
Vol.:(0123456789)1 3

Current Genetics (2021) 67:755–759 
https://doi.org/10.1007/s00294-021-01188-x

MINI-REVIEW

Yeast proteins do not practice social distancing as species hybridize
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Abstract
With the current COVID-19 pandemic, we all realized how important interactions are. Interactions are everywhere. At the 
cellular level, protein interactions play a key role and their ensemble, also called interactome, is often referred as the basic 
building blocks of life. Given its importance, the maintenance of the integrity of the interactome is a real challenge in the 
cell. Many events during evolution can disrupt interactomes and potentially result in different characteristics for the organ-
isms. However, the molecular underpinnings of changes in interactions at the cellular level are still largely unexplored. 
Among the perturbations, hybridization puts in contact two different interactomes, which may lead to many changes in the 
protein interaction network of the hybrid, including gains and losses of interactions. We recently investigated the fate of the 
interactomes after hybridization between yeast species using a comparative proteomics approach. A large-scale conservation 
of the interactions was observed in hybrids, but we also noticed the presence of proteostasis-related changes. This suggests 
that, despite a general robustness, small differences may accumulate in hybrids and perturb their protein physiology. Here, 
we summarize our work with a broader perspective on the importance of interactions.
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Interactions happen everywhere

Understanding the mechanisms that underlie the multiplicity 
of traits, or phenotypic diversity, presents a substantial chal-
lenge in evolutionary biology. Network science could be one 
step towards a better comprehension. The current pandemic 
has made networks part of our everyday lives. However, 
such networks have always been everywhere around us. In 
space, stars interact with their planets through gravitation, 
radiation and magnetic fields (Vidotto 2019). In nature, 

interactions among species are hundreds. They range from 
short-term interactions (such as pollination and predation) to 
long-term interactions (such as mutualism that is beneficial 
for both partners, or competition that is harmful for the two) 
(Wootton and Emmerson 2005). Interactions exist also at a 
much lower level. Among the interactions that take place 
in the cell, protein interactions play a key role and can be 
seen as the basic building blocks of life. Proteins are known 
to interact with each other to form a complicated network 
called interactome, which includes protein complexes. The 
interactome has a significant role in many processes such as 
signal transduction, cell proliferation, growth, differentia-
tion, and apoptosis (Diss et al. 2013). As a consequence, 
any changes in the interactome may have key impacts on the 
characteristics and phenotypes of organisms. Better appre-
hension of the events that can disrupt the interactome will 
provide a unique opportunity to investigate the molecular 
bases of phenotypic diversity.
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Protein interactions can be disrupted

Maintenance of the integrity of the interactome is a real 
challenge in the cell. Aberrant protein interactions have 
been associated with many human diseases such as can-
cer, infectious diseases and neurodegenerative diseases 
(Lu et al. 2020). The challenge is all the more important 
as many events can disrupt the interactome. Among them, 
mutations in genes can modify the interactome, and induce 
either fragility (Zhong et al. 2009) or robustness (Diss 
et al. 2017). Besides mutations, interactions between spe-
cies are a major source of disruption for the interactome 
(Fig. 1). Host–pathogen interactions are a great example 
of interactions between species that disrupt the interac-
tome (Mukhtar et al. 2011, Orit et al. 2012). The long co-
evolution between pathogens and their host should favor 
pathogens that successfully manipulate their host by tar-
geting key proteins in their interaction network (Fig. 1a, 
b). Another interesting case of disruption occurs when two 
different species reproduce with each other: this is what we 
call hybridization. In hybrids, one can expect that we will 
observe a mix of the two parental interactions (Fig. 1c). 
The interactome will be composed of both intra-species 
(or parental) interactions and inter-species (or chimeric) 
interactions. Disruption of the interactome in the hybrid 
can result in either loss of interactions between proteins 
that normally interact within the parental species, or the 
formation of new hybrid-specific interactions.

