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Abstract

The regulatory processes in cells are typically organized into complex genetic networks.
However, it is still unclear how this network structure modulates the evolution of cellular reg-
ulation. One would expect that mutations in central and highly connected modules of a net-
work (so-called hubs) would often result in a breakdown and therefore be an evolutionary
dead end. However, a new study by Koubkova-Yu and colleagues finds that in some circum-
stances, altering a hub can offer a quick evolutionary advantage. Specifically, changesin a
hub can induce significant phenotypic changes that allow organisms to move away from a
local fitness peak, whereas the fitness defects caused by the perturbed hub can be miti-
gated by mutations in its interaction partners. Together, the results demonstrate how net-
work architecture shapes and facilitates evolutionary adaptation.

Every cellular process in an organism, from mitosis to metabolism, results from the integrated
and coordinated activity of a specific subpart of its gene network. In its most simple form, a
network can be visualized by a set of genes or gene products, linked together by pairwise inter-
actions such as protein—protein or protein-DNA interactions. Biological networks typically
show several levels of organization. Genes involved in related processes often share interaction
partners and form smaller subnetworks or modules. The availability of today’s genome- and
proteome-scale assays have made it possible to systematically map individual genes within the
network, which allowed us to obtain an overview not only of how cellular regulation is orga-
nized but also of the precise function of individual genes and gene modules within the cell [1].
One striking conclusion from mapping cellular networks is that many genes only interact
with a limited number of other genes, whereas a smaller subset of genes interacts with many
other genes and therefore has a more central role in the gene network (so-called network
hubs). Hubs are often predicted to be essential for an organism’s fitness, because any perturba-
tion can affect many other genes. In line with this hypothesis, it has been shown that hubs are
three times more likely to be essential than genes with fewer interaction partners [2]. Further-
more, there is a negative correlation between the connectivity of a protein and the growth rate
of its knock-out strain [3]. Perturbations of network hubs are therefore expected to have major
fitness consequences. However, it is less clear how the existence of hubs affects the evolvability
of an organism (i.e., the ability of the organism to produce heritable—potentially adaptive—
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phenotypic variation) and whether hub genes evolve differently compared to peripheral genes.
Does their essentiality and central role in the gene network lead to slower evolutionary rates,
as often suggested? Indeed, previous studies found that the position of a gene within the net-
work often correlates with its rate of evolution. For example, the number of interaction part-
ners of a gene shows a negative correlation with its rate of evolution [4,5,6]. Because of this,
evolution is thought to primarily occur through mutations in genes at the periphery of the
gene network [7]. However, the strength of the correlation between the connectivity of a pro-
tein and its evolutionary rate differs between different studies. Some studies that rely on differ-
ent interaction databases or that employ different analysis methods do not find significant
correlations [3]. In part, such differences could be caused by confounding factors such as
expression-level differences or be due to biased or low-quality data. Furthermore, there are
many different types of networks, including genetic interaction networks, physical and pro-
tein—protein interaction networks, transcriptional regulatory networks, and metabolic net-
works. Therefore, results might also vary depending on the type of molecular network that is
considered. For example, in a bacterial metabolic network, network topology showed little cor-
relation with enzyme evolution [8]. In yeast, however, central transcription factors have been
reported to evolve faster [9]. Because there is no general consensus regarding the role of hub
genes in evolution, more experiments are needed to determine the role of network architecture
in evolutionary biology.

In a new study, Koubkova-Yu and colleagues investigate how hubs affect the evolvability of
yeast by studying how cells respond to perturbations in the network hub HSP90 [10]. Hsp90 is
a molecular chaperone and an exceptional hub gene because it is extremely abundant in cells
[11] and it interacts with more than 10% of the yeast proteome [12]. It has been termed a “hub
of hubs” because many of its clients are also network hubs within the interaction network [13].
Despite its central position in the interaction network, the authors present here that HSP90
does show sequence divergence when comparing four yeast species separated by 50 to 270 mil-
lion years of evolution. This raises the question of whether the hub gene itself evolved different
functions in the different species. To test for this, the authors replaced HSP90 in Saccharomyces
cerevisiae with its orthologs from the three other yeast species and measured the growth of the
resulting mutant strains. Although replacement with the two closest related HSP90s did not
have strong fitness effects, replacement with the HSP90 ortholog from Yarrowia lipolytica did
result in severe growth defects.

