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xix

The growth of scientific knowledge is rarely linear. Historically, the pace of discoveries was suffi-
ciently gradual to permit revision of proposed theories in a timely manner or, at least, without massive 
investment of resources. In recent years, the landscape of how genetic and genomic research is con-
ducted has rapidly changed with the advent of the age of computing. In silico research and computa-
tional experiments complementing traditional at-the-bench research now represent a significant portion 
of newly published research, and it is published at an astonishing pace. Moreover, new computational 
methods and their related bench techniques are continuously under development, discussed at confer-
ences, and, increasingly, promoted on preprint servers for public consumption.

Preprint servers in and of themselves present a new challenge to the field of biomedical science: 
although these servers increase accessibility of scientific research, particularly for the public, they also 
provide opportunity for nonpeer-reviewed content to be widely disseminated, irrespective of the quality 
or reproducibility of data or methods presented. Issues relating to incomplete or incorrect reporting of 
such findings by news outlets and other nonexpert media personalities are merely one consideration of 
the importance of rigorous, reproducible methods and reporting standards. For genomics researchers, 
rigorous methods and detailed documentation pertaining to computational tools are absolutely crucial 
at all times: during critical evaluation of preprint publications by fellow scientists, during peer review, 
and long into the future, should another researcher choose to adopt the same computational method or 
tool in their work.

The rapid pace of new developments in genetics and genomics comes with an additional caveat: 
It makes educational textbooks, like this one, seemingly out-of-date by publication. Yet, providing 
cutting-edge methods is not the goal of this book; this book is concerned with providing guidelines 
and principles for conducting reproducible, high-quality genomic research. It is neither a reference 
manual nor an encyclopedia of methods, as the staggering number of computational tools and in silico 
techniques querying ever more complex ideas cannot be captured within the physical constraints of a 
book, or even an anthology of books!

This (e-)book seeks to provide one of the first compilations of genomic techniques with a focus on 
addressing the reproducibility crisis currently faced by biomedical research. Admittedly, the mountain 
to climb in this regard is enormous and will require coordinated efforts from granting bodies, publish-
ers, and researchers themselves. Nonetheless, it begins—as with all systemic changes in a society—
with educating the newest members of the genetics and genomics research community: trainees, early 
career investigators, and lecturers teaching this material. This is our intended audience, and the con-
tents of each chapter will reflect this angle.

Rigor and Reproducibility in Genetics and Genomics is chiefly concerned with laying a founda-
tion of basic “dry lab” methodologies and providing thoughtful examples of how to pivot to new 
approaches while still upholding rigorous scientific practice to produce reproducible outcomes. This 
book originated as an Invited Session at the 2017 American Society of Human Genetics Annual 
Meeting in Orlando, Florida. We attempted to include as many topics as we felt this book could rea-
sonably discuss, and selected methods and computational research areas that are rapidly growing or 
already widely adopted. Our authorship is reflective of the diversity and global nature of genetic and 
genomic researchers, a key principle we kept in mind during the recruitment phase for this book.

Preface



xx Preface

We assume that most readers have a basic understanding of genetics and genomics, but have none-
theless attempted to include one or more review chapters in each section (see Chapters 3, 8, 12, and 17) 
providing a brief overview of the techniques to be discussed in subsequent chapters. Where possible, 
we have included teaching resource chapters written by expert undergraduate educators (Chapters 2, 
4, 6, 7, 16, and 19). The intervening chapters provide relevant examples and protocols for some of the 
most au courant approaches in genetic and genomic research. These chapters also highlight the merits 
and drawbacks to any particular methodology or computational tool, as well as key considerations 
when developing a research pipeline using the technique under examination. This book will put readers 
on solid footing when looking to apply the discussed genomic techniques to their work.

The greatest thanks and acknowledgments are owed to each of the chapter authors: for their time, 
patience, and expert contributions. The COVID-19 pandemic extended the project timeline on the de-
velopment of this book in unimaginable ways. The first year (or more) of the pandemic paused facets 
of research and complicated everyone’s personal lives, yet our authors pushed through—this speaks 
volumes about the importance they placed on the written contents between these covers. Many of these 
chapters were coauthored by doctoral trainees or postdoctoral researchers, who are often at the leading 
edge of research and developing improved research methods. This book was written by them with you, 
the reader, at the forefront.

We would also like to thank the editing team at Elsevier, in particular Peter Linsley, who recognized 
the importance of this topic and approached us with this opportunity to educate. As well, our senior 
editorial project managers, Susan Ikeda and Kristi Anderson, who worked tirelessly to keep this project 
moving toward completion. In particular, a special thank you to Susan for her patient understanding and 
warm encouragement as we faced various editing hurdles.

Finally, a huge thanks to our families, who were considerate in their time and patience as we worked 
on this book at all hours of the day (and night). We have each navigated the wonderful arrival of two 
children apiece, further motivating our desire to set up young trainees with a new resource that can 
serve as a guide during their research careers, establishing a brighter future for biomedical research.

We hope you find this book knowledge-dense and resource-intensive in a directly applicable sense, 
and wish you the best in your genetic and genomic research journey!

Douglas F. Dluzen 
Monika H.M. Schmidt
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 Introduction
The scientific method has been practiced by humankind throughout our evolution, as we engaged in 
trial and error and worked toward finding better ways to survive and thrive. At its most basic, the scien-
tific method requires the observer to integrate known information about a situation and process through 
influencing factors as the observer puts into motion a plan to obtain a desired outcome. Whether or not 
one is scientifically trained, everyone has practiced this form of logical thinking at some point in their 
lives. For example, imagine coming home after a long day at work, sitting down in a favorite chair or 
couch, and turning on the television, but the television does not turn on. You hit the power button on the 
remote again—nothing. Disbelief and frustration might begin. You must now work through the differ-
ent factors inhibiting your relaxation and enjoyment.

Anything blocking the signal path between remote and television? No? Check.
Power to the television? Yes. Check.
Power to the living space? Yes. Check. (And likely integrated into consideration already).
Batteries in the remote dead? Swap and replace—then retest. Bingo!

