
Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 253–257, January 1998
Genetics

Marginal fitness contributions of nonessential genes in yeast
(evolutionygene functionyyeast genome)

J. W. THATCHER, JANET M. SHAW, AND W. J. DICKINSON*
Department of Biology, University of Utah, Salt Lake City, UT 84112

Communicated by John R. Roth, University of Utah, Salt Lake City, UT, October 29, 1997 (received for review January 15, 1997)

ABSTRACT Analysis of the complete genome sequence of
Saccharomyces cerevisiae confirms and extends earlier evi-
dence that a majority of yeast genes are not essential, at least
under laboratory conditions. Many fail to yield a discernible
mutant phenotype even when disrupted. Genes not subject to
natural selection would accumulate inactivating mutations, so
these ‘‘cryptic’’ genes must have functions that are overlooked
by the standard methods of yeast genetics. Two explanations
seem possible: (i) They have important functions only in
environments not yet duplicated in the laboratory and would
have conditional phenotypes if tested appropriately. (ii) They
make small, but significant, contributions to fitness even
under routine growth conditions, but the effects are not large
enough to be detected by conventional methods. We have
tested the second ‘‘marginal benefit’’ hypothesis by measuring
the fitnesses of a random collection of disruption mutants in
direct competition with their wild-type progenitor. A substan-
tial majority of mutant strains that lack obvious defects
nevertheless are at a significant selective disadvantage just
growing on rich medium under normal conditions. This result
has important implications for efforts to understand the
functions of novel genes revealed by sequencing projects.

One of the most provocative discoveries of the yeast genome
sequencing project is that many genes have no evident func-
tion. As pointed out by Dujon (1) this conclusion emerged
early, with the publication of the first complete chromosome
sequence, and, it has changed little as the balance of the
sequencing was completed (2). About 6,000 genes have been
identified by sequence analysis, but fewer than 2,000 have
experimentally characterized functions. About an equal num-
ber reveal probable homology to genes with known functions
or have recognizable sequence motifs. Thus, more than one-
third of all genes recognized in the yeast sequence have neither
established nor inferred function, and the figure is closer to
one-half if weak or limited homologies and isolated sequence
motifs are discounted. Even targeted disruption of previously
unknown genes usually fails to produce recognizable pheno-
types (2).

This result was both anticipated and confirmed by more
traditional experimental strategies. Goebl and Petes (3)
showed that about 80% of random insertions produce no
evident phenotype. Because about 75% of the yeast genome is
transcribed, this result suggested that about 60% of the
expressed genes are not essential. This finding was substanti-
ated by Burns et al. (4) who investigated insertions specifically
into vegetatively expressed sequences, which they estimated to
constitute over 80% of the genome excluding rDNA. Even
under a range of stressful growth conditions, they could detect
mutant phenotypes for only about 50% of such disruptions.

Analyses in other eukaryotes are less complete, but it is clear
that genes without obvious mutant phenotypes are common
(5). For example, among 483 putative genes detected in a
2.2-megabase block of the Caenorhabditis elegans genome, only
20 (4.1%) were known from conventional genetic analyses, and
only about one-third were homologous to known genes in other
organisms (6). In Drosophila, an analysis of several chromo-
somal regions that have been subjected to saturation mutagen-
esis suggests that there are about 3,600 lethal loci in a genome
of about 12,000 genes (5). Even the very biased set of genes for
which targeted disruptions have been produced in mice yields
only about 25% embryonic lethals (7).

These ‘‘cryptic’’ genes must have some function. The neutral
theory of molecular evolution (8) predicts that genes not
subject to natural selection will accumulate inactivating mu-
tations, including stop codons, and the rapid accumulation of
synonymous relative to nonsynonymous substitutions substan-
tiates that expectation (9, 10). Probably the most obvious (and
widely accepted) explanation is that many genes have impor-
tant functions in environments not yet tested in the laboratory
or in response to stresses not normally encountered there. In
other words, mutants will have conditional phenotypes if the
right conditions are found. This ‘‘contingent function’’ hypoth-
esis is implicit in important proposals for further analysis of the
yeast genome (11–13). However, there is an alternative per-
fectly compatible with well-established evolutionary theory;
many genes may never be essential but instead make small
contributions to the efficiency andyor reliability of routine
processes under ordinary conditions. We call this alternative
the ‘‘marginal benefit’’ hypothesis.

Genes with functions that are largely ‘‘redundant’’ (14) are
encompassed by the marginal benefit hypothesis, but that is not
the only possibility. Some genes may exist only to ‘‘fine-tune’’
functions carried out principally by other genes; others may be
involved in processes that intrinsically are nonessential or not
even very important. One interesting feature of the yeast
genome data hints at these latter possibilities. Genes previ-
ously detected by conventional genetic criteria are much more
likely to have known homologs in other species (over 75%)
than are genes detected only by sequence analysis (under
50%). That is, genes without experimentally verified functions
in yeast are more likely to have escaped detection also in other
species (1). That most nonessential genes are expressed during
routine vegetative growth (4) also is consistent with marginal
benefit. One might expect genes with strictly contingent func-
tions to be induced by relevant environmental conditions.

