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ABSTRACT

The fitnesses conferred by seven lactose operons, which had been transduced into a common genetic
background from natural isolates of Escherichia coli, were determined during competition for growth
rate—limiting quantities of galactosyl-glycerol, a naturally occurring galactoside. The fitnesses of these
same operons have been previously determined on lactose and three artificial galactosides, lactulose,
methyl-galactoside and galactosyl-arabinose. Analysis suggests that although marked genotype by environ-
ment interactions occur, changes in the fitness rankings are rare. The relative activities of the S-galactosi-
dases and the permeases were determined on galactosyl-glycerol, lactose, lactulose and methyl-galacto-
side. Both enzymes display considerable kinetic variation. The #-galactosidase alleles provide no evidence
for genotype by environment interactions at the level of enzyme activity. The permease alleles display
genotype by environment interactions with a few causing changes in activity rankings. The contributions
to fitness made by the permeases and the S-galactosidases were partitioned using metabolic control
analysis. Most of the genotype by environment interaction at the level of fitness is generated by changes
in the distribution of control among steps in the pathway, particularly at the permease where large
control coefficients ensure that its kinetic variation has marked fitness effects. Indeed, changes in activity
rankings at the permease account for the few changes in fitness rankings. In contrast, the control
coefficients of the [-galactosidase are sufficiently small that its kinetic variation is in, or close to, the
neutral limit. The selection coefficients are larger on the artificial galactosides because the control
coefficients of the permease and S-galactosidase are larger. The flux summation theorem requires that
control coefficients associated with other steps in the pathway must be reduced, implying that the
selection at these steps will be less intense on the artificial galactosides. This suggests that selection

intensities need not be greater in novel environments.

APLOID clonal species can be highly polymorphic
(MILKMAN 1973). That fact eliminates diploidy
and sexual reproduction as necessary requirements for
maintaining genetic variation in natural populations.
This hardly matters when discussing neutral polymor-
phisms, but it raises questions about the means by which
selection protects alleles at other loci. Overdominance
and related hypotheses, although sufficient, are re-
stricted to diplotds. They do not apply to haploids and
cannot be considered general. If such phenomena are,
nevertheless, common in diploids, then selection must
generally operate in a different way in haploids. There
is little evidence to suggest that this is so (resistance to
malaria by human Hj H3 heterozygotes being a rare
exception).

The only remaining mechanisms are frequency de-
pendent selection, which requires fitness to decline as
the frequency of the allele increases, and variable envi-
ronments, in which different alleles are favored at dif-
ferent times or places. The first seems unlikely in the
absence of plausible means to generate frequency de-
pendence at most loci. As for the second, temporal
changes in the direction of selection are incapable of
protecting polymorphisms in haploid populations
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(DEMPSTER 1955; GILLESPIE 1973). However, selection
may protect polymorphisms in haploids if different al-
leles are favored in different demes, with the proviso
that migration rates are not so high that the demes
coalesce into a single “‘panmictic’’ population.
Genotype by environment interactions must be ex-
tensive if selection favors different alleles in different
environments. Yet despite an extensive body of theory
(CHRISTIANSEN and FELDMAN 1975; FELSENSTEIN 1976;
HEDRICK 1976; GILLESPIE 1978, 1991; VIA and LANDE
1987; GILLESPIE and TURELLI 1989), there remain la-
mentably few experimental studies addressing the role
of genotype by environment interactions in main-
taining polymorphisms. Frequently detected when ana-
lyzing quantitative traits (e.g.,, COMSTOCK and MoOLL
1963; Gupra and LEWONTIN 1982) including fitness
components (DOBZHANSKY and SPASSKY 1944; TACHIDA
and MUKAI 1985), their occurrence does not guarantee
the changes in fitness rankings necessary for protecting
polymorphisms (FALCONER 1952; BELL 1990). Changes
in the fitness rankings of Chlamydomonas reinhardtii ge-
notypes growing clonally in various chemically defined
environments (BELL 1991) lack crucial experimental
controls demonstrating that periodic selection is absent
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(ATWOOD et al. 1951a,b; KUBITSCHEK 1974). LyNCH
(1987), surveying several loci in isolated populations of
Daphnia, detected fluctuations in the frequencies of
alleles that were too large to be wholly ascribed to ge-
netic drift. These fluctuations, too, may reflect the
hitchhiking effects of periodic selection during clonal
growth of Daphnia in summer.

Compelling cases of genotype by environment inter-
action at single loci are exceedingly rare. One of the
few is provided by the lactate dehydrogenase of the
common Killifish Fundulus heteroclitus, which populates
a steep cline in temperature from 20 to 40° along the
eastern seaboard of North America. The LDH-B?, allo-
zyme is the more active below 30°, and the LDH-Bj
allozyme more active at higher temperatures (PLACE
and POWERs 1984). Their activities are correlated with
swimming ability and egg hatching time (DIMICHELE
and POWERS 1982a,b), both presumably important fit-
ness components in this species.

The goal of this paper is to provide a detailed under-
standing of how molecular level events give rise to geno-
type by environment interactions in fitness. The genetic
variation is confined solely to natural variants and labo-
ratory mutants of the lactose operon of Escherichia coli.
Environmental variation is generated by five different
galactosides, each of which becomes the sole nutrient
limiting growth rates during the competition experi-
ments. Hence, the experiment directly targets the envi-
ronmental variation at the genetic variation.

The five galactosides differ in the aglycone moieties
attached to the galactose. The glucose of lactose is a
pyranose (a 6-membered ring), the fructose of lactulose
and the arabinose of galactosyl-arabinose equilibrate
between pyranose and furanose (5-membered ring)
forms and the glycerol of galactosyl-glycerol is a linear
three-carbon structure, whereas the methyl moiety of
methyl-galactoside is the smallest, a one-carbon struc-
ture having a mass < 10% of glucose.

Two of the galactosides occur naturally: lactose (milk
sugar) is found in the guts of infant mammals, whereas
galactosyl-glycerol is released in large quantities from
the monogalactosyldiglycerides of chloroplast mem-
branes by the action of lipases in the guts of plant-eating
animals (Boos 1982). Three galactosides are artificial:
lactulose and galactosyl-arabinose (which do not even
induce expression of the operon) and methyl-galacto-
side.

SiLvAa and DYKHUIZEN (1993) demonstrated that se-
lection on the artificial substrates is more intense than
on lactose. The work presented here builds on the foun-
dation they laid by extending the competition experi-
ments to include a second naturally occurring galacto-
side (galactosyl-glycerol), by investigating the relations
between gene expression and fitness and by investigat-
ing the kinetics of the fS-galactosidase alleles. The con-

tributions to fitness made by alleles of the S-galactosi-
dase and the permease are partitioned using a
mechanistic biochemical model of natural selection.

MATERIALS AND METHODS

Media, growth conditions, buffers and substrates: Minimal
medium (Davis salts) is 40 mm K,HPO,, 15 mMm KH.PO,, 7.6
mM (NH,)s804, 1.7 mM trisodium citrate, 1 mm MgCl, pH
7.3, and complete medium (LB) is 10 g NaCl, 10 g Bacto
tryptone and 5 g of Bacto yeast extract per liter. Bacto agar
(15 g/liter) is added for plates, and various supplements are
added as indicted. Potassium phosphate buffer is 60 mm
K;,HPO,, 40 mM KH,PO,, 1 mM MgCl, pH 7.3. Lactose, lactu-
lose, methyl-galactoside, NAD, galactose dehydrogenase, o-ni-
trophenyl-3-D-galactopyranoside (ONPG) and isopropyl 1-
thio-8-np-galactopyranoside (IPTG) were purchased from
Sigma Chemical, St. Louis. Galactosyl-glycerol was a kind gift
from Dan Dykhuizen. All experiments were conducted at 37°
except where specified.

Strains: The strains used in this study are presented in Ta-
ble 1. The lactose operons of CSH64 (a wild-type K12 op-
eron), JL3300 (a constitutive lacl K12 operon that is other-
wise wild-type) and six K12 operons carrying mutant -
galactosidase alleles (DEAN et al. 1986, 1988) were transduced
into DD320, which carries a small deletion of the entire op-
eron and serves as the genetic background for all experi-
ments. Also transduced into this background (DEAN 1989)
were the operons of six natural worldwide isolates of the E.
coli Reference Collection (OCHMANN and SELANDER 1984).
The generalized transduction protocol is that of MILLER
(1972) using P1 (eml clr100) with selection for growth on
minimal medium plates supplemented with 0.2 g/liter of lac-
tose.

Competition experiments: Chemostat competition experi-
ments were conducted according to the methods described
by DykHUIZEN and HArTL (1980, 1983) and DEAN (1989).
The medium is Davis salts supplemented with 0.01% (w/v)
of a carbon source (glucose, lactose, galactosyl-glycerol, lactu-
lose or methyl-galactoside), which serves as the only source
of carbon and energy and becomes the sole nutrient limiting
growth rates at steady state in the chemostat. The presence
of 10 or 100 uM of the nonmetabolizable inducer IPTG assures
that all operons are induced to maximal levels during compe-
tition for the various galactosides. Control experiments were
conducted in the absence of IPTG using glucose as a carbon
source.

