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Evolution of the Environmental Stress

Response in Budding Yeast

Benjamin M Heineike

Abstract

Great strides have been made in understanding the evolution of gene regulation by focusing

on the budding yeast. The budding yeast have similar lifestyles across a wide timespan of

evolution and, like their cardinal member the model single-celled eukaryote, are relatively

easy to culture in the lab. The phylum also has a long and growing list of members whose

genomes have been fully sequenced. One important direction of study that took advantage

of the status of budding yeast as a model phylum was the comparative study of gene

expression data across species in response to a variety of stresses. A key result from those

investigations was that there was a major shift in the set of genes activated under a broad

set of stress conditions, termed the Environmental Stress Response, that coincided with an

ancient interspecies hybridization, known as the yeast Whole Genome Hybridization

(WGH), which doubled the number of chromosomes in an ancestor of S. cerevisiae.

Although that result provided the field with a rich dataset and robust framework for

identifying evolutionary shifts in gene programs, as well as some specific intriguing

examples of shifts of entire programs of similarly regulated genes, The specific nature of the
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genetic rewirings that gave rose to these changes have yet to be illuminated.

We took advantage of unique tools for analyzing the PKA pathway, namely the ability to

monitor pathway activity through nuclear localization of the transcription factor Msn2, as

well as our ability to construct a mutant strain in which PKA could be inhibited directly to

compare signaling and transcriptional responses in this pathway across two species that

straddle the phylogenetic divide of the WGH, S. cerevisiae, and K. lactis.

In 2, by tracking nuclear localization of the stress responsive transcription factor Msn2 (or

SC.Msn2) and its ortholog in K. lactis (KL.Msn2). We observed that, while S. cerevisiae

senses a switch from glucose to sorbitol as a stress, K. lactis does not. We also saw that

Nuclear localization of KL.Msn2 in S. cerevisiae was responsive to osmotic shock, but it

was not responsive to PKA inhibition. Furthermore, replacing the nuclear localization

sequence of KL.Msn2 with that of S. cerevisiae, resulted in responsiveness to PKA

inhibition. By creating a K. lactis strain in which PKA could be directly inhibited we were

able to see that PKA inhibition does cause KL.Msn2 nuclear localization in its native

environment in a K. lactis cell. These results showed that nuclear localization of Msn2 in

response to PKA inhibition is preserved in S. cerevisiae and K. lactis, but that the

conditions that cause PKA inhibition between species are not preserved, and the specific

link between PKA inhibition and Msn2 nuclear localization is altered between species.

In 3, by comparing the transcriptional profiles of S. cerevisiae strains in which PKA was

inhibited, we identified substantial set of paralogs from the yeast WGH, termed ohnologs

that were differentially expressed under PKA inhibition. We determined using similar data

collected in K. lactis and with data from stress-based gene expression studies in multiple

budding yeast species that a high-basal level with no regulation by PKA is likely to be the

ancestral phenotype for most of these differentially expressed ohnologs. We then studied

the emergence of their responsiveness to PKA inhibition by analyzing patterns of the

appearance of Msn2/4 binding sites in the promoter sequences of a range of recently
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sequenced budding yeast species. These analyses revealed that regulation by PKA arose in

some ohnolog pairs in one of the two parental lineages prior to the WGH, leading to

differential expression afterwards. In other examples, regulation by PKA and differential

expression appears to have arisen following the WGH. This result provides a clear

illustration of the unique opportunities presented by a WGH event for generating

functional divergence by bringing together two parental lineages with separately evolved

regulation into one species. Importantly, it poses the idea that functional divergence of two

paralogs can be facilitated through such regulatory divergence, which can persist even

when functional differences are erased by gene conversion
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Chapter 1

Introduction

Saccharomyces cerevisiae (S. cerevisiae) has had an outsized contribution to science as the

model single celled eukaryote to go along with its outsized contribution to human culture

as the key ingredient to beer, bread and wine. Several factors have contributed to the

choice of many researchers to spend their life’s work uncovering the mysteries of this tiny

but powerful organism. Because it is easy to culture and easy to freeze interesting strains

indefinitely it allows for reproducible experiments in the lab. Because of its uncanny ability

to incorporate DNA into targeted locations via homologous recombination and the ease of

mating it is easy to generate useful strains, including the first gene deletion library, the

first extensive library of GFP tagged proteins, and many others1. Finally, its status as a

model organism acts as a positive feedback loop, continually increasing its value as a model

organism. Because much was known about the organism, it became one of the first

organisms to have its genome fully sequenced. Because its genome was sequence it was the

subject of much of the early research on gene expression with microarrays. Founded in

1995, the Saccharomyces Genome Database (SGD), dedicated to curating the scientific

community’s collective understanding of yeast, is one of the longest running websites on

the world wide web2 and remains active and expanding today. With the possible exception
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of the model bacterium E. coli, S. cerevisiae may be the most fully understood organism in

the world.

There are other organisms that share many of S. cerevisiae’s beneficial characteristics in

the lab, including some of its close and distant relatives, and over the years researchers

have turned towards the entire clade of budding yeast as a model group of species for

studying evolution3. Despite the similarity of the conditions that these organisms can be

cultured in in the lab, they cover a wide timespan of evolution. S. cerevisiae and K. lactis,

the organism that our comparisons focus on in this study, share a similar amount of amino

acid substitutions per site in their genomes as starfish and humans. S. cerevisiae and Y.

lipolytica, a more distant relative, share a similar amount of amino acid substitutions per

cite as C. elegans and humans. Early bioinformatic comparisons between sequence yeast

genomes revealed that a Whole Genome Duplication (WGD) had occurred around 100

million years ago in the budding yeast lineage, which is incidentally an idosyncracy which

makes S.cerevisiae less ideal as a model for genetic studies4. The genome duplication, more

of a boon than a burden for researches using budding yeast to study evolution. A study

comparing the GAL3 and GAL1 duplicates in S. cerevisiae to their shared ortholog in K.

lactis revealed the important evolutionary concept of Escape from Adaptive Conflict in

which an ancestral protein which performs two conflicting functions as a galacto-kinase and

a co-inducer of the pathway has its functions split between two paralogs following a gene

duplication. That study and several others have made use of paralogs which originated in

the WGD to derive a fuller understanding of evolutionary processes.

Two such studies from Aviv Regev’s lab focused on the evolution of transcriptional stress

responses in yeast5,6. In that study 15 budding yeast species were subjected to a variety of

stresses including growth to saturation, heat stress, osmotic stress and oxidative stress with

H2O2. In S. cerevisiae, it has long been known that many cellular stresses trigger a small

stress-specific transcriptional response coupled to a larger common Environmental Stress
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Response7. in Thompson et al. 5 and Roy et al. 6 , major changes in the activated portion of

the Environmental Stress Response were identified which coincided with the Whole

Genome Duplication (WGD).

The Protein Kinase A (PKA) pathway is one of the master regulators of the of the

Environmental Stress Response7–9. The study of this pathway is facilitated by the fact that

two paralogous transcription factors downstream of the pathway (MSn2 and Msn4), which

incidentally regulate the activated portion of the response, are regulated by shuttling in

and out of the nucleus in response to changes in PKA activity7,10–13. Thus, unlike many

other kinase signaling pathways in the cell, it is possible to get a fairly reliable real-time

readout in single cells.

In chapter 2 of this study we exploit that readout to identify differences in the pathway

between species ranging from the types of perturbations which are sensed as stresses by the

PKA pathway between species, to differences in the Nuclear localization sequences (NLS)

between KL.Msn2 and SC.Msn2 that influence how PKA inhibition is sensed by those two

proteins.

As part of that investigation we developed a protocol for conducting CRISPR/Cas9 gene

editing in multiple budding yeast species to create a mutant strain of K. lactis in which

PKA could be specifically inhibited using the ATP analog 1-NM-PP1 (known as a PKA

Analog Sensitive (AS) strain). This technique has been used to great effect in the study of

the PKA pathway in S. cerevisiae 9,13–15. In chapter 3 we compared the transcriptomes of

PKA(AS) strains of K. lactis and S. cerevisiae. These comparisons led us to identify a

number of paralogs from the yeast WGH that were specifically upregulated in S. cerevisiae

in response to PKA inhibition. We further discovered that many of those WGH paralogs

(or ohnologs) were differentially induced. By comparing transcriptional profiles previously

collected5,6 and basal expression microarrays16 for a subset of PKA related stresses in a

range of budding yeast species, we were able to show that responsiveness to PKA and low
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basal expression were likely to be the derived state while high basal activity and

insensitivity to PKA inhibition were likely to be the ancestral state for any given

differentially expressed ohnolog pair in which one member was activated by PKA. A

further bioinformatic investigation of Msn2 binding sites in the promoters of a large

collection of recently sequenced yeast species17 revealed to us some of the modes by which

responsiveness to PKA via the appearance of Msn2 binding sites can arise in ohnologs. We

saw examples in which responsiveness to PKA inhibition appeared to occur prior to the

WGH in the Zygromyces-Torulospora (ZT) branch of yeast species after that branch split

from the branch that was closer to the other parent species in the WGH, the

Kluyveromyes-Lachancea-Eremothecium (KLE) branch, and we also saw examples in which

responsiveness to PKA inhibition appeared to occur after the WGH. In one example,

GND1/2 we see what appears to be the result of a gene conversion which homogenizes the

protein sequences of the two paralogs, but which, at least in some clades, left differential

regulation that evolved prior to the WGH intact. This illustrates a potentially more

general phenomenon by which WGH can introduce novelty in evolution.

Our use of these recently available genome sequences illustrates another advantage that

budding yeast have in the study of evolutionary phenomena. Although the genomes for a

number of S. cerevisiae’s relatives have been around since the early days of genome

sequencing18, with improvements in genome sequencing technology all of the known

relatives of budding yeast will soon be sequenced19. Combining this wealth of

bioinformatic resources with our improved abilities to make high throughput genetic

changes to yeast using technologies such as our Pan-ARS CRISPR plasmid and other

techniques20–22, and advances in gene editing technology with improvements in high

throughput phenotyping using readouds ranging from growth to single cell and single

colony RNA sequencing in yeast23–25 will make the budding yeast subphylum a focus of

evolutionary studies for years to come.
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Chapter 2

Comparison of Msn2/4 localization

and expression phenotypes between

S. cerevisiae and K. lactis

2.1 Introduction

One advantage of focusing on the PKA pathway for studying the evolution of gene

regulation is that, unlike most kinase pathways, in yeast there is a reliably, real time proxy

for PKA inhibition that can be tracked in single cells in vivo. This is the Msn2

transcripiton factor. When PKA is inhibited, the paralogous transcription factors Msn2

and Msn4 are dephosphorylated, translocate into the nucleus and activate a majority of the

genes that make up the activated portion of the ESR7,11,12,26. Important principles of

dynamic pathway activity13,27, noise propagation and bet hedging12,24,28, and pathway

crosstalk29,30 have been investigated using this system as a model signaling pathway. We

were initially curious to see whether we could study those dynamic phenotypes across
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species by comparing dynamics of Msn2 response to nuclear localization in response to

stresses known to cause PKA inhibition in S. cerevisiae. As we pursued this line of inquiry

we discovered that there were changes in the pathway at all levels, from the way stress is

sensed, to the way that PKA inhibition is transmitted to Msn2 in both species. Although

we never did end up comparing subtle dynamic phenotypic differences of Msn2 Nuclear

localization between species, we did make a number of intriguing findings that highlight

some of the ways the signaling pathways can evolve over the long evolutionary distances

covered by the yeast WGH.

2.2 Results

2.2.1 KL.Msn2 responds to osmotic shock and glucose dropout

but not to a switch from glucose to sorbitol.

In order to compare the role of Msn2 in the environmental stress response between S.

cerevisiae and K. lactis. We constructed S. cerevisiae and K. lactis strains containing

fluorescent reporters of the Msn2 ortholog in each species (SC.Msn2 and KL.Msn2). In

addition to having a C-terminal RFP tag, these reporters contained point mutations

(C623S for SC.Msn2 and C523S for KL.Msn2) to a conserved residue in the Zinc Finger

binding domain which ablate DNA binding to minimize the effect of the reporters on the

transcriptional profile of the cell. In S. cerevisiae the SC.Msn2 reporter was overexpressed

using an ADH1 promoter, and in K. lactis, the KL.Msn2 reporter was overexpressed using

the KL.RPS25a promoter.

In response to an osmotic shock of 0.5M sorbitol, the reporters localized to the nucleus

with similar dynamics in both species (Fig 2.1 red lines). In response to a glucose dropout

in which 2% glucose (i.e. at a concentration of 0.11M) is replaced with water, the reporters
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both responded with a long transient burst, although the burst in K. lactis was shorter

(approximately 50 min compared to approximately 70 mintues for S. cerevisiae) (Fig 2.1

light blue lines). In addition to removing the carbon source (glucose) from the media, the

glucose dropout perturbation is also a hypo-osmotic shock, so it is difficult to parse how

much of the response is due to each aspect of the perturbation. In order to correct for

osmotic shock, we also transferred the cells into media containing 0.11M sorbitol instead of

0.11M glucose. This is an effective strategy for S. cerevisiae which cannot grow on sorbitol

as a sole carbon source. We were, unfortunately, unaware that K. lactis can grow on

sorbitol (also known as D-glucitol) as a sole carbon source31. In S. cerevisiae it is clear

that the hypo-osmotic aspect of the glucose dropout is not necessary for the full SC.Msn2

nuclear localization response; the response to a switch from glucose (the preferred carbon

source) to sorbitol (which cannot be used as a carbon source in that species) is just as

severe as in a complete glucose dropout (Fig 2.1 dark blue lines). We verified that there

was no osmotic shock in S. cerevisiae under a switch to 0.11M sorbitol by monitoring the

nuclear localization of Hog1, a kinase that moves into the nucleus in response to osmotic

stress (Fig 2.3 C). In K. lactis all we can say is that the switch from glucose to sorbitol

does not cause KL.Msn2 nuclear localization. We suspect that this is because K. lactis

does not sense this change through its environmental stress response pathway, although it

is still possible that there is another signaling pathway that senses the change in

permissible carbon sources.

We also saw a muted response in K. lactis to replacement of glucose with 0.11M galactose,

and with either 0.67% or 2% ethanol (Figs 2.2 and 2.3). Our results for replacement with

Glycerol were surprisingly nonlinear, with no localization of KL.Msn2 in response to 1.8%

glycerol but a response in both 0.8% and 3% glycerol. This counter intuitive result should

be repeated and verified before speculating much further, but it could be the result of

osmotic shock for 3% glycerol and a combination of hypoosmotic shock and carbon

starvation for 0.8% glycerol.
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In K. lactis, there was also a muted nuclear localization response to oxidative stress with

1.0mM H2O2 (Fig 2.2. Exponentially growing K. lactis cells typically metabolize carbon

using aerobic respiration which generates reactive oxygen species. This reduced response to

H2O2 may be the result of K. lactis cells having their oxidative stress response machinery

active to deal with the already high endogenous levels of reactive oxygen species.

2.2.2 KL.Msn2 responds to osmotic shock in S.cerevisiae cells,

but only weakly to replacement of glucose by sorbitol and

PKA inhibition.

To see how well the activated environmental stress response pathway was preserved

between S. cerevisiae and K. lactis, we tested nuclear localization of KL.Msn2 in the

context of S. cerevisiae cells. Interestingly we saw that KL.Msn2 localized to the nucleus in

with similar dynamics to SC.Msn2 in response to osmotic shock with 0.5M sorbitol,

however, the response of KL.Msn2 to replacement of glucose with sorbitol was muted

compared to that of SC.Msn2.

This result was puzzling because SC.Msn2 is thought to be a reliable reporter for PKA

inhibition, and both a drop in glucose levels and osmotic shock cause dephosphorylation of

several putative PKA phosphosites on the SC.Msn2 nuclear localization and export

sequences (NLS and NES respectively)13. If KL.Msn2 was responsive to PKA inhibition in

S. cerevisiae, then either the switch from glucose to sorbitol was not causing PKA

inhibition or the PKA signal was being counteracted for KL.Msn2 by some other signal

emanating from the media switch. On the other hand, if KL.Msn2 was not responsive to

PKA inhibition in S. cerevisiae then the signal for osmotic stress must be transmitted to

KL.Msn2 via some other signaling pathway. To distinguish between these two possibilities,

we tested the nuclear localization response of KL.Msn2 to direct inhibition of PKA in an S.
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cerevisiae strain.

In order to inhibit PKA in S. cerevisiae we used a PKA Analog Sensitive (AS) strain in

which the PKA catalytic subunits carried point mutations rendering them sensitive to the

ATP analog 1-NM-PP113. We saw that KL.Msn2 was not responsive to PKA inhibition in

S. cerevisiae, implying that the switch from glucose to sorbitol must be going through the

PKA pathway, and also that KL.Msn2 must be responding to some other signal besides

PKA inhibition in response to osmotic shock (e.g. the Hog1 pathway) 2.4.

