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CORRELATED RESPONSES TO SELECTION FOR FASTER DEVELOPMENT AND
EARLY REPRODUCTION IN DROSOPHILA: THE EVOLUTION OF LARVAL TRAITS
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Abstract.—Studies on selection for faster development in Drosophila have typically focused on the trade-offs among
development time, adult weight, and adult life span. Relatively less attention has been paid to the evolution of preadult
life stages and behaviors in response to such selection. We have earlier reported that four laboratory populations of
D. melanogaster selected for faster development and early reproduction, relative to control populations, showed
considerably reduced preadult development time and survivorship, dry weight at eclosion, and larval growth rates.
Here we study the larval phase of these populations in greater detail. We show here that the reduction in development
time after about 50 generations of selection is due to reduced duration of the first and third larval instars and the
pupal stage, whereas the duration of the second larval instar has not changed. About 90% of the preadult mortality
in the selected populations is due to larval mortality. The third instar larvae, pupae, and freshly eclosed adults of the
selected populations weigh significantly less than controls, and this difference appears during the third larval instar.
Thereafter, percentage weight loss during the pupal stage does not differ between selected and control populations.
The minimum amount of time a larva must feed to subsequently complete development is lower in the selected
populations, which also exhibit a syndrome of reduced energy expenditure through reduction in larval feeding rate,
larval digging and foraging activity, and pupation height. Comparison of these results with those observed earlier in
populations selected for adaptation to larval crowding and faster development under a different protocol from ours
reveal differences in the evolved traits that suggest that the responses to selection for faster development are greatly
affected by the larval density at which selection acts and on details of the selection pressures acting on the timing of
reproduction.

Key words.—Development time, Drosophila melanogaster, foraging behavior, larval feeding rate, life history, preadult
mortality, pupation height.
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Two of the important selection pressures operating on in-
sects whose larvae inhabit ephemeral habitats in the wild are
overcrowding and the necessity to complete preadult devel-
opment relatively fast. Larval growth rates in Drosophila are
thought to be partly shaped by a trade-off between faster
development and adult size (Santos et al. 1988; Partridge and
Fowler 1993), and this trade-off has been extensively studied.
The evolution of Drosophila life-history traits in response to
larval and adult crowding has also been studied extensively
(reviewed by Joshi 1997; Mueller 1997). When populations
of Drosophila are kept at very high larval density for many
generations, larval feeding rates and the minimum food re-
quired for larvae to complete development increase relative
to controls (Joshi and Mueller 1988, 1996; Mueller 1990).
Yet, populations maintained at high larval density do not
exhibit faster development, increased larval growth rate, or
increased adult weight at eclosion when assayed at moderate
densities (Santos et al. 1997). Selection for faster develop-
ment, however, results in decreased adult weight at eclosion
(Nunney 1996; Chippindale et al. 1997) and reduced larval
growth rates (Prasad et al. 2000). Unlike in the case of ad-
aptation to larval crowding, not much is known about larval
behaviors related to food acquisition in populations subjected
to selection for faster development.

In an ongoing study in our laboratory we have successfully
selected four populations of D. melanogaster for faster de-
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velopment and early reproduction, relative to control popu-
lations that had been maintained on a three-week discrete
generation cycle with no conscious selection on development
time for over 200 generations. Over 70 generations of se-
lection, we have observed a reduction of about 20% in egg-
to-eclosion development time and survivorship, about 42%
in adult dry weight at eclosion, and about 28% in larval
growth rate (Prasad et al. 2000). Because selection for faster
development directly impinges on the preadult life stages,
one may expect that the genetic correlations among the var-
ious traits expressed in the juvenile stages may play a major
role in molding the outcome of selection. The genetic control
of larval instar duration in Drosophilais not well understood,
although it is known that the durations of the first and the
second instar and the early part of the third instar can be
environmentally manipulated, whereas the duration of the
third instar after attainment of the minimum critical size for
pupation does not respond to environmental manipulation
(Bakker 1961).

Reduction in the duration of the larval stage in Drosophila
is also constrained by the necessity of early third instar larvae
attaining a critical size required to successfully pupate and
eclose. The critical size is known to be environmentally (De
Moed et al. 1999) and genetically (Robertson 1963) alterable,
and flies with a larger adult body size are known to often
take longer to attain the minimum critical size (Robertson
1963). Therefore, in a population where shorter development
time, smaller adult body size, and lower growth rates have
evolved, one may expect the evolution of shorter time to the
attai nment of minimum critical size and/or smaller minimum
critical size itself.
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Many energy costly larval behaviors connected with re-
source acquisition are known to have an impact on larval
growth, minimum food requirement for pupation, and pre-
adult fitness (Joshi and Mueller 1996; Joshi 1997). Conse-
quently, the optimal levels of expression of such behaviors
may be expected to depend upon the selection regime, with
the relative importance to fitness of adult size (and therefore
fecundity) and development time shifting the optimum in one
or the other direction. Larval feeding rates (Sewell et al. 1975;
Joshi and Mueller 1988, 1996), the height above the medium
that larvae pupate (M ueller and Sweet 1986; Joshi and Muel |-
er 1993), and foraging path length (Sokolowski et al. 1997)
are known to increase as an adaptation to larval crowding.
Similarly, the propensity of larvae to dig deep into the me-
dium is atrait that has been shown to possess ample additive
genetic variance (Godoy-Herrera 1994) and is, therefore,
likely to respond to selection in the laboratory.

