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ABSTRACT
Yeast flocculation is a community-building cell aggregation trait that is an important
mechanism of stress resistance and a useful phenotype for brewers; however, it is also a
nuisance in many industrial processes, in clinical settings, and in the laboratory.
Chemostat-based evolution experiments are impaired by inadvertent selection for
aggregation, which we observe in 35% of populations. These populations provide a
testing ground for understanding the breadth of genetic mechanisms Saccharomyces
cerevisiae uses to flocculate, and which of those mechanisms provide the biggest
adaptive advantages. In this study, we employed experimental evolution as a tool to ask
whether one or many routes to flocculation are favored, and to engineer a strain with
reduced flocculation potential. Using a combination of whole genome sequencing and
bulk segregant analysis, we identified causal mutations in 23 independent clones that had
evolved cell aggregation during hundreds of generations of chemostat growth. In 12 of
those clones we identified a transposable element insertion in the promoter region of
known flocculation gene FLOI, and in an additional five clones we recovered loss-of-
function mutations in transcriptional repressor 7UP1, which regulates FLO! and other
related genes. Other causal mutations were found in genes that have not been previously
connected to flocculation. Evolving a flo/ deletion strain revealed that this single deletion
reduces flocculation occurrences to 3%, and demonstrated the efficacy of using
experimental evolution as a tool to identify and eliminate the primary adaptive routes for

undesirable traits.
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INTRODUCTION
Experimental evolution is an essential tool for investigating adaptive walks, clonal
dynamics, competition and fitness, and the genetic underpinnings of complex traits. One
question experimental evolution enables us to explore is how often given the same
conditions and selective pressures organisms will follow the same adaptive route
(Gould’s “tape of life”) (Gould 1990; Orgogozo 2015). A primary platform for
performing evolution experiments in the laboratory is the chemostat, a continuous culture
device invented in 1950 by Monod (Monod 1950) and by Novick and Szilard (Novick
and Szilard 1950). In a chemostat, new media is added and diluted at the same rate,
maintaining constant growth conditions. Chemostat experiments have provided insight
into the mechanisms of genome evolution and adaptation to a variety of selection
pressures (reviewed in Gresham and Hong 2015). However, chemostats have been
limited in their utility due in part to frequent selection for biofilms and cell aggregation,
which have been observed since the advent of the chemostat and are thought to evolve
due to selection by the physical constraints of the culture vessels. In 1964, Munson and
Bridges recorded a selective advantage in a bacterial subpopulation that adhered to the
wall of a continuous culture device (Munson and Bridges 1964). Topiwala and Hamer
followed up on these findings in 1971 and suggested that encouraging this phenotype
could actually lead to increased biomass output (Topiwala and Hamer 1971), an idea that
has enjoyed success in subsequent years: chemostats are such a successful system for
growing biofilms that they are often used to grow biofilms intentionally by supplying

additional substrates to encourage biofilm development (Poltak and Cooper 2011).
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In the context of experiments concerning traits unrelated to wall growth and
aggregation, however, the ease of biofilm evolution in chemostats represents a significant
problem. Since wall growth and aggregation phenotypes develop as an adaptation to the
experimental vessel itself, they develop regardless of the intended selective pressures in
any given experiment. The evolution of wall growth and cell aggregation inside the
continuous culture vessel seeds competing subpopulations, differentially restricting
nutrient access for aggregating cells and skewing the likelihood of dilution (Smukalla et
al. 2008; Fekih-Salem et al. 2013), both variables that should be fixed. Thus, developing
a strain with reduced potential for evolving biofilm-related traits in this type of
experimental system has many practical benefits.

Combating biofilm-related traits is also important in industry and medicine.
Biofilm formation is a cell-surface adhesion trait that enables pathogenic organisms to
persist on the surfaces of medical devices and even colonize human tissues (Kojic and
Darouiche 2004; Verstrepen, Reynolds, and Fink 2004). Flocculation, a related cell-cell
adhesion phenotype (Guo et al. 2000), is a mechanism by which yeast can survive
stresses including treatment from antimicrobial compounds (Smukalla et al. 2008;
Stratford 1992), with the cells on the interior of the floc physically protected from
chemical treatments that more easily kill the outer layer of cells. This makes flocculation
a problematic trait from a health perspective, and illustrates the importance of better
characterizing the genetic basis of complex biofilm-related traits.

Cell aggregation, which we define here as an umbrella term to include both
flocculation and mother/daughter separation defects (Stratford 1992), has dozens of

known contributing genes identified by QTL mapping, deletion collection, genetic
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screen, and linkage analysis studies (Lee, Magwene, and Brem 2011; Granek et al. 2013;
Brem 2002; Ryan et al. 2012; Taylor and Ehrenreich 2014; H. Y. Kim et al. 2014; Roop
and Brem 2013; Borneman et al. 2006; Ratcliff et al. 2015; Palecek, Parikh, and Kron
2000; Verstrepen et al. 2005; Cullen 2015; Taylor et al. 2016; Briickner and Mdsch
2012). Given the extensive list of genes involved in aggregation that could potentially
contribute to its evolution in a chemostat, our primary interests in this study were
determining across many evolution experiments whether the genes involved in the
evolution of aggregation were expected or novel, and ascertaining whether aggregating
clones all achieved this final phenotype through one primary or many equally favored
adaptive routes.

To ask how yeast evolve aggregation, we used multiplexed parallel evolution
experiments coupled with genetics and whole genome sequencing to determine the causal
mutations in 23 aggregating clones isolated from evolution experiments that ran 300 or
more generations. Despite the known genetic complexity of aggregation, most of the
causal mutations appeared to operate through a favored adaptive route: activating
flocculation gene FLOI. Blocking this favored route by deleting FLO1 significantly
reduced incidence of flocculation in further evolution experiments, demonstrating the

efficacy and potential of data-driven strain engineering, even for complex traits.
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MATERIALS AND METHODS
Strains and media used in this study: The ancestral strain for all evolved strains used in
this study was Saccharomyces cerevisiae laboratory haploid MATa strain FY4 (S288C),
and backcrossing experiments were conducted using its isogenic MA T counterpart FYS.
Standard growth medium for overnight liquid cultures and agar plates used in this study
was yeast extract peptone dextrose (YEPD) media, with 2% glucose and 1.7% agar for
plates. Glucose-limited, sulfate-limited, and phosphate-limited liquid media and plates
were prepared as in Gresham et a/ (Gresham et al. 2008) and detailed media recipes are
available at http://dunham.gs.washington.edu/protocols.shtml.

To construct a flo/ knockout strain, KanMX was amplified from the FLO! locus
in the flo! strain from the yeast knockout collection (Giaever et al. 2002) using primers
CJAOO9F/R (Table S4). The PCR reaction was cleaned using a Zymo DNA Clean and
Concentrator kit and DNA concentration was quantified with a Qubit fluorometer. Strain
FY4 (S288C) was transformed with 1ug of the amplicon in 75ul of 1-step buffer (50%
PEG4000 (40% final), 2M LioAc (0.2M final), IM DTT (100nM final), salmon sperm
carrier DNA) at 42C, and transformants were selected for G418 resistance. The

flol::KanMX strain was verified using Sanger sequencing.

Multiplexed chemostat evolution experiments: The first set of evolved clones was
generated from 96 evolution experiments, conducted with laboratory strain FY4. The
experiments were split equally between three nutrient limited conditions, 32 each of
glucose, sulfate, and phosphate limitation, and organized into six blocks of 16 vessels

maintained at 30°C. The evolution experiments were set up and media was prepared
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134  according to (Miller et al. 2013), with minor modifications. Sampling was conducted
135  daily. The dilution rate was maintained in a target pump setting range of 0.16 and 0.18
136  volumes/hour, and generations elapsed were calculated as (1.44)*(time elapsed)*(dilution
137  rate). Total generations were calculated as the cumulative sum of these individual times.
138  One vessel was lost to pinched pump tubing that obstructed its media supply, for a final
139  number of 95 evolution experiments. The remaining 95 evolution experiments were

140  terminated at ~300 generations. Throughout the experiment, vessels were monitored for
141  evidence of wall sticking and aggregation, and in this initial experiment both traits were
142  scored together. In later experiments, we scored these traits separately. 12/32 phosphate-
143  limited, 18/32 glucose-limited, and 3/31 sulfate-limited populations demonstrated

144  evidence of aggregation or wall sticking, and we selected 9 phosphate, 11 glucose, and 3
145  sulfate-limited populations for further analysis.

146 The comparison between flo/ knockout and wild-type strains was conducted
147  using 64 glucose-limited chemostats run as above. Within each 16-vessel block, wild-
148  type strains and knockout cultures were set up in alternating rows of 4. Up to 150

149  generations, sampling was conducted once weekly. Cultures were monitored daily for
150  evidence of contamination, flocculation, and colonization in any of the media or effluent
151  lines. After 150 generations, samples were stored twice weekly, and microscopy images
152  for all cultures were saved once weekly. At the final timepoint, microscopy images were
153  collected on all cultures. Clumps from the bottom of the culture or rings adhering to the
154  vessel walls were collected with long sterile cotton swabs and resuspended in media and

155  glycerol for storage. The final populations were plated on YPD to check for
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contamination and replica-plated onto G418 to validate the presence of the KanMX

marker in only the expected flo/ knockout populations.

Clone isolation: Colonies were struck out from glycerol stocks of the final time point of
each experiment, inoculated into liquid culture and grown overnight at 30°C. From
overnight cultures that displayed a clumping and/or settling phenotype, single cells were
isolated using micromanipulation on a Nikon Eclipse 501 dissecting microscope, allowed
to grow into colonies, screened for the phenotype in an overnight liquid culture of the

appropriate nutrient-limited media, and saved at -80°C in glycerol stocks.

Whole Genome Sequence analysis: Genomic DNA for each clone was extracted using a
Zymo YeaStar genomic DNA kit, checked for quality using a NanoDrop ND-1000
spectrophotometer, and quantified using an Invitrogen Qubit Fluorometer. Genomic
DNA libraries were prepared for [llumina sequencing using the Nextera sample
preparation kit (Illumina) and sequenced using 150bp paired-end reads on an Illumina
HiSeq. Ancestral DNA was prepared using a modified Hoffman-Winston preparation
(Hoffman and Winston 1987).

