
Experimental study of evolution is a promising and

rapidly developing field which helps to understand pat-

terns of evolutionary development of various properties

including life cycle parameters such as lifespan, age-

related dynamics of fecundity, and mortality [1]. The

ability of laboratory populations of Drosophila

melanogaster for selection-induced rapid changes of these

parameters makes this species a convenient object for

studying plasticity and evolution of the life cycle. The

nature of selection factors underlying lifespan evolution

remains controversial. In some cases, lifespan shortening

may be interpreted as a useful adaptation increasing evo-

lutionary potential of a population [2-4], which is sup-

ported by natural selection [5], group selection, or “sec-

ond-order selection for evolvability” [6]. A set of ideas

called the classical evolutionary theory of aging [7, 8] is

better known and is probably more widely applicable. It is

based on Williams’ hypothesis [9]. According to the orig-

inal idea by Medawar [10] on the age-related reduction of

the efficiency of selection (starting from the age of puber-

ty), the less is the number of individuals surviving by a

given age, the weaker is the effect of selection (and the

stronger is the drift effect) on mutations that manifest

their harmful effect after that age. It contributes to the

accumulation of deleterious mutations with late effect,

especially when they are manifested after the end of the

period of active reproduction, when the power of selec-

tion is close to zero. Williams, however, drew attention to

the fact that in many species viability starts to decline

long before the loss of reproductive ability, at the age

reached by many individuals. This observation can hard-

ly be explained only by passive (due to drift) accumula-

tion of mutations, because the power of selection against

deleterious mutations manifested in the reproductive age

is nonzero. Therefore Williams suggested that antagonis-

tic pleiotropy of alleles that have different effects on fit-
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The direction of all these evolutionary changes coincides with the direction of phenotypic plasticity observed in non-adapt-

ed flies cultured on S medium. High adult mortality rate caused by unfavorable growth medium apparently was the main

factor of selection during the evolutionary experiment. The results are partially compatible with Williams’ hypothesis, which

states that increased mortality rate should result in relaxed selection against mutations that decrease fitness late in life, and

thus promote the evolution of shorter lifespan and earlier reproduction. However, our results do not confirm Williams’ pre-

diction that the sex with higher mortality rate should undergo more rapid aging: lifespan shortening by S medium is more

pronounced in naïve males than females, but it was female lifespan that decreased more in the course of adaptation. These

data, as well as the results of testing of F1 hybrids between adapted and control lineages, are compatible with the idea that

the genetic basis of longevity is different in the two sexes, and that evolutionary response to increased mortality rate depends

on the degree to which the mortality is selective. Selective mortality can result in the development of longer (rather than

shorter) lifespan in the course of evolution. The results also imply that antagonistic pleiotropy of alleles, which increase

early-life fecundity at the cost of accelerated aging, played an important role in the evolutionary changes of females in the

experimental lineage, while accumulation of deleterious mutations with late-life effects due to drift was more important in

the evolution of male traits.
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ness at different ages is an important factor in the evolu-

tion of aging. Alleles increasing fecundity or other fitness

components at a young age at the expense of fitness

decrease later in life will be supported by selection despite

their harmful effects, because the power of selection is

higher for properties manifested at the beginning of adult

life [9]. If evolution of aging is really related to the age-

dependent weakening of selection, then we can expect

the fulfillment of some obvious consequences. These

include the effect of high exogenous mortality caused, for

example, by predation or infections. By reducing individ-

ual chances for a long life, high mortality should support

evolution of accelerated reduction of fitness with age

(aging). This leads to inherited reduction of average life-

span even under favorable conditions [7, 9-11]. Williams’

hypothesis has another verifiable consequence: evolu-

tionary changes of lifespan are coupled to age-related

dynamics of fecundity. Williams pointed out that success-

ful selection for longevity should lead to the reduction of

vitality early in life [9]. The shorter is life, the higher

should be fecundity at the early stages of the life cycle

compared to the later ones, and, vice versa, the longer is

life, the more pronounced is the shift of reproduction to

later life stages. Results consistent with this hypothesis

were obtained in experiments on artificial selection [12,

13]. For example, Rose [14] compared lifespan and age-

related dynamics of fecundity in laboratory lines of

D. melanogaster that existed in the mode of short life

cycle (reproduction at the age of 2 weeks after the egg

stage) for 180 generations (∼7 years), and in lines derived

from them that were for 2 years subjected to selection for

late reproduction (the age of imago admitted for repro-

duction was gradually increased from 28 to 70 days). Rose

has shown that selection for late reproduction resulted in

a significant increase in Drosophila lifespan, and maximal

fecundity moved to a later term. If, on the contrary, selec-

tion is aimed at early reproduction (or increased mating

frequency at an early age), it leads to lifespan reduction

and shifts reproductive effort towards younger age (“live

fast, die young” strategy) [13, 15-19]. A carefully per-

formed evolutionary experiment has shown that high

mortality rate that is caused by external reasons and does

not depend on age (regular randomized elimination of

some individuals in the experimental lines) leads to the

same result: inheritable reduction of lifespan and repro-

duction shift towards earlier age [20]. This confirmed the

assumption that accelerated aging (increase in “internal”

mortality with age) could be an evolutionary response to

high “external” mortality. Similarity between evolution-

ary consequences of high mortality due to external caus-

es and selection for early reproduction can apparently be

explained by the fact that high mortality that does not

depend on age automatically leads to selection for early

reproduction: when chances for long life are minimal,

selective advantage is granted to individuals that effec-

tively reproduce at an early age.

The inverse correlation between lifespan and early

fecundity is consistent with the idea of “evolutionary

trade-off”, i.e. redistribution of limited physiological

resources between functions of reproduction and mainte-

nance of viability in response to critical environmental

requirements. This trade-off should result in antagonistic

pleiotropy postulated by Williams: alleles increasing early

fecundity are more likely to reduce viability later in life,

and vice versa [9, 21-23].

Simple and logical hypotheses on the reduction of

selection pressure at later stages of the life cycle and on

the inevitable redistribution of physiological resources

were later refined and expanded based on experimental

data, in particular, with D. melanogaster. It was shown

that it is important to take into account the conditions

and duration of the maintenance of laboratory lines when

interpreting data on lifespan changes. The correlations

between lifespan and reproductive parameters are differ-

ent in lines that exist in different selection modes.

However, it may result not only from selection, but also

from the loss of genetic diversity in the course of long lab-

oratory maintenance and accumulation of deleterious

mutations due to shift especially pronounced in small

populations. Linnen et al. [24] compared lifespan in sev-

eral old laboratory lines of drosophila. They have shown

that coupled changes in lifespan and fecundity may par-

tially result from the accumulation of deleterious muta-

tions in old laboratory lines. Evolutionary patterns char-

acteristic of natural populations may be masked by the

manifestations of these mutations, which are unlikely to

have been entrenched in large natural populations.

