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Abstract

The purpose of this study was to investigate medfly longevity and reproduction across a broad spec-
trum of diet restriction using a protocol similar to those applied in most rodent studies. Age-specific
reproduction and age of death were monitored for 1,200 adult males and 1,200 females, each indi-
vidually maintained on one of 12 diets from ad libitum to 30% of ad libitum. Diet was provided in a
fixed volume of solution that was fully consumed each day, ensuring control of total nutrient con-
sumption for every fly. Contrary to expectation and precedence, increased longevity was not ob-
served at any level of diet restriction. Among females, reproduction continued across all diet levels
despite the cost in terms of increased mortality. Among males, life expectancy exceeded that of fe-
males at most diet levels. However, in both sexes, mortality increased more sharply and the pattern
of survival changed abruptly once the diet level fell to 50% of ad libitum or below, even though the
energetic demands of egg production has no obvious counterpart in males. We believe that a more
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complete picture of the life table response to dietary restriction will emerge when studies are con-
ducted on a wider range of species and include both sexes, more levels of diet, and the opportunity
for mating and reproduction.

Keywords: cost of reproduction, life span, life table, male-female mortality, longevity extension, sex-
mortality differentials

Introduction

The extension of longevity in organisms maintained on a restricted diet is one of the most
intensely studied processes in gerontology. Dietary restriction (DR) is the sole environ-
mental manipulation known to decrease the biological rate of aging (Masoro, 1988; Sohal
& Weindruch, 1996; Bertarand et al., 1999), and the response is considered evolutionarily
adaptive—natural selection will favor organisms capable of extending their longevity
when subjected to dietary stress (Holliday, 1989). DR is currently viewed in gerontology
as the “gold standard” against which all other anti-aging strategies are gauged (Kristal &
Yu, 1994; Bertarand et al., 1999; Masoro, 2001).

Despite the long history of DR research and the similarity of DR responses across dif-
ferent species (McCay et al., 1935; Weindruch & Walford, 1988; Shanley & Kirkwood, 2000),
important demographic questions remain unanswered:

1. What is the relationship of reproductive output and longevity in diet-restricted fe-
males? This question is important because experimental animals (particularly rodents)
are prevented from mating and reproducing in most DR investigations. With a few ex-
ceptions concerning insects (Chapman & Partridge, 1996; Chippindale et al., 1993; Tatar
& Carey, 1995), little is known about how reproduction will affect life span in animals
subjected to food restriction. Surprisingly, none of the recommendations for future re-
search on caloric restriction (Masoro, 2001) concerned the role of reproduction.

2. How do the specific methods of food restriction affect the longevity response? Most DR
studies on rodents and primates involve either proportional reduction of all nutrients
relative to ad libitum (Bertarand et al., 1999; Bartke et al., 2001; Roth et al., 2002) or re-
duction in total caloric content (Kristal & Yu, 1994; Sohal & Weindruch, 1996). In con-
trast, the DR protocols applied to invertebrates include change in the feeding schedule
of spiders (Austad, 1989), dilution of nutrients provided in diet supplied in surplus to
adult Drosophila (David et al., 1971; Chippindale et al., 1993; Bourg & Minois, 1996;
Clancy et al., 2002), and dilution of bacteria available to C. elegans (Johnson et al., 1990)
or of phytoplankton available to rotifers (Kirk, 1997; Kirk, 2001).

3. Do males and females respond similarly to DR even though females require more nu-
trient to support reproduction? Indeed, most DR investigations focus on only one sex,
typically males in the case of rodents, because reproduction is recognized to affect the
experimental outcome (Bertarand et al., 1999).

Here we address these issues with the Mediterranean fruit fly (Ceratitis capitata) and
build upon our previous studies where the timing and composition of diet have been stud-
ied with respect to survival and reproduction (Miiller et al., 1997; Carey et al., 1998a, 2001).
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We apply methods of food restriction similar to those used in the study of rodents, we use
treatments across an extremely wide range of diet levels, and we gather survival data on
both sexes and on female age-specific reproduction. We ask whether longevity is increased
in food-restricted medflies; how sex-specific life expectancy changes with dietary level;
and how other components of life history change with diet, including age of first repro-
duction, lifetime reproduction, frequency of egg laying, and duration of the post-repro-
ductive period?

