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Abstract. A simplified experimental evolution en- the enzyme activity had diverged, rather than optimized,
compassing the essence of natural one was designed fa a fittest value during the course of evolution. Here, we
an attempt to understand the involved mechanism. In ouproposed that the plasticity of gene fitness in conse-
system, molecular evolution was observed through threguence of cellular interaction via the environment is an
serial cycles of consecutive random mutagenesis of thessential mechanism governing molecular evolution.
glutamine synthetase gene and chemostat culture of the

transformedEscherichia colicells containing the mu- Key words: Experimental molecular evolution — In-
tated genes. Selection pressure was imposed solely deraction — Coexistence of closely related genes —
the glutamine synthetase gene when varieties of mutarRlasticity of fithess — Diversification — Glutamine syn-
genes compete in an unstructured environment of théhetase gene

chemostat. The molecular phylogeny and population dy-
namics were deduced from the nucleotide sequences of

the genes isolated from each of the chemostat runs. Ap troduct

initial mutant population in each cycle, comprised of ntroduction

diversified closely-related genes, ended up with several

varieties of mutants in a state of coexistence. CompetiBiological molecules, such as an enzyme and its gene,
tion between two mutant genes in the final population ofare products of natural evolution brought forth by many
the first cycle ascertained that the observed coexistind@ctors, each of which is impetus to the complexity of
state is not an incidental event and that cellular interactolecular evolution. Experimental evolution in a simpli-
tion via environmental nutrients is a possible mechanisnfied system, encompassing the essence of natural evolu-
of coexistence. In addition, the mutant gene once extinction, has gained its ground in the prospect of biological
in the previous passage was found to have the capacity @volution as a method of comprehending the mechanism
reinvade and constitute the gene pool of the later cycle off molecular evolution (Lenski and Travisano 1994;
molecular evolution. These results, including the kineticPykhuizen and Dean 1990). Experimental evolution
characteristics of the purified wild-type and mutant glu- Studies orDrosophilag(Fontdevila et al. 1975) revealed

tamine synthetases in the phylogenetic tree, revealed th&#at 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

Correspondence tofetsuya Yomogmail: yomo@mail.bio.eng.osaka- (Ayala 1971), a phenomenon which seems to be a con-
u.ac.jp sequence of more than a balance between the supplement
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of accidental mutations and their depletion by selectionRandom Mutagenesis
and/or genetic drift, i.e., the standard interpretation for
molecular polymorphism (Nei 1987). Error-prone PCR using\Tth polymerase (Arakawa et al. 1996) and

Recently, some phenotypes from experimentalIyngiQ“TeTréGSC'AGTGGCGCG’*T%g(A:ggITGQATTCTTICCC‘i3f a”dt5;_‘
s . . . . ) AAA -3 was employed for mutating
evolved ESCher_IChla coli pOpUIatlonS in a S|m_ple un G466 to C709 region of glutamine synthetase gene on plasmid pKGN.
structured environment were reported to diverge, Ofpcr fragments were digested wificcRV and Bglll and ligated to

which diversity was maintained (Helling et al. 1987). pKGN previously digested with the same restriction enzyriesoli
Although physiological features of these phenotypesYMC21 was then transformed with the hybrid plasmids. An aliquot of

were so similar that severe competition was guaranteec?z;l ml from a total of 0.51 ml transformation mixture was plated on an
B agar plate (Maniatis et al. 1982) containing p@/ml ampicillin.

the phenotypes did coem_st within th_e enqunment. ItMutation rate was determined based on the mutated gene harbored in
was suggested that mutations occurring at different géethe colonies isolated from the plate.
netic sites during the experimental evolution developed
the phenotypes to acquire a complementary relationshi

phenotypes | q P y e E’re-CuIture of Transformants
for coexistence in the same environment (Helling et al.
1987). While a small number of mutations at different _ . . ,

.. fici I . A 0.2-ml aliquot of the transformation mixture (0.51 ml) was inocu-

gepetlc sites arg su |C|ent.to a Ow coexistence, are MUrated in 5 ml of medium C (0.1 M L-glutamate, 4 g/l glucose, 10.5 g/l
tations on multiple genetic sites really necessary fork,HPQ,, 4.5 g/l KH,PO,, 50 mg/l MgSQ7H,0, 5 mg/l thiamine HCI,

maintaining the diversity of a single gene during theand 50 mg/l ampicillin), and the transformant mixture were grown at
evolution? 37°C for 12 h. An aliquot of the 12-h culture (QF % volume = 1.0)
was then transferred into fresh medium (100 ml), and cultivated further

