Current Genomics, 2007, 8, 000-000

1

Longevity Genomics Across Species
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Abstract: Unbiased genome-wide studies of longevity in S. cerevisiae and C. elegans have led to the identification of
more than one hundred genes that determine life span in one or both organisms. Key pathways have been uncovered linking nutrient and growth factor cues to longevity. Quantitative measures of the degree to which aging is evolutionary conserved are now possible. A major challenge for the future is determining which of these genes play a similar role in human aging and using that information to develop therapies toward age-associated diseases.

INTRODUCTION
The relatively long life span enjoyed by most mammals
presents a difficulty in studying the genetic and environmental features that determine longevity. Experiments designed to directly test the hypothesis that a particular gene or
treatment influences life span require a few years in a mouse,
several decades in monkeys, and are impractical in humans.
Thus, a handful of simple eukaryotes have been used to
characterize the pathways that regulate aging in short-lived
organisms. Of these, the fruit fly Drosophila melanogaster,
the nematode Caenorhabditis elegans, and the budding yeast
Saccharomyces cerevisiae, have emerged as the most widely
used and, hence, best characterized, model organisms in biogerontology.
When considering the use of simple eukaryotes to study
aging and age-related disease, it is pertinent to ask whether,
and to what degree, the aging process is evolutionarily conserved. Does a yeast cell age by the same mechanism(s) as a
mouse? Is the longevity of a nematode determined in the
same way as that of a person? The complete answers to these
questions remain largely unknown; however, discoveries
made over the last several years have unequivocally demonstrated that at least some of the factors regulating longevity
are shared between yeast, worms, flies, and mice. The degree
to which these pathways will be relevant to human longevity
and age-associated disease is an important unanswered question.
The most direct method to address how well the features
that determine longevity have been conserved is to identify
genes or interventions that function similarly to modulate life
span in different organisms. Components of insulin/IGF-1like signaling pathway, the sirtuin family of protein deacetylases, and the nutrient-responsive TOR kinase, among others,
have been found to have this property (Table 1). Until recently, however, the genetic analysis of longevity was largely
limited to mutagenesis screens for secondary phenotypes
(such as stress resistance) or targeted studies of specific
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genes, based on prior knowledge. While many important
insights were gained from such studies, they, by necessity,
self-selected for mutants with specific properties that are (at
best) secondarily related to longevity. Thus, it remains unclear to what degree the pathways regulating longevity are
evolutionarily conserved and whether the known longevity
genes represent most of the important players or only a small
fraction.
Recent technological and methodological advances have
allowed researchers to consider, for the first time, genomewide studies directly measuring longevity [1]. To date, four
such studies have been reported: two in the nematode
Caenorhabditis elegans [2-5] and two in the budding yeast
Saccharomyces cerevisiae [6, 7]. In each of these studies,
large-scale libraries were used to identify genetic perturbations that increase life span. The emphasis on mutations that
increase life span is important, since there are many ways to
shorten life span without accelerating aging. Here I summarize some of the implications of these studies and describe
efforts now underway to utilize genomic approaches to identify genes that influence human longevity and age-associated
disease.
GENOME-WIDE RNAi SCREENS IN C. elegans
The first true genomic longevity screens to be reported
were carried out in C. elegans by the Kenyon and Ruvkun/Li
labs [2-5]. Both groups took advantage of the relative ease
with which gene expression can be knocked down using
RNAi in this organism. For essentially any C. elegans ORF,
expression can be decreased by feeding animals E. coli expressing double-stranded RNAi corresponding to that gene
[8]. Two different libraries have been created that contain E.
coli clones corresponding to most of the C. elegans ORFeome [9, 10]. Both of the published genome-wide RNAi
longevity screens used the library created by the Ahringer
lab containing more than 15,000 clones [9, 11]. In each case,
effort was concentrated on identification of RNAi clones that
conferred increased life span [2-5] (Fig. 1).
Taken together, these two RNAi screens identified 130
ORFs that modulate longevity [12]. Among the life span
enhancing RNAi clones, both groups observed enrichment
for genes involved in similar functions. For example, genes
©2007 Bentham Science Publishers Ltd.
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Table 1.
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A selection of Evolutionarily Conserved Longevity Determinants

