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Abstract. We investigated the effect of generation
time (as controlled by chemostat flow rate) and
temporal variability in nutrient (arginine) availability
on selection at a regulatory locus in Escherichia coli.
We first determined the fitness conferred by argR*’?
(which regulates the arginine regulon) relative to
argR® (a weak constitutive) in constant environments
at several generation times across a range of con-
centrations of arginine. The relative fitness of arg RX'?
with respect to argR? declines with longer generation
times in the absence of arginine yet becomes inde-
pendent of generation time in the presence of excess
arginine. Control experiments show this differential
response in selection is entirely attributable to tran-
scriptional regulation by argR*’’. Temporal vari-
ability in the supply of arginine generates fluctuations
in selection. A simple model, based on the assump-
tion that relative fitness tracks changes in arginine
availability instantaneously, captures many of the
features of the oscillating allele frequencies and
accurately predicts the direction and intensity of
selection in environments where arginine concentra-
tions fluctuate frequently or infrequently. However,
the model fails to predict the direction and intensity
of selection in environments that fluctuate at mod-
erate frequencies. This suggests that phenotypic lag,
wherein cellular physiology changes more slowly than
the environment, may be influencing the outcome of
competition in this experimental system.
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Introduction

All environments vary, so it is hardly surprising that
the effect on selection of environmental heterogeneity
has long been of interest to evolutionary biologists.
Indeed, a considerable body of theory and experi-
ment exists regarding the impact of spatial and tem-
poral variation on selection and polymorphism
(Dempster 1955; Haldane Jayakar 1963; Felsenstein
1976; Chesson 1985; Hedrick 1986; Gillespie 1991;
Chesson 2000; Meyers and Bull 2002). Both theory
and interpretation of experimental results assume
that a given genotype in a given environment has a
given phenotype and, thus, a unique fitness. How-
ever, little attention has been paid to the impact on
fitness of physiological transitions from one state to
another, how they might affect the outcome of com-
petition, and whether they can be predicted from
studies of fitness in constant environments. In this
paper we investigate the impact on fitness of changes
in gene expression generated when cycling between
two environmental extremes.

Building on the work of Suiter et al. (2003), we
investigate the impact of oscillating concentrations of
environmental arginine on fitness (relative growth
rate) of clones of Escherichia coli that differ at argR.
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This is an ideal model system to investigate selection in
a temporally variable environment. The role of argR in
transcriptional control of the arginine regulon has long
served as a paradigm of gene regulation (Lim et al.
1988). Computer controlled peristaltic pumps deliver
alternate media into chemostat growth chambers to
provide highly reproducible cyclic environments suit-
able for competition studies. Changes in allele fre-
quency can be rapidly and accurately determined, and
the abundance of arginine in the environment readily
ascertained. Competitors can be accurately censused
and the key environmental variable (the concentration
of arginine) is easily monitored.

ArgR regulates the biosynthetic arg regulon of
Escherichia coli (Ennis and Gorini 1961). E. coli
strains K12 and B carry alleles that differ by a single
amino acid replacement (Jacoby and Gorini 1969;
Lim et al. 1988; Van Duyne et al. 1996; Sunnerhagen
et al. 1997). Replacing proline by leucine at site 70
converts arginine, a potent corepressor with ArgR¥!'?,
into a weak coinducer with ArgR®. So whereas
ArgR¥!? maintains tight control of gene expression,
allowing full induction in the absence of environ-
mental arginine and strong repression in its presence,
ArgR® maintains weak constitutive expression that
increases slightly in the presence of exogenous argi-
nine (Ennis and Gorini 1961; Tian et al. 1988). Note
that even in the absence of arginine, ArgR¥'? and
ArgR® will each bind the operator to modulate arg
regulon expression. Unlike these natural alleles, a
completely inactive laboratory mutant, ArgR*® (Tian
et al. 1988), produces strong constitutive expression
under all conditions and serves as a control for the
fitness effects of transcriptional regulation.

Suiter et al. (2003) showed that arg R*/? is selectively
favored in the presence of arginine whereas argR” is
favored in its absence. The fitness (relative growth rate)
of argR¥X"? relative to arg® (wk'?) rises quickly in re-
sponse to arginine until a broad fitness plateau is
reached (Fig. 1A). By contrast, the fitness of argR*
(encoding an inactive repressor) relative to argR®
(encoding an unresponsive repressor) remains low and
constant regardless of arginine availability. Hence, the
changes in fitness seen in competitions with argR%’?
are attributable to regulation by the active ArgR*'?
repressor in response to arginine availability, and to no
other cause. Despite being able to attribute changes in
fitness to regulatory action by the ArgR®!? repressor in
response to arginine availability, the physiological
basis of the selection is, as yet, not understood.

Suiter et al. (2003) cycled between media with high
and low arginine to produce a variable environment.
The length of a cycle is defined as the time taken to
sequentially deliver the two media (one high, the other
low in arginine) into the chemostat growth chamber.
A half-cycle is defined as the time over which one
medium is pumped into the growth chamber. Each
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Fig. 1. A The fitness of argR%"’ relative to argR® as a function of
arginine availability. Concave fitness functions of this kind are
predicted to make fitness sensitive to the length of the
environmental cycle. In this example, infrequent cycling between 1
and 0 mM arginine produces an expected fitness of
wK = (wK(1) + wK(0))/2 = 0.966 and argR” wins the competition.
With frequent cycling the expected fitness is wh(0.5) = 1.032 and
arg R®"? wins the competition. B Cycling between media with 1 and
0 mM arginine need not produce an instantanecous change in the
arginine concentration in the chemostat growth chamber. In this
simulation 20 time units (thin line; cycle time, 40 units) is needed
before the steady-state value of 0.9 mM arginine is approached (0.1
mM is consumed by the population). As cycle frequency increases
the steady-state ceases to be approached (thick line; cycle time, 20
units), although there may remain sufficient time for all the arginine
to be consumed when the 0 mM medium is pumped into the
chamber. At higher frequencies (dashes; cycle time, 2.5 units) there
is insufficient time for arginine concentrations to deviate very far
from the mean value, R. Selection in a cyclic environment can be
predicted if it is assumed that fitness (A) instantaneously tracks
cycling arginine concentrations (B).

half-cycle can be divided into two periods: the first is a
transitional phase where the arginine level rises or falls
to its new steady-state value, and the second is the
length of time spent at the new steady-state value.



Fig. 1B simulates the effect changing cycle times on
the kinetics of arginine in the chemostat growth
chamber. With long half-cycles (20 time units; thin
line) the arginine level closely approaches its steady-
state value (0.9 units). A switch to medium without
arginine produces an abrupt drop and by 27 time units
no arginine is left in the chemostat growth chamber.
The cycle restarts at 40 time units. With short half-
cycles (1.25 time units; dashed line) there is insufficient
time to displace the arginine concentration in the
growth chamber very far from its mean value and
steady-state values are never approached. These sim-
ulations illustrate several important facets of arginine
dynamics in the chemostat growth chamber: (1) long
half-cycles of equal duration do not imply that the
times spent at the two steady states are of equal
duration (half-cycles of 20 time units); (2) in fact, one
steady state need never be approached (half-cycles of
10 time units, thick line); (3) short half-cycles prevent
arginine levels approaching steady-state (half-cycles
of 1.25 time units); and (4) very short half-cycles
(<0.1 time units; not shown) force the arginine levels
to converge to a near-steady-state mean value.

Suiter et al. (2003) showed that the outcome of
competition in environments that cycle between high
and low arginine depends on the length of the cycles.
Short cycles favor argR*’?, whereas long cycles favor
argR®. This dependence arises as a consequence of
the concave relationship between fitness and arginine
concentrations (Fig. 1A). For such a concave fitness
function, the mean fitness across environments is less
than the fitness in the mean environment; i.e.,
wiI2(R;) < wkI2(R), where wA!2(R;) is the fitness
function and R; is the concentration of arginine in
environment i. For example, with long cycles
the proportion of time spent in transit between high
(1 mM) and low (0 mM) arginine is small compared
to the time spent at either steady-state (high or low

arginine). Assuming half-cycles of equal length, the

RX'? relative to argR® converges on a

simple mean, wkI2(R;) = (wE2(1)+
wk12(0))/2 < 1. With very short cycles there is
insufficient time for arginine to be displaced far from
its mean value and fitness converges on wk'?(R) > 1.
Hence, the outcome of competition depends on the
length of the cycles.

