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Fitness enhancement based on resonating circadian clocks has recently been demonstrated in
cyanobacteria [Ouyang et al. (1998). Proc. Natl Acad. Sci. U.S.A. 95, 8660-8664]. Thus, the
competition between two cyanobacterial strains differing by the free-running period (FRP) of
their circadian oscillations leads to the dominance of one or the other of the two strains,
depending on the period of the external light-dark (LD) cycle. The successful strain is generally
that which has an FRP closest to the period of the LD cycle. Of key importance for the
resonance phenomenon are observations which indicate that the phase angle between the
circadian oscillator and the LD cycle depends both on the latter cycle’s length and on the FRP.
We account for these experimental observations by means of a theoretical model which takes
into account (i) cell growth, (ii) secretion of a putative cell growth inhibitor, and (iii) the
existence of a cellular, light-sensitive circadian oscillator controlling growth as well as inhibitor
secretion. Building on a previous analysis in which the phase angle was considered as a freely
adjustable parameter [Roussel et al. (2000). J. theor. Biol. 205, 321-340], we incorporate into
the model a light-sensitive version of the van der Pol oscillator to represent explicitly the
cellular circadian oscillator. In this way, the model automatically generates a phase angle
between the circadian oscillator and the LD cycle which depends on the characteristic FRP of
the strain and varies continuously with the period of the LD cycle. The model provides an
explanation for the results of competition experiments between strains of different FRPs
subjected to entrainment by LD cycles of different periods. The model further shows how the
dominance of one strain over another in LD cycles can be reconciled with the observation that
two strains characterized by different FRPs nevertheless display the same growth kinetics in
continuous light or in LD cycles when present alone in the medium. Theoretical predictions
are made as to how the outcome of competition depends on the initial proportions and on the
FRPs of the different strains. We also determine the effect of the photoperiod and extend the
analysis to the case of a competition between three cyanobacterial strains.
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1. Introduction

Among oscillatory processes in biological sys-
tems, circadian rhythms are conspicuous by their
ubiquity. These rhythms, of a period close to
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24 hr, indeed occur in nearly all living organisms,
from multicellular to unicellular, including some
bacterial species (Edmunds, 1988; Wilsbacher
& Takahashi, 1998; Dunlap, 1999). The major
role generally ascribed to circadian rhythms is to
allow living organisms to anticipate the daily
alternation of light and darkness and to adapt to
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the periodic variation of the environment. The
effects of light-dark (LD) cycles on longevity
have mainly been studied in Drosophila where
early investigations showed that flies live longer
in 24-hr LD cycles than in LD cycles of smaller or
longer period [Pittendrigh & Minis, 1972; see
Klarsfeld & Rouyer (1998) for a reexamination of
this issue]. Furthermore, the lifespan of flies was
significantly reduced in continuous light com-
pared to continuous darkness or LD cycles (Alle-
mand et al., 1973; Sheeba et al., 2000).

The best demonstration of the adaptive role of
circadian rhythms is provided by recent experi-
ments carried out by Ouyang et al. (1998) in
Synechococcus, a cyanobacterium. These experi-
ments have shown the existence of a resonance
phenomenon enhancing fitness in these bacteria,
for which circadian rhythms have been character-
ized in recent years (Huang et al., 1990; Kondo
et al., 1993, 1994; Liu et al., 1995; Johnson et al.,
1996, 1998; Golden et al., 1998; Kondo & Ishiura,
1999). Thus, when the wild type, which has a free-
running period close to 25 hr in continuous light,
is mixed with a mutant strain characterized by
a free-running period (FRP) of 22 or 30 hr, the
outcome of the competition between the two
strains depends on the relative closeness of the
free-running periods with the period of the im-
posed light-dark (LD) cycle. The strain that wins
the competition is generally that whose FRP is
closest from the period of the LD cycle. This
difference in fitness occurs despite the fact that
the wild-type and mutant strains possess identi-
cal growth characteristics when cultured alone.
While the mechanism underlying this resonance
effect is still not characterized at the molecular
level, the experiments have shown that the phase
angle between the cell circadian oscillator and
the external LD cycle depends on the FRP of
each strain and therefore differs for the mutants
and for the wild type; moreover, this phase
angle varies with the period of the external LD
cycle.

We have recently developed a theoretical ap-
proach (Roussel et al., 2000) to account for the
observations of Ouyang et al. (1998) on the out-
come of competition experiments between wild-
type and clock mutant strains of cyanobacteria
subjected to LD cycles of various periods. This
first approach compared two possible mecha-

nisms capable of giving rise to fitness differences
according to the phase angle of the competing
strains with respect to the external LD cycle. This
study showed that the most likely mechanism
rests on the secretion of a growth inhibitor by the
cyanobacterial strains, when both secretion and
sensitivity toward the inhibitor depend on the
phase of the circadian oscillator and of the LD
cycle. While such a mechanism could successfully
account for experimental observations in LD and
LL (continuous light) conditions, a mechanism
based on competition of the wild-type and mu-
tant strains for a common substrate only led to
such agreement in LD conditions but could not
apply to LL conditions.

The theoretical model that we previously pro-
posed (Roussel et al., 2000) rests on the existence
of a phase angle between the circadian oscillator
and the LD cycle. In this model the light-sensitive
circadian oscillator was not represented explicitly
by a continuous oscillator; the phase angle 6 was
simply defined as the phase difference between
the onset of the subjective light phase (sL) and the
beginning of the L phase of the external LD cycle.
The underlying idea was that there exists some
functional relationship between 6, the LD cycle
length, and the strain-dependent FRP. However,
we advanced no particular hypothesis on the
form of this relationship, other than that we ex-
pect smaller phase angles to be observed when
the LD cycle length and FRP are similar. The
phase angle was thus considered as a parameter
expressed as a fraction of the external LD cycle,
varying from — 0.5 (phase delay) to + 0.5 (phase
advance). It would be more satisfactory if the
phase angle, rather than being considered as
a parameter whose value is arbitrarily set, would
emerge from the model itself. To this end, here we
represent the circadian rhythm explicitly by
a continuous, light-sensitive oscillator of the limit
cycle type. We resort to a version of the van der
Pol oscillator, which has long been used for
modeling various properties of circadian
rhythms, such as the phase-shifting effect of ex-
ternal perturbation by light pulses (Kronauer
et al., 1997; Jewett & Kronauer, 1998; Jewett
et al., 1999). The value of the phase angle 0 then
naturally originates from the periodic forcing
of the cellular (van der Pol) oscillator by the
external LD cycle.
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In Section 2, we present the model and the
hypotheses underlying the effect of light on the
cellular circadian oscillator, cell growth and
inhibitor secretion. In Section 3.1, we show
how the phase angle varies as a function of
the period of the external LD cycle. Growth of
individual strains in LL or LD is considered in
Section 3.2. In Section 3.3, we turn to the
competition between wild-type and clock mutant
strains in LD cycles of various periods. We focus,
in particular, on the effect of initial conditions, of
the inhibition threshold, and of the photoperiod
on the outcome of competition experiments. In
Section 3.4, we extend these results to the case of
competition involving three bacterial strains of
different FRP. In the last section, we discuss these
results and show that the model gives a mecha-
nism accounting for all available experimental
observations, both for LL and LD conditions, for
individual or mixed cultures, in terms of a con-
tinuous, light-sensitive cellular oscillator of the
limit cycle type. The model provides a unified
framework for the various experimental findings,
and explains how resonating circadian clocks
enhance fitness in cyanobacteria. It allows the
rapid study of a large variety of experimental
conditions and thereby leads to a number of
testable predictions.

2. Model Based on Resonance of a Circadian
Oscillator with the External Light—Dark Cycle

The model is presented in three stages. First we
introduce the definition of the phase angle be-
tween the circadian oscillator and the external
LD cycle. Second, we specify how the inhibitor
affects growth, as well as the manner in which
growth and inhibitor secretion depend on light.
We present the equations governing cell growth
as a function of inhibitor and light. Lastly, we
introduce the equations governing the cell cir-
cadian rhythm in the form of a modified version
of the van der Pol oscillator.

