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Abstract

Nutritional variation across the lifetime can have significant and sex-specific impacts on fitness. Using Drosophila melanogaster, we measured
these impacts by testing the effects on life span and reproductive success of high or low yeast content in developmental versus adult diets,
separately for each sex. We tested two hypotheses: that dietary mismatches between development and adulthood are costly and that any
such costs are sex-specific. Overall, the results revealed the rich and complex responses of each sex to dietary variation across the lifetime.
Contrary to the first hypothesis, dietary mismatches between developmental and adult life stages were not universally costly. Where costs of
nutritional variation across the life course did occur, they were sex-, context-, and trait-specific, consistent with hypothesis 2. We found effects
of mismatches between developmental and adult diets on reproductive success in females but not males. Adult diet was the main determinant
of survival, and life span was significantly longer on high yeast adult food, in comparison to low, in both sexes. Developing on a high yeast
diet also benefited adult female life span and reproductive success, regardless of adult diet. In contrast, a high yeast developmental diet was
only beneficial for male life span when it was followed by low yeast adult food. Adult diet affected mating frequency in opposing directions,
with males having higher mating frequency on high and females on low, with no interaction with developmental diet for either sex. The results
emphasize the importance of sex differences and of the directionality of dietary mismatches in the responses to nutritional variation.
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Dietary quality and quantity are of central importance to fitness and
have significant effects on key life-history traits, such as develop-
ment, life span, and reproductive success (1-8). Hence, responses of
individuals to variation in diet across the lifetime are of crucial im-
portance, particularly if there are periods during which each sex ex-
hibits differential nutritional sensitivities. There are two important,
and potentially overlapping, facets of nutritional responses: (i) the
effects of mismatched diets per se and (ii) the directionality or type
of nutritional mismatch. For example, mismatches in the quality or
quantity of diets between developmental and adult stages could be
crucial determinants of fitness, if the anticipated nutritional envir-
onment set during development is not subsequently encountered
(9-11). This is the basis of the thrifty phenotype (TP) hypothesis
discussed later (9) and, in principle, applies to any type of dietary
mismatch encountered across the lifetime. In addition to any dietary
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mismatching, it is predicted the responses of individuals of each sex
will depend on whether a poor versus good diet is initially encoun-
tered during development, and how these interact with whatever
dietary environment experienced during adulthood. Such effects will
depend on the variation in diet quality, the nutritional sensitivity of
each sex and the duration of any nutritional stress or surfeit in each
life stage (12,13), reviewed by Flatt and Schmidt (14).

A leading idea to explain the effects of dietary mismatching is the
TP hypothesis. This proposes that mismatches between developmental
and adult environments can influence disease susceptibility and lead to
later-life pathologies and reduced fitness (9). Originally derived in the
context of human health, its key premise is that beneficial phenotypes
expressed in response to developmental conditions (eg, body size and
insulin sensitivity) become “fixed” in anticipation of a matching adult
environment. If the adult environment is altered (mismatched) from
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developmental conditions, phenotypes become maladaptive, resulting
in life-history costs (9,13,15-17). Despite the prominence of the TP
hypothesis, it has hardly been studied in an experimental context.
Though not often explicitly stated, under the TP theory, any kind
of dietary mismatching across the life course is predicted to be costly,
regardless of its direction and would be evident as a reduction in the
life span or reproductive performance of mismatched diet individuals
in comparison to those held under more consistent nutritional regimes.
However, potential fitness costs of specific types of dietary mismatches
can be minimized, which strongly suggests that the directionality or
type of dietary mismatch is important, as well as the presence of any
mismatch per se. For example, costs of dietary mismatching can be
minimized by: (i) a switch from a poor developmental to good adult
nutrition leading to compensatory feeding and catch-up growth after
the dietary switch, reducing the costs from the “poor start” (2,4,18);
(ii) carry-through (silver spoon) benefits (eg, fat reserves) accrued from
a nutritionally rich developmental diet to ameliorate a poor adult diet
(13); (iii) a harsh developmental environment acting as a filter for de-
velopmental viability, selecting only the most resilient individuals, with
higher average fitness (reviewed by May and colleagues (35)).
However, an important omission from the theory on the effects of
dietary variation across the life course, which we address here, is the
existence of significant sex-specific responses to diets (6,19,20). For
example, diet has a fundamental (21) and sex-specific (22-26) influ-
ence on life span and in general, female life span is more sensitive to
diet than is true for males (19). Consistent with this, manipulation
of nutrient-sensing genes appears to produce greater extension in
female than in male life span (27,28), which predicts that the magni-
tude of sex differences in life span should vary significantly with diet
due to greater life-span plasticity in females. Data from Drosophila
melanogaster fruit flies support this idea (19), and the resulting cor-
ollary that female life span should be more strongly affected by ma-
nipulations of nutrient-sensing pathways (29,30). These findings
prompt the second key hypothesis we test, that costs and benefits
of nutritional mismatches across the life course will be sex-specific.
Costs and benefits of nutritional mismatching will be
shaped by the expression of sex-specific costs and plasticity
(5,6,13,14,18,26,31). We can use this to develop a framework to
predict how each sex should respond to different directionalities of
dietary variation across the lifetime. Males are typically subject to
strong selection for reproductive competition and risky reproductive
strategies, which promotes investment in secondary sexual traits
over the soma (32-34). The fitness benefits for males of reaching
a sufficiently competitive body size are potentially large (35) and
body size itself exhibits sex-specific optima (36). Large body size is
primarily determined by developmental diet in holometabolous in-
sects. Hence, male fitness is expected to be negatively affected by a
“poor start” during development (37) because such males will be
smaller as adults. Male life span is also relatively insensitive to vari-
ation in the adult diet (19), which also suggests that males may not
be able to compensate for a poor start even if better diets are en-
countered during adulthood. However, set against these life-span
effects is the strong response of male reproductive success to adult
nutrition (38-41), for example, the increased preference for, and re-
productive success exposed to, diets high in sugar (42-45). Hence,
the ultimate outcomes of nutritional variation on a male’s overall
fitness are not yet known. Selection on females, on the other hand, is
focused on investment into the adult soma, to build a body that can
maximize fecundity during a peak reproductive period (46). Female
body size (determined as in males by the developmental diet) shows
a strong relationship with fecundity. However, the maintenance of

high fecundity depends on a protein-rich adult diet, and both female
life span and reproductive success are reported to be highly sensitive
to adult diet quality (23,43,44) and much more so than is true for
males (19). Female fecundity can “switch” according to the protein
in the adult diet within a few hours (47,48). Hence, female repro-
ductive success is expected to be sensitive to developmental diet but
have the capacity, unlike males, to recoup additional fitness by rap-
idly increasing fecundity on a good quality adult diet.