There are five outstanding questions regarding this
experimental system: (1) the kinetics of arginine in the
chemostat growth chamber, (2) the relationship be-
tween relative fitness and the chemostat dilution rate
(cell generation time), (3) exploration of the physio-
logical basis of selection in variable environments,
and (4) the biochemical basis of selection.

(1) Our first goal is to investigate the kinetics of
arginine following a switch in medium delivered to
the chemostat growth chamber. The ability to mon-

fitness of arg
arithmetic
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itor variable arginine concentrations is key to
understanding competitive outcomes in dynamic
environments.

(2) Our second goal is to determine the impact on
fitness of changes in generation time. The generation
time of a chemostat population is under the direct
control of the experimenter (Kubitschek 1970). The
growth rate, p;, of a pure population i inhabiting a
chemostat at steady-state equals the dilution rate, D,
the fractional rate of replacement of medium in the
growth chamber. E. coli has a negligible death rate in
chemostat culture. Consequently, the cell generation
time (i.e., the average time between cell divisions) is
simply D™!, and the population doubling time (i.e.,
the time it takes for the population to double in
density to compensate for wash out from the growth
chamber) is simply In 2/D.

Under standard operating conditions, where
W = D << Wimax (the maximum growth rate of the
population), y; = D = o,;G and growth rate is pro-
portional to G, the concentration of the limiting re-
source (Lunzer et al. 2002). For a mixed population
at quasi-steady-state in a chemostat, fitness is defined
as the ratio of growth rates, w’} = Wl = oylo,
which is independent of both G and D. Hence,
changes in generation time are not expected to affect
fitness during competition for an essential limiting
nutrient (Lunzer et al. 2002). Arginine is not essential
for growth, yet it affects fitness. Therefore, it becomes
of interest to determine if changes in generation time
affect fitness when fitness is a function of a resource
that is neither essential nor strictly growth limiting.

(3) There are two mechanisms that allow fitness to

converge on wk!2(R) that need to be distinguished. As

suggested above, fitness will converge on wk!2(R) when

cycle times are so short that arginine can not be dis-
placed far from its mean, R. On the other hand, there
may be insufficient time for cells to respond to changes
in the environment which they perceive to be at a
constant average R. Even when an environment varies
dramatically (e.g., at a cycle time at 40 time units in
Fig. 1B), fitness may still converge on wk!?(R). One of
our goals is to determine if either or both mechanisms
operate (they are not mutually exclusive).

The intensity of selection in a cyclic environment
can be predicted. For example, Fig. 1A provides the
relationship between fitness and arginine concentra-
tion and Fig. 1B shows how arginine concentrations
change with time. Predictions are made by assuming
that fitness (Fig. 1A) changes instantaneously with
changes in arginine concentration (Fig. 1B). If we
accurately predict fitnesses across a broad range of
cycle frequencies, then we will have shown that an
understanding of fitness in constant environments
can be used to predict fitness in cyclic environments.
If the prediction fails, then either fitness is affected by
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states in cyclic environments that do not occur in
constant environments or fitness is affected by tran-
sient physiological states (i.e., phenotypic lag) that do
not arise in constant environments.

(4) Suiter et al. (2003) showed that changes in fitness
are ultimately attributable to the interaction between
arginine and the ArgR®'? repressor. Precisely how
selection is mediated through changes in expression of
the arg regulon, or a specific gene thereof, is not
known. Though we do not attempt to address explicitly
the biochemical basis of selection, the data gathered
shed some light on this important matter.

Materials and Methods

Strains. Construction of the strains used in these experiments was
described previously (Suiter et al. 2003). Briefly, the genetic back-
ground used is derived from DD320, which, except for a small
deletion spanning the lactose operon, is E. coli K12 wildtype (and
which has been successfully used in many chemostat competition
experiments). Alleles argRX’? (from K12 strain DD320), argR®
(from wildtype B strain CGSC#5365), and argR*® (from strain
CGSC#4519) were introduced into the DD320 genetic background
by cotransduction using bacteriophage P1(cml/ cir 100), there being
no convenient direct selection at argR. Allelic identities were con-
firmed by sequencing PCR argR amplicons. Spontaneous mutants
resistant to the bacteriophage TS (fhud™~) were isolated. All strains
were stored at —80°C in 16% glycerol.

Media. Minimal medium is Davis salts (MD: 7 g K;HPO,, 2 g
KH,PO,, 1 g [NH4],SOy, 0.5 g trisodium citrate in 1 L of distilled
deionized water, with 1 ml of 1 M MgSO,4 7H,O and 0.5 ml of 1%
thiamine added after autoclaving) supplemented with 2 g/L glucose
and 15 g/L Bacto agar for plates. Rich medium is Luria broth (LB: 5
g yeast extract, 10 g tryptone, 10 g NaClin 1 L of distilled deionized
water, with 1 g glucose and 2.5 mM CaCl, added after autoclaving).

Competition Experiments. Chemostat competition experiments
are conducted using standard methods (Lunzer et al. 2002). The
medium is Davis salts, pH 7.3, supplemented with 5 pM FeSOy, 0.1
g/L glucose, and 1073 g/L thiamine, with L-arginine added as re-
quired. Experiments are conducted in a 37°C room. Competitions
in variable environments are conducted in modified chemostats
having two medium inlets, with peristaltic pumps delivering media
to the chemostats being turned on and off at specific intervals by a
timer.

Competition experiments are conducted between pairs of
strains: one carries one argR allele and is sensitive to the bacte-
riophage TS, while the second carries the other argR allele and is
resistant to TS. The progress of competition is monitored by fol-
lowing the frequency of TS5 resistance over time, there being no
means for recombination to disrupt linkage between the alleles and
the marker. Between 5 and 10 1-ml samples are stored overnight at
4°C and, the next day, stained and enumerated by flow cytometry.

Flow Cytometry. Two microliters of a 2% (w/v) solution of
chloramphenicol dissolved in ethanol and 20 ul of a 5 x 10'!/ml
stock of bacteriophage TS5 in LB medium are added to 200 pl of
stored cells. Following incubation at 30°C for 1 h, 20 pl of the
mixture is added to 1 ml of phosphate buffer (7 g/L. K,HPO,, 2 g/L
KH,PO,, 500 uM Na,EDTA, pH 8.0, passed through a 0.22-um
nitrocellulose filter to remove particulate matter) containing 10 pl
of the 2% (w/v) chloramphenicol solution and 100 pM cyanine dye,
YoPro-1-iodide (Molecular Probes). Samples are incubated in the
dark for 30 min and then enumerated by flow cytometry.

Sensitive cells, their membranes depolarized by attachment of
excess TS5, accumulate the cyanine dye which intercalates into
double stranded nucleic acid where it fluoresces green upon exci-
tation by a 25-mW air-cooled 488-nm argon laser. Data acquisition
in a FACSCaliber flowcytometer (Becton—Dickerson Corp.) is
triggered by sideways-scattered light, with data collected for side-
ways (SS)- and forwards (FS)-scattered light, and fluorescence (FL)
between 505 and 545 nm. Log(SS vs. LogoFS plots are gated to
remove points, such as the bacteriophage T3, that are too small to
be E. coli cells. Log;oSS vs. Log|oFL plots are bimodal, with the
fluorescent T35 sensitive population well separated from the non-
fluorescent TS5 resistant population. Each sample is counted for
approximately 40 sec (approximately 50,000 counted cells) at 30,
45, and 60 min after staining begins. Sample counts typically show
little difference and are considered replicates.

Estimating Fitness. In constant environments, the selection
coefficient, §, is estimated as the slope of a plot the log, ratio of
strains against time (measured in Dt population generations)

N(1)
where N (7) and N (¢) are the counts of argR%’? and argR® at time
t hr and the y-axis intercept yp = log. [Nk (0)/Np (0)] is the esti-
mated log, ratio of strains at = 0. D, the chemostat dilution rate,
converts time from hours into cell generations. The mean selection
coefficient among replicate experiments is estimated by unweighted
pooled linear least squares regression, as described by Snedecor and
Cochran (1993). The fitness of argR¥!? relative to argR® is simply

log, [NK(’)] — o+ $(D1) 1)

WAIZ =1 4§ (2)

The overall intensity of selection in a cyclically varying envi-

ronment is determined by least-squares nonlinear regression to the
empirical formula

log, {N K(’)] ~ yo + 5(Df) + aCos(nDt/7 + B) (3)
N, 3(l )

where § is the mean selection coefficient, o is the amplitude of the
oscillation, © is degrees in radians, t is the period spent in an
environment, and B is the phase of the wave with respect to time.
Unweighted nonlinear least squares regression is implemented
using JMP (SAS Institute Inc.). Estimates of yo, 5, o, T, and B were
obtained for each data set. The simple averages of 5, o, and T were
statistically indistinguishable from those obtained by fitting equa-
tion (3) to the pooled data, superpositioned using estimates of y,
and B to bring each set into common register.