2.1. DEFINITION OF PHASE ANGLE 0

We start by defining, as in our previous publi-
cation, the phase angle 0 that separates the cell
circadian oscillator (to be defined below in an
explicit manner) and the external LD cycle. We
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FIG. 1. Phase angle between the circadian oscillator and
the light-dark (LD) cycle. The subjective day (sL phase)
corresponds to the phase during which the circadian vari-
able x (whose time course is generated by the van der Pol
oscillator model) takes positive values; subjective night (sD)
corresponds to negative values of x. The phase angle 0 is
defined as the phase difference, expressed as a fraction of the
LD cycle, between the onset of sL and the beginning of L.
Thus 0 < 0 corresponds to a delay of sL with respect to
L (panel a), while 6 > 0 corresponds to an advance of sL
with respect to L (panel b).

assume (see Fig. 1) that the circadian rhythm
occurs in a variable x, such that when x exceeds
a threshold—arbitrarily set equal to zero—the
organism is in subjective day (sL). Conversely,
when x < 0, the organism is in subjective night
(sD). The sL and sD phases correspond to differ-
ent metabolic states, both with respect to inhibi-
tor production and sensitivity of growth toward
the inhibitor (see below).

The phase angle 0 is defined as the phase differ-
ence between the onset of the sL phase and the
beginning of the L phase of the external LD cycle.
By definition, 6 < 0 corresponds to a phase delay
of sL with respect to L [Fig. 1(a)], while 6 > 0
corresponds to a phase advance [Fig. 1(b)].

The phase angle is measured as a fraction vary-
ing between — 0.5 and + 0.5. When 6 =0, sL
and L start concomitantly; when sL is delayed
with respect to L, the value of 0 is negative and
progressively goes from 0 to — 0.5 as the begin-
ning of sL approaches the beginning of D
[Fig. 1(a)]. When this occurs, as soon as the onset
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of sL starts after the beginning of D, the value of
0 becomes positive and progressively goes from
+ 0.5 to 0 as the onset of sL approaches the
beginning of L [Fig. 1(b)].

2.2. DEPENDENCE OF CELL GROWTH ON THE PHASE
OF CIRCADIAN OSCILLATIONS

If a competition between two different strains
of the same cyanobacterial species exists, this
implies that the two strains either compete for
nutrient resources, or that they mutually hinder
each other by producing some inhibitor to which
they are sensitive only during part of their sL/sD
cycle. Our previous theoretical study showed that
the latter hypothesis is more likely to hold, as it
applies to LD as well as LL conditions, in con-
trast to the former assumption which only ap-
plies to LD but is impossible to reconcile with
experimental observations in LL. Therefore, we
will focus here on the mechanism of competition
involving the production of a growth inhibitor
rather than competition based on substrate
depletion.

As in our previous, more abstract model, we
assume that cells produce the inhibitor only dur-
ing their sL phase, and that growth occurs only in
L (Fig. 2). When sL overlaps with L, growth
occurs unconditionally, i.e. cells are insensitive to
the inhibitor. When sD overlaps with L, growth
occurs if the level I of inhibitor is below a thre-
shold value I,. We further assume that inhibitor
degradation takes place all the time.

The equations governing the time evolution of
cell population N; (i =1,...,n) and the level of
inhibitor I are given below:

d(i\t]i = klN,<1 — Z Nj> — ))Ni,

j=1

VmaxI
- —> = (1)
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F1G. 2. Hypotheses underlying the model for competition
based on resonating circadian clocks. Cells are assumed to
grow when their subjective phase sL overlaps with L; growth
also occurs when their sD phase overlaps with L, but only if
the inhibitor level is below a threshold I.. The inhibitor is
secreted by cells during sL and degraded continuously,
throughout sL and sD.

In these equations, N; denotes the number of
(synchronized) cells of strain i, and I represents
the inhibitor concentration; parameter k
measures the growth rate of each bacterial strain;
parameter 7y is a dilution factor; p measures the
rate of inhibitor production; V,,,., and K, repres-
ent, respectively, the maximum rate and the
Michaelis constant characterizing the enzymatic
degradation of the inhibitor. In agreement with
experimental observations, all bacterial strains
are characterized by the same growth rate in
monoculture. Likewise we assume that all strains
produce the inhibitor at the same rate. We will
only consider the case of batch cultures (y = 0)
with occasional dilutions of the medium.

We have verified that similar results are
obtained when replacing the all-or-none
dependence of parameter k on I in eqns (2) by
a continuous dependence described by a Hill
function. Simulations indicate that when the de-
pendence of k on I has a continuous sigmoidal
shape, the variations of I are so rapid with respect
to the circadian time-scale that the changes in
k acquire a quasi-all-or-none nature.

The circadian oscillator variable x appears in
the above equations through the definition of
phase sL in eqns (2): this phase corresponds to
values x > 0. The above equations are the same
as those considered in our previous theoretical
study of the resonance phenomenon. In contrast
to our previous work, however, we will incorpor-
ate an explicit mechanism producing sustained
oscillations in x. This mechanism, which is sensi-
tive to light, allows entrainment of the circadian
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oscillator by the external LD cycle and automati-
cally produces a phase angle between these two
rhythms.

2.3. MODELING THE CELL CIRCADIAN RHYTHM BY
A LIMIT CYCLE OSCILLATOR

As explained above, the major difference be-
tween the present model and our previous effort
pertains to the incorporation of a mechanism
producing sustained circadian oscillations in the
cellular variable x. We could have used a molecu-
lar model for circadian oscillations, such as those
proposed for Drosophila or for Neurospora
(Leloup & Goldbeter, 1998, 2000; Leloup et al.,
1999; Gonze et al., 2000). However, the detailed
molecular mechanism of circadian rhythmicity in
Synechococcus remains unclear, even if some
clock genes—notably kaiA, kaiB and kaiC—have
already been identified in this organism (Ishiura
et al., 1998; Kondo & Ishiura, 1999). The alterna-
tive, which we have adopted, is to resort to
a mathematical model extensively used for simu-
lating properties of circadian oscillations, but un-
related to any specific molecular mechanism. The
van der Pol equations were originally proposed
to describe sustained oscillations in electrical cir-
cuits and have been used in modeling circadian
oscillations for over three decades. Of particular
relevance to our study is the use of the van der
Pol oscillator to account for phase shifts of cir-
cadian rhythms by light pulses.

We shall use a modified version of the van der
Pol oscillator recently introduced by Jewett
& Kronauer (1998; see also Kronauer et al., 1997)
in a study of the effect of light on human cir-
cadian rhythms. The phenomenological equa-
tions proposed in the form of eqns (3) produce
sustained oscillations of the limit cycle type in
variable x, with a circadian free-running period
(in LL) close to 7,; x, represents a second, com-
plementary variable, and B(¢) is a light-controlled
parameter which depends on light intensity p. In
the paper by Jewett and Kronauer, the expres-
sion for parameter B is slightly different and light
intensity is denoted by I, a symbol which we
reserve for the inhibitor concentration.

dx = x 4 5 25 ,
E—Z4E<xc+0.l3<§+§x TR >+B(t)>,

dx. n 24\*  B(1)
- 24 E( — x<1—x> + 3 X — O.ISB(t)x>

(3)
with

B(1)

_{5
=0

The coupling between the external LD cycle and
the circadian oscillator is thus introduced via
parameter B. This parameter depends on the
light intensity p which goes from zero in the
D phase up to a constant, non-vanishing value
(equal to 5 in the simulations) during the L phase.
Sustained oscillations in variable x with a period
of the order of 25hr as in the wild-type
Synechococcus, or 30 hr as in a mutant cyanobac-
terial strain are readily obtained by setting para-
meter 7, equal to 25 or 30, respectively.

X
1—2)o. 0.23
( 3>039p ,

in light phase (L),
in dark phase (D).

3. Results

3.1. THE PHASE ANGLE VARIES AS A FUNCTION OF THE
PERIOD OF THE EXTERNAL LD CYCLE

In the following, we will illustrate the behavior
of the model mainly by considering the wild-type
(t =25 hr) and a long-period mutant (z = 30 hr).
For the sake of clarity, in most figures we will not
consider other cases, such as that of a short-
period mutant, but the model can readily be
applied to any FRP. Moreover, the role of the
FRP on the outcome of competition experiments
will be considered in detail in Section 3.3 below.

