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ABSTRACT 
Studies of Escherichia coli under competition for lactose in chemostar cultures have been used to 

determine the selective effects of variation in the level of the @-galactoside permease and the @- 
galactosidase enzyme. The results determine the adaptive topography of these gene products relative 
to growth in limiting lactose and enable predictions concerning the selective effects of genetic variants 
found in natural populations. In the terms of metabolic control theory, the &galactosidase enzyme at 
wild-type-induced levels has a small control coefficient with respect to fitness (C = 0.018), and hence 
genetic variants resulting in minor changes in enzyme activity have disproportionately small effects 
on fitness. However, the apparent control coefficient of the @-galactoside permease at wild-type- 
induced levels is large (C = 0.55 l), and hence even minor changes in activity affect fitness. Therefore, 
we predict that genetic polymorphisms in the lac2 gene are subject to less effective selection in natural 
populations than are those in the lacy gene. The 0-galactoside permease is also less efficient than 
might be expected, and possible forces resulting in selection for an intermediate optimum level of 
permease activity are considered. The selective forces that maintain the lactose operon in a regulated 
state in natural populations are also discussed. 

N a 1983 paper entitled “Polymorphism and En- I zyme Function,” KOEHN, ZERA and HALL (1983) 
ask, “To what degree is it possible to describe a 
molecular mechanism for fitness differences among 
enzyme variants?” The question is profound, for it is 
a challenge to describe fitness in terms of some specific 
function of enzyme activity and, thus, to unite popu- 
lation genetics with physiology. How, indeed, do 
changes nested deep in the biochemistry of cells affect 
the fluxes and substrate pools of metabolic pathways, 
and how, in turn, do these changes affect reproductive 
success? KOEHN, ZERA and HALL (1983) note several 
cases in which the biochemical properties of an allo- 
zyme may serve as an adaptation to a particular envi- 
ronmental circumstance, such as high temperature or 
low salinity, but they emphasize that these parallelisms 
represent potential mechanisms of adaptation, not 
proven ones. 

Many naturally occurring enzyme variants demon- 
strate differences in their physiological consequences, 
but it is not known how, or whether, these differences 
affect fitness. For example, BARNES and LAURIE-AHL- 
BERG (1 986) have studied the effects of allozymes of 
sn-glycerol-3-phosphate dehydrogenase (Gpdh) on the 
mechanical power output of the flight muscles in 
Drosophila melanogaster. They found a small but sig- 
nificant, or marginally significant, effect of Gpdh al- 
lozymes, which depended on both rearing and flight 
temperatures. Overall, they show that the Gpdh poly- 
morphism is best regarded as a minor polygene af- 
fecting quantitative variation in power output during 
flight, with an important component in the effect 
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resulting from genotype-by-environment interaction. 
However, BARNES and LAURIE-AHLBERG (1986) also 
conclude that “it is not clear whether such small effects 
(on the order of a few percent) have any important 
consequences in terms of the forces that control the 
allozyme frequencies in nature.” This conclusion is 
consistent with that of KOEHN, ZERA and HALL (1 983), 
who, in answer to the question as to whether it is 
possible to describe a molecular mechanism for fitness 
differences among enzyme genotypes, finally provide 
an unequivocal negative. 

T o  relate population genetics with physiology using 
enzyme variants that occur in natural populations of 
eukaryotes is a very ambitious undertaking. Substan- 
tial progress has been made in the face of at least 
three formidable obstacles. The first obstacle is that 
of phenotypic complexity. In eukaryotes, it is hard to 
imagine an example in which enzyme activity and 
fitness are closely, causally and unambiguously related 
in a clear and simple manner. In virtually all instances, 
the activity of each individual enzyme is but one 
component in a vastly complex metabolic network, 
and each enzyme variant may account for only a small 
proportion of the total genotypic variance of classical 
components of fitness, such as viability, mating suc- 
cess, fertility or longevity. This complexity can, in 
some cases, be overcome by means of targeted selec- 
tion experiments, in which particular growth condi- 
tions are imposed in order to identify physiological 
differences resulting from enzyme variants (VAN DEL- 
DEN, BOERMA and KAMPINC 1978; DE JONG and 
SCHARLOO 1976; EANES et al. 1985). 
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A second problem results from the observation that 
differences in enzyme characteristics among naturally 
occurring enzyme variants are  usually rather small. 
Small differences in enzyme characteristics might 
often be expected to  result in small differences in 
fitness, and in many cases they may remain unde- 
tected. For example, EANES and HEY (1986) have 
studied 1 1 rare electrophoretic variants of glucose-6- 
phosphate dehydrogenase in D. melanogaster. Most of 
the variants exhibit apparent in vivo activities which 
are  similar to one or the other of the common variants, 
and the in uivo activities of the variants are  not well 
correlated with the in vitro estimates of specific activ- 
ity. A similar situation regarding alcohol dehydrogen- 
ase activity and survival in ethanol has been reported 
by MIDDLETON and KACSER (1 983). 

