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Abstract

Many duplicate genes maintain functional overlap despite divergence over long evolutionary time scales. Deleting one
member of a paralogous pair often has no phenotypic effect, unless its paralog is also deleted. It has been suggested that
this functional compensation might be mediated by active up-regulation of expression of a gene in response to deletion of
its paralog. However, it is not clear how prevalent such paralog responsiveness is, nor whether it is hardwired or dependent
on feedback from environmental conditions. Here, we address these questions at the genomic scale using high-throughput
flow cytometry of single-cell protein levels in differentially labeled cocultures of wild-type and paralog-knockout
Saccharomyces cerevisiae strains. We find that only a modest fraction of proteins (22 out of 202) show significant up-
regulation to deletion of their duplicate genes. However, these paralog-responsive proteins match almost exclusively
duplicate pairs whose overlapping function is required for growth. Moreover, media conditions that add or remove
requirements for the function of a duplicate gene pair specifically eliminate or create paralog responsiveness. Together, our
results suggest that paralog responsiveness in yeast is need-based: it appears only in conditions in which the gene function
is required. Physiologically, such need-based responsiveness could provide an adaptive mechanism for compensation of
genetic, environmental, or stochastic perturbations in protein abundance.
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Introduction

Gene duplication is a primary mechanism for the origin of new

genes, providing raw material for functional innovation [1–8].

Small-scale duplication of individual genes as well as whole-

genome duplication shape the genome of organisms from ciliates

[9] and yeasts [10–12] to plants [13–15] and chordates [16,17].

Following duplication, paralogous genes may assume different

fates, including loss of one of the duplicates, divergence and

functional differentiation, or maintenance of partially overlapping

functions [7].

Although most paralogs are lost [18], some are retained. In the

yeast Saccharomyces cerevisiae, genes that encode enzymes, transport-

ers, and transcription factors have often survived in duplicate after

a whole-genome duplication event that occurred 100 million years

ago [7,19,20]. Furthermore, many surviving paralogs maintain

overlapping functions despite divergence through long evolution-

ary time scales [21–24]. This functional overlap between duplicate

genes manifests as synthetic aggravating interactions between

paralogs; a double knockout of both duplicate genes shows a large

phenotypic effect [21–24] despite the fact that each of the single

knockouts shows a neutral or very weak phenotypic effect [21,25].

In addition to functional overlap between the duplicates, the

phenotypic buffering of an individual knockout requires expression

of its paralogous gene. Analysis of transcriptional expression

profiles has suggested the existence of ‘‘responsive backup circuits’’

that up-regulate a duplicate gene when its paralog is absent

[26,27]. Although several specific examples of gene dosage

compensation between duplicate genes have been revealed in

different organisms and biological processes [28–31], the genome-

wide extent of such paralog-responsive backup circuits is unclear

[32]. In principle, the ability of a gene to compensate for the

absence of its paralog may be based on its basal protein expression

level and not necessarily require its up-regulation.

By comparing single-cell levels of yeast proteins fused to the green

fluorescent protein (GFP) in the wild-type and in the paralog-deleted

background in S. cerevisiae, we systematically identified changes in

protein levels for approximately 200 duplicate genes in response to

deletion of their paralogs and revealed the environmental

requirement for paralog responsiveness.

Results

High-Throughput Measurement of Differential Protein
Levels in Wild-Type and Paralog-Deleted Strains

To quantify the effect of deletion of a gene, X2, on the protein

abundance of its paralog, X1, we used high-throughput flow

cytometry to measure the level of X1-GFP fusion protein
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expressed at its endogenous locus [33,34] in wild type and Dx2

haploid background strains (Figure 1). We constitutively expressed

a marker fluorescent protein (cerulean [CFP] in the wild type

strain and mCherry [RFP] in the Dx2 strain, or vice versa as a

‘‘dye swap’’ control), to provide a method for distinguishing mixed

cells of the two strains. This allowed us to coculture the two strains,

thereby ensuring that they were grown under identical environ-

mental conditions, and to use flow cytometry to identify wild-type

and knockout cells on a cell-by-cell basis while measuring each

cell’s GFP signal (Materials and Methods). From this data, we

defined the paralog responsiveness, R, of X1 as the log2 of the ratio

of its mean expression level in the Dx2 background (GX1
Dx2) over the

wild-type background (GX1
WT ), R~log2 GX1

Dx2

�
GX1

WT

� �
.

We concentrated our analysis on 1,054 duplicate genes present

in the yeast genome as two-member paralogous pairs [35]. Of this

set of genes, 749 are available as protein fusions from the GFP-

tagged yeast expression library [33], and for 92% of them, the

corresponding paralog knockouts are present as viable strains in

the yeast deletion collection [36]. Using two rounds of mating and

haploid selection [37], we generated a total of 687 pairs of strains

of GFP fusions in the paralog-deleted and wild-type backgrounds

(Table S1). All ribosomal protein genes (54) were later removed

from our collection to avoid potential complications due to

aneuploidy, resulting in a total of 633 pairs of strains [38]. The

libraries were constructed in quadruplicate—two replicates

expressing CFP, and two replicates expressing mCherry (Materials

and Methods; Figure S1).

We measured the GFP fluorescence of each protein fusion X1-

GFP in mid-log phase in rich medium (YPD), in a 1:1 coculture of

Author Summary

Despite sequence divergence over long evolutionary
times, many genes that have undergone duplication can
still compensate for the loss of their duplicates. This
compensation depends, not only on functional overlap
between the paralogous genes, but also on overlap in
their expression patterns. It has been proposed that
compensation might therefore involve active up-regula-
tion of a gene in response to deletion of its paralog. To test
for such paralog responsiveness in the yeast Saccharomy-
ces cerevisiae, we systematically measured changes in
single-cell protein levels for approximately 200 duplicate
genes in the presence or absence of their paralogs. Only a
small fraction (,11%) of proteins increased in level in
response to deletion of their paralog, but this set matched
almost exclusively the subset of paralogs whose overlap-
ping function is required for viability. Further, when we
examined yeast grown in different media, we found that
genes had either gained or lost paralog responsiveness
exactly according to their importance for growth in the
tested conditions. Responsiveness, therefore, is need-
based: it appears only in conditions in which the function
of one or both paralogs is required. We propose that such
need-based responsiveness of duplicate genes could play
an important adaptive role, not just in the artificial event of
paralog deletion, but also in the maintenance of functions
that are compromised by natural genetic, environmental,
or stochastic perturbations.

Figure 1. Systematic analysis of expression of proteins in response to deletion of their paralogs. (A) Pairs of haploid yeast strains were
constructed in which a duplicate gene, X1, fused to GFP is expressed at its endogenous locus in either the wild-type background (WTX1-GFP) or in a
background deleted for its paralog (Dx2X1-GFP). These strains also constitutively expressed either cerulean or mCherry, respectively (CFP, RFP; dye
swaps were also made). (B) For each gene X1, the matching strain pair WTX1-GFP and Dx2X1-GFP were grown as cocultures in the same well of a 96-well
plate. Three-color flow cytometry was used to distinguish wild-type versus X2-deleted cells. (C) Three-color flow cytometry was used to measure the
distribution of X1-GFP expression for each of these cocultured strains. Responsive genes have a higher expression level when their paralog is deleted
(top), whereas nonresponsive genes do not change their expression (bottom). Responsiveness (R) is defined as R~log2 GX1

Dx2

�
GX1

WT

� �
, where GX1

WT and
GX1

Dx2 are the mean expression level of X1-GFP in the wild-type and in the Dx2 backgrounds (Materials and Methods).
doi:10.1371/journal.pbio.1000347.g001

Up-Regulation in Response to Deletion of Paralogs

PLoS Biology | www.plosbiology.org 2 March 2010 | Volume 8 | Issue 3 | e1000347



wild-type and paralog-deletion strains (WT, Dx2) in duplicate for

each of the quadruplicate libraries (eight total replicates). After

autofluorescence correction and spectral unmixing, GFP signal

was detected for ,50% of the X1-GFP protein fusions in both the

wild-type and deletion backgrounds. Our results are restricted to

the highest two thirds of these strains to ensure an accurate

measurement of responsiveness, giving a total of 202 strains

(Materials and Methods; Table S2).