Results of these evolutionary experiments consider-

ably strengthened the positions of the supporters of

Williams’ hypothesis as well as the “classical” evolution-

ary aging models including the ideas on antagonistic

pleiotropy and accumulation of deleterious mutations

with late effect (the latter are based on Williams’ hypoth-

esis). However, other studies have shown that the effects

of exogenous mortality on lifespan evolution are not

always consistent with Williams’ hypothesis [25-28]. It

was shown that increase in exogenous mortality is some-

times accompanied not by reduction, but by increase in

lifespan. For example, in guppy populations with high

predation pressure, reproduction shifts to earlier age,

which is consistent with Williams’ hypothesis, but at the

same time genetically determined lifespan instead of

being reduced, is even increased [26, 29]. An evolutionary

experiment on the nematode Caenorhabditis remanei

showed that random nonselective elimination leads (in

accordance with Williams’ hypothesis) to the reduction of

lifespan. However, equally intense elimination caused by

a directed effect of a specific environmental factor (e.g.

temperature increase) leads to the opposite result –

increase in lifespan that is not accompanied by reduction

in fecundity [28]. Apparently, this means that selection

for resistance to the factor causing increased mortality
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can increase general resistance of an organism, thus slow-

ing aging [30]. If mortality caused by an external factor is

selective (depends on the state of the organism) and dif-

ferences between individual organisms in the ability to

resist this factor are at least partially hereditary, then the

evolutionary response to high exogenous mortality will

take the form of increased resistance to this factor, which

may eventually lead to the increase and not reduction in

lifespan. From this perspective, an opposite situation

when increase in exogenous mortality leads to reduction

of lifespan in accordance with Williams’ hypothesis can

be interpreted as “evolutionary surrender” caused by

inability of the population to resist the factor causing

mortality increase.

There are not so many good examples of the effects

of directed selection on lifespan and fecundity that was

stated in the cited study of C. remanei [28]. To understand

this phenomenon, we need evolutionary experiments on

various model objects under controlled conditions. In

particular, especially relevant are experiments on D.

melanogaster – the object that has been exceptionally

well-studied in terms of genetics and life cycle character-

istics.

In this work, we analyze the results of the evolution-

ary experiment on the adaptation of D. melanogaster lab-

oratory lines recently derived from a natural population,

to unfavorable food substrate [31, 32]. Apparently, such

an experiment better addresses the question of the rela-

tionship between exogenous mortality and lifespan evolu-

tion in nature, since adaptation of the population to unfa-

vorable food is a realistic laboratory model imitating nat-

ural evolutionary processes caused by changes in environ-

mental conditions. We present the changes in lifespan and

age-dependent dynamics of fecundity that developed in

flies during a year of adaptation to adverse food and dis-

cuss the possible reasons for these changes in the context

of ideas about the mechanisms of life cycle evolution.

MATERIALS AND METHODS

Design of evolutionary experiments and experimental

populations. The original D. melanogaster population was

obtained in September 2014 from 30 wild individuals

caught in south-west Moscow. Until January 2015, the

population was cultured on favorable food medium N

(see below). Then experimental lines cultured on various

food substrates were isolated from this population. Flies

were kept at temperature 22-25°C and natural lighting in

plexiglass boxes. The food in each box was put into 12

open cylindrical glass tubes (diameter 22 mm, height

100 mm) containing 10 ml of food. Every week, four tubes

with fresh food were placed in the boxes, and four tubes

with old food which had been in the boxes for three weeks

were removed. In addition to food tubes, each box had a

drinking bowl – a small container with moistened cotton

wool, which was replaced weekly. We used two lines of

Drosophila, which by the beginning of the preliminary test

had lived in their boxes for eight months, by the beginning

of the main test – 10 months, and by the beginning of the

test that involved hybrids (see below) – 12 months (the

minimal time of generational turnover in the experiment

was about two weeks); abbreviations: Dn – control line

cultured on standard (normal) food medium (inactivated

yeast 50 g, semolina 35 g, sugar 50 g, crushed raisins 45 g,

agar 8 g, propionic acid 2 g per liter of food). This growth

medium will be referred to as N; Ds – line cultured on a

nutrient-deficient starch-based medium (inactivated

yeast 50 g, starch 30 g, agar 8 g, propionic acid 2 g per liter

of food). This growth medium will be referred to as S.

Testing of lifespan and age-dependent dynamics of

fecundity. All the flies from the Dn and Ds populations as

well as their hybrids used in tests were grown for one gen-

eration prior to testing in standard tubes with N medium

covered with cotton stoppers. This was done to remove

possible maternal effects and direct effects of nutrient-

deficient growth medium S on the adaptive parameters

[31, 33]. This procedure is commonly recommended for

such experiments [1]. In a preliminary test, Dn and Ds

flies were tested only on N medium, eggs were not count-

ed, and no division into male and female was performed

when counting dead flies. In the main test, Dn and Ds

flies were tested on N and S media, males and females

were counted separately, and once every three days we

counted the number of eggs laid on fresh food during 1 h.

In the hybrid test, flies were tested only on N medium,

everything else being performed as in the main test.

Testing was carried out as follows. Flies that emerged

from pupae during three days (a number of flies sufficient

for testing were accumulated during this time) were

released into a box similar to those where the evolution-

ary experiment was carried out. The second day of the

three-day interval was conventionally considered the

“birth date” of the tested flies. About 100-200 flies were

released into each box depending on the available number

of individuals grown under standard conditions. All the

tested cohorts were prepared and released into boxes

simultaneously so that random fluctuations of uncon-

trolled environmental factors (such as atmospheric pres-

sure, lighting, humidity) affected synchronously all the

tested lines. N or S medium was placed into boxes in Petri

dishes (diameter 35 mm, height 7 mm); they were

replaced every three days. Food replacement was per-

formed after dark (between 9.00 pm and midnight). One

hour after fresh food had been placed into the boxes, food

containers were removed to count the number of laid

eggs, and after that they were put back into the boxes.

Dead flies were counted daily until the death of the last

fly.

To obtain F1 hybrids, we selected virgin males and

females from Dn and Ds lines that had emerged from

pupae in the temporarily cotton-stopper-covered tubes
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from the main experimental boxes. To obtain Dsn hybrids,

we used 20 virgin Ds females and 15 virgin Dn males, and

for Dns hybrids – 20 virgin Dn females and 15 virgin Ds

males. The age of all parents was five days after emerging

from the pupae. The parents were placed for five days into

a box with four open tubes with N medium. Hybrid off-

spring that had emerged in these tubes was used for test-

ing according to the above-described scheme. Flies

obtained simultaneously under the same conditions from

20 Dn females and 15 Dn males were used as control.

Evaluation of mortality of Dn and Ds flies on N and S

media in the evolutionary experiment. To assess real imago

mortality in the course of the evolutionary experiment,

we conducted an additional test. Dn and Ds flies prepared

as for the main test were released into a box where N or S

fodder was placed in tubes (not in Petri dishes as in life-

span tests). The food was replaced once a week (and not

every three days). Then we counted the daily decline in

the number of males and females in each box.

Data analysis. Data on age-related dynamics of mor-

tality are presented as survival curves – graphs with imago

age on the horizontal axis (starting from the moment of

release from the pupa) and the percentage of individuals

surviving by the given age on the vertical axis (Figs. 1 and

3). Lifespan data were used to calculate the average and

median lifespan as well as the standard deviation, coeffi-

cient of variation (CV), and quartile coefficient of disper-

sion (QCD = ((Q3 – Q1)/2·Me)·100%) [34] in each

experimental line for all the flies without division into

sexes and separately for males and females (Tables 1 and

2).

