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Abstract

A common petception about evoluttonary biology 1s that it largely pertamns to the study of fossils or of biological diver-
sity Smmulatly there 15 often an mmpiession that the hfe history of a species 1s some hind of tixed characteristic of that
spectes [ use results from ongoing studies 1n my laboratory on direct and cortelated responses to selection for faster
development and early reproduction 1n the fruitfly Diosophila melanogaster 1o llustrate the feasibility ot ngorously
studying the evolution ot hife histoties n the laboratory 1 show that (a) evolutionary biology can be a 1igorous uxpen
mental science (b) very otten tiaits that we think should evolve do not do so due to genetic constiamts and {c) thetc
ue gieat advantages of worhing with laboratory systems 1f one 15 trying to understand the cvolutionary process
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1 Introduction

Evolutionary biology, tahen n the broadest sense, is today a vast tield encompassing many
ditferent areas, and utiizing many different methodologies Unlike many areas m sub-
organsmal biology, evolutionary biology tests upon a very well-developed and mathematically
sophisticated substiatum of theory, deduced fiom the axioms of the principles of Mendelian
mhertance This featwe makes 1t difterent fiom many other areas m biology in that it permits a
kind of uigotous feedback between theory and experiment, remimiscent more of the ‘hard sci-
ence’ picture of physics than of what most people think about when they consider biology
Within evolutionaty biology 1tself we can delneate four broad areas of 1esearch which differ
considerably 1n the 1ssues they address, and the methodology they use

Palaeontology and, today, molecular systematics, are primartly concerned with understand-
ing patterns of biological diversity n time, the focus being on reconsttucting past events Un-
derstanding spatial paiterns in the diversity of extant lite forms constitutes the domain of bio-
geography, nowadays often called biodiveisity Many evolutionary biologists concern them-
selves with trying to understand why and how extant tiaits 1n species may have evolved The
focus here 1s on extant populations or species as products ot evolution, and possible fitness
consequences of extant traits are the principal object of study For want of a better label, and in
order to contrast 1t with the fourth area of evolutionary biology research, I will call this broad
approach evolutionary ecology Fmally, there 15 evolutionary genetics wherem the major inter-

IText of lecture delivered at the Annual Faculty Meeting of the Jawaharlal Nehru Centre tor Advanced Scientific Re-
search at Bangalore on October 21, 1999
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FIG 1 The evolutionary trajectory of a population m phenotypic space can be viewed as analogous to the trajectory of
a body upon which a force acts The evolutionary trajectory 1s the result of an interaction between the force of natural
selection (atself a composite force, being the resolution of mynad ecological factors) and the stiucture of the population
(in terms of the genetic architecture of fitness components and the nature of population growth)

est 18 1n the dynamics of the evolutionary process Here, one 1s not typically interested n a
particular extant trait or species per se, but 1s rather trymng to elucidate bioad principles of how
adaptive evolution occurs 1n response to certain clearly defined selection pressures

The evolutionary trajectory of a population 1s a resolution of the force of natural selection
acting on 1t, the genetic structure of the population, 1ts past selection history and ancestry, and
chance n the form of genetic drift (Fig 1) ' * The approach used by many practitioners of evo-
lutionary genetics 1s to work with well-characterized laboratory systems where one can sim-
plify and control the selection pressures, allow for and quantify historical effects, and circum-
vent the problems of chance by working with rephcated populations ** In such studies, the
logic of one’s approach 1s to study the evolutionary trajectory of a well-characterized set of
populations under a certain set of selection pressures and use this mformation to draw nfer-
ences about the genetic architecture of fitness in the population

One area m evolutionary genetics that 1s extensively studied 1s Life-history evolution ’
From an evolutionary pomt of view, the life history of an orgamism primarily refers to the
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From an evolutionary point of view, the life history
of an organism refers to the iming and distnbution
of its reproductive output during the course of its life
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Life histortes are products of evolution, just like most other traits
However, their evolution 1s complicated by the existence of complex
patterns of genetic correlations among traits that affect the life history

