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Circadian biology assumes that biological rhythms maximize fitness by enabling organisms to coordinate
with their environment. Despite circadian clocks being such a widespread phenomenon, demonstrating
the fitness benefits of temporal coordination is challenging and such studies are rare. Here, we tested
the consequences—for parasites—of being temporally mismatched to host circadian rhythms using the
rodent malaria parasite, Plasmodium chabaudi. The cyclical nature of malaria infections is well known,
as the cell cycles across parasite species last a multiple of approximately 24 h, but the evolutionary explanations for periodicity are poorly understood. We demonstrate that perturbation of parasite rhythms
results in a twofold cost to the production of replicating and transmission stages. Thus, synchronization
with host rhythms influences in-host survival and between-host transmission potential, revealing a role for
circadian rhythms in the evolution of host–parasite interactions. More generally, our results provide a
demonstration of the adaptive value of circadian rhythms and the utility of using an evolutionary
framework to understand parasite traits.
Keywords: cell cycle; plasticity; periodicity; synchronicity; biological rhythms; Plasmodium chabaudi

1. INTRODUCTION
Circadian clocks underlie biological rhythms with a periodicity of approximately 24 h across a range of taxa, spanning
from bacteria to plants, insects and vertebrates. All levels of
biological organization within an organism, from gene
expression to immune function, behaviour and seasonal
patterns of reproduction are subject to regulation by the
clock [1]. A cornerstone of chronobiology is the idea that
organisms have evolved circadian clocks to allow coordination of physiology and behaviour with the Earth’s daily
rotation [2]. Despite circadian clocks being such a widespread phenomenon, demonstrating the fitness benefits
of this coordination is challenging. Currently, the clearest
evidence comes from experiments showing that having a
circadian clock, the periodicity of which resonates with
that of the environment, enhances the competitive ability
of cyanobacteria [3] and plants [4], and larval growth
rate in insects [5]. While considerable circumstantial evidence suggests that a circadian clock enhances fitness
[6], studies unequivocally testing the adaptive significance
of clocks are scarce for two reasons. First, the majority of
recent research in the field of chronobiology has focused
on asking questions about clock mechanisms [7–11].
Second, it is very difficult to do laboratory experiments
that perturb timing schedules in ecologically realistic
ways, and controlling for potentially confounding effects
in field studies is equally challenging [12].
Here, we test whether matching developmental schedules to time of day affects the growth and transmission

potential of malaria (Plasmodium) parasites. Malaria parasites replicate asexually in a vertebrate host and sexually
in the mosquito vector. During the night, at the end of
the cell cycle, each mature parasite (termed schizont) synchronously releases multiple daughter progeny (termed
merozoites). Plasmodium species that infect humans have
synchronous cell-cycle durations of 48 or 72 h and cause
recurrent fever every 2 or 3 days, which is sufficiently precise to be a diagnostic feature of the disease [13]. Both the
evolutionary and mechanistic explanations of this periodicity are poorly understood, but that it is always a
multiple of 24 h suggests that circadian clocks regulate
parasite rhythms. Every cell cycle, a proportion of parasites
differentiate into male and female stages (gametocytes),
which reproduce sexually when taken up by a mosquito.
Rapid asexual replication is central to establishing and
maintaining infections; the production of gametocytes is
essential for transmission between hosts [14]. Malaria
parasites offer a useful system for circadian studies because
asexual and sexual stages can be distinguished and precisely quantified using molecular techniques developed
specifically for this purpose [15–17]. Also, parasites are
engaged in a life or death struggle with their hosts—so if
perturbation of their cell cycle alters important interactions
with their in-host environment, it will result in immediate
and ecologically relevant fitness consequences.
There is increasing interest in the reciprocal approach
of using unicellular taxa to test the generality of evolutionary theories developed for multicellular taxa and using an
evolutionary approach to understand the biology of
important unicellular taxa [14,18 –20]. Matching the
host circadian rhythm appears to be achieved using
output from host clocks as a time cue for scheduling
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Figure 1. (a) The asexual cycle of P. chabaudi follows the pattern of day and night with ring stages being produced in the morning, which develop to trophozoites in the afternoon and release merozoites (progeny) from schizonts at night. Data are from
four infections initiated and followed prior to our main experiment to verify that the P. chabaudi genotype used (AJ) has a synchronous and 24 h cell cycle. (b) The experiment was designed to test whether this temporal alignment is beneficial to parasite
replication and transmission. Arrows indicate transfers of parasites to recipient hosts (four groups of six mice) within and
between two rooms with different lighting schedules. Parasites remaining in the same room acted as controls as they were
matched to host rhythms. Parasites transferred to hosts with a different rhythm from their donor were temporally mismatched,
analogous to jetlag. Dark and light bars indicated lights-on/lights-off status throughout each 48 h period. Zeitgeber time (ZT) is
displayed above the bars; ZT 0/24, time of lights-on and ZT 12, time of lights-off.

progression throughout the cell (replication) cycle. Previous work has demonstrated that if the rhythm of
rodent malaria parasites is perturbed, it returns to
match the host circadian rhythm within a few cell cycles
[21 –23]. Furthermore, human malaria parasites lose synchronicity in their cell cycle during in vitro culture [24],
but the addition of melatonin appears to restore coordination [25]. Here, we show that perturbing the rhythm
of parasites relative to the host body clock has consequences for their proliferation and transmission
potential. Our study thus achieves a rare link between
chronobiology and evolutionary biology, as well as representing a novel application of evolutionary theory to an
organism of high medical importance.

