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genomic changes that take place over many generations. These experiments pro-

vide powerful tools for testing of a wide variety of evolutionary questions, especially

questions about the nature of adaptive traits. While any organism could be stud-

ied in this context, microbes are most practical, due to their quick reproductive

cycles. One drawback to using microbes in E&R studies is that they reproduce

asexually, which generally leads to slower adaptation that is mutation-limited. By

comparison, E&R experiments with sexually-reproducing populations that main-

tain high levels of standing genetic variation have an improved ability to dissect

the genetics of complex adaptive traits. My thesis takes advantage of this powerful

experimental technique by subjecting highly diverse, sexually-reproducing popu-



lations of the yeast Saccharomyces cerevisiae to a ten week E&R experiment to

investigate the genetics of resistance to the herbicide RoundupTM , a trait with

significant ecological relevance for a variety of species. The first major objective of

my thesis was to identify specific genomic regions that might underlie RoundupTM

resistance by tracking allele frequencies over time in evolving populations. A sec-

ond objective was to determine whether two different selection treatments – a

typical treatment involving strong constant selection pressure versus an increasing

selection treatment starting with a low dose of RoundupTM that increased over

time – led to different evolutionary outcomes. Our results uncovered several po-

tential candidate regions that may underlie RoundupTM resistance and warrant

further investigation. While the two selection treatments led to similar evolved

phenotypes, and similar ability to localize potentially causative genes, we did ob-

serve evidence for a unique trait architecture that suggests that different regions

may be selected for depending on the strength of the RoundupTM dose used. Our

results provide insight into the consequences of chronic RoundupTM exposure on

non-target organisms, and they also inform the general design strategies of future

E&R experiments.
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Chapter 1: Introduction

Experimental evolution provides a powerful framework for testing a variety of evo-

lutionary questions by investigating how model organisms evolve under controlled

laboratory conditions. Saccharomyces cerevisiae is an important model organism

for biology research for many reasons, and is particularly well-suited for experi-

mental evolution. It can easily be reared in the lab and has rapid generational

turnover, such that dozens of generations of evolution can occur in a matter of

weeks. Typically, evolution experiments with yeast feature an isogenic strain as

the ancestor, and track the accumulation of de novo mutations that occur over

time; this allows the identification of large-effect alleles underlying fitness (e.g.

Kao and Sherlock (2008)). While yeast typically reproduce asexually, sexual re-

production can also be induced in the lab with specific media. This allows the

creation of recombinant populations for experimental evolution in which genetic

variation is initially high, and can be maintained over many generations of evolu-

tion (e.g. Linder et al. (2020)). This approach provides several advantages over

the traditional approach featuring isogenic, asexual yeast (reviewed by Long et al.

(2015)). Chief among these advantages is the ability to track how standing genetic

variation evolves over time under different environmental conditions (Burke et al.,

2014; Phillips et al., 2020). Sexual reproduction also promotes faster adaptation

by decoupling deleterious alleles from causative sites that are under selection (Mc-
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Donald et al., 2016). In sexually-reproducing eukaryotic organisms, adaptation is

generally driven by the evolution of standing genetic variation, and not beneficial

de novo mutations reviewed by (reviewed by Burke (2012)). Thus, experimental

evolution with initially recombinant, outcrossing yeast populations is emerging as

a powerful tool for studying the effects of particular environmental influences (e.g.

stresses brought about by climate change, or chemicals in pollutants), that may

apply generally to a variety of organisms.

RoundupTM is a widely used, glyphosate-based broad-spectrum herbicide that

was first introduced commercially in 1974. Since the advent of genetically modified

RoundupTM resistant crops in the mid-1990s, global RoundupTM use has increased

15-fold (Benbrook, 2016). The increased use worldwide has prompted questions

about the effects of RoundupTM on organisms other than plants. While manu-

facturers have claimed that glyphosate, the main active ingredient in RoundupTM

has few or no effects on non-target species, multiple studies suggest it is toxic

(Lévesque and Rahe, 1992; Baier et al., 2016; Aristilde et al., 2017). There is also

evidence to suggest that the undisclosed, non-active ingredients added to commer-

cial formulas to enhance their efficacy might also be more toxic than glyphosate

alone (Janssens and Stoks, 2017; Mesnage et al., 2019). There is a need for more

studies of the effects of RoundupTM on organisms other than plants to gain a better

understanding of the general consequences of its widespread use.

Previous work investigating the effects of glyphosate-based herbicides on yeast

have revealed varying levels of toxicity when testing wild isolates and lab strains

(Barney et al., 2020). In plants, glyphosate targets the shikimate pathway by in-
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hibiting the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) enzyme, which

is a necessary part of amino acid production (Amrhein et al., 1980; Powles and

Preston, 2006). It is well established that yeast and many other microorganisms

share this same pathway; however, it is not present in any known animal species

(Herrmann and Weaver, 1999). In yeast it has been shown that different variants

within the yeast ARO1 gene, which is homologous to the EPSPS gene in plants,

cannot fully explain the differential growth of yeast in the presence of glyphosate

based herbicides (Rong-Mullins et al., 2017). Further work implementing clas-

sic Quantitative Trait Locus (QTL) mapping (Rong-Mullins et al., 2017), RNA-

seq and experimental evolution experiments in clonal strains (Ravishankar et al.,

2020) has identified several other putative regions that may contribute to improved

growth and viability in the presence of commercial glyphosate formulas. Specif-

ically, Rong-Mullins et al. (2017) highlight DIP5, an amino acid permease, and

PDR5, an ABC multiple drug transporter, as potential genes that may contribute

to resistance, and the authors hypothesized that these two genes modulate how

RoundupTM gains entry into yeast cells. In addition, Ravishankar et al. (2020)

identified over a thousand additional potential genetic candidates, so it is clear

that more work needs to be done to dissect the complex genetics of RoundupTM

resistance in yeast.

Evolution experiments, particularly those that feature whole-genome sequenc-

ing of evolved populations (also known as Evolve & Resequence or E&R exper-

iments) offer a unique platform for investigating the genetics of complex pheno-

types, and recently, these experiments have emerged as a popular complement or
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alternative to classic QTL mapping (Schlötterer et al., 2014; Long et al., 2015).

In model systems, distinct genotypes (i.e. strains or inbred lines) representative of

the species’ natural genetic variation can be crossed to create an ancestral popu-

lation for an E&R study that is highly diverse; in theory this allows opportunities

for efficient and high-resolution trait mapping (Baldwin-Brown et al., 2014). In

addition to shedding light on the genetics of the phenotype of interest, imposing

artificial selection on replicates of a diverse starting population can reveal insight

into the evolutionary dynamics that are at play over the course of an evolution

experiment (Phillips et al., 2020). Pooled sequencing techniques allow affordable

surveying of allele frequencies in large numbers of individuals, providing a snap-

shot of the genetics of a whole population at any time point during a population’s

evolutionary trajectory (Futschik and Schlötterer, 2010; Schlötterer et al., 2014).

For my master’s thesis, I use an E&R experiment in outcrossing yeast to in-

vestigate the complex phenotype of RoundupTM resistance in a model organism.

Over the course of a ten week evolution experiment in which experimental pop-

ulations were cultured in media supplemented with RoundupTM I documented

the changes in phenotypes that occurred with high-throughput growth rate as-

says, and I also documented the changes in allele frequencies that occurred with

pooled-population genome sequencing. I evaluated how evolved populations be-

come differentiated from the ancestor and one another over time. I also assessed

the degree to which experimental populations differed from controls, which were

handled under identical laboratory conditions as the experimental populations, but

without the addition of RoundupTM to the media. In this work, I use the term
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“Roundup resistance” to describe improved growth in the presence of RoundupTM

compared to a reference population, in this case the ancestral population, but it

should be noted that my work technically cannot distinguish whether this phe-

notypic change might be due to improved tolerance or resistance. Similar work

published by other investigators also uses this term (Rong-Mullins et al., 2017;

Ravishankar et al., 2020), and I have chosen to follow this convention in my thesis.

