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RESEARCH ARTICLE

Adult crowding effects on longevity in Drosophila
melanogaster: Increase in age-independent mortality

Amitabh Joshi® and Laurence D. Mueller

Department of Ecology and Evolutionary Biology, Unh:emity of California, Irvine, CA 92717, USA
+Present address: Animal Behaviour Unit, Jawzharlal Nehru Centre for Advanced Scientific Research, Bangalore 560 064, India

The manipulation of longevity through environmen-
tal treatments has provided many insights into the
physiological processes affecting life-span. Here, we
report the reduction of longevity in adult Drosophila
melanogaster after three days of moderate adult
crowding. Crowding is shown to reduce life-span
through increased age-independent mortality rather
than through altering the rate of ageing. Preliminary
evidence also suggests that increased age-independ-
ent mortality after crowding may result from a re-
duction in stored emergy reserves. The results also
suggest that populations of D. melanogaster routinely
maintained at high-adult densities may be relatively
less susceptible to the detrimental effects of crowding
on longevity.

THE study of ageing has long been approached at two
different levels of biological organization: at the indi-
vidual and sub-individual level by gerontologists, and at
the populational level by demographers. In the past one-
-and-a-half decades, evolutionary biologists have tried
" to unite these divergent approaches by trying to under-
stand how and why ageing evolves, an approach that
combines demography, population genetics and physiol-
ogy'. From this evolutionary viewpoint on agcing,
longevity (or life-span) is seen as but one among a
multitude of life-history traits, all interrelated as a con-
sequence of shared underlying physiological con-
straints>'%,

Genetic and environmental manipulation of
longevity

Many studies on ageing in the past several years have
focused upon genetic and environmental manipulations
of life-span®?. For example, incrcased life-span has suc-
cessfully been selected for in Drosophila melanogaster
by several workers independently"'-*. Similarly, envi-
ronmental manipulations such as dietary restriction®,
restricted mating'+'%, and the addition cf urea to- the
food medium'” have all been observed to enhance lon-
gevity in D. melanogaster. Similar cffects of many envi-
ronmental treatments on longevity have also been ob-
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served in a variety of other invertebrate™®2! and verte-
brate*>?* species. Moreover, investigation of the physi-
ological mechanisms underlying observed genetic and
environmental effects on longevity has provided useful
insights into the nature of the constraints placed by cor-
relations among life-history characters upon the attain-

ment of increased life-span under a given set of condi-
tions32%-27,

Estimating the rate of ageing

‘'The demographic perspective on ageing suggests an-

cother level at which the nature of the effect of various
factors on life-span can be assessed, by focusing on
rates of ageing, rather than on changes in life-history
traits correlated with longevity. In recent years, scveral
studies have focused on ‘rates of ageing’ as reflected by
the o parameter of the Gompertz equation®® that models
age-specific mortality as an exponentially increasing
function of age!’?*®-32  According to the Gompertz
cquation, the mortality rate at age x, L(x), is given by

H(x) = Ae*,

where the two parameters, A and ¢, represent the age-
independent mortality rate and the rate of increase in
mortality rate with age, respectively: this latter param-
eter, @, is considered to represent the rate of age-
ing>'1#2-32 Results of some studies on Drosophila'’*
strongly suggest that environmental factors affecting
longevity tend to do so through their effect on the age-
independent Gompertz parameter (A), whereas geneti-

“cally induced changes in longevity tend to involve

changes in the Gompertz ‘rate of ageing’ (). There is
also some evidence that, in the bruchid beetle
Callosobruchus maculatus, mating per se may affect the

‘Gompertz ‘rate of ageing’, whereas egg-production af-

fects the age-independent Gompertz parameter’®.

Adult density and longevity
Adult density is an environmental factor that is known
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to adversely impact a variety of fitness correlates in di-
verse species®®. In Drosophila, adult crowding over'a
period of many days has been shown to significantly re-
duce longevity®?". In the present study, we used a set of
15 populations of D. melanogaster, that had been sub-
jected to life-stage-specific density-dependent natural
selection. in the laboratory, to seek answers to the fol-
lowing questions: (i) Can brief episodes of moderate
levels of adult crowding significantly reduce longevity?
(ii) Is the effect, if any, of adult crowding on longevity
mediated through changes in the age-independent or
age-dependent parameters of the Gompertz equation, or
both? (iii) Are populations regularly maintained at high
adult densities better able to withstand the deleterious
effects, if any, of adult crowding on longevity?

