
Project Summary
Overview:
Natural environments are often heterogeneous, with strong spatial variation in both biotic and abiotic
characteristics that can impose divergent selection between populations. These populations can then
evolve differences in morphology, physiology, behavior, or life history traits that provide a fitness advantage
under their respective local conditions. Such local adaptation is often facilitated by structural variants
within genomes, such as inversions, which genomic data have revealed to be increasingly ubiquitous across
the tree of life. I will integrate data from common garden experiments, cutting-edge genomic analyses,
and computational evolutionary modeling to investigate how inversions facilitate local adaptation in wild
populations. My proposed research will take place under the guidance of Dr. Nina Overgaard Therkildsen
at Cornell University, and will use the large inversion regions and strong locally adapted phenotypes in the
Atlantic silverside (Menidia menidia) as a model to test how recombination suppression within inversions
can facilitate environmentally mediated local adaptation. Key outcomes of this project will be: (1)
identification of regions within inversions associated with common garden phenotypes, to investigate
whether recombination suppression or another evolutionary mechanism is the primary driver of inversion-
related local adaptation; (2) a population-wide selection scan to determine whether differentiation is
greatest at inversion breakpoints or at candidate loci within inversions; (3) simulations to quantify the
parameter space within which recombination suppression is a viable evolutionary mechanism maintaining
local adaptation; (4) meaningful independent research experiences for undergraduate students; and (5)
workshops on reproducible research for early career graduate students.
Intellectual Merit:
Adaptive divergence and speciation are fundamental processes underlying the generation and mainte-
nance of biodiversity, and structural genomic variants (such as inversions) are increasingly recognized as
important sources of genetic variation and drivers of differentiation across the tree of life. Despite their
ubiquity, the rules and mechanisms governing how inversions facilitate local adaptation and population
divergence have rarely been tested in wild populations, as it is challenging to investigate these questions
at the genomic resolution required and prior studes have led to inconclusive results. I will combine exper-
iments, cutting-edge genomic technologies, and computational modeling to contribute to understanding
the underlying principles connecting heterogeneity at the molecular level (i.e., genomic rearrangements)
to locally adapted phenotypes.
Broader Impacts:
While conducting my research, I will also work to meet two additional goals: (1) advocating for, practicing,
and teaching other researchers about best practices in open science and reproducible research; and (2)
facilitating research experiences for undergraduate students. Involving students in authentic research
experiences enhances interest in scientific careers and develops critical thinking, communication, and
computational skills that will advantage them in future careers. I will mentor three Cornell University
undergraduate students in independent research related to QI of my project, including working with
these students to develop proposals and apply for funding for their research. To educate early-career
researchers about best practices in reproducible research, I will host two online workshops for upper-
division undergraduate and early-career graduate students. Workshop participants will be recruited from
minority-serving institutions in the region and will be taught ethics, workflows, and tools for conducting
open science.
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Investigating evolutionary mechanisms that facilitate local adaptation via inversions
in the Atlantic silverside
1 Introduction
Structural genomic variation in natural populations suppresses recombination and can contribute greatly
to local adaptation and speciation. In particular, large genomic inversions have attracted significant atten-
tion because inverted sequences suppress recombination, which allows differentiation to accumulate and
persist between alternate inversion arrangements. Limited recombination also allows linkage to persist
between long tracts of alleles, resulting in alleles on one arrangement evolving independently from alleles
on the other [1]. While inversions were first recognized in the 1920s in studies of Drosophila, genome-
scale data have increasingly demonstrated that these structural variants are taxonomically widespread
and important sources of genetic variation within species [2, 3]. Both recent and older examples [e.g.,
4, 5] demonstrate the important role that inversions can play in facilitating local adaptation and ecolog-
ical speciation [3]. Despite the ubiquity of inversions across the tree of life and their important
role in facilitating rapid differentiation between populations, the evolutionary mechanisms con-
tributing to inversion-associated local adaptation remain largely untested. Here, I will combine
experimental, observational, theroretical, and computational approaches to test competing hypotheses
for the evolutionary mechanisms contributing to inversion-associated local adaptation, using the Atlantic
silverside (Menidia menidia) study system.

