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ABSTRACT OF THE THESIS 

 

Evolutionary consequences of a CRISPR/Cas9-based gene drive in Saccharomyces cerevisiae 

 

by 

 

Sean Edward Gomez Guy 

Master of Science in Biology 

 

University of California San Diego, 2019 

Professor Sergey Kryazhimskiy, Chair 

 

 Vector-borne diseases pose a significant health threat to millions. Genetic modification 

through CRISPR/Cas9-based gene drive technologies may be able to solve this problem by 

rapidly spreading disease resistance throughout vector populations. However, the long-term 

effects of active gene drive elements at evolutionary scales has yet to be extensively explored. To 

address this issue, we constructed S. cerevisiae strains that express both Cas9 and gRNA, Cas9 

and no gRNA, or neither Cas9 nor gRNA. We founded replicate populations and propagated 

these over 1000 generations. From whole-population, whole-genome sequences, we identified 

changes in allele frequency in each population. By comparing the numbers of alleles to appear or 

fix in each population, we find evidence of higher mutation rates in strains expressing Cas9 



 x 

nuclease. In parallel, we directly measure the mutation rate differences due to gene drive or Cas9 

alone. Our work underscores the need to control CRISPR/Cas9 activity to limit unintended effects 

in natural populations.  



 1 

Introduction 

 The spread of tropical, vector-borne diseases such as malaria, chikungunya, dengue fever, 

lyme disease, Chagas disease, and Zika virus poses a serious risk to the health of millions across 

the globe. Malaria in particular was attributed to approximately 219 million cases worldwide in 

2017 (WHO, 2018). Given that Plasmodium, the parasite group that cause malaria, infects 

humans via transmission by mosquitoes of the genus Anopheles (WHO, 2018), governments and 

public health programs have reduced disease burden by attempting to reduce human contact with 

the vector (WHO, 2018). Despite such measures, the number of malaria cases is increasing across 

regions of Africa and Eastern Asia due in part to climate change and limited resources for vector 

population control (WHO, 2018; Martens et al, 1995; Tanser, Sharp, & le Sueur, 2003; Tulu, 

1996; Caminade et al, 2014). It should be noted, however, that the extent of climate change’s 

influence on malaria transmission is still up for debate (Hay et al, 2002; Shanks et al, 2002; 

Pascual et al, 2006; Gething et al, 2010; Caminade et al, 2014). Concern for the communities 

threatened by debilitating, vector-borne diseases drives a global effort to improve on current 

current vector control methods to eradicate such diseases. 

To guide the research of newer disease control methods, the strengths and limitations of 

measures already in place or in development must be considered. Pesticides and pesticide-treated 

nets have been applied in many regions (WHO, 2018), but these may also pose health risks for 

people (Bouwman & Kylin, 2009; International Agency for Research on Cancer, 1997; Chen et 

al, 2019) while also being difficult to apply over large areas (WHO, 2018). Worryingly, mosquito 

resistance to four main classes of insecticides have been reported in multiple countries (WHO, 

2018). Protein-mediated DNA recognition gene editing systems, such as zinc finger nucleases 

(ZFNs; Bibikova et al, 2002; Porteus & Carroll, 2005; Doyon et al, 2008) and Transcription-
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Activator Like Effector Nucleases (TALENs; Christian et al, 2010; Li et al, 2010; Mahfouz et al, 

2011; Miller et al, 2011; Smidler et al, 2013; Basu et al, 2015) may be able to replace naturally 

occurring mosquito populations with ones resistant to the malaria parasite, but these approaches 

require continually releasing large numbers of modified organisms to outcompete natural strains 

(Smidler et al, 2013), a resource- and time-intensive endeavor. Another system involves 

introducing Wolbachia-infected, sterile males into a population (Laven, 1967; Curtis & Adak, 

1974; Xi et al, 2005; Xi et al, 2006). Uninfected females who mate with the sterile males produce 

sterile eggs, so continuously releasing sterile males reduces the total population size over time 

(Laven, 1967; Curtis & Adak, 1974; Xi et al, 2005; Xi et al, 2006). Wolbachia-mediated 

population reduction, however, is liable to accidentally fail: infected, female mosquitoes can 

breed normally with Wolbachia-infected males and replenish the population (Curtis & Adak, 

1974; Stouthamer et al, 1999). To improve on current population control systems, an ideal system 

would minimize risks to the surrounding communities and the environment while having high 

enough efficacy to make implementation feasible. 

One approach with minimal risk to the environment would be to displace or outcompete 

extant populations with a new strain of disease-resistant vectors. Genetic engineering with ZFNs 

or TALENs can generate the desired strains, but testing different constructs and loci for incision 

would involve labor-intensive protein construction (Boch et al, 2009; Christian et al, 2010; Li et 

al, 2010; Miller et al, 2011; Reyon et al, 2012) and an additional system to spread the 

modifications throughout a population (Smidler et al, 2013). In 2012, the publication of a 

CRISPR/Cas9-based gene editing system (Jinek et al, 2012) improved the precision and 

throughput of genetic engineering, opening more avenues to vector population control (Sternberg 

& Doudna, 2015). The CRISPR/Cas9 gene editing system derives its sequence-specificity from 

base-pair complementation of a short-guiding RNA (gRNA) to a target DNA sequence upstream 



