www.impactaging.com AGING, May 2016, Vol 8 No 5

Research Paper

Transgenerational programming of longevity and reproduction by
post-eclosion dietary manipulation in Drosophila

Brian Xia® and Steven de Belle'?

lDepartment of Biology, Dart Neuroscience LLC, San Diego, CA 92131, USA
ZCanyon Crest Academy, San Diego, CA 92130, USA

Key words: transgenerational inheritance, nutritional programming, longevity, reproduction, diet
Received: 01/04/16; Accepted: 02/29/16; Published: 03/28/16
Correspondence to: Steven de Belle, PhD; E-mail: sdebelle@dartneuroscience.com

Copyright: Xia and de Belle. This is an open-access article distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited

Abstract: Accumulating evidence suggests that early-life diet may program one’s health status by causing permanent
alternations in specific organs, tissues, or metabolic or homeostatic pathways, and such programming effects may
propagate across generations through heritable epigenetic modifications. However, it remains uninvestigated whether
postnatal dietary changes may program longevity across generations. To address this question of important biological and
public health implications, newly-born flies (FO) were collected and subjected to various post-eclosion dietary
manipulations (PDMs) with different protein-carbohydrate (i.e., LP, IP or HP for low-, intermediate- or high-protein)
contents or a control diet (CD). Longevity and fecundity analyses were performed with these treated FO flies and their F1,
F2 and F3 offspring, while maintained on CD at all times. The LP and HP PDMs shortened longevity, while the IP PDM
extended longevity significantly up to the F3 generation. Furthermore, the LP reduced while the IP PDM increased lifetime
fecundity across the FO-F2 generations. Our observations establish the first animal model for studying transgenerational
inheritance of nutritional programming of longevity, making it possible to investigate the underlying epigenetic
mechanisms and identify gene targets for drug discovery in future studies.

INTRODUCTION maternal and child under-nutrition increases the
subsequent risk of NCDs, accounts for 11% of the
Accumulating studies have established a strong link global burden of diseases, and is the underlying cause of
between early-life nutrition and adult health and disease 35% of early child death [11, 12].
[1-6]. In particular, maternal and postnatal malnutrition,
among other environmental factors, can profoundly It is now widely accepted that early-life nutrition
influence adult health outcomes and increase the programs the long-term health of an individual and
subsequent risk of noncommunicable diseases (NCDs, his/her offspring [5, 6, 13, 14]. Such nutrition-mediated
including metabolic syndrome, diabetes, cardiovascular programming effects in fact have often been shown to
disease, etc.). The World Health Organization has be inheritable and transgenerational. Aiken and Ozanne
recognized unhealthy diets as one of the leading causes recently performed a systematic and exhaustive search
of NCDs and such chronic diseases kill over 38 million of the literature about transgenerational developmental
people annually [7, 8]. Strikingly, 44% (or 16 million) programming for both epidemiological and animal
of the deaths are premature, manifesting shortened studies [15]. Out of 45 primary research papers using
average lifespan, one key characteristic of NCDs (cf. rodent models that bred and examined a phenotype in
[9]). A very recent study, for example, indicates that offspring at least as far as the F2 generation, roughly 2/3
combination of diabetes and heart disease may lead to a of them have employed early-life nutritional
substantially lower life expectancy by over a decade intervention (see Table 1 from [15]), highlighting
[10]. The Organization has further recognized that “early-life nutrition” and “transgenerational effects” as
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key elements of developmental programming. However,
the underlying mechanisms are only starting to emerge,
with epigenetics as perhaps the most important
mechanism through which diet and nutrition can
directly influence the genome and response to diet itself
[15-17]. Epigenetic modifications including DNA
methylation, histone modifications, and non-coding
RNA-based mechanisms are heritable but reversible
changes that affect gene expression without altering the
underlying DNA sequence. Such epigenetic “marks”
influenced by early-life nutrition may therefore
influence the subsequent health later in life and even
across generations [5, 6, 15-19]. Importantly, trans-
generational inheritance of nutritional programming of
metabolic status has been recently demonstrated in flies
[20], supporting “Drosophila as a valid model for
studies of the epigenetic inheritance of metabolic state”
[21] and the proof-of-concept of studying nutritional
programming of other disease conditions in this much
simpler while genetically tractable system.

Several recent studies have also started to implicate
early-life nutrition in the regulation of longevity [14,
19]. Flies had a shortened lifespan when raised on a
high-sugar (HS) diet for 3 weeks [22]. Considering that
the same HS diet elicited transgenerational metabolic
alternations up to F2 offspring [20], the shortening
effect of longevity may propagate across generations.
Consistently, an earlier epidemiologic  study
demonstrated a negative correlation between the
lifespan of grandsons and food consumption of parental
grandfather during their slow growth period [23].
However, it remains unexplored whether immediate
postnatal nutritional manipulations may program
longevity, and whether such potential programming
effects may propagate across generations.

Drosophila serves as a promising model for studying
ageing and longevity, especially considering its short
lifespan and usefulness for rapid gene discovery. A short
lifespan makes it possible to complete one longevity
experiment in about 3 months, rather than several years
with a typical rodent model. Furthermore, Drosophila
has been increasingly used for modeling human
diseases and for drug discovery and development [24-
26]. Importantly, Buescher et al. have employed a 7-day
post-eclosion dietary treatment to demonstrate trans-
generational metabolic programming in flies [20], and
several diets have been used to show nutritional effects
on learning and memory across multiple generations
[27, 28]. Therefore, Drosophila presents itself as an
excellent system to model transgenerational inheritance
of nutritional programming of longevity and then to
rapidly identify and characterize the underlying genetic
and epigenetic pathways.

In this study, we examined whether specifically-defined
PDMs may program longevity, and, if so, whether such
programming effects may be long-lasting and
inheritable across generations in Drosophila. The LP, IP
and HP diets were adapted, because different protein-
carbohydrate intakes appear to be essential for longevity
in Drosophila [29, 30] and because similar diets have
been used to demonstrate nutritional effects on learning
and memory across multiple generations [27, 28]. We
also assayed the effects of the same PDMs on lifetime
fecundity, as reproduction is generally considered to
trade off against longevity, with increased reproduction
frequently associated with shortened lifespan [31]. We
found that the IP diet improved longevity and lifetime
fecundity while the LP and HP diets tended to decrease
longevity and fecundity across three generations.
Interestingly, no clear evidence was observed to support
any trade-off between longevity and reproduction,
suggestive of the feasibility of elevating both longevity

and reproduction with proper nutrition across
generations.
RESULTS
Transgenerational inheritance of nutritional

programming of longevity

Newly-born FO flies were subjected to a 7-day PDM
with one of three different diets (LP, IP and HP; see
Table S1 for detailed description). Our longevity study
was performed with these treated FO flies and their F1,
F2, and F3 progenies while being maintained on the CD
food (i.e., without any additional exposure to the LP, IP
or HP food across the FO—F3 generations) throughout
their developmental and whole adult lives (see Figure
S1 and Table S2 for detailed procedures and
experimental design). The data were collected with 4
types of flies (i.e., virgin males and females, mated
males and females) simultaneously. Such a design
allowed us to assay whether the nutritional effects on
longevity were similar among all 4 types of flies and
further evaluate whether nutrition may affect longevity
due to gender, mating, and/or reproduction. Overall,
rather similar effects on longevity were observed for
virgin males, virgin females, mated males, and mated
females across the FO-F2 generations with the LP and
IP diets but not with the HP diet (Figure 1 and Table 1).

