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ABSTRACT

The evolution of new metabolic functions is being studied in the labora-
tory using the EBG system of E. coli as a model system. It is demonstrated
that the evolution of lactose utilization by lacZ deletion strains requires a
series of structural and regulatory gene mutations. Two structural gene mu-
tatlons act to increase the activity of ebg enzyme toward lactose, and to
permit ebg enzyme to convert lactose into allolactose, an inducer of the lac
operon. A regulatory mutation increases the sensitivity of the ebg repressor
to lactose, and permits sufficient ebg enzyme activity for growth. The result-
ing fully evolved ebg operon regulates its own expression, and also regulates
the synthesis of the lactose permease.

THE two basic questions in biology are “How do organisms function?” and

“How did they get to be that way?” The great majority of modern biological
research is devoted to answering the first question, but ever since DarwiN pub-
lished The Origin of Species in 1859 curiosity about the second question has
been one of the major unifying forces in biology. It is remarkable that these
two basic questions have been approached in such fundamentally different
ways.

The general approach to discovering “how organisms function” has been to
isolate some system as much as possible, and then to deliberately perturb the
system and observe its responses to those perturbations. Eventually hypotheses
are constructed that predict responses to specific perturbations, and the accu-
racy of those predictions is taken as a measure of the validity of the hypothesis.

In contrast, the understanding of evolution, or “how things got to be this
way,” has depended upon fragmentary fossil evidence and upon comparisons
of existing organisms with each other and with their extinct ancestors. Based
upon an enormous number of observations at the anatomical and molecular
levels, an assemblage of evolutionary hypotheses has been constructed. Remark-
ably absent from that set of cbservations are those based upon deliberate pertur-
bation of the system. The time scale upon which evolution is perceived to act
seems to prohibit deliberate perturbations, and to render futile any predictions
of the consequences of specific perturbations. Evolutionists are in a position
equivalent to that of a biochemist being shown the entire contents of a cell and
being asked to deduce biochemical pathways. A good chemist could generate
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plausible hypotheses, but could not verify their validity without perturbing the
system in order to observe it in a dynamic, rather than a static, state.

To observe evolution in a dynamic state we can ask, “How do simple cells
evolve new metabolic functions?” Because they can be cultured under well-
defined conditions, and because of their short generation times, bacteria are ex-
cellent tools for this kind of study. Our detailed knowledge of how current cells
function allows us to describe the results of historical evolution. A cell carries
out a metabolic function by synthesizing a series of specific proteins, each of
which catalyzes a step in a sequential pathway of reactions. In general, the
synthesis of these proteins is controlled so that they are made only when there
is a need for the pathway to function, and that need is recognized by specific
regulatory proteins that respond to the concentration of small molecules in the
cellular environment.

Evolution of new metabolic functions must therefore involve more than the
acquisition of new enzymatic activities; it must also involve the organization of
those activities so that just the right amount of each enzyme is made in direct
response to an appropriate environmental signal. As organisms evolve enzymes
to carry out new metabolic functions, they must also evolve regulatory systems
that respond to environmental signals appropriate for new functions. How do
organisms that are already well adapted to their environments evolve new en-
zyme systems that are well integrated into the organism’s established metabolic
system? It is a major point of this paper that evolution of regulatory organiza-
tion may require several mutational steps. If evolution of a fully integrated new
enzyme system requires several mutations, then some of those mutations may
not be selectively advantageous in the genetic background in which they arise,
but may confer a selective advantage only in the presence of a second mutation.
Such mutations would be initially neutral, but would have adaptive potential.
In this paper it is demonstrated that such mutations can and do arise in the
laboratory.