Implicit in the predicted responses of each sex to dietary vari-
ation outlined earlier is that life span and reproductive success of
males and females should be differentially sensitive. However, such
age-specific effects have also not previously been measured (5). With
the exception of a study on once-mated females (5) and another on
once-mated males and females (6), there has been little work to dir-
ectly manipulate developmental and adult diets simultaneously and
measure the fitness consequences for both sexes. Hence, no study has
yet tested, in a fully reproductive, and arguably most realistic, con-
text, for sex-specific fitness effects of dietary mismatching.

Here, we addressed these omissions and tested two specific hy-
potheses, that (i) dietary mismatches between development and
adulthood are costly (9) and (ii) such costs are sex-specific. We ex-
perimentally varied the yeast content of developmental (larval) and
adult diets in Drosophila melanogaster, within a single generation,
to create high (H) and low (L) level yeast diets. We created a fully
factorial set of combinations across larval and adult stages (HH, HL,
LH, LL) and tested the effect on developmental parameters, adult
survival, reproductive output, and mating frequency for fully repro-
ductive individuals of both sexes.

Methods

Diet Selection

Larval and adult nutritional environments were varied throughout
by manipulating only the yeast content of the diet. Low (L; 20 g/L
SYA) and high (H; 120 g/L SYA) yeast diets contained either 20%
or 120% of the amount of yeast in the standard Sugar Yeast Agar
(SYA) diet, but all other dietary components were unchanged (20 g
or 120 g Brewer’s yeast, for L and H, respectively, 50 g sucrose, 15 g
agar, 30 mL Nipagin, 3 mL Propionic acid per liter). Brewer’s yeast
(40.44% protein content) was the primary source of dietary protein
and carbohydrate was acquired from both Brewer’s yeast (41.22%
carbohydrate content) and from sucrose (sugar, 100% carbohydrate
content). The calorie contents of Brewer’s yeast and sucrose are esti-
mated as 3.25 kcal/g and 4 kcal/g, respectively. Calorie and nutrient
content calculations were based on published sources (31,49,50). The
L diet was therefore 2:5 yeast:sugar; 8.1:58.2 protein:carbohydrate
and 265 kcal/L. The H diet was 12:5 yeast to sugar, 48.5:99.5
protein:carbohydrate and 590 kcal/L. Diets were selected based on
life span and fecundity curves from (19) that used identical yeast con-
tents and dietary compositions. The L diet was chosen as a stressful,
but above starvation, diet. The H diet was selected on the basis that
it provided greater nutrition (20% more yeast) than the standard
100 g/L diet, but not to a level that represented “overfeeding.” Four
fully factorial diet treatments were set up: LL, LH, HL, and HH (L
or H yeast larval then adult diets, respectively).

Responses of Survival and Reproductive Success to

L and H Diets

The wild-type Dahomey population was used throughout and main-
tained on standard SYA medium under large population sizes in
overlapping generations. Experimental individuals were generated
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from eggs collected on yeasted red grape agar oviposition plates.
A narrow 4 hours egg collection period was used to maximize the reso-
lution of developmental timings. First instar larvae were transferred
at a density of 100 larvae per vial to either L or H yeast diets, 26
hours after egg laying. Using developmental timings determined in a
pilot study (data not shown), the L diet larvae were set-up 193 hours
(8 days and 1 hour) before the H diet larvae, to allow all adults to
emerge simultaneously. A separate cohort of control wild-type larvae
was reared on standard food at a density of 100 larvae/vial, to generate
standard males and females for mating with the focal H and L reared
individuals. Analyses of the development time and larval to adult via-
bility data showed the expected differences in development time, with
L larvae taking significantly longer to develop and having significantly
lower survival to adulthood (Supplementary Figures 1 and 2).

Focal females were mated on their adult treatment diets at 2 days
post-eclosion by placing them together with 3- to 4-day-old standard
wild-type males for 24 hours. A 60:40 male to focal female ratio was
used to introduce a moderate level of male-male competition. Focal
males were individually mated with individual, 3- to 4-day-old,
standard wild-type virgin females, at a 1:1 ratio, on the focal male
adult diet, also at 2 days post-eclosion. Following mating, focal fe-
males and males were transferred to individual vials (1 per vial), on
the allocated adult diet. Sample sizes were 45 per treatment (LL, LH,
HL, HH) for each sex.

Each individual was exposed for 3 hours every week to a
standard, 3- to 4-day-old wild-type mate in a 1:1 ratio. Fresh
wild-type flies were generated from cultures every 7 days for these
matings. Initial matings occurred at 2 days post-eclosion. All other
matings were conducted on the diet of the focal adult. The mating
period was limited to 3 hours to minimize responses of the test wild-
type females to the different H and L diets on which the males were
held. Mating frequency was observed and recorded every 20 minutes
during each weekly 3 hours mating test. From this, the weekly pro-
portion of each sex and diet treatment that mated across the lifetime
was calculated.

Numbers of focal female and focal male mortalities were re-
corded daily for each treatment population and each sex. Focal
flies were transferred onto fresh food, without CO,, every 2-3 days.
Weekly 24 hours egg counts were taken from each focal female. Focal
males were retained in their mating vials and the wild-type females
with which they had mated were transferred into individual vials
of standard SYA media to record fecundity over the next 24 hours.
Every week focal males were mated for 24 hours with new standard
wild-type females, to give, via the fecundity of these females, an esti-
mate of male reproductive output that could be compared with the
fecundity of the focal females. Fertility was determined by counts of
the first generation of offspring eclosing from the saved egg count
vials. Focal female and focal male mortality was recorded daily.

