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ABSTRACT

We have used gluconate-limited chemostats to study selective differences
between isogenic strains of Escherichia coli X12 into which four naturally
occurring alleles coding for allozymes of 6-phosphogluconate dehydrogenase
(6PGD) had been transferred. The limit of detectability of selection with our
procedures is a selection coefficient of 0.5%. In the normal E. coli K12 genetic
background, all alleles are selectively neutral or nearly neutral. The absence
of detectable selection does, however, depend on genetic background and on
such environmental factors as cell density. In a genetic background containing
a mutation that cuts off the alternative metabolic route for 6-phosphogluconate,
selection between allozymes can be detected, and the selection is in the direc-
tion expected from the measured apparent K, values of the allozymes. Even
when the alternative metabolic route is not blocked by mutation, one of the
6PGD allozymes has a detrimental, but density-dependent, interaction with
a mutation conferring resistance to bacteriophage T5. In all cases, the observed
selection is due to the allozymes themselves (or to associated regulatory ele-
ments), as the selection disappears when the chemostats are limited by a differ-:
ent carbon source (ribose plus succinate). Nevertheless, the four alleles do
seem to be selectively neutral or nearly neutral in the nmormal E. coli K12
genetic background. Moreover, the distribution of allele frequencies in natural
populations of E. celi is in accord with the expectations of selective neutrality.

I am inclined to suspect that we see, at least in some [cases], variations
which are of no service to the species, and which consequently have not been
seized on and rendered definite by natural selection. . . . Variations neither
useful nor injurious would not be affected by natural selection, and would be
left either a fluctuating element, as perhaps we see in certain polymorphic
species, or would ultimately become fixed. . . . We may easily err in attributing
importance to characters, and in believing that they have been developed
through natural selection; . . . many structures are now of no direct use to their
possessors, and may never have been of any use to their progenitors . ... [On
the other hand,] we are much too ignorant in regard to the whole economy of
any organic being to say what slight modifications would be of importance
or not.

CuHARLES DaRwIN, 1872

I IERE we present evidence that, in a normal genetic background, at least four
naturally occurring alleles for allozymes of 6-phosphogluconate dehydro-
genase in Escherichia coli are selectively neutral or nearly neutral. Since the
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late 1960s, when the widespread occurrence of allozyme polymorphisms became
evident (Harris 1966; LewonTin and Hussy 1966), the field of population
genetics has been dominated by the issue of whether these polymorphisms are
subject to natural selection or whether they are selectively neutral (Kimura
1968, 1979; Kine and Jures 1969; LewonTin 1974; Ner 1975; Avara 1976;
Hartr, 1980). The issue is central to an understanding of the mechanisms of
adaptive evolution. If observed protein polymorphisms are under selective main-
tenance, then they themselves are the stuff of evolution, and efforts must be
made to unravel the physiological bases of their selection. If, on the other hand,
such polymorphisms are selectively neutral under all conditions, then they are
irrelevant to adaptive evolution and interest should be refocused on other classes
of genes.

Experimental resolution of the allozyme controversy has been beyond reach.
The problem has been examined from almost every conceivable angle — statisti-
cal, experimental and ecological — yet, the data point ambiguously in both di-
rections. Allozyme clines are suggestive of selection, but clines can be produced
by founder effects and, even if created by selection, may be due to selection act-
ing on closely linked loci in linkage disequilibrium rather than on the allozymes
themselves (CLecG and Arrarp 1972; ALrArD ef al. 1972; CHRISTIANSEN and
FrypenBERG 1974). Statistical tests of selective neutrality are conceptually ele-
gant but lacking in power, and a distribution of allele frequencies inconsistent
with neutrality may be due to misidentified alleles or to the absence of muta-
tional equilibrium (Ewens and Feroman 1976; Ewens 1980). Allozymes of a
particular enzyme may have different kinetic or physical properties, but it is not
yet clear whether such chemical differences are indicative of differences in fit-
ness (GiesoN 1970; Harper and ArvstroNG 1973; Day, Hirrier and CLARKE
1974; Koeun 1978; Somero 1978).