I have been using the EBG system of Escherichia coli K12 as a model system
to study the acquisitive evolution of new metabolic functions. Beginning with
E. coli strain DS4680A, which carries a large internal deletion within the lacZ
(B-galactosidase) gene, I have selected a large series of spontanecus mutants
that have evolved the ability to grow on lactose and other 8-galactoside sugars
as sole sources of carbon and energy (Hair1, and HarrL 1974, 1975). The muta-
tions that allow lacZ deletion strains of E. coli to utilize lactose occur in the
genes of the ebg operon located at 66 min on the E. coli map (HarLL and
Hartr 1974, 1975; BacamMann and Low 1980). I have identified three genes
in the ebg operon: ebgA is the structural gene for a B-galactosidase enzyme
(Harr and Hartr 1975), ebgB is “downstream” from ebgA, and specifies a
79,000 mol. wt. polypeptide of unknown function (Harr and Zuzer 1980b),
and ebgR specifies a repressor protein that controls expression of ebgA (HarL
and Harrr 1975). Mutations in both ebgA and ebgR are required for the evolu-
tion of lactose utilization (Harr and Crarkr 1977).
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Two conditions must be met in order for E. coli cells to use lactose: lactose
must be transported to the inside of the cell, and once inside it must be hydro-
lyzed to glucose and galactose at a sufficient rate to permit growth (that mini-
mum rate is about 5 nmol hydrolyzed per minute per milligram of soluble cell
protein (HarrL and Crarke 1977). In this paper I show how a series of muta-
tions in the ebg operon act in concert to permit synthesis of all proteins for
lactose transport and hydrolysis in response to the presence of lactose in the
environment.

The wild-type allele is designated ebgA° [the “0” standing for original (HarL
and Crarxe 1977)]; and its product, ebg® enzyme, hydrolyzes lactose very in-
effectively [ Vgax = 620 nmol min mg?, K, = 150 mm lactose (Harr 1981)].
That represents about 0.05% of the efficiency of lacZ B-galactosidase under
physiological conditions (HArL and Crarxe 1977; Huser, Kurz and WALLEN-
FELLS 1976), and even constitutive strains that synthesize 59, of their soluble
protein as ebg® enzyme cannot grow on lactose (HALL and CrarkE 1977; HaLL
1976).

There are two sites, about 1 kilobase apart, within ebgA where spontaneous
mutations can alter ebg enzyme so that it hydrolyzes lactose effectively (HarL
and Zuzer 1980a). A single mutation in the Class I site alters the enzyme so
that it hydrolyzes lactose effectively but not lactulose (4-O-8-D-galactopyrano-
syl-D-fructose) or galactosyl-arabinose (3-O-B-D-galactopyranosyl-D-arabinose).

A single mutation in the Class II site within ebgA also alters the enzyme so
that it hydrolyzes lactose effectively, but the properties of Class II enzymes are
quite distinct from those of Class I enzymes. In addition to lactose, Class II
enzymes hydrolyze lactulose effectively (Harr 1978a, 1981; HarL and ZuzeL
1980a).

When ebgA carries mutations in both the Class I and the Class II sites simul-
taneously the resulting double mutant enzyme, designated Class IV, acquires a
new function: it hydrolyzes galactosyl-arabinose effectively. The properties of
Class IV enzymes are quite distinct from those of either Class I or Class II en-
zymes, the most dramatic difference being that the K,.s for all three 8-galacto-
sides are five to ten fold lower than those of Class I or Class II enzymes (HaLL
1981).

The mutant alleles specifying Class I, Class II, or Class IV ebg enzymes are
all designated ebgA*, and are distinguished by allele numbers. EbgA* mutants
cannot necessarily utilize lactose. Their ability to do so depends entirely upon
the state of the ebgR gene.

The wild-type allele, ebgR*, specifies an extremely effective repressor that
permits the synthesis of only three to five molecules of ebg enzyme per cell
(Havr and Crarke 1977; Havn 1978b). The repressor does not respond to
isopropyl-thio-B-D-galactoside (IPTG) or to thio-8-methyl-galactoside (TMG),
although both are powerful gratuitous inducers of the lac operon. When grown
in the presence of lactose, synthesis of ebg enzyme is induced 100-fold (HarL
and CrarxE 1977). Other B-galactoside sugars, such as lactulose and galactosyl-
arabinose, are not recognized as inducers by the wild-type repressor. Even the
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most efficient ebg enzyme, when synthesized at only 100-fold above the basal
level, does not permit growth on lactose (Harr and Crarke 1977). A mutation
in the ebgR gene is required to increase the level of expression of the ebgA
gene, and thus to synthesize enough activity for growth on lactose. One class of
such mutations is ebgR-, which results in defective repressor and leads to consti-
tutive ebg enzyme synthesis about 2000-fold above the basal level (HarLr and
Crarke 1977). Constitutive expression of the ebg operon uses about 3%, of the
total protein synthesis capacity of the cell (HarL and Zuzern 1980b), an enor-
mous burden under conditions where the ebg proteins are not required. Consti-
tutive synthesis, therefore, does not represent an appropriate response of the
cell to its environment.

