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EVOLUTIONARY TRADE-OFFS UNDER CONDITIONS OF RESOURCE
ABUNDANCE AND SCARCITY: EXPERIMENTS WITH BACTERIA
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Abstract. It is often hypothesized that bacteria that are superior competitors when
resources are abundant must be inferior competitors when resources are scarce, and vice
versa. Most previous studies that sought to test this trade-off hypothesis comparcd kinetic
parameters of extant strains of bacteria, with mixed results. We employed an experimental
approach in which bacterial populations were propagated for many generations under two
distinct regimes and their evolutionary responses were monitored. Thirty-six populations
of bacteria were allowed to adapt evolutionarily to either abundant (batch culture) or scarce
(chemostat culture) resource regimes. The competitive fitness of each derived line, relative
to its ancestor, was then measured under both regimes. The trade-off hypothesis predicts
that adaptation to either selective regime causcs a concomitant loss of fitness under the
alternative regime. Overall, our findings failed to support this hypothesis, and several cases
contradict it. Only two derived lines showed clear trade-offs, having significantly adapted
to the selective regime while becoming significantly less fit in the alternative regime. By
contrast, five derived lines significantly improved in the alternative regime even as they
adapted to their selective regime. Summing over all 36 derived lines (including those for
which the observed fitness changes were nonsignificant under one or both regimes), 15
cascs support the trade-off hypothesis, whereas 21 indicate the opposite result. Thesc data
therefore refute the necessity, or even general tendency, for evolutionary trade-offs in
performance under conditions of resource abundance vs. scarcity. Instead, thesc data suggest
that bacteria arc able to adapt to a particular level of resource via multiple evolutionary
pathways, which may produce either gains or losses in fitness at some different level of
resource.

Kev words: bacieria; bioremediation: competition; experimental evolution: microbial ecology: v
and K selection: resource availabilitv: trade-offs.

INTRODUCTION K selection has been perhaps the most historically
prominent. K selection is presumed to optimize per-
formance when a population is near its carrying ca-
pacity and resources arc scarce, whereas r selection
occurs when a population is sparse, resources are abun-
dant, and its per capita growth rate is ncar its maximum
(MacArthur and Wilson 1967, Pianka 1970, Rough-
garden 1971, Mueller and Ayala 1981). Although most
ecologists no longer think that this simple dichotomy
provides an adequate classification for life history strat-

Evolutionary trade-offs in performancc from one en-
vironment to another have long been thought to be
important in limiting the distribution and abundance of
organisms. These trade-offs are the product of genetic,
physiological, and material constraints that prevent an
organism from simultaneously optimizing different
traits (Stearns 1992). Trade-offs have been hypothe-
sized, and sometimes demonstrated, between such traits
as maximum growth rate and carrying capacity (Mac- X i
Arthur and Wilson 1967, Pianka 1970, Solbrig and €8IS (Ste.arns 1992), the more general hypothesis of
Simpson 1974). longevity and fecundity (Medawar ap.evolutlonary trade-off in performance under con-
1952, Rose and Charlesworth 1980), reproduction and le]OI‘lS of resource scarcity vs. abundance remains
growth (Warner 1984, Reznick 1985, Bell and Kou- widely held. _ _
fopanou 1986), competitive ability and resistance to Like many O.f thel.r counterparts who study animals
exploitation (Lubchenco 1978, Lenski and Levin and plants, microbial ecologists often assume that
1985), and others. Indeed, trade-offs are central to al- trade-offs in pcrforrr}ance under COHlelOHS of resource
most all hypotheses concerning the cvolution of gen- abundance vs. scarcity are pervasive in the organisms
eralists vs. specialists (Levins 1968, Huey and Hertz that they study (Matin and Veldkamp 1978, Konings
1984, Jaenike 1990, Van Tienderen 1991). and Veldkamp 1980, Kuenen and Harder 1982, Veld-

Among these trade-off theorics, the notion of r vs. kamp et al. 1984, Andrews and Harris 1986, Andrews
1991, Greer et al. 1992). The short generation times of
Manuscript received 27 August 1997: revised 7 April 1998: m,ICI‘Ob?S’ their large population sizes, and ean: of ma-
accepted 18 May 1998: final version received 22 June 1998. nipulation make them excellent model organisms for

! E-mail: velicerg@pilot.msu.cdu cxamining trade-off hypotheses such as this one. In-
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deed, in a well-known set of experiments using the
bacterium Escherichia coli, Luckinbill (1978, 1984)
allowed populations to evolve under two distinct re-
gimes that he thought differed substantially with re-
spect to selection on growth parameters related to re-
source availability. However, other authors have re-
cently argued that, in fact, the two selection regimes
used by Luckinbill were not very different in their sc-
lective character, rendering moot his finding against
any trade-off (Vasi et al. 1994). Thus, additional ex-
periments are needed to address convincingly the ques-
tion of whether there is an evolutionary trade-off in
the competitive ability of bacteria at high vs. low re-
source levels. Addressing this issue in a rigorous man-
ner not only is important for ecological theory, but also
may be important for identifying those bacterial strains
that are thec most useful for bioremediation of polluted
sites (National Research Council 1993). Can one find
a generalist that will efficiently degrade a certain pol-
lutant over a wide range of concentrations? Or must
an array of specialists, each adapted to a different sub-
strate concentration, be employed?

In principle, onc could test the hypothesis of fitness
trade-offs under conditions of resource scarcity vs.
abundance by several different methodologies, such as
examining the distribution of genctically distinct or-
ganisms across habitats that differ in resource avail-
ability or comparing relevant life history traits across
populations or species. But both these approaches have
inherent limitations that weaken the resulting infer-
ences. In the former case, the complexity of ecological
habitats and communities means that many variables
other than just resource availability must also affect
the distribution of organisms. Identifying, and then ex-
cluding, variables that confound the hypothesis at hand
is, at best, a formidable task. The comparative mcthod
is similarly fraught with inferential limitations. These
include the problem of distinguishing adaptive from
phylogenetic explanations for differences among or-
ganisms (Harvey and Pagel 1991) as well as meaning-
less estimates of performance traits due to differential
“‘pre-adaptation” of organisms to the arbitrary labo-
ratory environment in which they are measured (Muell-
er and Ayala 1981, Service and Rose 1985). An ex-
perimental evolutionary approach circumvents these
difficulties. First, ecological conditions are precisely
controlled to minimize confounding selective factors
between replicates and treatments. Second, compari-
sons are made between organisms that have known and
direct ancestor—descendant relationships. Also, repli-
cation of evolutionary treatments allows the extent of
heterogeneity in response to selective conditions to be
quantified and included in the statistical analysis (e.g.,
Bennett et al. 1992). Finally, performance traits are
measured in environments that correspond to an or-
ganism’s most recent evolutionary history, except for
the specific variable of interest that is manipulated.
Therefore, we have used an experimental evolutionary
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approach to test the hypothesis of a trade-off in per-
formance under ecological conditions of resource scar-
city vs. abundance. Populations of bacteria were prop-
agated under each type of condition for many gener-
ations, and changes in the relative fitness of the derived
strains were then measured by competition experi-
ments, both in the environment in which they had
evolved and in the alternative environment. If fitness
gains in the selective environment usually correspond
with losses in the alternative environment, this would
support a fundamental role for trade-offs in adaptation
to ecologically distinct environments.

