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Since complete redundancy between extant duplicates (paralogs) is evolutionarily unfavorable, some degree of
functional congruency is eventually lost. However, in budding yeast, experimental evidence collected for duplicated
metabolic enzymes and in global physical interaction surveys had suggested widespread functional overlap between
paralogs. While maintained functional overlap is thought to confer robustness against genetic mutation and facilitate
environmental adaptability, it has yet to be determined what properties define paralogs that can compensate for the
phenotypic consequence of deleting a sister gene, how extensive this epistasis is, and how adaptable it is toward
alternate environmental states. To this end, we have performed a comprehensive experimental analysis of epistasis as
indicated by aggravating genetic interactions between paralogs resulting from an ancient whole-genome duplication
(WGD) event occurring in the budding yeast Saccharomyces cerevisiae, and thus were able to compare properties of
large numbers of epistatic and non-epistatic paralogs with identical evolutionary times since divergence. We found
that more than one-third (140) of the 399 examinable WGD paralog pairs were epistatic under standard laboratory
conditions and that additional cases of epistasis became obvious only under media conditions designed to induce
cellular stress. Despite a significant increase in within-species sequence co-conservation, analysis of protein
interactions revealed that paralogs epistatic under standard laboratory conditions were not more functionally
overlapping than those non-epistatic. As experimental conditions had an impact on the functional categorization of
paralogs deemed epistatic and only a fraction of potential stress conditions have been interrogated here, we
hypothesize that many epistatic relationships remain unresolved.

[Supplemental material is available online at www.genome.org.]

Duplication is the primary mechanism for gene creation and
consequent emergence of functional novelty in eukaryotic cells
(Ohno 1970). While duplication typically involves one or few
genes (small-scale duplication, or SSD), polyploidization events
by whole-genome duplication (WGD) represent unique, abun-
dant sources of functional diversity in the evolutionary histories
of many eukaryotic species, accounting for ∼15% of all genes in
yeast (Wolfe and Shields 1997; Kellis et al. 2004) and sizeable
fractions in plants (Blanc et al. 2000) and vertebrates (Jeffreys et
al. 1980; Christoffels et al. 2004; Dehal and Boore 2005). Al-
though WGD-resultant duplicates (also known as “ohnologs” in
honor of Susumu Ohno [Wolfe 2000] but referred to herein sim-
ply as “paralogs”) have inherent differences from small-scale du-
plicates (Davis and Petrov 2005; Guan et al. 2007), they serve as
a popular target for study since they represent a replete body of
paralogs of identical age. The WGD-created genes facilitate com-
parative analysis of paralogs spanning diverse functional catego-
ries, while excluding partial duplicates and pseudogenes of du-
bious significance.

Initially following a WGD event, the resulting increased
ploidy is thought to be genomically unstable (Mayer and Agu-

ilera 1990), leading to rapid and extensive gene loss. Two conse-
quent questions are: how much functional overlap exists be-
tween that subset of duplicates that are retained over much
longer periods, and does this functional buffering bestow any
long-term selective advantage? Preservation of functional con-
gruency is suspected to confer genomic robustness (Kirschner
and Gerhart 1998; Conant and Wagner 2004), yet complete re-
dundancy is unlikely from an evolutionary standpoint (Brook-
field 1992), owing to relaxed selective pressure on one or both of
the duplicates.

Previous examinations of the biological properties of extant
paralogs based on the physical interactome (Baudot et al. 2004;
Guan et al. 2007; Musso et al. 2007; Wapinski et al. 2007), meta-
bolic networks (Papp et al. 2004; Kuepfer et al. 2005; Harrison et
al. 2007), and single-gene deletion phenotypes (Gu et al. 2003) in
the budding yeast Saccharomyces cerevisiae have implied extensive
functional similarity among both WGD and SSD resultant para-
logs, supporting an advantage to retaining substantive functional
overlap. Conversely, synthetic genetic array analysis of epistasis
(herein defined as the capacity for paralogs to buffer the pheno-
typic consequence of deletion of their sister gene) among a small
subset of yeast WGD and SSD paralogs has led to an alternate
hypothesis that while some paralog pairs have maintained the
ability to buffer loss of a respective sister, this mechanism is lim-
ited in scope, not functioning over a wide range of compromis-
ing environmental conditions (Ihmels et al. 2007). This assertion
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contrasts with previous suggestions that duplicates may be pref-
erentially retained to compensate for cellular stresses or pertur-
bations (Gu et al. 2003; Musso et al. 2007). Consequently, the
extent and context of functional buffering among WGD-
resultant duplicates as well as the molecular properties of buffer-
ing paralogs remain to be resolved.

