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Title: A framework for integrating multi-omics data for biomarker discovery to improve
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Economic challenges imposed by climate change and disease on the aquaculture industry
necessitate advances for improved animal welfare and resiliency. Biomarkers associated with
environmental and disease resilience traits can be leveraged in breeding and management
strategies. However, their discovery has been limited in part by the complexity of molecular
systems and the cost of genomics tools used to understand them. Advances in computational
approaches including machine learning algorithms, together with the wealth of genomic data that
has amassed, enable powerful meta-analyses for improved biomarker discovery in aquaculture
species. The proposed project aims to advance the discovery and characterization of biomarkers
through mining publicly available shellfish genomic datasets from resilient populations. The
objectives are to 1) develop standardized open-access, user-friendly, reproducible bioinformatics
pipelines for resilience biomarker discovery through systematic reanalysis, data integration and
meta-analysis and 2) build a user-friendly open-access comprehensive database of candidate
resilience biomarkers that is widely available for use by the aquaculture community. The
resulting database will enable improved molecular tool development for more efficient
phenotype selection and health monitoring, relevant to the AFRI animal genomics program area
priority goal of increasing animal fitness and improving animal welfare as well as the priority of
implementing selection methods that use a systems biology approach for simultaneous
improvement of multiple traits.
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1. SPECIFIC APPLICATION TYPE: New application not being submitted to other agencies
2. INTRODUCTION: The wealth of publicly available data generated from omics applications
in aquacultured species is underutilized because of limited infrastructure and tools for mining
these data. Leveraging these data to understand common molecular drivers of commercially
important phenotypes could significantly advance broodstock improvement programs. The long-
term goal of this project is to improve resiliency in aquaculture by creating computational
resources for genomics integration. The main objective is to create a multidimensional
bioinformatics framework for resilience biomarker discovery that could be used for breeding
programs, disease monitoring, and physiological assessment in aquaculture. Using shellfish
genomlc datasets as a proof-of-concept, the following supporting objectives are proposed:

i.  Develop standardized open-access, user-friendly, reproducible bioinformatics
pipelines for resilience biomarker discovery through systematic reanalysis, data
integration and meta-analysis

ii.  Build a user-friendly open-access comprehensive database of candidate resilience
biomarkers that is widely available for use by the aquaculture community

The PD is uniquely qualified to carry out these objectives, with expertise using genomic,
proteomic, and metabolic analyses to characterize molecular features underlying resilience traits
in aquatic species'™. She also has expertise in network analysis and data integration having
generated and analyzed plant and human interactomes>~’, and has extensive experience building
open-access reproducible bioinformatics pipelines and webpages evidenced on her GitHub and
professional websites®”. This seed grant will help the PD be competitive for future funding and
to become established as a leading genomics researcher in the East Coast shellfish community by
producing computationally validated preliminary data for a USDA standard grant
proposal to experimentally validate candidate biomarkers of resilience (e.g. comparing
candidate biomarkers in outplanted wild and genomically selected populations) from which to
develop rapid molecular tools for resilience screening, similar to those she developed for
shrimp disease monitoring '

Genomics applications in aquaculture have lagged behind other agricultural industries
particularly in underutilizing biomarkers for health monitoring and for selecting commercially
important traits. Molecular markers have had a long-standing utility in selective crop breeding'!
but there are few examples of their use in improving fish farming with less than 10% of
aquaculture production derived from selectively bred stocks'2. Variants for genomic selection for
disease resistance in rainbow trout have been identified through SNP array and RAD-seq "3
However, genomic and marker assisted selection in shellfish aquaculture have been challenging
because of high genetic diversity in molluscan species, genotyping costs, larval mortality rates,
incidence of marker segregation distortion, and limited genomic resources'*. SNP arrays exist
for selective breeding but are not cost-effective requiring hundreds to >10,000 SNPs to be
surveyed for genotyping associated with few traits'>!®. The low economic value of individual
animals has led to brute force overproducing to account for losses, yet unexplained larval and
adult mortality and disease outbreak are still industry-wide problems that should not be accepted
as unavoidable costs!”. Reducing the number or improving the predictive value of markers
needed for trait selection would make molecular screening more cost effective and compatible
with simplified diagnostic technology, but improved biomarker identification is needed.