The scientific method is a problem-solving tool designed to give us a certain degree of confidence 
when we finally obtain a result, whether it was predicted or not. The conclusions drawn from even the 
simplest of experiments are only as strong as the weakest point in the underlying approach to generat-
ing, collecting, and analyzing the data from that approach or experimental design. The same is true in 
genetic and genomic research. 

Strong experimental designs accounting for confounding variables are needed to untangle the com-
plex factors that may influence the outcomes of any given genetic or genomic study. This is especially 
true for analyses that incorporate information from large population data sets. This chapter and those 
that follow in this textbook resource examine some of the ways in which we can structure the most 
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widely used experimental approaches in genetic and genomic research to increase the confidence, rep-
licability, and applicability of the results.

Historically speaking, scientific “proof” used to require that one could demonstrate a scientific phe-
nomenon in front of other scientists. There would be documentation of experiments with written word, 
and illustrations came later to allow readers to imagine being in the room, observing the experiment, 
and thereby accelerating the pace of dissemination of scientific research and its outcomes. While the 
general public may have often been invited to these discussions, debates, and lectures, they were not 
usually involved in the interpretation and advancement of the work. That has changed in the last few 
decades as news media, patient advocates, and those interested in the societal impact of publicly or pri-
vately funded science have become a necessary and essential component of the discussion of scientific 
advancement. This is especially true when we consider how the knowledge generated in the laboratory 
or clinic is applied in daily life.

The scientific discourse and review that validate new research results are tiered:

1. The first tier—the choice of methodology and the approaches taken by the authors of a given 
work and their collaborators.

2. The second tier—the review by the research community (grant review panels, conferences, and 
journal manuscript peer reviewers).

3. The third tier—feedback from the wider research community once a manuscript is submitted to a 
preprint service and/or formally accepted for publication in a peer-reviewed journal.

4. Fourth tier—delivery of research findings to the broader public where they may interact with the 
data, interpreting the applicability of the results to public policy or healthcare practices, or even 
providing the foundation to answer subsequent questions unearthed in the original study.

Breakdowns anywhere within or between these tiers have historically contributed to the publication 
of results that may have been misinterpreted, overly conflated, falsified, or fabricated, and have al-
lowed methodologies inappropriately chosen to give a false sense of confidence with a study’s results. 
Research in many areas has gently shifted from a culture of “show me” to “trust me”—a defining 
reason for the need to ensure reproducibility of scientific works. 

In the field of genetics and genomics, advancing technology and statistical methods can be so di-
verse and complex that it is difficult to describe them even to a technical audience. Peer reviewers and 
journal editors are required to review enormous volumes of submissions and to have a wide breadth of 
expertise, without having sufficient information (or time) to do their jobs thoroughly, thereby inadver-
tently permitting problematic research to slip through the peer review processes. The myriad reasons 
underlying this problem relate to funding challenges and a publish or perish attitude that underlies 
much of biomedical research—but some of these systemic issues are beyond the scope of this book.

There are numerous other concerns in the scientific community that can contribute to published 
research that is not methodologically sound or able to be reproduced by other laboratories. In the past 
two decades, the subfield of meta-research has emerged, in which statisticians, researchers, and clini-
cians have examined the nature of the scientific method itself within biomedical and genetic research 
in order to identify key factors that influence the reliability and replicability of peer-reviewed science 
[1,2]. Meta-research has identified a possible rigor and reproducibility crisis in peer review and pub-
lishing processes as more and more manuscripts are published containing science that cannot be repli-
cated and/or using inappropriate approaches for the given context. Further, due to the aforementioned 
publish or perish culture that is particularly prevalent in competitive research environments, combined 
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with digitally rendered data figures, the publication of difficult-to-detect but completely falsified data 
has had a marked uptick. A collaborative effort by researchers to identify and report such falsifications 
is necessary—an excellent example of image forensics is the work of Dr. Elisabeth Bik (Twitter: @
MicrobiomDigest) [3], discussed in further detail here.

This chapter is dedicated to introducing the historical context of this potential crisis (which some 
argue is also an opportunity for change), identifying systemic factors that may have contributed to the 
lack of replication within scientific studies and reproducibility by other groups, and suggestions for 
geneticists on key steps to improve upon communicating with the public on these issues.

Key point: reproducibility versus replicability
The terms reproducibility and replicability are used in this chapter and throughout this book. The difference between 
these terms is subtle, so much so that these terms are often used interchangeably—albeit incorrectly. Toward fostering 
rigorous attention to all details in scientific research, including language, we suggest that the definitions as outlined by 
the National Academy of Sciences in their 2019 book Reproducibility and Replicability in Science [4] be adopted across 
scientific communities. Thus:

Reproducibility is the ability to consistently obtain the same results using identical input data or reagents examined 
via the same experimental conditions and analyses.

Replicability is the ability to obtain consistent (but not necessarily identical) results when using different input data 
or reagents with the goal of answering the same scientific question.

If this seems confusing, consider an analogy involving baking a chocolate chip cookie: A reproducible batch of 
cookies will use identical ingredients (the same flour, same butter, same chocolate chips, same sugar, same water) and 
identical apparati (the same oven with the same cookie sheet) and identical baking conditions (same bake time and 
temperature). Assuming the recipe instructions are clear and detailed (no “add a thimbleful of baking powder”) and that 
the ingredients are pure (the flour should not have any contaminants in it), the baker will likely be able to consistently 
produce the same delicious batch of chocolate chip cookies. A replicable batch of cookies will strive to consistently 
achieve delicious golden-on-the-outside and gooey-in-the-centre chocolate chip cookies, but may use ingredients 
produced by different companies, apparati with slight differences (air bake sheets versus plain aluminum bake sheets, for 
example) and may even follow slightly different instructions. Presumably though, with the same question of achieving the 
aforementioned cookie, a replicable chocolate chip cookie (not an oatmeal cookie) will be achieved.