To address these issues directly, we have examined the rela-
tive fitness of haploid yeast strains bearing single and double
deletions of all surveyable WGD-resultant paralog pairs in yeast.
We find that more than one-third of surveyed WGD duplicates
substantively buffer the loss of their respective sister genes under
standard laboratory growth conditions. Further examination of
epistasis under stressful conditions revealed additional instances
of epistasis, demonstrating that the function of buffering para-
logs (and by extension their within-species co-conservation and
expression, which are inherently linked to function) is depen-
dent on experimental conditions. As many of the innumerable
environmental conditions remain unexplored, we submit that
epistasis may be highly extensive among extant WGD-resultant
paralogs.

Results

Frequent phenotypic buffering between WGD-resultant
duplicates

We used two complementary experimental growth assays to sys-
tematically monitor the fitness of single and double mutants to
determine the extent of phenotypic buffering among putative
yeast WGD paralog pairs (Kellis et al. 2004) under standard cul-
ture conditions. We were unable to assess seven pairs because one
or both paralogs was split into multiple open reading frames
(Kellis et al. 2004), while 51 pairs were excluded from analysis
because of the inviability of one or both of the single-deletion
strains (see Supplemental Spreadsheet), leaving 399 surveyable
pairs out of the initial set of 457.

Random-spore analysis (RSA) was first applied to measure
the overall viability of the progeny of genetic crosses between
individual single gene deletion strains. Haploid yeast strains con-
taining deletions corresponding to either one or both paralogs of
a WGD pair were grown on solid minimal media and selected for
based on specific drug sensitivities (deleted genes were replaced
by drug-resistance cassettes) (see Methods). Visual inspection
conducted by two independent evaluators was ultimately used to
define 51 obvious cases of synthetic sickness or lethality (see
Supplemental Fig. S1; Supplemental Table S1). Tetrad dissection
additionally confirmed 18 of the 31 pairs initially deemed non-
obvious by either or both evaluators (see Methods), ultimately
leading to the identification of epistasis among 69 WGD paralog
pairs (17% of all pairs tested, 15% of all WGD paralog pairs). This
frequency of epistasis for WGD paralog pairs is well beyond what
would be expected for randomly selected gene pairs (<1% based
on synthetic genetic array data) (Tong et al. 2004), and further-
more, beyond the eightfold to 10-fold increases in epistasis ex-
pected for gene pairs with similar or identical Gene Ontology
(GO) annotations, respectively (Tong et al. 2004).

Next, growth-curve analysis (GCA) was applied as an alter-
nate means to quantify growth rates to detect attenuated in-
stances of epistasis among WGD paralogs. Unlike in RSA, growth
for GCA is assayed in rich liquid media and culture growth is
monitored through optical density, allowing more precise calcu-
lations of fitness, and hence, identification of more subtle growth

defects (see Methods). Through GCA, 119 double-mutant strains
were identified as having growth decreased beyond that pre-
dicted by multiplying the fitness defects of the corresponding
individual mutations (i.e., using a multiplicative model) (see
Methods), 71 of which had not been witnessed through RSA.
These data suggest that epistasis exists to some extent among 140
WGD paralog pairs (35% of those surveyed, 31% of all 457 WGD
paralogs).

The RSA and GCA data were not completely overlapping
(see Fig. 1), as nearly one-third of paralog pairs with obvious
growth defects detected in RSA showed normal growth properties
through GCA (listed in Supplemental Table S2). These remaining
21 pairs may have a function that specifically limited double-
mutant growth in the minimal media of the RSA experiments
(e.g., included in this list are ENO1 and ENO2, which are known
to function in concert only in low-glucose conditions; McAlister
and Holland 1982) or the ability to grow on solid media.

Overall, these results indicate that epistasis occurs among
approximately one-third of WGD paralog pairs. However, the
difference in epistasic relationships as measured across liquid and
solid media suggests a prevalence of condition-specific lethality,
underscoring the importance of assaying genetic buffering under
multiple conditions.