We first show in Fig. 3 (first row) that the
model governed by eqns (3) can produce sus-
tained oscillations of variable x in continuous
light, i.e. LL conditions. The upper left panel in
Fig. 3 corresponds to the circadian oscillatory
behavior of wild-type Synechococcus cyanobac-
teria, with an FRP close to 25 hr, while the upper
right panel shows the behavior of a long-period
clock mutant whose FRP is close to 30 hr. The
middle and bottom rows in Fig. 3 illustrate the
entrainment of the circadian oscillator model by
a12:12 LD cycle and a 15:15 LD cycle, respec-
tively (the case of unequal durations of the L and
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FIG. 3. Circadian oscillations produced by the modified van der Pol model in LL (upper row) and in a 12: 12 (middle row)
and 15:15 (bottom row) LD cycle, corresponding to the wild-type (tr = 25 hr; left column) and the long-period mutant
(r = 30 hr; right column) strains of cyanobacteria. The evolution of variable x, determined by numerical integration of eqns
(3), s shown as a function of time. Parameter values (used throughout this study)are p = Sin LL;in LD, p = Sin Land O in D.
Parameter 7, in eqns (3), which is very close to the free-running period 7, is equal to 25 and 30 hr for the left and right columns,
respectively. Of importance for the competition process is the fact that the sL phase (x > 0) largely overlaps with the L phase
when the wild-type strain (tr = 25 hr) is placed in a 12:12 LD cycle (middle left panel) and when the long-period mutant
(t =30 hr) is placed in a 15:15 LD cycle. Moreover, the sL. phase is delayed with respect to L in the long-period mutant in
a 12:12 LD cycle (middle right panel) while sL is advanced with respect to L in the wild type in a 15: 15 LD cycle (left bottom
panel).

D phases will be considered in Section 3.3). As Besides demonstrating that the modified van
explained above, the entrainment is achieved by  der Pol oscillator model can oscillate auton-
periodically changing the light intensity p which ~ omously with a circadian period in LL and can
controls parameter B in eqns (3). entrain to LD cycles of various periods, the data
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of Fig. 3 show that, in agreement with experi-
mental observations, the phase angle between the
cellular circadian oscillator and the external LD
cycle changes with the period of the LD cycle and
is characteristic of each strain, i.e. it also depends
on the FRP (7).

A comparison of the middle and bottom rows
in Fig. 3 indicates that when the FRP is close to
the period of the LD cycle, then the time at which
x becomes positive (which corresponds to the
beginning of the sL phase) roughly corresponds
to the beginning of the L phase: this is observed
for the wild type (r =25hr) in the 12:12 LD
cycle, and for the mutant (z = 30 hr) in the 15: 15
LD cycle. Moreover, when the period of the LD
cycle is larger than the FRP, the sL phase is
advanced with respect to the L phase (see lower
left panel for the wild type in 15:15 LD). Con-
versely, when the period of the LD cycle is small-
er than the FRP, the sL phase is delayed with
respect to the L phase (see middle right panel for
the 30-hr-period mutant in 12:12 LD). These
differences, which agree well with the observa-
tions of Ouyang et al. (1998) (see their Fig. 4),
underlie the resonance effect described by these
authors and analysed below by means of the
model.

The dependence of the phase angle 0 in the
wild type and in the 30-hr-period mutant on the
forcing period T (i.e. the period of the external
LD cycle) over a wide range extending from 22 to
30 hr is shown in Fig. 4(a). Below and above this
range, complex oscillatory behavior in the form
of quasi-periodic oscillations is observed instead
of simple entrainment (such behavior can already
be seen for the mutant for T' < 22.4 hr). We will
focus in the following on the range of forcing
periods yielding simple entrainment, not
only because the interpretation of the results is
more straightforward, but also because the
experiments have been carried out under such
conditions.

The results shown in Fig. 4(a) corroborate the
above conclusion as to the occurrence of a delay
of sLL with respect to L (6 < 0) when T is roughly
below the FRP, and of an advance of sL with
respect to L (0 > 0) when T is roughly above the
FRP. For the long-period mutant, because the
forcing period is below the FRP in most of
the range considered in Fig. 4, the value of 0 for

030 T/2:T/2 LD cycl
() : cycle
0.25 . .
Wild type (t=25 hr) o
> .'
s o*
< 0 """"""'"."."" memene seeeeseens
2 eeee®?® 0000000°
EE ....ooo" °°°°o°°°°°°°°°°°
-]
880000000 \
-0.25 -[88 Mutant (t =30 hr)
_0.50 1 1 l 1 1 1 1 L 1 1
22 23 24 25 26 27 28 29 30
Forcing period, T (hr)
- (b) T/2:T/2 LD cycle
s 03[
"o °
8 °
o o oo Mutant (c=30hr) .
<
= ° )
£ 02 -§° ° Wild type (=25 hr). *
° \ .
% . °o° .
> .
2 0.1F ..o °°°°° *
172} L] Qo
°, .
0 1 1 1 1 ’._ Il 1 Il 1

22 23 24 25 26 27 28 29 30
Forcing period, T (hr)

FIG. 4. Phase angle as a function of period T of external
LD cycle in the wild-type and long-period mutant strains. In
the range of forcing period considered, which extends from
22 to 30 hr, the phase angle, which differs for the two strains,
goes from a negative value (sL delayed with respect to L) to
a positive value (sL advanced with respect to L) for the
wild-type strain, and remains negative for the long-period
strain [panel (a)]. The phase angle, defined in Fig. 2, ranges
from — 0.5 (sL begins near the end of L) to + 0.5 (sL begins
near the beginning of D). The data of panel (a) are replotted
in absolute value in panel (b). The LD cycle considered is
symmetrical, i.e. the L and D phase have similar durations
equal to T/2. For the long-period mutant, the phase is labile
at small values of T but nevertheless remains confined in
a narrow range of phases. The two curves in panel (b)
intersect near T = 28 hr. This value separates LD cycles
in which the wild-type or the long-period mutant strain
becomes dominant (see Fig. 6).

this mutant remains negative so that the sL phase
is always delayed with respect to L. In contrast,
for the wild type, the FRP falls within the range
of forcing periods considered so that the phase
angle 0 goes from a negative to a positive value as
T increases, and the delay of s with respect to
L transforms into an advance.

Also important for the following part of this
paper is the observation that at low values of the
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forcing period, the phase angles of the wild-type
and of the long-period mutant are both negative
in Fig. 4(a) (in both strains sL is delayed with
respect to L), while at large values of T the phase
angles of these two strains have opposite signs
(sL is advanced with respect to L in the wild type,
and delayed in the mutant).

We will see that with regard to the resonance
effect, the absolute magnitude of the phase angle
0 is crucial for the outcome of competition
between strains with different FRPs. Indeed, it
is when the absolute value of the phase angle is
small that the overlap of sL with L is significant;
at that time cells secrete the inhibitor but are
insensitive to it and grow, while retaining the
capability of hampering the growth of other
strains characterized by a different phase angle. It
is therefore useful to replot the results of Fig. 4(a)
by showing the absolute value of 8 as a function
of the forcing period T. This is done in Fig. 4(b)
for the same two strains considered in Fig. 4(a).
Below a value of T close to 28 hr, the absolute
value of the wild-type phase angle is shorter than
that of the long-period mutant, and the contrary
situation occurs above this T value.

3.2. GROWTH OF INDIVIDUAL STRAINS IN LL OR LD

A major constraint on the model is set by
experiments which indicate that when various
strains of cyanobacteria differing by their FRP
are placed alone in the cell culture, they all dis-
play the same growth kinetics in LL and in LD
cycles, regardless of the LD period. This is in part
due to the identity of the kinetic parameters
(k, p, Vinax and K,,) for all strains in our model.
However, this property of the model also de-
pends somewhat on the values of the kinetic
parameters, and particularly on the inhibitor
clearance kinetics.

Simulations of the growth of cultures contain-
ing only the wild-type or the long-period mutant
strain in LL conditions are shown in Fig. 5(a).
The curves for the two strains are quasi-identical,
in agreement with experimental observations.
The reason as to why the two strains grow in
a similar manner stems from the fact that in both
cases, cells grow nearly all the time, both in sL
and in sD (because they experience continuous
illumination), except at the transition between sL

and sD where the level of inhibitor prevents
growth during the period necessary to bring I be-
low the inhibitory threshold I,. If the degradation
is rapid, as in the case of Fig. 5(a), this time will be
so short that the arrest of growth will be unno-
ticeable. However, the model in LL can generate
slightly distinct curves for cyanobacterial strains
possessing different FRPs at lower values of the
maximum rate of inhibitor degradation. In such
a case, illustrated in Fig. 5(d), there is a slight
arrest of growth for each strain just after the
transition from sL to sD. Because the durations
of the sL and sD phases vary for different strains,
these brief plateaus—which have been observed
experimentally and are referred to as “circadian
gating” (Mori et al., 1996)—will not occur at the
same time for each strain. As a result, the growth
curves will not be as close to each other as in the
case of Fig. 5(a), but they nevertheless remain
very close.