Results

Pilot studies to define ad libitum

We conducted two pilot trials to determine the diet level equivalent to ad libitum. The lon-
gevity of 50 females maintained in individual cages were assessed at each of 12 dietary
levels ranging from zero (water only) to 80 mg diet day! (trial 1) and from 12 to 40 mg diet
day™ (trial 2). In trial 1, life expectancies (fig. 1) were virtually identical across cohorts
maintained on 40-80 mg diet day-'. Since no increase in life expectancy at intermediate diet
levels was observed, in trial 2 we narrowed the nutrient range to increase the resolution of
the assay. Trial 2 produced the same outcome as trial 1 (fig. 1, inset): life expectancy was
not at a local maximum for any intermediary level of diet. Thus, 40 mg diet day is taken
as ad libitum nutrition for an individual medfly since life expectancy is unaffected by any
diet of richer concentration.
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Figure 1. Life expectancy of 50 female medflies in each of 12 diet concentrations assessed
during pilot studies. In trial 1 (main graph), dietary levels ranged from 0 mg day! (dis-
tilled water) to 80 mg day™! of diet in 3 mL. In trial 2 (inset), the range of diet levels ex-
cluded concentrations of less than 12 mg diet day™ and the redundant (ad libitum) concen-
trations greater than 40 mg diet day.
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Primary trial: male and female life expectancy

In our primary study, the life spans of 2400 flies were measured across 12 diet levels rang-
ing from 12 to 40 mg day! (40 mg day~ defines the 100% base diet level). Life expectancy
monotonically increased across these treatments but reached a plateau across the higher
food levels (fig. 2). The quartile bounds of survival followed this trend. The most striking
feature of these data is that the classic “dietary restriction effect” of longevity extension
was not observed. For diet levels at or above 65% of base diet, life expectancy varied among
cohorts by nearly 10 days in females and by 16 days in males, but without apparent trend.
For diet levels below 60% of base, life expectancy decreased markedly with reduced food.
The data reveal large differences in the sex-specific longevity —at most diet levels males
outlived females across all treatments by 40-90%. The variance in survival rate at the ex-
treme ages also differed markedly among the sexes, as reflected by the broader spread
across survival quartiles in males (fig. 2).

Life Expectancy (days)

30 40 50 60 70 80 90 100
Dietary Restriction (% Base Stock)

Figure 2. Life expectancy of male and female medflies maintained at one of 12 different
levels of diet restriction (30-100%) relative to the base diet stock. Lower and upper dashed
lines delineate the life spans for the 25th and 75th percentiles within each cohort.

Table 1. Logrank test of medfly mortality as a function of either sex or diet level

Variable Statistic Deviation X2 Probability
Sex -199.3 13.54 216.5 <0.0001
Dose 15,087.2 511.8 869.1 <0.0001
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We applied survival analysis to evaluate the relationship of sex and food level upon
mortality (3.2% of events were right censored). Considered independently, both sex and
diet level significantly affected mortality (Logrank test, table 1). Considered jointly, the
variables were assessed by proportional hazard regression where

A(t) = Ao(t) exp (Prisex + Badose),

and A(t) is the observed hazard rate, Ao(t) is the underlying hazard, and 3: and 32 are co-
efficients for sex and diet level, respectively. Accounting for diet, females have signifi-
cantly higher mortality risk than males (table 2; f1 = 0.95 + 0.05, where sex = 0 for males,
sex =1 for females, leading to hazard ratio = exp(31) = 2.59). Accounting for sex, relative
mortality decreased by a small but significant amount as a function of diet (table 2; f2=—
0.031 + 0.0013, hazard ratio = exp(p32) = 0.969).

