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DISSERTATION ABSTRACT 

Zachary Christopher Stevenson 
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Tracking to Study Adaptive Mutations 

 

 The fitness effects of new mutations are one of the central drivers of evolutionary change. 

Mutation is the ultimate source of novel genetic diversity, yet only a small fraction of new 

mutations provides an adaptive advantage. Additionally, many new adaptive mutations provide 

only a slight advantage and are challenging to identify and quantify their selection coefficient. 

Furthermore, a given mutation may be advantageous in one environment and disadvantageous in 

another environment. Natural selection acts upon the phenotype produced by the new mutation 

and if adaptive, the mutation can increase in frequency. Evolution acts though the lineage–the 

fundamental unit of evolution–because it is the lineage which changes overtime in response to 

selection. Over the past 150 years a robust and comprehensive set of theory has been developed 

around evolutionary biology and adaptive mutations. However, comprehensive estimation of the 

fitness effects of new mutations has remained challenging, but recent developments in genetic 

engineering open new opportunities to significantly advance the field. Within this dissertation, I 

present several novel approaches for editing the genome using a large genomic library, which 

allows the implementation of barcoding approach for evolutionary lineage tracking in an animal 

system for the first time. I apply this methodology to measure the fitness of a known Ivermectin 

resistant strain of Caenorhabditis elegans in what is the largest animal experimental evolution to 

date and highlight important new directions in evolution and genomics that this new approach 

allows. This dissertation includes previously published and unpublished coauthored material.   
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CHAPTER 1 INTRODUCTION 
The profound diversity that we see across biological systems arises from evolutionary processes. 

At the center of the origin of that diversity is mutation, the ultimate source of evolutionary 

change. Over the last 150 years there has been several theories developed on mutation and their 

evolutionary consequences. During Darwin’s time, DNA and the biological nature of mutations 

had not been discovered. While obvious facts of inheritance (children often look like their 

parents) was well known, the process to transfer this information to the next generation was yet 

to be elucidated. One prominent theory of the time was blending inheritance, which suggested 

that phenotypic characteristics inherited by parents would be blended, resulting in an average of 

the two. An essay written by Fleeming Jenkin in the North British Review (Morris, 1994) was 

critical of Darwin’s theory of evolution, because novel traits would become diluted by blended 

inheritance. Darwin’s remarked that Jenkin’s essay was the most valuable he had received on On 

The Origin of Species. Only later with the emergence of mendelian genetics was blending 

inheritance abandoned, while also giving rise to the modern synthesis of genetics and evolution. 

With mutation and natural selection established–and central to evolutionary biology–many 

theories have been proposed to address the evolutionary consequences of mutations. Are most 

mutations deleterious? Adaptive? Or of no consequence? Prevailing views at the time considered 

most mutations were deleterious (Crow and Temin, 1964), primarily rooted in the observation 

that isolated mutations often reduced viability. However, most mutations do not provide an 

appreciable phenotype (Loewe and Charlesworth, 2006), and historically estimated frequencies 

of strong deleterious estimations are likely incorrect. To reconcile know mutation rates (observed 

in protein changes at the molecular level) and the lack of strong deleterious effects, neutral and 

nearly neutral theory was proposed. Neutral theory suggests that most mutations are not ‘visible’ 

to natural selection and will simply change in frequency by genetic drift. What remains missing 

is an empirical framework to quantify the selective outcomes of mutations at scale, and ground 

the distribution of fitness effects in data, particularly in animal systems. With modern molecular 

technologies, and high-throughput experiments, we can for the first-time address over 150 years 

of theory on mutation from the lab bench in a rigorous manner.  
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Natural Selection 
The mid-19th century witnessed the concurrent and independent contributions of Charles Darwin 

and Alfred Russel Wallace, who are jointly acknowledged for expounding the principle of 

natural selection. This seminal idea provided the requisite for evolutionary change, the ‘why’ 

behind evolution. Both Charles Darwin and Alfred Russel Wallace were captivated by the wealth 

of diversity in the natural world. Their travels to various regions exposed them to a plethora of 

species, each uniquely adapted to their environment. These observations spurred them to develop 

a theory that could explain the origin and diversification of life forms. In 1859, Darwin's seminal 

work, "On the Origin of Species," was published, presenting the theory of natural selection 

(Darwin, 1859). He proposed that in the struggle for existence, individuals with advantageous 

traits are more likely to survive and reproduce, passing those traits on to their offspring. Over 

time, this process accumulates changes, leading to the emergence of new species. Wallace had 

arrived at a similar conclusion independently, and the two scientists jointly presented their 

findings to the scientific community (McKINNEY, 1966). The groundbreaking revelation of 

natural selection predates the discovery of DNA as the genetic material responsible for heredity 

and evolution. During the 19th century when Darwin and Wallace were formulating their ideas, 

the underlying molecular basis of inheritance was largely unknown. The concept of genes, let 

alone the intricate structure and functions of DNA, had not yet entered the scientific discourse. 

Natural selection is built upon the observations of variation, adaptation, and heredity within 

populations. Natural selection predicts favorable variations accumulate over time through the 

differential survival and reproduction of individuals with advantageous traits, which would 

require some ability of these traits to be inherited. While Gregor Mendel and Charles Darwin 

were contemporaries, unfortunately, the connections of heritability, genetics, and evolution 

would not emerge until the mid- 20th century.  

The modern synthesis, a pivotal paradigm in evolutionary biology developed during the 

mid-20th century as a convergence between the seminal ideas of Charles Darwin's natural 

selection and Gregor Mendel's genetic revelations (Huxley, 1942). This conceptual unification 

effectively bridged the perceived chasm between Darwinian notions of gradual and continual 

species transformation with the insights into inheritance and variability from Mendelian genetics. 

At this transition, we start to see the birth of molecular evolution, the investigation of evolution 

at the DNA and protein level. In the 1960s, John Lee Hubby & Richard Lewontin pioneered the 
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study of genetic variation using biochemical markers, such as isoenzymes (Charlesworth et al., 

2016; Hubby and Lewontin, 1966; Lewontin and Hubby, 1966). Their research revealed 

surprising levels of genetic variability within populations, challenging the prevailing notion of 

species as uniform entities. Isoenzymes are variations of enzymes with distinct molecular forms, 

serving as markers for this diversity. By comparing the frequency of different isoenzyme alleles 

among populations, Hubby & Lewontin gained insight into the evolutionary relationships 

between species. Their work illuminated the dynamic nature of genetic diversity and underscored 

its role in the evolutionary process. With the understanding that the natural world was diverse, 

not just at the macro level, but also at the molecular, questions started to emerge about the nature 

of this diversity and how it was maintained and generated. Are these mutations adaptive or 

deleterious? How was genetic diversity maintained? 

Mutation, Neutral Theory & Adaptation 
It is clear mutations are central to evolutionary theory, and much of population genetics has been 

based on off theoretical assumptions of their effects. Kimura and Ohta introduced the neutral 

theory and nearly neutral theory of molecular evolution in 1968 & 1969 (Kimura, 1968; Kimura 

and Ohta, 1969). This theory suggested that much of the genetic variation observed at the 

molecular level is not subject to the direct influence of natural selection. Instead, these variations 

are considered neutral or nearly neutral, having little impact on an organism's fitness. This idea 

marked a shift in our understanding, emphasizing the significance of genetic drift alongside 

selection in shaping populations. However, of course, some genetic mutations do provide an 

adaptive benefit and will increase in frequency among the population over time. In any given 

environment, there are possible genetic mutations which could confer a selective benefit. What 

are these mutations? How do we measure their fitness contribution? How do we approach these 

molecular evolutionary questions from a more empirical framework? Genetic mutation leads to 

selectable phenotypic outcomes, and modern molecular advances to edit the genome provide an 

unprecedented opportunity to integrate the genome, and craft a hypothesis-driven framework to 

address century-old evolutionary questions.  

Experimental evolution is the study of evolution in a laboratory setting. It is a powerful 

tool for understanding the nature of mutations and generally the mechanisms of evolution, as it 

allows for strict control of the environment. Some of the first experiments were performed by 
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geneticist Hermann J. Müller in the 1920s to comprehend the genetic and evolutionary impacts 

of ionizing radiation (Muller, 1927). Müller subjected fruit flies (Dropshphilla melanogaster) to 

varying doses of ionizing radiation to induce mutations, followed by controlled breeding to study 

the impacts of the induced mutations. Müller utilized genetic markers on the X-chromosome, 

which was strategic, given its role in determining sex and its relatively well-defined 

characteristics in fruit flies. Müller recognized that utilizing genetic markers on the X-

chromosome would enable him to track and identify mutations more accurately, as well as to 

analyze patterns of inheritance in subsequent generations. This pioneering approach not only 

provided important empirical evidence for the mutagenic effects of X-rays but also contributed 

significantly to our understanding of the link between radiation, genetic mutations, and the 

broader field of genetics and evolution. 

Perhaps the most famous evolution experiment is the long-term experiment conducted by 

Dr. Richard Lenski with Escherichia coli (E. coli), which stands as a seminal investigation in 

experimental evolution (Lenski, 2017; Lenski et al., 1991). Started in 1988, the experiment 

involves the continuous cultivation of twelve E. coli populations under glucose-limited 

conditions to observe their evolutionary trajectories. Notably, the evolution of citrate utilization 

emerged as a focal point of the experiment. E.coli are unable to utilize citrate aerobically, one 

population (Ara-3) exhibited a unique adaptation, evolving the capacity to utilize citrate and 

exploit it as a carbon source after around ~31,000 generations. This adaptive event highlighted 

the role of historical context and genetic background in evolution, sparking additional 

investigations into the genetic basis of the novel trait. Lenski's experiment fundamentally 

contributes to the understanding of adaptation, selection, and mutation over the large multi-

generational timescales in which evolution operates for the emergence of complex adaptations to 

arise. While several experiments have been performed to create a handful of mutations or 

observes the effects of mostly mutations of high effect, much like an iceberg, there is more 

beneath the surface.  

The Distribution of Fitness Effects 

As empirical methods emerge to measure and identify single mutations with adaptive effects, it 

has also become clear that most identifiable mutations are significantly deleterious and of large 

effect (Burch et al., 2007). Müller’s experiments and similar mutant-characterization work tend 
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to identify mutations of large deleterious effects which are more likely to produce profound 

phenotypes impacting the overall organism. Whereas experiments tailored to adaptive mutations, 

as in the work of Dr. Lenski’s long term experimental evolution are almost exactly opposite, 

identifying only mutations of large positive adaptive effect. There remains a significant ‘blind-

spot’ in our experimental capacity to identify mutations with less maximal effects. Mutations that 

might be slightly adaptive or deleterious are likely to be  the majority of non-lethal mutations 

(Eyre-Walker and Keightley, 2007) and they can influence evolutionary dynamics (Figure 1.1). 

The distribution of fitness effects is also not stagnant. As populations continue to adapt, and new 

mutations arise, mutations which were once adaptive can appear deleterious as the mean fitness 

increases (Desai et al., 2013; Whitlock et al., 1995). Further confounding our ability to measure 

fitness effects, the environment must also be taken into consideration. Mutations which provide a 

fitness effect within one environment may be deleterious in another (Figure 1.1C). Several 

different environmental factors, such as temperature (Logan et al., 2014), and small molecule 

concentration can change the selection coefficient of new mutations (Baym et al., 2016; Lenski, 

2017; Lenski et al., 1991; Levy et al., 2015). For a fully comprehensive understanding of the 

fitness effects of mutations, the historical (generational) and environmental contexts must be 

understood. Under an empirical framework, both must be integrated for a rigorous measurement 

of selection. 

To address this challenge, advanced genetic engineering techniques have been developed 

which enable the large-scale manipulation and identification of genetic lineages, opening a new 

era of experimentation and integrating the historical and environmental context. One example 

utilized synthetic genetic markers to identify and follow lineages. Commonly referred to as 

barcoding (see Box 1.1), this methodology has an extraordinary level of precision and provides 

insight into the adaptive evolutionary process (Blundell and Levy, 2014). Through the utilization 

of barcoded lineage tracking, the experimental observation and quantification of numerous 

independent lineages during an experiment has become achievable. Various methods for tracking 

lineages have been implemented, usually involving native mutations as is the case in the Lenski 

experiments. However, these methodologies are inherently limited, offering a limited number of 

markers, and such markers are often not neutral with respect to the experiment. In contrast, 

barcodes present a vast array of markers for experimental utilization due to their synthetic design 

because they feature randomized sequences. A barcode containing just a 15-basepair sequence of  
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Box 1.1 Barcoding and molecular biology: The term barcode is an often-used term with 

various meaning and molecular characteristics–not all barcodes are the same or can provide 

the same utility. This can be quite confusing at first glance because they all share a common 

need, to identify a biological unit based on sequence. The exact biological unit, as well as the 

molecular design of the barcode, can be quite different. Barcodes have been experimentally 

adopted to study cellular lineages in development and even the study of cancer (Elsner, 2018). 

These barcodes often change their sequence upon cellular division or increase in number. 

Barcodes of this nature are not pre-engineered but will be ‘programmed’ by molecular 

methods to change sequence. Allowing for the reconstruction of the developmental lineage. 

Ecological definitions of barcodes are naturally occurring polymorphisms which are highly 

correlated with a given species, allowing for simple identification (Kress et al., 2015). In 

synthetic biology, barcodes are often used to mark pooled sequenced of DNA libraries or 

engineered expression units (genes) for quality control of the synthesis pipeline, or for 

downstream applications (O’Connell et al., 2023; Sidore et al., 2020). For evolutionary 

biology applications–which are the nature of the barcodes presented in this dissertation–are 

large, diverse, libraires of tiny, randomized SNPs with the intent to integrate into the genome. 

Once integrated, they are ‘locked’ within that lineage. These barcodes are designed for simple 

amplicon sequencing to measure their frequency for a given experimental evolution (Ba et al., 

2019; Blundell and Levy, 2014; Jasinska et al., 2020; Levy et al., 2015; Stevenson et al., 

2023). For a more detailed discussion of possible application of barcoding individuals, refer to 

Chapter 4–TARDIS as a method for creating barcoded individuals. 
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random nucleotides can yield over one billion distinct combinations. To date, the most expansive 

experiment involving barcoded evolutionary studies was performed by Dr. Sasha Levy (Levy et 

al., 2015). This study encompassed the evolution of over half a million distinct lineages under 

conditions of constrained glucose availability in the environment. While the concept and 

execution of this approach is straightforward, the tracking of barcoded lineages enabled Levy et 

al. to accurately assess the fitness of each individual lineage. Their efforts led to the 

identification of approximately ~18,000 adaptive lineages. By utilizing the barcoded-lineage 

approach, Levy et al. were able to not only measure the fitness of large effect mutations, but also 

much smaller ones, empirically measuring a more comprehensive view of the distribution of 

fitness effects. In later work, they were able to use the lineage paradigm to match mutations with 

their selection coefficients (Ba et al., 2019). Interestingly, we see the predictions of population 

genetics (Desai et al., 2013), where the mean fitness increase overtime, mutations that were 

increasing in frequency and historically adaptive eventually decrease in frequency as more fit 

mutations increase and out compete them. This unprecedented achievement marks the first time 

that the adaptive advantages possessed by many individual lineages within a population has been 

measured with a historical and environmental context. Lineage tracking is just one example that 

has emerged from the advancements of high-throughput genome editing and sequencing. Few 

examples exist of groups utilizing genetic engineering for empirical-based evolution 

experiments. However, there is powerful potential for such experiments for specific hypothesis 

testing in evolution–particularly in animal systems which are orders of magnitude more 

challenging to engineer compared to microbes. Selection experiments have utilized fluorescent 

markers to tract adaptive lineages (Hegreness et al., 2006), or to simply mark genetic background 

in a competition experiment (Crombie et al., 2018). Kasimatis et al. (2022) utilized ectopic 

selection of a toxic transgene, peel-1, to remove a competitor Caenorhabditis elegans male 

sperm from a population in a sexual selection experiment (Kasimatis et al., 2022). It is clear that 

increasing our transgenic throughput, as well as the generation of simpler genome engineering 

approaches, can open new experimental paradigms in evolutionary biology—a central goal of 

this dissertation. 
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Figure 1.1 Distribution of Fitness Effects. A) Schematic overview of the general concept of the distribution 
considering non-lethal mutations. Mutations on the far ends are experimentally simpler to identify because of 
their larger effects. However, it is predicted that most mutations are of small effect, and therefore more 
challenging to isolate and observe. Additionally, as B) the mean fitness increases overtime as a response to 
selection, any specific mutation will eventually be out competed by new, more adaptive mutations resulting in a 
changed selection coefficient. In differential environments C) mutations which may have selective benefits in one 
can be deleterious in another. 
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Synergistics of genetic engineering and evolution 
Genome engineering represents a major shift in our ability to test evolutionary hypotheses. 

Historically, as in the Müller experiments described prior, genomic ‘manipulation’ was primarily 

driven by random mutagens. Advancements in molecular biology have increase our precision in 

genome manipulation. Several toolkits have been developed which allow for the experimental 

manipulation of DNA, such as CRE and FLP recombinases (Gu et al., 1994; Sadowski, 1995; 

Sauer and Henderson, 1988), transposons (Sandoval-Villegas et al., 2021), talons, and zinc-

finger nucleases (Joung and Sander, 2013; Klug, 2010). While each of these systems have their 

place, the development of CRISPR/Cas system as the premiere genome editing system has 

largely replaced them for many applications (Jinek et al., 2012; Wang and Doudna, 2023). 

CRISPR/Cas technology represents a revolutionary breakthrough in the field of genetics and 

molecular biology, offering powerful tools for precise manipulation of the genetic code. CRISPR 

(Clustered Regularly Interspaced Short Palindromic Repeats) was first discovered in the 1980s 

when scientists observed an unusual repetitive DNA sequence in the genomes of certain bacteria 

(Ishino et al., 1987). The true potential of CRISPR/Cas technology was unveiled in the early 

2010s when researchers harnessed this system to edit genes with unparalleled precision, marking 

a transformative moment in the world of genetic engineering. The importance of CRISPR/Cas 

technology in genetic engineering cannot be overstated. This revolutionary tool has provided 

scientists with the ability to modify the DNA of organisms easily and precisely, from bacteria to 

humans. By using CRISPR/Cas, researchers can target specific genes, insert, or delete genetic 

material, and even repair or replace faulty genes associated with diseases. This has immense 

implications for biomedicine, agriculture, and various other fields, including evolutionary 

biology, as it opens opportunities for understanding natural selection, genetic drift with an 

empirical framework, and fundamentally manipulating the genetic material at the heart of 

evolution. Beyond simple genetic manipulations with CRISPR/Cas technology, there are two 

main variations that facilitate the regulation of genes: CRISPR activation and CRISPR inhibition 

(Pickar-Oliver and Gersbach, 2019). CRISPR activation, often referred to as CRISPRa, involves 

the use of modified Cas proteins to amplify gene expression. Researchers can design a guide 

RNA (gRNA) to target a specific gene of interest and then attach a transcriptional activator to 

stimulate gene expression, ultimately leading to the increased production of the corresponding 

protein. Conversely, CRISPR inhibition, or CRISPRi, aims to reduce or silence the expression of 
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a particular gene. This is achieved by fusing a transcriptional repressor to the Cas protein, 

preventing the gene from being transcribed into RNA and, subsequently, translated into a 

functional protein. These variations of CRISPR/Cas technology provide a versatile toolkit for 

fine-tuning gene regulation and have immense potential for both basic research in evolutionary 

biology (Kasimatis et al., 2021) as well as therapeutic applications (Kang et al., 2022). 

The capacity to manipulate the genome has ushered in unprecedented experimental 

possibilities in animal-based research, as well as within microbial and cell culture systems. 

Within the realm of single-cell research, transgenesis can be conveniently conducted in parallel 

through both transformation and transduction techniques, thereby facilitating a wide spectrum of 

experiments that would otherwise be unfeasible in animal systems. The high-throughput 

characteristic of transformation played a pivotal role in pioneering barcoded lineage tracking 

experiments, which would have been unfeasible if integration was performed one barcode at a 

time. In contrast, when dealing with animal systems, the ability to conduct high-throughput 

experiments would likewise open the door to a wide array of experimental paradigms. Unlike 

microbial systems, where foreign DNA can, in principle, be transferred to subsequent 

generations once it enters the cell, in animal systems, injections typically need to be administered 

to the germline to induce a heritable event. Adding complexity to this matter, injection methods 

must be carried out one at a time, significantly impeding the efficiency of the transgenesis 

process. 

There is a clear gap in our experimental ability to study evolutionary biology from an 

empirical framework in animal systems despite the recent advancements in genome engineering. 

Fundamental to our understanding of evolution is the evolution of adaptation and how selection 

is acting historically within a population and with the environment. While this a central topic in 

evolutionary genetics (Jensen et al., 2019; Kern and Hahn, 2018), this dissertation aims to 

present fundamental technological advancements necessary to empirically study what is at the 

core of evolutionary biology–the distribution of adaptive fitness effects within an animal system. 

Dissertation Outline  
To study the distribution of fitness effects by barcoded lineage tracking within an animal model 

requires major advancements in our transgenic capabilities. This dissertation aims to address and 
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present the foundational technological advancements required to increase our throughput in 

animal systems. I have chosen to address this need in Caenorhabditis elegans for several reasons 

(Meneely et al., 2019). As a model for evolutionary biology, C. elegans is ideal among animals 

for its short lifespan and high reproductive output of several hundred during its reproductive 

period, which it can reach after just three days post fertilization (Teotónio et al., 2017). C. 

elegans also has major genetic advantages as a model, being the first animal to have its genome 

sequenced, with a number of innovative genetic tools already established in the system.  

Chapter 2 discusses the various technological advancements in genome editing, sequencing, and 

experimental paradigms (Kasimatis et al., 2021). In addition to myself, Katja R. Kasimatis, and 

Santiago Sánchez-Ramírez were key contributors to this published work, with Katja R. 

Kasimatis as lead author. Sexual dimorphism is frequently observed in sexually reproducing 

species, often accompanied by noticeable variations in gene expression between males and 

females. These discrepancies in gene expression can lead to diverse evolutionary outcomes. To 

gain a deeper understanding of these consequences within an evolutionary context, we can 

employ methods derived from molecular genetics and biomedical research. This chapter delves 

into the molecular processes underlying the development of sexual dimorphism and introduces 

several gene-editing techniques, sequencing methods, and experimental approaches tailored to 

the study of sexual selection.  

Chapter 3 discusses our approach to transgenic insertion utilizing integration-specific selection 

(Stevenson et al., 2020). In addition to myself, Megan Moerdyk-Schauwecker, Brennen Jamison, 

and Patrick C. Phillips, were key contributors to this work. Integration of transgenes is essential 

to our efforts to bring high throughput transgenesis to an animal model. For C. elegans, this 

remained a challenge that required several steps to go from concept to final integrated transgene. 

We developed a ‘synthetic landing pad’ which works much like antibiotic selection for 

transformation in bacteria. In addition, we utilized native C. elegans homology directed repair to 

‘clone in-vivo.’ DNA fragments are injected which will self-assemble as a complete transgene. 

This process can go from concept to final transgenic animal in less than a week, greatly 

increasing our throughput.  
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Chapter 4 discusses our paralleled high-throughput transgenesis approach for an animal model 

we call TARDIS (Transgenic Arrays Resulting In Diversity of Integrated Sequences). In addition 

to myself, Megan Moerdyk-Schauwecker, Stephen A. Banse, Dhaval S. Patel, Hang Lu, and 

Patrick C. Phillips were key contributors to this published work. In Chapter 3, I outlined the 

process for integrating transgene with integration-specific selection which provided a means to 

increase transgenesis for a single transgene. In this chapter, I outline our approach to parallelize 

this process creating the first animal-library transgenesis approach. We build two separate 

libraries, one library based on barcodes for lineage tracking and one based on promoters for gene 

expression. 

Chapter 5 discusses our patented approach to library transgenesis. In addition to myself, Stephen 

A. Banse and Patrick C. Phillips were key contributors to this provisional patent (Stevenson et 

al., 2021). In this provisional patent, we outline many of the various applications of the TARDIS 

platform and several other possible ways TARDIS could be implemented for models beyond C. 

elegans. 

Chapter 6 discusses our preliminary selection experiments utilizing barcoded lineage tracking to 

measure the fitness of a mutant strain compared to wildtype. In addition to myself, Eleanor A. 

Laufer, Kristin J. Robinson, and Patrick C. Phillips contributed to this unpublished work. 

Utilizing TARDIS, we barcoded several unique lineages of both a known mutant strain resistant 

to ivermectin, and lineages of a wildtype strain which is highly sensitive to ivermectin. We found 

that we can measure the fitness of each lineage with high precision in a novel environmental 

context, which build upon our technological advancements in the prior work.  

These chapters taken together outline the rational and technological development for high 

throughput experimental evolution, utilizing first ever experiment for barcoded lineage tracking 

in an animal system. 
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CHAPTER 2 SEXUAL DIMORPHISM THROUGH THE LENS OF 

GENOME MANIPULATION, FORWARD GENETICS, AND 

SPATIO-TEMPORAL SEQUENCING 
 

This chapter was published in Volume 13, issue 2 of the journal Genome Biology and Evolution  

in 2021. Katja R. Kasimatis and Santiago Sánchez-Ramírez are co-authors on this manuscript. I  

co-wrote the sections related to genome editing methodology.  

 

The citation for this publication is as follows: 

Kasimatis KR, Sánchez-Ramírez S, Stevenson ZC. 2021. Sexual Dimorphism through the Lens 

of Genome Manipulation, Forward Genetics, and Spatiotemporal Sequencing. Genome 

Biology and Evolution 13. doi:10.1093/gbe/evaa243 

 

INTRODUCTION 
A central goal of evolutionary genetics is to understand the genetics of adaptation. This goal 

requires researchers to probe the genomic response to selection on phenotypes with a known 

fitness effect in nature (Barrett and Hoekstra, 2011). We can approach this challenging task by 

studying distinct components of the problem: mapping the genetic basis of the phenotype, 

measuring selection on the phenotype, and scanning the genome for signatures of this selection. 

Sexual dimorphism (SD) of phenotypes adds an additional layer of complexity, because the 

sexes maximize fitness differently and are subject to different selective pressures (Arnqvist and 

Rowe, 2005; Parker, 1979; Trivers, 1972). Yet, the sexes share the majority of their genetic 

material and, thus, SD is a function of shared, and of sex-specific and sex-biased genetic 

architecture, gene regulation, and gene expression. Therefore, to truly understand how sex-

specific selection shapes the evolution of SD in genomes, it is essential to identify the molecular 

biology processes linking the genome with the phenome (Box 2.1). 
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Identifying the genetic variants and sex-biased networks underlying SD has proved 

challenging. In the last decade, research has centered on patterns of sex-biased gene expression, 

which has led to the identification of strong, consistent sex-biases coupled with rapid molecular 

evolution and genomic organization of sex-biased genes (Böhne et al., 2014; Cutter and Ward, 

2005; Harrison et al., 2015; Innocenti and Morrow, 2010; Jin et al., 2001; Ranz et al., 2003; 

Reinke et al., 2000; Yang et al., 2006). While informative, these global patterns mask the 

underlying molecular mechanisms and often do not directly provide spatial resolution within the 

organism. These limitations hinder our understanding of how SD is cued within tissues and 

across developmental time. Finally, the focus on transcriptional patterns alone excludes other 

sources of phenotypic variation such as translation. 

Combining molecular genetics with classic evolutionary approaches and genome technology, 

provides an opportunity to uncover the molecular mechanisms linking a sexually dimorphic 

phenotype with its underlying genetic basis. Such integration is feasible, efficient, and cost-

effective in the emerging era of “4D genome technologies” and can provide high-resolution 

analyses of biological features in distinct physiological and tissue systems, and across 

developmental and evolutionary time. Using this integrated evolutionary framework, we can 

begin to address long-standing questions in the field, such as: What is the genetic architecture of 

sexually dimorphic traits? What are the genetic constraints on sexual dimorphism? What is the 

relationship between sex chromosome evolution and sexual dimorphism? and When, where, and 

how are sex-biased networks formed and how are they sustained across an organism’s lifecycle? 

This perspective aims to provide a synthetic view of how 4D genome technologies integrated 

into evolutionary frameworks can uncover the mechanistic basis and genomic manifestation of 

SD with unprecedented detail. We suggest that these new paradigms will overcome an emerging 

recognition of limitations to existing approaches for deciphering signals of SD and sexually 

antagonistic selection.  
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Box 2.1. Molecular mechanisms that can contribute to sex differences. 
To understand how sex-specific selection drives the evolution of traits in populations, we need 

some understanding of the underlying genetic basis of the traits, as highlighted in Lewontin’s 

(1974) classic text. A critical component of Lewontin’s genotype-phenotype map is the first 

transformation, which encompasses the central dogma of molecular biology: DNA to RNA to 

protein (as shown below). These molecular underpinnings are particularly important in the 

context of SD as the largely, and in some cases completely, shared genetic material is 

producing distinct phenotypes within each sex. 

Phenotypic variation can arise through modifications to coding sequences including 

gene duplication, changes in gene regulation, and modifications during translation (Grath and 

Parsch, 2015; Khramtsova et al., 2019; King and Wilson, 1975; Levine and Tjian, 2003; 

Mank, 2017; Wyman et al., 2012). Sex differences can be generated by completely sex-limited 
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genes, often located on sex chromosomes (Mank, 2009) or by genetically encoded differences 

in the initiation of transcription (shown in green). Here, differences in transcription factor (TF) 

binding frequency between the sexes or sex-specific TF binding sites will drive sex-specific 

mRNA levels. Additionally, sex-biased deployment of master regulators can initiate a cascade 

of sexual differentiation. 

Transcription can be divided into two stages: the production of mRNA transcripts 

followed by processing of these transcripts (shown in purple). Differences in transcriptional 

output between the sexes include overall differences in mRNA expression levels generated 

through either differential TF binding or sex-specific degradation of mRNA. Alternatively, a 

sexually antagonistic polymorphism can generate allelic differences in mRNA transcripts 

between the sexes. Ultimately, this effect is not realized unless the translated protein variants 

differ in form and function between the sexes (shown in dark purple). During the post-

transcriptional regulation stage, sex-specific alternative splicing (Chang et al., 2011; Hartmann 

et al., 2011; Li et al., 2013) and small RNA regulators (Bezler et al., 2019; Warnefors et al., 

2017) generate sex-specific mRNA (as shown in purple). As with a sexually antagonistic 

polymorphism, this effect is only realized if the sex-specific isoforms have protein variants 

that differ in form or function (shown in orange). 

While not exhaustive, this list includes the major mechanisms that have been identified or 

hypothesized to contribute to sexual dimorphism. However, more work is needed to determine 

if one mechanism is more common than others or if the molecular mechanisms contributing to 

SD differ for simple versus complex traits. 
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APPROACHING OUTSTANDING QUESTIONS 
To map the genetic basis and molecular mechanisms of a sexually dimorphic phenotype, we can 

manipulate selection, correlate genomic patterns with SD and genetic sex, and verify the 

functional importance of genes through genomic manipulation. We briefly explore five 

complementary experimental paradigms and highlight how they can link genotype, phenotype, 

and fitness across the lifecycle of each sex to provide the maximum temporal resolution of the 

genetic basis and molecular mechanisms of SD. 

Evolve and resequence (E&R) 
The E&R approach (Schlötterer et al., 2015) combines experimental evolution with whole-

genome sequencing to trace allele frequencies over tens or hundreds of generations (Fig. 2.1A-

C). Examining allele frequency changes permits an estimation of the strength of selection on 

regions of the genome that contribute to the SD of interest. E&R is a powerful approach to 

manipulate selection in a sex-specific manner to examine sex-biased genetic architecture and 

determine: if there are genomic hotspots of SD, the relative contribution of coding versus 

regulatory sequence, and the number of contributing loci. Experimental evolution approaches 

have successfully isolated sex-specific selection (Rice, 1996) and sexual selection (Chenoweth et 

al., 2008; Edward et al., 2010; Maklakov et al., 2009; Rostant et al., 2020; Snook et al., 2013), 

though few studies have examined the genomic response (Hsu et al., 2020). New transgenic 

technology will expand the potential of E&R to identify sex-biased elements of genetic 

architecture by creating high-throughput mechanisms for altering the variance in or manipulating 

the developmental timing of a sexually dimorphic phenotype, or isolating selection to a given 

sex. For example, introducing inducible knockdown technology (Supplemental Table 1) into the 

genome prior to E&R can provide a fine-scale experimental tool to alter gene expression in a 

sex-specific manner. By manipulating gene expression, the phenotypic mean can be shifted 

toward more or less SD, which will affect the response to selection. Inducible technology can aid 

in altering gene expression or the timing of gene expression, both of which will affect the sex-

specific response to selection. Limiting selection to act within one sex during E&R will also be 

aided by tools that remove a phenotype in one sex, such as inducible sterility (Kasimatis et al., 

2018) or generate progeny of a single sex (Douglas et al., 2020).  
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Figure 2.1 Evolutionary frameworks for identifying the genetic basis of SD. Strategies for identifying: (A) the 
genetic basis of SD through experimental evolution and between-sex comparative genomics, (B) sexual 
antagonism and SD through experimental evolution and pedigree tracing, (C) sex chromosome directed SD 
through experimental evolution and comparative genomics, and (D) developmental SD through bulked segregant 
analysis and single-cell sequencing. 
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Alternatively, transgenic technology can expand our understanding of the genomic 

response during E&R through haplotype barcoding. This tool would provide a method to track 

the frequency of individual haplotypes (Fig. 1A; see “Genetic Manipulation”). Haplotype 

barcoding is ideal for tracking fitness differences between genetic variants in a competitive 

setting and could be applied to sexually dimorphic variation within and between the sexes. For 

example, haplotype barcodes could be integrated into multiple genetic backgrounds, crossed to 

form an ancestral population, and evolved under sex-specific selection or inter-sexual 

competition. Unlike traditional E&R experiments which use whole-genome sequencing of the 

ancestral and evolved population, haplotype barcoding allows for individuals to be sequenced in 

the smaller barcode at high coverage across many time points throughout evolution. This 

repeated sequencing provides high-resolution allele frequency traces of different haplotypes to 

understand the dynamics of genetic variants and how they relate to fitness changes over time. 