FiG 2 TIllustraton of what 15 meant by the life history of an orgamism The tuming of the events depicted 1s
evolutionarily sigmificant because the force of natural selection acting on genes 1s maximum when genes are expressed
priot to the onset of reproduction declines during the reproductive phase and 1s zero after the cessation of
reproduction (at least m species lacking parental care)

timing and distribution of its reproductive output during the course of 1ts hfe (Fig 2) The
frut-fly Drosophila melanogaster 1s a good model system for studying questions 1n hife-history
evolution It has a short life cycle and can turn over a generation from egg to egg n about 10
days at 25°C (Fig 3) In this paper, I will describe some results from ongomg studies in my
laboratory aimed at understanding how populations of D melanogaster evolve when under
selection to develop to adulthood tast and reproduce relatively early 1n adult hife

2 Materials and methods
21 Expermmental populations

This study was conducted on eight laboratory populations of D melanogaster four popula-
tions selected for fast development from egg to adult and early reproduction (FEJ-1 4, fast
development, early reproduction, dertved from JB populations), and the control populations
from which the selected lines were dertved (JB-1 4) The derivation and maintenance of the JB
populations and therr ancestors have been described in detail elsewhere® ' and 1, therefore,
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Life cycle of Drosophila melanogaster at 25°C

FiG 3 The hife cycle of the contiol Diosophila melanogastcr populattons (1B) used m thas study at 25 € and constant
light

restrict myself to detals pertinent here Briefly, the JB populations arie mamntaned at 25°C on a
21-day disciete-generation cycle, under constant light, at modetate denstties of ~ 60-80 larvae
per 8-dram vial (9 0 cm h x 2 4 cm dia) containing approatmately 6 ml of banana ~jaggery food
medium Every generation, adults of each population are allowed to oviposit tor about 18 h on
petri-plates of fresh banana tood placed m a plexiglass cage (25 x 20 X 15 «m') From these
petri-plates, ~ 60-80 eggs ate collected nto each of the 40 vials in which larvae then develop
into adults Adults eclosing fiom these vials are transferted Lo fresh vials on day 12, [4and 16
after egg-lay On the 18th day after egg-lay, adult {lies are transturred into plogiglass cages and
supplied with banana food supplemented with live yeast paste for two days, after which eggs
ate collected to mitiate the next geneiation and the adults discarded The population typically
consists of about 1,500 flies at this stage

The FEI populations are mamtained on a sumila 1egime except that 80 vials of ~ 60-80
eggs are collected per population, and once the pupae darken, the vials are closely monitored
and only the first 20% or so of eclosing flies per vial, regardless of sex are dumped mto cages
to constitute the pool of bieeding adults The flies in the cages ate supplied with yeasted food
medium for two days and then allowed to ovipostt fot ~ 1 h on a fresh food plate The number
of breeding adults i the FEJ populations 1s 800-1,000 Thus, the major ditferences between
the two types of population are (a) FEJ eggs are collected around day 11, while those of JB are
collected on day 21 after egg-lay, (b) the egg-laymng window 15 ~ 1 h {or FEJ and ~ 18 h for JB,
and (c) only the first 20% or so of eclosing flies contribute to the next generation 1 FEJ,
whereas 1n JB populations all flies eclosmg on or before day 12 contiibute to the next genela-
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tion (this 1s sufficient time for practically all the sw1viving individuals to eclose at the moder ate
densities used to maintain these populations)

22 Collection of adults for assays

Prior to assaying, all populations were passed through a full generation of common 1earing to
obviate any paiental effects due to differences in maintenance regime Fiom the running cul-
tures of each of the FEJ and IB populations, 20 vials of ~ 60-80 eggs wete collected Adults
eclosing 1 these vials wete collected 1nto cages 14 days afte1 egg-lay The progeny of these
adults (henceforth referred to as standardised flies) were used for the various aS5dYS

23 Development time and survivorship assays

These assays were conducted every 10 generations Standatdised flies of each JB and FEJ
population wetie supplied with yeasted agar plates m the cages for 2 h Eggs were collected oft
these plates with the help of a moistened biush and placed mn vials containing 5 ml banana food
at a density of 30 eggs per vial eight such vials weie set up per population Once the pupae
daikened, the vials were checked every 4 h and any eclosed adults were removed <exed and
the time of then eclosion recorded These 4-hourly checks were continued until three consecu-
tive days passed with no eclosion recorded from any vial From these recotds, data on egg-to-
eclosion development time and survivorship were obtamed At generation 56 of the selection
the durations ot each laival instar and the pupal stage were also assayed on all the FEJ and JB
populations

