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Studies on the fate of Saccharomyces cerevisiae paralogous gene pairs that
arose through a whole-genome duplication event have shown diversification of
retained duplicated genes. Paralogous functional specialization often results in
improved function and/or novel function that could contribute to the adaptation
of the organism to a new lifestyle. Here, we analyze and discuss particular case
studies of paralogous functional diversification that could have played a role in
the acquisition of yeast fermentative metabolism.

Origin and Significance of Yeast’s Whole-Genome Duplication

Saccharomyces cerevisiae was the first eukaryote whose genome was fully sequenced.
Genome analysis revealed the presence of duplicated gene blocks, indicating that this yeast
lineage arose from a whole-genome duplication (WGD) (see Glossary) [1-3]. WGDs are a
recurring phenomenon in evolution. Some fungi, most species of flowering plants, and verte-
brates descend from ancestors that doubled their genomes. WGDs have been associated with
the acquisition of novel traits as well as increased species richness [4].

It has been proposed that the selective conservation of duplicated genes in S. cerevisiae has
been essential for the acquisition of a predominantly fermentative lifestyle, also termed the
‘make-accumulate-consume’ strategy (i.e., upon sugar availability, ethanol is produced, accu-
mulated, and finally consumed). This strategy largely relies on the Crabtree effect (Box 1) that
allows yeast to out-compete other microorganisms [5]. The retention of 551 WGD gene pairs
involved in different cellular processes and the complexity of the Crabtree effect make it difficult
to demonstrate whether the selective retention of WGD paralogous genes led to ‘a new way of
life’. S. cerevisiae is presently the best suited model to study this phenomenon due to the vast
amount of technical resources and information available for this organism [6]. In addition, the
advancement of whole-genome sequencing and phenotyping of 1011 S. cerevisiae isolates
from diverse geographical locations has provided valuable information into the ecological and
evolutive niche of this yeast [7]. This review examines evidence provided by different experi-
mental approaches addressing the role of WGD in the acquisition of fermentative metabolism in
S. cerevisiae.

Mapping the Beginning of the Fermentative Lifestyle

After the publication of the complete S. cerevisiae genome sequence in 1996, several studies
focused on understanding its origins and evolution. While some groups supported the idea that
the duplicated regions observed in this yeast’s genome were the signatures of an ancient WGD
[3,5], others proposed that these duplicated regions arose independently by local duplication
events [8]. This controversy was not solved until 2004, when the genomic sequences of other
yeast species were published and used for comparative genomic analyses. Independent
studies revealed that the genome of S. cerevisiae mapped in 2:1 manner to non-WGD yeast
genomes, supporting the WGD model [9-11]. Further scrutiny and the development of the
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Box 1. Saccharomyces cerevisiae Fermentative Metabolism

The majority of cells only use fermentation when respiration is impaired, for example, when oxygen concentration is low
(Pasteur effect). However, in the presence of high glucose concentrations and regardless of oxygen availability,
Saccharomyces cerevisiae prefers to ferment glucose to ethanol. This physiological phenomenon is named the
Crabtree effect [64]. In this metabolic state, the cytoplasmic pyruvate produced by glycolysis is transformed to
acetaldehyde and then to ethanol, which diffuses to the extracellular medium [21].

During fermentation, the energy for growth is mainly provided by glycolysis and not by the oxidative respiration pathway.
However, the amount of energy produced from a glucose molecule by fermentation is lower than that produced by its
complete oxidation. Consequently, during fermentation S. cerevisiae displays a high glycolytic flux to match its growth
requirements. The increased glycolytic rate under the fermentative regime helps yeasts grow much faster than when
they grow in non-fermentable carbon sources, such as ethanol, where the oxidative respiration pathway is used to
produce energy [65].

During fermentation, glucose repression reduces the mass and energy flux through the tricarboxylic acid (TCA) cycle,
the respiratory chain, and the oxidative phosphorylation. However, the TCA cycle displays enough activity to provide the
necessary precursors to produce the macromolecular components to sustain rapid growth rate [65,66]. Under these
conditions, the TCA cycle does not work as a cycle, but rather in a branched manner, mainly because the succinate
dehydrogenase complex does not operate under these conditions [67]. When glucose becomes limiting, cells undergo
a so-called diauxic shift, a transient phase in which they switch to a fully respiratory metabolism, catabolizing the
released ethanol via the TCA cycle [65].