The relations between gene expression and fitness on each
galactoside were investigated by the method of DYKHUIZEN
and Davies (1980), which uses various levels of IPTG to modu-
late induction of an inducible operon (TD1) during competi-
tion with a constitutive operon (TD2).

The progress of competition between pairs of strains was
monitored as follows. A spontaneous mutation (fhuA) was
isolated from each strain, conferring resistance to the bacte-
riophage T5. Competition experiments were conducted be-
tween a sensitive strain (carrying one lactose operon) and
a resistant strain (carrying a different lactose operon). The
proportion (R) of the population resistant to T5 was estimated
twice a day by counting the number of colonies formed after
plating samples in the absence and presence of excess T5
phage on LB piates.

The selection coefficient per hour was estimated by the
slope (S) of the regression of In(R/(1 — R)) against time
(DYKHUIZEN and HARTL 1980, 1983). Relative fitness was cal-
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culated as w = 1 — S/D, where D is the dilution rate of the
chemostat (~0.33 hr'). All competition experiments were
conducted between TD1 and the various strains. Hence, all
the selection coefficients and fitnesses are given with respect
to TD1. The effect upon fitness of the fhuA mutation was
determined by comparing the absolute values of the selection
coefficients from two experiments, one in which TD1 was
resistant and one in which the competitor was resistant. In
no case did the fhuA mutation confer a detectable fitness
effect. Fitness estimates from each experiment were treated
as individual observations when calculating the means and SE
reported in the various tables.

Estimating gene expression: Pure cultures of TD1 were
grown in chemostats on each galactoside at each of several
concentrations of IPTG. To each 0.9 ml of culture sample
was added 0.1 ml of a 50 mM solution of ONPG dissolved in
Davis salts, the final concentration of 5 mM being sufficient
to saturate the permease (DEAN 1989). The rate of change in
absorbency at 420 nm is directly proportional to the rate of
production of ONP (KocH 1964) and provides an estimate
of the level of expression of the operon when normalized to
cell number or cell density. Typically, 10 assays, five for each
duplicate chemostat, were conducted at each concentration
of IPTG.

Hydrolysis of galactosides: Cells, grown overnight in Davis
salts supplemented with 0.2% (w/v) succinate and 100 uM IPTG,
were centrifuged, and the pellets resuspended in ice-cold potas-
siumn phosphate buffer. After sonication, the cell debris was re-
moved by centrifugation. The amount of protein in each extract
was estimated by the method of BRADFORD (1976) from standard
curves prepared using immunoglobulin G.

The action of B-galactosidase toward the various substrates
was monitored at 340 nm by coupling the production of galac-
tose to the reduction of NAD by galactose dehydrogenase.
Ten microliters of a 1:10 dilution of the unfractionated ex-
tract was added to 1 ml of a solution containing 2 mm NAD,
150-fold excess galactose dehydrogenase and various concen-
trations (0.5-32 mM) of lactose or galactosyl-glycerol. Esti-
mates of the kinetic parameters were obtained using the
Gauss-Newton method of nonlinear least squares regression.
Estimates of the kinetic parameters from each experiment
were treated as individual observations when calculating the
means and SE reported in the various tables. V. units are
puM min~' mg~' cell protein.

Lactulose and methyl-galactoside are contaminated with
small amounts of galactose (<0.2%) that seriously compro-
mise estimates of the kinetic parameters of the mutant S-
galactosidases. The problem was overcome by incubating reac-
tion mixtures (containing 1-64 mm galactoside) with galac-
tose-dehydrogenase for 10 min before the addition of 10 ul
of undiluted extracts.

Several of the mutant enzymes have very high Michaelis
constants toward lactulose and methyl-galactoside. Preincu-
bating reaction mixtures containing sufficient substrate to sat-
urate these mutants produces absorbencies in excess of 2,
with the consequence that reliable estimates of their V,,..s
and K,s could not be obtained. Nevertheless, the ratio V,,../
K, can still be determined accurately as the slope of a plot
of velocities against substrate concentrations when the latter
lie far below the K,,.

RESULTS

Estimating selection coefficients: A series of strains
(Table 1), genetically identical except for their lactose

operons, was constructed using generalized P1 transduc-
tion to move operons into DD320, a prototrophic strain
with a small deletion of the entire lactose operon. All
chemostat competition experiments were conducted be-
tween strains carrying the various lactose operons and
TD1, which carries the K12 operon. Hence all selection
coefficients and fitnesses are given relative to TDI.

Some results are illustrated in Figure 1. The absence
of selection during competition for glucose demonstrates
that the strong selection observed during competition for
galactosylglycerol is due to differences between operons
and not to mutations accrued in the genetic background
during strain construction. The intensity of selection is
similar regardless of which strain carries fhuA, the genetic
marker used to distinguish the strains. Hence, fhuA con-
fers no detectable selective effect.

The pooled results (Table 2) provide strong evidence
for selection during competition for galactosyl-glycerol,
both among operons from the natural isolates and
among four mutant S-galactosidase alleles. In no case
was selection detected in the control experiments with
glucose as the limiting nutrient. Competition experi-
ments show that DD320, which is unable to metabolize
galactosyl-glycerol, is washed from the chemostat at a
rate indistinguishable from the dilution rate. This dem-
onstrates that galactosyl-glycerol is an essential resource
and that neither cross-feeding nor interference compe-
tition occur.

During competition for limiting galactosyl-glycerol,
strain TD10, which harbors an operon from a natural
isolate, is favored at 10 M and disfavored at 100 um
IPTG. Although IPTG is an artificial inducer of the
operon, no differences in expression, as judged by the
rate of hydrolysis of ONPG by intact cells, could be
detected at the two IPTG levels. Hence, changes in ex-
pression of the operon are not responsible for the ob-
served selection. High concentrations of IPTG are toxic
to TD10, perhaps because this strain lacks a functional
lacA-encoded galactoside transacetylase (D. E. DyKHUI-
ZEN, unpublished data), an enzyme which has been im-
plicated in the detoxification of nonmetabolizable ga-
lactosides (ANDREws and LIN 1976). No significant
differences in selection coefficients were detected
among the other strains at 10 and 100 um IPTG.

Evidence for genotype by environment interac-
tions: Estimates of the mean fitnesses relative to TD1
on five galactosides, their SEs and the number of repli-
cations are presented in Table 3. Lactose (DEAN 1989)
and galactosyl-glycerol are naturally occurring sub-
strates, whereas lactulose, methyl-galactoside and galac-
tosyl-arabinose (unpublished summary statistics kindly
provided by P. J. N. Sitva and D. E. DYKHUIZEN) are
artificial substrates. One-way analyses of variance show
that significant differences in fitness exist among the
strains within each environment (P < 0.01 in all 5
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TABLE 1

Strains

lac operons

transduced B-galactosidase
Strain Genotype into DD320 mobility Reference
Natural isolates
TD1 lacl* CSH64 ? MILLER (1972)
TD9 lacl* ECOR4 7 OCHMANN and SELANDER (1984)
TD10 lacl* ECORI16 2 OCHMANN and SELANDER (1984)
TDI11 lacl” ECOR67 7 OCHMANN and SELANDER (1984)
TD13 lacl* ECOR70 2 OCHMANN and SELANDER (1984)
TD14 laclt ECOR68 5 OCHMANN and SELANDER (1984)
TD63 lacl* ECOR45 5 OCHMANN and SELANDER (1984)
Laboratory mutants
DD320 AlacRV DYKHUIZEN and DAVIES (1980)
TD2 lacl™ JL3300 ? LANGRIDGE (1974)
TD3 lacl” JL1190 ? LANGRIDGE (1974)
TD4 lacl™ JL1481 ? LANGRIDGE (1974)
TD10.3 lacl™ ? DEAN et al. (1986)
TD10.4 lacl ? DEAN et al. (1986)
TD1229.2 lacl™ ? DEAN et al. (1988)
TD1432.2 lacl ? DEAN ¢ al. (1988)

cases). Hence, the strains differ in fitness from one
another, as well as from the control, TD1.

Figure 2 displays the strains ranked by fitness, with
bold lines representing significant differences deter-
mined using the least significant difference,

Isd = t(a-‘).Oﬁ)\/QMSern)r<—l_ + l)
K

TD10 s fittest on lactose, galactosyl-glycerol and methyl-

Ln{TD11/TD1)

o 5 10 15 20 25 30
Generation
FIGURE 1.—An example of natural selection between TDI
and TDI11. The slopes of the regression lines yield estimates
of the selection coefficients. The absence of selection during
glucose limitation (open symbols) demonstrates that the se-
lection against TD11 during galactosyl-glycerol limitation
(solid symbols) is attributable to differences between the lac-
tose operons. The genetic marker used to distinguish strains
confers no detectable selective effect, because competition
between TD11 vs. TD1.T5R (triangles) and TD11.T5R vs. TD1
(squares and circles) yields similar results.

galactoside, but on lactulose and galactosyl-arabinose
TD1, TD9 and TD63 are significantly fitter. TD11 is the
least fit on methyl-galactoside but is fitter than TD13
and TD14 on galactosyl-glycerol and lactulose.

