 12),
suggesting that MMSE may be less sensitive to early progression risk when compared to more
granular cognitive and functional measures. Plasma biomarkers exhibited systematic directional
differences aligned with AD pathophysiology. Individuals who converted had higher baseline pTau217
levels (Figure 5), elevated NfL (Figure 6), and higher GFAP concentrations (Figure 8), while the

AP42/ABA4O0 ratio was lower among converters (Figure 7). These findings support the biological

plausibility of the model and align with established frameworks describing amyloid dysregulation, tau
pathology, neurodegeneration, and astroglial activation as central components of AD progression.
The regression coefficient plot (Figure 3) reinforces these observations, demonstrating

positive associations between conversion risk and CDRSB, NfL, pTau2l7, GFAP, ADAS13, and APOE €4
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count, while the AB42/AB40 ratio shows a protective negative association. The minimal contribution
of MMSE in the multivariable setting mirrors its limited baseline separation (Figure 12), suggesting
redundancy once more sensitive cognitive measures are included. Notably, permutation-based
feature importance (Figure 4) shows that certain predictors produce larger reductions in AUC when
shuffled, highlighting their relative contribution to model discrimination. Differences between
coefficient magnitude (Figure 3) and permutation importance (Figure 4) likely reflect
intercorrelations among predictors; when muitiple features encode overlapping information,
permuting one may not dramatically reduce performance because related variables retain partial
signal. This emphasizes the value of examining multiple interpretability methods rather than relying
on a single metric of importance.

Biologically, the findings suggest that conversion from MCI to AD is closely associated with

markers of tau pathology and neurodegeneration. Elevated pTau217 (Figure 5) indicates increased

tau-related processes among converters, while elevated NfL (Figure 6) reflects greater axonal injury.

Increased GFAP levels (Figure 8) further suggest astroglial activation and neuroinflammatory
involvement in individuals at higher risk of progression. Although the lower AB42/AB40 ratio among
converters (Figure 7) supports the role of amyloid pathology, the comparatively strong contributions
of tau and neurodegeneration markers are consistent with emerging models in which amyloid
accumulation may precede but not directly determine short-term clinical decline. In this context,
markers of active neuronal injury and tau dysfunction may provide stronger near-term prognostic

information during the MCI stage.

From a computational standpoint, the results demonstrate that a relatively simple and
interpretable model can achieve clinically meaningful discrimination. The AUC of 0.789 (Figure 2)
indicates performance substantially above chance, and the predicted probability gradients (Figure
13) suggest that the model can stratify individuals along a risk continuum rather than only generating
binary classifications. Logistic regression offers the additional advantage of transparent effect

interpretation through coefficients and odds ratios (Figure 3), which enhances potential clinical
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translation compared to more complex black-box models. However, the presence of distribution
overlap across nearly all features (Figures 5-12) underscores the inherent complexity of AD
progression and the limits of baseline-only modeling.

Several limitations should be acknowledged. First, the final multimodal cohort was restricted
to participants with complete plasma biomarker data (n = 201), reducing statistical power and
potentially affecting the stability of feature importance estimates. Second, conversion was defined
using clinical diagnostic status, which may be influenced by variability in follow-up duration or
diagnostic criteria. Third, the ADNI cohort may not fully represent broader clinical populations,
limiting generalizability. Finally, although the model demonstrates good discrimination, the
overlapping probability distributions (Figure 13) indicate that prediction remains imperfect and
should not be interpreted as definitive for individual patients.

Future work should expand the sample size and incorporate external validation to assess
generalizability. Longitudinal modeling of biomarker trajectories, rather than baseline values alone,
may improve predictive accuracy by capturing dynamic disease progression. Additional multimodal
features, including neuroimaging markers or digital cognitive measures, could further enhance
predictive performance. Model calibration and clinical threshold optimization will also be important
for translating predicted probabilities into actionable risk categories. Collectively, these findings
support the value of multimodal integration while emphasizing the need for continued refinement to
Conclusion/Future Directions

This study demonstrates that integrating cognitive assessments, APOE €4 genotype, and
plasma biomarkers improves prediction of progression from mild cognitive impairment to
Alzheimer’s disease. The multimodal logistic regression model achieved good discriminatory
performance (AUC = 0.789), indicating that combining clinical and biological features provides
meaningful prognostic value beyond cognitive measures alone. Across analyses, individuals who
converted to Alzheimer’s disease exhibited greater functional impairment, elevated tau and

neurodegeneration markers, and lower amyloid ratios at baseline, supporting the biological validity
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of the model.

