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abstract: Theoretical studies have predicted a trade-off between
growth rate and yield in heterotrophic organisms. Here we test for the
existence of this trade-off by analyzing the growth characteristics of 12
E. coli B populations that evolved for 20,000 generations under a con-
stant selection regime. We performed three different tests. First, we
analyzed changes in growth rate and yield over evolutionary time for
each population. Second, we tested for a negative correlation between
rate and yield across the 12 populations. Finally, we isolated clones
from four selected populations and tested for a negative correlation
between rate and yield within these populations. We did not find
evidence for a trade-off based on the first two tests. However, we did
observe a trade-off based on the within-population correlation of yield
and rate. Our results indicate that, at least for the populations studied
here, an analysis of the within-population diversity might be the most
sensitive test for the existence of a trade-off. The observation of a trade-
off within, but not between, populations suggests that the populations
evolved different genetic solutions for growth in the selective environ-
ment, which in turn led to different physiological constraints.
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Adenosine triphosphate (ATP) is a key compound in the
energy metabolism of cells. Its degradation into adenosine
diphosphate (ADP) and phosphate is generally used to
drive thermodynamically unfavorable reactions, such as
active transport and biosynthesis. Thus, ATP has to be
continuously regenerated for cellular growth. In hetero-
trophic organisms, the production of ATP is coupled to
the degradation of energy-rich organic compounds. Pfeif-
fer et al. (2001) recently postulated that a trade-off exists
between rate and yield in heterotrophic ATP production.
(“Rate” refers here to units of ATP produced per unit of
time and “yield” to units of ATP produced per unit of
resource.) This trade-off can be observed, for example, if
organisms use alternative ATP-producing pathways with
opposing properties in yield and rate, such as respiration
and respirofermentation (i.e., using respiration only vs.
using fermentation in addition to respiration). On a more
fundamental level, such a trade-off arises from thermo-
dynamic constraints because the free energy difference be-
tween substrate and product in an ATP-producing path-
way is divided into a part that is used to phosphorylate
ADP to ATP and a part that is used to drive the pathway.
This division causes a trade-off between yield and rate of
ATP production because the larger is the part used to
produce ATP, the slower is the pathway (Pfeiffer and Bon-
hoeffer 2002).

Under energetic limitation, the rate of cell growth and
the biomass yield are determined by the rate and yield of
ATP production (Bauchop and Elsden 1960; Dykhuizen
and Dean 1990; Helling 2002). Because energetic limita-
tion may be common for heterotrophic organisms under
natural conditions, we expect that the properties of ATP-
producing pathways have been under strong selection dur-
ing evolution. The existence of a trade-off between rate
and yield of ATP production thus leads to the expectation
that under environmental conditions that select for an
increasing rate of ATP production, a corresponding de-
crease should be observed in yield.

The trade-off may be measured and tested if the fol-
lowing two conditions are met. First, the populations must
have evolved in an environment that selects primarily for
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fast growth and hence for fast ATP production. Theory
and experiments show that competition for shared energy
resources represents such a selective environment (Vasi et
al. 1994; Pfeiffer et al. 2001; Fong and Palsson 2004). Sec-
ond, the populations need to have evolved for a sufficiently
long time in that selective environment for the trade-off
to have become manifest because organisms that are not
well adapted to this selective environment might be able
to improve in growth (or ATP production) rate without
any associated cost in yield, as can be seen in standard
laboratory strains (Fischer and Sauer 2005).

To test for the existence of the trade-off between rate
and yield, we measured changes in growth rate and yield
in 12 populations of E. coli B that have evolved indepen-
dently in a long-term evolution experiment in competition
for a shared energy resource (Lenski et al. 1991; Lenski
and Travisano 1994; Vasi et al. 1994; Travisano et al. 1995;
Elena et al. 1996; Travisano and Lenski 1996; Elena and
Lenski 1997; Cooper and Lenski 2000; Cooper et al. 2003;
Lenski 2004; Crozat et al. 2005; Rozen et al. 2005). In this
long-term evolution experiment, the bacteria were diluted
and transferred daily into fresh minimal medium, resulting
in more than 20,000 generations of binary fission. During
each 24-h transfer cycle, the bacteria go through a lag
phase, a phase of exponential growth, and a stationary
phase. The population density at stationary phase is de-
termined by the glucose concentration in the minimal me-
dium; in other words, the exhaustion of the energy re-
source glucose limits the net growth of the population.