Average sequence coverage from WGS of the clones was 97x. The reads were
aligned against the genome sequence of sacCer3 using Burrows-Wheeler Aligner version
0.7.3 (Li and Durbin 2009). PCR duplicates were marked using Samblaster version
0.1.22 (Faust and Hall 2014) and indels were realigned using GATK version 3.5
(McKenna et al. 2010). For SNV and small indel analysis, variants were called using the

beftools call command (Li and Durbin 2009). SNVs/indels were filtered for quality and
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read depth, and mutations unique to the evolved clones were identified, annotated with a
custom Python script (Pashkova et al. 2013), and verified by visual examination with the
Integrative Genomics Viewer (IGV) (Robinson et al. 2011). This analysis revealed an
average of three high quality SNVs/indels per clone after filtering, with a maximum of
16. Complete sequencing data for all of these clones is available under NCBI BioProject
PRINA339148, BioSample accessions SAMNO05729740-5729793. Structural variants
were called using lumpy (version accessed on 20160706) (Layer et al. 2014), and copy
number variants were called using DNAcopy (Seshan and Olshen 2015) on 1000bp
windows of coverage across the genome.

The deletion in gene MIT1 was validated in clones YMD2694 and YMD3102
using PCR (primers EHO53PF/PR) (Table S4) and Sanger sequencing. Validation of

other mutations is described below.

Microscopy and validation of separation defects: Strains were grown overnight in
SmL YEPD liquid culture at 30°C. 5ul of culture was examined microscopically at 150X
magnification and photographed using a Canon Powershot SD1200 IS digital camera.
Images were scored for evidence of mother-daughter separation defects, which were
identified in two of the clones, YMD2680 and YMD2689. To validate the separation
defects, calcofluor white was added to 1x107 cells at a concentration of 100pg/mL,
pipetted to mix, and incubated in the dark for 5 minutes or more. Cells were pelleted at
13200 rpm for 1 minute and the supernatant was removed. The pellet was then washed
vigorously with 500l water three times and re-suspended in 50ul water. Bud scars were

visualized using a DAPI filter at 630X magnification.

10
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202 To validate true flocculation in the remaining clones, the evolved clones and

203  ancestral strain were inoculated into 100ul YEPD cultures in two replicates in a round-
204  bottom 96-well plate and grown overnight at 30°C without agitation. Cultures were re-
205  suspended by pipetting and 5Sul of culture was examined microscopically at 150X

206  magnification and imaged. Cells were pelleted and the supernatant removed by pipetting,
207  and one replicate was re-suspended in 100ul water and the other in 100pl 4mM EDTA.
208  Each replicate was pipetted ten times and then examined microscopically and imaged.
209  After ~50 minutes, replicates were re-suspended again by pipetting five times, and

210  examined microscopically and imaged again.

211

212 Quantitative settling assay: Settling analysis was conducted according to the protocol
213  described in Hope and Dunham 2014 (Hope and Dunham 2014). Briefly, each evolved
214  clone or backcross segregant was grown in SmL YEPD for 20 hours at 30°C; strain

215 YMD2691 and its segregants are slow growing so an additional replicate was completed
216  for these segregants with 30 hours of growth. Each culture tube was vortexed and then
217  placed over a black background to settle for 60 minutes, with photos taken of the settling
218  culture at time zero immediately after vortexing and at time 60 after an hour of settling.
219  Images were converted to black and white in Picasa version 3.9.141.306 and analyzed in
220  Imagel version 1.47v (Abramoff, Magalhaes, and Ram 2004). The settling ratio (percent
221  of tube cleared at 60 minutes) was calculated as in Hope and Dunham 2014 (Hope and
222 Dunham 2014). Three replicate measurements were taken on each image of the evolved

223  clones, and a single measurement was made for the segregants.

224

11
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Backcrossing and settling segregation patterns: All clones except YMD2680 and
YMD2689, which had separation defects, were backcrossed to strain FY5. An average of
16 full tetrads per cross were dissected, with additional dissections for crosses with
clones YMD2678 (24 tetrads total) and YMD2697 (38 tetrads total). Segregants were
inoculated into 100pul YEPD in round-bottom 96-well plates and grown overnight at 30°C
without agitation. Plates were re-suspended by gentle pipetting and allowed to settle
without agitation for 15 minutes, when they were photographed and scored for settling

ability.

Bulk Segregant Analysis: Crosses for clones YMD2684, YMD2686, YMD2687,
YMD2696, YMD2697, YMD2698, and YMD2699 were not utilized for BSA after this
point as it was determined that they harbored the Ty insertion in the FLOI promoter; four
strains that harbored this insertion (YMD2681, YMD2683, YMD2685, and YMD2690)
were included in BSA to verify causality for the Ty insertion. The cross with clone
YMD2701 was also not included for BSA because it did not segregate the settling trait
2:2. The nine remaining strains without a FLO! promoter Ty element insertion or
separation defect were analyzed using BSA. Segregants were binned into two pools of
cells according to phenotype (settling or non-settling). Cells were pelleted, washed once
with 500ul water, transferred to a 2mL lock-top eppendorf tube, pelleted again, decanted,
and frozen at -20°C until DNA extraction. Genomic DNA was extracted using a modified
Hoffman-Winston preparation (Hoffman and Winston 1987). Sequencing libraries were

prepared using Nextera library preparation protocols as described for the original clones.

12
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To identify causal mutations, BSA pools were analyzed similarly to the evolved clones
but filtered individually by sample. For each sample, mutations present in both the
settling and non-settling pool were removed. Mutations present at an allele frequency of 1

were determined to be causal.

Identification of Ty element insertion location and element type: A Ty insertion in the
promoter of FLOI was identified in 12 of the evolved flocculent clones by visual
examination in IGV and split read analysis tool retroSeq (Keane, Wong, and Adams
2013). These insertions were verified as full-length using PCR with primers CJAOO7F/R
(Table S4). In some cases, an exact breakpoint was determined using the program lumpy,
but for other samples the Ty element insertion location was determined by visual
examination in IGV. All insertions placed the Ty element in reverse orientation with
respect to the FLO! gene, determined by manual analysis of the mapping orientation of
split reads.

A 2.1kb region upstream of FLO! and including the start of the ORF was
amplified using PCR with Phusion polymerase and primer pair CJAOO7F/R (Table S4)
for each clone with a Ty insertion identified in WGS. The presence of a Ty element
insertion leading to a 6kb expansion was verified on a 1% agarose gel. PCR verification
of the insertion failed in three clones, YMD2681, YMD2683, and YMD2697. The PCR
reactions were cleaned using a Zymo DNA Clean and Concentrator kit and eluted in
100l of water. Tyl contains two EcoRlI sites not shared with Ty2, and Ty2 contains a
unique BamHI site missing from Ty1; these features facilitate classification of Ty type by

restriction digest. The cleaned amplicons were split into two restriction enzyme digest

13
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reactions, one with EcoRI and the other with BamHI (New England BioLabs). A model
of the amplified region was created in sequence analysis software Ape (“ApE - A
Plasmid Editor” 2016), with a Ty insertion in the middle of each hot spot insertion
region: Ty insertions were observed between 95 and 156bp and between 394 and 470bp
upstream of the FLOI ORF, so for the close insertion model a Tyl was added at 125bp
from the ORF and for the far insertion model at 432bp from the ORF. Predicted cutting
with EcoRlI for the close insertion site yielded four bands at 208, 1408, 2344, and
4118bp, and for the far insertion site four bands at 208, 1408, 2651, and 3811bp. We
observed the three longest bands as predicted on a 1% agarose gel following the
restriction digests, with distinct size differences between the mid and high bands for
clones with known close and far insertions; for all evolved clones successfully analyzed,
the insertion was classified as a Tyl. Predicted banding patterns for cleavage with BamHI
in the region were also consistent with Ty1 elements. As a positive control, a known Ty2
element was amplified from the S288C genome using primers EHO54PF/PR (Table S4)
and the banding patterns that would be present for a Ty2 element with BamHI and EcoRI

digests were confirmed.

Crosses to determine FLO1 dependence of mutations in ROX3, CSE2, and MITI:
MATa segregants of clones with mutations in CSE2 (YMD2678), ROX3 (YMD2691),
and MIT1 (YMD2694) were crossed to a flol knockout strain to facilitate examination of
the phenotype of the double mutant progeny, recorded based on the settling ratio of

segregants in 16-18 tetrads per cross. Mating types of segregants were verified using a

14
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standard halo mating assay (protocol available at

http://dunham.gs.washington.edu/protocols.shtml).

Additional analyses for secondary modifiers in clones YMD2683 and YMD2690:
Two strong candidates for clones with secondary modifiers were YMD2683, with an
elongated cell morphology, and YMD2690, with an expansion of the internal repeats in
FLOI11. All of the segregants screened in the quantitative settling assay for clone
YMD2683 were also tested for mutations in genes HSL7, IRA1, VTSI, and TCPI using
primers EHO45PF-EHO048PR (Table S4) and sent for Sanger sequencing by Genewiz.
Microscopy was performed on all of the segregants from the YMD2683 cross and nine
additional segregants were selected based on cell morphology (two with round suspended
cells, two with long suspended cells, two with round flocculent cells, and three with long
flocculent cells); all were analyzed with the quantitative settling assay and sequenced for
mutations in HASL7 and IRA1.

For seven settling segregants from the backcross with clone YMD2690, the
FLOI1 internal repeat region was amplified using primers EHO30PF/PR (Table S4) and
results were examined on a 1% agarose gel. For the same segregants, the region of HOG!
surrounding a premature stop in the clone was amplified using primers EHO52PF/PR

(Table S4) and sent for Sanger sequencing.
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RESULTS
Experimental evolution studies using continuous culture systems have suffered from
small sample sizes in the past, a challenge that has been addressed through our
multiplexed miniature chemostat system (Miller et al. 2013). In a previous study designed
to test changes in fitness in response to different nutrient limitations, we ran 96 miniature
chemostats under three different nutrient limitations for 300 generations (Miller, A.W., in
preparation). We observed that by 300 generations 34.7% had gained a visible cell
aggregation phenotype not present in the ancestral strain, an S288C derivative that cannot
aggregate due to a nonsense mutation in transcription factor Flo8 (Liu, Styles, and Fink

1996).