The primary contribution of this work lies in demonstrating that blood-based biomarkers,

particularly pTau217, NfL, and GFAP, can be effectively integrated with traditional cognitive

assessments within an interpretable predictive framework. By combining clinical, genetic, and
circulating biomarker data, this study reinforces emerging models of Alzheimer’s disease that
emphasize the role of active neurodegeneration and tau pathology during early disease transition.

Broader implications include the potential for scalable, minimally invasive risk stratification
using plasma biomarkers rather than relying solely on neuroimaging or cerebrospinal fluid measures.
With further validation in larger and more diverse cohorts, this multimodal approach could support
earlier identification of high-risk individuals, improve clinical trial enrichment strategies, and

contribute to personalized prognostic modeling in Alzheimer’s disease.
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Structural Modeling of the CFTR G500D
Variant: An AlphaFold-Based Analysis of
Protein Folding Defects

Omer Yimaz, Ekambir Singh, Anisa Zangiabadi

Abstract

Cystic Fibrosis (CF), an inherited genetic disorder, is caused by recessive deleterious
mutations associated with CFTR gene. The AF508 deletion is the most commonly known
CFTR mutation, but several rare mutants exist which remain untreatable due to a lack of data
personalization. In this study, we will be focusing on one of these rare mutations: Glycme to
Aspartic Acid at position 500 (G500D). The study utilized AlphaFold and ChimeraX to
perform a comparative analysis between wild-type (WT) CFTR and the G500D variant.
High-confidence models were generated (average pLDDT > 70), showing a low pruned Root
Mean Square Deviation (RMSD) of 0.838 A, which indicates that the G500D mutation does
not prevent the synthesis of a full-length protein. However, a significant global RMSD of
15.544 A was observed, centered on localized misalignments within the nucleotide-binding
domains (NBDs). These structural deviations suggest that while the protein 1s expressed, the
G500D vanant suffers from a distinct local folding defect that disrupts 1its local functional
conformation. Atomic-level structural analysis using ChimeraX (1.11.1) also indicated that
Aspartic Acid at position 500 (ASP500) potentially forms a new hydrogen bond (2.741 A)
not present in the WT structure, which may perhaps locally hinder flexibility and help explain
the mhibited functional gating mechamism. These findings characterize G500D as a
potentially modifiable target, providing a structural basis for future screening of
small-molecule correctors.

1. Introduction

1.1 Genetic Foundations and and Protein Synthesis

The transition from genetic information (DNA to RNA) to a functional protein is a process
called the central dogma of molecular biology. Genetic mutations are caused due to
modifications in the genome, often caused by replication errors or exposure to environmental
mutagens [12]. In the context of the CFTR gene, single-nucleotide polymorphisms (SNPs)
can happen where a single base substitution changes the codon to encode a different amino
acid.

These primary structural changes are critical because the chemical properties of an amino
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acid.

These primary structural changes are critical because the chemical properties of an amino
acid, such as size, charge, and hydrophobicity, dictate the folding pathway of the polypeptide
cham [13]. In the case of CFTR, a substitution of the Glycine to Aspartic Acid at position 500
(G500D) ntroduces a charged residue into the sequence potentially optimized for a small,
neutral glycine, thereby disrupting the non-covalent interactions (hydrogen bonding, van der
Waals forces) necessary for the protein’s tertiary stability [14].

1.2 The Molecular Physiology of Cystic Fibrosis

Cystic Fibrosis (CF) is an autosomal recessive genetic disorder characterized by a
malfunctioning CFTR protein. a cAMP-regulated chloride channel located in the apical
membrane of epithelial cells [1]. This protein 1s responsible for maintaining the salt-water
balance on mucosal surfaces by facilitating the transport of chloride and bicarbonate ions.
When this channel 1s defective, ion transport is hindered, leading to the accumulation of
thick, dehydrated, and hyperviscous mucus [5].

1.3 Pathology, Immunochemistry, and Disease Burden

The pathology of CF 1s multi-systemic, meaning it affects multiple systems of the body. In
the Iungs, the "stagnant mucus" phenotype provides a fertile environment for chronic
bacterial colonization, most notably by Pseudomonas aeruginosa and Staphylococcus aureus
[15]. This leads to a persistent inflammatory state characterized by an influx of neutrophils
and the release of pro-inflammatory cytokines (e.g., IL-8, TNF-a), which progressively
destroy lung tissue [16].