Haplotype barcoding can also be adapted to study differences in recombination rate between the 

sexes by integrating multiple barcodes at known positions. Differences in recombination rate 

between the sexes can influence sex-specific genetic architecture (Sardell and Kirkpatrick, 2020; 

Trivers, 1988), which could link sex-biased elements contributing to SD. Barcoding at known 

genomic regions will allow us to follow this process in forward-time experiments and compare 

recombination rates between the sexes under different environmental conditions. 

E&R can also be used to address the relationship between sexually antagonistic selection and SD 

by generating a negative genetic correlation between female and male fitness (Bonduriansky and 

Chenoweth, 2009) through manipulating sexual selection (Scott Pitnick et al., 2001; S. Pitnick et 

al., 2001; Rice, 1996). Again, genetic manipulations introduced before E&R, such as inducible 

knockdowns or altered expression through CRISPRi (Supplemental Table 1; Box 2.2), will 

facilitate understanding the pleiotropic effects of genetic variants in a sex-specific manner. 

Manipulating expression during E&R can also provide information on how a gene’s interactions 

are structured within each sex and how these interactions evolve. Additionally, genomic editing 

can be used to introduce a sex-biased regulatory sequence or genetic variant into the mismatched 

sex, which will relax the degree of sexual antagonism during E&R and thus reduce the genetic 

constraints on SD (Fig. 2.1B; Box 2.2). Genomic editing also provides the ability to manipulate 

the sex-determining region and fuse chromosomes together (Shao et al., 2019) to study neo-sex 

chromosome formation. When used in an E&R framework, this approach will provide insight in   
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Box 2.2. Genetic manipulation through CRISPR/Cas 
CRISPR (clustered regularly interspaced short palindromic repeats) has become the premier 

method for mutating and editing the genome with precision (Doudna and Charpentier, 2014; 

Jinek et al., 2012; Pickar-Oliver and Gersbach, 2019). While the vast scope of CRISPR 

utilities cannot be represented here, we outline three mechanisms and their application to SD. 

Cas9, the most common nuclease associated with the CRISPR system, is a targetable nuclease, 

which provides experimental control over the location of the nuclease activity. Cas9 and other 

CRISPR-associated nucleases are ‘guided’ by specific single-stranded RNA encoding the 

sequence of interest. The PAM (Protospacer Adjacent Motif) sequence restricts the locations 

of Cas9 targeting. Cas9 targets guide site locations with ‘NGG’ PAM sequence and cleaves 

double-strand DNA (shown below). When Cas9 creates a break, the cell will attempt to repair 

the break by non-homologous end joining (NHEJ) or homology directed repair (HDR). NHEJ 

is error-prone and thus a simple way to create mutations in the desired gene. However, 

depending on the mutation’s location, the protein may still fold and function properly. HDR 

modifies a gene in a specific manner through a ‘donor template’ to repair the DSB (reviewed 

in Doudna & Charpentier 2014). This process can use the homologous chromosome as a 

template or non-native DNA template sequence can be introduced to the genome. The 

synthetic construct (e.g., plasmid, PCR product, or single-stranded oligo) must contain 

sequences homologous to the genome on both the 5’ and 3’ sides of the desired insert to co-opt 

the genome repair machinery for integration. HDR has many applications in the study of SD 

(as shown below). For example, whole genes can be deleted to determine the gene’s sex-
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specific function. Alternatively, whole genes or promoter regions can be replaced with a sex-

biased version to test sex-specific function. A more focused approach would directly edit 

alleles to verify the significance of sexually antagonistic polymorphisms. Beyond verifying the 

function of genetic elements in generating SD, HDR can also be used to add epitopes or 

fluorescent tags to aid during experimentation (see Fig. 1 and “Genetic Manipulations”). 

Catalytically inactive variants of Cas9, dead Cas9 (dCas9), target and bind to the 

sequence without cutting the genome (shown below). In doing so, the dCas9 protein physically 

blocks the binding of transcription factors and creates a knock-down phenotype (Larson et al., 

2016; Pickar-Oliver and Gersbach, 2019). This utility, termed CRISPRi, is analogous to 

RNAi, and may complement the knockdown phenotype or be an adequate replacement (Stojic 

et al., 2018). Alternatively, dCas9 can be fused to various transcription activators, such as 

VP64, to change the target genes’ expression level and specificity (reviewed in Pickar-Oliver 

& Gersbach 2019). By changing the regulatory sequences driving dCas9 expression, specific 

genes can be experimentally altered in a tissue-specific or cell-specific manner. 

Experimentally, this manipulation of expression opens many possibilities to directly 

manipulate genetic architecture in a sex-biased way. 

While CRISPR’s successes have been widespread (Supplemental Table 1), unique challenges 

exist for species-specific utility. Targeting the genome requires knowing the DNA sequence 

and the genomic location of sequences. Adapting CRISPR for new species or highly divergent 

strains may be complicated if this information is lacking. Additionally, gene duplications and 

pseudogenes which arose from duplications can also pose a challenge since they likely share 

much of their sequence in common. Again, high-quality genome assemblies can help to 

control for this problem, though off-target CRISPR effects can still occur. Finally, delivery of 

Cas9 and the guide RNA is unique to each species and will require optimizing the method with 

that species to achieve targeted genome-editing. Nevertheless, CRISPR has been widely 

adopted among may species and non-models with great success; recent protocols developed 

for non-model organisms, including firebug Pyrrhocoris apterus (Kotwica-Rolinska et al., 

2019), malaria mosquitos (Hammond et al., 2017), and lizards (Rasys et al., 2019). This 

continued methodological progress, coupled with advances in sequencing technology, will 

expand the potential applications of CRISPR across taxa. 
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real-time on how neo-sex chromosomes evolve and the role of sex chromosomes in resolving 

sexual conflict (Fig. 2.1C). 

Despite their power, E&R studies are still sensitive to population size, biological 

replication, and ancestral haplotype structure (Kofler and Schlötterer, 2014; Otte et al., 2021). 

Importantly, the molecular integration of transgenic elements homogenizes the genome. To 

create standing genetic variation for selection to act upon during E&R will require either 

crossing multiple transgenic strains together or mutagenesis. In the case of crossing, haplotype 

structure must be carefully considered during experimental design as it can greatly impact the 

sex-specific response to selection. This approach to E&R relies on manipulating the genome of 

particular isolates or strains rather than following the genomic response of segregating genetic 

variants and therefore may not represent all possible evolutionary pathways observed in natural 

populations. These limitations can be avoided by using transgenics tools only after E&R to 

verify candidate genes. For example, CRISPR (Box 2.2) can replace a haplotype in the ancestral 

background with the evolved haplotype (Perli et al., 2020). However, the full benefits of 

transgenics during E&R will be realized when used as an integrated tool. This goal can be met as 

transgenics become more efficient and feasible in a range of taxa (Supplemental Table 1), 

allowing for multiple strains to be genetically manipulated and crossed. 

Bulked-segregant analysis 
An alternative approach to E&R is bulked segregant analysis (Brauer et al., 2006), which uses 

selection on the tails of a phenotypic distribution to map the genetic basis of extreme phenotypes. 

By repeating over multiple rounds of selection, the variance in the trait can be reduced, which 

facilitates mapping. Bulked segregant analysis could be a powerful approach to mapping genetic 

variants of SD and understanding the role of dominance in sexually dimorphic traits, both of 

which will benefit from existing introgression lines between strains or species. This approach 

may also be particularly useful for selecting on sex-specific variation during development to map 

the genetic basis of when and how SD is generated (Fig. 2.1D). This approach can be coupled 

with CRISPR transgenics to validate the function of candidate genes (see “Genetic 

Manipulation”). Alternatively, RNA-sequencing and particularly single-cell sequencing can be 

used to identify expression differences between bulk populations (Ben-David et al., 2020). 
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Pedigree tracing 
Pedigree and parent-offspring trio sequencing offer an alternative to E&R for studying sexual 

dimorphism in populations that are not conducive to experimental evolution, such as in natural 

populations or organisms with a long generation time (Bates et al., 2020; Johnston et al., 2017; 

Lucotte et al., 2020). These approaches explicitly correlate haplotype structure with genetic sex 

and identify recombination events within a population. Additionally, pedigree and trio 

sequencing approaches explicitly take into account population structure, providing an advantage 

over genome-wide association studies (Bates et al., 2020). Pedigree tracing has already proved 

powerful for identifying signatures of selection in wild populations (N. Chen et al., 2019; 

Johnston et al., 2017). Advances in long-read genomic sequencing and reduced sequencing costs 

are making these approaches more feasible across taxa. A promising emerging framework being 

adapted from human genomics is the use of linked-read sequencing to gain insight on phased 

genomes (Lutgen et al., 2020). Specifically, phased genomic information within a pedigree 

framework can be used to correlate haplotype structure and local genetic architecture with 

genetic sex. Additionally, phased genomes gained through linked-sequencing or parent-offspring 

trio sequencing can be used to study segregation distortion and sexually antagonistic variants 

within the genome (Lucotte et al., 2020). 

Genome-wide association studies (GWAS) and high resolution transcriptomics 

An alternative approach to manipulating selection is to observe the genomic footprint of 

selection in natural populations through GWAS or expression association approaches. GWAS 

provide a powerful approach to associate sex-specific variation in a phenotype with its 

underlying genetic basis (Fig. 2.1A). Taking such a sex-stratified approach will distinguish sex-

specific allelic effects (Khramtsova et al., 2019). While GWAS is sensitive to population 

demographics, these confounding effects can be controlled for in a logistic regression 

framework. An association framework also can be used for gene expression data with the 

potential to reveal how cis and trans genomic variants influence transcription on a genome-wide 

scale (Sun and Hu, 2013). This framework will be especially powerful when coupled with cell or 

tissue-specific transcriptomes (see “4D Transcriptomics”). The human Genotype-Tissue 

Expression project (GTEx) is revolutionizing this area of research, identifying over one-third of 

genes to have a sex-biased expression profile in at least one of the 44 tissues sampled (Oliva et 
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al., 2020). For both data types, sample size will impact the ability to accurately detect signatures 

of selection and may be a limiting factor for some natural population studies. 

Comparative transcriptomic studies provide network-level information about sex-specific 

node connectivity and redundancy. By coupling classic evolution-development frameworks, 

particularly during early development, with single-cell sequencing technology (see “4D 

Transcriptomics), we can begin to create a continuous understanding of SD through time (Fig. 

1D). Spatial transcriptomics has already transformed developmental biology (Farrell et al., 2018; 

Zhou et al., 2019) and sex-stratified approaches with these methods will only further our 

knowledge. 

Comparative genomics and long-read sequencing 
Comparative genomic studies focusing on sex chromosomes isolate the genotype space of the 

genotype-phenotype-fitness map (Fig. 2.1C). The relationship between the origin of sex 

chromosomes and SD is a long-standing area of research (Bachtrog et al., 2011; Charlesworth, 

1991; Mank, 2009; Rice, 1984), however, the quality of genome assemblies has been a major 

limiting factor, especially for non-model organisms. Traditional methods for studying sex 

chromosomes are also benefiting from new technology. Specifically, long-read PacBio and 

Oxford Nanopore sequencing (Amarasinghe et al., 2020) are providing chromosome length 

scaffolds for assembling short-read data. These methods generate high-quality assemblies that 

extend through repetitive regions and tandem duplications, which are problematic for short-read 

data, but may be common and potentially important components of sex chromosomes (Bachtrog 

et al., 2019; Bracewell and Bachtrog, 2020; Peichel et al., 2019). Similarly, gene duplication and 

sex-specific functionalization is viewed as an important mechanism leading to the resolution of 

sexual conflict and the evolution of SD (Connallon and Clark, 2011; Gallach et al., 2010; 

Gallach and Betrán, 2011; Wyman et al., 2012). Long-read sequencing can help identify and 

disentangle recent duplication events more accurately than standard short-read data. Finally, 

long-read RNA sequencing technologies, such as Iso-seq, are proving to be powerful in 

identifying sex-specific alternative splicing and the role of this mechanism in the development of 

sexually dimorphic traits (Zhao et al., 2019). 



 42 

SPATIAL AND TEMPORAL PATTERNS OF SEX-BIASED EXPRESSION AND 
REGULATION 
Recent advances in sequencing technologies, such as tomographic or spatial transcriptomics 

(Tomo-seq) and single-cell RNA sequencing (scRNA-seq), allow us to track transcriptomic 

dynamics across different cell types and tissues, and across development to provide fine-scale 

resolution of SD in gene expression and regulation. We discuss four methods, which can be used 

independently or coupled with experimental manipulation to observe the patterns of SD. 

4D transcriptomics of SD: scRNA-seq and Tomo-seq 
Single-cell sequencing expands the feasibility of quantitative gene expression methods across 

taxa and biological samples. Specifically, single-cell RNA amplification techniques coupled with 

cell sorting devices offer a major advantage over bulk-cell RNAseq by providing transcript-level 

expression for thousands or even millions of cells (Haque et al., 2017; Hashimshony et al., 2016; 

Islam et al., 2011; Tang et al., 2009). More recent analytical improvements are enabling post-

sequencing identification of cell populations by applying advanced clustering and unsupervised 

learning techniques, such as t-distributed stochastic neighbor embedding (t-SNE), greatly 

improving the spatial resolution in scRNA-seq data (Kobak and Berens, 2019). Although these 

techniques have largely been used to distinguish gene expression profiles between cell 

populations within a single individual, scRNA-seq comparisons between the sexes in humans is 

beginning to unveil the mechanisms of SD (Tukiainen et al., 2017). Additionally, new analytical 

approaches are enabling differential single-cell expression contrasts between individuals(Becht 

et al., 2020; Butler et al., 2018; Ntranos et al., 2019), which will facilitate contrasts between cell 

populations of females and males. While complexity and expense can build up for an experiment 

with female and male treatments and multiple developmental time points, a cost-effective, 

although less high-throughput alternative, is quantitative PCR to monitor pivotal genes on 

specific cell populations that may have been identified in coarser scans (VanInsberghe et al., 

2018). Importantly, scRNA-seq will not only provide an understanding of sex-biased differential 

expression through development (Fig. 2.1D), but can also be used to understand the sex 

determination cues from sex chromosomes (Fig. 2.1B) with spatial and cellular resolution. 

Alternatively, Tomo-seq avoids the cell sorting and classification required for scRNA-seq 

by providing genome-wide gene expression quantification in contiguously cryo-sliced whole-
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body segments (Combs and Eisen, 2013; Junker et al., 2014; Kruse et al., 2016). Organisms and 

developmental stages with low-dimensional bodies, such as embryos, larvae, and worms, are 

emerging as ideal systems to examine gene expression along anteroposterior, dorso-ventral, and 

lateral dimensions (Combs and Eisen, 2013; Ebbing et al., 2018; Junker et al., 2014). Recent 

Tomo-seq work in Caenorhabditis elegans comparing hermaphrodite and male expression 

patterns identified the location of genes with sex-biased expression outside of reproductive 

tissues (Ebbing et al., 2018). While size remains a limitation for larger-bodied organisms, this 

technique could be applied, in some cases, to distinguish spatial and functional differences 

between organs or other low-dimensional structures of females and males (Wu et al., 2016). 

Measuring sex-specific transcription binding activity: ATAC-seq 
Sex-specific regulation can arise in part from transcription factors binding to open chromatin 

(Box 1), yet most of the evidence we have about sex-specific regulation comes from indirect 

studies of cis- and trans-regulatory changes in inter-species and inter-population hybrids (Coolon 

et al., 2018; Meiklejohn et al., 2014; Turner et al., 2014). To directly address the role of 

regulation variation in SD, chromatin immunoprecipitation and sequencing (ChIP-seq) and 

related methods (Naqvi et al., 2019) can be used to quantify DNA-protein interactions in high-

throughput manner. However, they require a priori knowledge of specific protein targets and 

large amounts of starting material (Jiang and Mortazavi, 2018). Alternatively, the assay for 

transposase-accessible chromatin sequencing (ATAC-seq, Supplemental Table 1) is the next 

iteration of genome-wide DNA-protein interaction assays and overcomes some of these 

shortcomings by: directly accessing open chromatin enzymatically with the hyperactive Tn5 

transposase, not requiring protein-specific markers, allowing for low amounts of starting 

material, and being time- and cost-efficient (Buenrostro et al., 2013; Yan et al., 2020). 

Additionally, ATAC-seq is more sensitive, which decreases the signal-to-noise ratio seen in 

ChIP-seq, and can be integrated into a single-cell sequencing framework (e.g., scATAC-seq). In 

C. elegans, novel regulators have been uncovered using ATAC-seq, revealing complex 

regulatory dynamics across developmental stages (Daugherty et al., 2017). Overall, ATAC-seq 

has potential to examine broadly distributed regulatory regions across the genome, which can 

help disentangle sex-specific binding activity both spatially within the organism and across 

development. 
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GENETIC MANIPULATION FOR HYPOTHESIS TESTING 
Many toolkits have been devised to manipulate the genetic architecture and expression of 

specific genes, allowing for spatio-temporal control and visualization of gene expression to 

manipulate SD and verify candidate genes. We discuss the feasibility and technical limitations of 

CRISPR gene engineering (Box 2.2) and highlight four established toolkits, which CRISPR 

made more accessible. 

Expression control through Gal4/UAS 
The Gal4/UAS system allows for spatio-temporal control of gene expression by splitting the 

regulation and coding sequence to independently investigate the effects of regulation versus 

transcription levels on gene function (Supplemental Table 1). Utilizing sex-specific promoters to 

drive Gal4 expression allows for feminization or masculinization of specific tissues (Fig. 2.1B). 

For example, sex-specific Gal4 drivers were used to investigate SD in Drosophila sleep 

behaviors (Khericha et al., 2016)  and pathology (Regan et al., 2016). Extending these studies to 

a multi-generation framework will allow for selection to be manipulated in a sex-biased manner 

to understand the effect of sex-biased regulation on population fitness (Fig. 2.1). While this 

system provides a powerful approach to controlled gene expression, native gene expression is not 

strictly conserved (Wang et al., 2017) and must be considered during experimental design and 

interpretation. 

Expression control through Cre-lox 
Cre-lox allows for deletion of specific sequences (Gu et al., 1994), translocation of chromosome 

fragments (Deursen et al., 1995), inversion of gene orientation (Grégoire and Kmita, 2008), and 

integration of transgenes (Levy et al., 2015) to manipulate genetic architecture in a controlled 

manner. Two lox sites are integrated for genetic deletions, flanking the desired sequence to be 

deleted (Supplemental Table 1). The expression of Cre induces recombination of the two lox 

sequences, excising the intermediate stretch of DNA between them. Other utilities simply rely on 

changing the orientation or location of the lox sites. Under tissue-specific promoters, Cre 

expression can be controlled spatially and temporally to manipulate sex-specific constraints on 

SD or alter developmental cues (Fig. 2.1B, D). Cre-lox has been used to investigate sexually-

dimorphic behavior and delete the testosterone androgen receptor in mice (Juntti et al., 2008). 

While Cre-lox can provide precision control over the desired genetic manipulation, several Cre 

drivers have transient expression and can lead to the Cre recombinase activity in undesired cells 
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and tissue types (Song and Palmiter, 2018). To overcome this obstacle, several ‘split-Cre’ 

systems can drive portions of the Cre recombinase protein under different drivers, allowing for 

higher specificity (Hirrlinger et al., 2009). 

Expression control through targeted knockdowns 
We can learn about the molecular function underlying SD through controlled and targeted 

depletion of gene products in both permanent and inducible contexts. Knockdown 

methodologies, such as RNA interference (RNAi, Supplemental Table 1) can be used to suppress 

expression, which provides a powerful tool for examining expression variation between the sexes  

(Fire et al., 1998). RNAi causes the knockdown of a gene by eliminating the genes’ mRNA by 

injecting double-strand RNA or in vivo expression (Crotty and Pipkin, 2015; Dzitoyeva et al., 

2001), and has been adopted in a wide variety of organisms, including humans (Setten et al., 

2019). RNAi can be used to verify the necessity and sufficiency of candidate sexually dimorphic 

genes. For example, RNAi was used to identify the molecular basis of a color SD in the 

queenless ant, Diacamma sp. (Miyazaki et al., 2014), to examine the function of water strider 

male antennae during mating (Khila et al., 2012), and to test female and male fertility genes in 

Drosophila (D. S. Chen et al., 2019; Chen et al., 2012; VanKuren and Long, 2018). While RNAi 

is a powerful and widely applicable technology across taxa, the effect can be weak and non-

specific degradation can occur (Boutros and Ahringer, 2008). In some cases, CRISPRi can 

overcome these limitations and provide a substitute for RNAi (Box 2.2). 

The auxin-inducible degradation (AID, Supplemental Table 1) system has recently been 

utilized for targeted gene knockdown (Nishimura et al., 2009). AID uses a transgenic plant 

protein, TIR1, which recognizes a small specific degron tag on a protein of interest and degrades 

this protein in the presence of auxin. The degron tag can be added to native genes by CRISPR 

(Box 2.2), or transgenic integrations of genes with the degron tag can be introduced into a 

wildtype or mutant background. Importantly, AID has higher specificity compared to RNAi and 

temporal control is simpler to achieve through the addition of auxin. Despite its power, AID is 

sensitive to the concentration of auxin, less permeable in some tissues, and auxin-independent 

degradation has been observed (Papagiannakis et al., 2017; Schiksnis et al., 2020; Zhang et al., 

2015). AID has successfully been used for protein depletion in cell culture and animal models 

(Holland et al., 2012; Kanke et al., 2011; Kasimatis et al., 2018; Zhang et al., 2015), except in 
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zebrafish where the current form of the AID system has a limited effect (Yamaguchi et al., 

2019). To the best of our knowledge, AID has not been specifically applied to questions of SD, 

however, this method is ideal for manipulating sex-limited selection in an E&R framework (Fig. 

2.1A).  

Haplotype tracking through fluorescent reporters and barcoding 

The ability to visually mark when and where a gene gets expressed is arguably the most basic 

and essential tool utilized by molecular genetics to investigate genetic architecture and can 

provide a visual context for expression differences between the sexes. Fluorescent reporters can 

be tagged to a native protein or act as an independent transgene (Box 2.2) and have been 

developed in many color variants for a wide range of utilities (Rodriguez et al., 2017), including 

competition experiments to identify adaptive lineages (Crombie et al., 2018; Hegreness et al., 

2006) and sex-stratified experiments to parse sexually-dimorphic gene expression (Serrano-Saiz 

et al., 2017). However, some fluorescent reporters are very dim depending on the transcriptional 

activity, and translational reporters, in some cases, can disrupt protein activity, which prevents 

the incorporation of a fluorescent tag. 

While fluorescent reporters allow for simple identification, the total number of reporters 

are significantly limited. High-throughput approaches that include neutral genomic-integrations –

namely barcodes – have recently been adapted to study adaptive lineages in yeast and bacteria 

(Blundell and Levy, 2014; Jasinska et al., 2020; Levy et al., 2015). While barcoded lineage-

tracking has not been explicitly adopted in animal systems, unique lineage identification has 

been implemented in competitive experiments utilizing reporters (Marie‐Orleach et al., 2016). 

Expanding on fluorescent reporter marked lineages, various sex-specific lineages could be 

created and marked for competition experiments (Fig. 2.1A). After overcoming the technical 

limitation of genomic barcoding, high-throughput lineage tracking will be the next great 

breakthrough in experimental evolution in animal systems. 
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CONCLUSIONS 
SD constitutes much of the diversity observed between organisms and is integrated across the 

genotype-phenotype-fitness map. By harnessing cutting-edge methods developed for molecular 

biology and biomedical research, we can design explicit experiments to address how this 

remarkable diversity evolved from a shared genome. With few exceptions, the technological 

advancements discussed here will allow us to increase the spatial, temporal, and molecular 

resolution of the underpinnings of SD, and expand our ability to implement molecular and 

genetic studies in non-model organisms. The field is poised to synergize advances in molecular 

biology and sequencing technology within evolutionary frameworks, promising novel insights on 

the creation and maintenance of SD in the near future. 

Bridge 
Here, we have outlined a number of potential innovative uses of genomic engineering in 

addressing evolutionary questions. In the next chapter, I describe our approach to simplifying 

additive transgenics in Caenorhabditis elegans utilizing CRISPR/Cas9. As mentioned above, the 

ability to edit the genome can provide insights into the process of evolution. Our methodology 

increased the speed of and facilitates a simpler transgenesis process than had been possible 

before. 
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CHAPTER 3 RAPID SELF-SELECTING AND CLONE-FREE 

INTEGRATION OF TRANSGENES INTO ENGINEERED CRISPR 

SAFE HARBOR LOCATIONS IN Caenorhabditis elegans 
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INTRODUCTION 

The introduction of transgenes is a staple in the molecular biologist’s toolkit, with a broad range 

of utilities including expression of individual variants, ectopic expression of tagged native genes, 

and the addition of genes from other species. Injection of double-strand DNA into the 

Caenorhabditis elegans gonad arm generally results in assembly of these fragments via regions 

of microhomology, leading to the formation of extrachromosomal arrays (Mello et al., 1991; 

Stinchcomb et al., 1985). These extrachromosomal array structures can be in excess of 1 Mbp 

and contain up to hundreds of copies of the injected gene (Mello et al., 1991; Woglar et al., 

2020). Extrachromosomal arrays are not stably inherited—either between cells within an 

individual or between generations—and have variable expression levels, which can be 

problematic depending on the biological question. To avoid the stochastic element of array 
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expression, it is often desirable to integrate transgenes. Historically in C. elegans, microparticle 

bombardment (Praitis et al., 2001) and ultraviolet light exposure (Evans, 2006) or gamma 

exposure (Mello and Fire, 1995) have been used to integrate transgenes randomly. However, 

these methods are less than ideal as: integration usually results in multiple copies, which can 

impact expression; the integration location is random which can disrupt expression of native 

genes or insert the transgene into regions prone to transcriptional silencing; and both methods 

require expensive and specialized equipment to create transgene integrations and to identify the 

loci of insertion. More recent approaches have utilized transposon-based integration methods 

such as MosSCI and miniMos (Frøkjær-Jensen et al., 2014, 2008), which use a transposon to 

create a double-strand break, allowing for single transgene integration into a predefined or 

random region respectively. Recently, CRISPR/Cas9 techniques have been adopted for transgene 

integration. These approaches include generalized methods for transgenic cargo insertion, such 

as those using a selective marker like Hygromycin B resistance (Chen et al., 2013) or a self-

excising cassette (SEC) (Dickinson et al., 2015; Kasimatis et al., 2018). More specialized 

CRISPR strategies, such as the SKI LODGE method, facilitates tissue-specific expression by 

splitting the coding and promoter element (Silva-García et al., 2019). A particular advantage of 

this latter strategy is that it introduces modular transgene integration, allowing for a more 

straightforward integration into a backbone of standard genetic elements that are pre-integrated 

within a safe harbor location. 

Regardless of whether a transposon or CRISPR/Cas9 strategy is used, integration of the 

transgene by homology-directed repair (HDR) is generally inefficient compared to non-

homologous end joining (NHEJ) (Dickinson et al., 2015, 2013; Frøkjær-Jensen et al., 2008; 

Ward, 2015). Both MosSCI and CRISPR show approximately the same integration efficiencies 

which varies greatly depending on the transgene. CRISPR and MosSCI also require robust 

screening methods to identify the rare correct transgene integration. Co-CRISPR simultaneously 

targets a second gene to generate a visible phenotype (e.g., dpy-10) (Arribere et al., 2014; Kim et 

al., 2014), thereby allowing identification of a sub-population with active Cas9 expression and 

genome targeting. This enriched population must then be further screened, generally by PCR and 

Sanger sequencing, to identify correct integration events at the desired locus. In general, co-

CRISPR is not widely used for transgene integrations, though there are exceptions (Farboud et 

al., 2019; Silva-García et al., 2019). In the case of selectable genes, the transgene generates a 
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visible phenotype displayed not only by integrants but also individuals with heritable 

extrachromosomal arrays because the injected donor homology contains a fully functional copy 

of the selectable gene. Distinguishing extrachromosomal arrays from integration events requires 

anti-array selection techniques such as heat shock induction of peel-1, a toxic transgene 

(Frøkjær-Jensen et al., 2012; McDiarmid et al., 2020; Seidel et al., 2011) and visual screening for 

loss of an additional gene used to mark the array (e.g., fluorescent protein or rol-6). These 

methods are imperfect and molecular methodologies such as genotyping PCRs must be used to 

verify genuine integrations. Currently, no method is available for C. elegans that provides 

integration-specific selection of transgenes. Such a screen would fit into the category of a 

“screen from heaven” where only the desired transgenic integrant is alive on the petri dish 

(Jorgensen and Mango, 2002). 

In most cases, transgenes must be cloned into plasmids with homology arms matching the 

targeted genomic region for single-copy integration. This process requires various cloning 

strategies for each desired transgene. C. elegans can recombine fragments with microhomology 

and express resulting transgenes in an array (Kemp et al., 2007; Mello et al., 1991) Others have 

tested this strategy to create a donor homology for transgene integration. For example, Paix et al. 

(2016) and Philip et al. (2019) attempted to overcome the cloning obstacle by integrating 

transgenes with overlapping PCR fragments that, once recombined in-situ, should produce a 

functional gene. However, as with plasmid-based templates, neither method provides direct 

selection for the transgene integration. As such, depending on the design, array formation can 

provide false-positives, increasing the difficulty of identifying a correct assembly and 

integration—a notable complication.  

Here, we present a novel transgene integration strategy that utilizes a custom-designed 

safe harbor location to eliminate many of the steps required to go from concept-to-integrated 

transgene. Our approach removes the selective advantage from the array and selects only for the 

integration event by splitting the coding sequence for Hygromycin B resistance. Additionally, we 

show the cloning stage can be bypassed in this system, utilizing the worms’ native homology 

mediated repair to clone our transgene in-situ. Coupling these methods can reduce the labor and 

time required to produce a transgenic nematode, allowing the experimenter to go from PCR-to-

integrated transgene in approximately one week.  
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Materials and Methods 

Strains and growth conditions 

Bristol N2-PD1073 (Yoshimura et al., 2019) and the derived strains PX692, PX693, PX694, 

PX695, PX696, and PX697 (Table S1) were maintained on NGM-agar plates seeded with OP50 

or HB101 Escherichia coli at 15C unless otherwise noted. 

Molecular biology 
All plasmids unique to this publication are listed in Table S2, and all primers used in this study 

are listed in Table S3. All-in-one-plasmids encoding both Cas9 and the desired sgRNA were 

created by site-directed mutagenesis of pDD162 (Addgene #47549) (Dickinson et al., 2013) 

(using the Q5 site-directed mutagenesis kit (NEB) per manufacturer directions. Guide and Cas9 

sequences were confirmed by Sanger sequencing. The guide targeting Chromosome II:8420188-

8420210 has been previously described, and the constructed plasmid (pMS8) is equivalent to 

pDD122 (Addgene #47550) (Dickinson et al., 2013). Synthetic guide sites utilized in the landing 

pads were based on guides previously shown to be highly efficient in other species or generated 

based on predicted efficiency scores (Table 1). Predicted off-target effects were determined 

using the method of (Doench et al., 2016) while predicted on-target efficiency was calculated 

using Sequence Scan for CRISPR (Xu et al., 2015) and the method of (Hsu et al., 2013). Repair 

template plasmids were assembled from overlapping fragments using the NEBuilder HiFi Kit 

(NEB) per manufacturer instructions. For the landing pads, the Cbr-unc-119 rescue gene and a 

portion of the homology arms containing the guide site were removed from pCFJ151(Addgene 

#19330) (Frøkjær-Jensen et al., 2008) and replaced with a multiple cloning site to create pMS2. 