In pursuance of the question, we have prewously eSfor 48 h at 37°C before dividing the culture into two equal volume (40

tablished a simple chemostat culture inVOlViEg coli ml) and centrifuged. Cells collected were used as inocula for two
strains differing only in glutamine synthetase gene. Un-concurrent runs of chemostat culture.

der selection based on the differences in enzyme activity

or its function, thek. coli strains achieved stable coex-

istence indifferent to mutations, if any, other than thoseChemostat Culture
on the glutamine synthetase gene (Xu et al. 1996; Kashi-

. . . Culture conditions were the same as those described previously (Xu et
wagi et al. 1998)' In this paper, molecular evolution of al. 1996; Kashiwagi et al. 1998) except for the glutamate concentration

glUFamine synthetase gene was observed throu_gh threfq the value of dilution rate, which were fixed at 0.1 M (medium C)
serial cycles of consecutive random mutagenesis of thend 0.075/h, respectively. Glutamate serves as the sole nitrogen source.

gene, and competition of its products in a simple unstrucBy the established chemostat cultivation conditions, wall growth is
tured environment of the chemostat. as stated above. R&nsured not to occur both in the chemostat and on the sampling tube.
sults suggest that the outcome of evolution tends not to

be an existence Qf one fittesF gene, but of several_ closelgharacterization of Mutant Enzymes

related genes with appropriate fithess for coexistence.

Here we pI’Op'OSB.d that the _e?’semial m_eChanism of MQzenes encoding mutant enzymes to be characterized were subcloned to
lecular evolution is the plasticity of the fitness of a genemodified pkKP1500 having an addition¥bd site.E. coli YMC21 cells
towards cellular interaction via the environment. transformed with the hybrid plasmids were cultivated at 37°C on me-

Changes in fitness temporarily suppress the optimizatioﬁi“m C. The enzymes produced were purified as reported previously
llow the coexistina state. and direct diversifi-.(xu et al. 1994) except that a Q Sepharose Fast Flow cqlumn was used
pro_cess, a 9 ’ instead of a DEAE-Sepharose CL-6B column. Glutamine synthetase
cation. activity of the purified enzymes was measured as described previously

(Xu et al. 1994).

Materials and Methods 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,
E. coli YMC21 (A(gInA-gInG2000 AlacU169 endAl hsdR17 thi-1 UFC4LTK, and UFC4LCC, respectively) to remove contaminating
SupE44 lacking glutamine synthetase gene (Chen et al. 1982) wasiopolymers. Glutamine in solution was separated from glutamate by
kindly provided by Dr. Boris Magasanik (Massachusetts Institute of charging the filtrate onto an AG1-X8-acetate column (Bio-Rad), which
Technology). A hybrid plasmid pKGN containing. coli glutamine adsorbs glutamate. The pass-through fractions were collected, concen-
synthetase gene was prepared previously (Xu et al. 1994). pKP150@ated, and the volume of the concentrated filtrate measured. Glutamine
(Miki et al. 1987) was a generous gift from Dr. Takeyoshi Miki (Ky- concentration was measured either by enzymatic method using gluta-
ushu University). Glutaminase was a generous gift from Daiwa Kaseiminase and glutamate dehydrogenase (Lund 1985) or by chromato-
Co. Ltd. (Osaka). DNA manipulation and transformatioriEotoli cells graphic method as follows. Glutaminase was added to a 2-ml aliquot of
were carried out as described by Maniatis et al. (1982). the concentrated filtrate, and the reaction mixture was incubated at

Materials
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37°C for 120 min. The reaction mixture was then loaded onto an(Fig. 1). Only 3 types of genes were detected at 552 h out
AG1-X8-acetate column, and the adsorbed glutamate was eluted wit(bf the 9 varieties found at 270 h, A1, A2, B1, C1, W1,
D e e I2, WS, W4, and WS, The A2 gene sees t be eived
centration in another 2-ml aliquot of the concentrated filtrate without from A1, while W3, B1, and C1 from W1, and both W4

the glutaminase treatment was measured as well. The glutamine co@nd W5 from W2. The frequency of the six mutants not
centration in the chemostqt culture was estimated from the differen_ce ofletected at 552 h may have decreased in a level below
two glutamate concentrations measured with and without glutamlnas?he detection limit (2%). At the end of the third chemo-
reament stat run, the Al 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.