 3 

of a protospacer adjacent motif (PAM) site, canonically a pair of guanines preceded by any other 

nucleotide or 5'-NGG-3' (Mojica et al, 2009; Jinek et al, 2012). Bound to and positioned by the 

gRNA, the Cas9 endonuclease then cleaves the double-stranded DNA (dsDNA) three to four base 

pairs upstream of the PAM sequence (Jinek et al, 2012; Jinek et al, 2013). In response to the 

dsDNA break, the host’s own DNA repair mechanisms complete the gene editing process, either 

by introducing small insertions and deletions via non-homologous end-joining (NHEJ) and 

micro-homology directed repair (MHDR) pathways or by inserting new sequences copied from a 

homologous chromosome or any available template flanked by homologous sequences via 

homology-directed repair (HDR). As a genetic editing tool, CRISPR/Cas9 provides 

unprecedented power to manipulate virtually any sequenced genome or locus (Wright, Nuñez, & 

Doudna, 2016). 

Soon after the discovery of CRISPR/Cas9, scientists designed a system that could rapidly 

distribute the tool throughout a population. CRISPR/Cas9-based gene drives were soon capable 

of copying themselves from one chromosome to its homologous partner (Gantz & Bier, 2015a; 

Burt, 2003; Esvelt et al, 2014). In these gene drive systems, the process starts by inserting DNA- 

or plasmid-encoded CRISPR/Cas9 gene drive elements into a cell (Gantz & Bier, 2015a). Once 

expressed, the Cas9 nuclease encoded in the cassette cleaves dsDNA at the target locus. When the 

cell repairs the break via HDR, the gene drive sequence can then be used as a template for repair. 

This process occurs at both homologous target loci, turning the cell homozygous for the gene 

drive. If germline cells receive the gene drive, the gene drive be inherited at super-Mendelian 

rates because the heterozygous gene drive allele will insert itself into the wildtype allele (Gantz & 

Bier, 2015a). By avoiding the pressures of natural selection, CRISPR-Cas9-based gene drives 

have the potential to rapidly spread itself throughout a population without the need of repeated 

treatments as with other systems. 
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CRISPR/Cas9-based gene drives provide two main approaches to minimizing vector-

borne disease transmission: suppressing the vector’s population (Deredec, Godfray, & Burt, 2011; 

Galizi et al, 2014; Hammond et al, 2016; Kyrou et al, 2018) or spreading a parasite-resistance 

phenotype throughout a population (Burt, 2003; Windbichler et al, 2011; Gantz et al, 2015c). The 

former approach may result in unexpected ecological effects for the populations competing with 

and preying upon the vector (Collins et al, 2018). For the latter approach, a small inoculum of 

gene-drive-carrying individuals should quickly modify most of, if not the entire, vector 

population to prevent the disease from transmitting without the drawbacks of removing the vector 

from its ecological niche. Due to our limited ability to replicate and control insect ecology in the 

lab, we decided to focus on the latter method of population-wide genetic modification. 

CRISPR/Cas9-based gene drives have been shown to drive itself and cargo sequences 

throughout mosquito populations on short-term time-scales (Gantz et al, 2015c; Champer et al, 

2019; Hammond et al, 2016; Hammond et al, 2017). Over evolutionary time scales, the 

consequences of maintaining CRISPR/Cas9-based gene drive elements in eukaryotic organisms 

have not been well-explored. To this end, we model a gene drive’s effects in populations of 

baker’s yeast, Saccharomyces cerevisiae. Relative to multicellular insects, yeasts replicate 

rapidly, allowing us to observe dynamics over hundreds of generations with a matter of months. 

Maintaining large populations in liquid culture reduces the effects of genetic drift while 

emphasizing deterministic evolutionary pressures, namely natural selection (Jain & Krug, 2007). 

On a practical level, extensive genetic databases and protocols make drug and nutrient selection, 

chromosomal or plasmid integration, controlled mating, and genetic variant analysis much more 

feasible in yeast than in less well-characterized organisms like mosquitoes. By leveraging yeast as 

our model organism, we are able to conduct controlled experiments at evolutionarily relevant 

timescales and population sizes. 
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By incorporating CRISPR/Cas9-based gene drives into yeast strains, we aim to explore 

the long-term consequences of the drive elements maintained within a population. Many 

researchers have noted that Cas9 nuclease activity produces unintended changes to the genome 

both around the cut site (Allen et al, 2019) and at off-target sequences in vivo (Wienert et al, 

2019; Zuo et al, 2019; Jin et al, 2019). At the target loci, unintended edits arise from the host’s 

DNA repair mechanisms and how the cell decides to repair the site (Allen et al, 2019). In the 

context of a gene drive, small indels from NHEJ and MHDR at the target site may disrupt the 

gRNA’s ability to recognize the target sequence, creating a drive-resistance allele (Noble et al, 

2017).  Off-target DNA damage may arise from promiscuous gRNA complementation (Wu et al, 

2014; Singh et al, 2016; Boyle et al, 2017), but this mechanism alone does not explain all off-

target effects (Tsai et al, 2017; Newton et al, 2019). How off-target DNA damage affects insect 

populations remains unclear due to complex interactions among genotype, phenotype, and 

environment. In short, the unpredictability of DNA damage and repair are cause for reservations 

concerning the long-term efficacy and safety of CRISPR/Cas9-based gene drive technologies in 

natural populations. 