 What is the rigor and reproducibility crisis?
Rigorous and reproducible research practices are the bedrock of scientific advancement. One of the 
more thorough and recent reexaminations of the scientific method began in 2005 with an essay written 
by Dr. John Ioannidis. Dr. Ioannidis made a claim with far-reaching implications: that much of the pub-
lished research findings were false [5]. He discussed that most studies were too small, underpowered, 
and/or included biases in study design, implementation, data collection and/or analysis, interpretation, 
and reporting. Ioannidis argued, “most research questions are addressed by many teams, and it is mis-
leading to emphasize the statistically significant findings of any single team. What matters is the total-
ity of the evidence. Diminishing bias through enhanced research standards and curtailing of prejudices 
may also help.”

Ioannidis’ work, and that of others, initiated a much-needed conversation identifying the qualities 
of a successful research study. Most scientific disciplines have now re-examined standard research 
protocols and practices, and found varying degrees of replication of prior studies. For example, the 
Reproducibility Project: Cancer Biology replicated 50 experiments from 23 high-impact cancer-related 
research papers [6]. The study investigators replicated less than half of the experiments that provided 
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positive results, but nearly 80% of the experiments that exhibited null results. As well, for those studies 
replicated, the effect sizes were smaller than initially reported.

In 2015, Nature conducted a survey of over 1500 researchers on issues related to reproducibility. In 
the fields of biology and medicine, over 50% of researchers failed to replicate their own experiments, 
and at least 60% reported failing to reproduce the work of someone else. Two-thirds of those surveyed 
also reported establishing procedures in the laboratory to support reproducible work [7]. While some 
of these numbers seem quite high, this report may also highlight an aspect of the very nature of the 
scientific method, in which correction within research subfields is a necessary component of validating 
essential results.

Scientific discourse concerning research results is a natural component of the scientific method. A 
recent analysis of “disagreement” within four million scientific research articles found that 0.41% of 
papers published in the broad category of “biomedical and health sciences” references disagreements 
with prior published work [8]. This disagreement with prior literature was categorized as either “paper-
level disagreement” or “community-level disagreement” and included a definition of disagreement that 
encompassed discussion of controversy, dissonance, explicit disagreement with prior work, or lack of 
consensus with prior work or works [8]. These and other data naturally lead to a discussion of whether 
this is acceptable “noise” within the scientific community or not. Hypotheses and theorems that may be 
supported by evidence can always be toppled by new, stronger data or ideas. Providing new evidence 
that questions prior ideas is an imperative role the research community plays in monitoring its own 
advancement.

Alternative approaches have been taken to address the reported reproducibility crisis. Retraction 
Watch began as a citizen science website in 2010 to document and track retractions of research papers 
or other scholarly work in research. Between the beginning of 2012 and the end of September 2022, 
over 1200 research articles related to the keyword “genetics” had been retracted due to concerns or 
errors with the data. Similar results occur when searching the same time period for papers related 
to “cancer” or “oncology”. Dr. Elisabeth Bik has made a second career out of identifying fraudulent 
research via her Science Integrity Digest, highlighting manipulated figure images on her social media 
accounts [9]. In 2019, she led a study examining 960 research papers published in Molecular and 
Cellular Biology between 2009 and 2016 and found that 6% had inappropriately duplicated figure 
images [10,p. 20]. This was a follow-up to an earlier study of over 20,000 papers published within 40 
journals between 1995 and 2014. She and her colleagues found that almost 4% of these papers had 
problems with one or more figures and that at least half of these, 2% of all the papers, had evidence of 
visual manipulation [11].

In the field of genetics and genomics, structural problems contribute to a lack of rigorous research 
practice. Historically, nearly 96% of all participants in all genome-wide association studies (GWAS) 
are of European ancestry, with a paltry 3% of Asian ancestry being the next most represented ancestral 
population [12]. Lack of ancestral representation in GWAS and related genomic analyses limits the 
ability to identify physiologically- or disease-relevant variation in the human genome—the true varia-
tion the human genome is not being accurately captured. How can geneticists infer the genetic contrib-
utors to disease processes if the complexity of variation that contributes to the said diseases is largely 
ignored? Presently, the shocking lack of representation in data sets limits the ability to extrapolate our 
understanding of genetic contributors to disease to populations outside of Western European ancestries.

Initiatives such as the National Institutes of Health’s (NIH) All of Us research program has been 
developed to increase the diversity of biomedical research studies [13] and promote new opportunities 
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to expand our knowledge about genomic diversity. The H3Africa (Human Hereditary and Health in 
Africa) Initiative is a leading consortium of researchers and laboratories in Africa to further address the 
disparity in our knowledge about variation in the human genome [14]. While these essential databases 
and others like it catch up on the collection of diverse biospecimens, detailed health history, and neces-
sary representative sample sizes, geneticists have based most of the field’s knowledge of fundamental 
diseases processes on the Western European genome.

Numerous statistical approaches exist for inferring associative and causal DNA variants re-
lated to disease development, environmental response, and other physiological pathways. These 
approaches include polygenic risk scoring (PRS), Mendelian randomization, estimates of heritabil-
ity, genome-wide copy number variant (CNV) analysis, identifying variation in allele variation to 
estimate human migration, and others [15,16]; however, the past decade has seen GWAS dominate 
this realm of “big data” statistical genomic research. Most of these analyses are built on the founda-
tion of databases such as the UK Biobank, which have >90% European ancestry in their sampled 
populations [17]. The 1000 Genomes Project Consortium is more diverse, with samples from 26 
different ethnic populations; however, there are on average only ∼100 samples per population in 
the database [18–20]. The small sample size per ethnic population means that most studies will be 
severely underpowered, limiting the ability to detect novel variants and smaller, but still physiologi-
cally relevant, effect sizes.

There are thus a number of additional factors contributing to the rigor and reproducibility crisis in 
biomedical research, with specific concerns for genetic and genomic researchers. These factors include 
funding challenges and an unhealthy culture around publishing results, structural challenges in genetic 
research and diverse sample collection/patient recruitment (and ethical compensation), and a lack of 
rigorous reporting and data sharing standards. These factors and more are detailed in “What are the 
contributing factors to the reproducibility crisis?” section and discussed at length.