Statistical Analyses
All statistical analyses were performed in R, version 3.2.1 (51) and
final full models are summarized in Supplementary Table 1.

Adult survival

Survival analyses were performed using Cox Proportional Hazards
regression analysis, on age-specific mortality data, separately for
focal females and focal males. All age-specific mortality data sat-
isfied the proportional hazards assumption of Cox analysis, using
both graphical and analytical tests. A Cox model was fitted using
the “coxph” function from the “survival” package. Individuals that

were lost or died during experimental manipulation were treated as
censors in the Cox model. The four diet treatment populations (LL,
LH, HL, HH) were partitioned into binary larval and adult diet cat-
egorical factors (0 = low, 1 = high protein) for the analysis. Model
simplification was conducted via factor-level reduction from a max-
imal model including both main effects (larval diet and adult diet)
and their interaction to a minimal model containing only significant
terms. To test directly for mismatch effects, combined models were
specified to test for the effects of the three fixed explanatory factors
of interest, namely sex, larval diet, adult diet, and their interaction,
using age-specific mortality data from both sexes.

Age-specific reproduction

Age-specific egg and offspring counts were analyzed using general-
ized linear mixed-effects models (“glmer” function from the “lme4”
package) to account for the temporal pseudoreplication arising
from taking repeated counts from the same individuals over time.
The sexes were first analyzed separately and then together using a
combined model to test directly for mismatch effects. Poisson error
structure was used for count data. Egg count or offspring count was
the integer response variable. Larval diet and adult diet and their
interaction (larval:adult) were fitted as categorical fixed effects. The
number of days post-eclosion on which each count was taken, and
a unique identifier assigned to each individual, were both fitted as
categorical random factors. Models with the number of days post-
eclosion as a fixed effect instead of a categorical random effect
gave qualitatively the same results as fitting days post-eclosion as
a categorical random factor, for all age-specific reproduction data,
but model fit was better with days post-eclosion as a categorical
random effect in all cases. The data were overdispersed in all cases.
To account for this, an observation level random effect was added to
each “glmer” model (the log-normal Poisson distribution) (52,53).
Maximum likelihood model comparison showed that this provided
best model fit and accounted for zero-inflation in the data set. Egg
to adult viability was calculated as the proportion of eggs laid that
hatched as viable offspring, at each time point. Proportion data were
arcsine transformed and then analyzed with a glmer, with Gaussian
errors from the “Ime4” package (same output as Imer). Combined
models were specified to test for the effects of the three fixed ex-
planatory factors of interest, namely sex, larval diet, adult diet, and
their interaction, using age-specific reproduction data from both
sexes. Egg count, offspring count, and egg to adult viability data
were analyzed separately in the combined models. The differences in
age-specific offspring production between mismatched and constant
diets, were analyzed with a linear mixed-effects model (Imer) from
the “lme4” package. Days post-eclosion and dietary comparison
(HL-LL or LH-HH) and their interaction were fitted as fixed effects
and the unique identifier for each pair of individuals compared was
fitted as a random effect.

Lifetime reproductive success

Indices of total lifetime egg production and total lifetime offspring
production were calculated separately for each sex and each treat-
ment population by summing weekly 24 hours egg or offspring
counts, respectively, across the lifetime, for each individual. Lifetime
egg and offspring production data violated the normality and homo-
geneity of variances assumptions. The Mann—Whitney U-test was
used to determine the possible significance of pairwise compari-
sons of treatment levels. Lifetime offspring production was used
as a measure of individual-level fitness. A combined model, testing
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for mismatching, was fitted to test for the effect of sex, diet treat-
ment, and their interaction, on lifetime egg and offspring produc-
tion, respectively, using a generalized linear model (GLM) with
quasipoisson errors.

Mating frequency

The proportion of individuals that mated, from each diet treatment
population, for each sex and each weekly mating was calculated.
An index of mean lifetime proportion mated was calculated from
the total number of matings divided by the sum of total number
of pairs surviving at each weekly mating over lifetime; for each
sex and each treatment population. Mating proportion data were
analyzed separately for each sex using a generalized linear model
with binomial errors. Overdispersion was accounted for by using
quasi-binomial errors. A combined maximal GLM model including
larval diet, adult diet, sex, and their interaction was then fitted and
stepwise model reduction conducted to determine the minimal ad-
equate model.

Results

Responses of Survival to High and Low Yeast
Developmental and Adult Diets

In both sexes, survival was much greater on H than on L adult food
and female survival responded more markedly to variation in adult
food, as expected, (38 and 34 days difference in median survival for
LH-LL and HH-HL females, 25 and 20 days for the corresponding
males, respectively). Female survival was determined by main effects
of larval and adult diets (coxph: larval diet H > L, z = 2.382, p <
.001; adult diet H > L, 2 = 9.468, p = .0172; Figure 1A) and there
was no significant interaction. Females raised on H larval food lived
significantly longer on both L and H adult diets (ie, HL > LL and HH
> LH). In contrast, male survival was determined by an interaction
(coxph: z = 3.317, p < .001), with a significant difference in male
survival on the L (HL > LL) but not H (LH = HH) adult diets (Figure
1B); main effects of adult and larval diets were again observed (adult
diet H> L, z = 6.894, p <.001; larval diet H > L, z = 3.796, p < .001).
The patterns of male survival were also replicated in a separate ex-
periment (Supplementary Figure 3A). A combined model analyzing
the survival of both sexes simultaneously confirmed a significant
sex x larval diet x adult diet interaction effect (coxph regression:
z2=2.143,p = .0321). The results showed a positive carry-over effect
of H larval diet onto both adult foods in females, but in males, this
occurred for the L adult food only. This revealed that there were no
straightforward mismatch costs, but instead sex-specific responses
in the extent and pattern of life span to variation in developmental
versus adult diets.