The effects of environment, line, and gender of the

flies on the lifespan were assessed using multifactorial dis-

persion analysis. The search for significant differences

between average lifespans of flies from different lines was

performed using Tukey’s test, which unlike Student’s t-

test suitable only for paired comparisons, takes into

account and solves the multiple comparisons problem

[35].

In the main test, there were 12 pairs of groups of flies

suitable for meaningful pairwise comparison of average

lifespan: males and females of the same line tested on the

same medium (4 pairwise comparisons); males from dif-

ferent lines or different media (i.e. we compared Dn

males tested on S and N media, Dn and Ds males tested

on N medium, etc., all together 4 pairs); females with

only one differing characteristic (4 pairs). The results of

pairwise comparisons are presented in Fig. 1e [36]. The

middle of each segment corresponds to the difference

between the average lifespan values for the compared pair

(lifespan of the population indicated as the second, is

subtracted from the lifespan of the group indicated as the

first), the length of the segment – 95% – constitutes the

confidence interval. If it crosses the vertical line corre-

sponding to zero difference, lifespan difference is not sig-

nificant, and vice versa, if the entire segment fits to the

right or left of the zero mark, then lifespan difference is

significant. In the case of the hybrid test, 9 pairs of groups

were chosen for pairwise comparison of average lifespan

based on the same principle (Fig. 3d).

We used the assessment of fecundity based on the

number of eggs laid during 1 h. It reflects not so much the

fecundity per se, but rather the ability of flies for the rapid

use of a fresh substrate to lay eggs. We assume that this

ability is an important component of the adaptability of

D. melanogaster in natural conditions, as this species of

fruit flies is specialized in using ephemeral food sub-

strates. In view of these explanations, in the future we will

call the number of eggs laid on a fresh food medium dur-

ing 1 h, “fecundity”.

Based on the data on the number of eggs laid in the

first hour after food change, we calculated the average

number of eggs per female. Fecundity between different

lines was compared for the first 50 days of the life of flies.

For this purpose, we used the indicator of “relative fecun-

dity” – normalized difference in the average number of

eggs, which was calculated as follows: the mean number

of eggs per female from the first and second lines was cal-

culated, and then the difference between these two values

was divided by their half-sum.

Values of the relative fecundity index are shown by

dots in Figs. 2 and 4. The linear trend is applied for the

convenience of graph interpretation. If the slope of the

linear trend is significantly less than zero, it means that

fecundity of the first of the two compared lines decreases

with age (when compared to the second line fecundity). If

the trend intersects the horizontal axis, it means that at

the age corresponding to the intersection point, fecundi-

ty of two lines coincides. The slope of the trend reflects

the rate of decrease of the first line fecundity compared to

the second line. Insets in Figs. 2 and 4 show the dynam-

ics of the average number of eggs per female (“absolute

fecundity”) smoothed by the method of moving average.

The presented data correspond to the entire period when

the flies laid non-zero number of eggs during the first

hour after the food change. To compare fecundity of

lines, we chose the first 50 days of life because a signifi-

cant number of flies remain alive during this time (includ-

ing females), and the majority of eggs are laid in the first

7 weeks of life (see insets in Figs. 2 and 4). In addition,

data on late fecundity may be distorted by the original

cohort heterogeneity (if the most viable females, an

unrepresentative sample of the general population, sur-

vive to old age).

RESULTS

A preliminary lifespan test was conducted to check

whether there were no lifespan differences between the

tested lines. A total of 92 Dn and 108 Ds flies were used in

the test. In the course of testing, the food was first provid-
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ed in tubes, which were changed every three days.

However, as the flies were aging, it was becoming more

and more difficult for them to fly into high tubes, which

led to simultaneous death of many individuals on the days

of food change Therefore, starting from the 57th experi-

mental day, the food was provided in a Petri dish, which

immediately reduced mortality. Because of these changes

in the course of testing, the results are not suitable for

detailed analysis. However, they show that average lifes-

pan in Ds line flies is significantly lower than in Dn line

(39.3 and 54.8 days; the differences are significant: p <

0.0001, Mann–Whitney test). This gave grounds for a

more rigorous test, the results of which are presented

below.

The main test. Phenotypic plasticity: direct effects of

food medium on lifespan. To identify phenotypic plastici-

ty, we need to compare the chosen indicators for flies

from the same line on different food media. This compar-

ison will show the effect of food on lifespan excluding

evolutionary changes. Multifactorial dispersion analysis

showed that food medium (p < 0.0001), belonging to a

line (Dn or Ds) (p < 0.0001), and gender (p < 0.0001) –

all affect the average lifespan. Males of both lines had

shorter lifespan on S medium than on N medium (Fig. 1e

and Table 1). The negative effect of S medium was some-

what more pronounced in Dn (the highest difference of

all pairs) than in Ds males, although this difference did

not reach the level of statistical significance. Dn females

(as well as males) lived longer on N medium than on S

medium. However, Ds females showed approximately the

same lifespan on both media. Thus, S medium shortens

lifespan of flies from both lines, but in case of Ds line

adapted to S medium this negative effect is less pro-

nounced and extends only to males, while in unadapted

Dn line it is more pronounced and affects both genders.

When analyzing lifespan, it is important to consider

the differences between males and females as sexual

dimorphism concerning this property can be quickly

formed in the course of evolution; it serves as an indicator

of inhomogeneous genetic basis of lifespan in males and

females [28, 37]. In the case of the Dn line on N medium,

we observed no sexual dimorphism on any characteristic

of survival curves (they are practically identical for males

and females; Fig. 1a). Culturing flies from the same line

on the depleted S medium led to drastic sexual dimor-

phism: the lifespan of males was reduced significantly

more than that of females (Fig. 1e). For the Ds line, sex-

ual dimorphism can be observed in survival curves of flies

cultured on both foods, but the character of this dimor-

phism differs. In the case of Ds males on N medium, early

Fig. 1. Survival curves of D. melanogaster and comparison of average lifespan in different lines: for Dn line on standard food medium N (a)

and on depleted starch-based medium S (c); for Ds line of food medium N (b) and S (d). Showing curves for all individuals without division

into sexes and separate curves for males and females. In (a-d) the cohort age in days is marked on the horizontal axis, and the proportion of

survivors in % – on the vertical axis; e) pairwise comparisons of average lifespan based on Tukey’s test; the differences between average life-

span for compared pairs (marked by one color) are shown on the horizontal axis with 95% confidence intervals; I – comparisons reflecting

phenotypic plasticity, II – evolutionary changes, III – sexual dimorphism.
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mortality is reduced and late mortality is increased com-

pared to females; therefore, their survival curve is more

convex, although average lifespan values of the two gen-

ders are very similar (Fig. 1, b and e). Difference in the

degree of convexity of the survival curves is adequately

reflected in the values of coefficient of variation of life-

span (CV; Table 1): 25.9% for males, 36.3% for females

(the lower the CV, the more convex is the survival curve

[32]). When cultured on S medium, Ds males have

reduced average lifespan compared to females, and the

curve becomes less convex (Fig. 1d and Table 1). In gen-

eral, sexual dimorphism of the survival curves of Ds flies

on S medium is of the same character as that of Dn flies

on the same medium, but its absolute magnitude is small-

er (Fig. 1, c and d); this difference does not reach the level

of statistical significance (Fig. 1e).