At thistime, little is known about the correlated responses
of larval behaviors or of the preadult life-stage-specific mor-
tality rates to selection for faster development. After about
40 generations of selection, larvae from faster-developing
populations were observed to pay a mortality cost for their
rapid development (Chippindale et al. 1997; Prasad et al.
2000). In the only study to examine larval and pupal devel-
opment time and mortality separately, Chippindale et al.
(1997) found that preadult mortality in the accelerated de-
velopment time populations was evenly distributed over the
larval and pupal life stages, whereas the bulk of the reduction
in egg-to-eclosion development time was due to a shortening
of thelarval life stage. Larval feeding ratesin the accel erated
development time populations did not differ significantly
from the controls after 50 generations of selection (Chippin-
dale et al. 1997), although Borash et al. (2000) reported in-
creased feeding rates and preadult viability of these selected
populations after 100 generations of moderate relaxation of
selection. Pupation height in the selected populations were
significantly lower than in control populations after about 50
generations of selection (Chippindale et al. 1997).

In this paper, we used populations of D. melanogaster se-
lected for faster development and early reproduction, relative
to controls, to address the following questions: What is the
relative contribution of the three larval instars and the pupal
stage to the observed reduction in preadult development time
and survivorship? Has the minimum critical size necessary
for completing development evolved in the selected popu-
lations? Have larval feeding rates, larval digging behavior,
larval foraging path lengths, and pupation height evolved in
the selected populations? Repetition of studies of correlated
responses to selection is desirable because observed patterns
of correlations among life-history traits are often affected by
seemingly small differencesin either the genetic composition
of the strains used or in laboratory protocols (Joshi and
Mueller 1996; Rose et al. 1996; Reznick and Ghalambor
1999; Harshman and Hoffmann 2000). The populations used
in this study share common ancestry with the populations
used by Chippindale et a. (1997) in their studies on evolution
of faster development, as well as with those used for many
of the studies on adaptation to larval crowding (M ueller 1990;
Joshi and Mueller 1996). Thus, our results are amenable to
comparison with these previous studies and can be used to
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investigate parallels between the evolutionary consequences
of larval overcrowding and selection for faster development.

MATERIALS AND METHODS
Experimental Populations

This study was done on eight populations of D. melano-
gaster, of which four served as controls and four were sub-
jected to selection for faster development and early repro-
duction relative to the controls. The control populations em-
ployed here were the four populations (JB,_,) described in
detail by Sheeba et al. (1998). The JB populations are main-
tained in incubators on a 21-day discrete generation cycle at
25°C, about 90% relative humidity, and constant light on
banana-jaggery food. The larval density is regulated at about
60-80 larvae per 8-dram via (9-cm height X 2.4-cm diam-
eter) with 6 ml of food. The number of breeding adults is
about 1800 per population, and the adults are maintained in
Plexiglas cages (25 cm X 20 cm X 15 cm) with abundant
food. Eggs are collected from these flies by placing petri
dishes with food into these cages for 18 h. The eggs collected
off these food plates are then dispensed into 40 vials at a
density of 60-80 eggs per via. On the 12th, 14th, and the
16th day after egg collection, the eclosed flies are transferred
into fresh food vials; on the 18th day after egg collection,
all the eclosed flies are collected into Plexiglas cages con-
taining a petri dish of food on which a generous smear of
yeast-acetic acid paste has been applied. Three days later,
eggs are collected for the next generation. The four JB pop-
ulations are ultimately descended from a single population
of D. melanogaster (about 450 generations ago), the IV pop-
ulation described by Ives (1970). The immediate ancestors
of JBsarethe UU populations described by Joshi and Mueller
(1996), which had been maintained for over 100 generations
on a 21-day discrete generation cycle at 25°C and constant
light. The four JB populations, therefore, had been indepen-
dent evolutionary entities for more than 450 generations and
had been on athree-week cycle for more than 100 generations
at the time the present study was initiated.

The four populations selected for faster development and
early reproduction were derived from the four JB populations
and are designated as FEJ,_, (F, faster development; E, early
reproduction; J, JB derived). Each FEJ population was de-
rived from one JB population; thus, selected and control pop-
ulations bearing identical numerical subscripts are more
closely related to each other than to other populations with
which they share a selection regime (JB; and FEJ; are more
closely related than JB; and JB; or FEJ; and FEJ; i,j = 1-4).
Conseqguently, control and selected populationswith identical
subscripts were treated as blocks in the statistical analysis.