Direct measurement of fitness components in such eukaryotes as Drosophila
is limited to the detection of large differences because of the substantial sampling
variance of such estimates (Prout 1965, 1969, 1971a,b). Experimental popu-
lations can theoretically be used to detect selection coefficients as small as about
5% (Yamazakr 1971), but interpretations are sometimes uncertain in the face
of possible linkage disequilibrium between the allozyme locus and nearby loci
that are unrecognized, but subject to selection. Failure to find selection in experi-
mental populations leaves a nagging ambiguity because fitness depends on an
interplay between genotype and environment, and the particular environment of
an experimental population may be unconducive to the expression of real differ-
ences in fitness between genotypes. In other words, experimental populations
often lack a suitable positive control that demonstrates selection against as obvi-
ously defective allele. Such positive control experiments are difficult to devise in
organisms such as Drosophila because the usual growth medium is complex and
chemically undefined and because, in many instances, the role of the allozyme
in metabolism is unknown.

In those instances in which the metabolic role of the allozyme is known, more
rigorous experiments can be carried out. In the case of the alcohol dehydrogenase
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locus in Drosophila melanogaster, for example, systematic changes in allele fre-
quency occur in experimental populations provided with alcohol-supplemented
medium, but not in populations provided with glycerol-supplemented medium
(va~ DELpEN, Kampine and vanw Diyk 1975; vaN DerpeN, BoErMA and Kame-
ING 1978; Cavener and Crece 1978); this finding strongly implicates the al-
lozymes themselves or associated regulatory elements as being responsible for
the observed selection. Similarly, in the case of the amylase locus in D. melano-
gaster, systematic changes in allele frequency occur in the presence of medium
containing starch, but not in the presence of medium containing glucose (pE
Jowe and ScHARLOO 1976; YarpLEY 1978; Hickey 1978; ScrarLoo and pe JoNG
1980). On the other hand, although the results for alcohol dehydrogenase and
amylase provide irrefutable evidence of selection, negative results in such experi-
ments are of uncertain significance because selection coefficients can be as large
as several percent and nevertheless remain undetected with present techniques.
Experiments in Drosophila are therefore one-sided; selection, when it occurs,
can be proven, but the apparent lack of selection cannot be rigorously interpreted
because of insufficient resolving power of the techniques.

In the prokaryotic system reported here, the limit of resolution of the tech-
nique is a selection coefficient of 0.59. With suitable positive controls to show
that selection can be detected and suitable negative controls to show that the
locus under scrutiny is the one responsible for the selection, we have studied
four allozyme-associated alleles of 6-phosphogluconate dehydrogenase in isogenic
strains of Escherichia coli in chemostats. In the normal E. coli K12 genetic back-
ground, selection, if it occurs at all, leads to an overall fitness difference of less
than 0.59%. Thus, the alleles are selectively neutral or nearly neutral. However,
in certain other genetic backgrounds — in one case involving a laboratory-derived
mutation that cuts off alternative metabolic routes for 6-phosphogluconate; in
another case involving a laboratory-derived mutation that confers resistance to
bacteriophage T5 — selection has been detected. We interpret these results as
meaning that allozymes have a latent potential for producing selective differences
in certain genetic backgrounds or perhaps under particular environmental cir-
cumstances, but that, in the normal genetic background, the alleles are nearly
neutral.

BACKGROUND

Bacterial strains for our study were generously provided by Rocer MILKMAN,
who was first to demonstrate the occurrence of surprisingly high levels of al-
lozyme polymorphism in natural populations of E. coli (MiLgmaN 1973). More
recently, SELanDER and Levin (1980) surveyed 20 enzymes among 109 inde-
pendent clones, including many in MiLxmaN’s original collection, and found a
level of polymorphism substantially greater than that observed in natural popu-
lations of eukaryotes. The significance of the finding of such high levels of poly-
morphism in a haploid species is at present unclear. _

The overall design of our experiments is conceptually quite simple and con-
sists of four phases. First, standard genetic methods are used to transfer all rele-
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vant alleles into the genetic background of E. coli K12. Second, a growth medium
is employed that demonstrates the occurrence and detectability of selection
against an obviously defective allele at the locus in question; this growth medium
constitutes the positive control. Third, a different growth medium is employed
that eliminates selection against the defective allele; this growth medium con-
stitutes the negative control; its purpose is to verify that observed selective dif-
ferences are due to the locus under study. Fourth, isogenic strains carrying vari-
ous alleles of the allozyme locus are studied in pairwise competition in both types
of growth media in order to estimate their selection coefficients.