Majority of aggregating clones demonstrate characteristics of true flocculation: We
selected clones for further study from the 23 populations with a strong aggregation
phenotype. We conducted a number of phenotypic and genotypic analyses on the selected
clones in order to determine how each strain had independently evolved the ability to
aggregate. We quantified the settling ability of the evolved clones compared to the
ancestral strain (Fig. 1) (Table S1), a metric that describes the primary phenotype of
interest in these experiments. We also examined the cellular morphology of all evolved
clones microscopically and determined that two of the 23 clones (YMD2680 and
YMD2689) show a cellular chaining phenotype indicative of a mother-daughter
separation defect, while the remaining clones had aggregating round cells characteristic
of cell-cell adhesion and true flocculation (Fig. S1). We confirmed the bud separation

defect in YMD2680 and YMD2689 using calcofluor white staining (Fig. S2), which
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preferentially stains the increased chitin present at yeast bud scars (Pringle 1991). To
further distinguish separation defects from flocculation, we treated the evolved clones
with a de-flocculation buffer containing a chelating agent, EDTA; true flocculation is
facilitated by calcium ions and reversible, while separation defects are not (Stratford
1989; Liu, Styles, and Fink 1996). We verified that all clones excluding YMD2680 and
YMD2689 exhibit true flocculation that is reversible upon treatment with EDTA (Fig.

33).

Mutations in FLOI promoter and genes TUPI and ACE2 are primary adaptive
routes to aggregation: We performed Whole Genome Sequencing (WGS) on the 23
clones from generation 300 of the evolution experiments and analyzed the resulting
sequence data to identify Single Nucleotide Variants (SNVs), small insertions or
deletions (indels), Copy Number Variants (CNVs), and structural variants (Table S2,
Materials and Methods). We developed a list of candidate genes likely to contribute to
the evolution of aggregation phenotypes (Table S3) from 17 different papers examining
biofilm and cell aggregation related-traits, and several of the SNVs identified in our
clones were in candidate genes (e.g. ACE2, HOG1, TUPI). We did not identify any
instances of reversion of the ancestral point mutation in transcription factor gene FLOS.
In both clones harboring separation defects, we discovered short insertions and
deletions in the transcription factor gene ACE2, both of which cause a shift in the reading
frame and introduction of a premature stop codon. These results are consistent with prior
literature showing that loss of function mutations in this gene cause settling/clumping

phenotypes in other experimental evolution scenarios (Ratcliff et al. 2015; Voth et al.
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2005; Oud et al. 2013; Koschwanez, Foster, and Murray 2013). Furthermore, ace2 null
mutants have the characteristic cell separation defect that we observed in our clones. We
consider this ACE2 mutation causative of the aggregation phenotype in these two clones
(Table 1), with possible modification by BEM2, a gene involved in bud emergence that is
also mutated in both clones (Bender and Pringle 1991; Y.-J. Kim et al. 1994).

In the 21 flocculent clones, the most common mutation we identified was a full-
length insertion of a yeast transposable (Ty) element in the promoter region of FLOI. We
saw this insertion in 12 of our clones, distributed in two hotspot regions between 95 and
156 bp and 394 and 470 bp upstream of the FLO1 start codon (Fig. 2, with regulatory
information from (Fichtner, Schulze, and Braus 2007; Fleming et al. 2014; Basehoar,
Zanton, and Pugh 2004)). Sequence analysis narrowed the type of Ty element in these
insertions to Tyl or Ty2, and diagnostic PCR and restriction digestion of nine inserts
confirmed they were all Tyl elements. In FLOI overexpression, localization, and
deletion studies, FLOI has been shown to cause flocculation (Guo et al. 2000; Bony,
Barre, and Blondin 1998; Smukalla et al. 2008); notably, Smukalla et al demonstrated
that GAL-induced expression of FLO! in S288C, the background strain for these
evolution experiments, induces flocculation, which supports the role we observe for
FLOI regulation.

In the remaining nine clones, we identified several SN'Vs and larger insertions and
deletions in candidate genes, including TUP1, FLOY, IRA1, and HOG1, and many more
in non-candidate genes (Table S4). Five clones harbored likely loss-of-function mutations
in candidate TUPI: two stop-gained SNVs in clones YMD2679 and YMD2693; one 27

bp deletion in YMD2700; one 100 bp deletion in YMD2682; and one Ty element
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383  insertion in YMD2688. TUPI is a general repressor (Carrico and Zitomer 1998; Z.

384  Zhang, Varanasi, and Trumbly 2002), but also a repressor of FLO! (Fleming et al. 2014),
385  and loss-of-function mutations in this gene have been associated with flocculation since
386 1980 (Williams and Trumbly 1990; Teunissen, van den Berg, and Steensma 1995; Lipke
387  and Hull-Pillsbury 1984; Stark, Fugit, and Mowshowitz 1980). The frequently observed
388  mutations in TUPI could function to de-repress FLO! or any number of other candidate
389  genes. In a different clone, YMD2695, we identified a 6.2 kb deletion from 229 bp to 6.4
390 kb upstream of flocculin gene FLOY. We also identified high confidence mutations not
391 previously associated with aggregation in nearly all clones.

392

393  Bulk Segregant Analysis verifies causal mutations in novel genes: Because of the
394  number of high confidence mutations in each clone, we could make hypotheses about
395  causality. To test causality and examine the genetic complexity of the trait in each clone,
396  we turned to a different method, bulk segregant analysis (BSA). We backcrossed the 21
397  evolved flocculent clones to a non-flocculent strain isogenic to the ancestor but of the
398  opposite mating type. We excluded the two clones with separation defects because their
399  causality was clear and their budding defect interfered with tetrad dissection. BSA

400 leverages meiotic recombination and independent assortment to link a trait to a causal
401 allele, which will be observed in all progeny with the phenotype of interest. In turn,

402  unlinked non-causal alleles should assort equally between progeny with and without the
403  phenotype (Brauer et al. 2006; Birkeland et al. 2010; Segre, Murray, and Leu 2006) (Fig.
404  3A). Backcrossing also allowed us to estimate the genetic complexity of the trait: if two

405  of four meiotic progeny have the phenotype and two do not, this indicates a single causal
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allele for the phenotype. We observed this 2:2 segregation pattern in 20 of the 21 evolved
clones, and pooled and sequenced the progeny with and without the trait to identify
which of the initial candidate alleles was causal.

We subjected all of our clones with genic mutations, including large insertions
and deletions, to BSA analysis, and included four of the clones with a Ty element
insertion in the FLOI promoter. The analysis pipeline (Materials and Methods) identified
mutations at 100% frequency in the flocculent pools, and confirmed the causality of the
FLOI, TUPI, FLOY, and ROX3 mutations. BSA also confirmed the causality of
mutations in CSE2 and MIT1, genes not previously associated with flocculation (though
both have been linked to related traits such as invasive growth and biofilm formation, see
below). For the three evolved clones with causal SNVs, the frequency of each candidate
in the flocculent and non-flocculent pools is shown in Fig. 3B and 3C; in each case, the
causal mutant allele was at 100% frequency in the flocculent pool. Using the combined
results of WGS and BSA, we were able to resolve the causal mutation for all 23 of the

evolved clones, with a complete summary of our findings in Table 1.

Functional FLO! is necessary for flocculation driven by ROX3, CSE2, and MIT1
mutations: Given the large number of potentially activating mutations that we recovered
in FLOI, we hypothesized that the causal ROX3 and CSE2 mutations we recorded also
act through FLOI, via loss of repression. Several lines of evidence make ROX3 a
reasonable candidate repressor for FLO/! and/or other FLO genes. Loss-of-function
mutations in ROX3 have been previously associated with flocculation (T. A. Brown,

Evangelista, and Trumpower 1995) and also pseudohyphal growth, which is a trait related
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to haploid invasion and regulated by FLO genes (Guo et al. 2000). ROX3 and CSE2 both
encode components of the RNA polymerase Il mediator complex, which also includes
Sin4, Srb8, and Ssn8, whose role in FLO gene repression is described in Fichtner et al
(Fichtner, Schulze, and Braus 2007). Mutations in other components of Mediator have
previously been shown to cause clumping (Koschwanez, Foster, and Murray 2013). In
order to test the relationship between the ROX3 and CSE2 mutations and FLOI, we
examined the ratio of settling to non-settling progeny in crosses between a flo/ knockout
strain and strains harboring the CSE2 and ROX3 causal mutations. 50% settling and 50%
non-settling segregants compiled over all tetrads would indicate, for example, that both
the cse2 FLOI and cse2 flol segregants flocculate and that the function of the cse2
mutation is not dependent on a functional FLOI. 25% settling and 75% non-settling
segregants, and the presence of tetrads segregating 1:3 and 0:4, would indicate that the
double mutant does not flocculate and a functional FLO! is required for the effect of the
cse2 (or rox3) mutation to be observed. We observed that the double mutants show a
wild-type, non-flocculent settling phenotype, i.e., that flo/ is epistatic to the other
mutations. This indicates that FLO! is required for these mutations to have an effect and
lends support to the hypothesis that Rox3 and Cse2 function as FLOI repressors in the
wild-type strain.

Analysis of progeny with a flo/ null mutation and the MIT1] allele from
YMD2694 revealed similarly that the MI7] mutation requires a functional FLO! to cause
flocculation. MIT] is a known transcriptional regulator of flocculin genes FLOI, FLOI10,
and FLOI1, and null mutants of MIT1 exhibit reductions in hallmark biofilm-related

traits including invasive and psuedohyphal growth and colony complexity (Cain et al.
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2012), which are related to flocculation in S288C (Liu, Styles, and Fink 1996; Fichtner,
Schulze, and Braus 2007). This role of MIT1 in the literature suggests that the deletion
we record is not a loss-of-function mutation, although it is not dominant. If the MIT1
deletion in YMD2694 caused loss of function, we would expect to see a non-flocculent
phenotype, as we confirmed is observed in a mit/ deletion strain; instead, the deletion
causes a flocculation phenotype, indicating that it serves in some way to enhance the
function of MIT1. The deletion itself is out of frame and therefore results in a modified
C-terminus of the protein, including a premature stop codon and truncation of the final
product. From the extensive literature on the MIT1 ortholog in Candida albicans, WORI,
we know that DNA binding activity is likely confined to the N-terminal portion of the
protein, far from the mutation in this allele of MITI: in WORI, two DNA binding regions
in the N-terminal portion of the protein are sufficient for full activity (Lohse et al. 2010;
S. Zhang et al. 2014). WORI and MIT1 also both have a self-regulatory mechanism
through a positive feedback loop, a potential mechanism for the enhanced function
implicated by the mutation we observe (Cain et al. 2012; Zordan, Galgoczy, and Johnson

2006).