Interspecies gene replacements can affect fitness in many different ways. The function of
the genes might have diverged, the expression level can be suboptimal, the activity of the pro-
tein might be reduced, or the interactions with other genes could be changed [14,15]. Although
the authors find no differences in expression levels and activity, the precise reason for reduced
fitness was not further disentangled. However, S. cerevisiae cells with the Y. lipolytica ortholog
showed improved growth in high-salt environments. Y. lipolytica is often isolated from hyper-
saline environments and has a higher salt tolerance than S. cerevisiae. Therefore, solely replac-
ing HSP90 resulted in a partial transfer of the salt-tolerant phenotype. A similar phenomenon
was observed in Escherichia coli, in which expression of a chaperonin from the psychrophilic
bacterium Oleispira antarctica resulted in improved growth at low temperatures [16]. Koub-
kova-Yu and colleagues propose that the altered fitness patterns might be explained by break-
age of important interactions in the HSP90 network [10]. Alternatively, it is also possible that
Hsp90 from Y. lipolytica has an improved stability or functionality in hypersaline conditions.
Because Hsp90 is a hub protein, improving its stability or functionality in a stressful environ-
ment could substantially improve growth because it may rescue the function of several impor-
tant interaction partners. This would imply that, rather than being unchangeable obstacles,
some hubs could be prime drivers of evolution.
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Even if mutations in a hub could be adaptive in some specific environments, it is to be
expected that the overall fitness effect is negative. Therefore, the authors asked whether cells
with altered network hubs can adapt to overcome their fitness defects. More specifically, will
cells generally evolve to restore the original Hsp90 function, or will they adapt by rewiring
their gene network? To answer these questions, the authors repeatedly evolved originally iso-
genic populations of S. cerevisiae containing the Y. lipolytica HSP90 ortholog for more than
2,000 generations. Strikingly, all lines quickly showed fitness increases, suggesting that a per-
turbed hub is not necessarily an evolutionary dead end. Furthermore, none of the evolved pop-
ulations showed mutations in HSP90 itself. Instead, adaptation was driven by mutations in one
or more genes that are connected to each other by HSP90. As such, they showed that adapta-
tion to an altered hub occurred by optimizing the subnetworks the hub is connected to and
not by restoring the hub itself. These subnetworks were different between the populations, and
as a result, the evolved lineages showed a large variety in their phenotypic profiles.

The observations of the authors are especially interesting when put into the context of fit-
ness landscapes [17,18]. Previous simulations show that cells can reach different, and in some
cases even higher, fitness peaks by starting off from a valley instead of from a local maximum
[19]. The structure of the remaining gene network then determines which new fitness peaks
are available for the evolving individual. Because hubs are involved in multiple processes and
have a large number of interaction partners, the number of possibilities an organism has to
reach another local maximum is higher when a hub is perturbed than when a gene at the edge
of the network would be perturbed (Fig 1). In the fitness landscape, such dramatic changes
translate into a large translocation, away from a (local) fitness peak, which in turn allows
organisms to explore other parts of the landscape and find alternative fitness optima, which
may in fact be higher than the original starting point. In addition, it is interesting to note that
when they are far removed from fitness peaks, populations primarily evolve by fixing rare
mutations that have a relatively large (positive) fitness effect [20], which can result in relatively

B
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Fig 1. Network architecture determines evolutionary trajectories. (A) Simplified schematic of a gene network. The red node is a hub gene, and the blue
node is a gene at the edge of the network. (B) Fitness landscape and possible evolutionary trajectories. Perturbing a hub gene (red) or a peripheral gene
(blue) can both lead to a decrease in fitness, but the number of available evolutionary trajectories (arrows) is higher when a hub gene is perturbed.

https://doi.org/10.1371/journal.pbio.3000111.9001
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large phenotypic variability between independently evolving populations [21]. This is indeed
what the authors find in this study: many of the mutations resulted in strong fitness increases,
but they are different in the different evolved populations.

Altogether, these new findings indicate that perturbations in hubs can speed up evolution,
rather than being obstacles for evolution. In contrast to most studies that look at the link
between connectivity and the rate of evolution, Koubkova-Yu and colleagues use experimental
evolution to explicitly explore the importance of network architecture in evolution. First, they
show that although a mutated hub generally results in fitness defects, it can improve growth in
certain environments (e.g., salt stress). This means that in stress conditions, in which a hub
does not function properly, a mutation can have a large beneficial effect on fitness even though
it might have a detrimental effect on its ability to form protein-protein interactions. Second,
the authors show that adaptation to mutations in a hub can be fast but tends to happen in the
periphery of the network and not in the hub itself. Taken together, this might indicate that
changes in hub proteins could offer a way to quickly change the phenotypic profile and help
an organism to adapt to a particular environment.