Thus, lifespan reduction and enhanced sexual

dimorphism of the survival curves are the direct effect of

the depleted S medium. This effect is more pronounced

in flies from Dn than Ds line.

Main test. Evolutionary changes in lifespan. To see

the evolutionary effect of adaptation for depleted food

medium, we need to compare lifespans and survival

curves of Dn and Ds lines cultured on the same media (to

compare Fig. 1a with Fig. 1b, and Fig. 1c – with Fig. 1d).

In each of the two media, Dn flies live longer than Ds flies

(the difference is 19.1 days on N medium and 9.9 days on

S medium). For females this difference is statistically sig-

nificant in both media, and for males it reaches the level

of statistical significance only on N medium (Fig. 1e). In

the case of medium S, the average lifespan of Ds males is

only slightly reduced compared to Dn males (Fig. 1e and

Table 1).

Thus, adaptation to the depleted medium S resulted

in inheritable lifespan reduction in females and to a less-

er extent in Ds males compared to the control Dn line.

The direction of evolutionary changes coincided with the

direction of phenotypic plasticity: lifespan reduction

caused by unfavorable medium underwent genetic assim-

ilation [38] and started to be manifested even when cul-

tured on the favorable medium.

Main test. Differences in age-related dynamics of

number of laid eggs. The age-related dynamics of fecundi-

ty is presented in Fig. 2. In all the cases, maximal indi-

vidual fecundity is observed at the age of 4-5 weeks

(Fig. 2, graphs on the insets), but other properties of age-

related dynamics of fecundity are different in different

lines and with different food media.

Differences in the age-related dynamics of fecundity

between Dn and Ds lines are illustrated by graphs of rela-

tive fecundity (trend lines on Fig. 2, a and b). Positive rel-

ative fecundity values mean that the first of the two com-

pared lines (Ds) is characterized by a higher fecundity

than the second one (Dn); negative values indicate the

reduced fecundity of the first line compared to the second

one. Thus, the inclined trend lines on the Fig. 2 (a and b)

indicate that Ds flies have higher fecundity at a young age

than Dn flies, but their relative fecundity decreases with

age. Fecundity of the two lines becomes the same around

the age of 3 weeks, and later this characteristic of Dn flies

more and more outpaces that of Ds flies. This pattern is

clearly observed in tests both on N medium (Fig. 2a) and

S medium (Fig. 2b). Thus, adaptation of Ds flies to life on

depleted S medium resulted in the shift of reproductive

effort to an earlier age and to accelerated reduction of

fecundity with age (reproductive aging) compared to con-

trol Dn flies.

The direct effect of the food medium (N or S) is

revealed when comparing fecundity of one line cultured

on different media (Fig. 2, c and d). Both lines, Dn and

Ds, demonstrate increased fecundity on S medium com-

pared to N medium during the entire reproductive period.

In other words, S medium stimulates accelerated egg lay-

ing on fresh food in both lines of flies compared to N

medium. The difference between the lines is that age-

related decrease in relative fecundity is observed in Dn

line on S medium (inclined trend in Fig. 2c), while in Ds

line relative fecundity on S medium does not change with

78.6

79.5

22.1

28.1

19.0

56.3

55.5

12.0

21.4

10.6

71.5

73

18.5

25.9

12.3

Medium

Population

Gender

Average lifespan, days

Median lifespan, days

Standard deviation

CV, %

QCD, %

Table 1. Characteristics of lifespan of Dn and Ds flies on N and S media

All

58.2

58

18.6

31.9

23.3

87.5

88.5

17.9

20.5

12.0

All

88.2

90

20.0

22.7

12.5

64.8

66

16.8

25.9

17.6

52.2

51

18.2

34.8

21.1

All

68.1

64

21.2

31.1

23.4

67.1

72

24.4

36.3

27.1

All

69.1

73

22.0

31.8

19.9

88.7

93

21.5

24.2

12.9

N (rich food)

DsDnDsDn

S (starch-based depleted)
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age (dependence of absolute fecundity on age is the same

in this line on both media, as indicated by the horizontal

trend line on Fig. 2d).

Thus, in the case of non-adapted Dn flies, life on S

medium stimulates accelerated laying of eggs on fresh

food, especially at a young age, and facilitates reproduc-

tive aging (Fig. 2c). This is the direction of phenotypic

plasticity when transiting to a depleted medium. In Ds

flies, adaptation to S medium resulted in evolutionary

changes of a similar direction. Their fecundity is

increased at a young age not only on S, but also on N

medium. Also, judging by a similar dynamics of the rela-

tive fecundity of Ds compared to Dn (similar inclinations

of trend lines in Fig. 2, a and b), reproductive aging man-

ifests itself in Ds line similarly on both media, and it is

faster than in Dn line on S medium. As in the case of

lifespan, the direction of evolutionary changes of age-

related dynamics coincides with the direction of pheno-

typic plasticity: the increase in early fecundity and accel-

eration of reproductive aging stimulated by S medium in

control Dn flies were subjected to genetic assimilation

and became inheritable in Ds flies adapted to S medium.

Interestingly, in the course of adaptation to S medium, Ds

flies lost phenotypic plasticity of the rate of reproductive

aging in response to the change in food medium: cultur-

ing of control Dn flies on S medium accelerates repro-

Fig. 2. Age-related dynamics of absolute (graphs in the boxes) and relative fecundity. a) Comparison of fecundity of Ds and Dn lines on N

medium; b) comparison of the same lines on S medium; c) comparison of fecundity of Dn line on S and N media; d) comparison of fecun-

dity of Ds line on S and N media. Age of flies (in days) starting from their release from the pupa is marked on the horizontal axis; the vertical

axis shows relative fecundity, i.e. normalized difference of fecundity of two compared lines (main graphs) and absolute fecundity – average

number of eggs per female (graphs in the boxes). Data on absolute fecundity are smoothed using the moving average method.
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ductive aging compared to N medium (inclined trend line

in Fig. 2c), and in case of Ds flies, the character of age-

related fecundity changes is the same for both media.

Hybrid testing. Differences in lifespan. Results of the

tests on F1 hybrids (Dns and Dsn) are presented in Figs. 3

and 4 and Table 2. This test was performed only on the

favorable food medium N, so it does not address the ques-

tion of the effects of medium S on the studied parameters

and adaptation to this medium. However, it gives an idea

about the nature of inheritance of evolutionary changes

identified in the main test.

Average lifespan in all three compared cohorts was

found to be approximately the same. In contrast to Ds

flies that showed reduced lifespan in the main test com-

pared to Dn, the lifespan of hybrids Dns and Dsn is not

shorter than that of control Dn flies. As in the main test,

Dn flies tested on N medium had no sexual dimorphism

in the survival curves: these curves were practically iden-

tical in Dn males and females (Fig. 3c). In contrast,

hybrids were shown to have pronounced sexual dimor-

phism similar to that observed in Ds flies in the main test

on the N medium (Fig. 1b): early male mortality was sig-

nificantly lower than female mortality, thus their survival

curves were more convex (Fig. 3, a and b). CV and QCD

values for hybrids are very illustrative in this respect.

These values differ significantly for hybrid males and

females, whereas the difference between corresponding

parameters for Dn males and females is minimal

(Table 2). It should be noted that only Dsn males and

females significantly differ in their lifespan (Fig. 3d),

although the overall shape of Dsn and Dns curves is very

similar (Fig. 3, a and b). Thus, in terms of their lifespan,

hybrids are similar to Dn, and in terms of sexual dimor-

phism in the survival curves – to Ds.