24 Dy weight assays

These assays weie conducted every 10 geneiations after the 20th generation of selection
Freshly eclosed flies were killed by fieezing, died tor 18 h at ~ 70°C and weighed 1 batches
of 5 males or 5 temales Six batches each ot males and females were weighed for each FEJ and
JB population The weight data were also used to estimate larval growth rates for each FEJ and
IB population by dividing population mean diy weight by the mean development time

25 Lie-span ussavs

Life-span assays wete conducted after 10, 20 and 30 generations of selection, respectively
The assays after 10 and 30 geneiations ot selectton were conducted on reproducing fhies, while
the generation 20 assay was conducted on virgin females Standardised flies of each JB and
FEJI population were supphed with yeasted banana food plates 1n the cages for 2 h Eggs were
collected off these plates and placed 1n vials contaming 5 ml banana food at a density of ~ 60~
80 eggs per vial Three such vials were set up per population Fhes eclosing n these vials were
used to set up the life-span assay following the method of Joshi et al ' One-day-old flies were
placed mn vials (4 males and 4 females per vial m the generation 10 and 30 assays, 8 females
per vial m the generation 20 assay) contaimng ~ 3 ml of banana food Ten such vials were set
up for each JB and FEJ population The flies were transferred to fresh food vials every third
day until all flies had died All vials were checked for deaths daily, dead flies mn a vial were not
replaced over the course of the assay Adult life span (henceforth Iife span) was measured as
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the time, m days, from eclosion to death In analysing Iife-span data, we tocussed on females
only, as female longevity 1s more directly relevant to fitness It 1s females who need to survive
1n ordet to lay eggs at a given age, males can, m principle, mseminate females and then die, but
still have the eggs resulting from that insemination bemng laid up to several weeks later

26 Behavioural assays on larvae

At generation 65 of selection, four larval behaviours, all of which are known to be energy
costly, were assayed Larval feeding rate was measured as the number of cephalopharyngeal
sclerite retractions per minute on 48-h old JB larvae and 42-h old FEJ larvae (matched to the
same physiological age as the JB larvae) following the technique of Joshi and Mueller '% Pupa-
tion height was measured at densities of 30 larvae per vial (200cm hx2 5 cm dia) as the
height above the medwm that the larvae pupated 12 Larval digging behaviour was measured
using a method modified from that of Godoy-Herrera 1 Vials (90cm hx25cm dia) were
prepared with 3 0 ml of charcoal-impregnated food overlaid with a 5 0 mm thick layer of regu-
lar banana food medium Larvae that dug into the charcoal food were detected after finishing
teeding by the presence of charcoal particles n the gut, and wete classified as diggers The
propostion of diggers among larvae of each JB and FEJ population was thus estimated Larval
toraging path length was measured as the distance traversed by a 48-h old larva (42-h old for
FEJ populations) 1 a five-minute peniod while feeding 1n a petridish contamning agar overlaid
with a 50% yeast suspension, following Sokolowsk1 1

3 Results and discussion

31 Development ime and survivorship

A strong and consistent direct response to selection on egg-to-eclosion development time was
seen, with the mean difference between FEJ and JB populations mcreasing from ~ 6 h at gen-
eration 10 to ~ 30 h at generation 60 of selection (Fig 4) Separate analyses of variance
(ANOVA) done on the data from generations 10, 20, 30, 40, 50 and 60 revealed significant
fixed effects of selection regime and sex (P < 0 01 1n all cases), and no significant sex x selec-
tion mteraction (P > 0 1 n all cases), suggesting that the sexes were not responding ditferen-
tially to selection for faster development Until the 40th generation of selection, egg-to-
eclosion survivorship m mdividual JB and FEJ populations varied considerably, but did not
differ significantly between the selection regimes (Fig 4) However, suivivorship of FEJ popu-
lations was significantly lower than the JB controls at generation 50 and 60 of selection (Fig
4) Data from stage-specific development time assays at generation 56 of selection 1evealed
significant reductions of ~ 4, 10, and 8 h, respectively, i the duration of the fust and third m-
stars and pupal stage of the FEJ populations, relative to the JB controls There was no signifi-
cant change m the duration of the second instar

Reduction m the duration of pre-adult development 1 Drosophila 1s not, mn itself, new,
with three recent studies having reported successful selection for faster development ' The
magmtude of the response to selection for shorter development time observed by us 1s consis-
tent with that seen m these previous studies 7 Qur observation of a survivoiship cost to
faster development becoming apparent only after 40 generations of selection s also consistent
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FiG. 4. This composite depicts the main direct and correlated responses to selection for faster development and early
reproduction. In all four panels, the mean difference between the trait values of the control (JB) and selected (FEJ)
populations is plotted as a function of generations of FEJ selection. Error bars are 95% confidence intervals about
the mean difference, based upon variation among the pair-wise differences between each matched JB and FEJ popula-
tion; any mean difference for which the error bar does not overlap zero is, therefore, statistically significant at the 0.05
level.