A more economical solution to the problem of synthesizing enough ebg en-
zyme is represented by ebgR*L mutaticns. Repressor specified by the ebgh-
105*L allele allows the same low basal level of synthesis as does wild-type re-
pressor, but it is induced 460-fold by lactulose, 800-fold by galactosyl-arabinose,
and 1000-fold by lactose (HarL 1978b and see Table 2). EbgR*L ebgA* (Class
IT) strains can utilize both lactose and lactulose as sole carbon and energy
sources (HaLL 1978b).

Lactose utilization by such ebgA* strains is subject to an additional pair of
constraints: (a) the lacZ deletion strain must possess a functional lactose per-
mease (lacY gene product); and (b) unless the lac operon is itself expressed
constitutively an artificial inducer of the lac operon, such as IPTG, must be
included in the medium. This is because lactose itself is not an inducer of the
lac operon (JoBe and Bourceors 1972; BArkELY ef al. 1975), but is converted
to allolactose (6-O-B-galactopyranosyl-D-glucose), the natural inducer of the
lac operon (JoBe and Bourcrors 1972), by the transgalactosylase activity of
lacZ B-galactosidase. Ebg* enzymes do not convert lactose into allolactose (Harx
and HartL 1974; Rorsern, Friep and Harr 1980). Our “evolved” strains are
therefore capable of utilizing lactose only under very artificial conditions: either
inclusion of IPTG in the medium, or constitutive expression of the lac operon.
Those strains do not meet the criterion of making all the proteins necessary for
lactose utilization in response to the presence of lactose in the environment.

We recently described a mutant ebg* enzyme that does convert lactose into
an inducer of the lac operon (Rorsers, Friep and Harrn 1980), and I have
since identified that inducer as allolactose (Harr 1982). Strains that synthesize
that mutant enzyme constitutively grow on lactose without the presence of
IPTG in the medium. The strains carrying the allele ebgA205*, which specifies
the enzyme capable of converting lactose into allolactose, were positive for
galactosyl-arabinose utilization (Rorsern, Friep and Harr 1980), a property
unique to strains expressing Class IV ebgA alleles (Harr 1981; Harn and
Zuzer 1980a). When ebg enzyme from one of those strains (SJ60) was puri-
fied and characterized it was indistinguishable from other Class IV enzymes
based upon kinetic analysis utilizing ten substrates (Havrr 1981). These obser-
vations suggested that all Class IV ebg enzymes might convert lactose into
inducer.
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Using MacCoNEEY-lactose indicator plates, I screened seven Class I, twenty-
two Class 11, and twelve Class IV strains for IPTG independent lactose utiliza-
tion. All of the Class IV strains were lactose positive without IPTG, while no
Class I and no Class II strains were lactose positive without IPTG. In vitro
studies with purified ebg enzymes confirmed that only Class IV ebg enzymes
synthesize allolactose at a significant rate, a rate that is about 100-fold greater
than that of Class I or Class IT enzymes (Harr 1982). Taken together with the
earlier study (Rorsers, Friep and Harr 1980), and with studies demonstrat-
ing that the properties of ebg enzymes are very homogeneous within a class
(HaLL 1981), it seems likely that synthesis of a Class IV ebg enzyme is both
a necessary and a sufficient condition for in vivo synthesis of allolactose by a
lacZ (deletion) Y* strain of E. coli.

Because they synthesized ebg enzyme constitutively, these strains also failed
to meet the criteria for having fully evolved ebg enzyme systems.

Strain 5A1 synthesizes the Class II enzyme designated “C” (Harr 1976,
1981) under control of the wild-type ebg repressor, and is therefore lactose
negative even in the presence of IPTG (Harr and Crarke 1977, Harr 1978b).
Its derivative, strain 5A103, synthesizes the same enzyme under control of the
evolved ebgR*L repressor, and is therefore lactose positive in the presence of
IPTG (Harr 1978b and see Table 1).

Based upon detailed biochemical studies of the various evolved ebg enzymes
(Harr 1981, 1982), and upon studies of the evolved repressors (HarL, 1978b),
it was now possible to predict the evolutionary consequences of a specific per-
turbation of the environment. I predicted that when galactosyl-arabinose is the
sole available carbon source in the environment of strain 5A103, galactosyl-
arabinose utilizing mutants that arose would possess a fully integrated regula-
tory system that controlled expression of both the ebg B-galactosidase and the
lac permease in response to the presence of lactose in the environment.