Responses of Reproductive Success to High and

Low Yeast Developmental and Adult Diets

Age-specific fecundity and fertility

We then conducted analyses of the individual patterns of age-specific
fecundity and fertility. This showed that in females, reproductive
output was determined by a significant adult x larval diet inter-
action (glmer egg production: z = 4.290, p < .001; glmer offspring
production: z = 3.600, p < .001; Supplementary Figure 4A and B)
with main effects of both adult and larval diets (glmer egg produc-
tion: adult H > L, z = 23.973, p < .001; larval H > L, z = 2.424,
p = .0153; glmer offspring production: adult H > L, z = 19.492, p
< .001; larval H > L, z = 2.135, p = .0328; respectively). Female
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Figure 1. Survivorship and lifetime reproductive success for females and
males subjected to LL, LH, HL, and HH diet treatments. LL = constant low
yeast (20% SYA); HH = constant high yeast (120% SYA); LH = low yeast larval
and high yeast adult diet; HL = high yeast larval and low yeast adult diet.
Low or high yeast larval diet (dashed or solid line, respectively) and low or
high protein adult diet (blue or red, respectively). Female (A) and male (B)
survival, against time in days since eclosion (n = 45 per treatment: median
survival of females in days (interquartile range) LL = 27 (18) ,HH = 66 (9),
LH = 65 (17), HL = 32 (20); median survival of males in days (interquartile
range) LL = 41 (22), HH = 66 (12), LH = 66 (30), HL = 46 (24)). Stars indicate
significant differences (*** p < .001). Lifetime reproductive success for
females (C = eggs; D = offspring) and males (E = eggs; F = offspring). Lifetime
reproductive success (LRS) for females was calculated from the sum of
weekly 24 hours counts of eggs or offspring, for each of the 45 females for
each diet treatment. LRS for males was calculated from the sum of weekly
24 hours counts of eggs or offspring produced by standard wild-type (WT)
females mated to the focal males, for each diet treatment group. The insets
show the LRS for the two low yeast adult diet treatments (LL and HL) in each
case. Letters indicate significant differences.

reproductive output was always significantly higher on the H adult
diet, but the results revealed an additional beneficial carry-over ef-
fect of the H larval diet onto both adult diets, with the significant
interaction showing that this effect was greater on the H than L
adult diet. There was no significant effect of any diet treatment
on egg to adult viability (Supplementary Figure 4C). In contrast,
in males, adult diet was the sole predictor of reproductive output
(egg glmer: z = 3.267, p = .00109; Supplementary Figure 5A; off-
spring glmer: z = 4.162, p < .001; Supplementary Figure 5B), with
H adult diet males (HH = LH) having higher egg and offspring
production overall than those on the L (LL = HL). Both adult (H
> L) and larval (H > L) diets had significant main effects on egg
to adult viability (glmer: 7 = 2.987, df =1, p = .00154; ¢ = 1.847,
df = 1, p = .0311; Supplementary Figure 5C). These patterns were
again replicated in the additional male experiment (Supplementary
Figure 6A-C). A combined model of age-specific reproductive
success across both sexes revealed a significant sex x larval diet
x adult diet interaction effect on reproductive output (egg glmer:
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z2=2.909, p = .00362; offspring glmer: z = 2.429, p = .0151), but
not on egg to adult viability (glmer: # = 1.374, df = 1, p = .167).
This showed no main mismatch effects but that there were sex-
specific responses in reproductive output to variation in larval
versus adult diets. Hence the pattern of sex specificity contrasted
with that observed for survival.

Lifetime reproductive success

Combining reproductive success across time for individuals allowed
us to analyze lifetime reproductive success (LRS; Mann-Whitney U
output; Supplementary Tables 2 and 3). Lifetime egg and offspring
production were both, as expected, significantly greater for H versus
L adult diet females (Mann—Whitney U-test: “eggs” and “offspring”
p <.001; Figure 1C and D). As for the age-specific reproductive suc-
cess data, a beneficial carry-over effect of the H larval diet was again
apparent with LRS being significantly higher for HL than LL females
(Mann-Whitney U-test: “eggs” and “offspring,” p < .001) and higher
in HH than LH females (Mann—-Whitney U-test: “eggs,” p = .011;
“offspring,” p = .007). As in females, males on the H adult diet had
significantly higher LRS than those on L (Mann-Whitney U-test:
“eggs,” p = .004; “offspring,” p = .010), but there were no signifi-
cant differences within those, with HL = LL (Mann—Whitney U-test:
“eggs,” p = .265; “offspring,” p = .0651) and LH = HH (“eggs,”
p =.753; “offspring,” p = .981; Figure 1E and F). These patterns were
also found in the replicated males experiment (Supplementary Figure
3B and C). Hence, the beneficial carry-over effects of the H larval
diets observed in females were not observed in males. Reflecting this,
a combined model including both sexes revealed a significant inter-
action between sex and diet treatment (lifetime egg production GLM:
t = 10.419, p < .001; lifetime offspring production GLM: ¢ = 8.563,
p < .001). Overall, the results confirm the existence of sex-specific
responses of reproductive output to variation in larval versus adult
diets.

Effect of mismatched diets on age-specific offspring production

We also tested directly the effects of dietary mismatches by taking
the difference in offspring production by males and females kept on
constant versus mismatched diets on each adult food type (Figure
2). This highlighted a marked sex difference, with clear effects of
mismatches in females but not males. The effect of mismatched
diets on females was opposite in direction (significant interaction
between adult diet and age; Imer: ¢ = 4.764, p < .001). HH females
had higher reproductive success than LH, suggesting a cost of dietary
mismatching, whereas on the L adult diet the pattern was HL > LL,
indicating a strong beneficial carry over effect of the mismatched
diet. In males, there were no such effects (Imer: “age,” ¢t = 0.046,
p = .934; “adult diet,” = 0.756, p = .440; “age” x “diet,” # = 1.180,
p=.233).