~ with the one previous study of comparable duration in terms of the number of generations of
selection.'” Evidently, it is possible to reduce development time to a degree without incurring a
cost in terms of reduced pre-adult survivorship; thereafter, a fairly steep cost (a survivorship
reduction of ~ 15%) accompanies further reductions in development time.

One difference between our results and those of Chippindale et al.'” who used flies that
share ancestry with our populations is that we observed a significant reduction in the duration
of the pupal stage, whereas populations selected for faster development by Chippindale et al’
showed only a marginal reduction in pupal duration. In fact, it has been a general belief
amongst Drosophila workers that it is not possible to markedly reduce the pupal duration by
selection, presumably because of the large-scale developmental changes that need to occur
during this important stage in metamorphosis. Our selection regime, however, differed from
that of Chippindale et al."” in one important respect: our FEJ populations had two full days
after eclosion before eggs were collected for initiating the next generation, whereas Chippin-
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dale et al " collected eggs as soon as enough were laid, which was often within a day ot less
after eclosion We speculate that the additional two-day pertod piior to egg collection n ou
FEJ populations has allowed a reduction in the pupal duration to evolve because the fhes can
use the additional two days to, perhaps, matute the eggs m their ovaries, which otherwise may
need to be done duting the pupal phase itself We do not, at this time, have an explanation of
why the duration of the second larval mstat has not responded to selection

There has now accumulated a considerable body of work on life-history evolution i Dio-
sophila species that primarnily deals with the elucidation of tradu oﬁs between components of
fitness, especially those generated by antagonistic plerotiopy * 7 In these studies, trade-ofts
between larval and adult fitness components have received ielatively less attention, even
though selection on juvenile stages 1 holometabolous msects can have profound effects on
traits directly relevant to adult fitness "7 '™ Most work on trade-otts hinking larval and adult
fitness components m Drosophila has centied alound the 1elationship between development
time, adult size and adult life span,' and T shall discuss our results on corelated 1esponses to
selection for taster development against the backdrop of prior work on the mteielationship
between these three tiaits

32 Divwerght at eclosion and larval growth rate

[n the course ot 60 generations ot evelution n the FEJ populations dty weight at eclosion ot
both males and temales underwent a decrease of ~ 36% More nterestingly the laval giowth
rate (dry weight at ecloston/development time) m FEI males and females also decieased
(Fig 4), with the ditference 1n larval growth 1ate at generation 60 being 0 32 and 0 43 x ug/h
tor males and females, respectively

Large body size in Drosophila tends to be positively cortelated with both male mating suc-
cess”’ and female fecundity *' Consequently it has been thought that thete 15 a tade-off be-
tween faster development and adult s1ze, and that this trade-off n part, has shaped the evolu-
tion of faval growth 1ates n nature ** * In ditferent studies on Drosophila, direct selection tor
fast development has been seen to yield coutelated decreases i adult weight,” ' and this no-
tion of a iade-off between fast development and adult s1ze 15 also suppotted by quantitative
genetic studies of fitness eftects of chromosome 1nversions n D buzzati ** Our present results
ate cleaily consistent with previous studies with respect to the tiade-off between development
time and weight at eclosion It should be noted, however, that selection {o1 faster development
under exuemely crowded conditions does not result i the evolution of smaller body size 1
Diosoplula™, or alter the larval growth rate”®, suggesting that even this fauly consistently seen
trade-oft may be susceptible to environmental etfects, especially density

