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The nature of synthetic genetic interactions involving essential
genes (those required for viability) has not been previously
examined in a broad and unbiased manner. We crossed yeast
strains carrying promoter-replacement alleles for more than
half of all essential yeast genes1 to a panel of 30 different
mutants with defects in diverse cellular processes. The resulting
genetic network is biased toward interactions between
functionally related genes, enabling identification of a
previously uncharacterized essential gene (PGA1) required for
specific functions of the endoplasmic reticulum. But there are
also many interactions between genes with dissimilar functions,
suggesting that individual essential genes are required for
buffering many cellular processes. The most notable feature
of the essential synthetic genetic network is that it has an
interaction density five times that of nonessential synthetic
genetic networks2,3, indicating that most yeast genetic
interactions involve at least one essential gene.

The complete analysis of gene-deletion mutations for each of the
B6,000 known or predicted genes in the budding yeast Saccharomyces
cerevisiae identified B5,000 viable deletion mutants and B1,000
essential genes4. Many (if not most) genes are nonessential because
multiple pathways of eukaryotic cells buffer one another to create
systems that are robust to environmental and genetic perturbation5,6.
Large-scale identification of ‘synthetic lethal’ phenotypes among
nonessential genes, in which the combination of mutations in two
genes causes cell death or reduced fitness, provides a means for

mapping these genetic interactions2,3. Essential gene function is also
buffered by both nonessential and other essential genes because
hypomorphic (partially functional) alleles of essential genes often
have synthetic lethal interactions with deletion alleles of nonessential
genes and hypomorphic alleles of other essential genes2,3,7. Genetic
interactions among essential genes have not been examined system-
atically and objectively because of the inherent difficulty in creating
and working with hypomorphic alleles.
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Figure 1 Matrix display of SGA data. Left, synthetic genetic interactions

between a query and array strain are represented as red rectangles; black

indicates no interaction. Right, Gene Ontology classifications of genes

mutated in the array strains are indicated; black rectangles indicate that the

gene mutated in the array strain has the given annotation. We determined

row and column order by hierarchical clustering analysis followed by

rearrangement of higher-level nodes to achieve a diagonal appearance.

Full spreadsheets are posted on our project website.
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To examine systematically the basic principles of genetic networks
with essential genes, we used synthetic genetic array (SGA) technol-
ogy2 and carried out large-scale analysis of synthetic genetic interac-
tions among temperature-sensitive conditional alleles and conditional
expression alleles (using the tetracycline (tet) promoter) of essential
yeast genes1. In the tet-promoter strains, the expression of the gene of
interest is controlled by a promoter that can be shut off by adding
doxycycline (an analog of tetracycline) to the growth medium. In SGA
analysis, a mutation in a particular query gene is first crossed to an
input array of single mutants and then a series of robotic pinning steps
is used to generate an output array of double mutants, which is scored
for fitness defects relative to either of the single mutants2. We carried
out 30 SGA screens using an array of tet-promoter mutants in 575
essential genes1. The set of query genes represents diverse biological
processes and the query mutations include 14 temperature-sensitive
and 2 promoter mutation alleles of essential genes and 14 deletion
alleles of nonessential genes (Fig. 1 and Supplementary Table 1
online). We examined both the tet-promoter strains and the tempera-
ture-sensitive strains at a semipermissive condition: we scored inter-
actions at the semipermissive temperature for temperature-sensitive
(i.e., query) strains, and because of a delay of several hours in the onset
of growth cessation in tet-promoter strains, virtually all of the tet-
promoter (i.e., array) strains formed at least a small colony. We
evaluated growth phenotypes both with and without doxycycline in
the medium, because tet-promoter strains may show abnormal
phenotypes even with the promoter ‘on’1. We identified instances of
smaller colony size for a double mutant versus either single mutant
grown under the same conditions and confirmed them by random
spore analysis (RSA). Although there were variations between strains
with respect to growth rate as single mutants (in the case of tet-
promoter strains, this is presumably a result of the varying response of
cells to depletion of different transcripts1), we obtained interactions at
roughly comparable frequencies from strains with both mild and
severe growth phenotypes (Supplementary Methods online). This
analysis resulted in a genetic network of 567 interactions, 386 of which
occur between two essential genes, encompassing 286 essential genes
(Fig. 1). Only two interactions (between RFC5 and RFC2 and
between SEC15 and MYO2) were found among the 4,922 known
yeast genetic interactions cataloged by the GRID database8. All the
data, including RSA images, are available from our project website (see
URL in Methods).