2. MATERIAL AND METHODS
(a) Parasites and hosts
Hosts were 10–12-week-old MF1 male mice housed at 218C
with ad libitum food and drinking water supplemented with
0.05 per cent para-aminobenzoic acid (to supplement parasite
growth). Plasmodium chabaudi has previously been reported to
have a synchronous cell cycle of 24 h [26], but—prior to our
main experiment—we set up infections to verify that this was
also the case for the clone (AJ) used here. For this study, we
initiated four replicate infections with 1  106 parasitized red
blood cells (RBCs) in mice maintained on a 12 L : 12 D
cycle. We followed the proportion of parasites at ring stage
at approximately four-hourly intervals over 36 h on days 3
and 4 post-infection (pi). These data are presented in
figure 1a and demonstrate unambiguously that the cell-cycle
clone AJ is synchronous with a duration of 24 h.
Our main experiment required manipulating the circadian
rhythms of hosts. We achieved this by housing mice in two
Proc. R. Soc. B

rooms, each maintained on a 12 L : 12 D cycle, that differed
only in the timing of ‘lights-on’. In the ‘standard schedule’
room, lights were on during the day (lights-on: 07.30 h;
lights-off: 19.30 h); in the ‘light-reversed’ room, lights were
on during the night (lights-on 22.30 h; lights-off: 10.30 h).
All mice in the experiment were allowed to acclimatize to
their respective lighting regimes for two weeks before infection. This allowed mice time to entrain to their schedule,
as previous work has demonstrated this occurs within
7 days [27]. However, prior to infecting the mice, we verified
that they behaved as expected for their light : dark schedule,
i.e. were active during the dark period and inactive when lights
were on. In each room, a host was infected with 1  106
P. chabaudi (clone AJ) parasitized RBCs to provide ‘donor’
parasites to initiate experimental infections (figure 1b). Mice
used in the experiment were housed in groups of three and
a total of 24 were used (n ¼ 6 infections per treatment group).
(b) Experimental design
Parasites at the ring stage from the donor infection in each
room were used to infect hosts (with 1  106 parasitized
RBCs) in both rooms (figure 1b). Parasites originating from
the ‘standard regime’ room were collected at Zeitgeber
time (ZT) 0 (the time of lights-on) and used to infect simultaneously mice in the same room and the light-reversed room.
The same procedure was repeated 15 h later, at ZT 0 in the
light-reversed room for parasites originating from this room,
which were again used to infect simultaneously mice in the
light-reversed room and the standard regime room. This produced two treatments: parasites ‘matched’ to the host rhythm
(control infections; mice infected with parasites from the
same room) and parasites ‘mismatched’ to the host rhythm
(experimental infections; mice infected with parasites from
the room on the opposite lighting schedule). Parasites in
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the mismatched treatments thus underwent a temporal phase
shift, analogous to the cross-continental travel that induces
jet lag. This experimental design provides four cross-factored
groups of infections (two schedules of origin  two destination schedules) and enables the performance of
mismatched parasites’ growth and transmission potential to
be compared with those matched to host rhythms in both
the original and the destination rooms.
(c) Data collection
All mice were sampled twice daily, in the morning at 09.00 h
and in the evening at 19.00 h (BST), during the growth phase
of infections (that is, from days 0–7 pi [28]). Focusing on the
growth phase minimized the influence of potentially confounding variables, such as anaemia and immune responses,
which significantly influence parasitaemia after peak, and
avoided the risk of host mortality, causing an unbalanced
design and reducing power. At each sampling point, thin
smears were made, samples were taken to quantify gametocyte
(10 ml) and total parasite (5 ml) densities, and RBC densities
measured using flow cytometry (Beckman Coulter; for
09.00 h samples only). Thin smears were made from tail
blood and stained with 20 per cent Giemsa buffered in 80
per cent phosphate buffer solution for 20 min. These smears
were used to determine the cell-cycle stage of parasites; 200
parasites per smear were examined and each classified as
one of the following stages: ring, trophozoite, schizont or
gametocyte [26]. In the few smears where the parasitaemia
was very low, only 100 (or in very rare cases 50) parasites
were examined. The densities of gametocytes and total parasites were measured using reverse transcriptase–quantitative
PCR (RT–qPCR) and qPCR, respectively. Blood samples
were taken for DNA (5 ml) and for RNA (10 ml); DNA and
RNA were extracted using the ABI Prism 6100 and cDNA
was obtained from RNA using the high-capacity cDNA
archive kit (Applied Biosystems) according to the manufacturer’s protocol [17]. Total parasite and gametocyte densities
were obtained using primers based on the gametocyteexpressed gene PC302249.00.0 [29]. This protocol was
applied to DNA to give a density of total parasites (qPCR)
and also on cDNA to count gametocyte density (RT–
qPCR) specifically. We counted total parasites from samples
taken on days 1, 3, 5 and 7 and we counted gametocytes
from all samples (days 1–7).
(d) Statistical analysis
We used R v. 2.6.1 (The R Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org) for all
analyses. To verify the validity of the methods we used,
several checks were necessary: specifically, that (1) sequestration and (2) qPCR assays did not bias density estimates when
parasites were sampled late in the cell cycle. For these analyses, we investigated whether: (1) parasite densities
differed between early and late sampling points within the
same cell cycle owing to sequestration of trophozoite and/
or schizont stages and (2) parasite densities, estimated by
qPCR and smear from the same set of samples, differed
according to the method used. As these analyses involved
