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SYSTEMATIC GENOME-WIDE
SCREENS OF GENE FUNCTION
Anne E. Carpenter and David M. Sabatini
By using genome information to create tools for perturbing gene function, it is now possible to
undertake systematic genome-wide functional screens that examine the contribution of every
gene to a biological process. The directed nature of these experiments contrasts with traditional
methods, in which random mutations are induced and the resulting mutants are screened for
various phenotypes. The first genome-wide functional screens in Caenorhabditis elegans and
Drosophila melanogaster have recently been published, and screens in human cells will soon
follow. These high-throughput techniques promise the rapid annotation of genomes with highquality information about the biological function of each gene.
TRANSCRIPTIONAL PROFILING

The expression of thousands of
genes can be measured
simultaneously by spotting an
array of DNA sequences on a
glass slide and hybridizing a cell
population’s fluorescently
labelled mRNA (or reversetranscribed cDNA) to the slide.
The fluorescence intensity of
each spot corresponds to the
prevalence in the cells of that
nucleic acid species.
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The success of genome sequencing projects has allowed
biologists to identify almost all the genes that are
responsible for producing the biological complexity of
several model organisms. The next important task is to
assign a function to each of these genes. Several genomic
approaches have recently been developed for this purpose, but these methods are indirect and usually based
on gene-sequence or expression patterns1. For example,
genes with a similar expression pattern, as shown by
TRANSCRIPTIONAL PROFILING, often function in the same biological processes. Function can also be inferred when a
protein is found to physically interact with a protein of
known function in a YEAST TWO-HYBRID ASSAY or through
co-precipitation in purified complexes. Furthermore,
gene function can be predicted by identifying, in silico,
pairs of genes whose evolution is correlated between
organisms, or whose homologues are fused into a single
gene in other organisms. Although these strategies have
yielded large amounts of useful information when used
in a high-throughput fashion, these data sets as a whole
should be treated with caution2. False-positives are a
substantial problem1, possibly resulting from technical
limitations or the predictive nature of these strategies,
although the reliability of predictive data can be
improved notably by combining two or more independent techniques to predict function1,3.
Observing the effects of perturbed genes on cells or
organisms using forward or reverse genetics is more

reliable than predictive approaches and has been a standard strategy for biological research. It has recently
become possible to test every gene in an organism’s
genome systematically owing to the availability of collections of gene-perturbing reagents or of organisms
with known gene knockouts. Examples of these genetargeted collections include a set of yeast strains
wherein each strain has one gene that is knocked out,
and sets of RNA INTERFERENCE (RNAi) reagents that allow
the expression of each Drosophila melanogaster or
Caenorhabditis elegans gene to be decreased.
The use of these collections to conduct genome-wide
screens has several important advantages compared
with screening randomly generated mutants. First, each
member of the collection of gene-targeted organisms or
reagents is already sequenced and is easily and instantly
identifiable. Therefore, changes in phenotype (or lack
thereof) can be recorded for every gene, rather than
painstakingly following up on a handful of ‘hits’. A second important advantage of systematic screens is that
every gene is tested in a finite number of samples. By
contrast, a collection of random mutants must contain
many times the total number of genes in the organism
to cover most of the genome. Even then, statistical sampling, and more importantly, the non-random nature of
‘random’ mutagenesis means that some genes are always
missed. In a remarkable example of this phenomenon, a
traditional screen of 29,000 randomly generated yeast
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1. Identify genes to be perturbed

2. Generate library of gene-perturbing reagents
or strains (see Box 1)

3. Develop a phenotypic assay
• Choose or engineer cell type/organisms
• Work out sample preparation/staining
• Choose time-point(s) for analysis
• Determine how to classify or measure phenotypes:
(quantitative vs. qualitative or automated vs. manual)

4. Screen

5. Determine hits

6. Interpret and follow up on results
• Confirm hits experimentally
• Follow up on hits with traditional experiments
• Draw broader conclusions

Figure 1 | Steps involved in the design and
implementation of a systematic genome-wide functional
screen. See the main text for details of each step.

YEAST TWO-HYBRID ASSAY

One protein is fused to a
transcriptional activation
domain and the other to a DNAbinding domain, and both
fusion proteins are introduced
into yeast. Expression of a
reporter gene with the
appropriate DNA binding sites
upstream of the promoter
indicates that the two proteins
physically interact.
RNA INTERFERENCE

(RNAi). The process by which
the introduction or expression
within cells of single- or doublestranded RNA leads to the
degradation of the encoded
mRNA and therefore to gene
suppression.
LAMELLA

The dense, actin-rich structure
that extends the leading edge of a
migrating cell.
microRNAs
Tiny, noncoding RNAs that are
probably involved in gene
regulation.

12

mutants found three important genes that were involved
in catabolite degradation4, whereas a genome-wide
screen of 5,000 systematically generated yeast mutants
found the original three as well as six new genes5.
Systematic screens therefore save labour and materials
and give a more complete picture of the genes that
underlie a biological phenomenon.
The overall design and implementation of a systematic genome-wide functional screen (FIG. 1) is
described in this review. The first step, to identify the
genes to be perturbed, relies heavily on bioinformatics
to convert raw genome-sequence data to a list of predicted genes. The second step involves generating the
library of gene-perturbing reagents or strains. In the
third step, expertise in cell biology and instrumentation is required to develop a biologically meaningful
phenotypic assay, preferably in a high-throughput format. After the gene-perturbed collection is screened
(the fourth step), the data are analysed statistically to
identify hits (the fifth step). In the final step, the resulting data are analysed using bioinformatics to generate
broader conclusions, and often the results are followed
up experimentally. Coupled with a new crop of highthroughput technologies, systematic genome-wide
functional screens allow biologists to undertake experiments of unprecedented scale, in which the entire set
of genes in the genome of a model organism is tested
for biological function. These screens, as applied to
multicellular organisms, have been published in the
past few months and are likely to become a routine
tool of modern biology over the next decade.
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Identifying genes to be perturbed