Phenotypic variation suggests secondary modifiers influence flocculation: Though
we identified the FLOI promoter Ty element insertion as the primary causal allele for the
aggregation trait in 12 of our clones, we observed variation in the types of flocs produced
in our preliminary microscopy of the clones (Fig. S1), and differences in settling even
among all strains with a FLO! promoter insertion. These differences were not caused by

Ty element direction, proximity, or type: all of the Ty elements we were able to validate
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with PCR and restriction site polymorphisms were of type Tyl. Secondary genetic
modifiers of the flocculation trait are an alternative explanation for this phenotypic
variation. To identify strains potentially carrying secondary modifier mutations, we
examined the distribution of quantitative settling ratios across a subset of settling
segregants for each cross (Fig. S4) (Table S1). Segregants without a modifier were
expected to match the evolved parent settling phenotype, while a distribution of settling
abilities would be seen as evidence of a potential modifier (Fig. S4).

One strong candidate for multiple alleles contributing to the aggregation
phenotype was clone YMD2701, the only evolved clone that did not segregate the
settling phenotype 2:2 during BSA. Sequencing analysis revealed this clone does have
the FLOI promoter Tyl insertion. We also identified an amplification of chromosome I
in this clone, both copies of which have the promoter insertion, indicating that two copies
of the causal allele are segregating in this backcross; this genotype is consistent with the
segregation pattern we observed (Fig. S5). Within the segregant settling ratios, however,
we did not observe this aneuploidy to be a modifier of the trait (Fig. S4).

In clone YMD2683, we identified a secondary modifier related to cell
morphology. In our initial microscopy (Fig. S1), we observed that clone YMD2683 had
an unusual elongated cell morphology, which we observed segregating in the backcross
as well. Microscopy of segregants from this cross revealed four phenotypic classes:
round, suspended cells; round, flocculent cells; long, suspended cells; and long,
flocculent cells (Fig. 4A). Segregants from the backcross involving evolved clone
YMD2683 had two different settling ratios, the weaker of which correlated with the

round, flocculent morphology, while the stronger settling ratio correlated with the long,
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flocculent cell morphology (Fig. 4A, C). WGS of the original clone identified high
quality SNVs in genes IRA1, HSL7, VTSI, and TCPI. PCR and Sanger sequencing of
each of these genes in segregants from each phenotypic class revealed co-segregating
missense mutations in HSL7 and /RA! in all segregants with the long cell phenotype
(examples in Fig. 4B), suggesting that one or both of these mutations is functioning as a
secondary modifier to enhance the phenotype from the FLO! Ty element insertion. HSL7
and /RA1 are located only 13kb apart from each other on chromosome II, indicating that
this co-segregation could be due to linkage rather than the contribution of both genes to
the trait, though null mutations in each have been linked to abnormal cell morphology
very similar to that of our strain (HSL7, (Kucharczyk et al. 1999; Fujita et al. 1999)) and
flocculation (/RA1, (Verstrepen, Reynolds, and Fink 2004; Halme et al. 2004)).

Another promising candidate for a secondary modifier was clone YMD2690:
segregants from the backcross with this clone showed considerable variation in settling
ratios, and the clone harbored a premature stop codon in candidate gene HOG1 (Table
S3), although a Ty element in the FLOI promoter was identified as the primary causal
mutation. Using Sanger sequencing of settling segregants we determined that HOGI was
not a secondary modifier of the trait. We conducted additional testing using primers from
Zara et al (Zara et al. 2009) (Table S4) to target the repeat region in flocculin gene
FLOI11 in clone YMD2690 and found evidence in this clone of a FLO!1 repeat
expansion of approximately 1 kb in length. All flocculin genes have long arrays of
internal tandem repeats (Verstrepen et al. 2005); expansions of the internal repeats in
FLOI11 have been shown to cause phenotypic variability in biofilm-related traits, and

natural isolates of yeast exhibit significant variation in the copy number of the repeats
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(Fidalgo, Barrales, and Jimenez 2008; Zara et al. 2009). However, this expansion also did
not correlate with variations in strength of the segregant settling ratios, demonstrating
that the presence of the FLO!1 expansion in addition to the Ty element insertion did not
significantly affect the strength of the phenotype. PCR of all of the evolved clones

revealed that only this clone had any evidence of repeat expansion in FLO! 1.

Deleting FLOI increases time to evolve flocculation and reveals alternate adaptive
routes: The results of our analyses of the evolved clones demonstrate a clear role for
FLOI in the evolution of flocculation; not only do we see changes in the FLO! promoter,
many of the other mutations we recorded are in genes encoding proteins that function to
regulate FLOI (TUPI) or participate in complexes that regulate FLOI (ROX3, CSE2).
We hypothesized that changes in the regulation of FLO! cause the flocculation
phenotype in nearly all of the evolved clones, and that deleting FLO! would be a
promising route for slowing the evolution of flocculation. Deleting a combination of FLO
genes has been previously employed as a method to try to make lab strains easier to work
with over long term experimental evolution (Voordeckers and Verstrepen 2015), and
modification of the FLOI promoter has been effectively employed in biological circuits
controlling flocculation (Ellis, Wang, and Collins 2009); however, it is unknown if
specifically deleting FLO1I would be effective on its own. We constructed a flo/ strain
and evolved 32 chemostat vessels of wild-type concurrently with 32 chemostat vessels of
the flol knockout strain, in glucose limited media for over 250 generations. Two

knockout and one wild-type vessel were lost to contamination after generation 200.
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We monitored all vessels for evidence of aggregation and recorded eight wild-type and
one knockout strain that developed aggregation during the course of the experiment, a
statistically significant reduction (p=0.01, Fisher’s Exact Test). In order to determine the
mechanism of the single aggregating flo/ population, we performed WGS of a clone and
found a Ty element insertion in the promoter of FLO9Y. In addition to the single knockout
clone, we sequenced four wild-type strains that also evolved aggregation in the course of
the experiment. Two of these harbored FLO!I promoter Ty element insertions; another
had a stop-gained mutation in NCP/ that has not been verified as causal; and another had
a deletion in MIT] exactly matching the deletion identified in the clone from the previous

series of evolution experiments.

FLOI deletion does not affect rate of evolution for unrelated traits: We expected that
deleting FLO1I would not impact the rate of evolution for unrelated traits, including wall
sticking and separation defects, two other traits we monitored during the knockout
evolution experiments. Cell-surface adhesion traits are more often associated with
expression of FLOI1 (Guo et al. 2000; Verstrepen and Klis 2006), and we would not
expect the frequency of evolving separation defects to be affected by changes to
flocculation genes. For 32 of the vessels across both genotypes we recorded the
occurrence of some amount of wall sticking two days before the final time point; eight of
these we recorded as strong wall growth at the final evolution time point. The strong wall
growth observations were split equally between WT and flo/ knockout populations.
Similarly, for mother-daughter separation defects, which we observed through

microscopy of each of the final evolution time points, we recorded 12 strains with
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separation defects, five from the wild-type and six from the knockout evolution
experiments, with an additional wild-type strain with an inconclusive microscopy
phenotype (Fig. S6).

To explore the genetic origins of the wall sticking trait, we isolated clones with a
strong wall sticking phenotype from six different populations, four from knockout
experiments and two from wild-type experiments. Under the microscope, we observed
that all six wall sticking clones harbored a separation defect. To determine if these were
all caused by loss of function alleles of ACE2, we performed a complementation test
using the ace? strain from the yeast deletion collection (Giaever et al. 2002). We
determined that a loss-of-function mutation in ACE2 was responsible for both the wall
sticking and mother-daughter separation defects in five of the six clones. Despite this
relationship, we did not observe a strong connection between wall sticking and separation
defects on the population level, with 10 strains having only a separation defect, five
having only strong wall growth, and only four populations having both phenotypes. The
mechanism by which loss of function in ACE? facilitates wall sticking remains

undetermined.

DISCUSSION
Previous studies have successfully leveraged experimental evolution to understand the
genetic contributors to complex traits (Voordeckers and Verstrepen 2015; Leu and
Murray 2006; C. J. Brown, Todd, and Rosenzweig 1998; Hong and Gresham 2014).
Evolution experiments have also contributed significantly to our understanding of how

genomes evolve and the types of mutations typically observed in yeast grown in
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chemostats, including SNVs, CNVs, aneuploidy, and transposable element insertions
(Dunham et al. 2002; Araya et al. 2010; Gresham et al. 2008; Adams, Julian 2004;
Adams and Oeller 1986). In our study, we built on these concepts to identify the
mutations contributing most to the evolution of cell aggregation, an industrially and
medically relevant trait in addition to a practically useful one for facilitating laboratory
work. We determined that in experimental evolution in continuous culture, loss-of-
function mutations in ACE?2 are the most common contributors to the evolution of
mother-daughter separation defects and wall growth, and mutations that change the
regulation of FLO! are the most common evolutionary route to flocculation. The
majority of causal mutations identified in this study occurred in candidate genes selected
for involvement in aggregation traits based on previous literature, but two of the causal
mutations were in genes not previously associated with flocculation (CSE2, MITI). Both
our identification of new genetic associations with flocculation and of one favored
adaptive route to flocculation demonstrate the efficacy of using experimental evolution as
a tool to better understand important complex traits.

This study also demonstrates the power of evolution experiments to determine
which genes, among the many genes that are associated with complex traits like
flocculation, most frequently contribute to adaptation under specific constraints. Despite
the many possible candidates, we saw few of those genes identified in the evolved clones
in this study. This finding is in keeping with other work in eukaryotes demonstrating
favored adaptive responses, not just in the clear relationships between nutrient limitation
and the amplification of nutrient transporters (C. J. Brown, Todd, and Rosenzweig 1998;

Gresham et al. 2008) but also in response to stress treatments. In a more saturated screen
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we might start to see contributions from other candidate genes or pathways, but large
screens have also revealed parallel adaptation. A study of 240 yeast strains under
selective pressure from the antibiotic Nystatin revealed significant parallelism in
mutational response through a single pathway (A.C. Gerstein, Lo, and Otto 2012) similar
to the parallelism we discovered through FLO! regulation. The contributions of other
candidate genes might also be revealed in a scenario in which an engineered strain has
been modified to take away the primary adaptive routes we observed.