2 Background
Chromosomal inversions can promote local adaptation via three different mechanisms, as outlined by
Coughlan and Willis [6] and Faria et al. [7]: (H1) inversions do not contribute to local adaptation per
se, but instead either hitchhike along with nearby beneficial mutations or are associated with locally
adapted alleles by chance; (H2) inversions play a direct role in adaptation via gene disruption at inversion
breakpoints and experience positive selection; or (H3) inversions are favored due to suppressing recom-
bination among sets of locally adapted alleles (Fig. 1). Inversion-related recombination suppression may
be particularly important in facilitating both local adaptation and rapid speciation with gene flow via the
maintenance of co-adapted gene complexes. This “recombination suppression hypothesis” (H3) is often
invoked to explain associations between inversions and locally adapted traits [3]. However, few studies
move beyond speculation to investigate evidence for this mechanism (but see [6, 8, 9]), and the relative
importance of recombination suppression in local adaptation for wild populations remains unclear.
The Atlantic silverside study system. Atlantic silversides (Menidia menidia) exhibit an extraordinary
degree of local adaptation, high levels of gene flow and very low genome-wide differentiation among
populations (median FST = 0.006; [10]), extremely large effective population sizes (Ne >100 million; [11]),
and a large amount of standing genetic variation [12]. They are distributed across a steep thermal gradient
in estuarine waters of the North American east coast [13] and exhibit countergradient variation: individuals
grow faster in the shorter growing seasons of the north, while trade-offs with predator avoidance have
selected for slower growth in the south [14]. In addition to growth rate, silversides show latitudinal clines
in number of vertebrae, temperature-dependent sex determination, lipid storage, spawning temperature,
egg production, and hatch size of offspring [13]. Correlations among locally adapted traits suggest that
suites of co-adapted alleles associated with ecological differences may be genetically linked [15].

Recent whole genome sequence data have revealed large blocks of strongly differentiated SNPs (FST
>0.95) fixed for alternate alleles in northern and southern silverside populations [10]. These regions
of elevated differentiation correspond to large inversion regions distributed across the silverside genome
[12]. A quantitative trait locus (QTL) mapping experiment has demonstrated that several of these
inversions do affect key locally adapted traits, but the exact genomic variants contributing to locally
adapted phenotypes have not been identified.
Investigating inversion regions. Strong linkage between alleles that individually confer fitness advan-
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tages in the local environment can maintain suites of locally adaptive traits despite ongoing gene flow
between populations in different selective environments. However, this linkage also makes it difficult to
locate genes within inversions contributing to local adaptation. This fact renders classical genetic crosses
inadequate for identifying the targets of selection within an inverted region, which in turn makes it diffi-
cult to identify the evolutionary mechanisms involved in linking inversion genotypes to phenotypes—and
therefore to distinguish between the hypotheses proposed above for how inversions can promote local
adaptation. However, genetic exchange between alternative inversion types is not completely prevented,
but only suppressed. Linkage within the inversion can be disrupted by both gene conversion and double
crossovers (termed “gene flux”; [8]), which can occur at low levels, particularly in regions away from
inversion breakpoints [16]. While the rate of gene flux in each generation is low, these events can ac-
cumulate within populations over many generations when heterokaryotypes persist. This rare gene flux
can allow population-level sampling to serve as a natural proxy for crossing experiments, allowing iden-
tification of individual loci under selection within inversions in situations where three criteria are met:
(1) inversion heterokaryotypes occur within populations, (2) effective population sizes are large, and (3)
sufficient time has occurred since origination of inversions to allow for many generations of gene flux
[8]—all characteristics of the Atlantic silverside system.

3 Research Aims and Methods
I will use a model study system with clear locally adapted traits linked to large inversion regions to
investigate support for the recombination suppression hypothesis as a rule of life governing the role of
inversions in local adaptation in wild populations (Fig. 1, H3). To do this, I will use a combination
of common garden experiments, whole genome sequencing, and evolutionary simulations to address
the following questions: (Q1) What is the genetic architecture of locally adapted traits affected by
inversions? (Q2) Do patterns of differentiation indicate positive selection within inversions? (Q3)
Under what scenarios is recombination suppression a viable mechanism for enabling local adaptation?.
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Figure 1: Hypotheses for the evolutionary mechanisms in-
volved in inversion-associated local adaptation, as outlined by
[6], with associated predictions for Question I and Question
II under each mechanism. Plots demonstrate expectations for
divergence patterns within the inverted region under (a) neu-
trality or selection only at breakpoints, and (b) local adaptation
where multiple loci contribute to increased fitness [17] .