It is known that PKA phosphorylates serine residues in the nuclear localization sequence

(NLS) of SC.Msn2. We wondered if the inability of KL.Msn2 to translocate to the nucleus

in response to PKA inhibition in S. cerevisiae cells was a result of changes in those

sequences. We therefore constructed chimeric reporter proteins in which the KL.Msn2 NLS

was replaced with the NLS from SC.Msn2. We also constructed a chimeric SC.Msn2

reporter in which its NLS was replaced with the NLS from KL.Msn2. We saw that, in

response to 4µM 1-NM-PP1, the NLS from S. cerevisiae was sufficient to enable nuclear

localization for KL.Msn2, although at a lower level than is seen for SC.Msn2. We also saw

that the NLS from KL.Msn2 caused a strong but not complete reduction in the response of

the endogenous Msn2 reporter to PKA inhibition. These results imply that changes in the

NLS between S. cerevisiae and K. lactis are in large part responsible for the inability of

KL.Msn2 to translocate into the nucleus in response to PKA inhibition

2.2.3 KL.Msn2 does respond to PKA inhibition in K. lactis

cells. Msn2 from S. cerevisiae does as well.

The fact that KL.Msn2 was unable to localize into the nucleus in response to PKA

inhibition in S. cerevisiae made us wonder if KL.Msn2 was responsive to PKA in K. lactis.

In order to test this, we constructed a PKA analog sensitive strain in K. lactis using a
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CRISPR based strategy (see 3.6.1) and monitored translocation of a KL.Msn2 reporter and

an SC.Msn2 reporter into the nucleus.

We saw that KL.Msn2 did respond strongly to PKA inhibition in K. lactis cells (Fig 2.6A),

in line with other results suggesting that KL.Msn2 was downstream of PKA inhibition32.

Thus the differences in the NLS between SC.Msn2 and KL.Msn2 that prevented KL.Msn2

from responding to PKA inhibition in S. cerevisiae were insufficient to prevent the

transmission of the PKA inhibition signal to KL.Msn2 in its endogenous context in K.

lactis.

We were also surprised to find that SC.Msn2 responded to PKA inhibition in K. lactis cells

in contrast to the lack of response of KL.Msn2 to PKA inhibition in S. cerevisiae cells (Fig

2.6B). This implies that we are not seeing a simple case of coevolution in which PKA and

Msn2 in both species make coordinated changes so that they are incompatible with their

orthologs from the other species, but rather a more asymmetric coevolution in which there

are changes in the way that PKA interacts with Msn2 between species, but SC.Msn2, due

in part to some property of its NLS, is somehow more sensitive to PKA signals from both

species.

2.3 Discussion

Because of the wide evolutionary distance between S. cerevisiae and K. lactis one must be

careful in interpreting differences between the species when the measurements are taken

from pathways involving many components. Our observation that KL.Msn2 did not

localize to the nucleus in K.Lactis cells under a change from glucose to sorbitol while

SC.Man2 did in S. cerervisiae cells did not, as we originally suspected, turn out to be due

to the absence of an interaction between PKA and Msn2 in K. lactis. It was in fact a
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difference between the way that the two strains sensed and utilized sorbitol.

In pursuing this question we also discovered that KL.Msn2 did not localize to the nucleus

in response to PKA inhibition in S. cerevisiae cells. Again this led us to suspect that the

sme would hold true in K. lactis cells, especially because there was more conservation

between PKA active and catalytic subunits (between 71-79% sequence identity) and the

transcription factors (Under 18% sequence identity between SC.Msn2 and KL.Msn2) so

that any changes in the interaction we saw would be primarily due to a change in the

transcription factor but not in the kinase.

There was a change in the transcription factors, and we were able to identify the NLS

sequence as an important part of that change since a KL.Msn2 reporter with just an NLS

from S. cerevisiae could translocate into the nucleus in response to PKA inhibition in S.

cerevisiae. There were also changes to the PKA pathway which may be due to a number of

factors including sequence changes in the catalytic subunits, changes in their regulation,

the fact that there is one more isoform of PKA in S. cerevisiae, or even to changes in the

other components that interact with PKA as it transmits its signal to Msn2.

In the end the best way to tell whether KL.Msn2 translocated into the nucleus in response

to PKA inhibition in K. lactis was to inhibit PKA directly in K. lactis and measure

KL.Msn2 nuclear localization. Once we had the ability to inhibit PKA in K. lactis directly

we shifted our focus to comparing the global gene expression response to PKA inhibition

between the two species (3), however our investigations into the differences in nuclear

localization of Msn2 between S. cerevisiae left a number of interesting questions

unanswered.

First, the dynamics of the response to PKA inhibition seemed to be different between the

two species. In S. cerevisiae SC.Msn2 stayed in the nucleus as long for the duration of the

experiment while in K. lactis KL.Msn2 began to return to the cytoplasm before 30 minutes
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had elapsed. Further work would need to be done to determine whether this is due to a

change in the way that each species imports, exports, or metabolizes the drug, changes in

the way that the drug interacts with PKA, or some process that allows KL.Msn2 to

overcome complete PKA inhibition and return to the cytoplasm.

Secondly, it would be important to discover what is different in terms of the PKA pathway

between S. cerevisiae and K. lactis that prevents KL.Msn2 from responding to PKA

inhibition in S. cerevisiae while it responds perfectly well in K. lactis. This is made further

interesting by the fact that SC.Msn2 responds well to PKA inhibition in both species. Is

the strength of PKA activity in some sense lower in K. lactis than in S. cerevisiae and thus

KL.Msn2, which we presume translocates to the nucleus when it is no longer

phosphorylated enough by PKA, is only able to translocate to the nucleus in its

endogenous environment where PKA activity would, by this hypothesis, be lower. Under

that hypothesis SC.Msn2 could potentially be able to translocate into the nucleus for both

PKA in S. cerevisiae which, by the hypothesis would have generally higher levels of PKA

activity, and in K. lactis which would have generally lower levels of PKA activity.

Next, just because KL.Msn2 responds to osmotic shock S. cerevisiae when it doesn’t

respond to PKA inhibition in S. cerevisiae does not imply that PKA inhibition is not a

part of the response to osmotic shock in S. cerevisiae. It could be that osmotic shock

causes PKA inhibition in S. cerevisiae, but that that signal is not passed on to KL.Msn2 in

that species even though it would be passed on to SC.Msn2. It is also not necessary that

the pathway that triggers KL.Msn2 nuclear localization during osmotic shock in S.

cerevisiae, would also trigger nuclear localization for SC.Msn2. It would be interesting to

work out the details of this alternate osmotic stress signal that gets transmitted to

KL.Msn2 under osmotic shock with sorbitol. It also would be interesting to see whether

removing glucose without altering the media’s osmolarity (say by swapping glucose to a

compound that cannot be metabolized by either species such as xylose), would trigger
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something akin the full response to a swap from glucose to water.

To investigate our observation that adding an NLS region from SC.Msn2 onto the

KL.Msn2 reporter was sufficient to allow a nuclear localization response in response to

PKA inhibition, it would be interesting to understand how widespread this phenomenon is

in the other species descended from the last common ancestor between S. cerevisiae and K.

lactis. To that end one would need to build Msn2 nuclear localization reporters in S.

cerevisiaei for a number of different species and potentially try to rescue nuclear

localization ability with the NLS from SC.Msn2. This investigation combined with a

bioinformatic comparison of the Msn2 protein between species could identify the specific

differences between the SC.Msn2 NLS and the KL.Msn2 NLS that are important for

altering the response to pKA inhibition in S. cerevisiae. Along these lines it would also be

interesting to perform a similar set of experiments as we did for the NLS chimeras by

making chimeric proteins in which that part of Msn2 is swapped between species.

It is difficult to isolate a single evolutionary change using only information from across long

pathways in evolutionary distant species because there will inevitably multiple changes

that can coevolve making more and more distant proteins incompatible with the

environment of its distant cousin. If one is to get at specific evolutionary changes in

signaling pathways it will be important to look at the phenomena in a fairly narrow range

of species, or as we chose to do, limit the length of the pathway under investigation by

either artificially perturbing it, or making measurement closer to the perturbation.
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2.4 Figures

A B

Figure 2.1: Msn2 response to glucose removal and osmotic stress for S. cerevisiae
and K. lactis K. lactis Msn2 responds to osmotic shock and a complete loss of glucose,
but not to a switch from glucose to sorbitol. A) Mean nuclear localization values for sin-
gle S. cerevisiae cells in response to either addition of 0.5M Sorbitol (red), SDC with no
glucose (light blue), SDC with no glucose plus 0.11M Sorbitol (equivalent molarity to 2%
glucose)(dark blue) or to SDC with 2% glucose (control - black). The gap in each line is a
break during which the plate was removed from the microscope and the perturbation was
delivered. There was no cell tracking during that gap.
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Figure 2.2: Msn2 response to various stresses in S. cerevisiae and K. lactis
KL.Msn2 in K. lactis responds to osmoshock and glucose removal, but not strongly to H2O2

or shifts to galactose, glycerol, or sorbitol as Msn2 in S. cerevisiae. Mean nuclear localization
of Msn2 in S. cerevisiae (top) cells or KL.Msn2 in K. lactis (bottom) cells in response to
various stress conditions. The gap in each line is a break during which the plate was removed
from the microscope and the perturbation was delivered. There was no cell tracking during
that gap.
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S. cerevisiae K. lactis

S. cerevisiae

C

Figure 2.3: Msn2 response to switches in carbon sources in S. cerevisiae and K.
lactis KL.Msn2 in K. lactis cells is less likely than Msn2 in S. cerevisiae cells to respond
to a switch in carbon sources. (A) Nuclear localization of Msn2 in S. cerevisiae cells in
response to a change in carbon sources or to a change to no carbon source (labeled H2O).
(B) Nuclear localization of KL.Msn2 in K. lactis cells in response to the same conditions.
(C) Nuclear localization of Hog1 in S. cerevisiae cells in response to the same conditions in
addition to an osmo shock with 0.5M xylose.
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Figure 2.4: Response of the KL.Msn2 reporter in S. cerevisiae to glucose dropout,
osmo shock, and PKA inhibition KL. Msn2 does not respond to a change from glucose
to sorbitol, or PKA inhibition in S. cerevisiae cells, but it does respond to osmotic shock. (A)
Mean nuclear localization response of Msn2 in S. cerevisiae cells to a change from glucose to
sorbitol, or to osmotic shock with 0.5M sorbitol. (B) Mean nuclear localization response of
KL.Msn2 in S. cerevisiae cells to a change from glucose to sorbitol, or to osmotic shock with
0.5M sorbitol. (C) Mean nuclear localization response of Msn2 in S. cerevisiae cells carrying
a PKA(AS) mutation in response to the ATP analog 1-NM-PP1. The green line represents
the response in WT cells to 4µM 1-NM-PP1. (D) Mean nuclear localization response of
KL.Msn2 in S. cerevisiae cells carrying a PKA(AS) mutation in response to the ATP analog
1-NM-PP1. The green line represents the response in WT cells to 4µM 1-NM-PP1. The
schematics below the figures represent the reporter used in that column for that experiment.
The red line in the schematic represents a mutation to the DNA binding domain that removes
DNA binding and transcription.
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Figure 2.5: Effect of swapping the Nuclear localization sequence on the KL.Msn2
reporter in S. cerevisiae Replacing the KL.Msn2 nuclear localization sequence in with
that of Msn2 from S. cerevisiae renders it able to respond to PKA ihnibition in S. cerevisiae
cells. Mean nuclear localization response in S. cerevisiae cells to osmotic shock with 0.5M
sorbitol, or to PKA inhibition with 4 µM 1-NM-PP1. Each subfigure shows results from
a different reporter which is described in the schematic below the subfigure as follows (A)
Msn2 from S. cerevisiae. (B) KL.Msn2 (C) Msn2 (from S. cerevisiae) with its nuclear
localization sequenced replace by that of KL.Msn2. (D) KL.Msn2 with its nuclear localization
sequence replaced by Msn2 (from S. cerevisiae). The solid lines represent the mean nuclear
localization, and the shaded lines represent the standard deviation for all tracked cells for
that datapoint.
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Figure 2.6: Nuclear localization response of KL.Msn2 to PKA inhibition in K.
lactis cells KL.Msn2 responds to PKA inhibition in K. lactis cells. Nuclear localization of
(A) KL.Msn2 or (B) Msn2 (from S. cerevisiae) in response to either control media (black),
or 4µM 1-NM-PP1 in either WT cells (dashed line) or cells containing a PKA(AS) mutation.
Diagrams for reporters used are below each plot. (C) Diagram of the connections between
PKA and Msn2 in S. cerevisiae and K. lactis yellow indicates components from S. cerevisiae
and blue represents components from K. lactis.
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Chapter 3

Paralogs in the PKA regulon take

different evolutionary routes to

divergent expression in budding yeast

3.1 Summary

Functional divergence of duplicate genes, or paralogs, is an important driver of novelty in

evolution. In the model yeast S. cerevisiae, there are 547 paralog gene pairs that survive

from the yeast allo-polyploidization or Whole Genome Hybridization (WGH) that is

estimated to have occurred approximately 100 million years ago. Many WGH paralogs (or

ohnologs) are known to have differential expression during the yeast environmental stress

response, which involves Protein Kinase A (PKA) as one of its major regulators. While

investigating the transcriptional response to PKA inhibition in S. cerevisiae, we discovered

that, of the 148 ohnlolog pairs that had at least one member induced by PKA inhibition,

91 had differential expression, comprising approximately 1/6th of all ohnolog pairs. In this
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group of ohnolog pairs, one member tended to have low basal expression that increased

upon PKA inhibition, while the other member tended to have high basal expression that

remained unchanged. The orthologs of these genes in pre-WGH species K. lactis tended to

have high basal expression, and were not induced under PKA inhibition. Using publicly

available expression data for various yeast species under PKA related stress conditions, we

determined that a high-basal level with no regulation by PKA is likely to be the ancestral

phenotype for most of these differentially expressed ohnologs. To understand how the

PKA-regulation phenotype arose, we analyzed gene promoters of these ohnologs for a

trademark of PKA regulation — the presence of a binding motif for the PKA responsive

transcription factor Msn2 — across a range of sequenced budding yeast species. These

analyses revealed different possible evolutionary routes. In some examples, regulation by

PKA appears to have arisen in one of the two parental lineages prior to the WGH, leading

to differential expression afterwards. In other examples, regulation by PKA and differential

expression appears to have arisen following the WGH. Although it was known that many

ohnologs were differentially expressed following stress in S. cerevisiae, our data are the first

to show that much of this differential expression is the result of regulation gained

specifically downstream of the PKA pathway following the split between the two parental

lineages that contributed to the WGH. More broadly, our studies provide a clear

illustration of the unique opportunities presented by a WGH event for generating

functional divergence by bringing together two parental lineages with separately evolved

regulation into one species. Importantly, it poses the idea that functional divergence of two

paralogs can be facilitated through such regulatory divergence, which can persist even

when functional differences are erased by gene conversion.
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3.2 Introduction

Gene duplication is considered an important source of novelty and adaptation in

evolution33–37. In particular, the duplication of entire genomes or chromosomes in

polyploidy events, or Whole Genome Duplications (WGD), have been hypothesized to offer

a unique avenue to generate evolutionary diversity by allowing certain classes of genes that

rarely survive as small scale duplicates to be retained as duplicates after a WGD38–41.

Much of the understanding we have of WGD comes from work done on the model organism

Saccharomyces cerevisiae, the first eukaryote to have its genome fully sequenced42. Not

long after the S. cerevisiae genome was published, researchers discovered that its lineage

had undergone a WGD approximately 100Mya4. Today, S. cerevisiae retains 547 paralogs

from this event, meaning that about 1/6 of all annotated protein coding genes are paralogs

from the WGD, termed “ohnologs”18. As more budding yeast sequences have become

available in recent years, greater understanding has developed surrounding the budding

yeast WGD. One particularly surprising recent discovery was that the WGD event was

most likely an allo-polyploidization, or hybridization between two species that had

separated approximately 40 million prior43. As a result, a more apt description for the

event would perhaps be a Whole Genome Hybridization (WGH). Of the two species that

hybridized during the WGH, one was closely related to the ancestor of the

Zygromyces/Torulospora (ZT) branch of pre-WGH species, and the other likely separated

from the ancestral lineage around the same time as the ancestor of the

Kluyveromyces/Lachancea/Eremothecium (KLE) branch (Fig 3.1A).

In the budding yeast lineage, several characteristic phenotypes underwent striking changes

following the WGH, including a drastic change in metabolic lifestyle between Crabtree

yeast (from post-WGH species) and non-Crabtree yeast (from most pre-WGH yeast

species)44,45, as well as changes in the Environmental Stress Response (ESR)5,6. The ESR
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is a common gene expression program consisting of hundreds of genes that are either

activated or repressed in a variety of stressful conditions such as glucose depletion, osmotic

shock, and oxidative stress7,46. Previous studies have demonstrated that much of the ESR

is conserved across budding yeast species, and that the level of conservation depends on

whether one considers the genes activated during the ESR or those genes that are

repressed. The repressed ESR, which contains genes related to ribosomal biogenesis and

protein production is more conserved across different yeast lineages, while the activated

ESR is more variable5,6. Several of the evolutionary changes that occurred in the activated

ESR following the WGH are consistent with changes in metabolic lifestyle between

Crabtree and non-Crabtree yeast, including more induction of amino acid and purine

biosynthesis genes as well as oxidative phosphorylation genes and less repression of

mitochondrial genes in post-WGH species than in pre-WGH species5.