Methodology
Experimental populations

This study used three sets of five replicate populations
of D. melanogaster that had each been subjected to dif-
fering levels of larval or adult density for over 50 gen-
erations®. All populations were maintained on banana-
molasses food at 25°C, continuous light, and had a gen-
eration time of about 3 weeks. Population sizes of each
generation were of the order of 2000-4000 breeding
adults. The five populations crowded as larvae
(CU,. . .CU,) were reared at densities of 1000 or more
larvae per 6 dram vial (2.2 cmd x 8.4 cm h). Eclosing
adults were collected daily from these vials, and kept at

a low density of about 60-80 adults per 8 dram vial (2.4
cmd X 9.5cmh). The five uncrowded populations
(UU,. . .UU,) were reared at 1ow larval densities of 60—
80 larvae per 8 dram vial; eclosing adults were sub-
jected to the same density as the CU populations. The
five populations crowded as adults (UC,. . .UC,) were
reared at low larval densities of 60-80 larvae per 8 dram
vial; eclosed adults were collected from these vials on
the 13th day after egg-laying and kept in 8 dram vials at
densities of about 160-200 adults per vial. The three
sets of populations, thus, differed in the degree of larval
or adult crowding to which they were exposed, with the
UU populations acting as controls to both the UC and
CU populations. Prior to initiating a new generation, all

- the eclosed adults from a population were dumped into

a plexiglass cage (25.5 x 20 x 14.4 cm®) and supplied
with liberal amounts of live yeast paste for 2 days be-
fore egg collection. All three sets of populations were
derived from the five B populations of Rose!, ecach B
population being used as the progenitor of one CU, one
UC, and one UU population. Consequently, CU, UC and
UU populations bearing the same numerical subscript
are more closely related to each other, as compared to
other populations subjected to the same density regime.

Collection of adult flies for longevity assay

Prior to initiating the longevity assay described below,
all test populations were passed through one complete
generation of identical rearing conditions, to eliminate
any differences among selected lines due to environ-

Table 1. ANOVA for longevity of UU, UC and CU flies after three days of crowded (150 flies/
vial) - or uncrowded (8 flies/vial) conditioning (Cond). Longevity was assayed on flies kept in
groups of 4 males and 4 females per vial. Significant fixed main effects and interactions are
indicated in bold type (BIk, block, Sel, selection, Cond, conditioning treatment; parentheses are

used to denote nested effects)

Source df MS F P
Block 4 1671.44 13.54 <0.0005
Selection -2 1246.85 1.59 >0.25
Conditioning 1 4971.88 8.09 <0.05
Sex 1 39991.16 213.83 <0.0005
Vial (Blk x Sel x Cond) 270 123.39 1.06 >0.20

* Blk x Sel 8 782.73 6.36 <0.0005
Blk x Cond ) 614.69 4.99 <0.001
Blk x Sex 4 187.02 1.06 >0.25
Sel x Cond 2. 350.29 1.69 >0.10

X Sex 2 1038.40 335 >0.05

Cond x Sex 1 716.42 1.97 >0.10
Sex x Vial (Blk x Sel x Cond) 258 176.84 1.53 <0.0005
Blk x Sel x Cond 8 207.83 1.68 >0.05
Blk x Sel x Sex 8 310.70 1.76 <0.05
Blk x Cond x Sex 4 363.87 2.08 >0.05
Sel x Cond x Sex 2 152.79 0.50 >0.25
Blk x Sel x Cond x Sex 8 302.60 1.72 >0.05
Error 1525 115.92
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Figure 1. Mean longevity of flies after three days of uncrowded (a) or
crowded (b) conditioning as adults. The error bars depict 95% confidence
intervals about the mean of the five replicate populations of each selection
regime, and were calculated using least squares estimates of the standard
errors of cell means in the randomized block ANOVA.