The set of genes to be targeted must be identified and
catalogued, unless a collection of gene-perturbing
reagents is already available. This information is typically available at each model organism community’s
main web site (see online links box). Although many
genomes have been sequenced, the precise identification
of genes that are expressed is still a work in progress for
all organisms, because the sequence features that govern
transcription, splicing and translation are not fully
understood6–8. Therefore, although the term ‘genome
scale’ probably would have been more appropriate for
the screens that have been conducted so far, the term
‘genome-wide’ is generally used loosely to indicate that
most known genes have been targeted (>85%). If
genome-wide collections are not available for an organism or if sample preparation is laborious, interesting
screens can be conducted by focusing on a set of candidate genes. For example, 50 de-ubiquitylating enzymes
were screened by RNAi for involvement in the nuclear
factor of κB (NF-κB) pathway in human cells9, 100
putatively constitutively active GTPases were tagged
with cyan fluorescent protein and observed for their
localization and effects on actin morphology in
mammalian cells 10, and selected cytoskeleton and
motor-related Drosophila genes were screened for
effects on LAMELLA formation and mitotic microtubule
function11,12. Non-protein coding genes, such as those
encoding microRNAs, have begun to be identified but
methods to systematically target them are not available.
Generating gene-perturbing reagents or strains

Once the set of genes has been identified, they can then
be targeted by several gene-perturbing strategies (BOX 1)
to generate genome-wide collections (TABLE 1). The
time between sequencing a genome and producing a
genome-wide collection has decreased rapidly even as
more complex genomes are tackled. Although technological advances deserve much of the credit, the decreasing cost of oligonucleotides has made production of
genome-wide collections more feasible, as most methods for generating gene-targeting reagents rely heavily
on DNA oligonucleotides and PCR.
Homologous recombination. The most direct way to
assess gene function is to knock out the gene at the
DNA level in the genome. This type of knockout
is very difficult to produce in most organisms13 but is
easily done in yeast and is possible in cultured
mouse-embryonic stem (ES) cells by homologous
recombination (BOX 1). The first available genomewide collection of any kind was a set of ~6,000
Saccharomyces cerevisiae knockout (deletion) strains
that were generated in this manner14. The complete
loss-of-function alleles obtained through knockouts
simplify the interpretation of phenotypes. It should be
noted, however, that the partial and gain-of-function
alleles generated by random mutagenesis, although
more difficult to characterize, are often informative.
This type of information cannot be obtained with the
complete knockout strategy.

www.nature.com/reviews/genetics
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HOMOLOGOUS
RECOMBINATION

The process by which segments
of DNA are exchanged between
two DNA duplexes that share
high sequence similarity.
MOLECULAR BAR CODES

Short, unique, engineered DNA
sequences that are used as tags.
For example, the bar code on
each yeast deletion strain allows
the identity of the strain to be
determined by sequencing the
code or by hybridizing DNA
from the strain onto a
microarray.
S2 CELLS

A cell line that is isolated from
dissociated Drosophila
melanogaster embryos. The cell
line is phagocytic, which might
contribute to its susceptibility to
RNAi.
INTERFERON RESPONSE

A primitive antiviral mechanism
that triggers sequencenonspecific degradation of
mRNA and downregulation of
cellular protein synthesis.

A powerful feature of the yeast collection, that
should be included in future collections in other organisms, is that each strain has a unique molecular bar code
that allows highly parallel screens to be done in one culture vessel (BOX 1). In this approach, a selection or a competitive growth condition is applied to a pooled culture
containing approximately equal proportions of each
strain. A microarray is then used to measure the enrichment or diminishment of each bar code (and, therefore,
each gene) in the initial versus the final culture (FIG. 2c).
This allows for very efficient functional screening of the
entire yeast genome without laborious sample handling.
RNA interference. The breakthrough and improvements
in RNA interference have allowed systematic knockouts,
or, more accurately, ‘knockdowns’, in new organisms.
Several recent reviews discuss the mechanisms, biological functions and practical considerations of using
RNAi reagents15–20, which can be delivered to cells in
several ways (BOX 1). RNAi differs from permanent
knockout technologies because the protein is not necessarily eliminated from the cells completely (hence the
term ‘knockdown’): a small amount of mRNA might
escape degradation and if the rate of protein turnover is
slow, some protein can remain in the cell for a long
time, which might weaken or mask the true phenotype.

This can actually be a useful phenomenon, comparable
to a hypomorphic allele, because it allows the study of
gene knockdowns that would be lethal as knockouts. The
temporal induction of RNAi allows cells to be monitored
at time-points after the amount of the protein of interest
begins to decline so that initial, direct effects can be
observed. For essential genes, this means that RNAi
allows the observation of phenotypic effects before death.
Unfortunately, RNAi against some genes is not uniformly effective for unknown reasons. For some genes,
cells might have mechanisms to sense low amounts of
certain proteins and boost expression levels accordingly. Also, some cell types, such as neurons, seem to be
refractory to certain methods of RNAi21. The RNAi
techniques that depend on transfection of cultured
cells usually result in a mixed population of cells, some
of which escape the RNAi effect, although the transfection efficiency of short interfering RNA (siRNA) is
typically higher than that of plasmid DNA18 (BOX 1).
Other gene-perturbing strategies. Random insertional
mutagenesis, or gene trapping, can be used to perturb
gene function or to attach an epitope or reporter tag,
such as green fluorescent protein (GFP), to a gene.
Although they are randomly generated, insertional
mutants can be sequenced and placed into a collection to

Box 1 | Gene-perturbing strategies

Homologous recombination
In the process of HOMOLOGOUS RECOMBINATION, the cell’s machinery replaces an endogenous gene with an introduced
cassette flanked by regions that are homologous to sequences upstream and downstream of the targeted gene. For
the genome-wide set of Saccharomyces cerevisiae knockouts, each gene from the start to stop codon was replaced
with a cassette containing a kanamycin resistance gene and two unique MOLECULAR BAR CODES. Homologous
recombination is not nearly as straightforward as this in most multicellular eukaryotes, so knockout collections in
other organisms have lagged behind (TABLE 1).