The primary mechanism of evolution we observed, a Ty element insertion in the
FLOI promoter region, likely activates FLO1 expression similarly to previous Ty
element systems (Rothstein and Sherman 1980; Errede et al. 1984; Coney and Roeder
1988). The reverse orientation of the Ty element with respect to the open reading frame
that we observed in all of our clones is the most common activating arrangement
(Servant, Pennetier, and Lesage 2008; Boeke 2016), and the role of transposable elements
in driving adaptive mutations has been well documented in yeast and other organisms
(Chao et al. 1983; Tenaillon et al. 2016; Wilke and Adams 1992). Despite discovering
one primary mechanism for evolving flocculation, we also show evidence for other
genetic contributors modifying and enhancing the phenotype we observe. There is
quantitative variation among settling segregants from crosses with our evolved clones
(Fig. S4) particularly among strains with the FLOI promoter Ty element insertion, and
we confirmed one example of a secondary modifier of the settling trait in clone
YMD2683, in which a change in cell morphology enhanced the trait from the FLO!
promoter Ty element insertion. Across other clones with trait variation there is potential

to discover additional modifiers, both in the form of known candidate genes, including
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other FLO genes with internal tandem repeats, and in genes that have not previously been
associated with flocculation.

Each causal mutation in our clones represents a new possible avenue for
engineering to reduce aggregation. These could be simple changes, such as fusing genes
like ACE2 and TUPI that frequently acquire loss-of-function mutations to essential
genes, or increasing their copy number or strain ploidy to increase the likelihood of
“masking” deleterious recessive mutations (Otto and Goldstein 1992). They can also be
iterative: deleting FLO9 in the flol background could even further reduce evolution of
flocculation. Alternative strategies include reducing the mutation rate of these
nondesirable mutations. The frequency at which we observe activating Ty elements
driving flocculation also suggests future experiments aimed at reducing Ty element
expression or mobility could be fruitful. Promising routes for reducing the Ty burden in
evolution experiments include inhibiting Tyl transposition (Xu and Boeke 1991) or
utilizing different background strains. There is evidence that strain background
contributes significantly to the likelihood of evolving flocculation in chemostat
experiments. Saccharomyces uvarum, a budding yeast related to S. cerevisiae and often
used in interspecific hybrid studies, has only Ty4 elements in its genome (Liti et al. 2005)
and evolves flocculation more slowly than S. cerevisiae in chemostat experiments (Heil
et al. 2016; Sanchez et al. 2016). Not only do different species of yeast have different Ty
element burdens, natural isolates of Saccharomyces cerevisiae also provide strain-
specific differences in Ty element burden (Bleykasten-Grosshans, Friedrich, and

Schacherer 2013; Dunn et al. 2012) and a reservoir of variation in evolutionary potential
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which will be useful in future evolution experiments for studying flocculation and other
complex traits.

Over the past six decades, experimental evolution in chemostats with yeast and
bacteria has provided valuable insights into evolutionary dynamics and has proven to be a
powerful tool for understanding complex traits. Now, with the advent of modern
sequencing technology and common strain engineering methods, experimental evolution
represents a promising direction for designing and testing strains with reduced (or
increased) evolutionary potential. Evolution is gaining popularity as a tool for
engineering: as just a few examples, in 2002, Yokobayashi et a/ used directed evolution
to improve the function of a rationally designed circuit driving a fluorescent reporter
(Yokobayashi, Weiss, and Arnold 2002), and evolutionary engineering is commonly used
to improve carbon source utilization of industrial strains (Garcia Sanchez et al. 2010;
Shen et al. 2012; Zhou et al. 2012). Evolution poses a challenge to strain engineering as
well: loss, change, and breakage of engineered pathways confounds consistent usage
(Renda, Hammerling, and Barrick 2014). Our study employs experimental evolution as a
tool for engineering, but as a method both to design and to test new strains. We utilized
evolution experiments as a means both to discover the genetic underpinnings of a
complex trait with real-world applications, and to determine and eliminate the most
successful adaptive route in order to generate a more amenable strain background for
future experiments. This approach represents a promising engineering technique not just
for flocculation and related traits but also for traits such as antimicrobial resistance that

represent major challenges of our time.

31


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

under aCC-BY-NC 4.0 International license.

ACKNOWLEDGMENTS
We thank Noah Hanson, Monica Sanchez, Erica Alcantara, Michelle Hays, Bryony
Lynch, Mei Huang, and Annie Young for experimental assistance. We also thank Aimée
Dudley and Matthew Bryce Taylor for helpful comments on the manuscript, students
participating in the Cold Spring Harbor Laboratories Yeast Genetics and Genomics
Course in 2014, 2015, and 2016 for their contributions to the Bulk Segregant Analysis
components of this project, and Maxwell W. Libbrecht for manuscript review and
statistics consultation. This project was supported by NSF grant 1120425 and NIH grant
P41GM103533. This material is based in part upon work supported by the National
Science Foundation under Cooperative Agreement No. DBI-0939454. The CSHL Yeast
Course is supported by NSF grant MCB-1437145. Any opinions, findings, and
conclusions or recommendations expressed in this material are those of the author(s) and
do not necessarily reflect the views of the National Science Foundation. CJA and CSH
were supported by T32 HG00035. MJD is a Rita Allen Foundation Scholar and a Senior
Fellow in the Genetic Networks program at the Canadian Institute for Advanced

Research.

REFERENCES
Abramoff, M. D., Paulo J. Magalhaes, and Sunanda J. Ram. 2004. “Image Processing
with Imagel.” Article. Biophotonics International.
http://dspace.library.uu.nl/handle/1874/204900.
Adams, J, and P W Oeller. 1986. “Structure of Evolving Populations of Saccharomyces

cerevisiae: Adaptive Changes Are Frequently Associated with Sequence

32


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

under aCC-BY-NC 4.0 International license.

Alterations Involving Mobile Elements Belonging to the Ty Family.” Proceedings
of the National Academy of Sciences of the United States of America 83 (18):
7124-27.

Adams, Julian. 2004. “Microbial Evolution in Laboratory Environments.” Research in
Microbiology 155 (March): 311-18. doi:10.1016/j.resmic.2004.01.013.

“ApE - A Plasmid Editor.” 2016. Accessed September 15.
http://biologylabs.utah.edu/jorgensen/wayned/ape/.

Araya, Carlos L., Celia Payen, Maitreya J. Dunham, and Stanley Fields. 2010. “Whole-
Genome Sequencing of a Laboratory-Evolved Yeast Strain.” BMC Genomics 11:
88. doi:10.1186/1471-2164-11-88.

Basehoar, Andrew D, Sara J Zanton, and B. Franklin Pugh. 2004. “Identification and
Distinct Regulation of Yeast TATA Box-Containing Genes.” Cell 116 (5): 699—
709. doi:10.1016/S0092-8674(04)00205-3.

Bender, A, and J R Pringle. 1991. “Use of a Screen for Synthetic Lethal and Multicopy
Suppressee Mutants to Identify Two New Genes Involved in Morphogenesis in
Saccharomyces cerevisiae.” Molecular and Cellular Biology 11 (3): 1295-1305.

Birkeland, Shanda R., Natsuko Jin, Alev Cagla Ozdemir, Robert H. Lyons, Lois S.
Weisman, and Thomas E. Wilson. 2010. “Discovery of Mutations in
Saccharomyces cerevisiae by Pooled Linkage Analysis and Whole-Genome
Sequencing.” Genetics 186 (4): 1127-37. doi:10.1534/genetics.110.123232.

Bleykasten-Grosshans, Claudine, Anne Friedrich, and Joseph Schacherer. 2013.
“Genome-Wide Analysis of Intraspecific Transposon Diversity in Yeast.” BMC

Genomics 14:399. doi:10.1186/1471-2164-14-399.

33


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

under aCC-BY-NC 4.0 International license.

Boeke, J. 2016. “Yeast Transposable Elements.” Accessed September 13.
https://cshmonographs.org/index.php/monographs/article/view/3183/2523.

Bony, Muriel, Pierre Barre, and Bruno Blondin. 1998. “Distribution of the Flocculation
Protein, Flop, at the Cell Surface during Yeast Growth: The Availability of Flop
Determines the Flocculation Level.” Yeast 14 (1): 25-35.
doi:10.1002/(SICI)1097-0061(19980115)14:1<25::AID-YEA197>3.0.CO;2-C.

Borneman, Anthony R., Justine A. Leigh-Bell, Haiyuan Yu, Paul Bertone, Mark
Gerstein, and Michael Snyder. 2006. “Target Hub Proteins Serve as Master
Regulators of Development in Yeast.” Genes & Development 20 (4): 435-48.
doi:10.1101/gad.1389306.

Brauer, Matthew J., Cheryl M. Christianson, Dave A. Pai, and Maitreya J. Dunham.
2006. “Mapping Novel Traits by Array-Assisted Bulk Segregant Analysis in
Saccharomyces cerevisiae.” Genetics 173 (3): 1813—16.
doi:10.1534/genetics.106.057927.

Brem, R. B. 2002. “Genetic Dissection of Transcriptional Regulation in Budding Yeast.”
Science 296 (5568): 752-55. doi:10.1126/science.1069516.

Brown, C. J., K. M. Todd, and R. F. Rosenzweig. 1998. “Multiple Duplications of Yeast
Hexose Transport Genes in Response to Selection in a Glucose-Limited
Environment.” Molecular Biology and Evolution 15 (8): 931-42.

Brown, T A, C Evangelista, and B L Trumpower. 1995. “Regulation of Nuclear Genes
Encoding Mitochondrial Proteins in Saccharomyces cerevisiae.” Journal of

Bacteriology 177 (23): 6836—43.

34


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

under aCC-BY-NC 4.0 International license.

Briickner, Stefan, and Hans-Ulrich Mdsch. 2012. “Choosing the Right Lifestyle:
Adhesion and Development in Saccharomyces cerevisiae.” FEMS Microbiology
Reviews 36 (1): 25-58. doi:10.1111/j.1574-6976.2011.00275.x.

Cain, Christopher W., Matthew B. Lohse, Oliver R. Homann, Anita Sil, and Alexander
D. Johnson. 2012. “A Conserved Transcriptional Regulator Governs Fungal
Morphology in Widely Diverged Species.” Genetics 190 (2): 511-21.
doi:10.1534/genetics.111.134080.

Carrico, Pauline M., and Richard S. Zitomer. 1998. “Mutational Analysis of the Tupl
General Repressor of Yeast.” Genetics 148 (2): 637-44.

Chao, Lin, Christopher Vargas, Brian B. Spear, and Edward C. Cox. 1983. “Transposable
Elements as Mutator Genes in Evolution.” Nature 303 (5918): 633-35.
doi:10.1038/303633a0.