mental or maternal effects. Eggs were collected from
the adults of each stock population and placed in 8 dram
vials at low densities of 60-80 eggs per vial. Eclosing
adults from these vials were then collected into cages;
eggs laid by these adults were collected and transferred
into 8 dram vials at low densities of 60-80 eggs per
vial. Adult flies eclosing in these vials were collected
one day after eclosion, and subjected to one of the two
conditioning treatments: crowded (75 males and 75 fe-
males per vial) or uncrowded (4 males and 4 females
per vial), All conditioning vials contained exactly 5 ml
of food medium. For each population, 7 vials were set
up at high density and 15 at low density, adding up to a
total of 330 conditioning vials (3 selection regimes X 5
replicate populations X (7 vials at high density, 15 vials
at low density). The flies remained in these vials for 3
days, after which they were used for setting up the lon-
gevity assay described below.

Longéviry assay

After 3-day conditioning period, flies were placed into
vials with about 3 ml of food medium at a density of 4
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Figure 2. Per cent survival to various ages of adult males from each of the
5 replicate UU, UC and CU populations, after three days of high (150 flies/
vial) or low (8 flies/vial) density conditioning.

males and 4 females per vial; 10 such vials were set up
for each population X conditioning combination. Thus, a
total of 2400 flies were assayed for longevity. The flies
were transferred to fresh food vials every third day until
all flies had died. All vials were checked daily for
deaths. Dead flies in a vial were not replaced over the
course of the assay. Life-span was measured as the time,
in days, from the start of the conditioning to the day of
death. The longevities reported here are, consequently,
the conditional longevities of flies that survived the 3
days of conditioning.

Statistical analysis

The longevity data were subjected to an analysis of vari-
ance (ANOVA) using the procedure GLM of SAS for
Windows version 6.08. Due to the pattern of relatedness
among the CU, UC, and UU populations (CU, ,UC, ,and
UU, are more closely related to each other than either of
them is to other populations with which they share the
same selection regime, i = 1..5), sets of CU, UC and UU
populations, matched by subscripted indices, were
treated as random blocks in the analyses. Selection-
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regime and conditioning density were treated as fixed
effects crossed within each block (our primary interest
was in these fixed effects; block in this experiment con-
founds ancestry and handling effects and, thus, although
we are interested in accounting for this variation by
treating block as a factor, we do not try to interpret any
significant random effects). Because the measurement
of longevity was done on individual flies in each vial,
the ANOVA model included vial as a random effect
nested within the block X selection x conditioning inter-
action. Sex was treated as a fixed factor crossed with all
the rest.

From the data on longevity, we also estimated the
age-independent (A) and age-dependent (&) parameters
of the Gompertz equation that models the age-depend-
ence of mortality rates?, using a maximum likelihood
method utilizing untransformed survival data®. The esti-
mates of A and « from each population ~ conditioning
combination were then used as data for analyses of vari-
ance, treating selection-regime, conditioning and sex as
fixed factors crossed within the 5 replicate blocks. In
similar previous experiments we have tested the good-
ness of fit of the Gompertz equation to data on mortality
collected from males and females of over 20
populations of D. melanogaster related to the
populations used in this study under various environ-
mental conditions and the fit has always been excellent
with R? values consistently being above 90% (refs
17,31).

Effect of adult crowding on longevity

The ANOVA results for longevity after 3 days of adult
conditioning showed significant fixed effects of sex and
conditioning density; selection regime did not have a
significant effect (Table 1). In general, longevity de-
creased with increasing density of conditioning (an av-
erage reduction due to crowding of 2.75 days), and, as
expected for Drosophila, males outlived females by an
average of 9.2 days (Figure 1). Females were seemingly
affected by crowding to a degree greater than the males:
crowding reduced the longevity of females by an aver-
age of 4.2 days whereas in the case of males, the reduc-
tion was only 1.3 days.