Question I. What is the genetic architec-
ture of locally adapted traits affected by
inversions?
Hypothesis I. If recombination suppression is
facilitating local adaption, there will be multi-
ple physically distant loci within the inversion
associated with local adaptation.
Alternative Hypothesis I. If recombination
suppression is not facilitating local adapta-
tion, there will not be multiple physically dis-
tant loci associated with locally adapted phe-
notypes.
For recombination suppression between lo-
cally adapted alleles to contribute to the
maintenance of an inversion, there must be
multiple locally adapted alleles located within
the inversion. To locate genomic regions as-
sociated with locally adapted phenotypes in
Atlantic silversides, I will take advantage of the gene flux occurring in wild populations of Atlantic silver-
sides by sampling one mid-latitude population harboring all three inversion karyotypes for the two largest
inversion regions: chromosome 18 (Chr18) and chromsome 24 (Chr24). Inversions on Chr18 and Chr24
are associated with differences in growth rates and vertebral number between northern and southern
karyotypes (Therkildsen Lab, unpublished data). In addition, variants on chromosome 24 are associated

2



with rapid growth rate shifts following experimental size-selective harvest of silversides [18]. I will use a
genome-wide association study (GWAS) framework to identify the location of alleles within Chr18 and
Chr24 inversions that are associated with local adaptation in Atlantic silversides.
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Figure 2: Experimental design for Question I. (A) Map
dots indicate previously sequenced populations along the
East Coast of the USA and Canada, which will be used
in Question II. Fish will be collected from OINC and
pooled for spawning. (B) A recent QTL study found dif-
ferences in mean growth rate among northern homokary-
otypes (NN), heterokaryotpes (NS), and southern kary-
otypes (SS) for the Chr24 inversion, although substantial
variation occurs within each inversion type. Offspring will
be randomly divided among two rearing temperatures and
three biological replicates, raised to ∼40mm size, geno-
typed and phenotyped, and used for GWAS to identify
loci within inversions associated with the adaptive phe-
notypes. (C) Power analyses for GWAS indicate that
sample sizes are sufficient to detect loci of large effect.

Methods. I will collect adult Atlantic sil-
versides during peak spawning times (February-
March) from Oregon Inlet, NC (OINC). When
previously sampled, both Chr18 and Chr24 inver-
sions were at intermediate frequencies at OINC
and the homo- and heterokaryotypes were found
in roughly Hardy-Weinberg proportions (Fig. 2;
[10]). For each collected fish (n≈400), I will
take a fin clip for genomic analysis. I will use a
TaqMan-based genotyping assay of alleles in the
inverted region—developed using the Atlantic sil-
verside reference genome [12]—to determine the
inversion karyotype of each fish. These fish will
be pooled and strip spawned following established
protocols for the species (i.e., as in [19]). The
offspring will then be raised in a common gar-
den experiment in facilities previously used for
raising Atlantic silversides (e.g., [19]) in collabora-
tor Dr. Hannes Baumann’s facilities at the Rankin
Seawater Facility (University of Connecticut Av-
ery Point). Rearing fish in the lab will allow me to
phenotype these fish for environmentally-mediated
traits in a controlled environment. Embryos will be
randomly divided among two different rearing tem-
perature treatments, with six replicates for each
temperature (Fig 2). A subsample of fish will
be measured every 2 days to track growth rate.
When offspring reach 40mm in length (∼100-135
days post-hatch; [20]), a subset of ∼600 total
fish will be genotyped using haplotagging [21]
coupled with highly cost-effective low-coverage
whole genome sequencing [22]. They will also
be measured for a suite of morphological and phys-
iological traits: body shape, number of vertebrae,
and swimming efficiency [13, 15]. Haplotagging is
a linked-read sequencing preparation method [21]
which enables haplotype-resolved genotyping of these fish, and therefore tracking of which inversion type
a given variant occurs on in heterokaryotypic fish. Haplotagging has been successfully implemented in
pilot studies in the Therkildsen lab.