OVERVIEW OF THE EXPERIMENTAL DESIGN

The cvolution experiments were performed under
two different selective regimes and in two stages (Fig.
1). One regime was batch culture, in which bacterial
populations were serially diluted each day to low den-
sity in fresh medium, where they then grew at or near
their maximum growth rate for several generations be-
fore the limiting resource was depleted. Under this re-
gime, the populations received high concentrations of
resource at regular intervals, and most population
growth occurred during exponential phase. Natural se-
lection would thus favor mutants that were better able
to exploit the abundant resources. The other selective
regime was chemostat culture, in which fresh medium
flowed into the culture vessels at a constant rate; the
bacterial populations maintained a high equilibrium
density while holding the limiting resource to a low
concentration. Hence, the bacteria constantly experi-
enced high population density and low resource avail-
ability. Natural selection under these conditions would
favor mutants that were better able to scavenge scarce
resources.

We performed the evolution experiments in two
stages. In stage I, two strains recently isolated from
nature were used to found replicate populations that
evolved for 75 d under either the batch or the chemostat
regime (Fig. 1). We used these two different founding
strains, designated F and S, because we were interested
in whether bacteria that had been shaped by different
forces in nature would respond similarly to the two
regimes. Therefore, we chose one strain that had a high
maximum growth rate (F) under laboratory conditions
and another strain that grew much more slowly (S). In
stage I, we had two replicate populations for both
founding strains under each of two selective regimes,
giving a total of eight populations.

During this first stage of experimental evolution, the
sole source of carbon provided in both regimes was
succinate, which is a central substrate in bacterial me-
tabolism. Eight strains derived from stage I were then
used to found a total of 32 new populations for stage
II, with two replicates under each of the two culture
regimes for every founder. During this second stage,
the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D)
was provided as the sole source of carbon. This design,
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with two successive stages of evolution using different
resources, allowed an examination of the specificity of
adaptation with respect to substrate type (Velicer 1999)
as well as adaptation to substrate concentration. How-
ever, this paper is concerned only with the latter (ad-
aptation specific to substrate availability). For present
purposes, the two evolutionary stages thus can be re-
garded as two separate experiments. That is, each de-
rived strain competed against its proximate ancestor
(stored in a freezer and marked genetically so that the
competitors could be readily distinguished) and for the
substrate on which the derived strain was most recently
selected. Competition assays were performed under
both the batch and chemostat regimes to test the trade-
off hypothesis, which predicts that genotypes that be-
came better adapted to one regime simultancously be-
came inferior competitors under the alternative regime.

MATERIALS AND METHODS
Bacterial strains and culture media

The two ancestral strains uscd in this study, origi-
nally designated TFD3 and TFD13, were isolated from
sludge in Oregon and soil in Michigan, respectively
(Tonso et al. 1995). Both are able to catabolize 2,4-D,
and both belong to the genus Burkholderia in the B2
subgroup of the Proteobacteria based on their 16S
rDNA sequences (McGowan 1995). These two strains
were chosen for this study because one of them (TFD3)

> SCCr

grows relatively fast, whereas the other grows more
slowly. Henceforth, TFD3 and TFD13 arc called “'F”
(fast) and **S” (slow), respectively. The maximum
growth rates in succinate for F and S are 0.42 h-' and
0.09 h~', respectively. In 2,4-D medium, the maximum
growth rates for F and S are 0.21 h-f and 0.08 h™,
respectively. F and S were stored as clones in medium
containing 10% glycerol at —80°C.

All experiments were performed in the same mineral-
salts base medium, in which ecach liter contained 1.71
g K,HPO,, 0.3 g Na,PO,, 0.33 g (NH,),SO,, 0.246 g
MgSO,7H,0, 0.12 g Na.EDTA-2H.O, 20 mg NaOH,
4 mg ZnSO,7H.0, 3 mg MnSO,H.O, 1 mg
CuS0,-5H.0, 30 mg FeSO,-7H.0, 52 mg Na.SO,, and
1 mg NaMoO,-2H,0O. As a source of carbon, this me-
dium was then supplemented with either succinate or
2,4-D at a concentration of 500 mg/L. All cultures were
maintained at a constant temperature of 25°C.

Stage I batch evolution

F and S were each used to establish two replicate
lines by inoculating 10-mL flasks of succinate medium.
Upon reaching stationary phase, the lines were trans-
ferred into fresh medium and this transfer cycle was
repcated daily for 75 d. The dilution factors were 1/100
(0.1 mL into 9.9 mL) for the F lines and 18/100 (1.8
mL into 8.2 mL) for the S lines, which allowed 6.64
(=log.100) and 2.47 (=log,100/18) generations of bi-
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nary fission per day, respectively, giving ~500 and 185
generations of evolution in total for the F and S de-
scendants, respectively. This difference in dilution fac-
tor (and hence number of generations per day) between
strains was neccssary to prevent the faster growing
lines from spending a much larger portion of their daily
cycle in stationary phase than the slow growers. Upon
completing this experiment (and all of the evolution
experiments in this study) clones were chosen at ran-
dom from each population and stored at —80°C for use
in subsequent competition experiments (described be-
low) with their ancestral strains. The derived clones
from stage I batch lines were designated FB1, FB2,
SB1, and SB2 (where “B”’ stands for batch-evolved).

Stage I chemostat evolution

F and S were used to establish two replicate lines
each in chemostat vessels that contained succinate me-
dium. Vessels for the F lines were maintained at 18
mL, while vessels for the S lines werc maintained at
50 mL. The flow of fresh medium into each chemostat
was kept at 2.5 mL/h, setting growth rates at 0.139 h™!
for the F lines and 0.050 h~' for the S lines. These
realized rates are ~33% and 56% of the maximum rates
on succinate for F and S, respectively. Because cvery
derived strain competed against its own ancestor, and
in its own regimes, the important point is not to make
the experiments absolutely identical for the F and S
lines, but rather to ensure that the two regimes provide
very different resource availabilities and hence growth
rates for cach strain. It is also not important that the
number of generations be identical across strains or
even regimes, because the trade-off hypothesis makes
clear and simple directional predictions. (See also the
Discussion.) The F lines experienced 75 d of evolution
(~360 generations), whereas the S lines were stopped
after 73 d (~125 generations) due to blockage of the
nutrient input. Derived clones from stage I chemostat
lines are called FC1, FC2, SC1, and SC2 (where “C”
stands for chemostat-evolved).

Genetic markers

To exclude the possibility of contamination, we com-
pared DNA ‘“‘fingerprints” from the stage I (and II)
derived clones with those of the ancestral strains F and
S. Specifically, we examined electrophoretic patterns
obtained from REP-PCR amplification products (Ver-
salovic et al. 1991) and found no discrepancies, indi-
cating that all of the evolved clones were, in fact, true
descendants of the ancestral strains.

To perform competition experiments, we needed a
genetic marker that would allow us to distinguish two
competing strains. To that end, we used selective plat-
ing to obtain streptomycin-resistant mutants of FBI,
FC1, SB1, and SC1. These resistant clones were des-
ignated FBr, FCr, SBr, and SCr, and they too were stored
at —80°C. In addition to being necessary for compe-
tition experiments, these resistant clones were used to
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found one-half of the Stage II evolving lines. All of
the derived clones from Stage II lines retained their
appropriate streptomycin marker state.