paired data, we used one-sample t-tests to test whether the
mean differences between pairs of (1) early/late samples
and (2) qPCR/smear estimates were significantly different
from zero. Having verified our methods, we then used general linear models to analyse our experimental data by
testing whether: (3) timing of the parasite cell cycle of
Proc. R. Soc. B
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matched (control) infections differed between rooms; (4)
parasites in the matched groups differed in performance
across the rooms; and (5) there were consequences of being
matched or mismatched to host rhythm for total parasite
and gametocyte densities. The details of each analysis are
explained below.
(i) Validation of experimental procedures
(1) Sequestration during development. We tested the possibility
that sequestration of parasites in late stages of development
(trophozoites and schizonts [30,31]) could bias estimates of
parasite density and developmental stage using the matched
(control) treatments. If late-stage parasites sequester, parasitaemia estimates from blood smears will appear to be lower
in samples taken at the dark period late in the cell cycle compared with those taken during the light period when parasites
are at ring or early trophozoite stages. There was no
significant difference in the parasitaemia of each infection
between subsequent sample points on day 3 (60–72 h pi
for the light-reversed room and 72–84 h pi for the standard
regime room; t ¼ 2.05; p ¼ 0.065), suggesting that sequestration does not significantly bias parasite estimates from
samples taken later in the cell cycle.
(2) Assays for parasite density. We investigated the
possibility that qPCR (which counts genomes) could overestimate parasite density in samples taken late in the cell cycle
when mitotic division during maturation into schizonts may
have begun. To test whether qPCR overestimates parasite
density (i.e. the number of infected RBCs per millilitre) relative to estimates from blood smears, we examined whether
the difference in density estimates from qPCR and blood
smears changes throughout the cell cycle (i.e. do the estimates from qPCR increase throughout the cell cycle more
than estimates from smears?). Specifically, we compared
the change in densities between samples taken on day 3 pi
early and late in the same cell cycle (i.e. 72 h pi for the
light-reversed room and 84 h pi for the standard schedule
room) for all infections and found no significant difference
(t ¼ 1.66; p ¼ 0.11). Furthermore, we examined blood
smears from each infection from days 3 to 7 to investigate
whether schizonts were present in the circulation and, if so,
whether their prevalence increased as infections progressed.
The average number of schizonts observed each day, in
approximately 3500 red blood cells, ranged from 1.5 to 2.1
and did not show any temporal trends or variation across
treatment groups. Therefore, the very low prevalence of schizonts in blood smears suggests that the potential inaccuracies
of qPCR (by falsely counting multiple genomes within a
single schizont) are negligible.
(ii) Experiment
(3) Schedule manipulations. To verify the experimental manipulations had been successful at creating different parasite
schedules in each room, the developmental stages of parasites
in matched (control) infections in the standard schedule
room were compared with matched (control) infections in
the light-reversed room. We compared these parasite schedules at 60 h pi as this was the earliest sampling point
when sufficient parasites could be detected for staging by
microscopy.
(4) Performance of matched infections. To test whether the
matched (control) groups differed in performance across
the light-reversed and standard schedule rooms, we compared the overall performance of these groups. Specifically,
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we compared cumulative parasite densities produced by
infections in each matched group. A significant difference
between the two matched groups would suggest that
a room-of-origin effect carried over into the experimental
infections and invalidated comparisons between mismatched infections and matched infections in the same
destination room.
(5) Effects of mismatch to host circadian rhythm. To investigate the effects of mismatch on the densities of total parasites
and gametocytes, both the treatment (matched or mismatched) and the light regime (standard or light-reversed
schedule) and their interaction were fitted and models
simplified using stepwise deletion [32]. We used the cumulative densities of parasites or gametocytes, calculated for each
infection from days 1 to 7 pi. As infections originating from
the standard schedule room are ahead of infections originating from the light-reversed room, the same duration of
infection occurs in the morning for infections from the standard schedule room and in the evening for infections from
the light-reversed room. Therefore, for the analysis of total
parasite densities, we have four sampling points for each
treatment group, where the duration of infections is consistent because we counted parasites every other day from
the initiation of the infections. These points occur at days
1, 3, 5 and 7 pi (durations of 24, 72, 120 and 168 h pi),
being the samples collected at 09.00 h for parasites originating from the standard schedule room and at 19.00 h for
parasites from the light-reversed room.
In contrast to counts of total parasites, gametocyte densities are several orders of magnitude lower. To maximize
our power, we counted gametocytes from all sampling time
points (days 1 –7 pi; 12–168 h pi), and all samples contributed to the cumulative density for each infection. We also
tested whether our match/mismatch treatment influenced
how much variation in the synchronicity of cell-cycle schedules occurs within infections. We compared the coefficient
of variation (standard deviation of the mean) for the proportion of ring-stage parasites observed in blood films
throughout infections (days 3–7 pi; 12–168 h pi) in the
matched and mismatched groups.