The Protein Kinase A (PKA) pathway is one of the primary master regulators of the

ESR7–9. Cells with a hyperactive PKA pathway, in addition to being sensitive to stress,

also fail to grow on carbon sources that require respiration47,48. While comparative

analyses of gene expression between budding yeast species have described broad patterns of

conservation and divergence of the genes in the ESR alongside the emergence of the

respiro-fermentative lifestyle5,6,49, the precise evolutionary rewiring of the PKA regulon

itself has not be clearly delineated. The reason is that most previous studies have used

environmental perturbations to elicit and measure transcriptional changes in different

species. These perturbations have pleiotropic effects, thus making it difficult to identify the

precise transcriptional rewiring that underly these changes. Precise perturbations to PKA

itself are more appropriate for addressing this question unambiguously. One such

perturbation is a gatekeeper mutation in the catalytic subunits of PKA that allows precise

chemical control of its kinase activity50–52. For PKA in S. cerevisiae, this strategy consists

of mutating a “gatekeeper” Methionine residue to a less bulky Glycine residue for all three

PKA catalytic subunit isoforms (M164G, M147G and M165G for TPK1, TPK2, and TPK3
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respectively). The resulting expanded active site still accepts ATP and allows the kinase to

phosphorylate its targets with close to wild-type efficiency. However, when a bulky ATP

analog is provided to the media, it effectively inhibits any PKA activity. This PKA analog

sensitive (AS) allele strategy was used to investigate many properties of PKA signaling in

S. cerevisiae 8,9,15,53–55.

In this work, we employ this AS allele in S. cerevisiae and construct an analogous allele in

the yeast Kluyveromyces lactis (which diverged from S. cerevisiae before the WGH) to

interrupt PKA signaling in both species and probe the specific evolutionary rewiring of the

PKA regulatory program following the WGH. Our data recapitulated many previous

findings about the ESR, such as repression of ribosomal proteins in both species, repression

of mitochondrial ribosomal proteins in K. lactis but not in S. cerevisiae, induction of

proteins related to mating and meiosis in K. lactis but not in S. cerevisiae, and induction

of genes involved in oxidative stress or generation of metabolites/energy specifically in S

cerevisiae but not in K. lactis.

Unexpectedly, however, our dataset contained a strikingly large number of WGH ohnologs

(at least 91) that showed differential expression under PKA inhibition in S. cerevisiae, with

one ohnolog being induced under this perturbation and the other with constant or even

decreased expression. Furthermore, in this set, on average, the ohnolog that was induced

by PKA inhibition had lower basal expression and the uninduced ohnolog had higher basal

expression. The phenotype for the shared ortholog in K. lactis largely resembled that of

the uninduced ohnolog – high basal expression and no induction following PKA inhibition.

We explored this observation in depth using publicly available data on gene expression for

a range of budding yeast species spanning the WGH5,6,16. Our investigations revealed that,

for these differentially expressed ohnologs, the transcriptional response to PKA inhibition

of their shared ortholog in the last common ancestor of S. cerevisiae and K. lactis

generally featured low basal expression and low induction, resembling that of the shared
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K.lactis orthologs.

To gain insight into the evolutionary trajectories of these ohnologs, we carried out binding

site analysis of their gene promoter sequences from a large set of recently published

budding yeast genomes17, focusing on patterns of motifs for Msn2/4, the canonical

transcription factors downstream of PKA. These analyses revealed that for some genes,

differential expression arose when the ancestral paralogs were in different species prior to

the WGH while for others, this divergence is likely to have occurred afterwards. For

example, differential expression in response to PKA inhibition for GPM2/3 seems to have

evolved long after the WGH, and differential expression for both EGO2/4 and GND1/2

appears to have evolved in the ZT branch prior to the WGH. Interestingly, in the case of

GND1/2, a gene conversion may have rendered the phylogenetic history of the protein

sequence separate from that of the cis-regulatory region.

In addition to tracing the evolutionary routes of a large part of the PKA regulon, we

believe that we present here the first example of divergent regulation that arose in the

parent species of the budding yeast before the WGH, and which remains preserved in

ohnologs in post-WGH descendants. Given the abundance of allo-polyploid events in

diverse species from plants56 to vertebrates57 this finding may represent a more general

avenue for generating novelty in evolution.
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3.3 Results

3.3.1 A PKA analog sensitive allele in K. lactis allows for

comparing the transcriptional response to PKA inhibition

with that of S. cerevisiae.

Signals transmitting information about stress and carbon source availability alter the

cellular level of cAMP which, when in abundance, binds to the regulatory subunit of the

PKA heterotetramer, releasing the active subunit to phosphorylate its targets. When PKA

is inhibited, the paralogous transcription factors Msn2 and Msn4 are dephosphorylated,

translocate into the nucleus and activate a majority of the genes that make up the

activated portion of the ESR7,11,12,26. Simultaneously, the transcriptional repressors Tod6

and Dot6 translocate into the nucleus to repress ribosomal biogenesis genes, while Sfp1,

which activates ribosomal biogenesis genes, translocates out of the nucleus58. The genes

regulated by Dot6, Tod6 and Sfp1 are part of the repressed ESR. The response to PKA

inhibition also entails a slowdown in growth in S. cerevisiae.

In order to compare the response to PKA inhibition between the pre-WGH species K.

lactis and the post-WGH model species S. cerevisiae, we constructed a strain of K. lactis

in which PKA can be inactivated by addition of the ATP analog 1-NM-PP1. This analog

sensitive allele of PKA (PKA-AS) contains a gatekeeper mutation to each of the two PKA

regulatory subunits present in that species (M222G for KL.TPK2 and M147G for

KL.TPK3). We used a single plasmid CRISPR/Cas9 gene editing strategy59, and delivered

the Cas9 expression cassette and sgRNA on a universal ARS plasmid that allows for stable

expression in a number of budding yeast species60. For comparison, we also used S.

cerevisiae strains containing similar mutations to each of the three PKA subunits11. The

PKA-AS alleles were successful in controlling PKA activity in K. lactis and S. cerevisiae,
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as addition of 1-NM-PP1 to these cells stalled growth (Fig 3.7A). Therefore, the role of

PKA in inhibiting growth is likely to be conserved between these two species.

The K. lactis ortholog of Msn2 and Msn4 (KL.Msn2) has been shown to be important for

PKA dependent regulation of mating pathway genes32. In order to directly investigate

whether nuclear localization of KL.Msn2 is regulated by PKA as its orthologs, Msn2/4, are

in S. cerevisiae, we constructed a fluorescently tagged KL.Msn2-RFP in the PKA-AS

strain. We used an Msn2 allele in which we mutated residues in the DNA binding domain

to ablate DNA binding and minimize the effects of overexpressing the transcription

factor12. For comparison, we also constructed a similar Msn2 reporter in S. cerevisiae

PKA-AS (SC.Msn2-RFP). Following inhibition of PKA by the drug in K. lactis PKA-AS

cells, KL.Msn2-RFP strongly located to the nucleus, just as SC.Msn2-RFP did in S.

cerevisiae (Figs 3.1B, 3.7B). These data clearly indicate that the nuclear localization of

Msn2 is regulated by PKA in both species.

3.3.2 The transcriptional responses to PKA inhibition in S.

cerevisiae and K. lactis share many similarities but also

exhibit clear functional differences.

To gain a broader understanding of the similarities and differences in the global

transcriptional response to PKA inhibition between S. cerevisiae and K. lactis, we carried

out mRNA sequencing for both species in response to saturating amounts of 1-NM-PP1 in

exponentially growing PKA-AS cells, measured at 50 minutes after exposure to the drug.

We computed the Log Fold Change (LFC) in gene expression using the DESEQ2 algorithm

by comparing read counts from yeast treated with drug to read counts from yeast provided

only a DMSO control61. The transcriptional responses assessed using this metric were

broadly correlated between the two species (Pearson Correlation = 0.66) (Fig 3.1C),
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consistent with the observation that the ESR, and particularly the repressed ESR, is

broadly conserved in budding yeasts5.

To identify shared and species-specific functional enrichment, we first defined sets of genes

that were induced or repressed by PKA inhibition in each species using a threshold that

took into account both LFC and p-value (Fig 3.8). Focusing only on genes that had

orthologs in both species, we then further subdivided these target sets into subsets that

were either activated in both species, repressed in both species, activated in one species but

not another, or repressed in one species but not the other. We then quantified enrichment

for GO-SLIM terms2 for the different gene subsets using Fisher’s exact test (Table 3.1, Fig

3.1C). Go terms enriched in the genes repressed in both species were related to protein

production in the ribosome such as rRNA processing (p=2.38E-87) and cytoplasmic

translation (p=4.71E-74), consistent with the slowdown in growth that is seen following

PKA inhibition in both species. The genes repressed only in K.lactis were enriched for

GO-SLIM terms related to mitochondrial translation (p=8.46E-33), in agreement with

previous observations, and consistent with PKA’s involvement in the shift to respiratory

metabolism in S. cerevisiae 5,16,62,63. The set of genes induced in K. lactis but not in S.

cerevisiae was enriched for meiotic cell cycle control (p=2.19E-3) and conjugation

(p=5.86E-3) consistent with the notion that K .lactis incorporates nutritional signals into

its decision to undergo meiosis64. The set of 151 orthologs induced by PKA inhibition in

both species was enriched for carbohydrate metabolic process (p=2.89E-6), oligosaccharide

metabolic process (p=4.66E-4), and vacuole organization (including a number of

autophagy related genes) (p=1.47E-3), indicating that PKA inhibition triggers a set of

conserved metabolic changes. The set of genes that were specifically induced in S.

cerevisiae but not in K. lactis following PKA inhibition was also enriched for carbohydrate

metabolic processes (p=8.56E-6), but in addition included a significant enrichment for

genes involved in generation of precursor metabolites and energy (p=4.71E-10), response to

oxidative stress (1.73E-6), and cellular respiration (2.21E-5). This is again consistent with
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the role of PKA in initiating respiratory metabolism in S. cerevisiae.

3.3.3 Many ohnolog pairs are differentially activated by PKA

inhibition in S. cerevisiae.

Since S. cerevisiae has undergone a WGH, we were curious whether its surviving ohnologs

were equally represented in its PKA regulon compared to other genes that didn’t maintain

their paralogous copy from the WGH. Interestingly, we found that ohnologs were enriched

both in the set of genes that were activated by PKA inhibition (p=2.67E-10) and those

that were repressed by PKA inhibition (p=4.88E-6), but not in the set of genes whose

expression didn’t change during PKA inhibition (Table 3.2, Fig 3.1D insets).

To further explore this observation, we plotted the LFC of ohnolog pairs against one

another, ordered by their LFC values (Fig 1E). We then searched for ohnolog pairs where

one member of the pair was either activated or repressed more than two fold (LFC > 2.0

for or LFC < −2.0, respectively ) with a log10(pvalue) less than -1.5. We then retained

from this set members where the other ohnolog in the pair did not change in the same

direction, specifically having LFC less than 1.5 or LFC greater than -1.5 respectively. We

also further required that the difference of estimated LFC between the two paralogs be

greater than 2.0 in LFC (Fig 3.1E, Table S3). Of the 509 ohnolog pairs in the S. cerevisiae

genome which had LFC and p-value data for both ohnologs in our dataset, 129 ohnolog

pairs had at least one ohnolog repressed and 148 had at least one ohnolog activated

according to these criteria. Of the 129 ohnolog pairs that had at least one ohnolog

represssed, only 30 pairs (23%) were differentially expressed. Strikingly, of the 148 ohnolog

pairs that had at least one ohnolog activated, 91 of them (61%) satisfied these criteria for

divergent behavior in response to PKA inhibition pairs. Furthermore, 20 ohnolog pairs had

one member activated and the other repressed. Taken together, these data demonstrate
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that ohnolog pairs with at least one member activated by PKA inhibition were more likely

to have divergent responses than those with at least one member repressed by PKA

inhibition.

Functional examination of the different ohnolog pairs showed that those in which both

ohnologs were repressed by PKA inhibition were enriched for ribosomal genes. Of the 129

ohnolog pairs that had at least one member repressed, 61 pairs had both members

repressed and all but 10 of them had at least one member associated with the GO-slim

term “cytoplasmic translation” (Fig 3.1F). By contrast, only 2 of the other 68 ohnolog

pairs with one member repressed were associated with this term. These ribosomal ohnolog

pairs presumably make up much of the signal that was observed in previous work

describing enrichment for ribosomal proteins in retained S. cerevisiae ohnologs65–67.

Another prominent difference between the ohnologs repressed by PKA inhibition and those

activated by PKA inhibition was in whether their orthologs in K.lactis responded similarly

to PKA inhibition. Considering only ohnolog pairs that had a K.lactis ortholog and

expression data in our dataset, there were 122 ohnolog pairs in which one member was

repressed by PKA inhibition in S. cerevisiae. Of those, 77 (63%) had a K. lactis ortholog

that was also repressed. By contrast, of the 138 ohnolog pairs in which one member was

activated by PKA inhibition in S. cerevisiae, only 28 (20%) had K. lactis orthologs that

were also activated.

Because of the intriguing pattern in the differentially activated ohnologs (which we will

simply refer to as DEPKA in the following), we turned our focus to exploring them

exclusively in more depth. First, we probed their basal expression because lack of

activation for one member of each ohnolog pair in this DEPKA set could correspond to

either low or high basal expression. To determine which scenario was more applicable, we

examined basal expression of DEPKA genes with and without PKA inhibition, which we

quantified using average regularized log counts (rlog) data61. The basal expression values
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of DEPKA genes that had higher LFC values (DEPKA high-LFC ohnologs) had a

distribution with a noticeably lower mean than that of all genes in the genome (4.3 vs 5.9

rlog) (Fig 3.2A left panel, Fig 3.2C top panel, Fig 3.8. Furthermore, upon PKA inhibition,

the distribution of expression of this group shifted clearly higher than that of all other

genes (mean = 7.3 rlog), recapitulating the large LFC for which they were chosen. By

contrast, the distribution of basal expression values for the DEPKA genes that had low

LFC values (DEPKA low-LFC ohnologs) was higher (mean = 6.9 rlog) and shifted down

upon PKA inhibition (mean = 6.1 rlog) (Fig 3.2. Importantly, the distribution of basal

expression of the DEPKA high-LFC ohnologs had a clear lower mean than that of the

DEPKA low-LFC ohnologs (Fig 3.2A left panel, Fig 3.2C top panel, Fig 3.9), indicating

that the difference in LFC between these two sets is the result of low basal expression and

strong induction in one case, and a high basal expression that either slightly reduced or

unchanged by PKA inhibition in the other case. K. lactis contains orthologs for 87 of the

91 ohnolog pairs in the DEPKA set. As a group, these orthologs had a similar phenotype to

that of the DEPKA low-LFC ohnologs, displaying high basal expression (Fig 3.2A right

panel, 3.2C lower panel) and little change in LFC under PKA inhibition (Fig 3.2A right

panel, 3.2B right column).

Taken together, our data and analyses so far reveal a class of ohnologs, amounting to about

1/6 of all the retained ohnolog pairs, or about 3% of all genes in S. cerevisiae, which show

differential expression under PKA inhibition with one member of an ohnolog pair

exhibiting high induction and the other showing either no change or repression. On

average, the PKA insensitive ohnolog exhibits high basal expression. The K. lactis

orthologs of these differentially expressed ohnologs have a similar lack of induction and

high basal expression. This observation posed the hypothesis that the ancestral phenotype

for many of these ohnolog pairs might have been one with high basal expression and no

susceptibility to PKA.
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3.3.4 High basal expression and low LFC under PKA inhibition

seems to be the ancestral state for most DEPKA genes.

Without gene expression measurements following PKA inhibition in a wider phylogenetic

range of extant species, testing whether low LFC in response to PKA inhibition was the

ancestral state of the DEPKA genes cannot be done directly. However, we can explore it

meaningfully across a range of 15 budding yeast species spanning the WGH by capitalizing

on available gene expression datasets collected in response to growth to saturation and

various stress conditions known to involve the PKA pathway5,6. To extract the conditions

that most resemble PKA inhibition, we compared expression changes in S. cerevisiae and

K. lactis contained in these datasets to our PKA inhibition data in S. cerevisiae and K.

lactis. This comparison identified five conditions (heat shock at 30 and 45 minutes, Diauxic

Shift, Post Diauxic Shift, and Plateau) that were strongly correlated with PKA inhibition

in both species (Pearson correlation R ¿ 0.65 with K. lactis PKA inhibition and R¿ 0.75

with S. cerevisiae PKA inhibition) (Fig 3.10). We adopted LFC reported for these 5

conditions (normalized per Materials and Methods) as surrogates for PKA inhibition in all

species.