Despite advancements in care, CF significantly reduces life expectancy and requires a
rigorous daily treatment regimen of chest physiotherapy and pharmacological nterventions.
In the pancreas, mucus blockage prevents the secretion of digestive enzymes, leading to
malabsorption and CF-related diabetes [17]. The high cost of treatment and the psychological
impact of a chronic, life-limiting condition underscore the urgent need for breakthrough
therapies that address the underlying protein defect rather than just the symptoms.

1.4 Classification of CFTR Mutations

The therapeutic approach to CF 1s largely determied by the specific class of mutation
contained in the protein. Mutation classes are defined below:

e Class I Mutations: These mutations result in premature termination codons (PTC).
This typically leads to no functional CFTR protein being produced. Examples include
frameshift mutations such as ¢.3623delG and ¢.3755delG [6].

e Class IT Mutations: These mutations lead to protein misfolding and subsequent
deterioration by the cell's quality control mechamsms. The cellular quality control
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mechanism, primarily the endoplasmic reticulum-associated degradation (ERAD)
pathway, 1dentifies the protem as defective and degrades it before it reaches the cell
membrane [2]. The most common mutation, AF508 deletion, falls into this category.
Rare and Missense Mutations: These are mutations such as single-nucleotide
substitutions that change one amino acid in a protein often leading to defrimental
effects on protein structure, stability, and function. Glycine to Aspartic Acid at
position 500 (G500D) mutation belongs to this category and may result in a
full-length protein that is synthesized but structurally malformed and possibly
dangerous [2].

1.5 The Need for Computational Data

Although highly effective CFTR modulators, including both correctors and potentiators, are
available for prevalent mutations, rare variants such as G500D lack approved
pharmacological interventions. The absence of high-resolution experimental structures for
these specific variants limits the etficacy of traditional structure-based drug discovery. To
advance personalized therapeutic strategies, computational modeling and three-dimensional
structural analysis are required to characterize the conformational changes induced by
specific mutations.

2. Hypothesis and Objectives

Research Question: To what extent can in silico modeling via AlphaFold characterize
domain-level structural deviations, specifically localized RMSD shifts and alterations m
inter-residue contacts, caused by the G500D mutation in CFTR?

Hypothesis: It is hypothesized that AlphaFold-generated models of the G500D variant will
exhibit significant localized structural deviations (RMSD > 2.0 A) compared to the wild-type,
specifically within the Nucleotide Binding Domains (NBDs), suggesting a conformational
instability that is potentially targets for small-molecule correctors.

Specific Objectives:

1. Generate high-confidence 3D structural models of wild-type and G500D CFTR using
AlphaFold.
Quantify global and domain-specific structural variance between the wild-type and
mutant proteins using Root Mean Square Deviation (RMSD)
Identify sites of misfolding within the G500D variant.
. Ewvaluate the structure of shortened proteins from frameshift mutations
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3. Methods

3.1 Data Sources and Sequence Preparation

The primary amino acid sequence for the human CFTR protein was retrieved from the
UniProtKB database (Accession ID: P13569). This 1480-residue sequence served as the
wild-type (WT) reference. To generate the mutant dataset, the WT sequence was manually
edited to incorporate a missense substitution at position 500, replacing the native Glycine (G)
with Aspartic Acid (D), creating the G500D varnant [8].

3.2 Computational Modeling with AlphaFold

Structural predictions were performed using AlphaFold v2.3.2. For the G500D variant, the
edited FASTA sequence was processed using the standard AlphaFold pipeline with default
parameters as shown in Figure 1 [3,10, 11].