Unfortunately, too much cannot be made of these dif-
ferences because the early death of large numbers of fe-
males in the crowded treatment would tend to increase
life-span in males due to reduced courtship and mating,
thus counteracting to some degree the detrimental effect
of the crowding treatment experienced earlier. More-
over, the degree and duration of crowding experienced
by the populations in this study was mederate (mean
mortality in our populations during the 3 days of
crowded conditioning varied from less than 1% to
11.6%, whereas more severe crowding for 5 days in the
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Flgﬁre 3. Per cent survival to various ages of adult females from each of
the 5 replicate UU, UC and CU populations, after three days of high (150 /
ﬂneshnal) or low (8 flies/vial) density conditioning.

same populations can yield mortality up to 90% (ref.
41). We were, therefore, more interested in broad
patterns of -mortality effects than in the specific
magnitudes of the effects. Overall, there did not appear
to be major differences in the pattern of effects of adult
crowding on either mean longevity in the UU, UC and
CU populations (Figure 1), or on the survivorship
curves of males and females from these three types of
populations (Figures 2, 3). The only significant differ-
ence among selection lines was that the mean longevity
of UC males from the crowded conditioning treatment
was greater than that of both CU (P = 0.02) and UU (P
= 0.01) males. At a qualitative level, nevertheless, the
per cent decline in mean longevity due to adult crowd-
ing was the greatest in the CU, and the least in the UC
populations.

The ANOVA results for the age-independent (A) and
age-dependent (@) mortality parameters of the
Gompertz equation indicated that the crowded condi-
tioning treatment lowered longevity through an increase
in A. Of the fixed factors in the ANOVA model, sex,
conditioning, and the selection regime X sex interaction
were seen to have significant effects on the estimates of ,
A, while only sex had a significant effect on-estimates of
o (Table 2). The reduced longevity of females, as com-
pared to males, is well known in Drosophila™', our re-
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Table 2. Estimates of the age-independent (4) and age-dependent (@) mortality parameters of the

Gompertz equation. The entries are the means (+ 95 % confidence intervals) of the five replicate

populations in each selection regime x conditioning combination. The only significant effects in

the ANOVA were those of sex, conditioning, and selection regime x sex on estimates of A, and of
sex on estimates of a.

Uncrowded conditioning

Crowded conditioning
Selection regime  Male Female Male Female
Estimates of A
uu 0.0026 0.0030 0.0031 0.0043
_(0.0010) (0.0012) (0.0015) (0.0019)
uc £ 0.0027 0.0033 0.0029 0.0048
(0.0009) (0.0011) (0.0017) (0.0015)
Ccu 0.0025 0.0035 0.0035 0.0071
(0.0010) (0.0010) (0.0008) (0.0025)
E_ﬁmnes of a
uu 0.0876 0.1051 0.0886 04054
0.0202) (0.0184) (0.0232) (0.0157)
uc 0.0807 0.1022 0.0729 0.1015
0.0124) (0.0218) (0.0190) 0.0325)
cu 0.0863 0.0956 0.0796 - 0.0998
(0.0089) (0.0366)

(0.0149)

(0.0158)

sults show that this is due to both greater age-independent
mortality (mean A in females was 0.0043, a 53% increase
over the mean in males, 0.0028) and a more rapid rate of
ageing (mean « in females was 0.1016, a 23% increase
over the mean in males, 0.0826). The mean value of A in
populations subjected to the crowded treatment was
0.0042, a 44% increase over the mean in the uncrowded
treatment, 0.0029. The significant selection regime X sex
interaction for estimates of A arose from the fact that
means of selection regimes for the crowded and
uncrowded treatments did not differ significantly in the
case of males, but did so in the case of females (Table 2).

Coaclulons

The results of the present study are consistent with the
findings of previous studies that agult crowding reduces
longevity in Drosophila®?’. Moreover, our results indi-
cate that even brief periods of relatively moderate crowd-
ing can have a lasting effect on subsequent longevity
(Table 1, Figure 1). Interestingly, it is also clear that, like
other environmental factors affecting longevity in Dro-
sophila®, adult crowding affects longevity by altering
the age-independent mortality rate rather than the rate of
ageing per se (Table 2). The commonly observed differ-
ence in longevity between males and females in Dro-
- sophila is shown to be due to increased age-independent
mortality, as well as an increased rate of ageing in fe-
males (Table 2). '

