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Understanding how changes in DNA drive the emergence of

new phenotypes and fuel evolution remains a major challenge.

One major hurdle is the lack of a fossil record of DNA that allows

linking mutations to phenotypic changes. However, the

emergence of high-throughput sequencing technologies now

allows sequencing genomes of natural and experimentally

evolved microbial populations to study how mutations arise

and spread through a population, how new phenotypes arise

and how this ultimately leads to adaptation. Here, we highlight

key studies that have increased our mechanistic understanding

of evolution. We specifically focus on the model eukaryote

Saccharomyces cerevisiae because its relatively short

replication time, much-studied biology and available molecular

toolbox have made it a prime model for molecular evolution

studies.
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Introduction
In 1996, the genome of the brewer’s yeast Saccharomyces
cerevisiae was the first eukaryotic genome sequenced [1].

Subsequent technological advances made it possible to

sequence other fungal genomes [2–6]. This in turn

allowed researchers to compare the genomes of different

yeast species, investigate the specific order of genes and

study the organization and evolution of biological path-

ways and regulatory modules [7,8].

Since the publication of its genome sequence, S. cerevisiae
has been frequently used to study evolutionary processes.
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Its easy cultivation and manipulation in the lab under a

multitude of environmental conditions, combined with its

small genome size (around 6000 genes spread over

12 chromosomes) make it possible to study evolution

as it happens in populations growing for weeks, months

or even years in the lab, sequence the genomes of evolved

lineages, and track the genomic changes underlying phe-

notypic adaptations. Furthermore, the available genetic

toolbox greatly facilitates downstream analyses of evolved

yeast lineages because specific mutations can be intro-

duced into non-adapted cells and their effect on specific

phenotypes can be assessed. Combining these data with

the available information on biochemical pathways and

regulatory circuits makes it possible to understand why

specific genetic changes are adaptive under specific con-

ditions.

In this review, we discuss insights gained from recent

studies focusing on natural and experimental evolution of

yeast. We focus on the importance of genome and gene

duplications as drivers of evolutionary innovations in

natural and experimental yeast populations. We begin

with results from comparative genomics studies and then

show how recent advances in the field of experimental

evolution have helped to understand adaptations found in

natural populations. We also highlight how experimental

evolution can be used to address fundamental evolution-

ary questions and complement comparative and theoreti-

cal studies.

Main text of review
Whole-genome and segmental duplication events fuel

evolution

One of the most intriguing questions in evolution theory

is how new phenotypes can emerge. Darwin’s theory

builds on gradual changes of existing features, and he

admitted that the appearance of novel phenotypes is

difficult to explain. Later, after the discovery of DNA

as the genetic carrier and genes as the basic genetic unit,

scientists argued that new features likely emerge from

gene duplications. Almost 50 years ago, Susumo Ohno

postulated three distinct fates for retained duplicated

genes [9] (Figure 1). Firstly, one copy can retain the

ancestral function, so that the other copy might be re-

lieved from purifying selection and can acquire mutations

that can create a novel function for the gene (neofunc-

tionalization). Secondly, if the ancestral gene displayed

multiple activities, duplication can allow the different
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Figure 1
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Possible fates of duplicated genes. The most common outcome of gene duplication is loss of the duplicated copy from the genome. There are

three distinct outcomes if the two copies are retained. Different functions of the genes are indicated with red and blue colors. Firstly, gene

dosage: the two copies can keep performing the same function as the pre-duplication, ancestral copy, and in this way introduce redundancy and/

or increased activity of the gene. Secondly, subfunctionalization: if the ancestral gene was multifunctional, the different functions can be divided

over the post-duplication copies. Optimization of the different functions in the different copies is also possible. Thirdly, neo-functionalization: with

one copy still performing the function(s) of the ancestral gene, the other copy is free to acquire mutations that could generate a novel function (as

indicated by green color).
functions to be split over- and sometimes also optimized

in- the different copies (subfunctionalization) [10,11].

Thirdly, the two copies can keep performing the same

ancestral function, thus introducing redundancy and/or

increased activity of the gene (gene dosage) [12]. Retain-

ing both copies has also been proposed to increase genetic

and regulatory robustness. This robustness can facilitate

evolvability and allow exploration of novel phenotypes

[13,14].