3. RESULTS
(a) Entrainment of parasite rhythms
Our ‘jetlag’ experimental design required that infections
in the two rooms had different phases relative to each
other. To verify that the phase of the cell-cycle rhythm
was set by the lighting schedule, the developmental
stage of parasites was examined when parasites in each
treatment reached 60 hpi. At 60 hpi in the light-reversed
room, lights were on and parasites were expected to be
at the ring stage, whereas in the standard schedule
room, lights were off and so parasites should be at later
cell-cycle stages. As expected, a greater proportion of
ring-stage parasites was observed in infections originating
from the light-reversed room than the standard schedule
room (F1,17 ¼ 12.29; p ¼ 0.003), demonstrating that
parasites originating from each room had differently
phased cell-cycle rhythms.
We also tested whether there was a significant
difference in the performance of infections in the two
matched (control) groups, which would suggest that a
room-of-origin effect carried over into the experimental
infections. However, the cumulative parasite densities of
Proc. R. Soc. B

infections in these groups did not differ significantly
(F1,10 ¼ 1.40; p ¼ 0.265), revealing that the matched
infections performed similarly, regardless of their lighting
schedule. This enables the performance of mismatched
parasites to be compared with both groups of matched
infections (i.e. to matched infections in the same destination room, as well as matched infections remaining in the
room of origin).
(b) Effects of mismatch to host circadian rhythm
There was a strong effect of perturbing parasite cell cycle
relative to the host rhythm (figure 2). We found significant
effects of our mismatch/match treatment on the production
of total parasites and gametocytes, but neither the original
schedule nor its interaction with treatment significantly influenced infections (table 1). The cumulative parasite densities
(figure 2a, upper panel) of matched infections were double
those of mismatched infections (F1,22 ¼ 8.38; p ¼ 0.008;
matched mean ¼ 1.7 + 0.25  109 ml21; mismatched ¼
0.85 + 0.15  109 ml21). Cumulative gametocyte densities
(figure 2b, upper panel) followed the same pattern, in
which mismatched infections produced significantly fewer
gametocytes (F1,22 ¼ 6.84; p ¼ 0.016; matched mean ¼
1.9 + 0.21  105
gametocytes ml21;
mismatched ¼
5
21
1.01+0.21  10 ml ). The cumulative densities (upper
panels) are decomposed into their temporal dynamics
(lower panels) in figure 2. All F-ratios and p-values are
given in table 1, along with the mean differences in the
cumulative densities of mismatch and matched infections.
Previous studies suggest that, when perturbed, parasite
rhythms change to re-align with the host rhythm. Therefore, we hypothesized that as parasites adjust to their new
environment, the schedules of mismatched parasites
should become increasingly different from those of
matched infections remaining on the original schedule,
and increasingly similar to the schedules of matched
infections in the same destination room. This adjustment
is predicted to cause greater variation between the
schedules of mismatched and matched infections, and
this is reflected by significantly greater coefficients of
variation in mismatched than in matched parasites
(F1,22 ¼ 4.69; p ¼ 0.041). Furthermore, neither the original schedule nor its interaction with treatment
significantly influenced the extent of synchronicity in
cell-cycle schedules (table 1).
4. DISCUSSION
Our data provide a rare demonstration of the impact that
circadian rhythms have on fitness. Specifically, we reveal
that parasites forced out of synchrony with the host’s
schedule paid substantial costs, as a single phase shift
reduced both in-host replication and the production of
transmission stages by around 50 per cent. These costs
are likely to have broad implications for parasite survival
and reproduction. Malaria parasites must optimize the
trade-off between investment in replication for in-host
survival and the production of gametocytes for betweenhost transmission. Parasites with low replication rates
are vulnerable to clearance by the immune system, antimalarial drugs and are poor competitors in genetically
mixed infections [33 –37]. For example, subtle
differences in the replication rate of co-infecting strains
can lead to substantial competitive suppression in mixed
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Figure 2. (a) Total and (b) gametocyte (sexual) densities of infections initiated with parasites matched or mismatched to their host
rhythm, in standard and reversed light schedules, followed from (a) 24 h or (b) 12 h p.i. to 168 h. The top panels show the mean
cumulative (+s.e.) densities achieved by infections in hosts (n ¼ 6 per group) on the same (matched, black bars) or opposite
(mismatched, grey bars) schedule. In each graph, the left pair of bars represents infections originating from the light-reversed
room and the right pair of bars represents infections originating from the standard schedule room. The lower panels decompose
the cumulative densities into the temporal dynamics of infections in the treatment groups in each room: the mean (+s.e.) densities of matched (black lines) and mismatched (grey lines) infections are plotted. The left graph of each point represents
infections originating from the light-reversed room and the right graph of each point represents infections originating from the
standard schedule room. The difference in the number of points plotted in the lower panels (and contributing data to the top
panels) is due to the lower frequency of analysing samples to count total parasites (a) than gametocytes (b).
Table 1. The effects of schedule perturbation treatment (matched/mismatched), room (schedule) of origin and their
interaction on the performance of infections. F-ratios and associated p-values for all terms are given along with the mean
(+s.e.) difference (matched –mismatched) for significant effects and the adjusted R 2 for minimal models.