Arginine Assays. Isoindole products produced by derivitizing
sample amines with o-pthalaldehyde (OPA) are separated by iso-
cratic reversed-phase high pressure liquid chromatography, de-
tected using an inline fluorimeter, and quantified with an
autointegrator (Jones et al. 1981). Chemostat samples are imme-
diately passaged through 0.45-pm filters to remove cells and stored
frozen at —80°C until needed. Two hundred microliters of thawed
sample is diluted with 800 pl of 1.0 mAM HCI containing 75 pM
aspartate as a standard. Fifty microliters of this mixture is added to
50 pl of OPA (from a 1 ml OPA, 5 pl 2-mercaptoethanol stock)
and, 60 sec later, loaded onto a 100 x 4.6-mm column packed with
5 pm Absorbosphere OPA-HS (Alltech) using an autosampler. The
mobile phases consist of a 1:1 ratio of buffer A (0.96 L 50 mM
sodium acetate, pH 5.7, with 40 ml tetrahydrofuran passaged
through a 0.45-um nylon filter) to buffer B (absolute methanol
passaged through a 0.45-um nylon filter) at 3100 psi to produce a
flow rate of 4.5 ml/min. Fluorescence detector excitation is at 325
nm, with emission monitored at 465 nm. Autointegrator peaks at
0.5, 1.25, and 3.3 min correspond to aspartate, arginine, and
ammonium (in the chemostat medium). Arginine concentrations
are determined from standard curves prepared using fresh che-
mostat medium with added arginine.
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Fig. 2. Reverse-phase high pressure liquid chromatography with
inline fluorescence detection of isoindole derivatives provides a
rapid and sensitive assay of environmental arginine. Aspartate is
added as an external standard, while ammonium, present in excess
in the chemostat medium, provides an internal standard.

A typical chromatogram (Fig. 2) reveals three well-separated
peaks corresponding to the external standard (aspartate at 0.5
min), arginine at 1.3 min, and the internal standard (ammonium at
3.35 min). Standard curves, prepared on the assumption that peak
area is proportional to amount, allow arginine concentrations in
media to be accurately determined.

Results
Arginine Kinetics

Ambient Arginine Concentrations in Chemostats at
Steady-State. Only when fresh chemostat medium is
supplemented with arginine (R() can it be detected in
the growth chamber (R). Hence, neither strain ex-
cretes arginine. Nor is arginine detectable in the
growth chamber when fresh medium is supplemented
at concentrations below 20 pM. This is because a
resident population of E. coli growing on 0.01%
glucose reduces the ambient arginine concentration
by 19 + 2 uM, irrespective of allele and irrespective
of arginine concentrations above 20 pM in the fresh
medium (Fig. 3A). With transporters saturated
(K,, = 20 nM |[Celis 1977]) and the quantity of
arginine consumed proportional to the biomass in the
growth chamber (Fig. 3B), the ambient steady-state
arginine concentration in the chemostat growth
chamber, R, is best described by

R=Ry— Nr/Yr for Ry > 19uM (4)

where R, is the arginine concentration in the fresh
medium and NT/ Yr=19uM 1is the quantity of
arginine consumed by a steady-state population,
density N7 with yield coefficient Yg.

157

Transient Arginine Kinetics. Weneed to constructa
model describing the kinetics of arginine in the che-
mostat growth chamber after a switch in medium. We
begin by noting that the quantity of arginine consumed
at steady-state is proportional to population density
(NT/ Yr) and independent of the steady-state growth
rate of the culture (Fig. 3C). These observations imply
that the rate of consumption is directly proportional to
the growth rate (a seeming paradox perhaps),

dR/dt = D(Ry — R) — YiNT (5)
R

where Ry is the arginine concentration in the fresh
medium, R is the arginine concentration in the che-
mostat growth chamber, D is the chemostat dilution
rate, and @ = D is the growth rate of a steady-state
population, the cell density of which is not affected by
environmental arginine. The seeming paradox arises
because at steady-state dR/dt = 0 and p = D so that
equation (5) can be solved to yield equation (4)
without contradiction. Integrating equation (5) pro-
duces

R(t)=R(1—e ) forRy>Nr/Yr  (6)

where R(¢) is the ambient arginine concentration at
time ¢ and R(0) = 0. The decay from steady-state
upon switching to fresh medium lacking arginine
(R’o = 0) is described by

R(t) = Rye ® — Np/Yr fort< —%loge[l — R/R]
(7)

at which point the arginine concentration has been
reduced to zero, and

R(t)=0 fort> —%loge[l — R/Ro| (8)

Equations (6) and (7), fitted using nonlinear least
squares regression as implemented by JMP (SAS
Institute Inc.), track the data well (Fig. 4). Thus, the
steady-state arginine concentration in the growth
chamber depends on R, and N7, while the fractional
rate of change in R(¢) is determined by D.

Alternative Kinetic Models. Arginine consump-
tion is directly proportional to both growth rate and
population density in our kinetic model. Although
alternative models fit the exponential rise and fall of
arginine equally well, they do not predict the final
steady-state concentrations of arginine accurately. A
model in which the per captita consumption rate is
constant per unit time (i.e., independent of growth
rate) and proportional to cell density yields the same
exponent as above, but not the same steady-state
concentration of arginine which now varies with dilu-
tion rate (the relationship R = Ry — aN/D is rejected
in Fig. 3C). A model in which the per capita con-
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Fig. 3. Arginine assays in chemostat media. A HPLC provides an
accurate estimate of the quantity of arginine in fresh medium (Ro).
Unconsumed arginine in spent medium (R) parallels that in the
fresh medium, indicating that arginine consumption is independent
of concentration above 0.019 mAM. B The quantity of unconsumed
arginine in spent media declines in proportion to the glucose added
to fresh medium, which is proportional to population density since

sumption rate is proportional to growth rate, to cell
density and to arginine concentration (unrealistic be-
cause with a K,,, = 20 nM arginine transporters are
saturated over the entire range of concentrations
measured) produces an exponent that is dependent on
population density, —(1 +aN7)Dt, and a steady-state
concentration of arginine that is directly proportional
to the concentration in the fresh medium,
R = Ro/(1 + aN7)(both rejected in Fig. 3A). So while
different models fit the transient kinetic data about as
well as equations (6) and (7), they can be firmly rejected
on the basis that they fail to predict the observed
steady-state concentrations of arginine in the chemo-
stat growth chamber.

Fitness and Generation Time

Figure 5 presents data from four chemostat compe-
tition experiments conducted with a dilution rate
D = 0.44 h™" at various concentrations of arginine.
Selected against in the absence of arginine, ArgR*? is
already favored at Ry = 0.05 mM, with very little

Percent Glucose in Fresh Medium

Population Generation Time (D - Hrs)

glucose is the sole limiting nutrient. C Changing the generation
time by changing the chemostat dilution rate has no effect on the
level of unconsumed arginine (fresh medium is 0.01% glucose and
0.2 mM arginine). Results with strains carrying argR ' and argR®
are indistinguishable and so their means (of at least three estimates
each) are shown.

increase in fitness above Ry = 0.1 mM. These results
parallel those of Suiter et al. (2003), who conducted
similar experiments at a dilution rate D = 0.33 h™"'.
But whereas the selection against ArgR%’? in the
absence of arginine here is —3.67 = 0.05%/gen, Sui-
ter et al. (2003) found that the selection against
R¥’? was more intense, —10.83 + 0.12%)/gen.
The difference in selection coefficients suggests that
the intensity of selection depends on generation time.
In a chemostat operating at steady-state the popula-
tion growth rate equals the dilution rate, the inverse of
which (i.e., D™') is the mean cell generation time (Ku-
bitschek 1970). We therefore conducted competition
experiments at various dilution rates to explore the
dependency of fitness on generation time. In the ab-
sence of exogenous arginine, fitness declines linearly
with generation time but rises hyperbolically with
ambient arginine concentration (i.e.,R). Fitting equa-
tions of the form Wwk'> = A+AR/(K + R), where A is
fitness in the absence of arginine and A is the maximum
gain in fitness when arginine is present in excess, reveals
that A depends strongly on dilution rate, but that A +

1 Fig. 4. The kinetics of environmental arginine.

A Rise in arginine concentrations as media with 0.2
mM arginine are pumped into chemosats with
resident populations that had been growing on 0
mM arginine. B The decline in arginine
concentrations as media with 0 mM arginine are
pumped into chemostats with resident populations
that had been growing on fresh media containing 0.2
mM arginine. Each point is a single estimate:
argRX" (solid symbols) and argR® (open symbols)
at dilution rates 0.33 h™! (circles) and 0.44 h™".