Of the 210 possible comparisons between pairs of
strains in pairs of environments, 40 involve exchanges

TABLE 2

Selection coefficients per generation

Limiting nutrient

Strain Galactosyl-glycerol Glucose
Natural
isolates
TD1 ND“ ND
TDY —0.017 = 0.002 (5) —0.003 + 0.002 (6)
TD10? +0.040 = 0.001 (2) +0.000 = 0.002 (5)
TDI11 —0.028 = 0.002 (2) +0.000 x 0.003 (4)
TD13 —0.073 = 0.004 (2) —0.002 = 0.002 (4)
TD14 —0.068 £ 0.006 (2) —0.002 = 0.003 (2)
TD63 —0.016 * 0.002 (3) +0.001 = 0.002 (4)
Laboratory
mutants
DD320 —-0.989 = 0.016 (1) ND
TD2 +0.006 * 0.004 (1) ND
TD3 —0.100 £ 0.004 (2) +0.002 = 0.003 (2)
TD4 —0.328 = 0.011 (2) —0.004 = 0.001 (2)
TD1229.2 —0.048 = 0.002 (2) +0.002 = 0.006 (3)

+0.004 = 0.003 (3)

TD1432.2 —0.061 = 0.007 (2)

Values are means * SE with number of competition experi-
ments in parentheses.

“Not determined.

*In the presence of 10 um IPTG only.
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TABLE 3

Fitness estimates

Limiting nutrient

Strain Lactose® Galactosyl-glycerol’ Lactulose® Methyl-galactoside* Galactosyl-arabinose®
D9 0.967 = 0.002 (4) 0.983 = 0.002 (5) 0.956 + 0.001 (3) 0.950 * 0.002 (3) 0.959 =+ 0.001 (3)
TD10 1.078 + 0.004 (4) 1.040 = 0.002 (2) 0.905 = 0.009 (3) 1.359 = 0.008 (4) 0.933 + 0.010 (3)
TD11 0.947 + 0.002 (5) 0.972 + 0.002 (2) 0.904 + 0.009 (3) 0.870 + 0.004 (3) 0.878 + 0.004 (3)
TDI13 0.946 + 0.004 (3) 0.927 * 0.004 (2) 0.846 = 0.009 (3) 0.947 = 0.005 (3) 0.877 * 0.004 (3)
TD14 0.967 + 0.003 (4) 0.932 + 0.006 (2) 0.816 * 0.017 (4) 0.944 + 0.004 (4) 0.881 = 0.004 (3)
TD63 1.000 = 0.004 (3) 0.984 = 0.002 (3) 0.944 + 0.006 (4) 0.964 = 0.004 (3) 0.968 = 0.001 (3)

Source d.f. 8§ MS F df S8 MS F df 8§ MS F df. SS MS F df 8§ MS F
ANOVAs

Strains 5 0.04940 0.00987 247*
Error 17 0.00062 0.00004
Total 22 0.05002

5 0.02425 0.004850 194*
13 0.00022 0.000025
16 0.02102

5 0.0538 0.0108 27*
14 0.0054 0.0004
19 0.0592

5 0.5910 0.1180 1180* 5 0.0270 0.00540 68*
14 0.0014 0.0001 12 0.0009 0.00008
19 0.5924 17 0.0279

Values are means = SE with number of competition experiments in parentheses.

¢ Data from DEAN (1989).
*Data from Table 2.

‘Unpublished summary statistics provided by SiLvA and DYKHUIzZEN (1993).

* P < 0.01.

in fitness ranking, and of these only 24 (11.5%) are
“significant” in the sense they occur across Isds. The
latter are associated with only two of the seven strains,
namely TD10 and TD11. Furthermore, the seven strains
fall naturally into two groups: all members of the first
(TD1, TD9, TD10 and TD63) are fitter than those of
the second (TD11, TD13 and TD14).
Estimating genotype by environment interactions:
Calculating the simple effects of the linear additive
model allows the main effects attributable to strains
and environments to be compared to the genotype by
environment interactions. However, the calculations
were not conducted on estimates of fitness (w), because,

Substrate

Fitness Galactosyl- Methyl- Galactosyl-
Ranking Lactose glycerol Lactulose  galactoside  arabinose

1 TD10 TDI10 D1 TD10 TD1

2 TD1 DI TD9 TD1 TD63

3 TD63 TD63 TD63 TD63 TD9

4 TD9 ™9 TD10 TD9 TD10

5 TD14 TD11 TDI1 TD13 TD14

6 D13 TD14 TD13 TD14 TD11

7 TDI11 TD13 TD14 TD11 TD13

FIGURE 2.—The fitness ranking of strains on each of five
galactosides. The bold lines separate strains whose fitnesses
exceed a least significant difference. For example, TDI11 is
fitter than TD13 and TD14 on galactosylglycerol and lactu-
lose, less fit on lactose and methyl-galactoside and, within
resolution of the techniques, selectively neutral on galactosyl-
arabinose.

being a ratio of malthusian parameters (Uioue/ 1),
the effects of each strain would be confounded. Taking
logarithms transforms fitness onto an additive scale,
Loge(Wisar) = LOge (fisoiae) — LOGe (1), thereby sepa-
rating the effects. Assume that each has a structure typi-
cal of linear additive models, namely Log. (iiom-;) = m
+ g+ e+ ge;+ € ;and Log.(um; ;) = m+ gm, + ¢
+ gem:.; + €1 j, where m is the mean, g is the genetic
contribution, e is the environmental contribution, ge is
genotype by environment interaction and € is error,
the subscripts defining strain () and environment (j).
Then Loge (@i )) = g + 885 — Gror — Germj + (€55 —
€yp-;) so that the mean and the environmental compo-
nents cancel, leaving only the genetic contributions (g
— g1, the genotype by environment interactions (ge; ;
— gesy;) and an error term (€;; — €4p,;). The mean
of a strain across all environments yields (g — gw).
Subtracting the latter from Log.(Uiwa ;) yields (ge.; —
gernij). Hence, the linear additive model ascribes
changes in fitness across environments to genotype by
environment interactions.

The genotype by environment interactions of the isolate
and the control strain can be partitioned. Subtracting the
grand mean (—gy, the genetic contribution to fitness of
the control strain, TD1) from the mean of a strain across
all environments (g; — gyy) and from the mean of all
strains in a given environment (—gyy — ge;) vields g
(the genetic contribution to fitness of strain 7) and ge;p;
(the gene by environment interaction of TD1 in environ-
ment ;). Finally, Loge (@) — (& — gmd) — (=g ~
gei;) — g = ge.; (the genotype by environment interac-
tion of strain ¢ in environment j).

The simple effects of the linear additive model are
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illustrated in Figure 3. The magnitudes of the interac-
tion terms ge;; are comparable to, and frequently ex-
ceed, those of the mean genetic contributions to fitness
g. Some strains (notably TD10) appear to be far more
sensitive to environmental change than other strains
{notably TD13). Evidently, genotype by environment
interactions represent major determinants of fitness in
some, but not all, strains.

A metabolic model of fitness: An understanding of
the causes of these genotype by environment interac-
tions requires a description of fitness in terms of molec-
ular events. The relations between metabolic output (J)
and enzyme activities (E; = V.« ;/ K, ;) for a simple
three-step pathway of unsaturated enzymes ending in
an irreversible step can be derived by the approach
taken by Kacser and BUrns (1973, 1981). When ap-
plied to the lactose pathway of E. coli, the result is

G
1/ Ewﬂll + 1/ ‘E/:Mm('a.\'p + 1/ Eﬂ-gul/ K’t]-/}ﬂmﬂlv’

where E,.; is the diffusion constant of the galactoside,
concentration G, through the porin pores of the outer
cell wall, E,,....and Eg, are the activities of the perme-
ase and f-galactosidase, and K., e 18 the apparent
equilibrium constant for lactose uptake across the cell
membrane. If growth rate (u) is directly proportional
to flux, then fitness of any strain (w,) is simply

1
)/di + C‘{’/Pi + C‘{ﬁ/ﬁi’

where C}, €} and C} are the flux control coefficients
(KAcsER and Burns 1973, 1981) or logarithmic gains
(SAVAGEAU 1976) of the cell wall, the permease and the
B-galactosidase in strain TD1, and d;, p; and 3; are the
activities at each step in strain i expressed as a propor-
tion of those in TD1. The common genetic background
ensures that the cell wall structures are identical so d;
= 1 for all strains.

J= (1)

w, = Wi/ oy = Jif Jrn = Cl .