Experimental Molecular Evolution of Glutamine Reproducibility of the results was attested by se-
Synthetase Gene guence analysis of the glutamine synthetase genes at 270

) ) ) h from randomly chosen clones in duplicate runs of the
A mixture of transformants harboring glutamine synthe-fi. chemostat culture. Both final population structures

tase genes diversified by in vitro random mutagenesi%ompriSed a majority of the A1 gene with the W1 gene
were subjected to continuous chemostat cultivation Withas one of the minority (see Fig. 1). Though genes of
ensured well-stirred environment to avoid any spatialrninority differ in each run, the chance of picking differ-

b|gs in the culture of approximately ¥bcells. Gluta- ent genes with low frequency is feasible on random sam-
mine synthetase genes were extracted from all the cell ling. Hence, the resulting population structure was re-

in the chemostat at the end of the first cycle of molecula roducible and not incidental.

e_voluuon (270 h), pOOIGQ’ and subjected to another " Here, we conclude that the glutamine synthetase gene
vitro random mutagenesis. For the second cycle of mo;

| . . has evolved under the selection pressure imposed solely
ecular evolution, the consecutive processes were the .
same as stated above except that cultivation in the che?” the. gene itself, as based on th.e facts anq results of the
mostat was extended to 552 h. Genes from the end of th xperimental molecular evolut|on. de;_cnbed above:
second chemostat culture were once again subjected to ) The glutamine sypthetasg gene 1S cr|t-|c-al for the sur-
vitro random mutagenesis as the preparatory step for th}é'val of the host strainE. coll YMCZl deficient of the
third chemostat run for 552 h. Mutation rate due to the in9"€: under the cultqre conditions employed (Xu et al.
vitro random mutagenesis, estimated from the nucleotidég%)' (2) The onI'y d|ﬁeren§:e amo”g the transformants
sequences of the genes isolated from randomly chosefl the chemostat lies on their glutamine synthetase gene
58 clones after each mutagenesis, was 0.77 substitutiorf@1€d on the plasmid. (3) The presence of selection
per gene with a high preference on A to G and T to CPressure on the gene was eyldently shown by the elimi-
mutations as reported previously (Arakawa et al. 1996ation of many of the varieties of genes present at the
Cadwell and Joyce 1992). Among the 55 substitutiondnitial stage of each chemostat run. (4) While a total of 24
detected, 24 were synonymous, and 31 were nonSynonymous and 31 non-synonymous substitutions were
synonymous substitutions. found from randomly chosen clones in the initial mutant
Molecular phy|ogeny and popu|a‘[ion dynamics Werepopulation of the three chemostat CUltUreS, a total of 15
deduced from the nucleotide sequences of the glutamingynonymous and 8 non-synonymous were detected at the
synthetase genes isolated from each of the three cheménd of the three cultures (Fig. 1A). High frequency of
stat runs. Twenty clones were randomly chosen at 270 Bynonymous mutations (P < 0.001) inferred the existence
of the first chemostat culture, while 50 clones each weredf the selection pressure on the gene. (5) With the large
likewise chosen at 270 and 552 h of the second, and 55gopulation (16°% used in observing the molecular evo-
h of the third culture (Fig. 1). From a diversified first lution, it is unlikely that the perceived changes in the
mutant population, only the wild-type (W1) and two mu- gene frequency (Fig. 1B) were attributed solely to ge-
tant genes (Al and W2) were found, with A1 gene beingnetic drift (Kimura 1983). For instance, the gene fre-
major at the end of the first chemostat run. The othemuency of the C1 gene in the second chemostat culture
genes present during the initial stage may have beeimcreased from 70% at 270 h to 88% on 552 h. Average
extinct or decreased in frequency below the samplingate of frequency change per generation is more than
probability (5%). Final population of the second cycle of 1072 order [(0.88 — 0.70)/{(552 — 270) x (0.075)}, where
molecular evolution showed the presence of W1 and A10.075 represents the generation per hour based on the
genes, however, dominating the population was a newdilution rate. This value is much bigger than the expected
mutant C1 gene, which seems to be a derivative of thd 0™ order if genetic drift is assumed for the frequency
W1. A decrease in the variety of the mutant populationschange in such large population size. (6) Although ge-
during the chemostat cultures were evidently showmomic mutation may occur during the chemostat culture
when the second chemostat run was extended to 552 éven for theRecC host strain, the effects of genomic