The SEC from pDD285 (Addgene #66826) (Dickinson et al., 2015) was then inserted into SacI 

digested pMS2 to create pMS4. The C-terminal portion of the hygromycin resistance gene and 

the unc-54 3’ UTR were then independently amplified from pCFJ1663 (Addgene #51484) (from 

the lab of Erik Jorgensen) and inserted into the SbfI site of pMS4 to create the final landing pad 

plasmids (pMS70-75). The six synthetic guide sites were included in the primers used to amplify 

the hygromycin resistance fragment (Table 3.1, Table S3.2, and Table S3.3). A complete 

annotated sequence of pMS74 can be found in Figure S3.1.  
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Table 3.1 SLP guide efficiency for insertion of rpl-28p::mKate2 
Strain Guide 

Sequence 
Reference Doench 

Scorea 
SSC 

Scoreb 
Specificity 

Scorec 
Marker 
Positive 
Broods 

HygR 
Resistant 
Broods 

(%) 

Correct 
Integration 

Broods 

PX692 GTTTGAG
TAGAGCA
CTCAGAG
G 

Kane et al. 
(2017). 66.9 0.7991 99.3 59 5 (8.5%) 3 (5.1%) 

PX693 GACAGTG
GACATCT
AAGCGGA
GG 

Kane et al. 
(2017). 61.5 1.2308 100.0 60 1 (1.7%) 1 (1.7%) 

PX694 GTCCAGC
GGCAGAT
CGGCGGA
GG 

Ge et al. 
(2016) 45.1 1.0511 99.7 73 7 (9.6%) 5 (6.8%) 

PX695 GAGTTCT
GTAATTC
AGCATAA
GG 

Agudel 

et al. 
(2017). 

52.8 -
0.0095 99.0 74 1 (1.4%) 1 (1.4%) 

PX696 GGACAGT
CCTGCCG
AGGTGGA
GG 

Varshney 

et al.  
(2016) 

40.9 0.5977 99.6 76 6 (7.9%) 5 (6.6%) 

PX697 GGGGCCT
GTGAAAT
ACACAGA
GG 

N.A. 84.1 0.9981 99.2 77 4 (5.2%) 4 (5.2%) 

 
aPredicted guide efficiency as per (Doench et al. 2016) 
bPredicted guide efficiency as per (Xu et al. 2015) 
cPredicted off-target effects as per (Hsu et al. 2013) 
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To generate an rpl-28p::mKate2::unc-54 3’UTR reporter, rpl-28p amplified from 

pBCN39-R4R3 (Addgene #34914) (Semple et al., 2012) and the mKate2 coding sequence and 

unc-54 3’UTR amplified from pDD285 were inserted into SacI digested pMS2 to give pMS12. 

The reporter was then amplified from pMS12 and inserted into an intermediate construct 

containing: rps-0p and the N-terminal fragment of the hygromycin resistance gene from 

pCFJ1663 (amplified in two fragments to remove intron), a pUC57 backbone, a truncated 5’ 

genomic homology arm from pMS2 and artificial sequences; to give the final insertion vector 

pMS81. A complete annotated sequence of pMS81 can be found in Figure S2. A second split 

hygromycin insertion vector, pZCS52, was made by amplifying the homology arms and split 

hygromycin from pMS81 by PCR and adding the sqt-1(e1350) gene amplified from pDD285.   

To generate an additional fluorescent co-injection marker, eft-3p and tbb-2 3’ UTR 

amplified from pDD162 and wrmScarlet amplified from pSEM89 (a gift from Thomas Boulin) 

(Bindels et al., 2017; Mouridi et al., 2017) were cloned into a pUC19 backbone to give pZCS16. 

The Cre expressing plasmid pZCS23 was made by PCR amplifying the backbone, eft-3p and tbb-

2 3’ UTR from pZCS16 and adding NLS::Cre from synthetic gBlocks (IDT).  

Strain generation by CRISPR/Cas9  

A mixture consisting of 50 ng/μl pMS8, 10 ng/μl of the appropriate landing pad plasmid and 2.5 

ng/μl pCFJ421 (Addgene #34876) (Frøkjær-Jensen et al., 2012) was microinjected into the 

gonad of young adult N2 hermaphrodites. Screening and removal of the SEC were done 

following Dickinson et al. (2015). Presence of the insertion and removal of the SEC was 

confirmed by PCR and Sanger sequencing (Table S3). Confirmed transgenics were backcrossed 

once to N2 to create the final strains PX692-PX697 (Table 1, Table S1).  

Quantification of synthetic guide RNA efficiency 

For each landing pad strain (PX692-PX697), a mixture consisting of 50 ng/µl of all-in-one 

plasmid targeting the corresponding synthetic guide site and 10 ng/µl pMS81 was microinjected 

into the gonad of young adult hermaphrodites. Following injection, all worms were maintained at 

25�C for the duration of the experiment. Injections were performed until approximately 60 

broods per strain had at least one F1 progeny expressing the fluorescent donor homology, 

thereby marking the brood as successfully injected. Broods were screened for fluorescence at 

approximately 48h post-injection (hpi), and all fluorescent individuals were counted regardless 
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of developmental stage (Figure S3). Hygromycin B was then top spread to plates at a final 

concentration of 250 µg/ml and plates were then screened starting five days later for resistant 

progeny. Individuals from surviving broods were PCR screened to confirm correct integration. 

Removal of the hygromycin selectable marker with Cre 
A confirmed homozygous integrant line for rpl-28p::mKate2::unc-54 3’UTR  was injected with 

10ng/µl of Cre expression plasmid pZCS23 and 10ng/µl pCFJ421 co-injection marker. 30 co-

injection marker positive F1 individuals were screened by PCR for the removal of the 

hygromycin gene. F2 progeny from 3 of the most promising candidates were then rescreened to 

confirm homozygous removal.  

In-situ assembly for integrated transgenes 
Two or six PCR fragments with 30bp overlaps, covering the sqt-1(e1350) gene, were amplified 

from pDD285 using Q5 polymerase (NEB) per manufacturer instructions. Homology arms with 

30bp overlaps to the sqt-1(e1350) gene were similarly amplified from pMS81. These homology 

arms were then complexed with the adjoining sqt-1(e1350) PCR fragment through a second 

round of PCR. 

For in-situ assembly and integration, a mixture consisting of 50ng/µl pMS79, 5ng/µl 

pZCS16, and 40fmol/µl of each of the appropriate gel purified PCR products was microinjected 

into the gonad of young adult PX696 worms. As a control, 10 ng/µl pZCS52 was substituted for 

the PCR products. Following injection, all worms were maintained at 25°C for the duration of 

the experiment. After 24 hours, injected adults were moved to new plates to facilitate counting. 

F1 individuals were screened for red fluorescence (Figure S4) and the roller phenotype at 3-4 

days post-injection. Hygromycin B was then added to plates at a final concentration of 250 

µg/ml. Each day for five days post-exposure, plates were scored for hygromycin resistance. 

Individuals resistant to hygromycin and with the roller phenotype were singled without 

hygromycin and screened for Mendelian inheritance of the roller phenotype to indicate an 

integration event. Lines with promising candidates for single copy-integration were singled until 

they produced homozygous rol progeny, which were then screened for the presence of the 

wrmScarlet co-injection marker, genotyped by PCR across the insert and Sanger sequenced for 

correct transgene assembly and integration (Table S3). 



 55 

Accessibility of reagents and protocols 
pMS4 (Addgene ID 154837), pMS74 (Addgene ID 154838), PMS79 (Addgene ID 154839), 

pMS81 (Addgene ID 154840), and pZCS16 (Addgene ID 154824) are available from Addgene 

(https://www.addgene.org/Patrick_Phillips/). Strain PX696 is available from the Caenorhabditis 

Genetics Center and applicable sequences are available as File S1. Other strains and plasmids are 

available upon request. Full protocols and all relevant sequences are available on the lab website 

(github.com/phillips-lab/SLP). All supplementary files associated with this manuscript are 

available on FigShare. 

Results 

Generation of synthetic split landing pad sites  
Current methods of transgene insertion in C. elegans do not specifically select for integration and 

therefore require additional phenotypic or PCR screening or anti-array selection to avoid 

selecting heritable extrachromosomal arrays. We sought a faster and simpler method by using 

CRISPR/Cas9 genome engineering to custom-designed synthetic split landing pads (SLPs). A 

split uracil selection system has been developed for yeast, whereby a functional URA3 gene is 

reconstituted by an integration event. Therefore only transgenic cells survive in the absence of 

uracil (Levy et al., 2015). We reasoned a similar system could be adapted to C. elegans. 

Hygromycin resistance was chosen as the selectable event as it works across C. elegans strains, 

provides more substantial selection than other antibiotic resistance genes, and does not rely on 

mutant backgrounds such as with unc-119 rescue (Radman et al., 2013). An artificial guide site 

plus the 3’ hygromycin coding sequence and transcription terminator were integrated into the 

target genome site as part of the SLP, whereas the promoter and 5’ portion of the hygromycin 

coding sequence were included in the repair plasmid (Figure 1A). A central 500bp region was 

included in both fragments, allowing for homology-directed repair. Since a complete resistance 

gene is not present in either the insertion strain or extrachromosomal arrays containing the repair 

plasmid, only individuals with proper homology-directed repair have a functional hygromycin 

resistance gene and survive hygromycin exposure (Figure 1B-D).  

The SLP was inserted at Chromosome II:8,420,157. Both this general region and this 

specific CRISPR site have been shown to be permissive for gene expression, including germline 

expression (Dickinson et al., 2015; Frøkjær-Jensen et al., 2012, 2008). The SLP was introduced 
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using the SEC selection method, and removal of the SEC left a loxP site downstream of the 

hygromycin resistance gene terminator (Figure 1A). By also including a loxP site upstream of 

the promoter in the repair template, this allows for optional removal of the HygR gene in 

confirmed integrants by injection of a Cre expressing plasmid (Figure S5).  

Efficiency of transgene integration 

Given that the SLP is entirely artificial, the guide site can be of the experimenter’s 

choosing. As previous work has shown that the choice of guide site can influence integration 

efficiency (Farboud and Meyer, 2015), we made six different SLP strains, each differing only in 

their guide site (Table 3.1). Five of these were sites previously shown to be highly efficient in 

other model organisms, while the sixth was designed to maximize the predicted guide efficiency. 

All had very low predicted off-target effects. We developed a rpl-28p::mKate2 reporter plasmid 

(pMS81), with homology arms compatible with each of the six SLPs. We then tested integration 

efficiency into all six SLPs. The plasmid also functions as a co-injection marker and 

extrachromosomal arrays should result in mKate2 positive, hygromycin sensitive animals. 1.4-

9.6% of successfully injected broods (as determined by the presence of at least one mKate2 

positive individual at 48 hpi) produced hygromycin resistant individuals. Overall, 79.2% of 

hygromycin resistant broods (19 of 24) also had perfect integrations events as determined by 

PCR (Table 1). Imperfect integrations are most often the result of HDR on one side of a double-

strand break and incorrect integration on the opposite side, a known issue with transgenic 

integrations, although although rearrangements within the transgene also occur, likely as a 

byproduct of the array assembly process (Stinchcomb et al., 1985). 

Overall, we found three guide sites to have similar relatively high efficiencies, while one 

was slightly less efficient and the other two were much less efficient. The observed efficiencies 

were not always consistent with the predicted guide site efficiencies. For the top three guide sites 

7.9-9.6% of co-injection marker positive broods contained integrants (not all of which were 

correct) which equated to approximately 300-450 co-injection marker positive progeny per 

integration event. In our hands, injection of thirty total individuals from any of the four best-

performing strains was nearly always sufficient to obtain at least one correct line. This is on par 

with other transgene integration methods directed at this region (Dickinson et al., 2015, 2013; 

Frøkjær-Jensen et al., 2012, 2008) which have variable integration efficiencies depending on the   
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Figure 3.1 Overview of Integration Specific Selection. A) The Synthetic Landing Pad (SLP) with synthetic guide 
RNA target sequence, the 3′ fragment of the hygromycin resistance gene (partial coding sequence and UTR), and 
a single loxP sequence. B) The donor homology with cargo transgene to be inserted, a second loxP sequence, and 
the 5′ fragment of the hygromycin resistance gene (promoter & partial coding sequence). C) Cas9 & guide 
expression plasmid is injected with donor homology. Cas9 targets and creates a double-strand break at the 
synthetic target location. D) Once the double-strand break is made, repair with the donor homology integrates the 
transgenic cargo, and restores the hygromycin gene, allowing selection to occur only upon integration. 
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transgene, but generally range from 5-30% with a few exceptions reaching higher frequency 

(Frøkjær-Jensen et al., 2012). As previously observed (Paix et al., 2014), broods with larger 

numbers of co-injection marker positive progeny (jackpots) were the most likely to yield 

integrants. However, this number was not predictive of perfect versus imperfect integration 

(Figure S3.3). 

In-situ donor assembly and integration 
While plasmids offer the advantage of producing large quantities of the repair template, they 

require time and labor to produce. Standard cloning practices require a source of DNA, a ligation 

step, bacterial transformation, plasmid purification, and verification. As we sought to both 

simplify the process and reduce the overall time-to-integration, we attempted to bypass the 

cloning step and utilize the C. elegans native homology-directed repair to produce a transgene 

(Figure 2). While clone-free transgenesis has been previously demonstrated in C. elegans (Paix 

et al., 2016; Philip et al., 2019) we wanted to see if this process could synergize with the split-

selection system to further improve the process as the previous work did not provide direct 

selection on the integration event. To test this approach, we utilized the sqt-1(e1350) mutation as 

it gives a dominant roller phenotype allowing us to assay for in-situ assembly. Transgene 

integration was most efficient for the plasmid vector, with 20% of co-injection marker positive 

broods containing an integrant. However, confirmed in-situ assembled and integrated sqt-1 genes 

were also obtained using both two and six PCR fragments (Table 2, PCR Confirmed 

Integrations). Two parts correctly assembled and integrated more often than six parts. In some 

cases, hygromycin resistant individuals were observed without the sqt-1 roller phenotype (Table 

2, Hygromycin Resistant Broods). We believe these represent incorrect integration events, where 

at least the 5’ hygromycin resistance coding fragment was integrated into the genome. As these 

cannot be correct integration and assembly events, we did not pursue or characterize them. 

Table 3.2 In-situ assembly & integration efficiency.  
  Hygromycin Resistant Broods In-situ Assembly 

 
Marker 
Positive 
Broods 

All 
Roller Mixed All wt 

Homozygous 
Roller 

Isolated 

PCR 
Confirmed 

Integrations 
Error Free 

Integrations 

Plasmid 15 3 0 0 3 3 3 (20.0%) 
2pc PCR  41 6 3 0 8 6 3 (7.3%) 
6pc PCR 51 0 8 5 1 1 0 (0.0%) 
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Figure 3.1 Overview of in-situ assembly. A) Amplification of homology arms and cargo fragments by PCR with 
overlaps of ∼30bp B) Optional complexing by a second round of PCR reduces the number of fragments and 
increases the frequency of correct integration. C) Upon microinjection, PCR products are recombined by the 
worm using microhomology to make D) the complete donor homology ready for integration. 
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For two-part assemblies, most hygromycin resistance events were accompanied by sqt-1 

assembly and integration, as indicated by the ability to isolate homozygous roller populations. 

However, not all of these insertions matched the expected sequence. Two of the eight insertions 

could not be amplified by PCR, suggesting larger scale errors, while three had point mutations 

identified during Sanger sequencing, and three had no detectable errors. In no case did we detect 

multiple copy insertions. In the six-part experiment, all resistant plates had non-roller (incorrect) 

integration events, with a few having roller individuals as well (Table 2, Hygromycin Resistant 

Broods). In most cases, a homozygous roller line could not be isolated, suggesting these 

individuals were the result of correctly assembled genes in arrays paired with incorrect 

integrations. In one case, a homozygous roller line could be isolated, indicating multiple 

integration events had taken place in that brood. In this case, the roller causing integration had a 

correctly assembled sqt-1(e1350) gene but also contained a second copy of one of the homology 

arms which was identified by Sanger sequencing. 

The inclusion of a fluorescent co-injection marker allowed for monitoring of array loss in 

this experiment. Since there is no selection on the transgene containing plasmid, any arrays that 

form should be rapidly lost. As expected, prior to the addition of hygromycin, array positive 

individuals could be seen. However, none of the homozygous individuals isolated for sequencing 

(approximately 3-5 generations after injection) contained arrays, demonstrating arrays are indeed 

quickly lost in this system. Even so, it remains best practice to confirm array loss through either 

use of an array co-injection marker or a vector specific PCR performed in conjunction with the 

genotyping PCR. 

Discussion 
We have created a fast and efficient strategy for integrating transgenes into the C. elegans 

genome that bypasses some pitfalls and laborious steps present in other methods. Combining 

split selection with self-assembly of repair templates takes what before would require at best two 

to three weeks down to as little as a week, while simultaneously reducing the required expertise 

and overall hands-on time (Figure 3.3). The core technology relies on integration-specific 

selection, made possible by SLPs at a safe harbor insertion site. These SLPs can be inserted into 

any C. elegans strain using a single set of reagents since the protocol presented does not rely on a 

particular genetic background. The landing pad presented is universal, and the experimenter can 
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choose any type of cargo to be integrated utilizing either plasmids or our CIS approach. 

However, the SLP design could be modified with additional elements to facilitate specific types 

of insertions, such as reporter constructs or allelic variants. While we see no obvious phenotypic 

effects from the constitutive expression of hygromycin resistance protein, the SLP includes loxP 

sites, allowing for a second injection of a Cre expression plasmid to remove the hygromycin 

gene. While removal by Cre injection is relatively efficient (Figure S3.5), if routine removal of 

hygromycin is desired, incorporation of inducible Cre and a marker gene into either the landing 

pad or insertion vector would allow for self-excision using a protocol similar to SEC (Dickinson 

et al., 2015). Further, additional SLPs using either the same or different guide and selective gene 

could be inserted into other sites in the C. elegans genome known to be permissive for transgene 

expression. This would facilitate the construction of more complex, multigene transgenic 

nematodes. The antibiotics neomycin  (Giordano-Santini et al., 2010), puromycin (Semple et al., 

2010) blasticidin (Kim et al., 2014) and nourseothricin (Obinata et al., 2018) have all been used 

for selection in C. elegans, and the coding sequences of the corresponding resistance genes could 

be split. When using multiple SLPs within the same genetic background, lox site variants (eg. 

lox511I, lox2272, loxN) should be considered to prevent intrachromosomal recombination. The 

SLP, conceptually adopted from yeast, does not need to be restricted to C. elegans. While the 

formation of heritable arrays is unique to Caenorhabditis nematodes among model systems, and 

thus does not complicate single-copy integration transgenesis in other models, the concept of 

custom-designed SLPs could provide direct readouts for integrations events, with specific, 

custom-built guide target sequences. For example, a split fluorescent coding sequencing could 

suffice to screen injected embryos for proper, site-specific integration in model vertebrates and 

be coupled with a non-native, experimentally chosen guide RNA to reduce off-target effects 

while increasing on-target cutting and HDR. 

 

  



 62 

 

Figure 3.2 Experimental Overview. A) Injections of PCR fragment or cloned donor homology with Cas9 and 
guide expression plasmid. With PCR products, in-situ assembly forms the cargo transgene. B) Two days after 
injection, worms are exposed to hygromycin B. Since the array does not provide selection C) only integrated 
worms survive the exposure, providing the integration-specific selection. 
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The ability of C. elegans to self-assemble exogenous DNA fragments based on 

microhomology represents a possible alternative to plasmid cloning for insert assembly. 

Individuals with an assembled and integrated transgene were seen using both two or six PCR 

products. However, six pieces resulted in fewer correct integration and more incorrect 

integrations (Table 2, Hygromycin Resistant Broods), suggesting that, as expected, proper 

assembly occurs more often with fewer PCR products. As such, it is likely desirable to complex 

PCR products by overlap PCR before integration where feasible. While the use of PCR products, 

rather than plasmids, represents a more rapid protocol with fewer technical steps, it comes with 

the trade-off of a lower frequency of correct integrations requiring injection and screening of a 

larger number of worms. Thus, while use of PCR products results in a shorter time to integration 

confirmation, the total amount of hands on time is similar between the two protocols. Ultimately, 

at this time, choice of PCR products versus plasmid will largely come down to lab preference, 

although certain protocols, such as insertion of a library of similar constructs may favor the PCR 

approach. Importantly, SLP based integration-specific selection is fully compatible with both 

cloned plasmid donors and the CIS approach. 

Site-specific transgene insertions rely on homology-directed repair (HDR). However, 

non-homologous end joining is almost always the prevalent pathway in repairing a double-

stranded break (Ward, 2015; Xu, 2015). During guide efficiency testing, the top three guides all 

had similar insertion frequencies, suggesting we are approaching the upper limit of cutting 

efficiency and that further improvements will require improved rates of HDR. Furthermore, 

improved HDR should assist in the assembly of PCR products in worms and reduce the rate of 

false positives due to incorrect assembly. Low rates of HDR are not specific to C. elegans and 

impair HDR-based insertion in many model systems. As a result, multiple HDR enhancement 

strategies have been proposed in multiple model organisms (Beumer et al., 2008; Böttcher et al., 

2014; Ward, 2015). Adaptation and advancement of one or more of these methods will likely 

represent the next breakthrough in genome editing efficiency in C. elegans.   
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Bridge 
In the next chapter, I present TARDIS, our technological advancement to take integration-

specific selection to a library-scale, unlocking experimental paradigms such as barcoded lineage 

tracking for experimental evolution. 
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CHAPTER 4 HIGH-THROUGHPUT LIBRARY TRANSGENESIS IN 

CAENORHABDITIS ELEGANS VIA TRANSGENIC ARRAYS 

RESULTING IN DIVERSITY OF INTEGRATED SEQUENCES 

(TARDIS) 
This chapter was published in volume 12 of the journal eLife in 2023.  
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INTRODUCTION 

Transgenesis, which is the specific and heritable introduction of foreign DNA into genomes, has 

been a central tool for functional analysis and genetic engineering for nearly 40 years. The power 

of transgenesis is due in part to the wide variety of assays and techniques that are built upon 

controlled introduction of novel DNA sequences into a native genome. While there are many 

uses for transgenesis, in practice most can be grouped into those inserting a small number of 

known sequences (specific transgenesis) and those introducing many sequence variants from 

experimental libraries (exploratory transgenesis). While the ability to perform specific 

transgenesis has become a de facto requirement for all model organisms, exploratory 

transgenesis remains effectively limited to single-cell models (both prokaryotic and eukaryotic) 

caused by biological limitations generated by inheritance in multicellular organisms. In single-

cell models, high-throughput transgenesis has been used for exploratory sampling of sequence 

space using protein interaction libraries (Joung et al., 2000), barcode-lineage tracking libraries  

(Ba et al., 2019; Levy et al., 2015), directed evolution (Packer and Liu, 2015), synthetic promoter 
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library screens (Wu et al., 2019), and mutagenesis screens  (Bock et al., 2022; Erwood et al., 

2022; Kim et al., 2022; Sánchez-Rivera et al., 2022). Despite the usefulness of such experiments 

in single-celled systems, either in microorganisms or in cell culture, increasing transgenic 

throughput in multicellular models holds the potential to expand the impact of exploratory 

transgenesis in functional domains, such as inter-tissue signaling, neuronal health, and animal 

behavior, that are dependent on multicellular interactions and therefore difficult to replicate in 

single-cell models. 

Exploratory transgenesis in single-cell models has been facilitated by the availability of 

in-vitro-generated DNA libraries, selectable markers, plasmids, in vivo homologous 

recombination, and most importantly, the ability to massively parallelize transgenesis using 

microbial transformation or eukaryotic cell transfection/transduction. Currently, there is no 

practical means to make populations of uniquely transgenic individuals from sequence libraries 

at a similar scale in animal systems due to the Weismann Barrier (Weismann, 1893): the split 

between soma and germline. The requirement that the germline be accessible and editable has 

forced animal systems into a transgenic bottleneck compared to single-cell systems because it is 

very difficult to introduce exogenous DNA directly into the germline in a high-throughput 

manner, relying instead on injection, bombardment, or some other physical intervention. This 

low-throughput limitation in animals dramatically reduces the sequence diversity that can be 

sampled, effectively preventing large-scale exploratory experiments from being performed. 

Attempts have been made to parallelize transgenic creation in multicellular model organisms, for 

example, the development of Brainbow (Livet et al., 2007; Weissman and Pan, 2015), ifgMosaic 

analysis (Pontes-Quero et al., 2017), P[acman] libraries in Drosophila (Venken et al., 2009), and 

multiple types of transformation in plants (Ismagul et al., 2018; Xu et al., 2022). In 

Caenorhabditis elegans, CRISPR technology combined with custom engineered sites within the 

genome (“landing pads”) has facilitated the generation of single-copy integrations  (Malaiwong 

et al., 2023; Nonet, 2021, 2020; Silva-García et al., 2019; Stevenson et al., 2020; Vicencio et al., 

2019), and attempts have been made to multiplex transgenesis using traditional integration 

methods in conjunction with specialized landing pad (Gilleland et al., 2015; Kaymak et al., 2016; 

Mouridi et al., 2022; Radman et al., 2013). While these efforts have increased throughput over 

standard single copy integration methods, throughput still remains too low for effective 
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exploratory transgenesis, and in some cases requires significant additional labor, cost, equipment 

and/or expertise.  

Here we present “Transgenic Arrays Resulting in Diversity of Integrated Sequences” 

(TARDIS) (Stevenson et al., 2021), a simple yet powerful alternative to traditional single-copy 

transgenesis. TARDIS greatly expands throughput by explicitly separating and reordering of the 

conceptual steps of transgenesis (Figure 1). To increase throughput, TARDIS begins with an in 

vitro generated DNA sequence library that is introduced into germ cells via traditional low 

throughput methods (i.e., germline transformation, Fig 1). While traditional transgenesis 

typically couples the physical introduction of DNA into cells with the integration of a selected 

sequence from the original library, the DNA sequences in TARDIS are designed to be 

incorporated in large numbers into diverse, heritable sub-libraries (TARDIS libraries), rather 

than be directly integrated into the desired genomic locus. In addition to the sequence library, a 

functioning selectable marker is also included to stabilize the inheritance of the TARDIS library 

over generations. These TARDIS libraries function to create “metaploidy” – expanding the total 

number of alleles available for inheritance, essentially making the worm genetically “bigger on 

the inside.” TARDIS library-bearing animals are then allowed to propagate under selection to 

generate a large population of TARDIS library carriers. After population expansion, genome 

integration of a single sequence unit is performed by inducing a double strand break at a 

genetically engineered landing pad. This landing pad is designed to both integrate a sequence 

unit and act as a second selectable marker. We chose C. elegans to validate the TARDIS 

approach because C. elegans naturally form extrachromosomal arrays that can be several 

megabases in size (Carlton et al., 2022; Lin et al., 2021; Mello et al., 1991; Stinchcomb et al., 

1985) from injected DNA, which simplifies the generation of heritable “TARDIS library arrays” 

(TLA) that encompass sequence significant diversity.  

We demonstrate the functionality of TARDIS for two use cases: unique animal barcoding 

and promoter library transgenesis. Barcoding has been widely adopted in microbial systems for 

evolutionary lineage tracking (Ba et al., 2019; Jahn et al., 2018; Levy et al., 2015) and for 

developmental lineage tracking in animals (Kebschull and Zador, 2018; McKenna et al., 2016). 

In microbial systems, barcode libraries have relied on highly diverse randomized oligo libraries, 

as compared to animal systems, which have relied on CRE recombinases or randomized Cas9-

induced mutations. Here we present a novel TARDIS barcoding system for an animal model 
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which mimics the scope and diversity previously only possible using microbial systems. Our 

results show that large, heritable libraries containing thousands of barcodes can be created and 

maintained as extrachromosomal arrays. Individual sequences are selected and removed from the 

library upon experimental induction of Cas9 in a proportion consistent with the composition of 

the TLA with rare overrepresented sequences. We found that TARDIS is also compatible with 

the integration of large promoters and can be used to simultaneously integrate promoters into 

multiple genomic locations, providing a tool for multiple insertions at defined locations across 

the genome. While we demonstrate the system's advantages in C. elegans, in principle, the 

system is adaptable for any situation where the sequences for integration can be introduced with 

high diversity and heritability, and where a genomic site for integration can be made or is 

available. 

Results 

Generation of barcode landing pad 
We designed a specific landing pad for the introduction and selection of small barcode fragments 

from high-diversity, multiplexed barcode libraries (Figure 2). This landing pad was designed to 

be targeted by Cas9 and requires perfect integration on both the 5’ and 3’ ends of a synthetic 

intron for functional hygromycin B resistance. Current split selection landing pads only provide 

selection on one side of the double-strand break, which can result in a small percentage of 

incomplete integrations (Stevenson et al., 2020). To fully test a large library approach, the 

requirement of genotyping to identify correct integrations must be overcome. A split-selection, 

hygromycin resistance (HygR) system was chosen for its simplicity and integration-specific 

selection. A unique synthetic CRISPR guide RNA target sequence was created by removing 

coding sequence on both sides of an artificial intron, resulting in a non-functional HygR gene. 

By removing critical coding sequence on both sides of the gene, only ‘perfect’ integration events 

will result in hygromycin resistance (Figure 2A). The synthetic landing pad was integrated at 

Chromosome II: 8,420,157, which has previously been shown to be permissive for germline 

expression (Dickinson et al., 2015; Frøkjær-Jensen et al., 2012, 2008). 
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Figure 4.1 Transformation compared to TARDIS. For transformation, a large population of cells are individually 
transformed with a DNA library, resulting in a diverse population of individuals. TARDIS achieves a diversity of 
individuals by splitting transgenesis into two separate processes: (1) The introduction of a diverse library, which 
is formed into a TARDIS library array, passed down to future generations and thus replicated; and (2) an event 
that triggers the integration a sequence from the library at random, resulting in a diversity of integrated 
sequences.  
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Figure 4.2 Barcode landing pad and diverse donor library. A) Schematic design for the barcode landing pad and 
integration. A broken hygromycin resistance gene is targeted by Cas9, which repairs off the TARDIS array, 
integrating a barcode and restoring the functionality of the gene. B) The TARDIS multiplex library was created 
from a randomized oligo library, which underwent 10 cycles of PCR to make a dsDNA template. The barcode 
fragment was then added into a three-fragment overlap PCR to add homology arms and make the final library for 
injection. 
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Figure 4.3 —figure 4.2 supplement 1: Schematic layout for the two separate PCR processes for identification of 
barcode counts in arrays (Amplicon One-Array) and integrants (Amplicon One-Integrant). 
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Generation of high diversity donor library and TARDIS arrays 
Transgenes or DNA sequences can be cloned into plasmid vectors for injections in C. elegans. 

However, the cloning process is laborious, and the plasmid vector is unnecessary for integration 

into an array or the genome. We sought to provide a protocol for library generation that 

maximized diversity and eliminated the requirement of cloning (Figure 2B). Oligo libraries have 

been used for barcoding (Levy et al., 2015) and for identification of promoter elements (Boer et 

al., 2020) in yeast, but practical implementation of large synthetic libraries for transgenesis has 

never been performed in an animal system. We used randomized synthesized oligos to build a 

highly diverse library of barcodes, similar to the one described by Levy et. al. (2015), via 

complexing PCR. Given randomized bases present at the 11 nucleotide positions centrally 

located within the barcode, our base library can yield a theoretical maximum of approximately 

4.2 million sequences. Our overlap PCR approach achieves high levels of diversity with minimal 

‘jackpotting’ — sequences with higher representation than expected (Figure 3—figure 

supplement 1). With low coverage sequencing, we found almost 800,000 unique barcode 

sequences, providing a large pool of potential sequences that can be incorporated into TARDIS 

arrays. Only 472 sequences were overrepresented (counts greater than 50), accounting for 

approximately 6.7% of the total reads and only approximately 0.06% of the unique barcodes 

detected. 

We injected our complexed barcodes and isolated individual TARDIS array lines, each 

containing a subset of the barcode library (Figure 3). Individual injected worms were singled, 

and we identified four arrays from three plates. Arrays 1 and 2 were identified on separate plates, 

and were therefore derived from independent array formation events, while array 3, profile 1 and 

array 3, profile 2 were both identified on the same plate. Analysis of array diversity within these 

lines shows, somewhat unexpectedly, that during array formation a subset of barcode sequences 

tended to increase in frequency (Figure 3A and B). Higher frequency barcodes in arrays tend to 

be independent of the jackpotted sequences of the injection mix as very few are represented in 

the set of high frequency barcodes from the injection mix. The high frequency barcodes also 

varied between arrays. 
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Figure 4.4 TARDIS Library Arrays can contain large barcode diversity. A) Frequency distribution of 1,319 
unique barcodes in array 1 (PX816). B) Frequency distribution of the 3,001 unique barcode sequences in array 2 
(PX817). C) Sequence logo probabilities of the 15 base pair positions of the barcodes in the injection mix, array 1 
and array 2. 
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Figure 4.5—figure 4.4 supplement 1: A) Barcode frequencies for Injection mix used for arrays 1, 2, and 3. 
There are approximately 1 million reads represented. In total, 797353 unique sequences were identified. A few of 
these unique sequences were represented at a higher frequency with a count cutoff greater than 50. 
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Figure 4.6—figure 4.4 supplement 2: TARDIS Array 3. Two individual arrays were isolated from the same 
plate. Both show considerably less diversity than TARDIS arrays 1 and 2. Distribution of unique barcode 
frequencies, sequence logo base pair probability, and count cut off for A) TARDIS Array 3 profile 1 and B) 
TARDIS Array 3 profile 2. 
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Figure 4.7 figure 4.4 supplement 3: Determination of proper count cutoff for A) TARDIS Array 1 and B) 
TARDIS Array 2. 
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We found that array formation does not seem to favor any particular barcode sequence 

motif (Figure 3C) and that arrays can range considerably in diversity. Array 1 had 1,319 unique 

barcode sequences, array 2 had 3,001 unique barcode sequences, array 3 profile 1 had 91 unique 

barcode sequences, and array 3 profile 2 had 204 unique barcode sequences (Figure 3—figure 

supplement 2). Across the four arrays, we found a total of 4,395 unique barcode sequences. 