The fate of the interactome in hybrids

The question of what is the fate of the interactome in 
hybrids is all the more interesting as hybrids can show 
very different phenotypes from their parents. The first idea 
that comes in mind is that hybrids will have intermediate 
characteristics from their parents. However, many stud-
ies have demonstrated the contrary. Sometimes, hybrids 
are “less efficient” than their parents, what we call under-
dominance (Maheshwari and Barbash 2011). For example, 
hybrids between indica and japonica subspecies of Asian 
cultivated rice are sterile (Ouyang et al. 2010). One the 
contrary, hybrids may be superior to their parents, a case 
that is called heterosis (Lippman and Zamir 2007). For 
example, hybrids between the common pheasant (Pha-
sianus colchicus) and the red junglefowl (Gallus gallus) 
are bigger than their parents (Darwin 1868). We can easily 
imagine the economical importance of such hybrid spe-
cies. One striking example is the hybrid corn that offers a 
considerable advantage in seed yield over parental species 
(Smith et al. 2004).

In all these cases, can protein interactome play a role in 
shaping these hybrid-specific characteristics? The answer 
is not clear, as previous studies tend to show different 
results. Some studies suggested the loss of interactions in 
hybrids because of a strong co-evolution, and thus incom-
patibility, between parental proteins (Lyad et al. 2012). 
On the contrary, some studies demonstrated that new chi-
meric interactions can appear in hybrids, and that this can 
be linked to enhanced functions in the cell (Piatkowska 
et al. 2013). However, these studies have some limitations. 
For instance, they focused on specific protein interactions 
and or specific protein complexes in the cell. Whether 

a) Viral
infection

b) Bacterial
infection

c) Inter-species
hybridization
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Fig. 1  Interactions between species can disrupt the interactome. 
a Viral infections (top panel) lead to contact between proteins of 
the host and the virus. Interactions between viral and host proteins 
(thick red lines) will disrupt the host interactome (red dotted lines) 
and therefore cellular processes. b In bacterial infections (center), 
the host interactome is disrupted by effector proteins from the bac-
teria (rather than by the entire interactome of the bacteria) (thick red 
line). These effectors can also modify the interactome of the host (red 
dotted lines). c In the case of hybridization between two distinct spe-
cies (bottom panel), there is an initial mix of the two parental inter-
actomes (step 1). After hybridization (step 2), the interactome of the 
hybrid will be composed of inter-species interactions also called chi-
meric interactions (red lines) and intra-species interactions also called 
parental interactions (black lines). Some interactions will have been 
disrupted (red dotted lines), while others will appear (thick red lines). 
Adapted from (Diss et al. 2013)
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hybridization is associated with a global reorganization 
of the interactome is, therefore, mostly still unexplored.

Comparative proteomics to study a large 
number of protein complexes

In our recent paper, we used a method that combines size-
exclusion chromatography (SEC), protein correlation pro-
filing (PCP) and stable isotope labeling by amino acids in 
cell culture (SILAC) to capture a large number of protein 
complexes in hybrids (Dandage et al. 2020). This method 
allows separating complex mixtures of endogenous pro-
teins into a set of fractions, which are analyzed by mass 
spectrometry. Profiles of co-migrating proteins are clus-
tered to reconstruct protein–protein interactions and, thus, 
protein complexes (Kristensen et al. 2012). In our study, 
SEC–PCP–SILAC was applied to the budding yeast Saccha-
romyces cerevisiae (parent 1) and to Saccharomyces uvarum 
(parent 2)—a closely related species belonging to the same 
genus (Scannell et al. 2011) and their hybrids (Fig. 2). Using 
yeast as a model is of special interest because spontaneous 
hybridization is common among yeast species and may have 
an important impact on their performance. During industrial 
processes such as wine making, hybridization is thought to 
be an important mechanism for adaptation to the environ-
ment, enhancing genetic flexibility and promoting adaptive 
change (González et al. 2006, Querol and Guillamon 2013). 
For example, hybrids between S. cerevisiae and Saccharo-
myces eubayanus acquire cryotolerance from S. eubayanus 
and beneficial fermentation from S. cerevisiae. Thus, the 
hybrids benefit from both ancestors, with the ability to uti-
lize sugar and perform fermentation at low temperature, a 
condition frequently used in wine and beer making (Hebly 
et al. 2015, Krogerus et al. 2017). Considering the industrial 
applications, comprehensive understanding of the molecular 
underpinnings of hybrid characteristics is necessary.