Previous simulation work shows that when performing E&R experiments with

sexually-reproducing organisms, the ability to detect genomic regions underlying

adaptive phenotypes can be enhanced by slowly elevating the selection pressure

over time (Vlachos and Kofler, 2019). Strong selection leads to high levels of ge-

netic hitchhiking around selected sites, which in turn reduces the ability to localize

candidate genes underlying adaptive phenoytpes; in other words, strong selection

leads to large genomic regions, potentially harboring many genes, to increase in

frequency. By contrast, weaker selection is expected to lead to decreased hitch-

hiking and an improved ability to localize individual candidate genes underlying

adaptive change. My research has two major objectives: i) to identify poten-

tial candidate genomic regions that confer RoundupTM resistance in S. cerevisiae;

and ii) to compare the genomic signatures left by two different types of selection

regimes for RoundupTM resistance – incrementally increasing versus constant se-

lection pressures. Both of these objectives were carried out with a single E&R

experiment in sexually outcrossing yeast.
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Chapter 2: Materials and Methods

2.1 Experimental evolution of S. cerevisiae in media supplemented

with RoundupTM

The ancestor of this ten week E&R experiment was a highly recombinant S. cere-

visiae population called “12X”, which was created by crossing 12 geographically

and genetically distinct haploid strains (see Table 2.1 for founder strain informa-

tion and Burke et al. (2020) for details of how this population was created). All

strains have been previously modified with an identifying barcode at the URA3 lo-

cus and with the deletion of the HO gene to prevent mating type switching (Linder

et al., 2020). The MATa founder strains have been modified with an insertion of

natMX expression cassette at the YCR043C pseudogene near the mating type lo-

cus. This insertion provides MATa mating types with resistance to nourseothricin

(MATa, HO ∆, URA3::KanMX-Barcode, YCR043C::natMX). Similarly, MATα

strains are resistant to hygromycin B due to an insertion of the hphMX cassette,

which replaces YCR043C pseudogene (MATα, ho ∆, URA3::KanMX-Barcode,

YCR043C::hphMX). When grown on selective media (YPD + 300mg/mL hy-

gromycin B + 100mg/mL nourseothricin sulfate + 200mg/mL G418) only diploids

that carry both resistant cassettes at the YCR043C locus and the KanMX-barcode

are selected.
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Table 2.1: Founding strains of the 12X ancestor population, from the Saccha-
romyces Genome Resequencing Project (SGRP). Strains were previously modified
to facilitate crossing (Cubillos et al., 2009; Linder et al., 2020).

Over the course of the experiment, replicate populations derived from the ances-

tral 12X population were maintained in a rich medium (1% peptone, 2% dextrose,

2% yeast extract, or YPD) supplemented with Roundup Weed & Grass Killer

IIITM (2% glyphosate). The two different selection treatments consisted of either:

i) a ”constant” treatment involving a continuous culture at a single dose (1% of

the commercial formula in the final concentration) or ii) an ”increasing” treatment

which incrementally increased the dose of RoundupTM added to the media each

week, starting at a low dose of 0.1% and ending at a high concentration of 1%

(Table 2.2). Both experimental treatments experienced complex life-history in-

volving extended periods of competitive asexual growth in liquid media that were

frequently interrupted by induced outcrossing (Figure 2.1). Control populations,

derived from the same ancestral population and handled following identical pro-

tocols, were also maintained in YPD without RoundupTM . For practical reasons,

these control populations were generated as part of a previous experiment and were
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not run in parallel with the RoundupTM selection. All populations were cryopre-

served weekly (at -80ºC in 25% glycerol), such that populations could be revived

at any evolutionary time point for fitness and/or genomic surveys. Comparing

phenotypes observed in the experimental populations to those in the ancestor and

control populations allows determination of the trait(s) that shifted as a result of

selection for RoundupTM resistance, and comparing allele frequencies among these

populations may reveal genomic regions harboring causative genomic variants un-

derlying these traits. Examining allele frequency differences between experimental

populations (e.g. between the constant and increasing treatments) allows evalua-

tion of the prediction that gradually increasing the strength of selection in an E&R

experiment improves the ability to localize candidate regions.

Figure 2.1 shows the weekly sequence of events that involve both growth in

RoundupTM supplemented media and frequent outcrossing. To begin, the ancestral

population was sampled 36 times to create independent replicate populations, 18

for each treatment. Two replicate populations from each treatment were excluded

from the analysis due to sample loss and/or documented experimental mishaps

that may have led to contamination. The 16 control populations were generated

previously and experienced all steps of the protocol shown in Figure 2.1 except for

RoundupTM exposure.

Populations grew in liquid batch culture for a total of 48 hours in the corre-

sponding RoundupTM treatment each week, with a dilution halfway through to

increase the total number of generations of growth. During this phase, all cultures

were incubated at 30°C and shaken at 200 rpm. After 48 hours of competitive
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Figure 2.1: The Burke Lab’s weekly selection protocol for evolution experiments in
outcrossing yeast. The protocol involves 48 hours of liquid culture in YPD media
(constant and increasing treatments were supplemented with RoundupTM as per
Table 2.2) followed by steps for inducing sporulation, spore isolation and random
mating. Selective media will ensure that only randomly-mated diploids that have
both the natMX and hphMX cassettes continue on to the next week of competi-
tive growth in RoundupTM . The natMX and hphMX expression cassettes, which
replace the ycr043C pseudogene provide MATa founder strains with resistance to
nourseothricin and MATα founders with resistance to hygromycin B respectively.
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Table 2.2: An overview of the constant and increasing RoundupTM selection treat-
ments. The percentage of RoundupTM mixed in rich liquid media (YPD), and the
total estimated number of cell doublings (including both competitive growth in
liquid media and the diploid recovery stage on solid media) per week are listed
below. Each week one round of induced outcrossing occurs.

growth in liquid media, sporulation was induced by transferring populations to

minimal sporulation medium (0.1% potassium acetate solution) and incubated for

∼ 72 hours (30°C/200 rpm). After sporulation, lytic enzymes and mechanical ag-

itation were used to break down the yeast ascus walls, so that spores could be

isolated and mixed to ensure random mating. Mating occurred on selective me-

dia agar plates (YPD + 300 mg/mL hygromycin B + 100 mg/mL nourseothricin

sulfate + 200 mg/mL G418) and diploids that had successfully mated were al-

lowed to grow for ∼ 48 hours. Recovered diploids then underwent the next week’s

RoundupTM treatment in batch culture, repeating the process again. At every
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transfer step, cell density was estimated and standardized, as detailed in the next

section.

2.2 Estimating population size and number of evolved generations

Before starting the selection experiment, I assayed growth rates and cell viability

of the ancestral population in YPD and in 1% RoundupTM in parallel. The data

from these assays were used as benchmarks to predict the number of viable cells

present in the evolving populations at any point during the selection experiment.

The 16 replicate populations from each treatment were standardized to an OD600

∼ 0.1 and grown for 48 hours in 1 mL liquid batch culture at 30°C and shaken at

200 rpm. Every ∼8 hours manual OD600 readings were taken from each population

and a sample dilution of all replicate populations were grown on YPD agar plates.