This textbook endeavors to identify and address technical and methodological issues in genomic 
research that negatively impact reproducibility of data, and rigorous research practices. Additionally, 
corollary factors that impact rigor and reproducibility in research are discussed, including: improving 
genetic education at the secondary and post-secondary levels as well as in graduate training; communi-
cation in collaboration and study design; methodology and data sharing; and general transparency and 
open science practices. These considerations together strengthen the methodology of a research study 
and increase the confidence and replicability of results [2].

 The issue of waning public trust in scientific research
Unfortunately, the era of social media and sensationalized headlines, combined with financial interests 
by competing groups, including “Big Natural” (a term coined by Dr. Jen Gunter, a self-proclaimed 
fighter for evidence-based women’s health), leads to disagreement within and beyond the scientific 
community. The scientific process is naturally self-correcting. As evidence accumulates and results are 
replicated (or not), every bit of incorrect, non-rigorously conducted or reported research that makes 
its way to the public prior to being identified as such contributes to the confusion and misinformation 
campaigns that fuel the media’s economic engine (including social media influencers), sowing distrust 
among the public. The time and space to conduct science and verify results has thus shrunk consider-
ably and demands that researchers adhere to the highest standards of rigorous research and reporting 
(see case studies in Box 1.1 and Box 1.2 for more).



8 Chapter 1 Rigor and reproducibility in genetic research

Box 1.1 The SARS-CoV-2 Pandemic
The Coronavirus Disease 2019 (COVID-19) pandemic put the scientific method under immense public scrutiny, changing 
perceptions globally of what can be accomplished when researchers are provided adequate funding resources, minimal 
bureaucratic hurdles, and practice Open Science. Unfortunately, the push to publish COVID-19 related information also 
meant that a small percentage of these published papers (72 papers, or 0.03%, at the time of this writing) were later 
found to be inaccurate [21]; two of these retractions came from high-profile peer-reviewed journals (The Lancet and 
New England Journal of Medicine). For members of the public who understand this to be part of the self-monitoring 
and self-correcting aspect of the scientific method, changing information based on new data strengthens their belief in 
the biomedical research machine. In contrast, for those who already feel alienated or lack familiarity with the scientific 
method or the wider biomedical establishment, changing discourse can breed discomfort and fear. The ongoing societal 
discourse between researchers promoting their work, the non-scientific public, and advancement of misinformation 
campaigns has both helped and hindered the global understanding of the scientific method at large, and severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2).

The genomic sequence of SARS-CoV-2 had been identified and published by the end of January 2020, just months 
into the early stages of the pandemic [22,23], paving the way for a deeper understanding of the nature of the virus and 
the development and testing of multiple COVID-19 vaccines a few months later. Within 10 months of the first publicly-
confirmed case of COVID-19, there were over 125,000 scientific articles published in the scientific literature, of which 
30,000 were on preprint services such as the bioRxiv and medRxiv [24]. It was an incredible burst of scientific focus, 
discovery, and examination.

The public understanding of COVID-19 early in the pandemic was shaped by these preprint servers. Social media 
and news reporting of preprint COVID-19 findings escalated quickly during the spring of 2020 [25,26] and public 
understanding and misinformation was influenced by where the public accessed COVID-19-related information [27]. 
Additionally, journalistic reporting and public misunderstanding about the differences between “preprint” manuscripts 
and “peer-reviewed” articles fueled misinformation about both COVID-19 itself, and the scientific need to use preprints 
for rapid sharing of new results, while still waiting for the formal peer review process to be conducted [28,29].

For example, early preprint manuscripts in bioRxiv suggested that the COVID-19 spike protein had genetic sequence 
similarities with several human immunodeficiency virus (HIV) proteins, which were unlikely to have evolved naturally, 
suggesting that SARS-CoV-2 might have been engineered [30]. The paper was quickly retracted given the numerous 
issues with the sequencing approach, the data produced, and its analysis. Nonetheless, conspiracy theorists, and 
individuals who stood to gain financially from dissemination of misinformation/conspiracies, continued to use preprint 
articles like this one to promote COVID-19 misinformation and generate public distrust around COVID-19 research, and 
the medical establishment at large.

This highlights a delicate balance between public engagement with open-source, preprint scientific research and 
the time it takes for researchers to validate, correct, and review new scientific literature. Further discussion has been 
called for regarding use of the term “preprint” in news reports on PDFs uploaded to preprint servers so that it is clearer 
to the non-scientific community that peer review and validation of the results are still required [25]. Mainstream news 
media seems to be generally cognizant of this important difference and journalists are improving with their adherence 
to highlight that a preprint article is a non-peer-reviewed PDF published online. Given the accessibility to and rapid 
promotion of preprint manuscripts, peer-reviewed validation of research within the genetics and genomics community 
will ultimately have to catch up to insulate against misinformation.

Within the genetics research community, safeguards have been used to validate sequences from SARS-CoV-2 
samples and must continue to be used efficiently. The National Center for Biotechnology Information (NCBI) began 
using the Viral Annotation DefineR (VADR) system to analyze SARS-CoV-2 systems to ensure sequence quality 
[31]. As well, the NIH hosts an open-access data dashboard to support COVID-19 researchers, including access to 
the COVID-19 Genome Sequence Dataset to submit sequencing information to the Short Read Archive hosted by 
NCBI, or the GISAID database supported by Freunde von GISAID e.V. and other partners. These repositories are 
instrumental in helping the scientific community validate sequencing findings and results, identify novel SARS-
CoV-2 variants, as well outline what must be identified in related preprint manuscripts so as to inform journalists and 
others reporting the results of a particular study.
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 What are the contributing factors to the reproducibility crisis?
The scientific method naturally leads scientists to engage in criticism of one another’s work—ideally con-
structively, although this is not always the case. This self-monitoring dynamic is intended to strengthen 
our foundational knowledge and percolate interest in new research avenues. Despite informal feedback 
from colleagues and the formalized peer review process, hundreds of peer-reviewed publications, many 
on topics related to genetics and genomics, are retracted each year. How is it that so many studies “miss 
the mark,” whether intentionally or unintentionally? Why are inaccuracies or flat-out falsehoods missed? 
What are the intrinsic factors that influence replication and reproduction of research data—particularly 
positive experimental results?