A primary experimental tool for the study of nutrient-limited competition is
the bacterial chemostat (KusitscHek 1970; Dyxmuizen 1978). A chemostat
is basically a culture vessel having an inflow aperture for the influx of sterile
nutrient medium and an outflow aperture for the efflux of exhausted medium,
living cells and cellular debris. In practice, the device is complicated by various
attachments for aeration of the medium and for the prevention of contamination.
The rate of division of cells within the chemostat can be varied by a factor of
10 by appropriate adjustment of the rate of inflow, but an equilibrium will
eventually be reached in which the number of new cells created by division is
exactly balanced by the number of cells washed out in the overflow. Thus, chem-
ostats provide an environment in which cell division is continuous, but popula-
tion size is held constant.

The dynamics of competition for substrate in chemostats is approximated rea-
sonably well by equations known as the Monop equations (DyxuUIZEN and
Harrr 1981). For present purposes, the most important implication of the
Mowob equations is as follows: if p(¢) and ¢(z) [with p(t) + q(z) = 1] repre-
sent the relative proportions of two competing strains after ¢ hours of competi-
tion, and if, for a fixed rate of inflow of nutrient medium, the relative “fitnesses”
of the two strains, measured in terms of Malthusian parameters, are 1 + s and 1,
respectively, then In[p(t)/q(t)] =In[p(0)/q(0)] + st. Consequently, the slope
of the linear regression of In[p(?)/q(t)] against time provides an estimate of
the selection coefficient, s.

The absence of genetic recombination between strains in chemostats can be
used to advantage in order to avoid extravagant amounts of electrophoresis. Qur
isogenic strains are initially produced in genetic backgrounds that are sensitive
to bacteriophage T5 (7'5%). From each strain, we select a spontaneous mutation
at the tonA locus that confers resistance to the bacteriophage (7'5%). In the ex-
periments, a strain bearing one allozyme and 7'5% is always placed in competi-
tion with a strain bearing another allozyme and 7'5%, and the change in the al-
lozyme frequencies is monitored through changes in the frequencies of 75% and
T'5%. That the allozyme-T'5 association remains intact in the chemostat has been
verified by electrophoresis, and, within the range of 75% and T5% frequencies
employed, changes in frequency due to mutation pressure are inconsequential.
Our use of T5% and 7T5° is valid only insofar as 75% and 7°5° are themselves se-
lectively neutral in the experimental chemostats. This requirement has been
verified by appropriate controls discussed below.



NEUTRALITY OF 6PGD ALrozYMES 805

In order to evaluate our statistical procedures, we have carried out extensive
computer simulations of the sampling process and have examined the adequacy
of our estimates of In[p(z)/q(t)] and the validity of the linear regression. Our
normal sampling procedure is as follows: A sample from the chemostat overflow
is collected and the cells counted in a Petroff-Hausser counting chamber in order
to estimate total cell density. The sample is diluted with buffer to a density of
700 cells/ml, and aliquots are added to equal volumes of molten agar to bring
the density to 350 cells/ml. Bacteriophage T5, which is present in excess in half
the molten-agar samples, kills the 7’5 cells in these samples. From both the T5-
containing and the T5-free samples, 30 aliquots of 0.1 ml each are dispensed in
a single petri dish by means of a Colworth Droplette. The agar is solidified and
incubated overnight, and the small colonies that arise are magnified and counted
the next day. All colonies within any drop examined are counted, and the counts
continue until the colony count exceeds 325 or until all 30 drops have been
counted, whichever comes first. In this manner we obtain two estimates: (A)
an estimate of the total cell density, which is obtained from the T5-free samples,
and (B) an estimate of the 75% cell density, which is obtained from the T5-
containing samples. Reconstruction experiments have demonstrated that the
sampling procedure is valid for estimating A and B. The quantity (A-B) esti-
mates the density of 75% cells, and In[B/(A-B)] is our estimate of In(p/q),
which is the quantity used in the linear regression.