Plated samples were diluted (10 or 100 fold) such that colony forming units could be

counted after 48 hours of growth to calculate the estimated number of viable cells

in the population at each time point. Linear least squares regression (R2= 0.9304)

was performed to model the relationship between an OD600 value and the number

of viable colonies recovered from the same time point. This predictive model al-

lowed us to use OD600 measurements to approximate viable cell density at specific

phases of the experiment. OD600 was measured in all populations at all trans-

fer points in an attempt to standardize cell density in experimental populations,

thus maintaining consistent population demographics and avoiding bottlenecking

genetic diversity; the minimum number of cells transferred always exceeded 106.
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The cell count estimates derived from this model over the course of the ten

week selection experiment were also used to predict the number of cell doublings

that occurred during growth in liquid media and diploid recovery after the weekly

induced outcrossing. Competitive asexual generations were assessed by measuring

the OD600 of all populations before and after RoundupTM exposure (Figure 2.1,

Step 1). Solving for Equation 2.1 below, (where y is the starting cell density, x is

the final cell density, and z is the resulting number of cell doublings), I estimate

that over 86 asexual generations occurred in the constant regime and more than

100 generations in the increasing regime over the full ten week experiment (Table

2.2).

z = log2(
x

y
) (2.1)

Non-competitive asexual generations were also estimated with this equation,

though less directly, by comparing estimates of cell counts before and after random

mating and diploid recovery (Figure 2.1, Step 4). I estimated the number of viable

spores entering the mating step by plating dilutions (10−5 & 10−6) of isolated spores

immediately following isolation so that the spores did not have time to mate (i.e.

cultures at the end of Step 3) on YPD agar media and counting colonies after 48

hours of growth. These spore estimates were divided by 2, since in the experiment

two spores would have to mate to survive the experimental protocols, and then

these numbers were used as estimates of the “initial” plate cell density. “Final”

plate cell density was determined from each experimental replicate population after
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48 hours of growth on the agar plates; lawns of cells from each plate were scraped

into liquid media and OD600 was measured to estimate the total number of cells

on the plate.

Using these prediction methods, I estimate that if 100% of the spores success-

fully mated and survived there would be ∼ 38 additional asexual generations in

the constant regime and ∼ 24 generations in the increasing regime over the course

of the experiment. While these are indirect estimates, they can be viewed as con-

servative lower bounds on the range of generations that likely occurred, since they

assume that rates of spore viability and mating were 100%. In reality, we expect

these rates to be far lower; meaning, if either spore viability and/or mating ef-

ficiency was < 100%, this would decrease the number of viable cells that could

initiate growth on the plate, which would require a larger number of cell doublings

to have occurred to achieve the observed cell density after 48 hours.

2.3 Relative growth rate in evolved populations

My general strategy for phenotyping evolved populations and determining how

they may have diverged from the ancestor involved high throughput growth rate

assays using a Tecan Spark multimodal plate reader. These assays allowed simul-

taneous, replicated assessments of evolved populations (from both constant and

increasing selection treatments), the control populations, and the 12X ancestor.

All populations were revived from frozen stocks and handled in parallel, includ-

ing standardization to a starting OD600 of 0.05 in 200 µL 1% RoundupTM YPD.
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Growth rate assays in 96-well plates were carried out over 48 hours at an incubation

temperature of 30°C (without agitation), and OD600 was measured every 30 min-

utes. Identical assays were carried out in RoundupTM free YPD media to observe

evidence of potential phenotypic trade-offs that may have resulted from long-term

adaptation to RoundupTM . Growth rate assays were performed using two technical

replicates for each of the 16 evolved populations from each RoundupTM treatment

and 13 of the control populations alongside three biological replicates (indepen-

dent overnight cultures) of the ancestor population. All evolved populations (of

the RoundupTM treatments and control treatment) were measured after ten weeks

of selection.

Plate reader data were analyzed using the R package Growthcurver to assess

differences in growth dynamics between assayed populations (Sprouffske and Wag-

ner, 2016). The following logistic growth equation (Eq. 2.2) was fitted to the ab-

sorbance data to generate estimates of carrying capacity and population doubling

rate (Kimura, 1971). Carrying capacity (K) refers to the maximum population

size that can grow based on the environmental conditions. The intrinsic rate of

growth of the population (r) is also referred to as doubling time. The population

size at the beginning of the growth assay is (N0). The logistic equation describes

the population size at a given time (t) as Nt using;

Nt =
K

1 + (K−N0

N0
)e−rt

(2.2)

Growthcurver uses the OD600 measurements from the growth curve data to
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find the best values of growth rate (r) and the carrying capacity (K). These esti-

mated parameters were used to compare phenotypes among the treatment groups,

controls and the ancestor. Assumptions of the one way ANOVA normality and ho-

mogeneity of variance were tested using Shapiro-Wilks Tests and Levene’s F Tests

for Equality of Variances, respectively. Both assumptions were not consistently

met, so a nonparametric approach was implemented using the Kruskal Wallis test

by ranks to see if there is stochastic dominance in at least one of the groups when

analyzing the phenotypes of doubling time and carrying capacity. Pair wise com-

parisons followed using Mann-Whitney tests with Bonferroni correction.

2.4 DNA Extraction, Library Prep and Sequencing

All populations from this study were sampled for pooled population genomic DNA

sequencing (Pool-SEQ). DNA was extracted and sequenced from the initial an-

cestral population before selection was implemented as described in Burke et al.

(2020). Extractions from the 16 extant replicate populations from both the increas-

ing and constant RoundupTM treatment groups were then performed after 3, 6, and

10 weeks of selection. The 16 control populations were generated previously and se-

quenced after 1, 7 and 15 weeks of selection; in other words, they were not handled

in parallel with the RoundupTM treatments, and existing genome data happen not

to correspond to the same generations at which the RoundupTM treatments were

sampled. All DNA extractions were performed using 1 mL of saturated overnight

cultures in liquid YPD media (∼ 109 diploid cells) using the Qiagen Gentra Pure-
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gene Yeast/Bacteria kit (25U zymolase replaced 1.5 µL Lytic Enzyme Solution).

25ng from each sample (quantified using a Qubit 3.0 Fluorometer) was used to

prepare Illumina Nextera libraries, with slight modifications to the manufacterer’s

protocol to increase throughput, and samples were dual-indexed to facilitate com-

bination into multiplexed libraries. Pooled sequencing was performed at OSU’s

Center for Genomic Research and Biocomputing using the Illumina HiSeq3000.

Libraries were run on 1-2 PE150 lanes to achieve a minimum average genome-wide

coverage of 50X per replicate population.

2.5 Variant Calling and Coverage

The Burke Lab has published pipelines for characterizing population genetic pat-

terns from Pool-SEQ data, at the level of individual alleles, and linked haplotypes

(Burke et al., 2014; Phillips et al., 2020). DNA sequencing data were first pro-

cessed by aligning raw reads to the S.cerevisiae S288C reference genome (R64-2-1)

and calling variants across all biological replicates using GATK v.4.0 (McKenna

et al., 2010; Poplin et al., 2018; Van der Auwera, GA and O’Connor, BD, 2020).

Base quality was also calibrated by indexing a reference VCF file that catalogs

SNP information for a group of natural S. cerevisiae isolates (Bergström et al.,

2014). The resulting VCF was used to create a SNP frequency table that was used

for subsequent analysis. Annotation of genetic variants and the effect that they

have on genes and their resulting proteins was investigated using SnpEff v.5.0e

(Cingolani et al., 2012). Additional filtering was performed to include only SNPs
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that had sufficient coverage (> 10X per site per population). Patterns of variation

in coverage for individual populations were assessed as this might reveal evidence

for potential structural variants (i.e. large scale duplications or deletions) changing

in frequency over time. I looked for potential structural variation by finding the

coefficient of variation of the genome wide coverage for each population. This was

calculated by dividing the standard deviation of coverage by the mean coverage

within each population. A low coefficient of variation (< 1) suggests that there is

not strong evidence for large scale structural variants (Phillips et al., 2020; Feng

et al., 2015).