A third major problem in uniting physiology with 
population genetics in studies of natural populations 
results from linkage disequilibrium. Selective effects 
that result from the presence of a particular allele may 
be difficult to  prove because of possible undetected 
linkage disequilibrium, and conversely, selective ef- 
fects that result from a block of genes in linkage 
disequilibrium may incorrectly be attributed to  the 
presence o f  a particular allele contained within the 
block of genes. In experimental systems, this problem 
can be overcome by the use of isogenic strains. 

Many of the experimental difficulties in the study 
of the molecular mechanisms of selection can be over- 
come o r  minimized by the use of continuous culture 
of prokaryotic organisms such as E. coli (HARTL and 
DYKHUIZEN 1985). This system offers advantages in 
terms of simplicity of life history, large effective pop- 
ulation size and sample size, availability of mutants o r  
methods of obtaining mutants that cover a large range 
of enzyme activities, and control over genetic back- 
ground and strain isogenicity. 

In a previous paper (DEAN, DYKHUIZEN and HARTL 
1986), w e  have studied the fitness effects of laboratory 
mutations in chemostats in order to determine the 
relation between fitness and enzyme activity of p- 
galactosidase in E. coli cultured in chemostats in which 
the limiting nutrient is lactose. We have now extended 
the approach to be able to  include the effects of 
variation in activity of the ,&galactosidase permease. 
These results empirically define the adaptive topog- 
raphy of the two major genes of the lactose operon of 
E. coli relative to  growth in limiting lactose. T h e  
results suggest that genetic variants with small differ- 
ences from the wild-type-induced levels of P-galacto- 
sidase activity may be subject to much weaker selection 
than minor variants in the activity of the P-galactoside 
permease. Thus,  the P-galactoside permease appears 
to  demonstrate the greater potential for natural selec- 
tion to act on small differences in activity. 

MATERIALS A N D  METHODS 

Estimates of the fitness of inducible strains, relative to a 
lac1 constitutive strain in lactose-limited chemostats, were 

obtained as described in DYKHUIZEN and DAVIES (1 980) for 
various levels of induction of the lac operon. The  dilution 
rate of the chemostats was set at a generation time of 2.0 
hr. The  limiting nutrient was lactose (0.1 gm/liter), and the 
growth medium also contained one of four concentrations 
of the gratuitous inducer isopropyl-P-o-thiogalactoside 
(IPTG); namely, 0.0, 0.6, 2.0 or 60.0 pM/hter. Correspond- 
ing levels of induction of the lac operon were determined 
by enzyme assays as described (DYKHUIZEN and DAVIES 
1980). Direct estimates of permease activity under chemo- 
stat growth conditions were not carried out. However, the 
level of permease activity has been calculated based on the 
relative levels of induction of P-galactosidase, using the fact 
that lacZ and lacy are induced coordinately by IPTG (JACOB 
and MONOD 1961). Since the function of the P-galactoside 
transacetylase is still obscure (INGRAHAM, M A A L ~ E  and 
NEIDHARDT 1983), its role in cheniostat growth cannot be 
assessed at present. Therefore, the control coefficient with 
regard to fitness that we ascribe to the permease should in 
reality be interpreted as an apparent control coefficient 
because it is based on calculated permease levels and also 
includes both the permease and a contribution, if any, from 
the transacetylase. 