Differences between the growth curves in LD
can be more significant than in LL, but again this
depends on the maximum rate of inhibitor degra-
dation. When this rate is large, the growth curves
for cultures containing solely the wild-type or the
long-period mutant are quasi-identical, as illus-
trated in Fig. 5(b) and (c) for the cases of a 12:12
and a 15:15 LD cycle, respectively. This is due to
the fact that each culture grows during an equal
time (the full duration of the L phase), regardless
of its FRP. Indeed, at the end of sL, if the begin-
ning of sD falls in L, the level of I is rapidly
brought below the threshold I, so that growth is
practically uninterrupted.

Differences in growth kinetics may occur in
LD at lower values of the maximum rate of
inhibitor degradation. The differences remain
small in a 12:12 LD cycle [Fig. 5(e)] but are
maximized when forcing the culture by LD cycles
of longer period, e.g. 30 hr [Fig. 5(f)], particularly
when the two strains compared have phase
angles of opposite signs. For example, as shown
in Fig. 4(a), when forcing by a 30-hr LD cycle,
the wild-type strain (r = 25 hr) has a positive
phase angle—i.e. the beginning of sD falls in
L—while the long-period mutant (t = 30 hr) has a
negative 0—the beginning of sD falls in D. When
the beginning of sD falls in D, growth does not
occur after the sL to sD transition. The next
growth phase will begin as soon as the next
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F1G. 5. Growth of individual strains in LL (a), orin a 12: 12 LD cycle (b) or 15: 15 LD cycle (c). The growth curves pertain
to cultures containing the wild-type (t = 25 hr) or long-period mutant (t = 30 hr) strains alone. The time evolution of each cell
population is determined by numerical integration of eqns (1) subjected to conditions (2) and of eqns (3). Parameter values for
panels (a)—(c) (used throughout this study unless otherwise specified) are k = 1.8, I. = 0.01, p = 500, V,,.. = 1000, K,; = 0.05;
the dilution factor y is equal to 0 (batch culture). Concentrations are in arbitrary units while time is expressed in days. For
these parameter values, the growth curves for the two strains are indistinguishable, as observed in the experiments. At lower
values of the maximum rate of inhibitor degradation, e.g. V,,.. = 300 [panels (d)-(f)], the model can produce different growth
curves for the two strains in some LD cycles [panel (f), illustrating the case of a 15:15 LD cycle] while the two curves remain

nearly undistinguishable in a 12:12 LD cycle (e) or in LL (d).

L phase starts, when cells are still in sD because
the inhibitor is only secreted during sL and cells
have enough time to degrade it during the time
separating the onset of sD from the beginning

of L. As a consequence, the long-period mutant
grows during the entire L phase. In contrast,
when the beginning of sD falls in L, as occurs for
the wild type, the latter cannot grow after the sL
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to sD transition as long as I > I.. Therefore, in
monocultures placed in a 30-hr LD cycle, the
wild type is disadvantaged when compared to the
long-period mutant. As a result, the curve show-
ing the growth of the wild type in Fig. 5(f) is
shifted to the right of the curve for the mutant.
Such differences are not observed in the experi-
ments, suggesting that the degradation of the
inhibitor is rapid enough to obscure growth dif-
ferences between strains with distinct FRPs, as
occurs in the model in the case considered in
Fig. 5(b).

In contrast to the situation illustrated in
Fig. 5(f), no significant differences between the
wild-type and long-period mutant are observed
in the model at the lower value of V,,,, considered
in Fig. 5(d)-(f) when monocultures are subjected
to a 24-hr LD cycle [Fig 5(e)]. Indeed, the two
strains then have a negative phase angle, so that
just after the sL.—sD transition which occurs in D,
growth does not occur for either strain, and no
significant difference can build up in the course of
time.

3.3. COMPETITION BETWEEN WILD-TYPE AND
MUTANT STRAINS IN LD CYCLES OF
VARIOUS PERIODS

3.3.1. Competition Between Two Strains with
Different Free-running Periods

After showing that the growth dynamics of
monocultures in LL and LD can be similar des-
pite the differences in FRP, we now turn to
the competition of two strains and first investi-
gate the influence of the period of the LD cycle
on the outcome of the competition between
two strains with different FRPs. In Fig. 6 we
simulate the competition between the wild-type
(t=25hr) and the Ilong-period mutant
(t = 30 hr) strains denoted by strains 1 and 2,
respectively.

The fraction F; of cells belonging to strain i in
a medium containing n different strains is defined
by
N;(t)

FO=s No

()

We initiate the competition between the wild-
type and the long-period mutant with equal frac-
tions of the two strains in the medium, i.e.

N/ (N + N,)

L gt ]
0 5 10 15 20 25 30
Time (days)

FI1G. 6. The outcome of the competition between strain
1 (wild-type, t = 25 hr) and strain 2 (long-period mutant,
7 = 30 hr) depends on the period T of the external LD cycle.
The LD cycles are symmetrical, i.e. the L and D phases have
similar durations equal to T/2. For T = 24 to 27 hr, strain
1 dominates strain 2, while the reverse outcome is observed
for T =29 or 30 hr. For the intermediate value T = 28 hr,
a prolonged phase of coexistence between the two strains is
predicted. The curves are obtained by numerical integration
of eqns (1) subjected to conditions (2) and of eqns (3). The
fraction of population 1 in the mixed culture is shown as
a function of time. The initial proportions of the two strains
in the culture are equal, i.e. F;(0) = F,(0) = 0.5. The initial
values of the two cell populations are N;(0) = N,(0) =
0.005. Every eight days the culture is diluted (as in the
experiments) by dividing variables N;, N, and I by a factor
of 100.

F;(0) = F,(0) =0.5. As shown in Fig. 6, where
the fraction of cells from the wild type (strain 1) is
represented as a function of time, the outcome of
the competition markedly depends on the period
T of the LD cycle. At values of T below 28 hr, the
wild-type strain overcomes the long-period mu-
tant. The rate at which strain 1 eliminates strain
2 increases as T decreases. When T is larger than
28 hr, strain 2 overcomes strain 1. Here, the lar-
ger T is, the quicker strain 2 wipes out strain 1.
For T = 28 hr the two strains coexist for a long
time, but the trend shown in Fig. 6 indicates that
strain 2 progressively takes the advantage over
strain 1. The small fluctuations in the time evolu-
tion of fraction F; are due to the asynchrony
between the growth phases of the two strains.
The results shown in Fig. 6 agree with the
experimental observations of Ouyang et al. (1998)
which demonstrate a resonance effect. In an LD
cycle of given period, the strain that wins the
competition is the one whose FRP is closest to
the period of the LD cycle. Here, the wild type
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(a) 12:12 LD cycle

(b) 15:15 LD cycle

sL /sD cycle (wild type)
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FI1G. 7. Schematic explanation of fitness enhancement
based on resonating circadian clocks. The panels illustrate
the competition between the wild-type (z = 25 hr) and long-
period mutant (t = 30 hr) strainsina 12:12 LD cycle (a) and
a 15:15 LD cycle (b), when equal proportions of the two
strains are initially present in the culture. Each panel shows,
from top to bottom, the L and D phases of the LD cycle, the
sL and sD phases of the wild-type strain, the periods during
which this strain grows (solid bar), the sL and sD phases of
the long-period mutant and its periods of growth (solid bar),
and the periods during which the inhibitor level exceeds the
threshold I. (solid bar with double arrows). The strain that
wins the competition in each case is that for which the
cumulated growth phase over an LD cycle is longest. Panels
(a) and (b) pertain to the competition curves shown in Fig.
6 for T =24 and 30 hr, respectively.

with an FRP of 25 hr outcompetes the long-
period mutant with an FRP of 30 hr in LD cycles
with a period extending from 24 to 27 hr, while
the outcome of the competition is reversed in LD
cycles with a period ranging from 28 to 30 hr.
The model allows a detailed exploration of the
resonance mechanism by which the circadian
clock enhances fitness in cyanobacteria whose
FRP most closely matches the period of the LD
cycle. In Fig. 7 we examine the cases of a 12:12
LD cycle (panel a) and of a 15:15 LD cycle
(panel b) which produce, as shown in Fig. 6,
opposite outcomes of the competition between
the wild-type and long-period strains. In each
panel, from top to bottom, are shown the L and
D phases of the LD cycle, the sL and sD phases of
the wild-type strain with the underlying solid bar
representing periods of growth, the sL and sD

phases for the mutant with growth periods sim-
ilarly represented, and finally, represented by
a solid bar with arrows, the periods during which
the inhibitor level exceeds the threshold I..