Hybrid testing. Differences in age-related dynamics of

fecundity. Age-related fecundity dynamics of Dn, Dns,

and Dsn flies is reflected in Fig. 4. Maximal fecundity was

observed in all three lines at the age of about 2-3 weeks,

i.e. earlier than in the main test. The similarity with the

main test is that in both cases maximal fecundity was

practically synchronous in simultaneously tested lines.

Differences in the age-related fecundity dynamics

Fig. 3. Survival curves of experimental lines of D. melanogaster on N medium and comparison of average lifespans. a) Survival curves of Dns

hybrids (F1 hybrids obtained by crossing Dn females and Ds males); b) Dsn hybrids (F1 hybrids obtained by crossing Ds females and Dn

males); c) control Dn flies; d) pairwise comparisons of average lifespans based on Tukey’s test. Symbols are as in Fig. 1; I – comparisons

reflecting differences between lines, II – sexual dimorphism.

d

P
ro

p
o

rt
io

n
 o

f 
s

u
rv

iv
o

rs

Time, days

Dn  -       Dns

Dn  -       Dsn

Dsn  -      Dns

Dn  -       Dns

Dn  -       Dsn

Dsn  -       Dns

Dn  -       Dn

Dns  -       Dns

Dsn  -       Dsn

All

Males

Females

a c

b



ADAPTATION TO UNFAVORABLE MEDIUM ACCELERATES AGING 1453

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  12   2016

between hybrids and control Dn line are illustrated by

trend lines in Fig. 4a (black trend for Dns to Dn (p < 0.05)

and gray trend for Dsn to Dn (p < 0.0001)). Sloping trend

lines indicate that at a young age, hybrids (similar to Ms

in the main test) have higher fecundity than Dn flies, but

their relative fecundity decreases with age. Around three

weeks of age, the fecundity of all three lines becomes the

same, and later Dn flies increasingly outperform hybrids.

Thus, in hybrids as well as in Ds flies, we observe a shift of

reproductive effort to an earlier age and accelerated

fecundity decrease with age (reproductive aging) com-

pared to control Dn flies. The difference between the age-

related fecundity dynamics of Dsn hybrids compared to

Dns hybrids is not significant (p > 0.05 for the coefficient

of the trend slope in Fig. 4b).

Thus, hybrids demonstrate a mixture of their par-

ents’ properties: long lifespan as in Dn, and pronounced

sexual dimorphism of survival curves, increased early

fecundity, and accelerated reproductive aging as in Ds.

Analysis of mortality under conditions of the evolu-

tionary experiment. Under the conditions of the evolu-

tionary experiment on S medium, by the end of a weekly

cycle we observe mass death of imagoes, although larvae

and pupae survive. In contrast, when on N medium, most

imagoes survive until the next food change. As a result,

the density of flies is high in the box with Dn line, while

Fig. 4. Age-related dynamics of fecundity in the test involving hybrids on N medium. a) Comparison of fecundity of hybrids Dns and Dsn with

fecundity of control Dn line; b) comparison of Dsn and Dns hybrids. Symbols as in Fig. 2.
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Table 2. Lifespan characteristics of Dn, Dns, and Dsn flies tested on N medium
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in the box with Ds it is lower by orders of magnitude. In

an additional experiment, we verified an assumption on

high imago mortality on S medium, when the food is

changed once a week and is served in high tubes. In the

main test, life on S medium (compared to N medium)

reduced the average lifespan of the control Dn flies by

23% (by 20 days; Table 1). In the additional test, when

food was served as in the evolutionary experiment (in

tubes, once every 7 days), life on S medium (compared to

N medium) reduced the average lifespan of the control

Dn flies by 52 days (by 87% or 7.7 times).

DISCUSSION

Effect of uncontrolled factors on parameters of

D. melanogaster life cycle during testing. Characteristics

of the life cycle of Dn flies were tested twice – in the main

test and in hybrid tests. This allowed us to assess the effect

of uncontrolled conditions. In both tests, survival curves

of Dn flies have a similar shape. This is confirmed by sim-

ilar CV values (22.7 in the main test and 25.5 in the hybrid

tests). In addition, there is no sexual dimorphism in both

cases (male and female survival curves are practically the

same), which is a specific feature of Dn flies on N medi-

um. All other cohorts (Dn flies on S medium, Ds flies on

both media, and hybrids on N medium) demonstrate sex-

ual dimorphism in the shape of survival curves. The dif-

ference is that in the main test Dn flies survived on N

medium, on average, almost 2 weeks longer (average life-

span in the main test was 88.2 days, and in the hybrid

test – 74.8 days). This difference is probably due to

uncontrolled factors affecting lifespan. These may

include barometric pressure, humidity, temperature fluc-

tuations (we did not allow it to go beyond 22-25°C, but

within these limits temperature was freely fluctuating),

illumination mode, time of year (the main test was carried

out in winter, and the hybrid one – during spring). In

addition, flies involved in the main test were adapting to

their food for 10 months, whereas in the hybrid test – for

12 months. Two months might have been enough for

changes to develop in Dn line. Similarities in other

parameters (the shape of survival curves, absence of sexu-

al dimorphism) apparently indicate that these parameters

are relatively stable, and the above-mentioned factors

hardly affect them. This is probably the case of “temporal

scaling” of the survival curves [32, 39].

Thus, when comparing the results of tests performed

at different times, we should apparently not pay too much

attention to the differences in the average lifespan,

whereas comparison of results on the shape of survival

curves and sexual dimorphism may be meaningful.

Results on different lines of flies tested synchronously are

comparable, because they were tested under the same

conditions and were subjected to the same fluctuations of

uncontrolled factors.

Adaptation of D. melanogaster to depleted food medi-

um. Ds flies apparently rather successfully adapted to the

depleted food medium S in the course of the evolutionary

experiment. Earlier, we used the number of adult off-

spring produced during a fixed time by a pair of young (0-

4 days after leaving the pupa) parents on the given medi-

um as an adaptability criterion. After the removal of the

maternal effect (after living for one generation on N

medium), Ds flies showed higher adaptability to S medi-

um than Dn flies and higher adaptability to N medium

even without the removal of the maternal effect [31].

New data show that fecundity of young Ds flies is

increased compared to Dn flies of the same age on both

foods. Obviously, high fecundity of young Ds imagoes pro-

vides a satisfactory explanation to the previously obtained

results. The shift of reproductive effort to early stages of

the life cycle may serve as a “broad profile adaptation”

increasing reproductive success of individuals on different

food substrates. In the wild, high exogenous mortality is an

important condition of the efficiency of such “universal

adaptation”: it reduces the chances of flies for a long life,

and as a result – for reproduction at an old age.

The results show also another aspect of drosophila

adaptation to depleted food medium – lifespan change.