. Neither argR allele nor dilution rates affect arginine
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kinetics and the pooled data in A and B were fitted
to equations (6) and (7), respectively.
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Fig. 5. The direction of selection is dependent on the availability
of arginine. At 0.0 mM arginine the selection against argR%’? is
3.67 £ 0.05%/generation. Adding 0.05 mM arginine to the fresh
medium causes a change in the direction of selection, which
now favors argR¥? at 1.65 + 0.03% generation, rising to
3.49 £ 0.03% generation at 0.1 mM and approaching a maximum
of 4.01 = 0.03% generation at 1.0 mM. Triplicate counts of 25,000
cells each were obtained by flow cytometry.

A and K are independent of it (Table 1). These obser-
vations are consistent with the following model of fit-
ness at steady-state in the chemostat

sz:ﬂfaz:wku (1_ Pxi2 >_X1<12/D 9)

B i B.max KK12+R KK12+R

in which it is assumed that argR? is nearly fixed in the
population so that {i; = D. The derivation of equa-
tion (9) is given in the Appendix. w§’Z, is the maxi-
mum fitness of argR¥’? in the presence of excess
arginine. Overexpression of the arg regulon by
argR¥!? is assumed to impose a cost to fitness: Bx;> is
a constant that introduces a cost that is proportional
to growth rate, and yg;» is a constant that introduces
a cost that is proportional to absolute time. k> is the
concentration of arginine necessary to halve the cost
of regulon expression in strains carrying argR%’?.
Analysis shows that for argR®, B cannot be estimated
independently of [gmax and that yz = 0—i.e., argRB
does not impose a cost proportional to absolute time.
An ° = 0.9972 (Table 2, Fig. 6) suggests that non-
linear regression produces an adequatef fit to the data.

Regulatory Control. Experimental controls reveal
that arginine affects fitness by binding to the ArgR*"*
repressor, and not through any other mechanism.
ArgR?® encodes an inactive ArgR repressor. There-
fore, competing argR*>® and argR® provides a control
for the fitness effects of transcriptional regulation. As
with argR*?| increasing generation time from 3 hrs
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to 6.7 hrs causes a noticeable decline in the fitness of
argR*® relative to argR®. Unlike argR%"?, adding 1
mM arginine to the chemostat feed has no impact on
this decline (Fig. 7). These observations are consis-
tent with the following model of fitness:

3 _ R
W%i’g = ﬁ_ij = W?max - X38/D (10)

in which it is again assumed that argR? is nearly fixed
in the population so that fi; = D. The derivation of
equation (10) assumes that arginine has no effect on
expression in either strain and hence no effect on fit-
ness. Indeed, the growth rate of argR” strains in batch
culture is not noticably affected by the presence of
arginine (MD salts, 0.1% glucose, 0, 0.2 or 1 mM
arginine). As with argR®, Bsg cannot be estimated
independently of p3g max. Unlike argR®, argR*® im-
poses a cost in fitness proportional to absolute time
(x3s = 0.054 h™' > 0). The fact that the addition of
excess arginine to the medium has no effect on the
fitness of argR*® demonstrates that the interaction
between arginine and the ArgRX'? repressor amelio-
rates the cost to fitness of arg regulon expression.

Competition in Variable Environments

The impact of variable environments on selection was
investigated by cycling between feed media supple-
mented with 0 and 0.2 mM arginine (Fig. 8). Oscilla-
tions in allele frequency increase with cycle length
simply because there is more time for selection to drag
allele frequencies up and down during each half-cycle.
The overall direction of selection diminishes as the
cycle length increases—Jensen’s inequality ensures
that the function of the expectation (i.e., w5'>(R)) ex-

ceeds the expectation of the function (i.e., wh'> =

(wh12(R) + w§'2(0))/2) when fitness is a concave
function of ambient arginine concentrations (Fig. 1A).

These results corroborate those of Suiter et al.
(2003) in all essential respects. However, Suiter et al.
showed not only that the overall intensity of selection
diminishes as cycle lengths increase, but also that
its direction depends on cycle length. This quali-
tative difference in the outcome of competition is
largely attributable to selection against arg R’ in the
absence of arginine being stronger at longer
generation times. Hence, average fitness at D = 0.44
h™',  whi2 = (wE12(0.181) + wk!2(0)) /2 = (1.036 +
0.965)/2 = 1.001, is higher than at D = 0.33 h™",
wh12 = (wh12(0.181) + wh!2(0)) /2 = (1.031 4 0894)/

2 =0.963.

Selection in Cyclical Environments. Selection in
cyclical environments can be predicted from the
kinetics of arginine in the chemostat growth chamber
(Figs. 3 and 4) and the relationship between fitness
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Table 1. Fitness as a function of ambient arginine concentrations at various dilution rates

i = A+ A( )a
Dilution Rate (h™") A A A+ A K
0.15 0.578 £+ 0.005 0.459 + 0.014 1.038 £+ 0.008 0.017 £+ 0.003
0.33 0.893 + 0.002 0.146 £+ 0.003 1.039 £+ 0.002 0.016 £+ 0.002
0.44 0.965 £+ 0.002 0.074 £+ 0.002 1.039 £ 0.001 0.013 £+ 0.002
0.67 1.004 £+ 0.001 0.030 £+ 0.002 1.034 £ 0.001 0.017 £ 0.006
 Fitted to data in Table 2.
Table 2. Generation times, arginine concentration, and fitnesses
Arginine concentration (mM) Fitness (w§'?)
Dilution rate Generation time
) (h™h Feed Chamber Observed Estimated
0.33 3.0 0 0 0.896 0.896
0.33 3.0 0.001 — 0.897 —
0.33 3.0 0.01 — 0.902 —
0.33 3.0 0.02 0.001 0.966 0.958
0.33 3.0 0.035 0.016 0.981 0.981
0.33 3.0 0.05 0.031 0.988 0.994
0.33 3.0 0.075 0.056 1.009 1.007
0.33 3.0 0.1 0.081 1.015 1.014
0.33 3.0 0.2 0.181 1.031 1.025
0.33 3.0 0.4 0.381 1.030 1.031
0.33 3.0 0.5 0.481 1.033 1.032
0.33 3.0 1.0 0.981 1.036 1.035
0.44 2.27 0 0 0.965 0.960
0.44 2.27 0.1 — 0.983 —
0.44 2.27 0.05 0.031 1.016 1.013
0.44 2.27 0.1 0.081 1.031 1.025
0.44 2.27 0.2 0.181 1.036 1.030
0.44 2.27 0.5 0.481 1.035 1.034
0.44 2.27 0.8 0.741 1.038 1.035
0.44 2.27 1.0 0.981 1.036 1.036
0.15 6.67 0 0 0.578 0.578
0.15 6.67 0.01 — 0.697 —
0.15 6.67 0.1 0.081 0.964 0.963
0.15 6.67 0.2 0.181 0.984 0.999
0.15 6.67 0.4 0.381 1.024 1.018
0.15 6.67 0.5 0.481 1.030 1.022
0.15 6.67 1.0 0.981 1.027 1.029
0.6 1.67 0 0 1.004 1.011
0.6 1.67 0.05 0.031 1.030 1.029
0.6 1.67 0.1 0.081 1.034 1.033
0.6 1.67 0.15 0.131 1.032 1.034
0.6 1.67 0.2 0.181 1.027 1.034
0.6 1.67 0.3 0.281 1.032 1.035
0.6 1.67 0.4 0.381 1.034 1.036
0.6 1.67 0.6 0.581 1.034 1.036
0.6 1.67 1.0 0.981 1.032 1.036
W]BSIZ = fig2/fip = wB,max(l - ﬂmz/(Kklz + IAQ)) - XKlz/D(Kklz + R)
Estimates
WhL 1.0368 + 0.0013
Bxi2 0.0019 + 0.0001
AK12 0.0014 £ 0.0001
Kki2 0.0163 + 0.0009

2
r

0.9972
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Fig. 7. Control experiments reveal that arginine supplied to che-
mostats has no impact on the fitness of the inactive argR*® allele
(open squares and dashed lines), whereas it eliminates the genera-
tion time effect with the active argRX’? allele (filled circles and solid
lines).

and ambient arginine concentrations (Fig. 6) in con-
stant environments. The key assumption is that fit-
ness changes instantaneously with changes in ambient
arginine concentrations. We use equations (6) and (7)
to describe how arginine concentrations change with
time, and equation (9) to describe the dependency of
fitness on those concentrations (see Appendix for
details).