When we compared the individual sequences incorporated during the three independent 

injections, we found little overlap. 96.5% (4395/4553) of the identified sequences were unique to 

one injection, 3.0% (136) were incorporated twice, and 0.5% (22) were recovered from all three 

injections. In contrast to the diversity between injection events, a similar comparison of the two 

profiles derived from a single injection for array 3 showed considerable overlap, with 68% 

(62/91) of the profile 1 sequences also being present in profile 2. Overall, our results suggest our 

complexing PCR oligo library can produce a highly diverse library and that arrays can store a 

large diversity of unique sequences. 

The distribution of element frequency within a given array follows a clear Poisson 

distribution. Arrays 1 and 2 show more diversity, with barcode frequencies more similar to one 

another than the two profiles isolated from array 3 (Figure 3—figure supplement 2). The null 

assumption is that the array is formed from a simple sample of the injected barcodes in equal 

proportions. However, arrays have been already reported to jackpot certain sequences. For 

example, when Lin et. al. (2021) injected fragmented DNA, they found that larger fragments 

were favored in the assembly. In our case, we find some barcode sequences become jackpotted, 

despite being identical in size. A possible explanation is that early in formation, arrays are 

replicating sequences, possibly to reach a size threshold. Consistent with this hypothesis, arrays 

with higher barcode diversity had frequencies closer to one another, while arrays with lower 

diversity had wider frequency ranges. 

Integration from TARDIS array to F1 
Our primary motivation in developing the TARDIS method was to utilize individual sequences 

from the TARDIS array as integrated barcodes. To assay the integration efficiency, we 

performed TARDIS integration on two biological replicates from a TARDIS array line (PX786) 

synchronized in the presence of G-418. Out of the 100 L1’s per plate initially plated on antibiotic 

free plates, an average of 41 worms (N=255 plates) for replicate one, and 62 worms for replicate 
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two (N=125 plates), survived to the next day. These surviving individuals contained the array, 

allowing them to survive early life G-418 exposure, and generally showed fluorescent co-marker 

expression as well. Following heat shock to induce Cas9, replicate one produced 104 plates with 

hygromycin resistant individuals, indicating barcode integration, and replicate two produced 71. 

These results suggest that approximately 200-300 worms need to be heat shocked to obtain an 

integrated line when using 150bp homology arms and relatively small inserts such as the 

barcodes. To assay the integration frequency from the array to the F1, we performed TARDIS 

integration on four biological replicates derived from PX786. We found that frequency of 

integration for barcodes in F1 individuals was strongly correlated with the barcodes’ frequency 

in the TLA (Figure 4A), (R ≈ 0.96, p ≈ 5.7x10-154). Notably, there are two replicated outliers 

across the four biological replicates. One barcode (TTAAATTATCACATG), tended to integrate 

more often than would be predicted by its frequency in the array, while barcode 

(GCTCATTCTGACGTA) integrated less frequently than expected (Figure 4—figure 

supplement 1). In general, however, we did not observe any noticeable bias in sequence motif 

selection following integration (Figure 4B). Several individual lineages were isolated from the 

population with hygromycin selection, validating functional restoration of the HygR gene, and 

three were randomly chosen for Sanger sequencing to confirm perfect barcode integration. As 

expected, these sequenced barcodes were also found amongst the barcode sequences of the array.  

Generation and integration of TARDIS promoter library 

For testing insertion of promoter libraries via TARDIS, two separate landing pad sites utilizing 

split selection were engineered in chromosome II (Figure 5A). The first contained the 3’ portions 

of both the mScarlet-I and the HygR genes in opposite orientation to each other and separated by 

a previously validated synthetic Cas9 target (Stevenson et al., 2020). Similarly, the second 

landing pad site contained 3’ portions of mNeonGreen and Cbr-unc-119(+) separated by the 

same synthetic Cas9 target, allowing both sites to be targeted by the same guide. These landing 

pads were engineered into an unc-119(ed3) background to allow for selection via rescue of the 

Uncoordinated (Unc) phenotype. A strain containing only the split mScarlet-I/split HygR landing 

pad was also constructed, in which case a copy of Cbr-unc-119(+) was retained at the landing 

pad site. Repair templates contained the 5’ portion of the respective selective gene, a lox site 

allowing for optional removal of the selective gene after integration (by expression of Cre) and 

the chosen promotors in front of the 5’ portion of the respective fluorophore. The selective gene 
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and fluorophore fragments contained >500bp overlaps with the landing pad to facilitate 

homology directed repair. Correct homology directed repair at both junctions resulted in worms 

that were fluorescent, hygromycin resistant and had wild type movement.   

The initial promoter library tested was composed of 13 promoters targeted to a single 

landing pad site with split mScarlet-I and split HygR (Table 1). These promoters ranged in size 

from 330-5545bp (total repair template length of 2238-7453bp). Seven different array lines were 

generated which exhibited distinct profiles when probed by PCR as a crude measure of array 

composition and diversity (Figure 5—figure supplement 1A). Promoter specific PCR showed 

these arrays to contain 2-13 of the 13 injected promoters, with a mean of 10.7 and a median of 12 

(Figure 5—figure supplement 1B). For the selected line (PX819), 12  promoters were 

incorporated into the TARDIS array. From this line, approximately 200 G-418 resistant L1s (ie. 

those containing the array) were plated onto each of 60 plates and then heat shocked as L2/L3s to 

initiate integration. Hygromycin resistant individuals were recovered from 59 of the 60 plates, 

indicating one or more integration events on each of those plates. Four individuals were singled 

from each of these plates, with the intent of maximizing the diversity of fluorescent profiles and 

analyzed by PCR to identify the integrated promoters (Figure 5—figure supplement 1B). Based 

on the banding patterns, 83 of these PCR products were sequenced with nine different promoters 

confirmed as integrated (Table 1 and Figure 5B). This included both the smallest (aha-1p) and 

the largest promoter (nhr-67p) in the set. Notably, two of the three promoters that were in the 

array but not recovered as integrants were found to be integrated in a subsequent experiment (see 

below), suggesting the failure to be recovered in this case was likely due to the array 

composition rather than any properties of these particular promoters. For approximately half of 

the plates, two or more promoters were identified from the four worms chosen. Of the 83 PCR 

products sequenced, five had incorrect sequences and/or product sizes inconsistent with the 

promoter identified and three failed to prime. Additionally, several samples failed to amplify or 

gave a non-specific banding pattern and likely also represent incorrect integrations.  
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Figure 4.8 Integration frequency from TARDIS Library Array to F1. A) Frequency of integration from TARDIS 
Library Array to the F1, R ≈ 0.96, p ≈ 5.7x10-154. Different colors represent four biological replicates. Line 
shading represents 95% confidence interval.  B) Sequence probabilities of PX786 compared to the F1 integrations 
(91 unique barcodes were identified in the array and 118 in the F1s, with a five read threshold). 
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Figure 4.9—figure 4.8 supplement 1: F1 integration events followed a consistent pattern, with replicated outlier 
barcode sequences. Generally, the same barcodes integrated at approximately the same frequency across the four 
replicates. 
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To test if TARDIS could be used to target multiple sites simultaneously, a second 

promoter library containing seven promoters targeted to each site (ahr-1p, ceh-10p, ceh-20p, 

ceh-40p, ceh-43p, hlh-16p, mdl-1p) was injected into worms containing both landing pad sites. 

Five plates of mixed stage worms were heat shocked, and worms that were both hygromycin 

resistant and had wild-type movement were found on three of those plates. Worms that were 

hygromycin resistant but retained the Unc phenotype were also observed on some plates, 

representing individuals with integrations at a single site. For two of the plates a single pair of 

integrations was observed, in both cases being ahr-1p::mScarlet plus hlh-16p::mNeonGreen. For 

the third plate, two different combinations were recovered: ahr-1p::mScarlet plus mdl-

1p::mNeonGreen and ceh-40p::mScarlet plus ceh-10p::mNeonGreen (Figure 5C). While multi-

site CRISPR is known to be possible (Arribere et al., 2014), these results suggest that TARDIS 

provides a unique way to engineer multiple locations using a single injection. 

When transcriptional reporter lines were examined by fluorescent microscopy, expression 

of the fluorophores was concentrated in but not exclusive to the nucleus, consistent with the 

presence of nuclear localization signals (NLS) on the fluorophores.  For all promoters, 

expression was seen in at least one previously reported tissue (Table 1) but was absent in one or 

more tissues for several of the promoters. Expression of single copy reporters is frequently more 

spatially restricted than that from integrated or extrachromosomal arrays (Aljohani et al., 2020). 

The differences in expression pattern may also reflect differences in the region used as the 

promotor or the fact that only a single developmental stage (late L4/early adult) was examined. 

Overall, we find that TARDIS can be used to screen functional libraries, either individually or in 

combination. 

Discussion 
Here we present the first implementation of a practical approach to large-scale library 

transgenesis in an animal system (Figure 1). Building on over a half century of advancements in 

C. elegans genetics, we can now make thousands of specific, independent genomic integrations 

from single microinjection events that traditionally yield at most a small handful of transgenic 

individuals. Increasing transgenesis throughput has long been desired, and in C. elegans several 

attempts have been made to multiplex transgenic protocols. Library mosSCI and RMCE, which 
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both introduce a multiplexed injection mixture and do indeed achieve multiple integrations 

(Kaymak et al., 2016; Nonet, 2020). However, just as in the case of standard mosSCI or single 

donor injections for RMCE, anti-array screening, genotyping, and the direct integration of the 

process limit the multiplex potential substantially. One group has adopted arrays with small 

pools of guides coupled with heatshock inducible Cas9 to produce randomized mutations at 

targeted locations (Froehlich et al., 2021). (Mouridi et al., 2022) built on the utility of heatshock 

Cas9 and integrated three individual sequences from an array. While these prior multiplexed 

methods made substantial contributions in improving the efficiency of specific transgenesis, 

none have yet demonstrated multiplexing beyond tens of unique sequences—orders of 

magnitude below what would be needed for exploratory transgenesis. TARDIS therefore 

provides the first true library-based approach for multiplexing transgenesis in C. elegans. This 

protocol shares similarities with TARDIS, in that diverse arrays are coupled with inducible Cas9. 

However, the focus of that technology was to produce randomized genomic edits, and it does not 

produce precise, library integrations into the genome. Recently, another group  

TARDIS as a method for creating barcoded individuals 
Genetic barcode libraries have been applied to many high-throughput investigations to reduce 

sequencing costs and achieve a higher resolution within complex pools of individuals. By 

focusing the sequencing reads on a small section of the genome, a larger number of individual 

variants can be identified or experimentally followed. This critical advancement has led to the 

widespread use of barcoding for evolutionary lineage tracking in microbial systems (Ba et al., 

2019; Blundell and Levy, 2014; Kasimatis et al., 2021; Levy et al., 2015; Levy, 2016; 

Venkataram et al., 2016)–uncovering the fitness effects of thousands of individual lineages 

without requiring large coverage depth of the whole genome. In addition to this application, 

using barcoded individuals can be used to facilitate any application that involves screening a 

large pool of diverse individuals within a shared environment. For example, barcodes have been 

used in microbial studies investigating pharmaceutical efficacy (Smith et al., 2011) and barcoded 

variant screening (Emanuel et al., 2017). The TARDIS-based system presented here provides an 

approximately 1,000X fold increase in barcoding throughput in C. elegans, making it a unique 

resource among multicellular models that allows the large diversity pool and design logic of 

microbial systems to be adapted to animal models. 
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Figure 4.10 TARDIS promoter library. A) Overview of the two split landing pads and their 
associated promoter insertion vectors. Both the selective marker and the fluorophore expression are 
restored upon correct integration. B) Transcriptional reporters for nine genes were recovered from a 
single heatshock of a single TARDIS array line (PX819). Integration was into the single mScarlet-
I/HygR landing pad. Main images show mScarlet-I expression for the indicated reporter while insets 
show polarized image of the same region. C) Example simultaneous, dual integration from a single 
TARDIS array into the double landing pad strain with PEST. ceh-10p::mNeonGreen::PEST is false 
colored green and ceh-40p::mScarlet-I::PEST is false colored magenta. All scale bars represent 20µm 
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Figure 4.11—figure 4.10 supplement 1: (A) Promoters from seven array bearing lines were amplified using universal primers 
and show distinct profiles. Note that not all promoters found in the arrays were detected in this screen. (B) Promoters contained 
in each array bearing line as determined by promoter specific PCR (C)  Line PX819 was heat shocked to trigger integration 
and four hygromycin resistant progeny were singled from each of the 59/60 plates with hygromycin resistant individuals.  
Singled worms were screened by PCR and select promoters were chosen for sequencing based on their size profile.  PCR and 
sequencing result are shown for representative plates. *=Due to their size of the egl-46 and nhr-67 promoters do not reliably 
amplify with the universal primers. Therefore, samples with no or weak amplification were rescreened with primers specific to 
these two promoters (not shown). 
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Table 4.1 Characteristics of injected promoters and presence in tested array line (PX819) and integrated lines 
derived from that array. 

Promoter Promoter size (bp) Expected expression location Array Integrated 

aha-1 330 
neurons, hypodermis, intestine, pharynx 

(Jiang et al., 2001) 
Y Y 

hlh-16 514 head neurons (Bertrand et al., 2011) Y N 

ceh-40 965 
dopaminergic neurons (Sarov et al., 

2012) 
Y Y 

ceh-10 1172 
neurons, seam cells (Reece-Hoyes et 

al., 2007) 
Y Y 

ahr-1 1387 
ALM and RME neurons (Huang et al., 

2004) 
Y N 

mdl-1 2000 
neurons, body wall, pharynx (Reece-

Hoyes et al., 2007) 
Y Y 

egl-43 2001 neurons, gonad (Hwang et al., 2007) Y N 

ceh-20 2015 
neurons, seam cells, vulva (Reece-

Hoyes et al., 2007) 
Y Y 

ceh-43 2096 
neurons, anterior hypodermis (Reece-

Hoyes et al., 2007)  
Y Y 

daf-7 2524 
head neurons, coelemocytes, pharynx 

(Klabonski et al., 2016) 
Y Y 

lin-11 2857 
neurons, uterus, vulva, head muscle 

(Gupta et al., 2003) 
Y Y 

egl-46 4477 Neurons (Wu et al., 2001) N N 

nhr-67 5545 

neurons, excretory cell, rectal valve 

cell, vulva (Fernandes and Sternberg, 

2007) 

Y Y 
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While we designed our barcode sequence units for the purpose of barcoding individuals, 

this approach could also prove useful in future optimization and functional understanding of 

array-based processes. In particular, the high sequence diversity but identical physical design of 

the synthetic barcode library may provide a unique window into extrachromosomal array biology 

that would be helpful in optimizing sequence units for incorporation into heritable TLAs. For 

example, an unexpected result of the barcoding experiment was the discovery that a small 

minority of sequences were overrepresented, or ‘jackpotted,’ in the TLA relative to their 

frequency in the injection mix (Figure 3 and Figure 3—figure supplement 1). Our expectation 

was that arrays would form in an equal molar fashion proportional to the injection mix based on 

the model that arrays are formed by physical ligation of the injected DNA fragments (Mello et 

al., 1991). Deviations from random array incorporation have been observed before, and a bias for 

incorporating larger fragments has been proposed as an explanatory mechanism (Lin et al., 

2021). Our results suggest that the ultimate array composition is not directly proportional to the 

molarity of the injected fragments, or strictly weighted towards the size of the fragment as has 

been suggested. In contrast, we propose that array size affects the maintenance of 

extrachromosomal arrays. As such, selection can act to increase the rate of recovery for arrays 

that have increased their size through random amplification of some sequences by an unknown 

process early in the formation of the array or by expansion of similar sequences by DNA 

polymerase slippage during replication, as has been well documented for native chromosomes 

(Levinson and A., 1987). These hypotheses would be consistent with observations of Lin et. al. 

(2021), if the underlying mechanism for their observation is that inclusion of larger fragments 

tends to be positively correlated with ultimate array size, and therefore likelihood of 

maintenance. 

TARDIS as a method for the introduction of promoters and other large constructs 
While the barcode approach demonstrates the potential for using TARDIS to integrate large 

numbers of 433bp PCR products, previous work using CRISPR/Cas9 initiated homology 

directed repair has suggested that integration efficiencies decrease with the size of the insert 

(Dickinson and Goldstein, 2016). We therefore implemented TARDIS for integrating promoters 

cloned into a vector backbone and ranging in size from 330bp to 5.5kb, to determine TARDIS 
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functionality under a physically different use case directed specifically at functional analysis. We 

found that promoter libraries could be integrated into either single sites or two sites 

simultaneously. Unsurprisingly, the frequency at which various promoters were recovered varied 

from array to array (for example ahr-1p was never recovered in the single site integration 

experiment, despite being present in the array, while it was the most common promoter 

recovered in the two-site integration experiment) and likely reflects the same relationship 

between integration frequency and prevalence in the array, as was seen with the distribution of 

insert abundance for the barcodes. While we showed that plasmid donors can be used in the 

TARDIS pipeline, neither of our two arrays contained all 13 plasmids. Given that the estimated 

1-13MB size of arrays (Carlton et al., 2022) would be adequate to hold copies of each of the 

plasmids, as well as the extreme diversity obtained when using smaller DNA fragments, 

differential presence of a given promotor fragment was somewhat unexpected. This may reflect a 

preferential use of linear fragments in the in-situ assembly of arrays. Future use of linear 

fragments where feasible may increase incorporation and overall diversity (Priyadarshini et al., 

2022). 

For both the one and two site promoter library integrations, transgenic individuals were 

readily detected, suggesting the TARDIS method for integration was highly efficient. It has long 

been understood that successful CRISPR editing at one site significantly increases the chances of 

successful editing at a second site. This is the premise behind commonly used co-conversion 

screening strategies (also referred to as co-CRISPR), such as the dpy-10 screen commonly used 

in C. elegans (Arribere et al., 2014; Ward, 2015).  Here we show that same type of co-conversion 

also occurs when using only “large” (>1kb), plasmid-based repair templates containing gene-

sized repair constructs. Additionally, we have simultaneously targeted the same two landing pads 

presented here using standard CRISPR techniques and find that approximately half of 

hygromycin resistant individuals also have rescue of the Unc phenotype (i.e. editing has occurred 

at both sites; data not shown). Given the high rate of co-conversion, this work demonstrates 

multiplex integrations are possible not only by targeting multiple repair templates to a single site 

but also by simultaneously utilizing multiple insertion sites.  

In order to recover individual edits most efficiently, given the high frequency of 

integration using TARDIS, we recommend to either heat shock small cohorts of array bearing 
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individuals, such that most cohorts only yield one edited individual or to screen multiple 

individuals per cohort. Additionally, while split-selection methods allow for direct verification of 

integration, depending on the downstream use case, integrations should be confirmed by 

sequencing as errors can still occur, including internal deletions within the insert. 

Expansion of TARDIS to other multicellular systems 
Unlocking the investigative potential of transgenesis in animal systems would enable exploratory 

experiments normally restricted to single-cell models. For example, alanine scanning libraries 

and protein-protein interactions (Cunningham and Wells, 1989; Matthews, 1996; Wells, 1991), 

CRISPR library screening (Bock et al., 2022), and promoter library generation (Delvigne et al., 

2015; Zaslaver et al., 2006). While we demonstrate the use of TARDIS in C. elegans here, the 

intellectual underpinnings of the approach are agnostic to the research model used. Conceptually, 

TARDIS facilitates high-throughput transgenesis by using two engineered components: a 

heritable TARDIS Library containing multiplexed transgene-units and a genomic split selection 

landing pad that facilitates integration of single sequence units from the library. To generate the 

first TARDIS libraries, we capitalized on the endogenous capacity of C. elegans to assemble 

experimentally provided DNA into heritable extrachromosomal arrays. Extrachromosomal arrays 

are formed from exogenous DNA, are megabases in size (Lin et al., 2021; Woglar et al., 2020), 

do not require specific sequences to form and replicate, and can be maintained in a heritable 

manner via selection (Mello et al., 1991). These qualities make them suitable for use as a 

heritable library upon which TARDIS can be based. To adopt TLAs in systems beyond C. 

elegans, methods must be adopted to introduce large heritable libraries into the germline, as most 

systems do not maintain extrachromosomal arrays. In mice, the locus H11 has been used for 

large transgenic insertions (Liu et al., 2022), while in Drosophila, the use of PhiC31-mediated 

transgenesis coupled with bacterial artificial chromosomes (BACs) have allowed for many 

approximately 10kb+ sized fragments to be integrated into their respective genomes (Venken et 

al., 2006). Each of these large integration strategies can provide a vehicle for stable inheritance 

of a TLA.  

The second component of the TARDIS integration system is a pre-integrated landing pad 

sequence. We have generally favored split selectable landing pads (SSLPs) that use HygR for its 

effectiveness (Mouridi et al., 2022; Stevenson et al., 2021, 2020). The SSLPs are engineered to 

accept experiment-specific units from the array. For example, here we used SSLPs designed to 
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accept barcodes for experimental lineage tracking and promoters for generation of transcriptional 

reporters. To translate TARDIS to other systems, a genomic site needs to be engineered to act as 

a landing pad that can utilize sequence units from the TLA and can be customized to the specific 

system and use. Because TLAs allow the experimenter to design the library of interest and the 

landing pad to recapitulate the strengths of single-cell systems, adoption of TARDIS in 

multicellular animal experiments can leverage the high-resolution, high-diversity exploratory 

space of DNA synthesis. In addition to adapting assays currently restricted to single-cell models, 

TARDIS also opens the door to animal-specific uses, such as developmental biology, 

neurobiology, endocrinology, and cancer research. 

In developmental genetics, the lack of large-library transgenesis has resulted in ‘barcode’ 

libraries in a different form, utilizing randomized CRISPR-induced mutations to form a unique 

indel. For example, GESTALT (McKenna et al., 2016) creates a diversity of barcodes in-vivo via 

random indel formation at a synthetic target location. LINNAEUS (Spanjaard et al., 2018) 

similarly utilizes randomized targeting of multiple RFP transgenes to create indels, allowing for 

cells to be barcoded for single cell sequencing. TARDIS barcodes do not rely on randomized 

indel generation and thus can be much simpler to implement with sequencing approaches 

outlined above.  

In-vivo cancer models have also adopted the high-resolution, high-variant detection of 

barcodes for the study of tumor growth and evolution. Rogers at al., developed Tuba-seq (Rogers 

et al., 2017; Winslow, 2022), a pipeline that takes advantage of small barcodes allowing for in-

vivo quantification of tumor size. In Tuba-seq, barcodes are introduced via lentiviral infection, 

leading to the barcoding of individual tumors. TARDIS brings the multiplexed library into the 

animal context without requiring viral vectors or intermediates, thereby allowing large in-vivo 

library utilization and maintenance. Capitalizing on the large sequence diversity possible within 

synthesized DNA libraries with a novel application in multicellular systems generates new 

opportunities for experimental investigation in animal systems heretofore only possible within 

microbial models.  

Summary 
In summary, here we have presented Transgenic Arrays Resulting in Diversity of Integrated 

Sequences (TARDIS), a simple yet powerful approach to transgenesis that overcomes the 
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limitations of multicellular systems. TARDIS uses synthesized sequence libraries and inducible 

extraction and integration of individual sequences from these heritable libraries into engineered 

genomic sites to increase transgenesis throughput up to 1000-fold. While we demonstrate the 

utility of TARDIS using C. elegans, the process is adaptable to any system where experimentally 

generated genomic loci landing pads and diverse, heritable DNA elements can be generated. 

Materials and Methods 
 
Table 4.2 Key Reagents 

Reagent 
type 
(species) 
or 
resource 

Designation Source or 
reference 

Identifiers Additional information 

Gene 
Promoter 
(aha-1) 

aha-1p wormbase.org WBGene00000095  

Gene 
Promoter 
(hlh-16) 

hlh-16p wormbase.org WBGene00001960  

Gene 
Promoter 
(ceh-40) 

ceh-40p wormbase.org WBGene00000461  

Gene 
Promoter 
(ceh-10) 

ceh-10p wormbase.org WBGene00000435  

Gene 
Promoter 
(ahr-1) 

ahr-1p wormbase.org WBGene00000096  

Gene 
Promoter 
(mdl-1) 

mdl-1p wormbase.org WBGene00003163  

Gene 
Promoter 
(egl-43) 

egl-43p wormbase.org WBGene00001207  

Gene 
Promoter 
(ceh-20) 

ceh-20p wormbase.org WBGene00000443  

Gene 
Promoter 
(ceh-43) 

ceh-43p wormbase.org WBGene00000463  

Gene 
Promoter 
(daf-7) 

daf-7p wormbase.org WBGene00000903  

Gene 
Promoter 
(lin-11) 

lin-11p wormbase.org WBGene00003000  

Gene 
Promoter 
(egl-46) 

egl-46p wormbase.org WBGene00001210  
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Table 4.2 Cont. 

Reagent 
type 
(species) 
or 
resource 

Designation Source or 
reference 

Identifiers Additional information 

Gene 
Promoter 
(nhr-67) 

nhr-67p wormbase.org WBGene00003657  

Strain 
(Caenorh
abditis 
elegans) 

N2 Caenorhabditis 
Genetics Center 

  

Strain (C. 
elegans) 

N2-PD1073 doi: 
10.17912/micropub
.biology.000518 

 Available from the Caenorhabditis 
Intervention Testing Program- upon 
request 
(https://citp.squarespace.com/)- 

Strain (C. 
elegans) 

PX740 This paper  N2-PD1073 fxIs47 [rsp-0p:: 5’ 
ΔHygR:: 
GCGAAGTGACGGTAGACCGT :: 
3’ ΔHygR::unc-54 3’::loxP] 

Strain (C. 
elegans) 

GT331 This paper  aSi9[lox2272 Cbr-unc-119(+) 
lox2272 + loxP 3’3’ ΔHygR + 3’ 
ΔmScarlet-I::PEST]; unc-119(ed3) 

Strain (C. 
elegans) 

GT332 This paper  aSi10[lox2272 Cbr-unc-119(+) 
lox2272 + loxP 3’ ΔHygR + 3’ 
ΔmScarlet-I]; unc-119(ed3) 

Strain (C. 
elegans) 

GT336 This paper  aSi12[lox2272 rps-0p::HygR + hsp-
16.41p::Cre::tbb-2 3’UTR + sqt-
1(e1350) lox2272 + loxN 3’ ΔCbr-
unc-119(+)::tjp2a_guide:: 3’ 
ΔmNeonGreen::PEST::egl-
13nls::tbb-2 3’UTR] aSi9[lox2272 
Cbr-unc-119(+) lox2272 + loxP 
3’ΔHygR::tjp2a guide::3’ΔmScarlet-
I::PEST::egl-13nls::tbb-2 3’UTR] II; 
unc-119(ed3) III 

Strain (C. 
elegans) 

GT337 This paper  aSi13[lox2272 + loxN 3' ΔCbr-unc-
119(+) + 3' ΔmNeonGreen::PEST] 
aSi14[lox2272 + loxP 3’ ΔHygR + 
3’ ΔmScarlet-I::PEST]; unc-
119(ed3), 

Strain (C. 
elegans) 

QL74 Gift from QueeLim 
Ch’ng 

 oxEx1578 [eft-3p::GFP + Cbr-unc-
119(+)] 6x outcross EG4322 

Strain (C. 
elegans) 

PX786 This paper  fxEx23 [TARDIS #5 5' 
ΔHygR::Intron5'::Read1::NNNCNNT
NTNANNNN::Read2::Intron3':: 3' 
ΔHygR (89 Unique Sequences) hsp-
16.41p::piOptCas9::tbb-2 34' UTR +  
rsp-27p::NeoR::unc-54 3' UTR + 
U6p:: 
GCGAAGTGACGGTAGACCGT]; 
fxSi47[ rsp-0p:: 5' ΔHygR:: 
GCGAAGTGACGGTAGACCGT :: 3' 
ΔHygR::unc-54 3’::loxP 
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Table 4.2 Cont. 

Reagent 
type 
(species) 
or 
resource 

Designation Source or 
reference 

Identifiers Additional information 

Strain (C. 
elegans) 

PX816 This paper  fxEx25 [TARDIS #1 5' 
ΔHygR::Intron5'::Read1::NNNCNN
TNTNANNNN::Read2::Intron3':: 3' 
ΔHygR (1,319 Unique Sequences) 
hsp-16.41p::piOptCas9::tbb-2 34' 
UTR +  rsp-27p::NeoR::unc-54 3' 
UTR + U6p:: 
GCGAAGTGACGGTAGACCGT]; 
fxSi47[ rsp-0p:: 5' ΔHygR:: 
GCGAAGTGACGGTAGACCGT :: 3' 
ΔHygR::unc-54 3’::loxP 

Strain (C. 
elegans) 

PX817 This paper  fxEx26 [TARDIS #2 5' 
ΔHygR::Intron5'::Read1::NNNCNN
TNTNANNNN::Read2::Intron3':: 3' 
ΔHygR (3,001 Unique Sequences) 
hsp-16.41p::piOptCas9::tbb-2 34' 
UTR +  rsp-27p::NeoR::unc-54 3' 
UTR + U6p:: 
GCGAAGTGACGGTAGACCGT]; 
fxSi47[ rsp-0p:: 5' ΔHygR:: 
GCGAAGTGACGGTAGACCGT :: 3' 
ΔHygR::unc-54 3’::loxP 

Strain (C. 
elegans)  

PX818 
profile 1 

This paper  fxEx27 [TARDIS #3 5' 
ΔHygR::Intron5'::Read1::NNNCNN
TNTNANNNN::Read2::Intron3':: 3' 
ΔHygR (91 Unique Sequences) hsp-
16.41p::piOptCas9::tbb-2 34' UTR +  
rsp-27p::NeoR::unc-54 3' UTR + 
U6p:: 
GCGAAGTGACGGTAGACCGT]; 
fxSi47[ rsp-0p:: 5' ΔHygR:: 
GCGAAGTGACGGTAGACCGT :: 3' 
ΔHygR::unc-54 3’::loxP 

Strain (C. 
elegans) 

PX818 
profile 2 

This paper  fxEx28 [TARDIS #4 5' 
ΔHygR::Intron5'::Read1::NNNCNN
TNTNANNNN::Read2::Intron3':: 3' 
ΔHygR (204 Unique Sequences) hsp-
16.41p::piOptCas9::tbb-2 34' UTR +  
rsp-27p::NeoR::unc-54 3' UTR + 
U6p:: 
GCGAAGTGACGGTAGACCGT]; 
fxSi47[ rsp-0p:: 5' ΔHygR:: 
GCGAAGTGACGGTAGACCGT :: 3' 
ΔHygR’::unc-54 3’::loxP 

Strain (C. 
elegans) 

PX819 This paper  N2 fxEx24 [(rps-0p:: 5’ ∆HygR 
+loxP + aha-1p::SV40 NLS:: 5’ 
∆mScarlet-I) + (rps-0p:: 5’ ∆HygR 
+loxP + ahr-1p::SV40 NLS::5’ 
∆mScarlet-I) + (rps-0p:: 5’ ∆HygR 
+loxP + ceh-10-1p::SV40 NLS::5’ 
∆mScarlet-I) + (rps-0p:: 5’ ∆HygR 
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Table 4.2 Cont. 