RNA interference (RNAi)
RNA interference, first discovered in Caenorhabdtitis elegans and published in 1998 (REF. 86), has been rapidly adopted
throughout the scientific community and has spread to many experimental organisms.
C. elegans worms can be injected with, bathed in, or fed a solution of long (> 300 base pairs (bp)) double-stranded RNA
(dsRNA), or they can be fed bacteria that contain a plasmid that expresses two RNA strands that hybridize in vivo. The
false-negative rate can be high using this latter method47; to improve matters, a mutant strain of C. elegans can be used
that is particularly sensitive to RNAi (rrf-3, which is defective in a putative RNA-directed RNA polymerase)47.
In Drosophila, long dsRNA can be injected into embryos, transfected into cells that are grown in culture, or, for some
phagocytic cell types, added as a solution onto cells that are grown in culture. In particular, treatment of Drosophila S2 CELLS
with dsRNA seems to be reliable (all 26 knockdowns were successful in two recent studies11,12). The dsRNA is typically
generated in vitro by transcription from PCR templates that are generated either from genomic DNA or cDNA. Whereas
each in vitro transcription reaction produces a limited supply of dsRNA, the gene-specific oligonucleotides that are used to
generate the templates are typically available in such quantity that they could be conveniently shared between laboratories.
In most mammalian cells, long dsRNAs induce the INTERFERON RESPONSE, so researchers use short interfering RNAs
(siRNAs) instead. siRNAs are dsRNAs, with fewer than 30 nucleotides, that suppress gene expression without inducing the
interferon response. The short length of siRNAs allows the targeting of a region that lacks homology to other genes,
although nonspecific effects are still a concern87. An important disadvantage of siRNA versus long dsRNA is that the
efficacy of siRNA varies on the basis of the precise portion of the gene that is chosen, so several siRNAs must be tested.
Although the two strands of an siRNA can be chemically synthesized and hybridized, these can also be produced in vivo:
viruses or plasmids introduced into cells by transfection or transduction can express two short RNA molecules that
hybridize to form an siRNA, or express a single RNA that self-hybridizes to form a short hairpin RNA (shRNA). Compared
with synthetic siRNA, virus or plasmid-based RNAi produces a longer-lasting effect, is cheaper and is more easily shared
within the research community. The C. elegans SID-1 protein (systemic RNA interference-deficient) was recently proposed
to be responsible for the ready uptake of dsRNA without the need for transfection in C. elegans, and therefore might be a
useful tool in simplifying the delivery of functional RNAi reagents into Drosophila and mammalian cells88.
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Table 1 | Publicly available genome-wide collections of mutated strains and gene-perturbing reagents
Percentage
genome coverage

URL‡

96%

http://www-sequence.stanford.edu/
group/yeast_deletion_project/
deletions3.html

14

A partially redundant set of 5,442 yeast strains
harbouring epitope-tagged alleles generated by insertional
mutagenesis of 1,917 different genes

31%

http://ygac.med.yale.edu/
default.stm

27

A set of >13,000 yeast strains harbouring epitope-tagged
alleles of 3,565 different genes. Most strains were
generated by insertional mutagenesis, but some
were generated by directed cloning of PCR-amplified
ORFs into a yeast tagging/expression vector

58%

http://ygac.med.yale.edu/
default.stm

96

A non-redundant set of yeast strains harbouring TAP
epitope-tagged genes§, although one-third of the strains
did not produce detectable protein by Western blot

98%

http://yeastgfp.ucsf.edu/
and www.openbiosystems.com

61

A non-redundant set of yeast strains harbouring
GFP-tagged genes, although one-third of the
strains did not show detectable fluorescence

97%

http://yeastgfp.ucsf.edu/
and www.openbiosystems.com

97

A set of dsRNA-expressing plasmids that induce
RNAi when grown in E. coli and fed to C. elegans

86%

www.hgmp.mrc.ac.uk/geneservice/
reagents/products/descriptions/
Celegans.shtml

44

A set of ORFs from C. elegans that have been cloned
into Gateway™ vectors to allow convenient
recombination into desired expression vectors

34%

http://worfdb.dfci.harvard.edu/
stats.html

A set of more than 700 knockout strains

4%

www.celeganskoconsortium.
omrf.org

—

A set of dsDNA templates for in vitro transcription of
dsRNA constructed by a group of researchers at the
University of California, San Francisco

~50%

www.openbiosystems.com

—

A collection of primer pairs used to
PCR-amplify templates for in vitro transcription of dsRNA

91%

http://flyrnai.org/

A set of plasmids from the Drosophila Gene Collection
Release 1, which can be used as templates for the in vitro
transcription of dsRNA

43%

www.fruitfly.org/DGC/

Arabidopsis
thaliana

A partially redundant set of mutant lines generated by
insertional mutagenesis

~74%

www.arabidopsis.org/abrc/

Mus
musculus

A number of partial collections of transposon-mutated
mouse embryonic stem cell lines and knockout mice
that are available from several sources

—

—

See table
in REF. 102

Homo
sapiens

Several groups of non-profit institutions have announced
plans to make RNAi collections for the entire human
genome, including Netherlands Cancer Institute/
Cancer Research UK, Vienna’s Research Institute of
Molecular Pathology/EMBL/Sanger Institute, Cold Spring
Harbor Laboratories, and The RNAi Consortium||

—

—

—

Several partial-genome collections
of overexpression plasmids are
publicly available

—

Open BioSystems
(www.openbiosystems.com);
Invitrogen (http://clones.invitrogen.
com/cloneinfo.php?clone=gs);
NIH (some of their Mammalian
Gene Collection is in expression
vectors; http://mgc.nci.nih.gov)

—

Organism

Collection type*

Saccharomyces A non-redundant set of deletion strains. Two independent
cerevisiae
haploids have been made (one of each mating type), as
well as heterozygous and homozygous diploids

Caenorhabditis
elegans

Drosophila
melanogaster

Refs

100

M. Boutros and
N. Perrimon,
unpublished
observations
62

101

*Details for each collection are based on the original publication; more clones might be available. ‡The web sites listed usually describe the construction of the
collection as well as methods for obtaining a set for research use (fees and/or restrictions might apply). For other projects in progress in Arabidopsis thaliana, see
www.arabidopsis.org/info/2010_projects/2003_Report.pdf; § TAP tags consist of several epitope tags, which can be used to purify protein complexes from cell lysates;
||
The RNAi Consortium (Harvard, MIT, the Broad Institute, the Dana–Farber Cancer Institute and the Whitehead Institute for Biomedical Research); dsRNA, double-stranded
RNA; EMBL, European Molecular Biology Laboratory; GFP, green fluorescent protein; MIT, Massachusetts Institute of Technology; NIH, National Institutes of Health; ORF,
open reading frame; RNAi, RNA interference; TAP, tandem affinity purification.

be screened systematically; however, these collections are
typically not genome-wide, even in yeast. Another technology that is potentially applicable to all eukaryotes
involves tagging genes with DEGRONS, which so far has
been done for only ~100 yeast genes. As degrons produce