The log[Nk1»(f)/Ng(?)] ratio of strains was simu-
lated (equations [A23] and [A24], Appendix) for a
cyclical environment with half-cycles of equal length,
t; = t», and one feed arginine concentration set at
Ry = 0.2 mM and the other at Ry = 0.0 mM. A
smooth wave is produced as selection first favors one
and then the other allele (Fig. 9). As expected, longer
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Fig. 6. The fitness landscape of argR. In the
absence of arginine, the fitness of argRK]2 with
respect to argR®-declines dramatically as the
generation time is increased. In the presence of
excess arginine, the fitness is independent of the
generation time. The surface was constructed using
equation (9).

cycles reduce the overall intensity of selection and
increase the amplitude of the oscillations.

The simulation (Fig. 9) predicts that the delayed
responses of selection following switches in media are
asymmetric. The delay is short when switching to a
medium with arginine (0.13 gen with half-cycles 5.3
generations long at a generation time of D' = 2.27
hr) but very much longer when switching to a med-
ium without arginine (1.61 gen). The asymmetry of
the delays is a consequence of the concave fitness
surface (Fig. 6)—only a short time is needed to de-
liver the small quantity of arginine needed to produce
high fitness, whereas a longer period is needed to
consume most of the unused arginine.

Direct comparisons of the simulated asymmetric
delays with fitted cosine waves (equation [3]) are in-
valid because the latter necessarily average over any
asymmetries in the data (Fig. 9). One obvious ap-
proach, the piecewise fitting of three nonlinear
equations (equation [A23] when Ry = 0.2 mM and
equation [A23] or [A24] when Ry, = 0.0 mM; sece
Appendix) directly to the data was found to be
impractical. Nevertheless, many features seen in the
simulations (Fig. 9) can be visualized in the data (Fig.
10). First, changes in the direction of selection (as
predicted from the arginine kinetics) coincide with the
peaks and troughs of the data, which appear a little
before and a little after the peaks and troughs of the
fitted cosine wave. Second, the delayed responses of
selection following switches in media are asymmetric,
with the change in the direction of selection being
faster when switching to media with arginine than
when switching to media without arginine. Third, the
rise in frequency of argRX!? in the presence of argi-
nine is both less steep and longer than its fall when
the arginine runs out.

The above delays are concerned with translational
shifts in time. Another type of delay is associated with
the amplitude of the oscillations in the direction of
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Fig. 8. The intensity of selection for argRX!? diminishes as the
length of half-cycles (at 0 and 0.2 mM feed arginine) is increased
from 1.3 generations (top) to 6.6 generations (bottom). Data at 1.3
and 2.6 generations are each pooled from four independently rep-
licated experiments, those at 4 generations are pooled from two
replicate experiments, and those at 5.3 and 6.6 generations are each
pooled from six replicated experiments. Each circle represents
25,000 cells counted, each sample being counted three times. In
total a quarter-billion cells counted by flow cytometry are repre-
sented here. The fits are for the cosine wave given by equation (3).

selection. Simulations suggest that the amplitude of
the selection data is accurately estimated by the
otherwise ill-fitting cosine waves (Fig. 9). A plot of
amplitude against cycle length reveals this delay as
the intersection of the regression lines with the ab-
scissa (Fig. 11). The data produce estimated delays of
1.6 and 2 generations. The simulated delay is 1.5
generations. Hence, oscillations in the direction of
selection appear only when half-cycles are longer
than 1.5-2 generations.

' 0.1 2% T ST oo, o} T e S e B
< ! ] i : : : ' ' :
< 1 H ! ' ‘ ! ' ' H
< i : : : : : : ! !
=R A AU S SO N SO A A S
I [

-0.1 | B

Simulated Log_(argR*"?/argR®) at D

OVl === — = 1 P—————— a
[ ] | |
[ | | |
s | | |
-0.5 | e g = d N L— -,
0 5 10 15 20
Generation

Fig. 9. Simulated selection using equations (A23) and (A24) at
dilution rate D = 0.44 h™'. Dashed curves represent simulations
with half-cycles of 2.25 generations (short dashes) and of 5.3 gen-
erations (long dashes). Thin lines are cosine waves (equation [3])
fitted to the simulated data. Dashed straight lines represent changes
in the delivery of arginine into the chemostat growth chamber (up,
0.2 mM arginine; down, 0 mM arginine).
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Fig. 10. An example of the response of selection to a change in
medium. The square wave (top; thin dashes) represents periods (not
the arginine concentration) when 0.2 mM arginine is pumped into
the chemostat growth chamber; the thick dashed curve is the pre-
dicted rise and fall in arginine concentration in the chemostat
growth chamber at dilution rate D = 0.44 h™'. The thin horizontal
line corresponds to an arginine concentration of 0.017 mM in the
chemostat growth chamber. Where this line intersects the rise and
fall in arginine concentration correspond to times where switches in
the direction of selection occur (then vertical lines to bottom). The
cosine curve (equation [3]), fitted to the data, averages across the
asymmetry in switching times, producing an advance in the peak
and a delay in the trough. Data pooled from six replicate chemostat
experiments. Each circle represents 25,000 cells counted, each
sample being counted three times.
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Fig. 11. Estimating the delay in the response of selection to a
change in the environment. The delay is estimated as the intercept
on the abscissa produced by regressing the amplitudes of the co-
sines wave (equation [3]) against the lengths of the half-cycles.
Dots, D = 0.33h7}; squares, D = 0.44 h~". Solid lines are fitted to
the data; dashed lines are from simulations.

Predicting Fitness in Cyclical Environments. Fit-
ness in a cyclical environment is predicted by equa-
tions (A32) and (A33) in the Appendix. The model
assumes that when argR? is at high frequencies the
concentration of glucose remaining in the growth
chamber, G, remains constant even as arginine con-
centrations vary. This is because the growth rate of
argR® is unaffected by arginine. With G constant, the
growth rate of argR*’? depends only on the concen-
tration of arginine, R, in the growth chamber.
Equations (6) and (7) accurately describe the kinetics
of arginine in the growth chamber. If the growth rate
of argR¥'? responds instantaneously to changes in R,
then fitness will respond instantaneously too. Under
these assumptions equations (A32) and (A33)
(Appendix) predict fitness in cyclical environments.

As cycles become shorter with + — 0, fitness
in  (A32) converges on wk>(R) = (w2 .-
(wh12 Bz + %x12/D)/ (kki2 + R)), which is the
function of the expected ambient arginine concen-
tration. As cycles become longer with t — oc, fitness

in (A33) converges on wk'2 = (w12(0.2) + w'2(0)) /2,
which is the expected mean fitness (the first two items of
equation [A33])—selection in the transitions is now
insignificant.

The predicted fit (obtained by inserting into
equations [A32] and [A33] estimates for wk'2,.. Bx12,
Xk12,» Kx12> obtained by fitting equation [9] and for
NT/ Yr obtained by fitting equation [4], with
D = 033h"'orD = 044 h™"), to fitnesses obtained
in cyclical environments is poor (Fig. 12). Attempts
to fit the entire data set (variable and constant envi-
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ronments) to equations (A32) and (A33) directly
produce no improvement. In particular, estimates of
Kx12 and NT/ Yr are erratic, the latter especially so
(N7/Yg varies from 2.0 £+ 0.6 pM at D = 0.33 h™!
to 42.0 + 5.0 uM at D = 0.44 h™', compared to a
constant 19 = 2 uM obtained by direct chemical
assay). We conclude that fitness at argR in a cyclical
environment can not be predicted accurately from the
kinetics of arginine (equations [6], and [7]) and a
knowledge of the relationship between arginine
availability and fitness in constant environments
(equation [9]).