Ohno’s theories are now gaining support from compara-

tive genomics studies. Sequencing of present-day yeast

species revealed a whole-genome duplication (WGD)

event in a sublineage of yeasts that includes S.
cerevisiae. This WGD was followed by massive gene loss

and reciprocal translocations between chromosomes —

resulting in extensive genome rearrangement [15–17]. It

should be noted that the most common outcome of

genome (and gene) duplication is loss of the duplicated

copy — or copies — from the genome: around 92% of

duplicated genes returned to single copy [17]. Interest-

ingly, reciprocal gene loss after the WGD contributed

significantly to speciation [18]. Despite the loss of many

duplicated genes, the genome of present-day S. cerevisiae
contains multiple duplicated regions and displays a high

degree of redundancy, with around 20% of all genes being

members of duplicated gene families [19].
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An elegant study by Gordon and colleagues reconstructed

the genome of the pre-duplication ancestor, and studied

the genomic re-arrangements that led from this ancestor

to S. cerevisiae [20]. Additionally, the authors found that

around 2% of all genes present in S. cerevisiae have been

gained since the WGD, mostly through smaller scale

duplications. These genes are involved in specific aspects

of this yeast’s lifestyle, such as ethanol production and

consumption (for example, the ADH genes [21], discussed

in more detail below) and growth under low oxygen

levels.

Apart from WGD events, small-scale segmental duplica-

tions (some only containing a single gene) are also impor-

tant drivers of innovation and can generate novel

phenotypes. The availability of multiple fungal genomes

enables researchers to make predictions of ancestral gene

sequences. Reconstruction of pre-duplication genes fol-

lowed by molecular study of the gene products in the lab

has revealed in several instances how mutations can alter

protein function and ultimately lead to novel phenotypes

[21–23].

Examples demonstrating the importance of genome and

gene duplications in evolution

Genome (and gene) duplications are now widely recog-

nized as major sources of evolutionary innovation. Gene
www.sciencedirect.com
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duplicates resulting from WGD most frequently diverge

at the level of regulation (often due to changes in cis-

regulatory elements), with changes in biochemical func-

tion of the gene products being less frequent [24]. The

contribution of paralogs resulting from WGD to regula-

tory divergence is more pronounced and longer lasting

than the contribution of genes arising through small-scale

duplications [25�]. This regulatory divergence can drive

regulatory network evolution and rewiring and lead to

regulatory innovation [26��,27,28]. One well-studied ex-

ample is the evolution of the tight regulation of the GAL
pathway in S. cerevisiae, involved in galactose uptake and

metabolism [29]. Two key components of the GAL sys-

tem — the sugar kinase GAL1 and the transcriptional

regulator GAL3 — arose through duplication (WGD) of a

bifunctional ancestor [15,17]. When galactose is present,

Gal3 sequesters the repressor Gal80 in the cytoplasm.

This enables the transcription factor Gal4 to induce the

different components of the GAL pathway, including

Gal1, the first enzyme in galactose metabolism. Tran-

scriptional finetuning of the GAL pathway was facilitated

by the WGD: with one copy performing all functions of

the ancestral gene, the other copy was free to evolve and

accumulate previously deleterious mutations in its up-

stream regulatory region, ultimately resulting in the pres-

ent-day GAL1. After these regulatory changes, GAL3
acquired mutations that abolished its kinase activity.

Promoter swapping experiments indicate that the regula-

tory mutations would have been detrimental for the pre-

duplication copy: replacing the GAL3 promoter with that

of GAL1 leads to basal GAL3 expression that is too low for

efficient induction of the GAL pathway [30]. Together,

the different mutations resulted in a division of labor

(subfunctionalization) of the different ancestral functions

(kinase and regulator) over the two paralogs and enabled

tight control of the GAL pathway.