The selected populations are maintained on a regime sim-
ilar to the JB populations except that 80 vials of 60—80 larvae
are collected per population and monitored closely for eclo-
sions once the pupae begin to darken. The first 15 or so flies
that eclosein each vial are collected into Plexiglas cageswith
abundant food and a generous smear of live yeast-acetic acid
paste. Typically the breeding adult number is about 1000—
1200 per population. Eggs are collected from these flies on
the third day after eclosion by placing fresh food plates into
these cages for 1 h. The eggs are then dispensed into 80 vials
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at a density of 60-80 eggs per vial. Thus, selection is es-
sentially on the total egg to eclosion development time and
on fecundity at an adult age of three days posteclosion. The
major differences between the FEJ and JB populations, thus,
are that: (1) eggs are collected from the FEJs three days
posteclosion to initiate the next generation, whereas in JBs
the eggs are collected nine to 10 days posteclosion; (2) the
egg-lay window for FEJis 1 h, whereas for JB it is 18 h; (3)
in FEJs only the first 25% of the flies to eclose have an
opportunity of contributing to the next generation, whereas
in JBs all the flies that eclose by the 12th day after egg
collection can contribute to the next generation; and (4) the
number of breeding adults in FEJs is about 1000-1200,
whereas in JBs it is about 1800.

Collection of Flies for Assays

Imposition of different maintenance regimes can induce
nongenetic parental effects. Consequently, all selected and
control populations were maintained under common rearing
conditions for one complete generation prior to assaying to
eliminate all such nongenetic effects. Eggs were collected
from the running cultures and dispensed into vials with about
6 ml of food at a density of 60—80 eggs per vial. On the 12th
day after egg collection, by which time all normally devel-
oping individual s would have eclosed, the flieswere collected
into Plexiglas cages with abundant food. The adult numbers
were usually 1200-1800 per population. They were supplied
with live yeast-acetic acid paste for two days prior to egg
collection for assays. The progeny of these flies, hereafter
referred to as standardized flies, were used for the various
assays.

Life-Stage-Specific Development Time and Survivorship
Assays

After 56 generations of selection had elapsed, the contri-
bution of different preadult life stages to the overall egg-to-
eclosion development time and survivorship was assessed.
Eggs of approximately identical age were collected from the
standardized flies by placing a fresh food plate in the cage
for 1 h. The plate was then replaced by another food plate.
After 1 h this plate, too, was discarded and a third food plate
was kept in the cage for 30 min. Eggs for the assay were
collected from the last food plate and dispensed into vials
with 5 ml of food at a density of 30 eggs per vial and in-
cubated. Eighty-five such vials were set up per population.
Thirty-six hours after the midpoint of the 30-min egg col-
lection window, five vials from each population were re-
moved from the incubator and the larvae killed by immersion
in hot water. The number of the first, second, and third instar
larvae in each vial was determined by looking at their mouth
hooks. This procedure was repeated at 2-h intervals, until 66
h had elapsed from the midpoint of the 30-min egg collection
window. From these data, median times of each molt were
obtained by extrapolation. The difference between the median
hatching time and the median time of first molt was taken as
the duration of first instar, and so on. The five vials that were
left over were used to determine pupation and development
times. After the first pupa (Pl pupa, as described by Ash-
burner 1989) was observed, the vials were checked regularly
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at 2-h intervals. Any new pupae that had formed were scored
and marked using a color pen. The observations were con-
tinued until no new pupae were formed in any of the vials
for two consecutive days. The vials were then monitored for
thefirst eclosion. Thereafter, the vials were checked regularly
at 2-h intervals and the number of eclosing males and females
recorded. These observations were continued until no flies
eclosed for three consecutive days in any of the vials. From
these data, we obtained mean egg-to-pupation development
time, mean egg-to-eclosion devel opment time, and larval and
pupal survivorship for each vial.

Dry Weight Assay

At generation 40 of FEJ selection, the dry weight of third
instar larvae, pupae, and adults from selected and control
lines was assayed. Eggs were collected at a density of 50
eggs per vial and 12 such vials were set up per population,
of which four vials each were used to weigh third instar
larvae, pupae, and adults at eclosion. The third instar larvae
were picked up with amoist paintbrush and wereimmediately
frozen. They were later grouped into batches of five, without
sexing, and were placed into previously weighed aluminium
foils, which in turn were placed in clean dry vials. Twelve
such replicate vials were set up for each population. After
drying at 70°C for 36 h, these were cooled and immediately
weighed along with the aluminium foil. The differencein the
initial and final weights of the foil yielded the cumulative
dry weight of five larvae. The procedure for determining the
weights of pupae was essentially the same, except that the
P1 pupae were picked off the walls of the vial. Dry weights
of freshly eclosed adults were measured by collecting adults
within 2 h of eclosion and freezing them. The adults were
later sexed and weighed in batches of five flies each, after
drying for 36 h at 70°C. Eight such batches were weighed
per sex per population.

