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The role of the Yeast Saccharomyces cerevisiae as model eukaryote has been questioned in the 
last few years, given the increased ability to conduct research in more complex eukaryotes, including 
man. In this paper, the usefulness of budding yeast as a model eukaryote is discussed, highlighting 
the assets that still make S. cerevisiae a powerful system, both as a single-cell eukaryotic model 
organism and as a host for the functional analysis of heterologous proteins. As a case-study, the 
use of Yeast to uncover the mechanisms of resistance against stresses relevant in Plant Biology and 
Biotechnology and to characterize the role of plant membrane transporters, which were found to be 
important in this context, is considered. 

  
 
Introduction 
Saccharomyces cerevisiae has been a widely 

accepted single cell eukaryotic model, being 
non-pathogenic, easy to manipulate 
genetically, well characterized, and exhibiting 
fast and inexpensive growth. Its use as a 
model system was boosted by the publication 
of its genome sequence nearly two decades 
ago (Goffeau et al., 1996). Research on S. 
cerevisiae pioneered the development of 

several post-genomic experimental 
approaches and computational tools, which 
has allowed the gathering of large amount of 
biological information easily accessible 
through public databases (SGD, 
Saccharomyces Genome Database – 
www.yeastgenome.com (Cherry et al., 2012); 
and YEASTRACT – http://www.yeastract.com 
(Teixeira et al., 2006), among others. 
However, the rapid development of new 
generation sequencing techniques has 
enabled, in the last few years, the sequencing 
of thousands of genomes, hundreds of which 
belonging to eukaryotic organisms. 
Furthermore, the successful application of 
genome-wide expression analysis and 
systems biology tools to highly complex 
eukaryotes has rapidly enhanced the level of 
knowledge and understanding of complex 
eukaryotic systems, apparently abolishing the 
need to work with model organisms. This 
paper describes the recent use of S. 
cerevisiae as a model for the study of 
mechanisms of resistance to stresses of 
interest in plant biology and biotechnology. 

More specifically, the efforts to characterize 
membrane transporters from the plant model 
Arabidopsis thaliana are highlighted, including 
the key steps through which the use of this 
single-cell eukaryotic model proved 
invaluable. 
 
Yeast as model eukaryote: is it still useful? 
Being used for millennia in traditional 
biotechnological applications, Saccharomyces 
cerevisiae has been regarded for decades as 
the best characterized of eukaryotes. Despite 
the huge efforts to characterize other more 
relevant biological systems, particularly 
humans, or the development of tools to study 
more complex model organisms such as 
Caenorhabidtis elegans, Drosophila 
melanogaster, Arabidopsis thaliana and Mus 
musculus, among others, S. cerevisiae 
continues to be the best characterized 
eukaryotic organism, possibly for historical 
reasons, but also due to its amenability for 
genetic manipulation and physiological 
studies. Such a fact, on its own, makes all data 
obtained in S. cerevisiae easier to interpret. 
This is particularly true when thinking about 
genome-wide expression analysis data, 
whose full understanding relies on the 
comprehension of the functions of all the 
individual genes whose expression change is 
registered. 
 
Large-scale biological material has also been 
produced for S. cerevisiae in a scale that has 
neither precedent nor follow-ups in any other 
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system. This material includes, among many 
others, a collection of yeast strains in which 
each gene was individually TAP-tagged, 
enabling proteome-wide protein quantification 
(Ghaemmaghami et al., 2003). A collection of 

strains with each individual gene being fused 
to a GFP tag was also produced, allowing the 
fulfillment of the S. cerevisiae localizome 
project (Huh et al., 2003). Collections of 

plasmids harbouring each yeast gene have 
also been generated for protein 
overexpression and purification, aiming 
proteome chip production (Zhu et al., 2001). 
But eventually the most useful S. cerevisiae 
collection built so far is the so-called yeast 
disruptome. It includes yeast mutants in which 
each yeast gene was individually deleted 
(EUROSCARF – http://web.uni-
frankfurt.de/fb15/mikro/euroscarf) (Kelly et al., 
2001), facilitating quick, easy and high-
throughput search for genes involved in the 
resistance or susceptibility to any given 
environmental stressor (dos Santos et al., 
2013). The use of the yeast disruptome has 
shed light into the mechanisms of resistance 
to numerous drugs (dos Santos and Sá-
Correia, 2009; dos Santos et al. 2013), 
xenobiotic compounds (Dias et al., 2010), or 
growth inhibitors of biotechnological relevance 
(Mira et al., 2010; Teixeira et al., 2006; 
Teixeira et al., 2009; Teixeira et al., 2011). In 
summary, yeast continues to be a robust and 
inexpensive experimental platform, deeply 
facilitating molecular studies difficult to carry 
out in more complex and less accessible 
eukaryotes. Moreover, although many 
cytotoxic compounds act in their target 
organisms via physiological mechanisms that 
do not exist in yeast, many of the basic 
mechanisms underlying toxicity, adaptation 
and resistance to chemical and environmental 
stresses are apparently conserved between 
yeast and phylogenetically distant organisms 
(dos Santos et al., 2013; Hohmann and 
Mager, 1997). 
 