Coney, L R, and G S Roeder. 1988. “Control of Yeast Gene Expression by Transposable
Elements: Maximum Expression Requires a Functional Ty Activator Sequence
and a Defective Ty Promoter.” Molecular and Cellular Biology 8 (10): 4009-17.

Cullen, Paul J. 2015. “Evaluating the Activity of the Filamentous Growth MAPK
Pathway in Yeast.” Cold Spring Harbor Protocols 2015 (3): 276-83.
doi:10.1101/pdb.prot085092.

Dunham, Maitreya J., Hassan Badrane, Tracy Ferea, Julian Adams, Patrick O. Brown,
Frank Rosenzweig, and David Botstein. 2002. “Characteristic Genome
Rearrangements in Experimental Evolution of Saccharomyces cerevisiae.”
Proceedings of the National Academy of Sciences 99 (25): 16144-49.

doi:10.1073/pnas.242624799.

35


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

under aCC-BY-NC 4.0 International license.

Dunn, Barbara, Chandra Richter, Daniel J. Kvitek, Tom Pugh, and Gavin Sherlock. 2012.
“Analysis of the Saccharomyces cerevisiae Pan-Genome Reveals a Pool of Copy
Number Variants Distributed in Diverse Yeast Strains from Differing Industrial
Environments.” Genome Research 22 (5): 908-24. doi:10.1101/gr.130310.111.

Ellis, Tom, Xiao Wang, and James J. Collins. 2009. “Diversity-Based, Model-Guided
Construction of Synthetic Gene Networks with Predicted Functions.” Nature
Biotechnology 27 (5): 465-71. doi:10.1038/nbt.1536.

Errede, B, T S Cardillo, M A Teague, and F Sherman. 1984. “Identification of Regulatory
Regions within the Tyl Transposable Element That Regulate Iso-2-Cytochrome ¢
Production in the CYC7-H2 Yeast Mutant.” Molecular and Cellular Biology 4 (7):
1393-1401.

Faust, Gregory G., and Ira M. Hall. 2014. “SAMBLASTER: Fast Duplicate Marking and
Structural Variant Read Extraction.” Bioinformatics 30 (17): 2503-5.
doi:10.1093/bioinformatics/btu3 14.

Fekih-Salem, R., J. Harmand, C. Lobry, A. Rapaport, and T. Sari. 2013. “Extensions of
the Chemostat Model with Flocculation.” Journal of Mathematical Analysis and
Applications 397 (1): 292-306. doi:10.1016/j.jmaa.2012.07.055.

Fichtner, Lars, Florian Schulze, and Gerhard H Braus. 2007. “Differential Flo8p-
Dependent Regulation of FLOI and FLO!1 for Cell—cell and Cell-substrate
Adherence of S. cerevisiae S288c.” Molecular Microbiology 66 (5): 1276—89.

doi:10.1111/5.1365-2958.2007.06014.x.

36


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

793  Fidalgo, Manuel, Ramon R. Barrales, and Juan Jimenez. 2008. “Coding Repeat
794 Instability in the FLO11 Gene of Saccharomyces Yeasts.” Yeast 25 (12): 879-89.
795 doi:10.1002/yea.1642.

796  Fleming, Alastair B., Suzanne Beggs, Michael Church, Yoshihiro Tsukihashi, and Sari

797 Pennings. 2014. “The Yeast Cyc8—Tupl Complex Cooperates with Hdalp and
798 Rpd3p Histone Deacetylases to Robustly Repress Transcription of the

799 Subtelomeric FLOI Gene.” Biochimica et Biophysica Acta (BBA) - Gene

800 Regulatory Mechanisms 1839 (11): 1242-55. doi:10.1016/j.bbagrm.2014.07.022.

801  Fujita, Atsushi, Akio Tonouchi, Takatoshi Hiroko, Fumika Inose, Takeyuki Nagashima,

802 Rika Satoh, and Shigeko Tanaka. 1999. “Hsl7p, a Negative Regulator of Ste20p
803 Protein Kinase in the Saccharomyces cerevisiae Filamentous Growth-Signaling
804 Pathway.” Proceedings of the National Academy of Sciences 96 (15): 8522-27.

805 doi:10.1073/pnas.96.15.8522.

806  Garcia Sanchez, Rosa, Kaisa Karhumaa, César Fonseca, Violeta Sanchez Nogué, Joao

807 RM Almeida, Christer U. Larsson, Oskar Bengtsson, Maurizio Bettiga, Barbel
808 Hahn-Héigerdal, and Marie F. Gorwa-Grauslund. 2010. “Improved Xylose and
809 Arabinose Utilization by an Industrial Recombinant Saccharomyces cerevisiae
810 Strain Using Evolutionary Engineering.” Biotechnology for Biofuels 3: 13.
811 doi:10.1186/1754-6834-3-13.

812  Gerstein, Aleeza C., Dara S. Lo, and Sarah P. Otto. 2012. “Parallel Genetic Changes and

813 Nonparallel Gene—Environment Interactions Characterize the Evolution of Drug
814 Resistance in Yeast.” Genetics 192 (1): 241-52.
815 doi:10.1534/genetics.112.142620.

37


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

under aCC-BY-NC 4.0 International license.

Giaever, Guri, Angela M. Chu, Li Ni, Carla Connelly, Linda Riles, Steeve Véronneau,
Sally Dow, et al. 2002. “Functional Profiling of the Saccharomyces cerevisiae
Genome.” Nature 418 (6896): 387-91. doi:10.1038/nature00935.

Gould, Stephen Jay. 1990. Wonderful Life: The Burgess Shale and the Nature of History.
W. W. Norton & Company.

Granek, Joshua A., Debra Murray, Omiir Kayrkgci, and Paul M. Magwene. 2013. “The
Genetic Architecture of Biofilm Formation in a Clinical Isolate of Saccharomyces
cerevisiae.” Genetics 193 (2): 587—-600. doi:10.1534/genetics.112.142067.

Gresham, David, Michael M. Desai, Cheryl M. Tucker, Harry T. Jenq, Dave A. Pai,
Alexandra Ward, Christopher G. DeSevo, David Botstein, and Maitreya J.
Dunham. 2008. “The Repertoire and Dynamics of Evolutionary Adaptations to
Controlled Nutrient-Limited Environments in Yeast.” PLOS Genet 4 (12):
€1000303. doi:10.1371/journal.pgen.1000303.

Gresham, David and Jungeui Hong. 2015. “The functional basis of adaptive evolution in
chemostats.” FEMS Micrbiology Review 39 (1): 2-16.
doi:10.1111/1574-6976.12082

Guo, Bing, Cora A. Styles, Qinghua Feng, and Gerald R. Fink. 2000. “A Saccharomyces
Gene Family Involved in Invasive Growth, Cell-cell Adhesion, and Mating.”
Proceedings of the National Academy of Sciences 97 (22): 12158-63.
doi:10.1073/pnas.220420397.

Halme, Adrian, Stacie Bumgarner, Cora Styles, and Gerald R. Fink. 2004. “Genetic and
Epigenetic Regulation of the FLO Gene Family Generates Cell-Surface Variation

in Yeast.” Cell 116 (3): 405-15. doi:10.1016/S0092-8674(04)00118-7.

38


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

under aCC-BY-NC 4.0 International license.

Heil, Caiti S. Smukowski, Christopher G. DeSevo, Dave A. Pai, Cheryl M. Tucker,
Margaret L. Hoang, and Maitreya J. Dunham. 2016. “Selection on Heterozygosity
Drives Adaptation in Intra- and Interspecific Hybrids.” bioRxiv, September,
73007. doi:10.1101/073007.

Hoffman, C. S., and F. Winston. 1987. “A Ten-Minute DNA Preparation from Yeast
Efficiently Releases Autonomous Plasmids for Transformation of Escherichia
coli.” Gene 57 (2-3): 267-72.

Hong, Jungeui, and David Gresham. 2014. “Molecular Specificity, Convergence and
Constraint Shape Adaptive Evolution in Nutrient-Poor Environments.” PLoS
Genetics 10 (1). doi:10.1371/journal.pgen.1004041.

Hope, Elyse A., and Maitreya J. Dunham. 2014. “Ploidy-Regulated Variation in Biofilm-
Related Phenotypes in Natural Isolates of Saccharomyces cerevisiae.” G3:
Genes|Genomes|Genetics 4 (9): 1773-86. doi:10.1534/g3.114.013250.

Keane, Thomas M., Kim Wong, and David J. Adams. 2013. “RetroSeq: Transposable
Element Discovery from next-Generation Sequencing Data.” Bioinformatics 29
(3): 389-90. doi:10.1093/bioinformatics/bts697.

Kim, Hye Young, Sung Bae Lee, Hyen Sam Kang, Goo Taeg Oh, and TaeSoo Kim.
2014. “Two Distinct Domains of Flo8 Activator Mediates Its Role in
Transcriptional Activation and the Physical Interaction with Mss11.” Biochemical
and Biophysical Research Communications 449 (2): 202-7.
doi:10.1016/j.bbrc.2014.04.161.

Kim, Yung-Jin, Leigh Francisco, Guang-Chao Chen, Edward Marcotte, and Clarence S.

M. Chan. 1994. “Control of Cellular Morphogenesis by the Ip12/Bem2 GTPase-

39


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

under aCC-BY-NC 4.0 International license.

Activating Protein: Possible Role of Protein Phosphorylation.” The Journal of
Cell Biology 127 (5): 1381-94.

Kojic, Erna M., and Rabih O. Darouiche. 2004. “Candida Infections of Medical
Devices.” Clinical Microbiology Reviews 17 (2): 255-67.
doi:10.1128/CMR.17.2.255-267.2004.

Koschwanez, John H, Kevin R Foster, and Andrew W Murray. 2013. “Improved Use of a
Public Good Selects for the Evolution of Undifferentiated Multicellularity.” eLife
2 (April). doi:10.7554/eLife.00367.

Kucharczyk, R., R. Gromadka, A. Migdalski, P. P. Stonimski, and J. Rytka. 1999.
“Disruption of Six Novel Yeast Genes Located on Chromosome II Reveals One
Gene Essential for Vegetative Growth and Two Required for Sporulation and
Conferring Hypersensitivity to Various Chemicals.” Yeast 15 (10B): 987-1000.
doi:10.1002/(SICI)1097-0061(199907)15:10B<987:: AID-YEA403>3.0.CO;2-5.

Layer, Ryan M., Colby Chiang, Aaron R. Quinlan, and Ira M. Hall. 2014. “LUMPY: A
Probabilistic Framework for Structural Variant Discovery.” Genome Biology 15:
R84. doi:10.1186/gb-2014-15-6-184.