Biomarkers can be defined as molecular features that can be reproducibly and objectively
measured across individuals'® and can serve as an indicator of performance or health. They can
be identified through genomics data-driven discovery where the presence or relative abundance
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of specific molecules are tightly and statistically associated with a phenotype'®. Although
phenotype-associated molecular features identified through omics studies can be used as
candidate biomarkers with applications in selective breeding programs, disease diagnosis,
biomonitoring, and welfare certification'®?, there is only sparse overlap between molecular
features identified by similar studies that observe the same phenotype?'. Other times, the
same phenotype is observed across studies, but different omics approaches were used, making
biomarker discovery a challenge. Complex traits are typically polygenic and traditional selection
based on a few genetic markers is generally ineffective??, often requiring many variants to be
surveyed at high costs. However, this could be overcome by incorporating multi-omic data to
reduce bias of a single method, increase marker search space to identify unknown
interactions, and redefine resilience biomarkers for precision breeding and culturing.
Disparate omics studies have identified resilience associated-molecular features in aquatic
species for instance in Pacific oyster, sets of genomic sequence variants, transcripts, and proteins
have been found to be associated with larger size and heat stress resilience®®, or decreased viral
susceptibility>*. In epigenomic, proteomic, and metabolomic studies previously done by the PD,
sets of genes, proteins, and metabolites were found to be associated with environmental stress
resilience in corals, Pacific geoduck, Pacific oyster, and Dungeness crab'™. As a natural
extension of the PD’s previous work and to overcome within-study bias, the work proposed here
intends to increase biomarker discovery power through bioinformatics standardization and
data stratification. With more and more omics datasets being generated in different aquaculture
species, there is now an avenue for data-driven discovery of novel biomarkers associated with
commercially important phenotypes that could be targeted by selective breading or management
strategies.

Although there is limited existing computational framework for biomarker discovery in
aquaculture species, there are examples in humans. An improved reference genome and
optimized sequence alignment pipeline used in the systematic reanalysis of human genomic
data detected a previously missed pathogenic biomarker and that led to a proper diagnosis
and improved treatment?. Systematic reanalysis has also improved patient treatment by
enabling pathogenic biomarker reclassification based on greater population frequency?®. The
ENCODE consortium enabled the integration of more than 60,000 internationally generated
datasets through implementation of clear data standards and guidelines?’. Cancer biomarkers
have been identified and prioritized through systematic analysis and network-based data
integration of publicly available genomic, epigenomic, and transcriptomic data from different
tumor types®®. This work proposes to enhance resilience biomarker discovery in aquaculture
species by similarly using standardized bioinformatics pipelines and improved reference data to
reprocess disparate open access omics datasets from resilient shellfish populations. This
alleviates within study bias making resilience markers more comparable across studies.
Comprehensive cross-study validation through data integration can overcome the challenge of a
single molecular feature not providing a holistic measure of phenotype?’.

3. RATIONALE AND SIGNIFICANCE: While significant progress has been made in
applying omics to understand phenotypes in aquaculture species, there is a need to develop
validated integrative omics bioinformatics approaches to improve interpretation of data from
different omics platforms®’. Stakeholders at the 2017 USDA Genome to Phenome Meeting
identified oyster and clam broodstock genomic analysis as a lacking area, and it was reported
that phenotype-associated biomarker identification through omics data integration has rarely
occurred®. This project is directly related to the AFRI priority area (2) animal health and
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production and animal products because the discovery, characterization, and comprehensive
compilation of candidate biomarkers would provide aquaculturists with new molecular targets
for selective breeding and health monitoring tools. This proposal fills the need for standardized
and integrative bioinformatics approaches and fills the gaps of underused genomic datasets and
biomarker technology in the aquaculture field. The impact of achieving these objectives would
be a major advancement in biomarker development facilitating improvements in animal health
monitoring and production. The biomarker discovery platform described here (streamlined
bioinformatics pipelines, biomarker characterization, and biomarker database creation) has
relevance beyond shellfish aquaculture and could be generalized for biomarker discovery in
virtually any species for which genomics data exists across animal and plant sectors. With
greater ability to economically characterize more biomarkers across commercially important
species using existing datasets, there is greater potential for biomonitoring and selective breeding
method improvement at large.