2.6 Characterizing allele frequency differentiation

I used a number of methods to describe patterns of genetic variation within

and among populations, with the goal of understanding how the control and

RoundupTM treatments diverged from the ancestor over the three sequencing time

points. First, a principal component analysis (PCA) was performed to broadly

investigate patterns of population-level variation and how this changed over the

course of the experiment. This PCA was performed using the prcomp() function

in R (Stats v.3.6.2) including all polymorphic SNPs common to the ancestor and

evolved populations at each sequencing time point. Polymorphic SNPs were de-

fined as all SNPs that had a frequency > 0 and < 1 in the ancestor population

and had a coverage > 10 in all replicate populations. To investigate more specifi-

cally how standing variant frequencies changed, Cochran Mantel Haenszel (CMH)
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tests were performed to assess allelic differentiation between pairs of experimental

treatments (e.g. replicate populations from two treatments at the same timepoint)

using R package lawstat v.3.4. In the context of an E&R study, the p-values from

CMH tests can be used to identify regions of the genome that putatively underlie

the adaptive shifts occurring during experimental evolution (Kofler et al., 2011).

Compared to other approaches, CMH tests have been identified as an effec-

tive and computationally expedient tool for identifying genomic targets of selec-

tion in E&R experiments (Vlachos et al., 2019). For each pairwise CMH test a

permutation-based approach, similar to the methods used in Burke et al. (2014),

was implemented to determine a significance threshold. A null distribution was

created by scrambling the associated sample identifiers for each SNP position such

that the associated coverage and allele counts were randomized between the two

groups being tested. A CMH test was performed on this null data set generating

p-values that would result from genetic drift rather than selection. The most sig-

nificant p-value across the full genome was taken from the permutation data and

this process was repeated 1000 times. The threshold associated with a 5% false

positive rate was then determined from the thousand lowest p-values by using the

quantile function in R.

To characterize allele frequency differentiation among populations of our three

treatments, we carried out a total of three separate CMH tests, each revealing

genomic regions where differentiation was high for a specific pair. Two of the tests

identify regions of the genome potentially underlying adaptation to RoundupTM :

comparing allele frequencies from the terminal time points between 1) the con-
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stant treatment and the control treatment and 2) the increasing treatment and

the control. “Peaks” of -log10(p) values exceeding the relevant significance thresh-

old in each test are strong candidates for regions harboring genes and/or variants

with functional consequences for RoundupTM resistance (i.e. “Roundup-specific”

regions). A third CMH test was carried out to assess allele frequency differentia-

tion between populations of the constant and increasing treatments. The objective

of this third test is to provide insight into regions of the genome that exhibit a

specific signature of adaptation in these two regimes. If a specific peak presents

in two of the three CMH test results, the region can be viewed as specific to the

treatment common to those two tests. Meaning, significant peaks that occurred in

only one treatment compared to the control were identified as either a “constant-

specific” or “increasing-specific” peak, and then were further verified by checking

that these same regions also showed significant differences when comparing the

constant and increasing treatments directly. Peak regions that present in a single

test are less informative; therefore for relevancy to the study objectives, our anal-

ysis is restricted to these so-called treatment-specific peaks shared by two of the

three treatment comparisons. Individual SNPs above the significance threshold in

each peak were investigated to see if these variants fell within coding or noncod-

ing regions, if they are synonymous or nonsynonymous, and what the downstream

effects of these SNPs might be. The Saccharomyces Genome Database (SGD)

YeastMine tool was also used to identify the total number of genes that fell under

each peak and the GO Term Finder (Version 0.86) was used to discover potential

ontological categories that are shared among these verified genes (Balakrishnan
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et al., 2012; Hong et al., 2008). The genomic signatures of the Roundup-specific

peaks in each treatment– in other words, the size, and location of each peak - were

also compared to see if the incrementally increasing regime led to different genomic

patterns, and perhaps increased resolution to identify putative causative genomic

sites, compared to the constant selection regime.

In addition to characterizing allele frequency differentiation at polymorphic

SNPs segregating among experimental populations, I also filtered the dataset to

search for potential beneficial de novo mutations that arose after the experiment

started. This was done by first filtering for SNPs that were not present in the

initial ancestor population, but then exceeded a frequency of 25% in at least one

experimental replicate after the final week of selection. Further filtering was done to

identify SNPs where this frequency change was only observed in a single replicate,

while absent from the other replicates. It is likely that SNPs with frequency

change occurring in more than one replicate were already existing in the ancestor

population at a low frequency and were not detected during sequencing. These

were omitted since they likely are not true de novo mutations that arose over the

course of the selection experiment.
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Chapter 3: Results

3.1 Relative growth rate in evolved populations

After ten weeks of evolution all the evolved populations were tested alongside the

ancestor in rich media with and without RoundupTM . Figure 3.1A shows the 48

hour growth curves generated by plotting the log transformed OD600 measure-

ments taken every 30 minutes of growth in 1% RoundupTM media. Nonparametric

pair-wise comparisons showed that doubling time was significantly slower in the

ancestor compared to both RoundupTM treatment groups, constant (p = 0.002)

and increasing (p = 0.002), and the control populations (p = 0.004). The dou-

bling time estimates (Figure 3.1.B) suggested no significant difference between the

two RoundupTM selection regimes (p = 0.381), but did exhibit slower growth in

the control compared to the constant (p = 0.001) and the increasing (p = 0.015)

regimes. There was a significantly higher carrying capacity (Figure 3.1.C) in the

ancestor compared to both the constant (p = 0.002), increasing (p = 0.002) and

control (p = 0.004) populations. The control also demonstrated a higher carrying

capacity compared to both the constant (p = 0.002) and increasing (p = 0.0003)

treatments, however, no significant difference in carrying capacity was observed

between the constant and increasing regimes (p = 0.669).

The growth rates from the plate reader assay in rich YPD media are shown
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Figure 3.1: Growth in 1% RoundupTM media. Evolved RoundupTM resistance is
evidenced by growth curves (3.1.A) generated from microplate reader OD600 mea-
surements taken every 30 minutes for 48 hours. Points represent the average of two
technical replicates of each population per treatment: constant (red, N=16), in-
creasing (green, N=16), control (blue, N=13) and the ancestor (turquoise, N=3).
The average doubling times (3.1.B) are significantly shorter in all experimental
populations compared to the ancestor, with the two RoundupTM treatments grow-
ing the fastest. Average carrying capacity (3.1.C), however, appears to be higher
in the ancestor compared to both RoundupTM treatments and the evolved con-
trol. No significant phenotypic differences were observed between RoundupTM

treatment groups with regards to either growth rate or carrying capacity.
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Figure 3.2: Growth in YPD media. Growth curves (3.2.A) were produced for all
populations following the same protocols used in Figure 3.1, using YPD without
RoundupTM as the culture medium. The average doubling times (3.2.B) provide
evidence of improved growth in the control, compared to the ancestor and both
RoundupTM treatments. There was no observed difference in doubling time be-
tween the RoundupTM treatments and the ancestor. Similarly, average carrying
capacity (3.2.C) estimates were slightly higher in the control compared to the
increasing and ancestor populations, but no significant differences were found be-
tween the ancestor and the RoundupTM treatments.
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in Figure 3.2.A. Estimates of doubling time(Figure 3.2.B) demonstrate that the

control populations had significantly faster growth compared to the ancestor (p

= 0.004), constant (p = 0.008) and increasing (p = 2.947e-08) treatments. There

were not significant differences between the ancestor and the constant (p = 0.210)

or the increasing (p = 0.5593) populations; however, populations of the constant

treatment had slightly higher growth rates compared to those of the increasing

treatments (p = 0.004). The controls also had higher carrying capacities (Figure

3.2.C) than the ancestor (p = 0.007) and increasing treatment group (p = 1.326e-

06); however, populations of the constant treatment exhibited no significant dif-

ference from the controls (p = 0.0683). The carrying capacity of the ancestor was

similar to both the constant (p = 0.3591) and increasing (p = 0.7926) populations,

and there were no significant differences between the two RoundupTM treatments

(p = 0.1835).