A key feature of S. cerevisiae is its ability to ferment

glucose to ethanol, under both aerobic and anaerobic

conditions. This ethanol is subsequently excreted and

can accumulate in the environment, where it inhibits

growth of other, less ethanol tolerant microbes. When

external glucose levels drop, ethanol can be imported and

metabolized by the yeast cells. Whole-genome duplica-

tion followed by promoter rewiring allowed for the emer-

gence of this so-called ‘make-accumulate-consume’

strategy [31,32]. The post-WGD segmental duplication

of a gene encoding an alcohol dehydrogenase represents

another key step in the evolution of this strategy. The

present-day S. cerevisiae genome contains two alcohol

dehydrogenases (ADH1 and ADH2) with different kinetic

behavior: Adh2 binds ethanol (its substrate) more strongly

than Adh1 and converts it to acetaldehyde. ADH1 and

ADH2 arose through duplication of a bifunctional ances-

tor. Resurrection of this ancestral enzyme and laboratory

analyses of its kinetic behavior showed that this ancestor

displayed a low affinity for ethanol — similar to the
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substrate preference of present-day Adh1 [21]. This

implicates that the ancestral Adh enzyme was mainly

involved in the production, not consumption, of ethanol.

Duplication of this single-copy gene (around 80 mya)

facilitated the emergence of an alcohol dehydrogenase

with high affinity for ethanol which could convert ethanol

into acetaldehyde. Together with the ability of S. cerevi-
siae to ferment glucose to ethanol even in the presence of

oxygen (the so-called Crabtree effect [33]), this allowed

for the emergence of the make-accumulate-consume

strategy of ethanol production.

One of the best examples of how large-scale comparative

genomics can lead to detailed insights into the molecular

mechanisms underlying the evolution of new phenotypes

and new regulatory circuits comes from studying the MAL
gene family (Figure 2). This family is responsible for the

uptake and metabolism of disaccharides such as maltose,

palatinose and other a-glycosides and consists of three

subfamilies: MALT, MALS and MALR [23,34]. The MALT
subfamily encodes a set of transporters that import a range

of disaccharides, which are subsequently hydrolyzed by

specific MalS enzymes. Some of the intracellular disac-

charides likely bind to the MalR regulator proteins, and this

complex regulates MALS and MALT gene expression [34].

The present-day MalS enzymes can be divided into two

main classes: one group can hydrolyze disaccharides with

an a 1–4 glycosidic bond, whereas the other group can

break down carbohydrates with an a 1-6 bond. The avail-

ability of MALS sequences from many different fungal

genomes allowed to paint a detailed picture of the evolu-

tionary history of this multi-copy gene family and showed

that all the present-day copies originated from a single-

copy, multifunctional ancestral gene [23]. Mutations al-

tered enzyme specificity in the different copies and ulti-

mately created two different classes of enzymes that allow

growth on a broad variety of substrates.

Interestingly, the functional divergence of the duplicated

MAL genes was followed by regulatory changes. Two

independent regulatory networks, each one dedicated

to regulating one class of these MalS enzymes, emerged

through duplication and diversification of a single copy

transcription factor [23,26��]. This ancestral regulator

displayed broad binding site specificity and was able to

bind two different DNA motifs present in the promoters

of the two MALS categories. Duplication and subsequent

diversification of this promiscuous transcription factor

allowed to gradually disentangle the two signalling net-

works: in the end, each MALS gene is specifically activat-

ed by its own substrates. Interestingly, comparative

genomics revealed that the substrate specificity changes

in the Mal enzymes predated the changes on the regula-

tory level. Hence, functional divergence of the target

genes probably acted as a driving force for the gradual

disentanglement of the two regulatory networks.
Current Opinion in Microbiology 2015, 28:1–9
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Figure 2
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Evolutionary history of MAL genes. The ancestral MalS enzyme (encoded by ancMALS) could hydrolyze disaccharides with an a 1–4 glycosidic

bond (activity depicted in red), and had minor activity for disaccharides with an a 1–6 bond (activity depicted in blue). Expression of ancMALS

was regulated by a promiscuous transcriptional regulator, ancMalR, that could be activated by the two classes of substrates (indicated by red and

blue colors). Duplication of ancMALS followed by mutations ultimately created two distinct classes of MalS enzymes, each with their own

substrate preference. This was followed by duplication of ancMALR and subsequent regulatory changes. This ultimately created two independent

regulatory networks, with each enzyme class specifically activated by its substrate. It should be noted that there are multiple MalS enzymes in

present-day yeast, but for the sake of clarity, only one MalS copy is shown for each of the two MalS enzyme classes.
Whereas gene duplications have long been postulated as

the main source of ‘novel’ genes, recent work has also

highlighted the importance of so-called proto-genes, gen-

erated by translation of transcribed non-genic DNA.

