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Abstract There are currently no reliable biomarkers

of ageing. A biomarker should indicate biological age,

that is, the amount of an animal’s total lifespan it has

lived and, therefore, the amount of time it has

remaining. Some potential biomarkers cannot be

validated as their measurement involves harm or

death of the animal, such that its ultimate lifespan

cannot be determined. A non-destructive biomarker

would allow us to test molecular markers potentially

involved directly in the ageing process, to monitor

the effectiveness of therapeutic interventions to delay

ageing, and provide a useful measure of general health

of the organism. In the model organism Drosophila,

various behavioural phenotypes change directionally

with age, but we do not know whether they predict

lifespan. Here we measure activity and sleep param-

eters in 64 wild type male flies from two recently wild-

caught populations over the course of their natural

lives, and determine whether such measures may

predict biological age and ultimate lifespan. Indices of

sleep fragmentation and circadian rhythm were the

best predictors of lifespan, though population differ-

ences were evident. However, when used to predict a

biological age of 50 % lifespan elapsed our best

behavioural measure was slightly less accurate and

less precise compared with using chronological age as

predictor.
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Introduction

Some individuals die of natural causes much earlier

than others, environmental effects notwithstanding,

and casual observation suggests that some, if not most,

of these individuals age more rapidly. Indeed, studies

on centenarians suggest that long life may be due to

presence of longevity genes rather than an absence of

disease genes (Bergman et al. 2007). But is there any

way to tell which of two 35 year-olds is destined to die

at age 70 and which at age 105?

Biomarker panels have been described based on

blood parameters, physical activity, respiratory func-

tion which correlate with chronological age in humans

and other primates (Nakamura et al. 1994, 1996, 1998;

Nakamura and Tanaka 1998; Ueno et al. 2003). The

metrics produced by these panels of markers, typically

principal component scales, have been described as

‘biological age’ or ‘physiological age’. Ideally,

though, ‘biological age’ would refer to the amount
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of ultimate lifespan an individual has lived, a difficult

research prospect in long lived species such as rhesus

monkeys and man. It is this definition we use in the

current study.

Prior to the U.S. National Institute on Aging

Biomarkers program (1988–1997) there was substan-

tial work in the area (discussed below), and the

program generated discussion of the principles of

biomarker research; criteria for, and validation of,

effective biomarkers (e.g. Ingram 1988; McClearn

1997; Baker and Sprott 1988). There has also been

substantial debate regarding the worth and likely

success or otherwise of seeking biomarkers of age (see

Ingram 1988), and the effective failure of the program

(Sprott 1999) saw a subsequent decrease in research,

though by no means an absence.

A biomarker for ageing must be measurable in a

manner that does not affect the ultimate lifespan of an

organism, thus precluding the investigation of many

molecular or biochemical candidates which require

destructive sampling. Whilst it might be tempting to

assume that the chronological age of an organism

accurately reflects its physiological or biological age,

many features of ageing (such as the accumulation of

oxidative damage) do not vary linearly with age but

instead accumulate rapidly immediately preceding

death (Stadtman and Levine 2000). Therefore sam-

pling based purely on chronological age can be

susceptible to large errors.

The search for biomarkers—including in heteroge-

neous populations to preclude the identification of

genotype- or environment-specific markers—has been

largely unsuccessful to date. Although one study in a

genetically heterogeneous population of mice identi-

fied a principal component (largely comprising mem-

ory T cell indices) that could distinguish longevity

quartiles, it explained only 1.8 % of the variation in

lifespan by standard linear regression (Harper et al.

2004). The lack of a good proxy for biological age

retards the investigation of the molecular causes of

ageing. Such a marker or index could also allow

monitoring of the effectiveness of novel therapeutic

interventions designed to delay ageing and provide a

useful measure of general health.

In a short-lived species such as Drosophila or

Caenorhabditis elegans, determination of lifespan is

simpler, with the added advantage that genetics and

environment can be controlled. Several studies have

examined Drosophila behavioural characteristics

which change directionally with age including activity

(Trout and Kaplan 1970), sleep (Seugnet et al. 2009),

sleep-wake cycles (Koh et al. 2006), negative geotaxis

(Miquel et al. 1976; others reviewed in Jones and

Grotewiel 2011), odor aversion (Cook-Wiens

and Grotewiel 2002), exploratory walking (Le Bourg

and Minois 1999), cardiac function (Paternostro et al.