3.2 SNP identification, average coverage and de novo mutations

A total of 90,510 biallelic SNPs were identified relative to the reference genome in

all evolved populations prior to any sort of filtering. The mean genome-wide SNP

coverages of individual populations ranged from 10X to 82X (Appendix A). The

coefficient of variation of each sample fell below 0.4 demonstrating low variation

of coverage depth across the full genome. Pool-SEQ data regions with atypically

high or low coverage relative to the mean may indicate potential structural variants

(e.g., duplications or deletions) that may have arisen over the course of selection.
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We found no such regions, and therefore report no obvious evidence for large

scale structural variation in any population. Investigation into putative de novo

mutations also found no strong candidates within the two RoundupTM treatments

that met the criteria outlined in section 2.5 and achieved a frequency change of

> 25%.

3.3 Allele frequency characterization in evolved populations

To evaluate how standing genetic variation evolved over the course of the exper-

iment, we first ran a PCA using allele frequencies in a subset of SNPs that were

polymorphic in the ancestral population, and at which we observed high depth of

coverage. There were 32,298 polymorphic SNPs, which met the following quality

filters across the entire dataset: 1) SNPs were at a frequency > 0 in the ancestral

population and 2) coverage was > 10X in all populations at all sequencing time

points.

The PCA of these polymorphic SNP allele frequencies suggests that the repli-

cates of each treatment group (control and both RoundupTM treatments) are more

genetically similar to one another than to populations of different treatment groups,

and that the populations of each group diverge over time (Figure 3.3). In both

the constant and increasing treatments, we observe that replicates are tightly clus-

tered and shift in a consistent direction over time, while the replicates of the control

treatment are more loosely clustered, potentially implicating the effects of genetic

drift rather than selection.
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Figure 3.3: PCA of high-coverage standing variants. Each color in this PCA
represents an independent replicate population belonging to one of the three ex-
perimental treatments (N=16 per color, except for the ancestor) at a specific time-
point. Replicates of the two RoundupTM treatments cluster tightly together at
each timepoint, which is indicative of parallel evolution within each treatment.
Replicates of the control treatment do not cluster tightly, which is indicative of
genetic heterogeneity produced among them.

Next, we carried out CMH tests comparing allele frequencies at the terminal

time points of the experiment (week ten for the RoundupTM treatments, and week

15 for the controls) in order to identify regions of the genome that are differentiated

by treatment. A total of 55,105 polymorphic, high coverage SNPs were used to

perform each CMH test. Only polymorphic SNP allele frequencies from the final

sequencing time point were used in the CMH test and filtered for coverage > 10X;
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Figure 3.4: (A) Final week comparisons of the allele frequencies from the con-
stant vs. control (A), increasing vs. control (B) and constant vs. increasing (C).
Roundup-specific peaks that showed significant changes in plots A and B, but not
in C are highlighted in purple. Constant RoundupTM selection specific peaks that
are observed in plots A and C are highlighted in orange. Peak names are des-
ignated with the first letter (C or R) corresponding to the either a Roundup- or
constant-specific peak, the number matches common peaks between plots and the
final letters (i.e. a, b or c) signify the CMH test that each test is from as described
above.

therefore, more SNPs were included in the CMH analysis compared to the PCA.

As CMH tests require pairs, we conducted three independent CMH tests: constant

treatment versus control treatment (Figure 3.4.A), increasing treatment versus con-

trol treatment (Figure 3.4.B), and the constant versus increasing treatment (Figure

3.4.C). Peaks of significant SNPs were identified from each pairwise test by inde-

pendently determining significance thresholds that correspond to a genome wide



28

Table 3.1: A summary of the treatment-specific peaks implicated by the experi-
ment. Each peak listed in this table technically exists as a pair (e.g. C1a and C1c),
as to be considered a peak, a particular genomic location must include significant
SNPs in two out of three CMH tests. While peak regions share a general genomic
location, the width and number of SNPs implicated differs for each pair. Two
constant-specific peaks, four Roundup-specific peaks, and zero increasing-specific
peaks were observed. Considering only the Roundup-specific peaks, width, SNP
number, and gene count suggest that neither treatment type is better than the
other in terms of the ability to detect candidate regions.

alpha of 0.05 using the permutation methods described in Section 2.6. Figure 3.4

shows all significant peaks that were identified above the corresponding threshold

from each pairwise comparison; however, further discussion will only focus on the

peaks that we identified as treatment-specific, in other words the peaks that were

identified in two of the three CMH tests. We identified four “Roundup-specific”

peaks where allele frequencies significantly diverged from the control in both the

constant and increasing RoundupTM treatments (i.e. peaks in both Figures 3.4.A

& 3.4.B). We identified an additional two “constant-specific” peaks where allele

frequencies in the constant treatment significantly diverged from both the control
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and increasing treatment (i.e. peaks in both Figures 3.4.A & 3.4.C). There were no

peaks that could be clearly labeled as specific to the increasing RoundupTM treat-

ment. Table 3.1 provides a summary of the Roundup-specific and constant-specific

peaks including their position within the genome, number of SNPs per peak, the

width with regards to the significance thresholds and the number of genes that

fell under each peak. A more detailed summary of all individual SNPs reported in

each Roundup- and constant- specific peak are provided in Appendix B including

their potential functional consequences as predicted by the program SNPEff.

The GO term analysis of all of the verified genes under all six peaks identified

three functional categories relating to sodium and calcium transport as mecha-

nisms of phosphorylation. It should be noted that two of the three GO terms

(“sodium-exporting ATPase activity, phosphorylative mechanism” and “calcium-

transporting ATPase activity”) included only genes that occur within a single peak

all clustered together (R1), and these happen to be from the same family (ENA1,

ENA2, and ENA5 ). Therefore, there is no basis to conclude that these two GO

terms are enriched from a genome-wide perspective. By contrast, the third and

most significantly enriched term, “sodium ion transmembrane transporter activity”

(corrected p-value = 1.07 x 10−5), identified five genes occurring on two different

chromosomes in three separate peaks. One of the genes linked to this term was

ENA1, a P-type ATPase sodium pump that is involved in Na+ and Li+ efflux

contributing to salt tolerance (Mendizabal et al., 1998). Also on chromosome 15

the most significant nonsynonymous SNP fell within HAL9, a putative transcrip-

tion factor of the C6 zinc finger class. HAL9 activates ENA1 and several ABC
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Figure 3.5: Significant genomic changes were not observed in a priori genes ARO1,
PDR5 and DIP5 (highlighted in purple) as these genes did not fall within signifi-
cant peaks of the final week comparisons of the allele frequencies from the constant
vs. control (A), increasing vs. control (B) and constant vs. increasing (C). We did,
however identify two genes ENA1 shown in chromosome 4 and HAL9 on chromo-
some 15 (highlighted in red) that fell within Roundup-specific peaks. These genes
were of interest since HAL9 activates both ENA1 and several transcription factors
including PDR5.