L I e e B —_’Th'ﬁ‘—”w

FIGURE 3.—The simple effects due to genotype
by environment interactions (ge; ;) and mean ge-
netic contributions (g;, solid columns) for the
seven strains carrying operons from the natural
isolates in each of the five environments. The im-
portance of the genotype by environment interac-
tions (hatched columns) to fitness may be judged
by comparing their magnitudes to the mean ge-
netic contributions (solid columns).

TD63

Equation 2 is a biochemical model of pure scramble
competition for a growth rate-limiting nutrient. The
demonstration that strain DD320, which is unable to
metabolize any of the galactosides, has a fitness of 0 on
all galactosides (Table 5) demonstrates that interfer-
ence competition and mutualistic interactions (for ex-
ample crossfeeding) do not occur. The galactosides
are the sole nutrients limiting growth; the population
densities in chemostats are directly proportional to the
concentration of galactosides entering the growth
chamber. Moreover, the model has been experimen-
tally verified for lactose metabolism (DEAN 1989).

Estimating control coefficients: Fitness surfaces were
determined using the approach of DYKHUIZEN et al.
(1987). First, fitness estimates were obtained for a series
of strains carrying mutant S-galactosidase alleles known
to differ in activity. Second, competition experiments
were conducted between TD1 and TD2 at different lev-
els of IPTG, a nonmetabolizable inducer of the lactose
operon. IPTG coordinately modulates the expression
of the B-galactosidase and permease of the TDI operon
(JacoB and MoONOD 1961), whereas constitutive expres-
sion of the TD2 operon, deregulated by a lac/™ muta-
tion, remains unaffected. The expression of the TD1
operon at each level of IPTG was determined using
ONPG uptake studies by pure cultures.

Tables 4 and 5 present the activities of the mutant
f-galactosidases, relative expression levels of the TDI
operon, together with the fitness estimates. Equation 2
was fitted to these data using the unweighted Gauss-
Newton method of nonlinear least squares regression.
Estimates of the control coefficients at each step in the
pathway of TD1 sum to the theoretical expectation of
1 (Table 6), KACSER and BUrNs 1973, 1981), and the
model accounts for =98.8% of the total variance on
each of the substrates.

The open symbols in Figure 4 represent the data used
to construct the fitness surfaces. The surfaces obtained
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TABLE 4
Kinetic parameters of the B-galactosidases

Lactose Galactosyl-glycerol Lactulose Methyl-galactoside
‘/max K”l Vmax K”l Vmax K’Il Vmux
n  (units)® (mMm) n  (units) (mMm) n  (units) (mMm) 7 (units) K, (mMm)
Natural isolates
TD1 8 1.057 2.422 1.5639 1.446 0.102 2.733 0.640 8.580
+ 0010 0010 4 *=0.041 =0011 3 =*0.001 =*0117 4 =*0.005 = 0099
TD9 3 0.919 2.417 1.379 1.436 0.093 2.841 0.533 7.950
+0.007 +0130 2 #0021 +0.007 3 =*=0.002 =0.117 2 =002 =+ 0389
TD10 5 1.057 2.253 1.834 1.461 0.097 2.548 0.688 8.688
+0.023 +0.077 2 =*0160 0054 2 =*0004 =*003¢ 2 =004 = 0075
TD11 5 0.778 2.405 1.354 1.529 0.073 2.316 0.628 9.449
+0009 +0073 2 *=0028 =*=0016 2 =0.003 =0.038 2 =*0.025 = 0680
TD13 8 0.855 3.527 1.079 1.483 0.063 2.722 0.366 9.412
+0.012 +0103 2 =0.041 0066 2 =*0002 =*0177 2 =*=0034 = 0.779
TD14 4 0.682 2.496 1.146 1.539 0.067 2.668 0.446 9.910
+0.020 *+0.071 2 =0.111 =0.034 2 =*0.001 =*0027 2 ==0015 = 0.83]
TD63 4 0.887 2.352 1.314 1.370 0.099 2.848 0.661 9.528
+0006 *0131 2 ==0.119 =*=0.024 3 =*=0003 =*0012 2 =*=0052 = 0298
Laboratory mutants
DD320 2 0 ND’ 2 0 ND 2 0 ND 2 0 ND
TD3 3 0.224 10.99 0.272 4.161 0.029 12.545 0.213 49.382
+0.012 =*1318 2 =0.007 =028 2 =*=0.002 =*=2719 2 =*0004 = 0294
TD4 3 0.266 28.38 0.162 12.476 0.033 31.197 0.264 146.286
+0.024 *3629 2 *0.018 =*0.287 2 =*0.002 =*608 1 =+0.003 = 25253
TD10.3 2 0.926 2.759 0.080 2.966 0.643 11.351
+0.121 =+ 0.282 ND ND 1 *0005 =0163 1 =*0.023 = 0.227
TD10.4 2 0.926 1.511
+ 0.026 = 0.246 ND ND ND ND ND ND
TD1229.2 3 0.328 3.495 0.318 2.156
+0.025 *0224 3 =*=0.007 = 0266 ND ND ND ND
TD1432.2 2 0.051 2.261 0.144 1.122
+0.006 *0054 2 ==0.004 =0.258 ND ND ND ND
Evolved f-galactosidase”
ebg0 0.011 150 ND ND 0.010 180 ND ND
ebgl 0.064 22.0 0.003 34
+0.007 = 1.8 ND ND +0001 =*x12 ND ND
ebgll 0.042 59.0 0.071 26
+0.005 =*76 ND ND + 0.007 =* 3.7 ND ND
ebglV 0.026 0.824 0.016 7.9
+0.002 =06 ND ND *0.001 =048 ND ND
ebgV 0.011 0.69 ND ND 0.008 6.5 ND ND
Values are means * SE. n = no. of independent determinations.
¢ Units, uM of product released/min/mg cell protein.
*Not determined.
“ebg data from HaLL (1984), with maximum velocities expressed per mg cell protein (DEAN ef al. 1986).
with the natural substrates, lactose and galactosyl-glyc- be subject to less intense selection on the natural sub-
erol, are far less steep around TD1 (position 1,1,1) than strates than the artificial ones. Hence changes in the
those obtained with the artificial substrates, lactulose fitness surfaces, which are generated by changes in the
and methyl-galactoside. An operon, identical to that of distribution of metabolic control (Table 6), are a poten-

TD1 save for a 10% reduction in its expression, would tial source of genotype by environment interaction.
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TABLE 5

Relative activities and relative fitnesses

Lactose Galactosyl-glycerol Lactulose Methyl-galactoside
Strain or IPTG B-Gal  Permease* Fitness [B-Gal Permease’ Fitness B-Gal Permease’ Fitness B-Gal Permease’ Fitness
Natural isolates
TD1 1 1 1 1 1 1 1 1 1 1 1 1
D9 0.876 0.876 0.967 0.903 (0.783) 0.983 0.877 (0.914) 0.956 0.899 (0.889) 0.950
TD10 1.075 2.16 1.078 1.180 (2.591) 1.040 1.024 (0.793) 0.905 1.062 (3.114) 1.359
TD11 0.809 0.809 0.947 0.832 (0.685) 0972 0845 (0.809) 0904 0.891 (0.741) 0.878
TD13 0.555 0.809 0946 0.684 (0.441) 0.927  0.620 (0.731) 0.846 0.521 (0.959) 0.947
TD14 0.626 0.86 0.966  0.699 (0.461) 0.932 0.673 (0.671) 0.816 0.603 (0.925) 0.944
TD63 0.864 1 1 0.901 (0.794) 0984 0.931 (0.882) 0.944 0930 (0.918) 0.964
Laboratory mutants
DD320 0 0 0 0 0 0 0 0 0 0 0 0
TD3 0.0467 1) 0.946  0.061 () 0.900 0.062 (1) 0.557  0.058 (h 0.618
TD4 0.0215 (1) 0.798  0.012 (1) 0.672 0.028 (1) 0.319  0.024 1) 0.329
TD10.3 0.7691 (1) 0989 ND“ ND ND 0.723 (N 0.982 0.759 ) 0.978
TD10.4 1.4042 (1) 1.006 ND ND ND ND ND ND ND ND ND
TD1229.2 0.2150 (1) 0.993 0.139 (1 0.952 ND ND ND ND ND ND
TD1432.2 0.0517 (1) 0.956 0.121 1) 0.939 ND ND ND ND ND ND
Evolved
B-galactosidase’
ebg0 0.0002 (1)« 0 ND ND ND 0.001 (1) 0 ND ND ND
ebgl 0.0067 ¢8) 0.563 ND ND ND 0.002 (1) 0 ND ND ND
ebgll 0.0016 (1) 0.238 ND ND ND 0.073 1) 0.867 ND ND ND
ebglV 0.0032 1) 0.463 ND ND ND 0.054 (1) 0.600 ND ND ND
ebgV 0.0012 (1) 0.225 ND ND ND 0.033 (1) 0.333 ND ND ND
IPTG (um)’
0 0.117 0.501 0.159 0.746 0 0 0.480 0.700
0.125 ND ND 0.239 0.811 ND ND ND ND
0.25 ND ND 0.301 0.853 ND ND ND ND
0.5 0.383 0.715 0.420 0.889 0.181 0.331 ND ND
1 ND ND 0.567 0.965 0.612 0.776 0.726 0.840
2 0.608 0.921 0.749 0.983 0.857 0.912 0.871 0.938
5 ND ND ND ND 0.930 0.944 0.940 0.960
10 1 1 1 1 1 1 1 1
60 1 1 ND ND ND ND ND ND

“ Direct kinetic estimates (DEAN 1989).
? Estimates based on Equation 4.
“ Assumed wild-type K12 permease activity.
¢Not determined.
‘ebg data from HaLL (1984).
/Relative expression of K12 operon.