Discussion

The effect of generation time on selection in tempo-
rally variable environments was investigated using, as
a model system, allelic variation at the argR of E. coli
and cycling between high and low arginine concen-
trations. We determined the fitness conferred by
argR*!? relative to argR® in otherwise coisogenic
strains in cyclic environments with different genera-
tion times, as well as monitoring fluctuations in
ambient arginine concentrations in the chemostat
growth chambers. Control competition experiments
in which neither allele affects gene expression (argR*®
and argR®) were used to assess the impact on fitness
of transcriptional regulation by argRX’?. Control
competition experiments in constant environments
were used to assess the impact of environmental
variability on fitness.

Fitness in Constant Environments

The steady-state fitness of argR*'? relative to argR®
(K12 is strongly dependent on generation time in the
absence of environmental arginine (Fig. 7). Addition
of excess arginine eliminates the generation time ef-
fect during competition between argRX’? and argR®.
Addition of arginine has no impact on fitness when
argR*®, which confers strong constitutive expression,
is placed in competition with argR®, which confers
weak constitutive expression (Fig. 7). Therefore, it is
the interaction between argRX’? and arginine that
ameliorates the generation time effect.

The Biochemical Mechanism of Selection Remains
Unknown

Although changes in selection elicited by arginine
are specifically associated with argR*’? regulated
expression of the arg regulon, the biochemoical basis of
selection has not been diagnosed. We agree with earlier
workers (Dykhuizen 1978; Koch 1983) that overex-
pression does not merely impose a simple energy bur-
den produced by excess transcription and translation.
Monitoring arg regulon expression through ornithine
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transcarbamylase activities in chemostat grown cells at
a generation time of 3 h reveals that argRX’? has 50%
higher expression than argR®, while argR*®, which
encodes a completely inactive repressor, has 6600%
higher expression (Suiter et al. 2003). Yet the selection
against argR’® is only 2% greater than the 10.5% seen
against argR*’?. And while increasing the generation
time to 6.7 hrs intensifies selection against both these
alleles, the selection against argR>® is now less, by 9%,
than that against argR*’? (Fig. 7). An energy burden
imposed by excess transcription and translation of the
arg regulon does not provide a plausible explanation
for the selection seen.

Nor does overproduction of arginine account for
the observed fitness effects. The first step in arginine
biosynthesis, catalyzed by acetylglutamate transfer-
ase, is subject to strong product inhibition which
should block the massive diversion of carbon need to
reduce fitness by up to 45%. Overproduction on so
vast a scale is anticipated to result in excess arginine
and its polyamine derivatives being excreted into the
medium. Yet arginine, unless added to fresh media,
has never been detected in media from the chemostat
growth chambers, even from strains carrying the
inactive argR* allele. Massive overproduction of
arginine does not provide a plausible explanation for
the observed selection.

Arginine consumption is not a major determinant
of fitness. First, arginine cannot serve as the sole
source of carbon and energy for E. coli, and excess
arginine is simply not consumed (Fig. 3). Therefore,
the maximum benefit attainable through consump-
tion is limited to offsetting the cost of synthesizing
arginine from glucose and ammonium. Second, the
kinetics of arginine in the environment indicate that
the rate of consumption is dependent on growth rate
and not vice versa (Fig. 4). Third, a change in
ambient arginine concentration from 31 to 181 pM
(50 to 200 pM in the fresh medium), well within the a
range where the quantity of arginine consumed is
independent of its availability (Fig. 3), produces a
change in fitness from 0.988 to 1.033 (Table 2).
Therefore, fitness responds to changes in ambient

O

(dashed lines), but only if parameters are free to
vary at the two dilution rates.

arginine concentrations even while the quantity of
arginine consumed remains constant. Consumption is
not a major determinant of fitness.

We, like others (Dykhuizen 1978; Koch 1983)
investigating the energy burden hypothesis, find that
data eliminate, rather than indicate, likely mechanisms
of selection. Perhaps selection is generated through
some metabolite pool connected, either directly or
indirectly, to the intracellular pool of arginine. Such a
metabolite might be toxic, affect intracellular pH, or
regulate connected pathways through allostery or
transcriptional regulation. So while we can demon-
strate unambiguously that the ultimate cause of selec-
tion is transcriptional regulation of the argR regulon
by the argR*'? allele in response arginine availability,
the biochemical mechanisms underlying the selection
remain mysterious.

Selection in Cyclical Environments

Competition in cyclical environments produced by
alternating between fresh media with and without
arginine reveals that the intensity of selection depends
on the length of the cycles (Fig. 8). Intriguingly, the
weak constitutive expression conferred by argR? is
not only favored in the absence of arginine, but can
also be favored over the regulated expression con-
ferred by argR*? in variable environments when
cycles are sufficiently long (Suiter et al. 2003). This
result demonstrates that regulation is not guaranteed
adaptive in a variable environment.

Predicting Selection in Cyclical Environments

The overall intensity and direction of selection cannot
be predicted from knowledge of the kinetics of argi-
nine in the chemostat growth chamber and the rela-
tionship between fitness and ambient arginine
concentrations obtained in constant environments
(Figs. 4 and 6). The exception is at the extremes of
environmental variability, where changes in
feed arginine are either so frequent that fitness
converges on wk'*(R) = w§'2(0.081) (which is a



function of the expected ambient arginine concen-
tration) or so infrequent that fitness converges on
w12 = (wg'2(0.081) + w§'2(0)) /2 (which is the
arithmetic mean fitness). Between these extremes
predictions combining fitnesses in constant environ-
ments and arginine kinetics fail to track the fitnesses
in cyclical environments (Fig. 12). Although attempts
to fit the model to the entire data set improved the fits
somewhat, estimates of two key parameters, Kgi»
and N 7/ YR, proved erratic with the latter never close
to that estimated by direct chemical assay.

Model Failure and the Likely Role of Phenotypic Lag

There are three possible causes for failure of the
model to account for the direction and intensity of
selection in environments that oscillate at intermedi-
ate frequencies: (1) inadequate description of arginine
kinetics and the fitness surface, (2) fitness is affected
by states in cyclic environments that do not arise in
constant environments, and (3) phenotypic lag,
transient physiological states that do not arise in
constant environments.

The first hypothesis can be eliminated because, as
inspection of Figs. 3, 4, and 6 reveals, equations (4),
(6), and (7), describing arginine kinetics, and equa-
tion (9), describing fitness, track the data accurately,
regardless of mechanism. If fitness follows changes
in arginine concentrations instantaneously then we
should be predicting the outcome of competition in
cyclical environments far more accurately than
we do.

The second hypothesis, that states exist in cyclic
environments that do not occur in constant envi-
ronments, may arise by either of two means. One
possibility is that some other substance in the envi-
ronment, production of which must be regulated
(directly or indirectly) by ArgRX!?, is really the cause
of selection. Extensive chemical analyses of spent
medium will have to be conducted before this
hypothesis can be definitively accepted or rejected.
However, circumstantial evidence suggests that this
hypothesis is unlikely. The asymmetric delays in the
response of selection to switches in media, stronger
selection over a shorter period for argR? than weaker
selection over a longer period for argR%’?, the cor-
respondence of peaks and troughs of the oscillations
in selection to the concentration in ambient arginine
predicted to produce selective neutrality (Fig. 10) and
the simulated delays in the amplitude of the oscilla-
tions in the direction of selection (Fig. 11) match
closely the estimates from the data. These observa-
tions strongly suggest that changes in the availability
of arginine are, ultimately, the cause of selection.
From such a perspective invoking a second substance
simply multiplies hypotheses unnecessarily.
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Another means to generate states unique to cyclic
environments is to allow the growth rate of argR®
strains to be dependent on arginine concentra-
tions—i.e., make equation (A15) (Appendix) depen-
dent on R. Adding arginine would then affect the
growth rate of argR® which would then affect the
density of the population (argR” is assumed to be the
dominant population) and this in turn would affect
the concentration of glucose remaining in the growth
chamber, G. Hence, glucose concentrations would
oscillate in response to changes in arginine, produc-
ing combinations of R and G not present in steady-
state environments, affecting the growth rates of
arg R® and argR®'? strains in unanticipated ways, and
thereby producing unexpected fitness effects. The
difficulty with this hypothesis is that analysis of
steady-state fitness (WA!%) suggests that the growth
rate of argR® depends only on the availability of
glucose and is unaffected by arginine (ie.,
s = (1pmax/75)G(1 — B): see Appendix). This no-
tion is buttressed by the observation that the steady-
state fitness of argR” relative to the strong constitu-
tive argR™ () does not vary with arginine avail-
ability (Suiter et al. 2003). Finally, the growth rate of
arg R® in batch culture is not affected by arginine. For
these reasons we think that the growth rate of argR”
in chemostats is unaffected by arginine.

