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Abstract. A simplified experimental evolution en-
compassing the essence of natural one was designed in
an attempt to understand the involved mechanism. In our
system, molecular evolution was observed through three
serial cycles of consecutive random mutagenesis of the
glutamine synthetase gene and chemostat culture of the
transformedEscherichia colicells containing the mu-
tated genes. Selection pressure was imposed solely on
the glutamine synthetase gene when varieties of mutant
genes compete in an unstructured environment of the
chemostat. The molecular phylogeny and population dy-
namics were deduced from the nucleotide sequences of
the genes isolated from each of the chemostat runs. An
initial mutant population in each cycle, comprised of
diversified closely-related genes, ended up with several
varieties of mutants in a state of coexistence. Competi-
tion between two mutant genes in the final population of
the first cycle ascertained that the observed coexisting
state is not an incidental event and that cellular interac-
tion via environmental nutrients is a possible mechanism
of coexistence. In addition, the mutant gene once extinct
in the previous passage was found to have the capacity to
reinvade and constitute the gene pool of the later cycle of
molecular evolution. These results, including the kinetic
characteristics of the purified wild-type and mutant glu-
tamine synthetases in the phylogenetic tree, revealed that

the enzyme activity had diverged, rather than optimized,
to a fittest value during the course of evolution. Here, we
proposed that the plasticity of gene fitness in conse-
quence of cellular interaction via the environment is an
essential mechanism governing molecular evolution.
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Introduction

Biological molecules, such as an enzyme and its gene,
are products of natural evolution brought forth by many
factors, each of which is impetus to the complexity of
molecular evolution. Experimental evolution in a simpli-
fied system, encompassing the essence of natural evolu-
tion, has gained its ground in the prospect of biological
evolution as a method of comprehending the mechanism
of molecular evolution (Lenski and Travisano 1994;
Dykhuizen and Dean 1990). Experimental evolution
studies onDrosophilae(Fontdevila et al. 1975) revealed
that the population of several generations in a single
environment maintained protein polymorphism on some
genetic sites. In addition, stable coexistence of some mu-
tant flies isolated from the population was observed
(Ayala 1971), a phenomenon which seems to be a con-
sequence of more than a balance between the supplement
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of accidental mutations and their depletion by selection,
and/or genetic drift, i.e., the standard interpretation for
molecular polymorphism (Nei 1987).

Recently, some phenotypes from experimentally
evolved Escherichia colipopulations in a simple un-
structured environment were reported to diverge, of
which diversity was maintained (Helling et al. 1987).
Although physiological features of these phenotypes
were so similar that severe competition was guaranteed,
the phenotypes did coexist within the environment. It
was suggested that mutations occurring at different ge-
netic sites during the experimental evolution developed
the phenotypes to acquire a complementary relationship
for coexistence in the same environment (Helling et al.
1987). While a small number of mutations at different
genetic sites are sufficient to allow coexistence, are mu-
tations on multiple genetic sites really necessary for
maintaining the diversity of a single gene during the
evolution?

In pursuance of the question, we have previously es-
tablished a simple chemostat culture involvingE. coli
strains differing only in glutamine synthetase gene. Un-
der selection based on the differences in enzyme activity
or its function, theE. coli strains achieved stable coex-
istence indifferent to mutations, if any, other than those
on the glutamine synthetase gene (Xu et al. 1996; Kashi-
wagi et al. 1998). In this paper, molecular evolution of
glutamine synthetase gene was observed through three
serial cycles of consecutive random mutagenesis of the
gene, and competition of its products in a simple unstruc-
tured environment of the chemostat, as stated above. Re-
sults suggest that the outcome of evolution tends not to
be an existence of one fittest gene, but of several closely
related genes with appropriate fitness for coexistence.
Here we proposed that the essential mechanism of mo-
lecular evolution is the plasticity of the fitness of a gene
towards cellular interaction via the environment.
Changes in fitness temporarily suppress the optimization
process, allow the coexisting state, and direct diversifi-
cation.