Assuming binomial sampling of 75% and T5° cells and a Poisson distribution
of colonies per drop, we have simulated 500 replicates of the sampling procedure
for various values of p, the frequency of T5% cells. For values of p ranging be-
tween 0.01 and 0.65, the estimator In[B/(A-B)1, has been found to be unbiased
and to have an approximately constant variance. In our experiments, therefore,
we have strived to remain within this range of p.

As for the power of the procedure to detect selection, we have carried out simu-
lations of the sampling procedure for seven equally spaced time points over
100 hours and have performed a linear regression analysis of In[B/(A-B)]
against time. The change in frequency in the chemostat was assumed to follow
In (p/q) = C+ st, where s was allowed to assume values between 0 and — 0.05
per hour. The results for 512 simulations when the initial frequency of 7'5% was
p = 0.5 are shown in Table 1. The numbers in the table give the proportion of
cases (out of 512) in which the null hypothesis s = 0 was rejected at the 5%
level. As expected, rejection occurs 5% of the time when the true value of s
equals 0. Rejection always occurs when the absolute value of s is as large as
0.05. When the absolute value of s is 0.005 per hour, we have a 50% chance of
rejection in any one chemostat; thus, we regard this as the realistic limit of reso-
lution of our present procedures.

The allozymes that we have studied are those of 6-phosphogluconate dehydro-
genase (EC 1.1.1.43), which are due to alleles at the gnd locus at 44 min-
utes on the standard E. coli genetic map (Baceamanw and Low 1980). Construc-
tion of isogenic strains was accomplished through the use of the nearby histidine
operon (his, at 44 minutes) and by the inability of edd- gnd- cells to grow on
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TABLE 1

Proportion of 512 simulated cases in which the hypothests that s — 0
could be rejected at the 5% level

Probability of rejection Probability of rejection

True |s| (percent) True [s] {percent)

0 5.08 0.006 59.6
0.001 5.66 0.007 77.7
0.002 11.9 0.008 87.1
0.003 19.9 0.009 96.5
0.004 31.0 0.01 97.1
0.005 47.8 0.05 100.0

Calculations based on an analysis of variance of the regression of In(p/q) against time, p
initially assumed to equal 0.5 and s < 0. Regression based on seven equally spaced time points
over 100 hours.

gluconate as their sole carbon source. (edd, at 41 minutes, codes for phospho-
gluconate dehydratase [EC 4.2.1.12], which converts 6-phosphogluconate into
2-keto-3-hydroxygluconate-6-phosphate, thus bypassing 6-phosphogluconate de-
hydrogenase by providing an alternative metabolic route for 6-phosphogluco-
nate.) The principal genetic tool in strain construction was transduction medi-
ated by bacteriophage P1(cml clr100), which carries a chloramphenicol-resistance
gene permitting the selection of extremely rare lysogens and also a temperature-
sensitive repressor leading to high-titer lysates when induced by high tempera-
ture. Unless otherwise specified, all genetic manipulations followed the pro-
cedures of MirLER (1972).

A key strain in our constructions is designated DD715, which is genotypically
edd- gnd- his~ rpsL. (rpsL, at 72 minutes, confers resistance to streptomycin.)
DD715 was constructed as follows: DF1070 (HfrC edd? gndl relAl ton A22
T2%), obtained from B. BacamaNwN, was mated with AM3700 (his rpsL), and
the His* Str® phenotype was selected. edd? gndl T5% T25 exconjugants were
tested for relAf by the leucine step-down test of RocErsoN and FREUNDLICH
(1970). All exconjugants, and AM3700 itself, proved to be relA~. One of the
edd1 gndl T55 T25 relA- exconjugants was exposed to penicillin selection for
His~, and a spontaneous, revertible Ais mutation was selected. To eliminate the
relA mutation in this strain, the strain was first rendered thyA- by trimethoprin
selection, then transduced to fuc thyA+ with a P1 lysate from a fuc thyA+
strain provided by T. NEwmMaN; the fuc™ thy* strain (still relA-) was transduced
to fuct thyA™ relA+ using a P1 lysate from strain DD323 (Dyxruizen and
Davies 1980). The resulting strain — edd? gnd! his- rpsL — was designated
DD715. Another strain of importance in our constructions is DD722 (edd1 gndi
rpsL), which was obtained as a P1-mediated %is™ transductant of DD7715.