Our observation that the FEJ populations have evolved a 1educed laival giowth iate 15
somewhat counter-intuitive because mdividuals i the FEJ populations are under selection to
develop fast and also be reasonably large, and therefore, more fecund, at eclosion One mdy,
therefote, narvely expect larval growth rates to have mcreased durmg the course of FET sclec-
tion We speculate that pre-adult development 1n Drosophila conststs of distinet phases during
which either weight gain or developmental processes take precedence, respectively It 5o, 1t
may be that the fitness cost of reduction in periods of weight gain 1s less than that of reduction
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1n petiods when developmental processes are occurring, thereby explaining why larval growth
rate 1 the FEJ populations has slowed down over time Possibly, if the selection regime was
such that both shorter development and larger adult size (perhaps through longer adult hte
span) wete at a premuum, larval growth rates would actually inciease duning selection There 15
some evidence from the lepidopteian Epirrita autumnata, that short development time and
larger adult size can evolve simultaneously * Although previous studies 1 which faster devel-
opment was selected for'> ' did not explicitly address the 1ssue of larval growth rate, as op-
posed to development time, some data from other studies aie consistent with our 1esult that
shorter development time 15 accompanied by a slowet larval growth rate ¢ 2 %7

33 Life span

Compared to our understanding of the relationship between development time and survivorship
o1 weight at ecloston, the picture 1egaiding the relationship between life span and development
time 10 Drosophila 15 1ather more unclear In one study, longevity of reproducing temales did
not change as a correlated response to selection for faster development alone, without con-
commutant selection for early ieproduction '® However, this may be due to the fact that the
selected flies were small and less fecund, and then lowered fecundity may have offset any de-
creased life span that evolved as a corielated response to selection for tast development In
another study, selection for faster development and reproduction at day 14 from egg-lay also
did not yield a conelated change i longevity, although m this case longevity was assayed on
virgins 17 In two other studies, selection for ncreased late age fecundity (and, therefore, also
indirect selection for increased life span) was obseived to yield a correlated increase n devel-
opment time, although m one case the flies taking longer to develop were heavier than controls
and had lower egg-to-adult viability, wheieas 1 the other case slower developing flies did
not significantly differ m weight at eclosion from controls, but had higher egg-to-adult viabil-
ity 'Y However, 1n another study m which selection was duectly for incieased lite span, rather
than late lite fecundity® the evolution ot higher life span was not accompanted by a corielated
change n development time Moieover, a study of sevetal sets of populations with different
mean longevity 1anging from ~30 days to over 90 days revealed that there was no sigmificant
among-population cortelation between development time and life span'®, suggesting that there
may not be a fundamental physiological link between development time and adult ife span
contrary to the developmental theory of ageing 0

One of the problems i unravelling the genetic cross-connections between development
time and life span 1s that the relationship between these two life-hustory traits 1s likely to be
mediated thiough 1eproductive output Since selection for faster development often also m-
volves selection for 1elatively early reproduction'® ", as well as indurect selection for smaller
size (which can 1tself have effects on fecundity), 1t 18 not clear a prion exactly how we might
expect longevity to respond to selection on development time and vice versa Moreovel, differ-
ent laboratories tend to use difterent strams of flies from geographically disparate souices as
well as protocols differmg m potentially important respects, such as population sizes and the
degree to which density 1s controlled, 1t 1s, therefore, not clea1 whether ditferences among re-
sults from different laboratories are due to differences m experimental protocols, or flies, or
both
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We observed a clear correlated decrease 1n female life span after 10 geneiations of selec-
tion (Fig 4) When life span was assayed on reproducing females, the FEJ females hived about
7 days less, on average, than their JB counterparts, a life-span reduction of about 20% This
difference m life span of reproducing females was similar when assayed at generations 10 and
30 of FEJ selection, suggesting that there 1s a lower limit to which hife span can dﬁcsjease, per-
haps due to a ‘plerotropic echo’ of traits conferring high fitness very eatly n hife © ™ We also
observed that the Iife span of virgin females from FEJ and IB populations did not daffer sg-
nificantly, when assayed at generation 20 of FEJ selection (Fig 4) Thus, the 1eduction of Jife
span, when assayed on reproducing flies, m the FEJ populations 18 likely to be causally related
to some aspect(s) of reproduction, rather than being a reflection of some duect link between
development time and Life span It 1s possible that FEJ females are expending a proportionately
greater fraction of their body mass on early life egg production compared (o the JB contiols

34 Larval behavioui

For all four latval behaviours studied 1ndividuals from the FEJ populations differed sigmfi-
cantly from those of the control populations (Fig 5), i a direction suggesting the evolution of