We curated the orthologs of the 91 DEPKA ohnolog pairs in the various species and

compared their gene expression values in the 5 PKA-related stress conditions. The different

members of the ohnolog pairs in the DEPKA set generally showed the same phenotype in

S. cerevisiae as in our PKA inhibition dataset —high LFC for one member of the pair and

low LFC in the other (Fig 3.3A). This is expected given our criteria for selecting these

stress conditions. In the post-WGH species closely related to S. cerevisiae, the phenotype

was also conserved, with syntenic orthologs of the high-LFC ohnologs having higher LFC,

and those of the low-LFC ohnologs having lower LFC on average. The separation between

the ohnolog pairs declined in more distantly related Post-WGH species. In V. polyspora,

the most distantly related Post-WGH species, the orthologs of the low and high LFC
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ohnologs both had low LFC in stress conditions (Figs 3.3A and 3.11). In interpreting this

result it is important to note that assignment of syntenic orthologs becomes difficult for

distantly related post-WGH species such as S. cerevisiae and V. polyspora. For pre-WGH

species, the shared orthologs of the DEPKA ohnolog pairs have low LFC under these

PKA-related stress conditions (Fig 3.3A), consistent with our hypothesis that low LFC is

generally the ancestral response to PKA inhibition for DEPKA ohnolog pairs.

To explore basal expression of orthologs of the DEPKA genes in these species, we turned to

a different dataset that measured gene expression during exponential growth on rich media

using microarray data for a range of budding yeasts16. After appropriate normalization (see

Materials and Methods), we checked concordance of these data to rlog estimates from our

RNA seq count data for S. cerevisiae and K. lactis strains under control conditions and

observed high correlation despite the different methods by which gene expression data was

collected (Pearson Correlation R=0.69 and 0.60 for S. cerevisiae and K. lactis respectively)

(Fig 3.12A). Reassuringly, there was high correlation between both datasets for the

DEPKA genes (R=0.67 for the low-LFC ohnologs and 0.70 for the high-LFC ohnologs) as

well as for their orthologs in K. lactis (R=0.59) (Fig 3.12B), instilling confidence that the

various sets are coherent in their content and can be used for cross-comparison.

With these data in hand, we could compare basal expression of DEPKA genes and their

syntenic orthologs across species. For the post-WGH species, the syntenic orthologs of the

low-LFC DEPKA ohnologs generally had a higher basal expression while those of the

high-LFC DEPKA ohnologs generally had lower basal expression for species more closely

related to S. cerevisiae and higher basal expression for species more distantly related. For

the pre-WGH species, the basal expression of the shared ortholog of a given DEPKA

ohnolog pair was typically high, similar to that of the low-LFC DEPKA ohnolog in S.

cerevisiae (Figs 3.3B, 3.137). All conclusions also held when we redefined the ohnolog pairs

of interest based on the 5 stress conditions rather than on the PKA-inhibition dataset (Figs
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3.14,3.15, 3.16). Taken together, the evidence supports our hypothesis that the basal

expression level of the shared ancestors of the DEPKA ohnolog pairs was, on average, high.

The use of stress conditions also allowed us to define differentially expressed ohnolog pairs

from the perspective of post-WGH species other than S. cerevisiae, therefore enabling us to

test whether our conclusions about the state of the ancestral phenotype is sensitive to the

species used as a reference. Towards this, we defined the set of differentially expressed

ohnologs in N. castellii and V. polyspora using gene expression for the five PKA-related

conditions (see Materials and Methods). Similar to when S. cerevisiae was used as a

reference, orthologs in pre-WGH species of these ohnologs also had low LFC values (for

ohonologs defined using N. castellii and V. polyspora) and high basal expression (for

ohonologs defined using N. castellii) (Figs 3.15, 3.16).

Taken together, these data strongly support the notion that the ancestral state of ohnologs

that are differentially expressed in response to PKA was characterized by high basal

expression and insensitivity to PKA. However, because the pre-WGH species for which

stress response data was present all diverged from the S. cerevisiae lineage at the same

time or earlier than K. lactis, these data do not indicate whether the derived phenotypes

(high LFC in response to PKA inhibition and low basal expression) for any particular

ohnolog arose before the WGH in the lineage leading to the ZT branch, or after the WGH

(Fig 3.3C). To be made with certainty, this inference would require knowledge of gene

expression in the Zygromyces/Torulospora (ZT) branch in response to PKA related

stresses. Since no such data exist, we next turned to exploring whether the promoters of

the DEPKA genes have a bioinformatic signal that might correlate with these phenotypes,

capitalizing on the wealth of sequenced genomes in the budding yeast subphylum to

formulate hypotheses about their evolutionary trajectory17.
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3.3.5 The STRE is enriched in the promoters of the genes

induced by PKA inhibition in S. cerevisiae, and K. lactis.

To generate a framework for evaluating the characteristics of DEPKA gene promoters, we

first investigated bioinformatic signals associated with the promoters of all genes activated

by PKA inhibition. To do so, we used the DREME algorithm (see Materials and Methods)

to identify short ungapped motifs that are enriched in comparison to a background set of

promoters in S. cerevisiae (Bailey, 2011). Comparing the promoters of all genes activated

under PKA inhibition in S. cerevisiae against the promoters of all S. cerevisiae genes, we

identified the Stress Response Element (STRE, CCCCT), the sequence for the binding site

for Msn2 and Msn4, as the most heavily enriched motif (E-value 3.3e-40) (Fig 3.4A). This

is consistent with previous findings, implicating Msn2 and Msn4 as prominent targets

downstream of PKA10,68. Four of the other five motifs enriched in the promoters of genes

activated by PKA inhibition were similar to the STRE or the Post Diauxic Shift element

(PDS) motif (T(A/T)AGGGAT) which is itself structurally similar to the STRE69, while

others resembled the TATA-box (TATA(A/T)A(A/T)(A/G)) (E-value 1.3e-3) which is

known to be enriched in stress responsive promoters70.

Next, we asked how the number and locations of STRE and TATA-box motifs correlated

with a gene being responsive to PKA inhibition. Promoters of genes activated by PKA had

a larger probability of containing one or more STREs relative to all promoters in S.

cerevisiae (75.2% v.s. 43.9%, p-value 1.5e-16). They also had a notable increase in the

average number of STREs per promoter (1.32 v.s. 0.62) (Fig 3.4B). Furthermore, the

location of the STREs in the promoters of the genes induced by PKA inhibition had a

unimodal distribution with 64.7% of STRE sites found between 100 and 400 base pairs, as

opposed to an expectation of 42.9% from a uniform distribution and a 46.1% value when

the distribution of STRE locations is compiled for all promoters in the genome (Fig 3.17).
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Analysis of TATA-box motifs showed a similar pattern (70.7% of motifs found between the

first 100 and 400 base pairs versus 57.7% for all genes, p-value 2.3e-3) (Fig 3.18A). Finally,

TATA box and STRE motifs are more likely to occur together in promoters of genes

activated by PKA inhibition than in all genes (43% of promoters v.s. 18%), as expected

from the increased percentages of both STREs and TATA boxes in genes activated by PKA

inhibition (Fig 3.19).

Probing the bioinformatic characteristics of promoters of genes that are responsive to PKA

inhibition in K. lactis revealed that those also had more STREs on average compared to

the promoters of all genes. However, the top hit for promoters of genes activated by PKA

inhibition in K. lactis was a motif whose Position Specific Scoring Matrix (PSSM) would

be satisfied by an STRE but was closer to a PDS (E-value 4.4e-19) (Fig 3.4A).

Furthermore, the bioinformatic signal for the number of STREs and their location was

weaker in K. lactis than in S. cerevisiae (47.7% of promoters with 1 or more STRE in the

promoter in PKA activated genes v.s. 34.5% in all genes, p=1.6e-4) (Figs 3.4B and 3.17).

In K. lactis, as in S. cerevisiae, many more promoters of genes activated by PKA had

TATA boxes than all promoters in the genome (70.8% v.s. 54.1% with 1 or more TATA

box in the promoter, p=3.8e-4) (Fig 3.18B).

Taken together, these results indicate that the presence of STRE and TATA box motifs in

promoters might be a useful proxy for activation by PKA inhibition across budding yeast

species. We therefore looked for these features in the promoters of DEPKA ohnologs and

their K. lactis orthologs to see whether the presence of STRE and TATA box motifs

correlated with the response to PKA we observed in our experiments. The distributions for

the number and location of STREs for the DEPKA high-LFC ohnologs closely resembled

those of the promoters for genes activated by PKA inhibition. However, importantly, the

distribution for the DEPKA low-LFC ohnologs resembled that of promoters of all S.

cerevisiae genes (Figs 3.4B, 3.17, and 3.19). Furthermore, the distribution of the number of
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STREs in the promoters of K. lactis orthologs of the DEPKA genes was close to that of all

genes in K. lactis (33% v.s. 34.5% had one or more STRE in the promoter), unsurprising

in light of the fact that these genes had low LFC in response to PKA inhibition.

The TATA-box distributions in the promoters of the DEPKA high-LFC ohnologs were also

increased relative to those of the promoters of all genes. However, unlike for the STRE,

this enrichment was also present for DEPKA low-LFC ohnologs and the K. lactis orthologs

of the DEPKA genes (Figs S12 and S13). Based on that observation, we reasoned that, at

least in the context of the DEPKA genes and their orthologs, the TATA box was not linked

strongly enough to induction following PKA inhibition, and was likely to be an ambiguous

evolutionary signal. Therefore, we focused instead on the presence of STREs as a

bioinformatic proxy for gene induction in response to PKA inhibition.

3.3.6 Analysis of STREs in the promoters of DEPKA orthologs

across species revealed enrichment of STREs in the ZT

branch.

To investigate whether the relationship between activation by PKA inhibition and STRE

presence in the promoter holds in other budding yeast species, we revisited the

cross-species gene expression datasets from5,6 and scored STRE enrichment in the

promoters of genes activated under conditions correlated with PKA activation in S.

cerevisiae and K. lactis (Fig 3.4C). With the exception of heat stress in K. lactis and

diauxic shift in L. waltii and L. kluyverii, the promoters of the genes activated under these

stresses had more STREs than all genes in that species (pval¡0.05 using Fisher’s Exact

test) although the overall background level of STREs and the level of enrichment varied

widely between species. These results suggest that there is a relationship between the

presence of STREs in the promoter and gene induction under PKA inhibition across
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budding yeast that can be detected bioinformatically.

We therefore quantified STREs in the promoters for orthologs of DEPKA genes to search

for examples in which the STRE conservation patterns might provide some insight into the

evolution of gene responsiveness under conditions of PKA inhibition. We analyzed

promoters in 32 pre-WGH and 12 post WGH species, including species for which no stress

or PKA inhibition gene expression data exists (e.g. species in the ZT branch). For this

analysis, we only focused on the DEPKA ohnolog pairs that in S. cerevisiae had at least

one STRE in the promoter of the high-LFC member. We discarded genes with high-LFC

but no STRE in the promoter, reasoning that they are induced through a mechanism that

doesn’t require the STRE (for example through a transcription factor besides Msn2/4

downstream of PKA), and thus the conservation of the STRE would not be the most

relevant bioinformatic signal. We also removed pairs that had more than one ortholog in

more than 8 pre WGH species which included ohnolog pairs that were present as duplicates

before the WGH (such as the hexose transporters) and genes that may have undergone a

separate ancient duplication which would complicate our analysis (such as SNF3/RGT2).

Finally we removed pairs that had that had no orthologs in pre-WGH species (such as

USV1/RGM1) (see Materials and Methods).

This amounted to a total of 60 ohnolog pairs (see Materials and Methods). Exploration of

the promoters of the orthologs of the high-LFC ohnologs in this set showed an enrichment

of STREs in post WGH species (Figs 3.5A, 3.20 red bars, p¡0.05). This enrichment was not

present in the low-LFC ohnologs (Figs 3.5A, 3.21 blue bars). This pattern was more

prominent for species closely related to S. cerevisiae, with increased variability for species

more distantly related and no enrichment for V. polyspora, the most distant post-WGH

species we analyzed. C. glabrata was an exception to this pattern with enrichment for

STREs in both the syntentic orthologs of the low-LFC and high-LFC ohnologs. Further

analysis of the promoters of the pre-WGH orthologs of this subset of DEPKA ohnolog pairs
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revealed more enrichment for STREs in the ZT branch (7 out of 11 species) than in the

KLE branch (only 6 out of 21 species) (Figs 3.5A, 3.20). In the outgroup species, there was

a mixed picture across species, with 3 out of 9 showing enrichment for STREs. Despite the

fact that these data reflected the average of 60 separate sets of orthologs with their own

idiosyncratic evolutionary histories, the evidence hints that some of the differential

expression we see in DEPKA ohnolog pairs may have arisen in the promoters of pre-WGH

orthologs in the ZT branch prior to the WGH, while some may have arisen following the

WGH in the promoter of the ancestor of the high-LFC ohnolog. We explored potential

specific examples of both scenarios.

3.3.7 EGO2/4 provides an example where gain of STREs in the

ZT branch may have given rise to PKA dependence which

was conserved in syntenic orthologs following the WGH.

To identify specific promoters with a clear evolutionary signal, we clustered the subset of

60 DEPKA ohnologs pairs described above based on the numbers of STREs in the

promoters of their orthologs across 32 ZT and KLE branch species and 9 outgroups. As

expected, there is much variation given that the STRE is only a partial surrogate of PKA

dependence. However, a few clusters highlight possible examples of WGH paralogs

acquiring differential induction under PKA inhibition via distinct evolutionary trajectories

(Figs 3.5, 3.21). Specifically, one cluster of 7 ohnolog pairs was characterized by high

numbers of STREs in the ZT branch and relatively fewer STREs in the KLE branch. This

pattern would be expected if the motif arose in the ZT branch after the two branches split

but before the WGH. EGO2 and EGO4 provide a clear illustrative example of this

evolutionary trajectory.

EGO2 and EGO4 in S. cerevisiae are short (75 and 98 residues respectively) proteins that
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have no clear orthologs outside of the Saccharomycetacea, a group which includes the KLE,

ZT and post-WGH yeast species. EGO2 is expressed at intermediate levels (6.09± 0.12

rlog counts) during exponential growth and does not appreciably change under PKA

inhibition (0.41± 0.37 fold) (Fig 3.6A inset). EGO4 has low expression during exponential

growth (4.12± 0.04 rlog) and is highly induced (7.16± 0.38 fold) under PKA inhibition.

EGO4 is also an Msn2/4 target because its activation following PKA inhibition in an

Msn2/4 deletion strain decreases substantially (to 1.45± 0.60 fold) (Fig 3.22). It did not

meet our threshold to be a target of PKA inhibition in K. lactis, and the LFC following

PKA inhibition only changed from 1.06 to 0.70 after deletion of Kl. Msn2. EGO2 was

recently shown to be part of the EGO complex which is important for recruiting Gtr

GTPases to the vacuolar membrane for TORC1 signaling, and may be a structural

homolog of LAMTOR5 in mammalian cells71. While a deletion of EGO2 results in

sensitivity to Rapamycin, ∆EGO4 mutants show wild type levels of resistance to

rapamycin. Aside from increasing sensitivity to rapamycin in a ∆GTR1 background, the

biological function of EGO4 and its possible role in TORC1 signaling remain unclear. To

explore the evolutionary history of STRE binding sites in EGO4 and EGO2, we used

protein sequence similarity to construct a phylogenetic tree for orthologous yeast proteins

and traced binding sites in promoters associated with their coding sequences. The

structure of the tree suggested that the protein sequence likely diverged after the ZT and

KLE branch split and prior to the WGH, because one branch of post-WGH ohnologs (the

one containing EGO4) was more closely related to orthologs in the ZT branch than it was

to the other branch of post-WGH ohnologs (the one containing EGO2) (Fig 3.6A). All the

promoters for the ZT branch had at least 1 STRE within 700 bases of the transcription

start site, and a TATA box within 300bp of the transcription start site. The location of

these motifs was in some cases conserved across species. This pattern was preserved for the

syntenic orthologs of EGO4. The pattern was generally not present for the promoters of

the EGO2 post-WGH orthologs, nor for the promoters of the KLE orthologs, in which
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STRE and TATA motifs were scattered more sporadically. The phylogenetic distribution of

this pattern paints a picture in which STREs arose upstream of the ancestral EGO2/4

ortholog in the ZT branch prior to the WGH and were then conserved. The promoter of

EGO4 is likely to have descended from the WGH parental strain more closely related to

the ZT branch containing this conserved STRE, potentially rendering it inducible by PKA

inhibition. In this scenario, the promoter for the ancestor of EGO2 would have descended

from the WGH parental strain more closely related to the KLE branch, would have had no

STREs, and would not have been induced by PKA inhibition.

3.3.8 The STRE in the promoter for GND2 may have arisen in

the ZT branch (similar to EGO2/4) but its evolutionary

history is obscured by gene conversion.

GND1/2 are an ohnolog pair in the same cluster as EGO2/4 (Figure 5B). GND1/2 are two

of the 12 enzymes in the Pentose Phosphate pathway72. Interestingly, our DEPKA set of

differentially expressed ohnologs contains three additional ohnolog pairs that are part of

the Pentose Phosphate Pathway. As with EGO2/4, most (10/12) of the promoters of the

ZT branch orthologs of GND1/2 contain at least one STRE in the 700bp upstream of the

start codon and a TATA box within 300bp (Fig 3.6B). Only 8/21 of the promoters of the

KLE branch orthologs have these features, suggesting that the STRE may have arisen in

the ZT branch prior to the WGH. The interpretation following the WGH, however, is less

clear than in the case of EGO2/4.