In the case of a 12:12 LD cycle, we see that the
sL phase of the wild type overlaps better with
L than the sL phase of the mutant. As a result, the
growth period is longer for the wild type than for
the mutant. The wild type begins growing as soon
as L begins; indeed, it is then still in sD but the
level of inhibitor is below the threshold I,. It
continues to grow until the end of L, and ceases
to grow when D begins, even though it is still in
sL. Thus, the wild type grows during the entire
L phase of the LD cycle. In contrast, the mutant’s
circadian rhythm is delayed with respect to the
LD cycle (0 < 0; see Fig. 4). When L begins, it is
still in sD but begins to grow because I < I..
Shortly thereafter, however, the wild type enters
sL and begins to secrete the inhibitor. This leads
to growth arrest for the mutant. The latter only
resumes growth when entering sL, as this occurs
in L. Growth of the mutant only occurs during
part of sL, because it stops at the end of the
L phase which occurs before the end of sL.

The vertical dotted lines in Fig. 7(a) indicate
that the growth of the wild type starts at the same
time as that of the mutant strain, precisely when
L starts. Growth for the two strains also stops at
the same time when D begins. The only difference
between the two strains is that growth of the wild
type spans the whole L phase, whereas growth of
the mutant is interrupted between the entrance of
the wild type in sL and the beginning of its own
sL phase. As a result, the growth period of the
mutant is reduced with respect to that of the wild
type, and the latter wins the competition.

In the case of a 15:15 LD cycle [Fig. 7(b)], the
comparison of the growth periods for the wild-
type and mutant strains shows that the latter
takes the advantage over the wild type. Indeed,
due to the resonance effect, the sL. phase of the
mutant coincides with L while the sL phase of
the wild type is advanced with respect to L
(0 > 0; see Fig. 4). The mutant thus grows during
nearly the whole of L phase while the wild type
only grows during part of the L phase, just after
the transition from D to L, until its sD phase
begins, during which it is sensitive to the inhibitor
secreted by the mutant.
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F1G. 8. Outcome of competition between two strains as
a function of their free-running periodsina 12:12 LD cycle.
The FRPs of strains 1 and 2, denoted by t7; and 1,,
range from 20 to 30 hr. A filled circle indicates that strain
1 eventually dominates strain 2, while an empty circle indi-
cates the opposite outcome; a dash denotes coexistence of
the two strains. The initial proportions of the two strains in
the mixed culture are equal. Numerical simulations are
performed as described in the caption to Fig. 6. (@) F; — 1,
F, - 0; (O) F; —» 0, F, > 1; (-) coexistence.

A global picture of the competition between
two strains with different FRPs in a 12:12 LD
cycle is shown in Fig. 8. There, the FRP of each of
the two strains is varied by 1-hr intervals from 20
to 30 hr, and the outcome of the competition is
indicated by a filled circle when population 1 (of
FRP denoted 7,) wins, by an empty circle when
population 2 (of FRP denoted 1,) takes over, and
by a dash in the case of coexistence of the two
populations. At the level of resolution con-
sidered, coexistence is only seen when the two
strains possess the same FRP. Moreover, the
results display an antisymmetry with respect to
the bisecting line (the outcome of the competition
between two strains 1 and 2 with FRPs equal to
22 and 26 hr is naturally the opposite of that
obtained for the competition between strains
1 and 2 with FRPs equal to 26 and 22 hr). Several
characteristics of the competition profile in
Fig. 8 are worth noting: when population 1 has
an FRP of 20 hr, the other population always
overcomes the first when 21 hr <1, < 30 hr.
When t; =23 hr, the first population always
overcomes the second in the interval 20 hr
< 7, < 30 hr except when 7, = 7,. Particularly

0.50
%
025 .
< .
-~ ..
5 0 "'""""'iw;'.".""“-"""""“"'""""“""""
[} (]
E oooooa......
= ®ee,, LY
-0.25
~0.50 1 I I I L

20 22 24 26 28 30
Free-running period, ©

FIG. 9. Dependence of the phase angle 6 on the free-
running period (t) of circadian oscillations in a 12:12 LD
cycle. The phase angle goes from a positive value (sL ad-
vanced with respect to L) to a negative value (sL delayed
with respect to L) as t progressively increases from 20 to
30 hr. At small values of 7, the phase is labile but remains
confined in a restricted range of phases. The curve is gener-
ated by computer simulations as described in the legend to
Fig. 4.

interesting is the result that slightly below and
above the 24-hr period of the LD cycle, e.g. for
7, = 22 and 26 hr there is an intermediate range
of 7, values for which the second population
overcomes the first, while the reverse outcome is
observed below and above this range of values
of 7,.

To understand the resonance mechanism lead-
ing to the competition results obtained in Fig. 8
for a 12:12 LD cycle, it is useful to determine
how the phase angle 0 varies with the FRP in
such an LD cycle. The data of Fig. 9 indicate that
the value of 6 decreases from a positive value
(advance of sL. with respect to L) to a negative
value (delay of sL with respect to L) as the FRP
(1) goes from 20 to 30 hr. The phase angle be-
comes nil (coincidence of sL with L) for a value of
7 close to 23 hr. (The fact that perfect concomi-
tance of sL and L occurs for 7 close to 23 hr
rather than T = 24 hr is due to the arbitrary way
in which we defined sL as the phase during which
variable x in the light-entrained van der
Pol oscillator is positive.) The comparison
of Figs 8 and 9 shows that the strain that wins
the competition is roughly the one whose
phase angle has the smallest absolute value, i.e.
the strain for which the overlap of sL with L is
more extended.
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3.3.2. Influence of Initial Conditions on the
Outcome of Competition Experiments

The model indicates that the outcome of com-
petition experiments between two strains is not
only dictated by the relative values of the FRPs
of the two strains with respect to the period of the
LD cycle, but also by the initial fractions of the
two strains in the culture. Yet another important
factor is the value of the threshold concentration
of inhibitor, I., above which growth of a strain in
sD is inhibited in L. The effect of this parameter
will be considered in the next section. For a fixed
value of I, = 0.01, we illustrate the effect of the
initial fractions of competing strains in the cases
of a 12:12 LD cycle [Fig. 10(a)] and of a 15:15
LD cycle [Fig. 10(b)]. In the former case, when
the initial fraction F;(0) of cells of strain 1 is
smaller than about 0.4, the two strains coexist.
For larger values of F{(0), strain 1 wins the com-
petition. The larger the initial fraction of strain 1,
the faster this strain excludes strain 2.

The situation is different in the case of a 15: 15
LD cycle. Then, indeed, strain 2 wins the com-
petition as long as the initial fraction F,(0) is
equal to or smaller than 0.6, while strain 1 over-
comes strain 2 when F;(0) is equal to or larger
than 0.7, despite the fact that the FRP of strain 2
is closer to the period of the LD cycle than the
FRP of strain 1.

The comparison between Fig. 10(a) and (b)
indicates that the progressive increase in the in-
itial fraction of strain 1 leads either to a switch
from coexistence to dominance of strain 1 (as
seen for a 12:12 LD cycle), or to a switch from
dominance of strain 2 to dominance of strain
1 (as observed for the 15:15 LD cycle). These
results can be explained according to the relative
phase angles of the two strains in the two LD
cycles [see also Roussel et al. (2000) for a similar
explanation based on our previous model].
When the initial fraction of strain 1 decreases in
a12:12 LD cycle [see Fig. 7(a)], the advantage of
strain 1 over strain 2 eventually disappears and
the two strains coexist, because strain 1 cannot
secrete enough inhibitor to contain the growth of
strain 2 during the period in sD where such
growth was prevented when initial fractions of
strains 1 and 2 were equal [as in the case illus-
trated in Fig. 7(b)]; coexistence occurs because
the two strains grow during the whole phase L.
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FI1G. 10. Outcome of competition between the wild-type
(t =25 hr) and long-period mutant (tr = 30 hr) strains in
a12:12 LD cycle (a) and a 15:15 LD cycle (b) as a function
of the initial fraction F;(0) of wild-type cells in the mixed
culture. In panel (a), strain 1 wins the competition when its
initial fraction is equal to or larger than 0.4; below this value
the model predicts the coexistence of the two strains. In
panel (b), strain 1 wins the competition when its initial
fraction is larger than 0.6 while it is eliminated by strain
2 when F;(0) falls below this value. Simulations are per-
formed as described in the legend to Fig. 6.