Reagent 
type 
(species) 
or 
resource 

Designation Source or 
reference 

Identifiers Additional information 

+loxP + ceh-20p::SV40 NLS::5’ 
∆mScarlet-I) + (rps-0p:: 5’ ∆HygR 
+loxP + ceh-40p::SV40 NLS::5’ 
∆mScarlet-I) + (rps-0p:: ∆HygR 
+loxP + ceh-43p::SV40 NLS::5’ 
∆mScarlet-I) + (rps-0p:: 5’ ∆HygR 
+loxP + daf-7p::SV40 NLS::5’ 
∆mScarlet-I) + (rps-0p:: ∆HygR 
+loxP + egl-43p::SV40 NLS::5’ 
∆mScarlet-I) + (rps-0p:: 5’ ∆HygR 
+loxP + hlh-16p::SV40 NLS::5’ 
∆mScarlet-I) + (rps-0p:: 5’ ∆HygR 
+loxP + lin-11p::SV40 NLS::5’ 
∆mScarlet-I) + (rps-0p:: 5’ ∆HygR 
+loxP + mdl-1p::SV40 NLS::5’ 
∆mScarlet-I) + (rps-0p:: 5’ ∆HygR 
+loxP + nhr-67p::SV40 NLS::5’ 
∆mScarlet-I) + hsp-
16.41p::piOptCas9::tbb-2 34' UTR + 
prsp-27::NeoR::unc-54 3' UTR]; 
aSi10[lox2272 + Cbr-unc-119(+) + 
lox2272 + loxP + 5’ ∆HygR::unc-54 
3' UTR + 5’ ∆mScarlet-I::egl-13 
NLS::tbb-2 3' UTR, II:8420157]; 
unc-119(ed3) III 

Strain (C. 
elegans) 

EG4322  doi.org/10.1038/ng.
248;  
Caenorhabditis 
Genetics Center 

  

Strain 
(Escheric
hia coli) 

PXKR1 This paper  NA22 transformed with pUC19 

Recombin
ant DNA 

Plasmid 
pDSP15 

This paper 193853 (Addgene) 5’ ΔHygR::loxP::MCS::5’ Δ 
mScarlet-I 

Recombin
ant DNA 

Plasmid 
pDSP16 

This paper 193854 (Addgene) 5’ ΔCbr-unc-119(+)::loxN::MCS::5’ 
Δ 5’mNeonGreen 

Recombin
ant DNA 

Plasmid 
pMS84 

This paper 193852 (Addgene) U6p::GGACAGTCCTGCCGAGGT
GG 

Recombin
ant DNA 

Plasmid 
pZCS36 

This paper 193048 (Addgene) hsp16.41p::Cas9(dpiRNA)::tbb-2 
‘3UTR 

Recombin
ant DNA 

Plasmid 
pZCS38 

This paper 193049 (Addgene) rsp-27p::NeoR::unc-54 3’ UTR 

Recombin
ant DNA 

Plasmid 
pZCS41 

This paper 193050 (Addgene) U6p::GCGAAGTGACGGTAGACC
GT 

Sequence-
based 
reagent 

ZCS422 This paper  Design and construction of barcode 
donor library 

commerci
al kit 

DNA Clean 
and 
Concentrator 

Zymo Research Cat No.: D4004  
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Table 4.2 Cont. 

Reagent 
type 
(species) 
or 
resource 

Designation Source or 
reference 

Identifiers Additional information 

commerci
al kit 

Genomic 
DNA Clean 
and 
Concentrator 

Zymo Research Cat. No.: D4011  

commerci
al kit 

Zymoclean 
Gel DNA 
Recovery Kit 

Zymo Research Cat. No.: D4008  

commerci
al kit 

Zyppy 
Plasmid 
Miniprep Kit 

Zymo Research Cat. No.: D4019  

software Cutadept doi.org/10.14806/ej
.17.1.200 

Version 4.1  

software AmpUMI doi.org/10.1093/bi
oinformatics/bty26
4 

Version 1.2  

software Starcode doi.org/10.1093/bi
oinformatics/btv05
3 

Version 1.4  

software Google colab colab.research.goo
gle.com 

  

software python 
(version) 

Guido van Rossum, 
1991 

Version 3.7.13   

software Juypter 
notebook 
(IPython) 

doi:10.3233/978-1-
61499-649-1-87 

Version 7.9.0  

software matplotlib doi.org/10.5281/ze
nodo.3898017 

Version 3.7.13   

software Fiji imagej.net/software
/fiji/ 

Version 2.9.011.53t  

drug G-418 GoldBio (CAS 
Number 108321-
42-2) 

Cat No.: G-418-5  

drug Hygromycin 
B 

GoldBio (CAS 
Number 31282-04-
9) 

Cat No.: H-270-10-1  

 
General TARDIS reagents 
Strains generated for this publication along with key plasmids and reagents are listed in the Key 

Resources Table. A full list of all plasmids is given in Supplemental Table 1. All plasmids were 

cloned by Gibson Assembly following the standard NEB Builder HiFi DNA Assembly master 

mix protocol [New England Bio Labs (NEB), Massachusetts, USA], unless otherwise indicated. 

All plasmids have been confirmed by restriction digest, Sanger sequencing, and/or full plasmid 

sequencing. All primers used in the construction and validation of plasmids are listed in 

Supplemental Table 2.  
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To generate our heatshock inducible Cas9, hsp16.41p::Cas9dpiRNA::tbb-2 ‘3UTR, the 

hsp16.41 promoter was amplified from pMA122 (Addgene ID34873) (Frøkjær-Jensen et al., 

2012). The germline licensed Cas9 and tbb-2 3’ UTR were amplified from pCFJ150-Cas9 

(dpiRNA) (Addgene ID107940) (Zhang et al., 2018). All fragments were assembled into PCR 

linearized pUC19 vector (NEB) to give the final plasmid pZCS36.  

To generate a standard empty guide vector, U6p::(empty)gRNA, the U6p and gRNA 

scaffold from pDD162 (Addgene ID47549) (Dickinson et al., 2015) was amplified and 

assembled into PCR linearized pUC19 to generate pZCS11.  

To generate rsp-27p::NeoR::unc-54 3’ UTR, the full resistance cassette was amplified 

from pCFJ910 (Addgene ID44481) and assembled into PCR linearized pUC19 vector to give 

pZCS38. 

Genomic DNA isolation for array and integrant characterization 
For processing large populations of worms, a widely used bulk lysis protocol was adapted (Fire 

Lab 1997 Vector Supplement, February 1997). In brief, 450µl of worm lysis buffer (0.1M Tris-

Cl pH8.0, 0.1M NaCl, 50mM EDTA pH8.0, and 1% SDS) and 20µl 20mg/ml proteinase K were 

added to approximately 50µl of concentrated worm pellet. Samples were inverted several times 

to mix and incubated at 62C° for 2 hours. After incubation, samples were checked under the 

microscope to ensure no visible worm bodies were left in the solution. Chip DNA binding buffer 

(Zymo, California, USA) was added in a 2:1 ratio and gently inverted to mix. Samples were then 

purified with Zymo -Spin IIC-XLR columns following manufacture protocol. Samples were 

eluted in 50µl of water. Each sample was then digested with 10mg/ml RNase A (ThermoFisher 

Scientific Massachussets, USA, Cat. No. EN0531) at 42C° for 2 hours. Genomic DNA was then 

reisolated by adding a 2:1 ratio of Chip DNA binding buffer and purifying with Zymo-Spin IIC-

XLR columns. Final genomic samples were quantified by Nanodrop. 

For individual worm lysis, individual array bearing worms were isolated and lysed in 4µl 

of EB (Zymo, Cat. No.: D3004-4-16) buffer with 1mg/ml proteinase K (NEB). Each sample was 

rapidly frozen in liquid nitrogen and then thawed to disrupt the cuticle and then incubated at 

58C° for 1 hour, with a subsequent incubation at 95C° for 20 minutes to inactivate the proteinase 

K.  
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TARDIS integration- general protocol 
On Day 0, TARDIS array bearing C. elegans grown to a high density of gravid adults were 

hypochlorite synchronized in NGM buffer (Leung et al., 2011) and grown overnight in 15ml 

NGM with G-418 (1.56mg/ml) at 15C° with nutation. On Day 1, L1s were washed three times 

with NGM buffer to remove G-418, plated onto media without selective agent and continued to 

be grown at 15°C. On Day 2, L2/L3s were heat-shocked at 35.5°C for one hour. After heat 

shock, worms were grown at 25°C until gravid adults when Hygromycin B was top spread on 

plates at a final concentration of 250µg/ml.  

Construction of landing pad for barcodes 
To create the barcode landing pad, an intermediate Chr. II insertion vector, pZCS30 was built 

from pMS4 by using PCR to remove the let-858 terminator. pZCS30 served as the vector 

backbone for pZCS32. To assist in cloning, the backbone was split into two PCR fragments. The 

broken HygR gene was amplified in two parts, rsp-0p::5’ΔHygR and 3’ΔHygR::unc-54 3’ UTR, 

from pCFJ1663 (Addgene ID51484). Overlapping PCR was used to fuse both HygR fragments. 

The resulting broken HygR cassette removed the intron found in pCFJ1663 as well as four 

codons from exon one and three codons from exon two, while also creating +1 frameshift and a 

reverse orientation guide RNA target for pZCS41. A second overlapping PCR was performed to 

fuse the broken HygR cassette to backbone fragment two. The resulting two-part clone was then 

assembled to give pZCS32. 

The barcode landing pad TARDIS strain, PX740 was created by injecting a mixture of 

10ng/µl pZCS32, 50ng/µl pMS8, and 3ng/µl pZCS16 (Addgene ID154824) (Stevenson et al., 

2020) into the gonad of young adult N2-PD1073 (Teterina et al., 2022) hermaphrodites. 

Screening and removal of the SEC were performed following (Dickinson et al., 2015). Presence 

of the correct insertion was confirmed by Sanger sequencing using the primers listed in 

Supplemental Table 3. 

To create the barcode landing pad targeting guide RNA, U6p:: 

GCGAAGTGACGGTAGACCGT, the guide sequence GCGAAGTGACGGTAGACCGT was 

added by overlapping primers to the vector pZCS11 to give the final construct pZCS41. 
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Design and construction of barcode donor library 
Oligo ZCS422 was ordered with 11 randomized N’s (hand mixed bases) [Integrated DNA 

Technologies (IDT), Iowa, USA] and has the following sequence: 

CTACACGACGCTCTTCCGATCTNNNCNNTNTNANNNNAGATCGGAAGAGCACACGT

CTG. Four ‘hard-coded’ base pairs were included within the randomized sequence. ZCS422 was 

used as the core for the generation of two separate complexing PCR barcode homologies referred 

to as “barcode-15X” and “barcode-20X” to denote the number of complexing cycles (Figure 2). 

All PCRs were performed using the high-fidelity Q5 polymerase (NEB) as per manufacture 

instructions. All primers used for barcode synthesis can be found in Supplemental Table 4. For 

both “barcode-15X” and “barcode-20X, the left and right homology arms were generated 

separately by PCR and purified by gel extraction. An initial 10 cycle PCR was performed to 

convert the oligo into a 201bp double stranded product which was gel extracted with Zymo clean 

Gel DNA Recovery Kit (Cat. No.: D4008) following manufacture protocol. The low cycle 

number was done to retain diversity and to minimize effects of PCR jackpotting.  

For “barcode-15X”, to generate the complete donor homology, the double stranded 

barcode template was combined with both the left and right homology arms for a three-fragment 

overlap PCR. To maximize diversity, high concentrations of the individual templates were used. 

The reaction contained 52 fmol/µl of barcode template and 22 fmol/µl of left right arms in a 

single 50µL Q5 reaction. A total of 15 cycles were performed. The lower cycle was again done 

to reduce PCR jackpotting. The single product was gel extracted as a 433bp fragment. The final 

donor fragment is referred to as ‘barcode-15X.’  

To generate “barcode-20X” a similar three-fragment overlap PCR was used. 4.3fmol/µl 

of barcode template, 15.33fmol/µl of left arm, and 3.3fmols/µl of right arm were combined 

across six Q5 50ul reactions and a total of 20 cycles were performed. The right arm 

concentration was lower caused by low concentration extraction. The single product was gel 

extracted as a 433bp fragment. The final donor fragment is referred to as ‘barcode-20X.’ 

Generation of barcode TLA lines 

The TARDIS array bearing line PX786 was created by injecting 50ng/µl of barcode-15X, 

10ng/µl pZCS38, 15ng/µl pZCS41, 5ng/µl pZCS16, and 20ng/µl pZCS36 into young adult 
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PX740 hermaphrodites. Individual injected worms were grown at 15C° for four days and then 

treated with G-418 (1.56mg /ml). A single stable array line was isolated and designated PX786.  

The TARDIS array bearing lines PX816, PX817, PX818 profile 1 and PX818 profile 2 

were created by injecting 100ng/µl of barcode-20X, 10ng/µl pZCS38, 15ng/µl pZCS41 and 

20ng/µl pZCS36. Individual injections were grown at 15°C for four days and then treated with 

G-418 (1.56mg/ml). Full genotypes are provided in Supplemental Document 1 as the full 

genotypes cannot be contained within a table. 

Estimation of barcode integration frequency population sample preparation 

PX786 was grown to gravid adults in the presence of G-418 with concentrated NA22 

transformed with pUC19 for ampicillin resistance as a food source (designated PXKR1). Once 

gravid, the strain was hypochlorite synchronized and grown overnight in 15ml NGM buffer with 

G-418 at 15°C with nutation. For each of the four replicates, a synchronized L1 population was 

divided in half. The first half was pelleted by centrifugation (2,400xg for two minutes) and 

frozen (-20°C) until processed. These samples represented the array-bearing samples. Another 

sample of approximately 150,000 L1s was plated to large NGM and subjected to the standard 

TARDIS heat shock and grown until the population was primarily gravid adults. Then, this 

population was hypochlorite synchronized and grown in NGM buffer at 15°C with Hygromycin 

B (250 µg/ml). These entire samples were pelleted and frozen, representing the F1 samples.  

PCR for barcode quantification 
Several different PCRs were performed depending on the intended downstream sequencing 

quantification. See Figure 2-figure supplement 1 for a schematic layout of the different PCR 

steps. The primers used for barcode quantification are given in Supplemental Table 5. To 

quantify the diversity of arrays from either a bulk population or individual worms, two separate 

PCRs were performed to quantify the diversity of arrays.  

The first PCR (Amplicon one-array) was performed for three cycles to add Unique 

Molecular Identifiers (UMI), allowing for downstream de-duplication. For each sample either 

100ng of genomic DNA (bulk samples) or the entirety of the worm lysate (single worms) was 

used as the template. PCR samples were then purified using the Zymo DNA Clean and 

Concentrator-5 Kit (Cat. No.: D4004) following manufacture protocol and eluted with 24µl 

water. Samples were not quantified prior to the next step as most DNA will not be from the 
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target PCR product. A second PCR (Amplicon two) using the entire 24µl of the extract from the 

previous step was performed for 24 cycles to added indices. In some cases, a smaller, non-

specific product was also formed, so each sample was run on a 2% agarose gel and extracted for 

the 169bp size product. 

Two separate PCRs were performed to quantify the diversity of integrated barcode 

sequences. The first PCR (Amplicon one-integrant) was performed for three cycles to add UMI 

sequences. For each sample, 100ng of genomic DNA was used as the template. PCR products 

were then purified as described above and followed the Amplicon two protocol. Each product 

was quantified on a Synergy H1 plate reader using software Gen 5 3.11. Samples were mixed at 

an equal molar ratio for a 20nM final concentration for Illumina Sequencing.  

Illumina sequencing and data processing for barcode characterization 

To quantify the diversity of barcodes in each sample, PCR products were sequenced on either a 

single NextSeq 500 lane or NovaSeq SP, with single read protocols performed by the Genomics 

and Cell Characterization Facility (GC3F) at the University of Oregon. Compressed fastq files 

were processed with cutadept 4.1 (Martin, 2011) to remove low quality reads (quality score < 30, 

max expected error=1, presence of ‘N’ within the read) and trimmed to 87bp. For the NextSeq 

lane the specific nextseq trim=30 command was used. The sequences were then demultiplexed 

using cutadept. For duplicate removal, AmpUMI (Clement et al., 2018) in “processing mode” 

was used with umi regex "CACIIIIIIIIIIGAC" for individual index files. Deduplicated reads 

were then trimmed to 15 base pairs with cutadapt for each file. Starcode (Zorita et al., 2015) was 

then used for mutation correction and counting of each barcode sequence. Each unique sequence 

was only kept if its final length was 15 base pairs. For the injection mix, each unique barcode 

was kept regardless of total reads. For all TARDIS arrays and F1 integrations, we used the 

observed plateau in the number of observed unique barcodes for various count cutoffs to 

establish a conservative threshold of five or more reads for true barcode sequence (Figure 3—

figure supplement 3). Visualizations were created with Python 3.7.13 (Rossum, 1991) and 

matplotlib 3.5.2 (Hunter, 2007). Sequence logos were created with Logomaker (Tareen and 

Kinney, 2020) Correlation and p-values generated by scipy input stats.pearsonr (Virtanen et al., 

2020). This statistical test was chosen because the relationship from array to integration is 

approximately linear. All data were processed in Jupyter Notebooks (Kluyver et al., 2016) 
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utilizing Google Colaboratory (colab.research.google.com). All python code is available on 

Figshare. 

Design of landing pads for transcriptional reporters 
The utilized fluorophores, mScarlet-I (Bindels et al., 2017) and mNeonGreen (Shaner et al., 

2013) were synthesized with the desired modifications as genes incorporated into the pUCIDT-

KAN plasmid (IDT). First, a SV40 nuclear localization sequence (NLS) was added after the 13th 

codon of the mScarlet-I gene. This same 66bp sequence was also used in place of the first four 

codons of the mNeonGreen gene. Secondly, a PEST domain (Li et al., 1998) flanked by MluI 

restriction endonuclease sites and an additional NLS from the egl-13 gene (Lyssenko et al., 

2007) were added to the 3’ end of the gene. The C. elegans Codon Adapter (https://worm.mpi-

cbg.de/codons/cgi-bin/optimize.py) (Redemann et al., 2011) was used to codon optimize both 

modified fluorophore sequences and to identify locations for three synthetic introns. The first 

two introns contained 10-base pair periodic An/Tn-clusters (PATCs), which have been shown to 

reduce rates of transgene silencing (Frøkjær-Jensen et al., 2016), while the third was a standard 

synthetic intron. Finally, the 3’ UTR of the tbb-2 gene, which is permissive for germline 

expression (Merritt et al., 2008), was added to the end of fluorophore genes. The modified 

mScarlet-I and mNeonGreen genes were PCR amplified and assembled into NotI and SnaBI 

linearized pDSP1, a standard backbone vector derived from pUCIDT-KAN. The resulting 

mScarlet-I-containing plasmid was designated pDSP6 and the mNeonGreen containing plasmid 

was designated pDSP7. In addition, pDSP9, a version of mScarlet-I lacking the PEST 

destabilization sequence was generated by PCR amplifying the shared egl-13 NLS and tbb-2 3’ 

UTR sequence from pDSP6 and then assembling this fragment into MluI and SnaBI linearized 

pDSP6. 

Landing pads were built using a modification of our previous split landing pad strategy 

(Stevenson et al., 2020). Each landing pad contained the 3’ portion of a selectable marker 

followed by a validated guide sequence and the 3’ portion of a fluorophore. The guide sequence 

(GGACAGTCCTGCCGAGGTGGAGG) has no homology in the C. elegans genome and has 

been previously shown to allow for efficient editing (Stevenson et al., 2020). This sequence was 

targeted by the plasmid pMS84 which was made from pZCS2, a plasmid made in the same 

manner as pZCS11 but which is missing a segment of the plasmid backbone, using the Q5 site-
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directed mutagenesis kit (NEB). mScarlet-I was paired with a HygR marker (Dickinson et al., 

2013) while mNeonGreen gene was paired with the Cbr-unc-119(+) rescue cassette (Frøkjær-

Jensen et al., 2008). 

Construction of split HygR /mScarlet-I landing pads 
The split HygR/mScarlet-I landing pad was inserted into the well-characterized ttTi5605 Mos1 

site on Chromosome II (Frokjaer-Jensen et al., 2008). pQL222 (a gift from Dr. QueeLim Ch’ng), 

a modified version of the pCFJ350 (Frøkjær-Jensen et al., 2012) in which the original resistance 

marker was changed to a kanamycin and zeocin cassette, was digested with BsrGI to provide a 

linear vector backbone. The Cbr-unc-119 gene, with a lox2272 sequence added to the 5’ end, and 

a multiple cloning site (MCS) with a lox2272 site added to the 3’ end were PCR amplified from 

pQL222. These two fragments were assembled into the linearized backbone to yield pDSP2.  

Next, the 3’ 949 bases of the HygR marker were amplified along with the unc-54 3’UTR 

from pDD282 (Dickinson et al., 2015). The primers used were designed to invert the loxP 

sequence at the 3’ end of unc-54 3’UTR from its original orientation in pDD282 and to add the 

guide sequence to the 5’ end of the HygR fragment. The 3’ 821 bases of the mScarlet-I gene 

along with the tbb-2 3’ UTR were amplified from pDSP6. These these two amplicons were 

assembled into a SbfI/SnaBI digested pDSP2 vector to yield pDSP61. Similarly, the mScarlet-I 

gene was amplified from pDSP9 and assembled into pDSP2 along with the HygR fragment to 

give pDSP62, a PEST-less version of the landing pad construct. Both the PEST-containing and 

PEST-less versions of the split HygR/mScarlet-I landing pads were integrated into QL74, a 6x 

outcross of EG4322 (Frøkjær-Jensen et al., 2008), using the standard MosSCI technique 

(Frøkjær-Jensen et al., 2012) to yield strains GT331 and GT332. 

Construction of Split Cbr-unc-119(+)/mNeonGreen landing pad 

To construct the Cbr-unc-119(+)/mNeonGreen landing pad, we wanted to find a genomic safe 

harbor site permissive to germline expression of transgenes. The oxTi179 universal MosSCI site 

on Chromosome II permits germline expression but interrupts arrd-5, an endogenous C. elegans 

gene. Therefore, CRISPR-mediated genome editing was used to place the landing pad between 

ZK938.12 and ZK938.3, two genes adjacent to arrd-5 whose 3’ UTRs face each other. The 

genomic sequence CATGGTATAAAGTGAATCAAGG was targeted by the plasmid pDSP45 
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which was made from pDD162 (Dickinson et al., 2013) using the Q5 site-directed mutagenesis 

kit (NEB).  

Chromosomal regions II:9830799-9831548 and II:9831573-9832322 were amplified 

from genomic DNA for use as homology arms. The self-excising cassette (SEC) was PCR 

amplified from pDD282 such that the loxP sites were replaced by lox2272 sites. A MCS was 

amplified from pDSP2 while a linear vector backbone fragment was amplified from pDSP1. All 

five of these PCR fragments were assembled into a circular plasmid, which was immediately 

used as a template for seven synonymous single-nucleotide substitutions into the terminal 21bp 

of the ZK938.12 gene fragment by Q5 site-directed mutagenesis kit (NEB). The resultant 

plasmid was named pDSP47. 

The 3’ 846 based of the Cbr-unc-119(+) rescue cassette plus the 3’ UTR were amplified 

from pDSP2 such that the lox2272 sequence after the 3’ UTR was replaced with a loxN site and 

the guide site GGACAGTCCTGCCGAGGTGGAGG was added upstream of the coding 

sequence. The 3’ 818 bases of mNeonGreen plus the tbb-2 3’ UTR were amplified from pDSP7. 

These two amplicons were assembled into StuI/AvrII digested pDSP47 to yield pDSP63.  

Following the protocol from Dickinson et al. (2015), the landing pad from pDSP63 was 

integrated into the GT331 strain using pDSP45 as the guide plasmid. Upon integration, this 

yielded strain GT336. Activation of the Cre recombinase within the SEC by heat shock caused 

both the removal of the SEC from the mNeonGreen landing pad and the Cbr-unc-119(+) cassette 

from the mScarlet-I landing pad. The combined effect of this double excision event was to yield 

strain GT337 which has an Unc phenotype and no longer has the hygromycin resistance and Rol 

phenotypes.  

Design and construction of promoter library 

Targeting vectors were constructed to provide the 5’ portions of each split gene pairing. Both 

targeting vectors had the same multiple cloning site, allowing promoter amplicons to be 

assembled into either vector using the same set of primers. In addition, each selectable marker 

gene is flanked by a lox site that matches the sequence and orientation of the lox site flanking the 

3’ portion of the marker in the genomic landing pad, allowing for the optional post-integration 

removal of the selectable marker gene using Cre recombinase.  
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To construct the split HygR/mScarlet-I targeting vector, the rps-0 promoter plus the 5’ 

627 bases of the HygR gene were amplified from pDD282 such that a loxP site was added in 

front of the promoter sequence The MCS was amplified from pDSP2 and the 5’ 803 bases of the 

mScarlet-I gene were amplified from pDSP6. All three of these amplicons were assembled into 

NotI/SnaBI digested pDSP1 to yield pDSP15. 

To construct the split Cbr-unc-19(+)/mNeonGreen targeting vector, the promoter and the 

5’ 515 bases of the Cbr-unc-19(+) were amplified from pDSP2 such that a loxN site was added 

prior to the promoter. The MCS was amplified from pDSP2 and the 5’ 830 bases of the 

mNeonGreen gene were amplified from pDSP7. All three of these amplicons were assembled 

into NotI/SnaBI digested pDSP1 to yield pDSP16. 

The entire intergenic region was used for aha-1p, ahr-1p, ceh-20p, ceh-40p, egl-46p, hlh-

16p and nhr-67p. For ceh-43p the 2096bp upstream of the ceh-43 start codon was used.  For mdl-

1p, egl-43p and ceh-10p, the promoters describe in (Reece-Hoyes et al., 2013) were used. For 

daf-7p and lin-11p the promoters described in (Entchev et al., 2015) and (Marri and Gupta, 2009) 

respectively were used. Promoters were amplified from N2 genomic DNA using primers 

designed to add the appropriate homology to the targeting vector and assembled into PCR 

linearized pDSP15 or pDSP16 for split HygR/mScarlet-I and split Cbr-unc-19(+)/mNeonGreen 

respectively. 

Insertion of promoter libraries by TARDIS  

For integration of a promoter library into a single landing pad site, a mixture consisting of 

15ng/ml guide plasmid (pMS84), 20ng/µl hsp16.41::Cas9 plasmid (pZCS36), 10ng/µl neomycin 

resistance plasmid (pZCS38) and 0.45fmol/µl of each of the 13 repair template plasmids (Table 

1) was microinjected into the gonad arms of young adult GT332 hermaphrodites. Individuals 

were incubated at 20°C and after three days treated with 1.56mg/ml G-418 to select for array 

bearing individuals. Once stable array lines were obtained, integration was done using the 

standard TARDIS protocol, using a density of approximately 200 L1s per plate. 

For integration of a promoter library into two landing pad site, a mixture consisting of 

15ng/ml guide plasmid (pMS84), 20ng/µl hsp16.41::Cas9 plasmid (pZCS36), 0.5ng/µl 

neomycin resistance plasmid (pZCS38) and 0.45fmol/µl of each of the 14 repair template 

plasmids (seven targeted to each site) was microinjected into the gonad arms of young adult 
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GT337 hermaphrodites. Individuals were incubated at 20°C and after three days treated with 

1.56mg/ml G-418 to select for array bearing individuals. Once a stable array line was obtained, 

plates of mixed stage worms were transferred to plates without drug, heat shocked at 35.5°C for 

1.5hrs and returned to 20°C. Three days after heat shock, hygromycin was added at a final 

concentration of 250µg/ml. 

For both scenarios, candidate worms (those which had both hygromycin resistance and 

wild-type movement) were singled and screened by PCR. The identity of the integrated 

promoters was determined by Sanger sequencing of the PCR product. Primers used for 

genotyping are given in Supplemental Table 4.6. 

Microscopy 
Individual late L4/young adults were mounted on 2% agarose pads and immobilized with 0.5M 

levamisole. Imaging was performed on a DeltaVision Ultra microscope (Cytiva, Massachusetts, 

USA) using the 20x objective and Acquire Ultra software version 1.2.1. Fluorescent images were 

acquired using the orange (542/32nm) and green (525/48nm) filter sets for mScarlet-I and 

mNeonGreen respectively. Light images were captured at 5% transmission and a 0.01 second 

exposure. Fluorescent images were captured at 5% transmission and a 2sec (aha-1p), 1sec (ceh-

40p, ceh-43p, nhr-67p, ceh-10p::mNeonGreen), 0.5sec (ceh-10p::mScarlet-I, ceh-20p, daf-7p) or 

0.2sec (lin-11p, mdl-1p) exposure. Images were processed in Fiji (ImageJ) version 2.9.0/1.53t.  

Accessibility of reagents, data, code, and protocols 

The authors affirm that all data necessary for confirming the conclusions of the article are 

present within the article, figures, and tables. Plasmids pDSP15 (Addgene ID 193853), pDSP16 

(Addgene ID193854), pMS84 (Addgene ID 193852), pZCS36 (Addgene ID 193048), pZCS38 

(Addgene ID193049), and pZCS41 (Addgene ID 193050), are available through Addgene and 

can be freely viewed and edited in ApE (Davis and Jorgensen, 2022) and other compatible 

programs. Strains PX740, GT332 and GT337 are available from the Caenorhabditis Genetics 

Center (cgc.umn.edu). Strains and plasmids not available at a public repository are available 

upon request. Illumina sequencing data are available at BioProject ID: PRJNA893002. All other 

data, code, plasmid and landing sequences and original microscopy images are available on 

Figshare (Stevenson et al., 2022). We plan to continue to develop TARDIS technology and 
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provided descriptions of updated libraries and advancements at: https://github.com/phillips-

lab/TARDIS.  

Bridge 
In the next chapter, we present the patented version of TARDIS, which outlines our claims and 

ideas for brining large library transgenesis to other systems. 
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CHAPTER 5 GENETIC DATA COMPRESSION AND METHODS OF 
USE 

CROSS-REFERENCE TO RELATED APPLICATION 
This application claims priority to U.S. Provisional Application No. 63/013,365, filed 

April 21, 2020, which is incorporated herein by reference in its entirety. 

 

FIELD 
 This disclosure relates to systems and methods for producing genetically modified cells 

or organisms, particularly utilizing genetic data compression to generate a plurality of genetically 

modified cells or organisms. 

 

ACKNOWLEDGMENT OF GOVERNMENT SUPPORT 
This invention was made with government support under grant numbers AG056436 and 

GM131838 awarded by the National Institutes of Health.  The government has certain rights in 

the invention.  

 

BACKGROUND 

 A fundamental tool in molecular biology is the generation of transgenic individuals 

having experimentally provided DNA integrated into their genomes.  Technological advances in 

transgenesis are highly impactful, as illustrated by the role of transgenesis in the foundation of 

modern molecular biology and the recent changes brought about by the development of 

targetable nucleases and related genome engineering techniques that allow the creation of non-

random, custom-designed genetic modifications.  Targetable nucleases such as transposons, zinc-

finger nucleases, and Cas proteins have all been widely adopted for such precision genetic 

engineering.  As precision has increased, throughput in transgenesis and DNA synthesis has 

grown exponentially.   

However, all transformation technologies to date, including CRISPR, are limited by the 

need to move nucleic acids across cell boundaries, e.g., requiring a single nucleic acid transit 
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event per designed genomic modification.  This limitation is typically overcome in microbial and 

cell culture systems by massively parallelizing these transit events, using ease of movement 

across cell membranes and availability of large population sizes, making library transgenesis 

possible through transformation and transfection of DNA plasmids.  In non-microbial models 

(e.g., C. elegans, D. melanogaster, and mammalian systems), such pre-designed, high-

throughput, parallelized techniques are not available. Similar throughput in transgenesis has yet 

to be realized because of species-specific limitations. Broadly speaking, microinjections (or other 

low throughput DNA transportation) must be performed at precise stages in development to 

modify individual genomes. These protocols are typically done with the experimental goal of 

creating a single transgenic modification. Therefore, creating precision transgenics on the scale 

of tens to thousands from individual injections has generally yet to be realized. Thus, there is a 

barrier in non-microbial models to performing experiments such as lineage tracking or DNA 

transformation-based genetic screening that require generation of large populations of 

individuals with unique genetic modifications. 

SUMMARY 
Provided herein are genetic engineering systems that allow creation of large numbers of 

pre-designed, single-copy lineages simultaneously.  The method is in some examples termed 

Transgenic Arrays Resulting in Diversity of Integrated Sequences (TARDIS).  In some 

examples, the TARDIS system massively increases transformation throughput by supplying the 

organism with a “database” of DNA sequences in the form of a heritable DNA element (such as 

an array or artificial chromosome).  The DNA element represents a “compressed” state including 

a plurality of DNA sequences that can be integrated at a future time point.  This compression 

allows individual “transit events” to represent many simultaneous DNA sequences that can later 

be integrated individually.  To integrate the large number of compressed sequences, the TARDIS 

system uses the heritability of the compressed DNA to enlarge the population carrying the 

compressed sequences.  Integration is then facilitated at genetically engineered sites (e.g., a 

synthetic landing pad), which are engineered to recombine with the elements of the compressed 

DNA in a defined way.  The recombination event is a “decompression” step, allowing for a 

functional output. 
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Some embodiments herein provide methods of producing a plurality of genetically 

modified cells, which include introducing a nucleic acid molecule including a plurality of index 

sequences into a cell including a genomic polynucleotide (e.g., an intron or exon of a gene, or a 

promoter element) that includes a synthetic landing pad, wherein each of the plurality of index 

sequences includes a first portion of a nucleotide sequence and the synthetic landing pad includes 

a second portion of the nucleotide sequence to produce a cell including the synthetic landing pad 

and the nucleic acid molecule including the plurality of index sequences.  In some examples, the 

cell may be a eukaryotic cell (for example, a yeast cell, a mammalian cell, a Caenorhabditis 

elegans cell, or a Drosophila cell), or a bacterial cell.  In some examples, introducing the nucleic 

acid molecule including the plurality of index sequences into the cell including the genomic 

polynucleotide that includes the synthetic landing pad includes injecting the nucleic acid 

molecule into an animal including the cell.  The methods also include generating a plurality of 

progeny cells including the genomic polynucleotide that includes the synthetic landing pad and 

the nucleic acid molecule including the plurality of index sequences, integrating a single index 

sequence into the synthetic landing pad in each of the plurality of progeny cells, thereby linking 

the first and second portions of the nucleotide sequence, and selecting progeny cells including 

integrated index sequences based on presence or activity of the linked first and second portions 

of the nucleotide sequence, thereby producing a plurality of genetically modified cells.  In some 

examples, the lineage of the cell is traced by detecting an index sequence in progeny of at least 

one of the plurality of genetically modified cells. 