To help remove nonspecific gene regulation of X1 due to the

physiological effect of X2 deletion, we measured the effect of X2

deletion on the expression of a housekeeping gene RPL41B. To

this end, we generated a control library of Rpl41b-GFP fusions in

each of the 633 deletion backgrounds discussed above, and in the

wild-type background, respectively, tagged with CFP and RFP

(and a ‘‘dye swap’’ control). Measuring the expression of Rpl41b-

GFP in cocultures of each deletion strain and the wild type, we

determined that 17 strains showed significant abnormalities in

Rpl41b-GFP expression. Although these genes are interesting in

their own right, we eliminated them from further analysis in this

study (highlighted genes in Table S2).

Some Genes Up-Regulate Expression in Response to
Deletion of Their Paralogs

We found that only ,15% (29) of the detectable duplicate genes

are significantly up- or down-regulated in the paralog-deletion strain

grown in rich medium (Figure 2A). Significance was determined

using 95% confidence intervals derived by bootstrapping the set of

measurements assuming no paralog responsiveness (R = 0) and using

the measured noise in R (Figure 2A, gray band; Materials and

Methods) with the actual distribution we observed. Noise in R was

estimated from the variability in the replicate measurements of each

gene (Figure 2B, Figure S2). We then constructed a control ‘‘random

library’’ of X1-GFP fusions combined in random (nonparalogous) to

the paralog-deletion backgrounds with a nonrelated deletion

background. A total of 121 fusions in this set of strains had detectable

GFP signal, and their responsiveness to the random deletion showed

no significant deviation from the expected null distribution (Figure 2A,

black crosses are inside the gray band). These controls indicate that

the responsiveness we detected is specific to the deletion of the

paralogous gene.

The majority (23 out of 29) of the paralog-responsive genes show

positive responsiveness (R.0, up-regulation of gene in response to

deletion of its paralog) and only few (six out of 29) showed negative

responsiveness (Figure 2B). Following the backup hypothesis, we

focus the rest of our analysis on the positively responding genes. We

note though that negative responsiveness may also be an adaptive

behavior, for example related to stochiometric regulation of protein

complexes; indeed, we found that three out of the six negatively

responding genes are known to interact physically with their

paralogs (FPR3, FPR4, and PYC2) [39].

In the positively responding genes, we observed significant up-

regulation from 1.13-fold to over 20-fold (median value 1.7-fold;

Figure 2B; Table S2). For 78 GFP tagged proteins, we had data for

both paralogs (39 pairs), and 11 genes responded positively within

this set, including three pairs of mutually responding paralogs

(SAM1-SAM2, IMD3-IMD4, and HSP82-HSC82; Figure S3). In the

asymmetric cases—gene pairs in which one protein responds to

deletion of its paralogous gene, but not vice versa—the responding

protein can be either the high or the low expressed member of the

pair (Figure S3).

Because previous backup circuit studies examined mRNA levels

rather than protein levels, we asked whether the protein level

responsiveness we observe occurs at the transcriptional or post-

transcriptional level (Figure 2C). In analogy to the protein-level

responsiveness R, we define the transcriptional responsiveness of

a paralog X1 as the log2 of the ratio of its mRNA expres-

sion levels in the Dx2 and the wild-type backgrounds,

Rtranscript~log2 mRNAX1
Dx2

�
mRNAX1

WT

� �
. mRNA levels in the

wild-type and paralog deleted backgrounds were measured by

real-time PCR for most of the protein-responsive genes as well as

for some nonresponsive controls (Materials and Methods; Table

S3). The majority (25 out of 32) of the tested genes are consistent

with transcription being the sole source of responsiveness

(Figure 2C). Seven genes are interesting exceptions: GIN4,

IMD4, HOR2, HXK1, EMI2, MMF1, and IMD3, which show

significant difference between their mRNA and protein levels

suggesting posttranscriptional control (Figure 2C, red circles).

Strong translational up-regulation in the absence of transcriptional

control has been previously observed for HOR2 during osmotic

stress [40,41]. For GIN4, IMD3, and MMF1, there is significant

opposing transcriptional and posttranscriptional regulation.

Responsive Genes Appear Exclusively in Synthetically
Interacting Paralogs

Are there any special features of paralog-responsive genes? We

find that responsiveness is enriched in gene pairs that have similar

expression profiles, regulatory motifs, and amino acid sequences

(Figure S4). The functions of proteins that show responsiveness are

very diverse. They include metabolic enzymes (e.g., Sam1, Ade17,

Pgm2, Hxk1), cell-cycle proteins (Gin4, Pph22, Vhs2), Golgi

proteins (Gga1, Sro7), and heat-shock proteins (Hsp82, Hsc82)

(Figure 2B; Table S2). Amongst these, paralog-responsiveness is

enriched in genes with metabolic function (p = 0.037, Fisher exact

test). Further, paralog responsiveness is more likely to occur in

genes expressed at high levels in the wild type (p = 0.01, Figure S5).

Although high expression is correlated with metabolism

[20,42,43], enrichment for high expression is significant even

when accounting for a bias towards metabolic genes in the

responsive set (Figure S5). This enrichment for highly expressed

proteins raises the hypothesis that genes that contribute more to

viability may show greater paralog responsiveness. Indeed, it has

been suggested that responsiveness of functionally overlapping

essential genes could provide a mechanism for compensation for

perturbations in protein abundance [27].

If responsiveness is related to viability, it should appear

preferentially in paralogs that have overlapping essential functions

in a given growth condition. Such paralogs with overlapping

essential function should show synthetic interactions, i.e., deletion

of both paralogs should have a much larger effect than expected

from the effects of the single knock-outs. To test this idea, we

compared our list of paralog-responsive genes in rich medium with

a catalog of the phenotypes of single and double knockouts of

duplicate genes characterized in the same conditions [22]. We

categorized gene pairs into two classes: noninteracting (neutral)

and synthetic sick/lethal interactions (SSL), according to whether

the double-mutant growth rate is equal to or more severe than

expected based on the growth rates of the two corresponding

single mutants. We found that paralog responsiveness is strongly

enriched in gene pairs with SSL interactions (Figure 3; p = 0.004,

Fisher exact test), and very rarely observed in genes with neutral

genetic interactions (Table S2; the only exceptions are VHS2 and

CUE4, which show marginally significant paralog responsiveness).

Paralog Responsiveness Depends on Environmental
Conditions

If responsiveness is enriched in gene pairs important for

viability, one might expect to observe more paralog-responsive

Up-Regulation in Response to Deletion of Paralogs
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Figure 2. Certain duplicate genes show significant response to deletion of their paralogs. (A) Distribution of significance of
responsiveness, measured as the level of significance R in units of standard error DRT, for the library of paralogous pairs (black dots), for a control
library of random pairing (black crosses), and for the 95% confidence interval of the expected null distribution for responsiveness (gray band). Inset:
histogram of the underlying flow cytometry data for one run of a highly significant responder (Sam2, yellow triangle) and one run of a nonsignificant
responder (Sec14, yellow circle). The expression distribution is shown for the wild type (blue) and the background deleted for their paralogs (Dsam1

Up-Regulation in Response to Deletion of Paralogs
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genes in a more metabolically challenging environment. To test

this, we measured responsiveness in a nitrogen-poor minimal

medium, using the entire set of paralog-deleted strains, and

repeated the analysis of paralog responsiveness described for rich

medium (Figure S6). We observed a new set of paralog-responsive

genes specific to this medium (Figure 4, magenta dots). These

genes include three functional classes: mitochondrial proteins with

roles in iron regulation/function (Mrs4, Isu1, and Isu2); vesicular

transport/regulation proteins (Yap1802, Gga1, Sna3, Sds24); and

proteins involved in amino acid biosynthesis and glycosis (Ser33,

Asn2, Pyc2, Pgm1, Eno2, and Lys20). Other genes are responsive

in both conditions, or specific to rich medium, and the majority of

genes do not respond in either condition (Figure 4, black, cyan,

and gray dots).