Materials and Methods

Materials

E. coli YMC21 (D(glnA-glnG)2000 DlacU169 endA1 hsdR17 thi-1
SupE44) lacking glutamine synthetase gene (Chen et al. 1982) was
kindly provided by Dr. Boris Magasanik (Massachusetts Institute of
Technology). A hybrid plasmid pKGN containingE. coli glutamine
synthetase gene was prepared previously (Xu et al. 1994). pKP1500
(Miki et al. 1987) was a generous gift from Dr. Takeyoshi Miki (Ky-
ushu University). Glutaminase was a generous gift from Daiwa Kasei
Co. Ltd. (Osaka). DNA manipulation and transformation ofE. colicells
were carried out as described by Maniatis et al. (1982).

Random Mutagenesis

Error-prone PCR usingDTth polymerase (Arakawa et al. 1996) and
primers 58-GGGCCAGAACCTGAATTCTTCC-38 and 58-
GTTTTGGCATAAAGGTCGCGGTT-38 was employed for mutating
G466 to C709 region of glutamine synthetase gene on plasmid pKGN.
PCR fragments were digested withEcoRV and BglII and ligated to
pKGN previously digested with the same restriction enzymes.E. coli
YMC21 was then transformed with the hybrid plasmids. An aliquot of
0.1 ml from a total of 0.51 ml transformation mixture was plated on an
LB agar plate (Maniatis et al. 1982) containing 50mg/ml ampicillin.
Mutation rate was determined based on the mutated gene harbored in
the colonies isolated from the plate.

Pre-Culture of Transformants

A 0.2-ml aliquot of the transformation mixture (0.51 ml) was inocu-
lated in 5 ml of medium C (0.1 M L-glutamate, 4 g/l glucose, 10.5 g/l
K2HPO4, 4.5 g/l KH2PO4, 50 mg/l MgSO47H2O, 5 mg/l thiamine HCl,
and 50 mg/l ampicillin), and the transformant mixture were grown at
37°C for 12 h. An aliquot of the 12-h culture (OD600 × volume4 1.0)
was then transferred into fresh medium (100 ml), and cultivated further
for 48 h at 37°C before dividing the culture into two equal volume (40
ml) and centrifuged. Cells collected were used as inocula for two
concurrent runs of chemostat culture.

Chemostat Culture

Culture conditions were the same as those described previously (Xu et
al. 1996; Kashiwagi et al. 1998) except for the glutamate concentration
and the value of dilution rate, which were fixed at 0.1 M (medium C)
and 0.075/h, respectively. Glutamate serves as the sole nitrogen source.
By the established chemostat cultivation conditions, wall growth is
ensured not to occur both in the chemostat and on the sampling tube.

Characterization of Mutant Enzymes

Genes encoding mutant enzymes to be characterized were subcloned to
modified pKP1500 having an additionalXbaI site.E. coli YMC21 cells
transformed with the hybrid plasmids were cultivated at 37°C on me-
dium C. The enzymes produced were purified as reported previously
(Xu et al. 1994) except that a Q Sepharose Fast Flow column was used
instead of a DEAE-Sepharose CL-6B column. Glutamine synthetase
activity of the purified enzymes was measured as described previously
(Xu et al. 1994).

Assay of Glutamine Concentration in
Chemostat Culture

A 65 ml of culture effluent was collected, centrifuged, and the super-
natant was consecutively passed through on three molecular weight
cut-off filters, 100,000, 30,000, and 5,000 (Millipore-UFC4THK,
UFC4LTK, and UFC4LCC, respectively) to remove contaminating
biopolymers. Glutamine in solution was separated from glutamate by
charging the filtrate onto an AG1-X8-acetate column (Bio-Rad), which
adsorbs glutamate. The pass-through fractions were collected, concen-
trated, and the volume of the concentrated filtrate measured. Glutamine
concentration was measured either by enzymatic method using gluta-
minase and glutamate dehydrogenase (Lund 1985) or by chromato-
graphic method as follows. Glutaminase was added to a 2-ml aliquot of
the concentrated filtrate, and the reaction mixture was incubated at
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37°C for 120 min. The reaction mixture was then loaded onto an
AG1-X8-acetate column, and the adsorbed glutamate was eluted with
1 M acetic acid. The amount of glutamate in the eluate was measured
by the PICO-TAG method (Bidlingmeyer et al. 1984). Glutamate con-
centration in another 2-ml aliquot of the concentrated filtrate without
the glutaminase treatment was measured as well. The glutamine con-
centration in the chemostat culture was estimated from the difference of
two glutamate concentrations measured with and without glutaminase
treatment.