I will align haplotagged WGS reads to the Atlantic silverside reference genome [12], phase and impute
haplotypes (following [21]), and calculate genotype likelihoods (e.g, using STITCH and ANGSD; [23, 24]).
From genotype likelihood estimates and phenotypic measurements, I will then conduct association
tests for each phenotypic character using methods appropriate for low-coverage genomic data,
which incorporate uncertainty into a generalized linear modeling framework to identify SNPs that are
associated with a given phenotype (e.g., using ANGSD-asso and GEMMA; [25–27]). Preliminary power

3



analyses indicate that my sample sizes will give me a high probability of detecting alleles of large effect
occurring at frequencies >0.2 (Fig. 2); therefore, we are comfortable with the ability of this study design
and association testing method to detect candidate loci of major effect.

Within the GWAS framework, a common garden approach at high and low rearing temperatures will
allow me to identify candidate loci and link genotype to phenotype for the genotype-by-environment
(GxE) interaction that produces local adaptation in Atlantic silversides. The location of local adaptation-
associated alleles of major effect within the inversions may provide evidence that supports the recombi-
nation suppression hypothesis for this inversion, and the combination of sequencing individuals raised at
low/high temperatures and using haplotagging will allow these inferences to occur at finer resolutions
than possible in most inversion-focused studies.
Question II. Do patterns of differentiation indicate positive selection within inversions? .
Hypothesis II. If recombination suppression facilitates local adaptation, then populations with divergent

phenotypes will have multiple peaks of high genetic divergence across inversion regions.
Alternative Hypothesis II. If genetic drift or positive selection for gene disruption at inversion breakpoints,

rather than recombination suppression, is the main mechanism facilitating local adaptation, then the
strongest divergence should occur at inversion breakpoints.

To further investigate support for the recombination suppression hypothesis for inversions facilitating
local adaptation, I will combine genomic data from QI with previously collected sequencing data to
characterize population-wide patterns of differentiation within inversions between inversion types. From
this, I will weigh evidence for direct selection on sites within the Chr24 inversion, or if selection patterns
instead indicate selection on inversion breakpoints (Fig 1).

Methods. For this objective, I will use previously collected and sequenced Atlantic silversides from
12 locations along the Atlantic coast of North America (n = 50 genomes per location; map in Fig. 2).
These fish have been sequenced using low-coverage (∼1.3x) whole genome sequencing [10], and these
data will be combined with haplotagged WGS data from QI.

I will analyze divergence among these WGS data using sliding window approaches along the length
of the inverted regions (e.g. using ANGSD; [24]). I will assess divergence patterns (FST and dxy) of loci
within inversion regions, comparing groups with different karyotypes. Under neutrality, or when selection
acts directly on inversion breakpoints, we expect a pattern with maximal divergence at the breakpoints
where recombination is maximally suppressed; under local adaptation, we might expect additional peaks
of divergence away from the breakpoints that are shaped by the interplay between selection, mutation,
and gene flux (Fig. 1) [17, 28]. Here, I will use candidate regions identified in QI to examine whether
candidate regions identified in GWAS correspond to regions of peak differentiation. Additionally, I will
use coalescent models to determine whether the divergence peaks are outside of expectations under the
null model of evolution (as recommended by [28, 29]).
Question III. In what scenarios is recombination suppression a viable mechanism for local
adaptation?
Despite the ubiquity with which the recombination suppression hypothesis is invoked to explain the
evolutionary roles of inversions, the scenarios in which recombination suppression is sufficient to lead to
local adaptation are not well understood. I will use evolutionary models parameterized by the results
from QI and QII to simulate evolutionary scenarios and determine which situations are sufficient for
maintaining local adaptation.