Robustness and changes in hybrids

In our study, we investigated the assembly of a few dozen 
protein complexes in an untargeted manner. Most of the 
protein–protein interactions were similar between hybrids 
and their parents, and were consistent with the assembly of 
inter-species interactions (chimeric complexes) in hybrids 
(Fig. 2b). One of the complex that appears to be chimeric in 
hybrids was the prefoldin complex. We decided to use this 
hexameric protein complex, involved in cytoplasmic folding 
of actin and tubulin monomers during cytoskeleton assembly 
(Millán-Zambrano and Chávez 2014), to validate the pres-
ence of chimeric complexes in hybrids. Using the dihydro-
folate reductase (DHFR) protein-fragment complementation 

assay (PCA) (Tarassov et al. 2008) applied to the prefoldin 
complex, we could confirm that chimeric interactions occur 
in hybrids.

Despite the overall general robustness of the protein com-
plexes, we also detected cases of altered protein interactions 
in hybrids. Altered biological functions included functions 
linked to proteostasis and metabolism. We hypothesize that 
this could be an effect of or a response to the misregulation 
of protein proteostasis in hybrids, as many molecular traits 
are disrupted after hybridization (Bar-Zvi et al. 2017). This 
alteration could also be a result of imbalance among pro-
tein subunits of complexes in hybrids or incompatibilities 
between subunits. For instance, if the interaction between 
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Fig. 2  SEC–PCP–SILAC enables comparing the interactomes of a 
parental and b hybrid yeast species. This method allows obtaining 
protein elution profiles that are subsequently used to infer protein 
interactions and protein complexes. The principle of the analysis is 
that two proteins (P1 and P2) that interact will tend to have similar 
elution profiles over time. a Interaction between P1 and P2 is detected 
in both parents. b In our study, we demonstrated that after hybridiza-
tion, there is a mix of the two parental interactomes: P1 of parent two 
interacts with P2 of parent one and the reverse, P1 of parent one inter-
acts with P2 of parent two. The interactome of the hybrid is, thus, 
mostly composed of inter-species interactions (chimeric interactions)
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the two subgenomes produces proteins with altered stoichi-
ometry, protein proteostasis mechanisms could be activated 
to restore proper protein balance.

Further perspectives

Upon comparison of the protein complexes in parents and 
their hybrids, we were able to uncover patterns that indi-
cate robustness and mix of complexes between parents and 
hybrids. Robustness of protein complexes after hybridization 
was previously reported for two complexes, the nuclear pore 
complex and the RNA polymerase II (Leducq et al. 2012). 
The novelty of our study lies in the elucidation of the fate 
of protein complexes after hybridization for several protein 
complexes simultaneously. Leveraging on the availability 
of a broader survey of complexes, our study was able to 
highlight interesting differences in hybrids. Among them, 
proteostasis-related changes were detected, with enriched 
interactions in hybrids related to this biological function. 
Interestingly, similar results were obtained in a previous 
study that charted the hybrid proteome of a viable cross 
between Drosophila melanogaster females and Drosophila 
simulans males (Bamberger et al. 2018). In their study, 
the authors demonstrated that developing hybrids have 
20% novel proteins in addition to parental species, includ-
ing high levels of proteostasis-related proteins (heat shock 
proteins, proteasome-associated proteins, and proteasomal 
subunits). Thus, in light of this study and our own results, 
we can hypothesize that, on one hand, protein complexes 
are in general robust to hybridization. Social distancing is 
definitely not a long-term solution, even for yeast proteins. 
On the other hand, there might be incompatibilities between 
proteins of the different parents. These incompatibilities, of 
weak effects but distributed among many proteins, might 
result in perturbation of physiology of the cell and, thus, 
increased proteostasis. In the future, we aim to confirm the 
pathways that were identified as different between hybrids 
and parents. One possible avenue would be to study the evo-
lution of the interactomes in hybrids over a long period of 
time and see, for instance, if proteostasis-related differences 
dissipate as hybrids evolve.
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