The marginal benefit model is consistent with theoretical
treatments of ‘‘nearly neutral’’ mutations (8, 9, 15). However,
that theory has been applied primarily to allelic sequence
variation assumed to have a minor effect on gene function. As
far as we know, marginal benefit has not been explicitly
formulated or experimentally verified as an explanation for the
very existence of genes in which even null mutations produceThe publication costs of this article were defrayed in part by page charge
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no evident phenotypes. The selective advantage required to
maintain a functional gene is surprisingly small. The nearly
neutral theory predicts that selection will prevail over muta-
tion and drift roughly when the coefficient of selection (s,
defined as the fractional difference in relative fitness) is larger
than the reciprocal of the effective population size (i.e., when
Nes . 1). Effective population sizes for yeast are very large, as
confirmed by the existence of highly significant codon usage
bias (9, 10, 16), so useful genes might increase fitness by much
less than 1 percent.

Effects of that magnitude certainly would escape detection
in conventional genetic analysis, but methods are available that
exploit the large population sizes and short generation times of
microbes to measure small fitness differences (17–20). The
basic experimental design is very simple: appropriate strains
are grown together for multiple generations and the frequen-
cies of the genotypes in the population are determined peri-
odically. If one is less fit, it declines in frequency. A particularly
informative analysis focuses on the ratio of one genotype to
another, typically mutantywild type (21). It can be shown that
the change in ratio with time is given by the equation ln(Rt) 5
ln(R0) 2 st (where R0 is the initial genotype ratio, Rt is the ratio
after t generations, and s is the selection coefficient). By using
this approach, we show here that a majority of a random set of
disruption mutations that lack obvious phenotypes have sig-
nificantly reduced fitness.

MATERIALS AND METHODS

Strains and Mutations. Saccharomyces cerevisiae haploid
strain FY10 (leu2D1, ura3–52) was the parent for all mutant
lines. We generated insertion mutations in FY10 by transfor-
mation with a genomic library previously mutagenized with a
mini-Tn3::LEU2 transposon also containing lacZ coding se-
quences (4). This procedure inserts the LEU2 and lacZ mark-
ers by homologous recombination but essentially at random
throughout the yeast genome. LEU2 is the conditional marker
used to recover insertion mutants, but preliminary experi-
ments showed that it confers a significant selective advantage
even in rich medium, so the ‘‘wild type’’ for all competition
experiments was a LEU2 (1) derivative of FY10 designated
FY10(leu1). It was constructed by repairing the leu2 defi-
ciency in FY10 by homologous recombination (22) with the
1.6-kb HpaI–AccI restriction fragment of LEU2 from pRS415
(Stratagene). Because our experimental design involved sen-
sitive measurements of small fitness effects, we took precau-
tions to minimize the possibility that strains differed at sites
other than the disrupted gene. We used a haploid parental
stock that could not be segregating unknown polymorphisms
and all strains, including FY10(leu1), derived from the same
single colony grown for a minimum number of generations
before transformation. Because FY10 is haploid, only disrup-
tions of nonessential genes were recovered, typically about
80% of all insertions (3, 4). Among these disruptions, we chose
a subset that expressed lacZ during vegetative growth as
determined by b-galactosidase staining of nitrocellulose lifts
from patch plates (23). The lacZ gene in the disruption
construct lacks a promoter and initiator ATG codon, so these
strains have in-frame insertions disrupting routinely expressed
sequences that we assume to be a random sample of such genes
in the genome. Because most genes are vegetatively expressed
at levels detected by this method (4), this criterion does not
introduce a major bias into the sample of genes analyzed. The
lacZ marker also was used to score genotype frequencies
during the actual competitions. Finally, we performed South-
ern blot analyses with a LEU2 probe to identify and eliminate
from further consideration stocks with more than one chro-
mosomal insertion or with an insertion in a 2-m plasmid.

Fitness Measurements. To measure the fitness of each
mutant stock relative to FY10(leu1) (our ‘‘wild type’’), a

mixed population was established by inoculating 2 ml of yeast
extractypeptoneydextrose (YPD) (rich medium) with 32 ml
each from overnight cultures of the two strains, both grown in
YPD. All populations were maintained at 30°C in 16 3
150-mm tubes shaken at 200 rpm. The competition cultures
were back-diluted 32-fold into 2 ml of fresh YPD daily, so they
went through five generations each day to return to saturation.
Periodically, a sample was plated onto YPD to score relative
genotype frequencies. These plates were incubated for 2 days,
then stained for b-galactosidase activity (24) to determine the
frequency of each strain in the population.