4. APPROACH: Objective 1. Develop standardized open-access, user-friendly, reproducible
bioinformatics pipelines for resilience biomarker discovery through systematic reanalysis, data
integration and meta-analysis. To initially establish bioinformatics pipelines, systematic
reanalysis will be done on omics datasets from Crassostrea gigas studies that compared
phenotypes among different populations in response to environmental conditions and to disease
(Figure 1a and Table 1). Once parameters and pipelines are established, datasets will be
processed from other bivalve species (e.g. Eastern oyster®!*2, Pacific geoduck®**=7). Using
standardized pipelines to reprocess each data type will eliminate variation from using different
software and parameters. Using common reference data will standardize feature names across
datasets to facilitate downstream comparisons. Candidate biomarkers that are consistently
associated with resilience traits across studies and stress types will be indicative of innate traits
drivers. Systematic reanalysis pipeline development: As diagramed in Figure 1b, datasets and
corresponding metadata will be downloaded from public repositories (e.g. AgData Commons,
SRA, GEO, ENA). Any missing metadata (e.g. water chemistry parameters, experiment duration,
life stage, tissue type, observed phenotype) will be retrieved from the published study and
compiled. The same software specific to each data type will be used. Available nf-core
community (https://nf-co.re) software will be used because these have already been standardized
to ensure high reproducibility with stable releases, high portability, thorough documentation, and
support®®. New pipelines will be created for analyses not currently available (e.g. proteomics and
metabolomics workflows) following the nf-core template and guidelines. Optimal alignment and
feature calling parameters will be determined by iteratively testing effects of different
modifications on alignment statistics, quality control metrics, and total features identified across
studies. Modifications resulting in the greatest preservation of data, comparable to or improving
upon published results, with the highest quality control metrics will be selected. To circumvent
the challenge posed by coverage variation across samples within a study, which could influence
the resulting count data, data would be effectively down-sampled to achieve more uniform
coverage. To limit the impact from technical biases introduced by different sequencing methods
(e.g. RNAseq and TagSeq), data will be appropriately normalized?® and passed through a
normalizing pipeline (e.g. NormalizerDE*) prior to differential and integrative analyses. All data
output from standardized bioinformatics pipelines will be in a common format to facilitate
downstream differential and integrative analyses. Molecules identified through reanalysis are
expected to largely overlap with those previously identified in each respective study, and to be
novel owing to updated reference genomes, annotations, and improved bioinformatics pipelines.
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Figure 1. a) Graphical summary of Objective 1. b) Example pipelines and software for
systematic reanalysis and data integration. ¢) Example of resilience biomarker database
(modeled after Tamborero ef al. 20184).

To circumvent the quality limitations posed by any reference genome or protein sequence
database, alignment thresholds will be optimized to increase mapping and reduce false positive
alignments. Analysis pipelines will be mobilized together on a virtual machine and several
options will be examined for open-access hosting including popular cloud-based infrastructure
(e.g. nf-core, CyVerse*!, Jetstream*?). Data integration pipeline development: Both post-analysis
data integration and integrated data analysis will be carried out on standardized data generated in
Objective 1a, and data integration pipelines will be mobilized to the cloud-based virtual machine.
Although standardizing data integration methods could limit the results because some methods
may be more sensitive than others to certain datasets, the benefits from enabling broader data
integration outweigh this limitation. To circumvent variation from experimental differences in
cross-study comparisons, covariates and random effects (e.g. water chemistry parameters) will be
included in statistical models for differential analysis. To make data derived from different
platforms more comparable, normalization, batch effect correction, and data harmonization
methods will be applied. For post-analysis data integration, different omics datasets will be first
analyzed in isolation. For each dataset, differential analyses will identify molecular features (e.g.
differentially expressed genes) that statistically differ among experimental groups defined in
each study. All experimental group comparisons will include statistics that can independently
assess (1) group response mean methylation, expression, or protein abundance (e.g. linear
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regression and Cohen’s d effect size) and (2) group response variance (e.g. multiple linear
regression models of relative standard deviation*®) as they relate to phenotype and experimental
condition, similar to that done in the PD’s previous studies'*. Molecular features associated with
common phenotypes will then be compared across studies for biomarker discovery using meta-
analysis methods (e.g. weighted Z score for combining p-values and RankSum method for
combining effect sizes across datasets)**.