In summary, the populations analyzed here evolved in
competition for a shared, limiting energy resource. Under
these experimental conditions, strong selection for growth
rate is expected (Pfeiffer et al. 2001). Although evolution-
ary adaptations could occur in all three phases of growth,
the main changes were observed toward faster growth rate
and shorter lag phase (Vasi et al. 1994; Cooper et al. 2003),
with selection for growth rate indeed being the strongest
force based on both a priori modeling and the observed
response to selection (Vasi et al. 1994). Over the course
of 20,000 generations, the average growth rate that was
realized in competition with the ancestor increased by
some 70% (Lenski and Travisano 1994; Cooper and Lenski
2000).

The existence of a trade-off between growth rate and
yield might, in theory, be tested in several ways. First, over
evolutionary time, increases in growth rate could be as-
sociated with decreases in yield. However, a population
that is placed into a new selective environment may not
be close to the hypothetical trade-off line. Hence, it is
possible that, at least initially, growth rate and yield could
increase concomitantly (fig. 1A). Second, the adaptation
of independently evolving lines might lead them to distinct
points on the presumed trade-off curve (fig. 1B). In this

case, we would expect a negative correlation between
growth rate and yield across the replicate populations. Fi-
nally, a trade-off might arise within some or all of the
evolving populations. In this case, we would expect to see
a negative correlation between growth rate and yield
among clones from individual populations. In this study,
we use all three of these approaches to test for the existence
of a trade-off between growth rate and yield. In closing
this introduction, it should be noted that experiments with
evolving Drosophila populations found evidence for a
trade-off between growth rate and carrying capacity
(Mueller et al. 1991), although the mechanistic bases for
that trade-off are presumably different from those in bac-
terial populations that form the basis for our theory and
experiments.

Methods

Long-Term Serial Transfer

We used 12 populations of E. coli B that were serially
propagated for 20,000 generations at 37�C in Davis min-
imal medium supplemented with glucose at 25 mg mL�1

(DM25). Six populations each were derived from two
clones, which differed by only a single marker (arabinose
utilization) that is selectively neutral in this environment
(Lenski et al. 1991). Every 24 h, the 12 populations were
diluted 100-fold into fresh medium, and the resulting re-
growth corresponds to ∼6.6 (log2100) generations of bi-
nary fission per day. In this serial transfer regimen, the
bacterial population shows a lag phase followed by a period
of exponential growth and a stationary phase after the
glucose is depleted. At generations 2,000, 5,000, 10,000,
15,000, and 20,000, aliquots containing population sam-
ples (i.e., whatever clones were present) were stored in
20% glycerol at �80�C. Additional information on this
long-term evolution experiment, including a description
of the founding E. coli B strain, can be found elsewhere
(Lenski 2004; http://myxo.css.msu.edu/ecoli/).

Isolation of Clones from Generation 20,000

Four populations that evolved high growth rates—desig-
nated , , , and —were cho-Ara � 1 Ara � 2 Ara � 3 Ara � 3
sen for detailed analyses of the within-population corre-
lation between growth rate and yield. Clones were isolated
from the 20,000-generation samples from each of these
populations in the following manner. After overnight
growth in DM25, a sample of the population was diluted
and spread onto a Luria-Bertani agar plate and incubated
overnight at 37�C. The next day, 92 clones were picked
from the plates, inoculated into DM25, and grown over-
night. The following day, these clonal cultures were stored