Lee, Hana N., Paul M. Magwene, and Rachel B. Brem. 2011. “Natural Variation in
CDC28 Underlies Morphological Phenotypes in an Environmental Yeast Isolate.”
Genetics 188 (3): 723-30. doi:10.1534/genetics.111.128819.

Leu, Jun-Yi, and Andrew W. Murray. 2006. “Experimental Evolution of Mating
Discrimination in Budding Yeast.” Current Biology 16 (3): 280-86.

do0i:10.1016/j.cub.2005.12.028.

40


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

under aCC-BY-NC 4.0 International license.

Li, Heng, and Richard Durbin. 2009. “Fast and Accurate Short Read Alignment with
Burrows—Wheeler Transform.” Bioinformatics 25 (14): 1754-60.
doi:10.1093/bioinformatics/btp324.

Lipke, P. N., and C. Hull-Pillsbury. 1984. “Flocculation of Saccharomyces cerevisiae
tupl Mutants.” Journal of Bacteriology 159 (2): 797-99.

Liti, Gianni, Antonella Peruffo, Steve A. James, lan N. Roberts, and Edward J. Louis.
2005. “Inferences of Evolutionary Relationships from a Population Survey of
LTR-Retrotransposons and Telomeric-Associated Sequences in the
Saccharomyces sensu stricto Complex.” Yeast (Chichester, England) 22 (3): 177—
92. doi:10.1002/yea.1200.

Liu, H., C. A. Styles, and G. R. Fink. 1996. “Saccharomyces cerevisiae S288c Has a
Mutation in Flo8, a Gene Required for Filamentous Growth.” Genetics 144 (3):
967-78.

Lohse, Matthew B., Rebecca E. Zordan, Christopher W. Cain, and Alexander D. Johnson.
2010. “Distinct Class of DNA-Binding Domains Is Exemplified by a Master
Regulator of Phenotypic Switching in Candida albicans.” Proceedings of the
National Academy of Sciences 107 (32): 14105-10.
doi:10.1073/pnas.1005911107.

McKenna, Aaron, Matthew Hanna, Eric Banks, Andrey Sivachenko, Kristian Cibulskis,
Andrew Kernytsky, Kiran Garimella, et al. 2010. “The Genome Analysis Toolkit:
A MapReduce Framework for Analyzing next-Generation DNA Sequencing

Data.” Genome Research 20 (9): 1297-1303. do1:10.1101/gr.107524.110.

41


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

under aCC-BY-NC 4.0 International license.

Miller, Aaron W., Corrie Befort, Emily O. Kerr, and Maitreya J. Dunham. 2013. “Design
and Use of Multiplexed Chemostat Arrays.” Journal of Visualized Experiments,
no. 72 (February). doi:10.3791/50262.

Monod, J. 1950. “Technique, Theory and Applications of Continuous Culture.” Ann. Inst.
Pasteur 79 (4): 390—410.

Munson, R. J., and B. A. Bridges. 1964. “‘Take-Over’—an Unusual Selection Process in
Steady-State Cultures of Escherichia coli.” Microbiology 37 (3): 411-18.
doi:10.1099/00221287-37-3-411.

Novick, Aaron, and Leo Szilard. 1950. “Description of the Chemostat.” Science 112
(2920): 715-16. doi:10.1126/science.112.2920.715.

Orgogozo, Virginie. 2015. “Replaying the Tape of Life in the Twenty-First Century.”
Interface Focus 5 (6): 20150057. doi:10.1098/rsfs.2015.0057.

Otto, S. P., and D. B. Goldstein. 1992. “Recombination and the Evolution of Diploidy.”
Genetics 131 (3): 745-51.

Oud, Bart, Victor Guadalupe-Medina, Jurgen F. Nijkamp, Dick de Ridder, Jack T. Pronk,
Antonius J. A. van Maris, and Jean-Marc Daran. 2013. “Genome Duplication and
Mutations in ACE2 Cause Multicellular, Fast-Sedimenting Phenotypes in Evolved
Saccharomyces cerevisiae.” Proceedings of the National Academy of Sciences
110 (45): E4223-31. doi:10.1073/pnas.1305949110.

Palecek, S P, A S Parikh, and S J Kron. 2000. “Genetic Analysis Reveals That FLO!1
Upregulation and Cell Polarization Independently Regulate Invasive Growth in

Saccharomyces cerevisiae.” Genetics 156 (3): 1005-23.

42


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

under aCC-BY-NC 4.0 International license.

Pashkova, Natasha, Lokesh Gakhar, Stanley Winistorfer, Anna B. Sunshine, Matthew
Rich, Maitreya J. Dunham, Liping Yu, and Robert Piper. 2013. “The Yeast Alix
Homolog, Brol, Functions as a Ubiquitin Receptor for Protein Sorting into
Multivesicular Endosomes.” Developmental Cell 25 (5): 520-33.
doi:10.1016/j.devcel.2013.04.007.

Poltak, Steffen R, and Vaughn S Cooper. 2011. “Ecological Succession in Long-Term
Experimentally Evolved Biofilms Produces Synergistic Communities.” The ISME
Journal 5 (3): 369-78. doi:10.1038/isme;j.2010.136.

Pringle, John R. 1991. “[52] Staining of Bud Scars and Other Cell Wall Chitin with
Calcofluor.” Methods in Enzymology, 194:732-35. Guide to Yeast Genetics and
Molecular Biology. Academic Press.
http://www.sciencedirect.com/science/article/pii/007668799194055H.

Ratcliff, William C., Johnathon D. Fankhauser, David W. Rogers, Duncan Greig, and
Michael Travisano. 2015. “Origins of Multicellular Evolvability in Snowflake
Yeast.” Nature Communications 6 (January): 6102. doi:10.1038/ncomms7102.

Renda, Brian A., Michael J. Hammerling, and Jeffrey E. Barrick. 2014. “Engineering
Reduced Evolutionary Potential for Synthetic Biology” 10 (7): 1668-78.
doi:10.1039/C3MB70606K.

Robinson, James T., Helga Thorvaldsdottir, Wendy Winckler, Mitchell Guttman, Eric S.
Lander, Gad Getz, and Jill P. Mesirov. 2011. “Integrative Genomics Viewer.”

Nature Biotechnology 29 (1): 24-26. doi:10.1038/nbt.1754.

43


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

under aCC-BY-NC 4.0 International license.

Roop, Jeremy I., and Rachel B. Brem. 2013. “Rare Variants in Hypermutable Genes
Underlie Common Morphology and Growth Traits in Wild Saccharomyces
paradoxus.” Genetics 195 (2): 513-25. doi:10.1534/genetics.113.155341.

Rothstein, R. J., and F. Sherman. 1980. “Dependence on Mating Type for the
Overproduction of Iso-2-Cytochrome c in the Yeast Mutant CYC7-H2.” Genetics
94 (4): 891-98.

Ryan, Owen, Rebecca S. Shapiro, Christoph F. Kurat, David Mayhew, Anastasia
Baryshnikova, Brian Chin, Zhen-Yuan Lin, et al. 2012. “Global Gene Deletion
Analysis Exploring Yeast Filamentous Growth.” Science 337 (6100): 1353-56.
doi:10.1126/science.1224339.

Sanchez, Monica Rose, Aaron W. Miller, Ivan Liachko, Anna B. Sunshine, Bryony
Lynch, Mei Huang, Christopher G. DeSevo, et al. 2016. “Differential Paralog
Divergence Modulates Evolutionary Outcomes in Yeast.” bioRxiv, July, 63248.
doi:10.1101/063248.

Segre, Ayellet V., Andrew W. Murray, and Jun-Yi Leu. 2006. “High-Resolution
Mutation Mapping Reveals Parallel Experimental Evolution in Yeast.” PLOS Biol
4 (8): €256. doi:10.1371/journal.pbio.0040256.

Servant, Géraldine, Carole Pennetier, and Pascale Lesage. 2008. “Remodeling Yeast
Gene Transcription by Activating the Tyl Long Terminal Repeat Retrotransposon
under Severe Adenine Deficiency.” Molecular and Cellular Biology 28 (17):
5543-54. doi:10.1128/MCB.00416-08.

Seshan, Venkatraman, and Adam Olshen. 2015. “DNAcopy: A Package for Analyzing

DNA Copy Data.”

44


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

972 https://bioconductor.riken.jp/packages/3.2/bioc/vignettes/DNAcopy/inst/doc/DN
973 Acopy.pdf.

974  Shen, Yu, Xiao Chen, Bingyin Peng, Liyuan Chen, Jin Hou, and Xiaoming Bao. 2012.

975 “An Efficient Xylose-Fermenting Recombinant Saccharomyces cerevisiae.”
976 Applied Microbiology and Biotechnology 96 (4): 1079-91. doi:10.1007/s00253-
977 012-4418-0.

978  Smukalla, Scott, Marina Caldara, Nathalie Pochet, Anne Beauvais, Stephanie

979 Guadagnini, Chen Yan, Marcelo D. Vinces, et al. 2008. “FLO]I Is a Variable
980 Green Beard Gene That Drives Biofilm-like Cooperation in Budding Yeast.” Cell
981 135 (4): 726-37. doi:10.1016/j.cell.2008.09.037.

982  Stark, Helene Cherrick, Donna Fugit, and Deborah Bernhardt Mowshowitz. 1980.

983 “Pleiotropic Properties of a Yeast Mutant Insensitive to Catabolite Repression.”
984 Genetics 94 (4): 921-28.

985  Stratford, Malcolm. 1989. “Yeast Flocculation: Calcium Specificity.” Yeast 5 (6): 487—
986 96. doi:10.1002/yea.320050608.

987  Stratford, Malcolm. 1992. “Lectin-Mediated Aggregation of Yeasts — Yeast

988 Flocculation.” Biotechnology and Genetic Engineering Reviews 10 (1): 283-342.
989 doi:10.1080/02648725.1992.10647891.

990  Taylor, Matthew B., and Ian M. Ehrenreich. 2014. “Genetic Interactions Involving Five
991 or More Genes Contribute to a Complex Trait in Yeast.” PLoS Genet 10 (5):
992 €1004324. doi:10.1371/journal.pgen.1004324.