Stage Il batch evolution

Each of the eight clones FB1, FBr, FC1, FCr, SB1,
SBr, SC1, and SCr was used to found two replicate
populations by inoculating 10-mL flasks of 2,4-D me-
dium. Transfers cycles were performed for 75 d, exactly
as during stage I evolution, except that the medium
contained 2,4-D (instead of succinate) and dilution fac-
tors were adjusted to ensure that each founding strain
could replace itself during each cycle. The dilution fac-
tors were as follows: 1/100 for FB1, FBr, and FC1 (6.64
generations per day, ~500 generations total); 7.7/100
for FCr (3.70 generations per day, ~275 generations
total); 20/100 for SB1 and SBr (2.32 generations per
day, ~ 175 generations total); and 33.3/100 for SC1 and
SCr (1.59 generations per day, ~ 120 generations total).
As noted above, the important point was not to make
the experiments absolutely identical for each group,
which will be compared with its own ancestor in its
own regimes, but rather to ensure that the batch and
chemostat growth regimes are sufficiently distinct in
terms of resource availability and demography. The
sixteen derived clones were designated FBB1, FBB2,
FBBrl, FBBr2, FCB1, FCB2, FCBrl, FCBr2, SBB1,
SBB2, SBBrl, SBBr2, SCB1, SCB2, SCBrl, and
SCBr2. Here, the first letter denotes the original an-
cestor; the second and third letters are the regimes dur-
ing stages I and II, respectively; the letter “‘r’* indicates
that the line was founded by a streptomycin-resistant
clone at the start of stage II; and the numerals distin-
guish the replicate populations.

Stage Il chemostat evolution

The same eight clones (FBI1, FBr, FC1, FCr, SB1,
SBr, SC1, and SCr) were each used to found two rep-
licate populations in chemostat vessels containing
2,4-D medium. Every population was grown until the
medium appeared turbid before initiating the flow of
fresh medium through the chemostat. In all cases, a
flow rate of 2.0 mL/h was maintained for 75 d. Given
this constant flow, chemostat volumes were adjusted
so that each population grew at roughly half the found-
er’s maximum rate in 2,4-D (details in Velicer [1997]),
following the same logic as above wherein we sought
to make the batch and chemostat regimes distinct for
all founding strains. The volume used for FB1, FBr,
and FC1 lines was 18 mL, which allowed growth at
0.111 h™' (3.85 generations per day, ~290 generations
total); the volume for the FCr lines was 36 mL, which
permitted a growth rate of 0.056 h™' (1.92 generations
per day, ~145 generations total); and the volume for
the SB1, SBr, SC, and SCr lines was 48 mL, yielding
a rate of 0.042 h~' (1.44 generations per day, ~110
generations total). The clones derived from Stage II
chemostat lines were designated FBC1, FBC2, FBCrl,
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FBCr2, FCC1, FCC2, FCCrl, FCCr2, SBC1, SBC2,
SBCrl, and SCCrl. Four populations were lost due to
contamination of the vesscls, so there are no clones
designated SBCr2, SCC1, SCC2, or 5CCr2.

Batch competition assays

All competition assays (batch and chemostat) were
performed in the same medium, and with the same
dilution factor, that the particular derived strains had
experienced. Thus, stage I competitions were per-
formed in succinate medium, and stage II competitions
were tun in 2.4-D medium. For batch competitions,
two clones were mixed together in the same flask,
where they competed for a common pool of limiting
nutrient. In all cases, the two competitors could be
distinguished by a genetic marker. For stage [ com-
petitions, the ancestral F strain and each of the F-de-
scendant clones competed against the streptomycin-re-
sistant clone, FBr, while the ancestral S strain and all
of the S-descendants competed against the strepto-
mycin-resistant clone, SBr. For stage II competitions,
one of the competitors was a descendant and the other
was the proximate ancestral genotype carrying the re-
ciprocal streptomycin marker. The proximate ancestors
of the stage Il descendants are the stage [ derived clones
that were used to establish the stage II lines. For ex-
ample, streptomycin-sensitive clones FBB1 and FBB2
competed against streptomycin-resistant FBr, whereas
FBBrl and FBBr2 each competed against FB1.

Prior to being mixed, the two competitors were
grown scparately in the assay environment for 24 h
(one transfer cycle) so they were comparably accli-
mated. The two competitors were then mixed in fresh
medium and this mixed population was propagated for
one or more transfer cycles, depending on the relative
fitnesses of the competitors. Longer e¢xperiments give
better resolution of small changes in relative abun-
dance, whercas shorter experiments are nccded when
competitive exclusion occurs so rapidly that one strain
becomes too rare to quantify accurately. Initial ratios
of the two compctitors were also adjusted to permit
accurate quantification of changes in relative abun-
dance. Initial and final densities of each competitor
were obtained by diluting the mixture on both selective
and nonselective agar plates (with and without strep-
tomycin, respectively). After adjusting for dilution pri-
or to plating, the density of the resistant competitor
was obtained directly from the colony count on the
selective agar; the density of the sensitive competitor
was estimated from the difference in density between
the nonsclective and selective plates. Details of the
initial mixing ratio, daily dilution factor, and number
of transfer cycles for each set of batch competition
assays are reported in Velicer (1997).

For each pair of competitors, we performed multiple
assays, each yielding an independent estimate of the
selection rate constant, which provides a simple mea-
sure of the rate at which one competitor excludes an-
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other. Experiments were performed in blocks of five
pairwise matches, with five replicates per match, giving
a total of 25 competitions per block. (One or two rep-
licates were occasionally discarded due to contami-
nation or insufficient plate counts.) For stage I, one
block had E FB1, FB2, FC1, and FC2 each competing
against FBr, and a second block had S, SB1, SB2, SC1,
and SC2 each competing against SBr. For stage II, we
ran eight blocks, each consisting of one competition
between the two reciprocally marked ancestors (e.g.,
FB1 vs. FBr) and four competitions between a set of
derived clones and their reciprocally marked ancestor.
For example, one block had pairings of FB1 vs. FBr,
FBB1 vs. FBr, FBB2 vs. FBr, FBBrl vs. FB1, and
FBBr2 vs. FB1. (The blocks for the SBC and SCC sets
were somewhat smaller because some of the derived
lines were lost due to contamination.)

Calculation of selection rate constants in
batch competitions

For each competitor, we calculated its realized Mal-
thusian parameter, m,, as its net rate of increase adjusted
for the daily transfer and dilution into fresh medium:

m;, = (UHIn[D’ X N(/N(0)] (1)

where D is the dilution factor, ¢ is the number of daily
transfer cycles that the competition ran, and N(0) and
N{(f) are initial and final population densities (ex-
pressed at the same points in the growth cycle). The
relative performance of two competitors is expressed
as the selection rate constant s, which is defined as
the difference in their realized Malthusian parameters
as they compete for a common pool of nutricnts (Lenski
et al. 1991, Travisano and Lenski 1996):

S; = m; — . (2)

Because the same factor D’ appears in the calculation
of each competitor’s Malthusian parameter, it drops out
of the equation for the selection rate constant. Eq. 2
can be rearranged as

s; = (UD{Un[NOIN(D)] — In[N(HIND)]).  (3)

The selection rate constant can thus be expressed as
either the difference in two competitors’ realized Mal-
thusian parameters or the rate of change in their relative
abundance, becausc these expressions are mathemati-
cally equivalent. Any difference in the plating effi-
ciencics of the two competitors does not affect the cal-
culation of the selection rate constant, provided only
that the plating efficiencies are the same in the initial
and final samples.