In case of Ds line, lifespan on S medium is moderately

reduced compared to N medium: it is 10.9 days shorter

(15.8%). In Dn flies, the negative reaction to S medium is

more pronounced (20.1 days, 22.8%). Therefore, not

only the efficiency of reproduction at young age is

increased in Ds flies, but also resistance to unfavorable

effect of S medium, which generally became less unfavor-

able for Ds flies than for Dn flies. Probably, the reduction

of phenotypic plasticity of the rate of reproductive aging

in Ds flies also supports this assumption. In this line, in

contrast to Dn, S medium does not accelerate reproduc-

tive aging compared to N medium (Fig. 2, c and d). This

may be the manifestation of Ds flies adaptation to unfa-

vorable food.

Effect of high exogenous mortality on evolution of life

cycle parameters. Ds line is subjected to a drastically

increased exogenous mortality of imagoes in the course of

the evolutionary experiment. This is evidenced by the

results of the main test, when fresh food was supplied

every three days, and even more so by the results of the

additional test, when food was supplied once a week as in

the evolutionary experiment. Lifespan of Dn flies in the

main test was reduced on S medium compared to N

medium by 20 days (23%), and in the additional test by 52

days (87%). Thus, transition from N to S medium results

in a sharp increase in mortality of wild-type flies. Non-

adapted males were less enduring than females to sub-

strate change (lifespan reduction on S medium compared

to N medium was more pronounced in males than in

females).

According to Williams’ hypothesis, high exogenous

mortality should lead to inheritable lifespan reduction



ADAPTATION TO UNFAVORABLE MEDIUM ACCELERATES AGING 1455

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  12   2016

and reproduction shift to an early age [9, 20]. Based on

the assumption about the increase in the resistance of

organisms affected by selective exogenous mortality [28,

30], adaptation to unfavorable conditions may lead, on

the contrary, to lifespan increase. High mortality of ima-

goes on S medium under experimental conditions may be

somewhat selective (be dependent on the organisms’ con-

dition) and lead to directed selection, similar to the

experiments on C. remanei, where high mortality was

induced by heat shock [28]. Additional studies are

required to assess the level of mortality selectivity.

The results are in general agreement with Williams’

hypothesis. Indeed, we observed the reduction in lifespan,

increase in relative fecundity at a young age, and acceler-

ated reproductive aging in Ds flies compared to control

Dn flies in favorable conditions on N medium (Figs. 1

and 2). The results indicate that evolutionary changes in

the life cycle predicted by Williams’ hypothesis may occur

not only in response to artificially induced mortality or

artificial selection for early (or late) reproduction, but

also in the course of regular evolutionary process – adap-

tation of populations to adverse environment.

However, our results do not match Williams’ hypoth-

esis completely. Williams argued that if his theory were

correct, then accelerated aging and reduced lifespan

under favorable conditions should be characteristic of the

gender with higher exogenous mortality [9]. Our data

indicate that food medium S increases mortality of males

more than that of females (Fig. 1 and Table 1): average

lifespan of Dn males on S medium is 31.2 days shorter

than on N medium, while in case of females this differ-

ence is only 10.1 days. Therefore, according to Williams’

hypothesis, lifespan of Ds males on N medium (i.e. under

favorable conditions) should be reduced compared to

females. But in reality average lifespan of Ds males on N

medium was 71.5 days, and that of females – 67.1 days

(Table 1). Thus, lifespan of males adapted to S medium is

not shorter than lifespan of females (the difference

between genders is not statistically significant). This dis-

crepancy might be explained by the fact that high exoge-

nous mortality of Ds flies in the course of the evolution-

ary experiment is selective (depends on the state of the

organism), and in addition to that it differently affects

males and females. Such a phenomenon has been

described in the literature: high mortality of C. remanei

males caused the development of sexual dimorphism in

lifespan [37]. In this experiment, both random and selec-

tive mortality were simulated (in the latter case only males

with high reproductive activity were left). Selective elimi-

nation of males rapidly led to the increase in their life-

span, so that by the end of the experiment it became dra-

matically different from female lifespan, which remained

unchanged. No sexual dimorphism in lifespan was found

in the case of non-selective elimination. Development of

sexual dimorphism is interpreted as an example of a mis-

match in genetic regulation of lifespan in males and

females [40, 41]. Our results support the incomplete cou-

pling of adaptive lifespan routes in males and females,

which opens the possibility for the development of sexual

dimorphism in life cycles in case of directed selection.

It is believed that selection is often directed primari-

ly on females in the course of adaptation to adverse con-

ditions. This will be the case if under critical conditions

reproductive success of females is more dependent on

inherited characteristics of their physiology, behavior, and

life cycle parameters, than reproductive success of males

on similar male characteristics. In this case, males

become “secondary material” and have to settle for alle-

les suboptimal for their reproductive and other vital tasks,

if only those alleles significantly increase reproductive

efficiency of females (conflict of genetic regulations)

[38].

Our experiment confirms the formation of sexual

dimorphism in the course of adaptation to adverse condi-

tions, expanding the circle of animals demonstrating this

phenomenon. For example, despite the higher male mor-

tality, lifespan of Ds females was more reduced (com-

pared to Dn females) than male lifespan. This result is

more consistent with the assumption on a higher selectiv-

ity of male mortality (compared to females) in the course

of our experiment, which resulted in the growth of male

stability, than with the idea on regulatory conflict.

Thus, high and possibly partially selective exogenous

mortality resulted in inheritable reduction of lifespan in

both genders, reproduction shift towards an earlier age,

and the development of sexual dimorphism of lifespan.

The latter is presumably explained by an increased “evo-

lutionary resistance” of males compared to females, pos-

sibly due to the more efficient selection affecting males or

due to the fact that males pay a smaller physiological

“price” for the increased reproductive effort at a young

age [23]. This explanation is not part of the mainstream of

the discussions on evolution of aging, and therefore it

requires a broader empirical confirmation.

Causes of inheritable lifespan reduction in flies adapt-

ed to depleted food medium may be different. On one hand,

as stated above, this result is consistent with Williams’

hypothesis and may be due to the weakening of selection

at the late stages of the life cycle due to high exogenous

mortality, which promotes accumulation of deleterious

mutations with late effect and pleiotropic alleles increas-

ing early fecundity at the cost of decreased viability at

older age. Another possible explanation embraces accu-

mulation of deleterious mutations due to a drift in a small

population and inbreeding depression based on the tran-

sition of harmful recessive alleles into homozygous state.

Indeed, the effective size of Ds population in the course

of the evolutionary experiment was lower than that of Dn

population (weekly Ds imago hatching was 2-4 times

lower than Dn, and the number of live imagoes due to

high mortality was 1-2 times lower). In the middle of the

previous century, it was shown that lifespan was reduced
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in highly inbred drosophila lines [42]. However, the idea

of the dependence of laboratory drosophila lifespan on

the degree of inbreeding found no further evidence. For

example, Linnen et al. [24] assessed lifespan in several old

laboratory lines, including those subjected to selection for

early or late reproduction. They concluded that the effect

of inbreeding on lifespan reduction was insignificant

compared to the effect of selection for early reproduction.

If lifespan reduction is due to inbreeding depression or

accumulation of recessive alleles with late adverse effect,

it should be expected that hybrids obtained by crossing of

different lines will demonstrate increased lifespan due to

increased heterozygosity (“hybrid vigor” effect).

However, it was shown that this effect neither slows aging

nor increases the lifespan of flies that have developed a

shorter life cycle due to selection for early reproduction.