Although selection reglme did not have a statistically

'cmumm SCIENCE, VOL.72, NO.4, 25 FEBRUARY 1997

significant effect on the extent to which crowding re-
duced longevity (Table 1), qur results suggest that the
UC populations may, in fact, have a reduced sensitiv-
ity to adult crowding, as a result of having been sub-
jected to high adult densities for over 50 generations
(Figure 1). Possibly, a more severe bout of crowding
would lead to differences among the selected lines that
would be picked up as being statistically significant.
This interpretation is supported by the finding that the
UC populations are significantly less sensitive to adult
crowding effects on fecundity and mortality during
crowding than either the CU or the UU populations*'.
One very consistent finding of previous studies on
environmental and genetic modifications of longevity
has been the existence of a ubiquitous trade-off be-
tween female fecundity and longevity>*!”. This trade-
off has been interpreted in light of the so-called Y-
model of resource allocation®'%%, In this view, repra
duction and survival are envisioned as being altermw
tive candidates for the allocation of energy reserves by
organisms, such that, all other things bging equal, in-
creased reproductive output comes at the expense of
survival, and vice versa. A series of studies on Dro-
sophila populations closely related to our CU, UC and
UU lines, suggest that fecundity and longevity in these
populations are, in fact, linked in this manner, based
upon their common dependency on lipid as a re-
source*®?’43_ Similarly, most environmental factors in-
creasing or decreasing longevity in many species have
been shown to do so by respectively reducing or en-
hancing fecundity. Since the reduction of female fe-
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.

cundity by adult crowding is a well-documented phe-
nomenon in Drosophila*, one might naively expect that
adult crowding would, therefore, enhance longevity.

In fact, the observed reduction in longevity, by levels

of adult crowding that are known to also depress fecun-
dity in the UU, UC and CU populations*, strongly sug-
gests that the negative impact of adult crowding on lon-
gevity in our experiment is mediated by a reduction in
the overall levels of stored energy reserves in the flies
subjected to the crowded conditioning treatment. In this
context, it is interesting to note that even 24 hours of
adult crowding reduced subsequent starvation resistance

in

the B populations from which our experimental

populations were derived”. Given the close relationship
between starvation resistance and lipid content in Dro-
sophila*®, this suggests that brief episodes of adult
crowding may significantly deplete lipid reserves. How-
ever, there are also indications that reserves of glyco-
gen, rather than lipid, may be more severely affected by
adult crowding®. Evidently, further studies of the physi-
“plogical consequences of adult crowding are needed to
obtain a clearer picture of how the effects of crowding
on adult fitness components are mediated by the under-
lying architecture of inter-related metabolic pathways.

Anps W

o =

10.
1.

12
13.

14.

Rose, M. R., Evolution, 1984, 38, 1004-1010.

Rose, M. R., Evolutionary Biology of Ageing, Oxford Univ. Press,
New York, 1991.

Rose, M. R. and Finch, C. E. (eds), Genetics and Evolution of Ageing,
Kluwer Academic, Dordrecht, 1994.

Service, P. M., Physiol. Zool., 1987, 60, 321-326.

Service, P. M., J. Insect Physiol., 1989, 35, 447-452.

Chippindale, A. K., Leroi, A. M., Kim, S. B. and Rose, M. R., J. Evol
Biol., 1993, 6, 171-193.

Tatar, M. and Carey, J. R., Ecology, 1995, 76, 2066-2073.

Zwaan, B. 1., Bijlsma, R. and Hoekstra, R. F., Heredity, 1991, 66,
29-39,

Service P. M., Hutchinson, E. W. and Rose, M. R., Evolution, 1988,
42, 708-716.

Kirkwood, T. B. L. and Holliday, F. R. S., Proc. R. Soc. London, 1979,
B20S, 531-546. '

Luckinbill, L. S., Arking, R., Clare, M. J., Cirocco, W. C. and Buck,
S. A., Evolution, 1984, 38, 996-1003.

Partridge, L. and Fowler, K., Evolution, 1992, 46, 76-91.

Zwaan, B., Bijlsma, R. and Hoekstra, R. F., Evolution, 1995, 49, 645~
659. o
Partridge, L., Fowler, K., Trevitt, S. and Sharp, W., J. Insect Physiol.,
1986, 32, 925-929. )

15.