Data Analysis. Sample size at each time point ranged from
500 to 1,000 colonies. We calculated a selection coefficient for
each mutant relative to the control strain by fitting the
equation ln(Rt) 5 ln(R0) 2 st to the frequency data (18, 21).
Data were analyzed and graphs were prepared by using
Kalediagraph software for the Apple Macintosh.

RESULTS

We selected at random 34 disruption strains that produced
visible colonies on standard YPD medium and that stained for
b-galactosidase activity. Because the parent strain is haploid,
these strains presumably carry insertions in expressed but
nonessential genes. Each strain was tested in a battery of
conditional selection procedures (4) as follows: YPD supple-
mented with (i) 0.9 M NaCl, (ii) 10 mM EGTA, (iii) 8 mM
caffeine, or (iv) 10 mgyml benomyl; incubation at (v) 25°C or
(vi) 37°C; (vii) growth on minimal medium (with necessary
supplements for the known markers in FY10); and (viii)
growth with 3% glycerol as primary carbon source. One strain
grew slowly on minimal medium, five produced small colonies
even on YPD and failed to grow on glycerol (typical petite
phenotypes), and one produced small colonies on glycerol. All
others (82%) produced apparently normal colonies under all
conditions.

We measured the fitness of the same 34 strains by cocul-
turing each with wild type in rich medium for 75–150 gener-
ations and periodically determining the relative frequencies of
the two genotypes. Fig. 1 illustrates typical results. One
mutant, TD64, declined almost to extinction within 60 gener-
ations (Fig. 1 A). As expected, a logarithmic plot of genotype
ratios (Fig. 1B) gives an excellent fit to a straight line whose
slope provides an estimate of the selection coefficient (s 5
0.045 6 0.007). (Positive values of s indicates selective disad-
vantage.) Even a selective disadvantage of less than 0.5% (s ,
0.005) can be detected with confidence in some cases (Fig. 1
C and D). The frequency of TD63 declines only from about
56% to about 41% even after more than 150 generations and
the estimated selection coefficient is only 0.004 6 0.001, but
the difference from zero is highly significant (P , 0.001).

Similar analyses of all 34 strains are summarized in Table 1.
Twenty five strains (74%) showed significant fitness defects
ranging from 0.3% to about 23% (s 5 0.003 to 0.228). The
apparent petite mutants cluster near the top, with competitive
defects ranging from about 9% to 23%. Interestingly, three
strains with defects in the same range (TD88, TD87, and
TD10) had no visible phenotype under any of the tested
conditions. In all, 19 of 27 strains (70%) that had no apparent
phenotype by conventional criteria did have significant fitness
defects revealed in the competition experiments. Seven of the
34 strains did not change significantly in frequency relative to
wild type, and two increased modestly.

DISCUSSION

Seven of 34 strains (21%) with disruptions in nonessential
genes exhibited conditional phenotypes, and most of those
produced small colonies even on standard medium (i.e., they
would have been recognized as mutant in a conventional
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analysis). In contrast, and consistent with the marginal benefit
model, at least 19 of 27 strains (70%) that have no conventional
phenotype do have significantly reduced fitness. The fitness
defects relative to the parental stock ranged from about 0.3%
to almost 22%, but most were below 5% and several below 1%.
It is important to keep in mind that gene disruptions of the type
analyzed here are expected to abolish, or nearly so, the normal
function of the target gene (4). Thus, the modest selective
disadvantages observed cannot be attributed to ‘‘weak’’ alleles
of genes that could be mutated in some other way to produce
clear phenotypes. That is, the maximum contribution of many
of these genes may be a small improvement in fitness.

Although loss of function of the disrupted gene is the most
obvious explanation for the decreased fitness of mutants, we
cannot rigorously exclude some alternatives: (i) The transfor-
mation process used to generate disruptions might create
mutations at sites other than the main insertion. (ii) Some
insertions may produce lacZ fusion proteins that actively
interfere with growth (i.e., they produce antimorphs). (iii) The
insertions may cause delays in replication, problems with
segregation, or some other effect related neither to loss of gene
function nor to production of an abnormal protein. (iv)
Insertions may in some way interfere with the function of genes
other than the disruption target. We think these alternatives
are unlikely to be general explanations for effects of the
consistency and magnitude seen. Moreover, the first alterna-
tive just changes the locus of the selective effect, and the
second requires that a protein performing no useful function
under the conditions tested can, in altered form, be harmful
under those same conditions. In addition, the seven strains that

test as ‘‘neutral’’ serve as negative controls; they eliminate any
general effect of replicating extra DNA, producing b-galacto-
sidase, etc. Thus, any alternative explanation must invoke
effects that are specific to the site of insertion. On the whole,
the parsimonious explanation is that the fitness defects in most
cases result from loss of function at the insertion site, and
hence, that many genes have modest consequences for fitness
without being essential.