Genotype by environment interactions among f-ga-

affect fitness rankings. The kinetic parameters of the

lactosidases: A second source of genotype by environ-
ment interaction resides in the enzyme activities them-
selves—an enzyme having a high relative activity on
one substrate and a low relative activity on another may

TABLE 6

Fitness control coefficients

B-galactosidases from natural isolates vary considerably
(Table 4). For each substrate the range in V,,, greatly
exceeds that for K, suggesting that genetic variation
primarily affects V., rather than K,,. The environmen-

Substrate

cs

w
Cy

Lactose
Galactosyl-glycerol
Lactulose
Methyl-galactoside

0.8404 = 0.0280
0.9418 + 0.0093
0.5441 + 0.0719
0.5801 + 0.0429

0.1553 = 0.0199
0.0607 = 0.0038
0.4112 + 0.0545
0.3858 + 0.0300

Cs Sum
0.0045 = 0.0004 1.0002
0.0059 = 0.0004 1.0084
0.0531 = 0.0038 1.0084
0.0433 = 0.0025 1.0092

Values are means * SE.



Genotype-Environment Interactions 27

Lactose Galactosyl-glycerol
2\ ¥ 2 <O
S22 SRS
L 2SCSEITITIT2TIE2S SRCZEESEICITES
SSLICEREZITSCIT>, ISCIGCTRSS
2 SRR 2 SRS
E1] SRS SIS g1 SRR
SN CO525R2G2SC o GITSCITITITIIRS £ e e
= LKL IISLSTICoLICS = TSRS WBTHCO
iT "l" TSRS IRETIIITS [T /7 SCISESCSIEIFGIEL
I"'I"'o 2004 2020600 'l L5 2SERTETES >
E CIITRISLRSE " SIS
III LA ARG (7 75KTRAIIRSL
2SS Q L1 RARR
4] "I"""@ 25 0 " 7093
7 3 2.1 0050, 2.59
2 II;;'I X ] 2 Ill’li' ‘ 2
U :
-Galactosidase 3 Permease p-Galactosidase g Permease
= 0o o o e
Activity Activity Activity Activity
Lactulose Methyl-galactoside
2 3T 2 ::::..
TSRS 2SESCIT
IS SRR
582 ZoOZIRITIIIIIS @ $EELITIEIILILIIITS
] L2 2SERE2SLSEITITIIR A ZISLEEIEEELIRITIS
o1 SIS ST ILIEIRIRS ol SR oo st et etatat ety
£ ST PR REIELGEEIEIL = 200300 soveleSeted s “
ic "O' "> "0:0.0 ol “ ic et 70 0O
00070629 97 2053992054\ & o
0
y . an
2 2
. . *
B-Galactosidase 00 Permease B-Galactosidase g Permease
Activity Activity Activity Activity ]

FIGURE 4.—Three-dimensional representations of the fitness surfaces showing the approximate positions of the data points.
Open symbols are data from laboratory mutants, alleles of ebg (HaLL 1984) and partial induction of the TD1 operon by IPTG.
Solid symbols are data from the natural isolates. The surfaces, defined by Equation 3, are essentially a set of CFFs of the type
considered by WRIGHT (1934) in his discussion of dominance, HARTL ¢¢ al. (1985) in their discussion of the limits of adaptation
and GILLESPIE (1978, 1991) in his SAS-CFF models.

tal effects are considerable. The Vs toward lactulose Vimaxs and K,s toward each substrate vary over much
are ~15-fold lower than those toward galactosyl-glyc- greater ranges (Table 4). The slopes of the regressions
erol, whereas the K,s on methyl-galactoside are typically of galactosyl-glycerol and methyl-galactase activities
6-fold higher than on galactosyl-glycerol. against lactase activities are not significantly different
Changes in activity { V..../ K.) of the B-galactosidases from 1 (Figure 6). Two enzymes, ebgO and ebgV, are
from natural isolates toward one substrate cause pro- relatively more active toward lactulose than lactose.
portional changes in activity toward other substrates When omitted from the analysis, the slope of the regres-
(Figure 5). The 95% confidence intervals confirm that sion of lactulase activities against lactase activities ceases
there is little evidence for genotype by environment to be significantly different from 1.
interactions among S-galactosidase activities. Clearly, The proportional changes in activity toward different
the contributions of genotype by environment interac- substrates, a rather general phenomenon among S-ga-
tions to F-galactosidases activities are, at most, weak. lactosidases regardless of their source, demonstrates
The limited range of S-galactosidases activities from that genetic variation need not generate genotype by
the natural isolates might mask weak genotype by envi- environment interactions at the molecular level, and
ronment interactions. Yet similar results were obtained that high relative activities toward one substrate do not
with laboratory mutants of B-galactosidase and the ho- necessarily imply low relative activities toward others.

mologous evolved B-galactosidase (ebg), where the Estimating permease activities from natural iso-
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FIGURE 5.—The norm of reaction of g-galactosidase activity
(Vax/ K.) for alleles from the natural isolates. Error bars de-
note 95% confidence intervals. The proportionality of the
response on all four galactosides provides little evidence for
strong genotype by environment interactions in enzyme activ-
ity. Galactosyl-glycerol (M), lactose (®), methyl-galactoside
(#) and lactulose (A).

lates: Unfortunately, assays for permease activities re-
quire the use of radiolabeled galactosides that, with the
exception of lactose, are not available commerciaily.
Their syntheses are difficult and prohibitively expen-
sive.

Rearranging Equation 2 to bring relative permease
activity to the left hand side yields

_ Ch
1/w; — C} — C{}/ﬂa
The permease activities of the naturally occurring

operons can now be estimated using the fitnesses (w,)
and relative S-galactosidase activities (8;) in Table 5
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FIGURE 6.-—Regression of activities (Vy.x/ K,) toward three
galactosides on lactase activities for the laboratory mutants of
B-galactosidase and evolved SB-galactosidase. With the excep-
tion of ebgO and ebgV, which are relatively more active to-
ward lactulose than lactose, there is little evidence for strong
genotype by environment interactions among the activities of
the laboratory mutants. Galactosyl-glycerol (M), lactose (@),
methyl-galactoside (4) and lactulose (A).
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FIGURE 7.—The norm of reaction of relative permease ac-
tivity (p,) for alleles from the natural isolates. Here, the lack
of proportionality provides evidence of strong genotype by
environment interactions among permease activities. Galacto-
syl-glycerol (W), lactose (@), methyl-galactoside ( #) and lac-
tulose (A).

and the control coefficients in Table 6. The estimates
are presented in Table 5, where they are surrounded
by parentheses to denote that the metabolic model was
used to estimate them rather than a direct kinetic ap-
proach. SEs are not presented because they would be
very approximate. First, the control coefficients of
Equations 2 and 3 (¢}, ¢k and C}) were estimated
assuming the activities of the f-galactosidase mutants
and the levels of expression of the TD1 operon were
known with absolute precision. Second, the estimates of
the control coefficients are not independent because,
theoretically at least, they must sum to 1.

Direct kinetic estimates of the permease activities to-
ward lactose (DEAN 1989) are ~5% higher than those
estimated using Equation 4. Such a bias might be attrib-
uted to underestimation of the permease control coef-
ficient. Indeed the differences are eliminated when the
upper 95% confidence interval of the estimated perme-
ase control coefficient is used instead. Both direct and
indirect estimates yield the same ranking of activities.
If Equation 4 introduces bias, it at least predicts ranking
accurately.

Genotype by environment interactions among perme-
ases: Figure 7 shows that changes in relative permease
activity toward one substrate do not necessarily cause
proportional changes in activity toward other sub-
strates. Apparently, permease alleles show considerable
genotype by environment interaction. Some of the in-
teraction might be ascribed to experimental error,
some to bias, but some is clearly real. For instance,
TD63 is selectively neutral on lactose and selectively
inferior on galactosyl-glycerol (Table 5). If the relative
permease activity of TD63 remains unchanged in both
environments, then the control coefficient of S-galac-
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Substrate

Permease Galactosyl- Methyl-
Ranking Lactose glycerol Lactulose  galactoside

1 TD10 TD10 DL TD19

2 TD63 TD1 TD9 TD1

3 TD1 TD63 TD63 TD13

4 TD14 TD9 D11 TD14

5 D9 TD11 TD10 TD63

6 TD13 TD14 TD13 TD9

7 TD11 TD13 TD14 TD11

FiGURE 8. —The activity ranking of the permeases from the
natural isolates on each of four galactosides. The rankings
are remarkably similar to those for fitness (Figure 2). The
criterion for grouping strains with bold lines is discussed in
the text.

tosidase on galactosyl glycerol is calculated to be 0.15,
some 25 times the estimated value of 0.0059 (Table
6). If the control coefficient on galactosyl glycerol is
accurate, then the relative activity of S-galactosidase can
be calculated to be 0.277, which is far below the esti-
mated value of 0.901 (Table 5). Another example is
provided by TD10: on lactose, galactosyl-glycerol and
methyl-galactoside this strain is strongly favored, but on
lactulose it is markedly inferior (Table 5). The propor-
tionality among [-galactosidase activities (Figure 5) pre-
vents them generating changes in the direction of selec-
tion, which instead are ascribed to dramatic changes in
relative permease activities. Clearly, strains TD63 and
TD10 provide evidence of strong genotype by environ-
ment interactions among permease alleles.