2001), and circadian rhythmicity (Driver 2000).

However these phenotypes have not been validated

as potential biomarkers of ageing; they have not been

tested for ability to predict lifespan of individuals,

either because this was not the aim or because the

studies measured groups rather than individuals.

Leffelaar and Grigliatti (1983) observed that pho-

totaxis and negative geotaxis throughout the lifespan

declined more rapidly than motor activity, suggesting

that the reactive component of these phenotypes

declines earlier than the motor component, (a phe-

nomenon confirmed in Le Bourg and Badia (1995)).

Although it was stated that loss of response can be

used as a biomarker of ageing, this was not validated in

the study because geotaxis and phototaxis were

measured on groups of flies, and motor activity was

measured on individuals but these were not tracked as

such through their life.

In our opinion it is not possible to properly validate

any measure as a biomarker of ageing unless it is

measured on individuals, whose lifespan is then also

determined. This has typically been the approach of Le

Bourg, who has produced the largest body of work

examining spontaneous locomotor activity (SLA)

during ageing (Le Bourg et al. 1984; Lints et al.

1984; Le Bourg 1985, 1987a), partly as a test of the

rate of living theory of ageing. Le Bourg (1987b)

counted instances SLA by individual Drosophila

throughout the photophase once per week across the

entire lifespan. Mean SLA across the life course did

not correlate with longevity in either sex. Changes

over time in locomotor activity vary by strain,

however, so have a substantial genetic component

(Fernandez et al. 1999), suggesting that results in one

genotype might not represent the species generally.

Also, measuring change over time by scoring SLA

once per week is subject to potential error resulting

from day to day variation, variation which has become

evident using a similar method (Minois et al. 2001).

In C. elegans SLA has been measured in individ-

uals across the lifespan. Total lifetime movements

correlated well with individual lifespan (Duhon and
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Johnson 1995), unsurprisingly, but clearly this mea-

sure cannot constitute an effective biomarker because

it cannot be measured in early life in order to predict

remaining lifespan i.e. biological age. However (Hsu

et al. 2009) observed the rate of early decay in

locomotion speed strongly predicted individual life-

span, explaining a huge 91 % of the variation.

This surprising mismatch with Drosophila results

so far may be the result of the methodology; here,

worms were observed constantly and their movements

digitally parameterized. The only Drosophila study to

approach this level of individual lifetime scrutiny

measured aspects of activity and inactivity, the latter

interpreted as sleep, using a Trikinetics movement

counting system (Bushey et al. 2010). By proportional

hazards regression, aspects of sleep and activity were

significantly associated with increased mortality risk,

however it was unclear whether any measures signif-

icantly and substantially predicted lifespan.

Using the Trikinetics Drosophila Activity Monitor

we attempt to fill some gaps in the current state of

behavioural biomarker discovery:

1. To what extent can sleep and activity measures

predict lifespan?

2. Can these measures outperform chronological age

in predicting lifespan?

3. To what degree do these behavioural measures

vary between outbred populations of a species?

Methods

We measured the SLA and lifespan of 64 male

Drosophila using the Trikinetics Activity Monitor

System and associated equipment and software

(DAM2 Trikinetics, Waltham, MA, USA). Although

the assay conditions were of necessity artificial, our

aim was to make our test flies representative of the

natural condition of the species. To maximize geno-

typic coverage we chose mass-bred strains recently

wild-caught from two quite different climates and

latitudes. Flies were mass-bred from six isofemale

strains from two populations collected in late 2008:

SP-15 flies from Dallas, Spain (36.82� latitude), and

KOR flies from Korpilahti, Finland (62.82� latitude).

Experiments took place beginning April 2010. Also

we concentrated on males to avoid possible confound-

ing by variation in reproductivity affecting lifespan in

females. We allowed the males to be mated (for

2 days) rather than virgin because significant gene

expression changes occur with mating (Ellis and

Carney 2010), some of which may have longer term

effects, and it is known that genetic determination of

lifespan in mated and virgin flies may differ substan-

tially (Vermeulen and Bijlsma 2006).

