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Proteotoxicity caused by perturbed protein
complexes underlies hybrid incompatibility
in yeast

Krishna B. S. Swamy 1,3,4, Hsin-Yi Lee1,4, Carmina Ladra1, Chien-Fu Jeff Liu1,
Jung-Chi Chao1, Yi-Yun Chen 2 & Jun-Yi Leu 1

Dobzhansky–Muller incompatibilities represent amajor driver of reproductive
isolation between species. They are caused when interacting components
encoded by alleles from different species cannot function properly when
mixed. At incipient stages of speciation, complex incompatibilities involving
multiple genetic loci with weak effects are frequently observed, but the
underlying mechanisms remain elusive. Here we show perturbed proteostasis
leading to compromised mitosis and meiosis in Saccharomyces cerevisiae
hybrid lines carrying one or two chromosomes from Saccharomyces bayanus
var.uvarum. Levels of proteotoxicity are correlatedwith thenumber of protein
complexes on replaced chromosomes. Proteomic approaches reveal that
multi-protein complexes with subunits encoded by replaced chromosomes
tend to be unstable. Furthermore, hybrid defects can be alleviated or aggra-
vated, respectively, by up- or down-regulating the ubiquitin-proteasomal
degradation machinery, suggesting that destabilized complex subunits over-
burden the proteostasis machinery and compromise hybrid fitness. Our find-
ings reveal the general role of impaired protein complex assembly in complex
incompatibilities.

Proteins are the main functional units and building blocks of the cell.
To survive in constantly changing environments, cellsmaintain protein
homeostasis (proteostasis) by a complex network of translation,
molecular chaperone, and degradation systems1,2. Perturbed proteos-
tasis can have strong impacts on cell physiology and has been impli-
cated in aging and many different human diseases3,4. Proteins usually
execute their activities through a multitude of interactions with other
proteins, as in the case of the protein complexes5 that control most
biological processes or functions6,7. In the budding yeast, Sacchar-
omyces cerevisiae, about half of the proteome are subunits of protein
complexes6,8.

Individual subunits within a complex often share similar evolu-
tionary patterns, and alterations in partner proteins can cause
decreased complex stability or even failures in complex assembly9,10.

Since a substantial proportion of eukaryotic proteins (~30% in humans)
can adopt folded or functional three-dimensional conformations only
upon binding to their partner proteins11, unassembled complex sub-
units need to be carefully monitored by the protein homeostasis
machinery to prevent massive misfolded protein aggregations12,13.
Thus, maintaining balanced protein complex dynamics represents a
major challenge for the proteostasis system, especially in stress
conditions2.

Dobzhansky–Muller incompatibilities refer to deleterious genetic
interactions between functionally diverged loci during the evolutionof
new species. They arewidely accepted as oneof themajormechanisms
underlying hybrid sterility or inviability, i.e., the features associated
with postzygotic reproductive isolation between different species14,15.
Genetic incompatibilities have been discovered in yeast, animals, and
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plants16,17, with most incompatibilities identified to date comprising
two interacting components. Even though complex incompatibilities
involving three or more loci are regularly found in experimental
crosses18–20, their functions at the molecular level have yet to be
characterized. Such complex incompatibilities can yield insights into
the processes of divergence, especially at the early stage of
speciation21. Some complex incompatibilities have weak effects indi-
vidually, but can synergistically cause hybrid breakdown with other
incompatible loci22. Understanding complex incompatibility could
thus reveal fundamental rules underlying the patterns and rate of
reproductive isolation between diverging species.

Formation of a functional protein complex often involves inter-
actions between different coevolved subunits and disturbed complex
formation can easily lead to compromised physiology. Moreover,
when individual incompatible subunitsmayonly have amild impact on
the complex formation, collectively their effects can be synergistic. It
raises an interesting possibility that if subunits from different parents
have trouble forming functional complexes in hybrid cells, they may
form a basis for complex incompatibility23.

S. cerevisiae and S. bayanus var. uvarum (previously known as S.
bayanus) are two closely related yeast species that diverged from a
common ancestor about 20 million years ago24. There is no apparent
prezygotic isolation between them under laboratory conditions, and
hybrid strains have been isolated from wineries and natural
environments25,26. However, strong postzygotic isolation exists
between these two species. The spore viability of F1 hybrids is only
0.5% and any viable F2 progeny continuously suffers from compro-
mised mitosis and meiosis27,28. We constructed 11 chromosome repla-
cement lines in which one or two S. cerevisiae chromosomes are
replacedby homologous chromosomes from S. bayanus var. uvarum28.
These lines emulate the F1 gametes or F2progeny in thewild andhence
can help in understanding the natural mechanisms driving early spe-
ciation. Using them, we previously identified a strongly incompatible
gene pair contributing to hybrid sterility28, demonstrating that chro-
mosome replacement lines are a useful system for dissecting genetic
incompatibility.

Here, we use eleven different diploid chromosome replacement
lines to understand the general consequences of mixed genomes in
hybrid cells. We find that most replacement lines reveal a transcrip-
tional signatureof proteotoxic stress under normal growth conditions.
The intrinsic proteotoxic stress compromises the ability of hybrid cells
to adapt to changing external environments, resulting in reduced
growth and sporulation rates. Moreover, levels of proteotoxic stress
arepositively correlatedwith the number of uniqueprotein complexes
encoded on replaced chromosomes. We further examine the pro-
teomes of two most defective lines to demonstrate that proteotoxic
stress is indeed caused by destabilized protein complexes, arising
from improper or failed interactions between complex subunits
encoded by the two different genomes. Finally, we show that by up- or
downregulating the ubiquitin-proteasomal system we can alleviate or
aggravate, respectively, the defects of replacement lines, providing
evidence that perturbed proteostasis causes compromised fitness.

Results
Chromosome replacement lines exhibit a transcriptional sig-
nature of stress responses
Previously, we constructed 11 chromosome replacement lines between
two closely related species, S. cerevisiae (Sc) and S. bayanus var.
uvarum (Sb), to dissect the contribution of individual chromosomes to
hybrid incompatibility28. Althoughwe identified several cases of strong
mitochondrial-nuclear incompatibilities involving two genes28,29, the
weak and polygenic nuclear-nuclear incompatibilities widely observed
in these lines remained unexplored. Transcriptome analysis can
represent a sensitive way of detecting hybrid dysfunctions30–32.
Therefore, we evaluated the transcriptomic consequences of the

presence of foreign chromosomes in all the 11 diploid replacement
lines derived from crossing a and α types of the respective replace-
ment lines. We conducted RNA sequencing on total RNA isolated from
diploid cell lines grownat23 °C, a non-stressful temperature forboth S.
cerevisiae and S. bayanus var. uvarum, and classified a gene as being
differentially expressed if the fold-change in expression between the
replacement line and the parental line (Sc) was greater than 1.5 with an
adjusted p-value < 0.05.

We identified several hundred genes as differentially expressed in
each replacement line, even when the genes on the replaced foreign
chromosomes were excluded (Fig. 1a and Supplementary Data 1). Why
would one or two foreign chromosomes from a closely related species
have such a strong influence on the rest of the genome?We found that
a large proportion of the differentially expressed genes were com-
monly up- or downregulated inmultiple replacement lines, suggesting
that these changes may represent a general response to foreign
chromosomes (Fig. 1a and Supplementary Data 1). Moreover, many of
these common-response genes encode molecular chaperones or
proteins related to stress responses33. Transcriptome analyses of yeast
cells grown under diverse exogenous stresses (such as heat shock,
osmotic shock, starvation, and oxidative stress) revealed 868 genes
that were commonly up- or downregulated under such stresses,
termed ESR (environmental stress response) genes33. When we com-
pared the expression profiles of ESR genes between our replacement
lines and the cells subjected to various stresses, we observed a positive
correlation between most of our replacement lines and stress-treated
cells (Fig. 1b and Supplementary Data 2). That ESR signature suggests
that our replacement lines harboring foreign chromosomes were
physiologically stressed even though the cells were growing in a non-
stressful environment. Such a transcriptomic stress response signature
is not specific to our replacement lines and has been observed in
hybrids of fungi, plants, and animals34–39. It suggests a general phe-
nomenon in hybrids to cope upwith physiological stress caused by the
coexistence of two divergent genomes. Nonetheless, the detailed
mechanisms remain elusive.

Chromosome replacement lines display proteotoxic stress
What causes ESR induction in our chromosome replacement lines?
Studies in aneuploid cells suggest that ESR can be induced intrinsically
by the proteotoxic stress arising from unbalanced chromosome
numbers40,41. Notably, the ESR signature in our replacement lines was
significantly correlated to that observed for an aneuploid population
(ρ =0.41, p < 2.23 × 10−16, Spearman’s rank correlation, Supplementary
Data 2)42. However, the replacement lines areeuploid andderived from
related yeast species with an almost complete set of orthologous
proteins. Thus, the cause of ESR in hybrid replacement lines is likely to
be different from that in aneuploid strains.

Hsp104 is a protein disaggregase widely used as a marker for
protein aggregationundermany conditions of proteotoxic stress43.We
assessed if our diploid replacement lines and normal F1 hybriddiploids
containing a complete set of the two parental genomes also suffered
from proteotoxic stress by analyzing the subcellular localization of
Hsp104 during heat adaptation41. We cultured the yeast strains carry-
ing the Hsp104-mCherry fusion protein at 23 °C and then shifted them
to 37 °C to induce protein aggregation. We anticipated that, initially,
the Hsp104-mCherry signal would be diffused throughout the cytosol,
but that after heat treatment it would co-localize with protein aggre-
gate foci to clear the aggregates44. Accordingly, cells suffering from
intrinsic proteotoxic stress should have more pronounced protein
aggregations and take a longer time to dissolve the aggregates before
Hsp104 would disperse throughout the cytosol once again41.