Each of the MiLKMAN strains to be used in the subsequent analysis was made
lysogenic for P1 (c¢ml clr100), and lysates were used to transduce DD715, selec-
tion being for Aist and subsequent scoring for gnd*. This cycle of transduction
was carried out again, and the resulting edd? gnd+ his* rpsL strain was made
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lysogenic for P1, lysates then being used to transduce the isogenic DD722, selec-
tion in this case being for gnd* At this point, a spontaneous tonA mutation con-
ferring resistance to phage T5 was selected in each strain and confirmed by co-
transduction of the T5 resistance phenotype with pané, and each strain was then
transduced to eddt with P1 phage from an isogenic lysogen (DF1071 = HfrC
gndl relA1 tonA22 T2%, obtained from B. Bacumann). The gnd allozyme in
each strain was verified electrophoretically after each transduction of gnd*,
using the methods of MiLkman (1973). Altogether, three consecutive transduc-
tions into isogenic strains were carried out for each gnd allele to be studied. Rates
of transduction in the first two transfers were abnormally low (of order 10" to
10-?), but by the third transduction the rate was in the normal range for E. coli
K12.

An odd and unexpected feature of the transductions should be mentioned here,
as it is potentially important in light of experimental results to be discussed be-
low. All of the MiLKMAN strains that we used were resistant to bacteriophage
T5, and B. R. LEvin (personal communication) has found that 97 of 109 natural
‘clones of E. coli are resistant. However, among the gnd+ hist transductants pro-
duced from P1 lysates from the original strains, roughly half were still resistant
to bacteriophage T5. The genetic and physiological basis of the resistance is un-
known. Since the T5-resistance factor co-transduces with ks, however, it is evi-
dently not due to the tonA locus, which is at three minutes. T5 resistance among
wild strains of E. coli may therefore involve loci other than tonA. A possible
reason for a low frequency of tonA in natural populations is suggested by the
work of Moser (1958), who found that tonA cells are selectively neutral in
energy-limited chemostats, but disfavored when nitrate or phosphate is limiting.
In any case, in the study at hand, the Ais-linked resistance was a mere nuisance
factor that was eliminated by choosing the T5-sensitive transductants for subse-
quent genetic manipulation.

RESULTS

Results for four naturally occurring grd alleles (i.e., W+, F2, §4 and S8) in
the edd* genetic background are summarized in Table 2. Each row in the table
provides the genotypes of the competing strains, the carbon source in the chemo-
stat medium, the number of experiments, the selection coefficient [estimated as
the slope of In(75%/75%) against time], the statistical significance of the slope
based on the null hypothesis s = 0, the ¥ value obtained in the analysis of vari-
ance of the regression of In(75%/75%) against time, and the number of degrees
of freedom. In those cases with two replicate experiments, the results were in-
variably homogeneous, and the entries in the last four columns of the table per-
tain to the pooled results. However, replicate experiments were carried out with
different initial frequencies of T5% to guard against the possibility of frequency-
dependent selection; the “2” marked with an asterisk denotes that the replicates
had initial frequencies of 0.50 and 0.10, and in all other cases the replicates had
initial frequencies of 0.50 and 0.01. No evidence of frequency-dependent selec-
tion was found.
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Many of the entries in Table 2 are controls of various sorts, and these warrant
a brief discussion. In the first two entries, a strain carrying gnd+ (the gnd allele
in normal E. coli K12) with 75° was grown in competition with an isogenic
strain carrying a gnd- point mutation (gnd?) with T5%. Selection on gluconate
medium is significant; whereas, no selection is observed on medium consisting
of a mixture of ribose and succinate. Thus, the positive control in the experi-
mental design consists of gluconate medium, because selection against a defective
allele is observed, and the negative control in the experiments consists of ribose-
succinate medium, because this medium eliminates the selection against the gnd-
allele. The selection noted in the first entry of Table 2 is therefore specific to
growth on gluconate. In the second two entries in Table 2, a gnd- T5% strain is
grown in competition with a gnd+ T5F strain. There is again selection against
gnd- in gluconate medium, but in this case there is also significant selection
against the gnd~ T5° strain in ribose-succinate medium. We interpret the selec-
tion in the latter case as being due to inadvertent differences in genetic back-
ground, and it is noteworthy that the selection on gluconate is some six-fold
greater than it is on ribose-succinate, which indicates that the greater part of
the selection is specific to gluconate. It should be emphasized that the selection
against gnd- cells in the upper part of Table 2 is very strong; it is about 259, of
the theoretical maximum amount of selection that could be obtained at a two-
hour doubling time, the maximum being obtained when one strain cannot grow
atall.