We compared the paralog-responsive genes in minimal medium

to quantitative data of SSL interactions between the paralogs

under this condition [21]. Reinforcing the correlation observed in

rich medium (Figure 3), we find that 50% of SSL gene pairs are

paralog responsive, whereas none of the nonresponsive genes are

SSL under these conditions (Figure S6; p = 0.001, Fisher exact

test). This exclusiveness of paralog responsiveness to gene pairs

with overlapping function critical for growth, together with the

observation of amino acid biosynthetic genes showing paralog

responsiveness specific to minimal media, indicate that respon-

siveness may be need-based, appearing only in conditions in which

the gene’s function is required.

Paralog Responsiveness Is Specific to Conditions in
Which the Gene Function Is Needed

To test the need-based responsiveness hypothesis more directly,

we asked three questions: (1) Is the responsiveness of amino acid

biosynthesis genes in minimal medium specific to environments that

lack the amino acid? Likewise, (2) do genes that respond in both rich

and nitrogen-poor conditions cease to respond in a condition that

eliminates the need for their function? and finally, (3) do genes that

do not respond in either condition respond in conditions in which

their function becomes needed? We concentrated on several genes

for which we could identify conditions that specifically generate or

remove their functional need and measured their paralog-

responsiveness under these conditions (see Text S1 for a detailed

description of this set of genes).

For minimal-medium–specific responsive proteins, we concen-

trated on the amino acid biosynthesis enzymes Lys20, Asn2, and

Ser33. We tested whether the responsiveness of these genes

disappears when their respective amino acid is provided

(Figure 5A–5C). Double mutants of LYS20-LYS21, ASN1-ASN2,

or SER3-SER33 are synthetic lethal in minimal medium, but viable

if the relevant amino acid (lysine, asparagine, or serine) is added

[44–47]. Thus, adding these amino acids removes the need for the

corresponding gene pair. Indeed, we find that paralog responsive-

ness of Lys20-GFP, Asn2-GFP, and Ser33-GFP is specifically

eliminated in the presence of lysine, asparagine, and serine,

respectively (Figure 5A–5C). This loss of response upon comple-

mentation of the function appears in all three genes independently

of their roles as the main or secondary isoform, and despite their

different wild-type regulation by their cognate amino acid.

Further, paralog responsiveness disappeared only upon the

addition of the corresponding amino acid and not when any of

the other amino acids was added (Figure S7; see legend for

discussion of one exception). We conclude that paralog respon-

siveness of the amino acid biosynthesis genes is specific to an

environment lacking the corresponding amino acid, namely to an

environment in which the gene function is needed.

We then examined HXK1 as an example of a gene that

responded strongly in both rich and minimal media (Figure 4), and

considered a new condition that would eliminate the need for its

function. HXK1 encodes hexokinase isoenzyme 1, which catalyzes

the first irreversible step of glycolysis. This function will not be

or Dsfh1, red). The total error in responsiveness, DRT, is defined by (DRT)2 = (DRL)2 + (DRG)2. The local error DRL is defined as the standard deviation of
all replicate experiments of a given gene (Figure S2); the global error DRG is defined as the average of DRL over a sliding window of expression levels
(dashed line, see Material and Methods). (B) All the measurements for responsiveness, R, in six to eight replicate experiments for each gene (multiple
dots in each column). Significantly responding genes are indicated (R/DRT .2, black dots). Genes are sorted by their wild-type expression level as
indicated on the x-axis. (C) Correlation of protein-level responsiveness (R) with mRNA-level responsiveness (Rtranscript) of genes that respond (black-
labeled dots) and do not respond (gray dots) at the protein level. The light-gray band is a significance cutoff for Rtranscript determined from replicate
measurements (see Materials and Methods). Many of the genes that are up-regulated at the protein level also respond at the mRNA level, though
some genes are significantly off the diagonal, suggesting posttranscriptional control (red circles, 95% confidence interval using the error from each
individual measurement).
doi:10.1371/journal.pbio.1000347.g002

Figure 3. Paralog responsiveness in rich medium occurs almost
exclusively in genes that are synthetic lethal or synthetic sick
with their paralogs. Fraction of responding genes are shown for gene
pairs with no genetic interaction (neutral, n = 37) and for synthetic lethal
or sick interactions (SSL, n = 18). SSL interactions are defined as e = fx1x2 2
fx1 fx2 ,20.2, where e is the epistasis and fx1x2, fx1, and fx2 are the fitness
values for the double and single knockouts grown in rich YPD medium
(fitness data taken from [22]). Error bars reflect binomial standard error of
the mean. A similar trend is seen in minimal medium (Figure S6).
doi:10.1371/journal.pbio.1000347.g003

Up-Regulation in Response to Deletion of Paralogs
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needed when cells are grown under a nonfermentable carbon

source, such as ethanol. We find that the strong responsiveness of

Hxk1-GFP seen in minimal glucose medium is completely

abolished when cells are grown on ethanol as a source of carbon

(Figure 5D); again, paralog responsiveness disappears when the

gene’s function is not needed.

Finally, we asked whether we could find conditions that would

induce responsiveness in genes that do not respond in either rich

or minimal medium (Figure 4, gray dots). We analyzed two

nonresponding enzymes in glycerol biosynthesis pathway, Rhr2

and Gpd2, which are known to play a role in protection against

osmotic stress. Although both Rhr2-GFP and Gpd2-GFP do not

respond to deletion of their paralogs (HOR2 and GPD1,

respectively) in rich and synthetic complete media, they show

strong paralog responsiveness in osmotic stress (0.5 M KCl;

Figure 5E and 5F). Interestingly, this need-based response to

paralog deletion occurs in GPD2 despite the fact that it is not up-

regulated by osmotic stress in the wild type (see [48] and Figure 5F,

histograms). These results, therefore, reinforce our hypothesis that

paralog responsiveness is specific to the conditions in which the

gene function is needed.

Discussion

Our quantitative protein-level measurements show that, in any

given growth condition, responsiveness to paralog deletion is

restricted to a small number of genes. Responsiveness occurs at

both the transcriptional and posttranscriptional level. With almost

no exceptions, such paralog responsiveness occurs only when the

genes are synthetic lethal, namely, when they have an overlapping

biochemical function that is critical for growth in the tested

conditions. Removing or adding the need of a function, either by

supplying its end product or by shifting to conditions in which its

product is not required, specifically determines whether or not a

given gene will respond to deletion of its paralog.

The mechanisms underlying need-based responsiveness are

most likely complex. In principle, responsiveness of a gene to

deletion of its paralog could reflect either a direct response to the

absence of the paralogous protein (similar to supply control), or an

indirect response to the absence of its function (similar to demand

control [49]) (Figure S8A) [27]. A simple mathematical model of a

metabolic pathway exemplify that indirect responsiveness should

depend on the presence of the product of the pathway in the

environment (Figure S8B and S8C; Text S2). Indeed, we found

that for the amino acid biosynthetic genes, the addition of the

amino acid end product eliminates paralog responsiveness

(Figure 5A–5C), suggesting that responsiveness is not due to the

absence of the paralogous protein but rather to the absence of its

function. Such paralog responsiveness may therefore reflect a

simple end-product regulation of genes. This supports the demand

strategies previous identified in glycolysis [49–52]. Indeed,

feedback regulation often occurs in the first committed step of a

pathway, and these metabolic branching points are known to be

enriched for duplicated genes [53,54].

This logical argument is based on the notion that addition of the

end product of a pathway supplements its biosynthetic function.