Indeed, our protein aggregation assay showed that all the tested
replacement lines as well as the F1 hybrid diploids had a significantly
higher proportion of cells with Hsp104 foci at an early time-point
(45min) and took longer to dissolve all aggregates compared to the S.
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cerevisiae control (Fig. 1c and Supplementary Fig. 1a). At 180min after
the temperature shift, Hsp104 foci were undetectable in most S. cere-
visiae control cells, but both the replacement lines and F1 hybrid
diploids exhibited significant retention of aggregates (Fig. 1d and
Supplementary Fig. 2). These results corroborate our transcriptome
data that proteostasis is perturbed in cells carrying foreign chromo-
somes. Among our diploid replacement lines, S. cerevisiae cells carry-
ing S. bayanus var. uvarum chromosomes 5 and 7 (5+7L), 8 and 15
(8+15L), and 16 (16L) exhibited the slowest adaptive kinetics, sug-
gesting that these lines might display the most severe intrinsic pro-
teotoxic stress. Since we had previously established that the 5+7L
replacement line also suffers from mitochondrial-nuclear
incompatibility29, we focused our subsequent experimental analyses
on the 8+15L and 16L lines.

To rule out the possibility that the defect in heat adaptation
presented by hybrid cells was due to cell death or an inability tomount
a heat shock response,wemeasured the cell viability of all lines and the
protein abundance of several heat-induced molecular chaperones in
the two selected replacement lines exhibiting the most severe phe-
notypes. Our results show that the replacement lines did not have
obvious defects in viability or heat shock response at 37 °C (Supple-
mentary Fig. 1b, c).

A recent study showed that the S. cerevisiaeW303 strain wasmore
sensitive to proteotoxicity than other natural isolates due to a defec-
tive SSD1 allele in W303 and introducing SSD1 from the oak soil strain
YPS1009 into W303 restored proteotoxicity tolerance45. Since our
replacement lines were derived from the W303 strain, we checked if
the strain background was the primary source of the proteotoxicity by
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Fig. 1 | Foreign chromosomes induce proteotoxic stress in diploid hybrid cells.
a Hundreds of genes are differentially expressed in diploid chromosome replace-
ment lines. The replacement lines were cultured in rich medium at 23 °C and their
transcriptomes were examined using RNA-seq. A gene was classified as differen-
tially expressed if the fold-change of a replacement line gene to its parental S.
cerevisiae strain was greater than 1.5 with an adjusted p-value < 0.05. The genes on
the replaced chromosomes were excluded from the analysis. Common-response
genes refer to the genes commonly up- or downregulated in at least four replace-
ment lines. A complete gene list can be found in Supplementary Data 1. b The
expression profile of diploid replacement lines is positively correlatedwith those of
wild-type cells under stress conditions and aneuploid cells. Themedian expression
levels in eleven diploid replacement lines were compared to the environmental
stress response (ESR) dataset33 and the aneuploid transcriptome42. Spearman’s
correlation coefficients were calculated and are shown in the figure. Details of
correlations for individual lines are presented in Supplementary Data 2. c Images of

Hsp104-mCherry aggregates in diploid S. cerevisiae (Sc) and replacement cell lines.
Hsp104 was diffusely localized in the cytosol when cells were grown at 23 °C, but
formed foci upon shifting the temperature to 37 °C. Scale bar: 5 μm. These results
were reproducible in eight independent experiments. d Diploid replacement lines
take longer to dissolve all aggregates upon heat treatments. Yeast strains con-
taining an HSP104-mCherry-URA cassette were grown to exponential phase in YPD
at 23 °C and then shifted to 37 °C. The percentage of cells containing Hsp104-
mCherry foci was determined 180min after shifting the temperature. The 12 L line
was not included in this assay sinceHSP104 is located on replaced Chromosome 12
and S. bayanus var uvarum was excluded as they are cryotolerant and cannot
tolerate heat treatments (n = 8;N ≥ 500 cells per time-point). Data are presented as
mean values +/− SEM. ***: p-value < 10−3; one-sided Student’s t-test between S.
cerevisiae and replacement lines. Source data and detailed statistical information
are provided as a Source Data file.
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introducing SSD1YPS1009 into the most defective replacement lines. At
180min after the temperature shift, SSD1YPS1009-containing replace-
ment lines still retained a significant percentage of cells harboring
HSP104 foci, suggesting that the observed proteotoxic stress in
hybrids was not simply due to the W303 strain background (Supple-
mentary Fig. 3).

Stress resulting from harboring foreign chromosomes causes
mitotic and meiotic defects
Our protein aggregation assay revealed that the diploid replacement
lines do not adapt to temperature changes as efficiently as the parental
strain. However, only some replacement lines exhibited obvious
growth defects under normal conditions (Fig. 2a)28. To further under-
stand how the intrinsic proteotoxic stress induced by foreign chro-
mosomes impacts cell fitness, we measured mitotic growth rates in
rich medium containing a low dose of the Hsp90 inhibitor, geldana-
mycin (GdA). Hsp90 is a molecular chaperone essential for maintain-
ing proteostasis and relieving the proteotoxicity caused by stress46.
Moreover, several client proteins and protein complexes of Hsp90 are
required for mitosis and meiosis47. Thus, Hsp90 inhibition is likely to
enhance mild defects in mitosis and meiosis if they already exist in
replacement lines. At 23 °C, mild interference of Hsp90 by GdA treat-
ment (50μM)did not cause obvious growth defects in S. cerevisiae and
S. bayanus var. uvarum cells. However, we observed significantly
reduced cell growth in all replacement lines as well as the F1 hybrid
diploids (Fig. 2a and Supplementary Fig. 2c), suggesting that intrinsic
proteotoxic stress further sensitized the cells to even slight perturba-
tion of proteostasis. The growth defects were not specific to GdA or
Hsp90 since we observed similar reductions in fitness when the
replacement lines were grown at 32 °C, representing mild heat stress
that did not affect the growth of wild-type cells (Fig. 2b and Supple-
mentary Fig. 4a).

Hybrid sterility is often observed upon mating between two spe-
cies. To examine the effect of intrinsic proteotoxic stress on meiosis,
we perturbed the proteostasis of replacement lines with the samemild
dosage of GdA before sporulation and then measured sporulation
rates (see “Methods”). Two replacement lines (7L and 13L) were
excluded from this assay since they already exhibited severe sporula-
tion defects due to mitochondrial-nuclear incompatibility28. Among
the nine tested replacement lines, six presented significantly higher
sensitivity to the perturbation than the parental lines and exhibited
significantly reduced sporulation (Fig. 2c). Consistent with our protein
aggregation data, the 8+15L and 16L lines showed the most severe
defects in both mitosis and meiosis among all tested replacement
lines. These results demonstrate that although hybrid cells carrying
foreign chromosome(s) only display weak or mild incompatibility, the
fitness defects can be easily aggravated by mild environmental per-
turbations that are tolerable to wild-type cells.

Levels of proteotoxicity are correlated with the number of
protein complexes on replaced chromosomes
In our replacement lines, many orthologous proteins expressed
from the foreign chromosomes substitute the functions of the
respective endogenous proteins. One possible cause for the proteo-
toxic stress we observed is that the proteostasis-related proteins in
S. bayanus var. uvarum are less efficient and more sensitive to envir-
onmental perturbations (described as the “weak allele” hypothesis).
Alternatively, the proteotoxicity may be induced by misfolded
protein complex subunits that have dissociated from unstable chi-
meric complexes or that failed to assemble48. In a previous study that
examined the formation of six stable protein complexes in hybrids
between Saccharomyces yeasts (sensu stricto), three of the six formed
only species-specific complexes49, indicating that species-specific
interactions between complex subunits can evolve quickly, even
among closely related species. Since the complex subunits encoded

by the replaced chromosome may require subunits encoded on
other chromosomes to form protein complexes, any level of species-
specific interactions would likely reduce the assembly efficiency or
stability of chimeric complexes, resulting in an excess of unassembled
or misfolded subunits (described as the “unstable complex”
hypothesis).

To test these two hypotheses, we crossed 8+15L and 16L haploid
cells with S. bayanus var. uvarum to generate heterozygous diploid
cells and examined their fitness. A complete set of the S. bayanus var.
uvarum chromosomes were present in these hybrid diploids, so genes
on the replaced chromosomeswerehomozygous. Thesehybrid strains
should still be sensitive to mild Hsp90 perturbations if the replaced
chromosomes carry a “weak allele” of proteostasis-related genes. In
contrast, if proteotoxicity is caused by unstable protein complexes,
the fitness defect should be partially alleviated since the relative
abundance of the unstable complexes is reduced. We observed sig-
nificant rescue of fitness defects when Hsp90 was compromised
(50μM GdA, 23 °C), suggesting that the fitness defect of replacement
lines is not due to a “weak allele” from the S. bayanus var. uvarum
chromosomes (Fig. 2d). This is further supported in F1 hybrid diploids,
where the fitness defect in the presence of one copy of interaction
partners was significantly higher than the parental diploids, but
reduced considerably when compared to 8+15L and 16L (Supplemen-
tary Fig. 2c).

Individual complex subunits often interact with more than one
partner in protein complexes. Therefore, compromised interactions
between different subunits can result in complex epistatic effects, as
observed in complex incompatibility7. Moreover, the loading effect
leading to proteotoxicity is cumulative even though the contribution
of each unassembled (ormisfolded) complex subunit may bemild.We
tested if the level of proteotoxic stress in each replacement line is
correlated with the number of unique protein complexes encoded by
the replaced chromosome (see “Methods”)8. Indeed, we found that
fitness defects under GdA treatment (50μM) at 23 °C were correlated
with the number of protein complexes (ρ =0.68, p =0.025, Spearman’s
rank correlation, Fig. 2e and Supplementary Fig. 4b). Moreover, we
wanted to determine if protein complexes encoded by replaced
chromosomes were associated with the formation of protein aggre-
gates. Indeed, percentages of Hsp104 foci-containing cells in replace-
ment lines at 180min were also significantly correlated with
chromosomal contributions to the formation of protein complexes
(ρ =0.68, p =0.03, Spearman’s rank correlation, Fig. 2f). It is interest-
ing to note that the fitness defect is not directly proportional to the
length of replaced chromosomes. For example, Chromosome 16 is
shorter than Chromosome(s) 6+10, 7, 12, or 13, but 16L is more
defective than 6+10L, 7L, 12L, or 13L.We also testedwhether the fitness
defect is correlated with the ratio of proteins in a complex divided by
total proteins on the replaced chromosome. No significant correlation
(p > 0.05) was observed between this ratio and fitness defects under
GdAorHsp104 foci.Moreover, several functions andprocesses related
to proteostasis are specifically enriched on protein complex subunits
encoded on Chromosomes 16, 8, and 15 (Supplementary Data 3). This
suggests that the fitness defect is driven by the nature of protein
complex subunits encoded on the replaced chromosome, rather than
the number of genes on a chromosome.