Critical Minimum Feeding Time

We assayed the minimum time of larval feeding required
for individual s to successfully complete development (hence-
forth, critical minimum feeding time) after 48 generations of
FEJ selection. Eggs from standardized flies were collected
off agar plates and transferred on to a petri dish containing
nonnutritive agar. Twenty-five freshly hatched larvae from
the plates were transferred to a petri dish containing a thin
layer of nonnutritive agar overlaid with 3 ml of 42.5% yeast
suspension. Thirty such petri dishes were set up per popu-
lation and were randomly distributed within the incubator.
Later, at intervals of 4 h, 10 plates of each population were
pulled out at random, and a total of 150 larvae from these
plates were removed from the food, gently washed in water,
and transferred into 10 vials containing 5 ml of nonnutritive
agar at a density of 15 larvae per vial. These transfers were
done at 46, 50, and 54 h after hatching. Each vial was then
monitored for pupation and eclosion.

Larval Feeding Rate

After 65 generations of selection, the feeding rates of FEJ
and JB larvae were measured at physiologically equalized
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ages. Thiswas done by collecting eggs from the standardized
FEJflies 6 h later than the JB flies. Thus, at the time of assay,
FEJ larvae were 42 h old, whereas JB larvae were 48 h old
and consequently were in the same relative stage of their
larval development. Twenty-five newly hatched larvae were
transferred into petri dishes containing a thin layer of non-
nutritive agar overlaid with 3 ml of 42.5% yeast suspension.
Four such petri dishes were set up per population. The larvae
were allowed to feed for 42 (FEJ) or 48 (JB) h, by which
time they were in the early third instar. At this point, 25
larvae from each population were assayed for feeding rates,
following the procedure of Joshi and Mueller (1996), by plac-
ing them individually in a small petri dish (5-cm diameter)
containing a thin layer of agar overlaid with a thin layer of
10% yeast suspension. After allowing for a 15-sec accli-
mation period, feeding rates were measured as the number
of cephalopharyngeal sclerite retractions in two consecutive
1-min intervals. Selected and control populations, matched
by the subscripted indices, were assayed together, with one
larva from the selected population and one from the control
population being assayed alternately.

Pupation Height

Pupation heights were measured after 65 generations of
selection. Thirty eggs were placed in vials (20-cm height X
2.5-cm diameter) containing 5 ml food. Once all the indi-
viduals had pupated, the pupation heights were measured
following Mueller and Sweet (1986), as the distance from
the surface of the medium to the point between the anterior
spiracles of the pupae. Any pupae on the surface of the food
were given a pupation height of zero.

Foraging Path Length

After 65 generations of selection had elapsed, eggs were
collected from the standardized flies on banana-jaggery food
with a 1-h window. Eggs from FEJs were collected 6 h later
than the JBs to equalize their physiological ages at the time
of assay. Twenty-five newly hatched larvae were transferred
into petri dishes containing a thin layer of nonnutritive agar
overlaid with 3 ml of 42.5% yeast suspension; six such plates
were set up per population. Forty-eight hours after transfer
of JB larvae and 42 h after transfer of FEJlarvae, theforaging
path lengths were measured. A single larvawas placed in the
center of a petri dish containing athin layer of agar overlaid
with a very thin layer of 50% yeast suspension. A 15-sec
duration was allowed for acclimation. Five minutes later, the
larva was removed from the petri dish and the path made by
it on the yeast suspension was traced onto a transparent plas-
tic sheet. The lengths of these paths were later measured.
Thirty larvae were assayed per population.

Larval Digging Behavior

Larval digging behavior was measured after 65 generations
of selection, following Godoy-Herrera (1994) with some
modifications. Eggs were collected from the standardized
flies on banana-jaggery food with a 1-h egg-laying window.
Thirty eggs were then collected and placed into a vial con-
taining 5 ml of charcoal-banana-jaggery medium overlaid
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Fic. 1. Mean duration of different preadult life stages in FEJ and
JB populations. The error bars represent standard errors around the
mean, constructed using the variation among replicate population
means within selection regimes. Total, egg-to-eclosion devel opment
time.

with 3 ml of regular banana-jaggery medium. Ten such vials
were set up per population. After 90% of the larval duration
had elapsed for FEJ and JB larvae, the larvae were fixed by
pouring hot water into the vials and were then taken out of
the food and observed under the microscope. Larvae with
charcoal stained guts were scored as diggers, and the fraction
of diggers was calculated for each vial.

Statistical Analysis

Data from all the assays were subjected to separate mixed-
model analyses of variance (ANOVA), treating block as a
random factor and selection as a fixed factor crossed with
block. For the critical minimum feeding time assay, the du-
ration for which the larvae were allowed to feed before being
transferred to agar vials, was treated as a fixed factor crossed
with selection regime and block. All the fractional data (sur-
vivorship and digging behavior) were arcsine-square root
transformed (Freeman and Tukey 1950) before analysis. In
all cases, the population means were used as the units of
analysis and, therefore, only fixed-factor effects and inter-
actions can be tested for significance. All analyses were im-
plemented using Statistica for Windows (rel. 5.0B, StatSoft
1995).