Estimates of the fitness of P-galactosidase missense mu- 
tants, relative to a lac1 constitutive strain, were obtained as 
described in DEAN, DYKHUIZEN and HARTL (1 986). Missense 
mutations with small effects on enzyme activity were ob- 
tained by the reversion of nonsense mutations. To estimate 
the selection coefficients of strains with low levels of @- 
galactosidase activity, we used data of HALL (1984). HALL’S 
strains are all E.  coli K12 derivatives; thus, they contain the 
same lacy permease as in the other experiments. 

THEORY OF METABOLIC FLUX 

KACSER and BURNS (1973, 1979 and 1981) have 
shown that the flux ( F )  through a linear metabolic 
pathway is related to the activities of its constituent 
enzymes as follows: 

In  this model, each erizynie is assumed to  be unsatu- 
rated and to cataly7e a reaction which is, in principle, 
reversible. S, and S ,  are  the concentrations of the first 
and final substrates in the pathway, and the K,(i) and 
V,,,,,(i) are  the Michaelis constants and maximal veloc- 
ities of the forward reactions. KO,* is the equilibrium 
constant between the first and ith substrates and is 
equal to the product of the equilibrium constants 
across the individual intervening steps. 

In a chemostdt, competition for lactose as the sole 
resource limiting the rate of growth ensures that the 
external concentration of lactose (So) is small enough 
that the enzymes used in its metabolism are  unsatu- 
rated (DYKHUIZEN and HARTL 1983). Also, KO,, will 
typically be rather large for many catabolic pathways, 
such as lactose metabolism and glycolysis, because the 
Gibbs free energies associated with catabolism of sug- 
ars to pyruvate are  generally rather large. Thus, 
S,/Ko,, will be rather small compared with So, so that 
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the numerator is essentially equal to SO. Furthermore, 
because this flux limits the rate of growth of the 
strains, one expects the growth rate (11) to be directly 
proportional to the flux ( F )  across the pathway. Con- 
sequently, (1) may be rewritten to a good approxi- 
mation as 

where B, = (V,,,,*( i)) (Ko,,)/K,( 2 ) .  Let 0, be the fraction 
of activity that a mutant enzyme possesses, relative to 
wildtype, so that 

(3) 

where the primes represent values pertaining to the 
mutant. Substituting into (2), the growth rate of a 
mutant strain can be written as 

(4) 

The relative growth rate (relative fitness) of a mutant 
relative to wild type in lactose-limited chemostats is 
therefore 

n-1 1 
T -  

where, on the left-hand side, w represents the fitness 
of a mutant relative to wild type, and, on the right- 
hand side, the first two terms of the summation in the 
denominator have been expanded because they rep- 
resent the effect of mutant permease and P-galactosi- 
dase, respectively. The constants in ( 5 )  are 

n- 1 

A = (I/&) 
t=O 

and 
n- I 

c = c ( 1 P J .  
1=2 

Inverting ( 5 )  results in the expression 

l a b  
w Bo 01 

+ - + + ,  _ - _  - 

where a = l/(B&), b = l/(BIA) and c = C/A. 
The fitness surface as a function of Bo and 81 (relative 

activities of permease and &galactosidase) may there- 
fore be estimated from (6) by means of multiple linear 
regression using the reciprocals of the observed fit- 
nesses and enzyme activities. This is analogous to the 

double-reciprocal Lineweaver-Burk plot used in en- 
zyme kinetics. 

RESULTS 

The total metabolic context of the lactose operon 
in E. coli is discussed in MILLER and REZNIKOFF (1978). 
Estimates of relative fitness of strains in chemostats 
and assays of enzyme activity were carried out as 
described in DYKHUIZEN and DAVIES (1980) and 
DEAN, DYKHUIZEN and HARTL (1 986). The data are 
presented in Table 1, where both the growth rates 
and activities are expressed as proportions of those 
obtained for the constitutive expression of wild-type 
(E .  coli K12) enzymes of the lac operon. The upper 
part of Table 1 contains data from chemostats in 
which the lac operon was partially or completely in- 
duced by IPTG (data from DYKHUIZEN and DAVIES 
1980). The middle part pertains to strains of E. coli 
K12 containing various constitutive lacZ missense mu- 
tations (data from DEAN, DYKHUIZEN and HARTL 
1986). Both sets of experiments used isogenic strains 
and an identical genetic background. The lower part 
of the table pertains to strains containing various types 
of alleles of ebg (evolved ,&galactosidase; data from 
HALL 1984). In the IPTG induction experiments, the 
level of permease was assumed to vary in proportion 
to that of @galactosidase, because the proteins are 
coordinately controlled. In the other experiments, the 
lacZ and ebg alleles were in genetic backgrounds con- 
taining a wild-type permease. 