14
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a much faster knockout of protein function than RNAi
or genomic knockouts, direct effects of protein loss can
be observed, particularly in essential genes22. To complement technologies that eliminate or decrease gene function, partial-genome collections of cDNA expression
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a Multiwell plates

an engineered small molecule while knocking out the
endogenous kinase protein24, are not yet suitable for highthroughput approaches. So, these types of inhibitor will
probably not be used soon in systematic genome-wide
screens, although they are useful in the pharmaceutical
industry, in which chemical inhibitors are not just
research tools but are also potential therapeutic agents.

b Living cell microarrays
Developing a phenotypic assay

As the genome-wide collection of reagents or strains is
created or acquired, design of the phenotypic assay(s) to
be used in the screen can begin. Phenotypic assays are
certainly not new, but their application to thousands
of gene perturbations in parallel has required substantial technical and economic limitations to be overcome. Initial genome-wide screens have examined a
simple phenotype: cell proliferation versus cell death.
Screens have become progressively more complex as
sample preparation has become more elaborate (for
example, by using enzymatic reagents or antibody staining), the cells have been engineered in some way (for
example, by using mutants or having a reporter gene or
fluorescent marker inserted), multicellular organisms
are used (such as C. elegans), and more complex phenotypes are measured (such as intracellular localization,
life span, general morphology and growth rate). Nearly
all screens completed so far have relied on traditional,
manual techniques; high-throughput technologies are
just beginning to be used.

Spot

Cell

Top view

Side view

c Pooled cells

Selection
or sorting

Sequence or hybridize
to a gene chip

Figure 2 | High-throughput formats for screening. a | Multiwell plates. In this screening
method, each well contains a different gene-perturbing reagent (for example, plasmid or RNAi
reagent ), and cells are added to the wells. Alternatively, each well can contain an organism
with a different gene that is permanently perturbed (such as a yeast deletion strain). Green
cells indicate those that have produced a positive response in a hypothetical assay. b | Living
cell microarrays. To generate transfected cell microarrays, thousands of spots are printed
onto a glass slide with a microarrayer (top diagram). Each spot contains a different geneperturbing reagent (a plasmid or RNAi reagent, for example), and cells are plated on top
(bottom diagram). Green cells indicate those that have produced a positive response in a
hypothetical assay. c | Pooled cells. Cells can be screened in pools if each gene perturbation
is marked, for example, with molecular bar codes. For example, a mixture of yeast deletion
strains, initially present in equal proportions (indicated in the diagram by different coloured
cells), can be subjected to some selective pressure. Cells that proliferate more slowly or die
are underrepresented when the pooled genomic DNA is analysed using microarrays at the
end of the experiment.

DEGRON TAG

A degron (degradation) tag
attached to a protein of interest
specifically targets the protein
for rapid proteolysis if the
cells are grown at high
temperature (37°) and in the
presence of an overexpressed
ubiquitin-associated protein
that recognizes the tag.
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plasmids are becoming available to allow the effects of
too much gene product to be determined (TABLE 1).
Small molecule and PEPTIDE APTAMER INHIBITORS23 of protein function are useful research tools. High-throughput
phenotypic screens have been conducted using libraries
of these potential inhibitors, but systematic sets with
known protein targets are not available. This is because it
is extremely difficult to identify or develop a specific
inhibitor for any protein, and it is impossible to identify
inhibitors for proteins with unknown function. New
strategies, such as engineering a kinase to be inhibited by

Measuring traditional cellular phenotypes. A surprising
variety of biological processes has been studied using
cell proliferation and/or death as a phenotype. In yeast,
cell growth and/or proliferation can be scored by viewing colonies on agar plates for colony size or density.
Alternatively, a pooling strategy (FIG. 2c) can be used: this
method has successfully identified S. cerevisiae genes
that are involved in nutrient and metabolism pathways14,25–30, resistance and sensitivity to irradiation31–34
and various chemicals34–41, including antifungals42,43. In
C. elegans, lethality has been scored in several partialgenome and genome-wide screens44–47. In addition, a
systematic partial-genome screen in C. elegans identified
genes that, when knocked down by RNAi, increase lifespan: death was measured at time-points based on lack
of movement of worms in response to prodding48. In
the human HeLa cell line, a collection of synthetic
siRNAs targeting 510 human kinases was screened to
identify genes involved in TRAIL-induced apoptosis, using
viability as the readout49.
While still using cell proliferation and/or death as
the measurable phenotype, some relatively straightforward changes in the design of a screen can allow other
interesting questions to be addressed. For example,
S. cerevisiae genes that are required for NON-HOMOLOGOUS
END-JOINING were recovered by selecting for cells that successfully repaired a linearized plasmid that contained a
selectable marker50. Another particularly powerful twist
on screens that involved cell proliferation has been
termed ‘synthetic genetic array’, in which all genes are
tested for SYNTHETIC LETHAL interactions with a mutation

VOLUME 5 | JANUARY 2004 | 1 5
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wild type

Deletion knockout or
RNAi knockdown

a

b

c

d

e

f

g

h

PEPTIDE APTAMER INHIBITOR

Synthetic proteins that can bind
and inhibit protein function.
TRAIL

A member of the tumour
necrosis factor superfamily that
preferentially induces apoptosis
in tumour cells while leaving
normal cells intact.
NON-HOMOLOGOUS ENDJOINING

(NHEJ). One of two cellular
DNA-repair pathways that are
involved in the repair of doublestrand breaks.
SYNTHETIC LETHAL

Synthetic interactions are
identified if mutations in two
separate genes produce a
different phenotype from either
gene alone, and indicate a
functional association between
the two genes. Two genes have a
synthetic lethal relationship if
mutants in either gene are viable
but the double mutation is
lethal.
CALCOFLUOR

A chemical that binds the chitinrich bud scars that remain on the
cell surface after cytokinesis.
SYNTHETIC DOSAGE LETHALITY

This type of genetic interaction
is detected when overexpression
of a gene is lethal only if another,
normally nonlethal, mutation is
present.
COULTER PARTICLE COUNTER

An instrument that measures the
size of particles on the basis of
changes in the electrical voltage
as they pass through an orifice.
EPISTATIC TESTS

These can place genes in the
same or different pathways and
can establish the order of gene
function if they are in a single,
linear pathway. Gene A is
epistatic to gene B if the
phenotype that results from
mutation of both genes matches
the phenotype that results from
gene A alone (and does not
match that of gene B alone).