Responses of Mating Frequency to High and Low
Yeast Developmental and Adult Diets

Mating frequency exhibited opposing patterns across males and fe-
males (Table 1). A combined model of mating frequency across both
sexes confirmed a significant interaction between sex and adult diet
(GLM: z = 3.889, p < .001). In males, mating frequency was always
higher on the H adult diet and for females, the opposite occurred.
The results reveal that the pattern of mating frequency also showed
significant sex specificity in response to manipulations of the larval
versus adult diet, but that, again, the pattern of responses contrasted
with that seen for life span or reproductive success.
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Figure 2. Mean (+SE) difference in offspring production per 24 hours between
mismatched (HL or LH) and constant (LL or HH) diet treatments, for weekly
mated focal females (A) and males (B), against days post-eclosion. Initial
sample size, n =45 for each of the LL, LH, HL, and HH diet treatments. Positive
differences indicate higher fecundity on mismatched diet treatments and
negative differences lower mismatched diet fecundity when tested on an adult
diet of L (blue) or H (red) yeast.

Table 1. Mean Mating Frequency Index Over The Lifetime, for
Weekly Mated Focal Females and Males Across Diet Treatments
(LL, LH, HL, HH)

LL LH HL HH
Females 0.66 0.59 0.64 0.58
Males 0.84 0.91 0.84 0.89

Index of mean mating frequency was calculated as the number of focal indi-
viduals for each diet treatment and each sex mating each week, as a proportion
of the total number of surviving pairs, summed over the lifetime.

Discussion

The results showed that, in a biologically relevant, fully repro-
ductive context, that there were no simple costs of mismatched diets.
Instead, we observed sex-, trait-, and context-specific responses to
dietary variation across the lifetime. These were evident as signifi-
cant sex differences in how male and female life span, reproductive
success and mating frequency responded to variation in develop-
mental versus adult diets. Rather than clear evidence for costs of
mismatching, it was the directionality of mismatching, or not, that
determined male and female fitness. In general, females showed
greater responsiveness than did males to adult diets and there was
evidence for positive carry-over effects of a good larval environment
into adult female survival and reproductive success. The results high-
light the complexity of nutritional responses and show that a consid-
eration of the divergent responses of each sex is essential in order to
predict fitness outcomes.
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Costs of Dietary Mismatches Between Development
and Adulthood

The TP theory suggests that mismatched diets are expected to be
costly because individuals are “set” on a nutritional path during de-
velopment that then fails to be realized. In this sense, any kind of
mismatching between developmental and adult diets would be ex-
pected to be costly (9,15). This hypothesis was not borne out here, as
mismatched diets were sometimes costly, sometimes not, depending
on the direction of the developmental to adult mismatch and the
sex in which it occurred. Instead, the strongest determinant of sur-
vival, reproduction, and mating frequency was not match or mis-
match, but the yeast content of the adult diet. For both sexes, the
H adult diet always produced individuals with higher survival, re-
productive output, and fitness. This was expected on the basis that
we selected the high yeast diet to represent good quality and the
low to be stressful (19,21,41,54). Diet treatments that went from
high to low actually improved the survival of both sexes, whereas
switching from low to high diets did not. As for survival, female
reproductive success was also higher in the mismatched treatment
when the switch was from high to low but with the opposite pattern
occurring in the low to high diet treatment, with no such effects ob-
served in males. This revealed a lack of support for general costs of
mismatching but instead, the existence of significant context depend-
ence (benefits and costs depending upon whether switches are from
high to low, or low to high protein diets) that was different for each
sex, as discussed further later. In general, the results suggested that
beneficial carry-over effects from a good quality developmental diet
can over-ride costs of developmental to adult dietary mismatches.

Directionality of Dietary Mismatching (Poor Start

and Silver Spoon Effects)

A good start or “silver spoon” dietary environment (H larval diet)
was beneficial to female survival and reproductive success regardless
of the type of diet encountered during adulthood. In contrast, male
survival benefited from a good start only when adult diets were poor,
and there was no overall effect of a good start on male reproductive
success. This suggests that female survival and reproductive success
is more sensitive to silver spoon effects than is true for males. For
males, the primary determinant of mating success was the high adult
diet, regardless of developmental diet. This suggested significant ef-
fects of adult diet quality on male mating success that were separate
from effects of diet on survival and LRS. Effects of adult diets on
focal male courtship, mating, and the quantity and quality of sperm
production are well known (38-41). However, the effect of adult
diet on male mating behavior can be variable. For example, Fricke
and colleagues (40) showed that males on a low protein adult diet
had reduced successful courtship (for re-matings with non-virgins),
which is consistent with the reduced mating success observed here.
Furthermore, a low protein larval diet is known to reduce the quan-
tity of sperm males transfer to females, which may affect its viability
(39). However, Fricke and colleagues (41) found no difference be-
tween male courtship on low versus high-protein adult diets. These
results show that different traits that contribute to male fitness can
show complex and sometimes opposing responses to adult diet
quality. These effects require further study.

Sex-Specific Costs and Benefits of Dietary
Mismatching

In terms of survival, males and females that had a good start (H
developmental food) and then encountered poor adult (L) food

showed increased survival. The survival of females, but not males,
was also increased in individuals that consistently encountered high
yeast food across their lifetimes. Individuals held on high adult diets
generally achieved significantly greater LRS than on low. However,
there were again significant sex-specific responses, with females, but
not males, benefitting from positive carry-over effects of a high yeast
larval environment into a low yeast adult environment. There were
no carry-over effects or costs/benefits of dietary mismatching for
mating success, but instead a strong and opposing effect of adult
diet, with male mating frequency being elevated on a high yeast diet
in adulthood, with the opposite effect being found in females.

Overall, our findings do not provide strong or consistent support
for the TP theory (9) as they suggest that a high larval diet can ameli-
orate the costs of a mismatched low adult diet. Though there were
benefits of a consistent high-quality diet across the whole lifetime
for female survival (which would support the TP hypothesis), such
effects were neither seen in males nor evident on the consistently
low-quality diet. A poor quality maternal diet during development
has been shown to reduce offspring production in other species, des-
pite a good quality maternal diet in adulthood, perhaps suggesting
that such mechanisms are conserved (55). Our findings are also in
agreement with previous studies that found no adult life-span effects
due to restricted larval diets (56,57). The subtle effects we observed
were in line with the finding that delayed maturation, and longer
development time on low protein diets, is associated with increased
longevity (eg, in the house cricket, Acheta domesticus (58-60).
The existence of male-specific fitness benefits of a mismatched low
protein larval diet followed by a good quality adult diet may have
arisen as a consequence of the low protein larval diet acting as a
stronger developmental viability selection filter on male than female
fitness. This possibility should be investigated further.