A small number of genes or interventions are known to increase life span in different model organisms. A selection of these are shown here.
Antioxidant enzymes – Increased expression of antioxidant enzymes, such as superoxide dismutase and catalase increase life span in yeast, flies, and mice
[23, 26-29]. The free radical theory of aging posits that many age-associated phenotypes result from damage caused by oxidative free radicals, which are
likely to be reduced by increased expression of antioxidant enzymes [30].
Dietary restriction (calorie/caloric restriction) – Dietary restriction increases life span in yeast, worms, flies, mice, rats, and other organisms [31, 32].
The mechanisms by which dietary restriction promotes longevity and retards disease remain unknown, although several hypotheses have been proposed.
Insulin/IGF-1 – Mutations that decrease insulin/IGF-1-like signaling increase life span in worms, flies, and mice [33-35].
Resveratrol – Increases life span in fish, worms, and flies [36, 37]. Resveratrol is a polyphenolic compound found in red wine and grapes that acts on several cellular proteins, including sirtuins, AMP kinase, mitochondrial ATP synthase and complex III, fatty acid synthase, protein kinase C, p53, MEK1,
TNF and NFB [38].
Ribosomal Proteins – Deletion or RNAi inhibition of individual ribosomal proteins increases life span in yeast and worms [6, 13, 39].
S6 Kinase – Decreased S6 kinase activity increases life span in worms and flies [14, 21]. S6 kinase is a TOR target that promotes ribosome maturation.
Sch9/Akt – Deletion of Sch9 increases life span in yeast and RNAi of Akt isoforms increases life span in C. elegans [3, 24, 40, 41].
Sirtuins - Increased activity of Sir2 orthologs increases life span in yeast, worms, and flies [42-44].
TOR – Mutations that decrease activity of the nutrient-responsive TOR kinase increase life span in yeast, worms, and flies [6, 7, 19-21].

important for mitochondrial function were enriched in both
screens [2-5], demonstrating the important role that this organelle plays in aging of C. elegans. Epistasis analysis was
used to putatively place genes into known aging pathways,
such as those defined by insulin/IGF-1-like signaling and
dietary restriction.

Despite the similarities in functional categories of genes
identified from each screen, the overlap among individual
ORFs was surprisingly small. Of the 130 ORFs identified
between the two studies, only three were identified in both
studies. The same RNAi library was used by both groups [9],
and although methodology differed somewhat, it seems unlikely that this would account for such a low degree of
agreement. One possibility is that both studies contained a
high rate of false negatives. Consistent with this idea, more
recent reports have identified additional RNAi clones that
increase life span, but were not uncovered by either screen
(e.g. see refs [13, 14]). Variability in RNAi efficiency could
contribute to a high false negative rate. It seems likely, however, that false positives were also a factor in the relatively
small overlap between the two genomic RNAi longevity
screens. Although both groups carried out internal validation
of their hits, an independent reanalysis of the 130 putative
longevity-modulating ORFs has not been reported. Thus, it is
difficult to estimate the false positive rates. Regardless, it
seems likely that additional longevity-determining ORFs,
and perhaps novel aging pathways, remain to be identified in
C. elegans.
GENOME-WIDE DELETION SCREENS IN S. cerevisiae

Fig. (1). Schematic of worm RNAi screens for increased life
span. Individual ORFs can be specifically knocked down in C.
elegans by feeding worms E. coli expressing double-stranded RNA
corresponding to the ORF (RNAi). A library of ~15,000 different
RNAi clones has been screened for long life span by identifying
RNAi clones that have a high percentage of live animals on them
after a length of time sufficient for most control (empty vector =
EV) animals to have died. RNAi #2 in this example corresponds to
a gene that limits life span.

A major advantage of yeast as a model for longevity
studies is the ability to separate the aging of mitotic cells
from the aging of post-mitotic cells [15]. Mitotic, or “replicative”, life span in yeast is defined as the number of daughter cells produced by a mother cell prior to senescence. Postmitotic, or “chronological”, life span is defined as the length
of time that a cell can survive in a non-dividing, quiescentlike state. Like the case for C. elegans, studies of aging in
yeast are also facilitated by the large amount of comparative
genomic data and community resources available. For example, the yeast deletion collection is a set of isogenic, singlegene deletion strains covering ~6000 unique ORFs in the
yeast genome, which have proven particularly useful for
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genome-wide studies of a variety of phenotypes, including
longevity. Parallel screens of the yeast deletion collection
have been initiated with the goal of systematically measuring
both replicative and chronological life span for each of the
~5000 non-essential single-gene deletion strains present in
the set [16].
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sibility is that decreased TOR signaling increases replicative
life span by down-regulating mRNA translation, either specifically or generally.