For the FO generation, longevity was shortened after the
LP PDM of the FO parents for all 4 types of flies (Figure
1A0-DO, red diamonds; Table 1). Correspondingly, the
median lifespan was decreased by 19-33% (Table 1).
The HP PDM decreased longevity of the females
significantly (P = 0.034 for virgin females and P <
0.0001 for mated females) or by 5-10% at the median
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lifespan, but did not affect longevity of males (P = 0.61
for virgin males and P = 0.47 for mated males; Figure
1A0-DO, purple squares; Table 1). In contrast, The IP
PDM extended longevity for all 4 types of flies

(Figure 1A0-DO, green circle; Table 1). These
observations demonstrated that longevity was
programmed after the 7-day PDMs in flies, and the HP
treatment influenced longevity of the males and females

significantly, or by 28-33% at the median lifespan differently.
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Figure 1. Survival curves of various flies across the FO—F2 generations after 7-day PDMs of the FO parents with the LP, IP, or
HP diet. (A) Virgin male (1st row), (B) virgin female (2nd row), (C) mated male (3rd row), and (D) mated female (4th row)
flies; and (0) FO parents (1st column), (1) F1 offspring (2nd column), and (2) F2 offspring (3rd column). N = 178-185 for the
FO and F1, and 199-205 for the F2 generation (see supplemental Table S2 for specific sample size for any given group).
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Table 1. Statistical analyses for survival curves shown in Figure 1.

F0 pa;ilil:l;: Is>l]l)ll)\1;[escted to F1 offspring F2 offspring
Flies Comparison Mantel-cox Median lifespan M%;el— Median lifespan M%;[(el— Median lifespan
P value Value Change P Eue Value Change P ;ue Value Change
., LPvs.CD <0.0001 26vs.36 28% 4 <0.0001 30vs.40 25% 4 <0.0001 34vs.40 15%
}E" é IPvs.CD  <0.0001 48vs.36 33%7T <0.0001 50vs.40 25% 71 0.0009 48vs.40 20% 1
HPvs.CD  0.61  34vs.36 6%<> 085 38vs.40 5%<«> 067 40vs.40 0% <>
cz LPvs.CD <0.0001 34vs.42 19%{ <0.0001 35vs.46 24%{ <0.0001 38vs.48 21%
2 TE‘ IPvs.CD <0.0001 56vs.42 33%7T <0.0001 56vs.46 22% T <0.0001 56vs.48 17% T
> & HPvs.CD  0.034 40vs.42 5% 0016 42vs.46 9%  0.0059 44vs. 48 8%
<, LPvs.CD  <0.0001 24vs.36 33% d <0.0001 30vs.36 17% 4 <0.0001 32vs.40 20%
;; ié IPvs.CD <0.0001 46vs.36 28% T <0.0001 48vs.36 33% T <0.0001 48vs.40 20% T
HPvs.CD 047  35vs.36 3%<> 044 38vs.36 6% <> 021  38vs.40 5% <>
o g LPvs.CD  <0.0001 32vs.40 20% d <0.0001 32vs.44 27%{ <0.0001 36vs.46 22% 4
& TE‘ IPvs.CD <0.0001 52vs.40 30% T <0.0001 54vs.44 23%7T <0.0001 54vs.46 17% T
=2 HPvs.CD <0.0001 36vs.40 10%{ 0.0005 36vs.44 18%{ 0.015 42vs.46 9%

The Mantel-Cox (or log-rank) test was used to compare the survival distributions of LP-, IP-, or HP-treated FO
parents or their F1-F2 offspring with those of the control group (CD). The median lifespan data were also
obtained to calculate the percentage changes in longevity, when compared with controls across the FO—F2
generations. ¥: significantly shortened lifespan; T: significantly improved lifespan; <>: no significant lifespan

change.

For the F1 generation (Figure 1A1-D1), longevity was
shortened after the LP PDM of the FO parents for all 4
types of flies (red diamonds; P < 0.0001, Table 1).
Consistently, the median lifespan was decreased by 17—
27% (Table 1). The HP PDM decreased longevity of the
females significantly (P = 0.016 for virgin females and
P=0.0005 for mated females), or by 9-18 % at the
median lifespan, but did not affect longevity of males (P
= (.85 for virgin males and P = 0.44 for mated males).
In contrast, The IP PDM extended longevity for all 4
types of flies significantly (green circle; P < 0.0001,
Table 1), or by 22-33% at the median lifespan.
Considering that the germ cells (future gametes giving
rise to F1 offspring) from the FO males and females
were also exposed to various PDMs while the F1 flies
had never been exposed to LP, IP or HP diets, these data
suggest that the nutritional programming of longevity
was propagated from the FO to F1 generation through
parental effects.

For the F2 generation (Figure 1A2-D2), longevity was
shortened after the LP PDM of the FO parents for all 4
types of flies (red diamonds; P < 0.0001, Table 1), and
the median lifespan was decreased by 15-22% (Table
1). The HP PDM decreased longevity of the females
significantly (P = 0.0059 for virgin females and
P=0.015 for mated females), or by 8-9 % at the median
lifespan, but did not affect longevity of males (P = 0.67
for virgin males or P = 0.21 for mated males; Figure
1A2-D2, purple squares, and Table 1). The IP PDM
again extended longevity for all 4 types of flies
significantly (P = 0.0009 for virgin males and P <
0.0001 for the other three groups; Figure 1A2-D2 and
Table 1), or by 17-20% at the median lifespan. Such
observations clearly suggest that the nutritional
programming of longevity may be transmitted to the F2
offspring through transgenerational inheritance, as both
F1 (including their germ cells) and F2 flies have never
been exposed to the LP, IP or HP diets. Such a
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conclusion was further supported by our observation of
the F3 offspring (Figure S2) whereby longevity was still
shortened after the LP PDM of FO parents while
improved after the [P PDM.