Methods. I will use the results from QI and QII to parameterize models for forward evolutionary
simulations that allow heterogeneous recombination rates (e.g., in SLiM3 or nemo; [30, 31]) and determine
the parameter space in which recombination suppression maintains an inversion (similar to simulations
in [32]). In these simulations, I will vary recombination rates among loci, population sizes, selection on
loci within linked regions, and number of loci contributing to locally adapted phenotypes. If QI and QII
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are consistent with the recombination suppression hypothesis, then these models will simulate how the
large inversions may have become associated with local adaptation in Atlantic silversides. Alternatively,
if the results are not consistent with recombination suppression, then these simulations will quantify
what parameter space would allow for recombination suppression to occur and lead to local adaptation
associated with the inversions.

4 Significance
Adaptive divergence and speciation are fundamental processes underlying the emergence and mainte-
nance of biodiversity, and the two processes are linked when adaptive divergence promotes speciation
(i.e., ecological speciation; [3, 33]). Structural variants are increasingly recognized as important sources
of genetic variation and drivers of differentiation across the tree of life, particularly in populations with
ongoing gene flow [34]. However, it remains unclear how exactly these structural variants facilitate di-
vergence. Therefore, this research will contribute to understanding the underlying principle connecting
heterogeneity at the molecular level (i.e. genomic rearrangements) to environmentally-mediated pheno-
types, and therefore to the evolutionary trajectory of a population.

5 Broader Impacts of the Proposed Work
The broader impacts of this project have two main tenets: (1) advocating for and practicing best practices
in open science and reproducible research; and (2) facilitating critical thinking, communication, and
computational skill learning in high school, undergraduate, and early-career graduate students. Science
writ large—and the fields of ecology and evolutionary biology in particular—increasingly recognizes the
importance of open science for moving research forward [35]. However, a large barrier remains for most
scientists in their beliefs that making their research open and reproducible requires time, effort, and skills
that they lack [36]. This common misconception can be mitigated through education and an increased
familiarity with the concepts and tools associated with open science.
Data Access and Dissemination: All data and code associated with this research will be made available
in online repositories (i.e., Zenodo, Dryad, GitHub), making them open access and free to everyone. All
manuscripts associated with this work will be posted on preprint servers (i.e., bioRxiv) and available open
access. I will also present the work at regional and national scientific conferences (e.g., the Evolution
Meeting and American Fisheries Society Meeting), and these presentations will be made available virtually.
Mentoring to Facilitate Critical Thinking, Communication, and Computational Skills: Involving students
in scientific research increases interest in careers in science fields [37] and strengthens critical thinking
and problem solving skills that are essential no matter their future careers. I will engage undergraduate
learners of diverse backgrounds with the scientific process by hiring three undergraduate researchers to
develop independent projects related to the common garden experiments in QI. At least one of these
students will be involved with either the McNair Scholars or Cornell Office of Academic Diversity Initia-
tives Research Scholars Program, and I will work with and mentor all in applying to fund their research.
I will preferentially recruit students belonging to marginalized groups for these positions.

I will also host two online three-day workshops over spring break in 2022 and 2023, developed in
collaboration with Dr. Therkildsen. In these workshops, I will teach upper division undergraduate and
early-career graduate students about reproducible research workflows and tools (e.g., those identified
in [36]), building upon previous workshops I have taught on using LATEX and R, and on Dr. Therkild-
sen’s current data science tools course. Workshop participants will be recruited from minority-serving
institutions in the region (i.e., State University of New York colleges) and give special consideration to
minority-identifying students. Each of the 8-10 students per workshop will receive a small stipend for
attending, funded either from my NSF PRFB or small grants. Hosting these workshops online reduces
costs and increases accessibility to students who may not be able to travel to an in-person workshop.
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6 Training Objectives
Link to Career Development and Future Research. My ultimate goal is to join the faculty at a liberal
arts college where I will combine my interests in (1) empowering students to be creative, critical thinkers,
and (2) conducting rigorous scientific research at the interface between phylogenetics and population
genetics. The NSF PRFB will prepare me for this goal by providing an unparalleled opportunity to
facilitate my development and training as both a researcher and educator.