To model the long-term effects of a CRISPR/Cas9-based gene drive in S. cerevisiae, we 

took two approaches. In the first approach, replicate populations of yeast with the gene drive, 

without the drive, and with an incomplete drive were propagated for 1000 generations. The aim 

of this experiment was to observe the patterns in adaptation that result from gene drive. In the 

second approach, we run a mutation accumulation assay. From this assay, we will profile the 

mutagenic effects of gene drive elements. Taken together, these experiments set the basis for 

whether CRISPR/Cas9-based gene drive technology can have a significant effect on the 

evolutionary fate of a population. We hope that our results will help guide research into 
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minimizing risks to the public and the environment as we work toward reducing the transmission 

of infectious disease with gene drive technology. 

1. Results 

1.1. Asexual Evolution Experiment 

 This experiment was conducted to observe how population genetics might be affected by 

the presence of CRISPR/Cas9 gene drive elements. The original S. cerevisiae, W303-derived, 

haploid strains yPH3 and yPH4 were provided by the Desai Lab. We incorporated different 

CRISPR/Cas9 gene drive elements and mated the haploids to generate three strains. The test 

strain expressed a “split-drive” system (Esvelt et al, 2014), denoted here as “Cas9(+), gRNA(+)”, 

with its Cas9 nuclease gene on a drug-selectable plasmid and the gRNA in the ade2 locus. 

Separating Cas9 and gRNA prevents cells from maintaining the full drive system without drug 

selection, decreasing the overall chance that the gene drive would successfully enter outside 

populations (Esvelt et al, 2014). As another cautionary measure, the gRNA targets only an altered 

gene, ADE2, to prevent our construct from driving in wildtype yeast strains (Esvelt et al, 2014). 

To test Cas9 nuclease’s activity independent of the gRNA, we constructed a strain with the full 

Cas9 plasmid but no gRNA. We also constructed a strain for a baseline for mutation rate under 

drug selection. This strain had no gRNA and a truncated Cas9 plasmid. From each of the three 

strains, eight replicate populations were propagated for roughly 1000 generations at bottleneck 

sizes about 105 cells per population (Fig. 1). 

We extracted genomic DNA from these populations every 100 generations to obtain 

whole-genome, whole-population DNA sequences from throughout the 1000 generations of the 

propagation (Fig. 1). Using a variant calling pipeline from McDonald, Rice, & Desai, 2016, with   
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Figure 1. Asexual evolution of replicate populations of yeast strains with the following 
constructs: Cas9(-), gRNA(-); Cas9(+), gRNA(+); and Cas9(+), gRNA(-). 
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filters based on Lang et al, 2013, we identified de novo mutations and tracked their frequency 

over time (Fig. 2A-C). Such mutations were expected to start at a frequency of 0.0 and then rise 

in frequency when part of an adaptive sweep (Atwood, Scheider, & Ryan, 1951). Once a de novo 

mutation rises in frequency, its trajectory will have one of three fates: go to extinction due to 

clonal interference, or competition with another adaptive lineage (Fig. 2E-G, horizontal shading); 

go to fixation as a heterozygous allele, which would maintain an allele frequency of 0.5 for the 

remainder of the experiment (Fig. 2E-G, vertical shading); or go to fixation as a homozygous 

allele, which would stay at a frequency of 1.0 (Fig. 2E-G, dotted shading). Clonal interference 

and fixation are normal features of a population adapting under natural selection (Lang et al, 

2013). Interestingly, we observed that the Cas9(+), gRNA(+) populations produced more 

segregant de novo mutations than the Cas9(-), gRNA(-) populations (Fig. 2D; p = 0.233, Welch’s 

t-test). This difference was even more exaggerated in the Cas9(+), gRNA(-) populations (Fig. 2D; 

p = 0.110, Welch’s t-test). However, the proportion of mutations to reach fixation as either 

heterozygous or homozygous alleles was significantly lower when directly comparing the Cas9(-

), gRNA(-) results to the combined results of the Cas9(+) strain (Fig. 2E-G; p = 0.028, Welch’s t-

test). These trends among the de novo mutations indicate that Cas9-carrying strains may have a 

higher mutation rate due to Cas9 nuclease acting independently of its gRNA. 

 We observe that a significant proportion of de novo mutations reach fixation as 

homozygous alleles across all three strains (Fig. 2E-G, dotted shading). Assuming that all de novo 

mutations entered the population as heterozygous alleles, their conversion into homozygous 

alleles indicated that these alleles were undergoing gene conversion. This phenomenon was 

interesting because gene conversions can be the result of dsDNA cleavage followed by HDR 

(Szostak et al, 1983). To better quantify the occurrence of gene conversions, we identified a total 

of 111 pre-existing, heterozygous alleles in the three strains and tracked the trajectories of those   
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Figure 2. De novo mutations rise in frequency and fix at different rates depending on the presence 
of Cas9 nuclease. (A-C) For the first replicates of the Cas9(-), gRNA(-) strain (A), the Cas9(+), 
gRNA(+) strain (B), and the Cas9(+), gRNA(-) strain (C), segregant de novo mutations are 
plotted on an axis of allele frequency over time in generations. Individual trajectories are colored 
by the chromosome on which they appear. Grayed-out trajectories are segregating, initially 
heterozygous mutations. (D) The total number of segregating, de novo allele trajectories detected 
is compared across the three strains. Each dot represents a single replicate population. Gray 
arrows designate the median for each strain. Horizontal positions of each point were randomly 
scattered to reduce the amount of overlapping points. (E-F) The fates of pooled allele trajectories 
together are compared across strains. Areas shaded with vertical lines denote the fraction of 
alleles to go extinct. Areas shaded with horizontal lines denote the fraction of alleles to fix at 
around 0.50 frequency. Areas shaded with dots denote the fraction of alleles to fix at around 1.0 
frequency. The relative area of the circles is proportional to the total number of de novo mutations 
found for the corresponding strain. 
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that deviated from their expected frequency of 0.50 (Fig. 3A-C). Analogous to trends for de novo 