Multiple protein complexes are destabilized in the most defec-
tive replacement lines, 16L and 8+15L
Our genetic experiments and protein complex correlation analysis
suggested that unstable chimeric protein complexes are the major
cause of proteotoxic stress underlying complex incompatibilities. To
directly test the “unstable complex” hypothesis, we characterized
native protein complex formation in the most defective replacement
lines, 8+15L and 16L, and compared it with the parental Sc strain. We
predicted that the replacement lines should display more unstable
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percentages of cells containing Hsp104-mCherry foci are significantly correlated
with the number of complexes having subunits encoded on the replaced chro-
mosomes (Spearmans ρ = 0.68, p = 0.03). Hsp104 aggregates were counted in cells
after having been shifted to 37 °C for 180min (n = 8, N ≥ 500 cells per time-point).
The data are presented as mean values +/− SEM. ***: p-value < 10−3, one-sided Stu-
dent’s t-test. Source data and detailed statistical information are provided as a
Source Data file.
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protein complexes than Sc and these would be enriched with subunits
encoded by replaced Chromosomes 8, 15, and 16.

We monitored the formation of soluble protein complexes in
yeast cells using native size-exclusion chromatography (SEC) followed
by mass spectrometry (Fig. 3a, see Methods for details). The elution
patterns of subunits in a protein complex through SEC represent the
stability of the protein complex (Fig. 3a and Supplementary Fig. 3). For
a stable protein complex, most subunits are expected to elute as a few
continuous high-molecular-weight fractions. However, if the protein
complex becomes unstable, the subunits dissociate and elute as low-

molecular-weight fractions, resulting in a different elution pattern
(Fig. 3). To accurately quantify the elution pattern difference (EPD), we
incorporated stable isotope labeling by amino acids in cell culture
(SILAC) into our experimental procedures to enable an independent
direct comparison of the top two defective replacement lines (8+15L
and 16L) to the parental strain (Sc) (Fig. 3a and Supplementary Fig. 5).

We identified a total of 2432 proteins common to the experi-
mental Sc-heavy/8+15L-light (Sc/8+15L, 3432 proteins), Sc-heavy/16L-
light (Sc/16L, 2742proteins) and control Sc-heavy/Sc-light (Sc/Sc, 2856
proteins) sets. Among them, 1359 proteins were subunits of 463
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previously identified protein complexes (Supplementary Data 4 and
5)8. The control Sc/Sc set did not display a significant difference in EPD
values for complex and non-complex proteins, nor between any other
groups (Fig. 3b; Kruskal–Wallis H test, H(6) = 0.42, p = 0.65), indicating
that our experimental procedures were robust. In contrast, there was a
significant difference in the EPDvalues between different groups in the
experimental Sc/8+15L and Sc/16L sets (Fig. 3b; Kruskal–Wallis H test,
8+15L: H(4) = 112.16, p = 2.2 × 10−16 and 16L: H(4) = 67.12, p = 9.2 × 10−14).
Pairwise tests between individual groups showed that the EPD values
(median) of complex subunits were significantly higher than non-
complex proteins (Dunn’s pairwise tests with Bonferroni correction,
adjusted p-values = 9.9 × 10−12 (Sc/8+15L) and 5.9 × 10−9 (Sc/16L)). To
rule out the possibility that proteins encoded by Sb chromosomes
might have different elution patterns contributing to observed EPDs,
EPD values were recalculated after removing the proteins encoded by
replaced chromosomes. We observed similar results (Supplementary
Fig. 6). These data provide direct evidence that many protein com-
plexes had become destabilized in 8+15L and 16L cells.

If the complex instability is due to incompatibility between S.
cerevisiae and S. bayanus var. uvarum protein subunits (i.e., species-
specific interactions), we anticipated that the complexes having sub-
units encoded by foreign Chromosomes 8, 15, and 16 should be less
stable than those lacking such subunits. Indeed, Chr8+15 and Chr16
complex proteins (i.e., proteins from the complexes containing sub-
units from Chromosomes 8+15 and 16, respectively) presented sig-
nificantly higher EPD values compared to non-Chr8+15 and non-Chr16
complex proteins (i.e., proteins from the complexes lacking any
Chromosome8+15-encoded and 16-encoded subunit, respectively)
(adjustedp-values = 1.0 × 10−10 (Sc/8+15L) and 3.1 ×10−4 (Sc/16L), Fig. 3b,
Supplementary Fig. 6a, b). Furthermore, there was no significant dif-
ference between the EPD values of non-Chr8+15 and non-Chr16 com-
plexes and non-complex proteins, respectively (adjusted p-values = 1
(Sc/8+15L) and 0.06 (Sc/16L)). Thus, the presence of foreign complex
subunitswas likely the primary contributory factor for the instability of
protein complexes in 8+15L and 16L cells.

In order to understand the general features of complex incom-
patibility, we endeavored to identify protein complexes that were
destabilized as awhole rather than in few individual subunits. A protein
complex was deemed unstable in the 8+15L or 16L cells if the EPD
values of the complex subunits in the Sc/8+15L or Sc/16L sets were
significantly higher than those in the Sc/Sc set (Wilcoxon signed-rank
tests, Benjamini–Hochberg FDR corrected p-values < 0.05, see
“Methods” for details). While 20 complexes were unstable in Sc/8+15L,
10 protein complexes were unstable in Sc/16L (Fig. 3c and Supple-
mentary Data 6a). Among them, complexes with subunits encoded by
the replaced chromosomes (i.e., the chimeric protein complexes)were
prone to be destabilized (9 out of 10 in 16L and 19 out of 20 in 8+15L, p-
value < 0.05, Fisher’s exact test, Supplementary Data 6a). We also
performed the complex stability analysis after removing the complex

subunits encoded by replaced chromosomes and observed similar
results (Supplementary Fig. 6c, d and Supplementary Data 6b). Inter-
estingly,mostof the unstable chimeric complexes are involved inbasic
cellular functions, including transcription, translation, and respiration.
These data further support that species-specific interactions between
complex subunits can evolve rapidly, even within complexes having
essential cellular functions.

Unstable chimeric protein complexes have lower soluble pro-
tein abundances in 8+15L and 16L cells
Disassembly of protein complexes can result in degradation or inso-
luble aggregate formation of dissociated protein subunits50,51. If cells
contain many unstable protein complexes, their systems governing
proteostasis may be overwhelmed and further compromised. We
examined if there was a decrease in the abundance of the destabilized
protein complex subunits in8+15L and 16L cells. Further analysis of our
SILAC data revealed significantly lower levels of complex subunit
proteins compared to non-complex proteins in 8+15L and 16L cells
(Fig. 4a and Supplementary Fig. 7). Consistent with our EPD data, the
subunit abundance of Chr8+15 and Chr16 complexes was significantly
lower than for non-Chr8+15 and non-Chr16 complexes (Fig. 4a, Sup-
plementary Fig. 7, and Supplementary Data 7).

Since the replaced chromosomes also impacted global gene
expression (Fig. 1a and Supplementary Data 1), we tested whether the
observed reduction of complex subunit abundance was simply due to
decreased gene expression by computing the Spearman’s correlation
coefficient between theprotein (SILAC-ratios) and transcript levels.We
found that the protein and transcript levels were least correlated in
both Chr16 and Chr8+15 complex groups compared to the other
groups (Supplementary Data 8). Fisher’s r-to-z transformation, which
can compare the significance in the difference between correlation
coefficients52, also showed that the Spearman’s correlation coefficients
in the Chr8+15 complex group (ρ =0.24) and the Chr16 complex group
(ρ =0.19) were significantly lower than that of the non-Chr8+15 com-
plex group (ρ =0.35) and non-Chr16 complex group (ρ = 0.45), or the
non-complex group (8+15L: ρ = 0.39, 16L: ρ =0.46) (p-values < 0.05).
On the other hand, we did not find the correlation coefficients for the
non-complex and non-Chr8+15 complex groups or non-complex and
non-Chr16 complex groups respectively to be significantly different (p-
value = 0.31). These data suggest that gene expression change is not
the only factor contributing to the observed reduction of subunit
protein abundance and translational or post-translational regulation is
involved.

To further validate our proteomics data, we examined one of the
unstable complexes, RNA polymerase III, which was identified in both
8+15L and 16L and could be biochemically purified from total cell
extracts53. We calculated a close to two-fold reduction (49%) in the
abundance ofRNApolymerase III subunits in 16L cells, even though the
same total amounts of protein lysates from 16L and Sc cells were used

Fig. 3 | Multiple protein complexes are destabilized in 8+15L and 16L cells.
aWorkflow of the SEC-based analysis of the formation of protein complexes. SEC,
SILAC, andmass spectrometrywere combined to compare the formationofprotein
complexes in Sc and 16L cells (see Methods for details). The dotted red boxes
highlight a stable complex in the Sc line but partially disassembled in 16L cells. The
subunits of this complex are expected to elute in different fractions for the Sc and
16L cells, leading to distinct elution patterns. b The protein complexes with sub-
units on Chromosomes 8+15 and Chromosome 16 are less stable than non-
Chromosome 8+15 and 16 subunit-containing complexes. Elution pattern differ-
ence (EPD) values were calculated for every protein in Sc-heavy/Sc-light (Sc/Sc), Sc-
heavy/16L-light (Sc/16L), and Sc-heavy/8+15L-light (Sc/8+15L) sets (also see Sup-
plementary Fig. 5). The distributions of EPD values for different groups of proteins
of the Sc/Sc, Sc/16L and Sc/8+15L sets are shown in box plots and the protein
numbers of each group are 2342 (total), 1359 (complex), 983 (non-complex), 735

(Chr16 complex), 624 (non-Chr16 complex), 866 (Chr8+15 complex), and 493 (non-
Chr8+15 complex). Distributions with the same letter (above each boxplot) are not
significantly different from each other (Dunn’s pairwise tests with Bonferroni cor-
rection, p-values > 0.05, see Supplementary Data 11 for the p-values of all Dunn’s
pairwise tests). n.s.: not significant. c Twenty-three protein complexes are sig-
nificantly destabilized in 8+15L and 16L cells. A protein complex was defined as
unstable if the EPD values of the complex subunits in the Sc/16L or Sc/8+15L sets
were significantly higher than those in the Sc/Sc set. Here, 7 protein complexes are
destabilized in both8+15L and 16L cells (black), 3 unstable complexes are specific to
16L (green) and 13 complexes are unstable only in 8+15L (blue). Also, see Supple-
mentary Fig. 6. Boxplots indicate median (middle line), 25th and 75th percentile
(box), and min and max (whiskers). The summary of boxplots is provided in Sup-
plementary Data 12 and source data are provided as a Source Data file.
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for the pull-down experiment (Supplementary Fig. 8a). Together, these
data indicate that once subunits have dissociated from destabilized
complex, they are quickly degraded or form insoluble aggregates.