From the inception of a research question through to publication and subsequent critiquing by 
members of the field, each tier along the way contributes to whether a study produces the highest 
quality research in the most reproducible manner or not. The first of these tiers is to ask the correct 
question—leading or biased questions will inherently give rise to biased conclusions. Next, it is neces-
sary to conduct a thorough review of the literature, to know what has been done and found previously, 
where the gaps in our knowledge may exist, and whether any of these previous studies have drawn 

Box 1.2 The Advancement of CRISPR
Aside from polymerase chain reaction (PCR), nothing has ushered in a tsunami of new genomic and molecular biology 
research more than the development of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) gene 
editing [32]. CRISPR has already revolutionized approaches to therapy in the clinic to treat sickle cell anemia and β-
Thalasemmia [33] and cancer [34], establish new crops [35], and pave our way of understanding our own development 
[36,37]. There have also been significant advances in the methodologies of using CRISPR in the laboratory and clinic, 
including the expansion into several different types of CRISPR-associated (Cas) proteins, the ability to make precise 
single-base edits, and editing of RNA transcripts [38].

Given the fundamental nature and power of CRISPR approaches, there has been considerable debate within the 
scientific and public communities on how best to use these potentially generation-altering genomic tools. There are 
no definitive answers on how best to juggle the moral and ethical implications of CRISPR alterations with the goal 
of improving human and agricultural health and well-being. This is further complicated by using CRISPR to study 
embryonic development [39] or editing the human germline.

In 2018, researcher He Jiankui announced the birth of the first human babies born with germline genetic 
modifications using CRISPR [40]. This news sent the world into shock given that the procedures for the use of CRISPR 
for heritable transmission in humans had hardly been formalized, or even agreed upon in the international community. 
The three babies born in China exemplifies one of the major ethical debates in the public related to genomic research. 
What began just over a decade ago in bacterium has now influenced the lives of children born without a say in the 
procedure performed on them. Regardless of where geneticists fall on the spectrum of the acceptable use of CRISPR 
gene editing, answers must be found on a number of issues, including:

• Who should govern the use of CRISPR in the research environment?
• Who has a say in what types of cells are used and what types of experiments are performed using CRISPR?
• How do we navigate off-target DNA edits and management of resources to validate new approaches? [41,42]
• What roles do researchers and the media play in communicating novel findings?
• What role should CRISPR-regulated gene drives play in shaping or modifying the environment? [43]

As more and more research becomes accessible, more and more the non-scientific public will need to be educated on 
this issue to ensure productive public discourse when answering these and other questions.
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 conclusions that incongruous with their results, or in the context of the field. Methodology and study 
design are critical—selecting the appropriate samples, controls, techniques, and tests will strengthen 
the quality of the data produced and the conclusions that can be drawn.

Data analysis is the next significant point where many research studies stumble, establishing a sig-
nificant finding where one might not exist due to the use of inappropriate statistical tests. Interpretations 
of these analyses can be challenging, and at times over-interpretation despite weak evidence leads 
authors to propose causality where it does not clearly exist. Accurate and transparent reporting of 
methods and all results (not just the positive results), free sharing of code and data sets used in compu-
tational work, and publication of raw (unprocessed) research data (whether through a publisher’s data 
repository, supplementary results, GitHub, or via a privately hosted website) is a basic tenet of rigor-
ous, open science. Finally, we come to peer review and publication—where, in theory, oversights or 
flat-out mistakes in the aforementioned stages should be caught, revised, and re-submitted for review. 
Unfortunately, given the complexity of much genetic and genomic research, and the time pressures 
faced by researchers, peer review is not the silver bullet to solving the rigor and reproducibility crisis. 
The most crucial of these stages and factors affecting reproducibility are expanded upon below.

Numerous methodological factors contribute to the validity of a research study. Munafo et al. re-
views that factors such as publication bias, failure to control for bias, low statistical power, poor quality 
control, and P-hacking can all contribute to undermining the validity of research studies and inhibit-
ing other laboratories’ ability to reproduce work [2]. It is also becoming increasingly important for 
geneticists to have at least some foundational understanding of biostatistics and statistical science. 
Appropriate tests must be chosen, given a specific context, for correction of false positives [44], vari-
ant imputation [45,46], population structure and confounding variables [47], or even within pipelines 
to account and control for internal technical errors caused by the sequencing platform [48]. There can 
also be important considerations when combining different data sets and admixture of samples [49], or 
even deciding upon an appropriate threshold for significance [50].

As mentioned earlier in this chapter, the lack of diverse representation in most GWAS and/or study 
populations can also impair efforts to replicate findings. Homogenous cohorts fail to capture functional 
variants in the human genome that are important for physiological processes or disease progression. 
Downstream, this homogeneity creates problems when building new protocols or platform technolo-
gies for sequencing and variant calling of new samples, as it utilizes assumptions or known variants 
identified only in a single population. This is especially relevant when using polygenic risk scores 
(PRS) to assess and predict predisposition to different conditions (discussed further in Chapter  5). 
Given a majority of PRS calculations were performed using underlying variant data from individuals 
of European ancestry, PRS in individuals from other backgrounds are less accurate and useful in the 
clinic [51–53].

A corollary contributing factor to the reproducibility crisis, supplementary to the lab bench itself, 
is the culture of career advancement within academic research, highlighted by the proverbial “publish 
or perish” narrative. This narrative and reality in academic science pressures early career investigators 
to show their research productivity by publishing multiple papers as a means of establishing job se-
curity. While there are many other components to the tenure package in academia, the ability to show 
productivity from grant funding and the ability to deliver research results is the primary consideration 
for tenure review committees. While it seems superficially sensible that promotion should be tied to 
scholarship, particularly the ability to conduct and publish impacting research, there is a disconnect 
between this requirement for job security and the culture of how research is reported in the literature.
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The primary example of this bias in published literature is the fact that there exists a systemic re-
porting bias that emphasizes positive results in peer-reviewed literature and disfavors the reporting of 
negative results, even among biomedical and clinical research trials [54,55]. In turn, this influences the 
approaches that investigators (particularly early-career investigators) take to validate their research, 
knowing their livelihoods and those in their labs are dependent upon showing successful outcomes in 
their work. This disconnect can be perpetuated by review, promotion, and tenure (RPT) committees 
dependent on the institutional metrics used to define the scholarly success of faculty members under 
consideration for promotion.