Controls for the selective equivalence of T5% and 75% are shown in the second
part of Table 2. Since one of the gnd alleles (S8) interacts curiously with 7'5%,
discussion of this allele will be taken up below. For the others (W+, F2 and 84),
no selection involving the bacteriophage resistance is observed.

Competition experiments involving different allozyme alleles are shown in the
third part of Table 2. Again postponing consideration of the S§ allele, it is evi-
dent that 2, $4 and W+ are selectively equivalent within the limit of resolution
of the technique. Results for four chemostats — a positive control, a negative
control and two experimental — are shown graphically in Figure 1.

Since selective differences between F2, $4 and W+ would involve selection
coefficients of at most 0.5%, we regard these alleles as being selectively neutral
or nearly neutral. Allele S8 is an exception, however, and it illustrates the po-
tential importance of interaction effects between an allozyme allele and other
alleles in the genetic background. Pertinent data are shown in the middle region
of Table 2, which indicate that, in gluconate medium, selection does occur favor-
ing S8 T'5% over 88 T5%. Suspecting that the selection might be due to inadvertent
lack of isogenicity or to an odd tonA (T5%) allele, we again selected a spontane-
ous fonA mutation in the S8 T'5% strain, but selection of the same magnitude and
direction as that found previously was observed. That the selection involves a
detrimental interaction between S8 and fonA is indicated by the finding that se-
lection against S8 T'5% occurs only in gluconate medium, not in the ribose-suc-
cinate control. We do not understand the metabolic basis of the S8-zonA interac-
tion, but it is interesting that the effect is density dependent. When S8 T5% is
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Ficure 1.—Results of some of the experiments summarized in Table 2. Broken lines indicate
controls, solid lines experimental chemostats. The positive control (open circles) is gnd- T5% ps.
gnd+ T58 grown in gluconate medium. The negative control (squares) is grd~ T58 vs. gnd+
T58 grown on ribose-succinate medium. Experimental results pertain to gndF2 T58 vs. gndS4
T5E (triangles) and to gndS4 T5% vs. gndW+ TS5 (closed circles), both types of experimental
chemostats grown on gluconate,

grown in competition with S8 75% in medium containing only 0.04 gm/1 glu-
conate (in contrast to the usual 0.4 gm/1), the equilibrium cell density is re-
duced by a factor of about 10, and the observed selection coefficient becomes
s = 0.0009 + 0.0024, which does not differ significantly from zero.

Other results relevant to the S8-fornA interaction are shown in the third part
of Table 2. In a T'5% genetic background, allele S8 is selectively equivalent to the
others. Selection occurs only in the 7'5% genetic background and is specific to
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growth on gluconate. We do not know whether the $8-tonA interaction is im-
portant in natural populations. One could argue that it is important on grounds
that naturally occurring strains are resistant to bacteriophage T5. One could
argue with equal justification that the interaction is not important because, as
note earlier, T5 resistance of naturally occurring strains does not seem to be
due to the zonA locus.

One possible physiological reason for the selective equivalence of F2, S4, W+
and S8 T'5° might be the existence of the edd+ gene product, which provides an
alternative metabolic pathway for 6-phosphogluconate. Small differences in the
functional efficiency of the allozymes might be compensated metabolically by
small changes in the rate of flow of substrate through the alternative pathway.
The pathway involving edd+ is apparently the only alternative for 6-phospho-
gluconate, as edd~ gnd- cells are unable to grow on gluconate. To examine what
may be called the physiological compensation hypothesis, we undertook a study
of gnd allozymes in an edd- genetic background. Construction of the relevant
strains has been described previously, but the final transduction of edd* was not
carried out.