parasite density (adj R 2 ¼ 0.24)
treatment (matched/mismatched)
original schedule (reversed/standard)
treatment  schedule
gametocyte density (adj R 2 ¼ 0.20)
treatment (matched/mismatched)
original schedule (reversed/standard)
treatment  schedule
coefficient of variation (adj R 2 ¼ 0.14)
treatment (matched/mismatched)
original schedule (reversed/standard)
treatment  schedule

F-ratio

p-value

mean difference

F1,22 ¼ 8.38
F1,21 ¼ 0.51
F1,20 ¼ 1.64

0.008
0.482
0.215

8.54 + 2.9  108 ml21
—
—

F1,22 ¼ 6.84
F1,21 , 0.01
F1,20 ¼ 0.44

0.016
0.979
0.516

9.80 + 3.7  104 ml21
—
—

F1,22 ¼ 4.69
F1,21 ¼ 3.35
F1,20 ¼ 1.33

0.041
0.082
0.262

0.03 + 0.015
—
—

infections [33,38,39]. Replication rate is also a key factor
in determining the production of transmission stages
[28]. For the range of gametocyte densities observed in
our data, there is a strong positive relationship with mosquito infectivity [28,40 – 42] in terms of both the
prevalence and intensity of mosquitoes infected. The
greater variation in cell-cycle schedules in mismatched
infections suggests that an interaction between the
Proc. R. Soc. B

synchronicity and timing of cell-cycle rhythms shapes the
dynamics of infections. More broadly, our data suggest
that circadian rhythms play an important role in the evolution of host–parasite interactions. Much recent research
on circadian clocks in a disease context focuses on the implications of infection for host rhythms [43–45]. However, our
results complement observations that perturbation of host
clocks shifts parasites’ rhythms—across a variety of taxa
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[46–48]—and suggests that rhythms are an important but
unappreciated selection pressure on parasites.
Understanding how parasites achieve their coordination
will facilitate explaining why parasites synchronize cell
cycles with host rhythms. A key question is whether the
timing and synchronicity of the cell cycle of parasites
is a plastic (actively adjusted) trait. The developmental
schedule of an asexual parasite can be conceptually split
into remodelling the red blood cell, feeding and, finally,
replication. Whether there is plasticity in the duration of
these processes is yet to be investigated, but it is possible
that development time may trade off against the number
of progeny produced since each nucleus within a maturing
parasite can divide a different number of times [49].
Recent experiments showing that melatonin can speed
up and synchronize the development of Plasmodium
falciparum in culture suggest that parasites might use host
melatonin as a time cue [25]. However, these experiments
applied melatonin at substantially higher than physiological concentrations, and we have been unable to repeat
these studies in our laboratory (S. E. Reece & H. G.
McWatters 2009, unpublished data). If cell-cycle duration
is plastic, it will be important to test whether development
speeds up or slows down and identify the cues used to
schedule development, as this may have implications for
disease control. For example, if cell cycles can be slowed,
quiescent parasite stages may reduce proliferation rate
(reduce pathology), but may also be less sensitive to drug
treatment (act as a resistance trait) [36,50–52].
Alternatively, parasite cell-cycle schedules and synchronicity might be passively maintained by host factors
with a circadian basis. In this scenario, there may be sufficient variation in the cell-cycle duration of parasites
within a cohort that, following perturbation, a proportion
will be, by chance, on the correct schedule and so form
the next cohort [53]. This could occur as a result of
host responses to schizogony, such as fever or cytokine
spikes, both of which may kill parasites that are on a
slower schedule [54,55]. While fever may play a role in
human malaria infections, mice do not experience fever
at schizogony, which suggests that other host factors
must be involved in synchronizing parasites. Whether synchronicity and circadian development are the results of an
active parasite strategy, or a passive host effect, the speed
at which parasite schedules recover from perturbation will
depend on many factors, including the costs/benefits of
mismatch, how much variation exists in the development
time of each cohort, the duration of the ‘gate’ that selects
which parasites contribute to the next cell cycle, and the
accuracy with which parasites can detect and respond to
time cues.
It is important to distinguish between explanations
for circadian rhythms that merely require synchronicity
and those that require synchronicity to be linked to
environmental rhythms. For example, one explanation,
discussed above, for parasite synchronicity is that
‘safety in numbers’ protects progeny when they are
released into the blood stream at schizogony. However,
this explanation only requires parasites to be coordinated
with each other, not with the host. The Hawking
hypothesis predicts that parasite cell cycles are timed
so that the maturation of each cohort of gametocytes
coincides with mosquito-biting activity [56,57], implying
that vector rhythms are the relevant environmental
Proc. R. Soc. B