Results and Discussion
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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
1 F1 G1 synonymous mutants. The number
c:1 of synonymous/non-synonymous
mutations appears in parentheses.
Double-headed vertical arrows
c2 ‘ represent the time span of

c1

3rd
chemostat run

cultivation. (B) Population

: A 2 C1 C2C3 [} G1 c1 structures at the indicated time of
+ 552h n a . ﬂ As each chemostat run.

mutation on the dynamics of the molecular evolution of competitors and the external variables of the environ-
the understudied gene were confirmed to be very smalinent, thereby allowing competitors to reach the same
by the reproducibility of the experimental results. growth rate and coexist in the same environment (Yomo
et al. 1996).
Mechanism of Coexistence as Means of Diversification I.n view of the interplay bgtween the mtemal meta-
bolic network of the competitors and the environment,
Clearly, as described above, different types of glutamineglutamine, a product of the glutamine synthetase reac-
synthetase gene coexisted under a selective environmetibn, may be one of the important external variables. To
regardless of the long span of each evolution cycleevaluate the role of glutamine, competition experiments
Moreover, effect of mutations, if any, on genetic sitesbetween the A1 and W2 genes found at the end of the
other than the glutamine synthetase gene was very smdirst chemostat run was performed (Fig. 1). Duplicate
and hence, not necessary for maintaining the diversity ofuns under the same conditions as in the molecular evo-
the gene during the evolution. In our previous work, lution resulted in the same population structure although
closely related competitors dE. coli strains differing the transient behavior is different (Fig. 2). The results
only in the glutamine synthetase gene were shown tandicate that the observed coexisting state is not an inci-
reach a stable coexistence (Xu et al. 1996; Kashiwagi edlental event but may be governed by an underlying
al. 1998). Consecutively, a mathematical model revealednechanism as presented in the mathematical model
that the essential mechanisms of coexistence involve th€romo et al. 1996). Indeed, glutamine was detected at an
interplay between the internal metabolic network ofaverage value of 1.pM from the sampled culture at
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Fig. 2. Competition between the W2 and Al genes. Each of thehas both thé>st andBstEll sites. (A) and @) are parallel runs, A and
plasmid containing W2 gene or Al gene of the same concentration waB, of the competition experimentsDj, glutaminase (final 0.47 unit/
used to transform fresh host cells independently. The total resultaninl) was added in the feeding medium. Glutamine concentration in the
transformants from each transformation were mixed and an aliquot wasulture medium were measured at the indicated time (*) either by the
used as inoculant for the chemostat run as described under MateriaRICO-TAG (for the A run) or enzymatic method (for the B run) as
and Methods. Frequency of W2 was determined as follows: An aliquotdescribed under Materials and Methods. At 336 h of the A runpM2

of the chemostat culture was sampled at the indicated time and platedlutamine was detected in the culture, while at 221 h, 268 h, 336 h, and
on 2xTY agar plate (12) containing 2@/ml ampicillin. The plasmids 410 h of the B run, glutamine concentrations in the chemostat culture
from randomly picked 26 clones per sampling were analyzed by doublevere 0.8uM, 1.9 uM, 2.2 uM, and 1.3uM, respectively.