S. cerevisiae response to sugar availability is dependent on different time scales and biological levels, from the
reprogramming of gene expression to enzyme allosteric regulation, including post-transcriptional and post-translational
regulatory mechanisms. It also involves a variety of cellular processes as different signal transduction pathways, energy
and fatty acid metabolism, carbohydrate storage, and amino acid biosynthesis [68].

Yeast Gene Order Browser, an online tool for visualizing gene order context (synteny) of any
gene from several yeast genomes [9,10,12], showed that the whole S. cerevisiae genome is
duplicated [1-3,12]. Furthermore, it has now been confirmed that as well as S. cerevisiae,
several other yeasts such as Candida glabrata arose from WGDs [13]. When WGD was initially
proposed [3], it was not possible to tell whether it was the result of an autopolyploidization or
an allopolyploidization event [14,15]. However, autopolyploidization constituted the most
parsimonious hypothesis. Later, evidence was presented in favor of allopolyploidization,
indicating that the S. cerevisiae lineage arose from an interspecies hybridization between a
strain related to the Kluyveromyces, Lachancea, and Eremothecium (KLE) clade and another
related to Zygosaccharomyces rouxii and Torulaspora delbrueckii (ZT) clade [9,16]. This
proposal was extensively analyzed and accepted [2]. Therefore, the pair of paralogous genes
that are observed today could have both originated from one of the parental species (ohnol-
ogous pairs), or each one of the parental species involved in the allopoliplodization event could
have independently generated one member of the pair (homeologous genes) [16].

Even before the WGD controversy was settled (1996-2004), the fact that the WGD could have
allowed S. cerevisiae to develop an oxygen-independent metabolism, through the retention
and further specialization of duplicated genes/products, was considered for the first time [3,5]
(Box 2). This proposition was based on the observation that the majority of yeasts were unable
to grow in absence of oxygen [17].

The progress in comparative genomics in the 2000s allowed a better understanding of the
evolution of the S. cerevisiae genome and a proper classification of the phylogenetic relation-
ships among yeasts [13,18]. The new phylogenetic trees provided a framework to locate some
major evolutionary events that could have contributed to the improved fermentation ability of
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Glossary

Adaptive radiation: evolution of
organisms into a wide variety of
types adapted to specialized modes
of life.

Allopolyploidization: a mechanism
that generates an individual or strain
with two complete sets of
chromosomes, each one from a
different species.
Autopolyploidization: in contrast to
allopolyploidization, the two different
sets of chromosomes are from the
same species.

Biased fractionation: a
phenomenon observed after WGDs
where the ohnologues of a
subgenome are preferentially lost.
Feedback inhibition: the
phenomenon where the output of a
process is used as an input to
control the behavior of the process
itself.

Genome dominance: a
phenomenon observed after WGD
where, in general, the ohnologues
from one subgenome display higher
transcriptional levels than their
onhologous pair derived from the
other subgenome.
Hetero-oligomers: a complex made
of different protein subunits is called
a hetero-oligomer; when only one
type of protein subunit is used in the
complex, it is called a homo-
oligomer.

Moonlighting functions: protein
moonlighting function is a
phenomenon by which a protein can
perform more than one biological
role.

Orthologous: genes in different
species that evolved from a common
ancestral gene by speciation;
orthologs retain the same function in
the course of evolution.

Paralogous or ohnologous genes:
duplicated genes in the same
organism that were evolved from
either a gene duplication, an
autopolyploidization event, or an
allopolyploidization event.
Robustness: the ability of a system
to maintain its function despite a
perturbation.

Small-scale duplication (SSD):
doubling of a small-scale genomic
regions involving one to a few genes.
Subgenome: set of genomic regions
of a WGD species inherited from one
of the parental species.
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Box 2. Fate of Duplicated Genes

Gene duplicates, also called paralogs, are found in all three domains of life, suggesting that an important amount of
genes were generated by gene duplication [69]. Although the immediate consequence of gene duplication is the
doubling of the ancestral function (functional redundancy), after duplication genes can experience divergence that may
result in the generation of new or specialized functions and thus shape evolution. This box summarizes the possible
scenarios determining the fate of duplicated genes.