Further buffering relationships identified under simulated
stress conditions

To further explore epistasis in alternate conditions, and to inves-
tigate previous hypotheses that buffering relationships may spe-
cifically be maintained to cope with cellular perturbations (Gu et
al. 2003; Musso et al. 2007), we expanded our assay to include a

Figure 1. Experimental schema and summary of epistasis among WGD
paralog pairs in yeast. The 399 WGD paralog pairs with viable constituent
single-deletion strains (Giaever et al. 2002) were analyzed for genetic
interaction using random-spore analysis (RSA) and growth-curve analysis
(GCA). The overlap in terms of duplicates exhibiting significant pheno-
typic buffering is shown in the Venn diagram. The 259 WGD paralog
pairs not exhibiting epistasis (and hence deemed to not buffer pheno-
typically) in rich growth media were further analyzed through environ-
mental screening in five alternate media conditions designed to either
mimic common cellular stress states or introduce competition (Giaever et
al. 2002).
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series of stresses. The relative fitness of the 259 double-deletion
mutants corresponding to non-buffering WGD pairs (i.e., those
not defined to be epistatic by either RSA or GCA; see Methods)
were monitored for sensitivity in five media designed to induce
cellular stress (alkaline pH, high salt, the presence of the antifun-
gal agent Nystatin [decreases membrane permeability], high lev-
els of Sorbitol, or with glycogen substituting for dextrose as the
main carbon source) (Fig. 1) (Giaever et al. 2002). As a competi-
tive growth assay suited to examining multiple media types, we
measured the relative fitness of bar-coded double-mutant strains
simultaneously by quantitative microarray hybridization (Giae-
ver et al. 2002). Double-deletion strains exhibiting sensitivity
within any of the five stress conditions were further analyzed
using GCA conducted in the specific condition, allowing inde-
pendent validation of these results.

To be considered epistatic in a stress condition, the paralog
pair had to satisfy two criteria. First, the pair had to not be epi-
static in standard media conditions, indicating that if epistasis
was detected in a stress condition, it was unique to that condi-
tion. Second, epistatic paralogs had to pass the multiplicative
model in the given condition, meaning that either individual
knockout could not be responsible for the stress sensitivity. We
first detected candidate condition-specific fitness defects through
microarray, as indicated by a >25% decrease in strain abundance
for a given condition (see Supplemental Methods) among 61
paralog pairs not detected as buffering in standard media by ei-
ther RSA or GCA (23.5% of those tested). To ensure that fitness
defects were the result of the combined mutation and not the
deletion of either single mutant, we conducted GCA for each of
these 61 pairs in the appropriate sensitive condition. We found
that 10 of the 61 pairs met the stringent confines of a multipli-
cative fitness model (see Methods), and thus were epistatic under
the given stress conditions (see Supplemental Spreadsheet).

These 10 confirmed WGD pairs (herein referred to as “sen-
sitive to stress,” or SS; see Table 1) both reaffirm previously de-
scribed observations and suggest new functional synergies.
Among those relationships confirmed are the hypersensitivity to
high salt of the BUL1/BUL2 double mutant (Yashiroda et al. 1998)
and the hypersensitivity to carbon-source starvation of the
MSN2/MSN4 double mutant (Estruch and Carlson 1993). Inter-
estingly, the PYC1/PYC2 double mutant with known hypersen-

sitivity to glucose (Stucka et al. 1991) was found here to be epi-
static in multiple conditions, but showed normal growth with
galactose as the primary carbon source. Other characterizations
of epistasis can also be explained given known protein functions.
For example, YGK3 and MCK1 are members of the cell-wall in-
tegrity pathway (Griffioen et al. 2003), while CHS6 and BCH2 are
involved in the transport of membrane proteins (Wang et al.
2006); both pairs were found here to be epistatic in the presence
of Nystatin. Furthermore, CNA1 and CMP2, which were epistatic
here in 1 M NaCl, are involved in ion homeostasis and confer
tolerance to high levels of sodium (Mendoza et al. 1996). Our
inherent interpretation of these findings is that WGD paralog
pairs that are non-epistatic in standard conditions may be epi-
static in a condition that emphasizes their principle function,
despite the fact that neither individual paralog is essential for
survival in that function (i.e., epistasis can be evolved for specific
circumstances).