The rankings of permease activities on four of the
galactosides (Figure 8) are remarkably similar to the
fitness rankings. The ratio €}/ B; remains small because
the [B-galactosidase control coefficients remain small
and the range in relative activities is limited. With
Ch/B: < 1/w; — C}, Equation 3 becomes

_ ch o Ch
S Lwi— ChL - Ch/B: Lw— Ch

Consequently, the metabolic model suggests that
changes in fitness are dominated by changes in perme-
ase activities, which explains the overall similarity in
rankings.

Forty-three (34%) of the 126 possible pairwise com-
parisons involve exchanges in permease ranking, al-
though not all are likely to be significant. The concave
relations between fitness and permease activity suggest
that errors in the estimation of the control coefficients,
whereas affecting estimates and their SE, will not affect
permease rankings. Hence, the confidence that a per-
mease allele changes rank can be no greater than the

bi 4

confidence that its fitness changed rank. Grouping per-
mease rankings by this criterion leaves 18 exchanges
(14%) of significance. Of these, nine are associated with
strain TD10 dropping rank on lactulose and six with
TDI11 dropping to the lowest rank on lactose and
methyl-galactoside. TD9 and TD13 on methyl-galacto-
side account for three more exchanges. These occur
among strains TD9, TD13, TD14 and TD63, whose fit-
ness and permease rankings differ. This suggests that
P-galactosidase alleles influence the fitness rankings on
this galactoside. Hence, the latter three exchanges are
ascribed with less confidence.

DISCUSSION

The fitness of seven naturally occurring variants of
the lactose operon of E. coli have been determined on
each of five galactosides. Tables 3 and 5 show that the
fitness of each strain varies across environments (galac-
tosides). The linear additive model ascribes such
changes to genotype by environment interactions. Fig-
ure 3 shows that these are commonly of the same magni-
tude as the mean genetic contributions. The conclusion
that genotype by environment interactions are rampant
is inescapable.

The selection coefficient of allele i in environment j
is approximately s;.; =~ (E;; — ). cl » where K, ; is rela-
tive enzyme activity and CJE.j is the control coefficient.
Consequently, genotype by environment interactions
can arise by two means: changes in control coefficients
and changes in relative enzyme activities. Both are pres-
ent in these data.

Table 6 shows that the control coefficients at each
step in the pathway differ among environments. Hence,
genotype by environment interactions can be expected
at each step. This includes the S-galactosidase, which
displays no evidence of interactions at the molecular
level (Figure 5). By contrast, the permease displays
marked genotype by environment interactions at the
molecular level (Figure 7). This constitutes the second
mechanism generating genotype hy environment inter-
actions in fitness.

Figure 4, which is a three-dimensional representation
of the fitness surfaces, provides a ready means to visual-
ize these effects. The surfaces are defined by a series
of concave fitness functions (CFFs). The slopes of the
tangents to the CFFs passing through TD1 are the con-
trol coefficients of the enzymes. Consequently, the to-
pologies of these fitness surfaces are intimately associ-
ated with the control coefficients. Merely observing that
the surfaces differ warrants the conclusion that exten-
sive genotype by environment interactions are present
at both loci. The data from the natural isolates (solid
dots) reveal that although the S-galactosidase activities
remain fairly constant, those of the permease some-
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times change markedly. For example, the activities of
all permeases are lower than that of TD1 on lactulose,
yet that of TD10 is two to three times higher on the
other three galactosides. Variation in the distributions
of points across the fitness surfaces illustrates the effects
of genotype by environment interactions in enzyme ac-
tivity.

The surfaces in Figure 4 are representative of a sub-
stantial class of similar relations between gene functions
and fitness. Similar CFFs have been observed for the
branched tryptophan pathway of yeast (NIEDERBERGER
et al. 1992). They provide a molecular basis for domi-
nance, including the recessive nature of null alleles in
Drosophila, and of inborn errors of metabolism in man
(WRIGHT 1934; KACSER and BURNS 1981). Moreover,
concave relations between flux and enzyme activity are
commonly observed in pathways far more complicated
than that studied here (arginine synthesis in Neurospora
crassa |FLINT et al. 1980, 1981], sucrose and starch syn-
thesis in Clarkia xantiana [STITT 1990]). Such relations
form the basis of a number of modern theories of mo-
lecular evolution (GILLESPIE 1978, 1991; HARTL et al.
1985).

Changes in environmental parameters can cause
shifts in the distribution of metabolic control (DEAN
1990; GROEN and WESTERHOFF 1990; STITT 1990) that
may result in genotype by environment interactions.
Such shifts may also expose previously neutral variation
to selection. For example, the twofold range in S-galac-
tosidase activities of the natural isolates generates
ranges in fitness of ~0.3% on lactose and 3.4% on
lactulose. Thus, the selection among f-galactosidase al-
leles is 10-fold more intense on lactulose than on lac-
tose. Such a shift would be quite sufficient to expose
neutral variation (s < 1/2N,) to selection (s > 1/2N.).

The control coefficients in a simple linear pathway
must be greater than zero (KAGSER and BURNS 1973,
1981). Consequently, changes in the fitness rankings of
alleles can only be generated by changes in their activity
rankings. The lack of genotype by environment interac-
tions in S-galactosidase activity (Figure b) prevents ex-
changes in the fitness rankings of its alleles but does
nothing to prevent genotype by environment interac-
tions arising in fitness.

Some allozymes are known to respond differentially
to changes in environmental parameters, such as re-
source abundance, pH, substrate and cofactor concen-
trations, and temperature and ionic strength (e.g., see
PLacE and POWERs 1984). Yet this does not guarantee
that genotype by environment interactions at the mo-
lecular level will influence fitness. Had S-galactosidase
activities displayed exchanges in ranking on lactose and
galactosyl-glycerol, they would be of little consequence
(Figure 4) because fitness effects are insignificant when

kinetic variation remains within a neutral limit (sensu
HARTL et al. 1985).

On the other hand, exchanges in ranking at meta-
bolic steps with large control coefficients are likely to
generate genotype by environment interactions in
higher phenotypes, such as flux and fitness. The perme-
ase alleles illustrate this behavior (Figures 7 and 8).
Comparing the activity rankings to those of fitness (Fig-
ure 2) reveals that they are remarkably similar, save for
exchanges in activity between TD13 and TD9 on
methyl-galactoside. That the permease has such a pro-
nounced effect on fitness is not surprising given that
both the ranges in activity and the magnitudes of the
control coefficients are considerably greater than those
of B-galactosidase (Tables 5 and 6, Figure 4). Clearly,
permease rankings are the primary, but not the exclu-
sive, determinants of fitness rankings.

Changes in activity ranking at steps with large control
coefficients do not guarantee that genotype by environ-
ment interactions in fitness are inevitable. This is illus-
trated by strains TD13 and TD9 on lactose and methyl-
galactoside. The beneficial genotype by environment
interactions associated with permease activity in TD13
(Table 5) are expected to cause a change in fitness
ranking with TD9 on methyl-galactoside. However, the
increase in the S-galactosidase control coefficient on
methyl-galactoside (Table 6) generated sufficiently
strong selection that this did not occur. Clearly, changes
in the activity rankings of alleles are necessary, but not
sufficient, to generate changes in the direction of selec-
tion when two or more loci are considered.

Conversely, changes in the direction of selection can
arise in the absence of exchanges in the ranking of
enzyme activities. An example of this effect is clearly
seen when comparing the fitnesses of the constitutively
expressed mutant S-galactosidase of TD3 (8 =~ 0.05, p
= 1) with the partially induced operon of TD1 (8 ~
0.6, p =~ 0.6) on lactose and on lactulose. The relative
activities of both enzymes in each strain are constant,
yet on lactose TD3 is fitter than the partially induced
TD1 (0.95 vs. 0.92), whereas on lactulose the reverse is
true (0.56 and 0.78). Changes in the fitness ranking of
genotypes do not require similar changes in ranking
among alleles when two or more loci are considered.