parameter. However, data available across a range of
Plasmodium species are not supportive. For instance,
human malaria (P. falciparum) gametocytes do not
show diurnal rhythms in infectivity to mosquitoes
[58,59] and are infectious for at least 7 days [60,61].
Temporal coordination may benefit parasites in two
ways: by facilitating exploitation of circadian-dependent
host resources, such as the release of new red blood
cells [62,63], or avoidance of interactions with host
immune factors, such as TNF-a or IL-6, which are
secreted with a circadian rhythm [43]. Interestingly,
TNF-a is a major component of the immune response
(paroxysm) initiated by the synchronous release of parasites at schizogony and can ‘sterilize’ gametocyte
infectivity for several hours [64]. That cell cycles are
timed to end at night, when vectors are active, suggests
parasite rhythms are either the resolution of a significant
trade-off or a serious constraint [14].
Evolutionary ecology is concerned with explaining
variation and its fitness consequences. Studies asking
the fundamental evolutionary question of why circadian
clocks are important for an organism provide the necessary context for work focusing on circadian mechanisms
[6]. Circadian clocks have evolved multiple times because
many organisms are exposed to the daily changes in light
and temperature resulting from the planet’s rotation.
Across taxa, there is little homology between clock proteins [65], but complex, interlocked feedback loops and
close associations with light and/or temperature input
pathways are features of all known clockworks [10,66].
The repeated observation of such mechanisms lends support to the idea that the clock’s ultimate purpose is to
track seasonal changes and couple endogenous timekeeping with environment rhythmicity. Chronobiology has
historically been neglected by evolutionary ecologists,
but this is changing as it offers a novel opportunity for a
holistic approach: because the mechanics of circadian
clocks are well known from multiple model systems
(including fungi [8,67], insects [7] and mammals [9]),
there are real opportunities to link mechanistic and evolutionary explanations for an important trait. However,
there are substantial challenges associated with linking
trait variation and underlying physiological mechanisms,
not least the difficulty of assessing the effect of the clock
on fitness in a context resembling that of the real world
(most experimental designs have considered the effects
of non-24 h light : dark cycles [3 –5]). The wealth of cell
and molecular biology data available for malaria parasites,
and the ability to investigate and manipulate their
traits in vivo and in vitro, offer a powerful means to set
chronobiology within an evolutionary framework.
All procedures were carried out in accordance with the UK
Animals (Scientific Procedures) Act 1986.
We thank J. Thompson and N. Savill for discussion,
L. Carter, M. Sontheim and G. K. P. Barra for assistance,
four anonymous reviewers for help in improving the
manuscript, the Wellcome Trust (A.J.O.D., P.S., S.R.) and
the Royal Society (H.G.M.) for funding.

REFERENCES
1 Dunlap, J. C., Loros, J. J. & Decoursey, P. J. 2004 Chronobiology: biological timekeeping. Sunderland, UK: Sinauer
Associates.