MATERIALS AND METHODS

Bacterial strains and culture conditions: All strains are Escherichia coli K12, and carry
lacZ deletion W4680. Genotypes are given in Table 1. Minimal medium was previously de-
scribed (Harr and Hartr 1974). Cultures were grown at 37° with constant aeration.

Enzyme assays: Ebg enzyme activity was assayed in crude extracts using o-nitrophenyl-g-
D-galactoside (ONPG) as a substrate as previously described (Harr and HarrL 1974). Units are
nanomoles of ONPG hydrolyzed per minute. Lac permease activity was determined from the

TABLE 1

Genotypes of E. coli K-12 strains used

Strain Genotype
DS4680A HfrC spc  ebgA® ebgR+
5A1 HfrC spc ebgAS5? ebgR+
5A103 HfrC spc ebgA5! ebgR105+L
5A1032 HfrC spc  ebgA109 ebgR105+L

SI7 - rpsL  tolC argG metC ebgA°® ebgR+




340 B. G. HALL

rate of 14C-thiomethyl-galactoside (TMG) uptake as previously described (RoLsers, Friep and
Harr 1980). Units are micromoles of TMG accumulated per minute at 15°.

Growth rate determinations: Cultures were grown overnight in 0.03% sodium succinate
minimal medium plus any additions indicated under “pregrowth conditions.” That concentra-
tion of succinate limits cell density to about 108 per ml, and cells enter exponential growth
within a few minutes of the addition of a metabolizable carbon source. Cells were washed and
resuspended in minimal medium containing the indicated concentration of lactose, and the
turbidity of the culture growing at 37° was monitored at 600 nm in a Gilford Model 250
spectrophotometer. Growth rates are given as the first order growth rate constant in reciprocal
hours =+ the 95% confidence limits as determined from a minimum of four independent cul-
tures.

RESULTS

Selection of the fully evolved strain: A spontaneous galactosyl-arabinose uti-
lizing mutant was selected by plating strain 5A103 onto galactosyl-arabinose
minitmal medium containing 0.2 mm IPTG. Colonies that arose were purified
by restreaking them onto MacConkEy galactosyl-arabinose indicator plates con-
taining 0.2 mm IPTG. One of these galactosyl-arabinose positive isolates was
designated strain 5A1032. Strain 5A1032 was positive on MacCoNEEyY indica-
tor plates containing either lactose+IPTG or lactulose+IPTG. As expected,
strain 5A1032 was positive on MacConkEy-lactose plates without IPTG, indi-
cating that it was converting lactose into an inducer of the lac operon.

Characterization of the fully evolved strain: Strain 5A1032 was mated with
the 1olC rpsL. ebgA° ebgR* strain SJ7, and rpsL tolC* recombinants were se-
lected by plating the mating mixture onto MacConkEey-lactose-IPTG medium
containing 300 mg per liter streptomycin sulfate (MacConkey medium kills
tolC cells). Of 512 colonies 349 were ebgA* (phenotypically lactose positive),
giving 329 recombination between ebgA and 10lC. This value is in good agree-
ment with previous studies (Havrr and HarrL 1975; Hary and Zuzer 1980a).
Of 100 ebgA* colonies tested, all were lactose positive in the absence of IPTG.
The IPTG independent lactose positive phenotype of strain 5A1032 is thus the
consequence of a mutation in ebgA, and the allele present in strain 5A1032 is
designated ebgA*109.

To confirm that strain 5A1032 synthesized a Class IV ebg enzyme, I par-
tially purified its ebg enzyme, and determined the K,, for O-nitrophenyl-8-D-
galactoside (ONPG) and for O-nitrophenyl-8-D-fucoside (ONPF). The K,, for
ONPG was 0.045 + 0.0015mwm, and for ONPF was 3.1 = 0.16 mm. Only Class
IV ebg enzymes have K,, values in those ranges (Harr 1981). Because the en-
zyme from 5A1032 was not pure the V,,,, values obtained are only relative, not
absolute. However, the ratio of the observed Vy.x (ONPG) to V... (ONPF)
was 2.8, compared with a ratio of 2.4 for purified Class IV enzymes (Harr
1981). By these criteria 5A1032 synthesized a typical Class IV ebg enzyme.