The effects of the streptomycin-resistance marker on
performance were factored out of the values presented
in the Results section, so that s > 0 indicates superior
performance by a derived clone relative to its proxi-
mate ancestor, whereas s < 0 indicates that the derived
clone is less fit than its ancestor. For example, to obtain
the selection rate constant for derived clone FBBI1 rel-
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TaBLE . Results of competition between ancestral bacteria
and lines derived from stage-I evolution in medium con-
taining succinate as sole carbon source.

Selection rate, s (d 1)

Evolved Selection Alternative
line Selected in regime regime
FBI Batch 0.0260 0.0472
FB2 Batch 0.0910 -0.0374
EC1 Chemostat 2.8721 ~0.3093
FC2 Chemostat 2.0268 0.8125
SBI Batch 0.2531 0.3715
SB2 Batch 0.3759 0.6026
SC1 Chemostat 0.1729 0.2379
sC2 Chemostat 0.2521 0.0897

Notes: Selection rate constants, s, of stage I derived lines
(relative to the original ancestors) are presented for both the
selection and alternative regimes. Positive values indicate
competitive superiority relative to the ancestor, whereas neg-
ative values indicate inferiority. Selection rate constants
shown in bold are significantly different from the ancestral
values (two-tailed ¢ tests, P < 0.05).

ative to its proximate ancestor FB1, each one separately
competed against the marked clone FBr. The selection
rate constant of FB1 relative to FBr was then subtracted
from that of FBB1 relative to FBr to obtain the stan-
dardized selection rate constant of FBBI1 relative to
FBI1.

Chemostat competition assays

Chemostat competition assays were performed using
the same procedures as for the batch competition as-
says, except as indicated here. Prior to each assay, both
competitors were grown to stationary phase in flasks
containing the same medium in which they would com-
pete. The two competitors were then mixed in a che-
mostat vessel at an initial ratio of 100 of the strepto-
mycin-sensitive competitor to 1 of the resistant com-
petitor, at which time the flow of medium through the
vessel was started. To allow acclimation to the che-
mostat environment, the mixed population grew for at
least 12 h before the first sample was taken. Each vessel
was sampled and plated several times, on selective and
nonselective agar, to monitor changes in the densities
of the two competitors over a period of 6-10 d. The
pairwise matches and block design of the chemostat
competitions werce the same as those for the batch com-
petitions, except that only two replicates (rather than
five) were run for each pair of competitors. Although
we ran fewer replicates of the chemostat competitions
than of the batch competitions, each replicate of a che-
mostat competition included more internal time points.

The selection rate constant for each replicate was
calculated as the slope of the regression of the natural
logarithm of the ratio of the two competitors—In[N(r)/
N(t)]—versus time. This slope is therefore equivalent
to s, in Eq. 3. As with the batch competitions, the
selection rate constants were adjusted for the effects
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TaBLE 2. Results of competition between bacteria proxi-
mately ancestral to stage-IT evolution in medium containing
2,4-D as sole carbon source and lines derived from stage-
II evolution.

Selection rate, s (d°Y)

Evolved Selection Alternative
line Selected in regime regime
FBBI1 Batch 0.4026 0.1821
FBB2 Batch 0.9675 0.2162
FBBrl Batch 0.3116 0.2268
FBBr2 Batch 0.3439 —0.4448
FCB1 Batch 04171 0.3177
FCB2 Batch 0.6390 —0.2586
FCBrl Batch 0.6788 0.0150
FCBr2 Batch —0.6600 —-0.3296
FCCl1 Chemostat 0.2341 0.3291
FCC2 Chemostat 1.2510 0.6807
FCCrl Chemostat 0.9161 -0.4631
FCCr2 Chemostat 0.7944 —0.0517
FBC1 Chemostat 0.1432 —0.1468
FBC2 Chemostat 0.2944 -0.2777
FBCrl Chemostat 0.3265 -0.3362
FBCr2 Chemostat 0.6090 ~0.3798
SBB1 Batch 0.0379 —0.0154
SBB2 Batch 0.1073 0.1013
SBBrl Batch 0.2230 -0.0151
SBBr2 Batch 0.5401 0.0098
SCB1 Baich 0.6924 0.2494
SCB2 Batch 0.7670 0.0758
SCBrl Batch 0.4899 -0.2048
SCBr2 Batch 0.3680 -0.4172
SCCrl Chemostat 0.0013 0.0925
SBCI1 Chemostat 0.0701 0.1207
SBC2 Chemostat 0.0026 0.0031
SBCrl Chemostat 0.0763 0.0845

Notes: Selection rate constants, s, of stage II derived lines
(relative to their proximate ancestors) are shown for both the
selection and alternative regimes. Positive values indicate
competitive superiority relative to the ancestor, whereas neg-
ative values indicate inferiority. Selection rate constants
shown in bold are significantly different from the ancestral
values (two-tailed 1 test, P < 0.05).

of the streptomycin-resistance marker, so that s > 0
indicates superior performance by a derived clone rel-
ative to its proximate ancestor, while s < 0 indicates
that the derived clone is less fit than its ancestor.

RESULTS
Adaptation to selective regime

We first examined the change in performance of each
derived line in the environment in which it was se-
lected. Including both stages, a total of 36 indepen-
dently derived lines were thus examined. For each line,
we performed a two-tailed ¢ test comparing the repli-
cated estimates of the selection rate constants for the
derived clone and the corresponding marker control.
The first numerical columns in Tables 1 (stage I) and
2 (stage II) show the resulting selection rate constant
for the derived clone, adjusted for the marker control.
Values shown in boldface are significant at P < 0.05.
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Of the 36 lines, 22 showed significant adaptation to
their own selective regime; none of them showed a
significant loss of performance in the selective envi-
ronment. In four sets (FC, SB, FBB, and SCB), all of
the replicate lines improved significantly, whereas most
sets include some lines that showed significant im-
provement and others that did not. Of the 14 lines that
did not show significant adaptation, the values of the
selection rate constant, s, werc positive in every casc
except one. This asymmetry strongly suggests that
some other lines also adapted to their selective regime,
but we lacked sufficient statistical power to claim ad-
aptation in every case.

Of the stage I lines derived from the fast-growing
ancestral strain, F, neither batch line (FB1 or FB2)
showed significant improvement in the batch regime,
in which resources were plentiful ard hence growth
was fast (Table 1). However, both F-derived lines se-
lected in the chemostat regime (FC1 and FC2) im-
proved significantly in that environment, in which re-
sources were scarcc and growth therefore slower.
Among the stage I descendants of the slow-growing
ancestral strain, S, the opposite outcomes were seen.
That is, both batch-selected lines (SB1 and SB2) adapt-
ed significantly to that fast-growth regime, but neither
of the chemostat-selected lines (SC1 and SC2) showed
significant improvement in that slow-growth environ-
ment. Thus, the derived lines showed the greater im-
provement under the regime where the ancestor was
weaker.