Based on our observations of condition-specific epistasis
among SS paralogs, we are able to propose functionality for some
genes that are either uncharacterized or poorly understood. Spe-
cifically, as YSP2 and its paralog YHR080C are epistatic in mul-
tiple conditions, we propose that the known pro-apoptotic pro-
tein YSP2 may also exercise an inherent rescue function in con-
junction with its paralog in response to cell wall or plasma
membrane damage. Also, the epistasis of SOL1 and SOL2 in mul-
tiple conditions suggests that they may be involved in a general
stress response. Lastly, we submit that the putative protein of
unknown function, YFR039C, functions synergistically (either in
conjunction or within an alternate functional pathway) with the
glycosylphosphatidylinositol-anchored protein, She10, in re-
sponse to cell stress, notably high salt and alterations in carbon
source.

Experimental condition impacts the functional composition of
epistatic paralogs

As the investigation above had revealed SS paralogs to generally
have functions related to their incident condition (analogous to
what has been previously reported for metabolic enzymes using
flux balance analysis; Harrison et al. 2007), we next tested wheth-
er those paralogs epistatic only under standard conditions (i.e.,
those initially detected by RSA and GCA) had any common func-
tional properties. Enrichment analysis (Maere et al. 2005) of
functional categorization as assessed by the GO database (Ta-
tusov et al. 2003) indicated that these paralogs were biologically
disparate from their non-buffering counterparts. Specifically,
WGD paralogs epistatic under standard laboratory conditions
were more frequently involved in cell growth, protein metabo-
lism, and division.

Many buffering paralogs (RSA and GCA) are annotated as
ribosomal proteins or metabolic enzymes (23 pairs in each) (see
Supplemental Spreadsheet). However, even upon removal of
these proteins, functional GO enrichment analysis revealed that,
although somewhat more functionally diverse, the remaining
paralogs epistatic under normal growth conditions were still sig-
nificantly enriched for growth-related processes. More specifi-
cally, while paralogs detected jointly by both RSA and GCA were
mainly involved in protein production, those detected solely by
GCA were notably enriched for involvement in the cell cycle (i.e.,
septin ring formation, cell cycle checkpoint, regulation of cell
cycle), and those detected solely by RSA were seemingly enriched
for metabolic processes and structure development. No paralog

Table 1. WGD paralogs exhibiting epistasis following
environmental perturbation

Systematic
Name 1

Systematic
Name 2

Standard
Name 1

Standard
Name 2 Condition

YML111W YMR275C BUL2 BUL1 NaCl
YLR433C YML057W CNA1 CMP2 NaCl
YBR218C YGL062W PYC2 PYC1 Sorbitol, Nystatin
YPR074C YBR117C TKL1 TKL2 Nystatin
YJL099W YKR027W CHS6 BCH2 Nystatin
YNL307C YOL128C MCK1 YGK3 Nystatin
YDR326C YHR080C YSP2 Nystatin
YKL062W YMR037C MSN4 MSN2 Galactose
YCR073W-A YNR034W SOL2 SOL1 NaCl, Nystatin,

galactose
YGL228W YFR039C SHE10 NaCl, galactose

Listed are the set of 10 non-buffering WGD paralog pairs assessed to be
sensitive to at least one of the five experimental conditions examined
(first identified through reduced hybridization of competitively grown
bar-coded double mutants to a microarray, then subsequently confirmed
using GCA).
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pairs detected to be epistatic jointly by both RSA and GCA con-
tained genes of unknown function. In contrast, non-epistatic
paralogs were significantly enriched for elements of signal trans-
duction (e.g., amino acid phosphorylation, signal transduction,
cell communication; see Fig. 2), and frequently (25% of pairs)
one or both paralogs were of unknown molecular function. As
signal transduction is often associated with environmental or
stress response and analysis of epistasis in stress conditions above
suggests a distinct impact of survey condition on the functional
properties of detected epistatic relationships, the possibility ex-
ists that some functional classes of genes (notably those that act
in signal transduction or that are of currently unknown function)
may have established yet-undetermined epistatic relationships.
These relationships may only be evident in response to the
stimulus that specifically stresses their functional pathway.