Many of these proto-genes display differential translation

under stress conditions, hinting at their adaptive poten-

tial. These proto-genes could occasionally acquire gene

characteristics and thus expose variation in non-genic

sequences [35�].

The yeast WGD is estimated to have occurred around

100 mya, around the same time when angiosperms

appeared [17]. Several studies have suggested that the

increased copy number of glycolytic genes and glucose

transporters originating from the WGD allowed for rapid

glucose metabolism. This in turn could have yielded a

growth advantage under the new, glucose-rich conditions

that arose after the appearance of angiosperms and their

sugar-rich fruits [36,37]. Gene dosage effects do not

depend on the duplicated genes acquiring specific muta-

tions (unlike neo- and subfunctionalization scenario’s,

which rely on genetic changes after gene duplication),

and as such they can confer an immediate selective

benefit. It is important to note that WGD and segmental

gene duplication events are not limited to yeasts. WGD

events have been found in almost all phylogenetic

lineages and also here are often implicated in evolution-

ary innovations and adaptations [38,39].

Experimental evolution links evolutionary principles with

population genetics

While comparative genomics studies have yielded impor-

tant insights into the evolutionary history of species and

gene families, they often do not yield insight into the

molecular details. Which mutations contributed to evo-

lution, how, why and in what order? How often do such

beneficial mutations occur and penetrate the population?

And how does the population structure, genome size and
Current Opinion in Microbiology 2015, 28:1–9 
sexual lifestyle of the organisms influence evolution?

Experimental evolution studies enable researchers to

answer these questions by monitoring evolution in real

time under controlled conditions [40–42]. Usually, an

initially isogenic population of cells is grown asexually

under specific selective conditions for many generations.

Random mutations will create genetic variation in this

population and form the raw material for selection to act

on. Samples taken throughout the experiment can be

frozen and stored, creating a so-called frozen fossil re-

cord: scientists can return to populations from any time

during the experiment to asses specific phenotypes or

check for mutations identified in other timepoints.

Advances in next-generation sequencing technologies

have made it possible and affordable to sequence entire

genomes of evolved clones and adapted populations

isolated at different times during an evolution experi-

ment and identify the mutations present

[43,44,45,46,47��]. Experimental evolution has proven

to be extremely valuable to generate insight into evolu-

tionary processes, such as genome evolution, mecha-

nisms involved in retention of gene duplicates and the

evolution of mutation rates [13,41]. Moreover, combin-

ing this information with phenotypic data of the evolved

lineages makes it possible to link genetic variation to

phenotypic differences, and thus help identify the mo-

lecular basis of adaptation (Figure 3).

Different experimental set-ups can be employed to grow

cells under specific selective conditions: a continuous

culture system, such as a chemostat or turbidostat can

be used; or cells can be grown in batch culture and serially

passaged. In a chemostat, cells are maintained at a phys-

iological steady state. A constant growth rate is achieved

by the continuous influx of medium in which a single

nutrient is limiting [48–50]. In a turbidostat on the other

hand, there is continuous feedback between inflow of

(nutrient abundant) medium and cell density [51]. This
www.sciencedirect.com
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Figure 3
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Experimental evolution yields insight in molecular mechanisms underlying adaptation. In laboratory evolution experiments, an initially isogenic

population is grown under selective conditions for multiple generations. Mutations will create genetic variation in this population (indicated by red,

blue and green yeast cells. It should be noted that the cells depicted are only a fraction of the total population). Whole-genome sequencing of

evolved populations isolated at different times during the evolution experiment allows to identify mutations present as well as their frequencies

over time (a). Mutations that generate a selective benefit will increase in frequency over time. Mutations that arise in different individuals in the

population will compete with each other. Muller diagrams (a), right part show frequencies of different genotypes over time as colored blocks and