I have usually characterized the evolved strains in terms of their growth rates
in minimal medium containing 0.19 (w/v) B-galactoside sugar and 0.2 mm
IPTG. As expected the parental strain 5A103 grew on 0.1% lactose only if
pregrown in the presence of IPTG (Table 2). Growth was monitored for only
one generation. Significant dilution of the lactose permease requires two gener-
ations of growth in the absence of IPTG (Harr and Harrr 1974). Since 5A-
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TABLE 2

Growth rates under various condilions

Growth rates, hr?
5A103

Pre-growth condition Growth condition 5A1032
No addition 0.19 lactose <0.01 <0.01
0.1% lactose

+ 0.2 mm IPTG 0.19 lactose 0.124 + 0.001 0.176 + 0.001
0.89% lactose 0.89% lactose <0.01 0.168 = 0.004
0.89% lactose 0.1% lactose not done 0.072 + 0.011

_ Cultures were grown overnight in 0.03% sodium succinate minimal medium plus any addi-
tions indicated under “pregrowth conditions.”

1032 colonies were clearly positive on MacCongEY lactose medium without
IPTG, I was surprised to find that strain 5A1032 also failed to grow on 0.1%
lactose when pregrown in the presence of 0.1% lactose without IPTG. Since
MacCongey medium contains 1.0% lactose, I measured the growth of strain
5A1032 at various lactose concentrations in the absence of IPTG, and found
that the threshold concentration for growth was 0.29, with the maximal rate
obtained at 0.89% lactose (data not shown).

Table 2 shows that when induced with 0.89 lactose, strain 5A1032 grew
well in 0.89%, lactose, and grew much more slowly in 0.19 lactose. By contrast,
the parental strain, 5A103, failed to grow on any concentration of lactose unless
induced with IPTG. Tf induced with 0.89% lactose, or shifted from 0.8% lactose,
strain 5A1032 grew slowly in 0.19 lactose; however if innoculated directly
from succinate minimal into 0.19% lactose minimal medium strain 5A1032
failed to grow. To understand this behavior, and to understand the difference
between strains 5A103 and 5A1032, I measured the levels of ebg enzyme and of
lactose permease in cells grown under various conditions. In strain 5A103, ebg
enzyme synthesis was induced about 100-fold by 0.19% lactose, about 600-fold
by 0.89 lactose, and in agreement with earlier results (Harr 1978b) about
1000-fold by 0.19% lactose + IPTG (Table 3). The induction levels are similar
for strain 5A1032 except that it is induced only 350-fold by 0.89% lactose. The
lower levels of activity in extracts of strain 5A1032 simply reflect the fact that

TABLE 3

Egb enzyme and Lac Permease activities

ebg enzyme activity Lac permea-e activity
Growth medium (Units mg™ cell protein) (Units g dry weight)
5A103 5A1032 5A103 5A1032
Succinate 0.232 = 0.062 0.083 = 0.003 <0.3 <03
Succinate + 0.1% lactose 322 =+ 12 75 =+ 025 <03 0.4
Succinate - 0.8% lactose 139 =+ 11 29 += 1.3 <0.3 2.7
Succinate + 0.19% lactose +
0.2Mm IPTG 234 + 27 74 + 13 8.3 85
0.89% lactose ND* 31 += 0.8 ND 2.3
Succinate -+ 0.2m IPTG 026 = 0.054 0.08 =+ 0.004 7.9 9.0

Cultures were harvested in late exponential phase.
* ND — not determined.
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Class IV enzymes are typically about one third as active toward 5 mMm ONPG
as are Class II enzymes (Harr 1981). The failure of strain 5A103 to grow on
0.8% lactose can not, then, be attributed to a failure to synthesize sufficient ebg
enzyme for growth.

Table 3 shows that lactose failed to induce synthesis of the lactose permease
in strain 5A103, but that 0.8% lactose yielded about 309 of the fully induced
level of lac permease in strain 5A1032. The failure of strain 5A1032 to grow
when shifted from succinate to 0.19% lactose minimal medium is explained
by the low levels of both ebg enzyme and lactose permease induced by 0.1%
lactose.

DISCUSSION

We began with a lacZ deletion strain, DS4680A, that could not grow on lac-
tose because (a) it lacked an enzyme that could hydrolyze lactose effectively,
(b) it had an ebg repressor that was insufficiently sensitive to lactose as an in-
ducer, and (c) synthesis of the lactose permease was not inducible by lactose
(Figure 1).

