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The ubiquity of endogenous, circadian (daily) clocks among eukaryotes has long been held as evidence that they serve an adaptive

function, usually cited as the ability to properly time biological events in concordance with the daily cycling of the environment.

Herein we test directly whether fitness is a function of the matching of the period of an organism’s circadian clock with that of

its environment. We find that fitness, measured as the per capita expectation of future offspring, a composite measure of fitness

incorporating both survivorship and reproduction, is maximized in environments that are integral multiples of the period of the

organism’s circadian clock. Hence, we show that organisms require temporal concordance between their internal circadian clocks

and their external environment to maximize fitness and thus the long-held assumption is true that, having evolved in a 24-h world,

circadian clocks are adaptive.
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Circadian clocks with a period of about a day are ubiquitous among

eukaryotes and also occur in Cyanobacteria (Edmunds 1988; John-

son et al. 1996). The pervasiveness of circadian clocks across a

diverse spectrum of organisms and the requirement of a functional

circadian clock for the temporal coordination of both overt behav-

ior and internal organization of cellular biochemistry is often used

as evidence that circadian rhythmicity serves an adaptive function

(Bünning 1960; Pittendrigh 1961; Aschoff 1964; Hastings et al.

1991; Pittendrigh 1993; Yan et al. 1998; Sharma 2003). Indeed,

mutant strains of the cyanobacterium Synechococcus are most

competitive in light:dark (L:D) environments whose period (light

plus dark) approximates that of their circadian free-running period

(Yan et al. 1998). In the drosophilid Drosophila melanogaster (Pit-

tendrigh and Minis 1972; Klarsfeld and Rouyer 1998), the blowfly

Phormia terranovae, (von Saint Paul and Aschoff 1978), and the

golden hamster Mesocricetus auratus (Hurd and Ralph 1998),

adult longevity is enhanced in environmental cycles that are of

the same length as the endogenous circadian period. Relative to

wild-type, null mutants of genes involved in the circadian clock

(clock genes) show reduced carbon fixation, vegetative growth

and survivorship in Arabidopsis (Dodd et al. 2005), reduced adult

longevity in Drosophila (Hendricks et al. 2003), and reduced re-

productive success in both male and female Drosophila (Beaver

et al. 2002, 2003).

In these cases, although, it is not clear what effects the muta-

tions are having on reproductive physiology independent of their

effects on circadian organization. Also, in studying the effect of

a genetic mutant on fitness, one must maintain a standardized
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genetic background for both the experimental and control lines,

making it hard to generalize the effects of those mutations in nat-

ural populations where dominance and epistasis play such large

roles (Wolf et al. 2000). Thus it is important to test the effects

of phenotypes on fitness using populations of animals segregat-

ing naturally occurring levels of genetic variation. With this in

mind, we study the effects of concordance of the circadian clock

with the environment in natural populations of the pitcher-plant

mosquito.

Circadian clocks can be rendered dysfunctional either

through genetic means (Hall 1999; Sehgal 2004) or by impos-

ing external light:dark (L:D) cycles whose period (T = L + D)

varies substantially from the period of oscillation (� ) of an or-

ganism’s internal circadian clock (Pittendrigh 1965, 1966). The

circadian clock resonates with the external L:D cycle when T =
24 + n� , but resonance fails when T = 24 + � (n +0.5), where n

is an integer. Periods of endogenous circadian rhythms in insects

generally range from �∼19 to 26 h (Saunders 2002; Lankinen and

Forsman 2006). The endogenous circadian rhythm of the flesh fly,

Sarcophaga argyrostoma, is about 24 h (Saunders 1976). When

S. argyrostoma are exposed to resonant T cycles of 24 or 48 h,

there is a strong pupal eclosion rhythm, but when they are exposed

to nonresonant T cycles of 36 or 60 h the rhythm is very weak

(Saunders 1978), reflecting disorganization of the circadian clock

much as if the flies were subjected to perpetual jet lag.
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Figure 1. Resonance experiments. (A) Rhythmic response of Wyeomyia smithii from the Gulf Coast of North America (30–31◦N) to