restriction endonuclease digestion. W2 has onlyRhbesite, while A1

indicated time of each chemostat runs (asterisks in Figreached the state of coexistence. The possibility of such
2). As glutamine was not added in the fresh medium feccoexistence of the mutants in the same physical environ-
to the chemostat, there could be a leakage of glutaminment is low or nil if Darwinian selection is followed,
from the dead or live cells of both or either of the strainsespecially when the competitors are closely related as
with the Al or W2 gene. When glutaminase was added irused in this study (Futuyma 1986). Competitors could
the feeding medium to hydrolyze glutamine leaked in thehave adjusted their fitness by means of the interplay
medium, coexistence of the strains no longer prevails an@etween the internal states of the competitors and the
the W2 gene was excluded (Fig. 2). These results indienvironment. Hence, the environmental conditions, as
cate that glutamine is one of the important factors for theyell as the internal state of a competitor, vary depending
observed coexistence. Hence, cellular interaction amongn the population structure. Therefore, when a gene type
competitors through their major nutrients such as glutaexists with different groups of competitors, its fitness
mine allows the maintenance of mutant genes within ajiffers in each case in accordance to the change in the
population. Cross-feeding of a nutrient has been demonenvironmental conditions. In fact, the A1 gene dominant
strated to be a possible mechanism for the maintenangg the first cycle of molecular evolution was replaced by
of coexistence oE. coli strains with different genotypes the C1 gene on the second cycle, and was back to its
in a simple environment (Turner et al. 1996; Treves et aldominant status on the third cycle (Fig. 1B). Could it
1998). Here we showed that even competitors differingthen be that only gene types with higher fitness have
only in a single gene were capable of reaching a state dheen selected during the continuous progression of mo-
coexistence through cellular interaction mediated by nujecular evolution? To clarify the issue, the W2 gene,
trients. The mechanisms underlying the coexistence ofyhich was extinct, or may have decreased its frequency
closely related competitors in a minimal model systempelow the detection limit (2%) during the second che-
can be the provision for bio-diversification occurring in mostat run, was subjected to the following competition

nature. experiments. The W2 gene was mixed with the pooled

genes isolated from the final population of the third che-
Diversification and Not Optimization in mostat run before introducing to fresh host cells, and the
Molecular Evolution total resultant transformants were cultivated in the che-

mostat under the same conditions used for the molecular
The experimental molecular evolution showed the exclu-evolution experiments. Interestingly, the W2 gene was
sion of many of the varieties of the closely related genesble to coexist with the new population structure regard-
produced by random mutagenesis through the selectioless of the initial frequency of the W2 gene (Fig. 3). If the
pressure imposed on the gene, yet some remained ars@lection in the evolutionary system is based on gene
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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 (¢#), 0.5 @), and 0.1 &) 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 run¢ ( H,
and A) initiated with corresponding initial
frequency of the W2 gene. Open circl®)
represents competition experiment
conducted in the same manner as described
above, with W2 gene frequency adjusted to
0.5 and glutamate concentration in the
0 200 400 600 feeding medium reduced from 0.1 M to 10
. wM. Frequency of W2 in the culture was
Time (h) determined as in Fig. 2.

Frequency of W2

fitness determined by its sequence and culture condiwas shown as not optimized in the process of evolution,
tions, and the selection is independent of the presence dfie function of the gene product, i.e., glutamine synthe-
competitors, one would expect that genes pooled frontase activity, may have done so. The wild-type and mu-
the final population of the third chemostat have highertant enzymes in the phylogenetic tree in Fig. 1 were
fitness than those of the second chemostat. In such purified, and the kinetic property was analyzed with dif-
case, W2 gene could have no chance to survive wheferent glutamate concentrations. Results showed that en-
mixed with the population of the third chemostat. How- zymes coexisting in a population have differépt;, and
ever, the results indicate that improvement of gene fitk /K., values (Fig. 1 and Table 1). Saturation theory
ness is not always underway in the event of evolutionassumes that natural selection would cease to operate
Although it may be natural for genes with higher fitnessonly if a function has reached a level that has no addi-
to be selected in a competitive chemostat, the emergend®nal benefits to the fitness of a strain in a population
of new genes by mutation during the evolution procesgHartl et al. 1985). Generally, it is presumed that a strain
may set forth a change in the environment of the selectedith mutant gene expressing a catalytic activity closer to
genes due to new cellular interaction. As a consequencéhe fittest value will dominate a heterogeneous popula-
fitness of the genes changes. Accordingly, the fitness ofion. Therefore, as the population propagates in several
the genes selected by an evolution cycle is not necessagenerations, the average enzyme activity over the popu-
ily higher than that selected by the previous cycle. Inlation is expected to show a dynamics with a conver-
addition, in most of the evolution cycles, several geneggence towards the value of the fittest activity either on a
had reached the state of coexistence. Therefore, the outaionotonous increase or decrease. On the contrary, as
come of the evolution tends not to be an existence of onshown in Fig. 4, fluctuation was observed in the average
fittest gene but of several genes with appropriate fitness
for coexistence. Hence, the evolutionary stable strategie1s