The first evolutionary step was a mutation in the ebgA gene that allowed ebg
enzyme to hydrolyze lactose effectively. The resulting strain, 5A1, was isolated
by chance during selection for lactose utilization. It was isolated from a papilla
on the surface of a colony of strain DS4680A growing on a lactose-tetrazolium-
IPTG plate as first described by Campeerr, LEncyeL and Lanerioge (1973).

DS4680A L -
ebg A° | ebgR Lac
ClossII J/
snéte
5A1 | -
ebg A*(m) I ebg R* Lac

54103 * Lac™ without IPTG
+(11) | +L
ebgATE T ebgR Lac* with TPTG
ClassI
si‘Ie
5A1032 * - + i
abg ANID | 2bg RHL Lac™ without IPTG

Freure 1.—Evolutionary pathway.
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Although strain 5A1 is lactose negative it formed faintly pink colonies on the
sensitive fermentation indicator MacConkEey-Lactose-IPTG agar. The presence
of 5A1 cells in the papilla suggests that the Class II ebgA mutation may have
conferred a slight selective advantage within the colony as the other nutrients
in the medium were depleted. On the other hand, “false” papillae—those which
yield no cells with a detectable change in the lactose phenotype—often arise on
the surface of such colonies. Those papillae presumably result from adaptations
to elements other than lactose utilization. Strain 5A1 may simply have been a
neutral mutation within such a false papilla.

A second spontaneous mutation, in ebgR, made the ebg repressor hyper-
sensitive to lactose as an inducer. The resulting strain, 5A103, could use lactose,
but only if synthesis of the lactose permease was artificially induced by IPTG.
The second mutation may also increase the fitness of the strain in the absence
of IPTG. While unable to grow without IPTG, strain 5A103 survives longer
than does its parent, strain 5A1, in lactose minimal medium without IPTG.

The third evolutionary step was the result of a second mutation in ebgA that
altered ebg enzyme so that it could convert lactose into an inducer of the lactose
permease. The resulting strain, 5A1032, is capable of growth on lactose without
artificial inducers. The ebg operon in strain 5A1032 is very mearly perfectly
evolved for lactose utilization: in the absence of lactose neither ebg enzyme nor
the lactose permease is synthesized above its normal basal level. In the presence
of lactose, synthesis of ebg enzyme is induced and that enzyme in turn converts
lactose into a lac operon inducer and lactose permease is synthesized.

This solution to the evolutionary problem of acquiring a new function
(lactose utilization) is particularly interesting in that the ebg operon in strain
5A1032 controls not only its own expression, but the expression of another op-
eron required for the lactose utilization pathway to function. These results are
an experimental verification of Wirson’s hypothesis that most significant evo-
lutionary changes arise from regulatory mutations that result in the co-ordinate
control of sets of genes that had previously been regulated separately (WiLson
1977).

The mutations described above have been deliberately selected in the labora-
tory as a model for the way biochemical pathways might evolve so that they are
appropriately organized with respect to both the cell and its environment. It is
reasonable 10 ask whether this model might have any relationship to the real
world outside the laboratory. If it is assumed that the selection is strictly for
lactose utilization, then a growth advantage exists only when all three muta-
tions are present simultaneously. Any one of the mutations alone could well be
neutral (it is unlikely that any would be disadvantageous); but neutral muta-
tions do enter populations by random chance events, and are fixed by a chance
process termed genetic drift. In the background of a neutral ebgA or ebgR mu-
tation, a second mutation in the alternative gene increases the fitness slightly
by increasing the survival of the double mutant in the presence of lactose. Selec-
tion could thus increase the frequency of double mutants in the population. The
third mutation, occurring in the background of the double mutant, is clearly
strongly advantageous.
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An alternative evolutionary route could involve intragenic recombination.
We have previously shown that Class IV ebgA alleles can arise via recombina-
tion between Class I and Class II alleles (Hary. and Zuzer, 1980a). A cross be-
tween two neutral mutants could result in a slightly advantageous double mu-
tant; similarly a cross between a neutral single mutant and a double mutant
could result in the strongly advantageous triple mutant.

We can fairly conclude that evolution of a well organized, integrated bio-
chemical pathway can involve several mutations, not all of which must be indi-
vidually advantageous. Likewise, this study provides a concrete example of a
way in which neutral mutations can contribute not only to the genetic diversity
of populations, but can also contribute to the adaptive potential of organisms.
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