The argument, therefore, does not apply to conditions that instead

of supplying the end product simply remove the need of the

function. For example, yeast cells need to accumulate glycerol only

in osmotic stress; removing the osmotic stress relieves the need for

the glycerol biosynthetic pathway not by externally supplying its

end product, glycerol, but rather by generating conditions in

which this end product is not needed. This is in contrast to the case

of the amino acid biosynthetic genes; we therefore cannot

conclude from our data that the mechanism underlying respon-

siveness of Hxk1, Rhr2, and Gpd2 is indirect. Indeed, the

responsiveness of Hxk1 may be mediated by direct regulation of its

paralog; nuclear Hxk2 is involved in repression of HXK1 and

expression of its own gene, HXK2 [55,56]. In agreement with these

observations, we find that either the absence of glucose or the

absence of HXK2 results in Hxk1 up-regulation (Figure 5D). These

differences in the underlying mechanisms of responsiveness

underscore the breadth of its functional roles and suggest that in

some cases, responsiveness to paralog deletion could even depend

on the presence of other (nonparalogous) genes [57].

Genetic redundancy is a salient feature of living organisms. It

has long been discussed under what circumstances genetic

redundancy is evolutionary stable [58–60] and how redundancy

can contribute to genetic robustness [61–63]. Interestingly, we

uncovered a set of genes that are not up-regulated under a specific

condition unless their paralogs are deleted. This and other cases of

need-based responsiveness of genes to the absence of their paralogs

could play an adaptive role in the compensation of functions that

are compromised by genetic, environmental, or stochastic

perturbations.

Materials and Methods

Strains and Media
Deletion strains were from the yeast deletion collection [36],

xxxD::KANMX4 in the S288C derivative BY4741 background

(MATa his3D1 leu2D0 ura3D0 met15D0). GFP protein fusions

were obtained from the GFP library[33], XXX-GFP

(S65T)::SpHIS5MX6 in the same BY4741 background. Fluorescent

starter strains Y8205-RFP and Y8205-CFP were generated by

direct PCR-based gene replacement of the neutral HO locus with

the pFA6a cassettes mCherry-NATMX4 (RFP) and yECerulean-

Figure 4. Responsiveness to paralog deletion shows condition
specificity. Responsiveness, R, of each gene is shown in minimal
versus rich medium. Genes are grouped into four classes: nonrespond-
ers (n = 106, gray), minimal-medium specific (n = 13, magenta), rich-
medium specific (n = 4, cyan), and condition-unspecific response (n = 16,
black). Gene names are indicated for all responding genes.
doi:10.1371/journal.pbio.1000347.g004

Up-Regulation in Response to Deletion of Paralogs
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NATMX4 (CFP), respectively, in the Y8205 strain (MATa
can1D::STE2pr-SpHIS5 lyp1D::STE3pr-LEU2 his3D1 leu2D0 ura3D0

met15D0) [37]; strong constitutive expression of fluorescent

proteins is driven by the TDH3 promoter.

The following growth media were used: (1) rich medium: yeast

extract peptone dextrose (YPD); (2) minimal nitrogen-poor

medium (MM): yeast nitrogen base without amino acids and

ammonium sulfate with 2% glucose, 0.2% proline as a nitrogen

source, and supplemental methionine (25 mg/l); (3) minimal

nitrogen-poor medium with 1 mg/l lysine (MM+Lys), 1 mg/l

asparagine (MM+Arg), or 1 mg/l serine (MM+Ser); (4) SD:

synthetic complete medium with 2% glucose; (5) SC-EtOH:

synthetic complete medium with 2% ethanol; or (6) SC+KCl:

synthetic complete with 2% glucose and 0.5 M KCl.

All strains in this study are prototrophic except for methionine

production. To confirm that supplied methionine levels were not

having a major effect on our results, we examined responsive

under two different methionine concentrations 25 mg/l (the

amount used in the standard growth medium for logarithmic

growth [64]) and 100 mg/l (the amount needed for maximal yield

of cells at saturation [65]). Our results were largely unaltered by

changing methionine levels (Figure S9).

Generation of Yeast Libraries
Arrays of GFP-tagged proteins in wild-type and knockout

backgrounds were generated by two rounds of synthetic genetic

array methodology (SGA) [37]. Briefly, the RFP-tagged SGA

starter strains were mated to an array of 687 deletion strains, Dx2.

This mating step was followed by diploid selection, sporulation,

and three rounds of haploid selection (2LEU for alpha mating

type, +G418 for knockout, and +clonNAT for fluorescence marker

selection). In a second SGA round, the resulting arrays were

crossed to their paralogous corresponding strains X1-GFP from the

GFP library [33], and the diploids were selected (2LEU 2HIS

+G418 +clonNAT selection). To obtain the same X1-GFP fusion

in a wild-type background with a different color tags, the CFP-

tagged starter strain was mated to a strain with a neutral KANMX4

insertion at the his3D1 locus. Dye swaps (deletion in CFP and wild-

type in RFP) were also generated as described above. The libraries

were constructed in quadruplicate—two replicates of the two dye

swaps. Colony arrays were transferred manually with a 384-head

pin tool (V&P Scientific, VP384F); antibiotic concentrations used

for selection were 200 mg/ml G418 (Invitrogen), 100 mg/ml

clonNAT (Werner BioAgents). A schematic of the entire strain

generation procedure is shown in Figure S1.

Quality control testing of the strain arrays included: (1)

fluorescence intensity of the entire library by flow cytometry and

correlation with data from the literature [34]; (2) verification of

GFP subcellular localization by microscopy of 50 random strains

based on the reported protein localization [33]; and (3) PCR

verification of the insertion site for one eighth of the rearrayed

deletion library. These tests indicated that one of the four

replicates was systematically inconsistent for one half of the arrays

(X1-GFP not matching its corresponding Dx2). These strains were

eliminated for further analysis, leaving three replicates instead of

Figure 5. Responsiveness of a protein to deletion of its paralog
is eliminated or created by removing or generating a need for
its function. (A–F) Left: histogram of expression of a gene X1-GFP in
the wild-type background (blue) and the paralog-deletion background
(red). The protein fusions are (A) Lys20-GFP, (B) Asn2-GFP, (C) Ser33-
GFP, (D) Hxk1-GFP, (E) Rhr2-GFP, and (F) Gpd2-GFP; histograms are

shown for conditions in which the gene function is needed (solid lines)
or unneeded (dashed lines). The total cell number in each sample was
normalized (Norm. cell #). Right: responsiveness, R, of the focal gene in
the needed (left bar) or unneeded (right bar) environments: MM,
minimal medium; SD, synthetic complete dextrose medium; SC+EtOH,
synthetic complete ethanol medium. Responsiveness and histograms
reflect the median responsiveness value of three to 11 replicate
experiments. Error bars indicate standard error of the mean.
doi:10.1371/journal.pbio.1000347.g005
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four for approximately one half of the data. Ninety percent to 95%

of the remaining strains were confirmed as correct for GFP

fluorescence intensity and localization, and for deletion site.

Finally, two control libraries were generated following the SGA

steps described above. The first control library contained a constant

GFP fusion of the ribosomal protein RPL41B in either a wild-type

background or one of the 687 deletions described above. A second

control library of 364 GFP-fusions with random (nonparalogous)

deletion backgrounds was constructed by crossing an array of GFP

fusion strains to the inverted corresponding array of deletion

collection strains. As for the main X1-GFP Dx2 library, two replicates

of the two dye swaps were generated for these control libraries.

Preparation of Cocultures
Each library was grown individually to saturation in 96-well

plate format. Medium (600 ml) was dispensed with a MicroFill

Microplate Dispenser (BioTek) onto 1.0-ml polypropylene plates

(Nunc 260251), and cultures were incubated in a Multitron Infors

platform shaker at 30uC with shaking at 999 rpm. Each

experimental run involves coculturing two libraries; one constitu-

tively expressing CFP and the other constitutively expressing RFP.

The two libraries were mixed in one 96-well plate by combining

equal volumes of liquid from the saturated library plates described

above. A 96-pin tool (V&P Scientific, VP 407) was then used to

inoculate a fresh plate in the medium of interest. Strains were then

grown to mid-log phase (,10 h in YPD or ,14 h in MM). To

analyze the libraries, cells were first transferred into 100 ml of TE

(10 mM Tris and 1 mM EDTA [pH 8]), by two rounds of

centrifugation at 3,000 g for 3 min, followed by liquid removal and

resuspension in 600 ml of TE. Each pair of X1-GFP X2 and X1-

GFP Dx2 was measured six to eight times (two replicates of three

to four independently constructed strains).