"num_gueries®: 1,

"use templates”: true,

"num_relax”: 8,

“ralax max_iterations": 208,
“relax_tolerance™: 2,39,

"relax stiffness™: 18.8,

"relax max_outer iterations": 3,

"msa mode™: "mmseqs2 uniref env”,
"model type": "alphafold2 ptm",
"num_models": 5,

"num_recycles”: 3,
"recycle early stop tolerance™: null,
“num_snsemble™: 1,

“model_order”: [1, 2, 3, 4, 5],
"initial puess”™: null,

“keap existing results": false,
“rank_by": "plddt",

“max_seq”: 512,

"max_extra_seq”: 5120,

"pair mode": "unpaired paired",
"pairing strategy": "greedy”,

"host url": "https://api.colabfold.com”,
“user_agent”: "colabfold/google-colab-main”,
"stop_al_score": 198.8,
"random_seed”: @,

"num seeds™: 1,

“recompile_padding": 18,

“commit": "00Sfdfddf2achi7a86ci7e3AccesdB882130cc25”,
"use _dropout": false,

"use cluster profile": true,
“use_fuse": true,

“use bfloatls”: true,

"version”: "1.5.5",

“ralc extra ptm": false,
"use_probs_extra™: true,
"max_template date™: "21e@-81-81",
"max_template_hits": 2@

Figure 1: AlphaFold parameters used.
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The primary amino acid sequence for the human CFTR protein was retrieved from the
UniProtKB database (Accession ID: P13569). This 1480-residue sequence served as the
wild-type (WT) reference. To generate the mutant dataset, the WT sequence was manually
edited to incorporate a missense substitution at position 500, replacing the native Glycine (G)
with Aspartic Acid (D), creating the G500D varnant [8].

3.2 Computational Modeling with AlphaFold
Structural predictions were performed using AlphaFold v2.3 2. For the G500D variant, the

edited FASTA sequence was processed using the standard AlphaFold pipeline with default
parameters as shown in Figure 1 [3,10, 11].

"num_gueries”: 1,

"use templates”: true,

"num_relax”: 8,
“"relax_max_iterations": 208,
“relax_tolerance”: 2,30,

"relax stiffness”: 18.9,

"relax _max_outer iterations": 3,

"msa mode™: "mmseqs2 uniref env",
"model type": "alphafold2 ptm",
“num_models™: 5,

"num_recycles”: 3,
"recycle early stop tolerance™: null,
“num_snsembla™: 1,

“model_order”: [1, 2, 3, 4, 5],
"initial_guess”: null,

“keap axisting results": false,
"rank_by”: “plddt”,

"max_seq”: 512,

"max_extra_seg”: 5128,

"pair mode": "unpaired paired",
"pairing strategy": "greedy”,

"host url™: "https://api.colabfold.com",
“user_agent": "colabfold/google-colab-main”,
"stop al_score": 198.8,
"random_seed”: 8,

"num_seeds™: 1,

“recompile _padding": 18,

“commit”: "005fdfddf2acb07aBsc07e3AccesdBd82130cc25",
"use dropout": false,

"use: cluster profile”: true,
"use_fuse": true,

"use bfloatls”: true,

"version”: "1.5.5",

“calc extra ptm"; false,
"use_probs_extra": true,
“max_template _date”: "2lap-81-81",
"max_template hits™: 28

Figure 1: AlphaFold parameters used.
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3.3 Scientific Integrity and pLDDT Validation

To ensure the accuracy of our models, we calculated the pLDDT (predicted Local Distance
Difference Test) scores. pLDDT is a per-residue measure of local confidence in the predicted
structure on a scale of 0 to 100. A score above 90 indicates very high confidence; 70-90 is
considered high; scores below 50 suggest the region may be poorly predicted. Our wild-type
CFTR model (AF-P13569-F1-v6) provided an average pLDDT of 75.62, mdicating a high
overall level of confidence in the model's structural framework.

3.4 Structural Alignment and Quantitative Analysis

Quantitative comparison between the wild-type and mutant models was conducted in UCSF
ChimeraX v1.6 using the following protocol:We calculated the RMSD for the backbone Ca
atoms.

1) To get the sequence alignment a Needleman-Wunsch alignment was performed to
map the G500D sequence to the WT.
2) The MatchMaker tool was utilized to superimpose the Ca backbones.

3) A pruned RMSD calculation was performed to identify the 'best-fit' core alignment by
iteratively removing outlier residue pairs with deviations exceeding 2.0 A. This subset
of residue pairs represents the structural regions that remain most stable after
alignment. In contrast, a global RMSD calculation (covering all 1480 residues) was
conducted to measure the total degree of conformational divergence and potential
misfolding across the entire protein structure.