Loss of function: Loss of function occurs when functional redundancy is not advantageous and therefore one of the
paralogous genes gradually becomes a pseudogene, through the accumulation of loss-of-function mutations [70].
Interestingly, soon after WGDs polyploids experience a rapid loss of genetic redundancy. The current hypothesis is that
when WGDs result from an autopolyploidization, the loss of duplicated genes is randomly distributed between the two
parental subgenomes (non-biased fractionation). By contrast, when the WGD derives from an allopoliploidization, loss
of duplicated genes is biased towards a certain parental subgenome (biased fractionation), frequently towards the
one displaying lower gene expression, a phenomenon called genome dominance [71,72].

Gene-dosage amplification: Gene-dosage amplification holds that after gene duplication, both gene copies are
conserved since either incrementing the ancestral function represents a selective advantage or both copies are
necessary to maintain the appropriate stoichiometry of higher complexes (e.g., protein complexes) [16,71,73,74].
However, it must be considered that increased gene copy number does not necessarily lead to an equivalent function
increment, since function/product dosage can be negatively regulated [75-77]. Thus, the gene-dosage amplification
requires that the increment in copy number produce an increase in the codified function.

Subfunctionalization: Subfunctionalization occurs when the ancestral function(s) is distributed between the two copies
or is differentially specialized in each one, as a result of either the accumulation of degenerative mutations (duplication-
degeneration-complementation model) or by positive selection (escape from adaptive conflict model). In both cases,
both paralogs are necessary to perform the function that, in the ancestor, was carried out by a single gene [78-81].

Neofunctionalization: Neofunctionalization is the mechanism explaining the origin of novel functions through gene
duplication. It considers that while one of the copies conserves the ancestral function, the other is free to acquire a new
adaptative function through the accumulation of neutral mutations [82].

yeasts, such as the loss of the respiratory complex |, the horizontal transfer of the bacterial
URAT, and the rewiring of rapid growth elements [19].

Starting in 2007, the role of the WGD in the acquisition of yeast fermentative metabolism began
to be recognized, mainly through the characterization of the phenotypic responses of various
representative species of the Saccharomycetaceae [19-21]. It was found that the Crabtree
effect was present in several species of the above-mentioned family. However, yeasts closer to
Saccharomyces in the phylogenetic tree displayed a more pronounced Crabtree effect, and
with the exception of the Tetrapisispora group, were able to generate non-respiring mutants,
while most of the non-WGD species could not [19,21]. As for the ability to grow under
anaerobiosis, the post-WGD species were able to generate sufficient energy to grow under
strictly anaerobic conditions, while non-WGD species showed a reduced Crabtree effect and
ability to grow in the absence of oxygen [20]. These contributions support the proposition that
yeasts’ transition to a fermentative lifestyle began before the WGD in non-WGD yeasts in a
rather multistep process. However, for Saccharomycetae, this metabolic trait was established
after the WGD event [19]. This comparative physiological evidence, and the dating of both the
WGD (from 150 to 100 Mya) and the adaptive radiation of flowering plants (from 101 to 66
Mya) in the Late Cretaceous [3,22,23], led to the hypothesis that the WGD allowed yeasts to
compete for the increased amount of sugars present in fruits [19]. It could thus be expected that
retained WGD genes could be enriched in cellular processes related to the make-accumulate-
consume strategy.
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WGD and Small-Scale Duplications Contribution to Fermentative
Metabolism

The contribution of WGD to S. cerevisiae fermentative lifestyle could be assessed comparing
WGD and small-scale duplication (SSD) gene sets in terms of genetic interactions and
divergence in expression and functions. One of the first studies on this matter proposed that
WGD, but not SSD, must have provided the raw material for conservation of dosage-sensitive
genes and groups of genes expressed at a precise stoichiometric ratio, such as those encoding
ribosomal proteins [24]. It has been proposed that such dosage and stoichiometric effects
could have been involved in the conservation of glycolytic genes [25]. Consistent with this it was
found that gene duplicates (combined WGD and SSD) were overrepresented in central carbon
metabolism and hexose transport [26]. However, the separate analysis of the gene sets
revealed that enrichment in genes involved in carbohydrate metabolism was higher for
WGD than for SSD [27]. Divergence in the expression patterns between members of a pair
has also been reported to be higher for the WGD than for the SSD set of paralogs [27]. It may be
possible that divergent regulation between members of some duplicated pairs could have
contributed to the specialization of one paralog for glycolysis-ethanol production and the other
for gluconeogenesis-ethanol consumption phases. The impact of such differential regulation on
the acquisition of fermentative metabolism could be estimated by comparing the rates of
negative expression correlations between members of a pair during growth on glucose or
ethanol as carbon sources. To explore this possibility, data from a quantitative proteomic study
were used where the relative abundances of 3609 proteins were determined [28]. Comparison
of the abundance of both paralogs during fermentation, diauxic shift, and glucose exhaustion
phases indicated that 29% of WGD and 19% of SSD duplicates showed differential regulation
during fermentative and respiratory metabolism. The same trend was observed using data from
a transcriptomic study that determined the fold change in transcript levels for 5800 genes from
cells cultured on rich media with glucose or ethanol as carbon sources [29]; the estimated
percentage of divergent expression was 26% for the WGD and 14% for the SSD duplicates (for
analysis details of proteomic and transcriptomic data, see the legend of Figure S1 in the
supplemental information online). Interestingly, the enzyme-coding subset of genes with
differential expression during fermentative and respiratory metabolism among WGD genes
clustered around carbohydrate metabolism (Figure 1A; Figure S1A). By contrast, enzymes
encoded by SSD paralogs seem to be randomly dispersed around various metabolic pathways
(Figure 1B; Figure S1B) [28,29].