Inappropriate measures of scholarship, such as impact factor (IF) or rewarding quantity over qual-
ity (which can lead to a lack of reproducibility) can also inappropriately incentivize biomedical re-
searchers to publish work that reinforces job protection and less-than-excellent scholarship [56–58]. 
Responsibility for training the next generation of researchers also falls heavily on principal investiga-
tors. Genetic researchers at all levels, and particularly research associates and principal investigators, 
can help develop strong scholarly habits in trainees via the demonstration and reinforcement of respon-
sible, rigorous research conduct. One should encourage open and honest communication regarding 
reporting preliminary findings and during meetings with collaborators. Further, setting and upholding 
laboratory policies for recording thorough and accurate lab notes, and reporting research misconduct 
when it occurs, provide valuable tools and lessons to graduate trainees. The latter requires mandatory 
and extensive training regarding responsible conduct of research and also requires that trainees are 
provided institutional and field-specific resources to access when needed [59].

There should also be articulated institutional-specific policies for early-career investigators to fol-
low when questions related to research integrity arise that can be professionally explored without nec-
essarily being automatically punitive. These internal review policies of institutions may also play a role 
in the repercussions for researchers who falsify or fabricate data.

Across US and global institutions, the policies for investigating cases of fabricated or falsified 
data vary widely. Best practices for reviewing these cases that are more widely adopted may help 
reduce the frequency of retractions in the scientific literature [60,61]. An analysis of 1316 papers 
published from US institutions across multiple scientific disciplines found that the competitive 
environment of the authors’ institution biased against reporting negative research results [62]. This 
and other work has spurred discussion on how best to remedy the bias that influences reliable result 
reporting.

Some journals have taken a new approach to emphasize the methodology of the science as opposed 
to the results or findings. Cell Press, a peer-reviewed journal within the Elsevier portfolio, launched 
STAR Protocols in 2016 to identify reproducible protocols in the life sciences that were accessible and 
validated [63]. STAR stands for Structured Transparent Accessible Reproducible, and the journal ar-
ticles are reviewed by core facility and technologically experienced research scientists. The Center for 
Open Science initiated the use of Registered Reports to re-emphasize peer review on the methodology 
of the study as opposed to the final results of the analysis.

In a Registered Report, researchers submit their idea and study design for an initial round of peer 
review, in which reviewers weigh the integrity and strength of the research idea and methodology. If the 
report passes this round, the paper is conditionally accepted, regardless of the results of the study, pend-
ing adherence to the reviewed protocol [64,65]. Select journals will accept and publish genetic studies 
that are pre-registered reports as part of their publishing model, include Scientific Reports, PLOS ONE, 
PLOS Biology, BMC Biology, and BMC Medicine.
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eLife recently adopted a new peer review protocol that requires all reviewed articles to first be pub-
lished as a preprint. Next, the reviewed article is automatically published by the journal regardless of 
the peer review process. This new form of acceptance also includes the views of the reviewing experts, 
those who have discussed the work on the preprint forums, and the author’s reply (if necessary). This 
radical change has removed the accept/revise/reject model of formal peer review [66] and already 
sparked considerable and healthy debate within the scientific community.

Given the complex nature of some genomic analysis, additional resources will be needed to help 
trainees and early-career investigators develop the necessary intuition and skillset to ask appropriate 
questions that challenge the integrity of a given methodology, whether with their own work or another’s. 
These questions should become second nature for newly trained researchers; perhaps as ingrained into 
graduate training as is the emphasis on identifying a research question, developing a testable hypoth-
esis, or designing and analyzing a more inclusive (diverse) cohort. If there is more openness up front on 
how to develop the best methodological approach to a particular experiment or question, or how to best 
review it, there will be fewer concerns about the results if they are not able to be replicated elsewhere.

 The societal importance of open science
When Jonas Salk was asked who owned the patent to his new polio vaccine, he famously replied, 
“Well, the people, I would say. There is no patent. Could you patent the sun?”

In all the years since 1955, Dr. Jonas Salk’s idea that his and his team’s science be available solely 
for the betterment of humanity is still a high bar to achieve given the current systemic infrastructure of 
research, publishing, patenting, and health care. With the advent of modern technologies that reduce 
cost and time, the ideal of “open science” has inspired the creation of large, public, and free databases 
that have promoted research and considerable secondary research worldwide.

Unfortunately, given the enormous influence of profit-driven privatization of medical care and in-
surance, particularly in the United States, and elsewhere in the world, there are many economic factors 
that prevent the latest breakthroughs from establishing themselves for free or with widespread usage in 
the public domain. One need to look no further than the patent disputes between MIT’s Broad Institute 
and the University of California, Berkeley (alongside Dr. Emmanuelle Charpentier) regarding owner-
ship of CRISPR gene-editing technology—a legal drama that continues to unfold. Each institute is 
keenly aware of the economic boon from owning control of CRISPR and the downstream licensing of 
this approach, and this is just within the United States. The issue becomes even more complex when 
looking at patent ownership of CRISPR technologies in the European Union and elsewhere.

Dramatic steps have been taken toward the democratization of science and unrestricted access of 
research results and large data sets. A prime example of this is the UK Biobank, an open-access data-
base with greater than half a million genomes (with phenotypic data), to which any qualified scientist 
on the planet can apply for ethical approval access. The UK Biobank is a not-for-profit organization, 
supported by various levels of UK government and charitable foundations. Although not a perfect re-
source—the database lacks samples of ethnic diversity (as discussed above)—it continues to add new 
genomes regularly and provided a wealth of information to mine for large-scale genomic studies. An 
unusual example of the democratization of biology comes in the form of 3D printing technologies, 
which are increasingly allowing researchers to design tools or modify those that they have already, 
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eliminating the high costs of biotech sales and increasing specificity tailored to their needs. In address-
ing public access to published-behind-a-paywall articles, all research that is federally-funded by the 
United States government will be required to be immediately available and open access upon publica-
tion by 2026 [67]. Steps like these ensure that all researchers, as well as the general public, have access 
to essential data and analysis as quickly as possible.