RESULTS
Life-Stage-Specific Development Time and Survivorship

By 50 generations of selection, overall mean egg-to-eclo-
sion development time in FEJ populations was 26 h less than
that in JB populations (Prasad et al. 2000). In the present
study, the duration of the first and third larval instars and of
the pupal stage were significantly shorter in the FEJ popu-
lations, relative to the JB controls (Fig. 1, Table 1). The
duration of the second instar, however, did not differ sig-
nificantly between FEJ and JB populations (Fig. 1, Table 1).
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TAaBLE 1. Summary of results of separate ANOVAs on mean life-
stage-specific development time.
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TABLE 2. Summary of results of separate ANOVASs on mean preadult
life-stage-specific survivorship.

Stage Effect df MS F P Stage Effect df MS F P
First instar selection 1 32.0 96.0 0.002 Larva selection 1 0.051 23.730 0.017
block 3 15 — — block 3 0.003 — —
selection X block 3 03 — — selection X block 3 0.002 — —
Second instar  selection 1 2.0 2.0 0.252 Pupa selection 1 0.015 5571 0.099
block 3 03 — — block 3 0.001 — —
selection X block 3 1.0 — — selection X block 3 0.003 — —
Third instar selection 1 2181 812 0.003
block 3 11.0 — —
selection X block 3 27 — —
Pupa selection 1 1846 1412 0.001 Life-Stage-Specific Dry Weight
block 3 3.7 — —
selection X block 3 13 — — Third instar larvae, pupae, and freshly eclosed adults (av-
Total Elelyicktlon % 13%- % 290.7  <0.001  eraged across sexes) of the FEJ popul ations were significantly
selection X block 3 17— _ lighter than their JB counterparts (Fig. 3). The differencein

Theoverall larval and pupal durationsin the FEJ populations
were shorter than in the JB populations by about 16 h (a
reduction of ~15%) and 10 h (a reduction of ~11%), re-
spectively (Fig. 1).

We earlier reported a 13% reduction in preadult survivor-
ship of FEJ populations relative to controls (Prasad et al.
2000). In the present study, almost 90% of the difference
between FEJ and JB populations in egg-to-eclosion survi-
vorship was accounted for by reduced larval survivorshipin
the FEJ populations (Fig. 2). Separate ANOV As done on the
larval and pupal survivorship datareveal ed a significant main
effect of selection on larval, but not on pupal, survivorship
(Table 2).

dry weight was apparent in the third instar larvae and re-
mained relatively unchanged through the pupal duration, even
though absolute dry weights of both FEJ and JB populations
changed with life stage assayed (Fig. 3, Table 3).

Critical Minimum Feeding Time

After feeding for only 46 h, very few larvae survived in
either FEJ or JB populations, whereas mean survivorship rose
to about 0.4 when larvae were allowed to feed for 54 h (Fig.
4). The ANOVA revealed significant effects of selection,
feeding time, and selection X feeding timeinteraction (Table
4). Multiple comparisons revealed no significant difference
in mean survivorship of FEJ and JB larvae after 46 (t = 0.58,
df = 6, P> 0.05) and 54 h (t = 1.3, df = 6, P > 0.05) of
feeding, whereas after 50 h of feeding, FEJ larvae had sig-

1.0 4

Block 1

0.6

0.4 |

0.2 4

0.0 |

maes B

Block 2

il T

1.0 { Block 3
0.8 4

0.6 1

Lifestage specific survivorship

0.4 |

0.2

0.0

Block 4

Larva Pupa Total

Larva Pupa Total

Life stage

Fic. 2. Mean life-stage-specific preadult survivorship in FEJ and JB populations. The error bars represent standard errors around the
mean, constructed using the variation among replicate vials within populations. Total, egg-to-eclosion survivorship.
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Fic. 3. Mean dry weight of third instar larvae, pupae, and freshly eclosed adults of FEJ and JB populations. The data for adults have
been averaged over sexes. The error bars represent standard errors around the mean, constructed using the variation among replicate

batches of five individuals within populations. L3, third instar.

nificantly greater mean survivorship than JB larvae (t = 4.79,
df = 6, P < 0.005; Fig. 4).

Larval Behaviors

FEJ larvae had a significantly lower mean feeding rate,
pupation height, and foraging path length than the JB larvae
(Table 5). The fraction of diggers (larvae digging > 5 mm
into the medium during feeding) in the FEJ populations was
also significantly less than in the JB controls (Table 5).

DiscussioN

Although faster development has been successfully se-
lected for in Drosophila (Zwaan et al. 1995; Nunney 1996;
Chippindale et al. 1997), therelative contribution of different
preadult stages to the response to selection has not been ex-
amined in detail. Because Drosophila larvae inhabit ephem-
eral habitats (such as rotting fruits) in the wild, faster de-

TaBLE 3. ANOVA results for mean life-stage-specific dry weights.