light:dark (L:D) cycles ranging from L:D = 10:14–10:62 in separate experiments (Bradshaw et al. 2003). The data are pooled from the two

populations used in this study. Note that all of these regimens consist of diapause-maintaining short days and long nights so that the

rhythmic long-day response represents rhythmic transitions from resonant cycles producing short-day response “valleys” to nonresonant

long-day response “peaks.” The arrows indicate three of the four experimental regimens: (A) L:D = 10:14; (B) L:D = 10:25; (C) L:D = 10:36.

(B) Fitness (per-capita expectation of future offspring) in response to the L:D cycles indicated in Figure 1A and to a long-day L:D = 18:6

cycle (L). Error bars represent two standard errors. ∗∗∗P < 0.001 when comparing L:D = 10:25 with the other three cycles, which did not

differ from each other.

The pitcher-plant mosquito, Wyeomyia smithii, lays its eggs

and completes its preadult development entirely within the water-

filled leaves of the purple pitcher plant in eastern North America.

Throughout their range, they enter a larval dormancy (diapause)

that is initiated, maintained, and terminated by day length (Brad-

shaw and Lounibos 1977). Under a 24 h L:D cycle, short days

initiate and maintain diapause whereas long days avert or termi-

nate diapause. Under longer L:D cycles with a fixed short day

and increasing night lengths, W. smithii exhibit a rhythmic re-

sponse, alternating between peaks of development with valleys

of diapause (Fig. 1A). In D. melanogaster (Saunders 1990), D.

auraria (Pittendrigh et al. 1991; Pittendrigh and Takamura 1993),

Calliphora vicina (Saunders 1997), and S. argyrostoma (Saunders

1973, 1978), the peak-to-peak or valley-to-valley interval equals

the period of adult eclosion or locomotor rhythms and represents

the period of the underlying circadian rhythm (Pittendrigh 1981;

vaz Nunes and Saunders 1999). In W. smithii (Fig. 1A), these ex-

periments repeatedly show resonant short-day responses when T

equals 24, 46, or 68 h and nonresonant long-day responses when

T equals 35 or 56 h, indicating a circadian period (� ) of � ∼ 21 h

in W. smithii.

Herein, we test whether a composite measure of fitness, the

net, per-capita expectation of future offspring, depends on res-

onance of T with the circadian clock in natural populations of

W. smithii. We break down fitness into its components: pupal
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survivorship, fecundity, and embryonic viability and, because of

its frequent use as a surrogate for fitness, we also consider adult

longevity. We test the specific a priori hypothesis that mosquitoes

exposed to a nonresonant cycle (peak B in Fig. 1A) achieve lower

fitness than mosquitoes exposed to resonant cycles (valleys A

and C in Fig. 1A). A comparison of fitness between two differ-

ent resonant cycles (valleys A and C in Fig. 1A) controls for the

possibility that a decline in fitness in nonresonant cycles might

be due to mosquitoes experiencing extended nights. In addition,

we determine fitness in response to long days in a resonant cycle

(L:D = 18:6). A comparison of fitness between the 24 h short-day

resonant cycle (valley A in Fig. 1A) and L:D = 18:6 controls for

the possibility that a decline in fitness in the nonresonant cycle

might be due to a response to day length, per se.

Materials and Methods
Animals from two populations from northern Florida, USA (30◦N

and 31◦N, populations WI and CR from previous studies) were

used in this experiment. Both populations were maintained as

large, outbred populations with N > 1000 in the laboratory for

2 (WI) or > 10 (CR) generations to reduce field and maternal

effects while maintaining the naturally occurring genetic diver-

sity of populations. Assuming genetic drift, after 10 generations

of size of N e = 200, heterozygosity of these populations would

be reduced by less than 4%, and thus the populations represent

naturally occurring genetic variation.