Ina 15:15 LD cycle, sL of strain 1 is advanced
with respect to L, while sL of strain 2 is slightly
delayed with respect to L. As a consequence, for
equal values of the initial fractions of strains
1 and 2 [Fig. 7(b)], growth of strain 1 is impeded
in sD because of the inhibitor secreted by strain 2,
which in contrast grows during nearly entire
L due to better overlaps with sL.. When the initial
fraction of strain 2 decreases to sufficiently low
levels, the inhibitor secreted by this strain in sL is
not capable of preventing the growth of strain
1 in the part of sD overlapping with L. Hence,
strain 1 grows during entire L, while strain
2 grows as long as sL overlaps with L, but not
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during the brief time when sD overlaps with L,
since the inhibitor is then secreted by strain 1 at
high concentration. This difference in growth
period leads to strain 1 eliminating strain 2 at
sufficiently large values of the initial fraction
F1(0).

3.3.3. Influence of Inhibition Threshold

To illustrate the effect of the inhibition thre-
shold I., we have determined as a function of this
threshold the minimum initial fraction of strain
1 required to ensure dominance of this strain over
strain 2. In the case of the 12:12 LD cycle, the
minimum value of F;(0) increases with I,
[Fig. 11(a)]. As explained above, the boundary
curve in the F;(0) vs. I, plane then separates
a region of dominance of strain 1 from a region of
coexistence between the two strains considered.
In the case of a 15:15 LD cycle, the boundary
curve has the opposite slope: the minimum value
of F1(0) required for dominance of strain 1 de-
creases as I, increases [ Fig. 11(b)]. Solid curves in
Fig. 11 have been obtained by means of numer-
ical simulations. The dashed lines have been
obtained by applying the analytical expression
derived in our previous study for the critical
initial fraction F;(0) as a function of I.. This
analytical expression remains valid for the pre-
sent model. Indeed, it only relies on a discussion
of cell growth based on the evolution equation
for the inhibitor concentration (see Appendix
A in Roussel et al., 2000) and does not depend on
the way the circadian oscillator kinetics generates
the phase angle 6.

The reason underlying the difference between
the two situations considered in Fig. 10 is that in
the case illustrated in Fig. 11(a), strain 1 is nearly
insensitive to the inhibitor while strain 2 is sensi-
tive to it during part of its sD phase [Fig. 7(a)]; in
contrast, in the case illustrated in Fig. 11(b), it is
strain 1 that is sensitive to the inhibitor during
part of its sD phase, while strain 2 is mostly
insensitive to it [Fig. 7(b)]. Therefore, when
I, increases, in the 12:12 LD cycle the inhibitory
effect of strain 1 is reduced and more cells of this
strain are needed to inhibit the growth of strain 2,
while in the 15:15 LD cycle the inhibitory effect
of strain 2 diminishes and fewer cells of strain
1 are required initially to ensure the advantage of
the latter strain.
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FI1G. 11. Outcome of competition between the wild-type
(strain 1, T =25hr) and long-period mutant (strain 2,
7 =230 hr)cellsina 12:12 LD cycle (a)and a 15: 15 LD cycle
(b) as a function of the inhibition threshold I.. Shown in each
panel as a function of I, is the minimum value of the initial
fraction of cells of strain 1 required to ensure dominance of
this strain over strain 2. In a 12:12 LD cycle, coexistence
between the two strains is observed below the critical curve,
while in a 15:15 LD cycle, a switch to dominance of the
mutant occurs below the curve. Solid curves, obtained by
means of numerical integration of the model equations, yield
good agreement with the values (dashed lines) plotted ac-
cording to the analytical expression derived in our previous
study for the critical initial fraction F;(0) as a function
of I, [eqn (A.3) in Roussel et al., 2000]. The interruption of
the solid curve in (b) is due to difficulties in numerical
integration.

3.3.4. Effect of Photoperiod

So far we have considered only the symmetri-
cal case of LD cycles with equal L and D phases.
The natural LD cycle has a photoperiod that
varies over the year. Thus, with regard to the
physiological aspects of the resonance phenom-
enon, the question arises as to whether the



FITNESS ENHANCEMENT AND CIRCADIAN CLOCKS

1.5 L Wild type 16:8 LD cycle
=
s 1.0
el
£ 05
>
g 0
S
<
= =05
@)
-1.0
-1.5 . - — —
0 24 48 72 9%
Time (hr)
15 | Wild type 8:16 LD cycle

Circadian variable, x

0 24 48 72 96
Time (hr)

591

1.5 Mutant 16:8 LD cycle
=
)
=
g
>
=
<
2
<
8
Q
—1.5 - — — —
0 24 48 72 96
Time (hr)
15 F Mutant 8:16 LD cycle
=
)
=
g
>
(=
<
2
<
g
O

0 24 48 72 96
Time (hr)

FIG. 12. Effect of photoperiod of LD cycle on entrainment of the circadian oscillator. The circadian oscillations produced
by the modified van der Pol model in the wild-type (t = 25 hr; left column) and the long-period mutant (t = 30 hr; right
column) strains of cyanobacteria entrained by a 16:8 LD cycle (upper row) and a 8:16 LD cycle (bottom row) are shown. The
evolution of variable x, determined by the numerical integration of eqns (3), is shown as a function of time. Parameter values
are as shown in Fig. 3. The overlap of the sL phase (x > 0) with the L phase is better in the wild type than in the long-period
mutant. The reverse is true in a 15:15 LD cycle (data not shown).

competition experiments lead to similar out-
comes regardless of the relative durations of the
L and D phases for a given period of the LD
cycle.

We first illustrate in Fig. 12 the effect of the
photoperiod for a 24-hr LD cycle by showing
that the van der Pol oscillator model can be
entrained by a 16:8 and a 8:16 LD cycle both in
the cases of the wild type (r = 25 hr) and of the
long-period mutant (t =30hr). The two left
panels show that the resonance effect is recovered
at the two photoperiods. Indeed, the sL. phase
corresponding to positive values of variable x has
better overlap with L for the wild type as com-
pared to the long-period mutant (right panels).
Similarly, in the case of 10:20 and 20:10 LD
cycles, the sL phase shows better overlap with
L in the long-period mutant compared to the
wild type (data not shown).

When the wild-type and long-period mutant
strains are subjected to a 8:16 or 16:8 LD cycle,

starting with equal fractions of the two strains,
the wild type takes the advantage in both cases
over the other strain. In contrast, when the same
two strains are subjected in similar conditions to
a 10:20 or 20:10 LD cycle, the long-period mu-
tant takes over (Fig. 13). These results are similar
to those obtained for symmetrical LD cycles (see
Fig. 6) and can be explained in the same way.
Therefore, the phenomenon of enhanced fitness
due to resonating circadian clocks remains ro-
bust with respect to the varying photoperiod.

3.4. COMPETITION BETWEEN THREE STRAINS

So far experimental studies of competition in
LD cycles of varying period have been performed
by mixing two cyanobacterial strains at a time
and determining the outcome of the competition
between these two strains. It is of interest to
investigate how the introduction of a third bac-
terial strain affects the outcome of competition.
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F1G. 13. Effect of photoperiod on the outcome of com-
petition between wild-type (strain 1, t = 25 hr) and long-
period mutant (strain 2, T = 30 hr) cells in LD cycles of 24 or
30 hr period. Starting from equal proportions of the two
strains, strain 1 wins the competitionin an 8: 16 or 16:8 LD
cycle, while strain 2 dominates strain 1 in a 10:20 or 20: 10
LD cycle. Simulations were performed as described in Fig. 6.

This question can readily be addressed by means
of the model. To illustrate the case of such a
“compétition a trois” we consider the situation
where the wild-type (strain 1, 7 = 25 hr) and the
long-period (strain 2, T = 30 hr) strains are mixed
with a strain of intermediate period (strain 3,
T =27 hr).