Our results are consistent with previous reports of sex-specific ef-
fects of nutrition on reproduction (5,23). It would also be interesting
to explore further the impact of good and poor larval diets in an eco-
logical context. For example, it would be informative to discover the
extent to which effects of larval diet quality on development speed
and viability affect physiological resilience to disease or stresses ex-
perienced during adulthood and to test for nutritionally sensitive
periods (61). A good larval diet always increased developmental rate
and viability, in line with published data (5,56,57). The puparium to
adult stage of development appeared to be most sensitive to the det-
rimental effects of an L larval diet, as would be expected on the basis
of the energetically expensive developmental remodeling that occurs
during this life stage (13).

Conclusions

This study tested the hypotheses that dietary mismatches between
development and adulthood are costly and that such costs are sex-
specific. The results showed a mixture of support for these ideas.
There was no consistent support for costs of dietary mismatches,
which were only sometimes observed. However, costs and benefits
of dietary mismatches between development and adulthood did
show significant sex specificity and contrasting patterns across sur-
vival and reproductive success. Female survival and reproductive
success did benefit from a good start more so than was true for
males. However, male mating success was independent of a good
or poor start when encountering a good diet in adulthood. The re-
sults supported the prediction that the sexes have specific responses
to dietary variation and that costs and benefits varied across the
lifetime. Hence, not all phenotypes expressed in response to the

0z0z AInp 91 uo 1sanb Aq G291 1SS/ LY L/8/S . AorIISge-ajoie/ABojojuoiabpawolq/wod dno-olwapese//:sdiy wolj papeojumoq



Journals of Gerontology: BIOLOGICAL SCIENCES, 2020, Vol. 75, No. 8

1437

«

developmental environment are “set” and significant life-history
plasticity was evident in the responses of individuals to matched or
mismatched adult dietary environments. This is consistent with the
previously observed rapid plasticity to short-term dietary manipula-
tion within adult life (14,31). Hence, under conditions where mis-
matches are common (eg, fluctuating environments), there could be
selection to counter the potentially deleterious effects of mismatches.
These findings add to the body of evidence to show how nutrient re-
gimes affect male and female survival (19,21,62-64). They highlight
the importance of measuring multiple life-history traits in both sexes
and justify further investigations of the life history consequences of
nutritional mismatches and the factors that can ameliorate the costs
of mismatches over a broader range of diets (62) or over a cross-
generational time-scale.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.

Acknowledgments

We thank Damian Smith, Wayne Rostant, Will Nash, and Dylan Edwards for
useful suggestions and discussions about the work and Janet Mason, Emily
Fowler, Wayne Rostant, and Damian Smith for practical help with experi-
ments. T.C. and E.M.L.D. designed the study, E.M.L.D. conducted the re-
search and analyzed the data. T.C. and E.M.L.D. wrote the article. All raw
data generated by this study are freely available via figshare. DOI: 10.6084/
m9.figshare.9169997.

Funding

We thank the Norwich Research Park BBSRC Doctoral Training Partnership
(BB/J014524/1) and the NERC (NE/R010056/1) for the funding that sup-
ported this research.

Conflict of Interest

None declared.

References

1. Roff DA. Life History Evolution. Sunderland: Sinauer Associates; 2002
doi:10.1016/B978-0-12-384719-5.00087-3.

2. Metcalfe NB, Monaghan P. Compensation for a bad start: grow
now, pay later? Trends Ecol Evol. 2001;16:254-260. doi: 10.1016/
S0169-5347(01)02124-3.

3. Partridge L, Piper MDW, Mair W. Dietary restriction in Drosophila. Mech.
Age. Dev. 2005: 126:938-950. doi:10.1016/j.mad.2005.03.023

4. Inness CL, Metcalfe NB. The impact of dietary restriction, intermittent
feeding and compensatory growth on reproductive investment and lifespan
in a short-lived fish. Proc Biol Sci. 2008;275:1703-1708. doi:10.1098/
rspb.2008.0357

5. May CM, Doroszuk A, Zwaan B]J. The effect of developmental nutrition
on life span and fecundity depends on the adult reproductive environment
in Drosophila melanogaster. Ecol Evol. 2015;5:1156-1168. doi:10.1002/
ece3.1389

6. May CM, Zwaan BJ. Relating past and present diet to phenotypic and
transcriptomic variation in the fruit fly. BMC Genomics. 2017;18:640.
doi: 10.1186/s12864-017-3968-z

7. Zandveld ], van den Heuvel J, Mulder M, et al. Pervasive gene expression
responses to a fluctuating diet in Drosophila melanogaster: the importance
of measuring multiple traits to decouple potential mediators of life span and
reproduction. Evolution. 2017;71:2572-2583. doi: 10.1111/evo.13327

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Stefana MI, Driscoll PC, Obata F, et al. Developmental diet regulates
Drosophila lifespan via lipid autotoxins. Nat Commun. 2017;8:1384. doi:
10.1038/s41467-017-01740-9

. Hales CN, Barker DJ. Type 2 (non-insulin-dependent) diabetes mellitus:

the thrifty phenotype hypothesis. Diabetologia. 1992;35:595-601. doi:
10.1007/BF00400248

Gluckman PD, Hanson MA, Spencer HG. Predictive adaptive responses
and human evolution. Trends Ecol Evol. 2005;20:527-533. doi: 10.1016/j.
tree.2005.08.001

Nettle D, Bateson M. Adaptive developmental plasticity: what is it, how can
we recognize it and when can it evolve? Proc Biol Sci.2015;282:20151005.
doi: 10.1098/rspb.2015.1005

Sultan SE. Commentary: the promise of ecological developmental biology.
] Exp Zool B Mol Dev Evol. 2003;296:1-7. doi: 10.1002/jez.b.10
Bateson P, Barker D, Clutton-Brock T, et al. Developmental plasti-
city and human health. Nature. 2004;430:419-421. doi: 10.1038/
nature02725