Flow Cytometry: Instrumentation, Acquisition, and Data
Analysis

A flow cytometer with a high-throughput autosampler (LSRII

with a HTS, Becton Dickinson) was used to record fluorescence

from GFP, CFP, and RFP fluorophores. GFP was excited with a

488-nm laser, and fluorescence was collected through a 525/50

band-pass and 550LP emission filter. CFP was excited with a 405-

nM laser, and fluorescence was collected through a 450/50 band-

pass filter and a 505LP emission filter. RFP was excited with a

593.5-nm laser, and fluorescence was collected through a 630/20

band-pass and a 640LP emission filter. Cells were measured in

high-throughput mode at a flow rate of 0.5 ml/s for 8 s.

Data analysis was performed largely as described by Newman et al.

[34] with the exception of using a trimmed mean and a less stringent

size cutoff. Custom Perl and Matlab scripts using FCSread.m (Robert

Hanson, available at Matlab central) were written to import the FCS

raw data (Graw, GFP; Craw, CFP; Rraw, RFP). For each well, analysis

followed the following steps: (1) Remove cell debris and aggregates

based on the forward and side scatter (an approximation of cell size).

(2) Correct for crosstalk between fluorophores: C = Craw 2 Graw /10.

(3) Classify the cells into RFP expressing (if Rraw /C .20) or CFP

expressing (if C/Rraw .20), and record the GFP level GRFP
raw and GCFP

raw

from these two population, respectively. This classification eliminates

dead cells (no fluorescence in either channel) and doublets

(fluorescence in both channels; appeared at rate of less than 1%).

(4) Eliminate the 10% outlier values of GRFP
raw and GCFP

raw (5% strongest

and 5% weakest). (5) Calculate the mean (SGRFP
raw T, SGCFP

raw T) and

standard deviation (DGRFP
raw , DGCFP

raw ) of the GFP fluorescence of each

population. (6) Correct for autofluorescence and crosstalk:

SGRFPT~SGRFP
raw T{SGRFP�

raw T and SGCFPT~SGCFP
raw T{SGCFP�

raw T,

where SGRFP�
raw T and SGCFP�

raw T are the mean GFP fluorescence

of 40 control strains expressing only the RFP or CFP, but not GFP.

Any strain that did not have GFP fluorescence in both the wild-

type and deletion strains greater than 50% above the background

fluorescence or a GFP fluorescence greater than twice the

background in either of the strains was eliminated. This eliminated

,66% of the strains. This is a more stringent cutoff than previous

metrics, which solely tried to determine the number of strains

above background and were able to detect 50% of all strains [34].

Paralog-Responsiveness Metric And Error Analysis
The responsiveness was calculated as R = log2(GRFP/GCFP), for

mutant RFP and wild-type CFP, or R = log2(GCFP/GRFP) for the

reverse ‘‘dye swap.’’ Multiple lines of evidence support the use of

GFP fusion proteins to accurately reflect responsiveness of the

endogenous proteins. First, based on tagging of essential and

nonessential proteins, most GFP-fusions are believed to generate

functional proteins [33,34]: i.e., genes missing from the GFP and

TAP fusion collections are not enriched for essential genes.

Second, protein levels determined by mass spectrometry give

similar protein levels as those determined by flow cytometry of

GFP fusions [66]. Third, our method is ratiometric. Even if the

GFP fusion affected the protein levels (e.g., through stability or

translatability), our method would only erroneously detect

responsiveness if such presumed artificial effect of the GFP fusion

was altered by the presence or absence of the paralog of the gene.

Finally, independent measurements of responsiveness of tagged

and untagged proteins for several genes by Western blot give very

similar results to the GFP fluorescence measurements (Figure S10).

The median and standard deviation of the responsiveness

metric was calculated from the six to eight replicates of

measurements of responsiveness of each gene. For each strain,

we calculated the ‘‘local error’’ DRL as the standard deviation of R

of that strain over its six to eight replicate measurements. As seen

in Figure S2A, this value is influenced by the total fluorescence of

the strain. Due to the inaccuracy of calculating the standard

deviation with six to eight measurements, we also calculated a

global error, DRG, which is a moving-window median of the local

error of 41 adjacent measurements sorted by total fluorescence

(Figure S2A, dashed line). The total error that we then used for

statistics was DRT, defined by (DRT)2 = (DRL)2 + (DRG)2. The

replicate measurements within the same dye-swap had much

smaller variance compared to the difference between the dye-

swaps. Therefore, we used 2 as the effective number of

independent measurements and calculated the standard deviation

of the mean as DRT/!2. A null hypothesis was then generated by

simulating the experiment (global and local error for each strain)

by randomly sampling a normalized Gaussian distribution. This

was repeated 100,000 times and the 95% confidence interval

determined from this simulated dataset.

Reverse Transcriptase Real-Time PCR Analysis
We measured mRNA levels of our GFP fusion proteins using

quantitative PCR (qPCR). Wild-type X1-GFP and Dx2 X1-GFP

strains were separately grown in 30 ml of YPD and harvested at

mid-log phase after 10 h of growth. Total RNA was extracted and

cDNA was obtained from each sample using reverse transcriptase

(Superscript III RT, Invitrogen), which was used as a template for

real-time PCR using primer pairs to amplify GFP and a control

gene ACT1 from each sample. Because each gene in our study was

GFP tagged, a universal set of GFP primers could be used.

To normalize for variations in mRNA extraction, the X1-

GFP mRNA level was defined relative to the ACT1 level,
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mRNAX1{GFP~2 TACT1{TX1{GFPð Þ:E , where E is the PCR efficien-

cy and T is the product detection time in number of qPCR cycles.

Paralog responsiveness at the mRNA level was then calculated as

Rtranscript~log2 mRNAX1{GFP
Dx2

�
mRNAX1{GFP

WT

� �
. Table S3 con-

tains the qPCR data. Expression levels were obtained from at least

three technical qPCR replicates. To obtain an estimate for the

experimental variation in our measurement, Rtranscript was mea-

sured in duplicate for Cot1, Hxk1, and Sam1, and in triplicate for

Sam2 (see Table S3). The standard deviation of log2(mRNA) was

0.25, yielding standard deviation of 0.4 in Rtranscript. We used a

significance cutoff of two standard deviation (95% confidence

interval), or 0.8, for Rtranscript (gray shaded area in Figure 2C).

Western Blot
Anti-yeast hexokinase antibodies (ABCAM ab34588) were used

to detect Hxk1 and Hxk2; Lys20 and Lys21 were detected with

Lys 20p + 21p antibody (ABCAM ab4574). Lys20 and Lys21 can

be separated by electrophoretic mobility. We could not electro-

phoretically separate Hxk1 and Hxk2. To monitor the untagged

version of Hxk1, we therefore monitored its level in the absence or

presence of Hxk2-GFP. Hxk2-GFP is electrophoretically separable

from Hxk1 and hence does not interfere with the measurement of

the untagged Hxk1. We similarly examined Hxk2 in an Hxk1-

GFP background. Samples were lysed in boiling 26Laemlli buffer

in the presence of a protease inhibitor cocktail (PMSF PLUS

Roche #11836153001). Samples were run on precast NuPage

(NP0321BOX) gels and transferred to nitrocellulose membranes.

The Odyssey protocol was followed. Goat anti-mouse 680 (Alexa

Fluor A-21057, 1:5,000) and goat anti-rabbit 680 (Alexa Fluor A-

21076, 1:5,000) secondary antibodies were used. The fluorescence

was quantified by Odyssey system (Li-COR). All measurements

were made in duplicate or triplicate. The linearity of each

antibody was confirmed by titrating both the primary antibody

concentration and the substrate concentration. The working

dilutions were 1:2,000 and 1:500 for the Hxk1/2 and Lys20/21

antibodies, respectively. The hexokinase antibody also reacted

with a nonspecific band that was unaffected by medium and

genetic background. Hxk1/2 antibody was used to detect this

background band (C, control) for quantification in Figure S10. We

also used a CEP3 and ACT1 antibody to control for loading, but

the standard deviation of all our replicate measurements was

lowest when normalized against the background band detected

with the Hxk1/2 antibody.