For S. cerevisiae and the other sensu stricto species (i.e. with the Saccharomyces genus

name such as S. mikatae) the protein sequences for GND1 and GND2 are more closely

related to one another than either are to orthologs from other Pre-WGH species. This

suggests that there was a gene conversion in which all or part of one of the proteins was
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overwritten through homologous recombination in the common ancestor of the sensu

stricto species. Gene conversions are known to occur frequently after interspecies

hybridization events, specifically after the WGH in budding yeast43,73. In the promoters of

the sensu stricto orthologs more closely related to GND2, there are two conserved STREs

upstream of a conserved TATA box. These could have arisen following the gene conversion,

however it is also possible that these regulatory regions were conserved from before the

WGH and were present in the promoter prior to the gene conversion. In this way, the

phylogeny of the regulatory region may be separate from that of the protein sequence.

3.3.9 GPM2/3 illustrates a case in which STREs might have

been added following the WGH in the sensu stricto lineage.

A separate cluster in Figure 3.5B was characterized by low numbers of STREs in the

promoters of orthologs from both the ZT branch and the KLE branch. Assuming that the

presence of STREs is a major driver of expression upon PKA inhibition for these ohnolog

pairs, then the STREs and ensuing differential expression would have arisen in these pairs

following the WGH. GPM2/3 provides an example of this situation (Fig 3.6C).

GPM2 and GPM3 were identified in yeast as homologs to the phosphoglycerate mutase

enzyme, GPM1, which is part of the glycolysis and gluconeogenesis pathways. Both genes

are only able to rescue the growth defects of a GPM1 deletion strain when they are

overexpressed at high levels74. GPM2 has been shown to be important for growth under

the respiratory carbon sources glycerol and sorbitol, and seems to play a role in the

maintenance of cellular membrane stability75. A specific function for GPM3 has not yet

been identified.

In our dataset, GPM2 mRNA levels increased substantially under PKA inhibition

(5.16± 0.52 LFC), while GPM3 maintained a stable (albeit low) expression level
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(3.79± 0.87 rlog counts, −0.26± 0.75 LFC). While most pre-WGH species contained a

shared ortholog for GPM2/3, in the post-WGH species, it was only retained in duplicate in

the sensu stricto species. A conserved STRE sequence seems to have arisen in the promoter

sequence of the common ancestor of the syntenic orthologs of GPM2 from the sensu stricto

clade. This motif was presumably part of what gave rise to differential expression between

the two paralogs in that clade (Fig 3.6C). However, based only on this motif data, we

cannot say whether these STREs arose in the regulatory region surrounding the gene prior

to or after the gene conversion.

3.4 Discussion

Gene duplication is a major driver of innovation in evolution, and our goal in this study

was to better understand the mechanisms that can drive this evolutionary innovation in the

special case of an allo-polyploidization or Whole Genome Hybridization (WGH). One of

the most well studied examples of a WGH occurred in budding yeast in the branch leading

to the canonical single celled eukaryote, S. cerevisiae, and the WGH has been implicated as

a key factor that enabled the change in metabolic lifestyle from respiratory (or Crabtree

negative) to respiro-fermentative (Crabtree positive) that occurred at the same time as the

WGH in that lineage45. It is known that the paralogs generated from the yeast WGH

(ohnologs) are often differentially expressed under stress conditions. However, the pleitropic

nature of environmental stress makes it difficult to parse the contribution of different

interacting stress response pathways to differential expression. By narrowing our study to

the PKA pathway, a conserved master regulator of the Environmental Stress Response,

and capitalizing on ways to perturb it specifically, we could meaningfully explore how the

signal from PKA was delivered to ohnologs that are differentially expressed. Additionally,

in comparing the transcriptional response to PKA inhibition between the pre-WGH species
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K. lactis and the post-WGH species S. cerevisiae, direct control of PKA ensured that

changes we observed were the result of changes downstream of this particular pathway

rather than changes in the stress sensing machinery and the crosstalk between pathways.

Our data established a strong enrichment for ohnologs from the yeast WGH in the set of

genes activated by PKA inhibition in S. cerevisiae and revealed that many of these

ohnologs had differential expression, with one member of the pair showing high induction

by PKA inhibition and the other remaining insensitive to PKA, which we denoted DEPKA

ohnolog pairs. This set amounts to a large proportion (almost 1/6) of the retained

ohonologs in S. cerevisiae. Our investigation of the transcriptome of K. lactis in response

to PKA inhibition, and our further analysis of publicly available gene expression data from

a number of budding yeast species in response to stress conditions that approximated PKA

inhibition revealed that the orthologs of these differentially expressed ohnologs in various

WGH-species had low induction and high basal expression. This suggested that

insensitivity to PKA is likely to be the ancestral state for many of these differentially

expressed ohnologs5,6,16. To explore the evolutionary timeline for the emergence of PKA

dependence for the ohnologs that were induced by PKA inhibition, we looked for

bioinformatic signals in the promoters of differentially expressed ohnologs and their

orthologs across over 70 sequenced budding yeast genomes. We found compelling evidence

that the STRE binding site, which is strongly linked to activation by Msn2/4 under PKA

inhibition, was gained in the ZT branch prior to the WGH in some cases and arose

following the WGH in others. The examples of gene promoters we further analyzed as

examples of these scenarios highlighted additional interesting evolutionary issues.

Given the immense challenge faced by natural selection to maintain selection pressure for

redundancy, understanding how duplicated genes are maintained is one of the important

questions in understanding evolution. Many hypotheses have been put forward, including

the “balance hypothesis”66, which posits that paralogous genes that are dosage dependent
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(i.e. members of essential complexes) are likely to be retained following a WGD or WGH,

since the loss of one copy would cause a substantial fitness defect. This is likely to be the

case for the large contingent of ribosomal ohnolog pairs that are simultaneously repressed

under PKA inhibition in our data. Other evolutionary forces that work to generate

functional divergence in paralogs include escape from adaptive conflict,

sub-functionalization, and neofunctionalization34,35. In an autopolyploidization event, or

WGD, however, one still must explain how such mechanisms are deployed. Because in a

WGD the two copies of a gene are initially identical, one must invoke very strong selection

for advantageous functional divergence or easily accessible mutations that provide

functional divergence in order for the divergence to arise before deleterious mutations have

a chance to break one of the two paralogs.

An allopolyploidization, or WGH, on the other hand provides a simpler explanation for the

origin of functional divergence in paralogous genes. Two paralogous genes might have

functionally diverged during the time they were separated in different lineages, each

adapting to its own specific environment. We envision this to be the case for EGO2/4

genes, which arrived in S. cerevisiae with different regulation (one downstream of PKA and

one not) and different protein phylogeny. GPM2/3 may also have experienced functional

divergence prior to the WGH, but it appears that differential regulation in response to

PKA (in the form of STREs in the promoter) did not arise until afterwards. However, this

simple story is often greatly complicated by the occurrence of gene conversion following

WGH events when homologous genes overwrite all or part of their paralogs either soon

after the diploidization or in the following millenia73. It has been proposed that the

functionally divergent ohnolog pair GDH1 and GDH3 experienced a gene conversion

following the WGH76. Our investigations of GND1/2 indicate that they might constitute

another example of gene conversion.

Understanding the implications of gene conversion following a hybridization (versus a
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duplication) event is therefore crucial. In a hybridization event, while the protein sequence

is homogenized through gene conversion, divergent regulation is likely to remain in the

form of different cis-regulatory elements unaffected by the gene conversion in the promoters

of the paralog pairs. A corollary of that is the idea that a WGH can provide an

environment in which functional divergence could evolve as different ohnologs gain

mutations that either enhance their function in conditions under which they are expressed

or degrade functions required for conditions under which they are not. This may have been

the case for GND1/2. The same reasoning applies if cis-regulatory sequences appear

de-novo in the promoter of one of two duplicated ohnologs, causing differential expression

and paving the way for further functional specialization.

The final confirmation of these insights however awaits measurements of gene expression

under direct inhibition of PKA in a range of budding yeast species, including important

members of the ZT branch. Such measurements will illuminate how much divergent

expression was present in the ancestral hybrid, and how much arose de-novo in the various

post WGH lineages. Another fruitful direction in exploring the evolutionary trajectories we

hypothesize would be to perturb cells further down the PKA pathway at the level of the

transcription factor, Msn2, to avoid the web of crosstalk that might exist downstream of

PKA. This is technically challenging for Msn2 because its activity is controlled more by its

nuclear localization than by its expression, however technology to optogenetically induce

nuclear localization for transcription factors such as Msn2 has recently been demonstrated

and might be possible to port into other budding yeast species77.

Despite our use of a bioinformatic signal with clear weaknesses, including a relatively low

information content (just 5 bases) and in imperfect correlation between the signal (the

STRE) and the biological phenotype it was meant to detect (induction in response to PKA

inhibition), we were still able to leverage the high density of sequenced species in budding

yeast to draw evolutionary conclusions17, illustrating the usefulness of the budding yeast as
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a model phylum for studying evolution3. The rest of the known budding yeast will soon be

sequenced completing the goals of the y1000plus project19 and that set of sequences will

represent all the evidence that remains of hundreds of millions of years of regulatory

evolution for those species. Our ability to extract insights into regulatory evolution from

that data awaits a better understanding at a few key links in the chain connecting the

pathways that sense environmental changes (such as PKA) to gene expression.

Breakthroughs at a few levels might soon yield the technology necessary to read

bioinformatic regulatory signals in these yeast at a much greater level of precision. A

screen of pathway perturbations linked to high throughput gene expression readout, such

as single colony RNA-seq23, combined with machine learning approaches would make great

strides towards identifying such a bioinformatic regulatory signal for the PKA pathway.

This would be strengthened by a tighter link between pathway mutants and transcription

factor binding via traditional assays such as ChIP-seq and complementary methods such as

the calling card method78. It would also be strengthened by incorporating the fuller

understanding of the links between transcription factors and the DNA sequences they bind,

both in vitro and in vivo79,80. A combination of all such methods will greatly accelerate

our understanding of the complex evolutionary trajectories of fungal genes.
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3.5 Figures
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Figure 3.1: PKA inhibition elicits a broadly similar transcriptional response in
S. cerevisiae and K. lactis , but there are important differences. Ohnologs
are enriched in the genes repressed by PKA inhibition and in the genes ac-
tivated by PKA inhibition, where they are often differentially expressed. (A)
Simplified schematic depicting the budding yeast Whole Genome Hybridization (WGH).
The Kluyveromyces/Lachancea/Eremothecium (KLE) branch is shaded purple, and the Zy-
gosaccharomyces/Torulaspora (ZT) branch is shaded green. (B) Msn2 nuclear localization
in K.lactis (left) and S. cerevisiae (right) for WT and PKA-AS strains following the addi-
tion of control media or 4µM 1-NM-PP1. Solid line represents the mean and the shaded
area represents the standard deviation for at least 27 single cell measurements in K. lactis
and at least 84 single cell measurements in S. cerevisiae. Diagrams of the KL.Msn2 and
SC.Msn2 nuclear localization reporters are shown. Red line indicates the mutation that ab-
lates DNA binding. (C) Log Fold Change (LFC) comparing RNA sequencing data collected
by inhibiting PKA-AS with 3µM 1-NMPP1 versus DMSO. Data is collected after 50 min
in S. cerevisiae (y-axis) and K. lactis (x-axis) following administration of the drug. LFC
values are only shown for genes that had orthologs in both species. Genes associated with
representative GO SLIM terms that were enriched in analysis are color coded (Table 3.1).
(D) Data are as in (C) but with ohnologs highlighted in red and all other genes colored grey.
The kernel density estimates of the distribution of LFC for ohnologs in S. cerevisiae and
for their K. lactis orthologs are shown to the right and above the scatter plot respectively.
The distribution of LFC for all genes is shown in grey for comparison in both plots. Regions
of the distribution highlighting the enrichment of ohnologs in the genes induced by PKA
inhibition and repressed by PKA inhibition v.s. all genes are shown with the difference
between distributions in yellow. (E) Comparison of LFC for ohnolog pairs in S. cerevisiae
are shown in both plots. The smallest LFC value for each ohnolog pair is plotted on the
x-axis and the largest LFC value is plotted on the y-axis. The data points are colored by
selected GO-terms. The blue shading for the left plot indicates the LFC criteria for select-
ing differentially expressed ohnologs in which one member of the pair is induced by PKA
inhibition (DEPKA). The blue shading for the right plot indicates LFC criteria for selecting
differentially expressed ohnologs in which one member of the pair is repressed by PKA inhi-
bition. The green shading in the right plot indicates ohnolog pairs in which both genes are
repressed by PKA inhibition.
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Figure 3.2: The high-LFC ohnolog from DEPKA tends to have lower average basal
expression in S. cerevisiae, while the low-LFC ohnolog and their shared or-
tholog in K.lactis tend to have higher average basal expression. (A) Kernel density
estimates for average rlog data DEPKA high and low LFC honologs are plotted without
treatment (light shading) and with treatment (dark shading) with 3µM NMPP1. Back-
ground expression for all S. cerevisiae (excluding dubious orfs) and all K. lactis genes with
orthologs in S. cerevisiae is also shown (grey and black lines, respectively). (B) LFC for
low-LFC ohnologs (first column) and high LFC ohnologs (middle column) from DEPKA

ohnologs in S. cerevisiae as well as their K. lactis orthologs (last column). Rows are sorted
from highest to lowest LFC for the high LFC-ohnolog. (C) Plot of baseline expression (rlog
normalized estimate of counts for no-drug samples) for DEPKA low-LFC ohnologs from S.
cerevisiae (x-axis) v.s. DEPKA high-LFC ohnolog (y-axis, top panel) and DEPKA orthologs
from K. lactis (y-axis, bottom panel). Median values are shown in red.
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Figure 3.3: For DEPKA genes, low LFC and high basal expression is the ancestral
phenotype. (A) Boxplots showing median and Q1-Q3 range for normalized gene expression
for the conditions most closely related to PKA inhibition in S. cerevisiae and K. lactis from
Roy et al. 6 , and Thompson et al. 5 (Fig 3.10). Where there are three bars, the conditions are
’DS/LOG’, ’PS/LOG’, and ’PLAT/LOG’ from Thompson et al. 5 and where there are five
bars, the conditions are those three conditions plus ’heat shock 030’ and ’heat shock 045’
from Roy et al. 6 . S. pombii had only the three growth conditions and ‘heat shock 30’. The
DEPKA genes in S. cerevisiae and their orthologs in each indicated species (when present)
were analyzed for each condition. Blue and red indicate low-LFC and high-LFC ohnologs
(respectively) and their syntenic orthologs in Post-WGH species. Purple bars are for the
shared orthologs in Pre-WGH species. Numbers in parentheses indicate the number of re-
tained orthologs. Syntenic ortholog assignment for Post-WGH species is based on the YGOB
database18. (B) Median and Q1-Q3 range of normalized raw expression data from microar-
ray experiments comparing mRNA under exponential growth conditions to genomic DNA
from Tsankov et al. 16 . (C) Diagram of evolution of responsiveness to PKA for a hypothetical
representative paralog pair from DEPKA. The last common ancestor for all budding yeast
and for the Kluyveromyces/Lachancea/Eremothecium (KLE) branch is likely to have had
high basal expression and little responsiveness to PKA inhibition. Responsiveness to PKA
inhibition for any particular paralog pair in DEPKA may have arisen either after the whole
genome hybridization (labeled 1) or in the Zygosaccharomyces/Torulaspora (ZT) branch
(labeled 2) prior to the WGH.
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Figure 3.4: The STRE is enriched in the promoters of DEPKA high LFC paralogs,
and in the promoters of genes induced by stress in various species. A) Motifs
identified using the DREME algorithm from the MEME suite (Bailey, 2011) in the promoters
of all genes activated by PKA inhibition as well as DEPKA high and low-LFC ohnolog sets
(for S. cerevisiae) or their orthologs (for K. lactis) when compared against the promoters of
all genes in the species. E-values are indicated above each motif. The box shows motifs for
the STRE, TATA box, and PDS. B) Cumulative distributions (top) and histograms (bottom)
of the numbers of STREs in the promoters of all genes activated by PKA inhibition as well as
DEPKA high and low-LFC ohnolog sets (for S. cerevisiae) or their orthologs (for K. lactis).
C) Percentage of promoters with 1 or more STRE for the for all genes in a given species, or
for genes that have LFC values above 2.5 for the indicated PKA related conditions from Fig
S4. Black line separates pre-WGH from post-WGH species. Stars mark conditions for which
number of STREs greater than 1 was statistically different than all genes in that species
using Fisher’s exact test. ** pvalue < 1.0e−3, *pvalue < 5.0e−2.
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Figure 3.5: For some DEPKA high-LFC orthologs, the STRE arose in the promoter
in the ZT branch prior to the WGH in some cases and following the WGH for
others. A) Percentage of promoters with 1 or more STREs in all genes in a given species
(grey) or in a subset of the orthologs of DEPKA genes (purple for pre-WGH species and
blue and red for syntenic orthologs of the low and high LFC ohnologs respectively). For
this analysis we only include ortholog pairs which had at least one ohnolog in the pre-WGH
species analyzed, had no more than 8 species with duplicates in pre-WGH species, and had
at least one STRE in the high-LFC ohnolog in S. cerevisiae. Grey dots above a species
indicate that gene expression data is available for stress conditions, and light blue dots are
above S. cerevisiae and K. lactis which also have data for PKA inhibition as well as for
stress conditions. Red labels indicate species for which DEPKA orthologs (for pre-WGH
species) and syntenic orthologs of the DEPKA high LFC ohnologs (for post-WGH species)
were significantly enriched for promoters with 1 or more STRE relative to all genes in the
species (Fig 3.20, p¡0.05, Fisher’s Exact Test). C. glabrata has a purple label indicating that
both DEPKAhigh and low LFC ohnologs were enriched for STREs. B) Number of STREs
in the promoter for two clusters of ohnolog pairs in various species. Grey indicates that
no ortholog was found. Data from pre-WGH species and outgroups was used as input to a
hierarchical clustering algorithm (see Materials and Methods).
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Figure 3.6: Examples of the STRE arising in the promoter of the DEPKA high LFC
ohnolog either prior to or following the WGH. A, B, C) Promoters of orthologs for
(A) EGO2/4, (B) GND1/2 and (C) GPM2/3 for various sequenced yeast species from Shen
et al. 17 with STREs (red triangle) and TATA boxes (blue triangles) highlighted. The first box
after each promoter represents the number of STREs and the second box indicates whether
there is a TATA box within 300 bases of the start codon. Phylogeny is determined from
a multiple sequence alignment of the protein sequences (see methods). Shading represents
different groups of species; blue = Post-WGH, syntenic ortholog to low-LFC ohnolog ; red
= Post-WGH, syntenic orthologs to high-LFC ohnolog ; yellow=Post-WGH, synteny not
determined; green= ZT; light purple=KLE; dark purple=other Pre-WGH; grey=outgroups.
Bar plots show rlog expression with and without 1-NM-PP1.