16

Figure 3 | Examples of scorable phenotypes from various
screens. In addition to studies in which several classical
phenotypes were scored by eye in Caenorhabditis
elegans44,45,47, visual screens have begun to use microscopy.
Yeast genome-wide visual screens have identified genes that
are important for sporulation (by microscopy of unstained
cells)93, cell-cycle progression (by microscopy of unstained
cells)94, bud site selection (by fluorescence microscopy of
68
CALCOFLUOR-stained cells) , mitochondrial morphology (by
fluorescence microscopy of antibody-stained cells)29 and
endocytosis (by fluorescence microscopy of lucifer-yellowstained cells)95. In addition, the subcellular localization of about
two-thirds of Saccharomyces cerevisiae genes has been
determined by tagging genes with green fluorescent protein
(GFP) or an epitope96,97. a, b | A partial-genome screen in
C. elegans, which used time-lapse microscopy of whole worms,
identified genes that are required for proper cell division89. RNAi
against C16A3.9, a 40S ribosomal protein, resulted in several
female pronuclei rather than one (arrowheads). c, d | A genomewide screen of yeast deletion mutants identified genes that are
required for normal shape and size, including phenotypes that
are classified as ‘elongated’14. e, f | A full-genome RNAi screen
in C. elegans, which examined the pattern and intensity of
Nile-red staining of fat storage droplets, identified genes that are
involved in fat metabolism98. RNAi against choline/ethanolamine
phosphotransferase reduced fat staining. g, h | A partialgenome RNAi screen in Drosophila-cultured cells identified
genes that are involved in cytoskeletal organization, viability,
attachment, cell-cycle progression and cytokinesis99. RNAi
against fizzy, a protein that is involved in cyclin catabolism,
produced cells with an increased frequency of mitotic spindles.
Panels a and b reproduced with permission from REF. 89 ©
(2000) MacMillan Magazines Ltd; Panels c and d
reproduced from REF. 14 © (2002) MacMillan Magazines Ltd;
Panels e and f reproduced from REF. 98 © (2003) MacMillan
Magazines Ltd; panels g and h reproduced from REF. 99 ©
(2003) BioMed Central.
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in a gene of interest51–53. Although not yet used genomewide, screens for other types of genetic interaction, such
as SYNTHETIC DOSAGE LETHALITY54, should prove useful as
well. Any of these concepts for a screen can be applied
using various combinations of new technologies for
gene perturbation, including using RNAi-induced
‘mutations’. These screens identify genes with redundant
functions and pathways that buffer each other, even in
S. cerevisiae55; their application to higher organisms with
presumably more redundancy should prove even more
useful.
Screens with a straightforward, but much more
quantitative, output in S. cerevisiae identified genes that
are required for the proper maintenance of cell size56,57.
In these studies, the sizes of cells from each yeast deletion strain were determined by measuring each strain
one by one using a COULTER PARTICLE COUNTER. The quantitative output of this screen allowed powerful
synthetic/EPISTATIC TESTS to flesh out a network for several
of the signalling proteins that are involved in maintaining proper cell size57.
If it is feasible to perform sample preparation for
each gene-perturbed cell population, the amounts
of a protein or metabolite can be measured. Staining
colonies of yeast deletion strains, with an antibody
for example, has identified genes that are involved in
glycogen storage58, vacuolar protein storage59, sporewall maturation60 and glucose-induced degradation of
fructose-1,6-bisphosphatase (FBPase)5. Western blots
of epitope-tagged proteins can show expression levels, as
was done for approximately two-thirds of S. cerevisiae
proteins61. By measuring ATP levels, a recent genomewide RNAi screen in Drosophila identified genes that
are involved in cell proliferation, metabolism, growth
and/or viability (M. Boutros and N. Perrimon, unpublished observations).
Using reporter genes. The screens described so far have
mainly focused on the responses of unengineered cells
to the disruption of genes. The use of reporter genes
can conveniently show phenotypes that would otherwise be laborious or challenging to detect, and multiwell plate readers are available to detect fluorescent or
luminescent reporter products (FIG. 2a). In the first
published systematic partial-genome RNAi screen in
Drosophila, a reporter gene was transiently transfected
into cultured cells to identify genes that are involved in
modulating the response to the Hedgehog signalling
pathway62. In overexpression screens, plasmids that
encode 11,000–20,000 human genes have been tested
for their effects on reporter genes in mammalian cell
lines63–65. Variations of reporter assays can also be used
to examine biological functions other than transcription. In C. elegans, a specially designed LacZ cassette
was used as a reporter in a genome-wide RNAi screen
to identify genes that protect against mutations in the
genome66. Insertion of a transposon into a muscle gene
in C. elegans causes a twitching phenotype that was used
as a reporter in a genome-wide RNAi screen to identify
genes involved in the removal of the transposon from
the gene67.
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MITOTIC INDEX

The percentage of cells in the
mitotic phase of the cell cycle.

Visual phenotypes. Many biological questions can only
be answered visually — that is, by scoring a visible phenotype at the level of the entire organism or in individual cells, and many yeast screens that use microscopy
have already been completed (FIG. 3). Because cells from
higher organisms are larger and more specialized, there
are tremendous opportunities for interesting visual
screens that have only begun to be tapped (FIG. 3). Until
recently, visual screens required highly trained scientists
to spend many hours examining samples with a microscope and yielded only qualitative results. Now, however, images can be collected by motorized microscopes
and then rapidly viewed later by a researcher, or quantitatively analysed using computerized software (BOX 2).
Dozens of systems for automated imaging have become
commercially available over the past several years, making it feasible to carry out genome-wide screens with
complex and subtle visual outputs (TABLE 2).

Screening for multiple phenotypes. There are methods
other than automated imaging that can be used to multiplex samples — that is, to extract more than one data
point per sample in a given experiment. For example,
the activity of two different reporter genes can be measured simultaneously. Two systematic genome-wide
phenotypic screens can also be run in parallel and their
results compared, and can provide new insights. For
example, screening most of the genes in S. cerevisiae
showed a correlation between cell morphology and
bud site selection68. In another study, 8,000 supernatants from cells that were transfected with human
cDNA expression plasmids, that encode predicted
secreted proteins, were tested in many cell-based assays
relating to diabetes and T-cell function69,70. The combination of data from such a variety of assays provides a
more complete understanding of the biological effects
of each protein.