Flatt T, Schmidt PS. Integrating evolutionary and molecular genetics
of aging. Biochim Biophys Acta. 2009;1790:951-962. doi: 10.1016/j.
bbagen.2009.07.010

Hales CN, Desai M, Ozanne SE. The Thrifty Phenotype hypothesis: how
does it look after 5 years? Diabet Med. 1997;14:189-195. doi: 10.1002/
(SICI)1096-9136(199703)14:3<189::AID-DIA325>3.0.CO;2-3

Ravelli AC, van der Meulen JH, Michels RP, et al. Glucose tolerance in
adults after prenatal exposure to famine. Lancet. 1998;351:173-177. doi:
10.1016/s0140-6736(97)07244-9

Santos SAA, Camargo AC, Constantino FB, et al. Maternal low-protein
diet impairs prostate growth in young rat offspring and induces prostate
carcinogenesis with aging. | Gerontol A Biol Sci Med Sci. 2019;74:751—
759. doi: 10.1093/geronalgly118

Ozanne SE, Hales CN. Lifespan: catch-up growth and obesity in male
mice. Nature. 2004;427:411-412. doi: 10.1038/427411b

Magwere T, Chapman T, Partridge L. Sex differences in the effect of dietary
restriction on lifespan and mortality rates in female and male Drosophila
melanogaster. ]. Gerontol: Biol. Sci. 2004;59A:3-9. doi:10.1093/
gerona/59.1.B3

Shen J. et al. Toxic effect of visible light on Drosophila life span depending
on diet protein content. J. Gerontol: Biol. Sci. 2018;74:163-167. doi:
10.1093/geronalgly042

Chapman T, Partridge L. Female fitness in Drosophila melanogaster: an
interaction between the effect of nutrition and of encounter rate with
males. Proc Biol Sci. 1996;263:755-759. doi: 10.1098/rspb.1996.0113
Maklakov AA, Hall MD, Simpson SJ, et al. Sex differences in nutrient-
dependent reproductive ageing. Aging Cell. 2009;8:324-330. doi:
10.1111/.1474-9726.2009.00479.x

Maklakov AA, Simpson SJ, Zajitschek F, et al. Sex-specific fitness effects
of nutrient intake on reproduction and lifespan. Curr Biol. 2008;18:1062—
1066. doi: 10.1016/).cub.2008.06.059

Duxbury E, Rostant WR, Chapman T. Evolutionary manipulation of
feeding regime alters sexual dimorphism for lifespan and reduces sexual
conflict in the fruit fly, Drosophila melanogaster. Proc. Roy. Soc. B.
2017;284:20170391. doi: 10.1098/rspb.2017.0391

Le Couteur DG, Anderson RM, de Cabo R. Sex and aging. | Gerontol
A Biol Sci Med Sci. 2018;73:139-140. doi: 10.1093/gerona/glx221
Griffin RM, Hayward AD, Bolund E, Maklakov AA, Lummaa V. Sex dif-
ferences in adult mortality rate mediated by early-life environmental con-
ditions. Ecol Lett. 2018;21:235-242. doi: 10.1111/ele.12888

Regan JC, Partridge L. Gender and longevity: why do men die earlier
than women? Comparative and experimental evidence. Best Pract
Res Clin Endocrinol Metab. 2013;27:467-479. doi: 10.1016/j.
beem.2013.05.016

Simon AF, Shih C, Mack A, Benzer S. Steroid control of longevity in
Drosophila melanogaster. Science. 2003;299:1407-1410. doi: 10.1126/
science.1080539

Clancy DJ, Gems D, Hafen E, Leevers SJ, Partridge L. Dietary restric-
tion in long-lived dwarf flies. Science. 2002;296:319. doi: 10.1126/
science.1069366

0z0z Ainp 91 uo 1sanb Aq G291 1SS/ LEYL/8/S . AorIISqe-a)o1e/ABojojuoiabpawolq/wod dno-oliwapese//:sdiy wolj papeojumoq



1438

Journals of Gerontology: BIOLOGICAL SCIENCES, 2020, Vol. 75, No. 8

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Liu YT. et al. Drosophila insulin-like peptide 1 (DILP1) is transiently ex-
pressed during non-feeding stages and reproductive dormancy. Sci. Rep.
2016;6:26620. doi: 10.1038/srep26620

Mair W, Goymer P, Pletcher SD, Partridge L. Demography of dietary re-
striction and death in Drosophila. Science. 2003;301:1731-1733. doi:
10.1126/science.1086016

Stearns SC. The Evolution of Life Histories. Oxford: Oxford University
Press; 1992.

Brooks R. Negative genetic correlation between male sexual attractiveness
and survival. Nature 2000;406:67-70. doi: 10.1038/35017552

Lemaitre JF, Berger V, Bonenfant C, et al. Early-late life trade-offs and the
evolution of ageing in the wild. Proc Biol Sci. 2015;282:20150209. doi:
10.1098/rspb.2015.0209

Fox CW, McLennan LA, Mousseau TA. Male body size affects female life-
time reproductive success in a seed beetle. Anim. Behav. 1995;50:281-
284. doi: 10.1006/anbe.1995.0242

Fairbairn DJ, Blanckenhorn WU, Székely T. Sex, Size and
Gender Roles: Evolutionary Studies of Sexual Size Dimorphism.
Oxford: Oxford University Press; 2007 doi: 10.1093/acprof:
0s0/9780199208784.001.0001

Berger D. et al. Intralocus sexual conflict and environmental stress.
Evolution. 2014;68:2184-2196. doi: 10.1111/evo.12439

Droney DC. Environmental influences on male courtship and implica-
tions for female choice in a lekking Hawaiian Drosophila. Anim. Behav.
1996;51:821-830. doi:10.1006/anbe.1996.0086

McGraw LA, Fiumera AC, Ramakrishnan M, Madhavarapu S,
Clark AG, Wolfner MF. Larval rearing environment affects several post-
copulatory traits in Drosophila melanogaster. Biol Lett. 2007;3:607-610.
do0i:10.1098/rsbl.2007.0334