Flies were grown at consistent low larval density

using a standard method (Clancy and Kennington

2001). Food was 6 % each of dextrose and yeast,

1.6 % agar, 0.3 % nipagin (w/v) and 0.5 % (v/v)

propionic acid. Flies were allowed to mate for 2 days

before being sorted and transferred using light CO2

anaesthesia to clean, cylindrical polycarbonate tubes

(10 9 0.5 cm). These were prepared containing

*7 mm of fly food, leaving tubes open for 2–4 h to

allow the food to dry, before being closed at one end

with a rubber cap, and a cotton wool bud closing off

the other. 32 tubes were placed in each of two activity

monitors, which were then kept in a dedicated

incubator at 25 �C, 50 % humidity, in a 12 h: 12 h

light–dark cycle. Flies were transferred to clean tubes

with fresh food twice per week. Day of death was

determined from activity measurements, and tubes

containing dead flies were replaced with empty tubes.

Trikinetics software records a count if the fly

crosses an infrared light beam, and the tubes were

placed so that the light beam path crossed the middle

of the tube. After a 5 min period of inactivity

Drosophila exhibit the increased arousal threshold

indicative of sleep, therefore in this study data were

recorded at a resolution of 5 min (Shaw et al. 2000).

Data was recorded as number of crossings per

5 minute bin. Sleep was indicated by no beam

crossings during a 5 min period. Data was collated

and daily measures generated using BeFLY! Analysis

Tools v7.23, an add-in for Microsoft Excel (Green

2010). Measures were: total activity, average activity/

bin, maximum activity/bin, total sleep, total sleep

bouts, mean bout length, longest sleep duration and

night activity offset (the time between lights off and

the proceeding end of an activity bout—an index of

circadian rhythmicity). Data were excluded for a 24 h

period beginning 1 h prior to changing tubes, to allow

the flies time to acclimatize. We excluded the first

4 days of data due to large inter-day variations, and

data from the last day of the life of each fly were

ignored because dead flies can be inadvertently scored

as sleeping during this period. Also, death results in
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only a partial day’s data and calculations are made

based on 24 h data. For the longest surviving flies, this

gave scores on 45 days.

Statistical analysis

Knowing the lifespan of each fly allowed calculation

of % lifespan elapsed on each day for each fly, and this

was used as the dependent variable to test the

predictive power of our measures of sleep and activity

over time. These data were smoothed using a 3-point

moving average to mitigate the effects of substantial

day to day variation. Six flies out of the 64 total died on

or before 40 days old, and these were excluded from

regression analyses. Since each fly was used in 8

regressions, the threshold used for significance was

p \ 0.006 (Bonferroni correction).

Next, by re-interrogating the data the strongest and

most consistently predictive measure was compared

with chronological age to predict a biological age of

50 % lifespan elapsed. We asked: (a) what was the

biological age of each fly when behaviour had

declined to 50 % of average total change over the

lifetime, and (b) what was the biological age of each

fly at the chronological age which represents 50 % of

cohort mean lifespan. Three flies, which died before

20 days old, were excluded from these simulations.

Finally, absolute measures and changes over time

in these absolute measures were tested for lifespan

prediction. These measures were weekly means from

days 7 to 33 (weeks 1–4) and the changes over time

were proportions using the various combinations of

mean weekly scores e.g. proportional change in

weekly average total activity from weeks 2 to 4. We

used JMP software (Cary, NC, USA) for statistical

analysis.

Results

Survival

Survival did not differ between strains (log-rank test:

v2 = 2.41, p = 0.121). Figure 1 shows pooled sur-

vival (after censoring three deaths occurring before

day 20). Measures and trajectories of total sleep and

activity similarly did not differ substantially between

populations (Fig. 2) so initially we pooled populations

for testing as biomarkers.

Predicting biological age

Having performed regressions of daily behavioural

measures versus % lifespan elapsed for each fly, we

wanted to know which behavioural measures were

most commonly significantly associated with (i.e.

predictive of) biological age across individuals.

Change over time in circadian rhythmicity (night

activity offset) and sleep fragmentation (longest sleep

duration) best predicted biological age (Table 1).

Examining flies where behaviour change correlated

with biological age in the majority direction at

p \ 0.05, average decline (95 % confidence interval)

over lifetime in longest sleep bout is 60.2 %

(53.6–66.7 %). For night activity offset the average

decline is 64.4 % (57.6–71.3 %).

However there was considerable variation between

individuals for the existence, strength and direction of

these associations. This is illustrated in Fig. 3, which

shows data from four flies.