Downloaded from rspb.royalsocietypublishing.org on January 5, 2011

Malaria parasite circadian clocks A. J. O’Donnell et al.
2 Pittendrigh, C. S. 1960 Circadian rhythms and the circadian organization of living systems. In Cold Spring Harbor
symposium on quantitative biology, pp. 159 –184. Cold
Spring Harbor, NY: Cold Spring Harbor Laboratory
Press.
3 Ouyang, Y., Andersson, C. R., Kondo, T., Golden, S. S. &
Johnson, C. H. 1998 Resonating circadian clocks enhance
fitness in cyanobacteria. Proc. Natl Acad. Sci. USA 95,
8660–8664. (doi:10.1073/pnas.95.15.8660)
4 Dodd, A. N., Salathia, N., Hall, A., Kevei, E., Toth, R.,
Nagy, F., Hibberd, J. M., Millar, A. J. & Webb, A. A. R.
2005 Plant circadian clocks increase photosynthesis,
growth, survival, and competitive advantage. Science
309, 630 –633. (doi:10.1126/science.1115581)
5 Saunders, D. S. 1972 Circadian control of larval growth
rate in Sarcophaga argyrostoma. Proc. Natl Acad. Sci.
USA 69, 2738– 2740. (doi:10.1073/pnas.69.9.2738)
6 Yerushalmi, S. & Green, R. M. 2009 Evidence
for the adaptive significance of circadian rhythms.
Ecol. Lett. 12, 970 –981. (doi:10.1111/j.1461-0248.
2009.01343.x)
7 Allada, R. & Chung, B. Y. 2010 Circadian organization of
behavior and physiology in Drosophila. Annu. Rev. Physiol.
72, 605 –624. (doi:10.1146/annurev-physiol-021909135815)
8 Brunner, M. & Kaldi, K. 2008 Interlocked feedback
loops of the circadian clock of Neurospora crassa. Mol.
Microbiol. 68, 255 –262. (doi:10.1111/j.1365-2958.
2008.06148.x)
9 Dibner, C., Schibler, U. & Albrecht, U. 2010 The
mammalian circadian timing system: organization
and coordination of central and peripheral clocks.
Annu. Rev. Physiol. 72, 517 –549. (doi:10.1146/
annurev-physiol-021909-135821)
10 Stelling, J., Gilles, E. D. & Doyle, F. J. 2004 Robustness
properties of circadian clock architectures. Proc. Natl
Acad. Sci. USA 101, 13 210 –13 215. (doi:10.1073/
pnas.0401463101)
11 Troein, C., Locke, J. C. W., Turner, M. S. & Millar, A. J.
2009 Weather and seasons together demand complex
biological clocks. Curr. Biol. 19, 1961 –1964. (doi:10.
1016/j.cub.2009.09.024)
12 DeCoursey, P. J., Walker, J. K. & Smith, S. A. 2000 A
circadian pacemaker in free-living chipmunks: essential
for survival? J. Comp. Physiol. A 186, 169 –180. (doi:10.
1007/s003590050017)
13 Hawking, F. 1970 The clock of the malaria parasite.
Sci. Am. 222, 123–131. (doi:10.1038/scientificamerican
0670-123)
14 Reece, S. E., Ramiro, R. S. & Nussey, D. H. 2009 Plastic
parasites: sophisticated strategies for survival and
reproduction? Evol. Appl. 2, 11–23. (doi:10.1111/j.
1752-4571.2008.00060.x)
15 Babiker, H. A., Schneider, P. & Reece, S. E. 2008 Gametocytes: insights gained during a decade of molecular
monitoring. Trends Parasitol. 24, 525 –530. (doi:10.
1016/j.pt.2008.08.001)
16 Cheesman, S. J., de Roode, J. C., Read, A. F. & Carter, R.
2003 Real-time quantitative PCR for analysis of genetically mixed infections of malaria parasites: technique
validation and applications. Mol. Biochem. Parasitol. 131,
83–91. (doi:10.1016/S0166-6851(03)00195-6)
17 Wargo, A. R., Randle, N., Chan, B. H. K., Thompson, J.,
Read, A. F. & Babiker, H. A. 2006 Plasmodium chabaudi:
reverse transcription PCR for the detection and quantification of transmission stage malaria parasites. Exp.
Parasitol. 112, 13–20. (doi:10.1016/j.exppara.2005.08.013)
18 Foster, K. R. 2005 Biomedicine—Hamiltonian medicine:
why the social lives of pathogens matter. Science 308,
1269 –1270. (doi:10.1126/science.1108158)
Proc. R. Soc. B

7

19 Paul, R. E. L., Ariey, F. & Robert, V. 2003 The evolutionary ecology of Plasmodium. Ecol. Lett. 6, 866–880.
(doi:10.1046/j.1461-0248.2003.00509.x)
20 Stearns, S. C. & Koella, J. C. 2008 Evolution in health and
disease. Oxford, UK: Oxford University Press.
21 Gautret, P., Deharo, E., Tahar, R., Chabaud, A. G. &
Landau, I. 1995 The adjustment of the schizogonic
cycle of Plasmodium chabaudi chabaudi in the blood to
the circadian rhythm of the host. Parasite (Paris, France)
2, 69–74.
22 Taliaferro, L. G. 1928 Return to normal of the asexual
cycle in bird malaria after retardation by low temperatures in vitro. J. Prev. Med. 2, 525 –541.
23 Taliaferro, W. H. & Taliaferro, L. G. 1934 Alteration in
the time of sporulation of Plasmodium brasilianum in
monkeys by reversal of light and dark. Am. J. Epidemiol.
20, 50–59.
24 Trager, W. & Jensen, J. B. 1976 Human malaria parasites
in continuous culture. Science 193, 673–675. (doi:10.
1126/science.781840)
25 Hotta, C. T., Gazarini, M. L., Beraldo, F. H., Varotti,
F. P., Lopes, C., Markus, R. P., Pozzan, T. & Garcia,
C. R. S. 2000 Calcium-dependent modulation by melatonin of the circadian rhythm in malarial parasites. Nat.
Cell Biol. 2, 466 –468. (doi:10.1038/35017112)
26 Killick-Kendrick, R. & Peters, W. 1978 Rodent malaria.
New York, NY: Academic Press.
27 Vitaterna, M. H. et al. 1994 Mutagenesis and mapping of
a mouse gene clock, essential for circadian behavior.
Science 264, 719– 725. (doi:10.1126/science.8171325)
28 Mackinnon, M. J. & Read, A. F. 1999 Genetic relationships between parasite virulence and transmission in the
rodent malaria Plasmodium chabaudi. Evolution 53,
689 –703. (doi:10.2307/2640710)
29 Wargo, A. R., de Roode, J. C., Huijben, S., Drew, D. R. &
Read, A. F. 2007 Transmission stage investment of malaria
parasites in response to in-host competition. Proc. R. Soc.
B 274, 2629–2638. (doi:10.1098/rspb.2007.0873)
30 Garnham, P. C. C. 1966 Malaria parasites and other
haemosporidia. Oxford, UK: Blackwell Scientific.
31 Mota, M. M., Jarra, W., Hirst, E., Patnaik, P. K. &
Holder, A. A. 2000 Plasmodium chabaudi-infected
erythrocytes adhere to CD36 and bind to microvascular
endothelial cells in an organ-specific way. Infect. Immun.
68, 4135–4144. (doi:10.1128/IAI.68.7.4135-4144.2000)
32 Crawley, M. J. 2007 The R book. Chichester, UK: John
Wiley & Sons Ltd.
33 Bell, A. S., de Roode, J. C., Sim, D. & Read, A. F. 2006
Within-host competition in genetically diverse malaria
infections: parasite virulence and competitive success.
Evolution 60, 1358–1371.
34 Mackinnon, M. J. & Read, A. F. 2004 Immunity promotes virulence evolution in a malaria model.
PLoS Biol. 2, 1286–1292. (doi:10.1371/journal.pbio.
0020230)
35 Reece, S. E., Ali, E., Schneider, P. & Babiker, H. A. 2010
Stress, drugs and the evolution of reproductive restraint
in malaria parasites. Proc. R. Soc. B 277, 3123– 3129.
(doi:10.1098/rspb.2010.0564)
36 Schneider, P., Chan, B. H. K., Reece, S. E. & Read, A. F.
2008 Does the drug sensitivity of malaria parasites depend
on their virulence? Malar. J 7, 257. (doi:10.1186/14752875-7-257)
37 Pollitt, L. C., Mideo, N., Drew, D. R., Colegrave, N. &
Reece, S. E. In press. Coping with competition: strategies
for sex and survival. Am. Nat.
38 de Roode, J. C., Helinski, M. E., Anwar, M. A. & Read,
A. F. 2005 Dynamics of multiple infection and withinhost competition in genetically diverse malaria infections.
Am. Nat. 166, 531 –542. (doi:10.1086/491659)