Results and Discussion

Experimental Molecular Evolution of Glutamine
Synthetase Gene

A mixture of transformants harboring glutamine synthe-
tase genes diversified by in vitro random mutagenesis
were subjected to continuous chemostat cultivation with
ensured well-stirred environment to avoid any spatial
bias in the culture of approximately 1010 cells. Gluta-
mine synthetase genes were extracted from all the cells
in the chemostat at the end of the first cycle of molecular
evolution (270 h), pooled, and subjected to another in
vitro random mutagenesis. For the second cycle of mo-
lecular evolution, the consecutive processes were the
same as stated above except that cultivation in the che-
mostat was extended to 552 h. Genes from the end of the
second chemostat culture were once again subjected to in
vitro random mutagenesis as the preparatory step for the
third chemostat run for 552 h. Mutation rate due to the in
vitro random mutagenesis, estimated from the nucleotide
sequences of the genes isolated from randomly chosen
58 clones after each mutagenesis, was 0.77 substitutions
per gene with a high preference on A to G and T to C
mutations as reported previously (Arakawa et al. 1996;
Cadwell and Joyce 1992). Among the 55 substitutions
detected, 24 were synonymous, and 31 were non-
synonymous substitutions.

Molecular phylogeny and population dynamics were
deduced from the nucleotide sequences of the glutamine
synthetase genes isolated from each of the three chemo-
stat runs. Twenty clones were randomly chosen at 270 h
of the first chemostat culture, while 50 clones each were
likewise chosen at 270 and 552 h of the second, and 552
h of the third culture (Fig. 1). From a diversified first
mutant population, only the wild-type (W1) and two mu-
tant genes (A1 and W2) were found, with A1 gene being
major at the end of the first chemostat run. The other
genes present during the initial stage may have been
extinct or decreased in frequency below the sampling
probability (5%). Final population of the second cycle of
molecular evolution showed the presence of W1 and A1
genes, however, dominating the population was a new
mutant C1 gene, which seems to be a derivative of the
W1. A decrease in the variety of the mutant populations
during the chemostat cultures were evidently shown
when the second chemostat run was extended to 552 h

(Fig. 1). Only 3 types of genes were detected at 552 h out
of the 9 varieties found at 270 h, A1, A2, B1, C1, W1,
W2, W3, W4, and W5. The A2 gene seems to be derived
from A1, while W3, B1, and C1 from W1, and both W4
and W5 from W2. The frequency of the six mutants not
detected at 552 h may have decreased in a level below
the detection limit (2%). At the end of the third chemo-
stat run, the A1 gene regained its standing as the major
gene in the population with the existence of C1 in addi-
tion to the 7 other new mutant genes found (Fig. 1). The
A3 appears to be a derivative of A1, while C2, C3, D1,
E1, F1, and G1 are derivative of C1.

Reproducibility of the results was attested by se-
quence analysis of the glutamine synthetase genes at 270
h from randomly chosen clones in duplicate runs of the
first chemostat culture. Both final population structures
comprised a majority of the A1 gene with the W1 gene
as one of the minority (see Fig. 1). Though genes of
minority differ in each run, the chance of picking differ-
ent genes with low frequency is feasible on random sam-
pling. Hence, the resulting population structure was re-
producible and not incidental.

Here, we conclude that the glutamine synthetase gene
has evolved under the selection pressure imposed solely
on the gene itself, as based on the facts and results of the
experimental molecular evolution described above:
(1) The glutamine synthetase gene is critical for the sur-
vival of the host strain,E. coli YMC21 deficient of the
gene, under the culture conditions employed (Xu et al.
1996). (2) The only difference among the transformants
in the chemostat lies on their glutamine synthetase gene
carried on the plasmid. (3) The presence of selection
pressure on the gene was evidently shown by the elimi-
nation of many of the varieties of genes present at the
initial stage of each chemostat run. (4) While a total of 24
synonymous and 31 non-synonymous substitutions were
found from randomly chosen clones in the initial mutant
population of the three chemostat cultures, a total of 15
synonymous and 8 non-synonymous were detected at the
end of the three cultures (Fig. 1A). High frequency of
synonymous mutations (P < 0.001) inferred the existence
of the selection pressure on the gene. (5) With the large
population (1010) used in observing the molecular evo-
lution, it is unlikely that the perceived changes in the
gene frequency (Fig. 1B) were attributed solely to ge-
netic drift (Kimura 1983). For instance, the gene fre-
quency of the C1 gene in the second chemostat culture
increased from 70% at 270 h to 88% on 552 h. Average
rate of frequency change per generation is more than
10−2 order [(0.88 − 0.70)/{(552 − 270) × (0.075)}, where
0.075 represents the generation per hour based on the
dilution rate. This value is much bigger than the expected
10−5 order if genetic drift is assumed for the frequency
change in such large population size. (6) Although ge-
nomic mutation may occur during the chemostat culture
even for theRec− host strain, the effects of genomic
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mutation on the dynamics of the molecular evolution of
the understudied gene were confirmed to be very small
by the reproducibility of the experimental results.