Strains TD9 and TD13 on lactose and methyl-galacto-
side reveal that genotype by environment interactions
at one locus may sometimes chancel, even override, the
effects predicted at another. The fitnesses of strains
TD3 and the partially induced TD1 on lactose and lactu-
lose reveal that an absence of genotype by environment
interaction in activity need not prevent changes in the
fitness rankings when two or more loci are considered.
That both effects are so rare is probably due to the fact
that the kinetic variation at the permease has a much
greater impact on fitness than that at the S-galactosi-
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dase. The situation might change radically if the kinetic
variation in the porins, a step with large control coeffi-
cients (Table 6), were also considered.

Enzymes have been classified into two loosely defined
sets, those that have a single substrate (group I) and
those that have multiple substrates (group II) (GILLES-
PIE and KojiMa 1968). Electrophoretic surveys over a
wide range of species have generally shown that group
I enzymes are far less polymorphic than those of group
I, the heterozygosities being ~0.05 and 0.18, respec-
tively (SELANDER 1976; GojoBORI 1982; GILLESPIE
1991).

A possible explanation for the increased heterozygos-
ity of group II enzymes is that a broader range of sub-
strates exposes them to greater environmental hetero-
geneity, thereby allowing selection to protect a greater
proportion of alleles. Such a hypothesis specifically in-
vokes substrate variability as the principle factor in gen-
erating genotype by environment interactions. That fac-
tor has been subject to direct experimental test.

By any criterion, both B-galactosidase and permease
belong in group II. f-galactosidase is highly polymor-
phic (H = 0.89, WHITTAM et al. 1983), hydrolyses a
wide variety of B-galactosides and displays considerable
kinetic polymorphism toward all four substrates studied
here. However, the lack of genotype by environment
interaction among (-galactosidase alleles suggests that
any environmental variability attributable to the utiliza-
tion of alternative substrates is unlikely to afford a
means to protect this polymorphism.

The permease is also polymorphic (as judged by its
kinetic variation) and it transports a wide variety of both
a-and f-galactosides. In contrast to f-galactosidase, the
permease provides evidence that genotype by environ-
ment interactions can generate changes in fitness rank-
ings. On the other hand only 24 of the 210 possible
pairwise comparisons of the seven strains in the five
environments generate changes in rank across least sig-
nificant differences. All involve only two strains, TD10
and TDI11. The general lack of change in rankings sug-
gests that genotype by environment interactions gener-
ated by broad substrate specificity are unlikely to be the
principle mechanism by which the permease polymor-
phism is protected (if indeed it is protected). At best,
they are contributing factors.

HArTL and DYKHUIZEN (1981, 1985) introduced the
notion of a latent potential for selection, wherein func-
tional differences that are selectively neutral, or at least
nearly so, in common environments become strongly
selected in rare environments. The idea supposes that
mutation generates new alleles with a range of selective
effects. Many are deleterious and are rapidly eliminated
from the population leaving only those that are selec-
tively neutral or nearly neutral. The phenotypic effects
of these need not be expressed in the current environ-

ment, but even if they are, they need not be targets for
selection. However, in novel environments they may
become important to fitness. Consequently, selection
intensities are greater in novel environments. This phe-
nomenon, dubbed the Dykhuizen-Hartl effect by Ki-
MURA (1983), has been proposed to influence the popu-
lation dynamics of alleles. The idea has been extended
to anagenesis (STEBBINS and HARTL 1988) and even
macroevolution (KIMURA 1991). A similar effect is pre-
dicted from the selectionist arguments of SERVICE and
RosE (1985).

SiLva and DYKHUIZEN (1993) provided evidence for
these hypotheses when they demonstrated that the se-
lection on artificial galactosides (lactulose, methyl-ga-
lactoside and galactosyl-arabinose) is significantly
greater than on the natural substrate, lactose. The re-
sults of the competition experiments with a second nat-
urally occurring galactoside (galactosyl-glycerol) also
support this observation (Tables 3 and 5).

There is no evidence for gene by environment inter-
actions among the relative activities of the f-galactosi-
dases from the natural isolates. There is evidence for
gene by environment interactions among the relative
activities of their permeases. However, the variances
(after an appropriate logarithmic transformation) show
no discernible trend: 0.02 on lactose, 0.07 on galactosyl-
glycerol, 0.004 on lactulose and (.04 on methyl-galacto-
side. Hence, the increased intensity of selection on the
unnatural galactosides can be entirely attributed to the
increased control coefficients at these steps.

But the flux control coefficients must sum to 1
(Kacser and BUrNs 1973, 1981). The increases in the
control coefficients of the permease and [-galactosi-
dase on the novel galactosides must be precisely com-
pensated by a commensurate decrease in the control
coefficient of the diffusion step. A hypothetical 10%
change in the activity at this step generates selection
coefficients (s =~ —0.1- C},) of 8.40% on lactose, 9.42%
on galactosyl-glycerol, 5.44% on lactulose and 5.80%
on methyl-galactoside. This is precisely the reverse of
the Dykhuizen-Hartl effect; the selection on the novel
substrates is less intense than on the natural substrates.

The Dykhuizen-Hartl effect ignores the manner in
which enzyme activities map onto fitness. The unwitting
assumption is that control coefficients remain constant,
whereas enzyme activities change across environments.
This assumption requires testing whenever the Dykhui-
zen-Hartl effect is invoked because the flux control sum-
mation theorem dictates that half the time changes in
control coefficients help generate the appearance of
a Dykhuizen-Hartl effect, and half the time they help
suppress it. The increased selection among operons on
the unnatural substrates, being entirely attributable to
increased control coefficients, provides no evidence in
support of a Dykhuizen-Hartl effect.
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We have just seen how data gathered in support of
two hypotheses can be seriously misleading; the general
characteristics of the (-galactosidase suggest a typical
group II enzyme with its polymorphism maintained by
fluctuating fitnesses on different substrates, and the se-
lection coefficients among the operons on unnatural
galactosides are increased, just as predicted by the Dyk-
huizen-Hartl effect. Only by investigating the underly-
ing molecular events has it been possible to demon-
strate that the patterns associated with these hypotheses
are purely coincidental.

I am indebted to DAN DYKHUIZEN for the galactosyl-glycerol and
PHyLLis DYKHUIZEN for her kindness in providing me a temporary
home in Stony Brook during many of these experiments. I wish to
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nical assistance. The editorial suggestions of WARD WATT, DAN Dyk-
HUIZEN and an annoying (sorry, anonymous) reviewer were most
helpful, as were those of MARJORY HUNT. This work was supported
by an all too rare U.S. Public Health Service grant 1RO1 GM-48735-
0IA1 from the National Institutes of Health.

LITERATURE CITED

AnpRrEws, K. ], and E. C. C. LIN, 1976 Thiogalactoside transace-
tylase of the lactose operon as an enzyme for detoxification. J.
Bacteriol. 128: 510-513.

Atwoop, K. C,, L. K. SCHNEIDER and F. J. RvaN, 1951a  Periodic
selection in Escherichia coli. Proc. Natl. Acad. Sci. USA 37: 146-
155.

Atwoop, K. C,, L. K. SCHNEIDER and F. J. Ryan, 1951b  Selective
mechanisms in bacteria. Cold Spring Harbor Symp. Quant. Biol.
16: 345-355.

BELL, G., 1990 The ecology and genetics of fitness in Chlamydomo-
nas. I. Genotype by environment interaction among pure strains.
Proc. R. Soc. London B 240: 295-321.

BEIL, G., 1991 The ecology and genetics of fitness in Chlamydomo-
nas. II. Genotype by environment interaction within strains. Evo-
lution 45: 668-679.

Boos, W., 1982 Synthesis of (2R)-glycerol-o-8-D-galactopyranoside
by f-galactosidase. Methods Enzymol. 89: 59-64.

BRADFORD, M. M., 1976 A rapid and sensitive method for the quanti-
fication of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal. Biochem. 72: 248-255.

CHRISTIANSEN, F. B., and M. W. FELDMAN, 1975  Subdivided popula-
tions: a review of the one- and two-locus deterministic theory.
Theor. Popul. Biol. 7: 13-38.

CoMsTocK, R. E., and R. H. MotL, 1963 Genotype by environment
interactions, pp. 164-194 in Statistical Genetics in Plant Breeding,
edited by W. D. HANsoN and H. F. ROBINSON. National Academy
of Science-National Research Council Publ. 982, Washington DC.

DEAN, A. M., 1989 Selection and neutrality in lactose operons of
Escherichia coli. Genetics 123: 441-454.

DEAN, A. M., 1990 Molecular adaptation in the lactose operon, pp.
389-398 in Control of Metabolic Processes, edited by A. CORNISH
BowbDEN and M. L.. CARDENAS. Plenum, New York.

DraN, A. M., D. E. DYRHUIZEN and D. L.. HARTL, 1986 Fitness as a
function of B-galactosidase activity in Escherichia coli. Genet. Res.
48: 1-8.

DEeaN, A. M., D. E. DykHU1ZEN and D. L. HARTL, 1988 Fitness effects
of new amino acid substitutions in the §-galactosidase of Esche-
richia coli. Mol. Biol. Evol. 5: 469-485.