We also compared virgin males and virgin females
within the CD or each PDM diet across 3 generations
(Table 2, first 4 rows) to assess how gender affected
longevity and transgenerational inheritance of longevity
changes. Within the CD, virgin females lived about 15%
longer than virgin males (14% for FO, 13% for F1, and
17% for F2 generations) at the median lifespan. This
difference was maintained across the FO—F2 generations
after both LP (P < 0.0001 for FO and F1, P=0.0005 for

F2) and IP (P < 0.0001 for FO and F2, P = 0.0002 for
F1) PDMs of the FO flies. Consistently, the median
lifespan differences were 11-24% within the LP PDM
and 11-14% within the IP PDM, suggesting that these
PDMs affected males and females similarly. In contrast,
such a difference was only maintained for the FO
generation for the HP PDM (P = 0.023, 15%). The F1 (P
= 0.14) and F2 (P = 0.07) generations showed no
significant difference, suggesting that the HP PDM
affected males and females differently. Such analyses
suggest that transgenerational inheritance of nutritional
programming of longevity may be gender-independent,
at least for the LP and IP PDMs, although female flies
lived longer than males.

Table 2. Statistical analyses of effects of gender, mating and reproduction on nutritional
reprograming of longevity, using the same survival data as shown in Figure 1.

FO pa;ilil;;! IS)III)I;J;:ted to F1 offspring F2 offspring
. PDM - - _
Comparison diets Mantel- Median lifespan Mantel- Median lifespan Mantel- Median lifespan
cox cox cox
Pvalue Value Change Pvalue Value Change P value Value Change
2 . CD  <0.0001 36vs.42 14%4 0.0018 40vs.46 13%{ <0.0001 40vs.48 17% 4
-]
g Té LP  <0.0001 26vs.34 24%{ <0.0001 30vs.35 14% T 0.0005 34vs.38 11%
=
'gnf:f IP  <0.0001 48vs.56 14% 4  0.0002 50vs.56 11%{ <0.0001 48vs.56 14%
o p— >
> HP 0.023 34vs.40 15% 4  0.14 38vs.42 10% <>  0.07 40vs.44 9% <>
g CD 041 36vs.36 0% <> 0.066 36vs.40 10% <>  0.08 40 vs.40 0% <>
Z Tg LP  0.0005 24vs.26 8%  0.0064 30vs.30 0% <>  0.062 32vs.34 6% <>
D
é §,, P 0.15 46vs.48 4% <>  0.081 48vs.50 4% <> 045 48vs.48 0% <>
g HP 097 35vs.34 3%<>  0.061 38vs.38 0% <> 0.071 38vs.40 5% <>
4 CD 031 40vs.42 5%<«> 0.078 44vs.46 4% <>  0.11 46vs. 48 4% <>
4 =
= £ LP 0015 32vs.34 6%y 0023 32vs.35 9%y 031 36vs.38 5%«
[}
é £ IP 0.0039 52vs.56 7%4  0.0066 54vs.56 4% 0.11  54vs.56 4% <>
1=
5 HP  <0.0001 36vs.40 10% 4 0.0006 36vs.42 14%4  0.15 42vs.44 5% <>

The transgenerational longevity experiments were designed so that all 4 types of flies (i.e., virgin males and
females, mated males and females) were assayed for longevity simultaneously. Such a design allowed us to ask
whether nutrition may affect longevity differently because of gender, mating, and reproduction. For the
potential effect of gender, survival curves and median lifespan for virgin males and females were compared
within CD or each PDM diet across the FO—F2 generations (i.e., first 4 rows). For the potential effect of mating
alone, survival curves and median lifespan for virgin and mated males were compared within CD or each PDM
diet across the FO—F2 generations (i.e., next 4 rows). For the potential effect of reproduction (and mating),
survival curves and median lifespan for virgin and mated females were compared within CD or each PDM diet
across the FO-F2 generations (i.e., last 4 rows). {: significantly shortened lifespan; T: significantly improved

lifespan; <>: no significant lifespan change.
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We next compared mated and virgin males within CD or
each PDM diet across 3 generations (Table 2, 2nd 4
rows) to assess how mating affects longevity and
nutritional programming of longevity changes. Mating
did not produce a significant difference in lifespan
between the mated and virgin males across FO-F2
generations for the control flies (P > 0.066). Similarly,
no significant difference was observed across the FO-F2
generations for the IP (P > 0.081) and the HP (P >
0.061) PDMs, suggesting that nutrition-induced
longevity changes may be independent of mating for the
IP and HP PDMs. A significant difference was present
after the LP PDM between mated and virgin males
across the FO-F1 generations (P < 0.0064). However,
such a difference was not maintained to the F2
generation (P = 0.062), supporting the notion that
transgenerational ~ longevity  changes may  be
independent of mating for the LP PDM. Such analyses
together suggest that transgenerational inheritance of
nutritional programming of longevity may be
independent of mating across all 3 PDMs, although the
LP diet may affect the mating behavior of the FO flies,
and the effect appeared to propagate to the F1
generation likely through parental effects.

We finally compared virgin and mated females within
CD or each PDM diet across 3 generations (Table 2, the
last 4 rows) to assess how mating and reproduction
affect longevity and nutritional programming effects of
longevity. The mating and egg production within the
CD medium did not produce a significant difference
between mated and virgin females across the FO-F2
generations (P > 0.078). In contrast, longevity was
significantly shortened when comparing mated with
virgin females for the LP, IP and HP diets across the FO
and F1 generations (P < 0.023 for all comparisons).
Correspondingly, the median lifespan decreased by 6-9
% for the LP PDM, 4-7% for the IP PDM, and 10-14%
for the HP PDM. However, no difference was observed
in the F2 generation for the LP, IP, and HP PDMs (P >
0.11), suggesting that transgenerational longevity
changes may be independent of mating and
reproduction in the females. These analyses indicate
that transgenerational inheritance of nutritional
programming of longevity may be independent of
mating and reproduction for all 3 PDMs, although all
three PDMs may confound the mating and reproduction
behavior of the FO flies, and the effect appeared to
propagate to the F1 generation likely through parental
effects.

Taken altogether, our data demonstrate that nutritional
programming of longevity may occur in the same FO
flies after PDMs with appropriate diets and then
propagate to the F1 offspring through parental effects

and further to the F2-F3 generations through
transgenerational inheritance. The effects were very
striking and appeared to be independent of gender,
mating, and reproduction, at least for the LP and IP
diets.

of

Transgenerational inheritance nutritional

programming of reproduction

To assay whether the same PDMs may program
reproduction of the FO flies and their F1 and F2
progenies, 100 mated female flies were evenly divided
into 10 subgroups, and their egg production was
counted throughout their whole “egg-laying” lives (see
Figure S1 and Table S3 for detailed procedures). The FO
females showed lower fecundity than their F1 and F2
offspring, as egg-production data collection was
initiated when the flies were 11-days-old for the FO
(because of PDMs), while 4-days-old for the F1 and F2
generations.