We suggest that model failure is attributable to the
third cause, phenotypic lag. In an ever changing
environment the current physiology of an organism
matches the previous environment, not the current
environment. For example, a strain carrying argR*'?
and growing in the presence of arginine is at an
immediate and severe disadvantage in competition
with argR® if arginine is instantaneously removed
because, with the argR regulon repressed, it cannot
grow. Temporarily its fitness is zero, and for this
period selection is far more intense than any seen in
constant environments. Then again, the intensity of
selection might be diminished if arginine can be
stored for later use so that selection might continue
on its original course for a time after all environ-
mental arginine has disappeared. Delays in the re-
sponse of an organism’s physiology may intensify or
diminish the effects of selection to generate fitnesses
never seen in steady-state environments.

As described in the introduction, there are two
mechanisms that allow fitness to converge on
wk!2(R) that need to be distinguished: (1) short cycle
times that prevent arginine concentrations being
displaced far from the mean, R, and (2) insufficient
time for cells to respond to changes in the environ-
ment which they perceive to be a constant average R.
At a dilution rate of 0.33 h™" and a half-cycle time of
2 generations the arginine concentration varies
widely, between 0.03 and 0.17 mM. Yet fitness is
indistinguishable from the steady-state value (a 0
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generation half-cycle time). This strongly suggests
that 2 generations is insufficient time for argR*'* cells
to respond to changes in arginine availability in the
environment. Such unresponsiveness to changes in
the environment is a hallmark of phenotypic lag.

Detailed studies of transient physiology are needed
to dissect the discrepancies between the predicted and
observed responses of selection. Nevertheless, some
general conclusions are possible because different
cellular processes relax to their respective steady-
states at such very different rates: an enzyme and
substrate may take but milliseconds; a metabolic
pathway, a few seconds to a few minutes; and tran-
scription, translation, and RNA and protein decay
may take anywhere from minutes to hours. The
speeds at which enzymes and pathways relax to
steady-state values suggest they should easily track
changes in ambient arginine concentrations because
these shift relatively slowly over many hours. Our
attention is drawn to transcription, translation, and
RNA and protein decay. In particular, many bacte-
rial proteins, not subject to the rapid proteolysis
characteristic of ecukaryotic cells, are remarkably
stable. When no longer needed bacteria simply out-
grow them. Decay takes generations. We speculate
that the discrepancies in fitness response to an ever
changing environment are most plausibly attributable
to the relatively slow rates of protein turnover.

Evolutionary Implications

We have demonstrated that fitness in a temporally
variable environment cannot be predicted from fit-
nesses obtained in constant environments. We sug-
gest that this is caused by phenotypic lag: growth by
binary fission forces daughter cells to inherit not only
the genes of the mother cell, but also her physiology.
That physiology takes time to adjust to the prevailing
environmental conditions. If conditions keep chang-
ing and the physiology lags, the resulting mismatch
produces transient fitnesses that cannot be predicted
from those seen in constant environments.

Delays in fitness responses to changing environ-
ments can affect the outcome of competition. For
example, at a dilution rate D = 0.33 h™' (Fig. 12)
argR®"? is predicted to be less fit than argR?® with
half-cycles between 2 and 4 generations long; exper-
imentation shows that argRX’? is fitter than argR®
throughout this region (Fig. 12). Our results provide
further evidence that the outcome of Darwinian
selection can be influenced by physiological as well as
by genetic inheritance.

Perhaps because the complex life cycles and
developmental processes in higher eukaryotes are
believed to wipe out physiological history with each
generation, classical evolutionary theory has tended
to ignore this phenomenon. Yet there are many well-

documented examples where environmentally in-
duced changes are stably inherited for many genera-
tions both in prokaryotes and in eukaryotes. Fine-
grained environmental changes (i.e., those that expe-
rienced within the life-time of an organism) may also
induce transient physiological states not experienced
in constant environments (e.g., during acclimatization
to light or altitude), producing transient fitness effects
not experienced constant environments. We agree
with Jablonka (1995; Lachmann and Jablonka 1996;
Jablonka and Lamb 2002) and Landman (1991) that
epigenetic inheritance has played important roles in
evolution and with Watt (1977, 1991; Watt and Boggs
1987) that selection on transient physiological states is
both common and important to adaptation.

Appendix
The Basic Chemostat Model

Let the growth of the two competing populations in a
chemostat have a simple birth death process:

dNk12/dt = (Lgip — D)Nk1a (A1)

dNg/dt = (ng — D)Ng (A2)

where D is the chemostat dilution rate. Ng;» and Ng
are the densities of the competing strains, and pg;»
and pp are their growth rates. The latter are given by

(HKIZ maxG) (1 Bxia >
Rgio =\ 7 ~ B
Ykt G Kgi2 + R

A3

_< K12 ) (A3)
Kg12 + R
e

wo= (M) 1By -y (A0

where G and R are the concentrations of glucose and
arginine. The model is a modification of the classic
Monod model where p; nax 1S the maximum growth
rate of strain i (assuming expression of the arginine
regulon imposes no cost to fitness) and v; is the con-
centration of glucose sufficient to produce p; max/2.
Two costs associated with expressing the arg regulon
have been introduced: B; is proportional to growth
rate and y; proportional to absolute time. These costs
are fixed in strains carrying argR”. In strains carrying
argR*¥"? k> is the concentration of arginine neces-
sary to halve the cost of regulon expression.

Let the rates of glucose and arginine consumption
be proportional to growth rates:

dG/dt = D(Gy — G) — (‘;’/(”Nm + ;BNB) (A5)
G G



dR/dt = D(Ry — R) — (L;(”Nm + L;BNB> (A6)
R R

where Gy and R, are the concentrations glucose and
arginine in the feed medium and Ys and Yy are the
yield coefficients (number of cells produced per
amount of resource consumed).

Selection at Quasi-Steady-State

After inoculation, the conditions in the chemostat
growth chamber rapidly approach a quasi-steady-
state where competition is intense and the environ-
ment is characterized by very slowly shifting states.
The growth rate of the total population. Ny is zero
(dN7/dt = dNk1/dt + dNg/dt =0) and (Al) and
(A2) sum to

DNt = fig;,Nxi2 + figNp (A7)

where hats (") denote quasi-steady-state values. The
ambient concentrations of glucose and arginine are
found by setting dG/dt = 0 and dR/dt = 0 and
solving

G=Gy— Nr/Yg (A8)

R=Ry— Nr/Yg (A9)

With the environment essentially unchanging, (Al)
and (A2) can be integrated to yield

Niia(t) = Ngi2(0)eltxe =D (A10)
Np(1) = Np(0)ells=D (A11)
Taking the log, ratio produces
NKlz(l)] |:NK12(O):| .
e = log, + §(Dt Al2
raty] =gy | +500 - a2

Thus the slope of a plot of the log, ratio of strains against
time (measured in D¢ population generations) provides
a direct estimate of the selection coefficient per genera-
tion, § = ({ig; — [ig)/D. Relative fitness is simply

(A13)

W12 =145

In the quasi-steady-state virtually all glucose is

consumed and G << 7y (Dykhuizen and Dean 1994).