Mechanism of Coexistence as Means of Diversification

Clearly, as described above, different types of glutamine
synthetase gene coexisted under a selective environment
regardless of the long span of each evolution cycle.
Moreover, effect of mutations, if any, on genetic sites
other than the glutamine synthetase gene was very small
and hence, not necessary for maintaining the diversity of
the gene during the evolution. In our previous work,
closely related competitors ofE. coli strains differing
only in the glutamine synthetase gene were shown to
reach a stable coexistence (Xu et al. 1996; Kashiwagi et
al. 1998). Consecutively, a mathematical model revealed
that the essential mechanisms of coexistence involve the
interplay between the internal metabolic network of

competitors and the external variables of the environ-
ment, thereby allowing competitors to reach the same
growth rate and coexist in the same environment (Yomo
et al. 1996).

In view of the interplay between the internal meta-
bolic network of the competitors and the environment,
glutamine, a product of the glutamine synthetase reac-
tion, may be one of the important external variables. To
evaluate the role of glutamine, competition experiments
between the A1 and W2 genes found at the end of the
first chemostat run was performed (Fig. 1). Duplicate
runs under the same conditions as in the molecular evo-
lution resulted in the same population structure although
the transient behavior is different (Fig. 2). The results
indicate that the observed coexisting state is not an inci-
dental event but may be governed by an underlying
mechanism as presented in the mathematical model
(Yomo et al. 1996). Indeed, glutamine was detected at an
average value of 1.5mM from the sampled culture at

Fig. 1. Molecular evolution of
glutamate synthetase. (A)
Phylogenetic tree of glutamine
synthetase gene. W1 denotes the
wild-type gene. Paired capital letter
and numerical number represents
the type of mutant gene. Each letter
denotes a different deduced amino
acid sequence. Genes with the same
letter but different number are
synonymous mutants. The number
of synonymous/non-synonymous
mutations appears in parentheses.
Double-headed vertical arrows
represent the time span of
cultivation. (B) Population
structures at the indicated time of
each chemostat run.
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indicated time of each chemostat runs (asterisks in Fig.
2). As glutamine was not added in the fresh medium fed
to the chemostat, there could be a leakage of glutamine
from the dead or live cells of both or either of the strains
with the A1 or W2 gene. When glutaminase was added in
the feeding medium to hydrolyze glutamine leaked in the
medium, coexistence of the strains no longer prevails and
the W2 gene was excluded (Fig. 2). These results indi-
cate that glutamine is one of the important factors for the
observed coexistence. Hence, cellular interaction among
competitors through their major nutrients such as gluta-
mine allows the maintenance of mutant genes within a
population. Cross-feeding of a nutrient has been demon-
strated to be a possible mechanism for the maintenance
of coexistence ofE. coli strains with different genotypes
in a simple environment (Turner et al. 1996; Treves et al.
1998). Here we showed that even competitors differing
only in a single gene were capable of reaching a state of
coexistence through cellular interaction mediated by nu-
trients. The mechanisms underlying the coexistence of
closely related competitors in a minimal model system
can be the provision for bio-diversification occurring in
nature.