3.6 Materials and Methods

3.6.1 Plasmids and strain construction

All plasmids and strains used in this study are listed in Tables S[plasmids] and S[strains].

The S. cerevisiae TPK1/2/3(AS) base strain was a generous gift of Nan Hao and Erin

O’Shea (Hao and O’Shea, 2011) and in addition to containing the gatekeeper point

mutations (M164G, M147G and M165G for TPK1, TPK2, and TPK3 respectively), the

strain contained an NHP6A-IRFP nuclear marker which was not used in this study.

The K. lactis TPK2/3(AS) strains (yBMH132, yBMH078) were constructed using a single

plasmid CRISPR strategy based on Ryan and Cate 59 . In order for the single Cas9/sgRNA

expression vector to work in K. lactis we used Gibson assembly to combined Cas9 and

sgRNA expression constructs on a backbone with an autonomously replicating sequence

from K. lactis which has been shown to be expressed in a variety of budding yeast

species60. The base Cas9/sGRNA expression vector and the Pan-ARS backbone were

generous gifts from Jaimie Cate and Maitreya Dunham respectively. The targeting
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sequence for that guide was changed using Gibson assembly combining PCR products

containing a new guide sequence with the digested backbone from a previously assembled

sgRNA plasmid. Donor constructs were designed to have at least 300 bp of homology

upstream and downstream from the point mutation, as well as a heterology block,

synonymous mutations in the location of the sgRNA target that prevent recutting by the

Cas9/sgRNA complex as described in Horwitz et al. 20 . The donor cassette was printed by

SGI-DNA, inc. and integrated into a PUCGA 1.0 backbone.

Our K. lactis WT strain (yLB13a, a generous gift of Alexander Johnson) was made

auxotrophic for URA by counterselecting on 5-FOA. Several colonies that survived the

counterselection were sequenced and were missing a 1.8 kb region of the original strain’s

genome that had contained the URA marker surrounded by homologous LTRs.

The transformation for the CRISPR gene editing mutation for the K.lactis TPK2/3(AS)

strain used for RNA-seq and growth experiments (yBMH132) was performed using a

standard Lithium Acetate protocol designed for transformations in S. cerevisiae based on

the one published in Lee et al. 81 . Briefly, yeast colonies were grown to saturation overnight

in YPD, then diluted in the morning to achieve an OD of 0.8 in 5 hours (assuming a

doubling time of 110 min and lag time of 90 min). For each transformation, 4ml of cells

were pelleted and washed once with water and twice with 100mM Lithium Acetate. A

transformation mix was made by resuspending cells in 17µl water, 80µl 50% PEG-3350,

12µl 1M Lithium Acetate, and 8µl 10mg/ml salmon sperm DNA (Invitrogen 15632-11).

117µl of the transformation mix was then combined with up to 20µl DNA. The

DNA/transformation mix was incubated at 42°C for 25-30 min, pelleted, washed with

water, plated on SD-URA plates, and incubated for 2-3 days for S. cerevisiae and 3-4 days

at 30°C for K. lactis strains. The DNA mix contained 5µg Donor DNA PCR amplified and

column purified from the Donor DNA plasmid, and 1µg guide plasmid.

The transformation for the CRISPR gene editing mutation for the K.lactis TPK2/3(AS)
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strain used for the KL.Msn2 nuclear localization experiment (yBMH078) was performed

using a variation of a Lithium Acetate Protocol graciously provided by Jamie Cate. Cells

were grown overnight to saturation and then 100ml (or 7.5ml/ transformation) of cells

were grown to OD-600 of 0.8. Competent cells were made by washing twice in LATE buffer

(100mM Lithium Acetate, 10mM Tris-HCL ph8.0, 0.1mM EDTA ph8.0) and resuspended

in 300µl LATE, mixed with 300µl 50% glycerol, aliquoted, and frozen at -80°C. For

transformation, 90µl thawed competent cells were mixed with 10µl ssDNA, 1 µg

CAS9-sgRNA plasmid, 5µg PCR amplified and gel purified donor DNA, 900µl

PEG+LATE buffer (40% PEG, 100mM Lithium Acetate, 10mM Tris-HCL ph8.0, 0.1mM

EDTA ph8.0) incubated for 30min at 30°C followed by 17 min heat shock at 42°C.

Following heat shock, cells were washed in YPD, and recovered for 2 hours at 30°C. Plates

were then washed in 1x TE buffer and plated onto SD-URA and incubated at 37°C for

12-24 hours followed by 2-3 days at 30°C. Following verification of CRISPR point muations

and deletions by sequencing, the Cas9-sgRNA plasmids / expression vectors were removed

using counterselection on 5-FOA.

Plasmids for Msn2(C649S) and KL.Msn2(C623S) fluorescent reporters were constructed

using restriction digestion and ligation of PCR products. The point mutations that ablate

DNA binding for these transcription factors were made using quick change mutagenesis.

Backbones for the K. lactis insertion vectors (pTS36 and pTS121) were a generous gift of

Alexander Johnson. In addition to containing an mCherry based fluorescent reporter for

their endogenous Msn2 transcription factors, each strain carried a Venus based fluorescent

reporter for the Msn2 transcription factor from the opposite species which was not

analyzed for this study.

Transformations for the S. cerevisiae Msn2 nuclear localization strains (yEW051 and

yEW052) were done using a similar lithium acetate protocol as for yBMH132, except for

the following variations. An initial amount of 2ml of cells at OD600 of 0.6 were used, the
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pellet was washed and resuspended in LATE buffer and 30 µl of cell resuspension was

combined with 2µl salmon sperm DNA, 120µl 50% PEG-3350, 30µl LITE and 2-5µg

digested integration plasmid in 10µl water. Following heat shock cells were washed with

10mM Tris-HCL ph8.0, 0.1mM EDTA ph8.0 (TE) buffer and plated on selective media.

Transformations for the K. lactis Msn2 Nuclear localization markers were performed using

an electroporation procedure based on that described in Kooistra and Steensma 82 with the

following variations. Initially 50ml of OD 0.8 cells were used, wash and DTT buffer

volumes were halved, and the volume of final resuspension in electroporation buffer was

240µl. For each transformation, 60µl resuspended cells, originating from about 12.5ml OD

0.8 cell suspension, were mixed with 5µl ssDNA, and 10-20µl DNA mix prior to

electroporation, recovery, and plating. DNA mix consisted of 1.5µg cut and column

purified integration plasmids in water.

The CRISPR deletion cassettes for S. cerevisiae Msn2/4 deletions were constructed using

the plasmids and golden gate protocol from noa 83 which incorporates in vivo homologous

recombination to complete the Cas9/sgRNA expression plasmid per Horwitz et al. 20 . A

similar set of plasmids was constructed to replace the backbone of the integration vector

with the Pan-ARS backbone for use in K. lactis using golden gate cloning. Donor DNA for

these constructs was constructed using a golden gate strategy to insert the donor sequence

into the YTK095 backbone81. The donor sequence was designed to have 60bp homology for

S. cerevisiae and 300bp homology for K.lactis to delete the Msn2/4 or KL.Msn2 proteins

respectively. Because, unlike standard deletions, there would be no selection marker

expressed in between the endogenous promoter and the 5’UTR, and thus nothing to

prevent expressing the next open reading frame downstream of the deletion at the level of

the endogenous deleted protein, we removed 250bp of the promoter of each protein targeted

for deletion in addition to removing their coding sequences. Donor inserts were built using

3 sets of annealed oligos for S. cerevisiae or ordered as GeneBlocks (IDT) for K. lactis.
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Transformations for the CRISPR gene deletions of Msn2/4 in S. cerevisiae (yBMH168,

yBMH170) and KL.Msn2 in K. lactis (yBMH201) were performed using the same standard

Lithium Acetate protocol as for yBMH132. The DNA mix for S. cerevisiae contained 20ng

of BsmBI digested and column purified Cas9/sgRNA expression vector, 40ng of EcoRV

digested and column purified sgRNA insertion vector for each mutation (Msn2 and Msn4),

and 400ng PCR amplified and column purified donor DNA for each mutation. The DNA

mix for K.lactis contained 100ng BsaI digested and column purified Cas9/sgRNA

expression vector, 200ng of EcoRV digested and column purified sgRNA insertion vector,

and 2µg PCR amplified and column purified donor DNA for each mutation.

3.6.2 Microscopy

Yeast were grown overnight to saturation in 4ml SDC. In the morning they were diluted to

get OD 0.2 after 5 hours (6.5 hours for K. lactis) assuming a lag time of 90 min for both

species and a doubling time of 115 for S. cerevisiae and 130 min for K. lactis. 96 well

glass-bottom plates (Brooks Life Science Systems MGB096-1-2-LG-L) were prepared for

imaging by coating with 0.25mg/ml concanavalin A (Sigma-Aldrich C2010, resuspended in

distilled water) (ConA) for 30 min and washed twice with SDC prior to adding cells. Cells

were sonicated gently (amplitude 1 for 3s using a Misonix S-4000 sonicator with a 1/16in

microtip P/N #418) to separate clumps and incubated in appropriate wells for 30min.

Following incubation, cells were washed twice with 100µl SDC leaving 100µl of SDC in the

well above immobilized yeast cells. After 2-3 initial images 100µl of 2x perturbation media

(SDC plus 1-NM-PP1 for a final concentration of 4µM, or a DMSO control) was added to

the plate. Cells were then imaged every 2-3 minutes until the end of the experiment.

Widefield microscopy images were taken on a Nikon Ti-E inverted scope, with an

incubation enclosure set to 30°C, and mercury arc-lamp illumination using RFP filters and
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dichroic mirror from the Chroma 89006 ET-ECFP/EYFP/mCherry filter set. The

microscope’s perfect focus system was used to maintain focus on the samples throughout

the experiment. The microscope was controlled with micro-manager software version 1.4.17

using the High Content Screening Site Generator Plugin84. Images were taken with an

Andor 512 pixel EMCCD camera (897 iAxone DU-897E) using a 40x objective (Nikon

Planfluor 40x/0.75) and 1.5x optical zoom.

Image analysis was conducted using custom MATLAB scripts located at

https://github.com/heineike02/image_analysis . Briefly, RFP images are background

subtracted, smoothed, and cells are identified using the Lucy-Richardson deblurring

algorithm (MATLAB function deconvlucy) with 5 iterations based on an image of a single

typical cell of the appropriate species. For each identified cell, nuclear localization is

calculated as the mean intensity of the top 5 brightest pixels to the median pixel intensity.

3.6.3 RNA sequencing

Cells were grown overnight at 30°C in YPD to saturation, and then diluted to obtain a

30ml of cells with an OD600 of 0.5 in 4-6 hours assuming a lag time of 90 min and a

doubling time of 90 min for S. cerevisiae and 110min for K. lactis. The culture was then

divided into two 12ml treatment and control cultures and 3.6µl of 10mM 1-NM-PP1 (for a

final concentration of 3µM) or DMSO was added respectively. Each culture was incubated

while shaking at 250RPM and 30°C and split into two 5ml aliquots prior to spinning down

at 3850RPM (331rcf) an Eppendorf 5810R benchtop centerfuge for 3min. After spinning

down, supernatants were poured out and remaining supernatant was aspirated off with a

P1000 pipette. Cells were then flash frozen in liquid nitrogen and stored at -80°C.

RNA extraction was performed using the hot acid-phenol extraction protocol of Soĺıs

et al. 14 with the following changes. Initial cell volume was 5ml instead of 1.5ml and thus
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the initial spin for collecting the cells was done for 3min at 3850RPM (331rcf) instead of

30s at 13000RPM (15871rcf). Acid-phenol:chloroform:isoamyl alcohol (IAA) (125:24:1), pH

4.5 (AM9722) was used instead of pure Acid-Phenol because the chloroform aids in the

separation of nucleic acid from proteins and lipids, and the IAA prevents foaming. The

spin following heat incubation was performed at room temperature instead of at 4°C. A

second 400µl chloroform wash was included prior to removing the aqueous phase from the

phase lock tubes. 22µl of 3M NaOAc, pH5.2 was added instead of 30µl to precipitate the

DNA. Ethanol Precipitation was done overnight instead of for 30 min.

Total RNA was aliquoted and stored at -80°C. Prior to library preparation, total RNA

concentration was measured estimated using a Nanodrop 2000c spectrophotometer and

screened for quality by electrophoresis. For electrophoresis, a formamide based loading dye

was used to run samples on a 1.2% agarose gel in TBE buffer. Select samples were also

checked for quality using an Agilent 2100 Bioanalyzer with an RNA 6000 Pico chip. 3’

Sequencing Libraries were prepared using the Lexogen QuantSeq 3’mRNA-Seq Library

Prep kit FWD using dual indices for each sample. Select libraries were checked for quality

on the Bioanalyzer using a High Sensitivity DNA chip. Library concentrations were

calculated using a Qbit 2.0 Fluorometer (Invitrogen), and 2.65 ng per sample were pooled

and sequenced on an Illumina Hiseq 4000 sequencer to an average depth of between

245,000 and 5.6 million reads per sample (median 2.53 million). At least 3 replicates were

collected for each sample and condition.

Sequencing data was trimmed, aligned, and checked for quality using the Bluebee genomics

analysis pipeline. S. cerevisiae samples were run using the “FWD S. cerevisiae (R64)

Lexogen QuantSeq 2.2.3” protocol, and K. lactis samples were run using the “FWD K.

lactis (ASM241v1) Lexogen Quantseq2.2.3” protocol. The counts generated with these

pipelines used the saccharomyces cerevisiae R64-2-2 20170117 GFF for S. cerevisiae, and

many of the 3’ sequencing reads fell into unannotated 3’UTR regions. We therefore created
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a modified GFF file which included 3’ UTRs from (Nagalakshmi et al., 2008). We had a

similar issue for the K. lactis reads, but as there is no definitive studies annotating the K.

lactis 3’UTR, we created a K. lactis GFF with 400bp extensions for each annotated gene

serving as estimated 3’UTR regions. We then recalculated gene counts for each species

using htseq in intersection-nonempty mode. Custom scripts and the updated GFF files used

for these calculations are available at https://github.com/heineike02/UTR_annotation

and https://github.com/heineike02/rna_seq_processing.

Gene count data was processed to yield Log Fold Change and pValue estimates using the

DESeq261 package in R (Bioconductor). Log Fold Change and pValue for PKA(AS) strains

(both WT and ∆Msn2/4 or ∆KL.Msn2) in each species was calculated using all replicates

in the respective strain +/- drug at 50 min. Samples which had no counts for any

condition were removed. Rlog values for each replicate in S. cerevisiae and K. lactis was

calculated using a DESEQ call that included data from 59 and 35 samples respectively

which were sequenced in the same run. Mean rlog data for each condition was calculated

by averaging rlog values across replicates. These samples included the WT +/- drug and

AS +/- drug experiments as well as experiments with Msn2/4 deletion and Rph1/Gis1

deletion mutants. To calculate distributions of rlog values for all genes in S. cerevisiae, 443

orfs classified as dubious in the saccharomyces cerevisiae R64-2-2 20170117 GFF were

filtered out. Custom scripts for further RNA sequencing analysis and enrichment are

located at https://github.com/heineike02/expression_broad_data

3.6.4 GO term enrichment analysis

The GO Slim database used for analysis was downloaded from SGD on 201804122, and

only Biological Process terms were analyzed. Fisher’s exact test was used to test the

hypothesis that the proportion of genes with a particular GO Slim term in a given set is
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greater than would be expected given the distribution of that term in a background set.