For the FO mated females, lifetime fecundity was
greatly reduced after the LP PDM, while mildly
increased after both IP and HP PDMs (Figure 2A0). The
LP PDM appeared to decrease egg production early on
(Figure 2B0, red diamond; see also Figure S3A0), and
the trend continued as these flies died out faster than the
“CD” controls. The IP PDM also decreased egg
production early on, but the trend was reversed since
these flies started to produce similar eggs per day while
surviving better than the CD controls. In contrast, the
HP PDM greatly increased egg production early on
(Figure 2B0 and S3A0, purple circles), and the
differences remained over time. Consequently, the 100
“LP” FO flies laid 1984 fewer eggs, while the “IP” and
“HP” flies 913 and 802 more eggs, as compared to the
“CD” FO flies (Figure 2B0). These observations indicate
that the same PDMs programmed reproduction of the
FO parents.

Similar to that of the FO generation, lifetime fecundity
of the F1 offspring (Figure 2A1) was significantly
reduced after the LP PDM, while mildly improved after
the IP and HP PDMs of the FO parents. As we observed
for the FO generation, the “LP” F1 flies produced fewer
eggs early on, and the trend continued throughout their
whole “egg-laying” lifetime; The “IP” F1 flies produced
fewer eggs early on, but the trend was reversed over
time; in contrast, the “HP” F1 flies showed increased
egg production early on, and the differences remained
over time (Figure 2B1 and S3A1). Accumulatively, the
100 F1 “LP” flies laid 1218 fewer eggs, while the F1
“IP” and “HP” flies 533 and 422 more eggs (after
“normalization”, see Figure 2 legend for details).
These observations indicate that the nutritional
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programming of reproduction propagated from the FO
flies to the F1 progeny through parental effects, as the
F1 flies have never been exposed to the LP, IP, or HP
diets.

Similar to that of the FO and F1 generations, lifetime
fecundity of the F2 offspring (Figure 2A2) was
significantly reduced after the LP PDM of the FO flies,
while increased after the IP PDM of FO flies. However,
lifetime fecundity for the F2 offspring was not increased
after the HP PDM of the FO flies (P>0.05 for HP vs.
CD). Again as for the FO and F1 generations, we found
that the “LP” F2 flies produced fewer eggs early on, and

the trend continued throughout their whole “egg-laying”
lifetimes; and the “IP” F1 flies produced fewer eggs
early on, but the trend was reversed. In contrast, “HP”
F1 flies showed increased egg production early on, and
the differences remained over time (Figure 2B2 and
S3A2). Accumulatively, the 100 F2 “LP” flies laid 1040
fewer eggs, while the F2 “IP” and “HP” flies 509 and
378 more eggs (after ‘“normalization”). Such
observations  demonstrate that the nutritional
programming of reproduction may be transmitted to the
F2 offspring through transgenerational inheritance, as
both the F1 and F2 flies have never been exposed to LP,
IP or HP diets.
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Figure 2. Lifetime fecundity and accumulative differences of egg production across the FO—F2 generations after 7-day PDMs of
FO parents with the LP, IP, or HP diet. (A0—-A2) Average lifetime fecundity (i.e., total eggs produced by 1 female fly in its lifetime)
was shown for the 100 mated females across three generations. The FO females showed lower fecundity, as egg-production
data collection was initiated when these flies were 11-day-old (because of the 7-day PDMs), while the F1 and F2 flies were 4-
day-old. One-way ANOVA indicated a significant treatment effect among the control and 3 PDM groups in the FO parents (P <
0.0001) and in their F1 and F2 offspring (P < 0.0001). Fisher's LSD (least significant difference) tests confirmed (P = 0.05) that
lifetime fecundity was significantly reduced across all 3 generations after the LP PDM of the FO flies, while increased across all 3
generations after the IP PDM or for the FO and F1 generations after the HP PDM. However, lifetime fecundity for the F2
offspring was not increased after the HP PDM of the FO flies (P > 0.05 for HP vs. CD). (B0-B2) Accumulative differences of egg
production for the same 100 flies were plotted between CD and CD (black circle; 0 all the time in the graphs), LP (red diamond),
IP (green circle), or HP (purple diamond) treatment over their whole “egg-laying” lives. The total eggs laid by the 100 control
flies were 10933, 21081, and 20409 for the FO, F1, and F2 generations, respectively. The accumulative differences for the F1
and F2 generations were therefore normalized to the FO generation (i.e., x 0.5186 or 10933/21081 for F1 and x 0.5357 or
10933/20409 for F2) for “straightforward” comparisons (but see supplemental Table S3 for details of egg-production results).
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Figure 3. No evidence for trade-off between longevity and reproduction. (A0-A2) Correlation analyses, using total egg production and
median lifespan of the 100 flies from the control (CD) and three PDMs, indicated that longevity and reproduction were positively
correlated across the FO—F2 generations (r = 0.64, 0.68, and 0.75 for FO, F1, and F2). (B0—B2) Correlation analyses, using total egg production
and median lifespan of the 10 subgroups (10 flies per group) within each dietary treatment, again indicated no obvious negative
correlation across four dietary treatments and three generations (-0.01 < r < 0.41 for FO, -0.21 < r < 0.50 for F1, and -0.55 < r £-0.03 for F2).

The differences in lifetime fecundity and total egg
production between the “CD” and various “PDM” flies
across the FO—F2 generations suggest that the nutritional
programming of reproduction (1) was induced after
PDMs of the FO flies; (2) might be transmitted from the
FO to F1 generation through parental effects; and (3)
further transmitted at least to F2 offspring through
transgenerational inheritance.

No evidence for trade-off between longevity and
reproduction

Reproduction is a costly process and generally
considered to trade off against longevity, with increased
reproduction frequently associated with shortening
lifespan [31]. Longevity data were also collected for the
100 (10 x 10 groups) females during the reproduction
experiments, allowing us to examine whether there may
be any trade-off between longevity and reproduction.
Correlation analyses, using total egg production and the
median lifespan of the 100 flies, indicated that longevity
and reproduction were in fact positively correlated
across the FO-F2 generations (Figure 3A0-A2).

Correlation analyses, using total egg production and the
median lifespan of the 10 subgroups (10 flies per group)
within each dietary treatment, showed no clear evidence
for any trade-off (i.e., negative correlation) between
longevity and reproduction for the CD or 3 PDM diets
and across the FO-F2 generations (Figure 3B0-B2).
Taken together, these data, with 4 different dietary
treatments and across 3 generations of flies, showed no
evidence for any trade-off between longevity and
reproduction. Therefore, these lab-raised flies may have
evolved to “abandon” such trade-off constraints under
abundant food supplies through hundreds of
generations, supporting the feasibility of improving
both longevity and reproduction with proper nutrition
across generations.