Genome-Wide Analysis of Yeast Replicative Life Span
Measuring replicative life span for ~5000 different
strains is a daunting task. The replicative life span assay in
yeast involves manual micromanipulation of daughter cells
away from mother cells, while tallying the number of daughters produced by each mother [15]. In a typical experiment
comparing a control versus experimental group, approximately 50 mother cells are assayed per strain in triplicate.
Since the average life span of the deletion set parental strain
(BY4742) is ~26 generations (daughter cells produced),
standard methodology would require microdissection of approximately (50*3*5000*26 = )19.5 million daughter cells.
In order to reduce the effort required to assay replicative
life span for each strain in the deletion collection, statistical
methods were used to develop an iterative method (Fig. 2) in
which 5 cells are initially assayed for each deletion mutant
[6]. Based on the average replicative life span of these 5
cells, each mutant is classified as unlikely to be long-lived,
likely to be long-lived, or intermediate. In the case of either
of the latter two classifications, additional cells are assayed,
until a definitive classification can be made. This iterative
method was used to characterize the replicative aging properties for 564 single-gene deletion strains in an initial report
published in Science. Of the 564 deletion mutants, 13 were
verified to have extended replicative life span, relative to the
parental strain [6]. The false positive rate is expected to be
low, due to validation of long-lived strains by testing of an
independently derived deletion allele. The false negative rate
is unknown. It is worth noting, however, that the hit rate for
the initial 564 strains examined (~2%) is about twice that of
the pooled RNAi screens in C. elegans (~1%).
Among the 13 replicatively long-lived single-gene deletion strains, at least 5 are known to function in a wellcharacterized TOR (target of rapamycin) signaling pathway
[6]. TOR kinases are evolutionarily conserved proteins that
function to mediate mRNA translation, cell growth, metabolism, degradation, and stress resistance (among other processes) in response to nutrient and growth factor cues [17,
18]. Mutations that decrease TOR activity have also been
reported to increase life span in both C. elegans [19, 20] and
Drosophila melanogaster [21], suggesting an evolutionarily
conserved link between TOR signaling and aging. Unlike
most multicellular eukaryotes, yeast have two TOR paralogs:
TOR1 and TOR2. The tor1 strain (Tor2 is essential), along
with two strains deleted for TOR-regulatory factors (ure2 
and rom2) were found to have a significantly increased
replicative life span. Interestingly, two single-gene deletion
strains lacking different genes coding for ribosomal large
subunit proteins (rpl31a and rpl6b), which are known to
be transcriptionally up-regulated by TOR, were also among
the long-lived mutants [6]. As with the TOR genes, most
yeast ribosomal protein genes are duplicated, allowing for
viable deletion of one, but not both, paralogs. Thus, one pos-

Fig. (2). An interative method for measuring yeast replicative
life span for ~5000 single gene deletion strains. For each single
gene deletion strain, replicative life span is determined initially for
5 mother cells. Each strain is classified as either “not long-lived”
(NLL), “long-lived” (LL) or “ambiguous life span” (ALS), based
on the 5-cell average. For strains classified as ALS, replicative life
span is determined for additional mother cells, until a classification
as either NLL or LL can be made. Verification of LL strains involves replicative life span analysis of an independently derived
deletion mutant corresponding to the particular ORF.