Up-regulating the protein degradation machinery alleviates the
fitness defects of replacement lines
Since individual incompatible loci only contribute to a small propor-
tion of thefitnessdefects, it is almost impossible to confirm their effect
specifically. Instead, we tested whether the fitness defect could be
relieved by downregulating global proteotoxicity. The ubiquitin-
proteasome machinery is a primary pathway known to regulate
unbalanced multi-protein complexes. Cells exhibit intrinsic proteo-
toxic stress when proteasomes are overwhelmed by extensive
perturbations51,54. In ubiquitin-mediated proteasomal degradation,
multiple ubiquitin molecules are covalently linked to candidate sub-
strates and act as recognition motifs for 26S proteasomes55. Ubp6, a
ubiquitin-specific protease, has a dual role in ubiquitin recycling and

regulation of proteasomal degradation. Proteasomal degradation
activity is accelerated in the absence of Ubp656–58. We postulated that if
excess amounts of destabilized complex proteins in the replacement
lines overburdened proteasomes to induce fitness defects, an absence
ofUBP6 should allow the proteasomes to degrade these proteinsmore
efficiently and improve cell proliferation by the replacement lines. We
used ubp6Δmutants of the 8+15L and 16L lines exhibiting the greatest
proliferative defects to perform growth assays under the treatment of
50μM GdA at 23 °C. As anticipated, the fitness defect was indeed
rescued in our ubp6Δ mutant replacement lines (Fig. 4b), suggesting
that proteotoxic stress due to overburdening of proteasomes was
responsible for the growth defects. In addition, we performed protein
aggregation assays in bothmutant lines and observed that the number
of cells harboring Hsp104-mCherry foci decreased significantly in the
ubp6Δmutants (Fig. 4c andSupplementary Fig. 8b), further confirming
that ubp6 deletion partially relieved intrinsic proteotoxic stress in the
8+15L and 16L cells.
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Fig. 4 | Proteotoxic stress in the replacement lines can be partially relieved by
up-regulating the protein degradation machinery. a, Protein abundances of
complexes having subunits encoded on Chromosome 16 are significantly reduced
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correction, p >0.05, see Supplementary Data 11 for the p-values of all Dunn’s
pairwise tests). n.s.: not significant. b Growth defects of the 16L and 8+15L lines are
partially rescued by deleting the UBP6 gene. The ubp6Δmutants exhibit enhanced
proteasomal degradation activity, thereby facilitating the removal of destabilized
complex subunits. Diploid cell lines were grown in YPD with 50 μM Geldanamycin

(GdA) at 23 °C and their doubling times were compared (n = 3). c Protein aggregate
load of the 16L and 8+15L lines is alleviated in ubp6Δ mutants. The Hsp104 aggre-
gate datawereobtained after the cells hadbeen shifted from23 to 37 °C for 180min
(n = 8; SEM, N ≥ 500 cells per time-point). d Growth defects of the 16L and 8+15L
lines are aggravated in the heterozygous RPN6/rpn6Δmutants. Rpn6 is an essential
component of proteasomes, and proteasomal degradation activity is mildly com-
promised inRPN6/rpn6Δmutants. Diploid cell lineswere grown in YPD at 28 °C and
their doubling times were compared (n = 3). The data are presented asmean values
+/− SEM. ***: p-value < 10−3, one-sided Student’s t-test. Boxplots indicate median
(middle line), 25th and 75th percentile (box), and min and max (whiskers). The
summary of boxplots is provided in Supplementary Data 12. Source data and
detailed statistical information are provided as a Source Data file.
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If 26S proteasomes are the most crucial degradation machinery
controlling protein complex homeostasis in our replacement lines, we
expected hybrid cells to display severe growth defects when their
proteasomes are compromised, even under normal growth condi-
tions. We constructed heterozygous deletion mutants of Rpn6, an
essential lid component of the 26S proteasome, from our 8+15L and
16L lines, and measured their fitness at 23 and 28 °C. Heterozygous
RPN6/rpn6Δ mutation only partially compromised the activity of pro-
teasomes and had mild impacts on the fitness of Sc cells at both
temperatures. In contrast, the RPN6/rpn6Δ mutants of the 16L and
8+15L lines revealed a significant fitness defect at 28 °C (Fig. 4d and
Supplementary Fig. 8c).

Lastly, we confirmed that the proteotoxic stress observed in the
replacement line was not due to an ineffective proteasome system.
Proteasomal activity assays showed that the activity of endogenous
26S proteasomes in 16L cells did not differ from that of Sc cells
(Supplementary Fig. 8d). Together, our results demonstrate that
destabilized protein complexes in hybrid cells often increase the
burden of proteasomes, a key regulator of proteostasis. Depending on
the number and abundance of chimeric complexes, that over-
burdening results in differential levels of hybrid incompatibility.

Discussion
The mechanisms underlying speciation are a long-standing mystery in
evolutionary biology. Over the past three decades, scientists have
discovered dozens of “speciation genes”, mainly involving two inter-
acting components best described by the simplest form of
Dobzhansky–Muller incompatibilities17,31,59. These findings allow us to
gradually depict the possible driving forces behind speciation. How-
ever, our knowledge remains limited of the molecular mechanisms
underlying complex incompatibilities (i.e., involving more than two
genetic loci), which are widely observed18–20 and believed to be crucial
during incipient speciation21,22. By using different chromosome repla-
cement lines, our experiments have revealed that the proteotoxicity
caused by destabilized chimeric protein complexes may represent a
general mechanism of complex incompatibility.

Approximately half of the S. cerevisiae proteome is known to
constitute protein complex subunits6,8, and the proteomes of other
eukaryotic organisms are probably also composed of similar propor-
tions of protein complexes60. The functions of protein complexes are
often deemed evolutionarily conserved, especially for those involved
in basic cellular pathways61. So why does incompatibility evolve
between the complex subunits of closely related species? One plau-
sible hypothesis is that the complex structure provides a micro-
environment allowing its subunits to drift and coevolve. The stability
of a protein complex is maintained by the interactions between mul-
tiple protein interfaces. As long as the whole complex is stably
assembled to execute its function, individual interactions between
subunits may change either by neutral mutations or by adaptation.
Ultimately, some complex subunits may exhibit distinct evolutionary
trajectories among different lineages, resulting in incompatibility
when hybrids are formed23. This idea is corroborated by two studies
that analyzed protein-protein interactions (PPIs) in protein complexes
using the F1 hybrid diploids of different yeast species62,63. While many
PPIs are conserved in hybrids, interactions involved in some biological
functions related to proteostasis, metabolism, and mitochondria are
specifically altered.

It is worth noting that our chromosome replacement lines are
more similar to the F1 haploid gametes or homozygous F2 progeny of
hybrids that only carry one parental allele of each gene. In the F1 hybrid
diploids, both parental alleles are still present that reduces the pro-
portion of chimeric protein complex formation. More importantly,
incompatible subunits will have a chance to find their authentic inter-
acting partners that are unavailable in the hybrid progeny carrying only
one parental allele of each gene. Consistent with this idea, F1 hybrid

diploids of S. cerevisiae and S. bayanus var uvarum had less severe
proteotoxic stress (Supplementary Fig. 2) and did not show growth
defects in the laboratory condition. In contrast, both F1 gametes and F2
homozygous progeny suffered from obvious defects28,64.

Maintaining protein homeostasis is one of the most challenging
tasks for organisms living in constantly changing natural habitats. Cells
have developed an extensive protective network to deal with the
proteotoxicity caused by various environmental stresses2. However,
that system of proteostasis may still be overwhelmed upon encoun-
tering large-scale genomic alteration. For example, in the presence of
even just one additional chromosome, aneuploid cells suffer severe
proteotoxic stress40,65,66. Proteotoxicity in aneuploids is mainly attrib-
uted to the stoichiometrically imbalanced proteome due to extra
chromosomal copies overburdening the proteostasis machinery41,67.
However, in hybrids between related species in which synteny and
orthology are chiefly conserved, the source of proteotoxicity is more
complicated.

Similar to our results, a proteomics study in Drosophila hybrids
also showed that proteins involved in proteostasis were significantly
upregulated in developing hybrids68. The observed proteotoxicity in
hybrid cells can be due to multiple reasons. First, a mis-regulated
transcriptional network in hybrid cells can lead to altered gene
expression, causing stoichiometrically imbalanced complex subunits,
similar to aneuploid cells. Nonetheless, our correlation analysis indi-
cates that the mRNA and protein levels are not well correlated espe-
cially for those complexes significantly influenced by replaced
chromosomes, suggesting that translational or post-translational reg-
ulation is also involved. Second, genetic divergence between two
parental backgrounds can affect the relationship of interacting pro-
teins by changing the partners or altering the strength of interactions.
It will result in assembling failure or unstable chimeric complexes
depending on the level of divergence. Since many complexes are
involved in protein homeostasis, the effect can be cumulative. Third,
an excess amount of dissociated subunits can further interfere
with protein homeostasis. Although cells possess specific machineries
to degrade dissociated subunits and prevent the formation of inso-
luble aggregates, these machineries can become overwhelmed and
saturated when the parental genomes have diverged beyond a
critical level.

Our results suggest that intrinsic proteotoxic stress likely repre-
sents a general defect of different hybrid genomes since it arises from
the combined action of many genes and does not require specific
mutations with strong effects. Moreover, the stability of a protein
complex is often determined by interactions between multiple sub-
units. Individually the incompatible subunits may only have negligible
effects, but can be synergistic when some or all the incompatible
subunits are present, resulting in epistasis observed in complex
incompatibilities (Supplementary Fig. 9)69. This defect can arise at an
early stage of speciation and continuously build up to achieve com-
plete reproductive isolation15,70.