Genotype/population differences

While the two populations show similar magnitudes and

patterns of total sleep and activity with age, flies from

Spain show clear age-related increases in sleep frag-

mentation (longest sleep bout, total sleep bouts) whereas

Finland-derived flies show a much less consistent

relationship, and start from a base of sleep fragmentation

(y-intercept) which is on average twice that of the Spain

flies (see Fig. 4). Examining flies by strain, biological

age is predicted by longest sleep bout at p \ 0.05 in

80 % of Spain flies and only 50 % of Finland flies.

Average decline (95 % confidence interval) over life-

time in longest sleep bout is 66.7 % (59.2–74.2 %) for

Spain and 49.1 % (40.2–58.0 %) for Finland flies.

Fig. 1 Survival of flies, n = 61. Three deaths, occurring before

day 20, were left-censored
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Predicting biological age: behaviour change

versus chronological age

To test whether biological age is better predicted by

behavioural changes or chronological age, we re-

interrogated the whole cohort data to try to estimate a

biological age of 50 % lifespan elapsed. To do this

using our best behavioural measure we determined the

biological age of each fly when longest sleep duration

had declined by 30 % because, on average, longest

sleep duration declined 60 % across the lifespan. To

estimate 50 % lifespan elapsed using chronological

age we determined the biological age of each fly on

day 29, which represents 50 % of cohort mean

lifespan. We plotted this data to compare accuracy

and precision of the two methods of estimating

biological age of 50 % (Fig. 5). Chronological age

was the best estimator on both criteria. We also used

the method to examine how well chronological age

estimated biological ages of 25 and 60 %.

Early life measures as survival predictors

Bushey et al. (2010) reports that total activity and total

sleep, corrected for each others’ influence, during the

first 2 weeks and the first 4 weeks, independently

affected mortality hazard. Statistical significance was

strong in some cases but it was not clear how much of

the variation the predictors accounted for. We used as

regressors the following absolute measures of sleep

and activity parameters: averages for weeks 1, 2, 3, 4,

1&2, 2&3, 3&4, and proportion change from weeks

1–2, 1–3, 1–4, 2–3, 2–4 and 3–4. Relevant Cox

regression results are presented in Table 2. As an

example, with every 5 min decrement in total sleep

during week 4 (comparing across individuals), mor-

tality hazard increases by 1.22 %. No measured

parameters had effects of high magnitude or signifi-

cance upon mortality hazard. Similarly, using simple

linear regression, these absolute measures did not

predict lifespan nearly enough for use as a biomarker;

the most significant predictive parameter explained

14 % of the variance in lifespan (week 4 longest sleep

bout, p = 0.0032, see Fig. 6). Looking at populations

separately, night activity offset during week 1

explained 24 % of the lifespan variance in Finnish

flies (p = 0.0063) but there was no significant

relationship among Spanish flies. No measures were

able to separate upper and lower lifespan quartiles at

p \ 0.05.

Fig. 2 Daily total sleep and

activity by biological age by

population. Measures begin

at day 7. Flies dying on or

before day 40 were excluded

such that for Finland

n = 28, for Spain n = 30
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Discussion

Principally we wished to determine whether non-

destructive behavioural measures of sleep and activity

could predict biological age more reliably than could

chronological age. In so doing we were able to

characterize aspects of behaviour and the degree to

which these vary within individuals over time,

between individuals and between populations.

To do this our methods differed from previous work

in one or more of the following ways: we measured

individuals rather than groups which allowed lifespan

determination; we used outbred, genetically variable

strains; we measured behaviour over 24 h on mostly

consecutive days for the entire lifespan.

No measure tested was more precise or accurate

than chronological age in predicting when 50 %

lifespan had elapsed. Sleep fragmentation and circa-

dian rhythmicity most reliably changed with age,

however the level of inter-individual and day to day

variation was such that using a practical measure such

as proportional change from weeks 1 to 4 yielded no

significant correlation with lifespan. While longest

sleep duration in week 4 significantly correlated with

ultimate lifespan, the degree of predictivity was low;

mean lifespans for the top and bottom quartiles of the

behaviour were not significantly different. Greater

numbers could eventually deliver significance but

would not improve predictive power.

A caveat to the use of chronological age as a

sensitive proxy for biological age is that the population

must have little or no early mortality, as was the case

here.