However, it is important to also note a few pitfalls and unanswered questions. Firstly,
replacing a complete hub protein with an ortholog is unlikely to be a common scenario in nat-
ural evolution. A spontaneous mutation in a hub may have very different and more negative
fitness effects, which could imply an evolutionary dead end. Second, HSP90 is in many regards
a special hub because it acts as a molecular chaperone. Other studies have shown that solely
changing the levels of Hsp90 alters the relation between genotype and phenotype, possibly
affecting evolutionary processes [11,22]. In addition, because only a single hub gene was stud-
ied by Koubkova-Yu and colleagues, it is difficult to draw general conclusions about the role
or importance of network architecture in evolution. Some previous studies focused on linking
the rate of evolution (adaptability) to the initial fitness of the genotype rather than investigat-
ing the role of network architecture on evolvability. These studies show that lower initial fit-
ness leads to faster fitness improvements through evolution (rule of declining adaptability)
[23]. Therefore, an interesting and important yet difficult challenge is to disentangle to what
extent fitness, the fitness landscape, or the underlying molecular network shape evolution.

References

1. Costanzo M, VanderSluis B, Koch EN, Baryshnikova A, Pons C, Tan G, et al. A global genetic interac-
tion network maps a wiring diagram of cellular function. Science. 2016; 353: aaf1420-1-aaf1420-14.

2. JeongH, Mason SP, Barabasi AL, Oltvai ZN. Lethality and centrality in protein networks. Nature. 2001;
411:41-42. https://doi.org/10.1038/35075138 PMID: 11333967

3. Batada NN, Hurst LD, Tyers M. Evolutionary and physiological importance of hub proteins. PLoS Com-
put Biol. 2006; 2: 0748—-0756.

4. Fraser HB, Hirsh Aaron E, Steinmetz Lars M, Curt Scharfe, Feldman Marcus W. Evolutionary Rate in
the Protein Interaction Network. Science. 2002; 296: 750-752. https://doi.org/10.1126/science.
1068696 PMID: 11976460

5. Krylov DM, Wolf Y1, Rogozin IB, Koonin E V. Gene loss, protein sequence divergence, gene dispens-
ability, expression level, and interactivity are correlated in eukaryotic evolution. Genome Res. 2003; 13:
2229-2235. https://doi.org/10.1101/gr.1589103 PMID: 14525925

6. Alvarez-Ponce D, Feyertag F, Chakraborty S. Position Matters: Network Centrality Considerably
Impacts Rates of Protein Evolution in the Human Protein—Protein Interaction Network. Genome Biol
Evol. 2017; 9: 1742-1756. https://doi.org/10.1093/gbe/evx117

7. Kim PM, Korbel JO, Gerstein MB. Positive selection at the protein network periphery: Evaluation in
terms of structural constraints and cellular context. Proc Natl Acad Sci. 2007; 104: 20274—20279.
https://doi.org/10.1073/pnas.0710183104 PMID: 18077332

8. Aguilar-Rodriguez J, Wagner A. Metabolic Determinants of Enzyme Evolution in a Genome-Scale Bac-
terial Metabolic Network. Genome Biol Evol. 2018; 10: 3076—3088. https://doi.org/10.1093/gbe/evy234
PMID: 30351420

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000111 January 30, 2019 4/5


https://doi.org/10.1038/35075138
http://www.ncbi.nlm.nih.gov/pubmed/11333967
https://doi.org/10.1126/science.1068696
https://doi.org/10.1126/science.1068696
http://www.ncbi.nlm.nih.gov/pubmed/11976460
https://doi.org/10.1101/gr.1589103
http://www.ncbi.nlm.nih.gov/pubmed/14525925
https://doi.org/10.1093/gbe/evx117
https://doi.org/10.1073/pnas.0710183104
http://www.ncbi.nlm.nih.gov/pubmed/18077332
https://doi.org/10.1093/gbe/evy234
http://www.ncbi.nlm.nih.gov/pubmed/30351420
https://doi.org/10.1371/journal.pbio.3000111

@'PLOS ‘ BIOLOGY

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Jovelin R, Phillips PC. Evolutionary rates and centrality in the yeast gene regulatory network. Genome
Biol. 2009; 10: R35. https://doi.org/10.1186/gb-2009-10-4-r35 PMID: 19358738

Koubkova-Yu TC-T, Chao J-C, Leu J-Y. Heterologous Hsp90 promotes phenotypic diversity through
network evolution. 2018; PLoS Biol. 16(11): e2006450. https://doi.org/10.1371/journal.pbio.2006450
PMID: 30439936

Jarosz DF, Taipale M, Lindquist S. Protein Homeostasis and the Phenotypic Manifestation of Genetic
Diversity: Principles and Mechanisms. Annu Rev Genet. 2010; 44: 189-216. hitps://doi.org/10.1146/
annurev.genet.40.110405.090412 PMID: 21047258

Taipale M, Jarosz DF, Lindquist S. HSP90 at the hub of protein homeostasis: Emerging mechanistic
insights. Nat Rev Mol Cell Biol. 2010; 44: 515-528.