multidrug transporters including PDR5, which was previously identified as a gene

potentially underlying glyphosate resistance (Rong-Mullins et al., 2017; Mendiz-

abal et al., 1998). Figure 3.5 shows the location of these two putative candidate

genes falling within significant peaks, while a priori candidates ARO1, PDR5 and

DIP5 did not experience significant genomic changes.
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3.4 Annotations and allele frequency trajectories of most signifi-

cantly differentiated SNPs in each peak region

3.4.1 Roundup-specific peaks

The four pairs of Roundup-specific peaks (R1a/b, R2a/b, R3a/b and R4a/b) iden-

tify regions with significantly different allele frequencies in both the constant treat-

ment compared to the controls, and the increasing treatment compared to the the

controls (see Figure 3.4.A & B). While these peaks were identified because their

position along the genome overlapped, we observe some meaningful differences be-

tween the a/b peaks of each pair. As shown in Table 3.1, the two peaks often

implicated different numbers of significant SNPs, and had different widths. While

any of the significant SNPs under any peak is worthy of further scrutiny (e.g.

for functional validation with in-vivo experiments), for simplicity, we point out

the SNP we observed to exhibit the most significant differentiation under each

inclusive peak region (meaning the a/b peaks considered together). Below, we

enumerate the predicted functional effects of each of these SNPs, and visualize

their frequencies over the course of the experiment. For peak R1 on chromosome

4, the SNP with the highest -log10(p-value) is a synonymous variant within the

RSM10 gene. This gene codes for an essential protein that mediates translation

within mitochondria (Saveanu et al., 2001) and was previously identified in a QTL

study investigating the effects of glyphosate based herbicides on yeast (Ravishankar

et al., 2020). For peak R2 on chromosome 4 the most significant SNP is a syn-
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onymous variant in HSP42, which codes for heat shock proteins responsible for

cytoskeleton maintenance (Wotton et al., 1996; Haslbeck, Martin et al., 2004). For

peak R3 on chromosome 15, the most significant SNP is a synonymous variant

in MSH2, which assists in DNA mismatch repair (Earley and Crouse, 1998), and

was also previously associated wth RoundupTM resistance by Ravishankar et al.

(2020). For peak R4 on chromosome 16 the most significantly differentiated SNP

is a modifier upstream of the gene MRP2, a component of the small subunit of the

mitochondrial ribosome, which mediates translation in the mitochondrion (Desai

et al., 2017).

Figure 3.6.A-D shows, for the four most-significant SNPs per peak outlined

above, the observed changes in allele frequencies over the course of the experiment,

starting from the ancestral frequency. When we looked at these allele frequency

trajectories, we observe relatively little change from the original ancestor frequency

in both the constant and increasing treatments; however, the control populations

appear to deviate strongly from both treatments decreasing in frequency. There

is one peak (R3) where this pattern is more complicated, and the SNP frequency

appears to marginally increase over time in the two RoundupTM treatment groups

while the SNP frequency in the control decreases.

3.4.2 Constant-specific peaks

The two pairs of constant-specific peaks (C1a/b, C2a/b) identify regions with

significantly different allele frequencies in both the constant treatment compared to
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the controls, and the constant treatment compared to the increasing treatment (see

Figure 3.4.A & C). For peak C1 on chromosome 4, the most most significant SNP

is a synonymous variant in the gene TIM22 that is critical for yeast survival and

encodes a subunit of the Tim22 complex inside the mitochondrial inner membrane.

This complex mediates the transport of carrier proteins into the inner membrane

space of mitochondria (Sirrenberg et al., 1996). For peak C2 on chromosome 12, the

most significant SNP is not in a gene, but occurs upstream of open reading frame

YLR126C within a promoter region, and is predicted to modify its expression.

While this gene encodes a protein of unknown function, it has been implicated in

metal ion homeostasis (Freitas et al., 2004).

The allele trajectories of the most significant SNPs from each constant-specific

peaks is shown in Figure 3.6.E-F. For both SNPs, the constant and increasing treat-

ments appear to have imposed opposite selection pressures on these alleles, leading

to their divergence. The frequency of each the SNP in the control populations also

diverged from the constant populations, though not as dramatically.
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Constant-specific�peaks

Roundup-specific�peaks

Figure 3.6: Allele trajectories of the most significant SNP from the four Roundup-
specific peaks (3.6.A-D) show stasis (or slight increase) in the constant (red) and
increasing (green) treatments, and a decrease in the controls (blue). The allele
change shown in the most significant SNP of the two constant-specific peaks (3.6.E-
F) demonstrate how the effects of RoundupTM selection on the genome may be dose
dependent as the increasing treatment diverges from the constant regime with an
adaptive signature independent from the control replicates. The SNP being plotted
here is the non-reference allele, relative to the S288C canonical sequence.
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Chapter 4: Discussion

4.1 Evolved populations grow faster than the ancestor in the pres-

ence of RoundupTM with no obvious phenotypic trade-offs

After ten weeks of selection, populations of both RoundupTM treatments and the

control treatment showed evolved RoundupTM resistance when compared to the an-

cestor population (see Figure 3.1). Although carrying capacity was also measured,

it was not a valuable metric for measuring evolved resistance as all treatments

were comparable to the ancestor. Evolved resistance was determined by estimat-

ing the average doubling time from 48 hour growth experiments in 1% RoundupTM

media. These assays demonstrated that there was no significant difference in av-

erage growth rates between the two RoundupTM treatments. While there was

some variation between biological replicates of the same treatment group, this

variation was marginal and not consistent across multiple plate reader assays. We

therefore judged that this variation was more likely an artifact of methodological

inconsistencies in individual plate reader runs and not reflective of true phenotypic

differences, so we view the average doubling time across the biological replicates as

an accurate representation of treatment-specific phenotypes. The similar evolved

phenotypes in both RoundupTM treatments are consistent with the idea put forth

by Vlachos and Kofler (2019) that although implementing an increasing selection
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treatment may enhance the resolution in which we can detect causative genomic

loci, it will not necessarily produce a different phenotype compared to a constant

selection treatment, at least in experiments with many generations (Vlachos and

Kofler, 2019).

After ten weeks of selection we did detect significantly faster growth in the

control populations compared to the ancestor in RoundupTM media. The aver-

age growth rate of the control populations was intermediate between that of the

ancestor and that of populations of the two RoundupTMevolved treatments. This

suggests that the trait of RoundupTM resistance might be related to a broad stress

response that our experimental yeast handling protocols are also imposing selec-

tion for. The weekly sexual outcrossing protocols impose a number of significant

and distinct stresses on populations; these include i) culture in sporulation me-

dia which lacks nutrients, ii) exposure to heat, mechanical agitation, enzymes and

chemicals to isolate individual spores and iii) batch culture which includes periods

of alternating high and low nutrient availability as populations grow and reach

saturation over time.

A specific aspect of our protocols that may be playing a role in this phenotypic

outcome is the use of Y-PERTM(Yeast Protien Extraction ReagentTM , Thermo

Fisher Scientific) a detergent used to kill unsporulated diploid yeast cells during

the weekly sexual outcrossing protocol (detailed protocol in Burke et al. 2020).