Activity measures

Activity-related behaviours have been measured upon

individuals in an ageing context (Le Bourg and Lints

1992a, b, c), and SLA in particular has been shown not

to correlate with lifespan when measured as lifetime

means based on weekly measures during the photo-

phase (Le Bourg 1987b). In that study, SLA decreased

steadily over time in females but increased in males

until peaking at week 5 then declining. This pattern

was not seen in our results. We saw overall no change

over time, which was composed of Spain—slight

Table 1 Proportion of flies showing significant association between biological age (% lifespan elapsed) and each measured

behaviour, where the behaviour changes in the majority direction

Behaviour

(daily

measures)

Most common

direction of significant

behaviour change

% Of flies in which behaviour change over

time correlated with biological age in

majority direction at p \ 0.006

% Of flies in which behaviour change over

time correlated with biological age in

majority direction at p \ 0.05

Total

activitya
; 33 % 34 %

Average

activity/

5 min

; 21 % 29 %

Maximum

activity/

5 min

; 31 % 40 %

Total sleep : 33 % 38 %

Total sleep

bouts

: 41 % 50 %

Mean bout

length

; 38 % 45 %

Longest

sleep

duration

; 53 % 66 %

Night

activity

offset

; 53 % 64 %

p \ 0.006 is the probability adjusted for multiple comparisons using Bonferroni correction
a n = 58. Six flies dying on or before day 40 were excluded
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increase, Finland—slight decrease. This differ-

ence may be due to genotype-specific reasons

(e.g. lab adaptation) in the Le Bourg flies and/or the

housing conditions used in our experiment. Arguing

for the latter explanation is the data from two of

the three control Canton-S-based strains used in
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Fig. 3 Four examples to

illustrate variation across

individual flies for

correlations of daily longest

sleep bout with biological

age

Fig. 4 Changes over time

in indices of total sleep and

sleep fragmentation (daily

longest sleep bout and daily

total sleep bouts) by strain
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Bushey et al. (2010) which showed no change over

time, and the other showed a small decline.

Methodologically our study differs little from

Bushey et al. (2010) except there is a suggestion that

flies in the latter were stressed toward the end of each

week prior to food change, since activity tended to

decline over the week. While food change does disturb

the flies, and we thought it prudent to exclude 24 h

data at each food change, we noticed that even after

4 days food became a little dried and the odour of

microbial growth was evident. For these reasons we

recommend twice weekly food changes for these

experiments.

Trajectories of activity measures (speed, total

activity), while often showing directional change,

were quite variable across individuals. As expected

from previous behavioural studies (Jones and

Grotewiel 2011; Fernandez et al. 1999), genotype

substantially affected baseline behaviour measures

and changes with age.

Overall, our measures of speed did not decline with

age, similar to observations by Fernandez et al. (1999).

However in Gargano et al. (2005), age-related loco-

motor impairment in lab stock flies as measured by

negative geotaxis was precipitous, began early and

was fairly uniform across individuals. This was mostly

due to a reduced walking speed, as it is in humans, but

the measure has an element of startle response. Our

measure is not a direct measure of speed and involves

no startle response however it does measure individ-

uals, which most negative geotaxis assays ageing do

not (exception—Le Bourg and Lints 1992a). In

C. elegans, the rate of early decay in locomotion

speed strongly predicted individual lifespan (Hsu et al.

2009), however this did require measuring the (expo-

nential) decay throughout the lifetime, making it less

reliable as a working proxy for biological age. Ours

were less accurate measures of speed (average activ-

ity/bin, max activity/bin), but certainly did not show

the consistent decline seen in C. elegans.

It should be remembered that C. elegans cohorts as

used in the lab are practically isogenic, whereas our

flies were substantially outbred and relatively genet-

ically diverse. In negative geotaxis also, the outbred

100%

60%

80%

20%

40%B
io

lo
g

ic
al

 a
g

e

Estimate 50% lifespan 50%lifespan 25% lifespan 60% lifespan
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duration

Chronological
Mean lifespan 
X 0.5
Day 29
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Day 34