To determine whether the interactions we obtained were general or
allele specific, we created a second array of strains carrying both tet-
promoter and temperature-sensitive alleles of 42 essential genes for
which temperature-sensitive alleles could be obtained. We then
crossed this array to five query strains that interacted with these
genes (Fig. 2). We detected a total of 40 interactions by at least one of
the two allele types (tet-promoter or temperature-sensitive alleles), of
which 22 were common to both allele types, showing that there is a
strong tendency for genetic interactions between two genes to be
observed independently of a particular allele (P o 10�12, hypergeo-
metric distribution). Most of the interactions that were specific to
either tet-promoter or temperature-sensitive strains seemed to stem
from technical aspects, such as mismatched semipermissive tempera-
tures. These results show that most of the interactions detected in our
larger tet-promoter network were not allele specific.

Large-scale mapping of genetic interactions among nonessential
yeast genes3 showed that synthetic interactions are highly biased
toward genes that have related functions. The essential SGA network
was also biased toward interactions between genes that share at least
one Gene Ontology Biological Process annotation (P r 10�4

compared with distribution of number of interactions for randomly
reshuffled row and column labels; Fig. 1). In some screens, these
relationships were easily rationalized. For instance, most interactions
with RFC5, which encodes a DNA replication–repair–chromatid
cohesion factor9–11, occurred with components of the DNA replication
(P ¼ 6.4 � 10�11) or chromosome segregation machinery (chromo-
some cycle, P¼ 4.2 � 10�10; Fig. 3). Synthetic interactions with LRP1,
which encodes an accessory component of the exosome that processes
and degrades many types of RNA12,13, were enriched for genes
involved in RNA processing (P ¼ 9.1 � 10�7) and ribosome biogen-
esis (P ¼ 1.0 � 10�5; Fig. 3). Synthetic interactions with SLT2, a gene
involved in cell-wall organization and biogenesis14, were biased toward
lipid biosynthesis (P ¼ 7.1 � 10�10), exocytosis (P ¼ 2.1 � 10�5),
ergosterol biosynthesis (P ¼ 8.2 � 10�5) and protein amino acid
glycosylation (P ¼ 0.0013; Fig. 3). We selected the query genes to
represent diverse cellular functions, and consequently, their interaction
spectra were largely nonoverlapping (Fig. 1); however, we also
obtained an interconnected network among genes involved in secre-
tion (Fig. 3), consistent with previous genetic analysis of this pathway7.

There was also a strong tendency for essential genes that share Gene
Ontology annotations to show a similar spectrum of interactions in
our network (P o 10�6, rank sum test), even if the interactions were
not suggestive of a direct functional relationship. In one example,
among 19 interactions obtained with RPS17A, 8 were with genes
involved in RNA splicing (P ¼ 3.3 � 10�7; Figs. 1 and 3). RPS17B,
which is nearly identical to RPS17A and presumably compensates for
its deletion, is one of only 222 yeast genes with an intron15; conse-
quently, it is plausible that the rps17a-D mutant would be sensitive to
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Figure 2 Allele specificity of essential gene interactions. Genetic

interactions obtained by crossing five query strains into an array containing

strains with both tet-promoter and temperature-sensitive (ts) alleles of 42

essential genes are shown.
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perturbation of mRNA splicing. Another notable example is the
interaction of RFC5 with NSE1 and SMC6 (Fig. 3), whose products
are both members of a large nuclear complex required for diverse
functions in DNA replication and mitosis16. To examine these inter-
actions in more detail, we analyzed the DNA content of single and
double mutants by flow cytometry (Fig. 4a) and by contour-clamped
homogeneous electric field (CHEF) gel electrophoresis (Fig. 4b).
Whereas B60% of rfc5-1ts mutant cells possessed 1C DNA content
at 60 min (Fig. 4a), indicating a DNA replication block, the double

mutants, like wild-type yeast, contained lar-
gely 2C DNA (i.e., they progressed through S
phase more rapidly than rfc5-1ts; Fig. 4a). In
CHEF gel analysis of the double mutants, the
chromosome bands had a reduced intensity
at 40 min (Fig. 4b), indicative of the presence
of DNA structures, perhaps replication inter-
mediates, that prevented the chromosomes
from entering the gel17,18. This reduction was
less evident in the rfc5-1ts single mutant and
was not observed in TetO7-NSE1 or TetO7-
SMC6. Accelerated S-phase progression com-
bined with the presence of abnormal DNA
structures specifically observed in the double
mutants may explain the synthetic genetic
interaction of rfc5-1ts with TetO7-NSE1 and
TetO7-SMC6.