In some embodiments, the nucleic acid molecule including the plurality of index 

sequences is an extrachromosomal array, a plasmid, or an artificial chromosome.  In some 

examples, the nucleic acid molecule including the plurality of index sequences includes about 

500-3,000 index sequences.  In particular examples, each of the plurality of index sequences 

includes a homologous fragment of the genomic polynucleotide, wherein each of the plurality of 

index sequences are different.  In these and other examples, the first portion and the second 

portion of the nucleotide sequence may reconstitute a functional gene (for example, a selectable 

marker or reporter gene) when linked.  In some examples, each of the plurality of index 

sequences includes a sequence variant of a reference coding sequence, a reference non-coding 

sequence, a library sequence, a randomized sequence, or a promoter element.  In particular 

examples, the method further includes selecting a single sequence variant of the reference coding 
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sequence by selecting a genetically modified cell including the reference coding sequence 

variant, selecting a single sequence variant of the reference non-coding sequence by selecting a 

genetically modified cell including the reference non-coding sequence variant, selecting a single 

library sequence by selecting a genetically modified cell including the library sequence, selecting 

a single randomized sequence by selecting a genetically modified cell including the randomized 

sequence, or selecting a single promoter element by selecting a genetically modified cell 

including a screenable marker or reporter gene operably linked to the promoter element in the 

genomic polynucleotide. 

In some embodiments, the synthetic landing pad further includes a site-specific nuclease 

(SSN) recognition site and homology arms flanking the SSN recognition site, and each of the 

plurality of index sequences is flanked by the homology arms in the nucleic acid molecule 

including the plurality of index sequences.  In particular examples, each of the homology arms is 

about 150-500 nucleotides in length.  In some examples, the SSN is a caspase (for example, 

Cas9), zinc-finger nuclease, or TALEN. 

In some embodiments, the method further includes selecting a genetically modified cell 

including an index sequence by an assay phenotype, or by expression of a selectable marker or 

reporter, and generating variants of the index sequence.  In such embodiments, the method 

further includes introducing a nucleic acid molecule including the variants of the index sequence 

into a cell including a genomic polynucleotide comprising a synthetic landing pad, wherein each 

of the variants of the index sequence includes a first portion of a nucleotide sequence and the 

synthetic landing pad includes a second portion of the nucleotide sequence to produce a cell 

including the synthetic landing pad and the nucleic acid molecule including the variants of the 

index sequence.  Such methods further include generating a plurality of progeny cells including 

the genomic polynucleotide including the synthetic landing pad and the nucleic acid molecule 

including the variants of the index sequence, integrating a single variant of the index sequence 

into the synthetic landing pad in each of the plurality of progeny cells, thereby linking the first 

and second portions of the nucleotide sequence, and selecting progeny cells including integrated 

variants of the index sequence based on presence or activity of the linked first and second 

portions of the nucleotide sequence. 
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Further embodiments herein provide genetically modified cells including an 

extrachromosomal array including a plurality of index sequences, and a genomic polynucleotide 

including one of the plurality of index sequences integrated at a synthetic landing pad, wherein 

the integrated index sequence includes a first portion of a nucleotide sequence and the synthetic 

landing pad includes a second portion of the nucleotide sequence, and wherein the first and 

second portions of the nucleotide sequence are operably linked in the genomic polynucleotide.  

Particular embodiments provide a multicellular organism including such a plurality of 

genetically modified cells, wherein the genetically modified cells include different index 

sequences. 

 The foregoing and other features of the disclosed subject matter will become more 

apparent from the following detailed description, which proceeds with reference to the 

accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The patent or application file contains at least one drawing executed in color.  Copies of 

this patent or patent application publication with color drawing(s) will be provided by the Office 

upon request and payment of the necessary fee. 

FIG. 5.1 is an overview of in situ assembly.  Amplification of homology arms and cargo 

fragments by PCR with overlaps of about 30 bp (FIG. 5.1A).  Optional complexing by a second 

round of PCR reduces the number of fragments and increases the frequency of correct integration 

(FIG. 5.1B).  Upon microinjection, PCR products are recombined by the organism (e.g., a worm) 

using microhomology (FIG. 5.1C) to make the complete donor homology ready for integration 

(FIG. 5.1D). FIG. 5.2 is a schematic diagram of an embodiment of the technology showing 

production of C. elegans including an array (e.g., an artificial chromosome or in situ array) of 

gene fragments in the F1 generation and resulting independent diversity in progeny organisms 

(top).  A single worm is injected with a plurality of sequences, which do not integrate 

immediately, but produce the array which is inherited to later generations.  This population is 

expanded (advanced generations (A.G.)), and then CRISPR is induced when desired.  Once 

induced, each individual worm takes a random individual sequence.  For example, if 1,000 lines 

are desired, 1,000 unique sequences are injected to form the array.  The population is then 

expanded until it is somewhere significantly over 1,000, and then CRISPR is induced.  Each   
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Figure 5.1 In-situ assembly of donor homology 

  

FIG. 1
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individual worm in the population will try and integrate only 1 of the 1,000 sequences.  At the 

genomic level (bottom), the C. elegans genome includes a “broken gene” or transcription control 

element (e.g., a promoter), which may be a target for creating variation or a selectable marker 

with a cargo.  This “synthetic landing pad” includes a Cas9 recognition site, such that CRISPR 

creates a break in the genome and unique sequences from the array of gene fragments are 

integrated in each progeny worm.  

FIGS. 5.3A and 5.3B show exemplary schematics of index directed modulation of the 

genome.  FIG. 3A shows a genomic synthetic landing pad designed to accept indexes via 

homology directed repair.  The index carries a portion of a selectable DNA sequence of a Hyg 

Resistance (HygR) cassette.  Upon integration, the HygR gene (or other selectable sequence) is 

reconstituted.  FIG. 3B shows that the injected mix of indexes generates complex DNA arrays in 

the animal via the TARDIS technology.  The array acts as a “data compression” technology, with 

1,000+ indexes being stitched together to form a single selectable array (e.g., neomycin 

selectable).  

FIG. 5.4 illustrates index directed “directional” genomic screening.  Two versions of the 

synthetic landing pads enable controlled, directional regulation of distant genomic loci.  In 

Version A (top), after insertion, the index becomes the targeting sequence in a CRISPR gRNA-

tracrRNA hybrid RNA molecule that is tethered to a transcriptional activator allowing positive 

regulation of genes with the appropriate indexed sequence.  In Version B (bottom), the index is 

embedded in a bidirectionally transcribed location.  The resultant dsRNA then feeds into the 

RNAi pathway to negatively regulate distant genes that feature the indexed sequence.  

FIG. 5.5 is a schematic diagram illustrating an embodiment method for detecting protein-

protein interactions.  For example, the landing pad (e.g., “TARDIS insertion site”) includes gene 

regulatory sequences and the coding sequence for a peptide that can be used as a readout for 

protein-protein interactions.  Upon integration of a protein coding sequence (prey) from the 

array, the landing pad site produces a hybrid protein that contains both the prey and the peptide 

used to detect protein-protein interactions.  In addition, a second protein sequence is expressed 

(from the same or a different genomic location) that is hybrid for the test sequence used to test 

for protein-protein interactions (bait) and a second peptide sequence with functional relevance.   
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Figure 5.2 Overview of TARDIS integration  
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Figure 5.3 Index integration and decompression  
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Figure 5.4 Index-directed genome screening 
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Figure 5.5 Detecting protein-protein interactions 
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If the bait and prey interact, then the two functional peptides are brought into contact and result 

in a functional readout.   

FIG. 5.6 includes a diagram showing the creation and marking of individuals utilizing a 

TARDIS landing pad design.  In this example, an organism’s genome contains a landing pad 

characterized by a genomic polynucleotide (positive sense strand DNA (SEQ ID NO: 10); 

negative sense strand DNA (SEQ ID NO: 11); translation (SEQ ID NO: 12)) including a Cas9 

recognition site (“synthetic Cas9 target”) followed by a 3’ fragment of a reporter gene (mScarlet) 

(left).  A Cas9 induces a DNA break at the recognition site (positive sense strand DNA (SEQ ID 

NO: 13); negative sense strand DNA (SEQ ID NO: 14); translation (SEQ ID NO: 15)), which is 

then repaired by homology directed repair (HDR) to integrate a single, random index sequence 

(e.g., a random barcode) and the 5’ fragment of the reporter gene from an array of index 

sequences (middle).  Integration of the index sequence (positive sense strand DNA (SEQ ID NO: 

16); negative sense strand DNA (SEQ ID NO: 17); translation (SEQ ID NO: 18)) therefore 

reconstitutes the functional mScarlet reporter, allowing selection of an individual with an 

integrated index sequence (right).  By selecting a plurality of cells descended from the cell 

containing the array, a library of individual cells that each contain a single index sequence from 

the array is generated.  

FIG. 5.7 illustrates an exemplary method for detecting individuals using single-cell 

sequencing of individuals marked on the mRNA level, as compared to existing methods for 

single-cell sequencing, in a process of studying aging.  In existing methods (top), the lineage of 

particular cells from transformed worms is not able to be identified and tracked.  In such 

methods, it is impossible to discern from a population of cells descended from transformants 

which cells in different stages of growth are descended from particular transformants, because 

there is no mRNA “barcode” identifying individual transformants.  According to methods 

disclosed herein (middle), an mRNA barcode corresponding to particular index sequences 

identifies individual transformed cells, which can then be used to identify their progeny cells at 

different stages of growth.  The “regulated aging” hypothesis postulates that the lineages of 

different barcoded individuals will be directed to particular cell types during aging (bottom left).  

On the other hand, the “dysregulated aging” null hypothesis is that particular cell types during 

aging will contain cells descended from random individual transformants (bottom right).  Using  
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Figure 5.6 Barcode Integration 
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Figure 5.7 Barcoded single cell sequencing 
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Figure 5.8 TARDIS array diversity 
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FIG. 5.8 is a histogram showing the distributions of reads/counts from PX742 

sequencing. The X axis is the number of counts a unique index sequence had, and the Y-axis is 

the number of unique index sequences with that count. the methods provided herein, it is 

possible to test the regulated aging hypothesis in complex multicellular organisms. 

FIG. 5.9 is a histogram showing the number of unique index sequences (“barcodes”) as a 

function of the change in frequency observed from the PX742 array to integrated population. 

FIG. 5.10 shows line charts of lineage frequency as a function of transfer number 

observed in three independent replicates. 

FIG. 5.11 illustrates histograms showing the change in frequency across unique lineages 

from the PX742 array to the integrated population observed in three independent replicates.  

Marked with arrows are the four lineages which increased the most from the P0. 

SEQUENCE LISTING 
 Any nucleic acid and amino acid sequences listed herein or in the accompanying 

Sequence Listing are shown using standard letter abbreviations for nucleotide bases and amino 

acids, as defined in 37 C.F.R. § 1.822.  In at least some cases, only one strand of each nucleic 

acid sequence is shown, but the complementary strand is understood as included by any 

reference to the displayed strand. 

 The Sequence Listing is submitted as an ASCII text file in the form of the file named 

Sequence_Listing.txt, which was created on April 12, 2021, and is 9,000 bytes, which is 

incorporated by reference herein.   

 SEQ ID NO: 1 is the nucleic acid sequence of Ultramer ZCS133, a long ssDNA 

oligo which serves as a template for PCR amplification.  PCR amplification produces a large 

diverse double-stranded DNA mixture with random sequences in the place of the Ns, for 

example for generating barcodes for barcoded lineage tracking. 

SEQ ID NO: 2 is the nucleic acid sequence of ZCS134, a forward primer used to amplify 

off of the template ZCS133.  It also provides additional sequence to add 35 bases of homology to 

the genome on the left hand side, while providing the intron/exon boundary for restoration of the 

Hygromycin Gene. 



 123 

 

 

Figure 5.9 TARDIS array integration to F1 
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Figure 5.10 Barcoded lineage tracking 
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Figure 5.11 Change in frequency of lineages 
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Figure 5.12 Technical replication of amplicon sequencing 
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FIG. 5.12 shows a lineage histogram showing the change in frequency across unique 

lineages for two independent PCR replicates, compared for a difference in frequency  

SEQ ID NO: 3 is the nucleic acid sequence of ZCS135, a reverse primer used to amplify 

off of the template ZCS133.  Also provides additional sequence to add 35 bases of homology to 

the genome on the right hand side, while providing the intron/exon boundary for restoration of 

the Hygromycin Gene. 

SEQ ID NO: 4 is the nucleic acid sequence of ZCS273, a forward primer used to amplify 

off of a standard Hygromycin template to provide 500 bases of homology to the genome on the 

left hand side. 

SEQ ID NO: 5 is the nucleic acid sequence of ZCS275, a reverse primer used to amplify 

off of a standard Hygromycin template to provide 500 bases of homology to the genome on the 

left hand side. 

SEQ ID NO: 6 is the nucleic acid sequence of ZCS276, a forward primer used to amplify 

off of a standard Hygromycin template to provide 500 bases of homology to the genome on the 

right hand side. 

SEQ ID NO: 7 is the nucleic acid sequence of ZCS278, a reverse primer used to amplify 

off of a standard Hygromycin template to provide 500 bases of homology to the genome on the 

right hand side. 

SEQ ID NO: 8 is the nucleic acid sequence of pZCS41, an exemplary U6::guideRNA 

plasmid for targeting the TARDIS SLP for barcoded lineage tracking. 

aacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgcttttttgcacaacatgggggatcatgtaa

ctcgccttgatcgttgggaaccggagctgaatgaagccataccaaacgacgagcgtgacaccacgatgcctgtagcaatggca

acaacgttgcgcaaactattaactggcgaactacttactctagcttcccggcaacaattaatagactggatggaggcggataaagtt

gcaggaccacttctgcgctcggcccttccggctggctggtttattgctgataaatctggagccggtgagcgtgggtctcgcggtat

cattgcagcactggggccagatggtaagccctcccgtatcgtagttatctacacgacggggagtcaggcaactatggatgaacg

aaatagacagatcgctgagataggtgcctcactgattaagcattggtaactgtcagaccaagtttactcatatatactttagattgattt

aaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgttccact

gagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaacc
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accgctaccagcggtggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagcgcagatac

caaatactgttcttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgcctacatacctcgctctgctaatcctg

ttaccagtggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcgcagcggt

cgggctgaacggggggttcgtgcacacagcccagcttggagcgaacgacctacaccgaactgagatacctacagcgtgagct

atgagaaagcgccacgcttcccgaagggagaaaggcggacaggtatccggtaagcggcagggtcggaacaggagagcgca

cgagggagcttccagggggaaacgcctggtatctttatagtcctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgatg

ctcgtcaggggggcggagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttttgctcacat

gttctttcctgcgttatcccctgattctgtggataaccgtattaccgcctttgagtgagctgataccgctcgccgcagccgaacgacc

gagcgcagcgagtcagtgagcgaggaagcggaagagcgcccaatacgcaaaccgcctctccccgcgcgttggccgattcatt

aatgcagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagttagctcactcattagg

caccccaggctttacactttatgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctatga

ccatgattacgccaagcttgcatgcctgcaggtcgactctagaggatcccattatacatagttgataattcactggccgtcgttttaca

acgtcgtgactgggaaaaccaaaaaaaactagcaataaaggaataaaaaactgtacaccttaaaggcgcacactctgttttgcaa

attttatttttagttgtgaattttctgctgagacctgaaaatagcaactttagtactactataatttgtcaaccttttcaaaaaaagcatgca

atttttgagaaactcttataaaagctattattaaaaaaacaccttttttccaaaattattccacaaaaaatatgttatgaaatgcctacacc

ctctcacacacactctttatactactctgtcaaactcacgagatgtctgccgcctcttgtgttgcccctatataaacacctcctattgcg

agatgtcttGGCGAAGTGACGGTAGACCGTGTTTTAGAGCTAGAAATAGCAAGTTA

AAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTT

TTGTGAAATTTctggcgtaatagcgaagaggcccgcaccgatcgcccttcccaacagttgcgcagcctgaatggcga

atcgggtaccgagctcgaattcactggccgtcgttttacaacgtcgtgactgggaaaaccctggcgttacccaacttaatcgccttg

cagcacatccccctttcgccagctggcgtaatagcgaagaggcccgcaccgatcgcccttcccaacagttgcgcagcctgaatg

gcgaatggcgcctgatgcggtattttctccttacgcatctgtgcggtatttcacaccgcatatggtgcactctcagtacaatctgctct

gatgccgcatagttaagccagccccgacacccgccaacacccgctgacgcgccctgacgggcttgtctgctcccggcatccgc

ttacagacaagctgtgaccgtctccgggagctgcatgtgtcagaggttttcaccgtcatcaccgaaacgcgcgagacgaaaggg

cctcgtgatacgcctatttttataggttaatgtcatgataataatggtttcttagacgtcaggtggcacttttcggggaaatgtgcgcgg

aacccctatttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaa

ggaagagtatgagtattcaacatttccgtgtcgcccttattcccttttttgcggcattttgccttcctgtttttgctcacccagaaacgctg

gtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggatctcaacagcggtaagatccttgaga

gttttcgccccgaagaacgttttccaatgatgagcacttttaaagttctgctatgtggcgcggtattatcccgtattgacgccgggca

agagcaactcggtcgccgcatacactattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatggca

tgacagtaagagaattatgcagtgctgccataaccatgagtgat 
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SEQ ID NO: 9 is the nucleotide sequence of a synthetic SSN recognition site. 

GCGAAGTGACGGTAGACCGT  

DETAILED DESCRIPTION 
Unless otherwise noted, technical terms are used according to conventional usage.  

Definitions of common terms in molecular biology may be found in Lewin’s Genes X, ed. Krebs 

et al., Jones and Bartlett Publishers, 2009 (ISBN 0763766321); Kendrew et al. (eds.), The 

Encyclopedia of Molecular Biology, published by Blackwell Publishers, 1994 (ISBN 

0632021829); Robert A. Meyers (ed.), Molecular Biology and Biotechnology: a Comprehensive 

Desk Reference, published by Wiley, John & Sons, Inc., 1995 (ISBN 0471186341); and George 

P. Rédei, Encyclopedic Dictionary of Genetics, Genomics, Proteomics and Informatics, 3rd 

Edition, Springer, 2008 (ISBN: 1402067534), and other similar references. 

 Unless otherwise explained, all technical and scientific terms used herein have the same 

meaning as commonly understood by one of ordinary skill in the art to which this disclosure 

belongs.  The singular terms “a,” “an,” and “the” include plural referents unless the context 

clearly indicates otherwise.  “Comprising A or B” means including A, or B, or A and B.  It is 

further to be understood that all base sizes or amino acid sizes, and all molecular weight or 

molecular mass values, given for nucleic acids or polypeptides are approximate, and are provided 

for description.   

Although methods and materials similar or equivalent to those described herein can be 

used in the practice or testing of the present disclosure, suitable methods and materials are 

described below.  All publications, patent applications, patents, and other references mentioned 

herein are incorporated by reference in their entirety, as are the GenBank Accession numbers (for 

the sequences present in GenBank on March 26, 2020).  In case of conflict, the present 

specification, including explanations of terms, will control.  In addition, the materials, methods, 

and examples are illustrative only and not intended to be limiting. 
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Overview of Several Embodiments 
Provided herein are compressed nucleic acid sequences (e.g., arrays) and target genomic 

loci (e.g., landing pads) that can be utilized for genomic analysis and manipulation, among other 

uses.  This system, referred to in some embodiments as Transgenic Arrays Resulting in Diversity 

of Integrated Sequences (“TARDIS”) is applicable in any biological system in which genetically 

diverse, heritable DNA elements can be generated.  When utilized in animal systems, including 

bacteria, yeast, C. elegans, fish, and mammalian systems, TARDIS provides a library-based 

transgenic approach that rivals the throughput of microbial and cell culture methods.  TARDIS 

facilitates high throughput transgenesis in animals by using two engineered components, a 

heritable DNA array that carries a library of index sequences for integration, and a genomic 

landing pad that facilitates integration of single sequence units from the library. An advantage of 

the disclosed TARDIS data compression system is the ability to generate large numbers of novel 

genetic variants without the need to create and integrate individual sequences one at a time, as in 

traditional transgenesis systems.   

The features of the disclosed systems include “compressed” DNA sequences.  For 

example, in some embodiments applying TARDIS to Caenorhabditis elegans, TARDIS utilizes 

artificial chromosomes, or arrays, as a “compressed” nucleic acid molecular library comparable 

to synthetic libraries used in microbial systems.  C. elegans arrays are known to be large in size, 

and generally are 1-2 MB (Woglar et al. (2020) PLOS Biology 18(8), e3000817).  Unlike 

plasmids, artificial chromosomes do not require specific sequences to form and replicate, which 

allows for experimental flexibility in the composition.  Arrays can be inherited, but do not follow 

typical Mendelian inheritance.  Because experimental composition is highly flexible, selectable 

genes can be added to the array to select for only progeny that inherit the array.   

The second component of the TARDIS integration system relies on a pre-integrated 

“landing pad” sequence.  Landing pads are engineered locations in the genome, which facilitate 

future integrations of single sequence units from the heritable library/array.  In some 

embodiments, the landing pad contains components needed to express the “compressed” 

sequence.  These features, combined with a library of compressed sequences (e.g., within an 

artificial chromosome or within a native chromosomal location) allows for experimental 

diversity not previously possible with other transgenic methodologies. 
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In some embodiments, the compressed index sequences include a gene or promoter 

fragment that is not functional until combined with a second fragment in the landing pad by 

integration of the index sequence.  For example, an index sequence and a landing pad may each 

comprise half of a split selectable gene, for example, a gene that encodes antibiotic (e.g., 

Hygromycin B) resistance.  The landing pad can generally be targetable from any nuclease or 

recombinase that either creates a double-strand break, or recombines synthetic sequence into the 

genome at a recognition site.  In some embodiments, the landing pad is targeted by Cas9. 

In some embodiments, provided herein are methods of producing a plurality of 

genetically modified cells, which include introducing a nucleic acid molecule comprising a 

plurality of index sequences into a cell comprising a synthetic landing pad, wherein each of the 

plurality of index sequences comprises a first portion of a sequence and the synthetic landing pad 

comprises a second portion of the sequence, to produce a cell comprising the synthetic landing 

pad and the nucleic acid molecule comprising the plurality of index sequences.  The method also 

includes generating a plurality of cells comprising the synthetic landing pad and the nucleic acid 

molecule comprising the plurality of index sequences (for example by allowing the cells to 

proliferate or expanding the cell population), integrating one of the plurality of index sequences 

into the synthetic landing pad in each of the plurality of cells, thereby linking the first and second 

portions of the sequence, and selecting cells comprising the integrated index sequence based on 

presence or activity of the linked first and second portions of the sequence, thereby producing a 

plurality of genetically modified cells.   

In particular examples, the sequence is a non-functional gene and the first portion and the 

second portion reconstitute a functional gene when linked.  The non-functional gene can be any 

gene that provides a detectable readout.  In some examples, the non-functional gene is an 

antibiotic resistance gene (e.g., hygromycin resistance), such that when one of the plurality of 

index sequences is integrated into the landing pad, the cell expresses the antibiotic resistance 

gene and cells with a correct integration can be identified or selected based on antibiotic 

resistance.  In other examples, the non-functional gene is a reporter gene, such as a fluorescent 

protein (e.g., a green fluorescent protein, a red fluorescent protein, or a cyan fluorescent protein, 

including but not limited to mScarlet or GFPnovo2), such that when one of the plurality of index 

sequences is integrated into the landing pad, the cell expresses the reporter protein and cells with 
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a correct integration can be identified or selected based on detection of fluorescence.  Additional 

reporters can include LacZ or CAT.  In other examples, one portion of the non-functional gene 

may include a regulatory element (such as a promoter) and the other portion of the non-

functional gene may be a coding sequence or portion thereof.  Other examples are described in 

the particular embodiments below. 

The plurality of index sequences can be any nucleic acid sequence of interest.  In some 

embodiments, the index sequences are from about 1-15,000 nucleotides in length (e.g., about 1-

50 nucleotides, about 10-100 nucleotides, about 25-250 nucleotides, about 50-500 nucleotides, 

about 200-1000 nucleotides, about 500-2500 nucleotides, about 1000-5000 nucleotides, about 

2500-10,000 nucleotides, or about 5000-15,000 nucleotides long).  In other examples, the index 

sequences are greater than 10,000 nucleotides, such as greater than 15,000 nucleotides, greater 

than 20,000 nucleotides, greater than 25,000 nucleotides, greater than 50,000 nucleotides, greater 

than 75,000 nucleotides, or greater than 100,000 nucleotides.  In some examples, the index 

sequences are gene coding sequences or portions and/or fragments thereof (such as a gene 

library), non-coding sequences, promoter elements or portions and/or fragments thereof, 

amplicon products, randomized genomic sequences, or barcodes.  The synthetic landing pads 

may include gene regulatory elements or portions and/or fragments thereof, a reporter sequence 

(such as a fluorescent protein or antibiotic resistance gene), or portions of a gene coding 

sequence.  Specific examples of index sequences and synthetic landing pads are discussed in 

further detail below. 

In some embodiments, site-specific integration of an index sequence is accomplished by 

utilizing a site-specific nuclease (SSN) that recognizing and binding to particular nucleotide 

sequences, for example, in the genome of a host organism.  A DNA sequence that is recognized 

by the SSN may be referred to as a SSN recognition site.  Polypeptide domains that are capable 

of recognizing and binding to DNA in a site-specific manner generally fold correctly and 

function independently to bind DNA in a site-specific manner, even when expressed in a 

polypeptide other than the protein from which the domain was originally isolated.  Similarly, 

SSN recognition sites for recognition and binding by DNA-binding polypeptides are generally 

able to be recognized and bound by such polypeptides, even when present in large DNA 
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structures (e.g., a chromosome), particularly when the site where the target sequence is located is 

one known to be accessible to soluble cellular proteins (e.g., a gene). 

While DNA-binding polypeptides identified from proteins that exist in nature typically 

bind to a discrete nucleotide sequence or motif (e.g., a consensus recognition sequence), methods 

exist and are known in the art for modifying many such DNA-binding polypeptides to recognize 

a different site.  DNA-binding polypeptides include, for example and without limitation:  zinc 

finger DNA-binding domains, leucine zippers, UPA DNA-binding domains, GAL4, TAL, LexA, 

RNA-guided CRISPR-Cas9, Tet repressors, LacR, and steroid hormone receptors. 

In some embodiments, methods provided herein utilize a SSN that includes a DNA-

binding polypeptide to recognize and bind a recognition site for the SSN, create a double-strand 

break targeted to a synthetic landing pad, resulting in integration of an index sequence into the 

synthetic landing pad by homology-directed repair (HDR).  In particular embodiments, the SSN 

comprises a DNA-binding polypeptide selected from the group consisting of a zinc finger, TAL, 

and RNA-guided CRISPR/Cas-derived DNA-binding polypeptide.  In particular examples, the 

SSN is a CRISPR endonuclease, such as Cas9, xCas9, SpRYCas9, or Cas12a.  In other 

examples, the endonuclease is a Zinc finger nuclease (ZFN) or a TAL Effector nuclease 

(TALEN).  In still further examples, a transposon-based method such as mos1-mediated single 

copy insertion (mosSCI,) or Tol2 is used, or a very rare cutting endonuclease is used, for which a 

cutting site could be engineered into the landing pad (e.g., srfI in C. elegans).  The double strand 

break is then repaired with one of the plurality of index sequences by homology directed 

recombination.  In some examples, the synthetic landing pad and each of the plurality of index 

sequences further comprise flanking homology arms which are the same (e.g., the 5’ (“left”) 

homology arm in the landing pad and the index sequences are the same and the 3’ (“right”) 

homology arm in the landing pad and the index sequence are the same).  In particular examples, 

a homology arm is about 100-1,000 nucleotides in length (e.g., about 150-750 nucleotides, about 

150-600 nucleotides, about 150-500 nucleotides, about 250-600 nucleotides, or about 500 

nucleotides long). 

In specific examples, the methods utilize Cas9, and the synthetic landing pad includes a 

Cas9 guide RNA and flanking homology arms and each of the plurality of index sequences 
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further comprise the same flanking homology arms.  In some examples, the cell is transgenic for 

Cas9, or a recombinant Cas9 protein is introduced into the cell. 

 The disclosed methods can be performed in a eukaryotic cell (such as a yeast, 

Caenorhabditis elegans, or mammalian cell) or a bacterial cell (such as a E. coli cell).  In some 

examples, the methods are carried out in vitro.  In other examples, the methods are carried out in 

vivo, for example in C. elegans.  Thus, in some examples, an organism is transgenic for the 

synthetic landing pad and is administered the plurality of index sequences.  In one non-limiting 

example, the plurality of index sequences is administered to the germline of C. elegans (see, e.g., 

FIG. 2). 

In some examples, the plurality of index sequences that are introduced into the cell are in 

an extrachromosomal array of nucleic acids, a plasmid, or an artificial chromosome (such as a 

bacterial artificial chromosome or a yeast artificial chromosome).   

In particular examples, the plurality of index sequences are in an extrachromosomal 

array.  In one example, an extrachromosomal array of nucleic acid molecules is produced in C. 

elegans by injecting a plurality of nucleic acid molecules into the gonad arm of the C. elegans, 

thereby forming the extrachromosomal array of nucleic acids comprising the nucleic acid 

molecules.  In some examples, the extrachromosomal array includes about 1-65,000 index 

sequences, for example, about 1-1000 about 10-100, about 50-250, about 200-600, about 500-

1000, about 750-1500, about 500-3000, about 1000-5000, about 2500-10,000, about 5000-

15,000, about 10,000-25,000, about 30,000-50,000, or about 40,000 to 65,000 index sequences.  

In one non-limiting example, the array includes about 600 index sequences.  The size of the 

extrachromosomal array is in some examples about 1 kb to about 2 Mb, for example, about 1-

500 kb, about 100-200 kb, about 250-750 kb, about 500-1000 kb, about 750-1500 kb, or about 

1000-2000 kb. 

Exemplary Method Embodiments 
 The disclosed methods can be utilized in a variety of methods for analysis of gene 

expression, function, and evolution.  Exemplary embodiments are provided below.  While at 

least some of the embodiments discussed below refer to CRISPR/Cas9 methods, it should be 

understood that other CRISPR systems or other methods for integration of index sequences (such 

as those discussed above) can also be utilized in these methods. 



 135 

Integration of gene libraries   

In this embodiment, the index sequences (e.g., a disclosed array) include gene libraries, which 

may be native or non-native to the cell or organism utilized.  The landing pad includes regulatory 

elements for genes within the library.  Upon recombination, the single genes within the library 

integrate and are expressed uniformly across independent strains.  Thus, large gene libraries can 

be compared within a single experiment.  In some embodiments, the first portion of the sequence 

in each of the plurality of index sequences is an element from a gene library, and the second 

portion of the sequence in the synthetic landing pad is a regulatory sequence for the elements 

from the gene library, wherein each of the plurality of genetically modified cells comprises a 

single element from the gene library. 

Identification of gene expression patterns 

In this embodiment, the index sequences (e.g., a disclosed array) include a library of promoter 

elements, and the landing pad includes an inactive reporter protein coding sequence.  Integration 

of a single promoter element restores the reporter protein coding sequence, showing the 

expression pattern of the gene from which the promoter element is taken.  If the library contains 

~1000 variants, integration of each promoter for a genome of ~20,000 genes would reduce the 

required labor by ~1000-fold compared to current individual analysis methods. 

In some embodiments of the method, the first portion of the sequence in each of the 

plurality of index sequences is a different promoter element, and the second portion of the 

sequence in the synthetic landing pad encodes a reporter.  In some examples the reporter encodes 

a fluorescent protein (e.g., a green fluorescent protein, a red fluorescent protein, or a cyan 

fluorescent protein, including but not limited to mScarlet or GFPnovo2).  Additional reporters 

include LacZ or CAT.  In particular examples, each of the plurality of genetically modified cells 

comprises a single promoter element linked to the reporter sequence and the reporter.  The 

method further includes detecting a signal from the reporter, such as detecting fluorescence if the 

reporter is a fluorescent protein.  The signal from the reporter can provide qualitative and/or 

quantitative information regarding the expression of the gene from which the promoter element 

is taken, including but not limited to spatial and/or temporal expression patterns. 
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Evolution of novel proteins 

In this embodiment, the index sequences (e.g., a disclosed array) are formed from amplicon 

products.  Several organisms (e.g. yeast and C. elegans) are capable of recombining amplicons in 

a directed way to result in a functional gene or portion thereof.  These variable amplicon 

products are recombined in the array (e.g., artificial TARDIS chromosome) to produce several 

combinations.  The landing pad includes elements which are not varied, and depend on the 

protein that is being evolved.  Once simultaneously integrated, variants are selected based on an 

assay phenotype. 