Downloaded from rspb.royalsocietypublishing.org on January 5, 2011

8 A. J. O’Donnell et al.

Malaria parasite circadian clocks

39 de Roode, J. C., Read, A., Chan, B. & Mackinnon, M. J.
2003 Rodent malaria parasites suffer from the presence
of conspecific clones in three-clone Plasmodium chabaudi
infections. Parasitology 127, 411 –418. (doi:10.1017/
S0031182003004001)
40 Drakeley, C., Sutherland, C., Bousema, J. T., Sauerwein,
R. W. & Targett, G. A. T. 2006 The epidemiology of
Plasmodium falciparum gametocytes: weapons of mass
dispersion. Trends Parasitol. 22, 424 –430. (doi:10.1016/
j.pt.2006.07.001)
41 Mackinnon, M. J. & Read, A. F. 2004 Virulence in
malaria: an evolutionary viewpoint. Phil. Trans. R. Soc.
Lond. B 359, 965 –986. (doi:10.1098/rstb.2003.1414)
42 Schneider, P., Bousema, J., Gouagna, L. C., Otieno, S.,
Van De Vegte-Bolmer, M., Omar, S. A. & Sauerwein,
R. W. 2007 Submicroscopic Plasmodium falciparum
gametocyte densities frequently result in mosquito
infection. Am. J. Trop. Med. Hyg. 76, 470 –474.
43 Keller, M., Mazuch, J., Abraham, U., Eom, G. D.,
Herzog, E. D., Volk, H. D., Kramer, A. & Maier, B.
2009 A circadian clock in macrophages controls inflammatory immune responses. Proc. Natl Acad. Sci. USA
106, 21 407 –21 412. (doi:10.1073/pnas.0906361106)
44 Peng, Z. C., Kristensson, K. & Bentivoglio, M. 1994
Dysregulation of photic induction of Fos-related protein
in the biological clock during experimental trypanosomiasis. Neurosci. Lett. 182, 104–106. (doi:10.1016/
0304-3940(94)90217-8)
45 Sanchez, Y., Rosado, J. D., Vega, L., Elizondo, G.,
Estrada-Muniz, E., Saavedra, R., Juarez, I. &
Rodriguez-Sosa, M. 2010 The unexpected role for the
aryl hydrocarbon receptor on susceptibility to experimental toxoplasmosis. J. Biomed. Biotechnol. 2010, 505694.
(doi:10.1155/2010/505694)
46 Cornford, E. M., Freeman, B. J. & MacInnis, A. J. 1976
Physiological relationships and circadian periodicities in
rodent trypanosomes. Trans. R. Soc. Trop. Med. Hyg.
70, 238 –243. (doi:10.1016/0035-9203(76)90047-X)
47 Fantinou, A. A., Alexandri, M. P. & Tsitsipis, J. A. 1998
Adult emergence rhythm of the egg-parasitoid Telenomus
busseolae. Biocontrol 43, 141–151. (doi:10.1023/A:10099
84318289)
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