Result 54% 52% 22% 59%Result 54% 52% 22% 59%

Fig. 5 Estimates of biological age made by re-interrogating the

data. 50 % lifespan elapsed was estimated by plotting actual %

lifespan elapsed for each individual a at the point where longest

sleep duration had reduced by 30 %, and b at day 29 (50 %

cohort mean lifespan). 60 and 25 % lifespan were also estimated

by plotting actual % lifespan elapsed for each individual at 60

and 25 %, respectively of cohort mean lifespan. For estimates

based on chronological time, 58 flies were used; those dying

before day 40 were excluded. For the estimate based on sleep

fragmentation, 34 flies were used. Diamonds represent

mean ± one SD

Table 2 Cox regression results for effects on hazard of vari-

ous behaviour measures, listing only those results significant or

near significant at p \ 0.05

Week Behaviour measure

(average over days)

Regression

coefficient

(910-2)

Significance

(p)

1 Maximum activity -2.23 0.058

3 Total sleep -0.95 0.056

Sleep bouts 4.91 0.041

Mean bout length -2.06 0.041

4 Total sleep -1.22 0.028

Mean bout length -2.60 0.044

Longest sleep bout -0.32 0.038

Fig. 6 Relationship between lifespan and average daily longest

sleep duration in week 4
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state of the flies may be important; assays on the Spain

flies recently showed generally healthy responses for

several weeks at 25 �C before beginning to decline

(unpublished data), whereas Gargano et al. (2005)

used a range of well-established lab stocks. Bushey

et al. (2010) used sleep mutant lines which had been

outcrossed to their control stock, Canton-S. Despite its

wild type status, the standard lab strain Canton-S was

established over 80 years ago, has been subdivided

countless times, and is certainly much more lab-

adapted and less genetically diverse than flies used

here, which underwent fewer than 20 generations in

the lab, as isofemale strains, before being combined to

produce the experimental populations. This is signif-

icant because patterns of phenotypic and genetic

covariation change markedly with laboratory adapta-

tion (Sgro and Partridge 2000). As such our results are

more representative of genotypes found in nature and

cover a broader genetic variation. This difference may

well explain some of the qualitative differences

between the datasets.

Broadly then, none of our activity measures were

strongly related to ageing as measured by lifespan.

Sleep and circadian rhythms

Despite genotypic differences between strains used,

our sleep results broadly support those found in

Bushey et al. (2010); reduced early total sleep and

increased fragmentation are associated with shorter

lifespan, though not sufficiently to be predictive, and

the correlations were mostly genotype-dependent.

Sleep fragmentation and circadian rhythm distur-

bances with age are also common—but not ubiqui-

tous—in humans. In flies we can test a hypothesis of

shared mechanisms of age-related decline. We

counted the flies whose age-trajectories of night

activity offset and longest sleep bout showed similar

characteristics (no change or change at p \ 0.05). Of

58 flies, half showed similar trends with age and half

were discordant indicating no departure from random

assortment (v2 = 0.63, d.f. = 1, p = 0.57), suggest-

ing independent mechanisms.

We can also make statements about whether these

behaviour changes with age may contribute to ageing

as well as being a consequence of the result of the

ageing process. The Spain flies were typified by

increasing sleep fragmentation, yet their survival as a

cohort was not different from that of the Finland flies.

Similarly there was no excess mortality among flies

showing declines in any behaviour parameters to week

5. These observations suggest that changes in these

behaviours over time are not contributing to ageing-

related mortality. In contrast, studies of locomotor

behaviour measuring negative geotaxis suggest that

the decline with age is both causal and contributory to

ageing (Jones and Grotewiel 2011), so maybe the

response element of the phenotype is the more

important marker.

Behaviours such as activity and sleep are expected

to be determined by a complexity of somatic states,

under influence of considerable genetic variation at a

large number of loci. So it is perhaps unsurprising that

no measurable parameter predicted lifespan or bio-

logical age very well, but significant that two param-

eters, reflecting sleep fragmentation and circadian

rhythmicity respectively, showed the degree of pre-

dictive power that we saw. It is likely that these

metrics might have greater predictive powers in a

more genetically homogeneous population, so long as

it was not unfit.

Conclusion

Behavioural parameters of sleep and activity, as mea-

sured here, cannot determine biological age with more

accuracy or precision (or practical ease) than using

chronological age, and as such are not recommended for

use as non-destructive biomarkers of ageing. The

change over time in these measures shows major

variation between days, individuals and populations,

and the traits cannot be said to be tightly linked to the

ageing process, either causally or consequentially.

Acknowledgments The authors wish to thank Professor

C. P. Kyriacou for providing samples of the SP15 and KOR

flies, Dr. Matthew Sperrin for useful statistics discussions and an

anonymous reviewer for comments which greatly improved the

manuscript. The work was supported by an AgeUK Fellowship

to DC.