Such historical effects are less consistent among the
stage II lines. The S-derived lines did, in fact, tend to
adapt more to novel environments than to a continu-
ation of their previous environment. Of the seven lines
that switched from one regime to another (SCB and
SBC sets), six showed significant adaptation to the new
regime. By contrast, only one of five lines that stayed
in the same environment (SBB and SCC sets) showed
further adaptation to that regime. These results are thus
consistent with the notion that it is easier to improvc
on weak performance than it is to enhance performance
that is already strong. However, this pattern did not
hold for the F-derived lines: seven of eight lines that
stayed under the same regime (FBB and FCC sets)
continued to improve, whereas only four of eight lines
that switched regimes (FCB and FBC sets) showed sig-
nificant adaptation to the new regime relative to their
proximate ancestor.

Despite this ambiguous evidence for historicity, the
main result is clear: the majority of lines adapted to
the selective regime under which they evolved. The
key question, therefore, is whether the lines lost fitness
under the alternative regime, as predicted by the trade-
off hypothesis.

Performance under alternative regime

Once again, we performed for cach line a two-tailed
f test comparing the estimates of the selection rate con-
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stants, but now measured in the alternative regime, for
the derived clone and its appropriate marker control.
The second numerical columns in Tables 1 (stage I)
and 2 (stage II) show the resulting selection rate con-
stant for the derived clone, adjusted for the marker
control, with boldface values denoting significance at
P < 0.05. Let us first consider only those 22 lines that
showed significant adaptation to their own regime. Of
these 22 lines, seven (FC2, SB2, FBB1, FBBrl1, FBBr2,
FCC2, and FCCrl) also showed significant changes in
their performance in the alternative regime. These sev-
en lines therefore provide the clearest tests of the trade-
off hypothesis. Only two (FBBr2 and FCCrl1) show the
pattern of evolutionary change predicted by the trade-
off hypothesis, that is, significant improvement under
the selective environment and a significant loss of per-
formance in the alternative regime. This outcome is
illustrated in Fig. 2a for FCCrl, which became less fit
in the batch environment as it became more competitive
in the chemostat environment. The other five lines im-
proved significantly in both their selective and alter-
native regimes, contrary to the trade-off hypothesis.
This outcome of correlated gain in the alternative re-
gime is shown in Fig. 2b for FBB1, which became
significantly more competitive in the chemostat even
as it became better adapted to the batch regime.

These seven lines yield the clearest interpretation,
and both individually and collectively they do not sup-
port the trade-off hypothesis (Table 3, row 1). Beyond
these seven lines, any interpretation of the responses
of individual lines is necessarily more ambiguous, but
collectively they also do not support the trade-off hy-
pothesis. Fifteen lines underwent significant adaptation
to their selective regime, but did not show any signif-
icant changes in their performance under the alternative
regime (Table 3, row 2). Eight of these responses to
the alternative regime were negative (consistent with
a trade-off) and seven were positive (inconsistent with
a trade-off). Fourteen lines did not improve signifi-
cantly in their selective regime, but as noted above most
of these responses were in the direction expected if
they too had adapted. Among these 14 lines, three
showed significant changes in their performance in the
alternative environment, all of which were improve-
ments and hence inconsistent with the trade-off hy-
pothesis (Table 3, row 3). Finally, the other eleven
lincs, which showed nonsignificant changes in both re-
gimes, include five cases in which the correlated re-
sponse was negative and six where it was positive (Ta-
ble 3, row 4). In summary, there is no evidence of a
trend that would support the trade-off hypothesis, nor
do those lines that showed clear changes in their per-
formance in both regimes typically exhibit any trade-
off.

Homogeneous and heterogeneous
responses to selection

Among the 36 lines taken together, it is clear there
were a diversity of responses, some consistent with the
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adaptation to its selective regime (chemostat) '3 0.754
and significant loss of fitness under the alter- g 0.50 4
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trade-off hypothesis and others inconsistent with it. In
this section, we ask whether there are consistent pat-
terns among various sets of lines. That is, might some
sets consistently exhibit trade-offs whereas other sets
show the opposite pattern?

With only two lines per set, the stage I sets do not
provide much power for addressing this issue. We
would only note that both the SB and SC sets were
consistent insofar as both lines in each of these sets
appeared to have improved in both environments. By
contrast, the two lines in the FC set showed one casc
of correlated improvement and onc case suggestive of
a trade-off. Neither of the FB lines appears to have
changed their performance much under either regime.

Among the six stage II sets with four lines, only the
FBC set gave consistent responses among all of its
constituent lines in both the selective and alternative
environments (Fig. 3, 0). All four lines appear to have
improved in their selective chemostat regime, and all
four appear to have lower fitness than their proximate

TaBLE 3. Frequency of adaptation patterns that are consis-
tent and inconsistent with the trade-off hypothcsis.

Comparison with
tradeoff hypothesis

Incon-
Performance Consistent  sistent
1) Significant responses in both selec-
tive and alternative regimes 2 5
2) Significant response in selective
regime only 8 7
3) Significant response in alternative
regime only 0 3
4) Significant response in neither
regime 5 6

Note: The rows indicate the number of cases for each out-
come, grouped according to whether the corresponding se-
lection rate constants are significant (see Tables | and 2).
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a) FCCrl

b) FBBI1

Chemostat Batch Batch Chemostat

ancestor in the alternative batch regime. Many of these
changes are not statistically significant when individual
lines are compared separately to the ancestor. However,
if the replicate lines are considered together, with each
line as the unit of observation, then the set shows a
significant improvement in the chemostat regime (r =
3.533, 3 df, 2-tailed P = 0.0386) and a significant loss
of fitness in the alternative batch regime (r = 5.632, 3
df, 2-tailed P = 0.0111).

For the other Stage II sets, however, there are no
comnsistent patterns of gain or loss of performance in
the alternative regimes. In most sets, one or two lines
appear to be worse in the alternative regime than their
proximate ancestor, while the other two or three appear

: .
1.2 ,
o .04 '
E . X
& '
£ 08 !
Z :
3 :
2 0.64 o '
2 I
£ !
g 0.4 !
vy DD '
0.2 ‘ *
a
O T T T I‘ T T 1
-08 -06 -04 -02 0 0.2 0.4 0.6 08
SRC in alternative regime
FiG. 3. Examples of homogeneous and heterogeneous

correlated responses of replicate lines within a set. Most Stage
I1 sets show a heterogeneous patlern of responses to their
alternative regime, as exemplified by the FCC set (®). in
which two lines improved while two other lines became worse
in batch culture. The FBC set (0) shows a more homogeneous
pattern, in which all four lines appear to have reduced fitness
in the batch regime.
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to have improved fitness. This is exemplified in Fig. 3
by the FCC set (@), in which two lines show improve-
ment in the alternative (batch) regime and two either
show or suggest a loss of fitness. Again, some of the
individual lines in these sets are not significant, but the
overall pattern strongly suggests that improved per-
formance in a selective regime can be associated with
either a loss or gain of fitness in the alternative regime.