Before starting the experiment larvae were reared under

short-day conditions to synchronize all individuals into dia-

pause. Diapausing larvae from each population were then reared

(Bradshaw et al. 2003) on a L:D = 18:6 cycle to promote con-

tinuous development without diapause. On the day of pupation,

6–10 replicate cohorts were either maintained on L:D = 18:6 (long

days) or transferred to L:D = 10:14 (valley A in Fig. 1A), L:D =
10:25 (peak B in Fig. 1A), or L:D = 10:36 (valley C in Fig. 1A) at

23 ± 0.5◦C and 80% RH in light-tight experimental chambers held

within a climate-controlled room. Cohort size was determined by

the number of larvae actually pupating on a single day and ranged

from 50 to 85 pupae in each cohort. The pupae, resulting adults,

and their embryonating eggs were maintained under these same

conditions until the eggs hatched. Fitness was then equated with

the per-capita expectation of future offspring = (number of first

instar larvae eventually hatching from a cohort) ÷ (number of

pupae in the original cohort).

Pupal survivorship was measured as the number of pupae ini-

tiating the cohort that survived to adult eclosion; fecundity was

calculated as the mean number of eggs per eclosing female; em-

bryonic viability was measured as the percentage of eggs laid that

successfully hatched; and adult longevity was measured as the

time between median adult eclosion and median adult death of

each cohort.

Differences among light regimens in both fitness, its compo-

nents, and adult longevity were tested with a one-way ANOVA; if

there was a significant effect of light treatment, orthogonal con-

trasts with 1 degree of freedom each were used to test the specific

a priori hypotheses (Sokal and Rohlf 1995). Prior to analysis of

the data, all assumptions of ANOVA were tested and the appro-

priateness of ANOVA was confirmed (Sokal and Rohlf 1995).

Data from both populations were pooled to increase power in the

final analysis as the two separate populations showed the same

qualitative results.

Results
Fitness varied among L:D treatments (Fig. 1B) (F3,24 = 5.12, P <

0.001). Fitness achieved under L:D = 10:25 was 55% lower than

the three other L:D regimens (F1,24 = 14.62, P < 0.001), whereas

fitness under the latter three regimens did not differ from each

other (P > 0.40). Fitness under the longer L:D = 10:36 cycle

did not differ from the two 24-h cycles (F1,24 = 0.63, P = 0.43),

showing that the reduction in fitness in the L:D = 10:25 cycle

is not due to a longer exotic L:D cycle, per se. Finally, in 24-h

regimens, fitness did not differ (F1,24 = 0.13, P = 0.72) between

long days (L:D = 10:14) and short days (L:D = 18:06), showing

that fitness was not due to variation in day length.

Pupal survivorship (F3,24 = 0.33, P = 0.80), embryonic via-

bility (F3,24 = 1.43, P = 0.26), and adult longevity (F3,24 = 0.25,

P = 0.85) did not vary among L:D treatments (Fig. 2). By contrast,

per capita female fecundity varied among L:D treatments (F3,24 =
5.12, P <0.001). Fecundity under L:D = 10:25 was 58% lower

than the three other L:D regimens (F1,24 = 15.36, P < 0.001),

whereas fecundity under the latter three regimens did not differ

from each other (P > 0.09). In a similar pattern to that of our

composite measure of fitness, fecundity under the longer L:D =
10:36 cycle did not differ from the two 24-h cycles (F1,24 = 3.11,

P = 0.09) nor did it differ (F1,24 = 0.47, P = 0.49) between short

days (L:D = 10:14) and long days (L:D = 18:06).

Discussion
We show for the first time in natural populations of animals that

concordance of the circadian clock with the cycling environment

is necessary to maximize fitness. We show that the fitness re-

duction in nonresonating L:D environments is mainly due to a

reduction in fecundity, whereas pupal survivorship, embryonic vi-

ability, and adult longevity are not significantly affected by such

environments.
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Figure 2. Components of fitness: (A) pupal survivorship; (B) av-

erage fecundity per female; (C) embryonic viability, and (D) adult

longevity, in the four different light treatments (Light:Dark) used

in this study. Error bars represent two standard errors. ∗∗∗P < 0.001

when comparing L:D = 10:25 with the other three cycles, which

did not differ from each other.