Box 2 | Advances in automated imaging
Automatic image analysis can be
simultaneous with ('on the fly')
or separate from image acquisition

Automatic focusing can be
based on computerized analysis
of images from several potential
focal planes (slow but accurate)
or based on a certain offset from
the bottom of the multiwell plate
which is detected by a laser
Motorized X-Y-Z stage

Light source:
laser confocal or
conventional lamp

Motorized
filter wheels

Digital camera:
black and white
or colour

Reflectors to change
the fluorescence
wavelengths observed

Possible additional features:
• Automated pipettor for adding reagents during
live experiments
• Environmental control (temperature, carbon dioxide,
humidity)
• Motorized objective turret to change magnification
• Laser for ablation or laser-mediated transfection of
individual cells
• Robotic plate stacker/loader

Automated imaging, or high-throughput microscopy, allows the rapid acquisition of a large number of images from
multiple samples. Unlike other types of assay, image data provides information on multiple phenotypes simultaneously,
because several parameters such as shape, size, texture and staining intensity can be measured, using multiple
fluorophores to label different targets within each cell. Images can also be reanalysed years later from a different
perspective. For example, images from a screen to look for changes in the size of nuclei can later be reanalysed for
differences in DNA texture should that parameter become interesting. In addition to these advantages, a unique property
of image-based assays is that the phenotype of interest can often be measured on a per-cell basis, so that the phenotype of
a particular subset of the cells in the dish can be analysed, using the remaining cells as controls. For example, the length of
neurites can be measured from among the mixture of cells that are present in a primary brain cell culture if the neurons
are labelled with a specific antibody.
Automated microscopes, which are becoming staples of academic laboratories, have motorized control of stages, filter
wheels and cameras to allow the automated acquisition of images (see figure). The real power of automated imaging
comes when image processing is also automated, allowing phenotypes to be scored by a computer. Automated image
analysis is now being adapted to several assays. It is relatively straightforward to measure the brightness of fluorophores
on a per-cell basis: this allows comparison, for example, of green fluorescent protein (GFP) expression levels or amounts
of protein (stained with a fluorescent antibody). Other common automated imaging assays show the extent of colocalization between two proteins, MITOTIC INDEX, apoptosis, cell spreading, cell migration, the growth of neurites from
neurons and the changes in intracellular localization that many signalling proteins experience on activation. Many studies
that use automated imaging have recently begun and the next few years should see a flurry of publications using this
technology, particularly as genome-wide collections become available for mammalian cells.

NATURE REVIEWS | GENETICS

VOLUME 5 | JANUARY 2004 | 1 7

REVIEWS

FLUORESCENCE PLATE READERS

Future high-throughput technologies. Several powerful
technologies have yet to be applied to systematic
genome-wide screens of gene function. For example,
FLUORESCENCE PLATE READERS have yet to be used (for example, in fluorescent staining or FLUORESCENCE RESONANCE
ENERGY TRANSFER (FRET)), although they have already
been widely used in the pharmaceutical industry for
high-throughput screens of chemical compounds. Poor
signal-to-noise could be an important problem when
using fluorescence plate readers with cells that are
grown in monolayers on the bottom of the well. The
ability to use FLUORESCENCE ACTIVATED CELL SORTERS (FACS)
to rapidly screen entire genomes of mammalian or
Drosophila cells awaits the availability of reagents to
generate a pooled collection of gene-perturbed cells —
for example, with LENTIVIRUSES. Decreasing costs of
robotic equipment could also give rise to new advances.
Although pharmaceutical companies that screen tens to
hundreds of thousands of compounds per day use
extensive automation, robotics are not routinely used
in many of the academic laboratories that conduct

systematic genome-wide screens. CELL MICROARRAYS can
ease throughput issues, as conventional microarrayers
can deposit up to 10,000 different gene-perturbing
reagents in spots on a single slide (FIG. 2b). If cells are
plated onto the slide, those that attach on one of the
spots take up the corresponding reagent71. Initially
demonstrated using a mixture of transfection reagent
and overexpression plasmids (in a process known as
reverse transfection), the format is also compatible
with spots of synthetic siRNA72,73. Similarly, the format
should be adaptable to other strategies: spots of RNAiinducing double-stranded RNA (dsRNA) could be used
for Drosophila cells and siRNA expressed from a purified virus or from a plasmid mixed with transfection
reagent could be used for mammalian cells.
Screening

Practical, economic and technical issues become relevant
when dealing with the large number of samples that are
involved in systematic genome-wide phenotypic screens.
These are discussed in BOX 3.

Instruments that read the
fluorescence in each well of a
multiwell plate.
FLUORESCENCE RESONANCE
ENERGY TRANSFER

(FRET). A phenomenon by
which the energy from an
excited fluorophore is
transferred to an acceptor
molecule at short (<100 Å)
distances, leading to decreased
fluorescence of the donor and
increased fluorescence of the
acceptor. The efficiency of
energy transfer depends strongly
on the distance between the
donor and acceptor molecules.
FLUORESCENCE ACTIVATED
CELL SORTERS

(FACS). The separation of cells
or chromosomes by their
fluorescence and light-scattering
properties, which are measured
as the particles flow in a liquid
stream as they pass through laser
beams. The stream is then
broken into droplets, and
selected droplets are electrically
charged and deflected into
collection vessels as they pass
through an electric field.
LENTIVIRUS

A type of retrovirus that can
transduce overexpression and
RNAi-inducing constructs to
dividing and non-dividing
mammalian cells.
CELL MICROARRAYS

An array of gene-perturbing
reagents (such as plasmids plus a
transfection reagent) that is
spotted onto a glass slide. Cells
that are are plated onto the slide
and that land on a spot are
affected by the reagent.
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Table 2 | Automated imaging companies and products
Company