DISCUSSION

Our observations demonstrate that the nutritional
programming of longevity may occur in the same FO
flies after PDMs with multiple diets and then propagate
to the F1 offspring through parental effects and further
to the F2-F3 offspring through transgenerational
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inheritance. The programming effects were obvious and
appeared to be independent of gender, mating, and
reproduction (at least for the LP and IP diets).
Interestingly, no clear evidence was observed for any
potential trade-off between longevity and reproduction,
suggestive of the feasibility of improving both longevity
and reproduction with proper nutrition across
generations. Altogether, these findings establish the first
animal model to study transgenerational nutritional
programming of longevity through early-life
experience, and would facilitate investigations to
identify the underlying molecular and epigenetic
mechanisms and eventually translational research to
combat the burden of NCDs and extend human health
and longevity through optimizing the -early-life
nutritional environment.

Postnatal nutritional programming has been much less
studied, as compared to prenatal or fetal programming.
Adjustment of litter size (e.g., large litter for
undernourishment or small litter for overnourishment),
modification of milk formula (e.g., carbohydrate-
enriched), and lactational environment in the dam (e.g.,
maternal calories or protein restriction, maternal
diabetes or obesity) have been used for altered
nutritional experiences in the immediate postnatal life
of rodents [15, 32, 33]. Many of the programming
effects appear to be long-lasting and persist into
adulthood, but transgenerational inheritance has not
been formally explored in this context (cf. [15, 32]).
Nevertheless, epigenetic regulations have been revealed
for some postnatal nutritional treatments, such as early
postnatal exposure to the high-carbohydrate or high-fat
diets [34, 35], suggestive of involvement of
transgenerational inheritance. Consistently, certain
aspects (i.e., increased glucose and trehalose levels in
larval stages) of the programmed metabolic status after
a 7-day post-eclosion feeding of an HS diet to the
female flies persist and propagate through the F2
generations, demonstrating that Drosophila display
transgenerational inheritance of metabolic state after
altered immediate post-eclosion nutritional experience

[20].

It is worth noting that the above-mentioned
transgenerational effect of metabolic status to the F2
generation  represents a true  cross-generation
transmission, rather than a direct consequence of the
original HS dietary feeding [20]. Here, virgin female
flies (F0), after being subjected to an HS diet for 7 days,
are transferred to a low-sugar (LS) control diet for
mating with untreated male flies, and the F1 virgin
females are then cultured on the LS food for 7 days
prior to mating to generate the F2 population which are
also raised on the LS diet. The germ cells (future

gametes) from the FO females therefore would also be
directly exposed to the HS dietary influence, while
those from the F1 females would not. As the F2 flies are
generated from F1 germ cells never exposed to the HS
diet, any displayed programming effects must result
from transgenerational inheritance or transmission.

Such a paradigm was thus adapted for our study, with a
few important modifications that may potentially
improve the transgenerational inheritance effects. First,
virgin flies (including both females and males) were
collected within 4 hours after eclosion — in fact usually
2-3 hours for most virgin collections; each collection
was quickly divided into 4 equal groups and then placed
immediately on the LP, IP, HP, or CD for 7 days.
Instead, virgin females were subjected to the HS diet
within 24 hours of eclosion previously [20]. As in most
mammalian species, neural and organ development in
Drosophila is not complete at eclosion (birth) and
continues in days (the immediate post-eclosion period).
Fiber number in the adult mushroom bodies (MB,;
sensory integration centers of the insect brain), for
example, markedly increases during the first week after
eclosion [36]. Glial cell outgrowth also appears at this
time, with its resulting processes forming a mesh-like
network inside the MB of lobes within 10 days of
eclosion [37]. The lamina grows in volume during the
first days after eclosion, and it grows more in the light
than in darkness. The lamina is similarly small when
flies are kept in the dark only for the first 12 hours of
their adult lives or raised for 4 days in constant
darkness, highlighting that the first day of adulthood
appears to be particularly critical for development [37,
38]. Furthermore, epigenetic programming continues
with significant dynamism across the early post-
eclosion period (cf. [39]). With the consideration that
greatest sensitivity may occur during the period of most
rapid growth and maturation, a dietary treatment
delivered within the shortest possible time after eclosion
may induce the maximal long-lasting programming
effects. Developmental plasticity during the immediate
post-eclosion period then affords the offspring the
adaptive ability to respond to an altered nutritional
environment [38, 40, 41].

The second important modification was that both
newly-born males and females were subjected to the
immediate PDMs, instead of only the females as in
Buescher et al. [20], or either males or females as in
most rodent studies (reviewed in [15]). The majority of
rodent studies have focused on the maternal
transmission  to  demonstrate  transgenerational
programming effects of early-life nutritional experience
[15]. Although much less studied, the transgenerational
inheritance effects through the paternal transmission
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have recently been established for paternal over-
nutrition, undernutrition, high-fat diet, and low-protein
diet [42-46]. In particular, transgenerational glucose
intolerance, induced by intrauterine hyperglycemia or
by in utero undernutrition in mice, may be transmitted
via either the maternal or paternal line while potentially
through different mechanisms [45, 46], suggesting that
the transgenerational nutritional programming effects
may potentially be additive when induced in both father
and mother. Therefore, our design would allow us to
induce potentially the largest possible alternation of
longevity and reproduction across generations, with
potential contributions from both treated males and
females. The limitation was in not being able to
distinguish potentially different contributions from
males and females, something that we did not intend to
address in this study.

The third important consideration was that several food
diets from other literature were used, with recipes
slightly modified to produce isocaloric food media at
various protein-carbohydrate contents different from
that of CD, a food medium routinely used in our
laboratory (see methods and Supplemental Table S1 for
details). Our main considerations were that (1) these
diets are either widely used across the fly community or
used elsewhere to examine cross-generation effects on
fly behavior [27, 28], (2) they contain a wide range of
protein and carbohydrate contents, very different from
CD, and (3) our flies have been adapted to the CD food
over hundreds of generations, justifying the use of CD
as the control diet. In contrast, using the LS and HS
diets may cause several complications. These two diets
are semi-defined food media, very different from our
CD or any other routinely-used medium. Considering
that chemically-defined food media affect longevity
differently from routinely used ones across a wide range
of protein-carbohydrate contents [29, 30], combined use
of the LS and HS diets with our CD may be
problematic. Importantly, the HS diet has a protein-
carbohydrate content close to that of CD ([20],
Supplemental Table S1), and the caloric value is
dramatically different for the LS and HS diets [20].
These two semi-defined food media were therefore not
used in our study.