Comparison of gene ontology (GO) categories’ fold enrichment between divergent and com-
plete sets of genes (Figure 2) shows that for the WGD group, glucose metabolism GO terms are
overrepresented (Figure 2A). Furthermore, the WGD divergent set displays a higher fold
enrichment in glucose metabolism GO terms than that exhibited by the WGD complete set
(Figure 1A; Figure S1A). Moreover, glucose metabolism is not represented in the SSD group
(Figure 2B), which for divergent and complete categories is enriched in biosynthetic processes,
suggesting a different evolutionary trend. Overall, these results indicate that the WGD set of
genes display a more relevant contribution than those of SSD set to the acquisition of a
fermentative lifestyle in the S. cerevisiae lineage.

Duplicated Genes Case Studies Uncover Molecular Mechanisms behind
Subfunctionalization

Detailed analysis of subfunctionalization of particular paralogous pairs is necessary to identify
the molecular mechanisms involved in functional diversification and the roles of specific
duplicate genes in the acquisition of fermentative metabolism. We first analyze four examples
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Figure 1. Duplicated Gene Pairs Originated from WGD Are Enriched for Genes Encoding Enzymes Involved
in Carbohydrate Metabolism. Enzymes encoded by whole-genome duplication (WGD) (A) or small-scale duplication
(SSD) (B) paralogs were mapped on the Kyoto Encyclopedia of Genes and Genomes refer pathway map (http://www.
genome.jp/kegg/pathway/map/map01100.html) [84]. Coregulated or differentially regulated paralogs were selected
according to their regulation pattern during fermentative or respiratory conditions from global studies [28,29]. For pathway
details, gene identity, and analysis, please see Figure S1 in the supplemental information online.

of gene pairs that, according to the phylogeny-based prediction of PhylomeDB v4, could be
proposed as ohnologous WGD pairs [30].

ENO1- and ENO2-encoded phosphopyruvate hydratases catalyze the reversible conversion of
2-phosphoglycerate to phosphoenolpyruvate. Under fermentative conditions, Eno2 consti-
tutes the predominant form, while under respiratory conditions both polypeptides are present
and contribute to gluconeogenesis [31]. Random assortment of Eno1/Eno2 monomers allows
the formation of homo- and hetero-dimers: Eno1-Eno1, Eno2-Eno2, and Eno1-Eno2, whose
peculiar organization could influence the opposed role these enzymes play in the glycolysis and
gluconeogenesis [32] (Figure 3).
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Figure 2. WGD and SSD Gene Sets Contribute to Different Cellular Processes during Fermentative and
Respiratory Metabolism. Top ten GOTERM_BP_DIRECT categories with higher enrichment fold values among whole-
genome duplication (WGD) (A) or small-scale duplication (SSD) (B) gene sets are shown (P < 0.01). The complete gene
sets include 1094 and 674 genes for WGD and SSD, respectively. The sets with divergent expression patterns include 328
and 106 genes for WGD and SSD, respectively. Paralogs with divergent regulation between members of a pair were
obtained from global studies [28,29] analyzed as described in Figure S1 in the supplemental information online. For the set
of SSD paralogs with divergent regulation, only eight terms result with P < 0.01. Gene annotation enrichment analysis was
made using the DAVID 6.7 website (https://david.ncifcrf.gov/) with default values. CDP, cytidine diphosphate; UDP, uridine
diphosphate.