The functional specificity associated with
genetic interactions presents an opportunity
to assign roles to previously uncharacterized
essential genes. For example, the uncharac-
terized essential gene YNL158W, which we
now call PGA1, interacted genetically with
SEC7, SEC15 and ERG11 (in addition to
BNI1 and PRT1), suggesting that it is
involved in secretion or membrane biosynth-
esis (Figs. 1 and 3). YNL158W encodes
Ynl158wp, which localizes to the nuclear
periphery19,20, the site of extrusion of the
endoplasmic reticulum (ER) from the
nuclear envelope. In a previous analysis1,
TetO7-YNL158W showed a phenotypic pro-
file resembling that of genes that function in
glycosylation and lipidation. Furthermore,

two-hybrid analysis showed that Ynl158wp interacts with Zrg17p, an
ER protein that also interacts with several other ER proteins, including
Gpi14p (involved in glycosylphosphatidylinositol anchor biosynth-
esis), Yif1p (involved in ER-to-Golgi protein transport) and Ynl146wp
and Yjl097wp (uncharacterized ER proteins20). We examined TetO7-
YNL158W for defects in protein trafficking or associated post-transla-
tional modifications using three different glycosylated marker pro-
teins21–23 (Fig. 5). TetO7-YNL158W showed no defects in processing
of carboxypeptidase Y (CPY), indicating that it is not central to
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a bFigure 4 Analysis of DNA replication in the

rfc5-1 mutants. WT, wild-type. (a) Analysis of

DNA contents using flow cytometry.

Fluorescence-activated cell sorting profiles of

rfc5-1ts, TetO7-NSE1, TetO7-SMC6 or double-

mutant cells in asynchronous culture before G1

arrest (A), arrested in G1 (0¢) and at the

indicated times after release into the cell cycle

are shown. The positions of cells with 1C and 2C
DNA contents are indicated. (b) CHEF gel

analysis of chromosomal DNA. rfc5-1ts, TetO7-

NSE1, TetO7-SMC6 or double-mutant cells were

cultured as in a and processed for CHEF gel

electrophoresis. Samples were taken 0, 40, 80
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indicated. Arrows show chromosomes from the
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ER-to-Golgi transport, N-linked glycosylation or vacuolar signal
peptide cleavage (Fig. 5a); however, it accumulated an immature
form of Gas1p that comigrated with pro-Gas1p seen in the TetO7-
SEC18 mutant (Fig. 5c). TetO7-YNL158W also showed incomplete
processing of alkaline phosphatase (ALP), predominantly yielding
a soluble aberrant 66-kDa form seen in mutants that affect
direct targeting of ALP from Golgi to vacuole24,25 (Fig. 5b) and also
in sec7-1ts and sec18-1ts mutants, which have defects at earlier stages
of vesicle trafficking21,22. These results strongly support the idea
that Ynl158wp has a role in protein sorting or modification in the
ER. We named the gene PGA1, reflecting its role in processing of
Gas1p and ALP.

Our essential synthetic genetic interaction network resembles the
nonessential genetic network in that it has a scale-free topology
(Fig. 6a) and most of the interactions are nonoverlapping with
protein-protein interactions (11 of 567 interactions overlap with a
set of B15,000 known physical interactions3; data not shown). But
there are also distinctions between the synthetic essential network and
previously described protein- or genetic-interaction networks2,3,26.
Despite a statistically strong tendency toward interactions among
functionally related genes, the relationship between cataloged gene
function and genetic interaction does not seem to be as strong as it is
for nonessential genetic interactions3: 26% of genetic interactions in
the nonessential network (previously described nonessential query and
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c

Figure 5 PGA1 (also known as YNL158W) is

required for normal protein processing of ALP and

Gas1p. We prepared total protein extracts and

analyzed them by SDS-PAGE and western

blotting. TetO7-POL30 is shown as a negative

control. WT, wild-type. (a) CPY-specific western

blot. The ER precursor (p1), the Golgi precursor

(p2), the mature vacuolar (m) and the

unglycosylated (u) forms of CPY are indicated.