In the specific case of the study of stress 
tolerance mechanisms of relevance to plant 
Biology and Biotechnology, genome-wide 
analyses in yeast have been successfully 
used to identify the genes responsible for 
yeast response and resistance to xenobiotic 
compounds of agricultural interest, such as the 
herbicide sulfometuron methyl (Jia et al., 
2010), the dithiocarbamate fungicides 

mancozeb (Dias et al., 2012; Santos et al., 
2009) thiuram, zineb and maneb (Kitagawa et 
al., 2003), the benzimidazole fungicide 
benomyl (Lucau-Danila et al., 2005), the 
pesticide lindane (Parveen et al., 2003), and 

the herbicide 2,4-dichlorophenoxyacetic acid 
(2,4-D) (Teixeira et al., 2006; Teixeira et al., 
2007; Teixeira et al., 2010). This 
characterization of mechanisms of resistance 
to pesticides and environmental pollutants in 
yeast cells has contributed to the 
understanding of these mechanisms in more 
complex and less easily accessible 
eukaryotes, such as weeds and crops. The 
case of the analysis of yeast resistance to the 
herbicide 2,4-D has been paradigmatic in the 
sense that a high parallel between what was 
described in yeast and plants was observed 
(Teixeira et al., 2007). For example, three 
multidrug transporters were found to confer 
2,4-D resistance in S. cerevisiae: the ABC 

transporters Pdr5 (Teixeira and  Sá-Correia, 
2002) and Pdr18 (Cabrito et al., 2011); and the 
MFS-MDR transporter Tpo1 (Teixeira and  Sá-
Correia, 2002) (Figure 1).  
 

 
Fig. 1. Multidrug/xenobiotic transporters found 
first in S. cerevisiae (left) and then in the model 
plant A. thaliana (right) to confer resistance to 
the herbicide 2,4-D (Cabrito et al., 2009; 
Cabrito et al., 2011; Ito and Gray, 2006; Remy 
et al., 2013, Teixeira and Sá-Correia, 2002). 
 
The expression of these transporters was 
found to decrease the intracellular 
accumulation of this herbicide (Cabrito et al., 
2011; Teixeira and Sá-Correia, 2002). Based 
on these results, Tpo1 and Pdr5/Pdr18 
homologs were searched for in the A. thaliana 

genome sequence. Interestingly, an ScPDR5 
homologue from the plant model, AtPDR9, 
was found to also confer 2,4-D resistance in 
plants (Ito and Gray, 2006). More recently, a 
new A. thaliana Tpo1 homolog, Zifl1, was 
described first through heterologous 
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expression in S. cerevisiae (Cabrito et al., 
2009), and then in plants (Remy et al., 2013), 
and demonstrated to be also involved in 
herbicide resistance (Figure 1). 
  
More detailed studies revealed further that the 
two splice variants of Zifl1 contribute to 
different functions in A. thaliana, one 
regulating stomatal movements and the other 
polar auxin transport, by modulating 
potassium and proton fluxes in Arabidopsis 
cells. (Remy et al., 2013). These findings 
reinforce the notion that yeast is a powerful 
tool for the study of mechanisms of resistance 
relevant in plant Biology and Biotechnology. 
 
Yeas as a host for functional analysis  
Because of all the data and tools available, 
heterologous expression using the yeast 
model is also extremely attractive (reviewed 
by Ton and Rao, 2004). The high number of 
annotated genes and the possibility of using 
respective yeast deletion mutants are the 
foundations for the most powerful feature of 
the yeast heterologous expression system: 
functional complementation. Functional 
complementation consists in the restoration of 
wild type phenotypes by a foreign protein in a 
yeast strain lacking the putative homolog of 
that protein, indicating that the foreign protein 
has a similar function to the endogenous 
protein deleted in yeast. Additionally, 
mutations in the foreign protein may be rapidly 
screened for change or loss of function, 
providing structure-function relationships and 
helping the identification of functional 
domains, as was done successfully to study 
specific mutations in the C-terminus of the 
plant ammonium transporter Amt1 
(Neuhauser et al., 2007). Growth 
complementation, biochemical analysis and 
localization assays can be easily achieved in 
S. cerevisiae. Biochemical analysis focused 
on the measurement of the foreign transport 
activity, provide a straight forward way to 
determine enzyme kinetic parameters, direct 
uptake capacity by the transporter or optimal 
pH activity, as it was done with the Arabidopsis 
thaliana Pht1;1 and Pht1;2 genes, homologs 
of the S. cerevisiae gene PHO84 (Muchhal et 
al., 1996). 
 