Formation of heteromeric isozymes plays a role in functional diversification of the two ohnol-
ogous WGD-pair [33] encoding cytosolic NADP-GDHs (GDH1 and GDH3), catalyzing gluta-
mate biosynthesis from ammonia and a-ketoglutarate (a-KG). While the homo-hexameric
Gdh1 is the sole isoform present under fermentative conditions, the homo-hexameric Gdh3
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Figure 3. Molecular Mechanisms of Paralog Subfunctionalization. Enzyme-coding whole-genome duplication paralogs can diverge and become specialized in
different metabolic conditions. lllustrative examples and the corresponding mechanisms of subfunctionalization are shown. Ac-CoA, acetyl coenzyme A; a-IPM, alpha
isopropylmalate a-KG, alpha ketoglutarate; a-KIC, alpha ketoisocaproate; KIV, alpha ketoisovalerate; PEP, phosphoenolpyruvate; 2-PG, 2-phosphoglycerate.

is only present in a gadh1A mutant grown on ethanol as sole carbon source and the Gdh1-Gdh3
hetero-hexameric isoform(s) prevail under respiratory conditions [34]. Accordingly, GDH1
expression is maintained through the different growth phases, while that of GDH3 is null
during fermentation and due to chromatin remodeling increases 70-fold when cells enter
diauxic shift and respiratory growth [35].

The affinity of the three isoforms towards a-KG (Gdh1-Gdh1 > Gdh1-Gdh3 > Gdh3-Gdh3)
agrees with the idea that under fermentative growth, energy is provided by glycolysis; thus, the
high rate activity of Gdh1 does not compromise energy yield. Under respiratory conditions
when the tricarboxylic acid (TCA) cycle contributes to energy production, GDH1 and GDH3 are
simultaneously expressed and a variety of isozymes can be built up depending on the Gdh1:
Gdh3 ratio. Therefore, the modulable heteromeric isoforms constitute a pacemaker mecha-
nism determining glutamate biosynthesis and balanced a-KG utilization [34,36] (Figure 3).

The kinetic properties of the NADP-LkGdh1 present in the non-WGD yeast Lachancea kluyveri

are closer to those of Gdh1, while kinetics of the Kiuyveromyces lactis NADP-KIGdh1 resemble
those of Gdh3, suggesting there is a correlation between the NADP-GDHSs kinetic properties
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and the level of adaptation to the fermentative or respiratory lifestyle [33]. The above-mentioned
results indicate that both GDH7 and GDH3 originated from the KLE lineage, supporting
predictions obtained through PhylomeDB v4 [30].

Paralogous mitochondrial homo- and heteromeric isozymes were formed by the LEU4/LEU9
ohnologous WGD-pair [30], encoding a-isopropylmalate synthases that synthesize a-isopro-
pylmalate («-IPM) from acetyl-coenzyme A (CoA) and «-ketoisovalerate, an intermediate of
leucine biosynthesis and co-activator of the Leu3 transcriptional regulator [37]. Leu4-Leu4 and
Leu9-Leu9 homodimers are leucine sensitive or resistant isoforms, respectively, while the
heterodimeric isoform Leu4-Leu9 shows intermediate leucine sensitivity. On ethanol as carbon
source, LEU4 expression is 3-fold increased compared to that found in glucose, while that of
LEU9 is low on both carbon sources. Leu4-Leu9 and Leu4-Leu4 formation prevents leucine
and a-IPM over-synthesis, mediating a more balanced distribution of pyruvate and acetyl-CoA
to intermediary biosynthesis and energy yielding metabolism particularly under respiratory
conditions. Exclusive expression of Leu9, in a leu4A genetic background, results in slow
growth on either glucose or ethanol as carbon sources and leucine accumulation, indicating
that Leu9-Leu9 resistance to leucine feedback inhibition impairs flux control through the
biosynthetic pathway [37] (Figure 3).

Lys20 and Lys21 nuclear homocitrate synthases participate in lysine biosynthesis by catalyzing
homocitrate production, condensing acetyl-CoA with a-KG [36]. Lysine is a strong inhibitor for
Lys21, inducing positive cooperativity for a-KG binding. Under fermentative conditions, Lys20
and Lys21 play redundant roles, and even when LYS20 and LYS27 ohnologous WGD-pair are
overexpressed, and lysine pools increase 4- to 10-fold, growth rate is not reduced, confirming
the conclusion that a-KG drainage is not deleterious under fermentative conditions [36]. Lys21
activity is crucial for growth under respiratory conditions and can sustain wild-type growth by
itself. Subfunctionalization includes differential LYS20 and LYS271 expression and a post-
transcriptional mechanism that determines the abundance of each enzyme. Differential lysine
inhibition, a-KG modulation, and the control of the intracellular amount of the two enzymes
result in a regulatory mechanism determining the rate at which a-KG is diverted to either lysine
biosynthesis or to other metabolic pathways (Figure 3) [38].