help to better understand the mutational dynamics within an evolving populations. In this specific (simplified) example, a subset of evolving yeast

cells first acquired mutation A (red lineage). At a later point, other cells acquired mutation B (green lineage). Some of the cells carrying mutation B

later acquired a second mutation, mutation C (blue lineage). The combination of mutation B and C drastically increased fitness. This resulted in a

selective sweep, so that finally all adapted cells carry both mutation B and C (blue cells in upper part of figure). Mutations identified in evolved

lineages can be introduced into the ancestral backgrounds and the effect on specific phenotypes can be determined (b). This can help to

distinguish between adaptive mutations and mutations that are merely hitch-hiking. Lastly, mutations identified in experimentally evolved

populations can be compared to the adaptations found in natural populations (c).
ensures a constant, specific cell density. More recently, a

‘morbidostat’ set-up was developed, where constant

growth inhibition of the evolving culture is maintained

by adjusting drug concentrations in the medium [52,53].

Although the starting populations used in experimental

evolution studies are mostly isogenic populations of lab

strains, more recent studies have started to look at the
www.sciencedirect.com 
effect of standing variation and sexual recombination on

adaptation [54].

A key study performed adaptive evolution of 40 replicate

yeast populations in glucose-rich medium followed by

whole-genome sequencing of evolved lineages isolated

at different timepoints. This revealed the dynamics of
Current Opinion in Microbiology 2015, 28:1–9
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genomic sequence evolution and showed how multiple

mutations are linked to each other and change in frequen-

cy together (genetic hitchhiking). Additionally, extensive

clonal interference was observed, with multiple muta-

tions arising in different individuals within the population

and competing with each other [47]. A different study

performed under glucose-limited conditions showed the

existence of evolutionary trade-offs, with mutations being

beneficial in one condition, but detrimental in others.

The authors could show the molecular basis of these

trade-offs: adaptive evolution in a constant environment

often selects for loss-of-function mutations in pathways

involved in the response to environmental perturbations

— pathways that are dispensable in a constant environ-

ment [46].

Experimental evolution has also been used as a tool to test

the evolvability of cells with a doubled genome content

and thus generate a better understanding of the evolu-

tionary mechanisms at play after a whole-genome dupli-

cation event. Generally, polyploid organisms are

genetically unstable and this instability has been pro-

posed to be important for providing adaptive mutations,

although exactly how this would happen remains poorly

understood [55,56]. Recently, an elegant study by Sel-

mecki and co-workers used an experimental evolution

approach to look at evolvability of isogenic haploid,

diploid and tetraploid yeast strains [57��]. Populations

were passaged on a poor carbon source and their rate of

adaptation was determined. Tetraploids showed faster

adaptation compared to haploid and diploid cells and

whole-genome sequencing revealed that evolved tetra-

ploids displayed most genetic diversity. Genetic changes

acquired by tetraploids comprised point mutations as well

as gain and loss of entire chromosomes. Moreover, these

mutations generally conferred a larger fitness benefit than

mutations found in evolved haploid and diploid lineages.

These results thus provide an experimental explanation

of the adaptive potential of tetraploids.

Experimental evolution links specific mutations to

phenotypic adaptation

The fossil record obtained during experimental evolution

does not only allow studying how mutations arise and

spread, but also how they lead to adaptation. Importantly,

experimental evolution studies that select for adaptation

to specific stresses, such as heat stress, nutrient limitation

and drug treatments have revealed mutations in experi-

mentally evolved lineages that closely resemble those

found in natural populations, including specific SNPs,

indels, chromosomal copy number variations and changes

in ploidy [49,52,58,59]. The adaptive potential of specific

genomic changes can be investigated by introducing the

identified mutations into the ancestral background

(Figure 3), as well as by studying (epistatic) interactions

between the different mutations. This involves fewer

confounding factors than when studying naturally
Current Opinion in Microbiology 2015, 28:1–9 
evolved populations — where there is often selection

for multiple traits — and has helped to understand why

some of the genetic changes present in evolved lineages

were selected for.