Figure 1: Diverse pathways of adaptation toward a hypothetical trade-off line. When a population is placed in a new environment where faster
growth is selectively favored, it may initially be far from the hypothesized trade-off curve. This figure illustrates several different hypothetical scenarios
for the evolutionary approach to a trade-off between growth rate and yield. A, Over evolutionary time, increases in growth rate could be associated
with decreases in yield (path 1). On the other hand, if the population starts with a growth yield that is below the eventually attained yield on the
trade-off line, then yield and rate may both increase over evolutionary time (path 2). B, Independently evolving populations. A trade-off between
the traits measured in independently evolving populations may be observed if all of them eventually achieve states that are either on or sufficiently
close to the trade-off line. C, Shape of the trade-off function. The trade-off between growth rate and yield is not necessarily a linear relation (solid
line). As shown previously (Pfeiffer and Bonhoeffer 2002), the thermodynamic trade-off implies a concave shape with a maximal rate (dashed line).
Once the phenotype has achieved this rate, it cannot further increase the rate at the cost of yield. The presence of pathways with opposing properties
in rate and yield (such as complete oxidation of glucose vs. degradation into acetate) implies a convex shape (dotted line). Here, to observe the
trade-off might be difficult because, given a sufficiently high initial rate, any increase in rate may have only small costs in yield. D, Mechanistic
constraints. The biochemical mechanisms of ATP production may further influence the simultaneous evolution of growth rate and yield (dashed
lines). As a consequence, replicate populations may evolve different biochemical solutions that adapt them to the same experimental environment.
Thus, they may evolve toward different fitness peaks, so that each population then faces somewhat different mechanistic constraints.
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in 20% glycerol at �20�C for immediate use and at �80�C
for long-term keeping.

Measurement of Growth Kinetics

Growth kinetics were assayed in microtiter plates in order
to screen large numbers of samples (12 replicate popu-
lations from five ancestralgenerations � two forms � 92
clones from four of 430 samples)populations p total
with substantial statistical replication (up to 229 replicates
for the ancestral forms, up to 40 for each of the evolved
populations, and five for each 20,000-generation clone).

Before we measured growth kinetics, all genotypes were
taken from the �20�C or �80�C freezer stocks and con-
ditioned to growth in DM25 at 37�C. To this end, the
bacteria were grown overnight in 96-well microtiter plates
containing Davis minimal medium supplemented with
glucose at 1,000 mg mL�1 (DM1000), then diluted via
0.85% saline solution into DM25 and grown again over-
night. From these conditioned cultures, 20 mL were trans-
ferred into 180 mL of fresh DM25, incubated at 37�C, and
shaken at 400 rpm (shaking radius 3 mm) in flat-bottom
microtiter plates. Optical density (OD) was measured at
a wavelength of 600 nm using a SpectraMax 340PC mi-
croplate spectrophotometer. About 12 OD measurements
were taken during the 7–8 h before cultures reached sta-
tionary phase. Because of the low glucose concentration
in DM25, only about 30% of the final OD values represent
absorption of the bacterial cells at stationary phase, with
the remainder due to the medium and plastic. This back-
ground adsorption was corrected as described below.

Numerical and Statistical Analyses

To quantify the growth kinetics of the populations and
clones, we analyzed the output files of the SpectraMax
software as follows. We first subtracted the values of blanks
that were individually measured for each well of a plate
before inoculation. We discarded all measurements that
were below the detection limit ( ) or were aboveOD ! 0.002
the OD value of 0.02, indicating the presence of air bubbles
in the well. The log-transformed measurements were then
used to fit a stepwise linear model for microbial growth
for each well (Buchanan et al. 1997). This model assumes
three distinct growth phases: lag phase with constant OD,
log phase with exponentially increasing OD, and stationary
phase with constant OD. The duration of lag phase could
not be observed directly because of the low concentration
of glucose in DM25, so that a population had an initial
OD below the detection limit of the spectrophotometer.
However, the duration could be inferred indirectly because
the initial true OD should be one-tenth the final measured
OD, given the known 1 : 10 dilution from the previous

stationary-phase culture into the same medium. We fitted
three parameters to the stepwise model, namely, the length
of the lag phase (tlag), the maximum growth rate ( ), andv
the final yield (y), which corresponds to the stationary-
phase OD. We checked the quality of the fits and removed
those growth curves that were based on fewer than nine
measurements or that had an unacceptably high deviation
between measurements and fitted model (residual sum of
squares of the log-transformed ). In total, wedata 1 0.05
excluded about 5% of the fitted growth curves.