Methods
Yeast strains
Theparental S. cerevisiaeMATa andMATα strains (JYL1127 and JYL1128)
are isogenic with W303 (ura3-1 his3-11,15 leu2-3,112 trp1-1 ade2-1 can1-
100). The parental S. bayanus MATa and MATα strains (JYL1030 and
JYL1031, renamed as S. bayanus var uvarum) were derived froma strain
(S. bayanus #180) collected by Dr. Duccio Cavalieri (University of
Florence, Italy). Construction of the chromosome replacement lines
was reported in Lee et al. 28. The vegetative lifecycle of the wild yeast S.
cerevisiae is predominantly diploid and, under stress conditions,
budding yeasts tend to exhibit diploid superiority71,72. Moreover,
diploid cells can be used to ascertain the effect of foreign chromo-
somes during meiosis. Thus, for each of the eleven replacement lines,
a- and α-types of each isogenic replacement line were systematically
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crossed to obtain homozygous diploid replacement lines. We used
polymerase chain reaction (PCR) to amplify the deletion cassettes of
deletionmutants from the yeast deletion collection73. Genes were then
deleted by transforming the purified DNA fragment of deletion cas-
settes into the strain of interest and selecting transformants. For the
SILAC experiment, LYS2, CAR2, and ARG4 were deleted in the S. cere-
visiae pure strain and 16L replacement line. We replaced the can1-100
allele with the wild-type CAN1 allele in order to delete ARG4 in the
W303 background.

To construct the Hsp104-mCherry-carrying strains, the promoter
and coding sequences of S. cerevisiae HSP104 were fused with the
mCherry fluorescent protein and a Kluyveromyces lactis URA3 marker
using the three-fragment PCR method. The constructed fragment was
then inserted into the endogenous HSP104 locus. The 12L line was
excluded from the experiment as HSP104 is located on this chromo-
some. Details of the primers used to create deletion strains are pre-
sented in Supplementary Data 9. Details of the strains used in this
study are provided in Supplementary Data 10. SSD1YPS1009 plus 1000 bp
upstream and 300bp downstream regions were cloned into the CEN
plasmid pRS41N for complementation in Sc, 8+15L and 16L (both with
and without Hsp104-mCherry containing strains).

RNA sequencing and data analysis
WeextractedmRNA from log-phase cells (OD600 < 0.8) cultured inYPD
(1% yeast extract, 2% bactopeptone, and 2% glucose) at 23 °C by the
phenol-chloroformmethod74. Thequality andquantity of RNA samples
weremeasuredusing anAgilent 2100Bioanalyzer (Agilent, SantaClara,
CA, USA) and the Qubit assay (Thermo Fisher Scientific, Bremen,
Germany). Libraries were prepared by Welgene Biotech (Taipei, Tai-
wan) using the Agilent SureSelect stranded RNA library preparation kit
(Agilent) on an Agilent Bravo liquid handling system (Agilent). The
libraries were single-end-sequenced (75 base pairs, bp) on an Illumina
NextSeq500 instrument (Illumina, San Diego, CA, USA).

RNA sequencing data from different replacement lines were
trimmed using Trimmomatic (version 0.38) and mapped to the cor-
responding transcriptome using Salmon (version 0.12.0)75,76. The read
counts (the “NumReads” column in Salmon output files) of genes from
S. cerevisiae chromosomes were analyzed using DESeq2 (version
1.22.2) with default settings to calculate fold-change normalized to the
pure S. cerevisiae strain77. A gene was considered differentially
expressed if fold-change >1.5 and adjusted p-value < 0.05. Genes that
were commonly up- or downregulated in at least four replacement
lines were defined as common-response genes (Supplementary
Data 1). However, if the gene was differentially expressed in both
directions in at least four lines, it was excluded from the common-
response gene list. We performed the correlation analysis by calcu-
lating Spearman’s correlation coefficients between the expression
levels of ESR genes in replacement lines (median values of log2 fold-
change among all replacement lines were used) and those under stress
conditions33,42 (Supplementary Data 2).

Analysis of endogenous protein aggregates
Replacement lines carrying Hsp104 tagged with mCherry were
grown in YPD medium at 23 °C to log-phase. The cell cultures were
separated into two tubes and one of the tubes was shifted to 37 °C.
Cells subjected to both temperatures were collected at various time
points, diluted with PBS, and loaded into a glass-bottomed viewPlate-
96F (PerkinElmer, Waltham, MA, USA) coated with concanavalin A
(C2020, Sigma-Aldrich, St Louis, MO, USA). The plates were then
centrifuged to attach the cells to the bottom of the plates, and images
were immediately obtained using the ImageXpress MicroXL system
(Molecular Device, Sunnyvale, CA, USA). All images were analyzed
manually using ImageJ (http://rsbweb.nih.gov/ij). For each time-point,
Hsp104-mCherry foci were counted from five fields of at least
500 cells.

Growth curves and quantification
All growth assay experiments were conducted in triplicate in YPD
media using log-phase cells in a Tecan F200 plate reader (Tecan,
Mannedorf, Switzerland) without shaking. Measurements of absor-
bance at A595nm weremade every 10min. Maximum growth rates were
calculated78. For Hsp90 inhibitor treatments, cells were grown in the
medium containing 50μM Geldanamycin and the growth rates were
compared with that of untreated cells at 23 °C. For heat-stress assays,
growth rates were measured at 32 °C.

Sporulation assay
Homozygous diploid replacement lines were grown overnight in pre-
sporulation medium (1% yeast extract, 2% bactopeptone, and 2%
potassium acetate) with 50μM Geldanamycin, washed, and then
sporulated in 2% potassium acetate. Sensitivity was calculated using
the formula, sensitivity = 1 − (sporulation frequency with GdA pre-
treatment/sporulation frequencywithoutGdA). Sporulation frequency
was obtained by counting at least 500 cells from sporulation cultures.

Complex number correlation
The list of yeast protein complexes was downloaded from Costanzo,
M. et al. 8, a recent compendium of yeast protein complexes. This list
was manually inspected for physical protein-protein interactions and
modified to remove genetic interactions and redundant protein
complexes. The dataset used in this study consisted of 575 protein
complexes and 2312 subunits (Supplementary Data 4). Details of
modifications areprovided in the same table. Thefitness defect of each
replacement line was calculated as the difference between the dou-
bling times of replacement lines treated with 50μM Geldanamycin at
23 °C (or without Geldanamycin at 32 °C) and the doubling times of
corresponding replacement lines without any treatment at 23 °C.
Spearman’s correlation coefficientwas calculatedbetween the number
of protein complexes that comprise subunits encoded by the repla-
cement chromosomes and fitness defects under 50μMGeldanamycin,
under 32 °C, and the percentage of cells harboring Hsp104-
mCherry foci.

Growth conditions for SILAC labeling and lysate preparation for
size-exclusion chromatography
Yeast cells were grown overnight to log phase (OD600 = 0.5) at 23 °C in
synthetic medium containing 6.7 g/l yeast nitrogen base, 2% glucose,
80mg/l each of L-alanine, L-asparagine, L-aspartic acid, L-cysteine,
L-glutamic acid, L-glutamine, L-glycine, L-histidine, L-isoleucine,
L-methionine, L-phenylalanine, L-proline, L-serine, L-threonine, L-
tryptophan, L-tyrosine, L-valine, inositol, and uracil, 8mg/l
p-aminobenzoic acid, 400mg/l L-leucine, and 20mg/l adenine with
the addition of either 20mg/l heavy L-arginine (Arg, 13C6,

15N4, Thermo
Fisher Scientific, Waltham, MA, USA) plus 30mg/l heavy L-lysine (Lys,
13C6,

15N2; Cambridge Isotope Laboratories, Andover, MA, USA) or
20mg/l light Arg plus 30mg/l light Lys (Sigma-Aldrich). Then the cells
were harvested, washed once with distilled water, and the cell pellets
were kept at −80 °C before lysis. In order to compare the difference
between Sc, 8+15L and 16L cells, the pure Sc strain was grown in the
heavy medium and 8+15L and 16L cells were grown in the light med-
ium. A pure Sc strain grown in the light mediumwas used as a control.
The cell pellets were resuspended in lysis buffer (20mM HEPES-KOH
pH7.4, 120mMKCl, 2mMEDTA, 0.5mMDTT, 10%glycerol)with 1mM
PMSF and protease inhibitor cocktail set IV (Merck, Darmstadt, Ger-
many). The cells were frozen in liquid nitrogen and then lysed using a
6875 Freezer/Mill HighCapacity Cryogenic Grinder (SPEX SamplePrep,
Metuchen, NJ, USA). The lysate was thawed and cleared by cen-
trifugation at 15,000 × g for 15min at 4 °C, and then filtered using
0.45μm syringe filters (Minisart NML Syringe Filter 16555 K, Sartorius,
Goettingen, Germany). The protein concentration of the cleared lysate
was measured by the Bradford assay.
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Size-exclusion chromatography (SEC)
The same amounts of protein lysates from the pure Sc strain (labeled
with heavyArg and Lys) and the8+15L or 16L line (labeledwith light Arg
and Lys) were mixed, and then a total of 200μl of lysate was injected
into a Superose 6 10/300GL column (GE Life Sciences, Chicago, IL,
USA) equilibrated with the lysis buffer on an ÄKTA Purifier system (GE
Life Sciences). The flow rate was 0.2ml/min, and 81 200μl fractions
were collected. We pooled every three sequential fractions into one
new fraction, resulting in a total of 27 fractions. For the control
experiment, the same protein amounts of lysates from a pure Sc cell
culture labeledwith heavy Arg and Lys and another pure Sc cell culture
labeled with light Arg and Lys were mixed and analyzed according to
an identical protocol.

Sample preparation for LC-MS/MS analysis
Proteins in the 27 SEC fractions (see above) were denatured by adding
urea to a final concentration of 8M, followed by reduction with 5mM
dithioerythritol at 37 °C for 45min, and cysteine alkylation with 25mM
iodoacetamide at room temperature in the dark for 1 h. Protein sam-
ples were transferred to Amicon Ultra-0.5 centrifugal filters (10 kDa,
Millipore, Burlington, MA, USA) and centrifuged at 13,200 × g for
20min. Buffer exchangewas performed in two successivewashes with
8M urea in 25mM HEPES pH 7.4. Protein concentrations were then
determined by the Bradford assay. Sampleswere digested overnight at
37 °C using LysC protease and trypsin at an enzyme-to-substrate ratio
of 1:50 (w/w). The total peptide concentrationwasmeasured via Pierce
quantitative colorimetric peptide assays (Thermo Fisher Scientific).
Peptide desalting was achieved using C18 Stage Tips (Thermo Fisher
Scientific), and 0.5μg of the peptide from each sample was taken for
LC-MS/MS analysis.