4. Results
4.1 Sequence Alignment and Molecular Stability

The alignment of the G500D variant sequence was compared with the WT CFTR sequence
(UniProt P13569) with the parameters indicated in Table 1 [7]. The comparison yielded a
sequence alignment score of 7398.1, reflecting a high degree of primary structural homology
despite the single amino acid substitution. Consequently, the AlphaFold2 models for both the
WT and G500D variant achieved high-confidence scores (pLDDT > 70), mndicating that both
sequences are capable of forming a full-length tertiary structure.
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Table 1: Detailed comparison of the G500D variant against the WT CFTR (P13569), showing the primary
structural homology required for high-confidence in silico folding.

Parameters

Chain pairing bb

Alignment algorithm Needleman-Wunsch
Similarity matrix BLOSUM-62

SS fraction 0.3

Gap open (HH/SS/other) | 18/18/6

Gap extend 1

Iteration cutoff

4.2 Localized vs. Global Structural Divergence (RMSD)

To measure the structural impact of the G500D mutation, a global superposition of the

AlphaFold-generated models was performed. The Root Mean Square Deviation (RMSD)
results are summarized in Table 2.

Table 2: Summary of Root Mean Square Deviation values, distinguishing between the stable protein core
(Pruned) and the significant conformational misfolding (Global) induced by the G500D mutation

Number of Atom Pairs RMSD Result (to 3 decimal
Analyzed m RMSD places)
Calculation

Pruned Atom Pairs 673 pruned atom pairs 0.838 A

Global Alignment 1480 atom pairs (full length | 15.544 A
of the protein)

As indicated in Table 2, the analysis revealed a low pruned RMSD of 0.838 A This indicates
that the fundamental scaffold of the CFTR protein remains largely congruent between the WT
and the mutant.

In contrast, the global RMSD reached a significant value of 15.544 A. This high value
indicates that while the "core" is stable, there are massive conformational shifts in the flexible
loops or peripheral domains. For a protein of this size, an RMSD over 10 A suggests a
"misfolded" state where the domains are not oriented correctly to facilitate ion transport.

4.3 Atomic-Level Analysis at the Mutation Site (Position 500)

Visual analysis in ChimeraX allows for a direct comparison of the residue environment at the
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mutation site. Figure 2 shows a global superposition of the WT and the G500D mutant
overall folding 1s largely preserved, with no major global abnormalities seen.

Figure 2; Global Stuctural Superposition of WT and G500D CFTR Models. A full-length ribbon representation
showing the alignment of the AlphaFold-generated WT (tan) and G500D variant (blue) structures. The
transmembrane domains show high stability, although significant conformational divergence is observed in the
peripheral loops, resulting in a global RMSD of 15.544 A.

However, while the global backbone shifts are subtle, the substitution of the tiny Glycine
with the larger, negatively charged Aspartic Acid introduces local steric hindrance and altered
electrostatic mteractions as shown by the formation of a new, strong hydrogen bond of length
2.741A between ASP500 and THR501in Figure 3. This local change causes a series of
misalignments in the neighboring residues.
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Figure 3; Zoom-in on the region surrounding the G500D mutation in CFTR - residues 500 and 501. Substitution
of Gly with Asp at position 500 introduces a new hydrogen bond (2.741 A) between ASP500 (Mustard) and
THRS501 (Dark Green), displayed as the red dotted line. This bond is absent in the WT sttucture and highlights a
local change in residual side-chain interactions caused by the mutation.

5. Discussion
5.1 Analysis of G500D Misfolding and Therapeutic Potential

The G500D mutation involves the substitution of a Glycine residue with an Aspartic Acid
residue at position 500. Glycmne 1s a small, neutral amuno acid, whereas Aspartic Acid 1s
larger and carries a negative charge. Our data indicates that this substitution does not cause a
collapse of the entire protein structure. This is supported by the low pruned RMSD of 0.838
A which shows that a significant portion of the protein backbone remains stable and aligned
with the wild-type structure.

However, the mutation leads to a significant domain-level shift, as reflected in the high global
RMSD of 15.544 A. The contrast between these two values provides specific insights into the
nature of the G500D defect. The localized stability suggested by the pruned RMSD indicates
that the transmembrane domams (TMDs) and major globular regions maintain a
wild-type-like fold. In contrast, the high global RMSD suggests that, while individual
domains are stable, their relative positions or the folding of flexible loops—specifically
within Nucleotide Binding Domain 1 (NBD1) where the mutation is located—are
significantly disrupted. This disruption likely affects the "ATP-binding pocket" or the
mterface between NBD1 and the imntracellular loops (ICLs) of the TMDs.