Table 1. Publicly available Pacific oyster datasets. Data type denoted as genomic (G), epigenomic
(E), transcriptomic (T), and proteomic (P). This table is not exhaustive.
.II?;;: stress class stressor Phenotype :E:ennr:tap; Reference
G environment thermal thermotolerance different among lines resilience Ding et al. 2020
P environment thermal larger size resilience Trigg et al. 2020
P environment thermal thermotolerance different among gigas vs. angulata resilience Wang et al. 2023
T environment thermal thermotolerance different among gigas vs. sikamea resilience Wang et al. 2021
T environment thermal thermotolerant diploid vs sensitive triploid resilience George et al. 2023
T environment thermal thermotolerance different among gigas vs. angulata resilience | NCBI BioProject PRINA253988
E environment pH tolerant diploid vs triploid resilience | Arredondo-Espinoza et al. 2021
E, T | environment pH larval sunival impacted by parental low pH exposure sensitivity Venkataraman et al. 2022
P environment pH reduced endpoint size sensitivity Dineshram ef al. 2015
P environment pH reduced shell toughness and hardness sensitivity | Timmins-Schiffman et al. 2014
T environment pH calcification onset time was delayed and rate was reduced | sensitivity De Wit et al. 2018
T environment pH shell parameters and respiration rate impacted sensitivity Lutier et al. 2022
T environment 02 gigas vs. sikamea resilience | NCBI BioProject PRINA587775
P environment salinity salinity stress decreased quality sensitivity Chen et al. 2022
T environment salinity gigas vs. hongkongensis resilience | NCBI BioProject PRINA266361
E environment | multifactorial different families show different tolerances resilience Wang et al. 2023
G, T, P| environment | multifactorial size and heat shock response vary with location resilience Li et al. 2018
TP disease Vibrio induced phagocytosing sensitivity Jiang et al. 2018
T disease Perkinsus different tolerance among gigas vs. verginica resilience | NCBI BioProject PRINA778545
G disease OSHV-1 resistant vs. susceptible strain resilience | NCBI BioProject PRINA828432
G disease OSHV-1 different families show different tolerance resilience Gutierrez et al. 2018
P disease OSHV-1 different families show different tolerance resilience Lepretre et al. 2021
T disease OsHV-1 reduced infection at high temperature resilience IFREMER, 2019
T disease OSHV-1 different families show different tolerance resilience Segarra et al. 2014

Integrated data analysis involves combining different omics datasets with common
phenotypes prior to performing analyses, enabling similarities among datasets to arise from
statistics rather than human interpretation®!. Clustering and dimensionality reduction-based
approaches as well as systems-based network modeling approaches will be used to compare
standardized data within and across studies to identify biomarkers. The leave-one-out-method
will be used to rank biomarkers for reliability (not dependent on one dataset)*’ and perturbation
clustering will be used to rank ability to predict phenotype*®. Biomarkers will be computationally
validated using independent datasets that did not undergo integrated data analysis and evaluating
their ability to discriminate phenotypes within and across species. To further resolve
relationships among molecular features and resilience, genome feature (e.g. gene, transposable
element, and promoter annotations), biological process and pathway (e.g. gene and pathway
ontology annotations), and inferred protein-protein interaction and metabolic network*’
annotations (e.g. from STRING and IntAct databases*”**) will be integrated. Conserved
interaction patterns across multiple and highly divergent species**-? allow orthologous protein-
protein interaction network projection analysis. Unannotated features will be excluded from this
functional analysis but will still have a biomarker ranking and can be validated in future
experimental studies. Results from differential analyses will be compiled into a large list of

PREVIEW Date: Aug 10, 2023 Workspace ID: WS01105574 Funding Opportunity Number: USDA-NIFA-AFRI-009755



Project Narrative

molecular features of diverse classes significantly associated with resilience and will be validated
by comparing to features identified in published studies. Features identified across studies
associated with resilience will be considered candidate biomarkers. Both species-specific and
cross-species biomarkers are expected to be identified from each discovery approach as has been
observed in previous studies’!*2.

The work for Objective 1 will be done by Senior Research Associate (SRA) Jennifer
Polinski who will be partially funded by this grant. SRA Polinski has extensive experience in
high performance computing, data management, bioinformatic pipeline development, and
genomic and transcriptomic analysis for diverse species. She will be supervised and mentored by
the PD who will be partially funded by this grant. The PD will lead pipeline mobilization and
evaluation efforts. Pipeline reproducibility and user-friendliness will be evaluated by personnel
at the PD’s institution and by collaborators (see letters of support) using independent datasets,
pre-established evaluation criteria (ease of access, installation time, run time, ease of setup, etc.)
and providing feedback. The pipelines and systematic reanalysis will be presented at national
conferences (e.g. the Plant Animal Genome conference) to solicit community-wide feedback,
and the framework will be optimized according to suggestions. Attendees will use their own
datasets or datasets used in the proposed project and will evaluate the framework in real time. A
major Objective 1 outcome is a bioinformatics framework of user-optimized pipelines that can
be applied to diverse genomic datasets beyond the proposed work, lending itself to comparative
meta-analyses across many species. Another major outcome is the discovery of new biomarkers
of resilience in C. gigas and other bivalves. The compiled list of candidate biomarkers from
within and across diverse studies can be used for developing assays for resilience biomarker
selection and health diagnostics.