Effect df MS F P
Selection 1 6459 12783 <0.001
Block 3 9.2 — —
Life stage 2 5435 2353 <0.001
Selection X block 3 0.5 — —
Selection X life stage 2 0.9 0.7 0.523
Block X life stage 6 2.3 — —
Selection X block X life stage 6 14 — —

velopment has been thought to have been under strong natural
selection in wild populations (Clarke et al. 1961; Robertson
1963; Partridge and Fowler 1992). However, adaptation to
ephemeral habitats will typically involve a need to deal with
high larval density in addition to the need to complete de-
velopment fast (Nunney 1990). Perhaps due to this confound-
ing of selection pressures in ephemeral habitats, adaptation
to larval crowding and selection for faster development in
Drosophila have often implicitly been assumed to have sim-
ilar evolutionary outcomes (Tantawy and El-Helw 1970; Wil-
kinson 1987; Santos et al. 1988; Prout and Barker 1989;
Partridge and Fowler 1993; Borash et al. 2000). Of course,
one of the major consequences of larval crowding in Dro-
sophila cultures is that food runs out well before most in-
dividuals have attained the critical minimum size, thereby
placing a heavy fitness premium on rapid development. Y et,
our results suggest that the suites of traits that evolve in
response to these seemingly similar selection pressures are
actually strikingly different.

Life-Stage-Specific Development Time and Mortality

Selection for faster development in the FEJ populations
has resulted in large changes in the temporal organization of
preadult development. After 56 generations of selection, the
pupal duration was substantially reduced and accounted for
almost 33% of the total reduction in egg-to-eclosion devel-
opment time (Fig. 1). This novel finding is in contrast to a
previous observation that pupal duration did not change over
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Fic. 4. Mean survivorship of the larvae of FEJ and JB populations after feeding for different periods of time. The error bars represent
standard errors around the mean, constructed using the variation among replicate vials within populations.

36 generations of selection in populations successfully se-
lected for faster development (Chippindale et al. 1997), even
though substantial additive genetic variation for pupal du-
ration in Drosophila has previously been demonstrated (Tan-
tawy and El-Helw 1970). Because our flies share a common
ancestry with those used by Chippindale et al. (1997), the
lack of reduction in pupal duration in their study is somewhat
surprising. However, one major difference between our se-
lection protocol and that followed by Chippindale et al.
(1997) may explain this apparent discrepancy. Chippindale
et al. (1997) collected eggs from the flies as soon as enough
eggs were available (within 24 h after eclosion), whereas our
flies were held in cages for two full days posteclosion and
supplied with yeasted food before eggs were collected, on
the third day after eclosion, to start the next generation.
Therefore, it is possible that our FEJ flies postpone or com-
pensate for some aspect of development related to reproduc-
tion (e.g., ovary and ovariole maturation, sperm maturation)

TaBLE 4. ANOVA results for mean survivorship in the critical min-
imum feeding time assay.

Effect df MS F P
Selection 1 0.098 27.045 0.014
Block 3 0.070 — —
Time 2 0.685 199.998 <0.001
Selection X block 3 0.004 — —
Selection X time 2 0.026 8.084 0.020
Block X time 6 0.003 — —
Selection X block X time 6 0.003 — —

until after eclosion, thereby making a reduction of pupal du-
ration evolutionarily possible. Indeed, the time taken from
eclosion to first copulation is significantly greater in FEJ than
in JB populations (M. Shakarad, N. G. Prasad, M. Rajamani,
A. Joshi, unpubl. data), which is opposite of what was seen
by Chippindale et al. (1997).

The reduction in the duration of the different instarsin the
FEJ populations was not symmetrical, with only the first and
third instar duration being reduced after 56 generations of
selection (Fig. 1). We have also observed that there are no
significant differences between the egg hatching time and
egg hatchability in the FEJ and JB populations (N. G. Prasad,
unpubl. data). Thisfinding is consistent with the observations
of Chippindale et al. (1997) and indicates that the difference
between the larval duration in the FEJ and JB populationsis
almost entirely due to reduced duration of the first and third
larval instars in the FEJ populations. It is not clear at this
time why the duration of the second larval instar did not
respond to selection. Possibly, thefirst and third larval instars
are predominantly feeding stages and a reduction in their
duration, therefore, does not impose a strong mortality cost,
at least early in the selection response. We have earlier spec-
ulated that preferential reduction of predominantly feeding
phases in preference to preadult phases where major devel-
opmental changes are occurring may be the explanation for
the reduced larval growth rate in FEJ populations (Prasad et
al. 2000). Yet, studies on populations related to ours but
selected for adaptations to larval crowding indicate that sec-
ond instar larvae put on weight at a higher rate and have



1370

N. G. PRASAD ET AL.

TABLE 5. Population means (= SE) of larval behavioral traitsin the selected (FEJ) and control (JB) populations. All mean differences between
selection regimes were significant in one-way ANOVASs (P-values for the F-tests are shown in parentheses below each trait).