LC-MS/MS analysis
NanoLC-nanoESi-MS/MS analysis was performed on a Thermo Ulti-
Mate 3000 RSLCnano system connected to a ThermoOrbitrap Fusion
mass spectrometer (Thermo Fisher Scientific) equipped with a
nanospray interface (New Objective, Woburn, MA, USA). Peptide
mixtures were loaded onto a 75 μm ID, 25 cm length PepMap C18 col-
umn (Thermo Fisher Scientific) packed with 2 μm particles having a
pore width of 100Å and they were separated for 150min using a seg-
mented gradient from 5% to 35% solvent B (0.1% formic acid in acet-
onitrile) at a flow rate of 300 nl/min. Solvent A was 0.1% formic acid in
water. The mass spectrometer was operated in the data-dependent
mode. Briefly, survey scans of peptide precursors from 350 to 1600m/
z were performed at a 120K resolution with a 2 × 105 ion count target.
Tandem MS was performed by isolation window at 2Da with the
quadrupole, HCD fragmentation with a normalized collision energy of
30, and rapid scanMS analysis in the ion trap. TheMS2 ion count target
was set to 104 and the max injection time was 50ms. Only precursors
with charge states of 2–6 were sampled for MS2. The instrument was
run in top speed mode with 3 s cycles, and the dynamic exclusion
duration was set to 60 s with a 10 ppm tolerance around the selected
precursor and its isotopes. Monoisotopic precursor selection was
turned on.

Data analysis of LC-MS/MS results and identification of unstable
protein complexes in replacement lines, 8+15L and 16L
A custom database of yeast protein sequences was built for the SILAC
comparison of the proteins encoded on Chromosome 16. Briefly, the
protein sequences of Chromosome 16 from S. cerevisiae were com-
pared to those from S. bayanus var uvarum, and the common trypsin-
digested peptide sequences were used for the SILAC quantification.
Mass spectrometry data were processed with MaxQuant software79 (v.
1.6.7.0) according to a protocol described previously80. Peptides and
proteins were identified using the Andromeda search engine against
the custom yeast database with the following search parameters:

carbamidomethylation of cysteine as afixedmodification; oxidation of
methionine, deamidation of asparagine and glutamine, acetylation of
proteinN-termini, and trypsin cleavagewith amaximumof twomissed
cleavages. For analysis of the control set, the pure Sc protein sequence
database was used. The unique peptides were used for peptide quan-
tification. To improve the number of peptides that could be used for
protein quantification and relative abundance profiling across SEC
fractions, thematchbetween runs optionwas enabledwith amatching
window set to 0.7min and an alignment window of 20min. The re-
quantify option was also enabled. The false discovery rate (FDR) of
peptides and protein identification was set at 1%. All other MaxQuant
parameters were left as the default options. All protein identifications
were required to have at least one unique peptide.

For relative protein quantification, the extract ion current inten-
sities reported by MaxQuant were used. The intensities in different
fractions were corrected bymultiplying by the peptide concentrations
in the corresponding fractions. To avoid the potential effect of dif-
ferences in protein levels for different strains, the heavy and light
intensities of a protein were first divided by the sum of the heavy
intensities and the sum of the light intensities, respectively, for con-
version into percentages in different fractions, which we define as the
elution pattern. The elution pattern of a protein reflected the status of
protein interactions (Supplementary Fig. 3). The intensities and elution
patterns (percentage in every fraction) of all proteins in experimental
and control sets are presented in Supplementary Data 5. If protein
complexes were unstable and disassembled in the replacement line,
then the elution patterns of the protein components in the replace-
ment line would deviate from those in the pure Sc strain. The sums of
absolute values of the difference between the heavy and light per-
centages from all 27 fractions were used to quantify the EPD between
Sc and 8+15L or 16L proteins (EPD=∑27

f = 1∣df ∣; d = percentage differ-
ence, f = fraction number). The database of protein complexes deter-
mined based on physical protein-protein interactions was adopted
from a previous study8 and modified to remove genetic interactions
and several redundant complexes (see Supplementary Data 4 for
details).

To determine if a protein complex was unstable in 8+15L or 16L
cells, the EPDvalues of all theprotein components in the complexwere
compared to those from the control experiment using Wilcoxon
signed-rank tests, and p-values were corrected using the
Benjamini–Hochberg procedure with a FDR of 0.0581. Eighty-one pro-
tein complexes with enough protein components for statistical ana-
lysis are shown in Supplementary Data 6.

To determine if a protein complex has reduced protein abun-
dance in 8+15L or 16L cells, the SILAC ratios of all the protein com-
ponents in the complex were compared to those from the control
experiment using Wilcoxon signed-rank tests, and p-values were cor-
rected using the Benjamini–Hochberg procedure with a FDR of 0.0581.
Eighty-one protein complexes with enough protein components for
statistical analysis are shown in Supplementary Data 7.

Purification of RNA polymerase III
RNA polymerase III was purified based on a protocol described
previously53, but with the following modifications. Ret1 was tagged
with the C-terminal TAP-tag82 as bait to pull down RNA polymerase
III. A total of 5 liters of yeast cell culture was grown in YPD medium
to an OD600 of 1. The harvested cells were resuspended in the pur-
ification buffer, frozen in liquid nitrogen, and then lysed using a
6875 Freezer/Mill High Capacity Cryogenic Grinder (SPEX Sample-
Prep). The NaCl concentration in the wash buffer was elevated to
1M. After TEV protease digestion, three volumes of the supernatant
were mixed with one volume of 4X SDS-loading buffer and boiled
for 10min. Purified RNA polymerase III in the supernatant was
separated using SDS-PAGE gels, and the gels were stained with EBL
Easy Blue-Plus (EBL, New Taipei City, Taiwan) to visualize proteins.

Article https://doi.org/10.1038/s41467-022-32107-4

Nature Communications |         (2022) 13:4394 11



The gel was scanned and intensities of different bands were quan-
tified using ImageJ (https://imagej.nih.gov/ij/).

Identification of the components of RNA polymerase III bymass
spectrometry
After the staining procedure, gel bands were excised and cut into
small pieces. A modified in-gel digestion protocol was applied83.
Briefly, after sequentially washing the gel pieces with 25mM
NH4HCO3, 40% methanol solution, and 100% acetonitrile, DTT
reduction and alkylation with iodoacetamide of the proteins in gel
pieces were performed. The gel pieces were washed and dried in a
vacuum centrifuge before trypsin digestion. A trypsin solution of
25–30 μl 25 mM NH4HCO3 containing 75–100 ng of sequencing-
grade modified trypsin (Promega, Madison, WI, USA) was added to
gel pieces and incubated for 12–16 h at 37 °C. The reaction was
stopped by adding 1–2 μl of 5% formic acid. The digested samples
(0.5 μl) were carefullymixedwith 0.5 μl matrix solution and 0.5 μl of
the mixture was deposited onto the 384/600 μm MTP AnchorChip
(Bruker Daltonics, Billerica, MA, USA). All mass spectrometry
experiments were done using a Bruker Autoflex III MALDI TOF/TOF
mass spectrometer (Bruker Daltonics) equipped with a 200Hz
SmartBean Laser in positive ionmode with delayed extraction in the
reflectron mode. Data acquisition was done manually with Flex-
Control 3.4, and data processing was performed using Flex-Analysis
3.4 (both Bruker Daltonics). Protein database searches, through
Mascot, using combined PMF and MS/MS datasets were performed
via Biotools 3.2 (Bruker Daltonics).

Proteasome activity assay
The in-gel proteasome activity assay was performed based on the
protocol of a previous study84, with the following modifications.
Briefly, the cells were grown at 23 °C to log phase (OD600 = 0.4–0.6)
and harvested. The harvested cell pellet was resuspended in buffer
A (50mM Tris-Cl pH 7.4, 5 mMMgCl2, 10% glycerol, 1 mM DTT) and
immediately lysed by mechanical disruption with glass beads. The
cell lysate was cleared by centrifugation at 15,000 × g for 20min
and then at 100,000 × g for 30min at 4 °C. The protein con-
centration was determined using the Bradford assay. One hundred
μg of the cleared cell lysate from each sample was resolved by
nondenaturing PAGE85 in order to separate doubly-capped 26S
(RP2CP), singly-capped 26S (RP1CP), and free 20S (CP)
proteasomes. The gels were then incubated for 20min at 37 °C in
10ml of buffer A with 0.1 mM Suc-LLVY-AMC (S6510, Sigma-
Aldrich) and 1mM ATP. Signals of 26S proteasome activity were
measured upon exposure to UV light using a UVP BioSpectrum
815 system equipped with a FirstLight UV illuminator (Analytik Jena
US, Upland, CA, USA).

Computational and statistical analysis
All statistical analyses in this paper were conducted using R (V 3.3) and
computational analysis was performed using custom Perl and Python
scripts. Fisher’s r-to-z transformation was performed to test the dif-
ference between correlations using the cocor package in R52. The
Fisher’s exact test was done in R to test for enrichment of destabilized
complexes with Chr16 or Chr8+15 subunits. Fisher’s exact test was
performed between the destabilized and stable protein complexes
that contained subunits encoded by replaced chromosomes and
protein complexes without subunits encoded by replaced chromo-
somes respectively. All the boxplots in this manuscript show the
minimum, the maximum, the sample median, and the first and third
quartiles of the data.

Statistics and reproducibility
All the experiments presented here were repeated at least three times
independently with similar results.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The RNA-seq datasets generated in this study have been deposited in
NCBI under the accession number BioProject PRJNA855266. The mass
spectrometry proteomics data have been deposited in Proteo-
meXchangeConsortiumunder the accession number PXD028358. The
RNA-seq and the mass spectrometry proteomics data analyzed in this
study are provided as Supplementary Data. Other data generated or
analyzed in this study are provided in the Source Data file. All sup-
plementary files and Source Data are provided with this article. Source
data are provided with this paper.