TetO7-RER2, TetO7-ALG13 and TetO7-ALG14 are

shown as positive controls. (b) ALP-specific

western blot. The ER (pro), mature vacuolar (m)

and soluble aberrant (s) forms of ALP are

indicated. TetO7-ALG13 and TetO7-ALG14 are

shown as positive controls. (c) Gas1p-specific
western blot. The blot was first probed with

Gas1p-specific antibody and then stripped and

reprobed with Abp1-specific antibody as a loading

control. The ER (pro) and mature (m) forms of

Gas1p are indicated. TetO7-RER2, TetO7-ALG13

and TetO7-ALG14 are included as positive

controls.

Figure 6 Characteristics of the essential SGA network. (a) Degree

distribution. The number of array strains (vertical axis) that interact with

any given number of the 30 query strains (horizontal axis) is plotted.

(b) Cumulative distribution of the number of interactions per query strain,

for this study (blue) and a previously published study3 (red), separated

according to essential, nonessential slow-growing and nonessential normal-

growing query strains. For this study, the proportion is with respect to the

575 strains on the tet-promoter array; for the other study3, the proportion

is with respect to 4,700 nonessential genes. Each line was drawn by first

separating the types of interactions and then sorting the queries by their

percent of interactions with the array. The vertical axis plots the proportion

of queries exceeding a given percent threshold on the horizontal axis. The

higher proportion of essential versus nonessential interactions obtained in

this study is presumably the result of scoring at the semipermissive

temperature, rather than permissive temperature as previously described3.

(c) Estimated total number of genetic interactions in yeast, categorized by

growth phenotypes of interacting genes. The data from this study (three

fields at top; i.e., essential versus essential, essential versus nonessential
slow growers and essential versus nonessential normal growers) and another

study3 (the lower three fields; i.e., nonessential slow growers versus

nonessential normal growers, nonessential slow growers versus nonessential

slow growers and nonessential normal growers versus nonessential normal

growers) were partitioned into tested interactions of the indicated type

(with slow-growing nonessentials as previously defined4). The density of

interactions in each of the partitioned blocks is shown as a percent of all

possible pairs (e.g., if all queries were on the horizontal axis and all array

strains on the vertical axis). The total number of expected interactions,

based on these percentages, is shown. The size of each field is scaled to

the number of potential interactions.
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interactor3) also share a Gene Ontology Biological Processes annota-
tion, whereas only 17% of genetic interactions in the essential network
(essential query and interactor) share the same biological process
(P ¼ 4.0 � 10�5, difference in proportions test). Nevertheless, the bias
toward functionally relevant interactions indicates that many interac-
tions reflect bona fide functional relationships rather than nonspecific
additive effects. The interactions that occur among genes of disparate
functions also seem to be specific to particular query genes: a
proportion of array strains that were sick and thus sensitive to random
perturbation would have appeared as horizontal stripes in the matrix
display (Fig. 1). Moreover, interactions often occur with tet-promoter
strains that have little or no growth defect when scored by manual
inspection of plates1.

Perhaps the most notable property of the essential genetic network
is its density. The median frequency of interactions was 3% (Fig. 6b,c);
that is, crossing a query strain to the array of 575 tet-promoter strains
resulted in 18 or more interactions for half of the screens (average of
3.28%; 4.19% for essential queries; 2.24% for nonessential queries).
This is five times the frequency obtained in a previously described
network3, which used essentially the same screening protocol but
consisted primarily of interactions among deletion mutants in non-
essential genes. Thus, our results indicate that essential genes are
highly connected hubs on the genetic interaction network, and
essential pathways, which are presumably under continuous selective
pressure toward optimization, are also highly buffered, serve to buffer
many other processes, or both. This observation has a profound
practical consequence: although only B18% of all yeast genes are
essential4,15, the fact that essential genes show about five times the
number of genetic interactions as nonessential genes indicates that the
full yeast genetic-interaction network may be twice as extensive as
previously estimated3 and that most yeast genetic interactions will
involve at least one essential gene (Fig. 6c). Furthermore, we obtained
many interactions with alleles of essential genes that have little or no
impact on the yeast growth rate as single mutants; this type of allele
can presumably accumulate in outbred populations3,27. Mammalian
genomes contain roughly the same proportion of essential genes as
yeast, and in laboratory mice the most common phenotype of
randomly selected mutants is lethality28. Provided that genetic inter-
actions among essential genes in mammals follow the same general
trends as in yeast5,6, genetic interactions involving otherwise silent
alleles of essential genes will be key contributors to complex traits in
humans and may underlie many of the B50% of early catastrophic
developmental phenotypes in humans that are not accounted for by
mendelian inheritance or chromosomal abnormalities29.