Jarosz DF, Lindquist S. Hsp90 and Environmental Stress Transform the Adaptive Value of Natural
Genetic Variation. Science. 2010; 330: 1820—1824. https://doi.org/10.1126/science.1195487 PMID:
21205668

Kacar B, Garmendia E, Tuncbag N, Andersson DI, Hughes D. Functional constraints on replacing an
essential gene with its ancient and modern homologs. MBio. 2017; 8: e01276-17. https://doi.org/10.
1128/mBio.01276-17 PMID: 28851849

Lind PA, Tobin C, Berg OG, Kurland CG, Andersson DI. Compensatory gene amplification restores fit-
ness after inter-species gene replacements. Mol Microbiol. 2010; 75: 1078—1089. https://doi.org/10.
1111/j.1365-2958.2009.07030.x PMID: 20088865

Ferrer M, Chernikova TN, Yakimov MM, Golyshin PN, Timmis KN. Chaperonins govern growth of
Escherichia coli at low temperatures. Nat Biotechnol. 2003; 21: 1266—-1267. https://doi.org/10.1038/
nbt1103-1266 PMID: 14595348

Wright S. The roles of mutations, inbreeding, crossbreeding and selection in evolution. Proc Sixth Int
Congr Genet. 1932; 356—366.

Wright S. Surfaces of Selective Value Revisited. Am Nat. 1988; 131: 115-123.

Covert AW 3rd, Lenski RE, Wilke CO, Ofria C. Experiments on the role of deleterious mutations as step-
ping stones in adaptive evolution. Proc Natl Acad Sci. 2013; E3171-E3178. https://doi.org/10.1073/
pnas.1313424110 PMID: 23918358

Wiser MJ, Ribeck N, Lenski RE. Long-Term Dynamics of Adaptation in Asexual Populations. Science.
2013; 342: 1364—1367. https://doi.org/10.1126/science.1243357 PMID: 24231808

Levy SF, Blundell JR, Venkataram S, Petrov DA, Fisher DS, Sherlock G. Quantitative evolutionary
dynamics using high-resolution lineage tracking. Nature. 2015; 519: 181-186. https://doi.org/10.1038/
nature14279 PMID: 25731169

Rutherford SL, Lindquist S. Hsp90 as a capacitor for morphological evolution. Nature. 1998; 396:
336-342. https://doi.org/10.1038/24550 PMID: 9845070

Couce A, Tenaillon OA. The rule of declining adaptibility in microbial evolution experiments. Front
Genet. 2015; 11: 99.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000111 January 30, 2019 5/5


https://doi.org/10.1186/gb-2009-10-4-r35
http://www.ncbi.nlm.nih.gov/pubmed/19358738
https://doi.org/10.1371/journal.pbio.2006450
http://www.ncbi.nlm.nih.gov/pubmed/30439936
https://doi.org/10.1146/annurev.genet.40.110405.090412
https://doi.org/10.1146/annurev.genet.40.110405.090412
http://www.ncbi.nlm.nih.gov/pubmed/21047258
https://doi.org/10.1126/science.1195487
http://www.ncbi.nlm.nih.gov/pubmed/21205668
https://doi.org/10.1128/mBio.01276-17
https://doi.org/10.1128/mBio.01276-17
http://www.ncbi.nlm.nih.gov/pubmed/28851849
https://doi.org/10.1111/j.1365-2958.2009.07030.x
https://doi.org/10.1111/j.1365-2958.2009.07030.x
http://www.ncbi.nlm.nih.gov/pubmed/20088865
https://doi.org/10.1038/nbt1103-1266
https://doi.org/10.1038/nbt1103-1266
http://www.ncbi.nlm.nih.gov/pubmed/14595348
https://doi.org/10.1073/pnas.1313424110
https://doi.org/10.1073/pnas.1313424110
http://www.ncbi.nlm.nih.gov/pubmed/23918358
https://doi.org/10.1126/science.1243357
http://www.ncbi.nlm.nih.gov/pubmed/24231808
https://doi.org/10.1038/nature14279
https://doi.org/10.1038/nature14279
http://www.ncbi.nlm.nih.gov/pubmed/25731169
https://doi.org/10.1038/24550
http://www.ncbi.nlm.nih.gov/pubmed/9845070
https://doi.org/10.1371/journal.pbio.3000111