This chemical is of specific interest since it might be similar to undisclosed surfac-

tants that are added to the commercial RoundupTM formulas in order to increase

the coverage, penetration and overall effectiveness of the herbicide. Some of the
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surfactants that are commonly used in herbicides have varying tested levels of

toxicity (Mesnage et al., 2019; Benbrook, 2016). The acute Y-PERTM exposure

may be targeting similar physiological pathways as the non-active ingredients in

the commercial RoundupTM formula during our weekly selection protocols. It is

unlikely that diploid cells are evolving complete resistance to Y-PERTM as it has

been thoroughly tested as an effective methods for killing diploid cells; however, it

could be causing spores or the asci to adapt under this selection pressure. Variation

in spore viability resulting from acute Y-PERTM exposure might explain some of

the RoundupTM resistance we are observing in our control populations.

To test the idea that selection in RoundupTM media might have led to the

evolution of a fitness trade-off, we measured the growth of all evolved popula-

tions alongside the ancestor in liquid YPD media without RoundupTM . Overall

we report no obvious evidence for such a trade-off as we observed no significant

difference between the growth rate of the two RoundupTM treatments and the an-

cestor. If selection in RoundupTM media resulted in a major trade-off for growth

rate, we might expect to see populations of either the constant and/or increasing

treatments growing slower than the ancestor in plain YPD media. The control

populations did show a slight improvement in growth in YPD media compared to

the ancestor (p = 0.004) and constant treatment (p = 0.008), and a more dramatic

improvement compared to the increasing (p = 2.947e-08) treatment. It is perhaps

unsurprising to see this slight improvement in growth, given that these control

populations experienced regular batch culture in YPD media, which involves simi-

lar circumstances as the growth rate assay itself. The fact that we did not see this
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improvement in populations of either of the constant or increasing RoundupTM

treatments could be interpreted as suggestive evidence for a trade-off underlying

the phenotype; in other words, the RoundupTMevolved populations did not grow

as fast as they potentially could have, were a trade-off not constraining them.

4.2 Putative regions identified that may improve yeast growth in

RoundupTM media

We identified six genomic regions that are likely to harbor alleles that confer in-

creased RoundupTM resistance. Four Roundup-specific peaks, on three different

chromosomes, revealed alleles with frequencies in both the constant and increasing

treatments that significantly diverged from the control. There are 58 genes falling

under these peaks, warranting further investigation of whether these genes may

be contributing to evolved RoundupTM resistance in our two treatment groups

(see Appendix C). The allele frequency trajectories of the most significant SNPs

in each Roundup-specific peak suggest that the allele frequencies of the constant

and increasing treatment are being maintained, while the allele frequencies of the

control populations are changing dramatically. We also observe that the variance

in allele frequencies at the end of the experiment is generally higher in the control

populations compared to the RoundupTM treatments. We interpret these results as

evidence that these particular alleles (and/or those linked to them) may be under

stabilizing selection in the two RoundupTM treatments, but under weak directional

selection in the control populations. While the action of genetic drift could also
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explain the higher variance in allele frequencies in the control populations, we still

see a clear average decrease in allele frequencies in the control populations across

all replicate populations; therefore, we invoke weak directional selection as the

most likely agent of change, rather than drift alone. Since these alleles are main-

tained at intermediate frequency under RoundupTM conditions, but they decrease

in frequency when populations are cultured in YPD media, it appears that these

alleles may have pleiotropic consequences, depending on the environment

We also identified two peaks showing significantly different allele frequencies

in the constant treatment compared to both the control and the increasing popu-

lations. These two peaks highlight an additional 44 genes that might specifically

relate to improved resistance to high RoundupTM exposure (Appendix C). The

allele trajectories of the most significant SNPs from the constant-specific peaks

visually demonstrate a striking difference in outcomes of selection from the two

different RoundupTM treatments. In peak C1, the allele frequencies in the popu-

lations of the constant treatment remain high, not deviating much from the ances-

tral frequency of ∼0.75, while the frequencies in the populations of the increasing

treatment sharply decrease to ∼0.25 in all the replicates, followed by a plateau

(see Figure 3.6.E). At this same SNP the allele frequencies of the control popula-

tions decrease less dramatically, and again we observe more heterogeneity among

the control replicates, which may implicate weak selection or drift. In peak C2,

we observe more noise in the constant replicates over time; however, the average

allele frequency across replicate populations at the end of the experiment is simi-

lar to that of the ancestor, so we again suggest stabilizing selection as a possible
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mechanism underlying this maintenance in allele frequency. The populations of the

control and increasing treatments decrease, and we invoke directional selection as a

likely mechanism. If the populations of the increasing treatment were not respond-

ing to RoundupTM imposed selection, we would not expect to see such a pattern;

instead, we would expect to see the populations of the increasing treatment follow-

ing similar patterns comparable to the control group treatment. While we observe

distinct allele trajectories in the control and increasing treatment in peak C1, there

is more overlap in peak C2. This peak region should undergo further interrogation

before it can clearly be identified as a constant-specific candidate. The constant-

specific peaks provide evidence that the phenotype of RoundupTM resistance likely

has a complex genetic architecture as it appears that different alleles respond to

varying strengths of selection.

Previous research exploring the affect of RoundupTM on S. cerevisiae using

QTL and RNA-Seq approaches highlighted over a thousand genes that may be

correlated with RoundupTM resistance (Ravishankar et al., 2020). We observed

24 of these genes within our peak regions, nine of which were identified within

constant-specific peaks and 15 within Roundup-specific peaks (see Appendix C).

Although there was some overlap in our findings, we did not see a significant allele

frequency change in either PDR5 or DIP5, the two genes that were thought to

be involved in yeast uptake of glyphosate (Rong-Mullins et al., 2017). It is not

surprising that we did not see changes in DIP5, since this gene was identified in

experiments that used minimal media instead of YPD. While we did not directly

see changes in PDR5 (a candidate observed in experiments that used YPD), we
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did observe significant changes in HAL9, which plays a role in activating PDR5.

The methods previously used by Rong-Mullins et al. (2017) and Ravishankar

et al. (2020) focused on testing strains with much less genetic diversity compared to

our highly diverse, ancestral population. The classic QTL study of Rong-Mullins

et al. (2017), investigated crosses between two isogenic strains, one that was known

to exhibit a resistant phenotype in the presence of glyphosate based herbicides and

another that was more susceptible. Similarly, a handful of other isogenic strains

were used to perform RNA-seq and other experimental evolution experiments.

This difference in standing genetic variation may explain why we do not see more

overlap between the sets of genes identified. These experiments also used a different

commercial formula, Credit41TM , which contains a higher percentage of glyphosate

(41%) and not necessarily the same inactive ingredients. So, while there are many

reasons why our experiment may have identified different candidate genes than

prior work, the genes that do overlap are especially strong candidates for future

examination.

4.3 Increasing treatment does not enhance ability to detect candi-

date regions

Testing two different RoundupTM selection treatments allowed us to investigate the

hypothesis that a treatment that increases the strength of selection over time leads

to greater resolution in detecting causative genomic regions compared to a treat-

ment featuring constant, strong selection. Vlachos and Kofler (2019) showed with
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forward-in-time simulations that strong, constant selection is more likely to identify

genomic regions containing neutral hitchhikers that are linked to causative sites

compared to an increasing selection regime, which is optimized to detect causative

loci. Hitchhikers provide excess noise and make it difficult to narrow down what

might be causative alleles driving change in an E&R experiment, therefore an ap-

proach that leads to reduced hitchhiking is desirable, Vlachos and Kofler (2019)

showed that implementing an increasing selection treatment, which decreases the

number of selected individuals over time, reduces such hitchhiking and leads to

higher power to detect specific alleles underlying adaptive traits. The increasing

treatment, which started at a low dose of 0.1% RoundupTM in YPD media and

slowly increased to a high dose of 1% over ten weeks of selection did not improve

our ability to detect potential causative regions compared to a constant, high se-

lection pressure of 1% RoundupTM . We expected that comparing allele frequencies

between the two RoundupTM treatments and controls, would lead to narrower peak

regions in the increasing treatment, with fewer linked SNPs falling under those sig-

nificant peaks, compared to the same analysis featuring the constant treatment.