According to the interpretation proposed in the article,

this result does not confirm the role of passive accumula-

tion of deleterious mutations with late effect in evolution

of aging, but it is consistent with the idea of antagonistic

pleiotropy [43].

In our experiment, Dsn and Dns hybrids demon-

strated as high lifespan as simultaneously tested control

Dn flies. At the same time, in the main experiment Ds

flies were characterized by a shorter lifespan compared to

Dn flies. This result is consistent with the assumption of

“hybrid vigor” and accumulation of recessive alleles that

reduce lifespan. On the other hand, it also does not con-

tradict antagonistic pleiotropy assuming that the effects

of pleiotropic alleles that negatively affect survival at an

old age are recessive.

It should be noted that hybrids’ fecundity parame-

ters, in contrast to lifespan, were closer to those of Ds

than Dn. Hybrids, similarly to Ds, are characterized by

increased early fecundity compared to Dn and accelerat-

ed reproductive aging (sloping trend lines in Figs. 2a, 2b,

and 4a). This result can hardly be explained by the

removal of inbreeding depression and “hybrid vigor”.

Apparently, it indicates the dominance of alleles respon-

sible for the changes in age-related dynamics of fecundi-

ty in the Ds line (or dominance of those effects of

pleiotropic alleles that affect fecundity combined with

recessiveness of their effects on lifespan). In addition, this

result confirms that the connection between high early

fecundity and short lifespan, postulated by Williams’

hypothesis, is not unbreakable (see below).

Sexual dimorphism of survival curves is another

property in relation to which hybrids were closer to Ds

than to Dn. Control Dn flies on N medium have no

dimorphism, while in Dsn and Dns hybrids it is even

more pronounced than in Ds (Fig. 3). This feature of

hybrids is also difficult to explain by the removal of

inbreeding depression. In this context, it seems interest-

ing to recall that lifespan differences in male and female

Drosophila have an impressive genetic base: lifespan

genetic determinants are very different in the two genders

[40, 41]. Apparently, genetic changes with different

effects on male and female lifespan were selected in Ds

flies in the course of their adaptation to depleted food

medium. As a result, sexual dimorphism became inherit-

able, and even hybrid offspring kept it. Another feature

observed in hybrids is also consistent with this: enhance-

ment of sexual dimorphism of survival curves (compared

to Ds) due to the fact that lifespan is increased and early

mortality is reduced in hybrid males compared to females.

One possible explanation is that lifespan reduction in Ds

males is more related to the passive accumulation of

recessive deleterious mutations with late effect (and

therefore lifespan of hybrid males increases dramatically

due to “hybrid vigor”), while lifespan reduction in Ds

females is mainly explained by antagonistic allele

pleiotropy increasing early fecundity at the cost of viabil-

ity decrease in old age. Such an assumption seems logical,

given that selection for the increase in reproductive effort

at an early age under the conditions of high exogenous

mortality should have a more pronounced effect on

females than on males, and its price may be higher for

them [23].

Is lifespan reduction an unavoidable price paid for high

fecundity at early age? Adaptation of flies to depleted food

medium led to increase in the intensity of reproduction at

early age coupled with growth of “internal” mortality and

reduced reproduction later in life. This is consistent with

the results of previous experiments [12-14, 20] tradition-

ally explained by antagonistic pleiotropy [9] based on

evolutionary trade-off between survival and reproduction

functions. It is assumed that increased mortality in old

age is the price paid for the increased intensity of early

reproduction. Experiments on female drosophila from

long- and short-lived lines artificially deprived of the pos-

sibility to breed confirm this assumption [23].

However, our results demonstrate that such a price is

not required, and that these two effects may be separated.

In case of hybrids, life as long as that of Dn flies is com-

bined with increased early fecundity similar to that of Ds

flies. A similar situation is observed in Trinidad guppies

living in conditions of severe predation: their reproduc-

tion is shifted to early age, but genetically determined

lifespan instead of being reduced, even increases [26, 29].

Discordance between long lifespan and reduced fecundi-

ty was registered in experiments on nematodes [44] and

mice [45]. This possibly means that lifespan and age-

related dynamics of fecundity are determined by different

(although partially overlapping) genetic complexes [46],

which contradicts the model of antagonistic pleiotropy.

An alternative explanation of the results of our experi-

ment is that antagonistic pleiotropy does exist, but those

effects of pleiotropic alleles that contribute to the increase

in early fecundity are dominant (and therefore are mani-

fested in hybrids), whereas the effects of the same alleles

contributing to the reduced viability at older age are

recessive (and therefore are not manifested in hybrids).
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Our results, especially those obtained on males, are also

consistent with the model of aging evolution by passive

(due to drift) accumulation of deleterious mutations with

late effect. Since the effects of such mutations are often

recessive, lifespan of hybrids is expected to be increased

compared to the ancestral line (Ds line in our case). At

the same time, as noted above, available data suggest a

more important role of antagonistic pleiotropy in lifespan

evolution in females, and passive accumulation of muta-

tions with late effect – in males.

Connection between phenotypic plasticity and direc-

tion of evolutionary changes. All the indicators of adapta-

tion of Ds flies (increased efficiency of reproduction at

early age, increased stability of life cycle parameters on

food change) as well as lifespan reduction and sexual

dimorphism of the survival curves are apparently interre-

lated and reflect the complex changes of the life cycle

when changing to unfavorable food substrate. These

changes may be both inheritable and non-inheritable

(modificational). To differentiate these two options and

so to compare modificational changes with evolutionary

ones, we tested the flies from both lines on favorable N

medium and on stressful S medium in the main experi-

ment. The character of inheritance of evolutionary

changes that developed in Ds line in the course of adap-

tation is partially clarified by the results of the test with F1

hybrids.

Our results (as well as the results of other experi-

ments consistent with Williams’ hypothesis) confirm that

lifespan reduction caused by adverse environmental con-

ditions may eventually become inheritable: the property

which was originally caused by the environmental condi-

tions becomes genetically determined, i.e. “genetic

assimilation” takes place [38, 47]. The evolutionary role

of phenotypic plasticity, both adaptive (useful) and non-

adaptive, is discussed in the literature [48, 49]. It was

shown that non-adaptive phenotypic plasticity may con-

tribute to evolutionary changes, the direction of which is

opposite to that of plastic changes [50]. For example, the

development of many poikilotherms is slowed in response

to temperature decrease. This feature does not promote

successful adaptation to high latitudes, where, on the

contrary, rapid development is advantageous due to a

short summer. In such a situation, non-adaptive pheno-

typic plasticity will contribute to enhanced selection for

accelerated development. This leads to the so-called

“genetic compensation”, when non-adaptive plastic

(non-inherited) changes are compensated by adaptive

inherited ones [51]. It is also assumed that non-adaptive

phenotypic plasticity and maternal effects may inhibit

divergence, contributing to the replacement of locally

adapted individuals by migrants from favorable habitats

[49]. Empirical confirmation of this idea was obtained in

our evolutionary experiment [31].