Table 2. Cox proportional hazards regression for medfly mortality data based on linear
coefficients for sex and diet

Variable d.f. B SE X2 Probability = Hazard ratio
Sex 1 0.952 0.04723 406.655 <0.0001 2.592
Diet 1 -0.0312 0.00133 551.095 <0.0001 0.969

Patterns of survival

Among experimental cohorts, three features in pattern of survival are notable. First, at high
diet levels, survival was homogeneous across cohorts (fig. 3). Second, at around the 50%
diet level the survival curves abruptly shifted from a concave to a convex pattern, and they
did so in both sexes. Thus, despite the male advantage in survival in every treatment, their
dietary threshold for this change in survival was similar to that of females. This observa-
tion is intriguing because the energetic demand of egg production in females has no obvi-
ous counterpart in males in the absence of courtship. Third, the survival curves reveal that
many males (20-40%) survived to 100 days but few females (1-5%) lived this long. The
oldest age attained by a female at any diet level was 126 days whereas that of the oldest
male was 174 days. Interestingly, maximal age was less sensitive than life expectancy to
the most limited levels of diet. For example, at 40% and 50% diet the maximal age for males
was 100 and 147 days, respectively, and for females it was 81 and 94 days, respectively.
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Figure 3. Survival (lx) curves for male and female medflies maintained at each diet level
(No =100, each sex). Survival curves maintained on the lowest three diet levels are labeled

30, 40 and 50, respectively.

Age of first reproduction

The age at which animals first reproduce has long been recognized as an important fitness
trait because of its impact on population growth rate. We tallied the age at which female
medflies produced their first egg and found that, with the exception of the 30% diet level,
there was no relationship of nutrition to first reproduction (fig. 4). Rather, the age of first
laid egg was uniform across all cohorts, ranging from 6.2 to 7.1 days.

Age (days) of First Egg
T

0—
30 40 50 60 70 80 90 100

Dietary Restriction (% Base Stock)

Figure 4. Average age of first egg among females within each diet level (vertical lines:
standard deviation).
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Lifetime reproduction

Average lifetime reproduction appeared to be graded across diet levels (fig. 5). Lifetime
egg production dropped by only 160 eggs/female between the highest value of 1,150
eggs/female (100% diet) to 990 eggs/female at 70% diet. However, females at 60% diet laid
approximately 750 eggs, and at lower diet levels fecundity declined sharply. These pat-
terns and the smoothed trend suggest that egg production continuously varies with diet.
To assess this observation, we fitted a two-phase regression model with adjoining regres-
sion lines assuming a change-point at 75% diet (Draper & Smith, 1998). Slope left of the
change-point was 24.9 (P <0.0001), slope right of the change-point was 4.04 (P < 0.02), and
the change in slope was significant (P < 0.0001).

1400
1200 -
1000 I
800
600

400

Lifetime Egg Production

200

30 40 50 60 70 80 90 100
Dietary Restriction (% Base Stock)

Figure 5. Average lifetime egg production of females within each diet level and the func-
tion estimated by smooth curve fit (Miiller, 1987).

Analysis of mean fecundity does not capture the inter-female variance for reproduction,
which can be substantial. Box plots (fig. 6) reveal that most cohorts contained at least some
flies that laid no eggs and some that laid more than 1,800 eggs. A quarter of all females in
seven treatments laid at least 1,400 eggs and a quarter of all females in nine treatments laid
at least 1,000 eggs. The abrupt shift in mean fecundity across a small change in diet level
was also reflected in the contraction of inter-female variance. The overall uniformity in
fecundity across this wide range of diet suggests that female medflies, like starved or fast-
ing mammals (Bines, 1999), may be capable of increasing their metabolic and reproductive
efficiency when nutrients become limiting.
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Figure 6. Box plots for lifetime reproduction within each diet level. The high-low extremes
of the rectangles and the dashed lines indicate values for the mid-50% mass of the distri-
bution and the minimum and maximum, respectively. The horizontal line indicates the
mean.