References
1. Powers, E. T. & Balch, W. E. Diversity in the origins of proteostasis

networks—a driver for protein function in evolution. Nat. Rev. Mol.
Cell Biol. 14, 237–248 (2013).

2. Jayaraj, G. G., Hipp, M. S. & Hartl, F. U. Functional modules of the
proteostasis network. Cold Spring Harb. Perspect. Biol. https://doi.
org/10.1101/cshperspect.a033951 (2020).

3. Kim, Y. E., Hipp, M. S., Bracher, A., Hayer-Hartl, M. & Hartl, F. U.
Molecular chaperone functions in protein folding and proteostasis.
Annu. Rev. Biochem. 82, 323–355 (2013).

4. Hipp,M. S., Kasturi, P. &Hartl, F. U. The proteostasis network and its
decline in ageing. Nat. Rev. Mol. Cell Biol. 20, 421–435 (2019).

5. Pereira-Leal, J. B., Levy, E. D. & Teichmann, S. A. The origins and
evolution of functional modules: Lessons from protein complexes.
Philos. T R. Soc. B 361, 507–517 (2006).

6. Benschop, J. J. et al. A consensus of core protein complex com-
positions for Saccharomyces cerevisiae. Mol. Cell 38,
916–928 (2010).

7. Michaut, M. et al. Protein complexes are central in the yeast genetic
landscape. PLoS Comput. Biol. 7, e1001092 (2011).

8. Costanzo, M. et al. A global genetic interaction network maps a
wiring diagram of cellular function. Science https://doi.org/10.
1126/science.aaf1420 (2016).

9. Harrison, J. S. & Burton, R. S. Tracing hybrid incompatibilities to
single amino acid substitutions. Mol. Biol. Evolution 23,
559–564 (2006).

10. Juan, D., Pazos, F. & Valencia, A. Co-evolution and co-adaptation in
protein networks. FEBS Lett. 582, 1225–1230 (2008).

11. Dunker, A. K., Silman, I., Uversky, V. N. & Sussman, J. L. Function and
structure of inherently disordered proteins. Curr. Opin. Struct. Biol.
18, 756–764 (2008).

12. Asher, G., Reuven, N. & Shaul, Y. 20S proteasomes and protein
degradation “by default”. Bioessays 28, 844–849 (2006).

13. Hartl, F. U., Bracher, A. & Hayer-Hartl, M. Molecular chaperones in
protein folding and proteostasis. Nature 475, 324–332 (2011).

14. Coyne, J. A. & Orr, H. A. Speciation (Sinauer Associates, 2004).
15. Wu, C. I. & Ting, C. T. Genes and speciation. Nat. Rev. Genet. 5,

114–122 (2004).
16. Presgraves, D. C. The molecular evolutionary basis of species for-

mation. Nat. Rev. Genet. 11, 175–180 (2010).
17. Maheshwari, S. & Barbash, D. A. The genetics of hybrid incompat-

ibilities. Annu. Rev. Genet. 45, 331–355 (2011).
18. Kao, K. C., Schwartz, K. & Sherlock, G. A Genome-wide analysis

reveals no nuclear Dobzhansky–Muller pairs of determinants of
speciation between S. cerevisiae and S. paradoxus, but suggests
more complex incompatibilities. PLoS Genet. https://doi.org/10.
1371/journal.pgen.1001038 (2010).

19. Moyle, L. C. & Nakazato, T. Complex epistasis for
Dobzhansky–Muller hybrid incompatibility in Solanum. Genetics
181, 347–351 (2009).

Article https://doi.org/10.1038/s41467-022-32107-4

Nature Communications |         (2022) 13:4394 12

https://imagej.nih.gov/ij/
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA855266
http://www.ebi.ac.uk/pride/archive/projects/PXD028358
https://doi.org/10.1101/cshperspect.a033951
https://doi.org/10.1101/cshperspect.a033951
https://doi.org/10.1126/science.aaf1420
https://doi.org/10.1126/science.aaf1420
https://doi.org/10.1371/journal.pgen.1001038
https://doi.org/10.1371/journal.pgen.1001038


20. Corbett-Detig, R. B., Zhou, J., Clark, A.G., Hartl, D. L. & Ayroles, J. F.
Genetic incompatibilities are widespread within species. Nature
504, 135 (2013).

21. Kondrashov, A. S. Accumulation of Dobzhansky–Muller incompat-
ibilities within a spatially structured population. Evolution 57,
151–153 (2003).

22. Wu, C. I. & Palopoli, M. F. Genetics of postmating reproductive
isolation in animals. Annu. Rev. Genet. 28, 283–308 (1994).

23. Swamy, K. B. S., Schuyler, S. C. & Leu, J. Y. Protein complexes form
a basis for complex hybrid incompatibility. Front. Genet. 12,
609766 (2021).

24. Kellis, M., Patterson, N., Endrizzi, M., Birren, B. & Lander, E. S.
Sequencing andcomparison of yeast species to identify genes and
regulatory elements. Nature 423, 241–254 (2003).

25. Groth, C., Hansen, J. & Piskur, J. A natural chimeric yeast containing
genetic material from three species. Int. J. Syst. Bacteriol. 49,
1933–1938 (1999).

26. Libkind, D. et al. Microbe domestication and the identification of
the wild genetic stock of lager-brewing yeast. Proc. Natl Acad. Sci.
USA 108, 14539–14544 (2011).

27. Greig, D. Reproductive isolation in Saccharomyces. Heredity 102,
39–44 (2009).

28. Lee, H. Y. et al. Incompatibility of nuclear and mitochondrial gen-
omes causes hybrid sterility between two yeast species. Cell 135,
1065–1073 (2008).

29. Jhuang, H. Y., Lee, H. Y. & Leu, J. Y. Mitochondrial-nuclear co-
evolution leads to hybrid incompatibility through pentatricopep-
tide repeat proteins. Embo Rep. 18, 87–101 (2017).

30. Ortiz-Barrientos, D., Counterman, B. A. & Noor, M. A. Gene
expression divergence and the origin of hybrid dysfunctions.
Genetica 129, 71–81 (2007).

31. Mack, K. L. & Nachman, M. W. Gene regulation and speciation.
Trends Genet. 33, 68–80 (2017).

32. Swain Lenz, D., Riles, L. & Fay, J. C. Heterochronic meiotic mis-
expression in an interspecific yeast hybrid. Mol. Biol. Evol. 31,
1333–1342 (2014).

33. Gasch, A. P. et al. Genomic expression programs in the response of
yeast cells to environmental changes. Mol. Biol. Cell 11,
4241–4257 (2000).

34. Hovhannisyan, H. et al. Integrative omics analysis reveals a limited
transcriptional shock after yeast interspecies hybridization. Front.
Genet. 11, 404 (2020).

35. McGirr, J. A. & Martin, C. H. Ecological divergence in sympatry
causes gene misexpression in hybrids. Mol. Ecol. 29,
2707–2721 (2020).

36. McManus, C. J. et al. Regulatory divergence in Drosophila revealed
by mRNA-seq. Genome Res. 20, 816–825 (2010).

37. Ranz, J. M., Namgyal, K., Gibson, G. & Hartl, D. L. Anomalies in the
expression profile of interspecific hybrids of Drosophila melano-
gaster and Drosophila simulans.Genome Res. 14, 373–379 (2004).

38. Song, S., Qu, H., Chen, C., Hu, S. & Yu, J. Differential gene
expression in an elite hybrid rice cultivar (Oryza sativa, L) and its
parental lines based on SAGE data. BMC Plant Biol. 7, 49 (2007).

39. Zhao, Y. et al. Comparative transcriptome analysis reveals impor-
tant roles of nonadditive genes inmaize hybrid An’nong 591 under
heat stress. BMC Plant Biol. 19, 273 (2019).

40. Torres, E. M. et al. Effects of aneuploidy on cellular physiology and
cell division in haploid yeast. Science 317, 916–924 (2007).

41. Oromendia, A. B., Dodgson, S. E. & Amon, A. Aneuploidy causes
proteotoxic stress in yeast. Genes Dev. 26, 2696–2708 (2012).

42. Tsai, H. J. et al. Hypo-osmotic-like stress underlies general cellular
defects of aneuploidy. Nature 570, 117–121 (2019).

43. Glover, J. R. & Lindquist, S. Hsp104, Hsp70, and Hsp40: A novel
chaperone system that rescues previously aggregated proteins.
Cell 94, 73–82 (1998).

44. Liu, B. D. et al. The polarisome is required for segregation and
retrograde transport of protein aggregates. Cell 140,
257–267 (2010).

45. Hose, J. et al. The genetic basis of aneuploidy tolerance in wild
yeast. Elife https://doi.org/10.7554/eLife.52063 (2020).

46. Taipale, M., Jarosz, D. F. & Lindquist, S. HSP90 at the hubof protein
homeostasis: Emerging mechanistic insights. Nat. Rev. Mol. Cell
Biol. 11, 515–528 (2010).

47. Gopinath, R. K. et al. TheHsp90-dependent proteome is conserved
and enriched for hub proteins with high levels of protein–protein
connectivity. Genome Biol. Evol. 6, 2851–2865 (2014).

48. Makanae, K., Kintaka, R., Makino, T., Kitano, H. & Moriya, H. Iden-
tification of dosage-sensitive genes in Saccharomyces cerevisiae
using the genetic tug-of-war method. Genome Res. 23,
300–311 (2013).

49. Piatkowska, E. M., Naseeb, S., Knight, D. & Delneri, D. Chimeric
protein complexes in hybrid species generate novel
phenotypes. PLoS Genet. https://doi.org/10.1371/journal.pgen.
1003836 (2013).

50. Mueller, S. et al. Protein degradation corrects for imbalanced
subunit stoichiometry inOSTcomplex assembly.Mol. Biol. Cell26,
2596–2608 (2015).

51. Ishikawa, K.,Makanae, K., Iwasaki, S., Ingolia, N. T. &Moriya, H. Post-
translational dosage compensation buffers genetic perturbations
to stoichiometry of protein complexes. PLoS Genet. https://doi.
org/10.1371/journal.pgen.1006554 (2017).