In future research, I am interested in continuing to investigate the influences of reduced or enhanced
gene flow on population differentiation, diversification, and speciation, and quantifying how changing
environments influence these processes. For my M.Sc. research, I studied how patterns of genetic diversity
changed over the course of three years of harvest in the wolf population in northern Minnesota [38],
acquiring a strong foundation in population genetics methods. In my PhD, I transitioned to using next-
generation genomic data to investigate both population genomic and phylogenomic questions in the
pelagic fishes of Lake Tanganyika, East Africa. I used reduced-representation and WGS to characterize
contemporary patterns of genetic diversity [Rick et al., in prep; 39] and infer historical processes leading
to these patterns, including environment-mediated admixture and diversification events [Rick & Wagner,
in prep]. In both of these projects, I have worked at the interface between population- and species-
level investigations to describe patterns of genomic diversity and evolutionary patterns, but found myself
limited in the inferences of process leading to these patterns.

My proposed research builds upon my prior work by digging deeper into inferring evolutionary pro-
cesses contributing to population differentiation by combining of laboratory experiments, population-wide
sampling, and simulations. In addition to this conceptual advance, it will help me develop bioinformatic
skills for working with whole genome data and probabilistic models based on genotype likelihoods.
Sponsoring Scientist and Host Institution. For this project, I will be working with Dr. Nina Over-
gaard Therkildsen at Cornell University. Dr. Therkildsen is a population and conservation genomicist
researching the genomic basis and evolutionary consequences of local adaptation, with a primary focus
on marine fishes. The genomic basis of local adaptation in the Atlantic silverside has been a key focus for
her research program in recent years, and the proposed work is an extension of ongoing research in her
lab. Cornell additionally offers cutting-edge expertise in population genomics and genotype-phenotype
association mapping through its Center for Comparative and Population Genomics and Center for Ver-
tebrate Genomics, as well as professional development opportunities through its Office of Postdoctoral
Studies and Center for Teaching Innovation, which I will be well-poised to take advantage of.

7 Timeline
Pilot data related to this work will be collected in Spring and Summer 2021 by current Therkildsen lab
members. My NSF PRFB research will begin in September 2021 and follow the schedule in Fig. 3.

Figure 3: Gantt chart detailing my proposal timeline. For broader impacts, “W” indicates a workshop, while the
bar indicates periods spent mentoring undergraduate researchers.
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Supplementary Documentation

Data Management Plan
Both myself (PI Rick) and sponsoring scientist Dr. Therkildsen are committed to broad dissemination
of all data and metadata during the timeframe of the project, and to make products from this project
open and accessible to others in the scientific community. All project personnel will be trained in data
management procedures in accordance with NSF requirements. Each type of data will be managed to
maximize access, sharing, and preservation.

Data and Materials Produced

The research described in this proposal will lead to the collection of biological specimens (Atlantic
silverside fishes), as well as phenotypic and genomic data associated with those specimens. Metadata
associated with the wild-caught biological specimens includes collection locality, date of collection, body
size, sex, and gamete mass. Lab-reared biological specimens will have associated metadata including
spawning and hatch date, rearing temperature, body size at phenotyping, full morphometrics at 40mm
size, number of vertebrae, and swimming efficiency. Genomic data for wild-caught fish will include rapid
genotyping results for the major inversions. In addition, a subsample of the lab-reared fish will have
haplotagged Illumina short-read sequence data (FASTQ files), processed genomic data (BAM files), and
mapped genotype data (VCF files). Physical tissue samples of Atlantic silversides and genomic DNA
preparations will be archived in long-term -80◦C freezers in the Therkildsen lab at Cornell University.
Custom analysis scripts will also be produced as necessary for data analysis.

Materials corresponding to reproducible research and data science workshops will be hosted on a
dedicated workshop website and FigShare (https://figshare.com/) following workshop completion, where
they will be open and freely accessed by anyone. Each workshop will also have an associated GitHub
repository, which will be available to all workshop participants during and following the course.

Standards, Formats and Metadata

Where possible, all data will be stored in flat file formats for portability (i.e., phenotypic and metadata will
be stored as .csv files). Short read genomic data will be retained in their raw format (i.e., FASTQ files),
as well as processed (BAM files) and mapped (VCF files) formats. While experiments are in progress,
electronic lab notebooks (i.e., using Open Science Framework, https://osf.io/) will be used, providing
both automatic version control and access to all individuals involved in the research. When the project is
complete, static versions of these lab notebooks will be saved and archived with the rest of the data. An
electronic lab notebook will also be used to record bioinformatic methods used. Where possible, scripting
languages (e.g., R, Python, bash) will be used for analyses to ensure reproducibility, and these scripts
will kept in a GitHub repository, which will be uploaded to Zenodo with the corresponding data when
manuscripts are published. All data will additionally be synced to local versions with automatic daily
backup on Dr. Therkildsen’s networked computing server. Monthly, the data and scripts will be backed
up to external hard drives maintained by PI Rick and stored in a separate physical location from Dr.
Therkildsen’s server.