We computed the mean values of the exponential
growth rate and growth yield by averaging up to 229 rep-
licate measurements for each ancestral variant and up to
40 replicates for each of the 12 derived populations (minus
the values excluded as described above). To test for the
relationship between growth rate and yield across the 12
independently evolved populations, we performed a cor-
relation analysis using the means estimated for each pop-
ulation at generation 20,000. For four of the populations,
the within-population variance was estimated by perform-
ing an ANOVA using up to five repeated measures of rate
and yield for the clones sampled from the population. To
minimize the impact of a potential plate effect, the re-
peated measures of clones were done on different micro-
titer plates. Furthermore, we calculated the mean rate and
yield for all sampled clones. For each of the four popu-
lations, we tested the within-population relationship be-
tween mean growth rate and yield by calculating the
correlation across the sampled clones. One of these pop-
ulations has evolved a stable dimorphism (Rozen and Len-
ski 2000; Rozen et al. 2005). We therefore partitioned the
clones of this population based on their rate and yield into
two corresponding clusters by applying a “partitioning
around medoids” algorithm (Kaufman and Rousseeuw
1990), using Euclidean distances of standardized data
(mean rates and yields of the clones). For each of the
resulting clusters, we then separately calculated the cor-
relations between mean rate and yield across the corre-
sponding clones.

Results

Evolution of Growth Rate and Yield

To test for the possible existence of a trade-off between
growth rate and yield, we first measured growth rate and
yield of the ancestral strain and populations sampled from
the evolved selection lines at generations 2,000, 5,000,
10,000, 15,000, and 20,000. A trade-off would be manifest
if increases in growth rate were associated with decreases
in yield, at least after an initial period of adaptation to the
novel environment, when both rate and yield might in-
crease. This outcome would be observed only if the path



246 The American Naturalist

Figure 2: Evolution of growth rate and yield during 20,000 generations: trajectories of rate (A) and yield (B) for 12 independently evolving populations
as a function of time, in generations. The two ancestral variants, which differ only by a neutral marker, are presented at generation 0. Each value
is the mean of up to 40 observations, except for the two ancestral variants, each of which is the mean of approximately 200 measurements. Error
bars represent standard errors. In all 12 populations, a rapid increase in both rate and yield was observed in the first 2,000 generations. Afterward,
the overall trend (dashed lines) was that growth rate continued to increase, while growth yield remained nearly constant.

of adaptation led over regions of higher than optimal yield
(fig. 1A, path 1). If the ancestral strain was sufficiently far
from the hypothetical constraint, however, then both rate
and yield might increase throughout the experiment (fig.
1A, path 2). Figure 2 shows the changes in the rate and
yield parameters for each of the 12 replicate populations

over evolutionary time. Consistent with previous reports
(Lenski et al. 1991; Vasi et al. 1994), we observed rapid
increases in both rate and yield in all populations during
the first 2,000 generations. After generation 2,000, the gen-
eral trend (fig. 2, dashed line) over all 12 populations was
that growth rate continued to increase, while the yield