mutations, we observe that both the Cas9(+), gRNA(+) (p = 0.958, Welch’s t-test) and Cas9(+), 

gRNA(-) (p = 0.329, Welch’s t-test) strains encounter slightly more gene conversions sweeping to 

detectable frequencies (Fig. 3D), while the overall fraction of heterozygous loci to fix in the 

population after gene conversion appeared to be consistent across all strains (Fig. 3E; p = 0.592, 

Welch’s t-test between Cas9(-) and Cas9(+) groups; p = 0.939, Kruskal-Wallis test across all 

three strains). These trends for gene conversions are also an indication that dsDNA damage may 

occur more frequently in the presence of Cas9 nuclease. 

From the asexual evolution experiment, we found evidence suggesting that the overall 

mutation rate may be elevated in the presence of Cas9 nuclease, especially when it is expressed 

without a gRNA. We observed similar trends across both segregating de novo and initially 

heterozygous alleles; more de novo alleles or gene conversions appeared at detectable frequencies 

in both the Cas9(+), gRNA(+) and Cas9(+), gRNA(-) populations than in the Cas9(-), gRNA(-) 

populations (Figs. 2D and 3D). These trends suggest that there may be differences in how these 

strains are adapting under the same conditions, so further investigation into the underlying 

processes is warranted. 

1.2. Mutation Accumulation Assay 

Given that each strain in the asexual evolution experiment was represented by only eight 

replicate populations, we anticipated that the evolution experiment may have been too 

underpowered to yield statistically significant results. To determine whether CRISPR/Cas9 was 

mutagenic to the yeast genome, I designed a mutation accumulation assay wherein replicate lines 

accumulated new mutations under minimal selective pressure (Zhu et al, 2014; Kondrashov & 

Kondrashov, 2010). By comparing the ancestral genomes to their descendents from the end of the 

assay, we will construct a mutation rate profiles for both the full gene drive and Cas9 alone.  
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Figure 3. Allele trajectories of gene conversions at loci that were heterozygous in the ancestors 
vary slightly depending on the presence of Cas9. (A-C) For the first replicates of the Cas9(-), 
gRNA(-) strain (A), the Cas9(+), gRNA(+) strain (B), and the Cas9(+), gRNA(-) strain (C), 
segregating, initially heterozygous alleles are plotted on an axis of allele frequency over time in 
generations. Individual trajectories are colored by the chromosome on which they appear. 
Grayed-out trajectories are de novo mutations from the corresponding population. (D) The total 
number of segregating, initially heterozygous allele trajectories and (E) the fraction of the total 
111 detected loci to fix as homozygous alleles are compared across the three strains. Each dot 
represents a single replicate population. Gray arrows designate the median for each strain. 
Horizontal positions of each point were randomly scattered to reduce the amount of overlapping 
points. 
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In the asexual evolution assay, gene conversions were particularly difficult to reliably 

measure given that we could only observe gene conversions at 111 heterozygous loci across the 

ancestral genome. To address this, I constructed three new S. cerevisiae strains analogous to those 

in the asexual evolution experiment. For this set of strains, we mated haploids from two highly 

diverged backgrounds, YAN501 derived from RM11-1a (Brem et al, 2002) and BY4741 

(Brachmann et al, 1997) from the Andrews Lab and Desai Lab, respectively. These strains differ 

by approximately 4.6x104 small-nucleotide polymorphisms (SNPs; Qi et al, 2009), so a cross 

between the two strains should yield that many heterozygous loci to monitor for gene conversion 

rates. Relative to the strains used in the asexual evolution experiment, the new strains are capable 

of yielding more precise measurements of the rate of gene conversion and better inform us of 

Cas9 nuclease’s activity throughout the genome. 

 We passaged 95 replicate lines per strain through over 40 bottlenecks, or approximately 

500 generations. DNA samples from the ancestral strains and their 285 total descendants are in 

the process of preparation for high-throughput sequencing. We will compare the genomes of our 

ancestral strains to the descendents to observe the numbers and type of mutations over time. By 

incorporating read depth data, we may be able to measure frequencies of large chromosomal 

rearrangements. By the end of the data analysis, we will have mutation profiles for each of the 

three strains that will inform us of whether Cas9 actually introduces significant numbers of off-

site mutations. 

2. Discussion 

 In the asexual evolution experiment, we observed elevated rates of the de novo, segregant 

mutations appearing in both Cas9(+), gRNA(+) and Cas9(+), gRNA(-) yeast populations (Fig. 

2D), and a similar trend was observed for gene conversion rates (Fig. 3D). These results suggest 

that Cas9 nuclease increases mutation rates in yeast, which in turn affects the allele dynamics  
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Figure 4. An overview of the mutation accumulation assay to capture the mutagenic effects of a 
CRISPR/Cas9-based gene drive and Cas9 nuclease in S. cerevisiae.  
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within populations. Further analysis of the evolution experiment’s allele trajectory data may 

clarify the underlying processes by which Cas9 causes these changes. Additionally, the mutation 

accumulation assay will inform us of Cas9-specific mutagenic effects in the absence of selection. 