Paralogs buffering under standard conditions are highly
co-conserved

We next investigated whether buffering paralogs had any addi-
tional unique evolutionary or genomic properties correlating

with their epistatic capacity. To eliminate any potential method-
specific bias, when evaluating paralogs epistatic under normal
laboratory conditions, we confirmed results using paralogs sepa-
rated on the basis of joint detection by both the RSA and GCA
(intersect group, IG), and using either of these two methods
alone (union group, UG). First, we examined whether presence of
additional (i.e., non-WGD-resultant) duplicates had an impact
on the potential for phenotypic buffering. We noted that both
buffering and non-buffering WGD paralog pairs showed equal
enrichment for instances of multiple paralogy (i.e., having un-
dergone additional, non-WGD, duplication events had no im-
pact on epistasis). Specifically, 23% of epistatic WGD-paralog
pairs had additional duplicates, compared to 20% for non-
epistatic paralogs (for full analysis, see Supplemental Information
and Supplemental Fig. S2).

Next, upon examining within-species sequence conserva-
tion, buffering paralogs (IG and UG) had significantly higher
average sequence similarity than corresponding non-buffering
paralogs (86% for IG, 77% for UG, versus 65% for non-buffering),
and a consequent decrease in non-synonymous mutation rate

(tallied using Kluyveromyces waltii as the
ancestral out-group) (see Methods), con-
firming increased within-species co-
conservation. These findings were statis-
tically robust (P < 0.05 for all compari-
sons, Mann-Whitney rank sum test; see
Fig. 3A) against the removal of ribo-
somal proteins, which exhibit dispro-
portionately high levels of sequence
conservation. Despite these trends, it is
interesting to note that this increased
within-species co-conservation is not ex-
clusive to buffering paralogs. For ex-
ample, the UG contained three buffering
paralog pairs sharing <40% sequence
identity (PHD1 and SOK2, MGA2 and
SPT23, and BOI1 and BOI2), implying
that co-conservation is not a prerequi-
site for phenotypic buffering. Further-
more, SS paralogs did not exhibit the
same stringent conservation of sequence
as IG and UG paralogs (the average se-
quence similarity among the 10 con-
firmed SS paralogs was 68%).

A breakdown of WGD paralogs
by functional category as assigned
by GO Slim (http://geneontology.org/
GO.slims.shtml) demonstrates that epis-
tasis under standard conditions is much
more frequent among those paralogs in-
volved in certain growth- and division-
related processes (Fig. 4). Also, there is a
direct linear correlation between the
fraction of buffering paralogs within a
functional group and the overall se-
quence similarity between paralogs in
that group (r = 0.64, P < 0.005, linear re-
gression P < 0.05; see Fig. 4). Therefore,
as function and conservation appear to
be intertwined, the possibility that func-
tional bias is responsible for the ob-
served increase in co-conservation of

Figure 2. GO representation of epistasis under normal growth conditions. Depicted are the GO
functional categories over-represented for paralogs both epistatic (above) and non-epistatic (below)
under normal growth conditions (i.e., those detected by either RSA or GCA, the union group). The size
of the node reflects the fraction of paralogs involved in that over-represented process, and darker
coloring denotes higher significance. While the significance of each term was calculated independently
(regardless of placement within the GO classification system), lines indicate continuance along the
path of the GO directed acyclic graph. Increased statistical stringency (P < 0.0005) was used for
depicted terms in order to account for increased representation of more general terms. The picture was
created using the BinGO Cytoscape plug-in.
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paralogs epistatic under normal conditions cannot be immedi-
ately discounted.

On average, buffering paralogs (IG and UG) also exhibited
significantly higher basal mRNA (Greenbaum et al. 2002) and
protein (Ghaemmaghami et al. 2003) expression levels (P < 0.05,
Mann-Whitney rank sum test; Fig. 3B) when compared to non-
buffering (robust against removal of ribosomal proteins; see
Fig. 3B). As expression magnitude is intrinsically linked to se-
quence conservation for yeast paralogs (Pal et al. 2001) and
epistatic paralogs are more highly conserved, this finding is
not unexpected. However, while IG and UG paralogs initially
had more highly correlated mRNA expression both throughout
the cell cycle (P < 0.01) (see Methods) and across varying cell
conditions (Kafri et al. 2008), following the removal of ribosomal
proteins, these relationships are no longer statistically sig-
nificant. Therefore, expression correlation does not appear to be
generally predictive of epistatic capacity for WGD-resultant para-
logs.