Event history plots

Event history plots (Carey et al., 1998b) provide useful demographic insight. They visual-
ize multiple dimensions of sampling (i.e., inter- and intra-cohort; inter- and intra-individ-
ual) as well as multiple variables and their interactions (e.g., the relationship of longevity
to reproductive timing, intensity, and variability). Several observations emerge from the
plots applied to each experimental cohort (fig. 7). As noted above, the age of first repro-
duction was independent of diet level. Furthermore, there were no systematic differences
in age of first reproduction between the shortest- and longest-lived individuals within co-
horts. Also as noted, the survival patterns in high-level diet cohorts were sigmoidal. By
contrast, the survival patterns at intermediate diet levels (60%, 65%, and 75%) tended to-
ward linearity while survival at the lowest diet levels (30%, 40%, and 50%) was distinctly
convex. The individual reproductive behavior of each female is embedded within these
survival curves and shows that females on low levels of diet reproduce without systematic
gaps, in spite of the presumed physiological option of repressing reproduction to increase
survival. As well, whereas the majority of females in cohorts maintained at high levels of
diet survived for 3-7 days in a post-reproductive state, most females in the food-limited
cohorts laid eggs up to the day of death. Females that were maintained at higher food
levels appeared to have laid their full complement of eggs. In contrast, in females of the
diet-limited cohorts, a fraction of the eggs that would have otherwise been produced at
young ages (in ad libitum cohorts) was laid at ages which would otherwise have been post-
reproductive. This apparent system of food —rather than time—limitation in egg produc-
tion was also observed in a recent study of medflies subjected to temporal variation in
dietary protein (Carey et al., 2002).
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Figure 7. Event-history charts for cohorts of medflies maintained on each diet level.
Within a plot, each horizontal line records a female “life-line,” where the length is pro-
portional to her life span, and the color categorizes age-specific fecundity (eggs day:
green =0, yellow = 1-30, red =>30).

Discussion

Our current results build on previous studies of the demographic response in medflies to
diet. A summary of this work will be useful. First, medfly longevity increased when adults
were initially maintained on sugar-only diet and then switched to full diet (sugar and
yeast) at older ages (Carey et al., 1998a) or when they were subjected to alternating pulses
of sugar and full diet (Carey et al., 2002). These cases of increased longevity upon diet
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restriction contrast with our current findings where adults were chronically exposed to
proportional reduction in complete diet. Second, previous studies revealed that we could
not predict the magnitude or the direction of change in life expectancy upon change in
diet. For example, knowledge that medfly longevity increased when individuals were
maintained on sugar-only diet was, by itself, insufficient to predict the observation that
when switched to full diet, mortality rate of females initially decreased but then accelerated
(Carey et al., 1998a). Unpredictability is evident in the current study where we anticipated
longevity to increase as nutrients were restricted. Third, it is likely that a significant com-
ponent of this unpredictability involves the interaction of diet, reproduction and longevity.
For example, Carey et al. (1998a) observed an apparent survival benefit from reproduction
at young ages and when flies reproduced under conditions of full diet. However, repro-
duction bore a mortality cost as flies continued to lay eggs. Fourth, the sex-specific mortal-
ity responses to diet may differ dramatically. This trend, evident in our current data, was
especially striking in our earlier study of diet and sterilizing radiation (Carey et al., 2001)
where the mortality trajectory of males was nearly identical across treatments but female
mortality responded to diet composition, to sterility, and to the interaction of these factors.

Our observation that reduced reproduction is associated with reduced survival differs
from the outcomes in other studies of invertebrates. Partridge and co-workers (Partridge
& Andrews, 1985; Partridge, 1986) observed decreased mortality in male Drosophila denied
access to mates. Austad (1989) reported that diet restriction in the spider Frontinella
pyramitela delayed egg laying, reduced total fecundity and increased survival. Tatar &
Carey (1995) showed that the mortality costs of egg production in the beetle Callosobruchus
maculates were not simply caused by resource allocation between current reproduction and
somatic maintenance. Rather the mortality rates during aging depended on the interaction
of nutrition and reproduction experienced at early adulthood. Several studies on DR in
rodents (Merry & Holehan, 1979; Holehan & Merry, 1985) have also reported that females
maintained on a restricted diet at young ages were capable of producing offspring at ad-
vanced ages once they were given ad libitum diet.