Several experimental evolution studies revealed that

gene duplication events are often a first adaptation to a

particular stress. For example, some of the copy number

variation (CNV) observed in adaptation to specific nutri-

ent limitations can be attributed to the amplification of

specific nutrient transporter genes, which yields a com-

petitive advantage because gene dosage effects enable

mutant cells to import nutrients at a higher rate than cells

that do not carry the amplification [45,58,60�].

Aneuploidy — the presence of an abnormal number of

chromosomes in the cell — is also commonly observed in

natural as well as experimental yeast populations. Al-

though aneuploidy often poses a significant burden on

the cell [61], it seems to offer an easily accessible adapta-

tion to specific environments or stresses [62]. Experimen-

tal evolution for increased heat tolerance indicated that

chromosomal duplications are most likely to serve as a

first, quick and dirty solution to a specific stress, with

more refined solutions occurring later [59]. Similar to the

effect of CNVs, the beneficial effect of aneuploidy likely

also often lies in gene dosage effects. Using a genome-

wide collection of yeast strains carrying different aneu-

ploidies, Sunshine et al. recently showed how aneuploidy

allows cells to explore a much broader fitness landscape

compared to single mutations [60�]. Additionally, the

observed fitness effects are usually driven by the dosage

effect of a small number of genes within the specific

aneuploidy, so-called driver genes.

Apart from generating insight into fundamental evolu-

tionary questions, experimental evolution studies can

help to better understand industrially relevant pheno-

types [63] and the genomic changes needed for these

phenotypes. In turn, this information can be used to guide

rational strain engineering and create improved strains for

industrial purposes [64,65].

Challenges and prospects
Studies on natural and experimental evolution have

greatly benefited from the advances in DNA sequencing

technologies. However, there are still many challenging

issues and questions that need to be addressed. One of

the most-heard criticisms regarding experimental evolu-

tion is that it mostly deals with short-term evolution and

does not allow much insight into macroevolution and

questions about speciation and the evolution of complete-

ly novel phenotypes. Obviously, despite the short gener-

ation time of the microbes used in experimental evolution

studies, time remains a limiting factor when trying to

mimic macro-evolution. Still, some studies have addressed
www.sciencedirect.com
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complex phenotypes, such as multicellularity, cooperation

and even the emergence of a circadian clock [66–71].

Certain regions of the genome, including repeat-rich and

subtelomeric regions, remain notoriously difficult to cor-

rectly map and sequence, which is a problem since these

regions are emerging as some of the most dynamic and

‘evolvable’ genomic loci [34]. It is also still challenging to

identify all indels and structural variants to a reliable

extent. Moreover, (accurately) identifying low-frequency

mutations in heterogeneous populations is still a chal-

lenge. An elegant study by Levy and colleagues used

high-resolution tracking of evolving lineages to study

beneficial mutations [72��]. They introduced random

DNA sequences in otherwise genetically identical yeast

cells. Adaptive evolution followed by sequencing of these

molecular barcodes and determination of their frequency

identified lineages that acquired beneficial mutations.

Their results indicated that there are many more com-

peting lineages with beneficial mutations than what could

be identified by whole-genome sequencing of evolving

populations. Moreover, the distribution of fitness effects

of these beneficial mutations differed significantly from

what was theoretically predicted.

One of the other main technical challenges is to separate

the adaptive mutations (those that drive the phenotype of

interest) from mutations that are merely hitch-hiking with

these adaptive mutations.

Conclusions
The examples discussed in this review underscore the

power of combining experimental evolution with com-

parative genomics to generate insight into the molecular

mechanisms underlying adaptation. The plethora of

whole-genome sequences of multiple, distantly related

yeast species enables researchers to reconstruct ‘ancient’

genes, measure their activities in the lab and examine the

effect of specific mutations. Accordingly, mutations found

in naturally (or experimentally) evolved populations can

be introduced in different genetic backgrounds to assess

their effect on different phenotypes, as well as the inter-

actions between them. Together, these approaches high-

light the importance of gene duplication as a prime driver

of evolution. They also generate the prospects of discov-

ering how evolution of a specific trait happened exactly

and could provide answers to several outstanding ques-

tions, such as the importance of recombination and sex for

adaptation, the reproducibility and predictability of evo-

lution, the balance between robustness and evolvability,

etc.
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