The results of the competition between the
three strains, initially present in equal propor-
tions [ F1(0) = F,(0) = F5(0) = 1/3] in the case of
symmetrical LD cycles of period equal to 24 hr
[panel (a)], 30 hr [panel (b)] and 27 hr [panel (c)]
are shown in Fig. 14. The model indicates that
the resonance phenomenon observed for the
competition between two strains also occurs for
the competition between three strains, even
though all strains possess similar characteristics
of individual growth in LL and in LD. The com-
parison of panels (a)—(c) in Fig. 14 leads to two
main conclusions: (i) the strain that wins the
competition is generally the one whose FRP is
closest to the period T of the LD cycle, i.e. strain
1 for T =24hr [panel (a)] and strain 2 for
T = 30 hr [panel (b)]; (ii) the strain that is elimi-
nated first is generally that whose FRP is farthest
from T, i.e. strain 2 for T = 24 hr, and strain 1 for
T = 30 hr.

The situation illustrated in panel ¢ of Fig. 14 is
somewhat more complex and leads to a less
straightforward interpretation. There, in a 27-hr-
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FI1G. 14. Competition between three strains. Strains 1
(t =25 hr) and 2 (tr = 30 hr) are mixed with a third strain
(t = 27 hr); all three strains are initially present in equal
proportions. Strain 1 eliminates the other two strains in
a 12:12 LD cycle (a), while strain 2 wipes out the other
strains in a 15:15 LD cycle (b). In a 13.5:13.5 LD cycle (c),
the situation is less clear-cut, and strain 1 eventually over-
comes strains 2 and 3 (see text).

period LD cycle, the strain that is first eliminated
1s the one with an FRP of 30 hr, but the strain
with an FRP of 27 hr is eventually eliminated by
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13.5:13.5 LD cycle

FIG. 15. Schematic explanation of fitness enhancement
based on resonating circadian clocks in the case of a com-
petition between three strains placed in a 13.5:13.5 LD
cycle. Strains 1 (t = 25 hr) and 2 (r = 30 hr) are mixed with
a third strain (t = 27 hr); all three strains are initially present
in equal proportions. The results correspond to the time
evolution shown in Fig. 14(c). Shown from top to bottom,
are the L and D phases of the LD cycle, the sL and sD
phases of the wild-type strain, the periods during which this
strain grows (solid bar), and corresponding data for strains
2 and 3. The arrowed bar at the bottom indicates the periods
during which the inhibitor level exceeds the threshold I..
Strain 1 wins the competition [see Fig. 14(c)] because its
growth phase over an LD cycle is slightly longer than that of
strain 3, which itself fares better than strain 2.

the wild-type strain, of 25-hr FRP, even though
the latter FRP is further from the period of the
LD cycle than the FRP of the eliminated strain 2.
As indicated in Fig. 15, this paradoxical result is
due to the phase angle relationships of the three
strains with respect to the LD cycle. Strain 1 is
slightly advanced, and strain 3 is slightly delayed
with respect to the LD cycle. Strain 1 begins to
grow when L starts, and stops growing when sL
ends. Strain 3 begins to grow when sL starts
(indeed, as a result of the secretion of inhibitor by
strain 1, during sD strain 3 cannot grow because
I >1,) and stops growing when L ends. The
slightly longer duration of growth of strain 1 en-
sures its long-term elimination of strain 3. Strain
2, which is more delayed with respect to the LD
cycle, is eliminated more rapidly as its growth is
more restricted than that of the other two strains
(see Fig. 15).

To know whether the elimination of the 27-hr-
FRP mutant by the wild type is due to the initial
presence of a third strain in the culture, it is of
interest to determine the outcome of the competi-
tion between the wild type and the mutant in
a 27-hr-period LD cycle. The simulations show
that starting with equal proportions, for some

g
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e
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F (0)= 0.4, F(0)+F(0)=0.6
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F1G. 16. Effect of initial proportions of the two mutant
strains 2 (t = 30 hr) and 3 (r = 27 hr) on their competition
with the wild-type strain 1 (t = 25hr) in a 12:12 LD cycle.
Keeping a constant initial fraction F;(0) equal to 0.4, we
vary the initial fractions F,(0) and F3(0) while keeping their
sum equal to 0.6. The curves show a progressive slowing
down of the establishment of strain 1 dominance as the
initial proportion of strain 3 increases from 0.1 (top curve) to
0.5 (bottom curve) in the culture. Simulations were per-
formed as described for Fig. 6, by applying eqns (1) to the
case of three distinct populations.

100 days the two strains coexist, before the mu-
tant finally overcomes the wild type. The oppo-
site result found in the initial presence of a third
strain might suggest that this difference in out-
come originates from a three-strain effect. How-
ever, the particular case considered appears to
represent a rather special case.

Another effect of the presence of a third strain
is that it can slow down the takeover of the strain
for which the FRP is closest from the period of
the LD cycle. In Fig. 16, we consider the same
three strains as above, subjected to a 12:12 LD
cycle. In these conditions, as shown in Fig. 13(a),
strain 1 wins the competition. We start with the
same initial fraction, equal to 0.4, and vary the
proportions of strains 2 and 3 in such a way that
the sum of their initial fractions remains equal to
0.6. As shown in Fig. 16, the takeover of strain
1 becomes progressively slower as the initial frac-
tion of strain 3 increases. Such a slowing down is
due to the fact that strain 3 is a better competitor
of strain than strain 2 in a 24-hr LD cycle because
the FRP of strain 3 is closer to 24 hr.

4. Discussion

A clear-cut experimental demonstration of the
fitness-enhancing role of circadian rhythms has
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recently been presented for cyanobacteria
(Ouyang et al., 1998). Observations performed in
light-dark cycles of various periods have indeed
shown that the selection of cyanobacterial strains
markedly depends on the period of their endo-
genous circadian oscillations. When starting with
mixtures of two strains of different free-running
period, the strain that is selected is generally
that which has an FRP closest to the period
of the imposed LD cycle. This resonance phe-
nomenon provides a basis for the physiological
role of circadian rhythms which allow living
organisms to adapt to the natural periodicity of
their environment.

In a previous publication, we have proposed
a theoretical analysis of the fitness enhancement
in cyanobacteria based on resonating circadian
clocks (Roussel et al., 2000). Our analysis relied
on the observation that the phase angle of
the circadian cellular oscillator with respect to
the LD cycle varies according to the FRP of the
cyanobacteria strain. Taking this phase angle as
an arbitrarily set parameter, we compared two
plausible mechanisms for fitness enhancement
based on circadian rhythms in competing strains
of cyanobacterial characterized by different free-
running periods. The first mechanism relies on
competition via secretion of an inhibitor of cell
growth; the second mechanism involves the com-
petition for a limiting substrate. The comparison
of the two models indicated that the former
mechanism can account, better than the latter,
for a large set of experimental observations. The
existence of a growth inhibitor has already been
demonstrated in some species of cyanobacteria
(Yamada et al., 1993), and the light-dependent
character of the secretion of such an inhibitor has
been observed in other light-dependent organ-
isms such as Gonyaulax (Roenneberg et al., 1991).

To explore in further detail the resonance
mechanism by which circadian rhythms enhance
fitness in cyanobacteria, we have considered here
a model in which the phase angle of a given
cyanobacterial species with respect to the LD
cycle is not imposed a priori but is rather gener-
ated by the model itself. To this end, we have
incorporated an explicit circadian oscillator with
control by light, so that the dependence of the
phase angle of this cellular oscillator with respect
to the LD cycle is generated automatically by the

model for each cyanobacterial strain according to
its FRP and to the period of the forcing LD cycle.

The molecular mechanism of circadian
rhythms in cyanobacteria is still unclear even
though a number of clock genes belonging to the
kai family have already been identified (Ishiura
et al., 1998). Therefore, rather than resorting to
a molecular model for circadian rhythms pro-
posed for other organisms such as Drosophila or
Neurospora for which the molecular mechanism
is known in greater detail, we have considered
a more abstract model, the van der Pol oscillator,
which has long been used to account for key
properties of circadian rhythms in a variety of
organisms. In the absence of sufficient detailed
information on the molecular mechanism of cir-
cadian rhythms in cyanobacteria, the use of the
van der Pol oscillator allows us to focus on the
qualitative aspects of the resonance phenomenon
and to study it on a more general level, indepen-
dent of molecular details.