The field of genomic research has seen an exponential growth in the amount of data generated 
and made available to researchers and the public. Open science and data sharing agreements have 
become increasingly important in managing this data. One of the key challenges is balancing the 
need for data sharing with protecting patient privacy. The 1000 Genomes Project Consortium [18] 
and the National Cancer Institute’s Genomic Data Commons [68] are two examples of successful 
data sharing initiatives.

The Genomic Data Commons integrates clinical data from individual studies by harmonizing inputs 
on sample collection, the alignment of sequencing data to a common reference genome, and standard-
izing protocols on variant calling, and other metrics. There are also controlled and restricted data sets 
within this public database (and others) that are curated in accordance with the informed consent docu-
ments or other guidelines delineated when participants are recruited into participating studies. This 
identifiable data may be embargoed or behind a secure wall such that only those who apply to access 
this data are granted permission to use it. While not entirely open access, these restrictions reflect nec-
essary precautions needed for patient privacy.

Data availability is also determined by the country hosting the database. In the United States, there 
are numerous federal and state laws that regulate the collection, usage, and disclosure of genomic data. 
For example, The Genetic Information Nondiscrimination Act (GINA) prohibits employers, health 
insurance companies, and others from using genetic information to discriminate against individuals. 
The European Union has adopted the General Data Protection Regulation (GDPR) which protects 
the privacy of personal data, including genomic data [69]. The GDPR requires that individuals must 
provide informed consent for the collection and use of their data, and it gives individuals the right to 
access, rectify, and erase their data. The GDPR also requires that organizations implement appropriate 
technical and organizational measures to protect personal data. The law prohibits processing this data 
in such a way that could even indirectly reveal sensitive information about an individual.

In China, the Cybersecurity Law, Data Security Law, and Personal Information Protection Law 
(PIPL) have been implemented to govern how personal identifiable information (both biological and 
digital) are collected, protected, and stored in China. These regulations also delineate that consent for 
this information to be collected must be freely given and informed and that it can be withdrawn.

While these laws have made it challenging for geneticists and researchers to access and use genetic 
data [70], they are essential to protect personal information in a rapidly changing research environment. 
Additional guidance has been needed for open access of genetic data beyond these laws. For example, 
in the United States, there has been historically many cases of data mismanagement and lack of con-
sent when it comes to the collection and use of samples from indigenous communities, and other racial 
and ethnic populations historically underrepresented in genomic studies. New guidelines that focus 
on trust, accountability, and equity must be implemented to ensure protection of this information and 
safeguard against sample misuse, along with including the input of the participants in the study who 
are providing the samples [71]. Data consortiums must also be sensitive to our changing understanding 
of the intersection of race, ethnicity, and ancestry, especially when samples are being collated together 
from different genomic databases [72,73].
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These and other guidelines should always be continually revisited to ensure equitable access and 
protection of genomic information. Ideally, open science ensures that researchers and bioethicists al-
ways have the opportunity to shore up problems in research pipelines, the process of study participant 
recruitment, consent, and engagement, and in reporting analysis outcomes.

The non-scientific public must also continue to have a stronger voice in how this data is used and 
discussed. Social media platforms such as Twitter, Facebook, and Mastodon allow researchers to en-
gage directly with the public and the media. In the first months of the COVID-19 pandemic, hundreds 
of thousands of tweets on Twitter discussed a variety of topics related to the information from and 
perception of the Centers for Disease Control and Prevention (CDC) regarding COVID-19. The most 
discussed topics included the credibility of the CDC and the CDC guidelines related to COVID-19 
exposure and response [74].

This rapid fire promotion of the latest in scientific discovery is a boost to equitable access to re-
search results and informed policy but can also promote mistrust in the process of science and aid in 
the spread of misinformation or false information [75,76]. Twitter bots and other malware can spread 
misinformation or sow the appearance of disagreements within a scientific field when there is large 
consensus, as what has happened concerning the discussion focused on the safety and efficacy of vac-
cinations [77].

Genetic and genomic studies are not immune to these trends. When news of He Jinkaiu’s experi-
ment using CRISPR and the birth of the first CRISPR-edited humans, Twitter, Chinese social media 
platform Weibo, and other social media platforms explored with discourse related to the ethical contro-
versy and societal implications of its use [78,79] (see Box 1.2). These conversations appear to be linked 
with the news cycle in that conversations can be tied with when news breaks related to a specific event 
or key development in genetics research [78,80].

Additional consequences of genetic and genomic information being so easily accessible have ex-
tended far beyond the halls of academia and industry. Direct-to-consumer (DTC) DNA testing has 
grown in the last decade and contributed to mainstream discussion of genetic variation, ancestry, and 
susceptibility to disease. However, not all of the perceived health information related to some of these 
products are discussed by trained professionals, which opens the public discourse up for the spread of 
misinformation or basing healthcare decisions based on non-clinical test results [81–83].

Participants of DTC DNA testing are also concerned about opaque privacy protection related to 
their DNA testing results [84]. DTC testing has influenced family dynamics and relationships when 
ancestry results return, often without much support from the company providing the service [85]. There 
are also questions concerning who can give permission to have their DNA tested. This is a particularly 
complex issue when that individual does not know or authorize the test or is deceased [86]. The results 
of these analyses can have profound consequences and the impacts on society are still not completely 
understood.