Physical interactions are not predictive of phenotypic
buffering

To test a recently observed correlation between the number of
physical interaction partners (the “degree” of a protein) and the
propensity to back up a sister paralog (Kafri et al. 2008), we next
compared interactions of epistatic and non-epistatic paralogs.

Using the identical data set that this as-
sertion had been based on (the full in-
teraction data set contained at BioGRID)
(Reguly et al. 2006), both IG and UG
paralogs had significantly more inter-
actions per pair than non-buffering
(P < 0.05; Mann-Whitney rank sum test)
(Fig. 3D). The significance of this rela-
tionship was robust against removal of
ribosomal proteins that had a dispropor-
tionately high number of interactions.
Alternately, SS paralogs were not signifi-
cantly greater or lesser in degree than
the remaining WGD paralogs, suggest-
ing again that increased degree may be
linked to the functional bias, increased
expression, or increased conservation of
IG and UG paralogs, and not necessarily
an inherent property of epistatic rela-
tionships. The difference in degree be-
tween sister paralogs had no noticeable
correlation with epistasis.

One could logically assert that para-
log pairs capable of buffering deletion of
their sister should be more congruent in
function than those that do not. We
next attempted to test this assertion us-
ing annotated physical interactions as a
direct proxy of function (Baudot et al.
2004). We compared the extent of
shared protein–protein interaction part-
ners of buffering versus non-buffering
WGD sister paralogs based on the results
of two high-throughput proteomic
screens (Gavin et al. 2006; Krogan et al.
2006). To eliminate potential biases cre-

ated by high-throughput assay, we further confirmed all results
using the aforementioned BioGRID data set (Reguly et al. 2006)
following the manual removal of data resulting from high-
throughput screens. Buffering and non-buffering WGD paralogs
were compared in the following aspects: (1) propensity of the
sisters to physically interact with each other, (2) propensity to be
co-grouped into associative protein complexes, (3) the number of
shared interacting partners, and (4) the proportion of non-shared
partners (first two analyzed by the Fisher exact test, all else using
Mann-Whitney rank sum test) (see Methods).

Only one comparison achieved marginal statistical signifi-
cance. IG paralogs were more likely to interact with each other in
the Krogan et al. (2006) interactome data set (P < 0.05), but this
trend was not confirmed in either the Gavin et al. (2006) ge-
nome-wide study or using the BioGRID data set. Although our
findings depend on the assumption that the current physical
interaction data provide a fairly complete and consistent cover-
age of the WGD paralogs, these results perplexingly suggest that
paralog pairs deemed to be buffering under standard laboratory
conditions are not necessarily more functionally redundant. As
previous studies have indicated a pervasive overlap in terms of
the physical interaction partners of WGD-resultant duplicates
(Baudot et al. 2004; Guan et al. 2007; Musso et al. 2007), one
potential explanation for the lack of correlation between physi-
cal interaction data and epistatic capacity is that not all epistatic
relationships have been revealed.

Figure 3. Expression and co-conservation of buffering paralogs. All relationships depict comparisons
between epistatic paralogs (IG and UG) and respective non-epistatic following the removal of ribo-
somal proteins. (A) Buffering paralogs have significantly more co-conservation of sequence than non-
buffering (P < 0.001 for IG and UG, indicated by asterisks). (B) Buffering paralogs are significantly more
highly expressed than non-buffering (protein abundance depicted, same results noted for transcript
abundance) and additionally exhibit a trend toward (P < 0.1, indicated by ‡) being more highly
correlated throughout the cell cycle (displayed in C). (D) All WGD paralog pairs were binned based on
their number of combined protein interactions (degree) within the BioGRID data set, with the respec-
tive percentage epistatic (both IG and UG) indicated, demonstrating a clear relationship between the
number of physical interactions and the likelihood for epistasis under normal growth conditions.
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Discussion

The noted lack of cell morbidity when deleting individual yeast
genes with at least one paralog has led to speculation that dupli-
cation is reserved for genes of limited functional importance (He
and Zhang 2006). By extension, WGD-resultant paralogs (which
have generally less consequence upon single-gene deletion than
SSD-resultant) (Hakes et al. 2007) should be of even less func-
tional importance than duplicates of other origin. However, this
absent decrease in phenotypic consequence upon deletion of a
WGD-resultant duplicate can alternately be explained by the el-
evated capacity of this group to buffer deletions. The degree of
epistasis among duplicates is inevitably a compromise between
the maintenance of mechanisms that could both protect against
gene loss and confer stress resilience and the establishment of
functional novelty. As we have witnessed here that epistasis is
possible among even minimally co-maintained WGD paralogs,
complete abolition of functional overlap would seem to have
very little comparative benefit.