Once we arrive at the full data set, we will determine whether CRISPR/Cas9-based gene drive 

elements actually affected the evolutionary dynamics of our populations. 

 One confounding variable hampering our ability to differentiate among strains in the 

asexual evolution experiement was the use of zeocin to maintain the Cas9 plasmids. Zeocin 

selection was required in these strains because other drug resistance and auxotrophic markers 

were already in use for the controlled mating in a related experiment. At 50ng/μl, the 

concentration of zeocin during evolution likely did not kill all cells that lacked a functioning 

plasmid and prevent them from spontaneously gaining resistance (Gatignol, Baron, & Tiraby, 

1987). For reference, an earlier study had estimated that spontaneous resistance in S. cerevisiae 

strains OL1 and GRF 18 occurs at a rate of 3x10-6 at 1ug/mL phleomycin on YPD plates 

(Gatignol et al, 1987). Under the assumption that our strains gain resistance at the same rate, we 

expect resistance to spontaneously arise once every three to four generations in our populations of 

105 cells. Resistance mutations to drug selection may be responsible for driving most adaptive 

sweeps even in strains with functional ShBleoR genes. In addition to adding selective pressure in 

the evolution experiment, zeocin itself generates dsDNA breaks (Povirk et al, 1977), so the basal 

mutation rate is expected to be elevated relative to evolution in non-selective media (i.e., YPD 

broth alone). Despite the added selective pressure and mutagenic properties from zeocin 

selection, we still trust that our experiment captures the effects of Cas9 since all populations were 

grown in the same conditions. The relative differences among the strains should be agnostic to the 

particular selection pressures and basal mutation rates due to external conditions. In light of 
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zeocin’s properties, the strains for the mutation accumulation assay were designed to not require 

drug selection since the gene cassettes were incorporated into the genome. 

 Another confounding factor arise from the mutagenic effects of strain construction. As 

stated before, we identified 111 total initially heterozygous, chromosomal loci across the three 

strains in the evolution experiment. Ideally, we expected these strains to be completely 

homozygous, owing to their parents yPH3 and yPH4 coming from the same evolved strain H02.6 

from the Desai Lab. The initially heterozygous loci may have come from original strain H02.6 or 

from transformation with gRNA and Cas9 cassettes. If mutations were introduced by strain 

construction on the haploids, the three strains may have differed at loci outside of the Cas9 

plasmid and gRNA insertion. As a consequence, one strain might have started with a known 

mutator phenotype (Smith et al, 2004; Serero et al, 2014; Stirling et al, 2014) or a significantly 

different population-wide fitness. In either case, evolutionary dynamics of the populations may 

have been biased due to alleles outside of the gene drive elements. In consideration of these 

heterozygous mutations, we plan to identify which heterozygous mutations are from which strain 

and cross-check them with the known set of mutator alleles. We also will conduct growth curve 

assays to compare population-wide fitness across strains before and after evolution. Ultimately, 

we will be able to identify whether unintended alleles from before the evolution likely skewed 

our results and adjust our calculations accordingly. 

 Moving forward, we would like to determine how gene drive elements might affect 

selective pressures in a population. CRISPR/Cas9 constructs may impose a fitness cost by using 

up significant resources for gene expression (Lang, Murray, & Botstein, 2009) or causing 

cytotoxicity via DNA damage (Aguirre et al, 2016; Morgens et al, 2017). By starting at a lower 

fitness cost, populations with active Cas9 may find that some otherwise neutral mutations confer 

a fitness advantage by specifically counteracting Cas9. With more beneficial mutations initially 
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available, Cas9(+) strains might have access to more evolutionary paths than without Cas9. In the 

evolution experiment, we observe that more de novo mutations appear in populations with active 

Cas9 elements, yet similar numbers of alleles fix across all strains. Connecting these trends to 

underlying adaptive processes will require additional information. The key data currently being 

analysed include the cellular functions that were included in adaptive sweeps and the mutations 

likely to occur in each strain. These data will require identifying the genomic context of segregant 

alleles and building the mutagenic profiles from the results of the mutation accumulation assay. 

Taken together, all of this information should help us piece together whether the presence or 

absence of Cas9 had any effect of the fate of these populations. 

Through further analysis of our S. cerevisiae CRISPR/Cas9 gene drive system, we hope 

to better understand the evolutionary consequences of gene drive for populations. From the 

asexual evolution experiment, we found that CRISPR/Cas9 elements may introduce more 

mutations population-wide level over time. and that Cas9 that has lost a specific gRNA may 

introduce even more mutations as a result. In the context of modifying mosquito vectors to resist 

malaria, changing the evolutionary path of vector populations may end up accelerating their 

adaptation toward pesticide or gene drive resistance. Our results underscore the importance of 

researching more controlled, more precise systems for CRISPR/Cas9-based gene drive (e.g. Cox 

et al, 2017; Gaudelli et al, 2017; Noble et al, 2019; Gangopadhyay et al, 2019) before modifying 

the genetic makeup of a natural population. With a mutagenic profile from the mutation 

accumulation assay, we may be able to improve assays to identify chromosomal artifacts directly 

caused by unintended Cas9 activity. Alternatively, if the mutation accumulation assay finds that 

the mutation rate of Cas9-carrying lines were not higher than the control, we would try to better 

understand the cause of cytotoxicity of Cas9 expression with and without its gRNA. Ultimately, 

this work aims to help assess the safety of CRISPR/Cas9-based gene drives. As with almost any 
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nascent technology, there is still much to learn about the short- and long-term impacts on the 

environment and people whom scientists aim to help with gene drive technologies. With the 

potential risks involved in genetic engineering, it is the ethical responsibility of the scientific 

community to mitigate the negative impacts of our collective work. 