As this manuscript was being prepared, Smith et al. (25)
reported results of an analysis of 255 putative genes on yeast
chromosome V using a ‘‘genetic footprinting’’ method that de-
tects loss of random TY1 insertions from a mass population.
Although focused on identifying contingent functions of novel
genes, their results are entirely consistent with ours, providing
additional strong support for the marginal benefit model. Just
20% of the loci examined were essential or had major defects
(obvious phenotypes) on rich medium. In contrast, about 39%
had more subtle ‘‘growth’’ defects (in effect, selection coefficients
ranging from about 0.05 to 0.25). A few loci had conditional
phenotypes under a range of selections similar to those we used,
but most of these mutants also were at a disadvantage even on rich
medium. In all, they were unable to detect any phenotype for 98
of the 255 loci (38.4%). Adjusting our data for the fact that
essential or nearly essential loci were eliminated at the outset, our
more sensitive procedure leaves only about 20% of the tested loci
without a detected contribution to fitness, even in rich medium
and absent ‘‘stressful’’ conditions.

What about that 20%? The theory of nearly neutral replace-
ment (8, 15) indicates that a selection coefficient approxi-
mately the inverse of the effective population size is sufficient

FIG. 1. Representative competition experiments. (A and C) The decline in frequency of the disruption mutants TD64 and TD63, respectively,
as a function of generations in culture. Note the different scales. (B and D) The natural log of the ratio of the disruption strain to the wild-type
strain for the same data, each with a line that is the least-squares fit with a slope that provides an estimate of the selection coefficient (s) reported
in Table 1.
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to prevent loss of function by mutation and drift. Because
effective population sizes for yeast are very large (10, 16),
fitness contributions much smaller than those we measured
would be important. Thus, the marginal benefit hypothesis still
might apply even to strains for which we failed to detect
reduced fitness. Alternatively, these loci could be disrupted in
genes with strictly conditional phenotypes. Indeed, one of our
‘‘neutral’’ strains (TD1) does have a conditional phenotype (small
colonies on minimal medium). Finally, it is conceivable that some
novel genes are ‘‘selfish’’ (selected to propagate themselves but
making no contribution to fitness of the ‘‘host’’).

Although the marginal benefit hypothesis provides a suffi-
cient explanation for the evolution and maintenance of non-
essential genes, we cannot be sure it is a complete explanation.
Marginal benefit and contingent functions are not mutually
exclusive. Thus, some mutations that cause small growth defect
under standard conditions on rich medium may have much
stronger phenotypes under other conditions. Indeed, we found
this outcome to be true for the leu2 mutation present as a
marker in the FY10 stock with which we started all strain
constructions. In a preliminary series of experiments (data not
shown), we used FY10 as the ‘‘wild type’’ in competitions with

disruption mutants and the frequency of the disruption geno-
type was followed by using the LEU2 marker. This design
rested on the assumption that the leu2 deficiency in FY10
would be selectively neutral on rich medium (YPD). However,
we tested this assumption in competitions between FY10 and
the ‘‘repaired’’ derivative, FY10(leu1), and found that the
latter consistently had a selective advantage of about 2.5% (s 5
0.0233 6 0.0021, 0.0266 6 0.0066, and 0.0267 6 0.0116 in three
replicates).

Smith et al. (25) report similar observations on several genes
with known conditional phenotypes. Thus, the ability to pro-
duce a strong phenotype under specific conditions does not
necessarily mean that the ‘‘real’’ function of the gene is to cope
with those conditions. Which phenotype is more significant for
the evolution and selective maintenance of genes that have
both marginal and contingent functions must depend on the
relative frequencies of relevant environmental conditions. In
the simplest case, in which individuals carrying a particular
mutation encounter different environments essentially at ran-
dom, the costsybenefits attributable to effects in each envi-
ronment should be proportional to the product of the selection
coefficient in that environment and its frequency. In other
words, a gene that improves fitness by 1% under ‘‘normal’’
conditions should be as ‘‘valuable’’ as one that is essential
under unusual conditions experienced, at any given time, by
1% of the population.

Effects of the magnitude reported here (or smaller) will be
difficult to document in organisms for which large-scale com-
petition experiments are not feasible (26). Measurements of
fluctuating asymmetry provide an interesting alternative that
may be feasible at least for genes involved in development (27).
Nevertheless, our results strongly suggest that the marginal
benefit hypothesis can account for the evolution and selective
maintenance of many genes that cannot be mutated to produce
any obvious phenotypes and that genome-level analyses need
to address this possibility.
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