METHODS
SGA and RSA. For SGA analysis, we crossed 30 natR-marked query strains

constructed according to a previously published study3 to the TetO7 promoter

array containing strains corresponding to 575 essential genes. We sporulated

three replicates of each of the 30 sets of matings, selected haploid double-

mutant progeny on medium with and without 10 mg ml�1 doxycycline and

incubated them at the semipermissive temperature of the query strain as

described1. We scored double mutants using a computer-based system and

confirmed interactors by RSA as described3. We scored the interactions after

colonies appeared on the plates, usually after 3 d. A full protocol for SGA

analysis and RSA is given in Supplementary Methods online. Because we

confirmed every reported interaction by RSA, the false-positive rate is zero by

our scoring criteria. The false-negative rate is Z20% (8 of 40) on the basis of

gene interaction results (Fig. 2; as a result of allele dependency of interactions).

In the tet-promoter versus temperature-sensitive allele experiments, of the ten

cases in which the tet-promoter allele detected an interaction that the tempera-

ture-sensitive allele did not, seven could be attributed to the observation that the

semipermissive temperature of either the query or array allele was substantially

lower than the other, precluding analysis of the double mutant under conditions

where the activity of both genes was compromised. Similarly, in five of the eight

instances in which the temperature-sensitive allele detected an interaction that

was missed by the tet-promoter allele, the tet-promoter strain had a severe

growth defect that may have complicated the scoring of a synthetic interaction.

Flow cytometry. We grew cells at 26 1C in the presence of 10 mg ml�1

doxycycline for 14 h until mid-log phase and arrested growth with 2 mg ml�1

a-factor for 1 h at 26 1C and then for 1 h at 30 1C. We pelleted G1-arrested

cells, washed them and released them into fresh YPD medium (1% yeast

extract, 2% peptone and 2% dextrose) at 30 1C. We collected 1 � 107 cells at

the indicated times, fixed them with 70% ethanol, washed them with water,

resuspended them in 500 ml of 2 mg ml�1 RNaseA in 50 mM Tris (pH 8.0) and

incubated them for 4 h at 37 1C. We then pelleted treated cells, resuspended

them in 500 ml of 50 mM Tris (pH 7.5), 2 mg ml�1 proteinase K and incubated

them for 1 h at 50 1C. We collected cells and resuspended them in 500 ml of a

mixture of 200 mM Tris (pH 7.5), 200 mM NaCl and 78 mM MgCl2. We

stained 100 ml of cells with 1 ml of 50 mM Tris (pH 7.5) and 1 mM Sytox Green

(Molecular Probes) and sonicated the volume for 5 s before analysis.

CHEF gels. We released cells arrested in G1 as above into fresh YPD medium.

We collected 2 � 108 cells at the indicated times and fixed them with 70%

ethanol overnight. We washed these cells with 0.5 M EDTA, 1.2 M sorbitol and

1 M Tris (pH 7.5), resuspended them in 125 ml SEMZ (1 M sorbitol, 50 mM

EDTA, 28 mM b-mercaptoethanol and 1 mg ml�1 zymolyase) and rotated them

at 37 1C for 1 h. We added 125 ml of molten 1% InCert agarose (BioWhittaker)

to the cells and used 100 ml of the mixture to make one plug. We incubated

hardened plugs in 1 ml of SEMZ overnight at 37 1C and incubated them

overnight again in 1 ml of 100 mM EDTA, 1% Sarkosyl and 10 mM Tris (pH

8.0) at 37 1C with rotation. We carried out electrophoresis for 17 h in 1.2%

agarose (Bio-Rad MegaBase), 0.5� TBE, at 200 V. Pulse times were 90 s for 6 h,

105 s for 5 h and 125 s for 6 h. We stained gels with ethidium bromide.