References

Baker GT, Sprott RL (1988) Biomarkers of aging. Exp Gerontol

23(4–5):223–239

Bergman A, Atzmon G, Ye K, MacCarthy T, Barzilai N (2007)

Buffering mechanisms in aging: a systems approach

toward uncovering the genetic component of aging. PLoS

Comput Biol 3(8):e170

Biogerontology (2012) 13:489–499 497

123



Bushey D, Hughes KA, Tononi G, Cirelli C (2010) Sleep, aging,

and lifespan in Drosophila. BMC Neuroscience 11:56

Clancy DJ, Kennington WJ (2001) A simple method to achieve

consistent larval density in bottle cultures. Drosophila Inf

Serv 84:168–169

Cook-Wiens E, Grotewiel MS (2002) Dissociation between

functional senescence and oxidative stress resistance in

Drosophila. Exp Gerontol 37(12):1347–1357

Driver C (2000) The circadian clock in old Drosophila mela-

nogaster. Biogerontology 1(2):157–162

Duhon SA, Johnson TE (1995) Movement as an index of

vitality—comparing wild-type and the age-1 mutant of

Caenorhabditis elegans. J Gerontol A Biol Sci Med Sci

50(5):B254–B261

Ellis LL, Carney GE (2010) Mating alters gene expression patterns

in Drosophila melanogaster male heads. BMC Genomics

11:558

Fernandez JR, Grant MD, Tulli NM, Karkowski LM, McClearn GE

(1999) Differences in locomotor activity across the lifespan of

Drosophila melanogaster. Exp Gerontol 34(5):621–631

Gargano JW, Martin I, Bhandari P, Grotewiel MS (2005) Rapid

iterative negative geotaxis (RING): a new method for

assessing age-related locomotor decline in Drosophila. Exp

Gerontol 40(5):386–395

Green EW (2010) Genetic and bioinformatic screening for

behavioural mutations in Drosophila melanogaster. Uni-

versity of Leicester, Leicester

Harper JM, Galecki AT, Burke DT, Miller RA (2004) Body

weight, hormones and T cell subsets as predictors of life

span in genetically heterogeneous mice. Mech Ageing Dev

125(5):381–390

Hsu A-L, Feng Z, Hsieh M-Y, Xu XZS (2009) Identification by

machine vision of the rate of motor activity decline as a

lifespan predictor in C. elegans. Neurobiol Aging

30(9):1498–1503

Ingram DK (1988) Key questions in developing biomarkers of

aging. Exp Gerontol 23(4–5):429–434

Jones MA, Grotewiel M (2011) Drosophila as a model for age-

related impairment in locomotor and other behaviors. Exp

Gerontol 46(5):320–325

Koh K, Evans JM, Hendricks JC, Sehgal A (2006) A Drosophila

model for age-associated changes in sleep: wake cycles.

Proc Natl Acad Sci USA 103(37):13843–13847

Le Bourg E (1985) A longitudinal study of the effects of age on

the patterns of movement in Drosophila melanogaster. Biol

Behav 10(3):229–240

Le Bourg E (1987a) Alternation behavior aging and longevity in

Drosophila melanogaster: cross sectional and longitudinal

studies. Biol Behav 12(3):163–174

Le Bourg E (1987b) The rate of living theory—spontaneous

locomotor-activity, aging and longevity in Drosophila-

melanogaster. Exp Gerontol 22(5):359–369

Le Bourg E, Badia J (1995) Decline in photopositive tendencies

with age in Drosophila-melanogaster (Diptera, Drosophil-

idae). J Insect Behav 8(6):835–845

Le Bourg E, Lints FA (1992a) Hypergravity and aging in Dro-

sophila-melanogaster. 4. Climbing activity. Gerontology

38(1–2):59–64

Le Bourg E, Lints FA (1992b) Hypergravity and aging in Dro-

sophila-melanogaster. 5. Patterns of movement. Geron-

tology 38(1–2):65–70

Le Bourg E, Lints FA (1992c) Hypergravity and aging in Dro-

sophila-melanogaster. 6. Spontaneous locomotor-activity.