DISCUSSION
Implications for the trade-off hypothesis

The hypothesis of a trade-off in the performance of
bacteria under conditions of resource abundance vs.
scarcity can be tested by either comparative or exper-
imental approaches. To the best of our knowledge, the
few systematic comparative tests of this hypothesis
have failed to provide much support (Greer et al. 1992,
Lenski et al. 1997, Velicer 1997), although some stud-
ies suggest that trade-offs are important for certain
pairs of competitors (Matin and Veldkamp 1978, Ku-
cnen and Harder 1982, Veldkamp et al. 1984), and it
is also often assumed that such trade-offs exist (An-
drews 1991). Greer et al. (1992) and Lenski et al.
(1997) measured maximum growth rates (p.,.) and
substrate affinities (p,,./K,) on 2.4-D for a number of
natural isolates of bacteria able to degrade that sub-
strate. These parameters govern growth rates at high
and low substrate levels, respectively (Monod 1949).
Neither study found any significant negative correla-
tion between them, whereas such a ccrrelation is pre-
dicted by the trade-off hypothesis. Velicer (1997) also
directly measured the growth rates at high and low
concentrations of two different substrates for seven
bacterial strains isolated from a varicty of locations
and conditions. Whereas the trade-off hypothesis pre-
dicts a negative correlation between growth rates at
high and low concentrations, the opposite trend was
observed in both substrates, although the correlations
were nonsignificant when the data were scaled to take
into account phylogenetic relationships of the strains.
Taken as a whole, the comparative studies neither
strongly support nor definitely refute the hypothesis of
a trade-off in bacterial performance under conditions
of resource abundance vs. scarcity.

Using an experimental approach, Luckinbill (1978,
1984) sought to test certain predictions of r and K
selection theory, including especially the existence of
a trade-off in performance under alrernative demo-
graphic regimes. Replicate populations of Eschericia
coli were propagated under two different batch-culture
regimes, which were supposed to promotc adaptation
to either low or high population density. Populations
under one regime were kept in perpetual exponential
growth by transferring them into fresh medium before
they exhausted their resources, whereas populations
under the other regime were allowed to exhaust their
resources before they were transferred to fresh medium.
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Derived populations showed significant genetic adap-
tation to their own selective regimes, and when the
populations were then tested under the alternative re-
gimes, it was observed that they had generally im-
proved there, too. Thus, these experiments would scem
to contradict the existence of the predicted trade-off.

However, a more recent analysis of selection gra-
dients for demographic parameters in populations of E.
coli propagated by scrial batch-culture suggests that
the two regimes imposed by Luckinbill may actually
have been very similar in their selective effects (Vasi
et al. 1994). In particular, although the bacteria peri-
odically exhausted their resources in his high-density
regime, almost all of the change in population numbers,
and hence the opportunity for selection, would have
occurred in the exponential-growth phase, just as it
would have in the low-density regime. Thus, it appears
that maximum exponential growth ratc was the primary
target of selection under both his low- and high-density
selection regimes. Conscquently, Luckinbill’s results
do not provide a definitive test of the hypothesized
trade-off in performance under conditions of resource
abundance vs. scarcity, even though his work showed
clearly the potential power of cxperiments with micro-
bial populations to address fundamental questions in
evolutionary ecology. Vasi et al. (1994) also showed
that selection acting on demographic parameters should
be more distinct between a batch regime, in which most
population growth occurs while resources are abun-
dant, and a chemostat regime, in which all of the growth
occurs while resources are scarce.

In this study, we propagated bacteria under batch
and chemostat regimes in order to test the idea of evo-
lutionary trade-offs in competitive fitness under con-
ditions of resource abundance and scarcity. By virtue
of using such distinct selective regimes as well as hav-
ing extensive replication (including multiple ancestral
strains), wc believe that our study provides a more
appropriate and powerful test of this trade-off hypoth-
esis than have previous studies. Overall, our findings
fail to support the hypothesis, and several specific re-
sults directly contradict it. Only two derived lines
(FBBr2 and FCCrl) show definite trade-offs, having
significantly adapted to their own selective regime
while becoming significantly less competitive under the
alternative regime. By contrast, five lines (FC2, SB2,
FBB1, FBBrl, and FCC2) significantly improved their
fitness under the alternative regime even as they be-
came better adapted to their sclective regime, in op-
position to the trade-off hypothesis. Summing over all
36 derived lines in this study (including those for which
the changes in performance were not significant), 15
support the trade-off hypothesis, whereas 21 show the
opposite pattern (Table 3). Thus, ncither specific cases
nor overall patterns indicate the necessity, or even gen-
erality, of an evolutionary trade-off in bacterial com-
petitive fitness under conditions of resource abundance
VS. scarcity.
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Levels of analysis and strain history

Our data can be analyzed at the level of either in-
dividual lines or treatment groups that are defined by
some combination of strain history (Travisano ct al.
1995) and selective regime. The primary question of
interest for this study is whether the hypothesis of a
trade-off in performance under conditions of resource
abundance vs. scarcity is generally true. To address this
general question, we asked whether observed changes
in performance were consistent with the trade-off hy-
pothesis for each of the 36 independently derived bac-
terial lines in this study. In cssence, each derived line
allows a test of the directional prediction that is made
by the hypothesis concerning changes in performance
relative to its own ancestral state but in a dissimilar
environment. In fact, more significant cases went op-
posite to the trade-off hypothesis, five. than were con-
sistent with it, two (Table 3, row 1). By contrast, the
more basic hypothesis that the derived lines would
adapt to their own selective regime was uniformly sup-
ported in all 22 cases that were significant (Tables 1
and 2). Thus, our study had ample power to detect
adaptive evolution, but the outcome of that evolution
did not generally, or even typically, support the trade-
off hypothesis.

Our experimental design also permits an examination
of variation within and among the various treatment
groups. One purpose of replicating lines in each treat-
ment was to observe the extent of variation in response
by a particular ancestral strain to a specific selective
regime. The two lines that showed significant trade-
offs (FBBr2 and FCCr1) both belonged to sets in which
at least one line showed the opposite pattern of sig-
nificant correlated improvement (FBE1, FBBr2, and
FCC?2). This simple fact demonstrates that the descen-
dants of a common ancestor are not constrained, even
over short periods of evolution, to follow similar tra-
jectories with respect to trade-offs in performance un-
der conditions of resource abundance vs. scarcity.

A second point of having replicated lines within each
treatment was to permit an analysis of differences in
pattern of adaptation between treatments that differed
by ancestor and selective regime within each stage of
evolution, and by substrate between the two stages (Fig.
1). That is, in principle, we can compare the average
change, including both direct and correlated responses,
among the distinct sets of lines. In practice, however,
the necessity of varying the number of generations
across treatments confounds such an analysis. We will
limit ourselves, therefore, to noting one pattern in the
data that suggests an effect of strain history on sub-
sequent adaptation. Specifically, the unique histories of
progenitor strains F (fast-growing) and S (slow-grow-
ing) in nature appear to have influenced the relative
extent of their adaptation to the batch and chemostat
regimes during stage I of the experimental evolution.
Neither F-derived line that was propagated in batch

EXPERIMENTAL TEST OF TRADE-OFF HYPOTHESIS
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culture showed any significant improvement in that re-
gime, whereas both chemostat lines showed significant
adaptation. The opposite responses were seen for S-der-
ived lines: both batch lines significantly adapted to that
regime, whereas neither chemostat line showed any
significant improvement in their environment. For
whatever reason of their separate histories, F was al-
ready able to grow faster than S when resources were
plentiful. Therefore, it seems that S had more room for
improvement under the fast-growth batch regime than
did E whereas F had greater opportunity to adapt to
the slow-growth chemostat regime than did S. This
conclusion is somewhat compromised, however, be-
cause S-derived batch lines had more generations to
adapt to their regime than did the S-derived chemostat
lines (185 and 125 generations, respectively). None-
theless, it appears that each strain’s unique history
might play some role in its subsequent evolutionary
responses to various regimes. If so, then it becomes
even more difficult to obtain compelling evidence for
the generality of this (or any other) trade-off hypoth-
esis.