Growth Rate–Yield Trade-Off in E. coli 247

Figure 3: Trade-off between growth rate and yield tested across the independently evolved populations: growth yield versus rate of evolved populations
at generation 20,000. Each value is the mean of up to 40 measurements of a single evolved population. Error bars represent standard errors. We
tested the between-population relationship between growth rate and yield by calculating the correlation across these 12 populations. No significant
correlation was observed either including or excluding the atypical population seen at the lower left; details of the statistical results are given in the
text. The populations from which we subsequently isolated clones are labeled as , , , and (see fig. 4).Ara � 1 Ara � 2 Ara � 3 Ara � 3

stayed more or less constant. Thus, we do not find any
evidence for the hypothesized trade-off between growth
rate and yield based on the net evolutionary changes in
these growth characteristics over time. The temporal pat-
tern and extent of increase in growth rate are generally
consistent with the fitness gains measured for these pop-
ulations during 20,000 generations (Lenski and Travisano
1994; Lenski et al. 1998), except for those of population

(lowest curve in fig. 2A). That population showsAra � 6
fitness gains in DM25, based on competition experiments
in flasks, similar to those measured in the other popula-
tions, but it grows poorly in some conditions—for ex-
ample, cells form microcolonies on a certain agarAra � 6
medium where the ancestor and other evolved populations
produce normal-sized colonies (R. E. Lenski, personal ob-
servation). Some difference between microtiter plates and
flasks as growth environments, despite our using the same
DM25 medium, might account for the outlier status of
this population in our experiments.

Correlation across the Independently Evolved Populations

A trade-off could also be manifest if the independent lines
evolved toward distinct points on the presumed trade-off
curve (fig. 1B). We therefore tested for a negative corre-
lation between growth rate and yield across the replicate
populations. Figure 3 shows the mean growth rate and
mean yield of the 12 evolved populations at generation

20,000. There is no negative correlation between these two
parameters; in fact, the observed correlation is weakly, but
not significantly, positive , , ).(r p 0.41 df p 10 P p .18
The correlation between rate and yield becomes negative
but remains nonsignificant if we exclude the pop-Ara � 6
ulation that showed the anomalous decline in growth rate
as measured in the microtiter plates ( , ,r p �0.25 df p 9

). Thus, we also find no evidence for the hypoth-P p .46
esized trade-off between growth rate and yield across the
independently evolved populations.

Evolutionary Trade-Off within the Evolved Populations

A trade-off could also be manifested as a negative correlation
between growth rate and yield among clones sampled from
single populations. To look for possible trade-offs within
populations that had evolved high growth rates at generation
20,000, we plot growth yield versus growth rate for 92 ran-
domly chosen clones isolated from each of four selected
populations (fig. 4). An ANOVA showed significant varia-
tion among clones in all four populations for rate (Ara �

: , ; : ,1 F p 2.78 df p 91, 333 Ara � 2 F p 10.63 df p
; : , ; :88, 341 Ara � 3 F p 6.42 df p 90, 350 Ara � 3 F p

, ; for all tests, ) and yield5.56 df p 89, 307 P ! .0001
( : , ; : ,Ara � 1 F p 4.96 df p 91, 333 Ara � 2 F p 13.2

; : , ; :df p 88, 341 Ara � 3 F p 8.33 df p 90, 350 Ara � 3
, ; for all tests, ). TheF p 5.02 df p 89, 307 P ! .0001

ANOVA demonstrates the existence of clonal variation in
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Figure 4: Trade-off between growth rate and yield across clones within particular evolved populations: growth yield versus rate estimated for 92
clones sampled from each of four populations at generation 20,000 (A, ; B, ; C, ; D, ). Each value is the mean of upAra � 1 Ara � 2 Ara � 3 Ara � 3
to five measurements. Error bars represent standard errors. Three of the four populations show a highly significant negative correlation (dashed
lines). The remaining population shows a significant positive correlation over all clones (B, dashed line), but it has been previously shown to have
evolved a stable dimorphism. Based on their rate and yield data, we grouped the clones of this population into two clusters, referred to as cluster
1 (circles) and cluster 2 (crosses). Within both clusters, we observe a significant negative correlation (dotted lines). Details on the clustering algorithm
and all statistical results are given in the text.