We did not observe a consistent pattern that aligned with this expectation as two

of the pairs of Roundup-specific peaks were narrower and identified fewer SNPs in

the increasing treatment comparison to the control (i.e. peaks R1a/b & R2a/b),

while the two other peak pairs revealed the opposite pattern (i.e. peaks R3a/b &

R4a/b, see Table 3.1).

There are several possibilities for why we did not observe obviously narrower

peaks from the analysis featuring the increasing treatment. One reason might be
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that while the dose of RoundupTM steadily increased over the weeks of the exper-

iment, this may not have led to concomitant increases in selection pressure each

week, since over time we would expect the populations to become more resistant to

RoundupTM with repeated exposure. A more pronounced weekly increase in the

dose of RoundupTM might have alleviated this concern, but would have been dif-

ficult to design in advance. As it stands, we chose 1% RoundupTM as the “high”

dose as it resulted in approximately 90% reduction in cell viability after acute

exposure, and we observed a nearly linear relationship between cell viability and

RoundupTM dose; in other words, we reasoned that the 0.1% starting “weak” dose

incurred about 1/10 the selection pressure as the final strong dose. But, this linear

dose-response may not have been realized in the context of a selection experiment,

where adaptation rapidly occurs. Measuring such adaptation in real time dur-

ing the experiment, and adjusting the RoundupTM dose accordingly, would have

been difficult to achieve, and to justify since it was not obvious which aspect of

life-history (e.g. growth, sporulation, mating) to track. It is possible that since

we were not able to precisely measure these population dynamics, the increasing

treatment may have been more similar to a constant selection pressure in terms

of the percent of the population’s standing genetic variation that was maintained

in the population after each weekly treatment. Similarly, the constant treatment

may have imposed a stronger selection pressure at first, but as the populations

evolved resistance, the selection pressure may have actually decreased over time.

In short, while there are many ways in which our experiment was imperfect, the

simplest design we could imagine did not lead to an obvious pattern. Therefore,
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we conclude that implementing an experimental design that increases the strength

of selection over time provides no obvious benefit, compared with a simpler design

featuring constant selection, to an investigator whose primary interest is identifying

potentially causative regions.

Another important aspect to consider is the number of generations that oc-

curred under RoundupTM selection. The simulation work by Vlachos and Kofler

(2019) investigating the effect of the number of generations in E&R experiments

in Drosophila melanogaster suggest that more than 40 generations of selection are

needed to see an enhanced resolution in an increasing selection treatment compared

to a constant selection treatment. The yeast populations in this study system have

much more complex life-histories compared to fruit flies, so it is difficult to relate

this generation threshold directly to our experiment. The populations in the ex-

periment reproduced both asexually and sexually, which brings up the question−

what constitutes a generation? While our experiment featured over 100 asexual

generations in the RoundupTM selection treatments only ten discrete cycles of sex-

ual recombination occurred. As yeast have much higher average recombination

rates (by approximately 100-fold) than Drosophila, it is not appropriate to equate

a sexual cycle in our yeast system with a single generation in flies. But it is also

possible that with a longer experiment, we might have observed larger and more

consistent differences between the two treatments.

Implementing two different selection regimes revealed that RoundupTM resis-

tance is a more complex trait than we expected, with an underlying genetic ar-

chitecture that likely depends on the strength of selection. Our constant-specific
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peaks revealed allele frequencies that were maintained in the populations experi-

encing constant, high RoundupTM but that changed dramatically in populations

experiencing gradually increasing RoundupTM treatment (a pattern distinct from

the control populations). In spite of not seeing an improved ability to detect can-

didate variants in the increasing regime, we did, however, provide evidence for this

complex and interesting trait architecture. These constant-specific peaks suggest

that certain alleles may be selected for under high RoundupTM conditions, but

selected against at low doses.
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Chapter 5: Conclusion

This study identified several genomic regions that may contribute to improved

RoundupTM resistance in yeast, and these regions provide a useful resource for fu-

ture investigations into the effects of RoundupTM on eukaryotic organisms. While

we cannot definitively say that any of the genes in these regions are causative

based on the experiments performed to date, they are promising candidates and

further add to the body of work that is seeking to understand how non-target or-

ganisms evolve in response to chronic exposure to this herbicide. Next steps would

include performing functional genomic assays of these strong candidates to further

verify their potential contribution to improved RoundupTM resistance, especially

the genes that overlap with results from similar studies in other laboratories. If

naturally-occuring allelic variants in genes can be definitively linked to a functional

increase in resistance to RoundupTM these variants could have value in an applied

context. Herbicides like RoundupTM appear to affect natural microbial commu-

nities, particularly in soils whose health is critical for large-scale agriculture. By

identifying alleles and that allow microbes to thrive in the presence of this product

and potentially also directly metabolize it, our basic research may inform applied

bioengineering efforts to optimize soil microbial communities for increased crop

yield, and for bioremediation of soil toxins (such as broad-spectrum herbicides).

These efforts could lead to improved farming practices that increase yields and
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safety.

With regards to the objective of distinguishing between evolutionary outcomes

of different types of selection treatments, we observed no evidence that a treatment

that incrementally increases selection pressure over time in an E&R study has a

higher power to detect potentially causative variants compared to a high, constant

selection pressure. We also observe no different phenotypic outcomes between the

two types of selection regimes. We conclude that implementing an increasing se-

lection regime does not offer obvious benefits in terms of genomic resolution that

outweigh the challenges of implementation; we observed no clear pattern of nar-

rower peaks that might suggest fewer false positives in the increasing selection

treatment. It is important to note that the results comparing the effectiveness of

the constant vs. increasing treatments are limited to our yeast model system and

perhaps should not be extrapolated to E&R experiments using organisms where

it is easier to measure the strength of selection (i.e. the viability and death of

individuals within each population over generations of selection). Simultaneously

implementing both a constant and increasing treatment did, however, offer some

unexpected benefits as it uncovered a unique trait architecture of RoundupTM

resistance that implies that the RoundupTM exposure dose influences selection

outcomes and different dosage levels may lead to different alleles being favored

and rising in frequency. It is possible, however, that exposing yeast to a constant,

low dose of RoundupTM would have also revealed this pattern. Regardless, this

observation of dose-dependent genetic responses to selection may have applications

for fostering healthy microbial populations in agricultural settings that are exposed
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to high amounts of RoundupTM directly within the spray path and also for popu-

lations exposed to spray drift and runoff where the exposure is far less. Ultimately,

our results support the idea that implementing multiple types of selection regimes

in an E&R experiment could be valuable for revealing complexities underlying

particular quantitative traits, such as pleiotropic variants that respond differently

depending upon the strength of selection. Such pleiotropic consequences could

not possibly be detected from a classic E&R design featuring a single, constant

selection regime.
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Appendix A: Sample Coverage
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Table A.1: Average genome wide sequence coverage depth across 90,510 SNPs of
the ancestor and each treatment population from each sequencing time point. The
standard deviation of coverage was used to calculate the coefficient of variation
within samples. Low variation in coverage was observed across the genome in
every sample, providing no clear evidence for large-scale structural variation in
any population
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Appendix B: SNPeff annotations for significant SNPs
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Appendix C: Genes that fall under the six major peaks of this study
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