3. Materials and Methods 

3.1. Asexual Yeast Evolution 

3.1.1. Evolution of Replicate Populations 

 Cas9(-), gRNA(-); Cas9(+), gRNA(+); and Cas9(+), gRNA(-) split-drive strains were 

constructed by K. Carolino. These were designed to also be suitable for a controlled mating 

protocol (McDonald et al, 2016), though this part of the project is not discussed here. To begin 

the evolution experiment, the three strains were streaked to single colonies on YPD agar with 

50ng/μl zeocin and incubated for about 48 hours. From a single colony of each strain, eight 

replicate populations were started by inoculating 10ml of YPD broth with 50ng/μl zeocin in non-

baffled, non-airtight, 50ml erlenmeyer flasks. The selection by zeocin maintained the Cas9 and 

truncated Cas9 plasmids in these populations. The cultures were incubated at 30°C while shaking 

upright at 110 rpm. Every 24 hours, 10ul from each culture was transferred to a new flask with 

10ml of YPD zeocin broth. 

 Samples were collected and frozen at about every 50 generations, or every five dilutions. 

Each sample was stored separately in 2ml centrifuge tubes. In each well, 500ul of autoclave-

sterilised 75% glycerol solution was vortexed with 1ml of cell culture. The tubes were then stored 

in -80°C until the DNA extraction step.  
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3.1.2. Sample Preparation for Population-wide Genome Sequencing 

 DNA from each replicate and 100-generation time-point was extracted via the column-

based, chloroform extraction protocol in the YeaStar DNA Extraction kit (Zymo Research). 

Whole-population, genomic DNA (gDNA) samples were prepared for sequencing on the Illumina 

HiSeq platform using a modified version of Illumina’s Nextera protocol (Kryazhimskiy et al, 

2014). Samples were stored at -80°C until ready to submit for sequencing. Generations 100 to 

400 of replicate populations 1, 2, and 3 for each strain were sequenced separately before the other 

samples. The remaining samples were sequenced twice to increase read coverage to over 100X. 

3.1.3. Calling Small-Nucleotide Variants 

 Our DNA sequence alignment and variant calling pipeline follows the one in Lang et al, 

2013. In summary, this data analysis pipeline took the raw reads from multiple Illumina Hi-Seq 

lanes, filtered and aligned the reads to reference genomes, called putative mutations from the 

alignments, and mapped allele frequency trajectories over time to explore the evolutionary 

dynamics among our replicate populations. 

 As mentioned above, sequencing was completed in three separate batches. First we 

combined raw read sequence files by DNA sample (Supplemental Files 1). Next, Illumina adapter 

sequences were removed using Trimmomatic V0.32 (Bolger, Lohse, & Usadel, 2014; 

Supplemental Files 2). In the process, Trimmomatic also sorted reads into paired and unpaired 

categories depending on whether each read had a reverse-complementary read in both or one of 

the paired FASTQ files. 

 After trimming the reads, we used Bowtie2 (Langmead & Salzberg, 2012) to align the 

reads to strain-specific reference genomes constructed by J. P. Shaffer (Supplemental Files 3). 

We then indexed the alignment files with samtools (Li et al, 2009) before marking duplicate reads 

with GATK MarkDuplicates (McKenna et al, 2010; Van der Auwera et al, 2013; Supplemental 
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Files 4). These reads likely came from PCR amplification and therefore should not have been 

considered as separate reads when scanning for putative mutants. I must note that some BAM 

files would crash MarkDuplicates; these files were excluded from further analyses, so some time 

points were unavailable in some replicate populations. From these alignments, I used the 

samtools depth function (Li et al, 2009) to generate tables that mapped coverage across the 

genome for each of the samples (Supplemental Files 5). 

 Next, we used GATK HaplotypeCaller (McKenna et al, 2010; Van der Auwera et al, 

2013) to identify mutations in each of the sample alignment files. Unfortunately, GATK 

HaplotypeCaller heavily subsampled reads according to the samtools depth (Li et al, 2009) 

coverage measurements. Unsatisfied with the apparent subsampling and its effects on allele 

frequencies estimates, I reverted back to legacy software, UnifiedGenotyper from GATK 2.6 

(McKenna et al, 2010; Van der Auwera et al, 2013; Supplemental Files 6). Overall, 

UnifiedGenotyper appeared to subsample less than HaplotypeCaller, so we used 

UnifiedGenotyper’s output to calculate allele frequencies instead of HaplotypeCaller. Since 

UnifiedGenotyper was legacy software, all GATK programs further down the pipeline were also 

from GATK version 2.6. 