Using this modified PDM paradigm, longevity was
assayed with the PDM-treated FO flies and their F1-F3
offspring (Figure 1). The PDM with the LP diet
shortened longevity of all 4 types of flies (virgin males
and females, mated males and females) across the
treated FO flies to the F3 generation. The PDM with the
IP diet extended longevity of all 4 types of flies across
the treated FO flies to the F3 generation. The PDM with
the HP diet shortened longevity of the virgin and mated

females (while not males) across the treated FO flies to
the F2 generation (but not the F3 offspring). As
discussed above, the nutritional programming effects,
induced in the PDM-treated FO flies and propagated to
the F1 generation, would reflect parental effects, as the
germ cells from the FO flies were under influence of
these PDMs; the effects propagated from the F1 to F2
generation represented a transgenerational transmission
or inheritance, as the germ cells from the F1 offspring
were not exposed to LP, IP, or HP diets. Taken together,
our data demonstrate that the nutritional programming
of longevity occurred in the same FO flies after PDMs
with several diets and was then propagated to the F1
offspring through parental effects and further to the
F2—F3 offspring through transgenerational inheritance
(Figure 1).

Interestingly, the transgenerational programming effect
was similar among all 4 types of flies within each PDM
for the LP and IP diets. Further data analysis confirmed
that the transgenerational effect to the F2 generation
was independent of gender, mating, and egg
reproduction after PDMs of the FO flies with the LP and
IP diets (Table 2). Our PDM paradigm, with both
newly-born males and females receiving the same
PDMs simultaneously before mating, prevented us from
distinguishing the potentially different contributions
from the treated males and females to their offspring,
and thus determining the existence of sexual
dimorphism in the transgenerational inheritance of
nutrition-induced longevity programming for the LP and
IP diets. In contrast, the PDM with the HP diet induced
the transgenerational programming effect only in virgin
and mated females, but not in virgin and mated males of
the F2 offspring, supporting the existence of sexual
dimorphism, at least for this particular HP diet.
Consistently, sexual dimorphism is present in the
transgenerational inheritance of certain metabolic
syndromes in rodent studies [45, 46].

The differences in lifetime fecundity and total egg
production between the “CD” and “PDM?” flies across
the FO-F2 generations revealed the nutritional
programming of reproduction and its transgenerational
inheritance at least to the F2 generation. The effects
were generally mild for all three diets used (Figure 2).
Nevertheless, these data allowed us to perform
correlation analyses between reproduction and
longevity, and thus to conclude that there may not be a
trade-off between longevity and reproduction. The no-
trade-off observation strengthened the idea that
transgenerational nutritional programming of longevity
may be independent of mating and reproduction, and
supported the feasibility of elevating both longevity and
reproduction with proper nutrition across generations.
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Our observations about transgenerational nutritional
programming of longevity (Figure 1, Table 1), which
especially may be independent of gender, mating, and
reproduction at least for 2 out of 3 diets used (Figurel;
Table 2), thus establish the first animal model to study
this newly-recognized phenomenon [19]. As recently
surveyed, there is no such reported study yet on
transgenerational inheritance of programmed longevity
from early-life nutritional experience or any other
developmental programming interventions [15, 19].
Nevertheless, with a strong link between early-life
nutrition and the long-term health of an individual and
his/her offspring well established (cf. [1, 3, 5, 6, 15]),
recent studies have implicated that early-life nutrition
may program longevity across generations [19]. Our
results have confirmed this implication and, more
generally, have established an animal model system for
further studies.

This model offers several tractable advantages, in
particular to identify and characterize the epigenetic
mechanisms underlying the nutrition-mediated cross-
generation programming of longevity and NCDs. The
relatively short rearing time and lifespan of Drosophila
facilitate  longevity experiments over multiple
generations in a reasonable time scale (this study). In
addition, various dietary (e.g., particular nutrient-
depleted or enriched, semi- or chemically-defined)
manipulations and well-conserved (e.g., insulin/IGF,
TOR and sirtuin) signaling pathways have been
described and characterized for studies of longevity and
aging-related diseases (e.g., obesity, cardiomyopathy
and memory disability) in flies [20, 22, 27, 29, 30, 47-
55]. These have been necessary and critical for rapid
identification and characterization of any epigenetic
mechanisms. Practical dissection of various tissues and
diverse choices of genetic manipulations may also be
readily applied to explore the relationship among diet,
corresponding disease and underlying epigenetic
mechanism (cf. [22, 47, 56]). Furthermore, major
epigenetic mechanisms (e.g., DNA methylation, histone
modifications and non-coding RNA interference) are
present in the model system [57], with clear evidence
for histone modifications (e.g., methylation, acetylation
and biotinylation; [47, 58-61]) and at least 2
microRNAs [62, 63] participating in the regulation of
longevity. However, there is no report yet implicating
DNA methylation in longevity regulation, because it
was long believed to be absent in adult flies (cf. [64]).
Importantly, recent studies have reported convincing
support for the existence of low-level of DNA
methylation in adult Drosophila [65, 66], and an active
yet-to-be-identified DNA methyltransferase,  with
sequence specificity confirmed by the presence of
asymmetric methylation at corresponding sites in the

genomic DNA [66]. Considering that transgenerational
programming through DNA methylation has been
documented in rodents (cf. [15, 42, 67], it would be
likely that early life dietary manipulations may program
longevity by influencing DNA methylation in flies.
Finally, our study and the earlier one, using the same 7-
day post-eclosion dietary treatment to demonstrate
nutrition-mediated metabolic programming up to the F2
generation [20], support the use of post-eclosion adult
stage to assay the epigenetic mechanisms underlying
transgenerational programming of longevity or aging-
related diseases in Drosophila.

We expect that our model system would facilitate
studies to identify the underlying molecular and
epigenetic mechanisms and eventually translational
research to combat the burden of NCDs and extend the
human health and longevity through optimizing the
early-life nutritional environment. Such longevity
studies may also reveal a common mechanism for
preventing many NCDs. In fact, the link between early-
life nutrition and adult health and disease has gradually
been recognized as a cornerstone of public health
nutrition programs globally. The World Health
Organization recently published global targets and a
comprehensive implementation plan for the nutrition of
mothers, infants, and young children, aiming to alleviate
the double burden of malnutrition in children, starting
from the earliest stages of development [11].
Noticeably, Drosophila may also be easily adapted to
model various exposures such as stress or
environmental contaminants/toxicants [27, 68] with
similar treatment paradigms and thus to help address the
growing issue of food security related to
industrialization and globalization [69, 70].

METHODS

Flies. Wild-type isogenic w'''® strain (stock #5905,
Bloomington Stock Center) was used throughout the
study. All the flies were maintained in Forma incubators
with controlled temperature (25°C) and humidity (40%)
on a 12:12 light-dark cycle (with light on at 8am).