Although the use of S. cerevisiae has been 

proved extremely efficient, other yeast species 
may also being used as heterologous 
systems, particularly if complex post-
transcriptional and post-translational 
mechanisms are involved. The yeasts Pichia 
pastoris and Schizosaccharomyces pombe 
are, in this sense, popular systems (Cereghino 
and Cregg. 2000; Kumar and Singh, 2004). 
However, there are some ways to overcome 
the limited repertoire of post-transcriptional 
and post-translational mechanisms in S. 
cerevisiae. For example, the limitation in 

carrying out alternative splicing was dealt with 
in the recent characterization of the Zifl1 
transporters, in which the three splice variants 
were cloned from the cDNA obtained from A. 
thaliana tissue expressing these variants. All 
three variants were expressed in yeast and 
compared in terms of their role in K+ and H+ 
transport and ability to confer herbicide 
resistance (Remy et al., 2013). 
 
The A. thaliana Pht1;9 transporter as a 
case-study 
Recently, Pht1;9 was characterized, resorting 
to yeast as a host for heterologous protein 
production (Figure 2). When expressed in 
yeast a Pht1;9-GFB fusion protein was 
expressed and target to the plasma 
membrane. Expression of Pht1;9 rescued the 
growth deficiency exhibited by ∆pho84 mutant 
cells exposed to low concentrations of Pi. 
Besides, ∆pho84 cells expressing Pht1;9 have 
higher Pi content compared to ∆pho84 cells 
harbouring the empty vector, reaching values 
similar to the wild type. Uptake assays were 
performed in yeast cells with 32Pi and revealed 
a Km of 23.6 μm, clearly suggest that this is a 
high-affinity phosphate transporter something 
that could not have been easily assessed in 
plants (Remy et al., 2012). 
 
To check if this is a Pi/ H+ symporter, the 
authors measured the alkalinization of the 
external medium when yeast cells expressing 
or not Pht1;9 are grown in low Pi conditions. 
The yeast mutants carrying Pht1;9 transporter 
presented similar medium alkalinization to wild 
type medium, while transformants with the 
corresponding empty vector showed lower 
medium alkalinization. Alkalinization of the 
medium reflected a proton influx through the  
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Fig. 2. A. thaliana high affinity phosphate (Pi) 
transporters Pht1;9 was characterized 
functionally in A. thaliana (left) and in S. 
cerevisiae (right). The yeast system proved 
particularly valuable in the determination of the 
kinetic parameters associated to this 
transporter, its action as H+ symporter and the 
ability to complement the absence of its yeast 
homolog Pho84 (Remy et al., 2012). 

 
plasma membrane which was in agreement 
with a Pi/H+ symporter activity expected. 
Growth susceptibility assays with Arsenate 
were also done, since arsenate is described 
as competing with Pi for transport. Since this 
compound is toxic, susceptibility to arsenate 
resulted in inhibitory growth effects. Yeast 
cells expressing Pht1;9 were found to have 
increase arsenate susceptibility, which 
reflected a higher uptake of arsenate. All the 
data obtained using yeast were confirmed by 
plant experiments. Remy and collaborators 
took a great advantage of the yeast model, 
and used it to study several properties that 
previous studies ignored (Remy et al., 2012). 

 

Final remarks 
Saccharomyces cerevisiae as a model 
eukaryotic system is herein shown to offer 
tools and assets that are still not available for 
higher eukaryotes. Particularly exclusive of S. 
cerevisiae among eukaryotes, is the 
availability of genomic scale collections of 
strains, which can be tested in high-throughput 
screenings, including the so-called yeast 
disruptome, which allows the easy genome-
wide identification of determinants of 
resistance to environmental challenges. 
Furthermore, as exemplified in this paper, 
budding yeast also offers nearly ideal 
conditions for the functional expression of 
heterologous proteins, enabling their precise 
biochemical, topological and functional 
characterization. Altogether, it is reasonable to 
expect that S. cerevisiae will continue to be, in 
the years to come, a powerful eukaryotic 
model system, with impact in Human Health, 
Agriculture and Biotechnology. 
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