The background set for the genes only activated or repressed in S. cerevisiae was all genes

in S. cerevisiae. The background set for the set of genes whose orthologs were also

repressed in K. lactis, the set whose orthologs were also activated in K. lactis, the set

which was not activated in S. cerevisiae but whose orthologs were activated in K. lactis

and the set which was not repressed in S. cerevisiae but whose orthologs were repressed in

K. lactis was the set of all genes in S. cerevisiae which contain orthologs in S. cerevisiae.

3.6.5 Ohnolog and ortholog assignment

Our ohnolog dataset for S. cerevisiae was downloaded from the Yeast Genome Order

Browser (YGOB) website on 20171016. Fisher’s exact test was used to test the hypothesis

that the proportion of ohnologs in a given set is greater than would be expected given the

distribution of ohnologs in the background set. The same test sets and background sets

were used as for GO term enrichment analysis.

Ohnolog sets for other species were identified using the “pillars” database downloaded from

the Yeast Genome Order Browser on 20160908.

Orthology assignments between S. cerevisiae and K. lactis were generated using the

YGOB pillars database.

We used orthology assignments from the fungal orthogroups41 for comparisons of

microarray data from Roy et al. 6 and Thompson et al. 5 when present. That database

contained no orthology assignments for V. polymorpha, so orthology assignments from S.

cerevisiae to V. polymorpha were generated using YGOB pillars. Also the genenames used

for K. lactis on the fungal orthogroups website and in those microarrays was inconsistent

with the standard genenames which is what is used by YGOB. We therefore generated a
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mapping for mismatched genenames between the two species using protein similarity based

on the genome sequences provided by each study. To generate a similarity score between

candidate proteins we used the pairwise2.align.globalms function from biopython with the

following parameters: match points=1, mismatch points=-1, gap open=-0.5, gap extension

= -0.1. We then took as candidates the top 5 genes above a particular threshold (in the

case of K. lactis, 138). We kept the top candidate and any lower scoring candidates as long

as there was not a drop in 10 points between that candidate and the next highest scoring

gene.

The fungal orthogroups mappings for N. castellii also did not use standard genenames, so

in order to generate orthologs from N. castellii to V. polymorpha to see how the orthologs

of genes differentially expressed under stress in N. castellii behaved in V. polymorpha we

first needed to generate a similar mapping of the N. castellii gene name from the fungal

orthogroups index to that of YGOB. We used the same protocol as for K. lactis with a

threshold score of 115.

To generate orthologs from V. polymorpha to other species with microarray data in order

to analyze how orthologs of genes differentially expressed under PKA related stress

conditions behaved in other species those species, we had to generate similar protein

sequence based mappings from the YGOB genename for a particular species to the fungal

orthogroups genename for N. castellii, K. lactis, and S. mikatae with threshold scores of

120, 138, and 130 respectively.

To identify syntenic orthologs of DEPKA genes within post-WGH species in order to

analyze their promoters, we used YGOB with a window of +/-8.

To determine orthology of genes from Shen et al. 17 , we used orthogroups as defined by that

paper’s orthomcl.clusters.txt file.

To identify syntenic orthologs within the post-WGH species for our three example ohnolog
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pairs (EGO2/4, GND1/2, and GPM2/3) we used YGOB to generate a syntenic alignment

with a window of +/- 8 genes around each example gene. We then extracted the

surrounding genes from the sequenced genomes for all species and assigned orthology for

the surrounding genes based on presence in the same orthogroup as S. cerevisiae and K.

lactis genes. To do this, we also had to generate a mapping based on protein sequence from

the K. lactis standard gene name to the gene identification numbers assigned in Shen

et al. 17 using the pairwise alignment procedure described above and a threshold score of

110. We then manually curated synteny based on the pattern of orthologs present.

3.6.6 Microarray data processing

Gene expression datasets from microarrays measuring the response to stress conditions in

various budding yeast species from Thompson et al. 5 (GSE36253) and Roy et al. 6

(GSE38478) were downloaded from the NCBI Gene Expression Omnibus

(https://www.ncbi.nlm.nih.gov/geo). The data represented Log Fold Change of intensity

for the experimental condition divided by the control condition. Where there were multiple

datapoints for the same gene name, the median value was used. We took the median value

of technical replicates. To compare data across species, we combined all data for all

conditions for a given species into a single dataset, and then used the mean and standard

deviation to center and normalize all data for that species.

Microarray data estimating raw expression by comparing mRNA from cells collected

during exponential growth on rich media to genomic DNA from Tsankov et al. 16

(GSE22193) were downloaded from the NCBI Gene Expression Omnibus

(https://www.ncbi.nlm.nih.gov/geo). The median of all data that had more than one

spot per gene name was used for each gene name. Data for replicates were quantile

normalized85 using the implementation of
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(https://github.com/ShawnLYU/Quantile_Normalize), and then the median of the

replicates was used for each gene name. Before comparing data across species, the data

were mean-centered and normalized by the standard deviation.

3.6.7 Identification of PKA targets

Genes were classified as activated and repressed by PKA inhibition for GO term and

Ohnolog enrichment analysis in both S. cerevisiae and K. lactis as illustrated in Fig 3.8. A

minimum p-value was defined −log10(pvalue) > ymin where ymin = 1.5. An LFC threshold

that depended on the p-value was chosen (so that genes with high pvalues required a larger

LFC in order to be members of the set). The threshold lines are described in

(LFC,−log10(pvalue)) coordinates by (x1, y1) and (x2, y2) for both S. cerevisiae and K.

lactis. The coordinates that described the LFC threshold for genes activated by PKA

inhibition were (x1,act, y1,act) = (2.0, 15.0), (x2,act, y2,act) = (2.5, 0.0), and those describing

the LFC threshold for genes repressed by PKA inhibition were

(x1,rep, y1, rep) = (−2.5, 0.0), (x2,rep, y2,rep) = (−2.0, 15.0) and ymin = 1.5.

3.6.8 Differential expression definition

In S. cerevisiae we identified differentially expressed genes by first identifying ohnolog pairs

in which one member of the pair was either activated or repressed more than twofold

(LFC¿2.0 for or LFC¡-2.0, respectively) with a log10(pvalue) less than -1.5. We then

retained from this set members where the other ohnolog in the pair did not change in the

same direction, specifically having LFC less than 1.5 or LFC greater than -1.5 respectively.

We also further required that the difference of estimated LFC between the two paralogs be

greater than 2.0 in LFC. In other species, and for DEScer
Stress, we identified differentially

expressed genes by first defining an estimated Log Fold Change by averaging across the 3-5
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(depending on the species) PKA inhibition related conditions (LFCest). As in the S.

cerevisiae RNA-seq data, we first identified ohnolog pairs in which one member of the pair

was activated (LFCest > 1.8), and retained pairs in which the other member was not

activated (LFCest < 1.6). We also required that the difference in LFCest between the

activated and non-activated ohnolog was greater than 1.8. These thresholds were chosen

because they yielded a good overlap between DES
Stresscer and DEPKA.

3.6.9 Promoter extraction, motif enrichment, and clustering

Promoter sequences were taken to be the minimum of the [700bp] upstream of the start

codon or upstream bases on the scaffold. S. cerevisiae promoters were taken from SGD.

Promoters for K. lactis were extracted gene by gene using NCBI E-utilities. Promoters for

YGOB species used in motif analysis for genes that were targets of PKA related stress

conditions (Fig 3.10C), as well as for counting STRE motifs in post-WGH species (Fig 3.5)

were extracted from the genomes for those species on the YGOB website. Promoters for

genes in pre-WGH species from the genomes published in Shen et al. 17 were extracted from

those genomes using custom scripts available at

https://github.com/heineike02/y1000plus_tools,

To analyze promoters of the orthologs of DEPKA genes in 32 pre-WGH Saccharomycota

species and 9 outgroups, we first identified orthologs using orthogroups calculated in Shen

et al. 17 . We removed any ohnolog pairs that did not contain any STREs in the high-LFC

ohnolog reasoning that the high-LFC ohnolog in those pairs were induced through a

mechanism that doesn’t require the STRE. We also removed pairs that had that had no

orthologs in pre-WGH species (such as USV1/RGM1). Finally, we removed pairs that had

more than one ortholog in more than 8 pre WGH species. This was to avoid ohnolog pairs

that were present as duplicates before the WGH (such as the hexose transporters) and
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ohnolog pairs whose pre-WGH orthologs may have undergone a duplication following the

WGH, but still ancient enough to be present in several species (such as SNF3/RGT2).

This left 60 of 91 DEPKA ohnolog pairs.

De novo motif identification was conducted on indicated sets of promoters using the

DREME algorithm from the MEME suite86 with default promoters and a background set

of all promoters from either S. cerevisiae or K. lactis as appropriate.

STRE (CCCCT) and TATA box (TATA(A/T)A(A/T)(A/G)) motifs were identified by

looking for exact matches within the promoters, and enrichment was calculated using

Fisher’s exact test. In order to identify evolutionary trends in STRE appearance before the

WGH, we clustered DEPKA ohnolog pairs based on the number of STREs in the promoters

of their orthologs in 32 pre-WGH Saccharomycota species and 9 outgroups. We created a

distance matrix for the 60 ohnolog pairs by using the correlation distance between two

rows with missing values removed. Rows were then hierarchically clustered

(scipy.cluster.hierarchy) using the ‘average/UPGMA’ linkage method. Separate clusters

were defined using the fcluster method with the ‘inconsistent’ parameter set to 1.1.

3.6.10 Phylogenetic trees

Phylogenetic trees for example proteins were constructed based on the protocol from Shen

et al. 17 . Protein sequences of all orthologs for the subject ohnolog pair were identified

based on orthomcl clusters from that paper. For EGO2/4 there were two separate clusters,

and so protein sequences for the two clusters were combined for the analysis. A multiple

sequence alignment was created using MAAFT version 6.24087 using –genafpair and

–maxiterate 1000. These multiple sequence alignments were then trimmed with trimAL

v1.4.rev2288 with the -gappyout option. Phylogenetic trees were then constructed using

IQ-TREE v1.5.589 with default parameters and outgroups specified.
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3.7 Supplementary Tables

Table 3.1: GO term enrichment for PKA targets in S. cerevisiae and K. lactis
GO term enrichment was calculated from the GO Slim Dataset downloaded from SGD on
201804122 and p-values were calculated using Fisher’s exact test against a background of
either all genes in S.Cerevisiae (S. cerevisiae only activated and repressed groups) or all
genes in S. cerevisiae that contain a K. lactis ortholog (K. lactis only and both S. cerevisiae
and K. lactis repressed and activated groups).

Go Terms
N subset genes 

with goterm
P-value

pct with go 
term in 
subset

pct with go 
term in 

background

pct of all genes 
with go term  
from subset

Example Genes

generation of precursor 
metabolites and energy

34 4.71E-10 9.5% 2.5% 23.6%
Cellular Respiration genes + TDH1, 
NDE2, GLG1/2 

response to oxidative stress 22 1.73E-06 6.1% 1.7% 22.0% NQM1, CTT1, HSP12, ZWF1

carbohydrate metabolic process 30 8.56E-06 8.4% 3.3% 16.0% NDE2, TPS2, GSY2, CAT8

biological process unkown 108 8.69E-06 30.2% 20.1% 9.3%
 YBR085C-A, YIL100C-A, YDR193W, 
YOR343C, YHR193C-A

cellular respiration 17 2.21E-05 4.7% 1.3% 22.4% COX5B, CYC7, CIT1, SHH4
cofactor metabolic process 22 2.05E-03 6.1% 3.0% 12.8% SOL4, TKL2, GPD1, NDE2, ZWF1

biological process unkown 46 1.90E-06 24.6% 11.9% 7.8%
 'FMP23', 'YLR307C-A', 'YDR248C', 
'YDL186W',

meiotic cell cycle 20 2.19E-03 10.7% 5.2% 7.8% RME2, UME6, SPO22, SPO16
conjugation 11 5.86E-03 5.9% 2.3% 9.6% STE18, GPA1, FUS3, STE4

biological process unkown 43 5.48E-08 28.5% 11.9% 7.3%
'YLR149C', 'FMP46', 'LEE1', 'UIP4', 
'MHO1',

carbohydrate metabolic process 19 2.89E-06 12.6% 3.5% 11.0% TSL1, SIP4, GPH1, SGA1, SIP4

oligosaccharide metabolic 
process

5 4.66E-04 3.3% 0.4% 27.8%
TPS1, TPS3, TSL1, PGM2, ATH1

vacuole organization 9 1.47E-03 6.0% 1.7% 10.8% ATG1/2/3/4/8/9/17, PBI2, YHR138C

cellular amino acid metabolic 
process

27 3.78E-07 10.5% 3.3% 14.3% HIS4, ARG8, ARO7, GLN1

tRNA processing 19 1.02E-06 7.4% 1.8% 18.1% TRM1/3/7/10/11/732, PUS4
RNA modification 17 6.36E-06 6.6% 1.7% 17.3% TRM1/3/7/10/11/732, BUD23

nucleobase-containing small 
molecule metabolic process

20 4.11E-04 7.8% 3.2% 10.9% URA1/5, CYC1, HXK2, TKL1

tRNA aminoacylation for protein 
translation

7 1.80E-03 2.7% 0.6% 20.0% DED81, VAS1, SES1, THS1, ILS1

mitochondrial translation 58 8.46E-33 22.3% 2.5% 46.4%
MRP1/2/10/24/13/49, MRPL 
1/2/3/6/7/8/9/10/11/13/15/17/20/25/28/31/
32/33/35/36/38/40/44/49

mitochondrion organization 78 9.07E-25 30.0% 7.5% 21.0%
Overlap w/ mitochondrial translation, 
MTO1, TIM9/22/44, ATP23

RNA modification 16 1.31E-04 6.2% 2.0% 16.5% PAP2, IME4, PUS1/6, TRM5/112

tRNA processing 14 1.60E-03 5.4% 2.0% 13.9%
Overlap w/ tRNA processing, POP4,  
SEN2

rRNA processing 169 2.36E-87 38.4% 4.7% 71.9% Various RPS, RPL, UTP genes
cytoplasmic translation 135 4.71E-74 30.7% 3.2% 84.4% Various RPS, RPL genes, TMA19/46
ribosomal small subunit 

biogenesis
108 9.44E-58 24.5% 2.6% 83.1% Various RPS, UTP genes, NOP6/7/14

ribosomal large subunit 
biogenesis

82 4.01E-42 18.6% 2.1% 78.8% Various RPL genes, NOP2/4/7/12/15/16

ribosome assembly 48 2.62E-25 10.9% 1.2% 82.8% Various RPS, RPL, RRP genes,RPF1
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S.Cer only 
activated

(358 genes)

K.Lac only 
activated 

(187 genes)

Activated in 
S.Cer and 

K.Lac
(151 genes)

S.Cer only 
repressed

(257 genes)

K.Lac only 
repressed 

(260 genes)

Repressed in 
S.Cer and 

K.Lac
(440 genes)
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Table 3.2: Enrichment for ohnologs in PKA targets in S. cerevisiae and K. lac-
tis Enrichment for ohnologs in various gene sets in S. cerevisiae defined by activation or
repression following PKA-inhibition in S. cerevisiae or by the gene’s ortholog in K. lactis.
Background set for S. cerevisiae only activated and repressed genes is all S. cerevisiae genes.
Background set for other groups includes only S. cerevisiae genes with K. lactis orthologs.

N subset genes that 
are ohnologs

P-value
pct ohnologs in 

subset
pct ohnologs in 

background
pct of all ohnologs 

from subset
S. Cer 

activated
155 2.67E-10 30.5% 18.4% 14.7%

S.Cer only 
activated

121 1.56E-11 33.8% 18.4% 11.4%

K.Lac only 
activated

36 7.37E-01 19.3% 20.9% 3.5%

Activated in 
S.Cer and 

K.Lac
34 3.49E-01 22.5% 20.9% 3.3%

S. Cer 
repressed

179 4.88E-06 25.7% 18.4% 16.9%

S.Cer only 
Repressed

53 2.05E-01 20.6% 18.4% 5.0%

K.Lac only 
repressed

48 8.49E-01 18.5% 20.9% 4.6%

Repressed in 
S.Cer and 

K.Lac
126 1.55E-04 28.6% 20.9% 12.2%

S. Cer no 
change

724 1.00E+00 15.9% 18.4% 68.4%
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Table 3.3: S. cerevisiae strains See Methods for details on strain construction. All
deletion mutants remove 250bp upstream of the start codon to the stop codon.