growth rate and yield within each population, and previous
research has also demonstrated within-population genetic
variability maintained by some combination of mutation-
selection balance, selective sweeps including clonal inter-
ference, and frequency-dependent selection (Elena and Len-
ski 1997; Gerrish and Lenski 1998; Papadopoulos et al. 1999;
Rozen and Lenski 2000; Rozen et al. 2005). Thus, it is mean-
ingful to test whether growth rate and yield exhibit a neg-
ative genetic correlation at the within-population level. In
three of the four populations, we observed highly significant

negative correlations between growth rate and yield, al-
though in one of the populations a significant positive cor-
relation was found ( : , ,Ara � 1 r p �0.67 df p 90 P !

; : , , ; :.0001 Ara � 2 r p 0.35 df p 87 P p .0008 Ara � 3
, , ; : ,r p �0.57 df p 89 P ! .0001 Ara � 3 r p �0.36

, ). Interestingly, the population showingdf p 88 P p .0005
a positive correlation is known to have evolved a stable
dimorphism that has persisted since early in the experiment
(Rozen and Lenski 2000; Rozen et al. 2005), and it also
shows distinct clusters in the rate-yield plot (fig. 4B). We
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therefore applied a clustering algorithm to partition the
clones into two clusters, based on their mean rate and yield
(see “Methods”). Within each of the resulting clusters (fig.
4B), we then observed a significant negative correlation be-
tween rate and yield ( , , ; andr p �0.27 df p 53 P p .047

, , , for clusters 1 and 2, re-r p �0.74 df p 32 P ! .0001
spectively). Thus, in summary, we find evidence for a sig-
nificant trade-off between growth rate and yield in three
out of four populations. We also find support for the hy-
pothesized trade-off within the two subpopulations, iden-
tified by the clustering algorithm, of the remaining pop-
ulation.

To test whether any unexpected artifacts from environ-
mental influences or the growth-curve fitting procedure
might explain these consistently negative correlations, we
calculated the correlation between growth rate and yield
across many replicates of the ancestral variants measured
on different microtiter plates and on different days. The
results of the correlation tests performed on about 200
repeated measurements of each of the ancestors show
weak, but significant, positive correlations ( ,r p 0.16

, for the Ara� ancestor; ,df p 201 P p .018 r p 0.19
, for the Ara� ancestor). This patterndf p 208 P p .007

indicates that the negative correlations found in the tests
using the evolved clones cannot be attributed to artifacts
or the fitting procedure.

Discussion

In this study, we used three different approaches to test
for the existence of an evolutionary trade-off between
growth rate and yield in a long-term experiment with E.
coli. First, we analyzed changes in rate and yield over evo-
lutionary time. Second, we tested for a trade-off across
independently evolved populations at generation 20,000.
Finally, we tested for a trade-off between clones within
four of the evolved populations. The three approaches
yield different results. Although the first two approaches
do not support the trade-off hypothesis, we found a neg-
ative correlation between rate and yield in at least three
out of four populations in the last analysis.

We find it difficult to believe that a trade-off that ul-
timately derives from fundamental thermodynamic prin-
ciples should not exist. However, it is possible that this
physical trade-off is of limited biological relevance because
biochemical pathways may not operate close enough to
the thermodynamic constraints. The absence of evidence
for the trade-off in the first two approaches could be in-
terpreted along these lines. However, one should also bear
in mind that these approaches have certain limitations,
which might explain their failure to support the trade-off
hypothesis.