Let argR® be by far the most frequent competitor.
Then equations (A3) and (A4) can be rewritten

K12 max @ (1 _ Pki2 ) o Xk12
Kk12 + R Kr12 + R

(Al14)

fgn =
Yk12
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" Mg max G
HB:m(]_BB)_XB:D (A15)
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Fitness is given by
k12 Bki2 gk Bxiz )
Wh == ] ——==
b Hp B'max( Kgio+R
D
i p/0) (1P ) T
Kgi2+R/  Xgpp+R
(A16)

where wglrflax = (Mk12.max/Yk12)/ ((Rg.max/Y5) (1 = Bg))

is a constant that could be interpreted as the (fic-
tional) fitness when arginine is present in excess, the
dilution rate is infinite and the glucose concentration
is zero. Fitting the model to the fitness data reveals
that xB is tiny and not significantly different from
zero. Hence, expression of the arg regulon in strains
carrying argRB does not impose a cost proportional
to absolute time. The model simplifies to

K12 — fgin Wwk12 <1 _ Pxi2 ) _ xx12/D
A= = - ~
kg2 + R/ xki2+ R

N B.max
(A17)

Ky

Transient Arginine Kinetics

Whereas virtually all glucose is consumed (i.e., G — 0),
arginine concentrations will range from 0 to 1 mAM. The
transient behavior of arginine during periods between
alternating steady-states needs to be described. Substi-
tuting equation (A7) into (A6) and integrating produces

R(1) =(Ry — N7/ Yg) + (R(0)
— (Ry— N7/ Yg))e ™ for Ry > Nyp/Yrg
(A18)
where R(#) and R(0) are the concentrations of argi-
nine at times ¢ and 0.

When Ry, = 0 the time (z.,;,) needed to consume
the remaining arginine, R(0) > 0 is

|4 RO
N

for Ry=0 (A19)

Leris = l10
crit D gg T/YR

Substituting R, = 0 into (A18) provides one
solution when ¢ < ¢, otherwise

R(t1)=0 fort>t,y (A20)

Transient Fitness

Fitness in a variable environment can be predicted
from the relationship between fitness and arginine,
(A17), and the kinetics of arginine in the chemostat
growth chamber, (A18)~(A20). Assume argR*? is
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very rare so that pzp = D. Then the growth rate of
argR*"? is simply py;5(1) = Dwk’? (¢), and equations
(A1) and (A2) become

dNKlz/dl

= (Hg12(1) — D) Nk

D
_ (ngrznax<l _ P12 ) _ Xxi2/ _ I)DNmz
' Kg12 + R Kxi2 + R
(A21)
dNg/dt =0 (A22)

Following integration the log, ratio of strain densities
is found to be

Nki2(1)
1
°ge[ N5 (1)

Nmz(o)}
=log,
. [NB(O)
+ wgﬁax - (Wﬁfmx Pz +2(K12/D) —1|Dt
Kx12+Ro—N1/Yr

(wllgln%ax Bxi2 JrXKlz/D)
Kxi2+Ro—N7/Yr

~N7/Yr—R(0 b
| (222 )

for 1 <t
(A23)
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+ (ngr‘%lax —1- (Wllg.lrflax BK12+XK12/D> /KK12)D([_ tcrit)

wk12 + D
_~_<w§1§mx_( B.max Pr12 T K12/ )_1 Dy

kk12— N7/ YR
_ (ngnzlaxﬁmz:*‘ %x12/D)
Kgi2— N1/ Yr
xlog, [l —%(1 _eth)}
for 1> .t
(A24)

Fitness in a Cyclical Environment

Let the delivery of two arginine concentrations, Ry
and R, ,, in the fresh medium alternate between two
half-cycles, lengths #; and #,. Then the ambient argi-
nine concentration at time t;, R(¢;), is the R(0) at the
beginning half-cycle 2, while the ambient arginine

concentration at time ¢, (R(z2), is the R(0) at the
beginning of half-cycle 1. Thus,

R(ty) =(Roy — NT/YR)

+ (R(t2) — (Ro1 — N7/ Yg))e ™" (A25)

for Ry > NT/ Yr

R(t2) =(Ro> — N1/ Yp)

+ (R(t1) = (Ro2 — Nz/ Yg))e P (A26)

for Ry > NT/ Yr

which yield
R(t1) =(Ro2 — NT/YR)

_ (Roz = Ro)(1 — ) (A27)

(1 _ e—Dr(t1+r2))

for t <t.

(Roo — Ro1)(1 —eP2)
(1 — e—Dr(nH;))

for 1 <t.
(A28)

R(t2) = (Roi — Nr/ Yr) +

R(t;)=0 for Rg;=0and t > 1., (A29)

With very long cycles most of the time is spent at one
or the other quasi-steady-state, characterized by R(7))
= Ry = Roi— Nr/Yg and R(t2) = Ry = Ros -
Nr/Ygr. With very short cycles there is hardly time
to displace arginine far from its arithmetic
mean, and both (A27) and (A28) converge on
R = (Ro.ti + Rostr)/(t1 + 5) — N7/ Y.

Expected fitness in cyclical environments is calcu-
lated as the sum of the differences in log, ratios of the
strains over a full cycle divided by the total number of
generations (D(#; + 1)),

K12 _ log, [Nk12(22)/Np(t2)] — log,[Nki2(t0)/Np(t0)]
B D(1) + 1)

(A30)

using the relationships in (A23), (A24), (A27), (A28),
and (A29).

Our experiments are confined to half-cycles of
equal length, ¢t = ¢;= ¢, with one feed arginine
concentration set at zero, Ry» = 0. The time (z..;)
needed to consume the remaining arginine is given by

1 R
terip = *loge ~ o -1
D Nr/Yg

and fitness by

(A31)
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(kki2 + Ro1/2 — Nr/Yg)

K12
Wg = Wp max — (WB.maxﬁKIZ + XK12/D)

(W maxPriz + 1x12/D)

(kk12 + Roy — N7/ YR) (k12 — N7/ YR)

1
Kkk12+Ro1—N1/ YR lOge (1 T (

Ry (1 —(’70’)2
Kkx12+Ro.1—Nr/ YR)(lfé”ZD’)+Rn.l (1—e=P1)

- fort < t.4
2Dt + | o 1 Ro_l(lfe’D‘)z > lerit
Kx12—Nr/Yr Le (kx12— N7/ YR)(1—e72P)+ Ry, (1—e )
(A32)
and
WKI2 K12 (w2 B2 + 2k12/D) (2xk12 + Roy — N7/ Y
b B max 2Kk12 Kki2 + Ro1 — Nr/Yg
B (W' maxBri2 + 2xi2/D)  Np/Yg « log. [ 1+ Ro1— Nr/Yr (1)
2Dxk1at KK12 — NT/ Yr ¢ NT/ Yr
i (wh maxPri2 + xx12/D) Ro.
2Dt (kK12 4+ Roa — N1/ YR) (kk12 — N7/ YR)
Ro1 — N1/ Y.
x log, <1 + Ro = Nv/ ¥k (1- eD’)> for t > ten (A33)
KKk12

For + — 0 (A32) fitness converges on
WE(R) = (w512, — (W82, B + 112/ D) /(o
R)), which is the function of an expected ambient
arginine concentration, while for 1 — e (A33) fit-

ness converges on the expected mean fitness

wk12 = (WK12(Ry 1) + wh12(0))/2, which comprises
the first row of (A33), selection in the transitions
(second and third rows) being insignificant.

Assumptions

We assume that the rate of consumption of arginine
is dependent on culture growth, DN7, and inde-
pendent of the genotypes present and the ambient
arginine concentration, R(z). The approximation is
justified because: (1) N7 is almost constant (the
maximum mass of arginine consumed is only 3.5%
of the glucose consumed), (2) the quantity of argi-
nine consumed is independent of genotype (Fig. 4),
(3) the quantity of arginine consumed is constant
for Ry > Ny/Yg =0.02 mM (Fig. 3), and (4) very
low concentrations of arginine saturate the arginine
transporters (K, =~ 20 nM [Celis 1977]). Only at the
last moment as the last trace of arginine disappears
is this model unrealistic. The second assumption is
that the growth rates of argR® strains are inde-
pendent of arginine availability. The third assump-
tion is that argR® strains are at sufficiently high

frequency and that they determine the steady-state
concentration of glucose in the chemostat growth
chamber, G.

The model should not be used to describe long
periods of selection at very low ambient concentra-
tions of arginine, in the general vicinity of 0 < Ry <
NT/ Yr. Fluctuations between absence and presence
of high ambient arginine concentrations help mini-
mize the impact on selection of low ambient arginine
concentrations in our experiments.

Our experiments are designed to test whether
selection in transient states can be predicted from a
knowledge of selection at quasi-steady-states. The
key assumption is that fitness changes instanta-
neously with changes in ambient arginine concen-
trations—there are no delays and fitness is confined
to the surface depicted in Fig. 6.
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