The genome-wide analysis of yeast replicative life span
is ongoing, with initial replicative life span data having been
obtained for nearly 100% of the strains in the ORF deletion
collection (MK and B. Kennedy, unpublished data). Validation of putative long-lived deletion mutants continues, and
several dozen novel longevity genes have been identified. As
with the initial set of 13, several of these genes have known
links to the TOR pathway, both upstream and downstream of
TOR, further solidifying the importance of this key nutrientresponsive factor as a primary determinant of replicative
longevity in yeast.
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Genome-Wide Analysis of Yeast Chronological Life Span
Yeast chronological life span refers to the length of time
cells can maintain viability during quiescence [22]. Chronological longevity has typically been assayed by culturing
cells into stationary phase in liquid culture, while periodically measuring the percent of cells still alive by dilution and
plating onto a nutrient rich agar-based media [15]. Viability
is then calculated based on the number of colonies arising
(colony forming units) on the nutrient agar. As with the yeast
replicative life span assay, this methodology requires a relatively large investment of time and resources, and is not
suited for high-throughput study.
A high-throughput method for measuring chronological
life span (Fig. 3) was recently described, in which cells are
aged in 96-well microtiter plates [7]. Rather than monitoring
survival of individual cells based on colony forming units,
relative cell viability of the population can be determined by
the rate of outgrowth in liquid culture (based on optical density at 600 nm) following dilution into rich media. All cell
and liquid transfers are automated using high-density replica
pinning robot. While less quantitative than the traditional
methodologies, this drawback is offset somewhat by the ability to monitor survival for several thousand strains simultaneously.
This high-throughput chronological life span assay was
used to measure the relative chronological longevity for each
of the strains in the yeast ORF deletion collection [7]. The
entire set of ~5000 deletion mutants was ranked based on
relative survival. Among the 90 highest ranked strains, 16
contained deletions in genes implicated in TOR signaling
and nutrient uptake, including TOR1, the ammonium per-
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meases MEP2 and MEP3, the amino acid permease AGP1,
and the TOR-regulated transcription factor GLN3 [7].
The two longevity screens of the yeast ORF deletion collection demonstrated that TOR signaling modulates both
replicative and chronological aging, with decreased TOR
activity correlating with increased life span in both cases [6,
7]. The mechanistic basis for life span extension appears to
diverge, however, downstream of TOR. Unlike the case for
replicative life span, the genome-wide chronological aging
study uncovered no evidence that decreased translation or
ribosome function played a role in chronological longevity
downstream of TOR. Rather, chronological life span was
correlated with increased stress resistance, mediated by the
TOR-regulated Msn2/Msn4 transcription factors [7]. Msn2
and Msn4 had been previously implicated in chronological
life span extension [23, 24]. Specifically, Fabrizio et al. proposed that Msn2/Msn4-mediated regulation of the gene coding for mitochondrial superoxide dismutase, SOD2, is important for chronological life span extension from deletion of
another nutrient-responsive kinase, Sch9 [23]. Thus, it appears that (oxidative) stress resistance is a critical factor determining the longevity of non-dividing yeast cells. Future
efforts will likely further clarify the specific TOR target
genes involved in regulating replicative and chronological
life span in yeast cells, and perhaps in higher organisms as
well.
CONSERVATION OF AGING ACROSS SPECIES
Although a handful of genes and interventions are known
to modulate life span in different organisms (Table 1), the
degree to which mechanisms of aging are conserved remains
largely unknown. As the genetic determinants of aging in

Fig. (3). A high-throughput method for measuring yeast chronological life span. Yeast deletion strains are aged in individual wells of
96-well microtiter plates. To assay viability, a small volume from the aging culture is inoculated into a larger volume of fresh media contained in a 96-well microtiter plate. The optical density of the new culture is measured after a fixed period of outgrowth under standard conditions. The relative optical density after outgrowth at different age-points is used to calculate the relative viability of each strain at each agepoint. SL = short-lived. LL = long-lived.
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simple organisms become mapped in finer detail, new opportunities to address this question become available. For example, computational algorithms can identify putative
ortholog pairs between yeast and worms [25]. Given a list of
potential orthologs, it will be possible to compare the frequency with which ortholog pairs modulate life span similarly in both organisms to the frequency at which a gene randomly picked from the genome modulates longevity in each
organism. This type of analysis will begin to provide a quantitative measure of the degree to which longevity determination has been conserved between yeast and worms.
Genomic comparisons of longevity across species also
provide an opportunity to identify novel factors that modulate aging and age-associated disease in humans. The evolutionary distance between yeast and worms is approximately
equivalent to the evolutionary distance between worm and
humans. Therefore, if an ortholog pair has maintained a conserved longevity determining function between yeast and
worms, it is reasonable to speculate that that function will
also be retained in mammals. At lease one effort is underway
to directly test this assumption (http://www.pathology.
washington.edu/research/bioage/ellison/). A consortium of
laboratories at the University of Washington is utilizing the
data from the genome-wide yeast and worm longevity
screens described above to identify candidate genes for longevity studies as gene knock-outs in mice [1]. A CRE-based
conditional knock-out system is being employed for these
studies, to allow either complete knock-out of a particular
gene or tissue specific (or post-development) gene deletion.
Along with longevity, a select group of potential agingrelated biomarkers will be assayed for each of these mouse
models. In addition, it should be possible to assay several of
these mouse lines for resistance to specific age-associated
diseases, such as diabetes and neurological disorders, by
crossing them into the appropriate transgenic disease background.
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