Description Background Plasmids used Genotype Transformation Protocol
Label

HES 5-41 WT
W303 MATa ADE+, leu2, his3, trp1,

ura3, can1
- NaN -

yBMH3511 AS
W303 MATa ADE+, leu2, his3, trp1,

ura3, can1, GAL+, psi+
-

TPK1(M164G), TPK2(M147G) and TPK3(M165G)
(TPK1/2/3-AS)

Nhp6a-iRFP (Kan)
-

yEW051
WT

Msn2 Nuc Loc
HES 5-41 EW003, BMH049

SC.Msn2(C649S)-mCherry(TRP),
KL.Msn2(C523S)-YFP (LEU),

TPK1/2/3-AS, Nhp6a-iRFP (Kan)
LioAC 1

yEW052
AS

Msn2 Nuc Loc
BMH35 EW003, BMH049

SC.Msn2(C649S)-mCherry(TRP),
KL.Msn2(C523S)-YFP (LEU)

LioAC 1

yBMH168
WT

∆ Msn2/4
HES 5-41

Cas9-sGRNA Expression Vector: pWS158

Donor DNA:
Msn2: BMH137
Msn4: BMH138

Guide Plasmid:
Msn2: BMH125
Msn4: BMH127

URA-
∆Msn2 ∆Msn4

LioAC 2

yBMH170
AS

∆Msn2/4
BMH35 As in yBMH168

URA-
TPK1/2/3(AS)
∆Msn2 ∆Msn4

LioAC 2

Table 3.4: K. lactis strains See Materials and Methods for details on strain construction.
All deletion mutants remove 250bp upstream of the start codon to the stop codon.

Description Background Plasmids used Notes Transformation Protocol
Label

YLB13a64 WT
YLB13a (MATa hm1alpha::URA3, hmra::TRP1,

nej1::LEU2, trp1, leu2, metA1, uraA1)
- - -

yBMH128 WT (-URA) YLB13a - URA- 5FOA

yBMH132 AS YLB13a

KL.TPK2:
Donor DNA: Amplified from pDON002

dCas9/sgRNA vector: ASP018.
KL.TPK3:

Donor DNA: Amplified from pDON006
dCas9/sgRNA vector: ASP 024

URA-
KL.TPK2(M222G), KL.TPK3(M147G)

(KL.TPK1/3-AS)(G3)
LioAC 3, 5-FOA

yBMH055
WT

KL.Msn2 Nuc Loc
YLB13a BMH035

pKL.RPS25a-KL.Msn2(C623S)-mCherry
HGH::TRP1 locus

Electroporation

yBMH078
AS

KL.Msn2 Nuc Loc
YLB13a

BMH035, BMH059
KL.TPK2:

Donor DNA: Amplified from pDON001
dCas9/sGRNA vector: ASP017.

KL.TPK3:
Donor DNA: Amplified from pDON006

dCas9/sgRNA vector: ASP024

URA-
KL.TPK1/3-AS (G2)

pKL.RPS25a-KL.Msn2(C623S)-mCherry
HGH::TRP1 locus

pKL.RPS25a-SC.Msn2(C649S)-YFP
NAT::LEU2 locus

LioAC 2, 5-FOA, Electroporation

yBMH201
AS

∆KL.Msn2
yBMH132

Cas9-sgRNA Expression Vector: BMH120
Donor DNA: Amplified from BMH140

Guide Plasmid: BMH132

URA-
KL.TPK1/3-AS

∆KL.Msn2
LioAC 2
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Table 3.5: Plasmids See Methods for details on plasmid construction.

Bacterial Marker Target Yeast Species Backbone (Target::Marker) Description Addgene ID
Name

EW003 Amp S. Cerevisiae pNH604 (TRP1::TRP) pSC.ADH1-SC.Msn2(C649S)-mCherry
BMH049 Amp S. Cerevisiae pNH605 (LEU2::LEU) pSC.ADH1-KL.Msn2(C523S)-Venus
WS158 Kan S. Cerevisiae 2µ Plasmid (URA) Cas9-sgRNA expression vector 9051783

WS082 Amp sgRNA guide entry vector 9051683

BMH125 Amp WS082 sgRNA guide : SC.Msn2 (GCTACTGTTATTATGTGACG)
BMH127 Amp WS082 sgRNA guide : SC.Msn4 (AAGGTACTGCCACTACTGAG)
BMH137 Amp YTK095 ∆SC.Msn2 Donor
BMH138 Amp YTK095 ∆SC.Msn4 Donor

ASP017 Amp
K. Lactis

budding yeast
Pan-ARS plasmid (URA)

Cas9-sgRNA vector: KL.Tpk2 Guide A
(CTGCATAAAACTTAGCCACA)

DON001 Amp pUCGA 1.0

KL.Tpk2(M222G) Donor A
Heterology Block: PVAKFYA(160-166)

CCT GTG GCT AAG TTT TAT GCA →
CCA GTT GCC AAA TTC TAC GCT

ASP018 Amp
K. Lactis

budding yeast
Pan-ARS plasmid (URA)

Cas9-sgRNA vector: KL.Tpk2 Guide B
(TGAAAGACGGATGTTAAAGC)

DON002 Amp pUCGA 1.0

KL.Tpk2(M222G) Donor B
Heterology Block: DERRMLKL(109-116)

GAT GAA AGA CGG ATG TTA AAG CTG →
GAC GAG AGG AGA ATG CTA AAA TTG

ASP024 Amp
K. Lactis

budding yeast
Pan-ARS plasmid (URA)

Cas9-sgRNA vector: KL.Tpk3
(CCTTTCATAATTAGAATGTG)

DON006 Amp pUCGA 1.0

KL.Tpk3(M147G) Donor Plasmid
Heterology Block: PFIIR(203-207)

CCT TTC ATA ATT AGA →
CCA TTT ATC ATA AGG

BMH035 Amp K.Lactis TS36 TRP1::HGH pKL.RPS25a-KL.Msn2(C623S)-mCherry
BMH059 Amp K.lactis TS121 LEU2::NAT pKL.RPS25a-SC.Msn2(C649S)-Venus

BMH120 Kan
K. Lactis

budding yeast
Pan-ARS(URA) / WS158 Cas9-sgRNA expression vector

BMH119 Amp WS082 sgRNA guide entry vector
BMH132 Amp BMH119 sgRNA guide : KL.Msn2 (AATCGACGGAATACCATACG)
BMH140 Amp YTK095 ∆KL.Msn2 Donor
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3.8 Supplementary Figures

A B

10min-2min

WT No Drug

AS 1-NM-PP1

WT 1-NM-PP1

AS No Drug

10min-2min

S. Cerevisiae -K. Lactis

C

Figure 3.7: PKA inhibition inhibits growth and causes Msn2 nuclear localization
in S. cerevisiae and K. lactis. A) WT and PKA(AS) S. cerevisiae and K. lactis strains
were grown in YPD in the presence or absence of 3um 1-NM-PP1 and OD600 was measured
every 20min. Standard Deviation of at least 4 technical replicates is shown. C) Microscope
images from data in Fig1 A) and B). WT and AS strains were grown in SDC and imaged
either 2 minutes before or 10 minutes after adding control media or 4µM 1-NM-PP1.
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Figure 3.8: Thresholds defining genes activated and repressed by PKA inhibition
in S. cerevisiae and K. lactis. LFC v.s. −log10(pvalue) for targets of activation
and repression in each species were defined as all genes that fell above the line defined by
the points (x1, y1) and (x2, y2), and for which −log10(pvalue) > ymin. For both A) S. cere-
visiae and B) K. lactis, (x1,act, y1,act) = (2.0, 15.0), (x2,act, y2,act) = (2.5, 0.0), (x1,rep, y1,rep) =
(−2.5, 0.0), (x2,rep, y2,rep = (−2.0, 15.0) and ymin = 1.5.
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Figure 3.9: Basal expression (rlog) for DEPKA low and high LFC ohnologs and
their shared orthologs in K. lactis. Data are from PKA(AS) strains with no drug
during exponential growth. Gray boxes indicate missing orthologs in K. lactis.

Figure 3.10: Correlation between PKA inhibition and stress gene expression data
The stress conditions Diauxic Shift (DS), Post Diauxic Shift (PS), Plateau (PLAT), and heat
shock are most closely correlated with PKA inhibition in both K. lactis and S. cerevisiae.
Pearson’s correlation coefficient between LFC for the indicated condition in Roy et al. 6 and
Thompson et al. 5 and our PKA inhibition data is plotted for S. cerevisiae (x-axis) and K.
lactis (y-axis).
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Figure 3.11: Induction of DEPKA genes during growth to saturation and in re-
sponse to stresses related to PKA inhibition Yellow lines separate pre-WGH species
(on the right) and post-WGH species (two groups on the left). Syntenic orthologs of low-
LFC ohnologs are on the left, and syntenic orthologs of high-LFC ohnologs are in the center.
Where there are three columns, the conditions are ’DS/LOG’, ’PS/LOG’, and ’PLAT/LOG’
from Thompson et al. 5 and where there are five bars, the conditions are those three condi-
tions plus ’heat shock 030’ and ’heat shock 045’ from Roy et al. 6 . S. pombii had the three
growth conditions and ‘heat shock 30’. The DEPKA genes are arranged such that their esti-
mated response to PKA inhibition in the high-LFC ohnolog is more conserved towards the
top and less conserved towards the bottom. Estimated response to PKA inhibition was taken
to be the average of gene induction over all 3-5 conditions. The ohnolog pairs (YDR034W-
B, YBR056W-A), (YCL048W-A, YDR524C-B), (CIS1, YGR035C), (EGO4, EGO2), and
(YOR186W, YLR297W) in DEPKA did not have sufficient data in the microarray experi-
ments to be included in the analysis.
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Figure 3.12: Comparison of RNA-seq and microarray basal expression data The
basal expression data from our RNA-seq experiment are correlated with basal expression
data from Tsankov et al. 16 . A) rlog data from a PKA(AS) under exponential growth in
YPD with no drug is shown on the x-axis, and basal expression from Tsankov et al. 16 is
shown on the y-axis for all genes in S. cerevisiae (left panel) and K. lactis (right panel). B)
The same data as in A for Low-LFC (blue) and High-LFC (red) DEPKA ohnologs from S.
cerevisiae and their shared K. lactis ortholog (purple) are shown on the same plot. Raw
expression data was mean subtracted and normalized by standard deviation (See Materials
and Methods).
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Figure 3.13: Basal expression across DEPKA orthologs for 11 budding yeast species.
Rows and columns are ordered as in Fig 3.11. Basal expression data is from Tsankov et al. 16 .
Data from each species was mean subtracted and normalized by standard deviation (See
Materials and Methods).
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Figure 3.14: Different sets of genes are differentially expressed in different post-
WGH species. We can define ohnolog pairs that have one member activated by PKA-
related stress conditions (Fig 3.10) and which have differential expression in a similar manner
as we defined DEPKA, which we denote for a particular species as DESpecies

Stress (See Materials
and Methods). There is little overlap between DEStress sets defined for different species.
This is partially a result of the fact that the set of ohnolog pairs that is retained decreases
as the evolutionary distance between species increases for post-WGH species90. However,
the overlap of differentially expressed ohnolog pairs is even smaller than would be expected
given the total percentage of retained ohnologs between species. Thus there is no reason
to expect a priori that the same conservation patterns for LFC and basal expression would
hold for differentially expressed ohnolog pairs defined by their expression in distantly related
post-WGH species (e.g. DEScer

Stress v.s. DEV pol
Stress). A) Overlap between DEPKA and DEScer

Stress.
DEStress genes were defined based on the average normalized LFC across the 3-5 PKA
inhibition related conditions (LFCest) as ohnolog pairs for which one ohnolog was activated
(LFCest > 1.8), and the other was not (LFCest < 1.6). We also required that the difference in
LFCest between the activated and non-activated ohnoog was greater than 1.8. The overlap
between the two sets (52 shared ortholog pairs) is statistically significant ( p=1.29E-27,
Fisher’s exact test) B) Overlap of all ohnologs that have data in Roy et al. 6 and Thompson
et al. 5 between species as determined from YGOB pillars18. The number on the diagonal is
the total number of ohnologs with data in that species. C) Overlap between DEStress sets
for various pairs of species. The p-value for a Fisher’s exact test on the null hypothesis that
this overlap is expected based on the overlap of all ohnologs with data (from B) for those
two species is shown below each Venn diagram. The number on the diagonal is the total
number of ohnolog pairs in DEStress for that species.
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Figure 3.15: The conclusion that PKA induction is the derived phenotype is in-
dependent of the species in which DEStress genes are defined. Distribution of LFC
values for PKA related stress conditions as in Fig 3.3A is shown, except focusing on A)
DEScer

Stress, B) DEV pol
Stress, and C) DENcas

Stress.
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DEStress genes for S.Cer and orthologs 

DEStress genes for N.Cas and orthologs 

Figure 3.16: The conclusion that high basal expression is the ancestral phenotype
is independent of the species in which the DEStress genes are defined. Distribution
of basal expression values as in Fig 3.3B is shown, except focusing on A) DEScer

Stress and B)
DENcas

Stress.
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A B

Figure 3.17: Location distribution of STREs in promoters The STRE is localized
closer to the start codon in the promoters of targets of PKA inhibition in S.cerevisiae.
Distribution of STRE distance from start codon for indicated gene sets for A) S. cerevisiae
and B) K.lactis.
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Figure 3.18: Distribution of number and location of TATA boxes in promoters The
TATA box is enriched for targets of PKA inhibition, as well as in orthologs of DEPKA genes
in S.cerevisiae and K.lactis. A) Distribution of number of TATA boxes in the promoters of
indicated sets in S.cerevisiae. B) same for K. lactis. C) Distribution of the distance of TATA
boxes from the start codon in the promoters of indicated sets for S. cerevisiae and D) K.
lactis.
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Figure 3.19: Joint distribution of STREs and TATA boxes There is a high percentage
of promoters with both TATA boxes and STREs in genes induced by PKA in S. cerevisiae,
which is expected based on the enrichment for both motifs in that set. A) Percentages of
promoters in the indicated sets with one or more STRE in combination with one or more
TATA box in the 300bases upstream of the start codon for S.cerevisiae and B) K. lactis.
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OutgroupsLEKZ T Post WGH

WGH

Figure 3.20: pvalue for STRE presence in DEPKA orthologs There is enrichment for
STREs in the promoters of the ZT orthologs of select DEPKA genes, and in the syntenic
orthologs of the DEPKA high-LFC ohnologs. The -log10(p-value) (Fisher’s exact test) testing
the hypothesis that the percentage of promoters with 1 or more STRE is different in the
orthologs of a select set of 60 DEPKA ohnolog pairs than it is for all genes in a given species
is shown. For this analysis we only include ortholog pairs which had 1) at least one ohnolog
in the pre-WGH species analyzed, 2) no more than 8 species with duplicates in pre-WGH
species, and 3) at least one STRE in the high-LFC ohnolog in S.Cerevisiae. Red labels
indicate species for which DEPKA orthologs (for pre-WGH species) and syntenic orthologs
of the DEPKA high-LFC ohnologs (for post-WGH species) were significantly enriched for
promoters with 1 or more STRE relative to all genes in the species (p¡0.05, dashed line).
The purple label for C. glabrata indicates that the promoters of the syntenic orthologs for
both the high-LFC and low-LFC DEPKA ohnologs were enriched.
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Figure 3.21: STRE counts for promoters of DEPKA orthologs There is enrichment for
STREs in the promoters of the ZT orthologs of select DEPKA genes, and in the syntenic
orthologs of the DEPKA high-LFC ohnologs. The number of STREs in the promoters of
the orthologs of the subset of DEPKA genes considered for Fig S14 are shown. Columns are
different species and rows are clustered based on the number of STREs in pre-WGH species
(ZT branch, KLE branch, and outgroups). Grey indicates either no ortholog exists or no
promoter was found in the dataset.
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Figure 3.22: Effect of Msn2 on response to PKA inhibition The expression of many
DEPKA high LFC ohnologs depends on Msn2/4. RNA seq data for PKA(AS) strains with
and without (A) Msn2/4 in S. cerevisiae or (B) their shared ortholog in K. lactis in the
presence of 3µM 1-NM-PP1 at 45 minutes. The solid black line is 1:1. The dashed line in
(A) is a regression line based on the genes (slope 0.57, intercept 0.16) with a negative LFC
in WT cells to illustrate a general decrease in the response to PKA for both repressed and
activated genes in ∆Msn2/4 cells.
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100



Diego Libkind, Carlos A. Rosa, Jeremy DeVirgilio, Amanda Beth Hulfachor, Marizeth

Groenewald, Cletus P. Kurtzman, Chris Todd Hittinger, and Antonis Rokas. Tempo

and Mode of Genome Evolution in the Budding Yeast Subphylum. Cell, 175(6):

1533–1545.e20, November 2018. ISSN 1097-4172. doi: 10.1016/j.cell.2018.10.023.

[18] Kevin P. Byrne and Kenneth H. Wolfe. The Yeast Gene Order Browser: combining

curated homology and syntenic context reveals gene fate in polyploid species. Genome

Research, 15(10):1456–1461, October 2005. ISSN 1088-9051. doi: 10.1101/gr.3672305.

[19] Y1000plus, . URL https://y1000plus.wei.wisc.edu/.

[20] Andrew A. Horwitz, Jessica M. Walter, Max G. Schubert, Stephanie H. Kung, Kristy

Hawkins, Darren M. Platt, Aaron D. Hernday, Tina Mahatdejkul-Meadows, Wayne

Szeto, Sunil S. Chandran, and Jack D. Newman. Efficient Multiplexed Integration of

Synergistic Alleles and Metabolic Pathways in Yeasts via CRISPR-Cas. Cell Systems,

1(1):88–96, July 2015. ISSN 2405-4712. doi: 10.1016/j.cels.2015.02.001.
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