Gerontology 38(1–2):71–79

Le Bourg E, Minois N (1999) A mild stress, hypergravity

exposure, postpones behavioral aging in Drosophila mel-

anogaster. Exp Gerontol 34(2):157–172

Le Bourg E, Lints FA, Lints CV (1984) Does a relationship exist

between spontaneous locomotor activity fitness and life

span in Drosophila melanogaster? Exp Gerontol

19(3):205–210

Leffelaar D, Grigliatti T (1983) Age-dependent behavior loss in

adult Drosophila melanogaster. Dev Genet 4:211–227

Lints FA, Le Bourg E, Lints CV (1984) Spontaneous locomotor

activity and life span: a test of the rate of living theory in

Drosophila melanogaster. Gerontology 30(6):376–387

McClearn GE (1997) Biomarkers of age and aging. Exp Ger-

ontol 32(1–2):87–94

Minois N, Khazaeli AA, Curtsinger JW (2001) Locomotor

activity as a function of age and life span in Drosophila

melanogaster overexpressing hsp70. Exp Gerontol

36(7):1137–1153

Miquel J, Lundgren PR, Bensch KG, Atlan H (1976) Effects of

temperature on the life span, vitality and fine structure of

Drosophila melanogaster. Mech Ageing Dev 5:347–370

Nakamura E, Tanaka S (1998) Biological ages of adult men and

women with Down’s syndrome and its changes with aging.

Mech Ageing Dev 105(1–2):89–103

Nakamura E, Lane MA, Roth GS, Cutler RG, Ingram DK (1994)

Evaluating measures of hematology and blood chemistry in

male rhesus monkeys as biomarkers of aging. Exp Gerontol

29(2):151–177

Nakamura E, Moritani T, Kanetaka A (1996) Effects of habitual

physical exercise on physiological age in men aged

20–85 years as estimated using principal component

analysis. Eur J Appl Physiol 73(5):410–418

Nakamura E, Lane MA, Roth GS, Ingram DK (1998) A strategy

for identifying biomarkers of aging: further evaluation of

hematology and blood chemistry data from a calorie restric-

tion study in rhesus monkeys. Exp Gerontol 33(5):421–443

Paternostro G, Vignola C, Bartsch DU, Omens JH, McCulloch

AD, Reed JC (2001) Age-associated cardiac dysfunction in

Drosophila melanogaster. Circ Res 88(10):1053–1058

Seugnet L, Suzuki Y, Thimgan M, Donlea J, Gimbel SI, Got-

tschalk L, Duntley SP, Shaw PJ (2009) Identifying sleep

regulatory genes using a Drosophila model of Insomnia.

J Neurosci 29(22):7148–7157

Sgro CM, Partridge L (2000) Evolutionary responses of the life

history of wild-caught Drosophila melanogaster to two stan-

dard methods of laboratory culture. Am Nat 156(4):341–353

Shaw PJ, Cirelli C, Greenspan RJ, Tononi G (2000) Correlates

of sleep and waking in Drosophila melanogaster. Science

287(5459):1834–1837

Sprott RL (1999) Biomarkers of aging. J Gerontol A Biol Sci

Med Sci 54(11):B464–B465

Stadtman ER, Levine RL (2000) Protein oxidation. In: Reactive

oxygen species: from radiation to molecular biology, vol

899. Annals of the New York Academy of Sciences, New

York, pp 191–208

Trout WE, Kaplan WD (1970) A relation between longevity,

metabolic rate, and activity in shaker mutants of Dro-

sophila-melanogaster. Exp Gerontol 5(1):83–92

498 Biogerontology (2012) 13:489–499

123



Ueno LM, Yamashita Y, Moritani T, Nakamura E (2003) Bio-

markers of aging in women and the rate of longitudinal

changes. J Physiol Anthropol 22(1):37–46

Vermeulen CJ, Bijlsma R (2006) Changes in genetic architec-

ture during relaxation in Drosophila melanogaster selected

on divergent virgin life span. J Evol Biol 19(1):216–227

Biogerontology (2012) 13:489–499 499

123


	Reliability and variability of sleep and activity as biomarkers of ageing in Drosophila
	Abstract
	Introduction
	Methods
	Statistical analysis

	Results
	Survival
	Predicting biological age
	Genotype/population differences
	Predicting biological age: behaviour change versus chronological age
	Early life measures as survival predictors

	Discussion
	Activity measures
	Sleep and circadian rhythms

	Conclusion
	Acknowledgments
	References