Se- Feeding rate

lec- (bits/min) Pupation height (cm) Path length (cm) Fraction of diggers

tion Population (P = 0.002) (P < 0.001) (P =0.01) (P = 0.011)

FEJ 1 157.48 (5.72) 1.81 (0.21) 6.90 (0.74) 0.01 (0.01)
2 142.60 (6.41) 1.29 (0.39) 3.60 (0.79) 0.00 (0.00)
3 172.80 (6.27) 1.91 (0.25) 3.70 (0.60) 0.08 (0.03)
4 125.48 (9.10) 0.96 (0.17) 3.90 (0.64) 0.03 (0.01)

JB 1 188.84 (5.41) 4.96 (0.25) 8.85 (1.14) 0.48 (0.04)
2 186.92 (6.78) 4.55 (0.29) 7.55 (1.02) 0.30 (0.03)
3 205.96 (5.84) 5.45 (0.49) 6.58 (0.82) 0.28 (0.05)
4 153.68 (11.55) 4.18 (0.09) 5.93 (0.83) 0.31 (0.06)

higher feeding rates than first instar larvae (Santos et al.
1997). Of courseg, it is also possible that the duration of the
second instar has already been optimized by selection in the
wild. Studies on the larval weight gain over time and on
instar specific mortality rates may help clarify this issue.

The preadult mortality cost to faster development that we
observed in the FEJ populations was almost entirely due to
larval mortality (Fig. 2), whereas the difference in preadult
mortality between the selected and control populations of
Chippindale et al. (1997) was evenly distributed over the
larval and pupal stages, although there was no significant
reduction in pupal duration. Chippindale et al. (1997) spec-
ulated that increased pupal mortality in their selected pop-
ulations was due to decreased larval resource provisioning
that affected some aspect(s) of pupal metabolism. Our results
suggest an alternative possibility that the increased pupal
mortality seen by Chippindale et al. (1997) was, in fact, due
to some aspect(s) of selection in the adult stage. Possibly,
selection for reduced duration from eclosion to egg laying
in the protocol of Chippindale et al. (1997) exacted a cost
in pupal mortality, whereas in our FEJ populations the two-
day holding period in cages before egg collection isbuffering
pupal survivorship. We suspect that this is a more likely
explanation of the increased pupal mortality seen by Chip-
pindale et al. (1997), because our FEJ populations have great-
ly reduced larval feeding rates (Table 5) and third instar FEJ
larvae weigh substantially less than their JB counter parts
(Fig. 3). If pupal mortality were causally related to reduced
larval provisioning, the FEJ populations would also be ex-
pected to show higher pupal mortality than the JB controls.
The exact reasons for increased larval and pupal mortality in
populations that have evolved rapid development under se-
lection are, however, not known at this time.

Larval Behavior and Minimum Critical Size

The observation of reduced larval feeding rate, foraging
path length, pupation height, and the fraction of diggers in
the FEJ populations (Table 5) is consistent with a scenario
of the evolution of reduced energy expenditure and with the
observation by Chippindale et al. (1997) of reduced pupation
height in their accelerated development populations. This
suite of evolved behaviors in the FEJ populations is also
consistent with earlier observations that rover phenotypes
have significantly higher pupation heights than sitter phe-
notypes (Sokolowski and Hansell 1983) and that populations

that have evolved higher larval feeding rates under density-
dependent selection show a greater frequency of rovers (So-
kolowski et al. 1997).

However, Borash et al. (2000) have reported increased lar-
val feeeding rates in the ACO and ACB populations of Chip-
pindale et al. (1997), relative to their controls. Borash et al.
(2000) interpret this result in terms of an earlier reported
(Borash et al. 1998) polymorphism in populations of Dro-
sophila adapted to very high larval density. In that study, the
CU populations described by Joshi and Mueller (1996) were
seen to consist of individuals falling into at least two cate-
gories. Individuals eclosing early from crowded larval cul-
tures had high feeding rates and relatively poor egg-to-adult
viability and tolerance to nitrogenous metabolic wastes,
whereas individuals eclosing later had lower feeding rates,
but higher viability and tolerance to metabolic wastes (Borash
et al. 1998). Consequently, Borash et al. (2000) interpret the
faster feeding rate of ACO and ACB populations of Chip-
pindale et al. (1997) as reflecting a direct relationship be-
tween faster feeding and faster development.

Y et, other studies indicate that faster feeding does not re-
sult in faster development at low densities, such as those at
which the ACO and ACB populations were reared. Neither
the CU populations (Santos et al. 1997) nor the progeny of
early eclosing flies from crowded CU populations (D. J. Bor-
ash, pers. comm.) exhibit faster development than controls,
when assayed at low density. In fact, we suspect the reason
for the faster feeding rate of the Chippindale et al. (1997)
accel erated-development populations observed by Borash et
al. (2000) is because they did not assay larvae of physiolog-
ically matched ages (the first authors of these papers also
agree that this is a likely explanation: D. J. Borash, pers.
comm.; A. K. Chippindale, pers. comm.). After 48 h from
egg hatching, larvae from their accel erated popul ationswould
have been in mid-to-late third instar, whereas the control
larvae were probably caught in very early third instar, right
after molting, at which point feeding rates are low.