A general limitation to finding a trade-off in an exper-

imental setting is that selection for certain other properties
may indirectly affect the quantities of interest. In our case,
selection to maintain survival in stationary phase, for ex-
ample, could, at least in theory, lead to indirect selection
for higher yield, which would thus be prevented from
decreasing over the long term. This limitation would es-
pecially compromise the first approach we used to test the
trade-off hypothesis. A further explanation for the absence
of a negative association between growth rate and yield
over 20,000 generations of experimental evolution is that
the populations were initially not well adapted to the se-
lective environment. Therefore, they may have been able
to increase growth rate without having to decrease yield
as they evolved toward the hypothetical trade-off line (fig.
1A). Furthermore, the trade-off line is not necessarily lin-
ear (fig. 1C). As we have shown earlier, thermodynamic
considerations predict a concave trade-off (Pfeiffer and
Bonhoeffer 2002). In particular, thermodynamic con-
straints imply that there is a maximal rate. Once a phe-
notype has evolved this maximal rate, then a decrease in
yield cannot be traded off against any further increase in
rate. In contrast, a trade-off resulting from the presence
of pathways with opposing properties in rate and yield,
such as complete oxidation of glucose versus partial deg-
radation into acetate, results in a convex function (Pfeiffer
and Bonhoeffer 2002). A convex shape of the trade-off
implies that a population can increase the rate at a small
cost in terms of yield. Thus, we cannot exclude either a
convex or a concave shape of the trade-off curve, and
either situation may make a trade-off more difficult to
detect than in the linear case.

During 20,000 generations, many significant evolution-
ary adaptations have occurred (Lenski and Travisano 1994;
Vasi et al. 1994; Cooper et al. 2001). Nonetheless, it is
conceivable that the populations may not have had enough
time to get sufficiently close to the hypothetical trade-off
line, which might explain why we do not find a trade-off
in the second analysis. A negative association between rate
and yield across the populations is expected only if all of
them are close to the trade-off line (fig. 1B). A further
possibility is that the replicate populations climbed dif-
ferent fitness peaks in the adaptive landscape (fig. 1D).
Such independent evolution of replicate populations is a
consequence of chance events and is supported by evi-
dence of sustained divergence in mean fitness between
populations (Lenski and Travisano 1994) as well as by
patterns of epistasis observed between at least some ben-
eficial mutations in the evolving populations (Cooper et
al. 2003). These different fitness peaks represent alternative
mechanistic solutions for conversion of glucose into bio-
mass, each of which may be subject to somewhat different
biochemical constraints.

Under this scenario, we might still expect a trade-off
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among clones from within individual populations rather
than between populations. Indeed, in three out of four
populations we find a highly significant negative corre-
lation between growth rate and yield. This finding provides
support for the existence of the trade-off. The one pop-
ulation that showed significant positive correlation evolved
a stable dimorphism (Rozen and Lenski 2000), which may
mask an underlying trade-off within each of the corre-
sponding clades. After grouping the clones of this popu-
lation into two clusters based on their rate and yield, we
indeed observe a negative correlation within each cluster.
The fact that we found a negative correlation between rate
and yield only within populations suggests that this ap-
proach is the most sensitive test for detecting a trade-off,
especially when multiple populations allow several inde-
pendent tests of the trade-off, as in this study.

In summary, we used bacterial populations from a long-
term evolution experiment to test for the existence of a
trade-off between growth rate and growth yield. Using
samples of independently evolving populations from dif-
ferent time points of the experiment, we had the oppor-
tunity to use three different approaches for detecting the
trade-off. Careful consideration of the three approaches
reveals possible obstacles in detecting trade-offs between
life-history traits. In particular, the outcomes of these three
approaches are likely to be differently affected by the se-
lection regime, the properties of the ancestor that may
depend on its evolutionary history, and the influence of
chance events on the independently evolving populations.
Indeed, the three tests yield different results in our study.
We find strong support for the existence of a trade-off
between growth rate and yield based only on the pattern
of diversity within the evolved populations. In our view,
the evidence for the trade-off in this analysis weighs more
heavily than the absence of support from the other two
analyses, which appear to reflect the experimental limi-
tations discussed above. However, to settle this issue more
definitively, an entirely new set of evolution experiments
may need to be run, ideally using the same ancestral strain
and similar environmental conditions. In particular, the
potential for confounding effects resulting from indirect
selection for higher yield during stationary phase could
be eliminated by evolving the bacteria under constant
exponential-phase growth at their maximal rate.
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