Instrument

Web site

Acumen Bioscience/TTP LabTech

Acumen Explorer

www.acumenbioscience.com

Amersham Pharmacia

IN Cell Analyzer 1000 & 3000

www4.amershambiosciences.com

Amnis

ImageStream

www.amnis.com

Aperio

ScanScope

www.aperio.com

Applied BioSystems

FMAT/8200

www.appliedbiosystems.com

Atto Bioscience

Pathway HT

www.atto.com

Automated Cell

ACI

www.automatedcell.com

Axon Instruments

ImageXpress 5000A

www.axon.com

BioGenex

GenoMx VISION

www.biogenex.com

CellaVision

DiffMaster & MICRO21

www.cellavision.com

Cellomics

ArrayScan/KineticScan

www.cellomics.com



ChromaVision

ACIS

Compucyte

Laser Scanning Cytometer & iCyte

www.compucyte.com

Cyntellect

LEAP

www.cyntellect.com

www.chromavision.com

Cytokinetics

Cytometrix

www.cytokinetics.com

Evotec Technologies

Opera

www.evotec-technologies.com

Imstar

Pathfinder

www.imstar.fr

Intelligent Imaging Innovations

Everest/Marianas

www.intelligent-imaging.com

Metasystems GmbH

Metafer/Metacyte

www.metasystems.de

Olympus BioSystems

LUI

Product information not yet available

Q3DM

EIDAQ 100

www.q3dm.com

QED Imaging

Custom cell scanner

www.qedimaging.com

Universal Imaging Corporation

Discovery-1

www.image1.com

Apart from the companies listed, several software packages can be used to automate nearly any off-the-shelf motorized microscope. In
addition, image analysis can be done completely separately from image collection using programs such as NIH Image, ImagePro,
MetaMorph, MATLAB, Mathematica, Mathcad, IDL (Interactive Data Language) and LabView. Some of these packages have add-in
modules to allow sophisticated image analysis, but all require expertise in image analysis and/or programming. Our laboratory is currently
developing publicly available, flexible software to allow cell biologists to analyse thousands of cell images automatically for any phenotype
(A.E.C. and D.M.S., unpublished observations). There is a continuum between microscopes with some motorized components and
simple software for automation, and a ‘turn-key’ integrated system with full automation and pre-programmed image-analysis algorithms.
We have focused on the latter, but this list is probably incomplete. Note that some of the instruments do not have fluorescence
capabilities and are intended for clinical applications (such as for analysing tissue or blood samples). Some instruments are not
commercially available (they are either still in development or have been developed for the company’s own drug development) but might
be available as a service or collaboration.
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Determining hits

So far, selecting hits in a screen has been fairly subjective;
for example, by choosing a certain percentage of outliers
as hits56,57, or choosing a multiple of the standard deviation (M. Boutros and N. Perrimon, unpublished observations). Another method for confirming assay quality
and setting a threshold above which samples are considered as hits is to compare the results of the screen with
the published literature and comment on what percent of
expected, known genes were uncovered in the screen. An
important factor to consider when choosing the threshold is whether false-positives or false-negatives will be
more detrimental during subsequent analysis. Because
genome-wide screens are comparable to doing thousands of individual phenotypic experiments, the contributing factors to the false-negative and false-positive
rates, as well as methods for normalizing data, depend
on the particular assay and technology used. When
developing and optimizing a phenotypic assay with a
quantitative output, the Z-FACTOR provides a simple measurement of high-throughput assay ‘quality’74. The Zfactor has not yet seen much use in genome-wide
screens from academic laboratories, largely because few
screens so far have a quantitative output.
Interpreting and following up on results

Confirming hits experimentally. For screens with a
manageable number of hits, it is not unreasonable to
repeat the original assay to confirm each hit, and this is
sometimes done. It is less common to confirm each hit

in an alternative way, although techniques are often
available to do so. For example, a phenotype that is
observed in a yeast deletion strain should usually be
reversed by transforming the cells with a plasmid that
expresses that gene. Another strategy used in yeast is to
confirm that the observed phenotype co-segregates
with the resistance gene that replaced the deleted gene,
to ensure that the phenotype is not the result of an
unknown secondary mutation that has spontaneously
arisen in the strain. Such studies showed that phenotypes of 6.5% of the haploid strains that were generated by the Saccharomyces Genome Deletion Project
(TABLE 1) did not co-segregate with the selectable
marker appropriately2. When homozygous diploid
strains are screened, this is not an important concern
because two independently generated haploid strains
were mated to generate the diploids, thereby decreasing the possibility of a spontaneous mutation in both
alleles of an unknown gene.
Different methods can be used to confirm the results
of RNAi screens. Although very important results could
be confirmed by engineering a true knockout using traditional methods, this can be laborious. Guidelines for
proper controls for RNAi experiments were recently
suggested, most of which are currently feasible for confirming only a small number of hits75. For certain types
of phenotype produced by RNAi (such as a decrease in
cell size), it can be informative to transfect cells with a
plasmid that overexpresses the candidate gene to determine whether the opposite phenotype is observed.

Box 3 | Practical challenges in high-throughput screening

Pooling
It might be advisable to screen the genome in pools, depending on the time and money involved in sample preparation
and analysis. Pooling more than one double-stranded RNA (dsRNA) in Caenorhabditis elegans reduces efficacy89,90, but
results with RNA interference (RNAi) in Drosophila have been more favourable11,62. Even so, hits are more easily
identified when samples are not pooled, and for quantitative assays, obtaining a result for every individual gene is
important for broader conclusions to be drawn. Pooling can be scientifically useful when several genes are thought to be
redundant, because several genes can be knocked down simultaneously.

Repeating screens
It was initially considered sufficiently challenging to accomplish one pass through a collection of genes but, with time, it
will probably be necessary to repeat screens before the data are considered rigorous and complete. Although the falsepositive rate was negligible (<1%), a recent study in C. elegans showed false-negative rates of 10–30% between two
rounds of screening for several classical phenotypes, even when conducted in the same laboratory47. It might also be
useful to repeat screens in more than one cell type, as was done recently in Drosophila (M. Boutros and N. Perrimon,
unpublished observations); any one cell type from a multicellular organism is likely to have a considerable portion of its
genome silenced, which means that knockouts or knockdowns against these genes will have no effect.