 At this point, all putative variant calls were stored in multiple VCF files (Danecek et al, 

2011), one file per replicate population per time point. The next step was merging all files with 

GATK CombineVariants (Supplemental Files 7). One minor bug was that CombineVariants 

assumed that the reference sequence was the same for all variant calls. We had to remove a 

variant call at chr XVI:683022 due to this limitation of CombineVariants. This variant only 

appeared at a single time point, so it would have been ignored anyway when creating allele 

trajectories. After the files were merged, another script combined the UnifiedGenotyper data with 

the read depths measured by samtools depth (Supplemental Files 8). 
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3.1.4. Filtering Variant Calls and Allele Trajectories 

 With variant calls and coverage across all replicates and timepoints stored on a single, 

table-delimited table, I built a script to handle the organization and filtering of the allele 

frequency information (Supplemental Files 9) for plotting in Matplotlib (Hunter, 2007). Filters 

were modeled after those used in Lang et al, 2013 and McDonald et al, 2016. All of the following 

table manipulations and filtering steps were completed using the pandas Python library (Oliphant, 

2007; Millman & Aivazis, 2011; McKinney, 2010), the NumPy package (Oliphant, 2006), and 

the statsmodels package (Seabold & Perktold, 2010). From several iterations of plotting allele 

frequency time courses post-filtering for whole populations, I noted time points at which allele 

frequencies for all or most putative mutations dramatically dropped to below significance 

simultaneously only to reappear again in the following time point at roughly the same frequency 

as before the drop. Such time points were excluded from analysis by the formatting and filtering 

script. Next, individual allele frequency calls were filtered on the basis of how many reads were 

output by UnifiedGenotyper to produce the overall allele frequency estimation; those with below 

20 total reads were likely to yield imprecise data and were thus excluded. Variant calls were 

excluded from all time points if they had appeared at above 95% frequency by generation 100 in 

three or more replicate populations. Such variants were already features of the strains prior the 

asexual evolution. Mutations were also excluded if they were only at non-zero frequency no more 

than once or twice in any time course. After filtering this set of mutations out of the data set, 

values of zero frequencies were assigned to replicate-time-points where no variant was called 

despite having significant coverage at above 20 bp in the original BAM file alignments. Flags 

placed by the preceding coverage, fixation, and time point filters were used to prevent 

overwriting allele frequencies that were previously removed. 
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 The next set of filters relied on time course analyses for each of the variant trajectories. 

First, variants were sorted two categories: de novo or pre-existing heterozygous. The criteria for 

being heterozygous was that the variant had to appear in at least two replicate populations of one 

strain and maintain an average frequency of 0.50 ± 0.10 and a standard deviation below 0.10 

across all time points in those populations. Mutations that failed these requirements were 

considered to be de novo mutations. De novo mutations were further categorized into being 

present in under three populations or over three populations. Then each variant checked by two 

filters. The first filter identified noisy allele trajectories by setting a minimum threshold for 

autocorrelation (Seabold & Perktold, 2010; Parzen, 1963). The second filter set a minimum 

threshold for the difference between each trajectory’s initial frequency, excluding time points 

filtered due to low coverage, and its maximum or minimum frequency. Thresholds for 

autocorrelation and frequency change measurements were set differently among the 

heterozygous, single- or double-population, and multi-population variants. We set the strictest 

autocorrelation and frequency change thresholds for multi-population variants, a minimum of 0.5 

and 0.2 respectively. Heterozygous alleles were given a lower autocorrelation threshold at 0.2. 

Single- and double-population alleles were held to a minimum frequency change of 0.1 and an 

autocorrelation of at least 0.2. The results of both filters were combined, and any variants for 

which all trajectories were flagged by either the autocorrelation or frequency change filters were 

removed from the dataset. The data structure was then exported bitwise through cPickle for 

visualization with Matplotlib via a separate Python script (Supplemental Files 10). 

 To categorize the resulting allele trajectories after filtration, I relied again on the pandas 

package to set different thresholds for different changes in frequency (Seabold & Perktold, 2010; 

Supplemental Files 11). For heterozygous alleles, I determined which alleles had a maximum or 

minimum frequency at least 0.2 away from 0.5, the presumed frequency of a heterozygous allele 
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prior to any gene conversion between homologous alleles. Those trajectories that did pass the 0.2 

threshold were counted as gene conversion events for their particular replicate population. I also 

set a separate threshold that determined whether a particular allele ever fixed within a population 

by setting a minimum maximum frequency of at least 0.95 or less than 0.10 in the case of the 

homozygous wildtype genotype outcompeting the heterozygous one. Note that no attempt to sort 

alleles into distinct genotypes was made, though I did create an unfinished portion of the 

statistical summary script that would do so by grouping trajectories with high correlation among 

one another. Alternatively, de novo mutations simply had thresholds going in one direction, since 

in theory they should have started from a frequency of around 0. An increase of at least 0.2 was 

deemed an adaptive event; reaching at least 0.4 and never going above 0.6 meant that a 

heterozygous allele had fixed; trajectories that pass 0.7 were likely due to a gene conversion; and 

those that reached at least 0.90 were considered fixed in their population. After each allele 

frequency had been sorted by their frequency change threshold, the data tables for both 

heterozygous and de novo alleles were merged in order to count the total number of putative 

selective sweeps and the total number of gene conversions observed in each population. 