Diversification and Not Optimization in
Molecular Evolution

The experimental molecular evolution showed the exclu-
sion of many of the varieties of the closely related genes
produced by random mutagenesis through the selection
pressure imposed on the gene, yet some remained and

reached the state of coexistence. The possibility of such
coexistence of the mutants in the same physical environ-
ment is low or nil if Darwinian selection is followed,
especially when the competitors are closely related as
used in this study (Futuyma 1986). Competitors could
have adjusted their fitness by means of the interplay
between the internal states of the competitors and the
environment. Hence, the environmental conditions, as
well as the internal state of a competitor, vary depending
on the population structure. Therefore, when a gene type
exists with different groups of competitors, its fitness
differs in each case in accordance to the change in the
environmental conditions. In fact, the A1 gene dominant
in the first cycle of molecular evolution was replaced by
the C1 gene on the second cycle, and was back to its
dominant status on the third cycle (Fig. 1B). Could it
then be that only gene types with higher fitness have
been selected during the continuous progression of mo-
lecular evolution? To clarify the issue, the W2 gene,
which was extinct, or may have decreased its frequency
below the detection limit (2%) during the second che-
mostat run, was subjected to the following competition
experiments. The W2 gene was mixed with the pooled
genes isolated from the final population of the third che-
mostat run before introducing to fresh host cells, and the
total resultant transformants were cultivated in the che-
mostat under the same conditions used for the molecular
evolution experiments. Interestingly, the W2 gene was
able to coexist with the new population structure regard-
less of the initial frequency of the W2 gene (Fig. 3). If the
selection in the evolutionary system is based on gene

Fig. 2. Competition between the W2 and A1 genes. Each of the
plasmid containing W2 gene or A1 gene of the same concentration was
used to transform fresh host cells independently. The total resultant
transformants from each transformation were mixed and an aliquot was
used as inoculant for the chemostat run as described under Materials
and Methods. Frequency of W2 was determined as follows: An aliquot
of the chemostat culture was sampled at the indicated time and plated
on 2xTY agar plate (12) containing 50mg/ml ampicillin. The plasmids
from randomly picked 26 clones per sampling were analyzed by double
restriction endonuclease digestion. W2 has only thePstI site, while A1

has both thePstI andBstEII sites. (m) and (d) are parallel runs, A and
B, of the competition experiments; (s), glutaminase (final 0.47 unit/
ml) was added in the feeding medium. Glutamine concentration in the
culture medium were measured at the indicated time (*) either by the
PICO-TAG (for the A run) or enzymatic method (for the B run) as
described under Materials and Methods. At 336 h of the A run, 1.2mM
glutamine was detected in the culture, while at 221 h, 268 h, 336 h, and
410 h of the B run, glutamine concentrations in the chemostat culture
were 0.8mM, 1.9 mM, 2.2 mM, and 1.3mM, respectively.
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fitness determined by its sequence and culture condi-
tions, and the selection is independent of the presence of
competitors, one would expect that genes pooled from
the final population of the third chemostat have higher
fitness than those of the second chemostat. In such a
case, W2 gene could have no chance to survive when
mixed with the population of the third chemostat. How-
ever, the results indicate that improvement of gene fit-
ness is not always underway in the event of evolution.
Although it may be natural for genes with higher fitness
to be selected in a competitive chemostat, the emergence
of new genes by mutation during the evolution process
may set forth a change in the environment of the selected
genes due to new cellular interaction. As a consequence,
fitness of the genes changes. Accordingly, the fitness of
the genes selected by an evolution cycle is not necessar-
ily higher than that selected by the previous cycle. In
addition, in most of the evolution cycles, several genes
had reached the state of coexistence. Therefore, the out-
come of the evolution tends not to be an existence of one
fittest gene but of several genes with appropriate fitness
for coexistence. Hence, the evolutionary stable strategies
are not always the convergence stable strategies identi-
fied by maximization (Levin et al. 2000).

As cellular interaction among competitors temporarily
relieves the optimization process in evolution, increase in
gene fitness may be possible if interactions are weakened
during competition, for instance, in low population den-
sity condition. When a very low concentration of gluta-
mate was used in the feeding medium (10mM), not only
did the total population density decrease from 108 cells/
ml to 105 cells/ml, the competing population also re-
sulted to the dominance of the W2 gene (Fig. 3, open
circle). Fig. 3 thus suggests that low population density
promotes fitness increase while high population density
drove diversification during evolution.