Life on S medium stimulates flies to more intensive

oviposition. We can assume that a diet high in starch

affects fecundity via increased activity of a signaling cas-

cade involving insulin-like peptides (ILP). This cascade is

also known to affect lifespan [52, 53]. This effect is espe-

cially pronounced in young Dn flies that are not adapted

to S medium (Fig. 2c). In other words, starch-based food

increases early fecundity, which is clearly an adaptive

property increasing reproductive success on unfavorable

food substrate S. In case of Ds flies, this change became

hereditary in the course of adaptation to S medium; direc-

tions of evolutionary and plastic changes coincided

(Fig. 2a). This is a vivid example of genetic assimilation of

an adaptive phenotypic change caused by the environ-

ment. Lifespan reduction directly caused by adverse food

substrate can be interpreted as non-adaptive phenotypic

plasticity. In this case, inherited lifespan reduction in Ds

flies is an example of genetic assimilation of the non-

adaptive plastic change. However, the statement on non-

adaptive character of lifespan reduction on a depleted

food medium requires additional discussion. On one

hand, D. melanogaster flies are known to reproduce until

death, producing viable offspring even at a terminal age

[54]. Therefore, early death, all other parameters being

equal, reduces individual reproductive success. On the

other hand, we cannot rule out the possibility that early

death of imagoes on a depleted food substance is benefi-

cial for the general population, for example, if the scarce

food resources unused by dead imagoes are more effec-

tively utilized by larvae. However, early death as an “adap-

tation beneficial for the group” cannot be supported by a

regular selection at an individual level. Theoretically, it

might be supported by a group selection (but it does not

work within a single experimental line), kin selection [5],

or “second-order selection for evolutionary perspective”

[6], but these forms of selection too can hardly be active

under the experimental conditions since the resources

released due to imago death are not in exclusive posses-

sion of its offspring, but become equally available for the

offspring of all the flies in the population. It appears that

under experimental conditions only conventional individ-

ual selection is effective, i.e. only individual adaptive ben-

efit is relevant, and from this perspective lifespan reduc-

tion is a non-adaptive phenotype change. Nevertheless,

after a number of generations there develops genetic

assimilation of this change, which is originally caused by

the direct environmental effects, but later becomes hered-

itary. Thus, in this case the direction of evolution coin-

cides with the direction of non-adaptive change caused by

the environment. This situation is not trivial, because it is

believed that genetic assimilation of modificational

changes is due to the selection for more stable realization

of the adaptive phenotype, and it means that only adaptive

plastic changes can be subjected to genetic assimilation

[38, 47]. This situation is most easily explained in terms of

Williams’ hypothesis, since this non-adaptive plastic

change (lifespan reduction due to deterioration of living

conditions) takes the late stages of the life cycle out of the
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pressure of selection; disappearance of these late stages is

the essence of the plastic change that later becomes

hereditary. Mutations cause atrophy of the late stages,

similar to the fate of unused organs.

Thus, consistent with Williams’ hypothesis, cases of

evolutionary lifespan reduction due to increase in exoge-

nous mortality broaden our understanding of the evolu-

tionary role of phenotypic plasticity and possible correla-

tions between the direction of plastic and evolutionary

changes. Evolutionary changes of age-related dynamics

of male mortality in the course of adaptation to food

medium S apparently should be interpreted as the result

of a combination of two processes. On one hand, average

lifespan reduction of Ds males on N medium compared

to Dn males indicates genetic assimilation of the non-

adaptive plastic change. On the other hand, change in the

shape of the survival curve (reduced early mortality of Ds

males on N medium compared to females), as well as a

lesser negative effect of S medium on Ds male lifespan

compared to Dn males, indicate that partial genetic com-

pensation was also involved in this case.

In the course of adaptation to a depleted food medi-

um, flies from Ds line underwent complex changes in life

cycle parameters such as average lifespan and age-related

dynamics of fecundity and mortality. Increased imago

mortality caused by life on unfavorable food was appar-

ently the main factor that determined the character of

selection. According to Williams’ hypothesis which

became the basis for the currently dominant ideas on the

mechanisms of evolution of the above-mentioned param-

eters, mortality increase leads to weakening of selection

against mutations reducing fitness in old age, and as a

result – to reproduction shift to earlier age. Indeed,

inheritable lifespan reduction and increase in relative

fecundity at young age combined with accelerated repro-

ductive aging were registered in Ds line compared to con-

trol Dn line. An alternative explanation based on the

assumption that under the experimental conditions,

imago lifespan reduction was beneficial for the general

population, seems unlikely, since under the conditions of

this experiment the forms of selection capable of support-

ing such an “adaptation beneficial for the group” appar-

ently could not function.

Unlike previous experiments with similar results, in

our experiment we used neither artificial selection for

reproduction at a given age, nor artificially induced mor-

tality. Our results complement the available data on life-

span evolution indicating that predicted by Williams’ evo-

lutionary response to increased mortality can be observed

within the frame of a normal natural process – adaptation

of a population to a hostile environment.

It is true though that not all our results are consistent

with Williams’ hypothesis. The prediction that it is the

gender with higher mortality in the natural conditions

that will have shorter lifespan under favorable conditions,

was not confirmed. Life on S medium reduced the life-

span of non-adapted males more than that of females, i.e.

it causes higher male mortality. However, in the course of

adaptation, lifespan of Ds males was reduced even a little

less (and not more) than that of females. In addition, Ds

males were characterized by a reduced early mortality

compared to females, which led to the development of

sexual dimorphism in the shape of survival curves (which

is absent in control Dn flies).

Analysis of survival curves and fecundity dynamics of

F1 hybrids obtained by crossing Dn and Ds flies has shown

that hybrids demonstrate not the state intermediate in

relation to parental lines, but a mosaic of traits of parental

lines. In terms of average lifespan, hybrids show no differ-

ence from the simultaneously tested Dn flies; increased

early fecundity and accelerated reproductive aging bring

them closer to Ds flies, whereas sexual dimorphism of sur-

vival curves is even more pronounced in hybrids than in Ds

flies (hybrid males live longer than females).

Our results are consistent with data on different

genetic basis of male and female lifespan, which may lead

to the development of sexual dimorphism in lifespan in

evolving populations. Furthermore, they are consistent

with the idea that the character of an evolutionary

response to increased mortality depends on the level of

selectivity of this mortality and the presence of inherited

variability in the ability to resist factors causing increased

mortality in the population. Predictions of Williams’

hypothesis should be fulfilled in case of non-selective

mortality, but selective mortality may lead to the opposite

results, contributing to the development of resistance and

lifespan increase.

Antagonistic pleiotropy of alleles increasing early

fecundity at the cost of accelerated reduction of viability

and fecundity with age could play an important role in the

evolutionary changes in the female life cycle. At the same

time, changes registered in males may have been largely

due to the accumulation of deleterious recessive muta-

tions with late effect. This allows explanation why life-

span increase in hybrid males compared to Ds males was

more pronounced than that of hybrid females compared

to Ds females.

The direction of evolutionary changes in Ds line

(lifespan reduction, increase in early fecundity, develop-

ment of sexual dimorphism in lifespan) generally coin-

cides with the direction of modificational changes caused

by the transition of naïve Dn flies to depleted starch-

based medium. Thus, genetic assimilation of modifica-

tional changes took place in Ds line: changes originally

caused by adverse environment became hereditary, and

they were now reproduced in the adapted Ds line even on

favorable N medium. Thus, our results broaden under-

standing of the mechanisms of genetic assimilation show-

ing that in some cases not only adaptive, but also delete-

rious modificational changes (such as lifespan reduction

caused by adverse environmental conditions) can be sub-

jected to genetic assimilation.
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