Diet. The food recipes, along with the calorie, protein,
and carbohydrate information for the control diet (CD)
and three other diets used for PDMs of the FO parents,
were provided in Supplemental Table S1. CD is a food
medium routinely used in our laboratory, containing
~8.5% protein and ~76.5% carbohydrate. The “LP”
(Low Protein) diet was adapted from Xia et al [28], a
food medium which contains much less protein (~3.3%)
while much more carbohydrate (~90.5%), and abolishes
learning and memory across generations. The “IP”
(Intermediate Protein) diet was adapted from the
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“Beijing Diet” described by Guo et al [27], a food
medium containing less protein (~5.5%) while more
carbohydrate (~87.5%). The “HP” (High Protein) diet
was adapted from a widely used “standard diet” as
described at Bloomington Stock Center
(http://flystocks.bio.indiana.edu/Fly_Work/media-
recipes/bloomfood.htm), a food medium containing
increased protein (~13.5%) while less carbohydrate
(~69.5%). This diet has been extensively used across the
fly community. All three diet recipes were slightly
modified to be isocaloric (0.77 calories/gm food;
Supplemental Table S1). All flies had free access to
abundant food, and were expected to eat similar
amounts of food with the same amount of calories,
making it an unlikely explanation that the observed
longevity changes were due to potentially different
caloric intakes.

Post-eclosion dietary manipulation and experimental
design (see Supplemental Figure S1 for details). Virgin
males and females were collected within 4 hours after
eclosion and then maintained on LP, IP, HP, or CD for 7
days (i.e., STEP 1), a treatment protocol adapted from
Buescher et al. in which a 7-day post-eclosion dietary
treatment of virgin females only was employed to
demonstrate transgenerational metabolic programming
in Drosophila [20]. Both newly-born males and females
were treated, instead of only either males or females as
in most of literature (cf. [15, 20]). This design enabled
the induction of potentially large changes in longevity
and fecundity across generations, with contributions
from both treated males and females. However, it did
not allow us to distinguish the potentially different
contributions of males and females to their offspring.
We did not intend to address this in our study.

Three groups of about 60 virgin males and females were
then transferred to CD for 3 days after 7-day PDM with
LP, IP or HP diet, while the others (8 groups) were
mated with each other for 3 days, while being kept on
CD (i.e., STEP 2). Then in STEP 3, (1) 3 groups (~180
flies) of virgin males, virgin females, mated males, and
mated females were used for longevity analyses; (2) 100
mated females were evenly split into 10 subgroups (10x
10) and used for both egg production and longevity
analyses; and (3) 180 mated females were split into 4
groups and used for generating the F1 offspring while
being maintained on CD all the time.

Similar analyses were implemented with the F1 and F2
offspring, by repeating STEPs 2-3 (i.e., without PDMs
from STEP 1) as for the FO parents while using newly-
born virgin males and females, except that roughly 4x
50 flies were used for longevity analyses of the F2
offspring. For F3 offspring, virgin F3 males and females

were collected within 4 hours after eclosion, and only 4
groups of 50 mated females were used for longevity
analyses (Supplemental Figure S2).

Longevity assay. All data were collected in a blind and
balanced manner, with different groups of flies blind-
coded and balanced for various sources of variation,
including (1) number of flies in each vial and for each
PDM, (2) food level across vials, and (3) light exposure,
humidity, and temperature by regular rotation through
fixed locations in incubators. Then, a large number of
flies (i.e., ~ 3x 60 or 180 for FO and F1 generations and
4x 50 or 200 for F2 and F3 generations) were used to
ensure systematic and sufficient data collection, and
reproducibility (see Supplemental Table S2 for details).
Flies were transferred onto new CD vials every 2 days,
ensuring that all flies had access to fresh food, and the
feeding environment remained fresh and consistent. The
date and number of dead flies for each vial were recorded
at the time when the flies were being transferred. All dead
flies were carefully removed with a spatula. Any fly that
accidentally escaped or died would not be considered.
Longevity data were also collected for the 100 mated
females used for egg production analyses. Similar effects
were observed for each PDM diet on longevity across the
FO-F2 generations (data not shown), supporting
reproducibility.

The FO parent generation was first subjected to the 7-
day PDMs with various diets, and then a 3-day
“maintenance” (for virgin males and females) or
“mating” (for mated males and females) period. The
subsequent F1-F3 generations were never exposed to
the 3 PDM diets, but still went through the 3-day
maintenance or mating period before longevity
analyses. Therefore, the longevity data were collected
from 11-day-old for FO parents, and 4-day-old flies for
subsequent F1-F3 offspring (as shown in Figure 1).

Reproduction assay. All data were collected in a blind
and balanced manner, similar to that of longevity
analyses. Then 10 subgroups of 10 flies were used to
ensure systematic and sufficient data collection, and
reproducibility. Flies were transferred onto new CD
vials every day for the first 40—45 days and then every
other day (when very few eggs were laid), ensuring that
all flies had access to fresh food, and the feeding
environment remained fresh and consistent. Both eggs
and eggshells (if any; larvae were ignored) were
counted under microscope and recorded for each vial.
Dead flies were also counted and recorded for longevity
analyses, allowing us to confirm reproducibility of
longevity analyses (data not shown) and evaluate the
potential trade-off effect between longevity and
reproduction (Figure 3).
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Data analysis: All longevity analyses were run through
GraphPad Prism. Prism uses the Mantel-Cox test to
generate survival curves and compares the survival
distributions of two samples to determine the
significance of any changes. The median lifespan data
were also obtained to calculate the percentage changes
of the longevity. The transgenerational longevity
experiments were designed so that all 4 types of flies
(i.e., virgin males and females, mated males and
females) were assayed for longevity simultaneously.
Such a design allowed us to ask whether nutrition may
affect longevity differently because of gender, mating,
and/or reproduction (see Table 2 for details).

For lifetime fecundity, one-way analysis of variance
(ANOVA), followed with post-hoc Fisher's least
significant difference (LSD), was used to determine the
significance between each PDM diet and CD (see
Figure 2 for details).

Correlation analyses, using total egg production and the
median lifespan of the same flies, were performed to
determine whether reproduction and longevity may be
correlated (see Figure 3 for details).
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Supplemental Figure S1. Experimental design and procedures. Shown here is the FO generation, subjected to the 7-day PDMs
before longevity and fecundity analyses. STEP 1) Virgin males and females were collected and subjected to 7-day PDMs. STEP 2)
Three groups of 60 virgin males and females were transferred to CD for 3 days, while the others (8 groups) were mated with each
other for 3 days on CD. STEP 3) Longevity analyses: three groups (~180 flies) of virgin males, virgin females, mated males, and
mated females were used; egg production and longevity analyses from same flies: 100 mated females were evenly split into 10
subgroups (10x10) and used for analyses; F1 offspring generated from the FO flies after PDMs: 180 mated females were split into
4 groups and used for generating the F1 offspring while being maintained on CD all the time. Similar analyses were done with
their F1, F2, and F3 offspring, by repeating STEPs 2—3 (i.e., without PDMs from STEP 1) as for the FO parents while using newly-
born virgin males and females, except that roughly 4x 50 flies were used for longevity analyses of the F2—F3 offspring.
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Supplemental Figure S2. Survival curves for the F3 generation (mated females only). The LP PDM of the FO flies shortened
longevity of their F3 offspring significantly (P = 0.003; Mantel-Cox test), or by 11% at the median lifespan (50 vs. 56 for LP vs.
CD); while the IP PDM of the FO flies improved longevity of their F3 offspring (P = 0.005), or 7% at the median lifespan (60 vs.
56 for IP vs. CD). The HP PDM of FO flies induced no effect on F3 offspring any further (P = 0.46; 56 vs. 56 for median lifespan).
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Supplemental Figure S3. Eggs produced per day and 5-day period. (A) Average number of “Eggs Produced per Day” (1st row)
and (B) “Fecundity per 5-day Period” (2nd row); and (0) FO parents (1st column), (1) F1 offspring (2nd column), and (2) F2
offspring (3rd column) by the 100 mated females. “Eggs Produced per Day” was calculated as “total eggs produced for a given day