Good & Tatar (2001) suggested that medfly may differ from Drosophila in terms of their
physiological response to nutritional ecology. Although both species slow reproduction in
the absence of yeast, mortality decreases in medflies under these dietary conditions (Carey
et al., 1998a) but increases in Drosophila (Good & Tatar, 2001). When cohorts of each species
were given access to dietary yeast after having been maintained on yeast-free diets, the
mortality decreased initially for both species. However, the mortality in Drosophila de-
clined to the level of same aged females that had continuous full diet and the change was
permanent, as if the cohort had no history of diet restriction. Good & Tatar (2001) sug-
gested that Drosophila adults have a more obligatory need for dietary yeast than do medfly,
and this shapes different responses to experimental diet restriction. It is likely that inter-
specific differences in nutritional ecology confounds the effects of different methods used
to limit nutrition in these species; Drosophila are typically limited by diluting nutrients in a
resource supplied in surplus while in the present study medflies were restricted by fixing
the total amount of available food.

10
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In the current study, females never completely shut down reproduction when total diet
was restricted. Females appeared to balance current reproduction against short- and me-
dium-term survival, as suggested by Carey et al. (2002). Under this model reproductive
strategy, a fraction of available amino acids is always held in reserve rather than used for
current production of yolk. However, when protein is restricted some fraction of the amino
acid reserve is still allocated to current vitellogenesis. Protein acquisition stimulates flies
to allocate a greater fraction of the amino acid reserve to egg production. Thus, medfly
females adapt to changing dietary conditions by immediately increasing egg production if
new sources of protein become available or by immediately reducing egg production if
protein becomes scarce. In both situations, females optimize survival relative to reproduc-
tion but they never completely shut down reproduction in order to maximize survival.

Carey et al. (2002) also noted that a fraction of a female’s reproductive potential appears
to be completely lost due to aging alone. Thus, in the presence of at least some dietary
yeast, females may produce a few eggs each day across a relatively short life rather than
risk dying without any reproduction or facing the prospect of diminished reproductive
potential due to reproductive senescence if survival is achieved.

Although our current effort was large relative to most investigations of dietary re-
striction (Weindruch & Walford, 1988), few studies are definitive and none is all-encom-
passing. This one is no exception. In future DR studies with medfly several assumptions
must be revisited. First, we applied the ad libitum conditions assessed in females to males.
Although this practice was not calibrated for males, it is of interest that the diet level where
the male survival curve changed shape was nearly identical to the level where this oc-
curred for females. Second, individuals of both sexes were maintained as virgins (females
lay unfertilized eggs). However, it is virtually certain that male and female survival and
female fecundity pattern would change in adults maintained as pairs, because mating al-
ters sex-specific physiology and crowding within cages alters longevity (Carey et al., 1995).

Conclusion

It is nearly 70 years since McCay et al. (1935) first demonstrated that reduced dietary intake
increased the life span of rodents, and it is nearly 15 years since Weindruch & Walford
(1988) noted that DR lengthens the life in animals as diverse as worms, flies, rodents, and
primates. However, our combined studies on the demographic response of medfly to DR
suggest that longevity extension is not universal to all types of restriction, that the sexes
respond differently to restriction, that reproduction alters the impact of diet restriction
upon longevity and that the details of DR methodology affect the actuarial (longevity) out-
come. A better understanding of the longevity response of diet-restricted animals requires
studies on both sexes and across a number of different species that include a greater num-
ber and range of restriction levels, provide the opportunity to mate, conceive, gestate, give
birth, lactate and rear offspring, and apply more uniform DR methods across species. Stud-
ies on food restriction would also benefit from field studies on rodents (Linduska, 1942;
Sage, 1981; Grodzinski, 1985), fruit flies (Bouletreau, 1978; Hendrichs et al., 1993), and other
species (White, 1978) to determine natural nutritional conditions for wild populations and
help answer the question (Fries, 1980; Masoro, 2001) “Are the life expectancy differentials

11
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the result of improved health due to a protective effect of restriction or to worsened health
due to overfeeding?” We believe that a more nuanced and complex but also more complete
picture of the life table response to dietary restriction will then begin to emerge, and will
provide new insight in to the underlying physiological, cellular, genetic, and molecular
mechanisms (Weindruch, 1996; Weindruch & Sohal, 1997; Bertarand et al., 1999; Bartke et
al., 2001; Roth et al., 2002).