Arguably one of the most controversial cases of DNA privacy in DTC testing is the use of genetic 
test results by law enforcement. In 2018, news broke in the United States that the famous Golden State 
Killer, a serial killer who committed murders in the 1970s, had been identified by police by using the 
public genealogy website GEDMatch [87]. Law enforcement officials had uploaded DNA from a crime 
scene and identified a relative of the killer in GEDMatch, ultimately arresting a retired police officer 
who had committed those terrible crimes. As an additional consequence, the case immediately brought 
up questions related to the ethical use of DTC testing, including data privacy, public safety, DNA 
ownership, and other complicated bioethical questions. These questions are further confounded when 
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weighing personal privacy and protection versus public safety, including ensuring criminals are found. 
Since 2018, GEDMatch and other genealogy databases have helped solve hundreds of cold cases and 
crimes.

Negotiating these and other complicated bioethics of genetic research is not formally part of the 
training of many geneticists in the US and around the world. The NIH has mandated that institutions 
receiving NIH funding implement RCR training for grant awardees and trainees [88]. RCR training can 
highlight many different issues including navigating trainee power dynamics, responsible data collec-
tion and reporting, conflict of interest, the peer review process, and even “the scientist as a responsible 
member of society, contemporary ethical issues in biomedical research, and the environmental and 
societal impacts of scientific research” [88].

However, institutions are generally free to implement RCR training as they see fit, and there is little 
uniformity across the US or within the international community. There should be incentives at the in-
stitutional or national level in graduate training and with early-career faculty development that stresses 
the importance of a societal-conscious biomedical researcher. Given genetic technology and discovery 
has become a part of everyday conversation, additional training is needed to help researchers navigate 
how to discuss their work with a broad and diverse community. Bioethics, rigorous methods, and RCR 
need to become more integrated into undergraduate and graduate training such that researchers are pre-
pared for these conversations either among themselves, with lawmakers or other members of society, 
or even within their or social networks of family and friends.

 Conclusions
Given the rapid pace of genetic research, it is likely that exciting new advancements in our understand-
ing of the genome will continue to emerge, along with bold interventions in clinical practice. These 
developments may have unforeseen ramifications, making it critical for geneticists, clinicians, trainees 
at all levels, patients, and the public to have a voice in how we apply and expand our knowledge. The 
emerging use of artificial intelligence, like ChatGPT and other AI-driven programs, are rapidly gain-
ing traction in numerous software platforms. These AI programs are in their infancy—the “training” 
stage—but this is a critical time for AI as the data sets used for training will inform the biases inherent 
to these platforms. The implications are enormous and wide-reaching in all fields in the context of sci-
entific writing. For example, the ability for an AI to produce scientific literature that sounds correct but 
in fact misconstrues the facts or simply is incorrect leads to an enormous black box about regulating 
the use of AI in preparation of manuscripts and other publications. Just as this book was preparing to go 
to press, ChatGPT and other AIs took the internet by storm, so much so that Italy temporarily banned 
ChatGPT [89] and publishers were forced to quickly respond with guidance to authors on the matter. 
Elsevier Group (the publisher of this book) issued guidelines in March 2023 stating:

Where authors use generative AI and AI-assisted technologies in the writing process, these technolo-
gies should only be used to improve readability and language of the work….Authors should disclose 
in their manuscript the use of AI and AI-assisted technologies and a statement will appear in the 
published work. [66].

In spirit of these guidelines, the authors of this manuscript can reveal that the fourth paragraph of the 
prior section in this chapter (“The field of genomic research has seen an exponential growth….)” was 
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imported into ChatGPT to improve readability, and as an example of the power of AI to write scientific 
works that are indistinguishable from human-authored work.

To better facilitate public discourse of genetic research, it is imperative that the scientific lit-
erature reflect the highest level of rigorous methodology. As evidenced by the daily updates of our 
knowledge of SARS-CoV-2 during the COVID-19 pandemic (see Box 1.1) and the growing clinical 
use of CRISPR gene-editing (Box 1.2), researchers must ensure that the information they bring forth 
is meritorious and reproducible, with a responsibility to both scientific and broader communities. 
The era of open science offers a unique opportunity for collaboration and encourages researchers 
to work together to define best practices in order to improve the transparency and accessibility of 
research outcomes.

Reproducible research does not necessarily mean that the results of any given experiment or project 
will always be correct. Rather, it endeavors to foster the careful consideration required such that the 
underlying hypothesis, approach of testing the said hypothesis, and the data collected and analyzed 
are meaningfully interpretable. Geneticists and researchers should approach their work such that it can 
grow with the changing knowledge of the community at large and that others can go back to ensure our 
bedrock principles and knowledge are sturdy.

The scientific research enterprise is flawed in that it is limited in part by our preceding knowledge of 
the world, and in part by the naïve mistakes of the untrained or ignorance of those willing to take short 
cuts. The convalescence of these aspects can lead to incorrect scientific conclusions, which are at times 
inappropriately disseminated via the use of preprint servers and AI-supported technologies before re-
searchers are able to discuss and self-correct the science. While there are many ways to tackle these 
issues to ensure progress in our work and for the betterment of the society, they can be summarized into 
three strategic goals that the genetic research community should always strive for:

1. The genetics research community should always work to improve the general public’s 
understanding of the scientific process so that open science and public discourse are less 
reactionary or misinformed.

2. The genetics research community should continue to establish reproducible research practices 
to strengthen the research findings and make them more representative of the diverse global 
population.

3. The genetics research community should promote the development of strong science 
communication skills within the next generation of the research and clinical workforce.

This chapter has outlined a few of the individual and collective actions that can be taken to achieve 
these aforementioned goals. Institutional and departmental commitment to these or similar ideals will 
also solidify the genetic research infrastructure as a whole and reinforce the need to continue to ex-
ecute strong research practices. The subsequent chapters in this textbook are meant to provide a deeper 
knowledge into reproducible research practices using a variety of widely used approaches in genetics 
and genomics, from PCR to CRISPR. Additionally, this textbook also provides guidance on how fac-
ulty, mentors, or others in instructional positions can infuse and promote rigorous practices into their 
work and curriculums so that future research trainees achieve the highest standard of reproducible 
research. 

By instilling these practices at all levels of the scientific enterprise, we can continue to push our 
knowledge of genetics in new and meaningful directions, helping researchers achieve the goal of their 
studies being peer reviewed, published, and cited!
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