52. Diedenhofen, B. & Musch, J. cocor: A comprehensive solution for
the statistical comparison of correlations. PLoS One 10,
e0121945 (2015).

53. Wei, Y. Y. & Chen, H. T. Functions of the TFIIE-related tandem
Winged–Helix domain of Rpc34 in RNApolymerase III initiation and
elongation. Mol. Cell Biol. https://doi.org/10.1128/MCB.00105-
17 (2018).

54. Torres, E. M. et al. Identification of aneuploidy-tolerating muta-
tions. Cell 143, 71–83 (2010).

55. Varshavsky, A. Regulated protein degradation. Trends Biochem.
Sci. 30, 283–286 (2005).

56. Chernova, T. A. et al. Pleiotropic effects of Ubp6 loss on
drug sensitivities and yeast prion are due to depletion of
the free ubiquitin pool. J. Biol. Chem. 278, 52102–52115
(2003).

57. Hanna, J. et al. Deubiquitinating enzyme Ubp6 functions non-
catalytically to delay proteasomal degradation. Cell 127,
99–111 (2006).

58. Peth, A., Besche, H. C. & Goldberg, A. L. Ubiquitinated proteins
activate the proteasome by binding to Usp14/Ubp6, which causes
20S gate opening. Mol. Cell 36, 794–804 (2009).

59. Burton, R. S., Pereira, R. J. & Barreto, F. S. Cytonuclear genomic
interactions and hybrid breakdown.Annu. Rev. Ecol. Evol. Syst.44,
281–302 (2013).

60. Rudashevskaya, E. L., Sickmann, A. & Markoutsa, S. Global profil-
ing of protein complexes: Current approaches and their per-
spective in biomedical research. Expert Rev. Proteomic 13,
951–964 (2016).

61. Wan, C. et al. Panorama of ancient metazoan macromolecular
complexes. Nature 525, 339–344 (2015).

62. Leducq, J. B. et al. Evidence for the robustness of protein com-
plexes to inter-species hybridization. PLoS Genet. 8,
e1003161 (2012).

63. Dandage, R. et al. Frequent assembly of chimeric complexes in the
protein interaction network of an interspecies yeast hybrid. Mol.
Biol. Evol. 38, 1384–1401 (2021).

64. Greig, D., Borts, R. H., Louis, E. J. & Travisano, M. Epistasis and
hybrid sterility in Saccharomyces. Proc. R. Soc. Lond. B Biol. Sci.
269, 1167–1171 (2002).

Article https://doi.org/10.1038/s41467-022-32107-4

Nature Communications |         (2022) 13:4394 13

https://doi.org/10.7554/eLife.52063
https://doi.org/10.1371/journal.pgen.1003836
https://doi.org/10.1371/journal.pgen.1003836
https://doi.org/10.1371/journal.pgen.1006554
https://doi.org/10.1371/journal.pgen.1006554
https://doi.org/10.1128/MCB.00105-17
https://doi.org/10.1128/MCB.00105-17


65. Sheltzer, J. M., Torres, E. M., Dunham, M. J. & Amon, A. Transcrip-
tional consequences of aneuploidy. P Natl Acad. Sci. USA 109,
12644–12649 (2012).

66. Veitia, R. A., Bottani, S. & Birchler, J. A. Cellular reactions to gene
dosage imbalance: Genomic, transcriptomic and proteomic
effects. Trends Genet. 24, 390–397 (2008).

67. Brennan, C.M. et al. Protein aggregationmediates stoichiometry of
protein complexes in aneuploid cells. Genes Dev. 33,
1031–1047 (2019).

68. Bamberger, C., Martinez-Bartolome, S., Montgomery, M., Lavallee-
Adam, M. & Yates, J. R. III Increased proteomic complexity in
Drosophila hybrids during development. Sci. Adv. 4,
eaao3424 (2018).

69. Taylor, M. B. & Ehrenreich, I. M. Higher-order genetic interactions
and their contribution to complex traits. Trends Genet. 31,
34–40 (2015).

70. Orr, H. A. & Orr, L. H. Waiting for speciation: The effect of popu-
lation subdivision on the time to speciation. Evolution 50,
1742–1749 (1996).

71. Gerstein, A. C., Chun, H. J., Grant, A. & Otto, S. P. Genomic con-
vergence toward diploidy in Saccharomyces cerevisiae. PLoS
Genet. 2, e145 (2006).

72. Zorgo, E. et al. Ancient evolutionary trade-offs between yeast
ploidy wstates. PLoS Genet. https://doi.org/10.1371/journal.pgen.
1003388 (2013).

73. Giaever, G. et al. Functional profiling of the Saccharomyces cere-
visiae genome. Nature 418, 387–391 (2002).

74. Hsu, P. C., Yang, C. Y. & Lan, C. Y. Candida albicans Hap43 is a
repressor induced under low-iron conditions and is essential for
iron-responsive transcriptional regulation and virulence. Eukaryot.
Cell 10, 207–225 (2011).

75. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: A flexible
trimmer for Illumina sequence data. Bioinformatics 30,
2114–2120 (2014).

76. Patro, R., Duggal, G., Love, M. I., Irizarry, R. A. & Kingsford, C. Sal-
mon provides fast and bias-aware quantification of transcript
expression. Nat. Methods 14, 417–419 (2017).

77. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15, 550 (2014).

78. Wang, J. et al. Natural variation in preparation for nutrient depletion
reveals a cost-benefit tradeoff. PLoS Biol. 13, e1002041 (2015).

79. Cox, J. & Mann, M. MaxQuant enables high peptide identification
rates, individualized p.p.b.-range mass accuracies and proteome-
wide protein quantification.Nat. Biotechnol. 26, 1367–1372 (2008).

80. Cox, J. et al. A practical guide to the MaxQuant computational
platform for SILAC-based quantitative proteomics. Nat. Protoc. 4,
698–705 (2009).

81. Benjamini, Y. &Hochberg, Y. Controlling the false discovery rate—a
practical and powerful approach tomultiple testing. J. R. Stat. Soc.
B Met. 57, 289–300 (1995).

82. Puig, O. et al. The tandem affinity purification (TAP) method: A
general procedure of protein complex purification. Methods 24,
218–229 (2001).

83. Shevchenko, A., Tomas, H., Havlis, J., Olsen, J. V. &Mann, M. In-gel
digestion for mass spectrometric characterization of proteins and
proteomes. Nat. Protoc. 1, 2856–2860 (2006).

84. Bajorek, M., Finley, D. & Glickman, M. H. Proteasome disassembly
and downregulation is correlated with viability during stationary
phase. Curr. Biol. 13, 1140–1144 (2003).

85. Glickman,M.H., Rubin, D.M., Fried, V.A.&Finley,D. The regulatory
particle of the Saccharomyces cerevisiae proteasome. Mol. Cell
Biol. 18, 3149–3162 (1998).

Acknowledgements
We thank members of the Leu lab for helpful discussions and com-
ments on the manuscript. We thank Hsilin Cheng from the IMB Geno-
mics Core for technical assistance. Mass spectrometry data were
acquired at the Academia SinicaCommonMass Spectrometry Facilities
for Proteomics and ProteinModificationAnalysis located at the Institute
of Biological Chemistry, Academia Sinica, supported by Academia
Sinica Core Facility and Innovative Instrument Project (AS-CFII-108-
107).We thank the SequencingCore of Academia Sinica for sequencing
services, the Genomics, Bioinformatics, and FACS Cores of IMB for
technical assistance, and JohnO’Brien formanuscript editing.We thank
Gavin Sherlock for sharing pGS62 and pGS64 plasmids. H.Y.L. and
K.B.S.S. were supported by Academia Sinica postdoctoral fellowships.
K.B.S.S. was supported by the DBT-Ramalinagaswami fellowship (AU/
SAS/DBT-RLS/20-21/04_KS_03.25) and Ahmedabad University start-up
grant (AU/SUG/SAS/DBLS/2019-20/01). J.Y.L. was supported by Aca-
demia Sinica of Taiwan (grant no. AS-IA-110-L01 and AS-TP-107-ML06)
and the TaiwanMinistry of Science and Technology (MOST 109-2326-B-
001-015).

Author contributions
J.Y.L. conceived the study. K.B.S.S., H.Y.L., and J.Y.L. designed analyses
and interpreted results. K.B.S.S., H.Y.L., C.L., J.C.C., and Y.Y.C. per-
formed the experiments. K.B.S.S., H.Y.L., and C.F.J.L. performed com-
putational analyses. K.B.S.S., H.Y.L., and J.Y.L. wrote the paper. All
authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary informationTheonline version contains supplementary
material available at
https://doi.org/10.1038/s41467-022-32107-4.

Correspondence and requests for materials should be addressed to
Jun-Yi Leu.

Peer review information Nature Communications thanks Harmit Malik
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. Peer reviewer reports are available.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-32107-4

Nature Communications |         (2022) 13:4394 14

https://doi.org/10.1371/journal.pgen.1003388
https://doi.org/10.1371/journal.pgen.1003388
https://doi.org/10.1038/s41467-022-32107-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Proteotoxicity caused by perturbed protein complexes underlies hybrid incompatibility in yeast
	Results
	Chromosome replacement lines exhibit a transcriptional signature of stress responses
	Chromosome replacement lines display proteotoxic stress
	Stress resulting from harboring foreign chromosomes causes mitotic and meiotic defects
	Levels of proteotoxicity are correlated with the number of protein complexes on replaced chromosomes
	Multiple protein complexes are destabilized in the most defective replacement lines, 16L and 8+15L
	Unstable chimeric protein complexes have lower soluble protein abundances in 8+15L and 16L cells
	Up-regulating the protein degradation machinery alleviates the fitness defects of replacement lines

	Discussion
	Methods
	Yeast strains
	RNA sequencing and data analysis
	Analysis of endogenous protein aggregates
	Growth curves and quantification
	Sporulation assay
	Complex number correlation
	Growth conditions for SILAC labeling and lysate preparation for size-exclusion chromatography
	Size-exclusion chromatography (SEC)
	Sample preparation for LC-MS/MS analysis
	LC-MS/MS analysis
	Data analysis of LC-MS/MS results and identification of unstable protein complexes in replacement lines, 8+15L and 16L
	Purification of RNA polymerase III
	Identification of the components of RNA polymerase III by mass spectrometry
	Proteasome activity assay
	Computational and statistical analysis
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