16.

17.

18.

19.
20.
21.
22.
23.
24.
25.
26.

27.

28.
29.

30.
31

32.

33.
34.
35.
36.
37.
38.

39.
40.

41.
42.
43.

44,

Partridge, L., Greeh, A. and Fowler, K., J. Insect Physiol., 1987, 33, ,
745-749. w
Chapman, T., Liddle, L. F., Kalb, J. M., Wolfner, M. F. and Partridge,
L., Nature, 1995, 373, 241-244. i .

Joshi, A., Shiotsugu, J. and Mueller, L. D., Exp. Geronol., 1996, 31,
533-544.
Tatar, M., Carey, J. R. and Vaupel, . W., Evolution, 1993, 47,
1302-1312. .

Austad, S. N., Exp. Gerontol., 1989, 24, 83-92.
Emsting, G. and Isaaks, J. A., Func. Ecol., 1991, §, 299-303.
Kaitala, A., Func. Ecol., 1991, §, 12-18.
Holehan, A. M. and Merry, B. J., Mech. Ageing Dev., 1985, 33, 19-28.
Masoro, E. J., J. Gerontol., 1988, 43, 59-64.
Masoro, E. J., Exp. Gerontol., 1995, 30, 291-298.

Service, P. M., J. Insect Physiol., 1989, 35, 447-452.
Zwaan, B., Bijlsma, R. and Hoekstra, R. F., Evolution, 1995, 49,
635-648.

Service, P. M., Hutchinson, E. W., Mackinley, M. D. and Rose,
M. R., Physiol. Zool., 1985, 58, 380-389.
Gompertz, B., Philos. Trans. R. Soc. London, 1825, A115, 513-585.
Finch, C. E., Pike, M. C. and Whitten, M., Science, 1990, 249,
902-905. J

Johnson, T. E., Science, 1990, 249, 908-912. .

Mueller, L. D., Nusbaum, T. J. and Rose, M. R., Exp. Gerontol., 1995,
30, 553-569.

Nusbaum, T. J., Mueller, L. D. and Rose, M. R., Exp. Gerontol., 1996,
in press.

Pearl, R., Miner, J. R. and Parker, S. C., Am. Nat., 1927, 61, 289-318.
Park, T., Ecology, 1932, 13, 172-181.

Davis, M. B., Ecology, 1945, 26, 353-363.

Tanner, J. T., Ecology, 1966, 45, 733-745.

Graves, J. L., and Mueller, L. D., Genetica, 1993, 91, 99-109. 7’
Tonn, W. N., Holopainen, L. J. and Paszkowski, C. A., Ecology, 1994, \.
785, 824-834.

Ostfeld, R. S. and Canham, C. D., Ecology, 1995, 76, 521-532.
Mueller, L. D., Graves, J. L. and Rose, M. R., Func. Ecol., 1993, 7,
469-479.

Joshi, A., Wu, W. and Mueller, L. D., unpubl. ms.

Noordwijk, A. J. v. and de Jong, G., Am. Nat., 1986, 128, 137-142.
Rose, M. R., Vu, L. N., Park, U. and Graves, J. L., Exp. Gerontol.,
1992, 27, 241-250.

Mugeller, L. D., Evol. Biol., 1985, 19, 37-98.

ACKNOWLEDGEMENTS. We thank Robinson B. Castillo, Michael
H. Do, Giang T. Ho, Vouch K. Lun, Yoshinobu T. Morimoto, Jason
Shiotsugu, Jui-Hsuan Wu and Wan-Pin Wu for assistance in the
laboratory, and Daniel J. Borash and Theodore J. Nusbaum for
helpful discussions. We also thank an anonymous referee for helpful
comments on the manuscript. These experiments were supported by
NIH grant AG09970 and NSF grant DEB-9410281 to L. D. Mueller.
Analysis of data and the writing of the manuscript were supported in
part by funds from JNCASR.

Received 10 October 1996; revised accepted 27 January 1997

CURRENT SCIENCE, VOL.72, NO 4, 25 FEBRgARY 1997