The frequency of WGD paralog pairs exhibiting phenotypic
buffering under normal media conditions (∼35% of those sur-
veyed, or ∼31% of all 457 WGD paralogs) observed in this study
is similar to that previously determined through examination of
a much smaller subset of duplicates (25 WGD- and 20 SSD-
resultant) using a high-density genetic interaction map (Ihmels

et al. 2007). However, while the previous study suggested that
there was little additional evidence of functional redundancy in
alternate environmental conditions, our results conversely sug-
gest there may be limitless potential to reveal buffering.

While paralogs epistatic in solid media and rich liquid me-
dia are notably more rigorously co-conserved and highly ex-
pressed, neither of these properties appear to be essential for
epistasis. Furthermore, overlap in shared physical interaction
partners, which serves as a proxy for overlapping function,
showed no consistent difference between epistatic and non-
epistatic paralogs. In a finding just as perplexing, the presence of
additional, non-WGD-resultant duplicates appeared to have little
to no impact on phenotypic buffering. As the nature of epistasis
among WGD paralogs is highly dependent on the environmental
context, that is, “environmental robustness” (Harrison et al.
2007), and as only a small fraction of the potential stresses (as
well as the endless permutations of stress magnitudes and com-
binations) and alternate environmental conditions were ex-
plored here, many non-epistatic WGD paralog pairs (25% of
which are of unknown function) may yet have preserved an un-
witnessed buffering mechanism over ∼100 million years of evo-
lution. This is reminiscent of what had previously been observed
in comprehensive phenotypic studies of single-gene deletion
strains in S. cerevisiae wherein loss of only ∼19% of genes results
in morbidity (the so-called essential genes) (Giaever et al. 2002).
Just as many single genes serve a function imperceptible under
laboratory conditions but are required for viability specifically
under cellular duress (Gasch et al. 2000; Giaever et al. 2002) or are
suspected to function in non-laboratory growth conditions
(Pena-Castillo and Hughes 2007), certain WGD paralogs may re-
tain a condition-specific buffering capacity.

The observations regarding concerted expression of buffer-
ing paralogs presented herein are surprising given previous find-
ings. Specifically, it had been demonstrated that dispensable (i.e.,
buffering) paralogs generally have both a higher degree and more
disparate expression patterns than non-buffering (Kafri et al.
2005, 2008). While we do confirm here that WGD paralogs epi-
static under standard conditions have a higher degree, they dis-
played no more disparity in expression than non-buffering (ini-
tially found to be significantly more correlated, although this was
a byproduct of the influence of ribosomal proteins), illustrating
potential differences between the epistatic mechanisms of WGD-
resultant paralogs and duplicates of other origin (i.e., SSD).

As the existence of duplicated genes can confound predic-
tions of epistasis (Harrison et al. 2007), a comprehensive under-
standing of the buffering capacity of paralogs is essential before
extrapolating the knowledge gleaned from model organisms,
such as budding yeast to higher eukaryotes. Since the human
genome has arguably been profoundly influenced by genome
duplication events (Dehal and Boore 2005), it will ultimately be
the understanding of the adaptive epistatic mechanisms evolved
to cope with the abnormal states of stress and perturbation that
will lend the most insight into disease-related maladaptive pro-
cesses.