Western blotting. We grew strains in YPD in the presence or absence of

doxycycline (10 mg ml�1) for 12 h (TetO7-SEC18, TetO7-RER2, TetO7-POL30,

TetO7-YNL158W) or for 18 h (wild-type, TetO7-ALG13, TetO7-ALG14) at 30 1C

to an A600 of 0.5. We then collected and centrifuged cultures (25 ml) and

resuspended the cell pellets in 1.6 ml fresh YPD. We prepared protein extracts by

lysing cells with 200 ml of 1.85 M NaOH for 10 min on ice. We precipitated

proteins by incubation with 10% TCA for 30 min on ice and then pelleted them

by centrifugation for 5 min at 16,000g. We resuspended protein pellets in 280 ml

1� sample buffer (50 mM Tris-HCl (pH 6.8), 2 mM EDTA, 2% SDS, 10%

glycerol, 0.001% bromophenol blue, 48% 1 M Tris-base and 2% b-mercap-

toethanol), heated them for 10 min at 95 1C, centrifuged them to pellet debris

and transferred the supernatant to a new tube. We separated proteins by

8% SDS-PAGE and transferred them to nitrocellulose membranes. We

detected proteins by western blotting with monoclonal CPY-specific antibody

or ALP-specific antibody (Molecular Probes), polyclonal Gas1p-specific

antibody (gift from H. Riezman, Biozentrum of the University of Basel,

Switzerland) or polyclonal Abp1p-specific antibody (gift from B. Goode,

Brandeis University, Waltham, Massachusetts), and detected them using

enhanced chemiluminescence.

URL. Additional information is available on our project website at http://

hugheslab.med.utoronto.ca/Davierwala.

Accession codes. BIND identifiers (http://bind.ca): 316966–317556.

Note: Supplementary information is available on the Nature Genetics website.

ACKNOWLEDGMENTS
We thank G. Bader for assistance with the comparison of our genetic interactions
to known genetic and protein-protein interactions; A. Tong for assistance in SGA
query selection and experiments, critical evaluation of the manuscript and help
with network visualization; H. Ding for assistance with data analysis; and
O. Ryan, H. Lu, M. McCabe, O. Morozova and W. Siu for technical contributions.
This work was funded by grants from Canadian Institutes of Health Research,
Genome Canada and the Ontario Genomics Institute to T.R.H., C.B., B.J.A. and

NATURE GENETICS VOLUME 37 [ NUMBER 10 [ OCTOBER 2005 1 15 1

LET TERS
©

20
05

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eg
en

et
ic

s



G.W.B. A.P.D. was funded by a C.H. Best Postdoctoral Fellowship and J.H. was
funded by an Estate of Betty Irene West/Canadian Institutes of Health Research
doctoral research award.

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

Published online at http://www.nature.com/naturegenetics/

Reprints and permissions information is available online at http://npg.nature.com/

reprintsandpermissions/

1. Mnaimneh, S. et al. Exploration of essential gene functions via titratable promoter
alleles. Cell 118, 31–44 (2004).

2. Tong, A.H. et al. Systematic genetic analysis with ordered arrays of yeast deletion
mutants. Science 294, 2364–2368 (2001).

3. Tong, A.H. et al. Global mapping of the yeast genetic interaction network. Science 303,
808–813 (2004).

4. Giaever, G. et al. Functional profiling of the Saccharomyces cerevisiae genome. Nature
418, 387–391 (2002).

5. Hartman, J.L., Garvik, B. & Hartwell, L. Principles for the buffering of genetic variation.
Science 291, 1001–1004 (2001).

6. Hartwell, L. Genetics. Robust interactions. Science 303, 774–775 (2004).
7. Finger, F.P. & Novick, P. Synthetic interactions of the post-Golgi sec mutations of

Saccharomyces cerevisiae. Genetics 156, 943–951 (2000).
8. Breitkreutz, B.J., Stark, C. & Tyers, M. The GRID: the General Repository for Interaction

Datasets. Genome Biol. 4, R23 (2003).
9. Fien, K. & Stillman, B. Identification of replication factor C from Saccharomyces

cerevisiae: a component of the leading-strand DNA replication complex. Mol. Cell. Biol.
12, 155–163 (1992).