993  Taylor, Matthew B., Joann Phan, Jonathan T. Lee, Madelyn McCadden, and Ian M.

994 Ehrenreich. 2016. “Diverse Genetic Architectures Lead to the Same Cryptic

45


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

995 Phenotype in a Yeast Cross.” Nature Communications 7 (June): 11669.
996 doi:10.1038/ncomms11669.

997  Tenaillon, Olivier, Jeffrey E. Barrick, Noah Ribeck, Daniel E. Deatherage, Jeffrey L.

998 Blanchard, Aurko Dasgupta, Gabriel C. Wu, et al. 2016. “Tempo and Mode of
999 Genome Evolution in a 50,000-Generation Experiment.” Nature 536 (7615): 165—
1000 70. doi:10.1038/nature18959.

1001  Teunissen, A. W., J. A. van den Berg, and H. Y. Steensma. 1995. “Transcriptional

1002 Regulation of Flocculation Genes in Saccharomyces cerevisiae.” Yeast

1003 (Chichester, England) 11 (5): 435-46. doi:10.1002/yea.320110506.

1004  Topiwala, H. H., and G. Hamer. 1971. “Effect of Wall Growth in Steady-State

1005 Continuous Cultures.” Biotechnology and Bioengineering 13 (6): 919-22.

1006 doi:10.1002/bit.260130614.

1007  Verstrepen, Kevin J., An Jansen, Fran Lewitter, and Gerald R. Fink. 2005. “Intragenic
1008 Tandem Repeats Generate Functional Variability.” Nature Genetics 37 (9): 986—
1009 90. doi:10.1038/ng1618.

1010  Verstrepen, Kevin J., and Frans M. Klis. 2006. “Flocculation, Adhesion and Biofilm
1011 Formation in Yeasts.” Molecular Microbiology 60 (1): 5-15. doi:10.1111/j.1365-
1012 2958.2006.05072.x.

1013  Verstrepen, Kevin J., Todd B. Reynolds, and Gerald R. Fink. 2004. “Origins of Variation
1014 in the Fungal Cell Surface.” Nature Reviews Microbiology 2 (7): 533—40.

1015 doi:10.1038/nrmicro927.

1016  Voordeckers, Karin, and Kevin J Verstrepen. 2015. “Experimental Evolution of the

1017 Model Eukaryote Saccharomyces cerevisiae Yields Insight into the Molecular

46


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

under aCC-BY-NC 4.0 International license.

Mechanisms Underlying Adaptation.” Current Opinion in Microbiology, Growth
and development: eukaryotes and prokaryotes, 28 (December): 1-9.
doi:10.1016/j.mib.2015.06.018.

Voth, Warren P., Aileen E. Olsen, Mohammed Sbia, Karen H. Freedman, and David J.
Stillman. 2005. “ACE2, CBK1, and BUD4 in Budding and Cell Separation.”
Eukaryotic Cell 4 (6): 1018-28. doi:10.1128/EC.4.6.1018-1028.2005.

Wilke, C. M., and J. Adams. 1992. “Fitness Effects of Ty Transposition in
Saccharomyces cerevisiae.” Genetics 131 (1): 31-42.

Williams, F. E., and R. J. Trumbly. 1990. “Characterization of TUP1, a Mediator of
Glucose Repression in Saccharomyces cerevisiae.” Molecular and Cellular
Biology 10 (12): 6500-6511. doi:10.1128/MCB.10.12.6500.

Xu, H, and J D Boeke. 1991. “Inhibition of Tyl Transposition by Mating Pheromones in
Saccharomyces cerevisiae.” Molecular and Cellular Biology 11 (5): 2736—43.

Y okobayashi, Yohei, Ron Weiss, and Frances H. Arnold. 2002. “Directed Evolution of a
Genetic Circuit.” Proceedings of the National Academy of Sciences 99 (26):
16587-91. doi:10.1073/pnas.252535999.

Zara, Giacomo, Severino Zara, Claudia Pinna, Salvatore Marceddu, and Marilena
Budroni. 2009. “FLO11 Gene Length and Transcriptional Level Affect Biofilm-
Forming Ability of Wild Flor Strains of Saccharomyces cerevisiae.”
Microbiology 155 (12): 3838—46. doi:10.1099/mic.0.028738-0.

Zhang, Shicheng, Tianlong Zhang, Minghui Yan, Jianping Ding, and Jiangye Chen.

2014. “Crystal Structure of the WOPR-DNA Complex and Implications for Worl

47


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

1040 Function in White-Opaque Switching of Candida albicans.” Cell Research 24 (9):
1041 1108-20. do0i:10.1038/cr.2014.102.

1042  Zhang, Zhizhou, Ushasri Varanasi, and Robert J. Trumbly. 2002. “Functional Dissection
1043 of the Global Repressor Tupl in Yeast: Dominant Role of the C-Terminal

1044 Repression Domain.” Genetics 161 (3): 957—-69.

1045  Zhou, Hang, Jing-sheng Cheng, Benjamin L. Wang, Gerald R. Fink, and Gregory

1046 Stephanopoulos. 2012. “Xylose Isomerase Overexpression along with

1047 Engineering of the Pentose Phosphate Pathway and Evolutionary Engineering
1048 Enable Rapid Xylose Utilization and Ethanol Production by Saccharomyces
1049 cerevisiae.” Metabolic Engineering 14 (6): 611-22.

1050 doi:10.1016/j.ymben.2012.07.011.

1051  Zordan, Rebecca E., David J. Galgoczy, and Alexander D. Johnson. 2006. “Epigenetic

1052 Properties of White—opaque Switching in Candida albicans Are Based on a Self-
1053 Sustaining Transcriptional Feedback Loop.” Proceedings of the National

1054 Academy of Sciences of the United States of America 103 (34): 12807-12.

1055 doi:10.1073/pnas.0605138103.

1056

1057

48


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

1058 FIGURES
1059

Ancestor
4 '

2680

1061 Figure 1: Quantitative settling of aggregating evolved clones. Images of the 60-minute settling time
1062  point for ancestral strain FY4 and 23 evolved clones with aggregation trait. Cultures were grown to

1063 saturation in SmL YEPD liquid media. Settling ratio values are shown in bottom right of each image; ratios
1064  are the mean of three measurement replicates on the image shown.
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1066  Figure 2: Ty element insertion sites cluster in two regions of the FLOI promoter. The region 1kb
1067  upstream of FLO! is shown with the insertion site positions of Ty elements observed in 12 evolved clones
1068 in red. Locations shown in this figure serve to demonstrate the primary regions of insertion only; for best
1069 estimates of exact insertion locations see Table 1. Flo8 binding site and Tup1-Cyc8 repression information
1070  adapted from (Fichtner, Schulze, and Braus 2007; Fleming et al. 2014). The TATA box is shown at 96 bp
1071  from the start of the open reading frame, as in (Basehoar, Zanton, and Pugh 2004).
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1073 Figure 3: Bulk segregant analysis leverages recombination to identify mutations that co-segregate
1074  with the flocculation trait. A) An evolved clone with the phenotype of interest, shown here as settling in
1075  liquid culture, is backcrossed to the ancestral strain lacking the phenotype. Dissection of tetrads resulting
1076 from this cross reveals the segregation pattern of the trait among meiotic progeny, with 2:2 segregation
1077  (two segregants with the settling trait and two without) indicative of single gene control of the trait.
1078 Segregants with and without the trait are pooled and sequenced, and alleles that co-segregate with the trait
1079 are identified as causal. B) For three backcrosses, pooled sequencing results are shown for both pools of
1080 segregants, those with the settling trait on the left, and without the settling trait on the right. The strain
1081  identifier for the evolved clone in the cross is shown on the left, along with a list of candidate genes that
1082  had high quality Single Nucleotide Variant calls in the clone. The red bar shows the % of each of those
1083 candidate mutations seen in each pool, with mutations seen at 100% frequency identified as co-segregating
1084  with the trait and therefore causal.
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1085

1086  Figure 4: Evolved clone exhibits morphology-related secondary modifier of flocculation phenotype.
1087  A) Meiotic segregants show four phenotypic classes combining morphology and flocculation. Micrographs
1088  received additional processing (grey scale conversion, 20% increase in brightness, 20% increase in

1089  contrast) to better highlight the phenotypes. B) Sequencing results for four example flocculent segregants
1090  are shown, from two of the phenotypic classes in 4A: two segregants have round flocculent cells, and two
1091  with long flocculent cells. All segregants have the FLOI Ty insertion. The four candidate SNVs from the
1092  evolved clone were Sanger sequenced in the flocculent progeny and the match to the WT (S288C

1093  reference) or mutant/evolved base (EV) is recorded. C) Settling images and ratios for the four flocculent
1094  segregants that provided the sequencing data in 4B.

52


https://doi.org/10.1101/091876
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/091876; this version posted December 6, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

1095

1096
1097
1098

under aCC-BY-NC 4.0 International license.

TABLES

Table 1: Causal mutations for the aggregation phenotype in 23 evolved clones.

CLONE
(YMD)

2678

2679

2680

2681

2682

2683

2684

2685

2686

2687

2688

2689

2690

2691

2693

2694

2695

NUTRIENT
LIMITATION

G

CAUSAL SYSTEMATIC MUTATION TYPE
GENE NAME

CSE2 YNRO10W Ty insertion in ORF at R137
TUP1 YCRO084C Stop-gained Q181*
ACE2 YLR131C S115 indel (2bp deletion);

premature stop introduced

FLO1 YARO50W Ty in promoter (156bp upstream of
ORF)
TUP1 YCRO084C Q107-P143 deletion in ORF

(106bp); premature stop introduced

FLO1 YARO50W Ty in promoter (139bp)
FLO1 YARO50W Ty in promoter (127bp)
FLO1 YARO50W Ty in promoter (397bp)
FLO1 YARO50W Ty in promoter (151bp)
FLO1 YARO50W Ty in promoter (156bp)
TUP1 YCRO084C Ty insertion in ORF at L341
ACE2 YLR131C L192indel (1bp insertion);

premature stop introduced

FLO1 YARO50W Ty in promoter (449bp)
ROX3 YBL093C Stop-gained C138*

TUP1 YCRO084C Stop-gained Q101*

MIT1 YELOO7W L552-M585 deletion in ORF

(101bp); premature stop introduced

FLO9 YALO063C 6.2kb deletion in promoter (229bp
upstream of ORF)
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The gene in which or in front of which the causal mutation was found is identified here, along with the type
of mutation we recorded. Also shown is the nutrient limitation in which the clones were evolved: G, S, or P
for glucose-limited, sulfate-limited, and phosphate-limited, respectively. Positional information about
SNVs and indels is exact; other values shown are approximate (Materials and Methods).
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