Although the fitness of the glutamine synthetase gene

was shown as not optimized in the process of evolution,
the function of the gene product, i.e., glutamine synthe-
tase activity, may have done so. The wild-type and mu-
tant enzymes in the phylogenetic tree in Fig. 1 were
purified, and the kinetic property was analyzed with dif-
ferent glutamate concentrations. Results showed that en-
zymes coexisting in a population have differentkcat and
kcat/Km values (Fig. 1 and Table 1). Saturation theory
assumes that natural selection would cease to operate
only if a function has reached a level that has no addi-
tional benefits to the fitness of a strain in a population
(Hartl et al. 1985). Generally, it is presumed that a strain
with mutant gene expressing a catalytic activity closer to
the fittest value will dominate a heterogeneous popula-
tion. Therefore, as the population propagates in several
generations, the average enzyme activity over the popu-
lation is expected to show a dynamics with a conver-
gence towards the value of the fittest activity either on a
monotonous increase or decrease. On the contrary, as
shown in Fig. 4, fluctuation was observed in the average

Table 1. Kinetic constants of the wild-type and mutant glutamine
synthetases in the phylogenetic tree of Fig. 1A. Glutamine synthetase
activity was measured as described previously (Xu et al. 1994) with
varying L-glutamate concentration from 1 mM to 100 mM. Results are
expressed as ± S.D. (Cleland 1979). The specific activity of a mutant
enzyme encoded by the D1 gene was less than the lower detection limit
(10−2 s−1)

Km
(mM)

kcat
(s−1)

kcat/Km
(mM−1S−1)

W 12.1 ± 1.2 40.3 ± 1.6 3.3 ± 0.2
A 7.5 ± 0.4 20.7 ± 0.5 2.8 ± 0.1
B 1.1 ± 0.1 29.6 ± 0.8 26.1 ± 2.6
C 3.3 ± 0.2 28.9 ± 0.9 8.9 ± 0.4
E 23.2 ± 1.2 48.0 ± 1.1 2.1 ± 0.1
F 49.4 ± 14.8 6.4 ± 0.9 0.13 ± 0.02
G 9.5 ± 0.5 6.1 ± 0.1 0.64 ± 0.02

Fig. 3. Competition of the W2 gene with
members of the final population of the
third chemostat run. The once extinct W2
gene was mixed with the pooled genes
isolated from the final population of the
third chemostat run (see Fig. 1A).
Frequency of the W2 gene was adjusted to
0.8 (l), 0.5 (j), and 0.1 (m) before
mixing with the pooled genes. The three
gene mixtures were introduced
independently to fresh host cells and each
of total resultant transformants were
cultivated in three chemostat runs (l, j,
andm) initiated with corresponding initial
frequency of the W2 gene. Open circle (s)
represents competition experiment
conducted in the same manner as described
above, with W2 gene frequency adjusted to
0.5 and glutamate concentration in the
feeding medium reduced from 0.1 M to 10
mM. Frequency of W2 in the culture was
determined as in Fig. 2.
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value of glutamine synthetase activity. Accordingly, glu-
tamine synthetase activity has diverged during the course
of evolution rather than optimized to a finest value. We
therefore proposed that an essential mechanism govern-
ing molecular evolution is the plasticity of the fitness of
a gene towards cellular interaction via the environment.
The changes in the fitness of genes temporarily suppress
the optimization process, allow the coexisting state, and
direct diversification. This study hence provides an ex-
ample of balancing selection and could be an answer in
some issues on neutralist-selectionist controversy
(Gillespie 1991). The molecular diversification found in
the experimental evolution so far described may serve as
a basis in pursuance on issue regarding bio-
diversification and speciation.

Acknowledgements. The authors are grateful to the valuable contri-
butions of Dr. S. Ohno (deceased, member of National Academy of
Sciences, 1999). The authors thank Dr. M. Kawata (Tohoku Univer-
sity), Dr. N. Saito (National Institute of Genetics), and Dr. E.P. Ko-
Mitamura (Osaka University) for the fruitful discussions on the manu-
script. This work was supported in part by Grants (09555253 and
11CE2006) from the Ministry of Education, Science, Sports, and Cul-
ture, Japan.