Strengths and limitations of this study

The primary strength of this investigation relative to
most previous tests of the trade-off hypothesis is that
the evolution relevant to the conclusions of the study
occurred in well-defined experimental conditions, rath-
cr than under ill-defined conditions in the wild. There-
fore, we could compare directly the performance of
ancestral and derived lines after the latter had evolved
in, and adapted to, known and reproducible selective
regimes. Consequently, one can be confident that dif-
ferences between derived lines and their ancestors were
produced by thesc regimes, rather than by fortuitous
variation among extant populations in their preadap-
tation to the laboratory (Service and Rose 1985), con-
founding effects of phylogenetic nonindependence
(Harvey and Pagel 1991) or unknown selective factors
in nature.

Another strength of this study is the experimental
design, which included: two ancestral strains with dis-
tinct demographic characteristics, two scparate stages
of evolution using different resources, independently
evolving replicate populations in each treatment, and
two very different selective regimes. Employing mul-
tiple ancestral strains, and multiple resources, permits
a more robust test of the generality of the hypothesized
trade-off. Most importantly, the two experimental rc-
gimes, batch and chemostat culture, are clearly distinct
in terms of resource availability and thus the selective
forces they impose on evolving populations. Another
important feature of this study is that fitness compar-
isons between ancestral and derived lines were based
on competitions, rather than on measurcments of par-
ticular demographic traits that may or may not be the
most important determinants of fitness. Also, our ex-
periments used naturally occurring strains rather than
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those with long laboratory histories, unlikec most other
selection experiments with bacteria (but see also Mik-
kola and Kurland [1992], Korona et al. [1994]). Finally,
the ancestral strains in our study were able to degrade
a widely used herbicide, and some of the derived lines
were selected for enhanced performance on that sub-
strate. Thus, our findings might be relevant to strategies
for enhancing bioremediation of polluted sites (Na-
tional Research Council 1993). In particular, our data
imply chat managers of bioremediation sites should not
automatically reject the possibility of identifying
strains that perform well across a wide range of sub-
strate concentrations.

One complication of our study is the variation among
sets of lines in the dilution rate that was imposed during
their evolution. This variation was necessary to ensure
strong and divergent selection under the two regimes,
given the pre-existing differences among strains in
growth rates. Thus, the batch and chemostat regimes
were always distinct in terms of rescurce availability
and demography, regardless of the founding strain for
each population. For logistical purposes, all the evo-
lution experiments had the same absclute duration, so
that given the variation in dilution rate the various pop-
ulations evolved for different numbers of generations.
The amount of an evolving population’s change will
obviously tend to increase over time, so that the final
magnitudes of the fitness gains and losses are not di-
rectly comparable across the treatments in our exper-
iment, as noted above. Fortunately, the trade-off hy-
pothesis makes clear directional predictions regarding
the evolution of each population relative to its ancestor.
Thercfore, throughout the Results, we emphasized the
direction and statistical significance of the observed
evolutionary changes, but not their final magnitude.
Another complication of our study was the necessity
of using a genetic marker to distinguish ancestral and
derived strains in the competition assays, and of ad-
justing the assay results for the effect of the marker on
fitness. The marker’s effect on fitness was measured in,
and independently adjusted for, each regime and set of
strains. Thus, the analyses in Tables | and 2 always
reflect appropriately paired controls for the effect of
the genetic marker on fitness.

In our view, the most important limitation of this
study is that the evolution experiment lasted for only
hundreds of generations, rather than for thousands or
even tens of thousands of generations. Such is the re-
ality of a dissertation project. Therefore, we cannot
exclude the possibility that trade-offs in performance
under conditions of resource abundance vs. scarcity
would eventually emerge as each population ap-
proached its local adaptive peak. For example, a hy-
pothetical population evolving under the batch regime
for 2000 generations may substantially enhance its per-
formance in that environment, while it simultaneously
experiences a more modest improvement in the che-
mostat environment (Fig. 4). But cvolution for another
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FiG. 4. Hypothetical threshold effect for a trade-oft across

two environments. Solid curve: the competitive fitness of an
evolving population (measured by the selection rate constant
relative to its ancestor) improves over time as it adapts to its
environment (say, abundant resources). Dashed curve: the
fitness of the same population in another environment (scarce
resources) also improves for many generations. buteventually
it declines as the population becomes more specialized. In
this hypothetical example. there is no trade-off during the
initial phase of adaptation to the selective environment. but
a trade-off becomes manifest as the population encounters
some constraint on simultaneous adaptation to the two en-
vironments.

2000 generations in batch culture might further im-
prove its performance in that regime, while it begins
to suffer a reduction in its chemostat fitness. Thus, the
putative trade-offs may in fact exist, but only beyond
a certain threshold level of adaptation to a particular
regime. Below this threshold, correlated improvements
in the alternative regime arc possible and perhaps even
likely. To demonstrate a trade-off threshold would re-
quire extending the experimental evolution for a long
enough period that the potential for further adaptation
to a given environment was exhausted (see Lenski and
Travisano 1994). Despite this important limitation, our
study clearly shows that bacteria are not invariably
subject to trade-offs in performance over the entire
evolutionary trajectory of adaptation to regimes char-
acterized by either resource scarcity or abundance.

ACKNOWLEDGMENTS

We thank E. Smalley for assistance with the experiments.
We also thank B. Bohannan, L. Forney. T. Miller. J. Mongold.
T. Schmidt. B. Schneider, L. Snyder. J. Tiedje. and two re-
viewers for helpful advice and comments. This research was
funded by the NSF Center for Microbial Ecology (DEB-
9120006).

LITERATURE CITED

Andrews, J. H. 1991. Comparative ecology of microorgan-
isms and macroorganisms. Springer-Verlag, New York.
New York. USA.

Andrews, J. H.. and R. F Harris. 1986. r- and K-selection
in microbial ecology. Advances in Microbial Ecology 9:
99-147.

Bell. G., and V. Koufopanou. 1986. The cost of reproduction.
Oxford Surveys in Evolutionary Biology 3:83-131.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



June 1999

Bennett, A. F. R. E. Lenski. and J. E. Mittler. 1992, Evo-
lutionary adaptation to temperature. I. Fitness responses of
Escherichia coli to changes in its thermal environment.
Evolution 46:16-30.

Greer. L. E.. J. A. Robinson, and D. R. Shelton. 1992, Kinetic
comparison of seven strains of 2.4-dichlorophenoxyacetic
acid-degrading bacteria. Applicd and Environmental Mi-
crobiology 38:1027-1030.