Our results show that the FEJ populations have evolved a
smaller critical minimum feeding time, thereby attaining the
critical size earlier than the JB controls (Fig. 4). Thereduction
in minimum feeding time, however, is only about 2 h, and
our datado not allow any direct inference about the evolution
of minimum critical size in the FEJ populations to be drawn.
The results from the larval behavioral assays, however, do
tend to rule out a simplistic explanation that the FEJ popu-
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lations achieve the same critical size as the JB populations,
but earlier, by simply feeding faster. The evolution of lower
larval feeding rates (Table 5), lower larval growth rates (Pra-
sad et al. 2000) in the FEJ populations, and the lower weight
of FEJ third instar larvae (Fig. 3) suggest that the reduction
in critical minimum feeding time is a reflection of reduced
critical size in these populations.

Density-Dependent Selection and Selection for Faster
Devel opment

Selection for faster development and for adapting to larval
crowding share some superficial similarity in that individuals
failing to eclose before a certain point in time die, either
because food runs out or because the experimenter does not
include them in the pool of breeding adults. A comparison
of results from density-dependent selection experiments and
experiments in which shorter devel opment time was selected
for, however, makes it clear that the evolutionary outcomes
of these two types of selection regime are very different.
Drosophila populations maintained at very high larval den-
sities evolve increased population growth rates at high den-
sity (Mueller and Ayala 1981), competitive ability (Mueller
1988), larval feeding rate (Joshi and Mueller 1988, 1996),
pupation height (Mueller and Sweet 1986; Joshi and Mueller
1993, 1996), larval tolerance to metabolic waste (Shiostsugu
et al. 1997; Borash et al. 1998), foraging path length (So-
kolowski et al. 1997), and minimum food required for pu-
pation (Mueller 1990; Joshi and Mueller 1996). When as-
sayed at low larval densities, populations adapted to larval
crowding do not differ from controls in egg to eclosion de-
velopment time and survivorship or in adult dry weight at
eclosion (Santos et al. 1997), although they exhibit greater
fecundity, lipid content, and starvation resistance (D. J. Bor-
ash, pers. comm.).

Thus, Drosophila populations evolve enhanced competi-
tive ability when evolving at high larval density, primarily
by becoming better at acquiring food fast, even though this
ability comes at the cost of decreased efficiency at converting
food to biomass (Mueller 1990; Joshi and Mueller 1996),
perhaps partly offset by greater efficiency at assimilating lip-
ids. Larvae in such populations are also better able to with-
stand relatively high levels of metabolic waste, another aspect
of life in crowded Drosophila cultures (Shiostsugu et al.
1997; Borash et al. 1998). In contrast, the evolution of re-
duced preadult development time in our FEJ populations is
accompanied by increased preadult mortality (Fig. 2) and
reduced feeding rate, pupation height, foraging path length,
digging propensity (Table 5), and minimum food required
for completion of development (Fig. 4).

The differences in the suite of traits that evolve under high
larval density and under selection for fast development can
be understood in terms of one fundamental aspect in which
these selection regimes differ. At high larval densities there
is a clear environmental signal, in the form of food running
out, available to the larvae such that they can make the switch
from feeding to pupation. Therefore, it is not necessary, in
principle, for larvae to speed up the developmental process
in terms of real time. What is probably more important in
this context isfor the larvae to acquire food faster than others,
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such that they attain the critical size for pupation before food
runs out. Under truncation selection for faster development,
however, there is no external signal available to larvae in-
dicating that they need to switch from feeding to pupation.
In this context, a speeding up of the developmental processes,
such that an internal signal for pupation is triggered earlier
in real time, is of crucial importance. We speculate that this
is a likely explanation for why the overall intrinsic timing
of developmental eventsisunchanged in populations adapted
to larval crowding, whereas the FEJ populations exhibit large
changes in the temporal organization of preadult develop-
ment.

Overall, our results clearly illustrate that the density at
which selection occurs can greatly affect the evolution of
life-history traits. Selection for faster development imposed
through food limitation at high density and direct selection
for faster development in moderate-density food-rich con-
ditions lead to the evolution of entirely different suites of
traits. Thus, larval and adult densities need to be controlled
when performing sel ection experiments, and some knowledge
of density is required when speculating about possible se-
lection pressures in wild populations. It is also apparent that
arelaxation of selection pressures on adult life-history traits
can greatly affect the response of preadult traits to selection
acting on the preadult life stages. Thus, relatively relaxed
selection on reproduction very early in adult life in the FEJ
populations appears to have permitted the evolution of a sub-
stantially reduced pupal duration in contrast to the results of
Chippindale et al. (1997). Thus, even when selection pres-
sures acting on development time are similar, differencesin
early adult life expectancy could yield different responses to
selection. In organisms undergoing complete metamorphosis,
where larval provisioning is a major determinant of adult
resource reserves, it is intuitively obvious that selection act-
ing on preadult life stages can profoundly affect the responses
of adult life-history traitsto selection acting upon them. There
is substantial empirical evidence for such genetic constraints
on life-history evolution that exert their effects in the direc-
tion of the unfolding of the ontogeny (Partridge and Fowler
1992; Roper et al. 1993; Chippindale et al. 1994, 1996, 1997,
Zwaan et al. 1995). Our results suggest that such constraints
on life-history evolution can also exert their influence against
the direction of the unfolding of the ontogeny, often leading
to unexpected and counter intuitive correlated responses to
selection.
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