Supporting Information

Figure S1 Schematic of library construction. Yeast

strain libraries were generated as described in Materials and

Methods. In a first SGA round, libraries of mCherry- or Cerulean-

tagged deletion or wild-type strains were generated. In a second

SGA round, these arrays were combined with strains from the

GFP library, generating the X1-GFP Dx2 and X1-GFP X2

libraries. Black solid cross/arrows denote SGA mating, sporula-

tion, and selection steps.

Found at: doi:10.1371/journal.pbio.1000347.s001 (0.49 MB TIF)

Figure S2 Analysis of measurement error of paralog-
responsiveness. (A) Responsiveness of each gene was mea-

sured in multiple replicates representing four independently

constructed strains (two of each CFP/RFP dye-swap variant),

assayed in two independent replicates of the measurement

procedure on different days (eight replicates total). Responsiveness

R of each gene X1 was evaluated independently for each of its

eight replicates as R = log2(GDx2/GWT), where GWT, GDx2 are the

5% truncated mean expression level of X1-GFP in the wild-type

and in the Dx2 backgrounds, respectively. For each gene, the

standard deviation of R in all its replicate measurements defines its

‘‘local error’’ DRL (grey dots). The global error DRG is then defined

as the average of DRL over a sliding window of expression levels

(dashed line, Materials and Methods). The total error for each

gene DRT is defined by (DRT)2 = (DRL)2 + (DRG)2. (B) Responsive-

ness of each gene is plotted as a function of its wild-type expression

level. Vertical error bars represent DRL. Dashed line indicates

2DRG. Significant genes have total error R/DRT .2 (colored

names).

Found at: doi:10.1371/journal.pbio.1000347.s002 (0.30 MB TIF)

Figure S3 Responsiveness can be asymmetric and a
property of either the low or higher or high expressed
protein. Wild-type protein expression levels as determined by

Western blot of TAP-tagged proteins [67] are compared for each

paralogous pair. Red dots represent pairs where both paralogs are

responsive, green dot where one of the two paralogs is responsive,

and grey dots where neither of the paralogs are responsive. When

one pair is responsive, the responsive protein expression level is

plotted on the x-axis. As responsiveness is limited to cases where

we measured GFP expression, a subset of the grey dots could be

green (asymmetrically responsive gene pairs) or red (symmetrically

responsive), and a subset of the green dots could be red

(symmetrically responsive).

Found at: doi:10.1371/journal.pbio.1000347.s003 (0.21 MB TIF)

Figure S4 Responsiveness correlates with conservation
of expression profiles, regulatory motifs, amino acid
sequence, and fitness cost of paralog deletion. (A–F)

Fraction of responsive genes as a function of (A) mean expression

similarity, (B) partial coregulation, (C) fraction of common cis-

regulatory motifs, (D) Ks rate of amino acid divergence, (E)

number of shared protein domains, and (F) fitness cost upon

deletion of the X2 paralog, as downloaded from Kafri et al.

(http://longitude.weizmann.ac.il/BackUpCircuits/) [26]. The rel-

evant dataset was ranked and split into three groups of equal data

size. Error bars indicate standard error of the mean.

Found at: doi:10.1371/journal.pbio.1000347.s004 (0.48 MB TIF)

Figure S5 Paralog-responsiveness is enriched in highly
expressed proteins. Fraction of responsive genes are shown

for protein fusions with low (GWT .500) and high (GWT .500)

expression levels, separated into metabolic (black) and nonmeta-

bolic (grey) genes. Error bars represent binomial standard error

of the mean. Paralog responsiveness is enriched in highly

expressed proteins (p = 0.01) and slightly in metabolism

(p = 0.037). Enrichment in highly expressed proteins is significant

even when accounting for enrichment in metabolism and for the

correlation of metabolism with high expression (p = 0.007, logit

regression).

Found at: doi:10.1371/journal.pbio.1000347.s005 (0.11 MB TIF)

Figure S6 Paralog responsiveness in minimal media is
strongly correlated with synthetic sick and lethal inter-
actions. (A) Shown are all the measurements for paralog

responsiveness, R, in minimal media, including replicate experi-

ments for each gene (multiple dots in each column). Significantly

responding genes are indicated (R/DRT .2, black dots). Genes are

organized by their wild-type expression level as indicated on the x

axis (see Figure 2B, for the equivalent presentation of responsive-

ness in rich medium). (B) Fraction of paralog-responding genes in

minimal media are shown for gene pairs with no genetic

interaction (neutral, n = 27) and for synthetic lethal or sick

interactions (SSL, n = 16) in these conditions. SSL interactions

are defined as e = fx1x2 2 fx1 fx2 ,20.2, where e is the epistasis and
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fx1x2, fx1, and fx2 are the fitness values for the double and single

knockouts grown in minimal medium (fitness data taken from

DeLuna et al. [21]). Error bars reflect binomial standard error of

the mean. All paralog-responsive genes are also synthetic lethal or

synthetic sick with its paralog.

Found at: doi:10.1371/journal.pbio.1000347.s006 (0.43 MB TIF)

Figure S7 Paralog responsiveness is specific to the
conditions in which the gene function is needed. (A–E)

Responsiveness, R, of the focal gene in the needed (light-gray bars)

or unneeded (dark-gray bars) environment: MM, minimal

medium; SD, synthetic complete dextrose medium; SC+EtOH,

synthetic complete ethanol medium, +Ser, minimal medium plus

serine; +Lys, minimal medium plus lysine; and +Asn, minimal

medium plus asparagine. The protein fusions are (A) Lys20-GFP,

(B) Asn2-GFP, (C) Ser33-GFP, (D) Rhr2-GFP, and (E) Gpd2-GFP.

Responsiveness of these genes is greatly reduced when cells are

grown in conditions in which the genes are not needed. An

exception is Asn2, which stops responding not only in the presence

of asparagine, but also in the presence of lysine. R reflects the

median responsiveness value of three to 11 replicate experiments.

Error bars indicate standard error of the mean.

Found at: doi:10.1371/journal.pbio.1000347.s007 (0.30 MB TIF)

Figure S8 A model for direct and indirect paralog
responsiveness. (A) A simple metabolic pathway showing

enzymatic reactions (grey arrows) between metabolites (black

circles). A gene X1 (tagged with GFP) may respond to deletion of

its paralog X2 by two conceptual ways: (1) directly, in response to

the absence of the paralogous protein (black solid inhibitory line),

or (2) indirectly, in response to the absence of the function of the

gene, for example through inhibition by the pathway end product

(blue dashed inhibitory line). Mathematical models for gene

expression in these two schemes were created (Text S2). (B) In an

environment with a fixed amount of the end product, direct and

indirect regulation of X1 in response to change in concentration of

X2 are almost indistinguishable. (C) Responsiveness of X1 to

deletion of X2 (X2 = 0) in the two models can be distinguished by

supplying the pathway product.

Found at: doi:10.1371/journal.pbio.1000347.s008 (0.29 MB TIF)

Figure S9 Methionine concentration has a minimal
effect on the measurement of responsiveness. Respon-

siveness was measured in duplicate at two methionine concentra-

tions, 25 mg/l and 100 mg/l, for one fourth of the library. The

difference in responsiveness between these two environments, DRM

(R for growth in 100 mg/l methionine minus R for growth in

25 mg/l methionine) is plotted as a function of average log2

expression of the 25 mg/l methionine-grown strain. Local and

global errors are indicated (RL, error bars; RG, dashed line;

Materials and Methods). Gray dots do not change significantly

between conditions; five proteins Isu2, Sds23, Sso2, and Pyc1 have

significant changes in responsive between the conditions.