Experimental procedures

Background

The Mediterranean fruit fly (Ceratitis capitata), commonly known as the medfly, belongs to
the dipteran family Tephritidae referred to as “true” fruit flies—a group of about 4,000
species distributed throughout most of the world (Christenson & Foote, 1960). Members
of this group lay eggs in intact fruit using their sharp ovipositor rather than on decaying
fruit as do their distant relatives in the family Drosophilidae. As with all previous medfly
research published by Carey and co-workers (Carey, 2003), the current study was con-
ducted at the Moscamed medfly mass rearing facility near Tapachula, Mexico—a facility
constructed in 1979 as a joint enterprise funded by the US Department of Agriculture and
the Mexico Ministry of Agriculture to rear large numbers (i.e., 500 million to 1 billion per
week) of medfly adults for sterilization and subsequent release as a tactical component of
a program to prevent the spread of the pest further into Mexico.

The rearing technology involves collecting several liters (i.e., tens of millions) of eggs
from reproducing adults each day that are used to “seed” diet-filled trays held in cafeteria-
style racks. The mature larvae are separated from the rearing medium after one week and
distributed in special holding trays for pupation. A predetermined number of these pupae
are removed from the production facility a few days before eclosion (around 2 weeks) for
use in the medfly aging studies. General details concerning all aspects of medfly mass rear-
ing at this facility are described in Vargas (1989) and specific details on the use of the med-
fly model system for aging research are described in Carey & Liedo (1999) and Carey
(2003).

Dietary restriction protocol

The experimental protocols used in DR research fall into three general categories (Ber-
tarand et al., 1999), including (1) dietary reduction—scaling total amount of a fixed diet,
(2) dietary recomposition—scaling the total amount of calories but ensuring that the diet
still contains essential nutrients, and (3) dietary dilution—reducing the amount of calories
and key nutrients in the diet but otherwise allowing ad libitum feeding. Because studies on
rodents have framed the DR paradigm, one of our main objectives was to develop a pro-
tocol to study the effects of DR on medfly life histories using a method similar to the dietary
reduction protocols commonly applied to rodents.

We provided each individual fly a fixed volume (3 mL) of a liquid diet each day and we
varied the total nutritional content of the droplet. Adults fully consume this volume and
thus receive a known and controlled quantity of food. A diet stock solution was prepared
by mixing “cake” adult diet (3 parts yeast hydrolysate and 1 part sucrose; Vargas, 1989) in

12
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distilled water. Pilot studies, described in the main text, were used to determine what con-
centration of diet stock represented ad libitum nutrition. Twenty-four concentrations were
tested with cohorts of 50 flies; 40 mg diet per fly per day delivered in 3 mL was found to
be ad libitum and was selected as the base diet level (100%) for our primary trial. Diet re-
duction was implemented by feeding adults one of 12 diets (in 3 mL) with proportionally
less total nutrient content relative to the base diet level: 100, 95, 90, 85, 80, 75, 70, 65, 60, 50,
40, and 30%.

Experimental design

The diet stock solution and all dilutions were prepared every other day. Each day, a 3-mL
droplet of food and a 6-mL droplet of water were supplied to the flies upon a clean glass
slide fixed to each individual cage. Flies were individually housed in 4 x 4 x 10-cm Plexiglas
cages, arranged in 24-cage units. A total of 100 units were used to study 1,200 females and
1,200 males. Diet level was assigned in a randomized block design, and females and males
were placed in alternate cages within each unit. Females laid eggs through organdy mesh
fastened to the front of the cage. Eggs were counted daily using an electronic image anal-
ysis system. Life table methods applied to the survival and fecundity data are outlined in
Carey (1993, 2001).
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