The above-mentioned presented cases show that the combined action of the formation of
paralogous homo- and hetero-oligomeric isozymes with peculiar kinetic properties and con-
trasting gene expression results in functional diversification, providing a means to differentially
control metabolic fluxes under fermentative or respiratory conditions.

The four next examples correspond to WGD-pairs that could be tentatively proposed as
homeologous, according to PhylomeDB v4 prediction [30]. Bat1 and Bat2 branched chain
aminotransferases are located in mitochondria and cytosol, respectively; thus, formation of
hetero-oligomers is impeded. Diversification of the BATT and BAT2 relies on the acquisition
of opposed expression profiles [39]. Bat1 has a biosynthetic character, since BATT expression
is privileged in the absence of branched chain amino acids, while Bat2 displays a catabolic role.
BAT2 expression is maximal in the presence of branched chain amino acids [39,40]. Acquisition
of environmentally regulated expression profiles could allow operation of differential or redun-
dant roles depending on the peculiar environments found in S. cerevisiae natural habitats
[7,41,42].

In regard to the contribution of Bat1 and Bat2 adaptation to fermentative metabolism, BAT1
decreased expression under respiratory conditions and resulted in diminished metabolic flow to
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amino acid biosynthesis, favoring energy-yielding pathways (Figure 3) [40]. The KIBAT1
orthologous gene, present in K. lactis non-WGD yeast, encodes an enzyme displaying
the dual biosynthetic-catabolic character that was later specialized among the S. cerevisiae
BAT1/BAT2 paralogous pair [39].

Functional characterization of the ALT1/ALT2 WGD-pair gene/products established that only Alt1
possessed the presumed role of alanine transaminase activity [43]. The analysis of the only
orthologous gene/product present in L. kluyveri and K. lactis non-WGD type yeasts suggested
that Alt2 functional diversification resulted in the loss of its alanine transaminase activity [44].
Probably, astheresult of a structural change modifying the interaction with its cofactor pyridoxal 5-
phosphate (PLP), allowing the formation of only one of the two tautomeric PLP isomers necessary
for the transamination reaction. The fact that Alt2 forms a catalytically active Schiff base with PLP
and is found in a phylogenetic branch with several Saccharomyces genera, which do not harbor
Alt1, suggests this enzyme has a yet undiscovered function (Figure 3) [45].

Cytochrome ¢ oxidase (COXC) is a complex composed of several proteins that transfer
electrons from cytochrome ¢ to molecular oxygen [46]. Cox5 is essential for complex assembly
and has two paralogous isoforms: Cox5A and Cox5B. CYC17 and CYC7 encode paralogous
isoforms of the electron carrier protein cytochrome ¢, promoting the final transfer of electrons to
oxygen by COXC. Under aerobic conditions, COX5A and CYC1 are expressed, whereas
COX5B and CYC7 are Rox repressed and are only expressed under hypoxia. Differential
expression of these genes had been previously considered to be important in yeast evolutionary
adaptation to anaerobic growth [3]. As for BAT7 and BAT2, functional diversification is achieved
through the acquisition of opposed transcriptional patterns [40].

For some cases, orthologous K. lactis and/or L. kluyveri counterparts have been analyzed;
however, it would be important to study both a KLE and a ZT representative for each case. This
is mandatory to clarify whether sub- or neofunctionalization has occurred.