Much of the recent data on the fitness consequences of cir-

cadian organization in animals have only been in reference to a

single component or correlate of fitness, in most cases longevity

(Pittendrigh and Minis 1972; Hurd and Ralph 1998; Klarsfeld and

Rouyer 1998; Kumar et al. 2005). Studying the effect of circa-

dian disorganization on longevity alone may be misleading in that

longevity is often not positively correlated with composite mea-

sures of fitness (Bell 1984; Partridge and Harvey 1985; Reznick

1992; Roff 1992; Stearns 1992; Zwaan 1999; Sheeba et al. 2000).

For instance, Sheeba et al. (2000) compared adult life span and

fecundity among several lines of D. melanogaster under constant

light (LL), 12L: 12D and constant darkness (DD), and found that

a reduction in longevity in adult flies in LL is at least partly a func-

tion of an increase in reproductive output early in life. In W. smithii,

we found that adult longevity did not vary among treatments, de-

spite significant differences in fitness. This result underscores the

unreliability of using a single fitness correlate as a surrogate for

an appropriate composite index of fitness.

Using loss-of-function mutants in central circadian clock

genes, period, timeless, cycle, and clock (per◦, tim◦, cyc◦, and

Clkjrk) in D. melanogaster, Beaver et al. (2002) showed that sin-

gle matings using mutant males produced ∼40% fewer progeny,

and those progeny had low survivorship to adulthood. This reduc-

tion in fitness was associated with the reduction in the amount

of sperm released from the testes to the seminal vesicles in null

mutant males (Beaver et al. 2002). Mutations in per and tim may

also have clock-independent effects on the production of mature

oocytes and viable progeny in females of D. melanogaster (Beaver

et al. 2003). The mutant lines from these studies come from dif-

ferent genetic backgrounds and are compared to Canton-S flies as

a control, making generalizations from these comparisons diffi-

cult. In addition, using mutant, inbred lines, allows for pleiotropic

and epistatic effects to be fixed within the line, potentially affect-

ing the resulting phenotype. We overcome this problem by using

natural populations of mosquitoes that are segregating naturally

occurring alleles among large numbers of individuals.

Several studies on the fitness effects of having an environment

with the same periodicity as the circadian clock involve the use of

short- and long-period mutant lines (Yan et al. 1998; Dodd et al.

2005). These studies use L:D treatments that have the same total

period length as the mutant lines and show that fitness is optimized

under the environment that matches the organism’s free-running

period. Here we avoid having to induce mutations by using two

classes of extended night environments, one which is resonant

with the underlying circadian rhythm and one that is nonresonant

as shown in experiments with natural populations of W. smithii

(Fig. 1A). We have controlled for the novelty of the experimental

treatments by using resonant cycles with integral (1 and 2)

multiples of the circadian period. We also control for the effect of

genetic background by averaging across many individuals from

populations with naturally segregating genetic variation; and, the

error term in our analyses incorporates variation between as well

as within populations. We have shown that the loss of fitness in

the nonresonant cycle is not due either to the extended nights of

that cycle or to an effect of day length. The loss of fitness in W.

smithii in environmental cycles that are not integral multiples of

the circadian clock’s period is primarily due to reduced female

fecundity (Fig. 2). We observed no effect of cycle length on pupal

survivorship, indicating that the switch itself from a resonant

(L:D = 18:06) to a nonresonant (L:D = 10:25) was not the cause

of reduced fitness. Finally, we observed no effect of cycle length

on adult longevity and, had we measured longevity alone, we

would not have observed the effect of cycle length on fitness.

We conclude that concordance of the period of the circadian

clock with the environment is necessary to maximize fitness

and confirm the long-held proposition that circadian clocks are

adaptive in natural populations.
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