Multiple linear regression as described by SNEDECOR 
and COCHRAN (1967) was used to estimate the param- 
eters a, b and c in equation (6) and their standard 
errors. The effects of sampling variance in the ob- 
served fitnesses have not been taken into account in 
the regression. The resulting parameter estimates and 

TABLE 1 

Relative fitness and enzyme activities 

Lactase Permease” Predicted 
Fitness activity activity fitness 

IPTG (pM/ l i t e r )  

60.0 1 1 (1) 1 
2.0 0.921 0.608 (0.608) 0.921 
0.6 0.715 0.383 (0.383) 0.823 
0.0 0.501 0.117 (0,117) 0.497 

TDl/TD2 1 1 (1) 1 
TD10.3 0.989 0.746 (1 )  0.999 
TD10.4 1.006 1.361 (1) 1.001 
TD3 0.946 0.053 (1) 0.929 
TD4 0.798 0.011 (1) 0.723 

ebgI 0.563 0.007 (1) 0.613 
ebgII 0.238 0.002 (1) 0.279 
ebgIV 0.463 0.003 (1) 0.429 
ebgV 0.225 0.001 (1) 0.219 

K12 1 1 (1) 1 

Inferred relative values (see MATERIALS AND METHODG). 



28 D. E. Dykhuizen, A. M. Dean and D. L. Hart1 

FIGURE 1 .-Three-dimensional representation of the fitness surface. Lines are placed at 0.1 intervals of enzyme activity, relative to a 
value of one for the constitutive level of expression. On this scale, the wild-type-induced level of expression is at x = y = 0.11 7.  The dots are 
the data points used in estimation of the parameters 

their standard errors were as follows: 

6 = 0.12934 -t 0.03174 
6 = 0.00425 -t 0.00024 
c  ̂ = 0.86641 rt: 0.10169 

The model accounts for 96.6% of the total variance. 
Although different three-parameter regression equa- 
tions might also fit the data, the high proportion of 
the variance explained by this particular equation 
would seem to imply that the metabolic-control model 
is quite adequate. The final column in Table 1 gives 
the predicted values of the fitnesses, calculated from 
(6). The average 95% confidence limits are approxi- 
mately 15% above and below the estimated values. 
With the exception of ebgII and egbIV. all observed 
values lie within the 95% confidence intervals of the 
estimated values. The errant values for ebg may sim- 
ply reflect the imprecision in estimating low levels of 
lactase activity. 

Figure 1 is a three-dimensional representation of 
the fitness surface showing the approximate positions 
of the data points used in the model. The precipitous 
cliff on the left-hand side indicates that small differ- 
ences at low lactase activities usually cause dramatic 
changes in fitness. The more shallow slope on the 
right-hand side indicates that larger differences at low 
relative permease activities are necessary to generate 
similar fitness changes. Yet, as activities of both en- 
zymes increase, the growth rate moves away from the 
adaptive valley and comes to reside on a fitness pla- 
teau. Here, even relatively large changes in the activ- 
ities of either enzyme may result in negligible changes 
in fitness. 

Further consideration of (6) gives insight into the 
interaction of enzyme activities in determining fitness. 
The control coefficient at step i in a linear metabolic 
pathway is defined in BURNS et al .  (1985) as 

(7) 

For small absolute changes, the control coefficient is 
approximately equal to the proportional change in 
flux divided by the proportional change in activity 
(KACSER and BURNS 1973). 