The study of selection in the edd- genetic background is difficult because edd-
cells do not grow well in gluconate; with excess gluconate, the doubling time for
edd™ cells is about 60 minutes, that for edd- cells is about 120 minutes. This dif-
ference is reflected in the time required for edd- cells to attain their equilibrium
cell density in gluconate-limited chemostats. With edd+ cells, the equilibrium
density is reached in a matter of about 10 hours; with edd- cells, attainment of
the equilibrium cell density requires about three days. Part of this three-day
adaptation involves genetic changes in the strains, as cells removed from the
chemostat and grown in excess gluconate have a doubling time of about 75
minutes. Moreover, some of the genetic adaptation involves changes in the gnd
region itself because, when the gnd region from adapted strains is transduced
into nonadapted cells, the doubling time of the edd~ gnd+ transductants in excess
gluconate is now about 90 minutes, not the expected 120 minutes.

Because adaptation involves genetic changes in the gnd region, it is unwar-
ranted to attribute selective differences between adapted strains to the original
gnd allele that the strains carried. In one case, however, we are confident that
selection due to the 6-phosphogluconate dehydrogenase allozymes does occur.
This case involves F2 and 84, which reproducibly yields selection in favor of §4,
whether or not the original strains have been preadapted to growth on gluconate
medium before the experiment is carried out. Results for nonadapted and pre-
adapted strains are shown in Figure 2. Note again that the selection is specific
for gluconate. When the cells are grown on ribose medium, the selection disap-
pears. However, selection in gluconate chemostats continues for only about 50 to
60 hours, after which there is no further change in frequency. The constancy in
frequency after 50 to 60 hours is not due to growth of cells on the chemostat
walls, as such cultures maintain their constant frequency even when transferred
to fresh chemostats.
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Ficure 2.—Selection involving gnd alleles in an edd- genetic background, strains DD808
(gndF2 T5® eddl) vs. DD811 (gndS4 T5% eddl). Squares: ribose-limited control chemostat
(0.4 gm/1 ribose) after strains had undergone adaptation in separate gluconate-limited chemo-
stats for 3 days. Circles: gluconate-limited experimental chemostat involving pre-adapted strains
as above. Triangles: gluconate-limited experimental chemostate involving DD808 and DD811,
but without prior adaptation. Straight-line segments are based on linear regressions. Doubling
times in the chemostats ranged from 2.0 to 2.5 hr.

It 1s perhaps worthwhile to note that the selection in Figure 2 is in the direc-
tion that would be expected from the apparent K,, values for the S4 and F2 al-
lozymes. In particular, the apparent K,, value for 6-phosphogluconate of the $4
enzyme is slightly (but consistently) smaller than the apparent X,, value of the
F2 enzyme. When both K, values are measured at the same time, using the same
reagents, the apparent K,, value for the S4 enzume is 2.7 X 102 mm and that of
the F2 enzyme is 3.7 X 102 mm (see Figure 3 for data and methods).



NEUTRALITY OF 6PGD ALLOZYMES 813
DISCUSSION

The results in Figure 2 support the hypothesis of metabolic compensation. In
normal eddt cells, small differences in the functional efficiency of allozymes are
not reflected as differences in fitness because the small differences are automat-
ically compensated by means of alternative metabolic pathways. In edd- cells,
the alternative pathway for gluconate is blocked, metabolic compensation be-
comes impossible and functional differences between allozymes do become im-
portant for fitness. Biochemical differences between allozymes are not limited
to those between F2 and S4 discussed above. The apparent K, value for 6-phos-
phogluconate of the S8 enzyme is 8.7 X 102 mm, for example, although that for
the W+ enzyme is not distinguishable from that for the F2 enzyme (see Figure
3). Yet, as shown in Table 2, F2, 84, W+ and S8 T'5° are all selectively equivalent
in an eddt genetic background. Of course, the interaction effects that we ob-
served between S8 and T5% (i.e., tonA), and those observed between gnd al-
lozymes and edd- may not be due to the gnd structural loci themselves, but
rather to differences in closely linked regulatory sequences. The agreement be-
tween the observed selection in an edd- genetic background and the K, values
of F2 and S4 suggest to us that the allozymes themselves are involved, but the
agreement could be coincidental. From the standpoint of the evolutionary im-
plications of our results, it makes very little difference whether the discussion
is phrased in terms of structural gene or regulatory polymorphisms.