Objective 2. Build a user-friendly open-access comprehensive database of candidate resilience
biomarkers that is widely available for use by the aquaculture community. Study-specific and
cross-study discovered biomarkers will be compiled into a user-friendly, interactive,
comprehensive database to facilitate their use across the aquaculture field. Database features and
build: Modelled after the Cancer Biomarker Database®?, candidate biomarkers will be easily
searchable through a column sort feature (e.g. for condition, trait, effect - resilient or sensitive),
and a search bar feature for text querying (Figure 1¢). A ‘download’ feature will enable users to
download the entire or filtered subset of the database. An ‘evidence’ column will denote species-
specific or cross-species evidence. A “class’ column will denote the discovery class (genomic
feature, ontology enrichment, or protein interaction network). A ‘source’ column will list the
publication(s) where the original data was generated. A ‘rank’ column will list a confidence
score based on supporting evidence that incorporates criteria like the number of studies, number
of species, and number of datatypes. A ‘feedback’ feature will allow users to solicit feedback and
request updates (e.g. biomarker addition) to the table. Instructions will be listed in text and
screencast formats describing how the database can be used and how users can contribute or
solicit feedback. The table will be generated using the R function ‘datatable’>* and the basis will
be a simple CSV file so that no proprietary or complex software is needed. Management, and
maintenance: The database and webpage code will be hosted on GitHub and backed up on Open
Science Framework for redundancy, which allow the code and data to be maintained in
perpetuity through web archiving. In addition to being mirrored on GMGI and University of
Washington organizational websites, open access through GitHub allows easy mobility and any
user to also mirror the webpage on any site through repository cloning. GitHub hosting allows
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users to join as collaborators and contributors initially at the discretion of the PD and proposal
collaborators (but extending to others in the future) for data files and webpage format editing and
openly soliciting feedback using the publicly accessible ‘issues’ function. Stable releases will be
made annually to ensure data, webpage, and software are up to date. Information from the
previous releases will be permanently available and documentation of updates for each release
will be available through a link on the home page.

Community testing and introduction: The initial release will be presented and demonstrated in
virtual and in-person training meetings with proposal collaborators and lab members who will
beta-test independently. Database features and webpage functions will be thoroughly tested
following a standardized task list and will be evaluated by criteria ranking (e.g. task difficulty,
user-friendliness). Communication for beta testing will be facilitated by GitHub ‘discussions’
and ‘issues’ features that allow for tracked, annotated, prioritized, and searchable Q&A and
sharing by anyone in the community. Following optimization after beta-testing, a new release
will be made and demonstrated in an interactive presentation to the broader community at
national conferences (e.g. Plant Animal Genome Aquaculture America, and National Shellfish
Association conferences), where community users could engage and contribute to feedback.
Challenges: No challenges are anticipated in building the database webpage given the PD’s
experience in R and building open access GitHub webpages, or in database management given
the low maintenance requirements of GitHub pages. Potential challenges may arise during beta
testing and community use in obliging diverse preferences, however this can be remedied by
using quantitative evaluation criteria and incorporating changes based on majority rankings and
by using up-voting data in suggestions made in GitHub ‘discussions’. The Objective 2 outcome
is an optimized database webpage available for community use in validating candidate
biomarkers and developing molecular tools for biomarker screening to improve aquaculture
production. Ultimately, the proposed project would valuably bring clarity to the relationship
between genotype and phenotype and improve understanding around how different phenotypes
arise within and across species, advancing the development of resilience biomarkers in
aquaculture to improve animal health and production.

Project timetable. Colors indicate personnel that will execute activities (blue, PD Wanamaker;
Yellow, SRA Polinski; green, both).

2024 2025

Jun-|Sept{Dec-| Mar{Jun-[Sept{Dec- | Mar-
Aug| Nov | Feb |May| Aug | Nov | Feb | May

Objective 1: Develop standardized open-access, user-friendly, reproducible bioinformatics

pipelines for resilience biomarker discovery through systematic reanalysis, data integration and

meta-analysis

Compile and organize omics data and metadata for all C. gigas studies and reference genome X X

data

Systematicreanalysis of C. gigas datasets X X X

Systematic reanalysis of other shellfish datasets X | X X

Mobilize analysis pipelines and structured datasets onto cloud-based infrastructure X X X

Post-analysis data integration biomarker discovery X X | X X

Integrated data analysis biomarker discovery X X | X X

Systems modeling biomarker discovery X X | X X

Computational biomarker validation X X

Evaluate reproducibility, user-friendliness, accessibility, and modularity and optimize X X | X X

Objective 2: Build comprehensive database of candidate resilience biomarkers

Build and launch biomarker database website X X X X

Evaluate user-friendliness and accessibility and optimize X X
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