Harvey. P. H.. and M. D. Pagel. 1991. The comparative meth-
od in evolutionary biology. Oxford University Press, Ox-
ford. UK.

Huey. R. B.. and P. E. Hertz. 1984. Is a jack-of-all-tempcr-
atures a master of none? Evolution 38:441-444.

Jaenike, J. 1990. Genetic population structure of Drosophila
tripunctara: patterns of variation and covariation of traits
atfecting resource use. Evolution 43:1476-1482.

Konings. W. N.. and H. Veldkamp. 1980. Phenotypic re-
sponses to environmental change. Pages 161-191 in D. C.
Ellwood. J. N. Hedger. M. J. Lathan. J. M. Lynch, and J.
H. Siater. editors. Contemporary microbial ecology. Aca-
demic Press. New York, New York, USA.

Korona. R.. C. H. Nakatsu. L. J. Forney. and R. E. Lenski.
1994. Evidence for multiple adaptive peaks from popu-
lations of bacteria evolving in a structured habitat. Pro-
ceedings of the National Academy of Sciences, USA 91:
9037-9041.

Kucnen. J. G.. and W. Harder. 1982. Microbial competition
in continuous culture. Pages 342-367 in R. G. Burns and
J. H. Slater. editors. Experimental microbial ccology.
Blackwell Scientific. Oxford. UK.

Lenski, R. E.. and B. R. Levin. 1985. Constraints on the
coevolution of bacteria and virulent phage: a model, some
experiments. and predictions for natural communities.
American Naturalist 125:585-602.

Lenski, R. E.. M. R. Rose. S. C. Simpson, and S. C. Tadler.
1991. Long-term experimental evolution in Escherichia
coli. 1. Adaptation and divergence during 2000 generations.
American Naturalist 138:1315-1341.

Lenski, R. E., and M. Travisano. 1994. Dyvnamics of adap-
tation and diversification: a 10 000-generation experiment
with bacterial populations. Proceedings of the National
Academy of Sciences, USA 91:6808-6814.

Lenski. R. E., G. J. Velicer, and R. Korona. 1997. Experi-
mental studies on the evolution of bacteria that degrade
2.4-dichlorophenoxyacetic acid. Pages 83-95 in K. Hori-
koshi. M. Fukuda, and T. Kudo. editors. Microbial diversity
and genctics of biodegradation. Japan Scientific Societies
Press, Tokyo. Japan.

Levins, R. 1968. Evolution in changing environments.
Princeton University Press. Princeton, New Jersey, USA.

Lubchenco, J. 1978. Plant species diversity in a marine in-
tertidal community: importance of herbivore food prefer-
ence and algal competitive abilities. American Naturalist
112:23-39.

Luckinbill. L. S. 1978. r- and K-selection in experimental
populations of Escherichia coli. Science 202:1201-1203.

1984. An experimental analysis of a life history
theory. Ecology 65:1170-1184.

MacArthur. R. H.. and E. O. Wilson. 1967. The theory of
island biogeography. Princeton University Press, Princeton,
New Jersey, USA.

Matin. A.. and H. Veldkamp. 1978. Physiological basis of
the selective advantage of a Spirillum species in a carbon-
limited environment. Journal of General Microbiology 105:
187-197.

McGowan. C. 1995. Interspecies gene trarsfer in the evo-
lution of 2.4-dichlorophenoxyacetate degrading bacteria.

EXPERIMENTAL TEST OF TRADE-OFF HYPOTHESIS

1179

Dissertation. Michigan State University. East Lansing.
Michigan, USA.

Medawar, P. B. 1952. An unsolved problem of biology. H.
K. Lewis, London, UK.

Mikkola, R., and C. G. Kurland. 1992. Selection of labo-
ratory wild type phenotype from natural isolates of E. coli
in chemostats. Molecular Biology and Evolution 9:394—
402.

Monod, J. 1949. The growth of bacterial cultures. Annual
Review of Microbiology 3:371-394.

Mueller. L. D., and E J. Ayala. 1981. Trade-off between r-
selection and K-selection in Drosophila populations. Pro-
ceedings of the National Academy of Sciences, USA 78:
1303-1305.

National Research Council. 1993. /n situ bioremediation:
when does it work? National Academy Press. Washington,
D.C.. USA.

Pianka. E. R. 1970. On r- and K-selection. American Nat-
uralist 104:592-596.

Reznick., D. 1985. Costs of reproduction: an evaluation of
the empirical evidence. Oikos 44:257-267.

Rose, M. R., and B. Charlesworth. 1980. A test of evolu-
tionary theories of senescence. Nature 287:141-142.

Roughgarden, J. 1971. Density-dependent natural selection.
Ecology 52:453-468.

Service, P. M., and M. R. Rose. 1985. Genetic covariation
among life history components: the effect of novel envi-
ronments. Evolution 36:1276-1282.

Solbrig, O. T., and B. C. Simpson. 1974. Components of
regulation of a population of dandelions in Michigan. Jour-
nal of Ecology 62:473-486.

Stearns, S. C. 1992. The evolution of life histories. Oxford
University Press, New York, New York, USA.

Tonso, N. L., V. G. Matheson, and W. E. Holben. 1995.
Polyphasic characterization of a suite of bacterial isolates
capable of degrading 2.4-D. Microbial Ecology 30:3-24.

Travisano, M., and R. E. Lenski. 1996. Long-term experi-
mental evolution in Escherichia coli. 1V. Targets of selec-
tion and the specificity of adaptation. Genetics 143:15-26.

Travisano, M., J. A. Mongold. A. E Bennett. and R. E. Lenski.
1995. Experimental tests of the roles of adaptation. chance,
and history in evolution. Science 267:87-90.

Van Tienderen, P. H. 1991. Evolution of generalists and spe-
cialists in spatially heterogeneous environments. Evolution
45:1317-1331.

Vasi, E, M. Travisano, and R. E. Lenski. 1994. Long-term
experimental evolution in Escherichia coli. I1. Changes in
life-history traits during adaptation to a seasonal environ-
ment. American Naturalist 144:432-456.

Veldkamp, H., H. van Gemerden, W. Harder, and H. J. Laan-
broek. 1984. Competition among bacteria: an overview.
Pages 279-290 /n M. J. Klug and C. A. Reddy. editors.
Current perspectives in microbial ecology. American So-
ciety for Microbiology, Washington. D.C.. USA.

Velicer, G. J. 1997. Comparative and experimental tests for
a tradeoff in bacterial fitness at low and high substrate
concentrations, Dissertation. Michigan State University,
East Lansing. Michigan, USA.

Velicer, G. J. 1999. Pleiotropic effects of adaptation to a
single carbon source for growth on alternative substrates.
Applied and Environmental Microbiology 65:264-269.

Versalovic, J., T. Koeuth, and J. R. Lupski. 1991. Distri-
bution of repetitive DNA sequences in eubacteria and ap-
plication to fingerprinting of bacterial genomes. Nucleic
Acids Research 19:6823-6831.

Warner, R. R. 1984. Deferred reproduction as a response to
sexual selection in a coral reef fish: a test of the life his-
torical consequences. Evolution 38:148-162.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