 

3.2. Mutation Accumulation Assay 

3.2.1. Strain Construction 

 To control for potential mutations from the strain construction process, we generated 

multiple replicate strains per construct. Should a known mutator genotype arise in any particular 

strain at or before generation 0, we would expect that any mutagenic effect of our construct 

would be confounded by the resulting elevated mutation rate. First, we knocked-in a functional 

HIS3 gene into the BY4741 strain to make the diploid selection easier later on (Table 1). Linear 

DNA cassettes to be integrated into the ADE2 locus of the haploid strains were amplified off of a 
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plasmid encoding a gRNA, Cas9 nuclease, GFP fluorescence marker, and zeocin-resistance gene 

(Table 1). For the first set of strains, the primers included 40bp homology arms to regions 

upstream and downstream of ADE2 in BY4741 and RM-11a (Table 1). In subsequent rounds of 

PCR, I amplified the gene drive constructs from genomic DNA of strains which already 

contained integrated cassettes, including 800bp homology arm regions to improve transformation 

efficiency (Table 1). 

3.2.2. Chromosomal Integration of CRISPR/Cas9 Cassettes into Haploid Parent Strains 

 In the first round of transformations, we inserted a functional HIS3 into BY4741 at its 

native locus, providing one of two diploid markers for the mating protocol. Having generated the 

gene drive constructs, we next integrated the constructs into parent haploid strains, following a 

standard lithium acetate yeast transformation protocol. Transformants were selected by plating 

onto YPD agar plates with 100μg/mL nourseothricin (Table 2). The transformation protocol was 

repeated until several replicate transformant strains were generated for each of the three cassettes, 

those being the full gene drive, the gene drive without its gRNA, and the drug marker without 

gene drive elements, in both parent backgrounds, YAN501 and BY4741. These replicates served 

to control for the potential mutagenic effects of the chromosomal integration step itself. For 

confirmation and storage, a single colony of each strain was individually grown in 2mL of YPD 

broth shaking at 220 rpm in 30°C for about 48 hours. 1mL of each strain’s culture was vortexed 

with 333uL of 75% glycerol in 2mL microcentrifuge tubes to be stored at -80°C. 

3.2.3. Mating Haploid Parents 

 A key design element of the mutation accumulation assay was to use diploid strains 

whose parents were sufficiently diverged to form numerous heterozygous loci, which would 

assist us in monitoring the overall gene conversion rates of each strain. As described above, the 

gene drive and control cassettes were inserted into each haploid separately. Following the 
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transformation, I paired transformants from the YAN501 parent strain with those of BY4741 with 

matching gene drive elements. 

 Prior to mating, I started cultures in 2mL YPD from frozen stock of each transformant 

haploid. After 48 hours of shaking at 220 rpm in 30°C, the haploids from either parent were 

crossed by combining 0.5mL of liquid culture from either parent and 8mL of YPD broth. These 

combined cultures were gently shaken by hand in loosely capped 50mL erlenmeyer flasks and 

incubated without agitation at 30°C overnight. To select a single from each replicate mating pair, 

I cross-streaked the mated cultures onto post-mating, double-selection CSM -his +G418 agar 

plates (Table 2). After incubating the plates for approximately 48 hours, single colonies were 

selected from each post-mating, double-selection plate and cross-streaked again onto double-

selection plates, ensuring that each replicate strain had a single diploid ancestor. Another 48-hour, 

30°C incubation later, single colonies from each mating culture were picked to start 2mL YPD 

broth cultures, which were then shaken at 220 rpm and 30°C overnight. 1mL of the culture was 

vortexed with 333uL of 80% glycerol to store at -80°C. 

3.2.4. Cell Culture and Single-cell Bottlenecks 

 For the duration of the assay, replicate lines were grown on YPD agar media (Cold 

Spring Harbor Protocols). To begin the assay, multiple parent strains per treatment, each replicate 

of the chromosomal integration process, were streaked onto YPD clonNAT agar from frozen 20% 

glycerol stock stored at -80°C. A single colony of each respective strain was selected by nearest 

proximity to a premarked position on the agar plate, and those colonies were used to streak seven 

to twenty-four replicate lines for the mutation accumulation. At the same time, 2ml liquid YPD 

cultures were started from the same colonies, shaken in culture tubes for two overnights at 30°C, 

then frozen at -80°C in 15% glycerol for later DNA extraction as the ancestral references. A total 

of 285 parallel lines underwent about 43 cycles of plating onto YPD agar and incubation at 30°C 
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for 48 hours. The petri dishes used during the mutation accumulation step were 50 mm in 

diameter and made of polypropylene, which could withstand repeated bleaching and autoclaving. 

Roughly 300 sterile dishes were filled with approximately 5ml of YPD agar at least one day prior 

to each day of cell plating. Prior to plating, each plate was marked with a unique strain number 

and a single dot. At 2:30 PM, one to three lab members would begin the streaking process. We 

selected the colonies closest to the marked dot. Then we picked the colonies using autoclave-

sterilised, flat, wooden toothpicks and cross-streaked them onto a clean YPD agar plate three to 

four times. The newly streaked plates were incubated at 30°C for 48 hours.  
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Appendix: Supplemental Figures and Tables 

Table 1. Primers used for gene drive cassette construction with homology arms for RM11-1a 
strains. 

 
  



 27 

Table 2. Selection media for plasmid maintenance, transformant selection, and mating selection. 
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Figure 5.  Cas9(-), gRNA(-) populations’ allele trajectories from the asexual evolution 
experiment.   
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Figure 6. Cas9(+), gRNA(+) populations’ allele trajectories from the asexual evolution 
experiment.  
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Figure 7. Cas9(+), gRNA(-) populations’ allele trajectories from the asexual evolution 
experiment. 
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