References

Arakawa T, Jongsareejit B, Tatsumi Y, Tanaka K, Ikeda K, Komat-
subara H, Inoue H, Kawakami B, Oka M, Emi S, Yomo T, Shima
Y, Negoro S, Urabe I (1996) Application of N-terminally truncated
DNA polymerase fromThermus thermophilus(deltaTth polymer-
ase) to DNA sequencing and polymerase chain reactions: compara-
tive study of deltaTth and wild-typeTth polymerases. DNA Res
3:87–92

Ayala FJ (1971) Competition between species: frequency dependence.
Science 171:820–824

Bidlingmeyer BA, Cohe SA, Tarvin TL (1984) Rapid analysis of amino
acids using pre-column derivatization. J Chromatogr 336:93–104

Cadwell RC, Joyce GF (1992) Randomization of genes by PCR mu-
tagenesis. PCR Methods Applic 2:28–33

Chen Y-M, Backman K, Magasanik B (1982) Characterization of a
gene,glnL, the product of which is involved in the regulation of
nitrogen utilization inEscherichia coli. J Bacteriol 150:214–220

Cleland WW (1979) Statistical analysis of enzyme kinetic data. Meth-
ods Enzymol 63:103–138

Dykhuizen DE, Dean AM (1990) Enzyme activity and fitness: evolu-
tion in solution. TREE 5:257–262

Fontdevila A, Mendez J, Ayala FJ, McDonald J (1975) Maintenance of
allozyme polymorphisms in experimental populations ofDro-
sophila.Nature (London) 255:149–151

Futuyma DJ (1986) Evolutionary Biology, 2nd ed. Sinauer Associates,
Sunderland, MA

Gillespie JH (1991) The Causes of Molecular Evolution. Oxford Uni-
versity Press, New York, Oxford

Hartl DL, Dykhuizen DE, Dean AM (1985) Limits of adaptation: the
evolution of selective neutrality. Genetics 111:655–674

Helling RB, Vargas CN, Adams J (1987) Evolution ofEscherichia coli
during growth in a constant environment. Genetics 116:349–358

Kashiwagi A, Kanaya T, Yomo T, Urabe I (1998) How little can the
difference be among the competitors at the initial stage of evolu-
tion? Res Popul Ecol 40:223–226

Kimura M (1983) The Neutral Theory of Molecular Evolution. Cam-
bridge University Press, Cambridge

Lenski RE, Travisano M (1994) Dynamics of adaptation and diversi-
fication: a 10,000-generation experiment with bacterial popula-
tions. Proc Natl Acad Sci USA 91:6808–6814

Levin SA, Muller-Landau HC (2000) The evolution of dispersal and
seed size in plant communities. Evol Ecol Res 2:409–435

Lund P (1985) UV-method with glutaminase and glutamate dehydro-
genase. In: Bergmeyer HU, Bergmeyer J, Graßl M (eds) Methods of
Enzymatic Analysis, 3rd ed., Vol. 8. VCH, Weinheim, pp 357–363

Maniatis T, Fritsch EF, Sambrook J (1982) Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory, Cold Spring
Harbor

Miki T, Yasukochi T, Nagatani H, Furuno M, Orita T, Yamada H,
Imito T, Horiuchi T (1987) Construction of a plasmid vector for the
regulatable high level expression of eukaryotic genes inEsch-
erichia coli: an application to overproduction of chicken lysozyme.
Protein Eng 1:327–332

Nei M (1987) Molecular Evolutionary Genetics. Columbia University
Press, New York.

Fig. 4. Average values of the ki-
netic constants over the population at
indicated time of the three chemostat
runs. The average values were calcu-
lated from the data shown in Fig. 1B
and Table 1.

508



Treves DS, Manning S, Adams J (1998) Repeated evolution of an
acetate-crossfeeding polymorphism in long-term populations of
Escherichia coli.Mol Biol Evol 15:789–797

Turner PE, Souza V, Lenski RE (1996) Test of ecological mechanisms
promoting the stable coexistence of two bacterial genotypes. Ecol-
ogy 77:2119–2129

Xu W-Z, Fukuhara J, Yamamoto K, Yomo T, Urabe I (1994) Random
mutagenesis of glutamine synthetase from Escherichia coli: corre-

lation between structure, activity, and fitness. J Ferment Bioeng
77:252–258

Xu W-Z, Kashiwagi A, Yomo T, Urabe I (1996) Fate of a mutant
emerging at the initial stage of evolution. Res Popul Ecol 38:231–
237

Yomo T, Xu W-Z, Urabe I (1996) Mathematical model allowing the
coexistence of closely related competitors at the initial stage of
evolution. Res Popul Ecol 38:239–247

509