WGD Paralogous Genes Impart Robustness and Phenotypic Plasticity

As mentioned above, duplicated genes allow S. cerevisiae to adjust its phenotype to properly
respond to a changing environment. The role of paralogous homo- and hetero-oligomers as
key players regulating metabolic fluxes leading to new phenotypes has also been highlighted. In
this section, we discuss this evidence in terms of robustness and phenotypic plasticity (Box 3).
Gene duplicates have been associated to genetic robustness [47-49]; however, a recent study
found opposing evidence suggesting that in some cases gene duplication can impart fragility
[50]. By analyzing the protein—protein interaction network of 56 pairs of duplicated genes (WGD
or SSD), it was found that in one-third of the cases, upon deletion of a paralogous copy, the
remaining copy conserved its capacity to interact with its native binding partners and increased
its association with those of the deleted copy, thus compensating paralogous pair loss [50]. In a
similar amount of cases, after deletion of its cognate pair, the remaining copy decreased
interactions even with its own binding partners, demonstrating dependency on its paralogous
copy. In these cases, the lower expressed copy of the homologous pair was the only one
displaying the dependency phenotype, indicating asymmetry and showing a stronger decrease
in fitness (fragility) than that displayed by the independent copies. Furthermore, in the absence
of its pair, the protein concentration of the dependent copy decreased, although its mRNA
showed wild-type levels, suggesting protein destabilization [50,51].

Considering that, in general, dependent pairs form paralogous hetero-oligomers, it was
proposed that the different paralogous isoforms could be degraded at different rates
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Box 3. Duplicated Genes Contribute to Genetic Robustness

Robustness is defined as the ability of a system to maintain its function upon a perturbation. In living systems,
perturbations can either be environmental or genetic. Multiple mechanisms that confer robustness to biological systems
have been described. (j) Distributed robustness. Upon a perturbation, specific biological functions can be accomplished
by alternative pathways, as in signaling and metabolic routes [49,83]. (i) Redundancy. Multiple functional copies of a
given component of the biological system can compensate the failure of another highly similar component, for example,
paralogous genes [49,83]. (i) Feedback control. By sensing the output of a function, it is possible to modulate the input
to either narrow the output function (negative feedback) or to amplify and maintain signals against noise (positive
feedback). This type of control contributes to preservation of cellular function (homeostasis) [47-49]. (iv) Modularity. The
confinement of functions minimize the effects of disturbances by containing perturbations and damage locally [47-49].

It is considered that duplicated genes contribute to genetic robustness since the paralogous copies maintain a certain
degree of functional redundancy. Thus, when one of the gene duplicates is deleted, the remaining copy can provide
enough function to compensate the deletion of its paralogous pair. In several cases, the wild-type function of the
retained copy is enough to compensate the deleted pair (passive paralogous compensation). In many other cases, the
remaining paralog needs to modify its performance, to avoid the phenotypic or fithess defects produced by the deletion
of its pair (active paralogous compensation). Different molecular mechanisms of active paralogous compensation have
been identified: (i) Transcriptional reprograming. Some paralogous genes are upregulated upon the genetic perturba-
tion, functionally compensating the deleted copy. (i) Protein relocalization. Even though there are limited examples, the
remaining copy could experience relocalization to the subcellular compartment were the deleted copy used to reside. (iii)
Protein interaction rewiring. Some paralogous genes can increase the association with the binding partners of the
missing copy [51].

Another important attribute of biological systems is phenotypic plasticity. This plasticity is recognized as the ability of a
single genotype to produce different phenotypes, allowing a best performance within changing environments. Often
phenotypic plasticity is considered to be the opposite of robustness [54]. However, paralogous genes have also been
associated with phenotypic plasticity [62].

(independent homo-oligomers < hetero-oligomers < dependent homo-oligomers < mono-
mers) [52,53]. However, the above-mentioned analysis did not account for self-interactions
[50]. Interestingly, for the paralogs proteins Leu4 and Leu9 the formation of the Leu4-Leu9
heterodimer is preferred over that of the homodimers, possibly as the result of a higher affinity
between different monomers than between self-monomers. However, both paralogous copies
can form homodimers; nevertheless, it cannot be ruled out that when the concentration of the
independent form is too low, oligomer:monomer equilibrium may be displaced towards the
monomeric forms, resulting in higher degradation [52]. Besides Leu4-Leu9 heterodimers, other
paralogous genes are capable of forming hetero-oligomeric complexes such as Gdh1-Gdh3
and Eno1-Eno2. For Leu4/Leu9 and Gdh1/Gdh3, in all cases the three different isoforms show
specific kinetic parameters [32,34,37]. The coexistence of more than one isoform allows coping
with a wider range of metabolite concentrations (substrates, inhibitors, etc.) than when there is
only one isoform, providing a buffering effect and thus contributing to robustness (feedback
control).