Distance traversed by FEJ and JB larvae  Digging behaviour of FEJ and JB larvae
in a five-minute interval
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Fig 5 This composite depicts the difference between the trait values of the control (JB) and selected FEJ populations
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statisticaily significant at the 0 05 level
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a general syndrome of decreased energy expenditure 1n the FEJ individuals Mean larval feed-
ing rates in the FEJ populations were lower than those 1n the JB populations by about one stan-
dard deviation, a difference similar m magmmde to that observed 1n populations subjected to
very high densities and therr controls '° Foraging path lengths, pupation heights and fraction of
diggers 1n the population were also less mn the FEJ populations, as compared to the JB controls

4 Conclusions

Overall, our results clearly suggest that selection on development time has multifarious effects
on the whole life history m Drosophila Flies from the faster developing populations are
smaller at ecloston, and through adult life, live less long, are less fecund at early ages, and
show reduced levels of energy-expensive larval behaviours Somewhat counter-intuitrvely,
they also exhubit reduced larval growth rates, which 1s not what one would piedict from simple
optimization arguments This highlights a very general but often 1gnored problem 1n evolution-
ary studies although evolution does optimize, typically we do not know a priori what the ge-
netic constraints on such evolutionary change are and, consequently, predictions from simple
optimization arguments based on primarily ecological constraints are often likely to be wiong
I also hope that the work discussed here serves to highlight the fact that evolutionary genetics
1s a rigorous experimental science and that, indeed, laboratory systems offer opportumties for
well replicated and controlled studies of the evolutionary process that, in many ways, far ex-
ceed those presented by natural populations

Acknowledgments

I thank N G Prasad, Vishal M Gohil, M Rajamani, V Sheeba, Mallikatjun Shakaiad, K
Shankar Murthy, Diwakar Belavadi, Jyothi Belavadi, Sneha Krishna, Mitali Das, D Anitha

and Rajanna for all their hard work that went into the experiments described here This work 1s
supported by funds from the Department of Science & Technology, Govemment of India The
experimental work discussed here 1s from two unpublished manuscripts = **

References
1 JosHy A Adaptive evolution and the footprmts of history Curr Sc
1997 72, 944-949
2 TrAVISANO, M , MoNGoLD, ] A, Experimental tests of the roles of adaptation, chance and history 1n
BENNETT, A F AND LENSKL, R E evolution, Science, 1995, 267 87-90
3 LensKL, R E,ROSE,M R, Long-term experimental evolution 1n Escherichia coli 1 Adapta-
SivpsoN, S C AND TADLER, S R tion and divergence durtng 2,000 generations Am Natur, 1991,
138, 1315-1341
4 Rosg,M R NusBauM, T J anD Laboratory evolution The experimental wonderland and the Chesh-
CHIPPINDALE, A K e cat syndrome In Adaptaton (M R Rose and G V Lauder
eds), Acaderc Press, 1996, pp 221-241
5 JosHL, A Laboratory studies of density-dependent selection adaptations to
crowding m Drosophila melanogaster, Cuir Sci 1997, 72, 555-
562
6 MUELLER,L D Theoretical and empirical examination of density-dependent selec-

tion, A Rev Ecol Syst 1997, 28, 269288



36

10

19

20

21

22

23

24

Rose M R ServicE P M anD
Hutchinson, E W

STEARNS, S C

SHEFBA V. MADHYASTHA,N A A AND

JosHl A

JosHi A ANDMULLLER, L D

JosHi A, SHIOTSUGU, J AND
MUELLER, L. D

JosHi, A AND MUELLER, L D

GopoY-HERRERA, R

SokoLowski, M B

ZWAAN, B, BiLsma R anD
HOEKSTRA R F

NUNNEY, L

CHIPPINDALE A K Aupaz, ] A,
CHEN, H-W ANDROSE M R

SANTOS M et al

CripPINDALE A K Hoang,D T,
SERVICE, P M anDROSE,M R
PARTRIDGE L, HOFFMANN A
AND JONES, J S

MUELLER, L. D

PARTRIDGE, L AND FOWLER, K

SANTOS, M et al

BETRAN, E , SANTOS, M AND Ruiz, A

AMITABH JOSHI

Three approaches to tiade-offs 1n life-hustory evolution In Generic
constrawnts on adaptive evolution (V- Loeschhke, ed ) Springer Ver-
lag 1987, pp 91-105