It might be worthwhile here to summarize the evolutionary implications of
our results. With respect to allozymes of gnd in a normal E. coli K12 genetic
background in the admittedly artificial, but highly stressful, environment of a
bacterial chemostat, the allozymes are selectively neutral or nearly neutral (i.e.,
selection cofficients less than 0.005). The allozymes, or perhaps their associated
regulatory sequences, do have the potential for being selected, as evidenced by
the interaction effects observed between S8 and zonA and between the allozymes
and edd-. Thus, we believe, the selective potential of allozymes can be realized
in certain genetic backgrounds or perhaps under particular combinations of en-
vironmental circumstances. Although, at the moment, we can speak only about
the allozymes of 6-phosphogluconate dehydrogenase, the method of analysis is
readily applicable to many other polymorphic loci.

Does the inference of near neutrality of gnd allozymes carry over to natural
populations of E. coli? RoBerTt K. SELANDER and Bruck R. Levin have kindly
provided us with data from their analysis of 109 naturally occurring E. coli
strains, and Davip HayMEeRr of our laboratory has performed a statistical test of
selective neutrality based on the observed distribution of allele frequencies. In
the SeLanpEr-LEVIN sample, there were 15 distinguishable alleles of gnd, mak-
ing this locus one of the most polymorphic. Using the computer-simulation meth-
ods of WarTerson (1978), HayMmEeR generated 1,000 simulated samples of size
109 containing exactly 15 alleles and confroming to Ewens’ (1980) formula for
selective neutrality. Compared to the expectations based on selective neutrality,
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Ficure 3.—Double reciprocal plots of measurements of four 6PGD allozymes. Assays were
carried out simultaneously using the same reaction mixtures and were monitored spectrophoto-
metrically according to the procedures of Ersenserc and Dosrocosz (1967) except that 2 gmoles
of 6-phosphogluconate (trisodium) and 1.2 gmoles of NADP were used and the reactions were
carried out at 37°. The apparent K,, values are calculated as the negative reciprocal of the z-
intercept, which is independent of the scale of the y-axis. The apparent K, values are within the
range reported for purified enzyme (pE SiLva and FRANEEL 1979).

the observed distribution of allele frequencies has an excess of the most frequent
allele, but the excess is not statistically significant. In short, the observed dis-
tribution of allele frequencies is not incompatible with the hypothesis of selec-
tive neutrality. On the other hand, statistical tests of neutrality are rather low
in their power to detect selection. Thus, while gnd allozymes do seem to be
selectively nearly neutral, in both laboratory and natural populations, the se-
lective potential of allozymes based on genetic interactions may sometimes be
realized in natural populations, though not with sufficient intensity or duration
to alter the overall distribution of allele frequencies from neutrality.
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One further comment: population genetics is split between those who think
that natural selection must somehow be involved in the maintenance of allozyme
polymorphisms and those who think that allozyme polymorphisms are selec-
tively neutral or nearly neutral. Those committed to selection can argue that
we have studied only a restricted range of environments with gluconate as the
energy source, that the chemostat is not a suitable experimental model of the
mammalian intestine, that the population size of E. coli is so large that even
experimentally undetectable selection coefficients are evolutionarily significant,
and that our finding of significant selective effects due to nonallelic interactions
is proof positive of the potential for selection between allozymes in natural popu-
lations. Those committed to neutrality, on the other hand, can argue that glu-
conate was chosen as the energy source in order to maximize the opportunity
for selection and to amplify such fitness differences as may exist, that competi-
tion between E. coli strains in chemostats is at least as intense as competition
within the mammalian intestine, that the effective size of E. coli populations is
many orders of magnitude less than the actual size because of clonal reproduction
and periodic selection, and that the observed nonallelic interactions involve
tonA and edd- mutations, which have not been reported to occur in natural pop-
ulations. Qur own view is intermediate. The results suggest to us that the al-
lozymes of 6PGD are selectively neutral or nearly neutral, but that they have
a latent potential for selection; this potential may on occasion be realized under
the appropriate conditions of environment or. genetic background, and under
these conditions allozymes can become the raw material for adaptive evolution.

Thanks to R. MizxMmanN for bacterial strains, R. K. Seranper and B. R. Levin for providing
their data, D. Haymer for carrying out the statistical test of neutrality and especially LuanNE
‘WorreraMm for excellent technical assistance. Thanks also to R. MiLemaw, B. R. LeviN, M. Levy
and J. McNair for their helpful comments on the manuscript.
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