Another important attribute of biological systems is the phenotypic plasticity. This plasticity is
recognized as the ability of a single genotype to produce different phenotypes, allowing a best
performance within changing environments. Often phenotypic plasticity is considered to be the
opposite of robustness [54]. However, since different isozymes are used in distinct metabolic
context [34,37], regulating carbon flux to biomass production. It is possible that the ability to
form hetero-oligomers contribute to the acquisition of the Crabtree effect and thus to pheno-
typic plasticity. If this is the case, heteromeric forming paralogous proteins could be considered
as major regulators of both robustness and phenotypic plasticity, providing optimal fitness
within changing environments [55].
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Concluding Remarks and Future Directions

Recent advances in entire genome sequencing have generated an increasing interest in
understanding the role of polyploidy on ecological shifts. In particular, different approaches
have been used to elucidate the relationship between WGD and the acquisition of fermentative
metabolism in S. cerevisiae. By comparing some physiological traits among the Saccharo-
mycetaceae, it was possible to determine the central role of the WGD in the establishment of a
new way of life for S. cerevisiae. The localization of the origin of fermentative metabolism before
the WGD [19] suggests the prior existence of a selection pressure towards an oxygen-
independent metabolism. The evolutionary trends followed by paralogous genes originated
from WGD, which were identified through global analyses, have unveiled the general strategies
that favored the establishment of a new lifestyle [26,29]. Moreover, the detailed analysis of
particular duplicated pairs has shown some of the mechanisms behind the functional diversifi-
cation of paralogous genes. Although detailed studies are scarce, some general rules on how
particular changes in paralogous pairs have contributed to the acquisition of fermentative
metabolism are starting to emerge (Figure 3).

Particularly interesting has been the finding that formation of hetero-oligomeric complexes
contributes to robustness and phenotypic plasticity by enhancing the role of paralogous
enzymes influencing the intracellular concentration of key metabolites such as a-IPM con-
trolling the Leu3 transcriptional network [40]; leucine influencing cell growth control [56,57];
lysine determining response to oxidative stress [58]; and «-KG playing a functional role in
aging [59].

Although the neolocalization of a paralogous copy is frequently observed [60], the evolutionary
and physiological role of diversification of subcellular localization remains to be fully addressed
(see Outstanding Questions) and certainly constitutes an open pathway to understand func-
tional diversification of paralogs. In this respect, the analysis of moonlighting functions could
govern the diversification of subcellular localization.

Future studies of paralogous pairs diversification must imperatively include specific analyses to
understand whether a particular pattern is the outcome of sub- or neofunctionalization. To this
end, pertinent paralogous functional characterization will also have to be addressed in non-
WGD yeasts.

The rapidly increasing amount of S. cerevisiae isolates and the availability of their entire genome
sequences will promote the systematical study of WGD genes from yeast strains collected from
natural habitats [7,41,42,61-63] that could lead to the understanding of the involvement of
duplicated genes in other processes besides the fermentative metabolism observed in con-
trolled environments.
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Outstanding Questions

What is the role of subcellular localiza-
tion in paralogues functional diversifi-
cation? Although it has been ‘a prior’
considered that subcellular localization
could have an important influence in
the physiological role of a protein, no
experiments have been performed that
result in re-localization or co-localiza-
tion of paralogous enzymes.

Are moonligthing properties inherited
from the ancestor or did they arise after
WGD? Do moonlighting properties
diversify between paralogs? There
are several examples of paralogous
genes generated through WGD in
which one of the members of the paral-
ogous pair has an identified additional
function (moonlight). However detailed
analysis of its counterpart is compel-
ling to definitively establish whether the
moonlighting property has been con-
served in both paralogs. Differential
localization of enzymes such as Bat1
and Bat2 placed in mitochondria and
cytosol, respectively, could be consid-
ered as a mechanism preventing for-
mation hetero-oligomers. However,
since Bat1 has a moonlighting function
forming a complex with aconitase, its
mitochondrial localization could have
an important role in TCA regulation
and not in its aminotransferase
function.

Mathematical models have proven
useful in understanding complex sys-
tem behavior. Models may help
answer the following questions at a
systemic level: How does gene dupli-
cation alter metabolic fluxes and tran-
scriptional regulation? What are the
underlying regulatory mechanisms that
allowed yeasts to acquire a fermenta-
tive lifestyle? How do WGD homolo-
gous genes orchestrate energy
metabolism and biomass production
to sustain the rapid growth rate
observed during the Crabtree effect?

What are the most appropriate culture
conditions to address the role of dupli-
cated genes?

What is the relative contribution of
post-translational modifications  to
divergence in regulation of proteins
encoded by duplicated genes?
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