We started by showing that the modified ver-
sion of the van der Pol oscillator used in our
study (Jewett & Kronauer, 1998; Jewett et al.,
1999) accounts for free-running oscillations in LL
and for entrainment of the oscillations by LD
cycles of various periods (Fig. 3). In Fig. 3, as in
most subsequent figures, for illustrative purposes
we focused primarily on the case of the wild-type
and of a long-period strain, characterized by an
FRP () of 25 and 30 hr, respectively. We then
showed in Fig. 4 how the phase angle of the
wild-type and mutant strains varies with the
period of the LD cycle.

In addition to the van der Pol oscillator de-
scribing the circadian oscillator of cyanobacteria,
the model contains a kinetic equation describing
the growth of each cyanobacterial strain present
in the culture, as well as a kinetic equation de-
scribing the secretion and degradation of the
growth inhibitor produced by the cells present in
the medium. As summarized in Fig. 2, the growth
of cells, the secretion of inhibitor and the cell
sensitivity toward the inhibitor are assumed to
depend on the phase of the LD cycle and on the
phase of the internal circadian oscillator. We
confirmed the robustness of the results with re-
spect to the precise form of these assumptions by
testing the effect of some changes in underlying
hypotheses.
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As shown in Fig. 5(a) and (b), the model can
account for the observation that the wild-type
and long-period mutant strains have identical
growth curves when cultured alone in the me-
dium, both in LL and in LD, even though one of
the two strains can eliminate the other in com-
petition experiments. However, the model indi-
cates that the two strains may possess different
growth curves, particularly in LD, at low values
of the maximum inhibitor degradation rate, even
when the growth parameters of the two strains
are the same [Fig. 5(d)].

The resonance phenomenon is illustrated by
the simulated competition experiments shown in
Fig. 6. As observed in the experiments of Ouyang
et al. (1998), when starting with equal propor-
tions of the wild-type and long-period mutant
strains, the outcome of the competition depends
on the period T of the LD cycle: the wild type
(t = 25 hr) outcompetes the mutant (tr = 30 hr)
when T ranges from 24 to 27 hr, while the reverse
competition outcome is observed when T equals
29 or 30 hr; the case where T is equal to 28 hr
leads to a less clear-cut outcome. Based on the
difference of phase angle (Fig. 4), the model
allows a precise explanation of these results in
terms of the relative positions of the s and sD
phases of circadian oscillations within each of the
two strains with respect to the LD cycle: of
key importance are the differences in the dura-
tion of growth phase of each strain, due to the
timing of secretion of inhibitor by the other strain
and of sensitivity toward this inhibition (Fig. 7).

We generalized the results of competition ex-
periments by showing in Fig. 8, for the case of
a 24-hr LD cycle, which one of two strains out-
competes the other when the FRP of each strain
varies from 20 to 30 hr. Even though equal pro-
portions of the two strains are present initially in
the medium, one strain eventually eliminates the
other, except when they have the same FRP. The
outcome of the competition depends on the rela-
tive values of the two FRPs with respect to the
period of the LD cycle. This is strikingly demon-
strated by fixing the value of the FRP of one
strain and varying the FRP of the other strain
from 20 to 30 hr. Then, indeed, the outcome of
the competition may change successively as the
second FRP increases. Thus, when setting the
FRP of strain 1 (r;) equal to 26 hr, the model

predicts that strain 2 eliminates strain 1 when
7, = 20 to 21 hr, while strain 2 is eliminated by
strain 1 when 7, ranges from 22 to 25 hr. The two
strains coexist when 7; = 7, = 26 hr. For values
of 7, larger than or equal to 27 hr, strain 1 again
outcompetes strain 2.

The model allowed us to study in detail the
influence exerted on the outcome by other factors
such as the initial proportions of competing
strains and the threshold concentration of inhibi-
tor, I., above which the growth of a strain in sD
and L is inhibited. In a 12:12 LD cycle, the wild
type overcomes the long-period mutant as long
as its initial fraction in the medium exceeds
0.4; below this value, the two strains coexist
[Fig. 10(a)]. At different forcing periods, a critical
value of the initial proportions of the two strains
may lead to a switch in the strain that wins the
competition. Thus, ina 15: 15 LD cycle, the long-
period mutant overcomes the wild type as long as
the initial fraction of the latter is below or
equal to 0.6; however, when its initial fraction is
larger, the wild type outcompetes the mutant
[Fig. 10(b)]. These results are generalized by
plotting as a function of the threshold inhibitor
concentration I, the critical value of the initial
fraction of wild-type strain in the medium separ-
ating the domains of wild-type dominance and
coexistence in a 12:12 LD cycle [Fig. 11(a)], and
the domains of dominance of the wild-type and
of the long-period mutant in a 15:15 LD cycle
[Fig. 11(b)]. The results indicate that the critical
fraction above which the wild type dominates the
long-period mutant increases with I, in a 12:12
LD cycle and decreases with I, in a 15:15 LD
cycle.

The above results have been obtained in the
symmetrical case where the L and D phases of the
imposed LD cycle have equal durations. Exten-
sion of the analysis to unequal durations of the
L and D phases shows that similar results on
fitness enhancement based on resonance of the
circadian oscillator with the external LD cycle
are recovered regardless of the photoperiod.
Thus, results obtained in an 8:16 or 16:8 LD
cycle, or in a 10:20 or 20:10 LD cycle, are
comparable to those obtained in a 12:12 or
15:15 LD cycle, respectively. The phase angle of
the circadian oscillator still varies with the period
T of the LD cycle in a manner specific to the FRP
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and similar to that observed in Fig. 4 for symmet-
rical LD cycles. The value of T at which the phase
angle 0 vanishes depends on the photoperiod and
on the value of the FRP (data not shown). The
competition kinetics predicted by the model for
LD cycles of unequal L and D phases (Fig. 13) is
qualitatively unchanged with respect to the kinet-
ics observed for symmetrical LD cycles (Fig. 6); the
only noticeable effect of the photoperiod is to alter
the speed at which one strain eliminates the other
at a given value of period T.

All competition experiments so far have
involved only two cyanobacterial strains. The
model can be used to predict the outcome of
competition between three strains differing by
their free-running period. We have shown that
the results obtained for two competing strains
can be extended to the case where three different
cyanobacterial strains are present in the medium.
The outcome of the competition again depends
on the relative values of the FRPs and of the
period of the LD cycle (Figs 14 and 15), as well as
on the initial proportions of the three strains. The
presence of a third strain merely affects the speed
at which another strain is eventually selected
(Fig. 16).

Our theoretical examination of the competi-
tion between different cyanobacterial strains as
a function of the period of the LD cycle was
based, for definiteness, on a particular set of as-
sumptions (see Fig. 2). We have verified that
similar results are obtained when using slightly
different hypotheses. Thus, for example, the res-
onance effect is recovered when assuming that
the inhibitor is secreted by a certain strain only
when cells of this strain are in sL and in L (in the
above analysis, we assumed that the inhibitor is
secreted by cells in sL, regardless of the phase of
the LD cycle).

Together with our previous analysis (Roussel
et al, 2000), the present results provide a
plausible, detailed (though not fully molecular)
mechanistic explanation for the experimental ob-
servations that demonstrate fitness enhancement
in cyanobacteria based on resonating circadian
clocks. By explicitly incorporating a sustained
cellular circadian oscillator into the model for
cell growth, we showed that the experimental
results can be accounted for when taking into
account (i) secretion of a growth inhibitor by cells

at a given phase of their circadian oscillator,
(i) growth during the L phase of the LD cycle
when cells are in sL or when they are in sD and
the inhibitor is below a critical concentration,
and above all (iii) the existence of a phase angle
between the circadian oscillator and the LD cycle
that is specific to a given cyanobacterial strain
and is dictated by the free-running period of the
circadian oscillator. Fitness enhancement based
on resonance between the circadian oscillator
and the LD cycle results from the better super-
position of the sL phase of a given cyanobacterial
strain with the L phase in a given LD cycle.

Beyond the case of cyanobacteria, the present
analysis of fitness enhancement based on reso-
nating circadian clocks provides a theoretical
framework for assessing the physiological and
evolutionary roles of circadian rhythms in other
unicellular or multicellular organisms. The anal-
ysis could also extend to the competition between
different, normal or pathological cell types sub-
jected to a periodically varying environment or
to periodic drug delivery.
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