Data handling
Storing, analysing and retrieving data that is generated from high-throughput screens of any kind can be a challenge, even
with screens that generate a single quantitative output. For images, an academic-industry collaboration is working towards
a universally accessible format and database, known as the Open Microscopy Environment (see online links box). This
software, which will include integrated image-processing routines, allows storage, retrieval and analysis of image data91.
Z-FACTOR

A measurement that takes into
account the dynamic range of
the assay (how far apart the
positive controls are from the
negative controls), as well as data
variability (how much variation
is seen in the measurements of
positive and negative controls).
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Data sharing
Data from genome-wide screens, similar to those generated by genome sequencing projects and gene-expression
microarrays, are potentially even more helpful after their initial publication, when they are analysed from a different
perspective or in combination with new data. It is therefore imperative that these data be publicly accessible and in a
standardized format. The main web site of each model organism (see online links box) typically provides a
centralized repository for data from genome-wide screens79,92, although data are sometimes available only from a
laboratory’s own database80.
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Another possibility is to use a specific chemical inhibitor
to confirm a phenotype in those rare cases in which one
is already available for the protein that is discovered in
the screen. Of course, a genome-wide screen will typically include thousands of samples that produce negative results, thereby eliminating the need for negative
controls that are designed to ensure that the RNAi protocol does not itself produce the phenotype of interest.
Experimental follow-up. In addition to simply confirming hits, it is fairly common to perform a series of
traditional follow-up experiments on hits from screens,
such as performing the original assay in a different cell
type or strain background, or conducting a secondary
screen to separate hits into mechanistic classes. For
example, RNAi reagents against C. elegans genes, that
caused embryonic lethality in initial screens44,45, were
screened by video microscopy in a secondary assay for
defects in pronuclear migration76. It is often informative to combine two knockouts/knockdowns in the
same cell to look for genetic interactions (such as epistasis, enhancement and suppression), either by treating
cells with two RNAi reagents simultaneously or crossing two yeast deletion strains and analysing double
mutants. This strategy can place proteins upstream
and downstream of each other into pathways to deduce
a network, as was accomplished for several yeast
genes that are involved in cell growth and division57.
Furthermore, dosage effects can be observed in yeast by
comparing the phenotype of heterozygous diploids
with haploids, and in RNAi-amenable organisms by
varying the amount of RNAi reagent or assaying the
phenotype at several time-points after RNAi treatment
as protein levels drop.
Once a genetic perturbation is made, even by traditional mutagenesis, it has always been difficult to determine which changes in the organism are the direct
result of the change and which are indirect or even compensatory for the perturbation77,78. From this point of
view, certain technologies are better than others: RNAi
offers better temporal resolution than permanent
knockout strains. For example, cells can be examined at
several time-points after the addition of the RNAi
reagent to determine which phenotypes occur first. By
contrast, knockout strains are permanently missing the
protein of interest and have achieved some degree of
homeostasis, possibly including compensatory changes.
Drawing broader conclusions. It is not atypical, particularly for initial genome-wide screens in an organism, for
the primary screen to be the only experimental data in
the study. Apart from the value of the list of genes that
are implicated in the process of interest, several systemswide conclusions can be drawn by looking at the data as
a whole rather than focusing on individual genes. This
perspective often shows valuable information about cellular physiology and about the relationships between
classes of gene. The genes can be classified by several
parameters, all of which can be informative: these
include enzymatic function, signalling pathway, the
presence of domains or motifs and genomic location.
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For example, a genome-wide screen showed that genes
that produce a nonviable phenotype were found less
often on the X chromosome or at the ends of chromosomes, indicating selective pressure against essential
genes in those locations44,46.
Functional categorization of genes that are found
in screens can show important regulators of (or contributors to) cellular processes. For example, mitochondrial genes were found to be crucial for longevity
in C. elegans 48. This insight relied on combining the list
of hits in the genome-wide screen with the WormBase
online database (see online links box), to which
researchers over the years have added notes about mitochondrial function to some of the genes. As another
example, the discovery of a phenotype associated with
RNAi against a predicted gene confirms that the gene is
truly expressed, which adds to the annotation of the
genome sequence (M. Boutros and N. Perrimon,
unpublished observations). These examples show the
cumulative effects of scientific research in action: as
more is learned about each gene, more becomes known
about other genes and the complex biological processes
in which they are involved.
Genome-wide approaches should accelerate markedly
the pace of this cumulative effect. Entire genome-wide
data sets can be correlated with other published genomewide data sets from various sources, including geneexpression microarrays, protein–protein interaction
studies and in silico predictions of gene function.
Meshing new genome-wide data with the increasingly
large existing data sets can be daunting, but it is certainly
possible1,79,80. For example, a study that measured
expression of tandem affinity purification (TAP)-tagged
proteins in yeast by Western blot was correlated with
previous mRNA expression data to show a relatively
constant ratio of protein to mRNA (~4,800) over a wide
range of mRNA abundances61.
Depending on the technique used to perturb each
gene, negative results can be meaningful as well, and
should be incorporated into databases. This is particularly the case for knockout strains, such as the yeast collection, in which a negative result indicates that the gene
is not required for the process. For RNAi techniques,
caution must be used because it is possible that for any
particular gene, the RNAi reagent was not functional for
some reason. In cases in which the false-negative rate is
too high to conclude anything about one particular
gene, there might still be sufficient evidence to propose
that a group of related genes is not required for a process
if every member of the group produces a negative result.
Note that experiments that are conducted in the format of systematic genome-wide functional screens are
not any less hypothesis-driven than the corresponding
traditional experiments. In other words, if it is scientifically interesting to determine whether any one particular gene is required for a process, it is worthwhile
answering the same question for all genes in parallel. In
contrast to traditional experimentation, in which one
gene is studied by many experimental methods, these
screens use one experimental method to study all genes.
If the results of these experiments are appropriately
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added to gene annotation databases, conclusions can be
drawn from the behaviour of many genes in a single
genome-wide screen (‘horizontal’ data mining), but also
for one particular gene across a set of screens (‘vertical’
data mining) — which is conceptually similar to traditional experimental design80.
Conclusions

Systematic functional screens are fundamentally changing how biologists identify the molecular components
that drive biological processes. These screens are becoming standard practice in S. cerevisiae and C. elegans, in
which it is possible to undertake screens in the whole
organism. In the near future, gene-perturbing reagents,
such as retrovirally-expressed RNAi constructs and fulllength cDNAs, will probably become available for all
mouse and human genes. These tools will undoubtedly
accelerate our understanding of the cell biological
processes that can be observed in mammalian cells in
culture. For example, certain aspects of vasculogenesis81
can be reproduced in vitro, making this process
amenable to genetic dissection with systematic screens.
Even more appealing is that genome-wide collections of reagents for mice raise the possibility of conducting screens in a whole mammalian organism.
Although technological advances must be overcome to
achieve this, the ability to study mammalian physiology
in vivo while perturbing every gene in the genome
promises a remarkable payoff. Transgenic RNAi constructs have already been shown to induce gene-specific
knockdowns in a whole mouse82–84. As it is simpler to
create loss-of-function mouse mutants with RNAi than
with traditional homologous recombination, it might
be feasible to generate a collection of mouse strains that
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