Fricke C, Bretman A, Chapman T. Adult male nutrition and reproductive
success in Drosophila melanogaster. Evolution. 2008;62:3170-3177. doi:
10.1111/5.1558-5646.2008.00515.x

Fricke C, Bretman A, Chapman T. Female nutritional status deter-
mines the magnitude and sign of responses to a male ejaculate signal
in Drosophila melanogaster. ] Ewvol Biol. 2010;23:157-165. doi:
10.1111/5.1420-9101.2009.01882.x

South SH, House CM, Moore A]J, Simpson SJ, Hunt J. Male cockroaches
prefer a high carbohydrate diet that makes them more attractive to fe-
males: implications for the study of condition dependence. Evolution.
2011;65:1594-1606. doi: 10.1111/j.1558-5646.2011.01233.x

Jensen K, McClure C, Priest NK, Hunt J. Sex-specific effects of protein
and carbohydrate intake on reproduction but not lifespan in Drosophila
melanogaster. Aging Cell. 2015;14:605-615. doi: 10.1111/acel. 12333
Camus MF. et al. Sex- and genotype-effects on nutrient-dependent
fitness landscapes in Drosophila melanogaster. Proc. Roy. Soc. B.
2017;284:20172237. doi:10.1098/rspb.2017.2237

Young Y, Buckiewicz N, Long TAF. Nutritional geometry and fitness con-
sequences in Drosophila suzukii, the Spotted-Wing Drosophila. Ecol Evol.
2018;8:2842-2851. doi: 10.1002/ece3.3849

Chapman T. et al. Sexual conflict. Trends Ecol. Evol. 2003;18:41-47.
doi:10.1016/S0169-5347(02)00004-6
Trevitt K, Partridge
subsequent

L. An
fertility and

S, Fowler effect of egg depos-

ition on the remating frequency of

48.

49.

50.

51,

52.

53.

54.

55.

S6.

57.

58.

59.

60.

61.

62.

63.

64.

female Drosophila melanogaster. ]. Insect Physiol. 1988;34:821-828.
doi:10.1016/0022-1910(88)90157-6

Bownes M, Scott A, Shirras A. Dietary components modulate yolk
protein gene transcription in Drosophila melanogaster. Development.
1988;103:119-128.

Mair W. et al. Dietary restriction in Drosophila - Response. Science,
2004;303:1611-1612. doi:10.1126/science.303.5664.1610c

USDA, FoodData Central. https:/fdc.nal.usda.gov/fdc-app.html#/food-
details/343391/nutrients, 2019.

R Development Core Team. R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical Computing;
2015.

Bolker B. bbmle: Tools for general maximum likelihood estima-
tion. R package version 1.0 18. 2016; https:/CRAN.R-project.org/
package=bbmle.

Harrison XA. Using observation-level random effects to model
overdispersion in count data in ecology and evolution. Peer]. 2014;2:e616.
doi: 10.7717/peerj.616

Chapman T, Trevitt S, Partridge L. Remating and male-derived nu-
trients in Drosophila melanogaster. ]. Evol. Biol. 1994;7:51-69.
do0i:10.1046/).1420-9101.1994.7010051.x

Huck UW, Labov JB, Lisk RD. Food-restricting first generation juvenile
female hamsters (Mesocricetus auratus) affects sex ratio and growth of
third generation offspring. Biol Reprod. 1987;37:612-617. d0i:10.1095/
biolreprod37.3.612

Zwaan B]J, Bijlsma R, Hoekstra RE. On the developmental theory of
ageing. I. Starvation resistance and longevity in Drosophila melanogaster
in relation to pre-adult breeding conditions. Heredity. 1991;66(Pt 1):29—
39. doi: 10.1038/hdy.1991.4

Tu MP, Tatar M. Juvenile diet restriction and the aging and reproduc-
tion of adult Drosophila melanogaster. Aging Cell. 2003;2:327-333. doi:
10.1046/j.1474-9728.2003.00064.x

Lyn J. et al. Life history features and aging rates: insights from intra-specific
patterns in the cricket Acheta domesticus. Evol. Biol. 2012;39:371-387.
doi:10.1007/s11692-012-9160-0

Lind ML et al. Slow development as an evolutionary cost of a long life.
Funct. Ecol. 2017;31:1252-1261. do0i:10.1111/1365-2435.12840

Hooper AK, Spagopoulou F, Wylde Z, Maklakov AA, Bonduriansky R.
Ontogenetic timing as a condition-dependent life history trait: high-
condition males develop quickly, peak early, and age fast. Evolution.
2017;71:671-685. doi: 10.1111/evo.13172

Todorovic ST, Smiljanic KR, Ruzdijic SD, Djordjevic ANM, Kanazir SD.
Effects of different dietary protocols on general activity and frailty of male
wistar rats during aging. | Gerontol A Biol Sci Med Sci. 2018;73:1036—
1044. doi: 10.1093/gerona/gly015

Partridge L, Gems D, Withers DJ. Sex and death: what is the connection?
Cell. 2005;120:461-472. doi: 10.1016/j.cell.2005.01.026

Piper MD, Partridge L. Dietary restriction in Drosopbila: delayed aging
or experimental artefact? PLoS Genet. 2007;3:e57. doi: 10.1371/journal.
pgen.0030057

Barnes Al, Wigby S, Boone JM, Partridge L, Chapman T. Feeding, fe-
cundity and lifespan in female Drosophila melanogaster. Proc Biol Sci.
2008;275:1675-1683. doi: 10.1098/rspb.2008.0139

0z0z Ainp 91 uo 1sanb Aq G291 1SS/ LEYL/8/S . AorIISqe-a)o1e/ABojojuoiabpawolq/wod dno-oliwapese//:sdiy wolj papeojumoq


https://fdc.nal.usda.gov/fdc-app.html#/food-details/343391/nutrients
https://fdc.nal.usda.gov/fdc-app.html#/food-details/343391/nutrients
https://CRAN.R-project.org/package=bbmle
https://CRAN.R-project.org/package=bbmle