10. Kolodner, R.D. & Marsischky, G.T. Eukaryotic DNA mismatch repair. Curr. Opin. Genet.
Dev. 9, 89–96 (1999).

11. Mayer, M.L., Gygi, S.P., Aebersold, R. & Hieter, P. Identification of RFC(Ctf18p, Ctf8p,
Dcc1p): an alternative RFC complex required for sister chromatid cohesion in
S. cerevisiae. Mol. Cell 7, 959–970 (2001).

12. Peng, W.T. et al. A panoramic view of yeast noncoding RNA processing. Cell 113, 919–
933 (2003).

13. Mitchell, P. et al. Rrp47p is an exosome-associated protein required for the 3¢
processing of stable RNAs. Mol. Cell. Biol. 23, 6982–6992 (2003).

14. Jung, U.S. & Levin, D.E. Genome-wide analysis of gene expression regulated by
the yeast cell wall integrity signalling pathway. Mol. Microbiol. 34, 1049–1057
(1999).

15. Christie, K.R. et al. Saccharomyces Genome Database (SGD) provides tools
to identify and analyze sequences from Saccharomyces cerevisiae and
related sequences from other organisms. Nucleic Acids Res. 32, D311–D314
(2004).

16. Fujioka, Y., Kimata, Y., Nomaguchi, K., Watanabe, K. & Kohno, K. Identification of a
novel non-structural maintenance of chromosomes (SMC) component of the SMC5–
SMC6 complex involved in DNA repair. J. Biol. Chem. 277, 21585–21591 (2002).

17. Hennessy, K.M., Lee, A., Chen, E. & Botstein, D. A group of interacting yeast DNA
replication genes. Genes Dev. 5, 958–969 (1991).

18. Desany, B.A., Alcasabas, A.A., Bachant, J.B. & Elledge, S.J. Recovery from DNA
replicational stress is the essential function of the S-phase checkpoint pathway. Genes
Dev. 12, 2956–2970 (1998).

19. Huh, W.K. et al. Global analysis of protein localization in budding yeast. Nature 425,
686–691 (2003).

20. Hazbun, T.R. et al. Assigning function to yeast proteins by integration of technologies.
Mol. Cell 12, 1353–1365 (2003).

21. Avaro, S., Belgareh-Touze, N., Sibella-Arguelles, C., Volland, C. & Haguenauer-Tsapis,
R. Mutants defective in secretory/vacuolar pathways in the EUROFAN collection of
yeast disruptants. Yeast 19, 351–371 (2002).

22. Belgareh-Touze, N. et al. Yeast functional analysis: identification of two essential genes
involved in ER to Golgi trafficking. Traffic 4, 607–617 (2003).

23. Popolo, L. & Vai, M. The Gas1 glycoprotein, a putative wall polymer cross-linker.
Biochim. Biophys. Acta 1426, 385–400 (1999).

24. Cowles, C.R., Odorizzi, G., Payne, G.S. & Emr, S.D. The AP-3 adaptor complex is
essential for cargo-selective transport to the yeast vacuole. Cell 91, 109–118
(1997).

25. Stepp, J.D., Huang, K. & Lemmon, S.K. The yeast adaptor protein complex, AP-3, is
essential for the efficient delivery of alkaline phosphatase by the alternate pathway to
the vacuole. J. Cell Biol. 139, 1761–1774 (1997).

26. Gavin, A.C. et al. Functional organization of the yeast proteome by systematic analysis
of protein complexes. Nature 415, 141–147 (2002).

27. Phillips, P.C. & Johnson, N.A. The population genetics of synthetic lethals. Genetics
150, 449–458 (1998).

28. Kile, B.T. et al. Functional genetic analysis of mouse chromosome 11. Nature 425,
81–86 (2003).

29. Goddijn, M. & Leschot, N.J. Genetic aspects of miscarriage. Baillieres Best Pract. Res.
Clin. Obstet. Gynaecol. 14, 855–865 (2000).

1 15 2 VOLUME 37 [ NUMBER 10 [ OCTOBER 2005 NATURE GENETICS

LET TERS
©

20
05

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eg
en

et
ic

s