The evolution of Iife histories Oxlord University Piess, 1992

Oviposttion preference for novel ver sus normal food resoutces 1n
laboratory populations of Drosopfula melanogaster J Biosc
1998 23,93-100

Density-dependent natural selection m Diosophila  trade-ofts be-
tween larval food acquisition and utthization Evel Ecol 1996 10,
463-474

Phenotypic enhancement of longevity by environmental urea n
Drosophila melanogaster, Exp Gerontol , 1996 31 533-544

Directional and stabiizing density-dependent natural selection tor
pupation height i Drosophila melanogaster E\olution, 1993 47
176-184

The development and genetics of digging behaviour in Drosophila
melanogaster, Herediry 1986, 56, 3341

Ecology, genetics and behaviot of Drosophila larval foraging and
pupation behaviour J Insect Physiol , 1985 31, 857-864

Artificial selection for development time m Drosophila melano
gaster 1 relation to the evolution of aging direct and cotrelated
responses, Evolution 1995, 49, 635-648

The response to selection for fast larval development i Drosophila
melanogaster and 1ts eftect on adult weight an example of a fitness
trade-off, Evolution 1996, 50, 1193-1204

Expenmental evolution of accelerated development m Diosophila
1 Developmental speed and larval survival, Evolution, 1997, 51,
1536-1551

Density-dependent natural selection 1 Drosophila evolution of
growth rate and body size, Evolution, 1997 51, 420432

The evolution of development in Drosophila melanogaster selected
for postponed senescence, Evolution, 1994, 48 1880~1899

Male s1ze and mating success i Drosophia melanogaster and
Drosophila pseudoobscura under field conditions, Amm Behav,
1987, 35, 468-476

The evolutionary ecology of Drosophula, Evol Biol , 1985, 19, 37~
98

Responses and correlated responses to artificial selection on thorax
length in Drosophila melanogaster, Evolution, 1993, 47, 213-226

The evolutionary istory of Drosophila buzzam XIV Larger flies
mate more often 1n nature, Heredity, 1988, 61, 255-262

Antagonistic pletotropic effect of second-chiomosome 1nversions
on body size and early life-listory trauts m Diosophula buzzati,
Evolution, 1988, 52, 144-154



25

26

j )
-

29

30

31

32

33

34

LIFE-HISTORY EVOLUTION IN THE LABORATORY 37

Kause A SaLoneML, I, Haukloa E
AND HANHIMAKI S

Tucic N, SToikovic O, GLIKSMAN, 1,
MILANOVIC, D AND SESLUA D

AzEVEDO R B R FRENCH, V AND
PARTRIDGE, L

PARTRIDGE, L AND FOWLER K

ZwAAN B BuLSMA R AND
HoeksTRA R F

Lints, F A

NussauM, T J, MUELLER L D AND
Rosg, M R

MUELLER, L D ANDROSE,M R

Prasap, N G, GoHiL, V M, SHELBA, V,
RAJAMANI M AND JosH! A

PrasAD, N G SHAKARAD, M,
ANITHA, D, RAJAMANI M AND JOSHI A

How to become large quickly quantitative genetics of grewth and
foraging 1n a flush feedmg lepidopteran larva J Evol Biol 1999,
12, 471-482

Laboratory evolution of life-history tras i the bean weevil
(Acanthoscelides obtectus) the effects of density dependent and
age-specific selection Evolution 1997 §1 1896-1909

Life-hustory consequences of egg size m Drosophila melanogaster
Am Natur 1997 150 250-282

Direct and correlated responses to selection on age at reproduction
n Drosophila melanogaster Evolution 1992 46 76-91

Direct selection on hfespan 1n Dresophila melanogaster Lvolu
non, 1995, 49 649 659

Genetics In Drosophila as a model orgamsm for agemng studies
(F A Lintsand M H Sohman eds), Blachie 1988 pp 98-119

Evolutionary patterns among measures of aging Exp Gerontol
1996 31, 507-516

Evolutionary theory predicts late ife mortality plateaus Proc
Nam Acad Sci USA, 1996, 93 15249-15253

Evolution of reduced hifespan and larval growth rate 1n populations
of Drosophila melanogaster selected for shorter development time
(submutted to Genet Res)

Correlated responses to selection for faster development and early
reproduction 1n Drosophila  the evolution of larval traits (sub
mutted to Evolution)