| h bl . id able 1. Kinetic constants of the wild-type and mutant glutamine
are not always the convergence stable strategies | eméi/nthetases in the phylogenetic tree of Fig. 1A. Glutamine synthetase

fied by maximization (Levin et al. 2000). activity was measured as described previously (Xu et al. 1994) with
As cellular interaction among competitors temporarily varying L-glutamate concentration from 1 mM to 200 mM. Results are
relieves the optimization process in evolution, increase irgxpressed as + S.D. (Cleland 1979). The specific activity of a mutant

gene fitness may be possible if interactions are weakeneg'2yme encoded by the D1 gene was less than the lower detection limit

2 &1
during competition, for instance, in low population den- o)
sity condition. When a very low concentration of gluta- Km kcat kcat/Km
mate was used in the feeding medium (1), not only (mM) (s (mMis
did the total population density _decrease fr_orﬁ tolls/ 121412 403416 33402
ml to 1C° cells/ml, the competing population also re- 75404 207+05 28401
sulted to the dominance of the W2 gene (Fig. 3, opers 1.1+0.1 29.6+0.8 26.1+2.6
circle). Fig. 3 thus suggests that low population densityC 3.3+0.2 28.9+0.9 8.9+0.4
promotes fitness increase while high population densityF 23.2+1.2 48.0x1.1 21201
drove diversification during evolution. F 49.4x148 6.4£0.9 0.13x0.02

9.5+0.5 6.1+0.1 0.64 +£0.02

G
Although the fitness of the glutamine synthetase gene
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Fig. 4. Average values of the ki-
0 1 1 1 L 0 netic constants over the population at
1st 2nd 2nd 3rd indicated time of the three chemostat
(270h) (270h) (552h) (552h) runs. The average values were calcu-
lated from the data shown in Fig. 1B
Chemostat Run and Table 1.

value of glutamine synthetase activity. Accordingly, glu- Cadwell RC, Joyce GF (1992) Randomization of genes by PCR mu-
tamine synthetase activity has diverged during the course tagenesis. PCR Methods Applic 2:28-33

of evolution rather than optimized to a finest value. We “"e" Y-M. Backman K, Magasanik B (1982) Characterization of a
gene,glnL, the product of which is involved in the regulation of

therefore proposed that an essential mechanism govern- piyogen utilization inEscherichia coli J Bacteriol 150:214-220

ing molecular evolution is the plasticity of the fitness of cleland ww (1979) Statistical analysis of enzyme kinetic data. Meth-
a gene towards cellular interaction via the environment. ods Enzymol 63:103-138

The changes in the fitness of genes temporarily Suppreéykhuiz_en DE,‘Dean AM (1990) Enzyme activity and fitness: evolu-
the optimization process, allow the coexisting state, anq_ tion in solution. TREE 5:257-262

direct di ificati This studv h id ntdevila A, Mendez J, Ayala FJ, McDonald J (1975) Maintenance of
Irect diversimcation. IS sludy hence provides an ex- allozyme polymorphisms in experimental populations Qxfo-

ample of balancing selection and could be an answer in  sophila.Nature (London) 255:149-151

some issues on neutralist-selectionist controversyutuyma DJ (1986) Evolutionary Biology®ed. Sinauer Associates,
(Gillespie 1991). The molecular diversification found in ~ Sunderland, MA

the experimental evolution so far described may serve ag.illespie JH (1991) The Causes of Molecular Evolution. Oxford Uni-

a basis in pursuance on issue regarding bio- versity Press, New York, Oxford
. . P T g 9 Hartl DL, Dykhuizen DE, Dean AM (1985) Limits of adaptation: the
diversification and speciation.

evolution of selective neutrality. Genetics 111:655-674

Helling RB, Vargas CN, Adams J (1987) EvolutionEé$cherichia coli
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