At inducible levels of the lac operon proteins, any 
small increase in lactase activity has a negligible effect 
on fitness in chemostats, as illustrated by the slope of 
the curve near relative enzywe activity = 1 in Figure 2. 
In terms of metabolic theory, 0-galactosidase has such 
a small control coefficient (C, = 0.018) that minor 
increases in lactase activity have little effect on fitness. 
The obvious prediction is that most lacZ alleles that 
are polymorphic in natural populations may be selec- 
tively neutral, or nearly neutral, provided that their 
enzyme activity is not too greatly different from that 
of wild type. 

However, in contrast to &galactosidase, the wild- 
type-induced level of permease is not on or near a 
plateau, but rather is on the shoulder of the curve 
(Figure 2). In terms of metabolic theory, the permease 
has a large apparent control coefficient (CO = 0.551). 
In fact, over 95% of the doubling in fitness gained by 
a strain becoming constitutive in a lactose-limited 
chemostat is due solely to increased permease activity. 
In the case of permease, alleles found to be poly- 
morphic in natural populations may be subject to 
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FIGURE 2.-The effect on fitness of changing the activity of one 
enzyme while holding the other constant at a value of one. Both 
fitness and enzyme activities are presented relative to the values for 
the wild-type-induced level of activity. The constitutive level of 
activity corresponds to the extreme right in the figure. 

selection, even though their effects on permease activ- 
ity may be relatively small. 

DISCUSSION 

Studies of laboratory mutations undergoing selec- 
tion in lactose-limited chemostats have defined the 
adaptive topography of the @-galactosidase and per- 
mease genes in E .  coli. Consideration of the adaptive 
topography leads to several predictions regarding the 
adaptive effects of naturally occurring genetic poly- 
morphisms in these genes. First, the control coeffi- 
cient of the P-galactosidase enzyme with regard to 
fitness is quite small (C  = 0.018); therefore, genetic 
variants demonstrating small differences in enzyme 
activity from wild type may be selectively neutral or 
nearly neutral. In contrast, the apparent control coef- 
ficient of the P-galactoside permease is quite large 
(C = 0.551); consequently, genetic variants that mildly 
alter permease activity may be subject to selection. 
Whether permease systems tend to have large control 
coefficients in general is not known, but SALTER, 
KNOWLES and POGSON (1986) have also found that 
the control coefficients of aromatic amino acid trans- 
port systems in rats are relatively large at induced 
levels of activity. However, these control coefficients 
are with regard to flux rather than fitness and are 
thus not directly comparable to those reported in this 
paper. 

Genetic polymorphism of @-galactosidase is exten- 
sive and well documented. In one electrophoretic 
study of 109 clones from 91 sources throughout 
North America, 18 distinct electromorphs of @-galac- 
tosidase were observed (SELANDER and LEVIN 1980). 
Studies of the enzymatic and fitness effects of these 
naturally occurring alleles are in progress in our lab- 

oratory. In addition to the electromorphs, one clone 
was found to contain a null allele for P-galactosidase, 
which is of course lethal when lactose is the only 
available source of carbon. Unfortunately, owing to 
the lack of an assay system suitable for screening, the 
level of genetic polymorphism of the @-galactoside 
permease is unknown. 

The chemostat system is noteworthy for the very 
strong selection pressure it imposes for the efficient 
acquisition and utilization of the limiting substrate. In 
the case of lactose limitation, the selection is so intense 
that mutations which produce the enzymes constitu- 
tively will regularly and predictably take over in the 
chemostat in the course of a few days (HORIUCHI, 
TOMIZAWA and NOVICK 1962; SILVER and MATELES 
1969; DYKHUIZEN and HARTL 1978). The evolution 
of constitutive expression decreases the apparent con- 
trol coefficient of the permease, consistent with our 
previously proposed model of enzyme evolution 
(HARTL, DYKHUIZEN and DEAN 1985). Such mutations 
are not selected in natural environments, in which 
lactose concentrations fluctuate and lactose is not the 
sole carbon source. Fluctuation between limiting and 
excess lactose selects against constitutive mutants. 
This is demonstrated by the finding that, when con- 
stitutive mutants that have been selected in the chemo- 
stat are removed from the chemostat and plated on 
medium containing excess lactose, the cells die owing 
to the excessive transport of lactose and consequent 
loss of membrane potential (DYKHUIZEN and HARTL 
1978; WILSON, PUTZRATH and HASTINGS WILSON 
1981; GHAZI, THERISOD and SHECHTER 1983). Lac- 
tose-constitutive mutants are also disfavored in the 
absence of lactose (NOVICK and WEINER 1957; AN- 
DREWS and HEGEMAN 1976; KOCH 1983). These, and 
perhaps other, forces are sufficient to maintain the 
regulated state of the lactose operon in natural pop- 
ulations. 