 In some embodiments of the method, each of the plurality of index sequences comprises 

a first portion of a reference sequence of interest (e.g., a coding or non-coding sequence) 

comprising at least one variation from the reference sequence, and the synthetic landing pad 

comprises a second portion of the reference sequence of interest, wherein each of the plurality of 

genetically modified cells comprises a reconstituted sequence of interest comprising the at least 

one variation.  In particular examples, the reference sequence is a native form of the sequence of 

interest.  In some examples, the plurality of variants of the sequence of interest is generated by 

mutagenic PCR. 

The method may also further include detecting an assay phenotype resulting from the 

reconstituted variant sequence and/or selecting a variant of interest based on the assay 

phenotype.  Exemplary assay phenotypes include, but are not limited to membrane transport 

activity (for example for new molecular ligand activity), neuronal longevity (for example, for a 

neuropeptide variant), or enzyme activity (for example, temperature sensitivity).  An appropriate 

assay can be selected based on the sequence being evolved. 

Down-regulation of genes  
In this embodiment, the index sequences (e.g., a disclosed array) include gene promoter 

fragments or fragments of gene coding sequence.  In some embodiments, the array includes 

promoter fragments, and the landing pad includes an inactive CRISPR guide RNA, which 

becomes active upon recombination with the promoter sequence and targets an inactive version 

of Cas9 to the native gene promoter, decreasing or inhibiting gene expression.  Thus, in one 

example, the first portion of the sequence in each of the plurality of index sequences is a 

different promoter element, and the second portion of the sequence in the synthetic landing pad 
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further includes a CRISPR guide RNA.  The cell also includes a catalytically inactive Cas9 (e.g., 

the cell is transgenic for a Cas9, such as dCas9).  Expression of the reconstituted sequence is 

down-regulated upon activation of Cas9.  

In other embodiments, the index sequences (e.g., a disclosed array) includes gene coding 

sequences and the landing pad includes a mechanism to produce an RNAi response to decrease 

gene expression.  In some examples, the landing pad includes dual and opposite orienting 

promoter elements to produce an RNAi response, thereby decreasing or inhibiting gene 

expression.  In one example, the first portion of the sequence in each of the plurality of index 

sequences comprises a different gene coding sequence or portion thereof, and the second portion 

of the sequence in the synthetic landing pad comprises dual and opposing promoter elements.  

Expression of the reconstituted sequence is then down-regulated by an RNA interference 

process.  In other examples, the landing pad includes a constant region, which would be 

transcribed into the mRNA. That constant region is targeted by a constitutive RNAi process, 

which is seeded by dsRNA generated from another location in the genome or experimentally 

introduced into the animal/cells, thus down-regulating the reconstituted sequence by RNAi. 

In some examples, expression (e.g., amount) of the sequence is detected by observation 

the amount of a reporter, such as a fluorescent protein.  In another example, tissue samples are 

obtained and the quantity of the protein (e.g., if the protein has a tag, such as a His tag) or mRNA 

is measured.  Down-regulation of expression can be determined by comparison of expression of 

the sequence compared to a control. 

Up-regulation of genes  

In this embodiment, the index sequences (e.g., a disclosed array) includes gene promoter 

fragments and the landing pad includes an inactive CRISPR guide RNA, which becomes active 

upon recombination with the promoter sequence.  This targets an inactive Cas9 coupled to a 

transcription factor to the native promoter and increases gene expression.  Thus, in some 

examples of the methods, the first portion of the sequence in each of the plurality of index 

sequences is a different promoter element, and the second portion of the sequence in the 

synthetic landing pad further comprises a CRISPR guide RNA.  The cell further also includes a 

catalytically inactive Cas9 linked to a transcription activator, wherein expression of the 

reconstituted sequence is up-regulated upon activation of Cas9.   
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In some examples, expression of the sequence is detected by observation the amount of a 

reporter, such as a fluorescent protein.  In another example, tissue samples are obtained and the 

quantity of the protein (e.g., if the protein has a tag, such as a His tag) or mRNA is measured.  

Up-regulation of expression can be determined by comparison of expression of the sequence 

compared to a control. 

Mutagenesis of genes 

In this embodiment, the index sequences (e.g., a disclosed array) include randomized genomic 

sequences extracted from the organism.  The landing pad includes an inactive CRISPR guide 

RNA, which becomes active upon recombination and targets an active version of Cas9 to the 

corresponding native sequence.  This causes repeated cutting of the locus from the Cas9 until the 

native site is mutated.  This method allows random mutagenesis, while being able to identify the 

targeted gene without whole genome sequencing.  For example, because the location of the 

landing pad is known, that region can be directly sequenced (e.g., by Sanger sequencing) and the 

targeted gene can be identified.  For example, if a mutant phenotype is observed, the synthetic 

landing pad is sequenced, and the index sequence will encode a fragment of gene X.  Gene X can 

then be sequenced at its native location and the mutation is identified. 

 In one example, the first portion of the sequence in each of the plurality of index 

sequences is a randomized genomic fragment from an organism of interest, and the second 

portion of the sequence in the synthetic landing pad further comprises a CRISPR guide RNA, 

and wherein the cell further comprises a Cas9 protein.  The reconstituted sequence is modified 

by activated Cas9 to produce a mutagenized sequence.  In particular examples, the mutagenized 

sequence is identified by sequencing.  In another example, the amplicon product from the 

synthetic landing pad is hybridized to an array (such as a gene array), in order to identify the 

mutagenized gene. 

Analysis of evolution of adaptation 

In this embodiment, the index sequences (e.g., a disclosed array) include small, randomized 

DNA sequences (e.g. barcodes).  In some examples, the barcode is about 4-20 nucleotides in 

length (such as about 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 nucleotides 

long).  In other examples, the barcode is greater than 20 nucleotides in length, such as greater 

than 25, greater than 30, greater than 40, or greater than 50 nucleotides long.  Once integrated in 
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a synthetic landing pad, the sequences are locked to the genome and can be observed or traced 

through a lineage, for example, for analyzing evolution. 

 In some examples, the first portion of the sequence in each of the plurality of index 

sequences is a unique barcode sequence, and expression of the reconstituted sequence is 

monitored by detection of the barcode.  In particular examples, the method is performed in vivo 

(e.g., in C. elegans) and the lineage of a cell can be traced by detecting the barcode. 

Discovery of functional residues 
 In this embodiment, the index sequences (e.g., a disclosed array) include variants of single gene 

fragments which have been systematically or randomly varied, to change residues upon 

translation.  The landing pad includes a portion of the gene coding sequences that does not vary, 

including the gene’s regulatory sequences. Once integrated, these variants are expressed and can 

be analyzed (e.g. by a phenotype assay).  Variants with a selected phenotype can be determined 

by sequencing and correlated with their effects.  In one example, the array is an alanine scanning 

library, which allows variation of each residue.   

Protein-protein interactions   

In this embodiment, the index sequences (e.g., a disclosed array) include potential protein coding 

sequences (e.g., synthesized or obtained through genomic fragmentation).  A schematic of an 

exemplary embodiment is shown in FIG. 5.  For example, the landing pad (e.g., “TARDIS 

insertion site”) includes gene regulatory sequences and the coding sequence for a peptide that 

can be used as a readout for protein-protein interactions.  Upon integration of a protein coding 

sequence (prey) from the array, the landing pad site produces a hybrid protein that contains both 

the prey and the peptide used to detect protein-protein interactions.  In addition, a second protein 

sequence is expressed (from the same or a different genomic location) that is hybrid for the test 

sequence used to test for protein-protein interactions (bait) and a second peptide sequence with 

functional relevance.  If the bait and prey interact, then the two functional peptides are brought 

into contact and result in a functional readout.  In some examples, this assay could reconstitute a 

functional transcriptional regulator where transcription of a reporter is modulated, for example, 

reconstitution of a fluorescent reporter so that fluorescence indicates interaction, bringing 

together two fluorophores whose interaction can be monitored (e.g., by FRET), or reconstitution 

of a functional phenotype, such as antibiotic resistance.  In one non-limiting example, the 
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peptides that provide a functional readout are a Gal4 activator domain and a Gal4 binding 

domain and the reporter is operably linked to an upstream activator sequence (UAS) for Gal4.  If 

the bait and prey interact, the reporter gene is expressed, providing information about the 

protein-protein interaction.  If the bait and prey do not interact, then the reporter gene is not 

expressed. 

Changing native localization of genes  
In this embodiment, the index sequences (e.g., a disclosed array) includes gene promoter 

fragments and the landing pad includes an inactive CRISPR guide RNA, which becomes active 

upon recombination with the promoter sequence and targets an inactive version of Cas9 coupled 

to a tissue-specific transcription factor to the native promoter.  This results in altered tissue 

expression of the gene.  Thus in some examples, the first portion of the sequence in each of the 

plurality of index sequences is a different promoter element, and the second portion of the 

sequence in the synthetic landing pad further comprises a CRISPR guide RNA, and wherein the 

cell further comprises a catalytically inactive Cas9 linked to a tissue-specific factor.  Tissue 

expression of the reconstituted sequence is altered upon activation of Cas9.  Detecting changed 

expression of the native gene can be done in several ways, including qPCR to broadly assay 

changes in mRNA, single cell sequencing to detect cell-specific changes, in situ hybridization, or 

a phenotypic readout (including, but not limited to longevity).  Alternatively, if the native gene 

has a fluorescent tag or other reporter, the location change of the expression can be determined 

by detecting the reporter.   

EXAMPLES 
 The following examples are provided to illustrate certain particular features and/or 

embodiments.  These examples should not be construed to limit the disclosure to the particular 

features or embodiments described. 

Example 1 

In situ Donor Assembly and Integration 

Two or six PCR fragments with 30 bp overlaps, covering the sqt-1(e1350) gene, were 

amplified from pDD285 using Q5 polymerase (NEB) in accordance with manufacturer 

instructions.  Homology arms with 30 bp overlaps with the sqt-1(e1350) gene were similarly 
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amplified from pMS81.  These homology arms were then complexed with the adjoining sqt-

1(e1350) PCR fragment through a second round of PCR. 

For in-situ assembly and integration, a mixture consisting of 50 ng/µL pMS79, 5 ng/µL 

pZCS16 and 40 fmol/µL of each of the appropriate PCR products was microinjected into the 

gonad of young adult PX696 worms. As a control, 10 ng/µL pZCS52 as substituted for the PCR 

products.  Following injection, all worms were maintained at 25°C for the duration of the 

experiment.  After 24 hours, injected adults were moved to new plates to facilitate counting.  F1 

individuals were screened for red fluorescence and the roller phenotype at 3-4 days post 

injection.  Hygromycin B was then added to plates at a final concentration of 250 µg/mL.  Each 

day for five days post exposure, plates were scored for hygromycin resistance. Individuals 

resistant to hygromycin and with the roller phenotype were singled to new plates without 

hygromycin and screened for Mendelian inheritance of the roller phenotype to indicate an 

integration event. Lines with promising candidates were singled until they produced homozygous 

progeny, which were then screened by PCR and Sanger sequencing for correct transgene 

assembly and integration. 

While plasmids offer the advantage of producing large quantities of the repair template, 

they can be laborious to produce.  Standard cloning practices require a source of DNA, a ligation 

step, bacterial transformation, plasmid purification, and verification. This process can be costly 

in terms of time and funds while requiring technical expertise and lab equipment. As we sought 

to reduce the overall time-to-integration, we attempted to bypass the cloning step and utilize the 

C. elegans native homology directed repair to produce a transgene (FIG. 5.1). To test this 

approach, we utilized the sqt-1(e1350) mutant as it has a dominant roller phenotype allowing us 

to easily assay for in situ assembly. Confirmed correct in situ assembled and integrated sqt-1 

gene was obtained using both two and six PCR fragments (Table 3.2).  As expected, two parts 

were easier to correctly assemble and integrate compared to six parts.  In some cases, 

hygromycin resistant individuals were observed without the sqt-1 roller phenotype. We believe 

these represent incorrect integration events, where at least the 5’ hygromycin resistance coding 

fragment was integrated into the genome. As these cannot represent correct integration and 

assembly events, we did not pursue or characterize them.  
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For two-part assemblies, most hygromycin integration events were accompanied by sqt-1 

assembly and integration, as indicated by the ability to isolate homozygous roller populations.  

However, not all of these insertions matched the expected sequence.  Two of the 8 insertions 

could not be amplified by PCR, suggesting large insertions or deletions, while three had point 

mutations identified during sequencing and three had no detectable errors.  In contrast, in the six-

part experiment, all resistant plates had non-roller (incorrect) integration events, with a few 

having roller individuals as well (Table 5.1).  In most cases, a homozygous roller line could not 

be isolated, suggesting these individuals were the result of correctly assembled genes in arrays 

paired with incorrect integrations.  In one case a homozygous roller line could be isolated, 

indicating multiple integration events had taken place in that brood.  In this case the roller 

causing integration had a correctly assembled sqt-1(e1350) gene but also contained a second 

copy of one of the homology arms. 

Example 2 

Generation of Barcoded C. elegans 

PCR products for donor homology and Injection mixture 

 Amplicon 1 (barcode amplicon) was prepared by PCR amplification from ultramer 

ZCS133 with oligos ZCS134 and ZCS135 (Table 2) for ~30 cycles with Q5 polymerase (New 

England Biolabs).  Amplicon 1 (134 bp) was gel extracted. 

 Amplicon 2 (left homology arm) was PCR amplified off pZCS32 with oligos ZCS273 

and ZCS275 (Table 2) for ~30 cycles with Q5 polymerase and gel extracted (500 bp). 

 Amplicon 3 (right homology arm) was PCR amplified off pZCS32 with oligos ZCS236 

and ZCS278 (Table 2) for ~30 cycles and gel extracted (500 bp). 

 Amplicon complex (compressed barcodes for array formation) was prepared by 

complexing PCR to fuse Amplicons 1, 2, and 3.  All three amplicons were mixed at ~1 ng each, 

along with oligos ZCS273 and ZCS278 and PCR amplified for ~30 cycles with Q5 polymerase.  

The final amplicon product was gel extracted. 

 An injection mixture was prepared by mixing 10 ng/μL pZCS36 (pUC19-hsp-

16.41::piOptCas9::tbb-2u), 0.5 ng/μL pZCS38 pUC19- prsp-27::NeoR::unc-54utr;), 15 ng/μL 

pZCS41 (SEQ ID NO: 8) (perfect homology sgRNA targeting to SLP 32.1PC), with ~45 ng/μL 
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amplicon complex.  The injection mix must be above 40 ng/μL, however, a toxic or upper limit 

has not yet been identified.  The injection mixture was frozen at -20 °C until needed. 

 
Table 5.1 PCR product barcode library from ZCS133 

Name Sequence* SEQ ID NO: 

Ultramer 

ZCS133 

CCGACGGATTCTACAAGgtaagtttaaacatatNNNNNNNNNNNNNN

NtatttaaattttcagGACCGTTACGTCTACC 

1 

ZCS134 GATACGTCCTCCGTGTCAACTCCTGCGCCGACGGATTCTACA

AGgtaagtttaaacata 

2 

ZCS135 ATTGGGAGGGCGGCGGAGGCGAAGTGACGGTAGACGTAAC

GGTCctgaaaatttaaata 

3 

ZCS273 CGCGTCTCTTCCGTGCG 4 

ZCS275 CGTCGGCGCAGGAGTT 5 

ZCS276 GTCTACCGTCACTTCGCCTCC 6 

ZCS278 GACCTCGTATTGGGAGTCTCCG 7 

*Uppercase signifies coding sequence and lowercase signifies non-coding sequence. 

Injection of C. elegans 

 Day 0:  Single L4 staged strain 32.1PC (Synthetic Landing Pad strain for Barcode 

Integration) were placed into a small NGM plate with food at 15 °C overnight. 

 Day 1:  Injection mixture was spun in microcentrifuge at maximum speed for 10 minutes.  

About 30 young adult worms were injected and placed on individual plates at 20 °C. 

 Day 4:  Each injected worm plate was top spread with 1.56 mg/mL G418.  If the plate 

was approaching starvation, 50-100 μL concentrated HB151 or OP50 was added.  Water was 

added if necessary, to ensure enough liquid volume to cover the top of the plate.  Plates were 

dried briefly on the benchtop, then placed back at 20 °C. 

 Day 11:  Plates were screened for those worms that survived G418 selection, indicating 

presence of TARDIS array.  Lines were maintained on G418 to retain TARDIS array and each 

line was frozen down. 



 144 

 Day 11+:  Several large plates were grown with G418 and concentrated food until the 

population was saturated and gravid.  A bleaching event was performed to isolate the eggs.  

Briefly, worms and bacteria were pelleted in a 15 mL falcon tube.  After pouring off supernatant, 

5 mL M9 medium, 600 μL bleach, and 300 μL NaOH were added, and vortexed to mix briefly.  

Worms were allowed to dissolve in bleach for approximately 5 minutes, checking every minute 

afterwards for completely dissolved worms and free-floating eggs. 

Once free-floating eggs were isolated, they were buffer extracted with M9 to wash away 

the bleach 3X times by pelleting the eggs, pouring off the supernatant, and repeating with M9.  

On the last wash, the falcon tube was filled with M9 and G418 added at 1.56 mg/mL.  The eggs 

were allowed to hatch in M9 overnight in a nutator at 20 °C.  Only worms with the TARDIS 

array will hatch due to the Neomycin selection. 

L1 worms were pelleted and washed with M9 2X.  L1 worms were plated to desired 

density on a large plate without G418 and allowed to grow at 20 °C overnight.  The L2/L3 

population was heat shocked at 35.5 °C for 1 hour, inducing the heatshock Cas9, targeting the 

SLP and creating a break. 

The worms were allowed to reach adulthood and start laying eggs.  Then 250 μg/mL 

Hygromycin B was added to select for only barcode integrated worms.  If the barcode integrated 

into the chromosome, the worms have a restored hygromycin resistance gene.  If not, the worms 

will die. 

Depending on how many worms were heat shocked and how many barcodes were in the 

TARDIS array, the population will be highly diverse.  Around 1 in 10 worms heat shocked 

exhibited an integration event, and the TARDIS arrays have around 600 barcodes per 

independent array. 

Example 3 

Index Directed Genomic Screening 

 While forward genetic screens are invaluable in biological study, they suffer from three 

major weaknesses: (1) Gain-of-function mutations are exceedingly difficult to obtain; (2) 

Mutations in many genes relevant to the phenotype of interest are difficult or impossible to 

obtain due to epistasis; and (3) Tissue- or developmental stage-specific mutations are either 
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exceedingly difficult or impossible to recover.  These issues are addressed by the Index Directed 

Genomic Screening (IDGS) system that enables (1) controllable, “directional” mutations, (2) 

~1,000 fold increase in transformation throughput, (3) recovery of mutations for target 

genes/phenotypes unobtainable by traditional mutagenesis (e.g. phenotypes that exhibit post-

reproductively or genes that cannot be targeted due to epistasis), and (4) the reduction of months 

of mapping work to a simple Sanger sequencing reaction.  The IDGS system enables the creation 

transgenic animals with unique index insertions targeting random genes specifically desired 

spatiotemporally controlled genetic changes.  The IDGS technology represents a 

transformational change in genetic screening across all biological disciplines. 

A genomic index integration system  
Genetically engineered genomic “synthetic landing pads” (SLPs) are used that can carry a 

portion of a selectable sequence (e.g., a hygromycin antibiotic resistance cassette (HygR)), 

sequences for facilitating integration of new DNA sequences (e.g., a synthetic Cas9 guide target, 

and homology arms for homology directed repair (HDR) (FIG. 3A)).  Integration of index 

sequences reconstitute the selectable sequence (e.g., reconstitution of the functional HygR) by 

the native HDR machinery.  Appropriate integrations are selected using the appropriate selection 

for the landing pad used.  The throughput of integration can be increased using the “data 

compression” of the TARDIS system, in which injection of massively diverse index mixes 

results in neomycin selectable intermediate arrays that carry >1,000 indexes each (FIG. 5.3B).  

One array-carrying individual can give rise to large array carrying populations in which 

integration is induced (FIG. 5.3A).  Once induced, only single indices are integrated, and 

subsequently expressed across the population, allowing the full library of indices to be expressed 

in single lineages.  This approach holds many benefits over traditional mutagenesis in C. 

elegans.  For example, inserted indexes can be cloned by simply sequencing a PCR product, a 

>1000-fold decrease in labor versus traditional mutation mapping.  This allows identification of 

indexes in post-reproductive, developmental arrest, or sterility situations.  While the synthetic 

landing pads make identification of the genetic alteration fast and cheap, the synthetic landing 

pads themselves can be engineered to couple the index with genetic regulatory systems for 

screens (see below).  
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Directional regulatory index synthetic landing pads  
To perform genetic screens using index sequences the index sequence is coupled with 

regulatory machinery that will ultimately alter gene function in a sequence-specific fashion.  

Two example synthetic landing pad configurations for genetic screens are provided here, one 

specific for gene up-regulation and one for down-regulation (FIG. 5.4).  The up-regulation 

synthetic landing pad embeds the index integration site into a CRISPR guide RNA expression 

cassette such that the index becomes the target sequence of the gRNA.  This enables the index to 

guide Cas9 proteins to distant genomic loci in a sequence specific fashion.  When coupled with a 

DNAse-deficient Cas9 (dCas9) variant that is tethered to a transcriptional activator for 

upregulation of genes, the indexed-gRNAs enable a high-throughput, forward genetic screen 

specific for upregulation of genes in a model animal.  The second example synthetic landing pad 

is a dual-promoter system in which the index is transcribed in bi-directionally.  The resultant 

dsRNA triggers an RNAi response for genes that contain the index sequence.  In a genetic 

background without systemic RNAi, the loss of gene function is restricted to the tissues in which 

the index promoters are expressed.  

For both synthetic landing pad versions, usage of spatially and temporally restricted 

promoters gives a unique, high-throughput forward genetic screening system with spatiotemporal 

control for altered gene function.  This enables screening for mutational effects with tissue and 

developmental restriction not previously available.  While two index mediated screening 

approaches are described in this Example, there are many other ways to use this highly adaptable 

system.  Additional non-limiting exemplary applications are provided in Table 5.3. 

Table 5.2 Exemplary applications of IDGS technology 
Index Synthetic 
Landing Pad 

Effector Uses 

 Genetic Screening 

CRISPR Guide 

RNA 

Cas9 Targeted somatic mutation with temporal-spatial 

control from Cas9 and guide RNA promoters 

dCas9 with tethered positive 

transcriptional regulator 

Targeted up-regulation of native genes with 

temporal-spatial control from dCas9 and guide 

RNA promoters 
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Table 5.2 Cont. 

Index Synthetic 
Landing Pad 

Effector Uses 

dCas9 with tethered negative 

transcriptional regulator 

Targeted down-regulation of native genes with 

temporal-spatial control from dCas9 and guide 

RNA promoters 

Bi-directional 

promoter 

Native RNAi machinery Bidirectional transcription of index to create 

dsRNA for RNAi.  In a sid-1(-) background the 

promoters used would give spatiotemporal control 

of gene inactivation for screening 

Expressed mRNA Transitive RNAi Transcription of index as part of an mRNA which 

is targeting for RNAi.  Transitive RNAi would 

induce silencing of genes with the index sequence 

 Screening Protein Function 

Protein fusion 

used as prey in 

two-hybrid system 

Another expressed protein 

which acts as the bait, which 

induces a phenotype when it 

physically interacts with the 

prey protein. 

Protein-protein interactions in an animal where 

post-translational regulation, intercellular signaling, 

and tissue differences are available.  Use of a 

synthetic landing pad attaching the index sequence 

to a split transcription factor enables organism level 

two-hybrid assays 

 

Example 4 

Adaptive Barcoded Lineage Tracking 
 TARDIS was originally developed for adaptive barcoded lineage tracking.  Lineage 

tracking aims to identify and quantify the selective advantage of unique lineages during 

experimental evolution.  This was experimentally measured by sequencing barcodes.  Barcodes 

were integrated in the genome of independent lineages, marking each with a unique sequence.  

Lineage tracking requires minimally tens of thousands of individual lineages competing with one 

another.  For microbial systems, this is achieved with library transgenesis by transformation. For 

animal systems, the TARDIS system was developed. 

Methods  
Strains and Growth Conditions.   
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Bristol N2-PD1073 and the derived strains PX740, PX742 and PX743 were maintained using 

standard C. elegans protocols (Stiernagle, T. (2006). Maintenance of C. elegans. WormBook, 

1999, 1–11).  In brief, strains were maintained on NGM-agar plates seeded with OP50 or HB101 

Escherichia coli at 15 ºC unless otherwise noted. 

Molecular Biology 

  All plasmids were cloned by Gibson Ligation following standard HiFi protocol from 

New England Bio Labs.  pUC19 vector was PCR amplified with ZCS149 and ZCS150 to open 

the MSC for all cloning.  To generate heatshock inducible Cas9, hsp16.41 was derived from 

pMA122.  The germline licensed piRNA depleted Cas9 and tbb-2 3’ UTR was derived from 

pCFJ150-Cas9(dpiRNA).  The final construct hsp16.41p::Cas9dpiRNA::tbb-2 ‘3UTR was 

Gibson cloned into pUC19 to create pZCS36.  To generate an empty gRNA vector, the U6 

promoter and gRNA scaffold sequence was amplified from pDD162.  The final construct 

U6p::(empty)gRNA::U6 Terminator was Gibson cloned into pUC19 to create pZCS11. 

To generate the synthetic landing pad targeting plasmid pZCS41, the synthetic target 

sequence GCGAAGTGACGGTAGACCGT (SEQ ID NO: 9) was added with primer overlaps 

and Gibson cloned into vector pZCS11.  To generate the synthetic landing pad sequence 

pZCS32, the 5605 SEC homology vector pMS4 was PCR amplified with ZCS139 & ZCS138 to 

remove the let-858 terminator to create pZCS30.  pZCS30 served as an intermediate to pZCS32.  

The broken hygromycin landing pad was constructed by removing the intron within the 

hygromycin resistance gene in pCFJ1663.  The perfect homology targeting site was created by 

fusing exon 1 and exon 2, while also removing three codons from both exons.  The vector 

backbone was amplified with ZCS140 and ZCS145 from pZCS30.  The prsp-0p::HYGRΔ5’ was 

amplified with ZCS141 and ZCS154 from pCFJ1663.  The HYGRΔ3’::unc-54 3’ UTR was 

amplified with ZCS155 and ZCS144.  The final plasmid was confirmed by Sanger Sequencing.  

The Neomycin Resistance co-marker pZCS38 was cloned by PCR amplifying prsp-

27::NeoR::unc-54 3’ UTR from pCFJ910 with primers ZCS164 and ZCS165, and was cloned 

into pUC19.  To generate an additional fluorescent co-injection marker, eft-3p and tbb-2 3′ UTR 

(amplified from pDD162) and wrmScarlet (amplified from pSEM89; a gift from Thomas Boulin) 

were cloned into a pUC19 backbone to give pZCS16. 
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Base Landing Pad Strain Generation   
Strain PX740, which serves as the base TARDIS strains for Array Quantification and Lineage 

Tracking, was made by injecting pZCS32 (10 ng/μL) along with pMS8 (50 ng/μL).  pMS8 is a 

Cas9, guide RNA vector for targeting Chr. II.  Screening for integrations was performed 

following Dickenson et. al. (2015) Genet. 200(4):1035-49.  A single post-Cre candidate was 

isolated and designated PX740. 

For a separate application, independent of lineage tracking, TARDIS was applied to build 

a library of promoters to identify the expression pattern of thousands of genes.  Three separate 

strains, GT300, GT331, and GT332, all three have split hygromycin selection landing pads 

similar to PX740.  However, instead of being split within an intron, half of the coding sequence 

is integrated into the genome.  On the opposite side of the split Hygromycin resistance gene is a 

partial coding sequence for mScarlet.  The donor plasmid is constructed with a promoter, lacking 

partial mScarlet coding sequence, and the hygromycin resistance promoter, also lacking coding 

sequence.  This arrangement enables easy identification of correctly inserted sequence units from 

the library because only correct integrants will exhibit hygromycin resistance and an observable 

fluorescent protein. 

There are minor differences between the three strains:  GT300 contains a co-marker, 

which is removed upon integration.  GT300 is also an unc-119 mutant, causing a paralysis 

phenotype that is rescued with array-expression of cbr-unc-119.  GT331 and GT332 are different 

in that one of these strains has a pest tag on mScarlet to degrade mScarlet quicker, preventing the 

buildup of the protein and possibly provide a finer-scale resolution of when the expression is 

occurring. 

TARDIS Libraries for Lineage Tracking 

The first TARDIS library constructed and utilized was the “500 bp homology library.”  The 500 

bp homology library was constructed by PCR amplifying ZCS133 with ZCS134 and ZCS135.  

ZCS133 contains a set of 15 randomized sequences (NNN’s) directly in the middle.  The 

amplicon product served as a base for further PCRs.  The Left Homology Arm was amplified 

from pZCS32 with primers ZCS273 and ZCS275 to produce a 501 bp product.  The Right 

Homology Arm was amplified from pZCS32 with primers ZCS276 and ZCS278 to produce a 

501 bp product.  The final library was generated by complexing PCR with the initial product and 
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the two homology arms in a single PCR reaction with primers ZCS273 and ZCS278 to produce a 

1068 bp product.  

This library was gel extracted to remove any templates and incorrect amplicon products.  

The library product was injected along with pZCS36, pZCS41, ZCS38, and pZCS16 to create 

PX742.  

The second TARDIS library constructed and utilized was the “150 bp homology library.”  

The primary focus of this library was to increase the number of possible donors present in the 

array.  This was achieved by focusing on the quantity of DNA, and the PCR cycle number.  Two 

separate Q5 PCR reactions were performed with 2.5 μL 0.5 μM ZCS357, 1.25 μL 10 μM 

ZCS134, 1.25 μL 10 μM ZCS135, 20 μL water, and 25 μL 2x Q5 Master Mix™.  Four cycles of 

PCR were performed with 45 seconds of extension time at 72ºC annealing to produce the 

barcode base library.  The product was column purified to retain as much product as possible.  

The 150 bp Right Homology Arm was amplified with ZCS276 and ZCS286 from pZCS32, the 

150 bp Left Homology Arm was amplified with ZCS285 and ZCS275 from pZCS32.  Both 

homology arm products were gel extracted.  Four secondary complexing PCRs were performed 

with 1 barcode donor fragment:10 left homology arm:10 right homology arms, for 15 cycles with 

ZCS285 and ZCS286.  The final library was gel extracted to avoid incomplete and template 

products.  The final library was injected at 61.75 ng/μL with pZCS36 at 20 ng/μL, pZCS41 at 15 

ng/μL, pZCS38 at 0.25 ng/μL, and pZCS16 at 3 ng/μL for a total concentration of 100 ng/μL to 

create PX743. 

TARDIS Single Promoter 
  Injections into GT300 were done with 25 ng/μL pMS84 (gRNA targeting GT300 

synthetic site).  7ng/μL heatshock Cas9(dpiRNA) PCR product (analogous to pZCS36), 10 

ng/μL pNU1495 (cbr-unc-119 rescue cassette; analogous to neomycin resistance in the lineage 

tracking TARDIS libraries), 10 ng/μL pDSP18 (daf-7 promoter with split mScarlet and split 

Hygromycin resistance). Candidate library strains were selected by rescue of the paralysis 

phenotype. 

Multiple Promoter Libraries 
  For GT331 and GT332, the same injection mix was used:  pMS84 at 15 ng/μL, pZCS36 

at 20 ng/μL, pZCS38 at 0.5 ng/μL, pNU681 (an eft-3p::GFP co-marker for array identification) 
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at 2 ng/μL.  The promoter library was injected with the following plasmids and their 

corresponding promoters at 0.45 fmol/μL to facilitate approximately equal composition in the 

array library:  pEA1(ceh-20), pEA2 (ceh-23), pEA3 (ceh-40), pEA4 (egl-46), pEA5 (hlh-16), 

pEA6 (nhr-67), pEA9 (ceh-43), pEA10 (mdl-1), pEA11 (egl-43), pEA12 (aha-1), pEA13 (ceh-

10), pEA14 (ahr-1), pEA15 (lin-11), and pDSP18 (daf-7). 

Several TARDIS array lines were generated from the injections.  Two were selected for 

testing, one from GT331 and one from GT332. 

Dual Integrations   

One possible benefit of the TARDIS system is the integration of multiple sequences into 

different sites.  To address this possibility, a single strain was generated, GT344, with two 

unique landing pads.  One landing site is similar to GT332, with split Hygromycin B selection 

and split mScarlet.  The second landing pad is engineered with unc-119 split selection, which is 

similar in protocol to GT300.  GT344 was injected with 50 ng/μL pMS79 (Cas9 targeted plasmid 

with guide RNA for both landing pads), 10 ng/μL pDSP57 (split mScarlet donor homology) and 

10 ng/μL pDSP58 (split unc-119 donor homology).  After nine days, Hygromycin B was top-

spread at a final concentration of 250 μg/mL.  Survivors were screened for rescue of unc-119 

indicating dual integrations. 

TARDIS Integration Protocol for Barcoded Lineage Tracking 
TARDIS array-bearing strains are grown at 15ºC to reduce expression of heatshock Cas9.  