This finding 1s critical because it suggests that the G500D variant likely reaches the cell
membrane but remains in a non-functional or misaligned state. Because the core scaffold 1s
mtact, this mutation 1s a strong candidate for "corrector” molecules. These small-molecule
drugs could potentially stabilize the NBD1-TMD interface to restore proper channel gating
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rather than having to address a complete loss of protein integrity.

In addition to these global and domain-level observations, analysis of the local environment
close to the mutation site revealed the formation of a new hydrogen bond between ASP500
and THR501 (2.741 A), a key observation which is not observed in the WT structure. This
finding exposes a potentially significant change m the interaction network within NBD1.
Because GLY 3500 does not have a side-chain and does not contribute to local electrostatic
mteractions with other residues and side-chains, its replacement with a polar, negatively
charged ASP contributes to steric load and the opportunity for potentially new electrostatic
interactions. This new, strong hydrogen bond being present suggests that a local stabilizing
interaction forms, which may limit structural flexibility in this region. Considering the role of
NBDI in being flexible and dynamic for ATP-dependent conformational changes, we
speculate that this interaction could act as a structural “lock’, limiting the flexibility required
for proper domain movements and contributing to the misalignment indicated by the high
global RMSD. This allows for a possible structural mechanism by which the mutation mostly
preserves overall global folding while hampering functional gating mechanisms at the same
time.

5.2 Evaluation of AlphaFold as a Diagnostic Tool

The results demonstrate that AlphaFold-generated models can effectively identify specific
sites of structural failure. By comparing pruned and global RMSD, we can distinguish
between mutations that cause total protein loss and those that cause localized, "correctable”
shifts. In the case of G500D, the identification of a structural shift exceeding the 2.0 A
threshold provides a clear target for stabilization.

This ability to pinpoint localized defects distinguishes G500D from Class I mutations, such as
the frameshifts analyzed n this study. These mutations result m a total loss of essential
domains and cannot be addressed by folding stabilizers. Therefore, AlphaFold serves as a
valuable tool for categorizing rare variants based on whether they are structurally
salvageable, which 1s a key step toward personalized medicine i Cystic Fibrosis treatment.

5.3 Technical Demands and Limitations

The average pLDDT score of 75.62 confinns the technical reliability of our models for the
structured regions of the CFTR protein. However, it is important to note the limitations of
these computational predictions. AlphaFold provides a static "snapshot" of a protein's
significantly disrupted. This disruption likely affects the "ATP-binding pocket" or the
interface between NBD1 and the intracellular loops (ICLs) of the TMDs.

This finding 1s critical because it suggests that the G500D variant likely reaches the cell
membrane but remains in a non-functional or misaligned state. Because the core scaffold 1s
intact, this mutation is a strong candidate for "corrector" molecules. These small-molecule
drugs could potentially stabilize the NBD1-TMD interface to restore proper channel gating
rather than having to address a complete loss of protein integrity.
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these computational predictions. AlphaFold provides a static "snapshot" of a protein's
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structure. In a living cell, CFTR is a highly dynamic protein that undergoes constant shape
changes during ATP binding and hydrolysis.

Furthermore, AlphaFold does not fully account for how the lipid bilayer (the cell membrane)
mfluences protein stability. These results should be considered as a structural baseline. Future
research should use these models as a starting point for Molecular Dynamics (MD)
sumulations to observe how the G500D shift behaves in a simulated membrane environment
and to confirm if structural variations result in a permanent loss of channel function.

6. Conclusion

This study successfully used AlphaFold to analyze structural changes in rare CFTR variants.
For the G500D mutation, we found a stable core structure (0.838 A pruned RMSD) but a
significant domain-level shift (15.544 A global RMSD). This supports the conclusion that

G500D causes a localized folding defect rather than a total loss of protein structure.

Future research should focus on using these 3D models for virtual drug screening to find
molecules that can bind to and stabilize the G500D variant. Additionally, performing
Molecular Dynamics simulations will help us see how the protein moves through a
membrane. This approach provides a potentially viable path toward the development of
personalized treatments for patients with rare Cystic Fibrosis mutations.

7. Ethical Integrity Statement

We confirm that this submission 1s our original work completed without the use of Al tools ,
that all sources are properly cited in APA 7 format, and that we understand BACSA is not
responsible for any plagiarism or academic misconduct.
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