Methods

Assessment of synthetic lethality
The method for screening of synthetic lethality through random
spore analysis (RSA) was based on that previously used (Tong et
al. 2001, 2004). For growth curve analysis (GCA), MATa spore

Figure 4. Buffering paralogs by GO slim annotation. WGD paralogs
were grouped into functional categories based on the broad definitions of
the GO slim hierarchy and ranked in decreasing order based on the
percentage of paralogs found to be buffering (IG), indicated with bars.
Only those paralog pairs with single, matching annotations were in-
cluded, resulting in 315 depicted pairs (categories “other” and “molecu-
lar function” were removed). The juxtaposed dot plot indicates the av-
erage percent sequence identity of functional groups (buffering and non-
buffering paralogs combined); the overlaid line indicates linear
regression. There is a significant correlation (r = 0.64, P < 0.005) between
the epistatic capacity of a functional group and the co-conservation of
paralogs contained therein.
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progeny obtained as described for RSA were grown in
96-well format in media selecting for double mutants
(SD + Canavanine + G418 + NAT). The growth rate was moni-
tored for five generations using a TECAN reader, and correspond-
ing curves were analyzed visually. For RSA and GCA scoring
scheme and results, please see the Supplemental material.

Environmental screening
The combined lethality of double-mutant haploid yeast strains,
grown as described above and combined into a pool of 499 mem-
bers (399 WGD paralog pairs, 100 double-mutant control strains;
slow-growers supplemented to obtain equal starting concentra-
tions of each double-mutant strain), was examined in five media
conditions previously designed (Giaever et al. 2002) to either
introduce competition or mimic common stress states (1 M NaCl,
1.5 M sorbitol, YPGal [where 2% galactose was substituted for
dextrose], 10 µM Nystatin, and YPD at pH 8). Equalized concen-
trations of cells were grown in respective media conditions for
five generations, at which time cells were lysed using a QIAGEN
DNeasy kit and DNA was isolated. Both UPTAG and DNTAG
barcodes were amplified via PCR and hybridized to high-density
oligonucleotide Affymetrix arrays (as described previously [Giae-
ver et al. 2002], except with use of Tag4 arrays [Pierce et al.
2006]). For determination of condition-specific lethality, please
see the Supplemental material.

Analysis of physical interactions
The physical interactions of genetic interactors and noninterac-
tors were compared as described previously (Musso et al. 2007)
using two published tandem affinity purification interaction
data sets (Gavin et al. 2006; Krogan et al. 2006), and the data
compiled in BioGRID (Reguly et al. 2006) following removal of all
data generated using a high-throughput assay (performed manu-
ally). Lists of protein complexes were also obtained from Krogan
et al. (2006) and Gavin et al. (2006) publications, as well as the
MIPS database (Mewes et al. 2004). Briefly, genetic interactors (IG
and UG) were compared against non-interactors in five catego-
ries: number of shared interactions, interaction overlap score
(number of shared interactions per unshared interactions), non-
shared interaction score (previously described as the negative
logarithm of the fraction of non-shared interactions) (de Licht-
enberg et al. 2005), propensity to interact with each other, and
propensity to co-cluster (the latter two analyzed by Fisher exact
test; all else analyzed using the Mann-Whitney rank sum test).

Comparisons of conservation and expression
Sequence identity among paralogs was evaluated through appli-
cation of a global alignment algorithm (Needle as part of the
EMBOSS suite of programs) (Rice et al. 2000) calculated on amino
acid sequences. The nonsynonymous substitution rate (Ka) was
calculated using Codeml (Yang 1997) (again through EMBOSS;
Rice et al. 2000) against the appropriate K. waltii ancestor (Kellis
et al. 2004). While the ratio of non-synonymous to synonymous
substitution rate is the preferred metric when assessing evolu-
tionary conservation, the synonymous substitution rates were
saturated and therefore unusable. Protein (Ghaemmaghami et al.
2003) and mRNA (Greenbaum et al. 2002) expression data were
obtained as published. To compare temporal expression patterns
of paralog pairs, expression data were compiled at various time
points throughout the cell cycle using two previously published
data sets (Cho et al. 1998; Kafri et al. 2008). These Cho et al. data
were first normalized based on the logarithm of each gene’s me-
dian intensity value, then the Pearson correlation coefficient for
every paralog pair over the first eight time points was determined

(internal analysis revealed that all points correlated poorly be-
yond the first eight time points; data not shown). The Kafri et al.
data set was used as published.

Statistical analysis
All statistical calculations and correlations were performed using
SigmaStat 3.1. The representation of statistically enriched GO
terms was drawn using the BinGO plug-in (Maere et al. 2005) for
the Cytoscape software environment (Shannon et al. 2003).
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