Roles and Responsibilities

PI Rick will have primary responsibility for collection and maintenance of the data generated from this
project, and these data will be shared equally between PI Rick and Dr. Therkildsen.
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Dissemination Methods, Data Sharing, and Public Access

Illumina sequence data from Atlantic silverside specimens (FASTQ files) will be deposited into National
Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA, http://www.ncbi.nlm.nih.gov/sra)
upon publication of the first manuscript associated with these data. Prior to being deposited, genomic
data will be stored on Dr. Therkildsen’s networked computing server, with regular automated backup
of all data as described above. Upon completion of analyses, VCF files from genomic data and associ-
ated metadata will be made publicly available, preserved, and citable in publications Cornell University
Library’s institutional repository, eCommons (https://ecommons.cornell.edu). eCommons provides each
item with a persistent identifier and is committed to preserving the binary form of the digital object.
These datasets will be available via the world wide web without restriction.
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Dissertation Abstract - Jessica A. Rick
Dissertation Title: Environmental influences on admixture, diversification, and gene flow in freshwater
Lates of the East African Rift Lakes

Variation in climatic conditions in space and time is a key driver of adaptation, speciation, and
patterns of biodiversity. However, the links between local or regional environmental conditions and
resulting patterns in evolution and species richness remain poorly understood. Theory predicts that
more variable climates lead to diversification in some cases and species decline, extinction, or collapse in
others, while directional shifts in climate can also lead to either diversification via ecological opportunity
or species extinction due to constraints on adaptation. Though much theory exists on how climate and,
relatedly, energy availability, affect patterns of biodiversity, mechanistic links between climatic variability
and the production and maintenance of biodiversity remain sparse, especially at higher trophic levels.

Our ability to answer questions about links between environmental change and biodiversity has been
fundamentally altered by the recent development of technologies that enable the generation of high-
resolution genomic data. Recent decreases in sequencing costs and improvements in sequencing and
analytical technologies have enabled generation of much more detailed estimates of species’ evolutionary
histories. Recent advances in DNA sequencing and marker discovery have revolutionized the collection
of genome-scale population genetic data for non-model species, enhancing the ability of researchers to
measure genetic diversity and characterize evolutionary processes.

Here, I have used emerging genomic tools to elucidate how organisms have responded to environ-
mental and anthropogenic forces in the present and recent past, as well as throughout their evolutionary
histories, focusing on the four endemic Lates species in Lake Tanganyika, East Africa. First, I deter-
mine the effect of bioinformatic parameter selection on phylogenomic inference using next-
generation sequencing data, demonstrating that the choice of a reference genome (i.e., whether the
reference genome is from an in- or outgroup taxon) interacts with choices of minor allele frequency filters
to bias resulting phylogenetic trees, particularly when the true phylogeny has high levels of incomplete
lineage sorting. In my second chapter, I use reduced-representation genomic data to investigate
the ways in which climatic and environmental factors shape gene flow and diversification in
aquatic predators, demonstrating that the four Lates species in Lake Tanganyika have no evidence for
contemporary hybridization and generally do not show patterns of geographic population structure. In
contrast, in my third chapter, I use a combination of whole genome and reduced-representation data to
investigate evidence for historical admixture between each of the four Lake Tanganyika Lates species and
the nearby riverine Lates niloticus. These admixture events may be connected to periods throughout the
history of the East African Rift where populations of freshwater organisms have become disconnected and
reconnected with one another as basins and waterways have formed, grown, and contracted. These find-
ings help us to understand how historical and contemporary processes affecting gene flow have shaped
the evolution of the radiation of Lates fishes in Lake Tanganyika, and how the lake’s environmental
history may have played a role in shaping how these species evolved.
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