Strains were grown with G418 at 1.56 mg/mL, which provides selection to maintain the array, 

unless otherwise specified.  Large plates were grown until a sizable population of array bearing 

strains were gravid.  Large gravid populations were bleached to isolate eggs following standard 

protocols.  Synchronized L1 individuals were hatched overnight in M9 solution with G418 at 

1.56 mg/mL.  This ensures all progeny that hatch bear the TARDIS array library.  Worms were 

centrifuged into a pellet and the supernatant was discarded.  Worms were washed 2X with M9 to 

remove remaining G418.  L1s were then plated at desired densities and allowed to grow at 15ºC 

overnight.  The next day, L2 worms were heatshocked at 35.5ºC for 2 hours.  Worms were then 

placed at a desired rearing temperature.  Once the population reached Day One Adults, 

Hygromycin B was added at 250 μg/mL to select for barcode integration. 
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TARDIS Integration for Promoter Libraries   

For the single promoter GT300 based library, stable array lines were isolated to large NGM 

plates and allowed to lay progeny for 4 days at 15ºC.  Plates were heatshocked at 34ºC for 1 

hour.  Plates were then incubated at 25ºC.  After 2 days, Hygromycin B was added at a final 

concentration of 250 μg/mL. 

For mixed promoter libraries injected into GT331 and GT332, an identical integration 

protocol used for Lineage Tracking was used. 

Array Quantification   

Individual array line PX742 was lysed and amplified with ZCS287 and ZCS288, and sent 

for Illumina sequencing.  Reads were acquired and quality filtered using custom Python code for 

only reads with quality scores of 30 or higher for the barcode region and barcodes having greater 

than 10 reads. 

Individual array line PX743 was lysed and amplified with New England BioLabs (NEB) 

Next Ultra II™ kit Universal Primer and Index Primer 2 with 30 cycles.  Reads were acquired 

and quality filtered using custom Python code for only reads with quality scores of 30 or higher 

for the barcode region and barcodes having greater than 10 reads. 

Integration Efficiency 
PX742:  PX742 was grown, synchronized, and heatshocked, following the protocol above.  After 

heatshock, 10 L3 individual were isolated to 20 plates.  Once they reached Day One adulthood, 

Hygromycin B was top spread at 250 μg/mL.  Plates were allowed to grow for several days 

before screening for survivors. 

GT300:  To address the efficiency of the GT300 landing pad, 60 individual array-bearing 

individuals were singled and allowed to lay progeny for four days at 15ºC.  Plates were 

heatshocked at 3 ºC for 1 hour, and then incubated at 25ºC.  Two days later, a final concentration 

250 μg/mL Hygromycin B was top spread. 

To further address the developmental stage in which integration was occurring, several 

individuals were heatshocked at the L2, L3, L4, and young adult stages. 



 153 

GT331 & GT332:  These libraries were tested for integration efficiency, following the 

integration protocol listed below.  To establish the efficiency of integration, population of 50 

individuals/plate, 100 individuals/plate, 200 individuals/plate, and 1,000 worms/plate were 

synchronized.  This was repeated with two separate TARDIS library arrays, one with the GT331 

background and the other with GT332.  After Hygromycin exposure, plates were screened for 

survival. 

Integration Bias Checking Methods 
PX742 counts and relative frequencies were compared to a population of individual worms after 

TARDIS-based integration.  A large integrated population of synchronized L1 worms was 

heatshocked.  The population was allowed to recover for one generation before being lysed and 

amplified.  Two sets of amplification had to be performed to avoid the possibility of amplifying 

the array.  First, four rounds of PCR were performed with ZCS305 and ZCS304.  ZCS304 

introduced a new specific primer binding site for the second round of amplification.  The PCR 

product was column purified and the full product was amplified with ZCS306 and ZCS307.  This 

final product was sent for Illumina sequencing. Identical Python code and criteria for array 

quantification was used to filter reads.  Counts were then normalized to the total counts for 

filtered sequencing runs for both the PX742 array and for the integration population.  Barcodes 

which did not integrate from the array were excluded from the analysis. 

Lineage Trajectory Methods 

A single parental lineage population was grown to starvation on a large 150 mm plate seeded 

with concentrated HB101.  The parental population was split into 3 separate replicates.  Each 

replicate was also grown on large 150 mm plates seeded with concentrated HB101 and allowed 

to grow until starvation (~2 generations).  At starvation, half of the population was transferred, 

and half was lysed, for barcode amplification.  A total of three transfers and three time points 

were checked.  This approximates to six generations.  Barcode amplification followed the 

protocol set forth above.  Data was also analyzed following the same criteria.  Normalized data 

was plotted as both lineage trajectories and as histograms. 

PCR jackpotting has the potential to significantly increase the lineage measurement error.  

To address this, two separate transfers in replicates one and two were chosen to be PCR 

amplified twice following identical protocols and analysis. 
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Results 

Array Quantification   

Approximately 33,137 reads were acquired for PX742 (FIG. 8).  After quality filtering, 431 

unique sequences were identified from the array line.  As expected, barcodes were not injected in 

perfect equal molar quantities due to their PCR-based construction, and PCR amplification to 

generate the sequence libraries introduced additional bias.  There were many barcodes with 

fewer reads than expected, with a long tail indicating the result of PCR jackpotting. 

For PX743, 771,115 reads were obtained after quality filtering.  Because the protocol was 

modified to reduce the donor homology size, and lower initial amplification cycles for the donor 

library, more barcodes were expected to be present in the array. 2,965 unique donor sequences 

were present.  Lower cycles and reduced donor homology length increases the total number of 

barcodes that can be present in an array. 

Integration Efficiency   

Lineage Tracking-based Libraries 

PX742 is the 500 bp large donor homology TARDIS line, with a considerably small insert. Of 

the 20 plates, 17 had surviving resistant progeny, indicating a proper integration event.  Five 

plates were randomly selected for Sanger Sequence to confirm the integration.  Of the five, two 

showed two separate integration events, indicating that more than one worm from the ten on the 

plates had an integration event.  Therefore, the integration efficiency was approximately one in 

ten heatshocked individuals integrated a barcode. 

Promoter-based Libraries 
GT300-based integrations:  For GT300, eight days after dosing with hygromycin all five plates 

had live worms.  Three individuals from each plate were selected for confirmation by PCR 

(MS376/MS248/ZCS84 or MS376/MS121).  Two plates had correct insertions by PCR, two 

plates had incorrect insertions by PCR, and one plates was inconclusive.  The incorrect insertions 

were attributed to co-marker integration into the landing pad, and this was removed for future 

builds (GT331 and GT332). 

To address the integration efficiency, 60 individuals were screened for integrated 

progeny.  Of the 60, 25 of 59 plates had Hygromycin B resistant progeny.  One plate had very 
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few live worms, so it was excluded from analysis.  Candidates were not genotyped for proper vs 

improper integrations. 

60 L4 array-bearing individuals were heatshocked and screened for hygromycin survival.  

Two of the 60 plates produced resistant progeny. 

There was a difference in the developmental stage and the number of integrations; 

younger stages and young adults seemed to work better compared to L3/L4 staged individuals 

(Table 5.3). 

Table 5.3 Developmental stages and integration efficiencies. 
Developmental Stage Individuals Integrations Percentage 

L2 20 6 30% 

L3/L4 19 2 10.5% 

L4 60 2 3.3% 

Young Adult 19 6 31.5% 

 

GT331 and GT332-based integrations:  There was a noticeable difference in the 

integration efficiency of the two strains (Table 5.4). 

 
Table 5.4 Integration efficiencies for GT331 and GT332. 

Survivors 

 GT331 (surviving plates/total plates) GT332 (surviving plates/total plates) 

50 worms/plate 1/5 0/5 

100 worms/plate 5/5 1/5 

200 worms/plate 4/5 2/4 

1,000 worms/plate 5/5 2/4 

 

A clear bias was seen in the integration for GT332 compared to GT331.  There are 

several variables involved, such as the time in which worms’ eggs are exposed to bleach during 

the synchronization process, the total number of worms present in the synchronization, the 
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stability of the array and copy number per cell, and variations in the exact composition from the 

same injection mixture. 

Several promoters were isolated from the library. In some cases, multiple were isolated 

and noted within ():  ceh-10(3), ceh-40(5), hlh-16(7), ahr-1(2), aha-1(2), mdl-1(2). 

Dual Promoter integrations:  One benefit of the TARDIS system is integration into 

multiple landing sites within a single strain.  The strain GT334 was created to have two separate 

selectable landing pads with different fluorescent reporters.  A correct integration was isolated 

from this injection. 

Integration Bias Checking Results 
There was an approximately normal distribution of reads from the array to the integrated 

population (FIG. 9).  In total, 331 independent lineages were identified.  The majority of reads 

indicated a less than 0.5% change in frequency from the array.  In this preliminary experiment, 

no designs were present to remove PCR jackpotting, thus any change in frequency from the array 

is likely an overestimate of bias.  As a result, it appears that the process of integration exhibits 

little to no bias.   

Lineage Trajectory Results 
Of the three replicates, each of them behaved similarly.  Evolutionary drift would predict that 

lineages without strongly positive or negative selective pressure would change in frequency at 

random.  Of the 331 lineages traced, four showed increased frequency, suggestive of positive 

selection (FIG. 10), while the majority of lineages decreased in frequency.  When looking at the 

distribution of lineages frequencies, an increase in the spread of lineage frequencies was seen 

from the P0 distribution to the first transfer T1 across the three transfers and consistently across 

the three replicates, and again an increase in spread to T2, consistent with evolutionary drift 

(FIG. 11).  Notably, the trajectories are not identical, and there is variation across the selective 

benefit of the lineages.  With the best performing lineages varying as much as a few percentages 

from replicate to replicate. 

PCR jackpotting may significantly and artificially alter the frequency of a lineage.  

Molecular identifiers can solve this problem:  Two independent PCR replicates were compared 

for a difference in frequency (FIG. 12).  Again, a spread in frequencies increased from the P0 
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distribution to the first transfer T1, and again an increase in spread to T2, consistent with 

evolutionary drift.  On average the variation between replicates was strikingly low, with the 

majority being less than 0.2% different (FIG. 12).  Therefore, the changes in lineage frequencies 

are most likely not due to artificial increases or decreased from the PCR protocol. 

 In view of the many possible embodiments to which the principles of the disclosure may 

be applied, it should be recognized that the illustrated embodiments are only examples and 

should not be taken as limiting the scope of the invention.  Rather, the scope of the invention is 

defined by the following claims.  We therefore claim as our invention all that comes within the 

scope and spirit of these claims. 

Claims 
We claim: 

1.  A method of producing a plurality of genetically modified cells, comprising: 

introducing a nucleic acid molecule comprising a plurality of index sequences into a cell 

comprising a genomic polynucleotide comprising a synthetic landing pad, wherein each of the 

plurality of index sequences comprises a first portion of a nucleotide sequence and the synthetic 

landing pad comprises a second portion of the nucleotide sequence to produce a cell comprising 

the synthetic landing pad and the nucleic acid molecule comprising the plurality of index 

sequences; 

generating a plurality of progeny cells comprising the genomic polynucleotide 

comprising the synthetic landing pad and the nucleic acid molecule comprising the plurality of 

index sequences; 

integrating a single index sequence into the synthetic landing pad in each of the plurality 

of progeny cells, thereby linking the first and second portions of the nucleotide sequence; and 

selecting progeny cells comprising integrated index sequences based on presence or 

activity of the linked first and second portions of the nucleotide sequence, thereby producing a 

plurality of genetically modified cells. 

2. The method of claim 1, wherein the nucleic acid molecule comprising the 

plurality of index sequences comprises 500-3,000 index sequences. 



 158 

3. The method of claim 1, wherein the first portion and the second portion of the 

nucleotide sequence reconstitute a functional gene when linked. 

4. The method of claim 3, wherein the functional gene is a selectable marker or 

reporter gene. 

5. The method of claim 3, wherein the synthetic landing pad further comprises a 

site-specific nuclease (SSN) recognition site and homology arms flanking the SSN recognition 

site, and each of the plurality of index sequences is flanked by the homology arms in the nucleic 

acid molecule comprising the plurality of index sequences.   

6. The method of claim 5, wherein each of the homology arms is 150-500 

nucleotides in length. 

7. The method of claim 5, wherein integrating the single index sequence into the 

synthetic landing pad comprises introducing a DNA break at the SSN recognition site utilizing 

the SSN, and site-specific integration of the index sequence into the synthetic landing pad.   

8. The method of claim 7, wherein the SSN is a caspase, zinc-finger nuclease, or 

TALEN. 

9. The method of claim 1, wherein the nucleic acid molecule comprising the 

plurality of index sequences is an extrachromosomal array, a plasmid, or an artificial 

chromosome. 

10. The method of claim 1, wherein each of the plurality of index sequences 

comprises a homologous fragment of the genomic polynucleotide, and wherein each of the 

plurality of index sequences are different. 

11. The method of claim 10, wherein the genomic polynucleotide is an intron or exon 

of a gene, or a promoter element. 

12. The method of claim 1, wherein the cell is a eukaryotic cell or bacterial cell. 

13. The method of claim 12, wherein the cell is a yeast cell, mammalian cell, a 

Caenorhabditis elegans cell, or a Drosophila cell. 
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14. The method of claim 12, wherein the lineage of the cell is traced by detecting an 

index sequence in progeny of at least one of the plurality of genetically modified cells. 

15. The method of claim 1, wherein introducing the nucleic acid molecule comprising 

the plurality of index sequences into the cell comprises injecting the nucleic acid molecule into 

an animal comprising the cell. 

16. The method of claim 1, wherein each of the plurality of index sequences 

comprises a sequence variant of a reference coding sequence, a sequence variant of a reference 

non-coding sequence, a library sequence, a randomized sequence, or a promoter element.  

17. The method of claim 16, further comprising: selecting a single sequence variant 

of the reference coding sequence by selecting a genetically modified cell comprising the 

reference coding sequence variant; selecting a single sequence variant of the reference non-

coding sequence by selecting a genetically modified cell comprising the reference non-coding 

sequence variant; selecting a single library sequence by selecting a genetically modified cell 

comprising the library sequence; selecting a single randomized sequence by selecting a 

genetically modified cell comprising the randomized sequence; or selecting a single promoter 

element by selecting a genetically modified cell comprising a screenable marker or reporter gene 

operably linked to the promoter element in the genomic polynucleotide. 

18. The method of claim 1, further comprising: 

selecting a genetically modified cell comprising an index sequence by an assay 

phenotype, or by expression of a selectable marker or reporter; generating variants of the index 

sequence; introducing a nucleic acid molecule comprising the variants of the index sequence into 

a cell comprising a genomic polynucleotide comprising a synthetic landing pad, wherein each of 

the variants of the index sequence comprises a first portion of a nucleotide sequence and the 

synthetic landing pad comprises a second portion of the nucleotide sequence to produce a cell 

comprising the synthetic landing pad and the nucleic acid molecule comprising the variants of 

the index sequence; generating a plurality of progeny cells comprising the genomic 

polynucleotide comprising the synthetic landing pad and the nucleic acid molecule comprising 

the variants of the index sequence; integrating a single variant of the index sequence into the 

synthetic landing pad in each of the plurality of progeny cells, thereby linking the first and 
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second portions of the nucleotide sequence; and selecting progeny cells comprising integrated 

variants of the index sequence based on presence or activity of the linked first and second 

portions of the nucleotide sequence.  

19. A genetically modified cell comprising: an extrachromosomal array comprising a 

plurality of index sequences; and a genomic polynucleotide comprising one of the plurality of 

index sequences integrated at a synthetic landing pad, wherein the integrated index sequence 

comprises a first portion of a nucleotide sequence and the synthetic landing pad comprises a 

second portion of the nucleotide sequence, and wherein the first and second portions of the 

nucleotide sequence are operably linked in the genomic polynucleotide. 

20. A multicellular organism comprising a plurality of the genetically modified cells 

of claim 19, wherein the genetically modified cells comprise different index sequences. 

ABSTRACT OF THE DISCLOSURE 
Provided herein are methods of producing a plurality of genetically modified cells that 

include introducing a nucleic acid molecule including a plurality of index sequences into a cell 

comprising a synthetic landing pad, wherein each of the plurality of index sequences includes a 

first portion of a sequence and the synthetic landing pad includes a second portion of the 

sequence.  The method further includes generating a plurality of cells that include the synthetic 

landing pad and the nucleic acid molecule including the plurality of index sequences and 

integrating one of the plurality of index sequences into the synthetic landing pad in each of the 

cells, thereby linking the first and second portions of the sequence.  The linked first and second 

portions of the sequence result in a functional gene and cells including the integrated index 

sequence are selected based on presence or activity of the functional gene. 

Bridge 
In the next chapter, I outline utilizing TARDIS barcoded lineages for experimental evolution. I 

combined our newly created barcoding system along with experimental evolution to track the 

lineages of a mutant barcoded strains competing with wildtype individual to measure fitness. 
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CHAPTER 6 QUANTIFICATION OF ENVIRONMENTALLY-
DEPENDENT SELECTION VIA BARCODED ANIMAL LINEAGE 

TRACKING  
 

In preparation as Stevenson ZC, Laufer E, Robinson K, Phillips PC, Quantitative High-

Throughput Barcoded Lineage Tracking in an Animal System. I have designed the experimental 

protocols, data collection and analysis. Laufer E and Robinson K also performed data collection. 

Introduction 
Mutation serves as the fundamental engine of diversity in the context of evolution, underpinning 

the dynamic process of genetic variation within populations. At the molecular level, mutations 

are spontaneous alterations in the DNA sequence, encompassing substitutions, insertions, 

deletions, and other genomic rearrangements. These stochastic events introduce novel genetic 

material into a population's gene pool, upon which natural selection acts, leading to adaptation to 

the environment. The process of natural selection is inherently contingent upon the variation in 

environmental conditions, as it acts as the selective filter determining which traits confer a 

fitness advantage in a given context. Environmental variation, both temporal and spatial, plays a 

pivotal role in shaping the direction and intensity of selection. Fluctuations in environmental 

factors, such as temperature (Logan et al., 2014), resource availability (Pekkonen et al., 2013), 

predation pressure (Bijleveld et al., 2015), and small molecule concentration can lead to shifting 

selection pressures (Baym et al., 2016; Lenski, 2017; Lenski et al., 1991; Levy et al., 2015), 

influencing the maintenance or divergence of genetic diversity within populations.  

In the lab, we have an opportunity to modulate the environment and test adaptive 

hypotheses for given genetic variation with experimental replication and precision in the 

environmental control. Several examples exist for antibiotics, small molecules, and more 

complex traits such as stress tolerance (Rudman et al., 2022). However quantitatively measuring 

the fitness and the precise genetic architecture of the adaptive phenotype remain challenging. 

The distribution and selectively advantageous adaptive mutations do not remain stagnant while 

populations adapt, an upper limit of clonal interference is met until new adaptive genetics arises 

from either recombination of standing genetic variation, or as a result of new mutations (Ba et 

al., 2019; Blundell and Levy, 2014; Good et al., 2017). As a result, the selective coeffects of 
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mutations is historically dependent. New technological advancements which provide historical 

context are needed. 

Barcodes–small, engineered polymorphisms–provide a simple and eloquent way to 

observe the dynamics of several lineages within an experiment (Blundell and Levy, 2014). By 

simply observing the change in lineage frequency overtime, monitored by periodic  amplicon 

sequencing, the selection coefficients can be directly measured. Barcodes have become widely 

adopted for single-cell systems to study evolution and adopted for development lineage tracking 

within an animal context (Chen et al., 2022; McKenna et al., 2016). TARDIS (Transgenic Arrays 

Resulting in Diversity of Integrated Sequences) was recently published by our group as a 

methodology to perform the first large-scale chromosomal barcoding within an animal system, 

specifically C. elegans (Stevenson et al., 2023, 2021). Animal-based experimental evolutions 

remain particularly challenging, large population sizes are often needed, and multiple 

generations are required to fully observe the dynamics. The small nematode C. elegans provides 

an ideal metazoan for experimental evolutions (Teotónio et al., 2017), with large brood sizes 

(upwards of 300 individuals in optimal conditions) and short generation times (approximately 4 

days to reach reproductive adult at 20C). In addition, much of the genetics in C. elegans is well 

known, with a fully sequenced genome, and many characterized mutants.  

Here, we report the first-ever barcoded evolutionary lineage tracking experiment 

performed within an animal system, which allows replicated measurements of selection 

coefficients of a known mutant within a well-defined environmental context. To grow large 

population sizes, liquid culture has been previously established for C. elegans populations 

(Stiernagle, 2006). We present a modified protocol for growing several multi-million population 

sizes in parallel, making this experiment to our knowledge the largest animal experimental 

evolution study conducted to date.  

Establishment of a controlled and simple selective environment was achieved by utilizing 

various concentrations of ivermectin (IVM), a widely-utilized anthelmintic drug. IVM is known 

to cause paralysis in C. elegans by hyperpolarization of the plasma membrane (Dent et al., 

2000). In natural populations, resistance to IVM has evolved several times and is a known 

problem for industrial agriculture as well as in healthcare (Geerts and Gryseels, 2000). Several 

known extracellular glutamate-gated chloride channels are known to interact with IVM in the 
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wildtype background, leading to paralysis. Three combined loss of function mutations in avr-14, 

avr-15, and glc-1 are known to confer over ~4,000x resistance to IVM in standard pharynx 

pumping assays (Dent et al., 2000). We hypothesized that the triple mutant, JD608 (avr-14-

(ad1302), avr-15-(ad1051), and glc-1-(pk54)) would be adaptive in environments higher in IVM 

concentration, compared to the sensitive wildtype strain. Our results show that selection can be 

modulated by changing the concentration of IVM in the liquid environment, and even flip the 

adaptive advantage or disadvantage of specific lineages. Our project stands as an exemplar of 

lineage tracking within an animal context and can be applied generally to study lineage dynamics 

in experimental populations.  

Results 

Generation of mixed, barcoded populations in a novel liquid environment 
Mixed populations of unique barcoded individuals for both wildtype and mutant populations 

were grown individually on plates and then mixed to generating starting populations for serial 

liquid culture (Fig 6.1). Liquid culture provides an ideal medium for large-scale population 

growth as a ‘three-dimensional’ media. We designed a novel liquid culture protocol utilizing 

simple magnetic stir bars to maintain mixed cultures (Fig 6.2). While this method also is highly 

cost-effective, the constant stir ensures populations are mixed well and prevents heterogeneity 

within the environment, ideal for small-molecule selection experiments. Worms were grown 

with multiple antibiotics and concentrated bacterial food within NGM buffer (see methods) in 

addition to experimental concentrations of IVM. Populations generally peaked around several 

hundred thousand–several times breaching over a million– before a serial transfer (Fig 6.3). At 

such high population sizes, we would expect genetic drift would be insignificant to measured 

lineage frequencies.   
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Figure 6.1 Experimental overview. A) Lineage are transformed by TARDIS transgenesis with unique barcode 
pools to designate the wildtype and mutant background. B) Serial cultivation of the experimental populations for 
five transfers, with each population being sampled for their barcode frequency, which was used to plot their 
trajectories and measure fitness. 
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Figure 6.2 Picture of the liqud culture experimental environment. Several replicates are spun with stirbars in a 
tempature controlled environment. 
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Figure 6.3 Population estimates on each transfer for A) 0nM-control, B) 1.5nM and C) 2.5nM. Error bars 
represent standard error. 
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Ivermectin exposure reverses the direction of selection  
We tested two IVM selection environments and a control, 0nM (control), 1.5nM (medium 

concentration) and 2.5nM (high concentrations). We found that there is a clear signal of selection 

within each condition (Fig 6.4). In our control we find that the wildtype background was favored, 

showing a significant deleterious cost associated with the triple mutant background. Whereas in 

contrast to medium and high concentrations, the selection coefficients shifted in favor of the 

triple mutant. Interestingly, selection was not constant, and some cases a shift within transfers, 

clearly suggesting that multiple generations are required to accurately measure the selection 

coefficients (See 1.5nM, transfer one to three, Fig 6.4). We also observed a clear trend with the 

mean fitness towards increasing fitness of the mutant background with IVM (Table 6.1). 

Table 6.1 Calculated mean fitness from FitSeq. 
Condition (Ivermectin Molarity) Favored Background Approximate Mean fitness 

0nM Wildtype 0.6 
1.5nM Mutant 0.2 
2.5nM Mutant 1 

 

Lineages provide a replicated metric for experimental quality  

Our primary objective was to measure the selective advantage of the wildtype and triple mutant 

strains. However, while we would not expect additional background mutations of large adaptive 

effect, such mutations are still possible, especially within a completely novel environment such 

as liquid culture. By creating mixed populations of genetically identical lineages, we expect them 

to behave approximately identically across our selective experiments. Within preliminary 

experiments (data not shown), we noticed ‘divergent’ lineages–lineages showing large adaptive 

advantage compared to their sibling lineages. Lineages provide a higher resolution of the 

selective population, while also allowing for any lineage dynamics which diverge from the 

background genotype to be easily detected. In such cases, we can identify replicates which have 

acquired novel adaptive mutations which no longer represent the initial competitive genotypes 

and therefore could be discarded.   
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Figure 6.4 Lineage trajectories and fitness for A) 0nM- control, B) 1.5nM and C) 2.5nM. We see a clear trend 
towards increasing mutant frequency across the Ivermectin concentrations which results in D) an increase mutant 
selection coefficient normalized to the average wildtype selection coefficient. 
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Discussion 
Here we present the first barcoded evolutionary lineage tracking experiment performed within an 

animal system. Our results show we can measure selection within environmental context and 

modulate the selection coefficients with simple changes in IVM concentration–flipping the 

beneficial alleles. Utilizing our liquid culture approach, we were able to grow populations in the 

millions, creating the largest animal experimental evolution to date. 

Barcoded lineage tracking for distribution of fitness effects 
While this project stands as a simple exemplar, within microbial systems similar approaches 

have been adopted for studying the distribution of fitness effects (Ba et al., 2019; Blundell and 

Levy, 2014; Levy et al., 2015). Adoption of several, highly diverse barcode TARDIS libraries 

could reasonably result in several hundred thousand unique lineages (Stevenson et al., 2023), 

comparable to even the largest barcoded experiments performed in microbes. While population 

sizes within the billions would be unrealistic, populations within the several hundred million is 

possible by simply scaling the liquid culture system described here. To compensate for lower 

total population sizes and therefore lower natural mutations, chemical mutagens could be 

adopted. 

Epistatic experimental lineage tracking 
Epistatic contributions to adaptive phenotypes are of clear interest to the community. In this 

study, we are utilizing a triple genetic mutant which has an adaptive phenotype. While we have 

not directly measured the fitness of the individual alleles avr-14-, avr-15-, and glc-1-, published 

evidence shows the large increased resistance to IVM is unique to the triple mutant. However, 

double-combinations of avr-14-, avr-15-, and glc-1- show some levels of IVM resistance in 

pharynx pumping assays (Dent et al., 2000). Barcodes provide a simple independent way to 

measure the frequency of a genotype without directly sequencing the mutation. Epistatic, 

multiple mutation combination such as avr-14-, avr-15-, and glc-1-, are impossible to 

competitively measure without using such an indirect measure simply because within a mixed 

genomic pool there is no way to discern if an individual mutation came from which combined 

mixed background. In future work while we plan to investigate this directly with avr-14-,avr-15-, 

and glc-1-, barcodes generally can be adopted in principle for any genetic combination or 

phenotype. 
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Conclusions 
In conclusion, we have presented the first barcoded lineage tracking animal experiment 

evolution, in what is also the largest animal experimental evolution to date. We created a simple 

experimental design to quantitatively measure selective contributions within an environmental 

context, and showed we can experimentally modulate the strength of selection, even changing 

the adaptive background by changing the concentration of a simple small molecule drug IVM.  

Materials and Methods 

Generation of barcoded lineages 

The mutant strain JD608 (avr-14-(ad1302), avr-15-(ad1051), and glc-1-(pk54)) was crossed with 

PX740 N2-PD1073 fxIs47 [prsp-0p:: 5’ ΔHYGR:: GCGAAGTGACGGTAGACCGT :: 3’ 

ΔHYGR::unc-54 3’::LoxP, II:8420157] to create PX776 fxIs47 [prsp-0p:: 5’ ΔHYGR:: 

GCGAAGTGACGGTAGACCGT :: 3’ ΔHYGR::unc-54 3’::LoxP, II:8420157] (avr-14-(ad1302) 

+ avr-15-(ad1051) + glc-1-(pk54)) containing all three IVM resistance mutations and the split 

hygR landing pad. PX776 was injected with TARDIS barcodes following the protocols of 

Stevenson et al., 2023, with a unique barcode sequence ‘NANNNTNTNNCNNNN’ to facility 

correct identification by sequencing. For the wildtype barcoded TARDIS array, PX786 was used 

and described in Stevenson et al., 2023. Standard TARDIS-integrated was followed and several 

lineages were isolated. Several unique lineages were identified by Sanger sequencing, which 

founded the individual lineages. 

Liquid culture, selection, and sample collection 
To create our liquid environment, we used NGM buffer as our base (Leung et al., 2011), in 

addition, we used 100µg/ml Carbenicillin, 5µg/ml Cholesterol, 125µg/ml Hygromycin B, 

10µg/ml Nyastatin, 10µM Ivermectin (diluted as needed for experimental molarity), and DMSO 

for the control, and 4x109 PXKR1 (NA22 transformed with pUC19 for Carbenicillin resistance). 

Bacteria was grown in several large batches and measured for cell concentration before being 

frozen at -80C° until needed. Serial cultures were grown in 300ml volumes mixed with magnetic 

stir bars and transferred 10% of the population by volume every five days. Cultures were 

maintained at a constant 20C° in a temperature-controlled room. Population densities were 

estimated by counting six individual drops ranging from 2-5ul on a glass slide. In some cases, a 

10X dilution was made to simplify the counts. Several 3ml samples were taken on the day of 
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transfer and frozen at -20C°. Samples were then processed for genomic DNA and barcode 

frequency as described in Stevenson et al., 2023. 

Fitness Estimations with FitSeq and data analysis. 
Barcode frequencies derived from Illumina sequencing (see Stevenson et al., 2023) were 

provided to PyFitSeq–a python implementation of FitSeq (Li et al., 2018). Briefly, FitSeq 

requires the user provide the approximate generation time per transfer, which was approximately 

one generation per transfer, along with estimated population sizes. Only lineages which survived 

to the end of the experiment were counted. Mutation selection coefficients were normalized to 

the average wildtype fitness. Lineage frequencies and population count trajectories were 

visualized with matplotlib 3.5.2 and data was analyzed with Python 3.7.13. 
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CHAPTER 7 CONCLUSION 
Despite long-standing questions on the nature and distribution of adaptive mutations, our 

experimental ability to measure and quantify them remains challenging. However, the synergistic 

possibilities combining fundamental theories in evolutionary biology with high-throughput and 

high-precision genetic modifications is already providing paradigm-shifting experiments within 

the lab. We are now able to dissect the evolutionary process with unprecedented resolution and 

watch as the historical context of the lineage–the fundamental unit of evolution–is changing 

overtime. It is clear that with new advancements in our ability to modify the genome, we will 

continue to see novel and insightful experiments testing over 150 years of theory. 

 In Chapter 2, with my co-authors I reviewed the current state of experimental evolution 

with a specific focus on sexual dimorphism. We discussed several experimental categories that 

are now becoming possible combining newly developed sequencing and genetic engineering 

methodologies.  

 In Chapter 3, with my co-authors we created the first-ever CRISPR synthetic landing pad 

for transgenes for C. elegans with a particular focus on integration-specific selection. Prior 

technological methods have tried on anti-array selection techniques to provide confirmation of 

properly integrated transgenes. However, these methodologies are imperfect, relied on 

specialized equipment such as fluorescent microscopes, and were prone to false-positives. Our 

approach provided the first integration-specific selection of transgenes within an animal system. 

By flipping the transgene integration paradigm from trying to eliminate and screen away from 

incorrect candidates to selecting for correct candidates. Our approach significantly reduced the 

technical skill required to find transgenic candidates.  

 In Chapter 4 & 5, I presented along with my co-authors TARDIS (Transgenic Arrays 

Resulting in Diversity of Integrated Sequences), the first-ever animal based large-library 

transgenesis technology. TARDIS built upon our integration-specific selection first presented in 

Chapter 3. We took advantage of the C. elegans native ability to form large, heritable extra-

chromosomal DNA and utilized it as an in-vivo DNA library. We build specialized synthetic 

landing pads to accept both barcodes and promoters for transcriptional reporter experiments. In 

this chapter, we also presented the first-ever animal based barcoding methodology similarly 
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adopted in microbial systems. We also presented in Chapter 5 our patent of the TARDIS 

technology, along with several possible future applications. 

 In Chapter 6, I presented along with my co-authors the first-ever barcoded animal 

experimental evolution. Utilizing TARDIS, we created several barcoded individuals in a 

wildtype and mutant backgrounds. Our mutant is a known ivermectin (IVM) resistant strain, 

which is known to have approximately over ~4000X resistance to IVM. We competed several 

lineages of both wildtype and mutants in various concentrations of IVM and used the barcodes to 

measure their lineage trajectories and fitness.  

 The research presented in this dissertation provides advancements in our technical 

capabilities to perform genome engineering and applied it to study novel evolutionary dynamics 

within the lab. The combination of both genetic engineering and evolutionary biology promises 

to provide novel insights into the evolutionary process with fundamental theories now 

empirically testable. 
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