One of the key results of the metabolic control 
theory of KACSER and BURNS (1 973) is the summation 
theorem, which states that the sum of all control 
coefficients in a linear pathway with fixed input must 
equal unity. If one enzyme in the pathway is “ineffi- 
cient,’’ then it will have a large control coefficient. But 
then, as a consequence of the summation theorem, 
other steps in the same pathway must have very small 
control coefficients, so that small variation in the 
activity of these steps will have a negligible effect on 
flux. Any substantial increase in the activity of the 
inefficient enzyme would reduce its control coeffi- 
cient, but at the same time it would increase the 
control coefficients of one or more other enzymes 
along the way. In this manner, genetic variation in 
the enzyme activity of the other steps in the pathway, 
which formerly had negligible effects, would come to 
influence flux significantly. Hence, the selective ef- 
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fects of genetic variation in enzyme activity at one 
step in a pathway is conditioned by the activities of 
other enzymes in the pathway. Genes that modify the 
fitness effects of other genes may often be nothing 
more than alleles affecting other steps in the same 
metabolic pathway. 

The conditional nature of selection coefficients may 
be illustrated using the adaptive topography of the 
lactose operon. As demonstrated, at the normal level 
of induction of the lactose operon, the permease has 
a large apparent control coefficient and the 6-galac- 
tosidase has a small one. Were the activity of the 
permease to increase, say 20-fold, then its control 
coefficient would decrease (from C = 0.551 to 0.067); 
however, this increase in permease activity would also 
approximately double the control coefficient of the p- 
galactosidase (from C = 0.018 to 0.038). It is of 
interest to note that, at induced wild-type levels, the 
sum of the apparent control coefficients o f  p-galacto- 
sidase and permease is 0.569, leaving 0.431 for the 
other steps in lactose metabolism; whereas with the 
hypothetical 20-fold increase, the sum is 0.105, leav- 
ing 0.895 for the other steps and thus rendering them 
relatively more important for fitness. 

Other things being equal, one would expect natural 
selection to favor permease variants which increase 
the efficiency of the permease and thereby decrease 
its control coefficient. However, the observed high 
control coefficient of the p-galactoside permease sug- 
qests that other forces countervail and act to maintain 
permease efficiency at an optimum. Perhaps the ef- 
fects of lactose permeation on membrane potential 
are also involved at this level o f  selection. 

The general implication of this work in the evalua- 
tion of the selective effects of polymorphic alleles is 
to suggest a shift of perspective in which the control 
coefficients of the gene products become paramount 
(HARTL, DYKHUIZEN and DEAN 1985). In this ap- 
proach, selection or selective neutrality are not intrin- 
sic and unalterable characteristics of the alleles alone, 
but rather are conditional phenomena which depend 
in part on the aggregate effects of other enzymes and 
which can be quantified by means of control coeffi- 
cients. However, it is important to emphasize that we 
refer to the control coefficients with respect tofitness, 
defined as the proportionate change in fitness result- 
ing from a small proportionate change in flux, in 
analogy with equation (7). In nutrient-limited chemo- 
stats, in which growth rate is proportional to the rate 
at which the limiting nutrient is metabolized, fitness 
is proportional to flux, and the relation between en- 
z)matic control coefficients and fitness control coef- 
ficients is straightforward. This cannot always be ex- 
pected to be the case, particularly in complex natural 
environments, as demonstrated in the present exam- 
ple by the fact that constitutive strains are detrimental 

in nature. Nevertheless, the experimental determina- 
tion of the adaptive topography under controlled 
environmental conditions can provide important in- 
sight into the types of polymorphisms in natural pop- 
ulations and the mechanisms by which they are main- 
tained. 

This work was supported by National Institutes of Health grant 
GM 30201. An anonymous reviewer made many helpful sugges- 
tions for improvement in the manuscript. 
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