divided by the number (1-100) of the surviving flies within a diet group”. “Fecundity per 5-day Period” was defined as the
average number of eggs laid over a 5-day period by one mated female.
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SUPPLEMENTAL TABLES

Supplemental Table S1. Diets used for the PDMs of the FO parents.

Ingredients Control diet (CD) * LP diet ® IP diet © HP diet ”
Yellow cornmeal (gm) 76.6 98.0 92.0 162.5
Yeast (gm) 32.1 17.2 33.5
Agar (gm) 9.3 10.0 5.2 7.5
g Glucose (gm) 63.2 150.0 147.4
E Sucrose (gm) 31.6 40.0
CaCl2 (gm) 0.7
Soy flour (gm) 30.0
Water (gm) 1000 1000 1000 1000
Total (gm, with water) 1213.5 1258.0 1261.8 1273.5
Protein (%; with water) * 8.6 33 55 13.5
Carbohydrate (%; with water) © 76.6 90.5 87.4 69.6
Total calories * 758.0 969.4 973.6 982.6
Calories per gram * 0.62 0.77 0.77 0.77

Provided are the recipes, along with the protein, carbohydrate, and calorie information for the control diet (CD) and 3 other
diets used for the PDMs of the FO parents. (A) CD is a food medium routinely used in the lab. (B) The “LP” (Low Protein) diet was
adapted from Xia et al [28]. (C) The “IP” (Intermediate Protein) diet was adapted from Guo et al [27]. (D) The “HP” (High Protein)
diet was adapted from a widely used “standard diet” as described by Guo et al [27] and at Bloomington Stock Center
(http://flystocks.bio.indiana.edu/Fly Work/media-recipes/bloomfood.htm). (E) The protein, carbohydrate, and calorie
information for all the ingredients has been obtained from their labels or from http://nutritiondata.self.com/. (F) All three diet
recipes were slightly modified to be isocaloric (0.77 calories/gm food).
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Supplemental Table S2. Sample size (N) for four types of flies after each PDM across the FO—F3 generations in the
longevity experiments.

PDM diets FO0 parents (+ PDM) F1 offspring F2 offspring F3 offspring
2 CD (control) 181 184 198 -
Té LP (FO only) 183 182 202 -
En IP (FO only) 180 181 200 -
> HP (FO only) 182 180 201 -
CD (control) 180 183 201 -
E” i; LP (FO only) 182 182 202 -
> 8 IP (FO only) 184 178 203 -
HP (FO only) 180 185 201 -
2 CD (control) 181 180 199 -
é LP (FO only) 182 181 200 -
g IP (FO only) 179 181 201 -
= HP (FO only) 180 185 202 -
CD (control) 185 183 199 202
g % LP (FO only) 183 181 203 202
§ Ea IP (FO only) 182 183 200 205
HP (FO only) 181 182 201 203
4 ,é CD (control) 100 100 100 -
E L:f cq:”) é‘ . é LP (FO only) 100 100 100 -
=Esc” 2 P Foonly) 100 100 100 -
T8 [P (RO only) 100 100 100 -
Subtotal (per generation) 3305 3311 3613 812
Total (whole study) 11,041
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Supplemental Table S3. Number of eggs recorded for each subgroup (10 flies) of the mated females from the FO
parents (with PDM) and their F1-F2 offspring.

PDM diets F0 parents (+ PDM) F1 offspring F2 offspring
Subgroup 1 1101 2037 2022
Subgroup 2 1139 2057 1961
Subgroup 3 1070 2072 2095
_ Subgroup 4 1192 2111 1982
S Subgroup 5 1213 2040 1987
g Subgroup 6 1088 2253 2060
2 Subgroup 7 1122 2096 2027
® Subgroup 8 1034 2132 2096
Subgroup 9 1017 2123 2061
Subgroup 10 957 2160 2118
= Mean + SEM 1093.3 +24.8 2108.1 +20.6 2040.9 + 17.0
=~ Total per generation 10933 21081 20409
gn Subgroup 1 916 2008 1854
2 Subgroup 2 902 1950 1796
S Subgroup 3 769 1794 1926
3 . Subgroup 4 899 1946 1947
5‘ = Subgroup 5 1015 1853 1811
& 2 Subgroup 6 825 1891 1923
2 = Subgroup 7 873 1719 1867
s 5 Subgroup 8 902 1996 1704
= Subgroup 9 834 1859 1908
g Subgroup 10 1014 1716 1731
s Mean + SEM 894.9 £24.5 1873.2 +33.4 1846.7 + 26.7
z Total per generation 8949 18732 18467,
= Subgroup 1 1095 2150 2128
2 Subgroup 2 1287 2315 2165
B Subgroup 3 1100 2252 2115
£ . Subgroup 4 1127 2176 2089
gﬂ ﬁ;ﬁ Subgroup 5 1336 2205 2152
< g Subgroup 6 1187 2348 2196
= = Subgroup 7 1074 2168 2199
=3 = Subgroup 8 1242 2222 2161
e Subgroup 9 1161 2062 1942
§ Subgroup 10 1237 2211 2213
i) Mean + SEM 1184.6 +28.0 2210.9 +25.9 2136.0 +24.8
2 Total per generation 11846 22109 21360
= Subgroup 1 1061 2288 2154
= Subgroup 2 1214 2148 2163
Subgroup 3 1180 2168 2130
- Subgroup 4 1083 2163 2256
%‘ Subgroup 5 1321 2199 2177
2 Subgroup 6 1140 2292 1952
= Subgroup 7 1121 2132 2183
E Subgroup 8 1217 2172 2052
Subgroup 9 1298 2076 2057
Subgroup 10 1100 2257 1992
Mean =+ SEM| 1173.5 £28.1 2189.5+22.2 2111.6 +30.1
Total per generation 11735 21895 21116
Subtotal (per generation across four diets) 43463 83817 81352
Total (whole study) 208,632
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