Found at: doi:10.1371/journal.pbio.1000347.s009 (0.15 MB TIF)

Figure S10 Western blots of untagged proteins confirm
responsiveness of GFP-fusion proteins. (A–D) Hxk1 (H1),

Hxk2 (H2), Hxk1-GFP (H1G), Hxk2-GFP (H2G), Lys20 (L20),

Lys21 (L21), and a control protein (Act1, Lys20/21, or HXK1,2

[C, control]; see Materials and Methods) were detected by

quantitative Western blot. The genotype of each strain used is

listed beneath each lane (STD, protein standard; G, GFP fusion; +,

wild-type untagged protein; –, deletion). Titration triangles

indicate a 2-fold dilution of the sample. Lys20 and Lys21 could

be resolved on a SDS-PAGE gel, but Hxk1 and Hxk2 could not.

To resolve Hxk1 and Hxk2, each was GFP tagged to alter its

mobility from the untagged protein being queried. Samples were

grown in (A and C) YPD, (B) SC + 2% EtOH, and (C) minimal

medium. (D) All the measurements were quantitated with a

fluorescent secondary using the Odyssey software (Materials and

Methods), and the responsiveness R was calculated as the ratio of

its level in the mutant and the wild type corrected for the loading

controls (specific formula indicated below each bar). The error

bars represent the standard deviation of the replicate measure-

ments. Responsiveness is not significantly altered by tagging or

method of quantitation (Western versus flow cytometry).

Found at: doi:10.1371/journal.pbio.1000347.s010 (1.72 MB TIF)

Table S1 Library of yeast strains generated for this
work.

Found at: doi:10.1371/journal.pbio.1000347.s011 (0.23 MB XLS)

Table S2 Complete dataset.

Found at: doi:10.1371/journal.pbio.1000347.s012 (0.24 MB XLS)

Table S3 Complete real-time qPCR dataset.

Found at: doi:10.1371/journal.pbio.1000347.s013 (0.04 MB XLS)

Text S1 Regulatory mechanisms underlying respon-
siveness under different environmental conditions.

Found at: doi:10.1371/journal.pbio.1000347.s014 (0.05 MB

DOC)

Text S2 Model for direct and indirect responsiveness.

Found at: doi:10.1371/journal.pbio.1000347.s015 (0.10 MB

DOC)

Acknowledgments

We thank U. Alon, S. Funes, R. Kafri, E. Mancera, R. Milo, Y. Pilpel, I.

Wapinski, D. R. Wagner, and R. Ward for helpful discussions and critical

reading of the manuscript, and F. Razo-Hernandez and E. Ibarra-Laclette

for help with qPCR experiments.

Author Contributions

The author(s) have made the following declarations about their

contributions: Conceived and designed the experiments: AD MS RK.

Performed the experiments: AD MS. Analyzed the data: AD MS RK.

Contributed reagents/materials/analysis tools: AD MS MWK RK. Wrote

the paper: AD MS MWK RK.

References

1. Ohno S (1970) Evolution by gene duplication. London, UK: Allen & Unwin.160 p.

2. Zhang JZ (2003) Evolution by gene duplication: an update. Trends Ecol Evol 18:

292–298.

3. Conant GC, Wagner A (2003) Asymmetric sequence divergence of duplicate

genes. Genome Res 13: 2052–2058.

4. Taylor JS, Raes J (2004) Duplication and divergence: the evolution of new genes

and old ideas. Annu Rev Genet 38: 615–643.

5. Guan Y, Dunham MJ, Troyanskaya OG (2007) Functional analysis of gene

duplications in Saccharomyces cerevisiae. Genetics 175: 933–943.

6. Ihmels J, Collins SR, Schuldiner M, Krogan NJ, Weissman JS (2007) Backup

without redundancy: genetic interactions reveal the cost of duplicate gene loss.

Mol Syst Biol 3: 86.

7. Conant GC, Wolfe KH (2008) Turning a hobby into a job: how duplicated

genes find new functions. Nat Rev Genet 9: 938–950.

8. Kafri R, Springer M, Pilpel Y (2009) Genetic redundancy: new tricks for old

genes. Cell 136: 389–392.

9. Aury JM, Jaillon O, Duret L, Noel B, Jubin C, et al. (2006) Global trends of

whole-genome duplications revealed by the ciliate Paramecium tetraurelia.

Nature 444: 171–178.

10. Wolfe KH, Shields DC (1997) Molecular evidence for an ancient duplication of

the entire yeast genome. Nature 387: 708–713.

11. Dietrich FS, Voegeli S, Brachat S, Lerch A, Gates K, et al. (2004) The Ashbya

gossypii genome as a tool for mapping the ancient Saccharomyces cerevisiae

genome. Science 304: 304–307.

Up-Regulation in Response to Deletion of Paralogs

PLoS Biology | www.plosbiology.org 10 March 2010 | Volume 8 | Issue 3 | e1000347



12. Kellis M, Birren BW, Lander ES (2004) Proof and evolutionary analysis of

ancient genome duplication in the yeast Saccharomyces cerevisiae. Nature 428:
617–624.

13. Vision TJ, Brown DG, Tanksley SD (2000) The origins of genomic duplications

in Arabidopsis. Science 290: 2114–2117.

14. Blanc G, Wolfe KH (2004) Functional divergence of duplicated genes formed by
polyploidy during Arabidopsis evolution. Plant Cell 16: 1679–1691.

15. De Bodt S, Maere S, Van de Peer Y (2005) Genome duplication and the origin

of angiosperms. Trends Ecol Evol 20: 591–597.

16. Jaillon O, Aury JM, Brunet F, Petit JL, Stange-Thomann N, et al. (2004)

Genome duplication in the teleost fish Tetraodon nigroviridis reveals the early
vertebrate proto-karyotype. Nature 431: 946–957.

17. Postlethwait J, Amores A, Cresko W, Singer A, Yan YL (2004) Subfunction

partitioning, the teleost radiation and the annotation of the human genome.
Trends Genet 20: 481–490.

18. Scannell DR, Byrne KP, Gordon JL, Wong S, Wolfe KH (2006) Multiple rounds

of speciation associated with reciprocal gene loss in polyploid yeasts. Nature 440:
341–345.

19. Seoighe C, Wolfe KH (1999) Yeast genome evolution in the post-genome era.

Curr Opin Microbiol 2: 548–554.

20. Vitkup D, Kharchenko P, Wagner A (2006) Influence of metabolic network
structure and function on enzyme evolution. Genome Biol 7: R39.

21. DeLuna A, Vetsigian K, Shoresh N, Hegreness M, Colon-Gonzalez M, et al.

(2008) Exposing the fitness contribution of duplicated genes. Nat Genet 40:
676–681.

22. Dean EJ, Davis JC, Davis RW, Petrov DA (2008) Pervasive and persistent
redundancy among duplicated genes in yeast. PloS Genet 4: e1000113.

doi:10.1371/journal.pgen.1000113.

23. Musso G, Costanzo M, Huangfu MQ, Smith AM, Paw J, et al. (2008) The
extensive and condition-dependent nature of epistasis among whole-genome

duplicates in yeast. Genome Res 18: 1092–1099.

24. Kafri R, Dahan O, Levy J, Pilpel Y (2008) Preferential protection of protein
interaction network hubs in yeast: evolved functionality of genetic redundancy.

Proc Natl Acad Sci U S A 105: 1243–1248.

25. Gu ZL, Steinmetz LM, Gu X, Scharfe C, Davis RW, et al. (2003) Role of
duplicate genes in genetic robustness against null mutations. Nature 421: 63–66.

26. Kafri R, Bar-Even A, Pilpel Y (2005) Transcription control reprogramming in

genetic backup circuits. Nat Genet 37: 295–299.

27. Kafri R, Levy M, Pilpel Y (2006) The regulatory utilization of genetic

redundancy through responsive backup circuits. Proc Natl Acad Sci U S A 103:

11653–11658.

28. Svenningsen SL, Tu KC, Bassler BL (2009) Gene dosage compensation

calibrates four regulatory RNAs to control Vibrio cholerae quorum sensing.