DEMPSTER, E. R, 1955 Maintenance of genetic heterozygosity. Cold
Spring Harbor Symp. Quant. Biol. 20: 25-32.

DIMICHELE, L., and D. A, POwERs, 1982a LDH-B genotype-specific
hatching times of Fundulus heteroclitus embryos. Nature 296: 563~
564.

DiMicuELE, L., and D. A. POwERs, 1982b  Physiological basis for

swimming endurance differences between LDH-B genotypes of
Fundulus heteroclitus. Science 216: 1014-1016.

DoBzHANSKY, TH., and B. Spassky, 1944  Genetics of natural popula-
tions. XI. Manifestation of genetic variants in Drosophila pseudoob-
scura in different environments. Genetics 29: 270-290.

DykHUIZEN, D. E., and M. Davies, 1980 An experimental model:
bacterial specialists and generalists competing in chemostats.
Ecology 61: 1213-1227.

Dyknuizen, D. E., and D. L. HARTL, 1980 Selective neutrality of
6PGD allozymes in E. coli and the effects of genetic background.
Genetics 96: 801-817.

DykHUIZEN, D. E., and D. L. HARTL, 1983 Functional effects of PGI
allozymes in E. coli. Genetics 105: 1-18.

DykHUIZEN, D. E., A. M. DEAN and D. L. HarTi, 1987 Metabolic
flux and fitness. Genetics 114: 25-31.

FaLCONER, D. S., 1952 The problem of environment and selection.
Am. Nat. 86: 293-298.

FELSENSTEIN, J., 1976 The theoretical population genetics of vari-
able selection and migration. Annu. Rev. Genet. 10: 253-280.

FLINT, H. J., D. J. POrRTEOUS and H. KACSER, 1980  Control of flux
in the arginine pathway of Neurospora crassa: the flux from citrul-
line to arginine. Biochem. J. 190: 1-15.

Funt, H. J,, R. W. TATESON, 1. B. BARTHELMESS, D. J. PORTEOUS,
W. D. DONACHIE e al.,, 1981 Control of flux in the arginine
pathway of Neurospora crassa: modulations of enzyme activity and
concentration. Biochem. J. 200: 231-246.

GiLLEsPIE, |. H., 1973 Natural selection with varying selection coef-
ficients—a haploid model. Genet. Res. 21: 115-120.

GILLESPIE, |. H.,, 1978 A general model to account for enzyme varia-
tion in natural populations V. The SAS-CFF model. Theor. Popul.
Biol. 14: 1-45.

GILLESPIE, |. H., 1991  The Causes of Molecular Evolution. Oxford Uni-
versity Press, New York.

GILLESPIE, |. H., and K. KojiMa, 1968 The degree of polymorphism
in enzymes involved in energy production compared to that in
nonspecific enzymes in two Drosophila ananassae populations.
Proc. Natl. Acad. Sci. USA 61: 582-585.

GILLESPIE, ]. H., and M. TURELLL, 1989  Genotype-environment inter-
actions and the maintenance of polygenic variation. Genetics
121: 129-138.

GOJoBORI, T., 1982 Means and variances of heterozygosity and pro-
tein function, pp. 137-148 in Molecular Evolution, Protein Polymor-
phism and the Neutral Theory, edited by M. KIMURA. Springer-Ver-
lag, Berlin, Germany.

GROEN, A. K., and H. V. WESTERHOFF, 1990 Modern control theo-
ries: a consumers’ test, pp. 101-118 in Control of Metabolic Pro-
cesses, edited by A. CORNISH BOWDEN and M. L. CARDENAS. Ple-
num, New York.

GUPTA, A. P,, and R. C. LEWONTIN, 1982 A study of reaction norms
in natural populations of Drosophila pseudoobscura. Evolution
36: 934-948.

HaLL, B. G, 1984 The evolved f-galactosidase system of Escherichia
coli, pp. 165185 in Microorganisms as Model Systems for Studying
FEvolution, edited by R. P. MORTLOCK. Plenum, New York.

HARTI, D. L., and D. E. DykHUIZEN, 1981 Potential for selection
among nearly neutral allozymes of 6-phosphogluconate dehydro-
genase in Escherichia coli. Proc. Natl. Acad. Sci. USA 78: 6344-
6348.

HarTL, D. 1., and D. E. DYRHUIZEN, 1985 The neutral theory and
the molecular basis of preadaptation, pp. 107-123 in Population
Genetics and Molecular Evolution, edited by T. OHTA and K. AOKI.
Japan Sci. Soc. Press/Springer-Verlag, Berlin, Germany.

HARTL, D. L., D. E. Dyktiuizen and A. M. DEAN, 1985 Limits of
adaptation: the evolution of selective neutrality. Genetics 111:
655—674.

HEDRICK, P. W., 1976  Genetic polymorphism in heterogeneous envi-
ronments. Annu. Rev. Ecol. Syst. 7: 1-32.

Jacos, F., and J. MONOD, 1961 On the regulation of gene activity.
Cold Spring Harbor Symp. Quant. Biol. 26: 193-211.

KacseRr, H., and J. A. BUrNs, 1973 The control of flux. Symp. Soc.
Exp. Biol. 27: 65-104.

KAGSER, H., and J. A. BUrNs, 1981 The molecular basis of domi-
nance. Genetics 97: 639-666.



Genotype-Environment Interactions 33

KIMURA, M., 1983  The Neutral Theory of Molecular Evolution. Cam-
bridge University Press, Cambridge, MA.

KiMura, M., 1991 Recent development of the neutral theory viewed
from the Wrightian tradition of theoretical population genetics.
Proc. Natl. Acad. Sci. USA 88: 5969-5973.

KocH, A. L., 1964 The role of permease in transport. Biochim.
Biophys. Acta 79: 177-200.

KusiTsCHEK, H. E., 1974 Operation of selection pressure on micro-
bial populations. Symp. Soc. Gen. Microbiol. 24: 105-130.
[.ANGRIDGE, J., 1974 Mutation spectra and the neutrality of muta-

tions. Aust. J. Biol. Sci. 27: 309-408.

LyNcH, M., 1987 The consequences of fluctuating selection for iso-
zyme polymorphisms in Daphnia. Genetics 115: 657-669.
MILKMAN, R., 1973  Electrophoretic variation in E. coli from natural

sources. Science 182: 1024-1026.

MiLLER, J. H., 1972 Experiments in Molecular Genetics. Cold Spring
Harbor Laboratory, Cold Spring Harbor, NY.

NIEDERBERGER, P., R. PrRASAD, G. M10ZZARI and H. KACSER, 1992 A
strategy for increasing an in vivo flux by genetic manipulations.
Biochem. J. 287: 473-479.

OcHMANN, H., and R. K. SELANDER, 1984 Standard reference strains
of Escherichia coli from natural populations. J. Bacteriol. 157: 690—
693.

Prack, A. R, and D. A. POwEers, 1984 Kinetic characterization of
the lactate dehydrogenase (LDH-B,) allozymes of Fundulus het-
eroclitus. J. Biol. Chem. 259: 1309-1315.

SAVAGEAU, M. A, 1976  Biochemical Systems Analysis: A Study of Function
and Design in Molecular Biology. Addison-Wesley, Reading, MA.

SELANDER, R. K., 1976  Genetic variation in natural populations, pp.
21-45 in Molecular Evolution, edited by F. J. AvALA. Sinauer Associ-
ates, Sunderland, MA.

SERVICE, P. M., and M. R. ROSE 1985 Genetic covariation among
life history components: the effect of novel environments. Evolu-
tion 39: 943-945,

Siva, P. J. N, and D. E. DYKHUIZEN, 1993 The increased potential
for selection of the lac operon of Escherichia coli. Evolution 47:
741-749.

STEBBINS, G. L., and D. L. HaRTL, 1988 Comparative evolution: la-
tent potentials for anagenetic advance. Proc. Natl. Acad. Sci.
USA 85: 1-6.

StitT, M., 1990 Application of control analysis to photosynthetic
sucrose synthesis, pp. 363-376 in Control of Metabolic Processes,
edited by A. CoRNISH BOWDEN and M. L. CARDENAS. Plenum,
New York.

TacHIDA, H., and T. MUKAI, 1985 The genetic structure of natural
populations of Drosophila melanogaster. X1X. Genotype-environ-
ment interaction in viability. Genetics 111: 43-55.

Via, S., and R. LANDE, 1987 Evolution of genetic variability in a
spatially heterogeneous environment: effects of genotype-envi-
ronment interaction. Genet. Res. 49: 147-156.

WHITTAM, T. S., H. OCHMANN and R. K. SELANDER, 1983 Multilocus
genetic structure in natural populations of Escherichia coli. Proc.
Natl. Acad. Sci. USA 80: 1751-1755.

WRIGHT, S., 1934 Physiological and evolutionary theories of domi-
nance. Am. Nat. 34: 24-53.

Communicating editor: A. G. CLARK