EMBO J 28: 429–439.

29. Baggs JE, Price TS, DiTacchio L, Panda S, FitzGerald GA, et al. (2009)

Network features of the mammalian circadian clock. PloS Biol 7: e1000052.

doi:10.1371/journal.pbio.1000052.

30. Kluver N, Herpin A, Braasch I, Driessle J, Schartl M (2009) Regulatory back-up

circuit of medaka Wt1 co-orthologs ensures PGC maintenance. Dev Biol 325:

179–188.

31. Zartman JJ, Yakoby N, Bristow CA, Zhou X, Schlichting K, et al. (2008)

Cad74A is regulated by BR and is required for robust dorsal appendage
formation in Drosophila oogenesis. Dev Biol 322: 289–301.

32. He XL, Zhang JZ (2006) Transcriptional reprogramming and backup between

duplicate genes: is it a genomewide phenomenon? Genetics 172: 1363–1367.

33. Huh W-K, Falvo JV, Gerke LC, Carroll AS, Howson RW, et al. (2003) Global
analysis of protein localization in budding yeast. Nature 425: 686–691.

34. Newman JRS, Ghaemmaghami S, Ihmels J, Breslow DK, Noble M, et al. (2006)

Single-cell proteomic analysis of S. cerevisiae reveals the architecture of
biological noise. Nature 441: 840–846.

35. Wapinski I, Pfeffer A, Friedman N, Regev A (2007) Natural history and

evolutionary principles of gene duplication in fungi. Nature 449: 54–61.

36. Giaever G, Chu AM, Ni L, Connelly C, Riles L, et al. (2002) Functional

profiling of the Saccharomyces cerevisiae genome. Nature 418: 387–391.

37. Tong AH, Boone C (2006) Synthetic genetic array analysis in Saccharomyces
cerevisiae. Methods Mol Biol 313: 171–192.

38. Hughes TR, Roberts CJ, Dai H, Jones AR, Meyer MR, et al. (2000) Widespread

aneuploidy revealed by DNA microarray expression profiling. Nat Genet 25:
333–337.

39. Collins SR, Kemmeren P, Zhao X-C, Greenblatt JF, Spencer F, et al. (2007)

Toward a comprehensive atlas of the physical interactome of Saccharomyces
cerevisiae. Mol Cell Proteomics 6: 439–450.

40. Melamed D, Pnueli L, Arava Y (2008) Yeast translational response to high

salinity: Global analysis reveals regulation at multiple levels. RNA 14:
1337–1351.

41. Pahlman A-K, Granath K, Ansell R, Hohmann S, Adler L (2001) The yeast

glycerol 3-phosphatases Gpp1p and Gpp2p are required for glycerol biosynthesis
and differentially involved in the cellular responses to osmotic, anaerobic, and

oxidative stress. J Biol Chem 276: 3555–3563.
42. Kuepfer L, Sauer U, Blank LM (2005) Metabolic functions of duplicate genes in

Saccharomyces cerevisiae. Genome Res 15: 1421–1430.

43. Conant GC, Wolfe KH (2007) Increased glycolytic flux as an outcome of whole-
genome duplication in yeast. Mol Syst Biol 3: 129.

44. Quezada H, Aranda C, DeLuna A, Hernandez H, Calcagno ML, et al. (2008)
Specialization of the paralogue LYS21 determines lysine biosynthesis under

respiratory metabolism in Saccharomyces cerevisiae. Microbiology 154:
1656–1667.

45. Dang VD, Valens M, Bolotin-Fukuhara M, Daignan-Fornier B (1996) Cloning

of the ASN1 and ASN2 genes encoding asparagine synthetases in Saccharo-
myces cerevisiae: differential regulation by the CCAAT-box-binding factor. Mol

Microbiol 22: 681–692.
46. Jones GE (1978) L-Asparagine auxotrophs of Saccharomyces cerevisiae: genetic

and phenotypic characterization. J Bacteriol 134: 200–207.

47. Albers E, Laize V, Blomberg A, Hohmann S, Gustafsson L (2003) Ser3p
(Yer081wp) and Ser33p (Yil074cp) are phosphoglycerate dehydrogenases in

Saccharomyces cerevisiae. J Biol Chem 278: 10264–10272.
48. Ansell R, Granath K, Hohmann S, Thevelein JM, Adler L (1997) The two

isoenzymes for yeast NAD(+)-dependent glycerol 3-phosphate dehydrogenase
encoded by GPD1 and GPD2 have distinct roles in osmoadaptation and redox

regulation. EMBO J 16: 2179–2187.

49. Koebmann BJ, Westerhoff HV, Snoep JL, Nilsson D, Jensen PR (2002) The
glycolytic flux in Escherichia coli is controlled by the demand for ATP.

J Bacteriol 184: 3909–3916.
50. Niederberger P, Prasad R, Miozzari G, Kacser H (1992) A strategy for

increasing an invivo flux by genetic manipulations: the tryptophan system of

yeast. Biochem J 287: 473–479.
51. Oliver S (2002) Metabolism: demand management in cells. Nature 418: 33–34.

52. Perrenoud A, Sauer U (2005) Impact of global transcriptional regulation by
ArcA, ArcB, Cra, Crp, Cya, Fnr, and Mlc on glucose catabolism in Escherichia

coli. J Bacteriol 187: 3171–3179.
53. Ihmels J, Levy R, Barkai N (2004) Principles of transcriptional control in the

metabolic network of Saccharomyces cerevisiae. Nat Biotech 22: 86–92.

54. Segre D (2004) The regulatory software of cell metabolism. Trends Biotechnol
22: 261–265.

55. Rodrı́guez A, De La Cera T, Herrero P, Moreno F (2001) The hexokinase 2
protein regulates the expression of the GLK1, HXK1 and HXK2 genes of

Saccharomyces cerevisiae. Biochem J 355: 625–631.

56. Ahuatzi D, Herrero P, de la Cera T, Moreno F (2004) The glucose-regulated
nuclear localization of hexokinase 2 in Saccharomyces cerevisiae is Mig1-

dependent. J Biol Chem 279: 14440–14446.
57. Harrison R, Papp B, Pál C, Oliver SG, Delneri D (2007) Plasticity of genetic

interactions in metabolic networks of yeast. Proc Natl Acad Sci U S A 104:
2307–2312.

58. Nowak MA, Boerlijst MC, Cooke J, Smith JM (1997) Evolution of genetic

redundancy. Nature 388: 167–171.
59. Brookfield JFY (1997) Genetic redundancy: screening for selection in yeast. Curr

Biol 7: R366–R368.
60. Brookfield JFY (2003) Gene duplications: the gradual evolution of functional

divergence. Curr Biol 13: R229–R230.

61. Wagner A (2000) Robustness against mutations in genetic networks of yeast. Nat
Genet 24: 355–361.

62. Wagner A (2005) Distributed robustness versus redundancy as causes of
mutational robustness. Bioessays 27: 176–188.

63. Papp B, Pal C, Hurst LD (2004) Metabolic network analysis of the causes and

evolution of enzyme dispensability in yeast. Nature 429: 661–664.
64. Amberg DC, Burke DJ, Strathern JN (2005) Methods in yeast genetics: a Cold

Spring Harbor Laboratory course manual. Cold Spring Harbor (New York):
Cold Spring Harbor Laboratory Press. 230 p.

65. Pronk JT (2002) Auxotrophic yeast strains in fundamental and applied research.
Appl Environ Microbiol 68: 2095–2100.

66. Lu P, Vogel C, Wang R, Yao X, Marcotte EM (2007) Absolute protein

expression profiling estimates the relative contributions of transcriptional and
translational regulation. Nat Biotech 25: 117–124.

67. Ghaemmaghami S, Huh WK, Bower K, Howson RW, Belle A, et al. (2003)
Global analysis of protein expression in yeast. Nature 425: 737–741.

Up-Regulation in Response to Deletion of Paralogs

PLoS Biology | www.plosbiology.org 11 March 2010 | Volume 8 | Issue 3 | e1000347


